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Abstract We investigate the propagating degrees of free-
dom of f(Q)-gravity in a 4-dimensional space-time under
the imposition of the coincident gauge by performing the
Dirac—Bergmann analysis. In this work, we start with a top-
down reconstruction of the metric-affine gauge theory of
gravity based only on the concept of a vector bundle. Then,
the so-called geometrical trinity of gravity is introduced and
the role of the coincident GR is clarified. After that, we
reveal relationships between the boundary terms in the vari-
ational principle and the symplectic structure of the theory
in order to confirm the validity of the analysis for our studied
theories. Then, as examples, we revisit the analysis of GR
and its f (I(é)—extensions. Finally, after reviewing the Dirac—
Bergmann analysis of the coincident GR and that of f(T)-
gravity, we perform the analysis of coincident f(Q)-gravity.
Under the imposition of appropriate spatial boundary condi-
tions, we find that, as a generic case, the theory has five pri-
mary, three secondary, and two tertiary constraint densities
and all these constraint densities are classified into second-
class constraint density; the number six is the propagating
degrees of freedom of the theory and there are no longer any
remaining gauge degrees of freedom. We also discuss the
condition of providing seven pDoF as a generic case. The
violation of diffeomorphism invariance of coincident f(Q)-
gravity make it possible to emerge such several sectors.

1 Introduction

General Relativity (GR) is the most successful theory to
describe the wide range of gravitational phenomena in terms
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of pseudo-Riemannian geometry based on Einstein’s equiv-
alence principle and the general covariance. However, from
the physical point of view, there is no reason to restrict our
theories to this particular geometry. In fact, Einstein himself
reconstructed GR in an alternative way using another geom-
etry based purely on torsion instead of curvature, labeled as
Teleparallel gravity [1]. For a detailed review on teleparal-
lel gravity, see [2]. In modern perspectives, it is known that
GR has its equivalent formulation of the so-called geomet-
rical trinity of gravity, in which gravitation is treated with
the torsion (Teleparallel Equivalent to GR: TEGR) and/or
the non-metricity (Symmetric Teleparallel Equivalent to GR:
STEGR) instead of the curvature up to boundary terms [3—
5]. These two formalisms assume that general curvature
is vanishing. Furthermore, a non-linear extension of these
equivalent formulations gives the emergences of their spe-
cific properties such as new propagating Degrees of Freedom
(pDoF), breaking diffeomorphism and/or local Lorentz sym-
metry (i.e., change of gauge Degrees of Freedom: gDoF),
and departures in these formulations themselves [2,6,7]. In
particular, the so-called R2-inflation model in cosmology,
which is a class of f (I%)—gravity, is one of the most suitable
theories to explain inflation in the current observations [8,9].
That model is a good candidate for a consistent effective
quantum gravity theory from the viewpoint of renormaliza-
tion [10,11]. In order to investigate the pDoF of possible
extensions of GR, TEGR, or STEGR, the Dirac-Bergmann
analysis can be used [12-17].

In terms of the torsional sector (as in TEGR or their
extensions), one can always formulate those theories in the
so-called Weitzenbock gauge [18] where the spin connec-
tion vanishes. In this context, the Dirac—-Bergmann analy-
sis of TEGR had already been completed and the structure
as a constraint system had also been revealed out [19-21].
As expected, in a 4-dimensional spacetime, TEGR has two
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pDoF, which is the same pDoF as GR, and the gauge sym-
metric structure, in other words, the Poisson Brackets alge-
bra (PB-algebra) is also similar that the one of GR: the
gDoF for the diffeomorphism symmetry is four [21,22].
For the non-linear extension of TEGR, i.e., the so-called
“f(T)-gravity”, the Dirac-Bergmann analysis had been per-
formed [23-26]. In that case, the situation is different than
f (ﬁ)—gravity [27]. Furthermore, there were some contro-
versies on the computation of the pDoF for that theory
(see for example [23,25,26]). The authors in [23] and [19],
on one hand, state that f(7")-gravity has n extra pDoF in
a (n + 1)-dimensional spacetime. On the other hand, the
authors in [25] concluded that the extra pDoF is one in any
spacetime dimension. One can check the details in [28].
Other important viewpoints of these theories are that cos-
mological perturbations around flat and non-flat Friedmann—
Lemaitre—Robertson—Walker (FLRW) spacetimes have sug-
gested the fact that this theory is infinitely strongly cou-
pled for this spacetime [29,30]. This means that f(T)-
gravity cannot be used as a theory for cosmology as in the
standard way, i.e., using linear perturbation theory, since
the new degrees of freedom are infinitely strongly cou-
pled to the background and then linear perturbation the-
ory breaks down. To unveil such a perspective, we have
to know the exact pDoF of the theory, and the Dirac—
Bergmann analysis plays a crucial role in achieving this pur-
pose.

Recently, STEGR, the other sector of the geometrical
trinity constructed from nonmetricity, has attained attention.
This theory was initially constructed in [3], and further stud-
ied in [31-33] by introducing the notion of the “coincident
gauge” as an extra gauge freedom that one can always choose
such that the connection is vanishing. Since this theory is
equivalent to GR, it also has the same number of pDoF.
Further, one can consider a non-linear extension of STEGR,
such as the so-called “ f (Q)-gravity”. The Dirac—Bergmann
analysis for that theory in the coincident gauge was per-
formed in [34,35], where the authors argued that the pDoF
is eight in 4-dimensional spacetime. On the other hand, in
the paper [36], the authors claimed that the Dirac—Bergman
analysis breaks down for f(Q)-gravity, meaning that one
cannot use this method to count the pDoF. Furthermore, the
authors showed that the possible pDoF is up to seven. In
our study, we pursue a possibility of pDoF being consis-
tent with this range by using the Dirac—Bergmann analysis.
In our opinion, this is a debatable point due to the tech-
nical point that one can assume that the spatial boundary
terms in both the action and the PB-algebras can always be
neglected by imposing appropriate spatial boundary condi-
tions if it is necessary. This means that the second term of
Eq (3.20) in [36] does not give rise to any problematic terms
at least theories that we will treat in the current paper. In
addition, in the coincident f(Q)-gravity, since the diffeo-
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morphism invariance are at least partly broken, it would be
possible to generically exist a different pDoF for each class
of coordinate systems, or equivalently, each class of ADM-
foliations. Here, remark that the coincident f(Q)-gravity
contains derivative terms up to first-order in the metric and
dynamically totally different from higher-order derivative
theories based on Riemannian geometry. For details, see Refs
[4,5].

The construction of this paper is as follows: In Sect. 2,
we introduce the gauge theory of gravity together with basic
mathematical concepts to construct the metric-affine gauge
theory of gravity and then give a short review of the geo-
metrical trinity of gravity. In the context of the presented
formulation, we also explain the coincident GR theory. In
order to apply the Dirac—Bergmann analysis to field theo-
ries, one needs careful manipulations of boundary terms. In
Sect. 3, we unveil that Gibbons—York—Hawking type bound-
ary terms well-known in GR [37—40] can be neglected with-
out any change in the symplectic structure of a given sys-
tem when performing the analysis. We also provide a pre-
scription to circumvent the problematic situation concern-
ing the PDEs of Lagrange multipliers which is mentioned
in a series of works [26,36,41]. Then we revisit the anal-
ysis of GR and f (é)-gravity to demonstrate how to work
the statements declared in this section. In Sect. 4, we review
the Dirac—Bergmann analysis of STEGR in the coincident
gauge. In Sect. 5, after giving a brief review on f (T)-gravity
to show a possibility for emerging several sectors and con-
sidering the role of the prescription, the analysis of coin-
cident f(Q)-gravity is performed. We get the pDoF = 6
and gDoF = 0 in the generic case. Finally, in Sect. 6, we
summarize this work with a discussion on the condition of
providing seven pDoF as a generic sector and give future
perspectives.

Throughout this paper, we use units with k = ¢*/167 Gy
:= 1. In the Dirac—Bergmann analysis, we denote “X” as
the weak equality [12,13] and “:A” as the imposition in the
meaning of the weak equality. For quantities computed from
the Levi—Civita connection, we use an over circle on top
whereas, for a general connection, tildes are introduced. Also,
Greek indices denote spacetime indices whereas small Latin
ones, the tangent space indices. Capital Latin letters are intro-
duced to distinguish the spatial indices in the ADM-foliation
[42,43].

2 Metric-affine gauge theory of gravity with
teleparallelism and Coincident GR

In this section, we introduce the gauge approach for gravity
and introduce the basic mathematical ingredients for that.
Then, we introduce the metric-affine gauge theory of gravity
and then give a short review of the geometrical trinity of
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gravity. In the context of the presented formulation, we also
explain the so-called coincident GR.

2.1 Gauge theories of gravity

First of all, we introduce the fundamental mathematical
objects to formulate gauge theories of gravity. Frame field (or
vielbein) is a bundle isomorphism between the tangent bun-
dle (T M, M, r) of a (n + 1)-dimensional space-time man-
ifold M and an internal space (M x R™1 M, p), where
7 and p are diffeomorphisms from 7M to M and from
M x R o M, respectively [44,45]. That is, for an open
set U C M, e : M x R'Hl 5 TM maps a basis of
M x Rl |U ~ R"*1 je. &, to a linear combination of a
basis of TM|y >~ T, M (p € U), where “~ denotes the
isomorphic relation between two objects. The basis of T, M
can be generically taken arbitrarily, but we use the standard
coordinate basis, i.e., 9, to a chart of an atlas of M. Explic-
itly, on an open set U, we can express this relation as follows:

e = e(&) =¢"0,. (1

The frame field e has its inverse in a local region of M,
although it is not true in a global region in general. The
construction of e leads to the fact that if we take a local
region as an open set of the open cover of M then e always
has its inverse under the restriction to the local region. Let us
take the open set U as such local region. Then we can define
the inverse map of e, i.e., e”! : TM|,; — M x R*H! ]U,
and the explicit formula as follows:

e = (e"H)*(E") = e ydxt, 2)

where we denote (e~!)* as the pull-back operator of e~
This inverse e ! is called as co-frame field of e on the open
region U. The dual structure derives the relation between
ei’ and e'): etje', = 8Y and ¢;*e/, = §/. In terms of
these quantities, the components of the metric tensor g =
guvdx" ® dx" on M is related to that on M x R je.,
g = gi;&' ®&/, as follows:

eile;Vguv = gij (3)

or, if e is restricted to the local region in which it has its
inverse, we also have

8uv = eiuejvgij- 4)

That is, the invertibility of the frame field connects the metric
tensor on the space-time to that on the internal space in a one-
to-one manner.

In order to introduce the concept of covariant derivative
into space-time and internal space, we define the connection
as usual. For the spacetime, the affine connection is denoted
as P wv- For the internal space, we introduce the spin con-

nection as follows:
Dﬂe,- = w-’mej (5)

where we used the same notation to the affine connection
[45]. In particular, since M x R*+! iU ~ T M|y holds in
the local region U, we can add [ and @ together, and we
get the covariant derivative of co-frame field components as
follows:

i i = i i
Due'y =due'y =T ey + o' j ey, 6)

This relation plays a crucial role to give the attribute of an
internal gauge symmetry to gravity theories at each space-
time point. In fact, for a Lie group G, the co-frame field
transformation eiu — e/",J = A’.jej,i (Aij € G) leads to

Dyey = A'jDyel, @
where the spin connection transforms as follows:
o ju = o ju= (AT A  + AT Aol (8)

This is nothing but the gauge transformation law of the spin
connection in the usual manner. Remark that the same argu-
ments hold even for the frame field components as long as we
consider the local region in which the frame field is invertible.

Finally, notice that we have an important relation between
the affine connection and the spin connection, i.e., the “frame
field (or vielbein) postulate”:

Dye', =0. 9)

This relation always holds as an identity in the local region
which makes the addition of the affine connection and the
spin connection well-defined [46]. The postulate also allows
to express the affine connection in terms of the co-frame field
components and the spin connection as follows:

f‘p,w = eipaueiv + cuijue,-pejU (10)

by using the derivative formula Eq. (6). This formula does
not depend on the gauges by virtue of the relation Eqgs. (7)
and (8).

Armed with Egs. (4) and (10), a gravity theory is reformu-
lated in terms of the (co-)frame field and the spin connection.
Let us consider the Einstein—Palatini action:

SEP[glun fp;w] = /M d"+1_x\/—_g1§ (1D
where g is the determinant of the metric tensor g, and R
is the Ricci scalar. In this action, gravity is described by the
independent variables: g, and rer wv- Utilizing Egs. (4) and
(10), the variables are replaced by the co-frame fields and the
spin connection, as follows:

Seplel 1, @' ju] ;:f d"x det(e ) R (12)
M
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where det(e 1) is the determinant of the co-frame field com-
ponents' and the hat “*” denotes the quantities that are
described by the co-frame fields and the spin connection.
The gauge group is set as G = T'" x SO(1, n), where
71" denotes the translation group in a (n 4 1)-dimensional
Minkowskian spacetime. This action is also called the “first-
order formulation of GR”. The spin connection for this inter-
nal symmetry is called the Levi—Civita (or Lorentz) connec-
tion [44,45]. The theory has now the gauge symmetry of
T % SO(1, n) at each space-time point. Remark that the
procedure is applicable to any theory of gravity constructed
from gauge invariants.

2.2 Metric-affine gauge theory of gravity

GR describes gravity in terms of geometrical quantities of
(pseudo-)Riemannian geometry based on the equivalence
principle. In this geometry, only the Riemannian curvature
tensor plays the main role to describe gravity. That is, it
assumes that the torsion and the non-metricity vanishes in
advance. However, there are other possibilities to take these
two geometrical quantities into account. This generalized
geometry is called metric-affine geometry [47].

First of all, we introduce the fundamental quantities to
formulate the geometry. The covariant derivative is defined
as follows:

VA =9, A + TV, AP, (13)

where 'V, denotes the affine connection and A" are the
contra-variant vector components. The important point here
is that in the above definition, it does generically not allow to
commute with the lower two indices of the affine connection:
the order has a specific meaning. That is, it gives the torsion
tensor of the geometry:

TP ; ZF'O;W_

M [, =207 ). (14)

In order to manipulate the indices, the covariant derivative of
the metric tensor is important; if it vanishes then the metric
tensor can freely move inside and outside of the covariant
derivative, but if it is not the case then this manipulation does
not hold. The non-metricity tensor of the geometry governs
this manipulation:

Opuv = Voguv- (15)

Using these quantities, the affine connection is decomposed
into as follows:

TP =17+ KPuy + L, (16)

oo
1

' We can identify the internal space index “i” and the space-time index

(4” in a local region by virtue of M x R'M| ~ TM|y.

