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We explore the new physics phenomena of gravidynamics governed by the inhomogeneous spin gauge
symmetry based on the gravitational quantum field theory. Such a gravidynamics enables us to derive the
generalized Einstein equation and an equation beyond it. To simplify the analyses, we linearize the dynamic

equations of gravitational interaction by keeping terms up to the leading order in the dual gravigauge field.

We then apply the linearized dynamic equations into two particular gravitational phenomena. First, we
consider the linearized equations in the absence of source fields, which is shown to have five physical
propagating polarizations as gravitational waves, i.e., two tensor modes, two vector modes, and one scalar,

instead of two tensor polarizations in the general relativity. Second, we examine the Newtonian limit in
which the gravitational fields and the matter source distribution are weak and static. By deriving the
associated Poisson equation, we obtain the exact relation of the fundamental interaction coupling in the

gravidynamics with the experimentally measured Newtonian constant. We also make use of nonrelativistic
objects and relativistic photons to probe the Newtonian field configurations. In particular, the experiments
from the gravitational deflection of light rays and the Shapiro time delay can place stringent constraints on
the linearized gravidynamics in the gravitational quantum field theory.
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I. INTRODUCTION

Among the fundamental interactions, the gravitation is
the weakest and the most mysterious. The standard theory
of gravitation at present is Einstein’s general relativity
(GR) [1,2], in which the gravity is described by the
Riemannian geometry of curved spacetime. Since its birth
in 1915, the GR has withstood all the astrophysical and
cosmological tests, which include four classical ones:
(i) the gravitational redshift of photons [3-5]; (ii) the
deflection of light [6-9]; (iii) the perihelion advance of
Mercury [10]; and (iv) the time delay of light [11,12] (for a
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recent review on the classical tests of GR, see, e.g., Ref. [13]
and references therein). The discovery of the binary pulsar
B1913 + 16 by Hulse and Taylor in 1974 [14] has verified
the GR by providing the first evidence of the existence of
gravitational radiation [15,16]. In 2015, the first direct
observation by advanced LIGO observatories of the gravi-
tational wave (GW) signal emitted from the merger of binary
black holes [17,18] has provided a further support to the GR.

On the other hand, the electromagnetic, weak, and strong
interactions are all described by quantum field theories
(QFTs) based on the gauge principle [19]. Thus, it is
tempting to write down the gravity in terms of the gauge
language, and numerous efforts were explored in early
studies (for review articles see, e.g., Refs. [20-22]). Most
gravity gauge theories were formulated based on
Riemannian geometry on curved spacetime or Poincaré
group in coordinate spacetime rather than in a Hilbert space
of fields. Recently, a gauge theory of gravity has been
constructed in the framework of gravitational quantum field

© 2024 American Physical Society
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theory (GQFT) [23] and unified with the standard model to
build the hyperunified field theory (see Ref. [24] for the
latest review of the GQFT and the hyperunified field theory
as well as the references therein). It has been shown that the
gravitational force and the spin gauge force are governed by
the inhomogeneous spin gauge symmetry WS(1,3) =
SP(1,3) x W!3, in which the spin gauge field correspond-
ing to the spin gauge symmetry SP(1,3) is introduced to
characterize the spin gauge interaction and the gravigauge
field, while the translationlike W, -spin gauge symmetry
W3 in a Hilbert space of spinor fields emerges to describe
the gravitational force. A biframe spacetime appears to
reveal the nature of spacetime in which the globally flat
Minkowski spacetime plays the role of the base spacetime
while the locally flat gravigauge spacetime acts as a fiber. As
a result, the gravitational dynamics is described in terms of
the gravigauge and spin gauge fields. Phenomenologically,
there have already been many studies in the framework of
GQFT [24], including discussions on inflation [25], dark
matter, and particle physics.

