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Quantum gravitomagnetic interaction
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In the framework of linearized quantum gravity, we study the quantum gravitational interaction between
two nonpointlike objects induced by fluctuating gravitomagnetic fields in vacuum. We find that, in addition
to the quantum gravitational interaction induced by fluctuating gravitoelectric fields previously studied,
there exists a quantum gravitomagnetic interaction. This interaction originates from the interaction between
the instantaneous localized mass currents in nonpointlike objects induced by the fluctuating gravito-
magnetic fields. Using fourth-order perturbation theory, we derive the explicit form of the quantum gravito-
magnetic interaction energy, which shows an r~'° dependence in the near regime and an #~!! dependence in
the far regime, where r is the distance between the two objects. This interaction energy is expected to be
significant when the gravitomagnetic polarizability of the objects is large.
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I. INTRODUCTION

Although a theory of quantum gravity, which is neces-
sary to understand quantum gravitational effects near the
Planck energy scale, is elusive, one can still study quantum
gravitational effects at low-energy scales, for an example,
by taking general relativity as an effective field theory. In
such an effective field approach, it has been shown that
there exists a quantum correction to the classical Newtonian
potential, which can be obtained by summing one-loop
Feynman diagrams involving off-shell gravitons [1-6],
just as the consideration of the radiative corrections of
quantum electrodynamics would lead to a modification
of the Coulomb interaction between two charges (See,
e.g., Ref. [7]).

The works mentioned above deal with the quantum
gravitational interaction between two mass monopoles.
Recently, the quantum gravitational interaction between
two nonpointlike objects has also been investigated [8—10].
This interaction originates from the interaction between
instantaneous mass quadrupoles induced by the fluctuating
gravitational fields, and behaves as #~'° and r~!! in the near
and far regimes, respectively. Due to its close analogy to the
Casimir-Polder interaction between a pair of atoms due to
the interaction between instantaneous electric dipoles
induced by the fluctuating electromagnetic fields [11], it
is also dubbed as the gravitational Casimir-Polder inter-
action. Originally, this quantum gravitational interaction
is derived with a method in close analogy to that in the
computation of the electromagnetic Casimir-Polder
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interaction between two atoms from their induced electric
dipole moments due to two-photon exchange [8], in which
the details of quantization of the gravitational field are
not needed. The result has soon been confirmed by the
leading-order perturbation calculations based on linearized
quantum gravity [9], and the calculation of scattering
amplitudes [10]. Later, in the framework of linearized
quantum gravity, the quantum gravitational interaction on a
nonpointlike object and between two nonpointlike objects
near a boundary [12,13], as well as the interaction between
two nonpointlike objects in a thermal bath [14], a pair
of objects in the symmetric or antisymmetric entangled
state [15], and among three nonpointlike objects [16] has
also been studied.

Under weak-field approximation, the linearized Einstein
field equations can be organized in a form similar to the
Maxwell equations, in which the gravitoelectric field and the
gravitomagnetic field play the roles similar to those played
by the electric and magnetic fields in electromagnetism
respectively. This is known as Weyl gravitoelectromagnet-
ism [17-23]. In the framework of the gravitoelectro-
magnetism, the instantaneous mass quadrupole moments
responsible for the gravitational Casimir-Polder inter-
action are induced by the fluctuating gravitoelectric fields
[8-10,12-16]. A question then naturally arises as to what
happens if the fluctuating gravitomagnetic fields are con-
sidered. Here, let us note that the Casimir-Polder inter-
action between a pair of neutral but polarizable atoms due
to the interaction between instantaneous magnetic dipoles
induced by the fluctuating electromagnetic fields (in natural
units ¢ = A = 1) is of the same form as that due to the inter-
action between instantaneous electric dipoles, apart from
the replacement of electric polarizability with magnetic
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susceptibility [24-26]. Therefore, we are particularly con-
cerned about whether such a correspondence still exists
in the gravitational case. This is what we are going to
investigate in the present paper. The paper is organized as
follows. In Sec. II, we derive the interaction Hamiltonian
describing the interaction between an object and the
fluctuating gravitomagnetic fields. In Sec. III, we calculate
the quantum gravitomagnetic interaction between two
nonpointlike objects induced by the fluctuating gravito-
magnetic fields using the fourth-order perturbation theory,
and analyze its asymptotic behaviors in the near and far
regimes. We summarize in Sec. IV. Throughout the paper,
the Greek indices take values from O to 3, and the Latin
indices run from 1 to 3. The Einstein summation convention
is assumed for repeated indices. Unless otherwise specified,
the natural units ¢ = A = 1 are adopted.

