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Canonical transformation path to gauge theories of gravity
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In this paper, the generic part of the gauge theory of gravity is derived, based merely on the action
principle and on the general principle of relativity. We apply the canonical transformation framework to
formulate geometrodynamics as a gauge theory. The starting point of our paper is constituted by the general
De Donder-Weyl Hamiltonian of a system of scalar and vector fields, which is supposed to be form-invariant
under (global) Lorentz transformations. Following the reasoning of gauge theories, the corresponding
locally form-invariant system is worked out by means of canonical transformations. The canonical
transformation approach ensures by construction that the form of the action functional is maintained. We
thus encounter amended Hamiltonian systems which are form-invariant under arbitrary spacetime
transformations. This amended system complies with the general principle of relativity and describes
both, the dynamics of the given physical system’s fields and their coupling to those quantities which
describe the dynamics of the spacetime geometry. In this way, it is unambiguously determined how spin-0
and spin-1 fields couple to the dynamics of spacetime. A term that describes the dynamics of the “free”
gauge fields must finally be added to the amended Hamiltonian, as common to all gauge theories, to allow
for a dynamic spacetime geometry. The choice of this “dynamics” Hamiltonian is outside of the scope of
gauge theory as presented in this paper. It accounts for the remaining indefiniteness of any gauge theory of
gravity and must be chosen “by hand” on the basis of physical reasoning. The final Hamiltonian of the gauge
theory of gravity is shown to be at least quadratic in the conjugate momenta of the gauge fields—this is
beyond the Einstein-Hilbert theory of general relativity.
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I. INTRODUCTION

The theory of general relativity, as proposed by
A. FEinstein in 1915 [1]—in conjunction with the vacuum
solution of K. Schwarzschild [2]—has provided a stun-
ningly accurate description of the dynamics of celestial
bodies. This fact becomes even more surprising as
Einstein’s approach was in fact an “educated guess,”
or—in H. Weyl’s words—*a purely speculative theory”
[3]. The modern comprehension of general relativity as a
gauge theory arises from requiring a given Lorentz-invari-
ant theory to be invariant as well under local Lorentz
transformations. This approach was pioneered by Utiyama
[4] in 1956. On the other hand, a rigorous derivation of the
theory that describes the interaction of matter/energy with
the spacetime fabric on the basis of the action principle and
the requirement that the description of any system should
be form-invariant under general spacetime transformations
has not yet been delivered.

Moreover, Einstein’s theory has severe limitations:

(i) The theory is not scale-invariant as the pertaining

coupling constant is not dimensionless.
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(i) The underlying coarse-grained energy-momentum
balance equation of the theory appears to be inac-
cessible to quantization. A more detailed and
quantizable theory would describe the direct inter-
action of individual elementary particle fields
with the gravitational field, the latter described by
the (uncontracted) Riemann tensor—similarly to the
form of the Maxwell equation.

(iii) The observed dynamics of clusters of galaxies and
stars in galaxies led to postulates of the existence of
“dark matter,” in order to fit into the solutions of the
Einstein equations.

In our previous attempts [5,6], we have advocated a strategy
by which a formalism of extended canonical transformations
is constructed in the realm of covariant Hamiltonian field
theory [7,8], which enables a description of canonical
transformations of fields under general mappings of the
spacetime geometry. Any theory derived from an action
principle must maintain the general form of the action
principle under transformations of its dynamic quantities.
Consequently, those mappings are most naturally formulated
as canonical transformations, hence as transformations
whose rules are derived from generating functions.

Any theory which conforms to the general principle

of relativity—hence, which respects the requirement of
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form-invariance under general mappings of spacetime
geometry—must then be formulated as a canonical trans-
formation along the well-established procedures of
gauge transformations, dating back to H. Weyl [9] and
W. Fock [10]. The particular transformation rule for the
Hamiltonian then “automatically” provides the structure of
the “gauge Hamiltonian” which renders the original system
locally form-invariant. The form-invariance of the action
functional is achieved by simultaneously defining both,
the appropriate transformation rules for the fields,
the conjugate momentum fields, and the transformation
rule for the Hamiltonian. In the present context, the
particular gauge Hamiltonian is to be isolated which
renders a given (globally) Lorentz-invariant Hamiltonian
system form-invariant under local Lorentz transformations.
The gauge Hamiltonian thus describes uniquely the cou-
pling between the dynamic quantities of the given physical
system with those describing the spacetime dynamics. This
conforms to the procedure generally pursued in gauge
theories of gravity [11] and is in stark contrast with a
postulation of a particular Lagrangian—the latter procedure
was first presented by D. Hilbert [12] with the appropriate
Lagrangian that led to the postulated Einstein equation.
For the reader’s convenience, an outline of the gauge
procedure in given in Sec. VIL

The canonical transformation approach is presented
starting in Sec. II with a brief review of the extended
canonical formalism in the realm of covariant Hamiltonian
field theory. The theory of canonical transformations then
prepares exactly those transformations of the dynamic
variables which maintain the general form of the action
principle—and hence the general form of the canonical
field equations.

The formalism is then applied to a system of scalar and
vector fields, in general curvilinear spacetime in Sec. III.
The Hamiltonian is required to be form-invariant under
general spacetime transformations. This enforces the intro-
duction of the affine connections as the appropriate “gauge
fields” which must obey their particular transformation
rules. The affine gauge coefficients are not necessarily
symmetric in their lower index pair. Hence, the torsion of
spacetime is included in this theory explicitly. Introducing
the affine connections as the gauge quantities promotes,
in the language of gauge theories, the global Lorentz-
symmetry of the given system into a local, general
relativistic symmetry. This renders the action integral
invariant under arbitrary mappings of the reference frame.

Now, the connection coefficients emerge as external
“gauge fields” [4], and their dynamics is left open, at first.
The connection coefficients are then converted into internal
dynamic quantities: their transformation rules emerge from
a particularly crafted generating function. The subsequent
transformation rule for the Hamiltonian then yields the
particular gauge Hamiltonian that amends the given
Lorentz-invariant Hamiltonian, which thus becomes a
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generally covariant Hamiltonian. The gauge Hamiltonian
is then inserted back into the action integral in Sec. V. It is
shown that the integrand now constitutes a world scalar
density—the amended action is thus form-invariant under
general spacetime transformations. This constitutes the
main result of our paper: the obtained generally covariant
Hamiltonian represents the generic Hamiltonian that is
common to any particular theory of gravity. Moreover, in
order to encounter a closed set of field equations, we show
that the final Hamiltonian with dynamic space-time must be
at least quadratic in the conjugate momenta of the gauge
fields. This contrasts with the Einstein-Hilbert theory of
general relativity.

The Hamiltonian describing the dynamics of the “free”
gauge fields is to be inserted “by hand,” as is common to all
gauge theories. This Hamiltonian is not determined by the
gauge formalism—hence, it must be chosen on the basis of
physical reasoning. The in depth discussion of this topic
will be presented in a subsequent paper. Concluding
remarks are given in Sec. IX.

II. CANONICAL TRANSFORMATION RULES
UNDER A DYNAMIC SPACETIME GEOMETRY

The formalism of canonical transformations, in the realm
of classical field theory under dynamic spacetime, was
presented earlier [5,6]. Here it is reformulated and thereby
simplified considerably. The extended canonical formalism
of field theory involves the description how dynamic
quantities transform under the transition from one reference
frame to another, x — X. To achieve form-invariance of the
action integral, the transformation of the volume form d*x
must be taken into account. |0x/0X| denotes the determi-
nant of the Jacobi matrix of the transformation x — X

ox
X

a0, ... x%)

(X0, X% ()

The volume form d*X transforms as a relative scalar of
weight w = —1

-1

A(XO, ... X%) .

a0, ..., x%)

| Oox

g = |2
Y7 | ox

d*X =

A general covariant second rank tensor transforms as

Ox® OxP
G;w(X) = gaﬂ(x) WW s

and hence its determinant transforms according to

Ox
0X
In the following, g,, is supposed to denote the covariant

representation of the metric tensor. Then g, has maximum
rank and g = detg,, < 0. The transformation rule for the

(det G (X) = (det gu) (v)| 2%
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determinant of the covariant representation of the metric
tensor, g(x) > G(X), follows as:

V=6 =il o 6)

/—¢ thus represents a relative scalar of weightw = 1,1.e. a
scalar density. The product /=g d*x transforms as a scalar
of weight w = 0, hence, in conjunction with Eq. (3), as an
absolute scalar:

V=Gd*X = \/=gd*x. (4)

\/—_gd“x is thus referred to as the invariant volume form.

