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Abstract: Following up on an earlier, De Broglie-Bohm approach within the
framework of quantum gauge theory of gravity, and basede®¢hrédinger-Dirac
equation for gravitonsye argue that gravitons are effectively massive due to their
localized circulatory motion. This motion is analogous to the proposed
Zitterbewegung (ZB) motion of electrons
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1. Introduction
Following, D. Hestenes, the idea that tAe ZB of photons is studied via the
electron spin and magnetic moment amsomentum vector of the electromagnetic
generated by a localized circulatory motion fiéld. These studies show that ZB motion can
the electron has been proposed independentigur only in the presence of virtual
by many physicists [1]. Schrédinger’s longitudinal and scalar photons [28-30]. The
zitterbewegung (ZB) model for such motionvector property of this motion is described by
is especially noteworthy because it the polarization vectors of the
grounded in an analysis of solutions to tledéectromagnetic field28-30].
Dirac equation [2-4]. Surely, if th#B motion
is a real physical phenomenon, then it tells darious workers have attempted to derive
something fundamental about the nature Géneral Relativity from a gauge-like
the electron. The role ascribed to the ZBinciple, involving invariance of physics
motion in standard formulations of quantuomder transformations of the locally (i.e. in
mechanics, nonetheless, has bethie tangent space at each point) acting
metaphorical at best. Lorentz or Poincare groug[5-7]). N. Wu
[8—11] proposed &uantum Gauge Theory of
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Gravity (QGTG) based on the gravitationgravitational gauge transformation, ,(€)
gauge group (G). In Wu’s theory, the transforms as:
gravitational interaction is considered as a
fundamental interaction in a flat Minkowsk'b ) s sl

. \ C =U C,(x)U
space-time and not as space-time geomaAtry. w (0= €, (x) (€, (U (%)
model of interacting massive gauge gravitons,i - ()

o1
and a proposed heavy gauge gravitargug(x)(aﬂuf ).

resulting from shell decay of Higgs bosongnereas Dtransforms covariantly as:

were developed recently by the author within , R <y

the framework of QGTG [12-34In arecent D,(X) > D, (x)=U (D, (U (x). (6)

paper, we also proposed the leading order

approximation, a De Broglie-Bohm approadbravitational gauge field (x) can be

within the framework of QGTG [15]. expanded in the form of linear combinations
of generators of gravitational gauge group,

Based on the Schrddinger-Dirac equation for

gravitons, in this sy we argue thatcﬂ(x)zc/‘j(x)-ﬁa, @)

gravitons are effectively massive due o

motion analogous to th&B motion. where cy is the component field of the
gravitational gauge field.

2. Fundamentals of QGTG cw
According to N. Wi theory, the Although component field™ #
infinitesimal transformations of  thesecond-rank tensor, this is not a tensor field.
gravitational gauge group G can be writtenTthe indexa is not an ordinary Lorentz index
the form [§: but a gauge group index. Since gravitational
gauge fieldcy has only one Lorentz index,

it is a kind of vector field.

resemblesa

U,=1-ie"P,, @ =0,1,2,3, (1)

where ¢“ are the infinitesimal parameters ofhe strength of the gravitational gauge field

_ N is defined by the second-order Lorenz tensor:
the group, and P, =-io/ox” are the

generators of the gauge group.

1
F,uv :._[Dy'Dv:|' (8)
It is known that these generators commute -9
each other [8]: or:
[P,.Ps]1=0. 2 Fu=0,6(x-0,C,(

(9)

-igC, (x)C, (x) +igC, (x)C , (x),
This property of the generators, however,

does not imply that the gravitational gauge s a vector in group space; therefore, it
group is an Abelian group, since the element$

of the gravitational group do not commufg?" b€ expanded in group spase

[8]:

Fo () =F7 (x)-P,. (20)

;tv(

[U ]1=0. 3)