II. THE INTERACTION HAMILTONIAN

In the weak-field limit, the gravitational field can be
described as a linearized perturbation on a flat background
spacetime, so the spacetime metric g, can accordingly be
expanded as g,, = 1, + hy,, where n,, is the flat space-
time metric, and &, is the linear perturbation. Under this
approximation, the interaction Lagrangian density between
the gravitational fields and a nonpointlike object takes the
standard form [27,28]

L Hv ™, ( 1)

T2

where T is the energy-momentum tensor of the object.

We treat h,, and p,, = % as the generalized coordinate

and the generalized momentum respectively, where h,w is
the generalized velocity, and the dot denotes derivative with
respect to time f. To obtain the Hamiltonian density,
the standard choice is to work in a local inertial frame,
in which the generalized velocities h,w are considered
negligible. Therefore, the interaction Hamiltonian density
corresponding to the above Lagrangian density can be
expressed as [29,30]

oL

H=-"h,
Oy "

1
- E - —EhﬂyTﬂy. (2)

In the local inertial frame, the dominant term of the
energy-momentum tensor is 7% = p,., where p,, is the
mass-energy density. In addition, we also include the T%
terms, where T% = p, v’ is the localized mass-current
density. Then, the interaction Hamiltonian density can be
expressed as

1 1 4
— __ TOO _ - >T01
H > oo > hoi
1 1 ;
= —Ehooﬂm(x) - Ehm/’m(x)” . (3)

Since the duration of the interaction between the fluc-
tuating gravitational fields and the objects may be long,
it is necessary to adopt a coordinate system that is locally
inertial for an extended time [29]. A suitable choice is to
work in the Fermi normal coordinate system. Here, we aim
to establish a relation between the linear perturbation of the
metric h,, and the corresponding Riemann tensor R, 3.
To this end, we need to express £, as a Taylor expansion
in powers of the Fermi coordinates. Note that the time
component of Fermi coordinates is a constant [31,32],
so the expansion terms dependent on the time coordinate
naturally disappear, and the metric can be expanded as
follows:

1 o
9w = NMuw + Eg;w,ijxlxj + 0()63), (4)
where x' denotes a spatial coordinate in the Fermi normal
coordinate system. Replacing the second derivative of the
metric tensor g, ;; in the equation above with the Riemann
curvature tensor R one obtains [32-36]

apyos
hoo = _Roj()k'xj'xk7 (5)
and
hoi = _§R0jikxjxk' (6)

Therefore, the dependence on the time enters the perturba-
tion metric only through the components of the Riemann
curvature tensor. Taking Eqgs. (5) and (6) into Eq. (3), the
interaction Hamiltonian density can further be written as

1 . 1 . )
H=5pn ()2 x* Rojor + §R0jikx’xkpm (o', (7)

According to the Weyl gravitoelectromagnetism, a gravito-
electric field,

E;; = =Cyjp;, (8)

and a gravitomagnetic field,

1
Bij = Eeiﬂcﬂo/’, (9)
can be defined by an analogy between the Maxwell
equations and the linearized gravitational field equations
[17-23], where €;f; is the spatial Levi-Civita tensor, and

Copu 1s the traceless part of the Riemann curvature tensor,
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ie., the Weyl tensor. In the vacuum case, the energy-
momentum tensor 7, is zero, and the definitions in Eqs. (8)
and (9) are equivalent to E;; = —Ry; and B;; = 1 €;¢/R s10;-
Then, the Hamiltonian density 7 can be rewritten as