@ Springer

where I'?,, is the Christoffel symbols, K”,, is the contor-
tion tensor:

1 o

K?,, = ETP’“) + T, . (17)

and L’,, is the disformation tensor:

L? =1Q" -0 (18)
we = 5w (v

The curvature tensor is introduced in terms of the affine con-
nection I'”,, as usual:

Rauvp = 28[1,1:“’,)]# + 21;U[VIAIfAPJM- (19)

Here, remark again that the position of the indices in the
affine connection is crucial, unlike the ordinary Rieman-
nian curvature tensor. If the affine connection is decomposed
as f*pw = Io‘p,w + N”,, for a distortion tensor N”,,, a
straightforward computation derives the following formula:

R% ivp = R vp + 2VuN o + 2N [y N 1 (20)

where I%“ wvp 18 the (pseudo-)Riemannian curvature ten-
sor and %U denotes the covariant derivative defined by the
Christoffel symbols.

Using the curvature tensor Eq. (19), the Einstein—Palatini
action Eq. (11) is now described by the metric-affine geom-
etry and there are different types of geometry, depending on
whether or not the torsion, the non-metricity, and the curva-
ture tensor vanishes, respectively. As a special case, impos-
ing conditions that the torsion and the non-metricity tensor
vanish, the Einstein—Hilbert action [48,49] is recovered:

Senlgun] == /M d"'x =g R. (21)

One can also construct more general theories in this frame-
work belonging to the general linear gauge group: 7”1 x
GL(n+1,R) [47], where T"+! denotes the translation group
in a (n 4+ 1)-dimensional Euclidean space. Theories con-
structed from scalars that are invariant under that group are
called “metric-affine gauge theory of gravity”.

2.3 Teleparallelism and the geometrical trinity of gravity

The metric-affine gauge theory of gravity has intriguing
branches that are equivalent to GR up to surface terms. In
order to derive these branches, the so-called “releparallel
condition” (or “teleparallelism”) is imposed as follows:>

R vy =0 =R yyp. (22)

2 Note that quantities without any symbol on top refer to Teleparallel
ones.
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Under this condition, the affine connection can be resolved
at least in a local region as follows:

Fp/w = eipauei\w (23)

One can check this statement by substituting Eq. (23) into Eq.
(22). Note that, in a local region, for any vector bundles, the
so-called standard flat connection, that is o' ju = 0, exists
[44,45], and the Eq. (10) implies the existence of the solution.
This condition is sometimes called the “Weitzenboch gauge”
[18,26,32].

In addition to the teleparallel condition, since the metric-
affine gauge theory of gravity has three independent geo-
metrical quantities: curvature, torsion, and non-metricity, it
is possible to impose further conditions. The imposition of
vanishing non-metricity leads to the so-called “Teleparallel
Equivalent to GR” (TEGR) [4] and the affine connection is
provided by the solution of the following equation:?

2¢;”9pe’ (u8v)p = Op&uv- 24)

Using the formula Egs. (20) and (22), we can show the fol-
lowing relation:

R=R+T -V, T" =0, 25)
where

1 oLV 1 av o
T o= = Ta T = STy T + T, (26)
and T, := T",,. Neglecting the boundary term, there-

fore, the Einstein—Palatini action Eq. (11) leads to the TEGR
action:

StEcRgu] == — /M I g T, @7)

and this action is equivalent to the Einstein—Hilbert action Eq.
(21) excepting the geometry and neglecting boundary terms.
Applying the procedure in Sect. 2.1, ./—g and T are just
replaced by det(e!) and T, respectively, and the variables
describing the system are the (co-)frame field

In the same manner, the imposition of vanishing torsion
leads to the so-called “Symmetric Teleparallel Equivalent
to GR” (STEGR) [4] and the affine connection is solved as
follows:

ax”

I7,, = 8—g_iauaugi : (28)

3 This Eqg. (24) has a solution as follows: g,,, = eiuejvcij, where c;;
is an arbitrary non-singular symmetric constant tensor. This solution is
a special case of Eq. (4). Therefore, if we chose the gauge for g;; as
a constant tensor ¢;; then the condition of vanishing non-metricity is
satisfied.

where ¢ are arbitrary functions* defined on a local region
M x R[>~ TM|y.> Using the formula Eq. (19), we get
the following equation:

R=R—-0Q+V, (0" - 0" =0, (29)

where
1 v 1 v
0= _ZQlwaQ + EquaQ
1 o 1 Ao
+ZQaQ - EQ“Q ; (30)

Q4 = Quut, and Q, = Q" ua- The Einstein—Palatini
action Eq. (11) leads to the STEGR action as follows:

SsTEGR[guv] i= /M d"'xy=g 0. (31)

Applying the procedure in Sect. 2.1, \/—g and Q are just
replaced by det(e’]) and Q, respectively, and the variables
describing the system are the (co-)frame field.

So far we obtain three specific gravity theories: GR,
TEGR, and STEGR. These three gravity theories are equiva-
lent up to boundary terms and called the “geometrical trinity
of gravity” [4]. In this paper, we focus on the STEGR branch
and its extensions.

2.4 Coincident GR

In the STEGR branch, the connection is easily solved
as in Eq. (28). Again, noticing that the local relation of
M x RL» |U ~ T M|y, we can impose further gauge con-
dition on STEGR. Since the functions ¢’ are defined on the
local region U, it can be expressed by the coordinate system,
ie., x*, for U Cc M: é‘i = Ci(x). Therefore, in this local
region, ¢’ are expanded in terms of x* up to first order terms
as follows:

¢l =M x4 A (32)

where M! w€GLn+1, R)® and A are arbitrary constant
(n+ 1)-vector components. This is just an affine transforma-
tion in the internal space. Then the connection given in Eq.
(28) becomes as follows:

I, =0. (33)

Under imposing this new gauge condition, or the “coincident
gauge condition”, i.e., Eq. (32), it reveals that STEGR has a
more specific branch. This branch is called “Coincident GR”
(CGR) [31].

4 These functions are none others than the so-called Stiickelberg fields
[32].

> See footnote 1. This local property plays an essential role to formulate
the coincident GR.

6 This group is not a Lie group: a global symmetry to the internal space.

@ Springer
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The Eq. (33) implies the equivalence to GR without
boundary terms. That is, the decomposition Eq. (16) with
Eq. (33) leads to the following relation:

LP = —T7,,. (34)

Neglecting boundary terms, therefore, Eq. (31) under the
coincident gauge derives the following action’:

ScGr = fM d"x /=g 2LP [y L vy

:/ dn+1x«/_g Zf‘pk[pf‘ku]v. (35)
M

This is none other than the Einstein—Hilbert action without
the boundary term [49,52]. From this perspective, we would
expect that CGR is equivalent to GR as a constraint system;
the Poisson Bracket algebra (PB-algebra) and the propagat-
ing Degrees of Freedom (pDoF) would be coincident.

3 Hamiltonian analysis of GR and f (Ioi)-gravity

In order to apply the Dirac—Bergmann analysis (See Appe-
ndix A in detail) to field theories, it needs careful manip-
ulations of boundary terms. In this section, we reveal that
Gibbons—York—Hawking type boundary terms well-known
in GR [37-40] can be neglected without any change in the
symplectic structure of a given system when performing the
analysis. We also provide a prescription to circumvent the
problematic situation concerning the PDEs of Lagrange mul-
tipliers which is mentioned in a series of works [26,36,41].
Finally, we revisit the analysis of GR and f (I%)-gravity to
demonstrate how to work the statements declared in this sec-
tion.

3.1 A role of surface terms in Dirac—Bergmann analysis

Symplectic structure plays the most fundamental role in ana-
lytical mechanics since once the structure and a total Hamil-
tonian are given, then, the dynamics are uniquely determined.
This statement is verified from the following two facts; (i)
The definition of the Poisson bracket: { f, g} := Q(Xr, X),
where X and X, are the Hamiltonian vector fields with
respect to some functions f and g, respectively, and 2 is a
symplectic form of the system; (ii) The time development of a
quantity F of the system is, of course, given by F = {F, Hr}.
Therefore, under a given total Hamiltonian, the symplectic
structure governs everything in the system.

7 Remark that this action was first derived by A. Einstein in 1916 [49],
which was based on the well-posedness of the variational principle
under the Dirichlet boundary conditions, although there are some con-
troversies even in nowadays [50,51]. Therefore, it is a revisiting of his
work from the viewpoint of a modern perspective, that is, the gauge
theory of gravity.

@ Springer

To clarify a relation between the symplectic structure
and surface terms, let us consider the symplectic potential:
w = pidq' + dW, where W = W(q') is an arbitrary func-
tion. This quantity is just the integral of the symplectic form
2 and has arbitrariness of W. In fact, one can easily verify
that dw = . Then, notice that the first terms of w, piﬁqi,
are none other than the surface term of the first variation of
the Lagrangian in Eq. (A2). This relation, therefore, implies
that the Lagrangian has also arbitrariness of surface terms:
L — L' = L+dW /dt for the common W, and the first-order
variation of L’ becomes L' := [EoM]; 8q' + d(p/8¢")/dt,
where p/ = p; + dW/dq'. Since o' := pldq’ = o, all
arguments are consistent, and 2 does not depend on the dif-
ference of symplectic potentials. Therefore, we conclude an
important proposition; Surface terms do change canonical
momentum variables but do not change the symplectic struc-
ture.

So far, we consider first-order derivative systems, but
when treating gravity theories including GR, we need a the-
ory of degenerate second-order derivative systems from the
perspective of the well-posedness of the variational princi-
ple, and it is inevitable to intervene surface terms. To clarify
this statement, let us consider the following Lagrangian:

L=L(G". 4" q"), (36)

where i € {l,2,...,n}. The first-order variation of this
Lagrangian is calculated as follows:

9L d 9L  d* oL .
gt dt gt di? 9§

d oL d JL ; oL\ .;
+— s 557 )9 + | = )%
dt |\ dq' dtdqg’ ag'

o d . .
:= [EoM]; 8¢q" + = [pi(l)Sq’ + pl-(z)Sq’] . (37)

pl.(]) and pi(z) are canonical momentum variables of the sys-
tem. The Hessian matrix is defined as follows:

2
I
o aq'i aéjiaijf’
o _ o _ L d PL (38)
Yo ag) T agiagl  dr dgiagl’

Let us assume that the ranks of these matrices are 0 and
n—rM respectively.®-° Then the number of n +r ) primary
constraints appears. These constraints are derived in the same

8 When the rank of the first Hesse matrix does not vanish, it may give
rise to third- and/or fourth-order derivative equations of motion. Under
the imposition of appropriate conditions, such systems can also describe
dynamics without the Ostrogradski instability [53,54] just like DHOST
[55-57] but these topics are out of scope of the current paper.

9 Precisely speaking, in order to make the equations of motion up to
second-order time derivative, the rank of the matrix E;; := 0 p;z) /07 —

apj”/aq"' have also to be zero.
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1) 2

manner to the first-order theory as follows: ¢ ;) := p o, —
i i n @
fa m(q;l),qu),pf " p?) i~ 0@? e {1,2,....n)) and
1 n @
¢;i£a(l) = pa(l) go{ﬂ)((f'](l), Q(z), p,( ), pl( )) =~ 0 (Ol(l) c
{(1,2,...,rO)), where g}, := q', g}y, := ¢' [58-60]. Let

us denote the phase subspace which is restricted by these
primary constraints as €1, Since the variational principle
is not well-posed until appropriate boundary conditions are
imposed, the equations of motion cannot be derived in a con-
sistent manner to the degeneracy of the system. This indicates
that it needs careful consideration for the application of the
Dirac—Bergmann analysis.

The symplectic structure of the system is given as follows:
Q= dqu) A dpl@ + dqfl) A dpi(l). Therefore, the symplec-
pi(z)dqéz) + p; )dq(l) +dw,
where W = W(qél), qéz)) is arbitrary function. The same
consideration to the first-order theory leads to new canon-

ical momentum variables: p, D = pi(z) + oW/ aqu) and

p'(l) = (l)—f-BW/aq(l) without any changing the symplec-

tic structure. Since the Hessian matrices are not changed by
this manipulation, K;; 2 = 921 /94! @ aq(z) = K” , where
L - L =L+ dW/dt so does the rank of the matrix.
K has the same property. These properties imply that it

exists a surface term W in ¢(1) such that qb;(,l(;) = p;(,z(;) =~ 0

(a’(z) e{l,2,.. @ < n}) and ¢ E(lz))+a/<1> = p;(,l(f) =~ 0
(@D e(1,2,...,rD < D}y Armed with these facts, to
make the variational principle well-posed, it is necessary to
impose boundary conditions that are consistent with the pri-

mary constraints: Sq(“;)z) =0@@?® e{1,2,...,n—r'®
n — r’M}). In particular,

=0@® efL,2,...,
for the case of '@ = 1,10 the boundary conditions become
Sqﬁ/;l) = 0, and then the absence of the Ostrogradski insta-
bility is guaranteed [51,53,54]. Then the Dirac—Bergmann
analysis becomes applicable.!! The essential message here is
that the well-posedness does not affect the symplectic struc-
ture. Therefore, we conclude an important proposition; The
Dirac—Bergmann analysis is applicable also in second-order
derivative systems without depending on the well-posedness
of the variational principle. This statement means that, when

tic potential becomes w =

Q)
and éq q¢

10 The case can be realised if the rank of E; ;j is zero with appropriate
boundary (counter) terms like Gibbons—York—Hawking term [37—40,
50,51]. Remark that the manipulation does not change the symplectic
structure, i.e., the time evolutin of the system, as mentioned in the main
manuscript.

! Note that the surface term W is none other than the so-called counter-
term that appears in higher-order derivative systems just like Gibbons—
York—Hawking counter-terms in GR [37—40]. Recently, a different sort
of counter-term was proposed [50], which is based on the requirement
of the imposition of boundary conditions for the well-posed variational
principle that originated from the consistency with the full result of the
Dirac—Bergmann analysis. That is the new sort of counter-term demands
consistency with €X) rather than ¢(D.

we use the Dirac—Bergmann analysis, all surface terms can
be neglected freely.

There is a remark on when applying the Dirac—-Bergmann
analysis to field theories. Departing from theories of point
particle systems, field theories generically have spatial
boundary terms. Since spatial boundary terms have no rela-
tion to the symplectic structure, there is no concern with
the problem of the well-posedness of the variational princi-
ple. It implies that spatial boundary conditions can be taken
arbitrarily. Precisely speaking, spatial boundary terms are
concerned only with the continuum limit of boundaries in
field theories [61]; it does not affect the dynamics (time evo-
lution). Recently, the authors in [36] stated that the exis-
tence of such spatial boundary terms might break the Dirac—
Bergmann analysis but it is not the case when we hold the fol-
lowing prescription, or more generically, speaking, when tak-
ing into account that the spatial boundary terms can always
be neglected by imposing appropriate spatial boundary con-
ditions in the variational principle and it never affects the
dynamics (time evolution).