The variation of the action functional for a dynamical
system of a scalar field ¢ and a vector field a, transforms in
conjunction with their respective conjugate momentum
field densities 7 = 7*,/=g and p* = p", /=g as

13
55055/ <”ﬁa;f 4 8ﬂ Ho)d4
| O 0A, -
=5 / (n/’ aXﬂJrP“ﬂ aX‘ﬁ—%)d‘*X, (5)

where 7:{0 = Hy+/—¢g denotes the Hamiltonian scalar den-
51ty pertaining to the scalar H(¢, 7%, a,. p**. g,,), while

=II"/=G, P" =pPwy/=G, and H,= Hyv -G
denote the respective transformed quantities. The terms
#0¢/0x" and p*da,/Ox” thus are Lorentz scalar den-
sities. Additional gauge quantities must be introduced for
general spacetime transformations, in order to ensure that
the integrands in Eq. (5) are world scalar densities, thus
maintaining their form under general local spacetime
transformations. This corresponds to replacing the partial
derivatives of the fields in (5) by covariant derivatives.

In other words, the differences of partial and covariant
derivatives define the gauge quantities. This important
result is worked out in Sec. III.

The action integral is to be varied, therefore Eq. (5)
implies that the integrands may differ by the divergence of a

set of functions F* , whose variation vanishes on the
boundary JR of the integration region R in spacetime:

P / afa‘ dx =5 ]{ FudS, =0. (6)
r Ox OR

The variation of the action integral (5) is not modified by
adding a term OF¢/9x® to the integrand which can be
converted into a surface integral according to Eq. (6)—
commonly denoted briefly as a surface term: the integrand
is only determined up to the divergence of the functions

F 1 (®,¢,A, a,x). The integrand condition for a canonical
transformation writes

PHYSICAL REVIEW D 95, 124048 (2017)

_, O oD DA, dx
7 00  pon0% w_— + p?
o P aﬁ Ho~ ( axr T oxr >6X
OF| 0p OF0XP 0  OF|0a, OF;0X’ 0A,
T 09 0xF T 00 Ox*9XP ' Ba, 0xP | OA, Ox% OXP
OF¢
W expl’ (7)

with the transformation rule of the volume form from

Eq. (2) and F* to be taken at x. The transformation rules are
obtained by comparing the coefficients

at(x) = %—JZ
0 =~ T
o =21
S
= (7o + 2 s o®

Obviously, .7-"’f can be devised to generate specific
transformation rules of the involved fields and their

conjugates—this is the reason that F | is called a generat-

ing function. The generating function .73’1‘ (D,¢, A, a,x)can
be Legendre-transformed into the equivalent generating
function F5(I1, ¢, P, a, x) according to

Oxt
ox?

ox|~

Fi=Fi+ X

(@I + AP —

The transformation rules for .732‘ to be taken at the
spacetime event x are

) = 2%

HO(X) = 2—?% g_;c
) = 2%

) - 2L 0

The total integrands in the action integrals (5) must be
world scalars in order to keep their form under general
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spacetime transformations, while the Hamiltonians 7~{0
and H, do not necessarily represent scalar densities.
This ensures that the canonical field equations emerge as
tensor equations.

III. GENERAL SPACETIME TRANSFORMATION
OF SYSTEMS OF SCALAR-, VECTOR-,
AND TENSOR FIELDS

A Hamiltonian H,(¢, 7", a,, p*, g,,) is now consid-
ered which describes the dynamics of distinct classical
fields, namely a scalar field ¢, and a vector field a,. The
quantity g,, in the argument list of the Hamiltonian is
interpreted as the covariant representation of the (sym-
metric) metric tensor. The contravariant vector field z*
denotes the canonical conjugate of ¢ in the context of
covariant Hamiltonian field theory [13]. Hence, #¥ is
dual quantity of the covariant vector of spacetime
derivatives O¢/0x* of the scalar field ¢. Likewise,
the (2,0) tensor p*” stands for the canonical conjugate
of the covariant field vector a,, hence, for the dual
quantity of the derivatives da,/0x". A (3,0) tensor kK",
accordingly, represents the canonical conjugate of the
metric tensor g,, and hence is the dual quantity of the
partial derivatives dg,,/0x". The tensor k*"™ will be
introduced later, in the action functional, in order to
describe the metric g,, as an internal dynamic quantity
of an amended Hamiltonian system, rather than as the
external field variable in H,. The Hamiltonian H, is
assumed to be form-invariant under global spacetime
transformations, hence, H, constitutes a Lorentz scalar.
The scalar field, the vector field, and the metric tensor
transform under local coordinate transitions, i.e., if the
transformation of the spacetime event x* — X is
applied, according to

@(X) = 9(x)
Ox¢
AX) = ) o
xé xg
G(X) = () o o (10)

These transformations are generated, in the context of
the extended canonical transformation formalism of
covariant Hamiltonian field theory [14], by

- - - '3
Fix) = (nﬂ<x>¢<x> PP (X)ag() 2

X
- Oxf Oxt\ Ox* | Ox|!
Gy e )

Here x* and X" denote the independent variables in the
two distinct reference frames. With Eqgs. (1) and (3), the
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tensor density II’(X) = IT?(X)v/=G denotes the canoni-
cal conjugate of the transformed scalar fields ®(X).

In analogy, the P (X) = P%(X)y/=G stand for the
corresponding conjugates of the transformed vector fields,
A,(X), and K% (X) = K*¢(X)\/=G denote the momenta
of the transformed tensor field G,z(X).

The particular generating function (11) embodies a
contravariant vector of weight w =1 and, hence, a
vector density. But this need not in general be the
case: if transformations of nontensorial quantities are
defined—such as the connection coefficients—then the

corresponding .7}’2‘ cannot represent a vector density.

The crucial requirement is that the total integrand of the
action functional represents a world scalar density.

Equation (10) constitutes a global symmetry trans-
formation if its coefficients 9x¢/9X* do not depend on
the spacetime event x and if H,, is form-invariant under
this transformation. In contrast, the transformation is
referred to as being local if the coefficients do depend
on spacetime. The Hamiltonian H,, is then no longer
form-invariant under the corresponding canonical trans-
formation rule. Appropriate dynamic gauge quantities
must then be introduced to restore the form-invariance
of a then amended Hamiltonian system—as is usual for
all gauge theories.