1 : 1 ,
H= _Epm(x)x]xkEjk - gﬂm(x)(x xv)'x/By. (10)
Allowing for the fact that E;; and B;; are symmetric traceless
tensors, the interaction Hamlltoman can be expressed as

| |
H:/d3xH:—§ijEjk—§SljBlj, (11)

where Q% = [ d®xp,, (x)(x/x* —6/%r?) is the mass quad-
rupole moment tensor, and SV =1 ['d®xp,, (x)[(x x v)'x/ +
(x x v)/x!] is the mass-current quadrupole moment of the
object which has localized mass-current density [37,38]. So,
the interaction Hamiltonian (11) represents the interaction
between the mass quadrupole moment and the mass-current
quadrupole moment of the object and the fluctuating
gravitational fields. Note that the Hamiltonian (11) is gauge
invariant. In contrast, £ is not gauge invariant, although it is
a scalar in its mathematical form.

III. THE QUANTUM GRAVITOMAGNETIC
INTERACTION

The system we consider consists of a pair of gravita-
tionally polarizable objects (labeled as A and B respec-
tively), which are coupled with fluctuating gravitational
fields in vacuum. The two objects are considered as two-
level systems. The excited and ground states of the two
objects are labeled as |e,(z)) and |g4(g)) respectively, and
the energy level spacing is wy(p). Hence, the total
Hamiltonian of this system can be expressed as

Hy=Hy+ Hp + Hp + Hiy, (12)

where H g is the Hamiltonian of object A(B), Hp is the
Hamiltonian of the gravitational fields, and H,, is the
interaction Hamiltonian between the objects and the gravi-
tational fields, which can be expressed in the form of
Eq. (11) as

Hmt:HSlltz"'Hgltwv (13)
where
1 1
HYP =— EQXEU(I'A)—EQéEU(I‘B)v (14)
and
1 1
Hﬁl{"lz 3Sf{Bij(rA)_§SéBij(rB)' (15)

As has been mentioned, the gravitational Casimir-Polder
interaction studied in the existing literature [8—10,12—-16]
originates from the interaction between the instantaneous
mass quadrupole moments induced by the fluctuating
gravitoelectric fields, which corresponds to the interaction
Hamiltonian equation (14). In what follows, we study the
contribution of the fluctuating gravitomagnetic fields to the
quantum gravitational interaction between two nonpoint-
like objects. Correspondingly, the interaction Hamiltonian
is given by Eq. (15).

In the transverse tracefree (TT) gauge, the linear gravi-
tational perturbation can be quantized as [14,30]

y (k, 2)eikr=iot

1=3\[ra @

+ a} (w)e;(k, A)ekr+ion, (16)
where G is the Newton’s gravitational constant, k the wave
vector, w = |Kk| the frequency, a, and a} the annihilation
and creation operators, ¢,;(k, 1) the polarization tensor, and
A labels the polarization. In the weak-field approximation,
the Riemann curvature tensor R, can be expressed in
terms of the gravitational metric perturbation as

1
R 3 (00,1 — 040,115, — 050, hy + 040,h5,) . (17)

afuy —
Then, in the TT gauge, the gravitomagnetic tensor can be
written according to Eq. (9) as

1 :
Bj; = _Eeiflafhljv (18)

where a dot represents the first derivative with respect to
time fr. Taking Eq. (16) into Eq. (18), the quantized
gravitomagnetic field can be obtained as

/87rGa)
l] t) 22/ ’;k ,f,()f (1;L w,t 61]<k /1) kr
I‘

—aj(w,1)e;(k,A)e* (19)

Now we introduce a vector e; = %, which is the unit vector

Kk
ms
along the propagation direction of the gravitational field.
Then, we have

/871'Ga)
EZ/ 3k ,ﬂe3elj k /1
A
x a;(@,

zkr_y_a}L a) l —lkl‘ (20)

where eg (f = x,y,z) represents the fth coordinate com-

ponent of the vector e;.
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We assume that the two objects are in their ground states.
Since the coupling between the object and the gravitational
field is linear in the object and field operators, each object
should interact with the gravitational field at least twice
|

