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Abstract—Principles of successful Hamiltonian approaches, which were developed to describe free gravi-
tational field(s) in the metric gravity, are formulated and discussed. By using the standard I'—I" Lagrangian
Lr_r of the metric GR we properly introduce all momenta of the metric gravitational field and derive the
both canonical Ho and total H;y Hamiltonians of the metric GR. We also developed an effective method
which is used to determine various Poisson brackets between analytical functions of the basic dynamical
variables, i.e., generalized coordinates g,3 and momenta 7#¥. In general, such variables can be chosen

either from the straight {gag, 7}, or dual {g®#, 7,,,,} sets of symplectic dynamical variables which always
arise (and complete each other) in any Hamiltonian formulation developed for the coupled system of tensor
fields. By applying canonical transformation(s) of dynamical variables we reduce the canonical Hamiltonian
H¢ toits natural form. The natural form of canonical Hamiltonian provides numerous advantages in actual
applications to the metric GR, since the general theory of dynamical systems with such Hamiltonians is well
developed. Furthermore, many analytical and numerically exact solutions have been found and described
in detail for dynamical systems with the Hamiltonians already reduced to their natural forms. In particular,
reduction of the canonical Hamiltonian H¢ to its natural form allows one to derive the Jacobi equation for

the free gravitational field(s), which takes a particularly simple form.
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1. INTRODUCTION

In 1958 Dirac published his famous Hamiltonian
formulation of the metric General Relativity (also the
metric gravity, or GR, for short) [1]. Since then and
for a very long time that Dirac’s formulation was
known as the only correct Hamiltonian approach ever
developed for the metric gravity. In particular, only
by using this Hamiltonian formulation and all pri-
mary and secondary constraints arising in this Dirac’s
approach, one is able to restore the complete and
correct gauge symmetry (diffeomorphism) of the free
gravitational field(s). A different Hamiltonian formu-
lation of the metric gravity published earlier in [2] was
overloaded with numerous mistakes, which can easily
be found, e.g., in all secondary constraints derived in
[2]. Moreover, some important steps of the complete
Hamiltonian procedure, developed earlier by Dirac in
[3], were missing in [2]. For instance, the closure of
Dirac procedure [3] was not demonstrated. In reality,
it is impossible to show such a closure with wrong
secondary constraints, but after reading [2] one can
get an impression that authors did not understand
why they need to do this, in principle. The complete
and correct version of the Hamiltonian formulation
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of the metric gravity, originally proposed in [2], was
re-developed and substantially corrected only in 2008
[4] by Kiriushcheva and Kuzmin. Below, to respect
this fact we shall call the Hamiltonian formulaion of
the metric GR developed in [4] by the K&K approach.
This approach also allows one to restore the complete
diffecomorphism as a correct and unique gauge sym-
metry of the free gravitational field.

Note that after publication [4] there were two dif-
ferent and non-contradictory Hamiltonian formula-
tions of the metric gravity. Therefore, it was very
interesting to investigate relations between these two
approaches. In [5] we have shown that the original
(or Dirac) formulation of the metric GR and alter-
native K&K-formulation are related to each other by
a canonical transformation of dynamical variables of
the problem, i.e., by a transformation of the general-
ized ‘coordinates’ g,4 and corresponding ‘momenta’
7. Furthermore, such a canonical transformation
in metric GR always has some special and relatively
simple form (more details can be found in [5]). After
an obvious success of our analysis in [5] the follow-
ing question has imediately became interesting: is it
possible to derive another canonical transformation of
dynamical variables in the metric gravity which can
reduce the canonical Hamiltonian Hg of the metric
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GR derived in [4] to some relatively simple forms,
e.g., to the forms which are well known in classical
mechanics? If the answer is ‘Yes’, then we can use the
solutions known for classical Hamiltonian systems
to solve new gravitational problems, rigorously pre-
dict properties of certain gravitational systems, etc.
Below, to answer this question we present the new
canonical transformation of dynamical variables, i.e.,
generalized coordinates and momenta, in the metric
General Relativity. This new canonical transforma-
tion is also a very special and unique, since it reduces
the canonical Hamiltonian He of metric GR to the
natural form which is almost identical to the natural
form of many ‘regular’ Hamiltonians already known
in analytical mechanics of the potential dynamical
systems.

In this paper we want to formulate and discuss all
essential principles of the Hamiltonian formulation(s)
of the metric General Relativity. To achieve this
goal, in the next two Sections we introduce the I'-T"
Lagrangian Lr_r of the metric gravity. By using this
Lagrangian L we define the corresponding momenta
7@ At the next stage we apply the Legendre trans-
formation to exclude velocities, obtain the primary
constraints and construct the canonical Hs and total
H; Hamiltonians of the metric General Relativity. All
formulas and expressions derived in next two Sec-
tions and even logic used there are pretty standard
for any Hamiltonian formulation of the metric gravity.
Moreover, some of these formulas were derived and
discussed in a number of earlier studies (see, e.g., [4]
and [6]). Nevertheless, the two following Sections
are important to make and keep this study com-
pletely independent of other publications and united
by a central idea to illustrate the power of canonical
transformations for Hamiltonian systems. The fun-
damental Poisson brackets are defined and calculated
in Section 3. These brackets are the main working
tools to obtain accurate (and even exact) solutions of
many gravitational problems and perform research of
various Hamiltonian gravitational systems, including
gravitational field(s) defined in the metric General
Relativity. In particular, our fundamental and sec-
ondary Poisson brackets are used to investigate a
few fundamental problems currently known in metric
GR (see, Section 4). Section 5 is the central part
of this study, since here the canonical Hamiltonian
H¢ of the metric GR is reduced to its natural form.
Here we also illustrate a number of advantages of
the normal form of the canonical Hamiltonian Hg for
numerous problems known in the metric GR. A few
directions for future development of the Hamiltonian
formulations of metric GR are also discussed there. In
Section 6 we derive the Jacobi equation for the metric
gravity by using our new dynamical and canonical
variables g,3 and P*”. Concluding remarks can be
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found in the last Section. This paper also includes
three Appendixes. In Appendix A we discuss relations
between dynamical variables which are used in our
and Dirac formulations of the metric General Rela-
tivity, while in the Appendix B we show that dynam-
ical variables of modern geometro-dynamics are not
(and cannot be) canonical variables of the metric GR.
Appendix C contains explanation of some important
‘technical’ details of our procedure which could not
be included in the main text.

Now, we need to introduce a few principal nota-
tions which are extensively used below. In particular,
in this study the notation g,g stands for the covari-
ant components of the metric tensor (see, e.g., [7])
which are dimensionless values. The determinant of
this metric tensor is g which is the negative value,
but —g is always positive. [t is assumed below that
an arbitrary Greek index varies between 0 and d —
1, while an arbitrary Latin index varies between 1
and d — 1, where d designates the total dimension of
our space-time manifold (d > 3). The case of two-
dimensional space-time, i.e., when d = 2, differs sub-
stantially from the regular cases (d > 3) and requires
a separate consideration (see, e.g., [8] and references
therein). In this study we shall not consider the case
of two-dimensional metric gravity. The quantities
and tensors such as B((O‘B)“f|“”)‘),fmnpq, etc, applied
below, have been defined in earlier papers [1, 4, 5 and
6]. In this study the definitions of all these quantities
and tensors are exactly the same as in the mentioned
papers and there is no need to repeat them. The
short notations gag and g,,0 are used below for
the spatial and temporal derivatives, respectively, of
the corresponding components of the metric tensor.
Any expression which contains a pair of identical
(or repeated) indexes, where one index is covariant
and another index is contravariant, means summation
over this ‘dummy’ index. This convention is very use-
ful and drastically simplifies many formulas derived in
metric GR.

2. I'-T' LAGRANGIAN OF THE METRIC
GENERAL RELATIVITY

In this Section we introduce the Lagrangian of
the metric General Relativity. Formally, such a
Lagrangian (or Lagrangian density) should coincide
with the integrand in the Einstein-Hilbert integral-
action Lgy (see, e.g.,[9] and [10]) which equals to the
product of scalar curvature of the d dimensional space
R:go‘ﬁRag and /—g, ie., Lpy= \/—gg"‘fBRaB.
Here R,z is the Ricci tensor (in old books and papers
(see, e.g.,[7]), it was called the Einstein tensor)
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99, 99a
Wi + G = Gal) are the

Cristoffel symbols (see, e.g., [7] and [10]). It is easy
to see that this Lagrangian, which is often called
the Einstein-Hilbert Lagrangian, contains a few

o 92ga
derivatives of the second order ngafk and cannot be

used directly in the principle of least action. However,
all these second-order derivatives are included in the
Lagrangian Lgy only as a linear combination with
the constant coefficients, which equal +1, or —I.
Because of such a linearity the invariant integral
| R\/—gd2 (gravitational action) can be transformed
by means of Gauss theorem to the integral which does
not include any second-order derivatives. Indeed, we
can represent this gravitational action integral in the
form

where T, = Ly (

/ R\/—gdQ)
[ O ) i

0 |v=0 (9T =Tl )
+ / oxY

where the integrand of the first integral on the right-
hand side of this equation contains only components
of the metric tensor and their first-order derivatives,
while the second integral has the form of a divergence

of the vector-like quantity v/—g (go‘ﬁl‘lﬁ - gaVF§B).

This second integral is transformed by applying
Gauss theorem into an integral over a hypersurface
surrounding the d dimensional volume over which the
integration is carried out in other two integrals. When
we vary the gravitational action, the variation of this
(second) term on the the right-hand side of the last
equation vanishes, since in respect to the principle of
least action, all variations of the (varied) field at the
limits of the region of integration must be zero.

Now, we may write for the variations of all terms in
the previous equation

5/R\/—ng = 5/Lr_de or

6(Ry/=g) _ 0Lr-r

- , I
5g;w 59;“/ ( )

where the notation § means variation, while the
notation 5‘;{1 means the variational derivative (or
Lagrange derivative). Also in this equation the sym-

bol Lr_r = +/—gg®? (Fg‘m]ﬁg)\ NN ) stands

0,

af™ YA
for the ‘regular’ I'=T" Lagrangian density (or La-
grangian, for short) of the metric gravity which
plays a central role in any Hamiltonian approach
developed for the metric gravity. As follows from

FROLOV

this equation the variational derivative of the Lp_p
Lagrangian is a true tensor, while the original Ly_r
Lagrangian is not a true scalar. Other properties
of the Ly_r Lagrangian are mentioned below. The
equality, Eq. (1), expresses the fact that we have
replaced the ‘singular’ Einstein-Hilbert Lagrangian
(Lgy = +/—gR) by the ‘regular’ I'-I' Lagrangian
Lror = v/=gg™ (T2, = T7,T3, ) which is vari-
ationally equivalent to the original Einstein-Hilbert
Lagrangian and contains no second-order derivative.
There is an obvious logical gap here, since we have re-
placed the actual Einstein-Hilbert Lagrangian by its
variational equivalent, i.e., by the I'—I" Lagrangian.
Briefly, this means that after such a replacement
we have to operate only with variations of the both
Lagrangian(s) and Hamiltonians. The Hamilton
approach for variations of the original Lagrangian
is developed in the Appendix C. In earlier papers
(see, e.g., [4] and references therein) this Lagrangian
was called the I'=I" part of the Einstein-Hilbert
Lagrangian. This I'-I" Lagrangian is also written
in the following form

Lrr = i\/—gBaﬁ“”“’p <89a5> <89“”>

oxY oxP
1
= 4 \/_gBaﬁwwpgaB;yg,uzx,p (2)

where
BBy — gaﬁ g — gor gBV q°

+ anpgﬁvgw _ anﬁgwgw (3)

is a homogeneous cubic polynomial of the contravari-
ant components of the metric tensor ¢®*. The con-

travariant components of the metric tensor g®? form
a different set of dual coordinates. Note also that
in the right-hand side of this formula, Eq. (2), the
short notation g, designates the partial derivatives

%g;‘f in respect to the spatial (gng) and temporal

(gap,0) coordinates. The partial temporal derivatives
905,0(= 9go0,0) Of the go, components are often called
the o velocities.