Explicitly, the new canonical transformation rules, which
emerge from (4,11, a,, P, g,,, K*™) of Eq. (11), are

OFt Ox* | Ox |-
o272
T o ox? | ox
OF~ 0X*| Ox Ox< OXH
S =2 - 5
OITY Ox* x|~ oxP ox* o P =
OF" - 9xf Ox* | Ox|!
Sop 2 2 _ pafsy et B
P =50 = P % oxa ox7 | ox
=5 Ox Ox' | Ox|~!
0X* 9XP | 9X
SA — E)fK OX*| Ox Ox¢ Ox* OXH
Pl = opab oxk | x|~ € oxe oXP ox*
Ox¢
= 94
o _OFs _ pap O Ox° Ox' | Ox|”
8954' 8X“ OXi 8Xﬂ 8X
OF5 OX*| 0x|  OxF 0xf
pak = 8[{(11/3 ax 8X = 9% 5va oxe ax/l /3

Obviously, the required transformation rules (10) of the
fields are reproduced. By virtue of Eq. (1), the momentum
fields obey the rules required for relative vectors of weight
w = 1. Hence, for vector densities
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~ OX*| Ox
H =
) =70 57| ox
. OX* OX¥| dx
v = () — | =
PUX) = P70 5 a7 | ox
- g, OXEOXC OX¥| Ox
KH(X) = k% . 12
A = I

The general transformation rule for the Hamiltonian den-
sities is given by Eq. (9). For the actual generating function,
Eq. (11), the divergence of the explicit x-dependent
terms of ]3’2‘ follows as (see Appendix A for the vanishing
first term)

OFS L. Oxs Ox¢
I’ pH Ko -
o |, ( b+ PP+ R0 e axﬂ>
L0 (0 | o]
ox* \oX? | 0x
=0 (Eq.(A3))
- 82 3
a/i aﬂ/i
O o | oc\]|os-
0X*0XP oxX* = 0X*0XP 0X“ 19).4

(13)

The divergence (13) can be expressed completely in terms
of the original dynamic quantities by inserting the trans-
formation rules for the momentum fields from Eq. (12):

i o oy
OX*OX" Ox* OxP -~
(14)

OFS
a xa

= (p7as + lgwlﬂg& + ’yaﬁgzg)
expl

The divergence of F3 vanishes exactly only if the second
derivatives of the x*(X) do all vanish:

O*xf
oxXrcox"

Ox
x|

=0 & Hy =", (15)

In this case, the Hamiltonian is kept unchanged. The
transformation then does not depend on the spacetime
location and is, therefore, referred to as global. Otherwise,
for the case of a local transformation, the Hamiltonians are
not form-invariant. A “gauge Hamiltonian” Hg must be
defined which matches in its dependencies on the fields
those of Eq. (14). This finally yields the particular amended
Hamiltonian which is form-invariant under the local trans-
formation:
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7:{1 - 7:{0 + 7:((;
He = (p*a; + /;{W}g:a + ]yaﬂgag)ffaﬁ' (16)

Herein, the yfaﬁ formally denote the gauge quantities,
whose physical meaning will be clarified below setting
up their transformation rule. Of course, the “gauge

Hamiltonian” Hj of the transformed system must have
the same form in order to work out the locally form-

invariant amended Hamiltonian 7:[1

Hy = Hpy + He

7‘:(/6 == (i)(lﬂA}: + kalﬂGaL + IzlaﬂGﬁé)Fi{lﬂ. (17)
The transformation rule of the gauge quantities yfaﬁ and
Féaﬁ is determined by expressing the transformed gauge

Hamiltonian (17) in terms of the original fields according to
the canonical transformation rules (10) and (12):

Oxt 9X* OX*
OX" Ox* OxP ke

ax
x|
(18)

The demanded correlation of the formally introduced
gauge quantities yfaﬁ and F‘faﬁ is obtained by inserting
the transformed gauge Hamiltonian in the representation of
Eq. (18) and the original gauge Hamiltonian (16) with (14)
into Eq. (9)

He = (p7 as + lga/lﬂg& + ;;ﬂaﬂg%)

Oxf 0X* OX*
B rLalp rAap
(PPas + k" ge + k 9/15) X" Ox P Tt
~ ~ O*x5 OX* oX"
— (pap ka/lﬂ klaﬂ 3 - -
(p az + 9er + gﬂf) Vapt OX*OX" Ox* HxP

The coefficients are compared to yield the condition

0*x% O0X* oX"

Oxf OX* 0X* . OX* X"
OX OX" Ox* OxF

X" Ox* OxP

KT — ygaﬁ +

The transformation rule for the “gauge fields” follows, after
solving for the I'* 5, as

0xf OX*
OX*0XP ox*

ox™ Ox™ OX*

X - =
op(X) = IX* OXP Ox*

(19)

one(X) va

This transformation rule corresponds to the transformation
rule of the affine connection coefficients. In the following,
we identify the gauge fields y‘fa/,—formally introduced in
Eq. (16)—with the affine connection coefficients. In this
aspect, we follow the approach of Palatini [15], who first
treated the metric and the connection coefficients as
separate dynamic quantities, which entails an additional
equation of motion providing their mutual correlation.
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A Hamiltonian system, H = Ho(¢, 7", Ay " Gun) /=9
which is supposed to be invariant under Lorentz trans-
formations as the global symmetry group, is then form-
invariant under the local diffeomorphism group if and
only if it is amended according to Eq. (16), provided
that the gauge quantities y‘f‘,ﬁ transform according to
Eq. (19)

OF3 | ox| ~, o~ |Ox
2 = H —He | 22
Ox [ | OX o Clax
- (ﬁaﬁA§ + I%ai/jG{:/l + klaﬁGlé)Féaﬂ
~ ~ ~ 0x
= (p7a: + k™ goy + K g36)1 o G_X'
(20)

The requirement of form-invariance of the given
Hamiltonian under local spacetime transformations thus
induces a coupling term of the vector- and the tensor
fields and their conjugates via the gauge coefficients
y‘f,,ﬁ. The y‘fa/;—interpreted as connection coefficients—
act in a way to convert the partial derivatives in the
action functional (5) into covariant derivatives.
Furthermore, the metric g, is promoted by the gauge

procedure from an external quantity in H, to an internal
spacetime-dependent quantity, whose coupling to the

vector and tensor fields is described by H;.

Generally speaking, the form of the coupling term
in gauge theories is uniquely determined by the parti-
cular global symmetry property of the system, which is
rendered local. The y‘gaﬁ in Eq. (19) need not be
symmetric in the lower indices @ and g [16]. Yet,
restricting the theory to only the symmetric part of
yf,,ﬂ—which is equivalent to postulating a vanishing
torsion of spacetime—greatly simplifies the field equa-
tions for the spacetime dynamics.

Now, the connection coefficients yfaﬁ appear as
external gauge fields whose dynamics are not deter-
mined by the amended Hamiltonian ;. The generating
function (11) must be amended to define the trans-
formation rule (19) in order to also include the dynam-
ics of the gauge fields into the description of the
dynamical system as provided by the final amended
Hamiltonian. The set of canonical transformation rules
then also yields the rules for the conjugates of the gauge
fields and the rule for a second amended Hamiltonian

ﬂz. In other words, the gauge fields are now treated as
internal fields, whose dynamics is described by a second

amended Hamiltonian 7:{2. As it comes out, the set of
canonical equations then establishes a closed set of
coupled field equations, hence, no further gauge quan-
tities need to be introduced. This “miracle,” as an
important and welcome surprise, will be the topic of
the next section.
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IV. INCLUDE THE DYNAMICS
OF THE GAUGE FIELDS

The extended generating function F % from Eq. (11) will
now be amended to define the transformation law (19), i.e.,
the canonical transformation which maps reference frame x
to frame X

-1

ox
ox

= ~ ~ a H
Fhx) = F4(x) + 0,7 (X) 55

« [ vk ()@%%Jr@ﬂ (21)
Vi) ok axe oxt T oxk 9Xe0xE )

The quantities 0, (X) = Q,%*(X)v/~G denote in this
definition of an extended generating function of type
F4(x), formally the canonical conjugates of the T ,:(X)
of the transformed system and, hence, the dual quantities to
the X*-derivatives of the I',(X). As the y",:(x) stand for
the gauge coefficients of the original system, the quantities
3, (x) = q,"“(x),/=g denote, accordingly, the dual
quantities of the x“-derivatives of the gauge coefficients
7" 4¢(x) of the original system. No prediction with respect to
the physical meaning of ¢, and Q,°* is made, at this
point. Rather, their physical meaning will be determined in
a later paper by setting up the canonical field equations of
the final, locally form-invariant Hamiltonian.