GM } :
E o LI, IH

¢\Hmt \I><I|Hm [10) (LT 75U (LT 5 )

and then return to its initial ground state. Therefore, the
quantum gravitomagnetic interaction energy between two
ground-state objects can be calculated by the fourth-order
perturbation theory, which takes the standard form

Here |¢p) = |ga)|gp)|0) is the ground state of the whole
system, where |0) is the vacuum state of the fluctuating
gravitational field. The primed summation means that |¢)
is excluded in the summation. Here, |I), |II) and |III) are
the three intermediate states in the interaction processes.
During each interaction between the objects and the
gravitational field, a virtual graviton may be emitted or
absorbed by an object. Hence, the intermediate states |I)
and [IIT) which are adjacent to the initial and final states
respectively in Eq. (21) must consist of a virtual graviton
and an object in an excited state. For the intermediate state

|
+°o 12
/ / da)
+

GM
AEGN (ra,1p) =

—E,)(Eq— Ey)(Eq — Ej)

(21)

[
|IT), there are three possibilities, which can be summarized
as (a) Both of the two objects are in the ground state and
there are two virtual gravitons; (b) Both of the two objects
are in the excited state and there are no virtual gravitons;
(c) Both of the two objects are in the excited state and there
are two virtual gravitons. See Table I in Appendix A for
the possible intermediate states and the corresponding
denominators.

Summing up all the contributions of possible intermedi-
ate states, we obtain the quantum gravitomagnetic inter-
action energy between the pair of objects as

l] Qxkl Gab $xed /
SiSa Sg SB Gijab(w»rA,rB)lecd(w7rA»rB)

= 81 dw / da)/SUS*le S*CdGijab ((I], Iy, rB)leCd<(l)/, Iy, rB)

4(a)A + wp + )

" (@4 + 0p) (@4 + 0) (05 + )

Here D, (n =1,2,3,...,12) are the energy denominators
in Eq. (21) shown in Table L 3’”< 5 = (9am) S35 leam)) 1s
the quadrupole transition matrix element and S*’(’ ) =
< A(B)|SA(B)|9A(B
Gijap(@,14.1p) is the two-point correlation function of the
gravitomagnetic fields in the frequency domain, which
takes the form

)) is the corresponding conjugate term.

Gijap(@,14,15) = (0|B;j(@,14)Byy(@,15)[0).  (23)

We assume that the objects are isotropically polarizable,
then the relation satisfied by the product between the
quadrupole transition matrix element and its conjugate
can be expressed as

SX(B)SZIE%) = (0udji + Sidj)ia)» (24)

where 7 = |$Y|2. Substituting Eq. (24) into Eq. (22), one

obtains

(wiw/-w_lw/) (22)

AESg/I(I‘A, I‘B) —

4 +oo +oo
. S / do / do
81(wys + wg) Jo 0

X Gijab(a)7 Ty, rB)Gijab<a)/’ . Tp)
Jakg(ws + 0p + @)
(0p + 0)(0p + o)

1 1
X(a)—f—a)’_a)—a)’)' (25)

The two-point function G, (@, 14, 1g) can be obtained
from G, (ra, T, 14, tg) by the Fourier transforms. In the
time domain, the two-point function of the gravitomagnetic
field can be obtained by using Eq. (20) as

Gijap(r.1', 1,1) = (O[ By (r, 1) Bo (r', 1')[0)

3
/d3k ((2; ) gz]ab(k>eik'(r_

r')—iw(1—1")
(26)

where G;;,,(Kk) in the equation above is the polarization
summation term, which can be expressed as
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Gijab(K) = €iped€apgel Y _eyj(k, eqy(K, A)
A

= Zeij(kﬂweab(k?l)