Note that the gravitational dynamics in the GQFT is
highly nonlinear [23,24], which makes its application
rather difficult. However, when the gravitational effects
are weak, the gravitational dynamics becomes easy and
tractable, so that we can expand the equations of motion in
terms of perturbations at the linear level. In the present
work, we would like to explore the gravitational physics in
this linearized GQFT. We start by deriving the linearized
gravitational field equations, which are then applied to two
special situations. First, we shall consider the free gravi-
tational equations without any matter sources, aiming to
investigate how many and what physical polarizations are
contained in the propagating GWs. Next, we turn to the
Newtonian limit, in which the gravitational field and matter
sources are weak and static. By solving the linearized
equations, we can obtain the well-known Poisson equation
that governs the associated Newtonian potential. We will
also make use of both nonrelativistic and relativistic test
bodies to probe this Newtonian configuration. In particular,
when the probing particles are photons, we can constrain
the GQFT with existing experiments, such as the deflection
of a light ray and the Shapiro time delay.

The paper is organized as follows. In Sec. II, we shall
derive the linearized gravitational equations of gravigauge
fields in the GQFT. We shall apply in Sec. III the obtained
equations to the free field case, and examine the physical
degrees contained in the propagating GWs. In Sec. IV, we
turn to the Newtonian limit, which is tested by the non-
relativistic test bodies and relativistic photons. Finally, we
conclude and comment in Sec. V.

II. GRAVITATIONAL EQUATIONS OF
GRAVIGAUGE FIELD AT THE LINEAR LEVEL

In this section, we linearize the gravitational equations of
gravigauge fields in the GQFT [23]. Our derivation begins

with the gauge-type formulation of the gravidynamics
given in Eq. (159) of Ref. [23],

o,Ft = T, (1)

where the definition of 7%* and various contributions to the
source J% are defined in Ref. [23]. Note that the basic
ingredient in the gravidynamics is the gravigauge field y,
which can always be written as follows:

X En;”r%hﬁ, (2)
where 77 is regarded as the background field while £ is the
redefinition of the field variable yj. If we further require
that hj is a weak perturbation, we can expand the dual
gravigauge field as 24 = (¢ +3h%)~" and the determinant
x in terms of hj. As a result, the field strength F7, can be
reduced into

qu = aﬂ)(lcj - 1/)(/641 = (aﬂhg - avhz)/z’ (3)

and the leading-order gravitational field equation in the
GQFT is given by

[OH, — 0°0,hY — 0,0,k + 0,0°h + 5,(0,0,h* — [Ih)]
+ yw (0K, — #0,h%) = —162G I, (4)

where the yy-independent terms on the left-hand side
(LHS) are derived from the LHS of Eq. (1) while the

yw-dependent part from the term mZGDD(;()?E‘;]” ’"/Fl‘jﬁy,) is
contained in J%. Here yy = yg(ag — ay/2) with y; and
aG(w) defined in Ref. [23]. The current J; on the right-hand
side is composed of ordinary matter fields which source the
gravitational perturbation hy. In Eq. (4) we have fixed the
gauge conditions for the local SP(1, 3) symmetry so that /};
is a symmetric tensor with hf; = hf;. We also have h = i}
and h,, = n,ﬁ’nﬂphﬁ. However, the indices a and u in Eq. (4)
do not possess any symmetry property, so that we can
decompose this equation into the symmetric and antisym-
metric parts as follows:

~ 1
G, = 3 [Oh,, —20°04,h,), + 0,0,h +1,,(0°0°h,, — Olh)]
+ 00 (O, = 0°04,h) = ~87G, T, (5)
A _TW o —
G[W] = —70 a[,,hy]g = —87ZGKT[}W], (6)

where GW represents the generalized Einstein tensor and
the source terms are given by
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T(/w) = (77/4,0’71(/1 + nvpr]z)‘]fl/27
T[m/] = (77/4/7’15 - ’11//)772)]2/2 (7)

Equations (5) and (6) comprise the complete linearized
equations governing gravitational fields in the GQFT.

III. FREE FIELD EQUATIONS AND
PHYSICAL DEGREES OF FREEDOM

As the first application of the general linearized field
equations in the GQFT, this section is devoted to explor-
ing the free equations in the absence of matter sources
Ty =0 and T},,) = 0, paying attention to the question,
how many GW degrees of freedom (d.o.f.) are propagating
in this theory?