This fact leads to a convenient prescription when comput-
ing PB-algebras explicitly since the PB-algebras are defined
on a hypersurface that has the common spatial boundary as
that of the variational principle in the ADM-foliation [42,43];

For some field A(x) on a (n + 1)-dimensional spacetime,
the term “v/hA (x)8§x)8(”)()? — 3)”, where Iruns from 1 to
the dimension of the hypersurface n, in PB-algebras can be
neglected by setting properly spatial boundary conditions of
A(x) in the variational principle, where his the determinant
of the metric of a n-dimensional hypersurface.

That is, the problematic term “«/ﬁA(x)B,(x)(S(”) (X—¥)"in
the PB-algebras can be neglected since integrating by parts
iton X, and integrating all terms again on X, then we obtain
only spatial boundary terms on 9 %;; these terms can be van-
ished by the imposition of appropriate spatial boundary con-
ditions if itis necessary. In this paper, we assume these propo-
sitions and the prescription that are introduced above and then
this analysis works, and then, we can derive the final result of
the pDoF. However, we emphasize that this is our argument
against the paper [36] and this is of course a debatable point
to consider.

3.2 Revisiting to Hamiltonian analysis of GR and
f(R)-gravity

Based on the previous subsection, let us count the pDoF of
GR and f (Io? )-gravity as examples. First of all, we review the
Dirac—Bergmann analysis of GR. We use notations and set-
ups that are fixed in this subsection throughout the subsequent
sections of the paper.
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Let M and g,, be (n + 1)-dimensional spacetime and
its metric tensor, respectively. Then ADM-foliation [42-44]
of M is a diffeomorphism o : M — R x §”" such that it
decomposes M as a disjoint union of hypersurfaces X, :=
{p € M|o*t(p) := t}, which is deffeomorphic to {r} x
S", ie., M = U;crX;, where 8" denotes a n-dimensional
hypersurface, 7 is a time-interval of M, ¢ is a time-coordinate
of M:t € Z, t is a time-coordinate of R x 8", and o* is the
pullback operator of the diffeomorphism o. Then the metric
of the spacetime is decomposed as follows:

ds® = —N2di® + hy; (dx’ + N’dx’) (dx’ + N’dxf) ,
(39)

where I, J € {1,2,...,n}, N := N(x) and N/ := N'(x)
are a lapse function and a shift vector, respectively. Then
the normal vector n* to a leaf X, is given by n* =
—N~1(=1, NT). n* satisfies the normalization condition:
ntn, =—1.

To reconstruct GR on the ADM-foliated spacetime RxS",
one needs to introduce the quantities of the first fundamental
form (or, the so-called projection map) and the second fun-
damental form (or, the so-called extrinsic curvature), which
are defined as follows:

Ppw = guy +nuny, (40)
and

1
K, = ELnP/w’ 41

respectively, where £, is the Lie derivative operator with
respect to the normal vector n*. Using these quantities, the

Gauss equation holds:
MRE k= PEoPY P Pk R, — 2K Kk, (42)

where K is the so-called extrinsic curvature and it is given
as follows:

1 ° .
K1y = =55 (2DuNn i), 43)

where 5 7 1s the covariant derivative of the Christoffel sym-
bols on a leaf X;. Contracting indices in the Gauss equation,
we get the following identity

(l’l)R? — Rg + (ZI%MU”H”U + KIJKIJ _ K2> . (44)

Therefore, applying these equations the Einstein—Hilbert
action in Eq. (21) is decomposed as follows:

Sgn = / dt/ dx”N«/E(("U‘é—KerK”Ku)
A po

—2/ d”'Hx«/—g%a (n“%ﬂn“ — n“%un“) .
M
(45)

@ Springer

As considered in Sect. 3.1, the boundary terms can be
neglected.12 Therefore, the ADM-foliated Einstein—Hilbert
action becomes as follows:

Sgn = /dt/ dx"NJE(<">1$—K2+K’JK,,)
T pon

- f dt f dx"Lpn. (46)
T pon

Remark that density variables and also PB-algebras are
defined on a leaf =, (1 € 7).13

Let us perform Dirac—Bergmann analysis (See Appendix
A). The canonical momentum variables are calculated as fol-
lows:

- 8Len _ I 8Len _
TN T N
8LEn
71y = oy = NVh(Khiy = K1) (47)

Therefore, the Hessian matrix has its rank of n(n+1) /2. This
indicates that there are (n + 1) primary constraint densities
as follows:

1
¢().

These constraint densities restrict the whole phase space to
the subspace ¢(1). The total Hamiltonian density is given as
follows:

~0, ¢V :=m;~0. (48)

Hy C(GR) +N C(GR) +)»M¢(1) = Ho +k“¢(l)
(49)

where A* are Lagrange multipliers, and C,(LGR) are defined as

follows:

1
cyR) = ™R - —n?),
A +\/E ary n—ln

C\® .= 277y, (50)

where we neglected the spatial boundary term 277/ N; on
0%, (t € 7). m is the trace of ;. The fundamental PB-
algebras are given as follows:

(N(x), 1o (»)} = 89 (% — ),
NI, () = 8569 (7 — ),
(! (), i () = 2848780 - 3). (51)

The consistency conditions for the primary constraint densi-
ties qb(l) ie., ¢(1) {d)(l) Hr} :& 0, give four secondary

12 Based on Sect. 3.1, the first term in the boundary terms can be van-
ished by setting properly spatial boundary conditions, and the second
term can be canceled out by adding the Gibbon-York-Hawking counter-

term: — [3 dx"VhQ2K) (t € ).

13 These ingredients can be generically defined on a hypersurface such
that it is homotopic to X; with the common spatial boundary: 9 %;.
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constraint densities as follows:
2 GR 2 GR
¢ = CN 0, ¢ =N i~ 0. (52)

These constraint densities further restrict €(1) to the new
subspace @®. Notice that ¢/§1) and ¢1(L2) do not contain the
lapse function and the shift vector. Therefore, all these con-
straint densities are commutative with respect to the Poisson
bracket. In such case, to investigate the consistency condi-
tions for the secondary constraint densities d),(f), it is conve-

nient to consider the smeared variables of ¢£¢2)1

Cs(N) := / dx*NCSR,
P

Cy(N) = /2 dx*N1C\R), (53)
where N := N9 ;. Then we can show that
(F'  710), Cy(N)y = LgF(h'  7py) (54)
for arbitrary function F (hI T oy 7), therefore, the following
algebras hold:

{Cv(N1), Cv(N2)} = Cy (L, No),

{Cy(N), Cs(N)} = Cs(LyN). (55)

Neglecting spatial boundary terms, the following algebra
holds:

{Cs(N1), Cs(N2)} = Cy(N19' Ny — N2d  Ny). (56)

Using these smeared PB-algebras, it can show that the con-
sistency conditions for the secondary constraint densities are
satisfied without any additional conditions and there are no
tertiary constraint densities. Therefore, the analysis stops
here and there are eight first-class constraint densities. This
indicates that GR has

pDoF = [2)(W—ZxO—Zx{(ﬂ+l)+(n+l)}}
11
x5 = 5(n+1)(n—2). 57

Notice that the multipliers remain arbitrary. This implies the
existence of

gDoF = n + 1. (58)

In fact, GR has the diffeomorphism invariance. In particular,
in the (3 + 1)-dimensional spacetime, GR has two pDoF and
four gDoF.

If we refrain from utilizing smeared variables and instead
express our results in terms of density variables, we can arrive
at the following algebraic expressions:

@ @. 8P 0 = (657 05” — 67 135”) 6 - 5.

x(6P (), ¢ (M) = ¢ )8V (E — )
(59)

instead of Eq. (55), and

@ @), 9870} = (1 0P )+ 19 )
x3s™ (& — ¥) (60)

instead of Eq. (56). Here, the problematic term “VhA (x)
BI(X)S(”)()? — ¥)” appears both in Egs. (59) and (60). Fortu-
nately, the coefficients of these PBs are composed only of the
secondary constraint densities. Therefore, without applying
the prescription given in Sect. 3.1, these PBs are weakly equal
to zero on €, The consistency conditions for ¢>,(L2) ~ 0 has
a similar property, although it is not trivial and extra calcula-
tions are mandatory differing from the case using the smeared
variables. That is, it is just convenient to use smeared vari-
ables for calculating the consistency conditions when exist-
ing only first-class constraints. If there are second-class con-
straints, the smeared variables just make all calculations com-
plicated due to the absence of a closed algebra on the entire
phase space. There is no reason to use the smeared variables
if there are second-class constraints. For instance, the authors
in [26] do not use the smeared variables but density variables
in their analysis. In fact, it is hard to get insight into whether
or not second-class constraints exist in complicated theories
such as f(T)-gravity in advance.

GR can be extended into a non-linear manner as follows

[6]:
- n+1 — o
Sf(]%) = /Md x/—gf(R), (61)

where f/(Is) = df(l%)/dl% and f” # 0. Introducing an
auxiliary field ¢, Eq (61) is decomposed as follows:
S, = [ "V [F @R+ £@) = 0 @)
M
(62)

Using the Gauss equation Eq. (44) to decompose 13, this
action becomes as follows:

S o = [ ar d"xN\/fz[f/((")I%*K2+K”Ku*(/J)Jrf}
FUOT Sl

-2 /M d”'*'lx\/?g[f’%# (n”%,,n" - n/’“%\,n”)] . (63)

Comparing to Eq. (45), the boundary terms cannot be
neglected due to the existence of the non-linearity of f”. Inte-
grating by parts and then neglecting the boundary terms, '
Equation (63) becomes as follows [27]:

14 Based on Sect.3.1 the boundary term that cannot be vanished by
spatial boundary conditions is canceled out by introducing the Gibbons—
York-Hawking term [62]: — [5, dx"vh(2f'K) (1 € T).

@ Springer



349  Page 10 of 25

Eur. Phys. J. C (2024) 84:349

S o=/dt/ d"xN~h
iy = )20 s,
X [f’<<">13—1<2+K”K,,—¢)+f]
2K /e
+/ dt/ d"xN«/l_z[— (N’D,f’—f”¢)
7 Js, N
12D, f/b’lnN] . (64)

The canonical momentum variables are calculated as follows
[271:

mg (=0, m;:=0, myy ::ﬂ[f/(Kh]]—K]_])

h > ’ " . ”
—% (NKDKf —f ¢>i|, 7y = 2Kt
(65)

In the case of f' = constant, as expected, Eq. (65) becomes
Eq. (47). Therefore, the Hessian matrix has its rank of
n(n + 1)/2 + 1. The primary constraint densities are given
as follows:

qb(()l) =19 :~0, q);l) =7 :~0, (66)

and these constraint densities identify the subspace €1, The
total Hamiltonian density is calculated as follows:

Hr = Nef® + NTe]® 4 rgd)

= Ho + Ao (67)
where A" are Lagrange multipliers, and C l]: (R) are defined as

follows:

i = Va4 (k= )]

1 1J 1 2
+ﬁf/<ﬂ A
o o 1 n—1 [ f\?
+2vhD; D' — T, + (—) 72,
N TGN YAV AL
C{(R) = nwDonp — 25171”. (68)

In the case of f' = constant, Eq. (68) coincides with Eq.
(50). The consistency conditions for the primary constraint
densities qbf}) are gives four secondary constraint densities
as follows:

qb(()2) = Cg(R) =~ 0, ¢§2) = C{(R) =0, (69)
under the same fundamental PB-algebras Eq. (51) and
fo(). (0} =8V 3. (70)

These constraint densities restrict € to the new subspace
@ We can show that the consistency conditions for these
secondary constraint densities are automatically satisfied in
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the same manner as the GR case. That is, the smeared algebras
which are given in Eqgs. (55) and (56) hold just replacing

C,(LGR) by C,‘f(R) in Eq. (53)." Therefore, f(I%)-gravity has

1
pDoF:E(n—l—l)(n—Z)—l—l, and gDoF =n+ 1.
(71)

In particular, in the (3 + 1)-dimensional spacetime, f (13)-
gravity has three pDoF and four gDoF.

When comparing f (I%)—gravity with GR there is a notable
property; both the theories have the common PB-algebras.
Since the PB-algebras construct the generator of gauge trans-
formation by combining as G := §SM¢,(f) (s e {l,2}; u €
{1,2,...,n+ 1}) for arbitrary functions ¢! that are defined
in the whole phase space, the property indicates that f (13)-
gravity departs only of the pDoF from GR [63,64]. That is,
f (I%)—gravity is a natural extension of GR as unchanging
the gauge symmetry. This result is consistent with the fact
that f (ﬁ)-gravity is equivalent to the scalar-tensor theories
[65,66].

4 Hamiltonian analysis of coincident GR

In this section, as the final preparation for the main pur-
pose of the current paper, we review the ADM-foliation of
STEGR in the coincident gauge denoted by CGR and its
Dirac—Bergmann analysis while remarking on the consider-
ation given in Sect. 3.1.

4.1 ADM-foliation of coincident GR

The action of CGR is already derived in Sect. 2.4 as Eq. (35).
The action can be rewritten as follows:

1
Scer = fM d"HX\/—gZMaﬁop“”Qaﬁa Qv (72)

where M*BPIY ig set as follows:
Maﬂapuv — gapgﬁog/w . gapgﬁugov
+2g%"gPlg7r — 2P ghV gP. (73)

Remark that Qyp, = V4 gp, is now in the coincident gauge:
Oupy = 048py- Applying the ADM-foliated metric Eq. (39)
and, after performing very long but straightforward algebraic
calculations, the above action can be rewritten as follows:!©
[68]

15 Equation (54) is generalised into (F(h' 715, 0, Ty), CV(ICJ)} =

LyF (', 7y, @, my). The consideration in terms of density variables
is viable also for the f(l%)-gravity case.
16 We used Cadabra to derive this result [67].
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SCGR:/dt/ d”x\/}_z[N((”)Q—i—K”K”—KZ)
T PN

+B + By + B3], (74)

where 0, By, By, and Bj are set as follows:

mQ .= i[ _ pADpBECF | opAEBDCF y [ AEBDCF
4+ BADBCLEF | 2hABhCDhEF]QABCQDEF ’ (75)

By =h"n*L(Q kL — Ok )N,

. NL (9, NDY(NTa;N)
_ 1 1 I J
B=KoN +N N e

(NT3;N)(@;NT)
= mae

)

B3

N’
2N

. 1
+ NKW(Nh”QKU — 20k N).