A

- 51'”(5]-/, + 51';,5]-“ - 51‘]‘5“;, + ]} ]2 ]2 ]2 -f‘ lAci/chéah
+ i‘ai‘bfsij - /Afi]%afsjb - ]A{i]%bfsja
— kik 60, — kikyia. (27)

with k; being the ith component of the unit vector k = k /k.
The derivation of Eq. (27) is shown in Appendix B.
Transforming to the spherical coordinate, i.e., letting k, =
sin @ cos @, IAcy = sin#sin¢ and IAcZ = cos 0, and labeling

gijah(k) @ gijab(av ?), (28)

the two-point correlation function in the time domain can
be written as

where r = |r — 1’|, and At = ¢ — ¢'. Performing the Fourier
transform, one obtains the two-point correlation function in
the frequency domain as

1 teo oAt
o d(A1)e' > Gjqp(r, At)

G(Z)S n 2n
= dfsin @ d
27 A sin A 17

jab (9’ (p) eid)rcos 9‘

Gijap(@.14.15) =

—~

X

(30)

Plugging Eq. (30) into Eq. (25), and performing the integral

over (6,¢,0',¢'), we obtain
+oo “+oo
10/ / do’

X)(A)(B(WA‘l'CUB‘l’w)( )
(ws+)(wp+0) \w+o o-o

32G?
817r (ws+wp)r

AEG (r) =

+oo S rx X |Fi(wr,o'r)cos(@'r)+ Fy(wr,o' r)sin(o'r)|,
G,-jab(r,At):/ da)—Gwz/ df'sin 0 [Fr(r.arr)cos(arr) + Fl )sin(a/r)]
0 (27)* Jo (31)
2z .
% / dqagijab (97 (p)ezw(rcosé'—At)’ (29)
0 where
J
Fi(or,o'r) = (or)(o/ )[315 + 8(wr)*('r)* = 30(wr)* — 30((0’1‘)2] cos(wr)
— (') [315 —135(wr)? = 30(@'r)? + 18(wr)*(@'r)? + 3(wr)* — 2(a)r)4(w’r)2] sin(wr),  (32)
and
Fy(or,o'r) = (or)[-315 + 135(w'r)? + 30(wr)? = 18(wr)*(@'r)* = 3(o'r)* + 2(wr)*(o'r)*] cos(wr)
+ [315 = 135(wr)? 4 3(wr)* = 135(w'r)? + 63(wr)*(@'r)* = 3(wr)*(0'r)* + 3(o'r)*
- 3(wr)*(@'r)* + (a)r)4(a)’r)4] sin(wr). (33)
Obviously, Fi(wr,—@'r) = —F(wr,®'r) and F,(wr,—a'r) = F,(wr,@'r). So, the gravitomagnetic interaction energy

AESM(r) can further be written as

16G?
AEGN(r) = -

+0o0
8172 (wy + wp)r'® A

X [Fi(wr,0'r) — iFy(or,o'r)]e

YAy +o0 1 1
dw)(A)(B(wA +wp —|—a))/ dw’( -+ />
(w4 + o)(0p +®) ) o+o -0+

iao'r

Performing the principle value integral on @' in the equation above gives

16G?

2aip(@a + wp + )

+0o0
AESM(r) = — /
as (1) 8lz(wy + wp)r'® Jo

where

F3(wr) = —630(wr) + 330(wr)?

Fy(wr) = 315 — 585(wr)? + 129(wr)* — 14(wr)b

(0p + @) (wp + o)

(34)

[F3(wr) cos(2wr) + F4(wr) sin(or)],  (35)

— 42(wr)’ + 4(or)’, (36)
+ (wr)8. (37)
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Note that F3(—wr) = —F3(wr) and F4(—wr) = F4(wr), and as a result, Eq. (35) can further be expressed as

AEGy (r) =

2akp(0p + 0p + o)

8G2 +o0
- o / do
Blz(wy + wp)r 0

(wp + @)(0p + o)

" /_°° dw)?A)?B(a)A + o — o)
0 (0p — 0)(0p — o)

Letting @ = iu, and performing the integral above on the
imaginary axis, one obtains

16G?

