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Abstract: We briefly review the current status of nonlocal gravity (NLG), which is a classical nonlocal
generalization of Einstein’s theory of gravitation based on a certain analogy with the nonlocal
electrodynamics of media. Nonlocal gravity thus involves integro-differential field equations
and a causal constitutive kernel that should ultimately be determined from observational data.
We consider the stationary gravitational field of an isolated rotating astronomical source in the linear
approximation of nonlocal gravity. In this weak-field and slow-motion approximation of NLG,
we describe the gravitomagnetic field associated with the rotating source and compare our results
with gravitoelectromagnetism (GEM) of the standard general relativity theory. Moreover, we briefly
study the energy-momentum content of the GEM field in nonlocal gravity.

Keywords: Nonlocal gravity (NLG); gravitoelectromagnetism (GEM)

1. Introduction

The standard formulation of general relativity (GR) involves the extension of classical physics
expressed in Minkowski spacetime, with metric dS*> = 1, dX* dX", first to arbitrary curvilinear
(“accelerated") coordinates via the locality postulate and then to curved spacetime, with metric
ds? = g,y dx" dx", by means of Einstein’s principle of equivalence [1-3]. Here, 1, p is the Minkowski
metric tensor given by diag(—1,1,1,1), Latin indices run from 1 to 3, while Greek indices run from 0
to 3. The theory is thus based on the Levi-Civita connection:

1
OFZ/S = Eg!‘”(gwc,ﬁ + 8vpa — g,xﬁ,v) . (1)

This symmetric connection is torsion free, but has Riemannian curvature:

R%yp, = 95T, — 9, °Tf, + °Tf, TV, — T3, T} . ©)
A left superscript “0" will be employed throughout to designate all geometric quantities that are related
to the Levi—Civita connection.
In the curved spacetime of general relativity, free test particles and light rays follow timelike
and null geodesics, respectively. The correspondence with Newtonian gravitation is established via
Einstein’s field equations [1]:

1
G + Aguw =« Ty,  "Gu:="Ryy — Eg,WOR, (3)

where OGW is the Einstein tensor, ORW = OR"‘WV is the Ricci tensor and °R = g ORW is the scalar
curvature. Moreover, T, is the symmetric energy-momentum tensor of matter (and nongravitational
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fields), A is the cosmological constant and « := 87G/c*. In GR, the gravitational field is identified
with the Riemannian curvature of spacetime; therefore, spacetime is flat when gravity is turned off
and we then work within the framework of the special theory of relativity.

Einstein’s general relativity has significant observational support. Indeed, GR is at present in
good agreement with solar system data as well as data from astronomical binary systems. The recent
detection of gravitation radiation due to binary mergers lends further support to Einstein’s theory
of gravitation. On the other hand, in the current standard model of cosmology, which assumes the
spatial homogeneity and isotropy of the universe, the energy content of the universe consists of about
70% dark energy, about 25% dark matter and about 5% visible matter. Dark energy is a kind of
repulsive energy that permeates the universe and not only counteracts the attraction of matter, but
causes accelerated expansion of the universe. The nature and origin of dark energy are unknown, but
it should have positive energy density and negative pressure. It is uniformly distributed throughout
space and though it exists everywhere, it is extremely difficult to detect locally. A possible candidate
for dark energy is provided by the cosmological constant A. The existence of dark energy and dark
matter indicates that we are almost completely ignorant about our universe. Most of the matter in the
universe is currently thought to be in the form of certain elusive particles of dark matter that, despite
much effort, have not been directly detected. The existence and properties of this dark matter have
thus far been deduced only through its gravity. In modern astronomy, dark matter is needed to explain
dynamics of galaxies, clusters of galaxies and structure formation in cosmology. However, it is possible
that there is no dark matter at all, and the theory of gravitation needs to be modified on the scale of
galaxies and beyond in order to take due account of what appears as dark matter in astronomy and
cosmology. A suitably extended theory of gravitation could then account for the observational data
without any need for dark matter. The present paper is about an attempt in this direction; that is, the
nonlocal aspect of gravity in NLG simulates dark matter. The main purpose of this paper is to briefly
present the main features of NLG theory and develop a useful linear perturbation scheme involving
nonlocal gravitoelectromagnetism.