(2aJN’ +N1hMNQJMN>

(76)

The boundary terms By, 137, and B3 are calculated, neglect-
ing spatial boundary terms based on the consideration in
Sect. 3.1, respectively, as follows:

By = —NVhD; (M Q' — ('),

By = 9,N’3;(Whn"), By =—0;N'8,(Vhn'). (17

Therefore, the action becomes as follows:

ScGR Z/dl/ d"x
T pon

x [N«/E{(”’Q + KK — K>~ Do’ - <”>Q’)}

—8; N9, (Vhn') + auNfa,(\/En“)] . (78)

This is none other than the ADM-foliation of CGR [68].
Notice that the derivation of Eq (78) neglected only spa-
tial boundary terms. Integrating the second term in Eq.
(78) by parts: —3;N'8, (v/hn") = —0;[N"0,(Vhn")] +
Oy (N13; (v/hnt)]— (BMNI)(BI Vhn*), the third term is can-
celed out with the third term in Eq. (78). The remnant terms
are only boundary terms; these terms can be neglected based
on the consideration in Sect. 3.1. Therefore, we get the final
result:

SCGRZ/dl/ dan«/E
T PR

x [(n)Q"‘K”KIJ—KZ—él((")Q[—(n)QI)] ‘
(79)

Note that the above derivation does not need the Gauss equa-
tion unlike the GR and f (Icé)-gravity cases. We just manip-
ulated complicated algebraic calculations. Remark, finally,
that this neglection of the boundary terms needs more care-
ful consideration when extending the theory in a non-linear
manner like the f (I%)—gravity case.

4.2 Hamiltonian analysis of coincident GR

For the action Eq. (79), we perform the Dirac—-Bergmann
analysis. The canonical momentum variables are calculated
as follows:

=0, mr=0, 75 =~h(Khiy—Kpj), (80)

and therefore, the primary constraint densities are given as
follows:

¢(()1) = :~ 0, ¢§1) =y =~ 0. (81)

The rank of the Hessian matrix is n(n+1) /2. These constraint
densities restrict the whole phase space to the subspace ¢(1).
The total Hamiltonian density is derived as follows:

Hr = NC§ O + N1C{OR) + argD, (82)
where C(()CGR) and C;CGR) are set as follows:
CéCGR) - _Jn [(n)Q _ 51((n)Q1 _ (n)QI)]
e o)
C\CR) = _2D7 7. (83)

The fundamental PB-algebras are the same as those of GR:
Eq. (51). Therefore, the consistency conditions for the pri-
mary constraint densities Eq. (81) lead to (n + 1) secondary
constraint densities:

2 CGR 2 CGR
gy = Co N 0, ¢ =N =m0, (84)

and these constraint densities restrict €1 to the new sub-
space €. We can show that the smeared PB-algebras of
Eq. (84) satisfy the common algebras that are those of GR
given in Egs. (55) and (56) after tedious calculations along
with neglecting properly spatial boundary terms [68], and
it indicates that CGR has the same gauge symmetry as GR
and f (I%)—gravity. That is, the analysis stops here. Therefore,
CGR has

1
pDoF = §(n+])(n_2)’ and gDoF =n + 1. (85)

In particular, (3 + 1)-dimensional spacetime, CGR has two
pDoF and four gDoF. That is, CGR is completely equivalent
to GR from both viewpoints of dynamics and gauge symme-
try, as expected.

5 Hamiltonian analysis of coincident f(Q)-gravity

In this section, after reviewing the controversy in f(7')-
gravity and providing our perspective of it and the role of
the prescription proposed in Sect. 3.1, we perform the anal-
ysis of coincident f(Q)-gravity. It reveals that, as a generic
case, the theory has five primary, three secondary, and two
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tertiary constraint densities, and all these constraint densities
are classified into second-class density; the pDoF and gDoF
of the theory are six and zero, respectively.

5.1 A lesson from the Dirac—Bergmann analysis of
f(T)-gravity

As mentioned in Sect. 1, there was a controversy on the pDoF
of f(T)-gravity due to the existence of second-class con-
straint densities. It implies that some of multipliers are deter-
mined, but, here, a problematic situation occurs. That is, a set
of Partial Differential Equations (PDEs) of Lagrange multi-
pliers, which has been not expected in the Dirac—-Bergmann
analysis in point particle systems and at least in GR, fGR,
and CGR, appears. In addition, the existence is a feature for
violating the diffeomorphism and/or local Lorentz symme-
try. It implies that the system has several sectors of solu-
tions and each sector generically has different pDoF. In
this case, the Dirac—Bergmann analysis gives rise to differ-
ent results depending on assumptions. In order to see these
issues, focusing in particular on the determination of the
multipliers, let us briefly review the case of f(T)-gravity
in four-dimensional spacetime. Since the coincident f(Q)-
gravity has also second-class constraint densities, this quick
survey gives an insight into the use of the prescription given
in Sect. 3.1.

As mentioned in Sect. 1, there are three works; (i) Li et
al. [23]: pDoF is five; (ii) Ferraro and Guzman [25]: pDoF
is three; (iii) Blagojevic and Nester [26]: pDoF is five as a
generic case. In these works, in order to count out the pDoF,
the Dirac—Bergmann analysis is commonly applied. How-
ever, the methods to derive constraint densities and deter-
mine Lagrange multipliers are different. In (i) Li et al. [23]
and (i1) Ferraro and Guzman [25], on one hand, the rank of
the Dirac matrix is investigated to find constraint densities
and determine Lagrange multipliers. On the other hand, in
(iii) Blagojevic and Nester [26], Castellani’s algorithm [69]
is applied to find first-class constraint densities. For deriving
second-class constraint densities and determining Lagrange
multipliers, an original method is applied, as briefly reviewed
later. The important point here is that these approaches lead
to the common first-class constraint densities including its
PB-algebras under the imposition of the constraint densities,
and the PB-algebras are nothing but that of general relativity,
which are already given in Egs. (59) and (60). Thatis, f(T)-
gravity is a diffeomorphism invariant theory, as expected.

Next, let us see a different point among these works. This
is, the emergence of the second-class constraint densities and
the determination of the multipliers. This difference leads to
the two different results in the pDoF of f(7')-gravity as a
generic case. The first survey is (i) Li et al. [23]: pDoF is five.
In their work, the primary second-class constraint densities
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are derived as follows:
r*.~0, n:~0, (86)

wherea ,b € {0,1,2, 3}, 't and 7 are canonical momen-
tum variables with respect to the vielbein and auxiliary field,
respectively. The auxiliary field is necessary for decompos-
ing the Lagrangian of f(7)-gravity in the same manner as
the case of f (I%)—gravity. The PBs among I'“” and 7 do not
vanish under the imposition of the constraint densities. The
concrete forms of the algebras are given in [23]. Then the
consistency conditions for Eq. (86) are derived as follows:

MA :~0, (87)

where A is a column vector with eight components and the
Dirac matrix M is given as follows:

O 'y y» y3 y& Y5 Y6 Xo
-y 0 0 0 An Ap Az x
-y 0 0 0 A Axn Axx
-y3 0 0 0 Az Az Az x3
—v4 —Aj1 —A21 —A3 0 Bpp Bizxg |’
—ys —A1p —Ax —A3 —Biz 0 B3 x5
—v6 —A13 —A23 —A33 —B13 =Bz 0 xp
—X0 —X1 —Xp —Xx3 —x4 —x5 —x¢ O

(88)

where A;; and B;; are proportional to ¢ (i,j,k €
{1,2,3}), where ¢ is an auxiliary field. The concrete forms
of A, A;j, B;j, and other variables, xo, X1, ..., X6, 5 , Y0, Y1,

.., Y6, are not important in this survey. The explicit formu-
lae are given in [23]. Remark, here, that, since the first-class
constraint densities are commutative with the second-class
constraint densities by its definition under the imposition of
all the constraint densities, it is enough to consider the con-
sistency conditions for the second-class constraint densities
[23]. In order to exist a nontrivial solution of Eq. (87), the
determinant of M has to vanish, and it gives rise to a new
constraint density as follows:

T =~detM = 0. (89)

1 is proportional to (3,~<p)3 [23]. Then the matrix M has its
rank of six. This means that six out of seven multipliers are
determined. The consistency condition for 771 determines the
remaining multiplier. Then, we can show that the extended
matrix of M taking into account the PBs of 7r; with the other
constraint densities has its rank of eight by performing the
elementary transformation of matrices [23]. Therefore, eight
first-class and eight second-class constraints exist, and then
the pDoF is (34 — 8 x 2 —8)/2 = 5.

Animportant point here is that the PB of 7w and 771 becomes
the following form:

(7 (x), T ()} ~ o (39)38P (F — 3)
+ o (39) 288 (X — ¥, (90)
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schematically, where we denoted “ o ...” as a term which
is proportional to “...”. Notice that the problematic term
“\/ZA(x)B;X)S(”)()? — ¥)” appears. Even if the prescription
given in Sect. 3.1 is applied and the problematic term is
neglected under the imposition of the spatial boundary con-
dition: N, (¢, spatial boundary) := 0, m still determines the
remaining one multiplier with respect to the second constraint
in Eq. (86) by virtue of the first term in Eq. (90); the proce-
dure also stops here, and this case is also the same pDoF as
five. We will discuss this point later.

The second survey is (ii) Ferraro and Guzmén [25]: pDoF
is three. This number contradicts to the result of Li et al. [23],
but we will discuss the reason for this point later. In their
work [23], the primary second-class constraint densities are
derived as follows:

GW.~0, GV :~0 91)

with respect to the vielbein and auxiliary field, respectively,
where a, b € {0, 1, 2, 3}. These constraint densities are the
same as those of Li et al. [23] excepting the notations. The
Dirac matrix is also equivalent to that of Li et al. [23] except-
ing the notations and the inclusion of the first-class constraint
densities (but it is not mandatory since the first-class con-
straint densities are commutative with the other constraint
densities). Differing from the method to count the rank of the
Dirac matrix, i.e., the fundamental transformation of matri-
ces, which is used in Li et al. [23], the authors utilized the
method of using null eigenvectors to find new secondary con-
straint densities. However, this difference is not crucial since
these methods are mathematically equivalent. The difference
point between these works is the composition of the primary
constraint densities. That is, the authors reconstructed the
primary constraint densities szlb) excepting for G(()ll) as fol-
lows:

~(D) (1) (1
Gy =Fo1Gyy — FoGyyys

= (1 1 1
G(()a) =F02G(()3) - F03GE)1)’
(92)

= (1 1 1
G§3) =Fo1 G§3) - F23G(()1),

where F, (a, b € {0, 1,2, 3}) are composed of the vielbein
and those spatial derivatives. The explicit forms are given in

[25]. As shown in [25], the PBs between Gf,l) and Gfllb) vanish
excepting for G(()ll) = G(()ll). That is, before reconstructing
Gglb), the PBs between Gglb) and G;l) are not commutative,

but now so are in those of G;Z) and GJ(Tl).17 In addition, the

17 This result can be understood by considering the following instance.
Let us consider a set of second-class constraints: p; =~ 0, p» +¢' ~ 0,
and ¢! ~ 0. If the third constraint is applied to the second one then the
latter one becomes p> = 0; we obtained a new set of constraints: p; ~ 0,
p2 ~ 0, and ¢! ~ 0. In this set, the second constraint is classified

authors performed further reconstruction as follows:
~(2 2 1
G = FuGY - F,G), (93)

where G(()z) is the secondary first-class constraint density
with respect to one of the Hamiltonian constraint density
G(()l) in the sector of diffeomorphism symmetry. F, is com-
posed of the torsion, auxiliary field, and vielbein. The explicit
forms are given in [25]. Then the PB between @62) and GJ(TI)

becomes commutative under the imposition of G(()l) ~ 0.

Therefore, the authors concluded that only Gf,l) and G(()ll)
are classified into second-class constraint densities; pDoF is
(B4—-8+5)x2-2)/2=3.

Here, let us discuss the relation between (i) Li et al. [23]
and (i) Ferraro and Guzmdn [25]. The difference of the pDoF
in these works (and (iii) Blagojevic and Nester [26]) is noting
but the controversy in the analysis of f (7')-gravity. The point
to resolve this situation is that the proportionality of dx¢ in
Ajj and B;;. That is, if we assume that the configuration ¢
is independent from the space coordinates, i.e., ¢ = ¢(1),
then the terms A;; and B;; vanish. In this case, the rank of
M becomes two, and only two multipliers are determined.
Then the determinant of M given in Eq. (89) is automati-
cally satisfied; 71 is no longer a constraint density. Therefore,
under the restriction of the configuration ¢ to ¢ = ¢(t), there
are thirteen first-class constraint densities and two secondary
constraint densities, and this situation precisely corresponds
to the result of (ii) Ferraro and Guzman [25]. That is, (ii)
Ferraro and Guzman [25] is a sector of (i) Li et al. [23] with
the specific configuration of ¢ = ().

The final survey is the work (iii) Blagojevic and Nester
[26]: pDoOF is five as a generic case. This work provides the
most detailed results: there are five sectors, i.e., (s1) pDoF
is five as a generic case; (s2) pDoF is N/A (a detailed inves-
tigation is necessary); (s3) pDoF is four as a special case;
(s4) pDoF is two as a generic case; (s5) pDoF is two as a
special case. All these sectors have different composition of
constraint densities. Of course, (i) Li et al. [23] belongs to
the sector (s1). We will discuss the case of (ii) Ferraro and
Guzmén [25] later. In their work [26], the primary second-
class constraint densities are derived as follows:

Ty 1~ 0, Cl’j =~ 0, 94)

schematically, where i, j € {0, 1,2, 3}. These constraint
densities are the same as (i) Li et al. [23] and (ii) Ferraro
and Guzman [25] excepting the notations. The consistency
conditions for these constraint densities, y = 1, :~ 0 and

Footnote 17 continued

into first-class while remaining the first and third ones second-class
constraints. This is a special feature of second-class constraints. In the
case of first-class constraints, since these constraints form a Lie algebra
of the gauge symmetry of a given system, there is no such feature.