AERH(r) = =g 10

| auwsatiwauoriunee.
(39)
where
T(x) = 315 + 630x + 585x + 330x> + 129x* + 42x°
+ 14x° 4 4x7 + %8, (40)

and

A

] . XA(B)PA(B)
=1
Xa) (i) e o ) — (iu)? — ie(iu)

(41)

is defined as the object’s ground-state gravitomagnetic
polarizability satisfying

S;;(iu) = y(iu)B;;(iu,r). (42)

Now, let us discuss the asymptotic behaviors of the quan-
tum gravitomagnetic interaction energy (39) in the near and
far regimes respectively. In the near regime, i.e., when the
distance between the two objects r is much smaller than the
transition wavelength of the objects a)Z(IB), all the terms
in the integrand containing ur can be neglected, so the
quantum gravitomagnetic interaction energy takes the form

560nG?

GM,
AEAB ,near(r) - _ 97”_1()

A " dugalin)gpliv).  (43)

Note that here the result is shown in the International
System of Units (SI units). According to the definition of
the gravitomagnetic polarizability in Eq. (41), the fre-
quency dependence of the gravitomagnetic polarizability
Xap) (@) can be expressed as

XAB (O)
)(A(g)(a’) = %
- (=)

DB

(44)

Substituting Eq. (44) into Eq. (43), and performing the
integration with respect to the variable u, we can further
obtain an explicit expression for the interaction energy in
the near regime as

[F3 (wr) — iF4(a)r)] el2or

[F3(a)r) - iF4(a)r)] eizw’}. (38)

[
280hG? w wp
97‘10 wy + wp

AEGR (r) = 24(0)75(0).  (45)

Note that y,()(0) represents the static gravitomagnetic
polarizability of object A(B). On the other hand, in the far
regime, i.e., when the distance between the two objects r is
much larger than the transition wavelength of the objects
a)X(IB), the frequency-dependent polarizability y ) (iu) can
be approximated with the static one y,(5)(0) due to the
exponential decay term in Eq. (39). By using integration by
parts, the quantum gravitomagnetic interaction energy in
the far regime is found to be

1772hcG?

AES}IE\?/“M(V) = [y

xa(0)x5(0).  (46)

By setting Eqs. (45) and (46) equal, we can find the critical
distance r* at which we transition from the near regime to
the far regime:

B 443¢c(wy + wp)
 10nwawp

*

(47)

which is of the order of ¢/w,p) as expected. This critical
distance marks the boundary where the nature of the
interaction shifts, indicating the transition between different
scaling behaviors in the gravitational interaction.

The calculations above show that the quantum gravito-
magnetic interaction between two nonpointlike objects
induced by fluctuating gravitomagnetic fields in vacuum
shows an r~! dependence in the near regime and an r~!!
dependence in the far regime. A comparison between
Egs. (46)—(43) and Egs. (1) and (2) in Ref. [8] shows that,
although the distance dependence is the same as that of
the quantum gravitational interaction between two objects
induced by fluctuating gravitoelectric fields, the coeffi-
cients are different. This contrasts significantly with the
electromagnetic case, where the Casimir-Polder interaction
due to the interaction between instantaneous magnetic
dipoles is of the same form as that due to the interaction
between instantaneous electric dipoles, apart from the
replacement of electric polarizability with magnetic sus-
ceptibility [24-26]. Moreover, the quantum gravitomag-
netic interaction energy is proportional to G*, which can
be understood as a result of an exchange of two virtual
gravitons according to the rules of the Feynman diagram.
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In this sense, it is of the same order as that of the quantum
gravitational interaction induced by fluctuating gravito-
electric fields. However, according to the interaction
Lagrangian density (1), in the gravitomagnetic case, it is
the mass-current density p,,v" rather than the mass-energy
density p,, that is coupled to the fluctuating gravitational
fields h,,. Therefore, the ratio between the gravito-
magnetic interaction Lagrangian and the gravitoelectric
one is of the order of »/c, and correspondingly, the
ratio between the quantum gravitomagnetic interaction
energy and the quantum gravitoelectric interaction energy
is of the order of v*/c*. This is why the contribution
of the fluctuating gravitomagnetic fields to the quantum
gravitational interaction energy was not considered in
previous studies. Nevertheless, if there exists some specific
material such that the induced mass-current velocity can
be close to the speed of light, or equivalently, the grav-
itomagnetic polarizability is very large, then the contribu-
tion of the fluctuating gravitomagnetic fields to the
quantum gravitational interaction energy should be non-
negligible.