52'U52
The explicit form of the strength of the
The gravitational gauge-covariant derivati@@mponent field:
is defined by: Fs =(@,C)-(8,C¥
y Wﬂ(y v) (Vﬁﬂ) (11)
D, =0, ~i9C, (), (4) 9CH(0pC T OC(E,C)
where G(x) is the gravitational gauge fielgl he strength of the gravitational gauge field

and g is the gravitational gauge coupliffnsforms covariantly under gravitational
transformation. In analogy with

constant. Xx) is a Lorentz vector. Undedaude _ _ ;
traditional gauge field theory, the kinematical
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term for the gravitational gauge field can bae 33, 33, )
. . = +017,,3
written as: H 6(6#Cf) acfz la™'0 (19)
1 uay 03
S, =—=n*p"°q FCF’L . 12) -99,(mzC) ———
o0 477 T QapTuvToo (12) S 2(9,C))

It canbe demonstrated that this Lagrangiangsippose that the gravitational gauge field
not invariant under gravitational gaug%a . Ki . @0 |
transformation. tl transforms covariantly as-« 'S VETY Weakinvacuum, I.ec, =0.1n
follows: leading order approximation, by substituting

equation (14) to equations (19e obtain:

3= Jo =(U,3y) (13) N
o _ 5 oo 03, =0.
To resume the gravitational gauge symmetry 2(2,Cao.) 9C,, (20)
of the action, we introduce an essential factor
in the form of: The gravitons’ equations of motion thus
become:
e © _ %Sl | (c)= 971, C - (14) ow _g
woe (21)
The full Lagrangians is then given by:
We define:
3=¢g,, (15)
Fi =—&By . Fo = E. (22)
The action S for the gravitational gauge field
is defined by Equation (21) then takes the form:
s=[d*xs. (16) VB“ =0, (23)
g _yxB“—0. (24)

It can be proven that this action has locat
gravitational gauge symmetry [8]. According
to the gauge principle, global symmetry givaaking definitions (22) into account, we

out a conserved current: derive the following equations:
( 03 ) VE® =0 25
T/ =€ ‘C)L—;"aaacf /30 | (17) ’ (25)
a(a,ucv) a—Ba +VxE®=0. (26)
t

We call quantity T, inertial energy- Byt for their superscript, equations (23-26)
momentum tensor [8]. would be the ordinary Maxwell equations. In
conventional quantum field theory the

The Euler-Lagrange equations for, gauge
grange eq . gaug gravitational field in vacuum is extremely

fields are: weak. The gravitational wave in vacuum
o 93 _ 93 (18) therefore, is composed of four independent
"a(,c!) ocy vector waves.

hA{though the gravitational gauge field is a
a . : , o

vector field, its component fields*Chave
one Lorentz indext and one group index.
Both indexes have the same behavior under
Lorentz transformation- a behavior that

These forms are identical with those t
occur in quantum field theory [8]. yB
inserting equation (15) into (18), we get:
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makes the gravitational gauge field tRelation (28) can be regarded as a constraint
resemble a tensor field. We thus call thig the fieldy®. Relation (29) can take another
gravitational gauge field a pseudo-tenstarm by introducing the following set of
field. The spin of the gravitational gaugeermitian matrices:

field, determined by its behavior under

Lorentz transformation, is 2. (0 0 0) (0 0 -i)
| . | |
. . . A1=10 0 Ao=10 0 O
In conventional quantum field theorgspin- "% L . 'J’ 2 L J
1 field is a vector field, and vector field is a 0 -i 0 0 0

spin-1 field. In QGTG, this correspondenceis (o i 0)
violated. This is because, unlike i |

conventional gauge field theory where the”’_L_i 0 OJ (30)
spin of a field is independent of the group 0 0 0
index, in QGTG the group index contributes
to the spin of a field. These matrices satisfy the commutation
_ _ _ relation:
3. Can gravitons be effectively massive due
. S
to a motion analogousto ZB motion [, 2,1 =~y (31)