@ Springer
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xij = Cij 7~ 0, determine some of the multipliers. Accord-
ing to the authors, the latter conditions are split into two parts
with respect to the time and space direction of the ADM-
foliation, and then the analysis is classified into two main
sectors whether or not ¢; := d;¢ = 9;¢ — ninj8j<p #= 0
holds. In the main sector of ¢; # 0, the ADM-foliated con-
sistency conditions lead to a new secondary constraint den-
sity denoted as x :~ 0. Taking into account the consistency
condition for y, the authors decompose the seven multipliers
such that the determination of a specific multiplier, denoted
as u, also determines all the other multipliers. The authors
derive an equation as follows:

u(x)D(x,x") = G(x), (95)

where D(x , x’) and G(x') are composed only of the phase
space variables and the spatial derivatives of these vari-
ables. In particular, D(x, x") contains the spatial deriva-
tive of §-function. This implies that the problematic term
“«/}—lA(x)al(x)(S(”)()_c' —¥)” appears. Therefore, Eq. (95) leads
to the following equation:

AYdyu +au =G, (96)

schematically, where y € {1,2,3}. Based on this result,
the authors classify this case into the following three pos-
sible sectors; (s1) If the PDE (96) is solvable then pDoF is
(34 —8 x2 —8)/2 = 5;(s2) If both A” and « vanish then
there givesrise to further constraint densities (but any specific
result are not derived due to the difficulty of the computations
of PBs); (s3) If the consistency condition for x is automati-
cally satisfied then pDoF is (34 — (8 +2) x 2 —6) =4.In
particular, in Sector (s1), notice that even if the prescription
given in Sect. 3.1 is applied and the problematic terms are
neglected under the imposition of the spatial boundary con-
dition: N; (¢, spatial boundary) := 0, Eq. (96) determines the
multiplier u by an algebraic equation. In other words, the pre-
scription guarantees the solvability of Eq. (96). We will dis-
cuss this point later. In the main sector of ¢; = 0, the authors
lead to the following two sectors: (s4) If ¢ = constant
then the system in turn results in a system of TEGR with
a cosmological constant term, that is, pDoF = 2; (s5) Seven
new constraint densities appear and all of them are classi-
fied into second-class constraint densities, that is, pDoF is
(B34—-8x2—14)/2=2.

Here, let us discuss the relation between (ii) Ferraro and
Guzmén [25] and (iii) Blagojevic and Nester [26]. Since (ii)
Ferraro and Guzman [25] is equivalent to (i) Li et al. [23] with
the specific configuration ¢ = ¢(¢), (ii) Ferraro and Guzmén
[25] is classified into the main sector of ¢; = 0 in (iii) Blago-
jevic and Nester [26]. However, both Sectors (s4) and (s5)
are not the case of (ii) Ferraro and Guzman [25] due to the
difference in the constraint structures. In order to resolve this
situation, let us recon31der (i1) Ferraro and Guzman [25]. The
point is that G01 = Gm) contains a term being proportional

@ Springer

to ¢ [25]. This term prevent to make the PB between G ) and
Gm) commutative. That is, if the auxiliary field ¢ becomes

a constant then G7(,1 ) and Gél) turn into first-class constraint
densities, and then pDoF becomes (34 — (8 +7) x 2)/2 = 2.
This is nothing but Sector (s4) in (iii) Blagojevic and Nester
[26]. Remark that in this sector the local Lorentz invariance
is restored; all the constraint densities are now first-class con-
straint densities. Therefore, (ii) Ferraro and Guzman [25] is
noting but a generic case of Sector (s4) in (iii) Blagojevic and
Nester [26]. In fact, the author assume an additional condi-
tion ¢ ~ 0; this means of course that ¢ is a constant. This
implies that one out of three degrees of freedom in (ii) Fer-
raro and Guzman [25] should be some sort of ghost degrees
of freedom. (It propagates/dynamical but is unphysical.)
Finally, let us consider the role of the prescription (See 3.1)
in the analysis of f(T')-gravity. The point to grasp the truth
of the role is that f(7')-gravity is a diffeomorphism invari-
ant theory. That is, this means that the theory does not
depend on a coordinate choice, or equivalently, an ADM-
foliation. An ADM-foliation is determined from the normal
vector, denoted as n*, of leafs. (See Sect. 3.2.) Explicitly,
it was expressed as n* = —N—1(=1, NT), where N and
NT are a lapse function and a shift vector. The inverse, n,,,
is n, = —N(1, N;) with the satisfaction of N'N; = 0.
Therefore, the theory is invariant in any choice of a lapse
function and a shift vector, and the application of the pre-
scription, which demands the spatial boundary condition of
vanishing shift vector at least on the spatial boundary, does
not change the theory anything. That is, for a diffeomor-
phism invariant theory, without any loss of generality, the
prescription can apply to the Dirac-Bergmann analysis. This
is the reason why the ignorance of the problematic term
“VhA (x)S;X)S (M (¥ — 3)” by imposing the spatial boundary
condition Nj(t, spatial boundary) := 0 did not change the
result of the analysis in (90) and (95) respectively. Whereas,
in the case of the coincident f(Q)-gravity, however, the sit-
uation gets changed; Hu et al. [34] unveiled that Egs. (59)
and (60), which are the algebra of diffeomorphism invariance
of a gravity theory, are at least partly violated. This means that
the prescription cannot apply in a generic manner, differing
from the case of f(7')-gravity. Nevertheless, the prescrip-
tion has an advantage by virtue of the following reason: the
circumventing of the PDEs of Lagrange multipliers. In fact,
in the work of Hu et al. [34], this point was overlooked and
indicated by D’ Ambrosio et al. [36] with the statement that
the pDoF should be up to seven. In our perspective, since
the coincident f(Q)-gravity is not diffeomorphism invari-
ant, therefore, it has several sectors just being analogous to
the violation of the Lorentz invariance in f (7')-gravity, and
each sector generically has a different pDoF one another. In
other words, Hu et al. [34] unveiled the pDoF of a possible
generic sector in the coincident f (Q)-gravity, thatis, pDoF is
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eight, although the issue of the solvability of the PDEs of the
multiplier remains. In our work, in order to circumvent this
problem, we perform the Dirac-Bergmann analysis under
the imposition of the prescription, meaning that we apply the
spatial boundary condition Ny (¢, spatial boundary) := 0 not
only to the variational principle but also to the PB-algebras.
That is, we will investigate the other main sector, which is
different from the main sector investigated by Hu et al. [34],
and then we will obtain six pDoF as a generic case. Now, let
us move on to the main thesis of the current paper.

5.2 ADM-foliation of coincident f(Q)-gravity

We performed the Dirac-Bergmann analysis of GR, CGR,
and f (I%)—gravity in a (n + 1)-dimensional spacetime. As
we will see, however, the existence of the second-class con-
straint densities makes it difficult to understand whether the
consistency conditions determine the multipliers or derive
new constraint densities since the size of the Dirac matrix
becomes bigger. Therefore, in this section, for simplicity, we
perform the analysis for the coincident f(Q)-gravity in a
(3+ 1)-dimensional spacetime and then estimate the general
case of the dimension of (n + 1). A general proof would be
completed by applying the mathematical induction.

In the same manner as the case of f (I%)—gravity, the CGR
can be extended non-linearly into as follows:

St = /M d*x /=g f(Q), 97)

where f is an arbitrary function of the nonmetricity scalar.
By introducing an auxiliary variable we obtain:

S = /M d'x=g[f'0+f—ef], (98)

where f is an arbitrary function of the auxiliary variable ¢
and f” := d*f/dg* # 0. From Sect. 4.1, using the ADM-
foliation of Q given in Egs. (78), (98) can be decomposed as
follows:

Sf(Q)I‘/;dl/; d3x
t

x [Nx/fzf/{G)QJrK”K”szff)l (<3)Q’ J”Q')}

+NV(f - of)
1 {0V or (Vhnt) = oy Vo, (Vi) )
i Dy {N (<3)Q' J”Q')}]. (99)

Remark that this foliation takes all boundary terms into
account. Integrating by parts and neglecting the spatial
boundary terms by imposing appropriate spatial boundary
conditions on d%;, we get

St =/Ider’ d®x
x [N\/E{f' (‘3>Q+K”K,, _ KZ)
by (000 1ot
+f {aﬂNla, (ﬁnﬂ)
—orN"a, (Vi) 1. (100)

Further, integrating by parts the first term of and the second
term of the boundary term with respect to the spatial deriva-
tive and the spacetime derivative, respectively, and neglect-
ing each the boundary term on 0%, and .M, respectively,
we obtain the following formula:

Sf(Q) Z/Idl‘/; d3x
t
% [N«/Z{f’ <(3)Q+K”K” . Kz)

(o0 90|+ -]
+g (N’aJNf - NJaJN’) o f'
Vh

. h
== @) N %f” (a,N’) 4 .o

That s, the non-linearity of f changes the constraint structure
of CGR. This action was first derived in [34] by a different
method that resembles the GR case. The canonical momen-
tum variables are computed as follows:

8
_ 90

3

SN ()
5S¢ h -
— f'(Q)(x) _ _£f’/81¢5(3)(x — 9,
SN (y) N (102)
8Sr(0)(x) , S o
= % = Vhf (K1 = Khp) 39 @ =),
8 h I
o= 1o _ £f’/81N18(3)(x - ).
so(y) N

The canonical momentum variables with respect to the shift
vectors depart from the ordinary CGR case; it depends on the
lapse function, the 3-metric 477, and the non-linearity part by
f". The canonical momentum with respect to the auxiliary
variable ¢ generates a constraint density, which is different
from the case of f (I%)-gravity. That is, in coincident f(Q)-
gravity, the auxiliary variable ¢ does not have any physical
feature unlike f (I(é)—gravity.

@ Springer
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5.3 Primary constraint densities and total Hamiltonian
density

The Hessian matrix of the system has the size of 11 x 11
- components only being non-vanishing components with
respect to the canonical momenta 77;. All other compo-
nents of the matrix vanish. Therefore, the rank of the Hessian
matrix is six, and it implies that the system has five primary
constraint densities given as follows:

¢(l) =1 :~ 0,

1 \/E

qb( )= T+ > o1 &0, (103)
(1) ._ «/ﬁ 1" I .

¢W = ﬂw—Wf 8[N =~ 0.

These constraint densities restrict the whole phase space to
the subspace €. The PB-algebras among these primary
constraint densities are computed as follows:

1 N
(@67 (0). ;" (0)) = 35 Vh S 01987 = 5
= A89F - 9),
) Wy L na als@®) iz 3
90 (0, 05 (1)) = =5 VR[NV E - F) (104)
= BsD (7 - ),
(o) (), 0 (1)} =
= C189@F - ),

1 N
ﬁﬁf”’aws@u )

where we neglected all spatial boundary terms respecting the
discussion in Sect. 3.1. Therefore, these five primary con-
straint densities are classified into second-class constraint
densities.

Explicitly, the problematic term occurs in the third PB
given in Eq. (104) as follows:

0770, 8 0} = €160 = 5)

Vh(x) 7" (x) Vh(y ” (R BYE))
+[(N<x)f(x)>a" + (N ) ]8 =y
(105)

Taking into account that ¢; @ (x) and ¢y, )(y) are density vari-
ables, in order to reveal the meaning of the above equations
in mathematically correct manner, we have to integrate it out
with respect to d 3x and d3 y on aleaf 3. Then, the first term
in Eq. (105) turns into the smeared one, and the second terms
becomes generically as follows:

LELG),
/a /Z {am( F763) (x

@ Springer

3;x)8(3)(x — y)i| dx3dy3

—y)) — oy (%ﬁf’/) 8P (x — y)} dx’dy?

- N,«/Ef”(l—sa(xzy))‘aE , (106)

where we assumed n;, = (=N, NN;) with NIN; =0and
D(x = y) denotes the Lebesgue integration of the second
term. If the naive replacement of “x” in the spatial derivative
by “y” is possible then ®(x = y) = 1, and Eq. (106) van-
1shes without any additional condition. However, if it is not
the case, then we fix the shift vectors Ny = 0 as the spatial
boundary condition then the problematic term is removed
from the analysis. In fact, the action integral Eq. (101) con-
tains only the first-order time derivative of Ny, and itindicates
that N; cannot be any physical variable; it affects only the
constraint structure of the system. Otherwise, it would also be
possible toimpose f” = 0ond%;. (If 9> € f” then we mod-
ify the term ¢ as ag? with @ — 0 on 9 X;). Hereinafter, we
use this prescription to set well-defined PBs, which is formu-
lated in detail in Sect. 3.1. Where, “well-defined” means that,
integrated over the PBs with respect to all space variables,
the PBs are composed only of the terms that are proportional
to §-function.

The Legendre transformation of the coincident f(Q)-
gravity is calculated as follows:

Ho = NCJ'® + N'c]?, (107)

where C({ @ and C{ (D are defined as follows:
o I I
Cé‘(Q) - x/ﬁ[f’@)Q - D, {f/ ((3)Q _ (3)Q )}
1
11 2
+f —of' — hf (n T = 5T )} (108)
C{(Q) == ZDOIT[IJ — %fﬁ (3]NJ31(p — 81N’81<p) .

Therefore, the total Hamiltonian density of the system is
introduced as follows:

Hr = Ho + hoo + Zx 7" + 1,0l (109)

The PB-algebras among the primary constraint densities and
the density Hj are given in Appendix B.

5.4 Consistency conditions for primary constraint densities
and the emergence of secondary constraint densities

The consistency conditions for the primary constraint densi-
ties qbél) are given as follows:

¢ = (V. Hry ~ (0. Ho} + aplol. 6} =~ 0,

(110)
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where «, B run in the range of o, 8 € {0, 1,2, 3, ¢}. The
appearance of the same indices in the formula means apply-
ing Einstein’s summation convention. Since all these primary
constraint densities are classified into second-class constraint
density, it is necessary to investigate the rank of the Dirac
matrix D528(3)(2 —5) = (¢, qbfsl)}:

0 Ay Ay A3 B
—A; O 0 0 C;

pY.=|-4, 0 0 0 G, (111)
—A3 0 0 0 C3
—B —C; —C, —C3 0

where Ay, Cy, and B are defined by Eq. (104). Applying the
fundamental matrix transformations to Eq. (111), we get the
following matrix:

0 0 0 0 B
0 0 Al A3 0
DV :=pOpDoM =1 0 —A;, 0 Ayo0],
0 —Ai;3—Ax»3 0 O
—B 0 0 0 0
(112)
where we set A;; = 2A;;Cy. P and QO are set as
follows:
1 000 O
C A
-5 1004
() ._ C A
P ~SGo010-42|,
C A
G001 -4
0 000 1
- _C G _C
e
0 1 0 0 0
oW:=100 1 00 (113)
0 0 0 1 0
Al A A
Lo~ —% 4 1

The straightforward computations lead to Ay; = 0. There-
fore, The Dirac matrix DY) has a rank of two. This indicates
that two multipliers are determined and then three secondary
constrain densities appear. Using these fundamental matrices
PD and O, and the Dirac matrix DV, the consistency
conditions Eq. (110) becomes as follows:

1 1 1 1 > >
PRI Hol + Dy a6 @ - §) =~ 0, (114)
where we set
—1
W= 00 gas. (115)

For o = ¢ and @ = 0, the corresponding multipliers )»é,l) and
A(()l) are determined as follows:

W = {¢>“> Ho} .