Below, we deal with the I'-T" Lagrangian only.
Therefore, to simpily the following formulas we shall
designate this Lpr_r Lagrangian Lr_r by the letter
L, i.e., everywhere below L = Lr_p. By using this
I'-TI" Lagrangian we need to define the corresponding
momenta. First, note that in this study the covariant
components of the metric tensor g, are chosen as the
straight set of coordinates for the Hamiltonian for-
mulation(s) of the metric GR. In reality, to derive the
closed formula for the Hamiltonian of metric GR we
need a slightly different form of the I'-I" Lagrangian
where all temporal derivatives (or time-derivatives)
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are explicitly separated from other derivatives (see,
e.g., [4])

1
L= 4 V=B g 5 090
1
+ 9 \/_gB(OCBOWVk)ga@Ogumk

1
+ 4\/_gBaBk'uylga67kg/w,la (4)

where the notation B(®##) means a ‘symmetrical’

BeBwp quantity which is symmetrized in respect to
the permutation of two groups of indexes, i.e.,

Blabylwwp) — 1 ( BaBvuve Buupaﬂv)
2

— gaﬁ GG — gor gﬁv q°

+ 2¢°° gﬁv g — gaﬁ gPgH — goP gﬁfv g (5)

By using the Lagrangian L, Eq. (4), and standard
definition of momentum as a partial derivative of the
Lagrangian in respect to the corresponding velocity
(see, e.g., [11]), one obtains the explicit formulas for
all components of the tensor of momentum 77

oL 1 y
77 = D0 = 2\/_93((’70)0\u O)qu,o
1
+ 2\/_93((’70)0\uvk)guu’k' (6)

The first term in the right-hand side of this equation
can be written in the form

1 (o2 V!
) \/_gB((“f )0[ O)Q;W,O

1 (o
= 2\/_9900EWJ“{ Guv,0, (7)

where the notations E#¥7° and e*” stands for the
Dirac tensors, which are

% 14 14
EHVIP = oHV TP _ ol VP

90;1901/ ( 8)
900

and it is easy to check that E#*7? = E77H and
et = e’t. Also, as follows directly from the formula,
Eq. (8), the tensor e equals zero, if either index p,
or index v (or both) equals zero. The same statement
is true for the Dirac E*Y° tensor, i.e., E/7 =
0, E*7 =0, B0 = () and E*19 = 0. The EPIF
quantity is called the space-like Dirac tensor of the
fourth rank. Note that all components of this space-
like tensor EP% are not equal zero. Furthermore,
the space-like tensor EP?*! is a positively-defined and
invertable tensor. Its inverse space-like tensor Ip,,pq
is also positively-defined and invertable space-like

and e = g" —
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tensor of the fourth rank which is written in the form
(4]

1
Imnqp == d _ 2gmngpq — gmpgnq' (9)

This tensor plays a very important role in our Hamil-
tonian analysis (see below). Now we can write
Linpg P = gk gl, = 0,81, where the g§ = 6 ten-
sor is the substitution tensor [7], while the symbol
4 denotes the Kroneker delta (65 =1 and 6§ = 0, if

a# f).

First, let us consider the ‘regular’ case when in
Eq. (6) v = p and 0 = ¢. In this case one finds the
following formula for space-like components of the
momentum tensor

oL
a.gpq70

1
+ ) \/_QB((pq)O\uvk)ng

1
P — — 2\/—93((1’@0'””0)9“1,,0

(10)

for each pair of (pg)—indexes (or (mn)-indexes). The
tensor in the right-hand side of this equation is in-
vertable and the velocity gy,n 0 is explicitly expressed
as the linear function (or linear combination) of the
space-like components 7P¢ of momentum tensor:

1 2
gmn,O = gOO <\/_gImnpq7rpq

1 2
o|luvk _
R - B(p2)0|pvk) gwk) = Lﬂﬂpq(\/_gﬂpq
_ B((pq)Owk‘)gW’k>7 (11)

where the Dirac tensor I, is defined by Eq. (9).
As follows from Egs. (10) and (11) for the space-
like components of metric tensor g,, and correspond-
ing momenta 7" one finds no principal difference
with the classical dynamical systems, which have
Lagrangians written as the quadratic functions of
the velocities. Indeed, for such systems the cor-
responding space-like components of momenta and
corresponding velocities are related to each other by a
few simple, linear equations. In the metric General
Relativity, however, even for spatial components of
momenta 777 and velocities g,q,0 such relations take
the multi-dimensional, matrix form. This means that
one space-like component of momenta 7" depends
upon quasi-linear combination of different velocities
gpg,0 (and vice versa). Nevertheless, such a matrix
definition of momenta works very well and allows one
to develop a complete and non-cotradictive Hamilto-
nian approach for the metric GR.

In the second ‘non-regular’ (or singular) case,
when v = 0in Eq. (6), the first term in the right-hand
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side of Eq. (6) equals zero and this equation takes the
form

0o oL _ 1\/_93((00)0\uvk)

e =
09000 2

Guvk> (12)
which contains no velocity. This equation, Eq. (12),
determines the momentum 7% as a cubic polynomial
of the contravariant components of the metric ten-
sor g®3 and a product of the \/—g value and spatial
derivative g, of the covariant components of metric
tensor g,,. It is clear that such a situation cannot
be found in classical mechanics, or in quantum me-
chanics of arbitrary systems of particles. However,
for actual physical fields similar situations arise quite
often. The physical meaning of Eq. (12) is simple
and can be expressed in the following words. The
functions

B =70 gBO R (13)
where 0 = 0,1,...,d — 1, must be equal zero during
actual physical motions (or time-evolution) of the
gravitational field. In [3] Dirac proposed to write
such equalities in the symbolic form ¢° ~ 0 and
called these d functions ¢* (foro = 0,1,...,d — 1),
Eq. (13), the primary constraints (see, [1, 3, 11]).

3. CANONICAL AND TOTAL
HAMILTONIANS OF METRIC GENERAL
RELATIVITY

Now, by applying the Legendre transformation to
the known I'-I" Lagrangian L, of the metric GR,
Eq. (4), and excluding all space-like field-velocities
9mn,0 We can derive the explicit formulas for the total
and canonical Hamiltonians of the metric gravity.
Note here that the word ‘canonical’ originated from
the Greek word kavovikos which means correct,
equal, equivalent and true. In particular, the total
Hamiltonian H; of the gravitational field in metric
gravity derived from the I'=I" Lagrangian L, Eq. (2),
is written in the form

Ht = Waﬁgaﬁp - L= HC + 900,0¢007 (14)

where ¢% =797 — 1/—gB(0)0k)g .\ are the
primary constraints, while go,.o are the corresponding

o velocities and H¢ is the canonical Hamiltonian of
metric GR

1
Ho= v=99% Tpgm™" 7
_ 4 Lnpgm™ B (pa0|uvk) Gk

1 1
+ 4\/—9 4 [mnqu((mn)Olwk)B(pqolaﬁl)
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- Buukaﬁl Guv,k9ap,l> (15)

which does not contain any primary constraint ¢°°. In
contrast with H¢ the total Hamiltonian Hy, Eq. (14)
includes all d primary constraints ¢%, where o =
0,1,...,d—1. It should be emphasized again that
these primary constraints arise during our transition
from the I'—T" Lagrangian L, Eq. (2), to the Hamil-
tonians H; and H¢, since the I'-I" Lagrangian L is
a linear (not quadratic!) function of all d values goq.0,
or o velocities. The total and canonical Hamiltonians
H; and Hg are the scalar functions defined in the
d(d + 1) dimensional phase space {gqg, 7"}, where
all components of the metric g,3 and momentum
m* tensors have been chosen as the basic dynamical
variables. Such a d(d + 1) dimensional phase space
is, in fact, a symplectic space and the corresponding
symplectic structure is determined by the Poisson
brackets between its basic dynamical variables, i.e.,
coordinates g,3 and momenta 7.

To make the next step we need to define the Pois-
son brackets (or PB, for short) which are absolutely
crucial for creation, development and applications of
Hamiltonian approaches for arbitrary, in principle,
physical systems of particles and fields, including the
metric General Relativity. From now on we shall
consider only Hamiltonian approaches (in metric GR)
which are canonically related either to the K&K ap-
proach [4], or to the Dirac approach [1]. Note again
that these two Hamiltonian formulations are canoni-
cally related to each other (for more details, see [5]).
Therefore, it is possible to obtain and present the
basic (or fundamental) set of Poisson brackets only
for one of these two Hamiltonian formulations, e.g.,
for the K&K approach. Analogous Poisson brackets
for other Hamiltonian formulations of metric GR can
be derived from these basic (or fundamental) values

known in the K&K-approach. The basic Poisson

brackets between d(dgrl) components of the momen-
(d+1)

d . .
tum tensor 7# and ") ‘coordinates’ g, in the

K&K-approach are [4]

[ga,B,Tr“V] = —[ﬁNV’gaﬁ] = gam”” _ ﬂuygab’
1
=, (otias + g295)
1
=, (5555 + 55(%‘) = ARG, (16)

where gh = 04 is the substitution tensor [7] and
symbol 5g is the Kronecker delta, while the notation
Al stands for the gravitational (or tensor) delta-
symbol.  All other fundamental Poisson brackets
between basic dynamical variables of the metric
GR equal zero identically, i.e., [gag,9u] =0 and
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[7®8 7] = 0. Thus, for the d dimensional metric

gravity one finds Np = P different Poisson

brackets, but many of these brackets equal zero
identically, if these dynamical variables are canonical.
In our case this means that all our momenta 7
have been defined correctly. The set of Np Poisson
brackets has a fundamental value, since these PB
define the unique symplectic structure directly related
to the Riemannian structure of the original d(d + 1)
dimensional tensor phase space {gng, 7"} and to
the original metric tensor g,g. General properties of
Poisson brackets and their symmetries are discussed,
e.g., in [12—15]. For any Hamiltonain dynamical
system all values and functions must be expressed in
terms of the basic dynamical variables, i.e., in terms of
generalized coordinates and momenta. Furthermore,
all arithmetical, mathematical and other operations
between such values and functions must be reduced
to the Poisson brackets. Analytical computations
of the Poisson brackets is the only actual tool and
language of the Hamiltonian theory.

4. POISSON BRACKETS

The Np Poisson brackets mentioned above are
sufficient to operate successfully in any correct Hamil-
tonian approach developed for the metric GR. How-
ever, in many applications it is crucially important to
determine other Poisson brackets, which are often
called the secondary PB. The secondary PB are
calculated between different analytical functions of
the basic dynamical variables, i.e., coordinates and
momenta, and these PB always appear in actual
calculations. In general, it is difficult and time-
consuming to derive the explicit formulas for such
secondary PB every time when you need them.
Furthermore, in actual applications one usually needs
to determine a few hundreds of different Poisson
brackets. Here we present a number of secondary
Poisson brackets which are sufficient for our purposes
in this study. The first additional group of secondary
Poisson brackets is

1
[g%F, ] = -, (ga“gﬁ” + ga”gﬁ“)
= _[WHV’QCMB] and [.gaﬁag;w] =0. (17)

which include the contravariant components of the
metric tensor g®?. These Poisson brackets are of
great interst, since our canonical and total Hamilto-
nians (see above) are overloaded with the contravari-
ant components of the metric tensor.