First of all, we follow the standard procedure in
Refs. [26-28] to decompose £, into the following polari-
zation modes:

(i) Spin-2 tensor modes: fz,-j

]:[it = iltt =0, hf =0, a'flij =0. (8)

(i) Spin-1 vector modes: S; and F;

h[[ - Os hit = Si’
h” = za(le)v aiSi = aiFi =0. (9)

(iii) Spin-0 scalar modes: ¢, B, y, and E

h,; = —2¢, hi, = —0;B,

We can conveniently summarize these fields with the
following line element:

ds? = (1+2¢)dr* —2(S,— 0;B)dx'dt
- Vlij — (1=2y)n;;+20F ;) +20,0,Eldx'dx’, (11)

with ;; = —6;;. Furthermore, one can prove that the field
equations in Egs. (5) and (6) are invariant under the scalar-
type gauge transformation 6h,, = d,0,¢, which leads the
scalar fields ¢, B, and E to transform as
$p—p+C/2. B-B+ol, E—E-(/2. (12)
Therefore, we can define the following two gauge-invariant
variables:
o =¢-9,B/2, A =B+ 20,E. (13)
With the above polarization fields, the symmetric equa-
tion in Eq. (5) can give us the following independent
equations:

(i) (¢,t) component
20400 + 710 0, ® = 0, (14)
(i1) four-dimensional trace
30y =00;(y + ®—0,A/2), (15)
(iii) (¢,i) component
[0°04(S; = 0,F;) + 49,0] + (yw/2)[3S; — oA
+ 00 (S; — 0,F ;) +20,0,(® —w + 0,A/2)] = 0,
(16)
(iv) (i,j) component
(1 +yW)Dilij+}’WDa(iFj) —(rw+2)0,0,[S—9,F];

+21;;(yw +1) Oy
+20,0;[(1=yw)w =@+ (yw+1)0,A/2]=0. (17)

It is clear that only the gauge-invariant fields appear in the
final equations.

Our next task is to solve these field equations in the
GQFT. We begin with the scalar sector. Equation (14)
implies the following constraint for y:

y =-rw®/2, (18)
which can easily be seen by transforming Eq. (14) into the

Fourier space with a nonzero wave number. Moreover, we
can obtain the additional independent relations

%VDA -0, [(4 — )W+ ® + %Wa,A} (19)

Oy = 0,0/ ®—-0,A 20
W =0, LWHM 21} (20)

by acting one and two spatial derivatives on Eqgs. (16) and

(17), respectively. By solving Egs. (15) and (18)—(20), we
can yield the equation of motion for ®,

Lo =0, (21)

and the constraint for A,
0,A =—(yy —2)®. (22)
We now turn to the vector sector containing F; and S;. By
taking into account Egs. (18), (21), and (22), all terms

related to scalars are canceled out in Egs. (16) and (17),
which results in the following reduced equations:
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2
as; + Makak(si —0,F;) =0, (23)
Tw
(rw +2)
OF, —Wy—wa,(sj —0,F;) =0, (24)

where the second equality follows by taking a divergence 0;
on Eq. (17). To fully shed light on the vector dynamics, we
also need to consider the antisymmetric gravitational
equations in Eq. (6), which can be written in terms of
component fields as the following:

(i) (z,i) component

(i) (i,j) component

where scalars are canceled out totally due to their dynam-
ics. By solving Egs. (23)-(26), one can show for yy, # —1

OF; =0, (27)
with the constraint
Si == ()tF,». (28)

Finally, by considering the relations in the scalar and
vector sectors, Eq. (17) gives us

Oy, = 0, (29)

which is the wave equation for the two massless tensor
d.o.f. as in the GR.

In summary, for a generic value of yy # 0 or —1, we
have found five massless propagating GW d.o.f. in the

GQFT: two tensor modes IA1,-J-, two vector modes F';, and one

scalar @, which can determine the dynamics of other
component fields defined in Eq. (11) via various relations.