2 = E{qﬁfp“, Ho). (116)

The explicit formulae of these multipliers are derived by
using the formulae given in Appendix B. The multipliers A(I])

remain arbitrary. Converting )L((Xl) into the original multipliers

Ao» WE get

_ _{ ¢(1) Ho) — )\(1)
A= ,\5”.
The secondary constraint densities are derived in the cor-
respondence to the undetermined multipliers A; = A(Il)
(I €{1,2,3)):

o7 = P, (85" Ho) = {¢<” Ho)

o

Af
+(p;", Ho) - §{¢;}>, Ho} % 0. (118)

The explicit formulae of these secondary constraint densities
can be derived by using the formulae given in Appendix B and
it reveals that all the secondary constraint densities are clas-
sified into second-class constraint density. These constraint
densities restrict €() to the new subspace €2,

Utilizing Eq. (117), the multipliers Ao and A, in the total
Hamiltonian density Eq. (109) are replaced by A;:

Hr = HY + 107, (119)
where H(()z) and CI>( ) are set as follows:
2
HP = {¢<” Holol) + {¢(‘> Holgy”
(120)
q)(2) — ¢(1) ¢(1) 1¢(()1) ~ 0.

In the next section, we calculate the tertiary constraint den-
sities.

5.5 Consistency conditions for secondary constraint
densities and the emergence of tertiary constraint
densities

The consistency conditions for the secondary constraint den-

sities ¢;2) are given as follows:
2 2 2 2 2
P = (0@ HPY+ 1,107, 0P} 0. (121)

The existence of tertiary constraint densities depends on the
rank of the matrix D;zj)é DFx—y) = {qb(z) <I>(Jz) }. Using the
formulae in Appendix B, we get the following result:

DY) = drp(@dsp + Ay), (122)
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where A; 1= f IJ d7¢ and the explicit formulae of o and ,35
are given in Appendix C. In matrix form, D® is expressed
as follows:

p1(apr + Ay) pi(apr + Ar) g1(ags + Az)

@2 (apr + Ay) ga(apz + Az) ga(ags + Az) |,

p3(apr + A1) p3(apr + Az) p3(aps + Az)
(123)

D® —

where ¢; := 0;¢. Applying the fundamental matrix trans-
formations to Eq. (123), we get

p1(apr + A1) 00

D'?® .= pApPo@ — 0 oo, (129
0 00
where P@® and Q@ are set as follows:
1 00
PP =191 0 |,
=93 0 ¢
—1 _apm+Ay  agztAs
ap1+A] ap1+Aq
Q(z) =10 1 0 (125)
K 0 1

Therefore, the matrix D@ has its rank of one. This indi-
cates that one multiplier is determined and then two tertiary
constraint densities appear. The consistency conditions in
Eq. (121) can be rewritten as follows:

PP HP Y+ DAY E - 5) &0, (126)
where Agz) is set as follows:
AP = @7 ay. (127)

Therefore, the multiplier to the x-component, k(12), is deter-
mined as follows:

1
)”52) — _ (2){¢(2) (2)}
p1(agr + A1)
1
(2) (2)
=—-————{¢, |2 (128)
p1(agr + Ay)

where we used P® in Eq. (125). The explicit formula of Eq.
(128) can be derived by using Eq. (118), the first formula
in Eq. (120), and the formulae given in Appendix B. The
multipliers k(z) (I’ € {2,3}) remain arbitrary. Converting

X(IZ) into the original multipliers A;, we get
M=o H)
p1(apr + Ay)
o + Azk(z) _ags + Aj Ne (129)
apr+ A1 ag+ A
=20,

@ Springer

The tertiary constraint densities are derived in the correspon-
dence to the undetermined multipliers A, = )Lf):

o)) = PP MY =~ 0, (130)
that is,

95 === (0 HS Y+ ei(957 HG ) i~ 0, o
60 = — 03 (6® HO) + 1 (62, HD) ~ 0.

The explicit formulae can be derived by using Eq. (118),
the first formula in Eq. (120), and the formulae given in
Appendix B and it reveals that all the tertiary constraint
densities are classified into second-class constraint densities.
These constraint densities restrict ¢ to the new subspace
e®,

Utilizing Eq. (130), the total Hamiltonian density Eq.
(119) is rewritten as follows:

Hr =My +ap@f), (132)
where H(()3) and <I>9)s are set as follows:
1
3. ) (2) (2) (2)
Hy =Hy — ———{¢, Jloh
A
p1(apr + Ap) (133)

@pr + Ar g2
apr +Ap

In the next section, we determine the remaining multipliers
and identify the pDoF of the theory.

There is aremark: There may be a case thatvg; + A inEq.
(124) vanishes, and three tertiary constraint densities appear.
Since the total number of second-class constraint densities is
always even, at least one more secondary constraint density
exists as a quaternary or more higher order constraint density,
and then the pDoFisupto 22 —5—-3 -3 —-1)/2 = 5.
In this case, however, there is no easy way to confirm how
many constraint densities emerge due to its complexity of
computations. This sort of complicated situation also appears
in the analysis of f(T')-gravity: the sector (s2) in [26].

3 ._ p®
o = o) -

5.6 Consistency conditions for tertiary constraint densities
and pDoF of coincident f(Q)-gravity

The consistency conditions for the tertiary constraint densi-
ties qbg?) are given as follows:

1) = 1oy He Y+ Asigy @5} 0. (134)

The existence of quaternary constraints depends on the rank
of the matrix D; },8(3) xX—y) = {(])S), CD(3)} It is easy to
confirm that the rank of D® is two (full-rank; its determinant
does not vanish) since the spatial boundary terms no longer
vanish without accidental cases due to that the primed indices
run the range only of 2, 3, although it is very tedious to lead
to the explicit formula of D® and its determinant. There-

fore, the remaining multipliers are determined and then the
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procedure stops here excepting accidental cases. Since there
are five primary, three secondary, and two tertiary constraint
densities and all the constraint densities are classified into
second-class constraint densities, therefore, the pDoF and
the gDoF of coincident f(Q)-gravity are

1
PDOF = x (2 -5-3-2) =6,

and gDoF = 0. (135)

There is a remark: If the rank of D® is one then one of the
remaining multipliers are determined and a quaternary con-
straint density appears. We already have five primary, three
secondary, and two tertiary constraint densities, and all these
constraint densities are classified into second-class constraint
densities. It indicates that at least one more second-class con-
straint density has to exist as a higher order constraint density
since the total number of second-class constraint densities is
always an even number. Therefore, this accidental case has
(b) pDoF < (22—-5—-3—-2—-1—1))/2 = 5 and gDoF = 0.
If the rank of D@ is zero then at least two quaternary con-
straint densities appear. If these constraint densities deter-
mine all the remaining multipliers, this accidental case has
(c)pDoF < (22—-5—-3—-2—-0-2)/2 =5 and gDoF = 0.
In these cases, however, there is no easy way to confirm how
many constraint densities emerge due to the complexity of
computations. This sort of complicated situation also appears
in the analysis of f(T')-gravity: the sector (s2) in [26].

For simplicity, so far, we considered that the spacetime
manifold has 3 + 1 dimensions, however, it would be possi-
ble to extend this result for any spacetime dimension. This
analysis would also give an implication of pDoF and gDoF.
Let M be a (n + 1)-dimensional spacetime manifold. To do
this, we have to consider the two cases depending on 7 is
odd or even. If n is an odd number then we might get n + 2
primary, n secondary, and n — 1 tertiary constraint densi-
ties and all these constraint densities would be classified into
second-class constraint densities. Therefore, when n is an
odd number, we have

15
pDoF = E(n +3), and gDoF =0, (136)
respectively. If n is an even number then we might get n + 2
primary, n secondary, n — 1 tertiary, and 1 quaternary con-
straint densities and all these constraint densities would be
classified into second-class constraint densities. Therefore,
for an + 1 dimensions when 7 is an even number, we have
1,
pDoF = En + 1, and gDoF = 0. 137)

These pDoFs are just an estimation based on the result of
the analysis in the case of a (3 4 1)-dimensional spacetime.
However, it would be possible to strictly prove these results
by applying mathematical induction.

6 Conclusions

In this paper, we revise the metric-affine gauge theory of grav-
ity by introducing the mathematical framework of the gauge
approach for gravity and clarifying the positioning of the
coincident GR from viewpoints of gauge fixing conditions.
Then we proposed the prescription for the Dirac—-Bergmann
analysis to circumvent the PDEs of Lagrange multipliers.
After that, we investigated the pDoF and the gDoF of GR,
f (I%)—gravity, and CGR, and we showed that the analysis
did not need the prescription to count out each pDoF. The
case of f(T')-gravity, however, the Dirac—-Bergmann analy-
sis need the prescription to guarantee the solvability of the
consistency conditions on the sectors of the local Lorentz
symmetry. In particular, we unveiled that the violation of
a symmetry could provide several main sectors of a given
theory, and we clarified the restriction of the prescription.
Based on these preparations, the analysis of the coincident
f(Q)-gravity is performed. We unveiled that, as a generic
case, the coincident f(Q)-gravity has six propagating and
zero gauge degrees of freedom; five primary, three secondary,
and two tertiary constraint densities exist, and all these con-
straint densities are classified into second-class constraint
densities. The six propagating modes should be interpreted
as one tensor (two DoF for graviton) + one vector (two DoF)
+ two scalars (two DoF). This means that one scalar does not
appear in our analysis since we neglected the boundary terms
[70-72]. The emergence of the ten second-class constraints
can be interpreted as ascribing to the violation of the closed
algebra composed of the eight first-class constraints of GR,
which forms the generator of the diffeomorphis invariance
of the theory, and the elimination of the auxiliary degrees of
freedom ¢ (and its canonical momentum variable 7). As
accidental cases, there were the three sectors; (a) The pDoF
is up to five: five primary, three secondary, three tertiary,
and at least one higher-order constraint densities exist and
all these constraint densities are classified into second-class;
(b) The pDoF is up to five: five primary, three secondary,
two tertiary, one quaternary, and at least one higher-order
constraint densities exist and all these constraint densities
are classified into second-class; (c) The pDoF is up to five:
five primary, three secondary, two tertiary, and at least two
higher-order constraint densities exist and all these constraint
densities are classified into second-class. These results are
consistent with the upper bound of pDoF, i.e., seven, which
is claimed in [36]. We also estimated the pDoF and gDoF of
a (n + 1)-dimensional spacetime; pDoF = (n2 +3)/2ifnis
odd number and pDoF = n2 /2 + 1 if n is even number, and
both the cases have gDoF = 0. However, we must emphasize
that one should further investigate the pDoF of the coinci-
dent f(Q)-gravity, by using a new method that is proposed
recently in [36,73-75], for instance. It would be also interest-
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ing in not choosing the coincident gauge and performing the
same analysis. This could clarify the assumption made here
which is that the spatial boundary terms can be neglected by
choosing appropriate boundary conditions implying that the
Dirac-Bergmann algorithm can be used.

In the previous work in [34], the authors derived the
result that pDoF is eight without assuming any conditions
in advance. This result would be the most generic case of the
analysis in the coincident f(Q)-gravity but suffered from
the solvability of the PDEs of the multipliers, which was first
indicated by [36], it should, therefore, be regarded as a spec-
ulation. In our work, in order to circumvent this problem, we
sacrificed the generality of the analysis, and then focused on
a specific sector that does not suffer from the problem. Then,
we obtained one generic sector and three specific sectors, of
course, differing from the result in [34]. However, after once
proving the solvability, the speculation would turn into a truth
of the coincident f(Q)-gravity. Further investigation on this
point is of course for a significant future work under taking
into account the following remark: If the Lebesgue measure
in Eq. (106) is unity, i.e., ®(x = y) = 1, then the terms like
“VhAx)383 (x — y)” in Eq. (105) automatically vanish
when integrating over on a leaf. In this case, another sce-
nario is possible: the case of the absence of the prescription.
Then the PB-algebras in the second term in Eq. (121) con-
tain the spatial boundary terms, and then the matrix given in
Eq. (122) could generically be non-singular (full-rank). This
means that the tertiary constraint densities do not appear and
the procedure stops here with the PDEs of the Lagrange mul-
tipliers: this is the resemble situation to the fTEGR case as
already explained in Sect. 5.1. The same issue would arise
also in Egs. (110) and (111). Therefore, if all of these PDEs
are solvable, the pDoF becomes seven. If this scenario is real-
ized then five primary constraints and three secondary con-
straint densities appear and all these constraint densities are
classified into second-class constraint densities. The emer-
gence of these eight second-class constraint densities can be
interpreted as ascribing to the violation of the closed alge-
bra composed of the eight first-class constraint densities of
GR. In this case, the auxiliary variable could propagate but
be unphysical degrees of freedom. This perspective would
be consistent with the recent works of the cosmological per-
turbation [70-72]. As mentioned in Sect. 1, we emphasize
again that it is important for cosmology to unveil the exact
pDoF of our theory of each branch to know the existence of
infinitely strongly coupling. If the theory is infinitely strongly
coupled to each background then the standard way of linear
perturbation for cosmology breaks down.

GR, CGR, and f (I%)-gravity have only first-class con-
straint densities and these constraint densities satisfy the
common Poisson bracket algebras (PB-algebras) but so do
not for coincident f(Q)-gravity. This indicates that f (Icé)-
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gravity is a natural extension of GR; just one extra pDoF
is added and the gauge symmetry does not change but
coincident f(Q)-gravity is a departure of gravity which is
described by GR; not only four extra pDoF are added but
also the gauge symmetry of GR is lost. The result also indi-
cates that only the imposition of the coincident gauge condi-
tion does not break the diffeomorphism symmetry since CGR
has yet the common PB-algebras to GR until the non-linear
extension is taken into account; it seems that the boundary
terms have something to do with its breaking when combin-
ing the coincident gauge condition. However, this statement
itself should be proven and investigated together with the
well-posedness of the variational principle [50,51] in more
detail and these are also for a future work.