The amended generating function (21) entails the fol-
lowing additional transformation rules

OF5(x) X" | Ox
aénaév 0x* | 0X
_pOxoxr [, OX70x' Ox  OX' O
=W oxt ox \U o5k 9xe oxE T oxk oX*0X¢
n i J n
—6”<yk ox" oxt Ox/  0X

9% x*
U oxk X7 0X¢ W8X“6X’5>

ST e =

and

_ OF% = o0 OX Oxi 0x) O | Ox |-

G =-1=0, o
dy ij

X

Oxk 0X* 0X¢ 0X*

El

hence, solved for Qnaﬁ,

~ ox" 9X* 0X¢ 0X*
atd X) = g mrs
Q) = 4" ) i o o o

Ox

0X

. (22)

We observe that the inhomogeneous transformation rule
for the gauge coefficients from Eq. (19) is recovered.
Furthermore, the canonical conjugates of the gauge coef-
ficients, introduced formally in the generating function
(21), now transform as tensor densities.
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The transformation rule for the Hamiltonians is again

obtained by taking the divergence of f—’; from Eq. (21)

8_‘735 :8_.7}’2' _|_Qa§/)’r‘n i % ﬁ_]
O |y OX | " “ox \OXP 10X
= 0 (Eq. (A3)
0, [, 0 (0X"0x' o
2] |7 oxP \ ok oxe oxe
o [0X1 OPxk
ox7? (a— 7&)}({!8%)] ' (23)

The first term on the right-hand side of Eq. (23) is given by
Eq. (20). The transformation rule for the Hamiltonians shall
be expressed completely in terms of the dynamic variables:
All derivatives of the functions x*(X) and X*(x) in (23) are
to be expressed in terms of the original and transformed
gauge coefficients y”,:(x) and I'"¢(X), and their conju-
gates, ¢, and Q"“‘f", by making use of the respective
canonical transformation rules (19) and (22).

This calculation was worked out earlier [6] and is
rewritten in Appendix A in a notation adapted to the actual
context. Remarkably, the transformation rule (23) can
indeed completely and symmetrically be expressed in
terms of the canonical variables of the original and of
the transformed system as

Oxt | oxpr | OX

= (PPA; + KGy + K'Go)T¥

~ ~ Ox
~ alp Ay
- (paﬂaf + Kk /gcf/l + Kk ﬂgl.f)yéaﬂ _9)7‘

1~ ., /00, O
T2 lgﬁ(axf+ axe + i Fk“‘frn"ﬁ>
1 ay" o' X
_ - af/} al ap k on .k .n or
5 < o ot TV Y ke =V a1 ax
~ ~ | Ox
=H,—Hy| —|. 24
iy~ Tio| o (24)

The terms on the right-hand side can be regarded as
amendments to the given system Hamiltonians, H, =
Ho/—g and its transformed counterpart 7:{6 = H{)\/z,
which promote the given globally form-invariant
Hamiltonians HO and M, to locally form-invariant
Hamiltonians 7, and 5. The Hamiltonians amended
accordingly are form-invariant under the extended canoni-
cal transformation generated by Eq. (21).

Amending the Hamiltonian 7, from Eq. (16) further on
according to (24) yields a second amended Hamiltonian ﬂz

PHYSICAL REVIEW D 95, 124048 (2017)
H, = 7:fo + (pPas + ];(Mﬂgf/l + ]yaﬂgﬁé)yéaﬂ

1. e OF"
+ Eq;ﬂfﬁ( 8x;’§ + o Zﬁ 7 e =V ae?"p |-

(25)

In the first stage of Sec. III, the metric was rendered an
internal system variable. The gauge coefficients y,; had to
be introduced to restore form-invariance of the system.
In contrast, no further gauge fields had to be introduced in
the actual second stage, where the gauge coefficients y7 .
are promoted to internal dynamic quantities. Rather, the
gauge fields y‘faﬂ now interact with themselves, which
induces the terms quadratic in y to finally yield the locally
form-invariant Hamiltonian 7:[2.

Observe that the gauge terms occurring in Eq. (25)—
hence the terms that must be added to the given Lorentz-
invariant system Hamiltonian H,—have exactly the same
structure as those of the SU(N) (Yang-Mills) gauge theory,
in the canonical formalism [17]
$x7f)aka

Hy = Ho(z, §) +igym(Zids —

+1 ap Dagjq aaKJﬁ
2 JK a /} 8x(l

+igym(akipara — akialisp) |-

The set of fermionic fields ¢; for the Yang-Mills case
corresponds to the vector field a; of Eq. (25), whereas the
N x N matrix of bosonic Yang-Mills 4-vector gauge fields
ag, oW reappear anew as the connection coefficients y” .

V. INSERT THE AMENDED HAMILTONIAN H,
INTO THE ACTION INTEGRAL

The derivative of the nontensorial dynamic quantity y”
now additionally appears in the amended action integral
(for the notation see Sec. VII)

_ 6(;5 (1/1/3690[/1
S“_/( o tP” a MY,

= 0ip N
+ 4, - Hz)d4 (26)

as the affine connection y7,:, in conjunction with their
conjugates, énafﬂ , are now internal dynamic variables of the
system. In contrast to the partial derivatives of the tensors
a, and g,,, the partial derivatives of nontensorial quantities
"¢ cannot simply be converted into covariant derivatives,
in order to render the integrand into a world scalar.

Now it is obvious why the second amended H, cannot
depict a world scalar density just on its own: the terms in

‘H, must complement the nontensorial terms in (26), such
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that the total integrand is rendered as a world scalar density.
Note that the terms proportional to ¢,*” sum up to the

Riemann curvature tensor R,z after 7:(2 from Eq. (29) is
inserted into (26):

ayﬂaﬁ aynwf
n — — T n o
R alp 8x.§ axﬂ + 4 aﬂy (73

yra.fyntﬂ’ (27)

It is the total contraction of R,z with the tensor density
4, which actually yields a world scalar density. With the
abbreviation (27), the action integral (26) is equivalently
expressed as

_ 99 P Fap 99
S4—/<ﬂ' W‘i‘ a/}'f-k 8)6/}

1. ~
_EqnaéﬂRﬂaéﬂ _ 'H1>d4x. (28)

As the Riemann tensor (27) is skew-symmetric in its last
index pair, £ and f3, only the skew-symmetric part in £ and /3
of the—as yet undetermined—conjugate field g,%” con-
tributes to the action integral. Therefore, g, can be
assumed to be skew-symmetric in its last index pair & and
as well

qnaéﬂ = _gﬂaﬁéj. (29)

On this basis, the terms depending on y as collected in the
Riemann tensor R".,; and the Hamiltonian 7~{1 from
Eq. (16) can be combined to recover the canonical form
of the action integral from Eq. (26)

— a¢ Talp aga/l ~ ag/j ay”aﬁ

—Hg — ﬂ()) d*x, (30)

with 7 the redefined gauge Hamiltonian
He = (p7 as + /;"Mga + ]ya/}g%)yéaﬁ

1 ot T T
+ 5 qnaéﬂ(y a/}ynrﬁ -7 (zﬁynrﬁ)' (31)
The symmetry of the metric g,; induces the symmetry of its

conjugate, k% , in its first index pair. Therefore, the
Hamiltonian (31) can be written equivalently as

He = (p pPa: + 2k° Y ge+ G Y ) s (32)

The gauge Hamiltonians (31) and (32) now directly reveal
how the gauge procedure works. To set up a generally form-
invariant action integral on the basis of a Lorentz-invariant
one, the partial derivatives of the fields a, and g,, in the
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action integral (30) are amended by the linear terms in the
connection coefficients y to yield covariant derivatives. In
contrast, the partial derivative of the connection coefficient
y—which cannot be converted into a covariant derivative
due to its nontensorial character—is amended by the
quadratic terms in y to yield the Riemann tensor. In both
cases, the gauge procedure provides tensor quantities in
place of partial derivatives. This result of the canonical
derivation of the gauge theory of gravity is new and is not
encountered in a Lagrangian formalism.