IV. NEWTONIAN LIMITS

Let us now apply the linearized gravitational equations in
the GQFT to explore the gravitational fields in the Newtonian
limit. As is well-known, the Newtonian limit [29,30] is
the situation in which the gravitational field is static and
weak. Thus, in the following, all of the time derivatives in
the linearized gravitational field equations can be ignored.
Also, the matter is composed of dust and the configuration is
static, so that the only nonzero component of the energy-
momentum tensor is only 7o) = p(x), where the mass
density p is assumed to be a function of spatial coordinates x.
The antisymmetric energy-momentum tensor 7', vanishes

by assumption. Thus, the modified Einstein equations are
given by
Goo = 0,0'(2p + p®) = —87Gp(x),
Goi = =0 (1 +yw)Si —yw0;A/2]/2 =0,
Gij =—(1/2){(1 + J/W)akakilij + ywok0x0;iF )
- Zaiaj[(yw -y + CD] - 2’7ijakak[(1 - }’W)ll/ - ‘D]}
=0. (30)

By solving these equations, the Newtonian potential @ is
shown to obey the conventional Poisson equation

AD = —0,0°® = 472Gyp(x), (31)

with the scalar y determined by
w=/(1-yy). (32)
while other fields izi j» Si» Fj, and A all vanish identically,
where we have defined the measured Newtonian constant in

terms of the fundamental coupling G, [29,30] as follows:

1 —rw
(I =yw/2)(1 +yw)

Gy = G.,. (33)

One can probe this Newtonian field configuration with
either nonrelativistic test bodies or relativistic particles such
as photons. At the low-energy limit of the GQFT, all these
objects propagate along the geodesics described by

d?x?
dr?

p dxXdx”
Wdr dr 7 (34)
where F,pw is the usual Christoffel symbol defined with
respect to the effective metric in Eq. (11).

If the probing object is massive and moves very slowly,
i.e., dx'/dr < dt/dr, the geodesic equation in Eq. (34)
dictates the object to follow the path

2 i
CZ—; =0'®(x) = —0,®(x), (35)
which is nothing but the acceleration of a massive body
moving in the static Newtonian potential. Furthermore,
Eq. (35) also implies that, regardless of the value of its
mass, the test body would always experience the same
acceleration and propagate with the same trajectory in this
weak gravitational field configuration, which has been
well-tested by the experiments examining the weak equiv-
alence principle (WEP). Note that the best constraints on
the WEP are provided by the E6t-Wash group [31,32] and
MICROSCOPE [33].
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On the other hand, the gravitational field profile in the
Newtonian limit can be detected by photons, which can
lead to the gravitational light deflection [6—9], the Shapiro
time delay [11,12], and the gravitational redshift [3—5] of
photon frequencies. Note that these phenomena provide
three of the most important tests of the GR in the history
(see, e.g., Refs. [13,30] for recent reviews and references
therein). In what follows, we shall compute the relevant
observables in the GQFT and use the current data to
constrain the parameter yyy.

Since most observations for gravitational light deflec-
tions and time delays have been performed in the Solar
System, we shall work in the following effective metric:

ds® = (1 +2@)d* — (1 = 2y)8dxdxl,  (36)

where all other gravitational component fields vanish in the
Newtonian limit according to previous discussions. Here
we have chosen the gauge with E = 0, so that ¢ = ®,
where @(x) is the gauge-invariant Newtonian potential in
the Solar System represented by

®=-GyMy/r. (37)

with M denoting the solar mass and r as the radial
distance from the Sun. Following the methods presented in
Refs. [30,34], we can derive, as illustrated in Fig. 1, the
expressions for the deflection angle 6 and the Shapiro time
delay Stgpqpiro as follows:

80~ (2+ yw)(GyMg/b)(1 +cos ),  (38)
5tShapir0 ~ 2(2 + YW)GNMO In (4rers/b2)’ (39)

where 6, is the elongation angle of the emitter relative to
the Sun, b is the closest approach from the solar barycentric
point to the line connecting the source and the Earth, and
Te(s) 1s the radial distance of the Earth (source) from the
Sun. Comparing with the well-known formulas in the
parametrized post-Newtonian (PPN) formalism [13,30],
it is seen that yyy is closely related to the PPN parameter
rbyrwry—-1

Recent tremendous developments in the very-long-base-
line radio interferometry (VLBI) and the radar time-delay
experiments enable us to put strong constraints on the

Source Earth

FIG. 1. The light ray deflection with the deflection angle 60 and
the Shapiro time delay Sfgpapir, caused by the Newtonian field of a
massive object, such as the Sun.