Finally, we would like to note that, when fluctuating
gravitomagnetic fields are considered, there should be
contribution to the quantum gravitational interaction from
the gravitoelectric-gravitomagnetic cross terms, which is
of the order of v?/c?. This is in addition to the gravito-
electric-gravitoelectric interaction investigated in previous
studies [8-10], and the quantum gravitomagnetic-
gravitomagnetic interaction investigated here. It is expected
that, in the retarded regime, the distance dependence of the
quantum gravitational interaction from the gravitoelectric-
gravitomagnetic cross terms (c r~'!) is the same as that in
the gravitoelectric-gravitoelectric and gravitomagnetic-
gravitomagnetic cases. However, in the near regime,
the distance dependence should be different. We hope to

TABLE L
corresponding energy denominators.

leave the explicit investigation of these interactions for
future work.

IV. SUMMARY

In summary, we have investigated the quantum gravita-
tional interaction between two nonpointlike objects
coupled with fluctuating gravitomagnetic fields in vacuum
within the framework of linearized quantum gravity. We
found that these fluctuating gravitomagnetic fields induce
instantaneous localized mass currents in the objects, which
interact to generate a quantum gravitomagnetic interaction
energy. Using fourth-order perturbation theory, we deter-
mined that this interaction exhibits an r~'° dependence in
the near regime and an ! dependence in the far regime,
where r is the distance between the two objects. The
contribution of the fluctuating gravitomagnetic fields to the
quantum gravitational interaction between two objects is
expected to be significant when the gravitomagnetic polar-
izability of the objects is large.
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APPENDIX A: INTERMEDIATE PROCESSES
OF THE QUANTUM GRAVITOMAGNETIC
INTERACTION

The intermediate states and the associated energy
denominators of Eq. (21) are as follows.

Twelve intermediate states contributing to the interaction energy and the explicit expressions of the

Denominator

Case T) |Ir) |TIT
)] lea)lgs) 1) l94)1g8) (1, 1") l94)|es
2) lea)lgs) 1) l94)198) (1, 1") l94)les
3) lea)lgn)|1) lea)les)|0) l9a)les
“) lea)|gs)I1) lea)|es)|0) lea)lgn
5 lea)lgs) 1) lea)les)[1,1") l9a)les
(6) lea)lgn)|1) lea)les)|1.17) lea)|gs
(7 l9a)len)|1) l94)1g8) (1, 1") lea)|gs
) l9a)les)|1) l94)198) (1, 1") lea)lgs
) l9a)len)|1) lea)les)|0) lea)|gs
(10) l9a)len)|1) lea)les)|0) l94)les
an l9a)les) 1) lea)les)[1,1") lea)lgs
(12) lga)les)|1) lea)les)|1. 1) l9a)les

) D= (0t op)(0 + o) (0 + 0,)

D, = (0 + wp)(0 + o) (@ + wy)

) D3 = (0 + wp)(wp + wp) (@ + @y)
") Dy = (0 + @4)(0p + @) (@0 + 04)

Ds = (0 + wp)(wp + 04 + @ + @)(0 + 0,)

) D¢ = (0 + wy)(wp + @4 + @' + @) (0 + wy)
) Dy = (0 + wy) (0 + o) (0 + wp)

Dy = (0 + wy) (@' + o) (0 + wp)

) Dy = (0 + w4)(0p + @) (@ + @p)
") Dy = (o' + wp)(wp + ws) (@ + wp)

)
Dy = (o + CUA))(CUB +w, + o' + o)(o+ op)