The method of extension of GR is not restricted to
the geometrical alternations and the non-linearization; non-
localization gives a great insight into the understanding of
quantum aspects of gravity [76,77]. In particular, it is shown
that the R%-inflation model, which is a special class of f (I%)-
gravity, in the non-local extension is a possible candidate for
a consistent effective quantum gravity theory from the view-
point of UV-completion [10,11,78]. It would be expected
to build the resemble scenario for f(7)- and (coincident)
f(Q)-gravity theories. In this regard, it would play a cru-
cial role to distinguish these extended theories each other
from viewpoints of constraint systems, as shown throughout
the current paper in the local theories. For non-local f (13)-
gravity, the Dirac—-Bergmann analysis was performed in [79].
However, the analysis for generic non-local theories has not
yet been established regardless of the fact that it is expected
that the analysis clarifies the differences among various non-
localized theories of gravity. Constructing a general theory
of the Dirac—Bergmann analysis or its alternative theory if it
is necessary for non-local theories would also be for a sig-
nificant future work.
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A. A reconstruction of Dirac-Bergmann analysis and
degrees of freedom

Let us consider a first-order derivative point particle system:
L=LG"q",

where ¢! := ¢'(t) are position variable, ¢' := §'(t) are
velocity variable, and ¢ is time variable. The index i run
from 1 to n. Then, the canonical momentum variables, denote
pi(t), are introduced through the first-order variation of the
Lagrangian as follows:

oL d (0L ;o d aL ;
L= |——-——\|—|8¢d+—||=—)d&q¢"
aq'  dt \ 94’ dt |\ 9q"

o d .
:= [EoM]; 8q" + 7 [pit?q’] ,

(AD)

(A2)

where [EoM]; denoted the equations of motion. The Lagran-
gian can be related to a Hamiltonian by performing the Leg-
endre transformation as usual but in general, this correspon-
dence does not determine uniquely. That is, the rank of the
Hessian matrix

opi 9%L

Kij = 267 = 357307 (A3)

governs the uniqueness of the Legendre transformation. If
the rank is equal to n then the Hamiltonian is uniquely deter-
mined from the Lagrangian. However, if the rank is less than n
it is not the case: the system becomes a singular/degenerate
system. In such a system, to reveal the time-development
of the system, it needs a method to determine the unique
Hamiltonian from the Lagrangian. This is nothing but the
Dirac-Bergmann procedure [12-17].

Let us consider a case that the rank of the Hessian matrix is
n—r (r > 1). Then the number of n —r velocity variables can
be expressed by the same number of momentum variables by
virtue of the implicit function theorem; there exists a set of
functions F¢ such that ¢¢ = F4(¢', pa) (@ € {1,2,...,n—
r}), and the existence of the number of r zero-eigenvalue
vectors leads to the following relation [58,59]:

a dL

Ny AR = 07
Bq“ Bqﬂ G4=Fa

(A4)
(q i Pa)

where « and 8 run form n — r 4 1 to n. This relation implies
that the Lagrangian linearly includes the velocity variables

q“, therefore the Legendre transformation becomes as fol-
lows:

H = Hy + ¢“¢V, (A5)

where ¢‘§1) are set as ¢él) ‘= po — fa (qi , pi) for some func-
tions f,(¢g', pi). In the Lagrange formulation, qﬁél) vanish as
identity. However, in the Hamiltonian formulation, one needs
to impose that those quantities vanish:

oV = py — fulq', pi) :==0. (A6)

These conditions are called primary constraint and restrict
the whole phase space to a phase subspace denoted by
¢ = {p e T*Plp{” = 0}, in which the time evolu-
tion has to proceed, where P is the configuration space of
the system and 7*P is the whole phase space corresponding
to the configuration space. To ensure this property, Eq. (A6)
has to satisfy the so-called consistency conditions:

; 1

6 = (98" Hr) ~ {80, Ho) + Dga? =0, (A])
where Hr and DSB) are called total Hamiltonian and Dirac
matrix, respectively, which are given as follows:

Hr = Ho+2°¢{", Dy :=1{a{". 04}, (A8)

and “A” means that the equation is satisfied restricted to
the phase subspace €1 In the above equation, the velocity
variables ¢“ are replaced by Lagrange multipliers A“. This
manipulation is possible since g% are undetermined due to
the degeneracy of the Hessian matrix.

Depending on the rank of the Dirac matrix D, a
part of the multipliers are determined, but others remain
arbitrary. Let us assume the rank as r — ry. Then, per-
forming the fundamental matrix transformations to D!,
there exists non-singular matrices P and Q" such that
D'V .= pOPMH WM Note that it is free to choose the
shape of D'V for ease of analysis. In this appendix, we
take the shape of D'V as the standard form: D'(D
diag(rl(l), rz(l), e, rr(i),l ,0,...,0). Therefore, the multipli-
ers of the same number to the rank are determined and the
consistency conditions Eq. (A7) becomes as follows:
P(“f{¢,§“, Ho} + Di3"% =~ 0, (A9)
where A/ Q(l)_ll;)ﬂ. For the indices a €
{1,2,...,r — r1}, on one hand, the multipliers are deter-
P (65", Ho). Notice that

a
we do not sum over with respect to a'". For the indices
a e {r—ri+1,r —ri +2,...,r}, on the other hand,
new constraints, secondary constraints, appear:

mined as )»/aa) = —T(l)a(l)P(l)

2 B 1
duch == PV {¢é ), Ho} ~ 0. (A10)
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Then, the total Hamiltonian is arranged as follows:

M

Y = H + 20l (Al1)

where Hél) and @;1()1) are defined as follows:

o0

M (1
Ho +2° b, D

1 B
= ¢é oW

HD =

(A12)

Repeating the same procedure for the secondary con-
straints under the redefined total Hamiltonian Eq. (Al1),
and if it gives rise to new constraints then repeat over the
same process until all the multipliers are determined or the
new constraint does not appear. Let us assume the pro-
cess stops by K-steps. Then we obtain the final results; the

constramts ¢(1) ¢>((,>, .. qb((,( ,, appear, the multipliers

@)

A4 )J‘ o A“ are determined, the redefined total
. . K
Hamlltoman H(K) H(K) + ka( )GD(K)) is derived, where
K K— 1 (K) K K
H( ). H( )+)\oz ¢((1() dq)(iu?) — ¢( )Q(K)a< .

and the dynamlcs of the system is restricted to the phase

subspace ¢k = {p € T*77|(]5¢§,SS)7l = 0} for all s €
{1,2,..., K}, where op := «. The multipliers A“(K) remain

arbitrary and the existence of such multipliers then implies
that this system has the number of Ao gauge Degrees of
Freedom (gDoF) [63,64,81,82]. In such a case, the dynamics
of the system does not uniquely determine without fixing the
gDoF [83].

The Dirac-Bergmann analysis reveals all constraints of
the system. These constraints are classified into two classes:
first-class and second-class. The former is defined as a set of
constraints that are commutative with all other constraints in
the phase subspace €X) with respect to the Poisson bracket.
Otherwise, the constraints are classified into second-class
and the total number of second-class constraints is always
even. Armed with this classification, an important theorem
holds [51,84-87]:

For a symplectic form of the system: Q = dq' A dp;

(i € {1,2,...,n}), it exists a canonical coordinate system
such that Q@ = dQ! A dP; +d®* A d®, + dB* A dVY,
I e {1,2,....n—2u —vh o € {1,2,...,2u}; a €
{1,2,...,v}),where ©% and ®Oys are composed only of all

the 2u second-class constraints, ¥, are composed only of all
the v first-class constraints.

Since ®%, O, and W, satisfy those consistency condi-
tions, restricting €2 to ¢&) | we obtain Q ~ dQI A dPj.
Therefore, the pDoF is the half number of the dimension of
the phase subspace €X), that is, pDoF = (2n — 2u — 2 x
v)/2 = n — u — v. This number is the main concept of this
paper. The point is that to derive pDoF we just perform the
Dirac—Bergmann analysis and count the total number of each

@ Springer

class of constraints although it is generically difficult to find
the explicit forms of ®%, ®,, and V,,.

The extension of these frameworks to field theories is
achieved straightforwardly through the usual manipulations;
just replacing the variables that describe the system by fields
in terms of density variables although it needs a careful
manipulation for spatial boundary terms as mentioned in
Sect. 3.1.

B. PB-algebras of coincident f(Q)-gravity in (n + 1)-
dimensional spacetime

In the below calculations, all spatial boundary terms are
neglected according to the prescription as discussed in
Sect. 3.1. The assumed spatial boundary conditions are
Nj(t, 0%;) := 0 for each leaf %;.

The PB-algebras among the primary constraint densities
¢V (A e{0,1,¢); I €{l,2,...,n)) and the density Ho:

(65" (x), Ho(y)}
1
_ [—c({(@ — %%f” (a,Nfa,¢ - a,zv’aﬂp)}
x §MW(F — 3,
(" (@), Ho()}

_fero L s 5
=|-C +I1T177T 19 x =y,

(BI)

{6 (x). Ho(y)}
! 1 i n) = 3
— [—HO - m%m’hN’} M (X - 3),

where Hj, is defined by

H/ _N\/E _f’/ (”)Q_ +l i ’
(i 2 h f/

X (n”n” — %n2>}
il (0=

i QLT N 31(#)} (B2)

and Cg @

/@ .=

is computed as follows:
/A [fwn)Q D If/ ((n)Q’ _ (n)QI)]
1
+f—of — f <7T”7[11 - Tlﬂ2>i|
(B3)

C{ @ goes not change from Eq (108) excepting the range
of summations. The PB-algebras among two of the primary
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constraint densities ¢,(41) (Aef0,1,¢}; I €{1,2,...,n})
and the density Hy:

VhN'
N N
2 7 n - -
x 1" (00N 010 = 8187870 ) 6 - 5.
{od", Hodx), o5V (1))

11 -
=— N‘%ﬂazw(”)(x -9,

(e Ho}(x). P ()}

f 7 ) (n) 1 1 g 1J 1 2
hf Q-9+, )\

(o, Hoyx), o5 (1)) =

1 1 f” 1 _IN 1" J
Taoan N Ty N (8’N oo
—BINJBJ‘P) } 3 3. (B4)
{1V, Ho}(x), 85" (1))
]\/]; " n(x v
=5 <a N3 — a,N’am) sME - ),
{ot", Holx), 85" (1))
n o h(f")? =
=GO 7 =193y 98" (X = ¥)
tHof" . Ho}(x). 0V (1)}
h "
:|:\I/V>f (81N181¢—81N'/31(ﬂ)
11 wo I
A i (f - ?)
no VR,
2a-nn g N alw}
x 60 G - §). (B3)

ol Hod(x). ¢ (1)}

= | Vs (n)Q_‘p+1<l)2(nIJﬂ o1 nz)
h\ f' I

ST (ol sl I
f// ( Q Q > 1 f/ﬂ
. 1 f// 1 \/ENI
n—1Ff N ‘N N
(287010 — 0N 79,0 [ 8 = ),
(oM. Ho} (). 5" ()
B n \/E (f//)z ; 1 f///
- [_2@ o g N

+ﬁf/”
N -

TN —

f///

<3JN181¢)—31N13]([)>
1 l m o _ f n) ez _
T (f f,)anp}é @ - 7).
o). Ho}x)., 85 (1)}

1N 2
= [— 5 ! (f—> 79 N'
n—1\f’
1 1 I f” 1
_n—l?(f 7o)

17\2
f(f)E)]NaN:|

2(n —1)
x 8™ ((F =), (B6)

where Hg is defined as follows:

H/O/ = N\/E[—f/” ((H)Q—qJ)—i—f”

2
v (7) (15) (=5 5)

+0i {17 (o' -»a"))

" (N9 — N am)]
(B7)

The PB-algebras among the primary constraint densities (]b(l)
(Ae{0,1,¢}; I €{1,2,...,n}), A;/B, C;/B, and the
density Ho:

A

{{¢(“ Ho}(x), (;’) (y)} =
C

{{qs(” Ho}(x), (;’) (y)} =

The PB-algebras among the primary constraint densities ¢S)

(B8)

(Aef{0,1,¢); I €(1,2,..., n}), A;/B, and C;/B:
{( )(x) ¢“><y)} =0 {( )( ), ¢<”<y)}
1 I
] N1 F"0r98™ F - ). (B9)
{( )( ), ¢“><y>} =0 {( )( ) ¢“><y>} =
(B10)
A C
{(é) ). ¢;"(y)} =0, {(f) ). ¢,§,”(y)}
RV U N O A
e
x9rp8™ (X — y). (B11)

C. The explicit formulae of « and S }

1 n h (f//)Z 1 1 f/// 1
T2n—IN £ T a—IN " gnNTT

1 ﬁa[( K + 1 iﬂ f/// _ fw
axNK | N —1f 7

@ Springer



349  Page 24 of 25

Eur. Phys. J. C (2024) 84:349

n ~Nh(")?
2i-DO N J

g N i|

1 n \/E(f//)z X 1 f//
T okNE |:_2(n—1)N 7N T e

\/E " K 1 1 m_ f// K
f/// \/]Tl © 1 f//// (1)
e v+ <3KNK> A

X a9k
LY o 0
(e (5

///
(1) 1)
+<3KNK) WN {¢() 7H0}5¢(p }
1 2 f///
(1) (1)
+ <3K K) f// 1H0}5¢O }
2
(1) . Ho 1) Cl1
+ ( - NK) L o) 1)
1 vh
1 " [
= N C2
I T T (€2)
References
1. A. Einstein. Riemann-geometrie mit aufrechterhaltung des

begriffes des fernparallelismus. Preussische Akademie der Wis-
senschaften, Phys.Math. Klasse, Sitzungsberichte., pp. 217 (1928)
S. Bahamonde, K.F. Dialektopoulos, C. Escamilla-Rivera, G. Far-
rugia, V. Gakis, M. Hendry, M. Hohmann, J.S. Levi, J. Mifsud,
E.D. Valentino, Teleparallel gravity: From theory to cosmology.
Rept. Prog. Phys. 86(2), 026901 (2023)

J. M. Nester, H.-J. Yo. Symmetric teleparallel general relativity.
Chin. J. Phys. 37, 113 (1999)

J.B.Jimenez, L. Heisenberg, T. S. Koivisto. The geometrical trinity
of gravity. Universe 5(7), 173 (2019)

L. Heisenberg, A systematic approach to generalisations of General
Relativity and their cosmological implications. Phys. Rept. 796, 1—
113 (2019)

H. A. Buchdahl. Non-linear lagrangians and cosmological theory.
MNRAS 150(1), 1 (1970)

J.B. Jimenez, L. Heisenberg, T. Koivisto, S. Pekar, Cosmology in
f(Q) geometry. Phys. Rev. D 101, 103507 (2020)

Planck Collaboration: N. Aghanim et al. Planck 2018 results. vi.
cosmological parameters. A&A 641, 6 (2020)

P. Bessa, M. Campista, A. Bernui. Observational constraints on
starobinsky f(R) cosmology from cosmic expansion and structure
growth data. EPJC 82 (2022)

K.S. Stelle, Classical gravity with higher derivatives. Gen Relat.
Gravit. 9, 353 (1978)

. A. A. Starobinsky. A new type of isotropic cosmological models

without singularity. Phys. Lett. B 91, 99 (1980)
PM.A. Dirac, Lectures on quantum mechanics. Can. J. Math. 2,
129 (1950)

. P.M. A. Dirac. Generalized Hamiltonian dynamics. Proc. R. Soc.