The first amended Hamiltonian H; from Eq. (16) is
inserted into Eq. (28) in to order verify that the integrand of
the action integral indeed depicts a world scalar. Then all
partial derivatives of the tensors in Eq. (28) are promoted to
covariant derivatives

54 = A (;rﬂ(p;ﬂ +p aﬂaa;ﬂ + ]gmwgal;ﬂ
1. alp pn ” 4
- iq” R akf — HO d*x. (33)

Equation (33) shows that it is the Riemann tensor R" -5 that
does actually represent the dual of 51,1”5”. The given system

Hamiltonian H,, is a scalar density by presupposition,
hence, the entire integrand consists of contracted tensor
quantities. It makes up a world scalar density, as required
for a generally relativistic form-invariant action integral.
The action (33) is not postulated, but emerges from the
gauge principle, which here means to amend a given

(globally) Lorentz-invariant system Hamiltonian ’/‘:(0 in a
way to render it invariant under local, i.e., spacetime
dependent, Lorentz transformations.

VI. ADDING THE “FREE-FIELD” HAMILTONIAN

As usual, the gauge formalism fixes the coupling of the
gauge fields with the fields described by the given system
Hamiltonian H, but does not provide the dynamics of the
“free” gauge fields, i.e., their dynamics in the absence
of any coupling. If the respective gauge fields are con-
sidered dynamic (propagating) quantities, the obtained
generally form-invariant Hamiltonian H, + Hg must be
further amended in order for the canonical equations to
yield nonstatic solutions for the gauge fields. Hence, the
above form-invariant Hamiltonians (24) must be further

amended by “free field” Hamiltonians ’f{byn(G, K, Q) and
ﬂDyn(g, k,q) that obey the transformation rule

- L ~ _ | ox
H;Dyn<G7 K, Q) = 7_{Dyn(g7 kv q) 8—X

I

in order for the final extended Hamiltonians to describe the
dynamics of the gauge fields and to maintain the general
invariance of the action integral (33).
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In conjunction with the precondition (15) of a globally,
i.e., Lorentz-invariant Hamiltonian H,, the final extended

Hamiltonian 7:{3, which is form-invariant under the corre-
sponding local transformation generated by (21), now reads

= Ho(¢. 7. a. . g)
+ Hala, p.g. k. 7. §)
+ 7:[Dyn (gv é’ é) (35)

ﬂ3(¢7 7%, a, 137 gﬂ Ig? y’ é)

with 'F(G given by Eq. (32). The correlation of the
derivatives of the fields with their momenta will be
identified in Sec. VIII by setting up the respective canonical
field equations.

VII. SUMMARY OF THE GAUGE PROCEDURE

The starting point is a classical Hamiltonian system
of a real or complex scalar field ¢ and a vector field a,,
with the metric g,, assumed to be of Minkowski type,
9y = M, = const. The particular Hamiltonian H,, of this
system needs not to be specified except for its property to
be form-invariant under global coordinate transformations
x > X with 0X*/0x” = const

s _/ 0 | 0
0= ok T aﬂ

The globally form-invariant action S, is to be amended to
yield a locally form-invariant action that describes in
addition to the scalar and vector fields the dynamics of
the gauge quantities. In the first step, the metric in Eq. (36)
is redefined as an arbitrary spacetime-dependent function,
9w = gu(x). Consequently, the invariant volume form is
now given by \/:g'd4x. In the following, the factor /=g is
absorbed into defining the canonical momenta as tensor
densities rather than absolute tensors, hence 7 = /=g

and p* = p* /=g. Correspondingly, the scalar H, in
Hor/—9

Moreover, the conjugate momentum K*“* as the dual of the
derivative of the metric must be introduced into the action
functional

5 O g,
S, = + aﬂ Ay kﬂyﬁ uv
1 A ( O ﬁ V4

- Ho(m.¢.p.a.g= n))d“X-

(36)

Eq. (36) is converted into a scalar density HO

Ox ﬂ Ox?
— Ho(7. ¢. p. a. g))d‘*x. (37)

The metric g,, is now formally treated as an internal
quantity in the action functional (37) of the system. As the
partial derivatives of tensors do not transform as tensors,
the integrand of (37) is now no longer a scalar. The scalar
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property of the integrand is restored by adding the gauge
Hamiltonian Hg to the integrand

~ 845 aa ag
= p 1T a up Y I
Sz_[e(ﬂ 8xﬂ+p aﬂ+kﬂ P Ho(#, p. p.a.g)

—7:{G(ﬁ,a,l€, g y))d“x (38)
with
He = (p%as + k™ ggy + KV 910)1F op-

This amounts to introducing the connection coefficients
¥°,« as external gauge quantities and then promoting the
partial derivatives in (38) to covariant derivatives. The
action (38) is thus equivalently expressed as

S, = A(ﬁ/}qﬁ;ﬁ + ﬁ”ﬁamﬂ + k"”ﬂgﬂy;ﬁ

_/F{O(ﬁ-’ ¢v ﬁ’a’ g))d4x (39)

In the next step, the so far external gauge fields yfaﬁ are
treated as internal fields, which means that the description
of their dynamics is to be included in a further amended
action functional. This requires to define the canonical
momentum §:** as the dual of the partial x”-derivative of
the gauge field y*,, and to add the contraction of both terms
to the action

Jaf ayéia
OxP

5 = [e (ﬁﬂd’;ﬁ +p aﬁaa;ﬂ + ]gﬂyﬁgﬂv;ﬂ + 5115

— Ho(7. ¢, p. a, g)>d4x. (40)

As the connection y¢,, is no tensor, neither is its partial
derivative. Again, the invariance property of the integrand
(40) is restored by supplementing the appropriate term of
the gauge formalism—hence the term quadratic in y—to
the integrand of Eq. (40)

e
S4:A<nﬁ¢ﬁ+p“ﬁa,ﬂ+k Gu /1+f]5mﬁ a?;a

s —ﬂow,d),ﬁ,a,g))d‘*x. (41)

By virtue of the skew-symmetry of ¢:*% in its last index
pair—which follows from the gauge formalism, as stated in
Eq. (29)—the terms proportional to g can be merged to
yield the Riemann curvature tensor (27)
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- - ~ 1.
Sy = [e <7T/j dp+ P Agp + kﬂbﬁgﬂu;ﬂ - E%fmﬁ R}:/Ia[i
- 7:(0(7?, ¢.p,a, g)) d*x. (42)

As a result of the gauge procedure, the action is obtained
completely in terms of tensor quantities and thus represents
a world scalar density. We observe that the gauge term for
the partial derivative of the connection coefficients in
Eq. (41) is given by the term quadratic in y. This is a
consequence of the fact that the coefficients in the trans-
formation rule for the Hamiltonian from Eq. (A4) can
completely be expressed in term of the connection coef-
ficients. Therefore, no new gauge fields were needed—
which is the reason why the procedure to promote the
global Lorentz symmetry into a local one truncates here and
does not produce an infinite hierarchy of gauge fields with
their pertaining transformation conditions.

In the last step, a Hamiltonian Hpy, of the “free”

momenta k and g must be introduced “by hand” in order
for the corresponding fields g and y to be dynamic

L _ 1
Ss = A <”ﬁ s+ pPags + k A Gaip — 5%’” Ré 0
- Tl o) (o) ). @)

The options for defining 7:(Dyn will be discussed in a
subsequent paper [18]. The canonical field equations,
summarized in Sec. VIII E, follow from the action principle

555 =0.