The second set of additional Poisson brackets
arises, if one explicitly introduces the dual system of
dynamical variables {g®%, 7, } which always exists
for any tensor Hamiltonian system. In general, to cre-
ate the truly correct, covariant and non-contradictory

PHYSICS OF ATOMIC NUCLEI Vol.84 No.5 2021

755

Hamiltonian formulation for some dynamical system
of tensor fields it is much better to deal (instantly)
with the two different d(d + 1) dimensional sets of
dynamical variables: (a) the straight set {gqs, 7},

and (b) the corresponding dual set {g®*, 7, }. Ap-
plication of the two sets of dynamical variables makes
our Hamiltonian formulation complete and physically
transparent.  The Poisson brackets between all
dynamical variables from these two sets must be
derived and carefully checked for non-contradictory.
The Poisson brackets for the dual set of dynamical

variables {g%?, 7, }

1
[gaﬁa 7T;w] = 9 (gaugﬁu + gaugﬁ,u)

1
and [g*, ] = ~5 (9395 + 93‘95)

= AW (18)
and also [¢*%, g"] = 0 and [gap, ¢"*] = 0. Another
interesting Poisson bracket which we want to present
here is

[T, ™)

1
= (5% + 0%k + Syl + 5g7rg) . (19)

where 72 = ¢g° 1. = g, This equality means
that the co- and contra-covariant components of the
momentum tensor do not commute with each other.
If they commuted, then the direct and dual sets of
dynamical variables in metric gravity would be equiv-
alent and there would be no real need to apply the two
sets of dynamical variables (stragit and dual), since at
each step of our procedure we can always express one
set of dynamic variables in terms of another set and
vice versa. However, this is not true for the metric
GR.

Let us present the following formula for the fun-
damental Poisson brackets which unites the both
straight and dual sets of dynamical variables

9o, 7] = ALg = [map, 9. (20)

This beatiful formula includes two fundamental Pois-
son bracket(s) and clearly shows the differences
which arise during transition from the straight set of
canonical variables to analogous dual set. As follows
from the formula, Eq. (25) (see below), the truly
dual system of dynamical variables (for the original
{gap, ™"} system) must be {—g*® 7, } system
rather then our dual {g*®,7,,} system of variables
introduced above. Below, we shall ignore this fact
and consider the {gag, ™"} — {g°°, 7 } transition
as a canonical transformation of dynamical variables

for our Hamiltonian formulation of the metric GR.
Therefore, based on the general theory of canonical
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transformations in Hamiltonian systems described
in[12] we can write the following equality

™69, — Hiot + 6F = v (ﬂuyég’“’ - tht) , (21)

where v is a real, non-zero number which is called
the valence of this canonical transformation, while
F(t, gap, ™) isits generating function. The notation
H; and H; means the total Hamiltonians written in
the both systems of dynamical variables, i.e., in the
straight {gas, 7} and dual {g*, 7,,} systems of
variables, respectively. It is clear that for such a
canonical transformation we can use the same time
t (for both systems) and this transformation is univa-
lent which means that |v| = 1. In our case we have
found that v = —1. Furthermore, it is possible to
show that for the {gas, 7} — {g*°, 7, } canonical
transformation the generating function F' can be cho-
sen in a very special form F = S(t,g;w,gaﬁ) which
corresponds to the free canonical transformation(s).
In this case the previous equation takes the form

T 8gy — Hydt + 8S(t, g, 9°°)
= v (muwdg"” — Hyt) (22)

and three following equations are also obeyed (for
v=—1)

w08 0s
= agwj, py = Dghv
and Ht + Ht = aaf (23)

As follows from Eq. (22) the differential form
dS(t, g, g*?) is the total differential of the potential
function S(t,g,w,go‘ﬁ) which is, in fact, the gener-
ating function of the free canonical transformations.
This generating function always exists and can ex-
plicitly be constructed for an arbitrary Hamiltonian
system of tensor fields. Also, these our equations
open a short way to the Jacobi equation for the
gravitational field in metric GR, but below we shall
apply a different approach to solve this interesting
problem (see Section 6 below).

The necessity to deal with the two sets of dy-
namical variables instantaneously is an important dif-
ference between Hamiltonian procedures developed
for the affine vector spaces and Riemannian tensor
spaces. It can be shown that only by dealing with
the both straight and dual sets of dynamical variables
we can guarantee the internal covariance and seli-
sustainability of our Hamiltonian approach developed
for the metric GR. The fact that we need to operate
with the both straight and dual systems of dynamical
variables in any Hamiltonian formulation developed
for tensor dynamical systems can be illustrated by the
following reasoning. To construct the Hamiltonian

FROLOV

formulation, we are free to choose either direct, or
dual sets of dynamic variables. For any meaning-
ful physical theory, these Hamiltonian formulations
must be equivalent, i.e., they must be connected to
each other by a canonical transformation. In other
words, the two sets of dynamical variables {g®%, 777}
and {g*%,7,,} are absolutely equivalent in order to
develop the new Hamiltonian formulation(s) of the
metric GR. The two newly arising Hamiltonian for-
mulations are related to each other by a canonical
transformation of variables (see above).

A few following Poisson brackets which are also
useful in actual calculations. Let g(> 0) will be the
determinant of the metric tensor g,5 and F(g) is an

arbitrary analytical function of g. In this notation one
finds

[F(g), 7] = (a;;) 99"

and [y/—g, %] = oy g

1 aB
—2¢ 99

for F'(g) =+/—g, if the determinant ¢ is negative.
Analogously, for the 7,5 momentum we obtain

Flhnos] = (, ) 9909

1
and [v/=g,mas] = =, g9

(24)

= V0405 (25)

These formulas lead to the following expressions

1 oB 1 o
)
[\/ —g’ } 2y/~g”
and [ ! s ] !
\/_97 af 2\/_9

which are important for our calculations performed
in the next Sections. All other Poisson brackets,
which are often needed in analytical calculations, can
be determined with the use of our PB presented in
Egs. (16)—(26). In general, analytical computation
of a large number of Poisson brackets in any Hamil-
tonian formulation of the metric GR is a very good
exercise in tensor calculus.

Another example is slightly more complicated and
includes the tensor(s) e”” defined above. From the
explicit formulas for the components of e tensor,
Eq. (8), one finds that only non-zero elements of
this tensor are located in the space-like corner of the
total e#” tensor. These non-zero elements form the
space-like eP? tensor (or space-like part of the total

Gap (26)
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e tensor) which is often called the space-like Dirac
tensor of the second rank. For this tensor one easily
finds the following useful relation

0,0
9*°g
905e™” = 9059"" = gap < 400 >
80 00
g g
B g% g0

(27)

=d—-1= gmnemna

where gaggaﬁ = d and d is the total dimension of our
space-time continuum. By using our formulas for the
Poisson brackets obtained above we derive the two
following expressions

1
[epqmaﬁ] — -, <gpagq,3 + gpﬁgqoc)
L oapg , 08 g%
+, (g 9P 4 g g”“) 400
1 gOp
+ 9 <goo> (90a9q’8 + Qoﬁgqa)
B g g9 g0B ¢0q 08
(g%)? (28)
and
Oq
0 g
o) = -0 4.2 ()
1 (g"P\ .oq 00 9% g%
+ 2 <goo> Rap — Bap (g°0)2 (29)

Analytical formulas for these PB are important, since

there were some ideas to use components of this

. d(d—1 ,
space-like tensor eP? as the new (2 ) canonical

variables, or new coordinates, for another ‘advanced’
Hamiltonian formulation of the metric GR. As follows
from Eqs. (28) and (29) the complexity of arising
Poisson brackets makes this idea unworkable.

5. APPLICATIONS TO ACTUAL PROBLEMS
OF METRIC GRAVITY

The knowledge of the fundamental and secondary
Poisson brackets allows one to achieve a number
of goals in the Hamiltonian formulation(s) of metric
General Relativity. In particular, by using these Pois-
son brackets we can complete the actual Hamilto-
nian formulation of the metric GR. Another problem
which can be solved with the use of our Poisson
brackets is explicit derivation of the Hamilton equa-
tions of motion for actual gravitational field(s) which
are often called the time-evolution equations. Also,
by using these Poisson brackets one can find some
new canonical transformations which are simplify ei-
ther the canonical Hamiltonian H¢g, or secondary
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constraints %7 (they are defined below). Another
important problem is the reduction of the canoni-
cal Hamiltonian H¢ to its natural form. The first
two problems are briefly discussed in the next two
subsections. These two problems were extensively
investigated in earlier studies [4, 5 and 6]. Therefore,
there is no need for us here to discuss formulation
of these problems and repeat all formulas derived in
those papers. Here we just want to illustrate how our
formulas for Poisson brackets allow one to simplify
analytical calculations of many difficult expressions.
In contrast with this, the third problem (i.e., reduction
of H¢ to its natural form) is one of the central parts
of this study and we want to disclose all details of
our computations. This problem with all details is
described in the next Section. Another aim of this
study is to derive Jacobi equation for the free gravi-
tational field(s) in our new Hamiltonian formulation
of the metric gravity. This problem is considered in
Section 7.

5.1. Secondary constraints. Dirac closure

Let us complete the Hamiltonian formulation of
the metric GR described above, by using the space-
like momenta 7™, its temporal components 7% (or
primary constraints ¢°?) and canonical Hamiltonian
H¢ defined in Eq. (10), Eq. (12) and Eq. (15), re-
spectively. First, we need to determine PB between
the canonical Hamiltonian H¢, Eq. (15), and primary
constraints ¢°?, Eq. (13). This directly leads to the
secondary constraints x% = [¢"7, H¢], where o =
0,1,...,d—1(seediscussion in[4]), since these sec-
ondary constraints % are not equal zero identically.
In Dirac procedure these d secondary constraints %7
become an integral part of the Hamilton formulation.
The explicit formulas for the secondary constraints
X% are [4] (see also [6]):

0 900
X7 = 2y/—gg" Lnpgm ™" e
Oc
g
+ 9400 Trninpq

1
+ [W(}f + <7Tpkeq” = 27rpqek”>gpq7k]

\/_g goo mn v o
-4 ooImnqu(( )0luk) g(padlast)

0| vk
amn gy (pa0lpvk) Gk

- .gOUBlwkaﬁt> g,uu,kgaﬁ,t
LV

400 LmnnaB ((mn)Olkk) g Gt [g"t (g%g" g

+ gPlg" g% — 2¢210 gOF) — g7P (2490 g1 1P
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_ googaﬁgqt + gaBQOqQOt _ 2gqa90590t _ 2gta90690q

+ zgthOQQOB) + 900 (296tgap90q
— 2gP% g8 g0t _ 9gPa B gl 4 9Pt 49 g0

af 0t

+ gP1g*Pg tp af Oq

—ggg)]

g
~ ¢4 G kGabit [g"t(g“”gﬁ vgOk 4 g gotgOh

_ 2g,u,agk11906) + gOo(2gath,uguk _ 3gt,ugukgaﬁ
_ zguagub’gkt + guugktgaﬁ + zgutguﬁgka)
+ 97 (979" — 29" 9" g™ + 29" g™
_ gﬁkgtzx)gOa + (zgkﬁgat _ gaﬁgkt)QOV)}