Lond. Ser. A 246, 326 (1958)
P.G. Bergmann, Non-linear field theories. Phys. Rev. 75, 680 (1949)

@ Springer

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

P.G. Bergmann, J.H.M. Brunings, Non-linear field theories II.
Canonical equations and quantization. Rev. Mod. Phys. 21, 480
(1949)

P.G. Bergmann, R. Penfield, R. Schiller, H. Zatzkis, The Hamilto-
nian of the general theory of relativity with electromagnetic field.
Phys. Rev. 80, 81 (1950)

J.L. Anderson, P.G. Bergmann, Constraints in covariant field the-
ories. Phys. Rev. 83, 1018 (1951)

R. Weitzenboch. Invarianten theorie. Nordhoff, Groningen, p. 320
(1923)

M. Blagojevic, I.A. Nikolic, Hamiltonian structure of the telepar-
allel formulation of GR. Phys. Rev. D 62, 024021 (2000)

J.W. Maluf, J.F. da Rocha-Neto, Hamiltonian formulation of gen-
eral relativity in the teleparallel geometry. Phys. Rev. D 64, 084014
(2001)

R. Ferraro, M.J. Guzman, Hamiltonian formulation of teleparallel
gravity. Phys. Rev. D 94, 104045 (2016)

M. Blagojevic, M. Vasilic, Gauge symmetries of the teleparallel
theory of gravity. Class. Quant. Grav. 17, 3785 (2000)

M. Li, R.-X. Miao, Y.-G. Miao. Degrees of freedom of f(T") grav-
ity. JHEP 1107, 108 (2011)

Y.C. Ong, K. Izumi, J.M. Nester, P. Chen, Problems with propaga-
tion and time evolution in f(7) gravity. Phys. Rev. D 88, 024019
(2013)

R. Ferraro, M.J. Guzman, Hamiltonian formalism for f(7') gravity.
Phys. Rev. D 97, 104028 (2018)

M. Blagojevi¢, J.M. Nester, Local symmetries and physical degrees
of freedomin f(7') gravity: a dirac hamiltonian constraint analysis.
Phys. Rev. D 102, 064025 (2020)

D. Liang, Y. Gong, S. Hou, Y. Liu, Polarizations of gravitational
waves in f(R) gravity. Phys. Rev. D 95, 104034 (2017)

D. Blixt, Maria-José Guzman, M. Hohmann, C. Pfeifer. Review
of the hamiltonian analysis in teleparallel gravity. Int. J. Geom.
Methods Mod. Phys. 18(supp01), 2130005 (2021)

A. Golovneyv, T. Koivisto, Cosmological perturbations in modified
teleparallel gravity models. JCAP 11, 012 (2018)

S. Bahamonde, K.F. Dialektopoulos, M. Hohmann, J.S. Levi, C.
Pfeifer, E.N. Saridakis, Perturbations in non-flat cosmology for
f(T) gravity. Eur. Phys. J. C 83(3), 193 (2023)

J.B. Jimenez, L. Heisenberg, T. Koivisto, Coincident general rela-
tivity. Phys. Rev. D 98, 044048 (2018)

J.B. Jimenez, T.S. Koivisto, Lost in translation: The abelian affine
connection (in the coincident gauge). Int. J. Geom. Methods Mod.
Phys 19(07), 2250108 (2022)

D. Blixt, A. Golovnev, Maria-Jose Guzman, and R (Maksyutov,
Geometry and covariance of symmetric teleparallel theories of
gravity, 2023). arXiv:2306.09289 [gr-qc]

K. Hu, T. Katsuragawa, T. Qiu, ADM formulation and hamiltonian
analysis of f(Q) gravity. Phys. Rev. D 106, 044025 (2022)

K. Hu, M. Yamakoshi, T. Katsuragawa, S. Nojiri, Q. Taotao, Non-
propagating ghost in covariant f(Q) gravity. Phys. Rev. D 108(12),
124030 (2023)

F. D’Ambrosio, L. Heisenberg, S. Zentarra. Hamiltonian Analysis
of f(Q) Gravity and the Failure of the Dirac-Bergmann Algorithm
for Teleparallel Theories of Gravity (2023). arXiv:2308.02250 [gr-
qcl

J.W. York, Role of conformal three-geometry in the dynamics if
gravitation. Phys. Rev. Lett. 28, 1082 (1972)

G.W. Gibbons, S.W. Hawking, Action integrals and partition func-
tions in quantum gravity. Phys. Rev. D 15, 2752 (1977)

J.W. York, Boundary terms in the action principle of general rela-
tivity. Found. Phys. 16, 249 (1986)

S. W. Hawking and Gary T. Horowitz. The gravitational hamilto-
nian, action, entropy, and surface terms. Class. Quant. Grav. 13,
1487 (1996)


http://arxiv.org/abs/2306.09289
http://arxiv.org/abs/2308.02250

Eur. Phys. J. C

(2024) 84:349

Page 25 0f 25 349

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

K. Sundermeyer. Constrained Dynamics. Lecture Notes in Physics.
Springer (1982)

R. Arnowitt, S. Deser, C.W. Misner, Dynamical structure and def-
inition of energy in general relativity. Phys. Rev. 116, 1322 (1959)
R. Arnowitt, S. Deser, C.W. Misner, Canonical variables for general
relativity. Phys. Rev. 117, 1595 (1960)

J. Baez (UC Riverside), J. P. Muniain (UC Riverside). Gauge
Fields, Knots and Gravity. World Scientific (1994)

M. Nakahara. Geometry, Topology and Physics, Second Edition
(Graduate Student Series in Physics). CRC Press (2003)

S. M. Carroll. Lecture notes on general relativity. NSF-ITP/97-147
(1997)

F.W. Hehl, J.D. McCrea, E-W. Mielke, Y. Ne’eman, Metric-affine
gauge theory of gravity: Field equations, Noether identities, world
spinors, and breaking of dilation invariance. Phys. Rept. 258, 1
(1995)

D. Hilbert. Die grundlagen der physik . (erste mitteilung.).
Nachrichten von der Gesellschaft der Wissenschaften zu Gottingen
- Mathematisch-Physikalische Klasse (in German) 3, 395 (1915)
A. Einstein. Hamilton’s principle and the general theory of rela-
tivity. Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys), 1111
(1916)

K. Izumi, K. Shimada, K. Tomonari, M. Yamaguchi. Boundary
conditions for constraint systems in variational principle. PTEP
2023(10), 103E03 (2023)

K. Tomonari. On the well-posed variational principle in degen-
erate point particle systems using embeddings of the symplectic
manifold. PTEP 2023(6), 063A05 (2023)

A. Mukhopadhyay, T. Padmanabhan, Holography of gravitational
action functionals. Phys. Rev. D 74, 124023 (2006)

M. V. Ostrogradski. Mémoires sur les équations différentielles, rel-
atives au probléme des isopérimetres. Mem. Acad. St. Petersbourg,
IV 4, 385 (1850)

R.P. Woodard, The theorem of ostrogradski. Scholarpedia 10,
32243 (2015)

D. Langlois, K. Noui, Degenerate higher derivative theories beyond
horndeski: Evading the ostrogradski instability. JCAP 02(2016),
034 (2016)

M. Crisostomi, K. Koyama, G. Tasinato, Extended scalar-tensor
theories of gravity. JCAP 04(2016), 044 (2016)

J. B. Achour, D. Langlois, K. Noui. Degenerate higher order scalar-
tensor theories beyond horndeski and disformal transformations.
Phys. Rev. D 93, 124005 (2016)

Y. Saito, R. Sugano, T. Ohta, T. Kimura, A dynamical structure of
singular Lagrangian system with higher derivatives. J. Math. Phys.
30, 1122 (1989)

Y. Saito, R. Sugano, T. Ohta, T. Kimura, Addendum to a dynamical
structure of singular Lagrangian system with higher derivatives. J.
Math. Phys. 34, 3775 (1993)

J.M. Pons, Ostrogradski’s theorem for higher-order singular
Lagrangians. Lett. Math. Phys. 17, 181 (1989)

M.M. Sheikh-Jabbari, A. Shirzada, Boundary Conditions as Dirac
Constraints. Eur. Phys. J. C 19, 383 (2001)

A. Alhamawi, R. Alhamawi. Generalized Gibbons-Hawking-York
term for f(R) gravity. J. Phys. Conf. Ser. 1294, 032032 (2019)
R. Sugano, T. Kimura, Gauge transformations for dynamical sys-
tems with first- and second-class constraints. Phys. Rev. D 41, 1247
(1990)

R. Sugano, T. Kimura, Classification of gauge groups in terms of
algebraic structure of first class constraints gauge transformations.
J. Math. Phys. 31, 2337 (1990)

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

. J. O’Hanlon, Intermediate-range gravity: A generally covariant
model. Phys. Rev. Lett. 29, 137 (1972)

P. Teyssandier, P. Tourrenc, The Cauchy problem for the R+R2
theories of gravity without torsion. J. Math. Phys. 24, 2793 (1983)
K. Peeters. SPIN-06/46, ITP-UU-06/56 (2007)

F.D’ Ambrosio, M. Garg, L. Heisenberg, and S. Zentarra. ADM for-
mulation and Hamiltonian analysis of coincident general relativity
(2020). arXiv:2007.03261 [gr-qc]

L. Castellani, Symmetries in Constrained Hamiltonian Systems.
Ann. Phys. 143, 357 (1982)

D. A. Gomes, J. B. Jiménez, T. S. Koivisto. General Parallel Cos-
mology. 9 (2023)

D. A. Gomes, J. B. Jiménez, A. J. Cano, T. S. Koivisto. On the
pathological character of modifications of Coincident General Rel-
ativity: Cosmological strong coupling and ghosts in f(Q) theories.
11 (2023)

L. Heisenberg, M. Hohmann, S. Kuhn. Cosmological teleparallel
perturbations. 11 (2023)

D.S. Kaparulin, S.L. Lyakhovich, A.A. Sharapov, Consistent inter-
actions and involution. JHEP 01, 097 (2013)

V. Errasti Diez, M. Maier, J. A. Méndez-Zavaleta, M. T. Tehrani.
Lagrangian constraint analysis of first-order classical field theories
with an application to gravity. Phys. Rev. D 102, 065015 (2020)
V. E. Diez, M. Maier, J. A. Méndez-Zavaleta. Constraint character-
ization and degree of freedom counting in Lagrangian field theory.
10 (2023)

T. Biswas, A. Mazumdar, W. Siegel, Bouncing universes in string-
inspired gravity. JCAP 0603(2006), 009 (2006)

S. Capozziello, F. Bajardi, Non-local gravity cosmology: An
overview. Int. J. Mod. Phys. D 31(06), 2230009 (2022)

A. S. Koshelev, K. S. Kumar, and Alexei A. Starobinsky. Cosmol-
ogy in nonlocal gravity (2023). arXiv:2305.18716 [hep-th]

P. Joshi, S. Panda, Hamiltonian analysis of nonlocal f(R) gravity
models. EPJC 82, 601 (2022)

J. Moses P. N. de Souza, R. Fateman, C. Yapp. The Maxima book.
https://maxima.sourceforge.io, (2004)

R. Sugano, Y. Kagraoka, Extension to velocity dependent gauge
transformations I. general form of velocity the generator. Z. Phys.
C Part. Fields 52, 437 (1991)

R. Sugano, Y. Kagraoka, Extension to velocity dependent gauge
transformations II. properties of velocity dependent. Z. Phys. C
Part. Fields 52, 443 (1991)

R. Sugano, Y. Kagraoka, T. Kimura, Gauge transformations and
gauge-fixing conditions in constraint systems. J. Math. Phys. A 7,
62 (1992)

S. Shanmugadhasan, Canonical formalism for degenerate
lagrangians. J. Math. Phys. 14, 67 (1973)

T. Maskawa, H. Nakajima, Singular Lagrangian and the Dirac-
Fadeev method: Existence theorem of constraints in ‘standard
form’. Prog. Theor. Phys. 56, 1295 (1976)

D. Dominici, J. Gomis, Poincare-Cartan integral invariant and
canonical transformations for singular lagrangians. J. Math. Phys.
21, 2124 (1980)

D. Dominici, Poincare-Cartan integral invariant and canonical
transformations for singular lagrangians: An addendum. J. Math.
Phys. 23, 256 (1982)

@ Springer


http://arxiv.org/abs/2007.03261
http://arxiv.org/abs/2305.18716
https://maxima.sourceforge.io

	Dirac–Bergmann analysis and degrees of freedom of coincident f(Q)-gravity
	Abstract 
	1 Introduction
	2 Metric-affine gauge theory of gravity with teleparallelism and Coincident GR
	2.1 Gauge theories of gravity
	2.2 Metric-affine gauge theory of gravity
	2.3 Teleparallelism and the geometrical trinity of gravity
	2.4 Coincident GR

	3 Hamiltonian analysis of GR and R-gravity
	3.1 A role of surface terms in Dirac–Bergmann analysis
	3.2 Revisiting to Hamiltonian analysis of GR and R-gravity

	4 Hamiltonian analysis of coincident GR
	4.1 ADM-foliation of coincident GR
	4.2 Hamiltonian analysis of coincident GR 

	5 Hamiltonian analysis of coincident f(Q)-gravity
	5.1 A lesson from the Dirac–Bergmann analysis of f(T)-gravity
	5.2 ADM-foliation of coincident f(Q)-gravity
	5.3 Primary constraint densities and total Hamiltonian density
	5.4 Consistency conditions for primary constraint densities and the emergence of secondary constraint densities
	5.5 Consistency conditions for secondary constraint densities and the emergence of tertiary constraint densities
	5.6 Consistency conditions for tertiary constraint densities and pDoF of coincident f(Q)-gravity

	6 Conclusions
	Acknowledgements
	A. A reconstruction of Dirac–Bergmann analysis and degrees of freedom
	B. PB-algebras of coincident f(Q)-gravity in (n+1)-dimensional spacetime
	C. The explicit formulae of α and βIJ
	References