GQFT. In particular, the VLBI observations of the deflec-
tion angles of lights from quasars and radio galaxies have
yielded yy = (=0.8 £ 1.2) x 10™* at the 16 CL [8,9],
while the most precise measurement of the Shapiro time
delay is provided by the Cassini spacecraft [12], which has
given the best limit to date on yy = (2.1 £2.3) x 107>,
Finally, we would like to discuss the gravitational
redshift of photons [3-5] in the GQFT. Based on the
arguments given in Ref. [29], we can derive the ratio of the
photon frequencies w(x) at different locations x; and x,:

w(Xy)  (1+20(x;)
<1 +20(x,)

172 A
o ) 1ot - o). @)

where we have expanded the expression for ®(x) < 1.
Note that the photon frequency modification only depends
on the Newtonian potential ®(x), without any reference to
w, so that the gravitational redshift effect in the GQFT
should be the same as in the GR.

V. CONCLUSION AND DISCUSSION

Understanding the nature of gravity and its quantization
is one of main goals in modern physics. Unlike Einstein’s
GR, which was based on the Riemann geometry, the
GQFT [23] has constructed the gravitational interaction
based on the gauge principle that has been well-tested by
three other fundamental interactions. In the present work,
we have explored the fundamental physics and phenom-
enology in the weak gravity limit of the GQFT, so that the
theory can be examined at the linear level of the perturba-
tion h,,,. To realize this aim, we have derived the linearized
gravitational field equations in the GQFT. It is found that,
different from the usual diffeomorphism symmetry in the
GR, the gauge symmetry in this theory is reduced to a
scalar-type one parametrized by the infinitesimal gauge
parameter {(x). Moreover, the difference between the
GQFT and the GR at the linearized level can be para-
metrized by one single parameter yyy.

After establishing this linearized theory, we then apply
this formalism to two special situations of important
physical interest. In the first application, we examine the
free linearized gravitational field equations in the absence
of any matter fields. In particular, we focus on one crucial
question: how many and what physical propagating GW
d.o.f. are contained in this theory? As a result, different
from the GR which includes only two massless tensor
modes, there are five physical polarizations: two tensor
modes, two vector modes, and one scalar mode, all of
which are massless.

In the second application, we turn to the Newtonian limit
in which the gravitational field is weak and the matter
source fields are static. By solving the obtained field
equations, we can obtain the conventional Poisson equation
that connects the Newtonian potential with the matter
density distribution. As a by-product, we have obtained
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the exact relationship between the fundamental coupling
G, defined in the GQFT and the experimentally measured
Newtonian constant Gy. We then make use of the non-
relativistic objects and photons to probe the yielded
gravitational field configuration. For a slowly moving
object, regardless of the value of its mass, it would always
experience the same acceleration and follow the same
trajectory in the gravitational field, which has been well-
tested by the experiments examining the WEP. Finally, we
consider the motion of a photon in this Newtonian back-
ground, and investigate three classical tests: (i) the deflec-
tion of light, (ii) the time delay of light, and (iii) the
gravitational redshift, It turns out that the GQFT gives
exactly the same prediction of the gravitational redshift
effect as in the GR, so that this kind of experiments cannot
be used to distinguish these two theories. On the other
hand, the light deflection and the Shapiro time delay do
predict differently in the GQFT than in the GR, due to the
dependence of the parameter yy,. Thus, we can probe and
constrain the GQFT with the associated experiments. In
particular, the radar time-delay experiment carried out at
the Cassini spacecraft provided the most stringent bound
on yy < O(1075).

Besides the phenomena investigated in the present work,
there are still many other aspects of the GQFT waiting for

us to explore. One classical test of the GR is provided by
the perihelion advance of Mercury [10], which requires the
calculation of the gravitational field configuration beyond
the linear level [30]. Furthermore, in the view of the
additional propagating GW polarizations, some important
questions are raised: How do the extra GW modes couple to
matter fields? What are the corresponding coupling
strengths? Is it possible to observe these GW d.o.f. by
the ongoing and forthcoming GW observatories, such as
LIGO-Virgo-KAGRA [35-38], LISA [39], Taiji [40], and
TianQin [41]? We shall come back to these issues in the
near future.
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