) Dy, = (o + wg)(wp + w4 + 0" + 0) (0 + wp)
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APPENDIX B: SUMMATION
OF GRAVITOMAGNETIC POLARIZATION
TENSORS IN THE TT GAUGE

As shown in Fig. 1, we introduce a coordinate-
independent triad of unit orthonormal vectors [e;(k), —e, (k)
e,(k),e;(k)]. Here, e5(k) = k/k =k is the unit vector 0
in the direction of gravitational perturbation propagation. FIG. 1. The schematic diagram of the triad of unit vectors and
The orthogonal relation satisfied by the triad can be  (heir orthogonal relations.
written in the coordinate system describing the spacetime
metric as [39]

€ (k)

el (k)el (k) = 84, a,b=1,273, (B1) es(k) x e,(k) = —e, (k) = ¢, e5el = —el.  (B4)
and o o .
Therefore, the gravitational polarization tensor e;;(k, ) in
e;(k)eé(k) = e’ie{ + eéez + ik = 8ijs i j=x92 the TT gauge can be expressed by the vectors e;(k) and
(B2) e,(k) in this triad as [32]

where k; is the ith coordinate component of the unit ek, +) =el (k) ® e{(k) -éi(k) ® eé(k), (B5)
vector k. On the other hand, the cross product relations

that this triad of unit vectors satisfies can be written in the - . ' . ‘
coordinate system as e(k,x) = el (k) ® ¢j(k) + e5(k) ® e (k). (B6)

e3(k) x e;(k) = e;(k) = eijkeée’f = eé, (B3) Then we obtain that
|

> eij(k. Aeg (k. 4) = (k. +)ek (k. +) + € (k. x)e (k. x)

= [e} (k) ® ¢](k) — ¢h(k) ® e (K)][ef (k) ® ef (k) — e5(k) ® eb (k)]
+ [} (k) ® e5(k) + ¢ (k) ® ¢f(K)][ef (k) ® e5(k) + e5(k) ® ef (k). (B7)

Using Eq. (B7), the gravitomagnetic polarization summation term labeled as G; ,, (k) in Eq. (26) can be further expressed as

Gijan (k) = €ig€seapges {[e} (k) ® €] (k) — eb (k) ® eh(k)][ef (k) ® e} (k) — f (k) ® e§ (k)]

+[el (k) ® e (k) + eb(k) ® e} (k)][e] (k) ® e (k) + ef (k) ® e} (k)]}

= cipe e} (k) @ ¢] (k) = e5(k) ® &5 (K)Jeqpget e (k) ® ef (k) — ef (k) ® eb (k)]
+eipes[ef (k) ® e5(k) + eh(k) ® ef (K)leqpgeh [ef (k) ® e5(k) + i (k) ® ef (k)]

= {leiped (K)e} (k)] @ e] (k) = [eipied (k) eh(K)] ® b (k)}
< {[eapq e’ (K)e] (k)] @ ef(k) = [eqpqes (K)e3 (k)] @ e5(k)}
+{[eiped (K)e} (k)] ® e)(k) + [eipre] (k)es ()] ® ef(k)}
< {[eapqel (K)ef (k)] @ €5 (K) + [eqpqef (K)ef (k)] @ ef(K)}. (B8)

According to the cross product relations shown in Eqs. (B3) and (B4), the equation above can be rewritten as

Gijap(K) = [€3(K) ® €] (k) + ¢ (k) ® eh(k)][e5 (k) ® ef (k) + ef (k) ® e5(k)]
+ [e5(k) ® &5 (k) — €l (k) ® e] (K)][e5 (k) ® €5 (k) - ef (k) ® ef (k)]
= ek, Degy (k. A), (B9)
A
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which can be further calculated by using Eqgs. (B1) and (B2) as

Gijap(K) = 6140, + 804 — 6,045 + ]}ii{ji{a]%b + ]%ii%j‘sab + icaicbaij - ]A<ii<a5jb - ]%ii{béja - ]A{ji(aéib - ]A(jicbéia-

(B10)
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