\/_9900 o 1 mn vk
— Epat Imnqu(( )0l )guvk

2 900 d ¢

Y ¥ B0k (30)

ga,@,kty

where U®01#k) is the symmetrized form of the fol-
lowing expression

UaBO,uzxk — B(aﬁomzxk)
_ QOkEaﬂ/u/ + QQOMEOCBICV (31)

and ¢ =0,1,...,d—1. The total number of pri-
mary and secondary constraints for this Hamilton
formulation equals d +d = 2d. Note also that all
these primary and secondary constraints ¢% and
X%, where ¢ =0,1,...,d—1, are the first-class
constraints [11]. In general, our formulas for Poisson
brackets (or PB, for short) substantially simplify the
whole process of derivation of the explicit formulas
for the primary and secondary constraints and for PB
between them. In particular, by uising our Poisson
brackets one can show that all Poisson brackets
between primary constraints equal zero identically,
e, [0, ¢%] =0, while [¢,x%7] = Jg*x%. The
Poisson brackets between canonical Hamiltonian
H¢ and secondary constraints x% are expressed as
‘quasi-linear’ combinations of the same secondary

constrains XO", i.e., we obtain
2 g
0 0
X7, He] = —\/_gImn;nq”mn <goo> ha
1
+ 2gok9007k><00 + 05X
1 q°P
+( —2 I e
(=2 Lyt

am

g
+ Imkpq.g,ul/,l QOO U(pq)O/u/l) XOk

- <900900,k + 29" gon. i

no ,0m

gg
+ 900 (gmn,k + Jkmmn — gkmm)) XOk, (32)

where U P04k is the quantaty U0k from Eq. (31)
which is symmetrized upon all p +» ¢ permutations.
The combination of secondary consraints in the right-
hand side is field-dependent. Here and below such
combinations are called quasi-linear. The Poisson
bracket, Eq. (32), indicates that the Hamilton pro-
cedure developed for the metric GR in [4] and [5]
is closed (Dirac closure), i.e., the Poisson bracket
[x°?, H,.] does not lead to any tertiary, or other con-
straints of higher order(s). Analogously, the Poisson
brackets between secondary constraints [x%, ],
where o # v (if o =+, then this PB equals zero
identically), are

[XOU7 XOPY] = [Xogv [43077 HC]]

= 16" [Hox™]] - [Ho, [\, 6]
= (67 7, Hel) -l Hel, (39)

where the Poisson bracket [, H¢] is given by the
formula, Eq. (32). This formula also does not lead to
any constraint of higher order (see discussion in[11]).
This proves that the Hamiltonian system which in-
cludes the canonical Hamiltonian He and all primary
" and secondary X%’ constraints is closed (here A =
0,1,...,d—1and 0 =0,1,...,d—1). The actual
closure of the Dirac procedure [3] for the Hamiltonian
formulation of the metric GR was shown for the first
time in [4]. Formally, the explicit demonstration of
closure of the whole Dirac procedure [3] is the last and
most important step for any Hamiltonian formulation
of the metric GR [11, 16]. However, in reality one
needs to check one more condition which appears to
be crucial for separation of the actual Hamiltonian
formulations of the metric GR from numerous quasi-
Hamiltonian constructions developed in this area of
gravitational research, since the end of 1950’s.

5.2. Reconstruction of the Complete Diffeomorphism
Invariance of Metric Gravity

There is a simple and physically transparent crite-
rion which can be used to separate all correct Hamil-
tonian formulations of metric gravity, from similar,
but wrong formulations. This criterion (or condi-
tion) follows from rigorous conservation of the gauge
invariance (or symmetry) of the metric GR during
transformations from the original I'—I" Lagrangian to
the Hamiltonian formulation. In other words, we can-
not reduce (or increase) the gauge symmetry known
for the free gravitational field(s) which obeys the origi-
nal Einstein equations. Disappearance (or reduction)
of the gauge invariance of the original problem simply
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means that our transformations to the Hamiltonian
formulation are wrong and non-equivalent, or simply
that they are not canonical. The formulas for the
Hamiltonians H;, Ho presented above and explicit
expressions for all primary and secondary constraints
[4, 6] allow one to derive (with the use of Castel-
lani procedure [17]) the correct generators of gauge
transformations, which directly and unambigously
lead to the diffeomorphism invariance [4]. The diffeo-
morphism invariance is well known gauge symmetry
(or gauge, for short) of the free gravitational field(s)
which was discovered in early years of the metric GR
(see, e.g.,[10] and references therein).

The Castellani procedure is based on the explicit
derivation of generators of gauge transformations
which are unambigously defined by the chain of
first-class constraints [4]. In general, we start
from the primary first-class constraints and then
construct the complete set of generators of gauge
transformation(s). These primary constraints play the
central role in the Castellani procedure, since each of
these constraints generates a separate chain of gauge
generators. Furthermore, during the actual motion
of any constrained dynamical system all primary
constraints always equal zero. This allows us to
introduce the corresponding zero-surface (or shell)
of primary constraints S,. For the metric gravity

we have d primary constraints ¢** (see above). By
following [4] let us consider the case when all chains
of gauge transformations are of length two, i.e., the
Castellani generators are the linear combination of

the two C(z) and G4 (z) functions, where

CP(z) = ¢™ and Cj(z) = [Hy, ™)
+ / AN ()% (),

where A =0,1,...,d — 1is the index of the chain (or
index of the generating primary constraint), while the
lower index k is used to numerate all gauge gener-

ators in one chain. The A/’)(az,y) are the functions

which are chosen from the fact that these chains of
generators must be finished on the surface of primary
constraints S),. This leads to the following condition
for the Poisson bracket

(C3 (), Hi] =Y Ly(a)¢™ ()

= linear combination of primary constraints, (35)

(34)

where L) (z) are some continous functions. Now, the
Castellani generators take the following general form
G(£)) = 6,03 () + £0.007 (x), where &y is the A-th
gauge parameter, while &y, is its time-derivative of
the first order. The gauge parameter is a function of
the spatial coordinates and time only, but it cannot
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depend upon the field itself, or upon any component of
the metric gravitational field in our case. Moreover, in
applications to the metric GR such gauge parameters
can be used only in a completely covariant form.
Segregation of some ‘selected’ components of these
parameters is strictly prohibited, since it devaluates
the original Castellani procedure and leads to the
results which are fundamentally wrong.

Now, by using the criterion, Eq. (35), we obtain
the following equation

O (), H)) = — [\, Hy
+ / ANz, ), Hi] 6% (4)d%y

+ [ B @), midy (30
which can be used to determine the unknown function
Af;(m, y). Formally, the second term in the right-hand
side of this equation is already written as the linear
combination of the primary constraints only. On the
surface of primary constraints \S,, this term vanishes.
For now this (second) term can be neglected. This
allows us to derive the following explicit formula for
the CJ(x) function [4]

Cd) = —* — (1

(15
2900,09

1
+ Gomog"\™ — 29’\m900,m> %

2 gP
- 5())\(25?]5 - <\/_gInmpk7rmn QOO

00st 9™ Lok
_ [mkpqgaﬁ,lA(pq) af 40 >¢

- |:90)\9007k + 2™ gon i

)\QOm 0k
+ gn goo (gmn,k + gkm,n - gkn,m):| ¢ .

The Castellani generator is now determined by the
relation G(&)) = 0CJ(x) + €100 (¥) mentioned
above. This generator can be applied to obtain the
transformation of the metric tensor g.g, i.e.,

890 = [G(E1)s Gap) = [EXCF + €208, gas). (37)

The following transformations (see, Section 5 in [4])
directly and unambigously lead to the diffeomorphism
invariance, which is the well known gauge invariance
of the free gravitational field(s). Briefly, we can say
that the Einstein equations of motion G\, = R, —

59w R = 0 are transformed into a linear combination

of the same equations. Note that such an invariance
is true only on-shell of the primary constraints (see,
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discussions in [4] and [36]). Formally, the Dirac
closure of the metric GR is needed to be checked on
the same zero-surface of primary constraints only [4].

Note that currently we have only two known
Hamiltonian formulations [1] and [4] of the metric
GR which reproduce the actual diffeomorphism in-
variance directly and transparently. In contrast with
this, numerous Hamiltonian formulations of metric
GR based on the ADM dynamical variables [18] and
[19] fail at this crucial point (see Conclusion and
Appendix B). Note that for all approaches which are
directly based on the I'—I" Lagrangian of the metric
GR, such a reconstruction of the diffeomorphism
invariance is a relatively simple problem (see, e.g.,
[20]). In contrast with this, for any Hamiltonian-
based formulation the complete solution of similar
problem requires a substantial work. On the other
hand, analytical derivation of the diffeomorphism
invariance is a very good test for the total H; and
canonical Ho Hamiltonians as well as for all primary
#° and secondary x%° constraints derived in any
new Hamiltonian formulation of the metric GR. Any
mistake made either in the H;, Ho Hamiltonians, or
in the ** and x%? constraints leads to the loss of true
diffeomorphism invariance for the free gravitational
field.

5.3. Hamilton Equations of Motion for the Free
Gravitational Field

In general, if we know the total H; Hamiltonian,
Eq. (14), then we can derive the Hamilton equations
of motion which describe the time-evolution of all
essential dynamical variables in the metric GR, i.e.,
time-evolution of each component of the metric ten-
sor gop and momentum tensor 777, These equations
are [6]

dgaﬁ o

dm P
- [ga,BaHt] and d = [ﬂ-’yp)Ht]v

dxo i) (38)

where the notation xg denotes the temporal variable.

In particular, for the spatial components g;; of the

metric tensor g, one finds the following equations
dgij 2

= [g9ij, Hi] = [9s5, He] = J—gg" Liizy

1 Oluvk 2
- gooj(ij)qu(pq s )guv,k = \/_ggoof(

pq
™
dz 0 Pq

ij)pq

% | 7Pq — ;\/—gB(p‘IO'Wk)gW,k , (39)
where the notation I;;),, stands for the (ij) sym-

metrized values of the I;;,, tensor defined in Eq. (9),
ie.,

I(ij)pq = 9 (Iiqu + Iji;nq)
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1 1
= 29ij9pq - 2(

Analogously, for the go, components of the met-
ric tensor one finds the following equations of time-
evolution

9ip9iq + GiaGip)- (40)

dg(]o

do (41)

= [900, Ht] = 900,05
since all go, components commute with the canonical
Hamiltonian H¢, Eq. (15), while all g;; commute
with the primary constraints ¢%. This result could
be expected, since the equation, Eq. (41), is, in fact,
a definition of the o velocities (or goo,0 derivatives),
wherec =0,1,...,d— 1.

The Hamilton equations for the tensor compo-
nents of momentum 7®?, Eq. (38), are substantially
more complicated. They are derived by calculating

the Poisson brackets between each term in H; and
7P, This general formula takes the form

dxo ’ V—99°’
I
n [ . waﬁ] o ek
1
+ 900 Imnpqﬂ'mn |:B(pq0\ﬂl/k’)77.‘.a/3} Gk + e (42)

Let us determine the first Poisson bracket in this
formula (other terms in Eq. (42) are considered anal-
ogously, i.e., term-by-term). The explicit expression
for this term is

_[ Lnnpq
V—99%"

B
— [Imnpqa ™ ] M Pe

v—99%

(6% mn
B} Inpnpgm™" P,

7To¢6:| Mg

1
N b—ggoo’ﬂ (43)

Thus, we have the three following cases: (1) for a pair
of space-like indexes, i.e., for (a8) = (ab), where one

finds
dﬂab) 2 mn__ab
= — GmnT T
< dIL’O 1 d—2 mn
—[mnpq ab_mn__pq
g m™ T,
2y/—g99%

while for the mixed pair of indexes (af) = (0a) the
analogous expression is

+ 2gmpm™ TP 4 (44)

Imnpq Oa,_mn__pq

drbe B o
dro ) 2/—gg"?
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Finally, for the temporal pair of indexes (o) = (00)
pair one finds

dr90 Innpg < 2 >

= 1 " rPd (46

(% ), = 2y (1 oy o

In general, analytical calculations of other Poisson
brackets in the formula, Eq. (42), is a straightiorward
task, but the final formula contains more than one
hundred terms. This drastically complicates all oper-
ations with the formula, Eq. (42), for the dczfgop deriva-

tive. Actual analytical and numerical computations
of the time-evolution of the free gravitational field(s)
can be performed by using modern packages of com-
puter algebra. Nevertheless, the complete Hamilton
equations of motion for the free gravitational field(s)
in metric GR have been derived and written explicitly
in a closed analytical forms.