VIIL. CANONICAL FIELD EQUATIONS:
ARBITRARY Hp,,

A. Field equations for ¢ and 7*

As the locally form-invariant extended Hamiltonian (35)
does not contain additional terms involving ¢ and 7*, the
dynamics of these fields is determined by the globally
form-invariant Hamiltonian 7 only. The respective field
equations are

ox* ot Ot
97  OHs; M,

ooy ap

For a vector density 7# = #*,/—g, the ordinary divergence
On®/0x* of can be expressed in terms of the covariant
divergence as

on®
a a

8"‘(1
a a

el
g =

+ ﬂ/jy"/j — 7 yﬁ/}a = + 272857 fas

PHYSICAL REVIEW D 95, 124048 (2017)

wherein 5%, denotes the contraction of the torsion
tensor

(},5/)’(1 - 75(1/1) . (44)

SN

sgﬂa =

Thus, for connection coefficients that are symmetric in
their lower index pair, the torsion tensor vanishes
identically. The second field equation follows as the tensor
equation

87'[0 5
8¢ + 27’s

Both field equations thus emerge as tensor equations.

B. Field equations for a, and p*”

Due to the coupling term ﬁ“ﬂany”aﬂ in the extended
Hamiltonian (35) the field equations for a, and pH
acquire an additional term. The respective field equations

are

da, OH; aﬂoﬂ :
OxH - aﬁyu - aﬁw £V
opr  OHs  OH,

st = — (l/}
ox da, 0a, 7 (43)

The partial derivatives of the fields and the terms propor-
tional to the affine connections y*,; can be combined to
yield covariant derivatives

da, .
Qo = Gn — Gl o
~up aN ap,v ~va,, up,,0
4 ﬁ*a—‘f'l? Yap + PV ap — Py

which yields the tensor equations

OH, 5 OH,
a,.

= aﬁl/ﬂ ’

~Dﬁsaﬂa. (46)

The coupling term p*a.y®,; in the extended Hamiltonian

7~i3 thus converts the nontensor equations for a, and p**

"
which emerge from the system’s Hamiltonian H,, into
tensor equations which hold in any reference frame.

C. Field equations for g,; and kP

The canonical equation for the metric g, is

aga& _ 87:{3 a’}:(Dyn
ax/} - al;aﬂﬂ gld}/ aff + gaxy B t = 8/(‘”’[} ’

(47)
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hence

OH

Garp = % - gﬂKyK(l/i gmcy M — & (48)
The field equation thus means that the covariant derivative
of the metric is the dual of the nonmetricity tensor—which
describes the length change of a vector under parallel
transport.

The canonical equation for the conjugate of the metric
follows as

OxP 09, o# * 09: 09 '
(49)
hence
g, — T _ Oy, Lo, R
595& aga
(50)

The coupling terms k¥ gy ap and Kb GieY*qp i the
gauge-invariant extended Hamiltonian H5 from Eq. (35)
thus convert the nontensor equations for g,; and K into
tensor equations. As g, is symmetric, k” is induced to be
symmetric in its first index pair, &, 1.

The given Lorentz-invariant system Hamiltonian HO
describes the dynamics in a static spacetime background.
For this reason, 7:[0 is supposed not to depend on the
conjugate of the metric, k%
Hamiltonian density 7~{0 with respect to the metric g;; then
represents the symmetric energy-momentum tensor density

T% of ’F(o

. The derivative of the

: 51
. (51)

Thus, 7% does not describe the energy-momentum con-
tributed by a gravitational field and a dynamic spacetime.

D. Field equations for y”,; and tj,,"ﬂ”

The canonical equation that provides the correlation
of the x’-derivative of the y7,. with their duals, g,*",
follows as

8}/”&,5 _ 87:[3 _ 8’/‘:(Dyn 8ﬂG
o 05, 05,7 " 0G,"
BHD n
- aé @ /,7 + 7/ a/iy & (52)
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Solved for Hpy,/0G,", one finds

a’}:kDyn o 87/'7(16
3glna§ﬂ ToxP

-7 Ta/}?’"rg-

Thus, by virtue of the skew-symmetry of (},,“‘fﬂ in £ and S

a’}:‘[Dyn _ aIF{Dyn _ a’}:kDyn
ag”aéﬁ 851,7“5[’ 94, apé
8}/’105 8)/ (z/}
= 0P - O o +7r aaf}/ 7 a/i}/n'nf
- —Rr’agﬂ. (53)

On the right-hand side, the connection coefficients y”,; and
their derivatives sum up to the combination which repre-
sents the Riemann curvature tensor (27). The field Eq. (53)
thus states that the Riemann tensor vanishes identically
everywhere—and thus any curvature of spacetime—if there

is no “free-field” Hamiltonian 7:f1)yn~ Therefore, it must then

be added “by hand” to the derived gauge Hamiltonian 7~{G
in order to allow for a consistent spacetime dynamics [19].
The divergence of g:** is given by the derivative of

the gauge Hamiltonian Hg from Eq. (31) with respect to the
7§aﬂ
Mg

ayfaﬂ '

9G:""  OMy

oxt 8}/50,/3 B
This equation does not depend on the particular choice of
ﬂDyn as the latter is supposed to not depend on the gauge
fields y°,5. With the gauge Hamiltonian from Eq. (32),
we find

B) ég““

Ox*

_ _ﬁ(z/)’af _ Zk/laﬂg/lf + énaz/}}»]/r/&1 + qénﬂ[)’yam‘
(54)

In order to express Eq. (54) manifestly as a tensor
equation, we write the covariant divergence of the tensor
density g:**

S W) — 4y

86} afii
~aB) - -
g7 J Bhye, + Gy,

+ qgmyﬂ},/)’ 1 + Ejé(l/}’r/}, i — ééaﬂl
As cjéa’” is skew-symmetric in # and A, the first term in

the second line can be expressed as well in terms of the
torsion tensor

i 04"

& aT o e Gy + Gy

+ 2q§aﬂﬂslni.
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The field Eq. (54) thus actually represents the tensor
density equation

~afi ~ 7 ~ ~
q?ﬂ 2 + p“ﬁaé + 2k ﬂgig - qianﬁsﬂnﬁ + 2(/]§a’7ﬁsirli =0.

We thus found that all field equations emerging from H;
are tensor equations, hence, their forms are the same in any
reference frame.

E. Summary of the coupled set of field equations

With the abbreviations (27) and (44) for particular
combinations of the gauge fields y7;, and their partial
derivatives, the complete set of coupled field equations is
summarized as

OH, 5 Hy
bu=Tm T =""g5 T2
N 5 _0H,
Ay o p”ﬂ;ﬂ — pvP @ fa
o aHDyn ];52/} o _a(HO + HDyn) + 2];&/1[)) a
9eu T B p) S
ok e,
Ry, OH N
& D ~&), ~ pEd -
L @y = —May = 2K gy 1 G,
2 dq,

+24,* 5%, (56)

The surprising fact in the last line of Eqgs. (56) is that the
naively expected covariant derivatives of the gauge fields,
i.e., the covariant derivatives of the connection coefficients
y"e—which do not exist—are replaced by the Riemann
tensor as a result of the canonical gauge procedure—and
thus again establish a tensor equation, as is required for a
generally covariant theory.

Only with Hpy, given, the entire set of eight canonical
field equations for the fields ¢, a,, g:;, and y";; and their
respective conjugates 7, p*, k. and g, is closed and
can then be integrated to yield the combined dynamics of
fields and spacetime geometry. As 7:(Dyn does not emerge
from the gauge formalism, it must be chosen on the basis of
physical reasoning. The field Eq. (56) thus depend on this
choice. A particular choice of 7:{Dyn will be discussed in
Sec. VIII G.