In a recent paper, we proposed a De Broglie- _
Bohm approach to the QGTG to explain tfguation (29) can then be written as:
propagation of gravitond f).

o

, . N LA (32)
Alternatively, the propagation of graviton$ ot

can be described by the quantity-&EB* [15],

where E and B are the gravitational electriq)r, carrying off the components,

and the gravitational magnetic field [17-27], "

respectively. i Z/t‘ =Huw % =-(4); Vv [15].  (33)

This description is formulated in the same L
way in which the Schrédinger wave functidgduation (33) has the form of a Schrddinger-

i . . . Dirac equation.
v = Re>'"describes the motion of materlal? a

particles in de Broglie-Bohm theory [21-22]. Following J.P. Vigierr [28], the graviton

_ _ _ _ _ velocity operator in the Heisenberg picture is
With this choice, the physical meaning of thfsfined by:

graviton wave function is acquireab initio.

Indeed, there are impressive similariti

between the present formulation of QGT%=(M)_1[U,H] (34)
and de Broglie-Bohm theory [15]. :

We consider the complex valued quantity: Kobe [28] has shown that, for U(t), equation
(34) yields the value:

[24 l [24 . o
v =$(E -iB%) [15]. (27) vy =u_ (0)+U  (0) (35)

Introducing y* in the field equations of+tY . (0)cosat+ AU | (0)simot
vacuum graviton (23-26), teebecome:
wheren = pc/# is the angular frequency of

Voy®=0, (28) the corresponding classical gravitational
P wave in the leading order approximation of
:t —iVxp . (29) QGTG.

The Heisenberg equation for the displacement
operator:
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circle of radiug/eo. The corresponding

dx H1- U 36 orbital momentum isiz and its speed on this
qr - WD HI=U (36) ircle of radius c/wis the distance
2l (c / w) travelled in one period divided by
yields by integration: T=27/w. This trembling motion of the
x(t) = x(0) +V, (0}t graviton reduces the mass of a particle to the

t (37) frequency of this motion.
+jdt'exp{—it'h’H U (0)
0

The longitudinal component of the velocity
The first term on the right hand side @fssociated with a constant energy- pc is
equation (37) is the initial position of theonstant. This longitudinal component is
graviton. Since the graviton moves with given by:
constant longitudinal velocity operator,
U (0), in the direction of its constanhll(o):lo[npU (0)] = i2pHE 2. (40)

momentum, p , the second term of equation

(37) is the subsequent displacement of tBguation (40) is the corresponding graviton
graviton. The third term thus yields the timeperator in the direction of the momentum,
dependence of the displacementt) due to ; o .2 pH ;1 — ¢2pH gEéz corresponding to
the graviton’s motion (analogous to th&B he aravitons Dirac ener

motion). After integration of equation (37) WE 9 1 9y

derive: r 5 27,

Ey = L((pc) + mgc) J (42)

X(t) = x/(0)+U_(0)+U , (0)o ' singt) (38) :
~U | (0)1e ‘cospt )

- a formula tied with a constant displacemeftConclusion

! _ ’ -1
X'(0)~x(0)=U 1o The last two terms OfAdopting a De Broglie-Bohm approach in

(38) evidently imply a spatial extension(t) Quantum Gauge Theory of Gravity QGTG
resulting from a motion analogous to thB and based on the Schrddinger-Dirac equation
motion. for gravitons, we find that gravitons are
effectively massive due to their localized
The displacement operatorx’(0)- x(0) circulatory motion which reduces the mass of

precesses about the displacementt)t with the particle to the frequency of this motion.

an angular frequency —associated to an-errelgtgﬁgon is analogous to the ZB motion of

amplitudec/ o . This suggests that the orbital
angular momentum of the ZB motion
corresponds to the graviterspin operatofs,
associated with an effective ‘relativistic

1 s 2 2
graviton mass’, m,=E/c” =hw/c” Tpe

graviton’s spin operator S is defined by: References
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