5.4. On the General Form of Canonical
Transformations in Metric Gravity

As is well known all canonical transformations
for an arbitrary Hamiltonian system form a closed
algebraic group. This means that in any Hamiltonian
system: (1) consequence of the two canonical trans-
formations is the new canonical transformation, (2)
identical transformation of dynamical variables is the
canonical transformation, (3) any canonical transfor-
mation has its inverse transformation which is also
canonical and unique. In general, there are quite a few
canonical transformations in the metric General Rel-
ativity, and some of them can be used to simplify either
Hamiltonian(s), or secondary constraints, or some
other crucial quantities, including a few important
Poisson brackets. As is well known (see, e.g.,[9, 10])
the metric General Relativity is a non-linear theory
which cannot rigorously be linearized even in second-
order approximation. Therefore, the linear canonical
transformations of dynamical variables are no interest
for the Hamiltonian formulations which have been
developed for the metric GR. Furthermore, it can be
shown that among all possible non-linear canonical
transformations the following ‘special’ transforma-
tions play a great role in derivation of all new Hamil-
tonian formulations of the metric GR. These special
canonical transformations can be written in the form:
{gap, ™} = {gap, 1177}, where the new momenta
179 are the linear (or quasi-linear) combinations of
old momenta 7 and all spatial derivatives of the
components of metric tensor. In general, such a
combination is written in the form

1
17 = A’)y\g,n_)\cr _ 0 \/—gcng)‘UOWkgumk,

where A}? and C)” are the constant (or numerical )
tensors, while the tensor-functions D74k gre the

(47)
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cubic polynomial of all contravariant components of
the metric tensor g®?. When the both A}? and CJ?
tensors are the diadas of the two substitution tensors,
i.e., each of them equals to the product 6]4%, then
from Eq. (47) one finds

I = z° — ; V—g DYPOuvE G k- (48)

At this moment all known canonical transforma-
tions which arise in the metric GR are represented in
the form of Eq. (47), or Eq. (48). In particular, the
canonical transformation which relates the two cor-
rect Hamiltonian formulations currently known in the
metric GR, i.e., Hamiltonian formulations developed
in[1]and[4]. Our new transformation of Hamiltonian
dynamical variables of metric GR, which is described
below, is also written in the form of Eq. (48), i.e.,
it is canonical transformation. Therefore, we can
expect that our Hamiltonain formulation is correct.
Furthermore, it can be shown that transformations
of the dynamical variables of metric GR, constructed
in the form of Eq. (48), will preserve the complete
diffeomorphism as a gauge symmetry of the free grav-
itational field. It is clear that such ‘special’ form
of canonical transformations in the metric General
relativity is essentially determined by the I'-T" La-
grangian written in Eq. (2). Indeed, each term in this
I'-T" Lagrangian, Eq. (2), is a cubic polinomial of the
contravariant ¢g®# components of metric tensor. On
the other hand, the same term is a quadratic poly-
nomial in the first-order derivatives of the covariant
components of the metric tensor g,,.x. It is highly
likely that this conclusion can be reversed, i.e., we can
say that any transformation of Hamiltonian variables
of the metric gravity, which cannot be written in the
form of Eq. (47) and/or Eq. (48), is not canonical. It
is clear that similar transformations cannot be used
to relate two different (but canonical) Hamiltonian
formulations of the metric gravity.

In order to understand a special role of the canon-
ical transformations chosen in the form of Eq. (48),
consider the difference between the two following dif-
ferential forms

Waﬁdgaﬁ — Haﬁdgag

1
= 9 \/_gDaﬁouykgwakdga,B .

This form is, in fact, the difference between the
two relative integral invariants, or Poincaré inte-
gral invariants. The well known Poincaré theo-
rem (see, e.g., [12]) states that the transformation
{gap, ™} = {gap, 11"} of dynamical variables will
be canonical if (and only if) such a difference of the
two relative integral invariants, i.e., the expression on
the right-hand side of the last equation, will be a total
differential. This means that canonicity of the new

(49)
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variables will be obeyed only in those cases, when
the expression é\/—gDO‘BOWkgwkdga/g is the total
differential of some function. Now, the integrability
conditions are written in the following forms

o [\/_gDaBO;wk] o [\/_gD)\UO,uzxk]
= ;o (90)
89)\0' 8901,8
which are completely equivalent to the contidions
[T1%#, T1*?] = 0 for the fundamental Poisson brackets
of the new dynamical variables {gas, 11" }. Indeed,
for these Poisson brackets we can write

0 = [II°°,11*7]

1
- _ 0 [7_[_0467 \/_QDAUOHVk]Q;w,k

1

+ ) [77)\07 \/_gDa,BO/wk]g‘uy’k’
which is easily reduced to the form of Eq. (50). It
is interesting to compare this equation to Eq. (29)
from [5] which also has the form of Poisson brack-
ets. However, it is also a set of integrability condi-
tions [21] for some differential 1-form. If Eq. (50) are
obeyed, then the both 1-forms 7*#dg, s and T1*?dg,z
in Eq. (49) are the Poincaré intergal invariants. As
follows from this discussion all fundamental Pois-
son brackets between basic dynamical variables of
an arbitrary Hamiltonian system can be split into
three different groups and two of these groups can
be considered as the systems of integrability condi-
tions. In general, the Poisson brackets from the third
group, i.e. [p;,p;] =0, are, in fact, the integrability
conditions for some first-order differential form [21]
which is written in the coordinate space. Analo-
gously, the Poisson brackets from the second group,
i.e., [gi, q;] = 0, can be considered as the integrability
conditions for same first-order differential form writ-
ten in momentum representation.

(51)

6. REDUCTION OF THE CANONICAL
HAMILTONIAN TO ITS NATURAL FORM

In this Section we reduce the canonical Hamilto-
nian H¢ to its natural form, which will play a sig-
nificant role in numerous applications to the metric
gravity. We perform such a reduction of H¢ by using
some new canonical transformation of the dynamical
variables g,3 and 7 defined above. First, let us write
the canonical Hamiltonian, Eq. (15), in the form

_ Imnpq
vV—99%

x | gt — /g BPadlurk) Gk

)

He
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+ (L g) Bmnolurk) pwaolasn

4 uv,k9apB,l

1 1
VA g{ oo Blmnlolvk) g(peolad)

= 55 g g, (52)
which is more appropriate for our purposes in this
study. In Eq. (52) the notation B{mn0lkvk) stands
for the B(mn0luvk) cybic polynomial of the contravari-
ant components of the metric tensor which is com-
pletely anti-symmetric in respect to all permutations
of the m and n indexes. The explicit formula for the

BUmnlOlwk) fnction is
B([mn]O\ul/k) — gmkgnugVO - gnkgmuguo
1
+ 0 (gn,ugmugko + gnkg,uugmo _ gmugnugko

mk’guung)'

Now, we can see that the first term in [...] brackets
in Eq. (52) can be written as a pure quadratic func-

tion of the new P = zmn — 1 /—gpmnlluklg
variables (spatial momenta), i.e.,

1
<ﬂ_mn _ ) \/_gB(mnO;Luk)guV7k>

-9 (53)

_ Imnpq
V—99%

1
% <7qu _ 2\/_gB(pq0|aﬁl)ga67l>

He

1 1
e g{ oo B{mnl0luk) p(padlasl)

- B”Vkaﬁl}guu,kgaﬁ,z + T + Ty, (54)

where the two additional terms 77 and T are:
Trnpq
T, =
LT 2y/—gg™

_ Linnpgg™" B(Pa0lapl)
2900

[Wmn, \/_Q]B(pqmaﬁl)gaﬁ,l

9aB,l (55)

and

T, = _Im”?’q [B(mHO\Wk’), g

2490 pv,k

I 1
== 2";%? [2 (g"g™ + g"ig™") g™ g™

1

+ 9" (9" 9" + g"g™") g™
1

+ g,umgm/ (gkaOq + gkq90p>

—  (g™Pg" + g ™) g g

— o

[\
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_ ;g (gpkqu + gpoqu>
- ;gm”gko (9"7g"" + g"1g"™?)
_ (gmpgk:q 4 gmaghp > g g
— g™ (g™ g + g"g"P) g
gmk’ gV (gup90q + g gOp)
(9" g" + g™g"P) g g
g™ (g””gkq + g”qgkp) g"°

g gvk (gpo g + qu gup)

_l_
il RS S L Hw»—t

_|_

+
+ 0 (gkpgmq + gkqgmp) gzkuOu
(g g+ g ghe) g

1
59

1 m 174 n n
+ 99" (9779 + g"g"") ]gw,k, (56)
respectively.

Now, we can explicitly introduce the new momenta
P77 which are written in the following form

1

P = P _ ) \/_gB(WOIWk)ng,

(57)
where 777 are the ‘old’ momenta used in [4]. These
new momenta can be considered as the contravariant
components of the tensor of one ‘united” momen-
tum P of the metric gravitaional field. Note that
the explicit expressions for the old velocities writ-
ten in terms of new momenta P are even sim-
pler gmno = g% IngpPP?, than the expression

given by Eq. (11). The explicit formulas for the
primary constraints are also simpler: P% ~ 0 for
v=0,1,...,d — 1. The generalized coordinates are
chosen in the old (or traditional) form, i.e., they co-
incide with the covariant components of the metric
tensor go3. Such a choice of the generalized coor-
dinates provides a number of additional advantages
in applications to metric gravity. For instance, by
using the metric tensor one can rise and lower indexes
in arbitrary vectors and tensors. Also, all tensor
derivatives of the metric tensor always equal zero,
i.e., this tensor behaves as a constant during similar
operations. More unique and remarkable properties
of the metric tensor are discussed, e.g., in [7]. For the
purposes of this study it is important to note that our
new system of dynamical variables contains the same
coordinates g,3 and new momenta P7°.

The Poisson brackets between our new dynamical
variables can easily be determined by using the known
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values of Poisson brackets written in the old dy-
namical variables {gn3, 77"} defined above. Indeed,
for the corresponding Poisson brackets one finds:

905 P7) = lgog, w] = A, = 3 (5205 + 05073

[9aps Grp) = 0 and [P, P7?] = 0. The last equality
we consider in detail

[pa57 PP =
_ ; [\/_QB(OCBO\WIC)7 va]gw}’k
+ 1 [\/—gB(O‘BO‘)“’J),WW]g,\Ul
+ V- QB(Q’BOWk Gus /—gBOPPV gy 11, (58)

where the first and last terms equal zero identically,
since the variables g,g and 7#" are canonical. This
directly leads to the formula

79, 7]

[ pa67 PP =

}

1
— [\/_gB(OfBOUWk) 7 w”p]gw, A

b VgBOSD gy (59)
Now, we can replace the dummy indexes in the second
term of this equation by the values which coincide
with the corresponding dummy indexes in the first
term, i.e.,, A\ = pu,0 — vandl — k. This substitution
reduces Eq. (59) to the form (compare with Eq. (51)
from above)

1
[pocﬁ’pw] — _2[\/_gB(aﬁoluvk)mw]gW,k
1
+ V=g B, w0, =0, (60)

since it is the difference of the two identical expres-
sions. This shows that the 'new’ dynamical variables
{gap, P*} are also canonical, and they can be used
in the metric gravity, since they are canonically related
to the "old’ set of K&K variables { gz, 7"} [4].