F. Consistency relation

Similar to U(1) and SU(N) gauge theories, the set of
field equations brings about a consistency condition.
Differentiating Eq. (54) with respect to x”, the left-hand
side vanishes due to the skew-symmetry of g% in its last
index pair, as stated in Eq. (29). Accordingly, the right-hand
side of (54) yields the condition

PHYSICAL REVIEW D 95, 124048 (2017)

0 ~
P (P as + 2K g3 + G,y — G"Py"y) = 0. (57)
The partial derivative representations of the field Egs. (45),
47), (49), (52), and (54) from Secs. VIII B, VIII C, and
VIIID can now be inserted to yield the consistency
condition (see Appendix B)

oM OH OH oM
Aap Dyn Dyn = apd Dyn _ ~ 71 Dyn
2k o =295 9905 + 4 8, 9e 9G, ™
Oy~ 0o oMy
=acg, P 057 T 29 5., G8)

This is a second rank tensor equation. In conjunction with
Eq. (53), it relates the source terms of the right-hand side to
the Riemann tensor terms on the left-hand side. Note that
Eq. (58) holds as well for the cases nonvanishing torsion
(sﬂn,l # 0) and nonmetricity (gg4.,, # 0). Equation (58) rep-
resents a generic Einstein equation that holds for any given
system of scalar and vector fields described by H, and the
particular model for the dynamics of the free gravitational
fields, as described by 7:(Dyn.

At this point, it would be interesting for the reader to find
out whether our theory makes observational predictions
similar to general relativity. As general relativity predicts
successfully observations made in the solar system (weak
field), is the gauge theory given by Egs. (56) and (58)
capable of giving something like general relativity plus
small corrections? We will address these issues briefly in
the following section.

G. Sample ’f(Dyn

As an example, we postulate 7:(Dyn as a linear combi-
nation of quadratic and linear terms in ¢

1. o
Hoyn = —8,"" 3" 9e:9p

— 3,3, g,,. (59
v 924, gap-  (59)

1
v—9
In contrast to the dimensionless coupling constant g, the

coupling constant g, has the natural dimension Length=2.
Note that the sample Hamiltonian (59) does not depend on

k* and thus directly induces the metric compatibility
condition g, = 0 according to Egs. (56). In a subsequent

paper, we will discuss the more general case of a Hpy,

which also depends quadratically on K.
The correlation of the canonical momentum ¢ to the
Riemann tensor then follows from Eq. (53) as

9nasp = 91 (Rnacfﬂ - Rna§ﬂ|max)’ (60)
with

Rna§ﬂ|max =0 (gnégaﬂ - gnﬁgaé)
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the Riemann tensor for a maximally symmetric
4-dimensional manifold with constant Ricci curvature
R = 12g,. The derivatives of ﬂDyn with respect to g in
Eq. (58) then cancel.

The derivative of 7:[Dyn with respect to g,; follows as

OHpyn 1

1
s s <‘IW§CIW o — 15?61/3;7174"/5 h) V=9

—- 0(qy": + 4, )/ =9

295/3

Substituting the g-terms according to Eq. (60) and writing
the derivative of H, with respect to the metric g,; as the
given system’s symmetric energy-momentum tensor
according to Eq. (51)

2 OHy
&p agaﬂ

T:*\/=g,
the consistency relation (58) for the Hamiltonian (59)
emerges as

1
91 <Rr//)’/1§Rnﬁ = R RT h)

1 1
— [ R:* — = 5%R + AS¢
+87rG< £ TRt f)

OHy OHy
_ i aﬂ - a
- Oa,, op* T (61)

and thus represents a generalized Einstein equation. The
scalar (spin-0) field contributes to the source merely via
its energy-momentum tensor terms, whereas the vector
(spin-1) field contributes in addition with the first two terms
on the right-hand side of Eq. (61). So, for systems with only
scalar fields, the right-hand side of Eq. (61) reduces to that
of the Einstein equation. Without the term proportional to
the coupling constant g;, the left-hand side of Eq. (61)
reduces to the Einstein tensor. The coupling constants ¢,
and ¢, contained in (59) can be expressed in terms of
the cosmological constant A and the gravitational constant
G as [20]

3

1
S — A
162GA° P

91 = 3

Solutions of the field equation for particular systems
‘Hy, namely for Klein-Gordon, Maxwell, and Proca
systems, will be discussed in detail in our subsequent
paper [18].

Whether or not our theory can provide new insights with
respect to the dark matter issue remains to be clarified.

Remarkably, the metrics obtained from Eq. (61) for the
exterior regions of nonrotating black holes or rotating black
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holes coincide with those solving the Einstein equation
with cosmological constant. In other words, the vacuum
field equation

1
RnﬂlgR”ﬁﬂu - ZégRr]/ﬂTRU/MT - O (62)

is likewise satisfied not only by the Schwarzschild metric
[21], but also by the more general Schwarzschild-De
Sitter and the Kerr-De Sitter metrics. Thus, for a
vanishing right-hand side of Eq. (61), both parts of
the left-hand side, the quadratic part (62) and the
“Einstein part,” are satisfied by the same metrics. As a
consequence, the classical tests of general relativity,
namely, the bending of light, the perihelion shift, and
the Newtonian limit are equally passed by the solutions
of the field Eq. (62). However, the metrics obtained
from Eq. (61) for cases where matter/fields are present
will be shown to be different from those emerging
from the Einstein equation. This changes, for instance,
the prediction of measurable observables of neutron
stars.

IX. CONCLUSIONS

By means of the framework of canonical transforma-
tions, we have demonstrated that any (globally) Lorentz-
invariant Lagrangian/Hamiltonian system can be converted
into an amended Lagrangian/Hamiltonian which is form-
invariant under a general local transformation of the
reference frame, following the well-established lines of
reasoning of gauge theories. No assumptions or postulates
were incorporated into the theory. In particular, our
approach includes a nonvanishing torsion of spacetime
and is not restricted to the usual assumption of metric
compatibility.

Thus, the description of the spacetime dynamics emerges
from basic principles only, namely the action principle and
the requirement of the form-invariance of the action integral
under general spacetime transformations—which ensures
the general principle of relativity to be satisfied. The
ensuing coupling of spacetime dynamics with matter fields
involve the affine connection coefficients, which thus act as
gauge quantities. The derivation was worked out in the
Hamiltonian framework making use of the canonical
transformation formalism—which by construction ensures
the action principle to be maintained in its form. The
integrand (33) of the final action integral was shown to
represent a world scalar density and thereby meets the
requirement to be form-invariant under general spacetime
transformations.

The reader might wonder about the constraints that arise
in conventional Hamiltonian formulations of gauge theo-
ries. To address this issue, we must recall a general feature
of the covariant (DeDonder-Weyl) Hamiltonian formalism.
Generally, if a Hamiltonian in point dynamics does not
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depend on a dynamical quantity, then the canonical
conjugate quantity is a constant of motion. The analogue
applies in covariant Hamiltonian field theories. So, in our
case of a diffeomorphism invariance, the divergence of
the pth column (or row) of the total system’s energy-
momentum tensor vanishes if 7:{3 from Eq. (35) does not
explicitly depend on x*—which is the case for a back-
ground-independent system. In this regard, our formalism
differs from the standard 3 — 1-split Hamiltonian descrip-
tion (see, e.g., [22,23]).

For the closed description of the spacetime dynamics, a
Hamiltonian Hp,, which describes the dynamics of the
“free” gauge fields must be postulated. This is a common
feature of all gauge theories and reflects here the residual
indeterminacy of any gauge theory of gravity. In this sense,
we have derived the generic part of the description of
geometrodynamics which is common to all specific theo-
ries described by a Hamiltonian 7:[0 that are based on a
particular 7:{Dyn.