As follows from the formulas derived above the
canonical Hamiltonian H¢ is reduced to the following
final form

Imnpq pmn ppq

He =
V—g9%

Ly { mnpa g (mnlolvk) g(paolasl)

— phvkel l} Guvk9aB,l

I
_ m’(b):l(’)q gmnB(Pq0|aﬁl)ga67l + Ty,

% (61)
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which can be re-written in the following symbolic
form

1 &
He =, 'ZlMij(QIaQ% c- o Gn)PiDj
27]:

n
+ Z an(QbQQv s 7qn)7

,j=1

(62)

where M is a positively defined and invertable n x n
(symmetric) matrix which is often called the matrix of

inverse masses. The V' matrix in this equation is an
arbitrary, in principle, symmetric n x n matrix which
is called the potential matrix (or matrix of the potential
energy). Here n is the total number of generalized
coordinates qi,q2,...,q,. Each matrix element of
the potential matrix V' in Eq. (62) is a polynomial
which depends upon these generalized coordinates.
Also, in Eq. (62) the notation p; and p; designate the
momenta conjugate to the corresponding general-
ized coordinates g; and g;, respectively, i.e., (g, 1] =
0g;. In classical mechanics the phase space is flat,
and, therefore, the both covariant and contravariant
components of any vector coincide with each other.
The form of the Hamiltonian H¢, Eq. (62), is called
normal, and it is well known in classical mechanics
of Hamiltonian systems. Furthermore, more than
90% of all problems ever solved in classical Hamilto-
nian mechanics have Hamiltonians which are already
written in the normal form, or their Hamiltonians
can easily be reduced to their normal forms by some
canonical transformation(s) of variables. The idea
of reducing the Hamiltonians to their normal forms
goes back to Poincaré [22]. A separate area of mod-
ern mathematical physics is the study of the normal
forms of different Hamiltonians in the vicinities of
equilibrium positions [23] (see also discussion and
references in the Appendix 7 from [24]).

To improve the overall quality of our analogy be-
tween metric GR and classical Hamiltonian mechan-
ics let us introduce the new set of dynamical variables
which include the total momentum of the free grav-

itational field P = g,sP*? (it is a tensor invariant)

and its tensor ‘projections’ P = gar P78, The cor-
responding space-like quantities P = g,,, P™" and
Pl = gumpPP™ are included in our canonical Hamilto-
nian He, Eq. (61). By using our formulas presented
above one easily finds a few following Poisson brack-
ets:

[P, Pab] _ [an, Pab]Pmn — A%}ﬂpmn — Pab7
[gcd7 P] = gmn[chr Pmn] = Gcd,

1
[ga67 P(;Y] = 9 (950'53 + gao(sg)7

[g°?, P] = ¢°”
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and others. By using the total momentum P and
its tensor projections (i.e., P*? PJ, etc) one can
write the Hamilton equations in the form which al-
most coincides with analogous equations known for
Hamiltonian systems in classical mechanics. This
is another interesting direction for future develop-
ment of the Hamiltonian formulation(s) of metric GR.
Other applications of our new canonical variables
{gxe, P*P} to some interesting problems in metric
GR will be considered elsewhere. Relations between
our dynamical variables {gx., P*’} and analogous
variables used in Dirac formulation of the metric Gen-
eral Relativity {gx.,p®®} are discussed in the Ap-
pendix A.

7. JACOBI EQUATION FOR THE FREE
GRAVITATIONAL FIELD IN OUR
HAMILTONIAN FORMULATION

In general, if we have found the canonical Hamil-
tonian He and properly defined all essential mo-
menta 7" of the free gravitational field, then it
is possible to derive the famous Jacobi equation
which governs propagation and time-evolution of
the free gravitational field. For the first time the
Jacobi equation for the free gravitational field has
been derived in our earlier paper [6], which was
based on the Hamiltonian formulation of metric
gravity developed in [4]. In this study to describe the
free gravitational field we apply different dynamical
variables {gx., P’} which are canonicaly related to
the {gre, 77} dynamical variables from [4]. Let us
derive analogous Jacobi equation written in our new

dynamical variables {gx., P*?}. Complete derivation
of the Jacobi equation(s) for the free gravitational field
in the metric gravity is complex and requires many
pages of additional text. To simplify the process,
below restrict ourselves to a brief derivation of the
Jacobi equation by varying the gravitational action .S
written in the form of temporal integral of the I'-I"
Lagrangian L. This can be written in the form

05(gap(t),t)
= 5/LF—F(77 ga6(7)7ga6;0(7))d77 (63)
ol

where the integral is taken along the extremal v which
connects the initial A point (or ¢g-point) and the final
B point (or ¢ty = t-point). The final point is a free
point which is varied when we make a choice between
extremals. Note that the variation of any action, in-
cluding the gravitational action .5 (gas(t), t) between
two actual extremals is always the first (and total)
differential of the function S (or action S)[15]. Fur-
thermore, for any Hamiltonian system the differential
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dS is written in the form dS = """ | p;dy; — Hdt,
where H is the Hamiltonian, while p; are the mo-
menta. From the expression for the first differential

dS one finds the two following equations H = —%‘f
and p; = g;. From these equations we find that

S, as a function of the coordinates of the final point
B(t = ty), satisfies the following equation

oS a8 oS
H Ity .., yn; ey =0, 4
ot + <ta Y1, Y 8y1 8yn> 0 (6 )

which is called the Jacobi equation. Here we have as-
sumed that all extremals of our problem, which begin
at the given initial point do not intersect each other,
but form a central field of extremals [15]. In other
words, our extremal is imbedded in a central field of
extremals which start at a given initial point ty. It

appears that the canonical Hamilton equations: ‘fiqg' =
oH dpi _ _ OH ot
Ops and ;0 = — g, are the system of characteristic

equations for the Jacobi equation which is non-linear
(see, e.g.,[25, 26 and [27]). This is the shortest way
to the Jacobi equation from the canonical Hamilton
equations. The direct physical meaning of the Jacobi
equation and its solutions (for Hamiltonian systems
only!) was formulated in our ealier paper [6] as fol-
lows: the real trajectory of the system propagates
in time from the end point of one (old) Lagrange
extremal to the end point located at the new La-
grange extremal, if it satisfies the Jacobi equa-
tion. In other words, the Hamilton-Jacobi eqation
is the necessary condition for some currently known
system’s trajectory, which propagates in the nearest
future, to reach (at fixed time) the end point of the
‘new’ extremal.

For the free gravitational field in metric gravity
there are a few additional complications, since the
field itself is a tensor and metric gravity is a dy-
namical system with constraints. Nevertheless, it
is possible to write two similar differential 1-forms
dS = 1™ dgm, — Hedt and dS = n%dg,s — Hydt
in multi-dimensional phase spaces. The first dS =
7" dgmn — Hodt form is defined in the [d(d — 1) 4+
1] dimensional phase space, while the second form
dS = mPdgas — Hydt is defined in the [d(d + 1) + 1]
dimensional phase space. The both these spaces
are odd-dimensional and, therefore, it is correct to
introduce the differential operators such as curl (or
rotor), which are defined in each of these spaces, and
derive the closed system of the canonical Hamilton
equations (applicability of the Stoke’s theorem is dis-
cussed, e.g., in [21] and references therein). Then,
by using this system of the canonical Hamilton equa-
tions we need to restore the orignal (non-linear) Ja-
cobi equation for which these Hamilton equations are
the system of characteristic equations [15] and [25].
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In our dynamical variables we can write the two
differential forms dS = P"™"dg,., — Hodt and dS =
Paﬁdgag — Hydt, where the dynamical variables are

{gre, PP}, while the canonical Hc and total H;
Hamiltonians have been defined in the previous Sec-
tion. These differential forms are included (as inte-
grands) in the main integral invariant of mechanics,
which is also known as the Poincaré-Cartan integral
invariant [12]. Now, by using these forms and pro-
cedure described in [12] (see also [6]) one can derive
(or restore) the original Jacobi equation. To simplify
this (Jacobi) equation from the very beginning we
introduce the new (local) temporal variable dzg =
v—99%dyo. In this variable the Jacobi equation
takes the following form

_(65)_1 <8S><65>
8y0 b 8gmn ag;l)q

1 mn v e
+ 4(_9)[[mnpq3([ J0lpvk) B (pqOlepl)

- 900 B Wka’m]guu,kgaﬁ,l

1
- 9 \/_gImnpqgmnB(pqo‘aﬁl)gab’,l

+v/—99" Ty, (65)

where the explicit formula for the T5 term is given by
Eq. (56). This equation is the actual Jacobi equation
(also called the Hamilton-Jacobi equation) for the
free gravitational field in the metric GR, which has
been derived in our new Hamiltonian formulation. As

expected this Jacobi equation does not contain terms

which are linear upon the partial agjn derivatives of

the gravitational action S.

As we have mentioned in [6] in analytical mechan-
ics (see, e.g., [12, 24]) the methods based on the
Jacobi equation are considered as the most effective
procedures ever created to analyze the motion of an
arbitrary, in principle, Hamiltonian system. It is also
clear that all methods based on the Jacobi equa-
tion are usually very effective for dynamical systems
with Hamiltonians which contain only a few relatively
small powers of all essential momenta. This obviously
includes the free gravitational field in metric GR,
where the canonical and total Hamiltonians H¢ and
H, are the quadratic functions of space-like momenta
7™ Eq. (15). The total Hamiltonian is also a linear
function of o momenta 7%, or primary constraints
% . To conlude this brief Section, let us note that if
we draw an analogy with optics, then the momenta of
the gravitational field (78, or P*#) should be called
the tensor components of normal slowness tensor,
while the gravitational action should be called the
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gravitational path length. In this language our Ja-
cobi equation, Eq. (65), plays the role of Huygens’
principle for the free gravitational field. Although the
physical meaning of similar analogies is quite limited.

8. DISCUSSIONS AND CONCLUSION

In this study we have developed the new, physically
transparent and logically seli-consistent Hamilonian
formulation of the metric gravity. We have determined
all essential (fundamental and secondary) Poisson
brackets which can now be used to perform a large
amount of analytical and numerical calculations. The
fundamental Poisson brackets are defined between
all components of the gravitational field and corre-
sponding momenta (or components of the momen-
tum tensor). The secondary Poisson brackets define
commutation relations between arbitrary, in principle,
analytical functions of coordinates (components of
the gravitational field) and momenta. These Poisson
brackets become the main working tools of the metric
gravity, which can now be considered as an actual
Hamiltonian system. The Poisson brackets defined
in this paper can be used to solve various problems
in metric gravity, e.g., obtain trajectories, derive and
confirm new conservation laws, find integrals of mo-
tion, derive and investigate the laws of time-evolution
for different quantities, vectors and tensors.