Most importantly, we found that in any case spin-1 fields
contribute with additional source terms to the equation of
motion for the metric—which do not occur for spin-0
fields. Work on extending the theory to half-integer fields is
in progress [24]. Furthermore, the canonical formulation of
the gauge theory of gravity requires a term quadratic in the
canonical momenta g of the gauge fields y in order for
the set of field equations to be closed. This contrasts
with the Einstein approach, which is restricted—in its
Hamiltonian formulation—to a linear momentum term.
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APPENDIX A: EXPLICIT CALCULATION OF
THE TRANSFORMATION RULE (24)

First, we show that the second term on the right-hand
side of Eq. (23) vanishes identically. According to the chain
rule, we have

0 [0x*|ox|!
W(W X )
_ ﬁ‘1< PPx* OXE ﬁ_@'%‘) (A1)
15).4 OXPOXE Ox* ox| o0xf )

By virtue of the general identity for the derivative of
the determinant of a matrix with respect to a matrix
element

O G| ox¢| ox
o) ox*| 9X|’

the X”-derivative of In|0x/0X| in Eq. (Al) is converted
into

x| 01| | ox|t D121 05 oxe ohe
oX| oxP |OX| O(Z%) 0XP  Ox" OX4OXP
(A2)
Inserting Eq. (A2) into (A1) then yields
0 [ox*|ox|!
— == == = 0. A3
ox” <6Xﬁ 0X ) (A3)

In order to express the third term on the right-hand side of
Eq. (23), the partial derivatives are first of all written in
expanded form

OFs| OB 5l (PX1 00 0¥ 00 Px 0X1OW P 01 ox

O |t 0% o =" |7\ OxFox" OXP OX“ OXE T OX“OXP OxF OXF | OXZOXP 0xk 0X°
X" 9*xk Ox" n O3k @ & -1 (Ad)
Ox*Ox" 0X*0X¢ 0XP ~ 0X*0X 0XP Ox* || 0X

This expression is now split into a skew-symmetric and a symmetric part of Q,,“éﬁ in the indices ¢ and f

according to

A a 1 A a A 1 A a A A a A a
0, =3 (0, = 0,7%) +3 (0, + 0,") = 0, + 0,

2

For the skew-symmetric part, Qn”[m, the two terms in (A4) which are symmetric in & and f vanish,

leaving

124048-14



CANONICAL TRANSFORMATION PATH TO GAUGE ... PHYSICAL REVIEW D 95, 124048 (2017)
0,1 [ QX" Ox" Ox' Ox/ N O?xt OX" Ox/ X" ox" 9Pxk
1\ oxkoxn 0XP 90X 90Xt T 0X“0XP 0xF 0xE) T oxkox" 0XP OXOXE

_ g | XV O [ Ox O P O OXT OX)
2 (axkaxt axP \" VaxTaxe T axeoxt) T U axeaxP axk oXE
~ [ 92X Oxk Ox" Pxt OX" Ox/
— oA\ 22 7 O ok TR O
O \Pee gt axi oxP 77 1 axeax? oxk axe‘]

- [ [ . OX"oxk Ox" oxt . 9x4 9xP\ OX" Ox/
— 0. i i 28 7 T kofpa 22 i 27 77 )22
U <y 1 5T OXJ OXP -’/’> tr ’-/( o oxa Vb oxa oxP ) Dk oXE

~ , , Ox® dxP X" Ox/ . OX" Oxk ox" . OX" oxk ox"
S YN N 'R TV S St it TS o SV et AT o SVY! il A

O, < ot ip TV bl i Gy XD ok OXE | 6k T X oxP Tk BT X xE

~ , ‘ ~ Ox® Oxb OX" Ox/
aléPl i i al

~O G+ 1 5O G o ot o
Ox
10).¢
Ox

10).¢

= —Qna[éﬂ]riagrﬂiﬁ + éka[bj]}’iabykij

= _Qna[iﬂ]rkagrﬂkﬂ + éna[éﬁ]ykafl’nkﬁ

1~ 1. Ox
=75 Qnmjﬂ(rkaérnkﬂ - Fkaﬁr”kg) + 3 q;yaéﬂ(ykmfquﬂ - Vkaﬂ"kg)‘ x|

The two mixed terms in I" and y cancel each other due to the skew-symmetry of Qna[éﬂ] in £ and p.
The contribution of (23) emerging from the symmetric part Q,?"(‘gﬂ) can be expressed in terms of the derivatives of the
connection coefficients, whose transformation rule is

8Fnu§ )¢ . ayk,-j 0X" Ox! Ox/ X 0 <6X’7 ox! axj> 0 (axn 92 xk )

ox~ ox"  ox ok oxeoxt Vg \axFoxcoxt) T ox \ oxF axeoxt

Thus
o a@ O | 0 0X1 0x' O\ | 9 (0XT &xt
1 oxP T g \ axk oxe ox%) T ox \ ok 0X“OXE
. Q a(&p) ox" 8F’7a§ 0X* _ 37/]‘,-]-@ 8xi %
o= OXP \ 0X* ox"  Ox" OxF 0X* 0X¢

Ox
0X

k
= Q a(&p) arwaf _ =~ i(jn) y ij
1 3X/3 k Ox"
) 81—"70!5 = () 37"0:5 %
oxP " oxF |ox

1~ o o 1 o' Y Ox
_1pa aé ap\ L~ gep (O e Vap )| OX
29 <axﬁ T oxe ) 20 (axﬂ x| ox

- Qna(fﬁ

The total transformation rule (A4) expressed in terms of connection coefficients is then

OF 5 x|  OF" Ox| | 1~ ey (O OIM
- = _— = —= R _ ﬂ 015 aﬁ _ Fk F" Fk F”
ax” exPl 8X axﬂ exp] aX + 2 Q}’] 8X/j ach (1§ kﬁ + (lﬂ kéf
U ey (O e OF"ap Ox
2 q”a§ﬁ< 0x; + axz — Ve tp + 7 ap? ke x|
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APPENDIX B: EXPLICIT CALCULATION OF THE CONSISTENCY EQUATION (58)

Equation (57) reads, in explicit form:

op*
Ox

0 oK'’ 0 aq
a§+ﬁaﬁﬁ+2 +2k/1a/3 9/15+ C]q

o T o Y oxb T T ou R Ry

0= 7/1& tdy Ox OxP Vi~ e OxP

The partial derivative representations (45), (47), (49), (52), and (54) of the canonical field equations can now be inserted to
replace all derivatives with respect to x”, which yields

OH, [ OHo

0= <—aaa -y riﬁ) ag + p (313513 + “W"éﬁ)
a,’:‘{0 + a,}'—szn
ag&a ag/la

) i i ot
-2 <k”“ﬂ Vop + K+ )9&5 + 287 <9ngr”w 9" kaé“)

_ OH
= A =~ ar, =~ T a > D T
- (p ian + 2kﬁa 9pn + qp /1},/3”7 — 4y /My fﬁ)yr’& + 4y 24 (aé 5,}1]; +v éj/}ynd>
n

_ - . _ L
+ (P"ag + 2k ge = 45" 1 o+ G )Y — G < RS W”a)

All terms which do not depend on the Hamiltonians cancel, as can be seen after rearranging and relabeling some running
indices

67—(0 87'[0 _9 87:(0 ) 8HDyn + 2];,1{1/} a,}—‘Dyn + q~

btk U, S L -
a, "o 00 " 2 g, Y o
- P"ﬁ agr®ys + P agry + pPayy g — PP ayy"s
~ “ap = ~onh ~ =B
- 2kmﬂ91§7’iqﬁ + 2k Gne?"ip — 2k nﬂ%:)’an/f + 2™ goey 4 2k aﬂg/lnif"gﬂ — 2iP* Y

aHDyn -y

a’}:‘[Dyn
0g,%0 ~ 1

94,""

O:

= 45" e+ QY Y+ T Y o — A et + A gt — G
The remaining terms constitute the second rank tensor equation
aHO a5 — i)aﬂ aHO + 2%9/15 =2 a7-{]3)’I1 g klaﬁ 6HDyn + L} aip aHDyn _ é}:ﬂ/w 8HDyn '
Oa, op# 09 0Y)a Py n 3%‘5’1/3 0,
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