Our approach allows one to determine the Pois-
son brackets from the two sets of basic dynamical
variables: (a) set of straight dynamical variables, e.g.,
{gap, ™"} (or {gas, P7*}), and (b) dual set of basic

dynamical variables {g*?,7,,} (or {g®°, P,,}). We
have found that these two sets of dynamical variables
are always needed to construct the truly covariant
and correct Hamiltonian formulations of the metric
gravity. The fundamental relation between these two
sets of dynamical variables is given by the Poisson
bracket, Eq. (20). In our new dynamical variables
the same relation takes the form [gag, P*] = Al =

[Pag,g"]. The straight and dual sets of canoni-
cal (tensor) variables complement each other and
they are crucially important to develop any non-
contradictory Hamiltonian approach to a system of
interacting tensor fields, including the metric gravity.

Another remarkable result obtained in this study
should be emphasized here again: the canonical
Hamiltonian Hg, which describes time-evolution of
relativistic gravitational fields, can be reduced to its
natural form, and this form is quadratic upon all es-
sential momenta and coincides with the Hamiltonian
of the non-relativistic system of N (= d) interacting
particles. Physical meaning of dynamical variables
is obviously very different in both these cases, but
almost identical forms of their Hamiltonians were
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absolutely unexpected. Briefly, the canonical Hamil-
tonian H¢ of the free gravitational field(s), Eq. (52),
is reduced to the natural form, Eq. (61), which
includes a pure quadratic function of the space-like
momenta P™" with a positive coefficient in front
of it. Indeed, the factor, which is located in front
of the P™ PP1 product in the Ho Hamiltonian, is
the positively defined space-like tensor of the fourth

rank Ip,ppq (Or \/igImnpq). This factor can be

considered as an effective inverse ‘quasi-mass’ tensor
of the free gravitational field in metric GR. Also, as
directly follows from the explicit form of the canonical
Hamiltonian H¢, Eq. (61), each of the remaining
terms in this canonical Hamiltonian H¢ is a finite
polynomial function of contravariant components g3
of the metric tensor. The maximal power of such
polynomials upon g®? does not exceed eight. Some
terms in the Hz Hamiltonian also include the factors
Vv—g (or \/l_g) and g% (or g(l)o) component of the
metric tensor.

Note also that during our investigations we have
constructed the set of new canonical {gng, P7"}
variables for the metric gravity. The total num-
ber of canonical variables equals 2d. The Poisson
brackets between these variables are: [gng, P?P] =
ALy = 3 (8205 + 657) = [Py 6°), [gap, 920) = 0
and [P*?, P,,] = 0. This indicates clearly that these
new dynamical variables are truly canonical and
can be used in the new Hamiltonian formulation of
the metric gravity together with analogous set of
dynamical variables {g*?, P,,} which is the dual set
of canonical variables.

To conclude our analysis let us formulate explic-
itly all essential, basic principles of the Hamilto-
nian formulations of metric gravity, which must be
fulfilled during construction of any working, physi-
cally significant and consistent Hamiltonian theory
of the coupled tensor fields, including the free grav-
itational field(s). For simplicity, these principles can
be separated into three following groups: (1) the
general classical Hamilton-Jacobi principles (gen-
eralized to the coupled tensor fields (see Section 3
above)) which are applied to any regular Hamiltonian
approach, (2) Dirac rules developed for dynamical
systems with constraints, which include the Dirac
closure, and (3) conservation of the actual gauge
symmetry during transition to the Hamiltonian ap-
proach (the Kiriushcheva-Kuzmin criterion of gauge
conservation). Note that the principles from these
three groups have extensively been discussed in this
study. Nevertheless, here we repeat them to em-
phasize the crucial aspects of their definitions. First
of all, we assume that there is the original non-
singular Lagrangian which is written as an explicit
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function of all generalized coordinates and corre-
sponding velocities. The first group of fundamental
principles (or rules) tell us that transition from the
original Lagrangian to the final Hamiltonian must be
performed properly and unambigously, e.g., by using
the Legendre transformation. The arising Hamilto-
nian must be an explicit function of the momenta,
which are conjugate to the corresponding velocities,
and cannot include any of the essential velocities (or
velocities of non-constraint motions). Aftertransition
to the final Hamiltonian(s) any introduction and/or
injection of the new dynamical variables into these
Hamiltonian(s) is strictly prohibited. Ignoring this
simple rule leads to fundamental errors that are fatal
for any Hamiltonian theory (examples are discussed
in[28] and in our Appendix B).

These three principles of Hamiltonian formula-
tions must be applied in the natural order, i.e., from
step 1 to step 3. This can be illustrated by the follow-
ing example. Suppose that the new set of phase vari-
ables was introduced to describe the time-evolution
of metric gravitational fields. The main question is
to show that your new momenta and coordinates are
the canonical variables for the metric gravity. At
the first stage one needs to check all essential Pois-
son brackets between all your variables in the both
straight and dual phase spaces (see Section 3 above).
If the new variables passed this step, then it is nec-
cessary to derive all first-class constraints and check
the actual closure of the constraint chain (Dirac clo-
sure). In addition to this, all PB between the first-
class constraints must be expressed as quasi-linear
combinations of these constraints and canonical H¢e
Hamiltonian. If this step has also been performed
with no contradiction, then we have to go to the
last step of the procedure and check the conservation
of gauge symmetry originally known for the given
dynamical system with constraints. At this step by
using all first-class (or essential) constraints (i.e.,
all primary, secondary, etc, constraints) which have
been derived at the previous step, one needs to show
that the corresponding gauge generators, which are
consructed with the help of Castellani procedure [17],
allows one to restore the correct and complete gauge
invariance (diffeomorphism) of the original system.
In general, the last step is the most difficult step
for actual checking, since all analytical computations
here are very complex and require your constant and
substantial attention.

In the case of metric gravity this three step pro-
cedure works very well, and it allows one restore
the complete diffeomorphism as the correct gauge
symmetry of the free gravitational field. The diffeo-
morphism plays a central role in the Hamiltonian
metric gravity, since it guarantees that the connec-
tion between components of metric tensor gog (or
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g*?) and coordinates z* is analytical and uniform at
any time (see Appendix C). Note also that all cur-
rently known Hamiltonian formulations of the metric
General Relativity are very complicated procedures,
which are in dozens of times more complicated than
analogous Hamiltonian formulations of the Maxwell
electrodynamics. To operate successfully with the
different Hamiltonian formulations of metric GR one
needs to be familiar with the classical Hamiltoian
procedures and tensor calculus. On the other hand,
it is absolutely necessary to know well the both Dirac
approach to the constrained dynamical systems and
Castellani procedure which allows one to determine
all generators of the actual guage transformations.
The only, but very substantial, indulgence is the fact
that the checking of Dirac’s closure and derivation of
the diffeomirphism with the use of Castellani proce-
dure can be performed on the zero-surface of primary
constraints (on-shell).

General principles of Hamiltonian formulation(s)
are formulated here in the form which can be gener-
alized to many other dynamical systems with con-
straints. For the metric gravity we have another
crucial restriction, which follows from the fact that
the structure and numbers of all essential, first-
class constraints arising in the metric gravity are
well known. Indeed, any new Hamiltonian formu-
lation of the metric GR must lead to the d prinary
constraints and d secondary constraints [6] where d
is the dimension of our space-time manifold (time
is always assumed to be scalar, one-dimensional
variable). There is no way around this fact in the
metric GR based on the I'-I" Lagrangian, but the
explicit forms of all these constraints in the new
variables can be substantially different. As follows
from our discussion of the fundamental principles of
Hamiltonian formulation(s), currently, there are only
three different, true canonical Hamiltonian formu-
lations of the metric gravity: Dirac formulation [1],
K&K formulation [4] and formulation based on the
use of dynamical variables mentioned in Section 5.
Numerous quasi-Hamiltonian constructions created
in this area of science since the end of 1950’s are
not canonical Hamiltonian formulations of the metric
gravity.  Therefore, it is useless to discuss that
someone could ‘quantize’ metric gravity by using
similar quasi-Hamiltonian constructions. In addition
to this, it is clear that quantization of the co- and
contravariant components of any tensor fields require
a completely new procedure, since we have at least
two different uncertainty relations.  This follows
form the fact that the two fundamental Poisson
brackets [7%?,g,,] and [7%%, g"’] which must be
obeyed simultaneously. There are some other similar
facts which must be explained well before such a
quantization of metric GR can be completed.
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Finally, as we all know many physists called and
considered the General Relativity (or metric GR in
our words) as “the most beautiful of all existing phys-
ical theories” (see, e.g., [9], page 228). Here we wish
to note that the correct Hamiltonian formulation of
the metric General Relativity (or, gravity, for short) is
also very beautiful physical theory. Furthermore, the
truly covariant, very powerful and explicitly beautiful
apparatus of this theory corrects everybody (even its
authors), if they make one step away from the unique,
truly covariant and correct direction of actual theory.
No comparison can be made with an ugly form of the
original geometrodynamics [18, 19, 29—33] (see, also
Appendix) and other similar Hamiltonian-like cre-
ations (see discussion and references in [28]), which
were decleared to be canonicaly related with the ge-
ometrodynamics. Note that Hawking in [34] called
this ‘super-advanced’ geometrodynamics as the the-
ory which “contradicts to the whole spirit of Gen-
eral Relativity”. As is shown in the Appendix B all
these theories are based on the use of non-canonical
variables. Therefore, all these theories and construc-
tions have nothing to do with the actual Hamiltonian
(metric) gravity. This explains the current catastro-
phe of Western gravity in application to many ac-
tual problems of metric General Relativity. Since
1959 more than 2000 papers were published in nu-
merous journals about Hamiltonian formulations of
the metric gravity and their applications where their
authors tried to predict and describe various gravita-
tional phenomena. This also includes the famous pa-
per by Isham and Kuchar[33] where authors suddenly
discovered that ADM-formulation of metric gravity
cannot reproduce, in principle, the well known diffeo-
morphism invariance of the free gravitational field. All
these theories were based on the ADM variables, and
on other similar sets of variables which are canon-
ically related to ADM variables. This includes so-
called Ashtykar dynamical variables, variables used
in loop quantum gravity, etc (more details can be
found in [28]). Similar ‘advanced’ variables are not
canonical variables for the metric gravity and cannot
be transformed (canonically) in such variables. In
addition to the use of non-canonical variables, ADM
gravity and closely related theories (see, e.g., [29—
33]) have a large number of troubling spots. The
loss of complete diffeomorphism as a known guage
symmetry of the free gravitational field in metric grav-
ity[33]is only one of them. The well established fact is
that after 60 years of development and applications of
geometrodynamics and other similar theories, which
must be considered as different parts of one united
approach to the Hamiltonian (metric) gravity, turned
out to be incorrect and incomplete for solving actual
problems of the metric gravity (for more details, see
discussion in [28]).
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Appendix A

RELATIONS BETWEEN DIFFERENT SETS
OF DYNAMICAL VARIABLES IN METRIC
GRAVITY

In this Appendix we discuss relations between
dynamical variables which are used in our and Dirac
formulations of the metric General Relativity (or met-
ric gravity). In earlier paper [5] we have shown that
dynamical variables {gy,., 7?}, which are used in the
K&K formulation of the metric GR, and analogous
Dirac dynamical variables {gy.,p*?} [1] are related
to each other by some canonical transfromation. That
canonical transfromation was written in the form [5]

I e = 9k and

1
P =a = g A g (A
where the quantity A(@#)0wk jg
ACHOE _ paB)0lk) _ 0k pas)uw
+ 2¢O ploB)kv. (A.2)

where B((@B)0lnvk) s the B(@BOlvk) quantity (see,
Eq. (3)) symmetrized in terms of all & <+ 8 permuta-

tions. Analogously, the E(@#1 and E(@Akv are the
two symmetrized quantities (in respect to the o <+ 3
permutations), i.e.,

pleBuy — gaBopw ;(eaueﬁv + eaveﬁu)

and E(aﬁ)kzx — eaﬁeku - ;(eakeﬁy + eaueﬁk)’

respectively, and e?” are the Dirac tensors defined in
Eq. (8).

As is shown in the main text the relation between
our dynamical variables and dynamical K&K vari-
ables inroduced in [4] takes the form gy, — g, and
PoB —y 7B where

1
poB — gob 2\/—gB(aBO|“Vk)gW7k- (A.3)

From the last equation it is easy to obtain the follow-
ing expression for our momenta P*? written in terms
of the Dirac momenta p®?

1
PP = pof _ 2\/—g[B([°‘m0|Wk) — gOk pleBm
+ 2¢" pleB)kv), (A.4)
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where the quantity B(@Pl0lwk) s the B(aBOlvk) ¢q-
efficient, Eq. (3), anti-symmetrized in respect to all
permutations of the o and 3 indexes. The transforma-

tion of dynamical variales gy, — g, and P*3 — pB,
Eq. (A.4), is the canonical transformation (this can
be shown in the same way as it is done in the main
text). Its inverse transformation is also canonical.
This means that currently we have three different
sets of dynamical variables which can be applied for
the known and new Hamiltonian formulations of the
metric gravity: (a) Dirac variables [1], (b) K&K vari-
ables [4], and (c¢) our variables defined in Section 4
of this study. These three different sets of dynamical
variables are related to each other by simple canonical
transformations.

The canonicity of transformation of one set of dy-
namical variables into another such set is a neces-
sary and sufficient condition for ordinary Hamiltonian
systems. For Hamiltonian systems with constraints,
this condition alone is no longer sufficient. An ad-
ditional condition is formulated in the form that each
constraint must be transfered into a similar consraint
and vice versa, i.e., each primary constraint goes into
the primary, while each secondary constraint goes
into the secondary (for more detail, see, e.g., [9]
and [6]). Currently, these two conditions should be
considered as independent and completely sufficient
for the transformation of dynamical variables to be
canonical. This implies, in particular, that any correct
Hamiltonian formulation of the metric gravity must
have d primary and d secondary constraints. Other
Hamiltonian formulations of the metric General Rela-
tivity with different numbers of constraints, including
formulations with tertiary constraints, are wrong a
priori. In addition to this, one can show that all
possible Hamiltonian formulations with the even total
number(s) of essential constraints are also wrong [6].

Appendix B

ON CANONICITY OF THE ADM VARIABLES

In this Appendix we want to show that dynamical
variables which are used in geometrodynamics [29]
are not canonical. Therefore, this theory cannot
be considered as the regular Hamiltonian formula-
tion(s) of the metric GR. Furthermore, this theory,
or geometrodynamics, cannot canonicaly be related
to any of the correct Hamiltonian formulations cur-
rently known in the metric General Relativity. On the
other hand, all similar ‘theories’ which are canonicaly
related to the geometrodynamics are equaly wrong
quasi-Hamiltonian constructions which cannot help
anybody to solve problems arising in the metric Gen-
eral Relativity.
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The history of creation of geometrodynamics,
which is also often called the ADM gravity, is
straightforward. After an obvious success of Dirac
paper [1] a small group of young authors, which
included Arnowitt, Deser, and Misner[19], decided to
create some alternative (but Dirac-like!) formulation
of the metric GR. Dynamical variables in this ADM
approach were chosen as follows. The generalized six
coordinates coincide with the corresponding space-
space components g,, of the metric tensor g,z de-
fined in the four-dimensional space-time (or (3 + 1)-
dimensional space-time, if we want to be historically
precise). Four remaining coordinates were chosen in
the form: the “lapse” N = Y ! 4 and three “shiits”

Nk = —gﬂﬁ, where k = 1,2, 3 (very likely, the idea to
use these four coordinates was proposed by Wheeler).
The corresponding space-like components of mo-
menta II"" were simply taken from Dirac paper [1]
(see also our Appendix A), i.e., they coincide with the
p"™" momenta introduced by Dirac (see Appendix A).
The four remaining momenta were not defined in the
original ADM paper [29]. Probably, this was done
on purpose, since these four momenta lead to the
primary constraints anyway, but ADM group has
developed some special methods to operate with such
‘constraints’ which included, in particular, the two
important steps known as ‘constraints reshuffling’
and ‘constraints solving’ (like algebraic equations!).
Right now, it is very hard to describe and discuss the
internal logic of this quasi-theory, but we have to note
that geometrodynamics was carefully analyzed earlier
in [28] with many details and references.

In fact, we do not need to dive into a deep dis-
cussion of ADM formulation, since we already have
their ten generalized coordinates (one laps N, three
shifts N* and six components of the metric tensor
gpg) and six momenta II"™" which coincide with the
momenta p"”" defined in Dirac’s paper. By using only
these dynamic variables of ADM gravity we can prove
that these dynamical variables are not canonical. To
prove this statement we have to calculate the two
following Poisson brackets: (1) PB between “laps”
N and II"™ (or p") momenta, and (2) PB between
“shifts” and the same II"™" (or p™") momenta. If this
theory is a truly Hamiltonian, then all these Poisson
brackets must be equal zero identically. Let us check
this simple fact. The first Poisson bracket is

[N, 11" = [ \/_1900 ,pm”]

1
= gpl

mn]
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1 1
— (QOmQOH + QOHQOm)

V(g2
1 m n
= 9" # 0,

V(=g

while for the second bracket one finds

(B.1)

k QOk
[N 7Hmn] = |:_goo7pmn:|
1
~ 9400

0k O0m On 1 ( 00 O0m  kn

T2 T I T gge0y2\ 99

+ QOOQOngkm _ 290k90m90n) ?é 0’ (BQ)

where k£ =1,2,3. As follows from these equations
none of these four Poisson brackets equal zero iden-
tically. Therefore, these dynamical variables are not
canonical and theory which uses these variables is not
a Hamiltonian theory of anything. Furthermore, it
cannot be transformed into the correct Hamiltonian
theory of metric GR, e.g., by applying some canonical
transformation. Now, we can only guess that PA.M.
Dirac calculated the four Poisson brackets mentioned
here in the end of 1950’s (for him it took, probably,
a few minutes). Even then Dirac could predict the
sad failure of ADM approach (and other similar ap-
proaches) to the Hamiltonian formulation of metric
GR in the future. Now that future has become our
present.

om On On Om

("9 +g"g™)

Appendix C

ON TRANSITIONS FROM LAGRANGIANS
TO HAMILTONIANS. DIFFEOMORPHISM
AND INTEGRALS OVER COMPONENTS OF
THE METIRC TENSOR

In this Appendix we discuss some important tech-
nical details which are crucially important to con-
struct different Hamiltonian approaches to the metric
gravity, but we could not include them in the main
text. First, by using some help from Lanczos [35]
we develop the Hamilton approach for those cases
when we have to operate with variations of the original
Lagrangian only and cannot use (for some reasons)
the Lagrangian function itself (see, e.g., Section 2 in
the main text). To achieve this goal we represent the
variation of the original Lagrangian d L in the form

5L:5(Uipi—H) = p;ov; + v;0p; — 0H, (Cl)

where L is the function of the generalized coordinates

¢; and velocities v; = Cilqti only, while H is the function

of the same coordinates ¢; and new variables (mo-
menta) p; only. This means that:

FROLOV

(1) an arbitrary variation of the momentum p; has
no influence on the variation of L.

(2) an arbitrary variation of the velocity v; has no
influence on the variation of H.

At this point all momenta must be considered as
some undentified functions.

First, we re-write Eq. (C.1) to the form

0L — pi(SUZ' = vidpz- — 5H, (CQ)
or
OL oL
8(]2' 5(]2' + 81% 5212' — pi(S’UZ'
OH OH
viopi = 5. 0% = o 0P (C.3)
From here one finds
oL oL
94 0q; + <8vi —pz') dv;
OH OH
= (v; — op; — 0q;. C4
(U 8pi>p 0g; 7 (C4)
__ 0L

Now, the point (1) leads to the equation p; = o,

which is, in fact, the definition of momenta. Analo-
gously, based on the point (2) one finds another equa-

tion v; = gg which is the definition of the velocities

in the phase space. After these steps we also obtain
the third equation gé =— gZ~ [f the both functions L

and H explicitly depend upon time ¢ and an additional

parameter «, then here we can write analogous equa-
tions %f = —%If and gg = —%Z. These three groups
of equations are the basic equations of the Hamilton
procedure. To make this system of basic equations
a complete system of dynamical equation one has

to add the system of Lagrange equations of actual

. d 9L _ 8L . . . . .
motion J, o, = bg, which in Hamiltonian variables
is writen in the form % = —oH Finally, we can

dt dq;

write all actual dynamical equations in the Hamilton

dg; _ OH dp; _ _ OH :
method ¥ = Opir At = " ogqi- These equations are

logically closed and contain neither the original La-
grangian L, nor the velocities v;. Now, we can call
and consider the function H, which appears in these
equations, as the Hamiltonian of the system.

Another crucial thing which we need to discuss
here is the chain and multi-chain integrals over differ-
ent components of the metric tensor. First, consider
the following one-dimensional metric integral

o 0399
/F Bdgﬁﬁ,:/F Bamﬁ:dm“

=/WWRW+MWMW7 (C.5)
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where I'y g, are the Cristoffel symbols of the first
kind, while the last integral in the right-hand side is
the usual (linear) integral taken in the d dimensional
coordinate space. This formula can be generalized to
the two-, three- and multi-dimensional metric inte-
grals. For instance, in the two-dimensional case we
have to replace dgg dgro = (I'y,8u + L'syp) Lo+
Iy o) dztdz”.

However, it is easy to note that the both sides of
Eq. (C.5) are transformed differently during general
transformations of the % coordinates. Indeed, in the
left-hand side of this equation we have an absolute
(or first-class) variable gg-, while in the right-hand
side of the same equation we have a set of usual (or
second-class) variables xz#, where 4 =0,1,...,d —
1. In general, by varying these x* coordinates ar-
bitrarily one quickly arives to fundamental contra-
dictions with the use of Eq. (C.5). To avoid such
situations and define all multi-chain integrals over
different components of the metric tensor correctly
and uniformly we need to introduce some special
sets of x# variables (or coordinates) which are called
the Killing’s sets, or curves. The Killing’s curves
consist only those z#* variables which do not change
metric, i.e. all components of metric tensor, under
infinitisemal transformations. For general transfor-
mations of variables in metric GR which are written
in the form a* — x* 4 £*, where £* are the small
values, the Killing’s criterion is written in the form
VHEY + VVEF = 0, where VFEY + VVEF is the sum of
contravariant derivatives of the £ and &* values (for
more details, see [9]). In turn, the Killing’s criterion
is equivalent to the diffeomorphism gauge symmetry
(or diffeomorphism conservation) in the metric GR
[4, 36]. Thus, the diffeomorphism plays a central
role for the both Hamiltonian formulation(s) of the
metric GR and for correct and uniform definition of
the chain integrals over components of the metric
tensor. The central role of diffeomorphism in the
metric gravity follows from the fact that the variables
in metric gravity are the components of metric tensor

gap (0r g®F), but not the physical coordinates z#. The
diffeomorphism guarantees that the real connection
between the components of metric tensor g, (or g*?)
and coordinates z# with each other is unambiguous
and analytical (or smooth) at any time.
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