Einstein’s theory of gravitation can be alternatively formulated within the framework of
teleparallelism. In this approach to gravitation, the fundamental fields are the 16 components of
an arbitrary smooth orthonormal tetrad frame e”;(x). The spacetime metric is then defined via the
orthonormality condition:

S = Npen’ (x) ef (x). @

Here, the hatted indices (e.g., &) refer to anholonomic tetrad—that is, local Lorentz—indices, while
ordinary indices (e.g., «) refer to holonomic spacetime indices. For instance, in:

ds? = Suv dxt dxV = Nap dx® dxP ,odxt =etydx®,  dxt = eyﬁ‘ dxt, (5)

the tetrad connects (holonomic) spacetime quantities to (anholonomic) local Lorentz quantities.
A coordinate basis is holonomic, while a noncoordinate basis is anholonomic. For instance, given a
coordinate system x#, four coordinate lines pass through each event and for each 1 = 0,1,2, 3, the
1-form dx* is exact and hence integrable. On the other hand, for each & = 0,1,2,3, the 1-form dx*
in Equation (5) is in general not exact and hence nonintegrable. Holonomic systems are integrable,
while anholonomic systems are nonintegrable. Holonomic and anholonomic indices are raised and
lowered by means of g,,(x) and 77, B respectively. To change an anholonomic index of a tensor into
a holonomic index or vice versa, we simply project the tensor onto the corresponding tetrad frame.
We use units such that ¢ = 1, unless specified otherwise.
The chosen tetrad frame is employed to define the Weitzenbock connection [4]:

Fzﬁ = EH‘@ a,x eﬁﬁ . (6)
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This nonsymmetric connection is curvature free, but has torsion. It follows from definition (6) that the
tetrad frame is covariantly constant:
VV ey“ = 0 ’ (7)

where V refers to covariant differentiation with respect to the Weitzenbdck connection. Equation (7)
implies that each leg of the tetrad field is parallel to itself throughout the manifold, i.e., for each &,
Equation (7) is an expression of the parallel transport of the corresponding vector with respect to
connection (6). Thus, in this theory observers throughout spacetime have access to a global set of
parallel vector fields that constitute the components of the tetrad frame field. This circumstance is the
essence of teleparallelism; for example, two distant vectors can be considered parallel to each other if
they have the same components with respect to the local tetrad frames.

It follows from Equations (4) and (7) that V, g,5 = 0, so that the Weitzenbock connection is
compatible with the metric. Thus, in the framework under consideration here, we have one spacetime
metric and two metric-compatible connections. It is, therefore, possible to introduce the torsion tensor:

Cun® =T, = T8, = &% (9,ef — e ), ®)
and the contorsion tensor:
K =°r%, —T%,, )

which are linearly related. To see this, we note that V g,5 = 0 implies:

8apy = Dha8up + rﬁ;/; Spac s (10)

which, via the Levi—-Civita connection (1), leads to:

1
K}Wa = ) glxﬁ(cyﬁv + Cvﬁy - Cyvﬁ) . (11)

The torsion tensor is antisymmetric in its first two indices by definition; however, the contorsion
tensor turns out to be antisymmetric in its last two indices. The torsion of the Weitzenbock connection
and the curvature of the Levi-Civita connection are complementary aspects of the gravitational field
within the framework of teleparallelism. Thus, it is natural to express Einstein’s field equations in
terms of the torsion tensor. The result is the teleparallel equivalent of general relativity, GR||, to which
we now turn.

1.1. GR,

It follows from Equations (9) and (11) that one can write Einstein’s field equations in terms of the
torsion tensor. To this end, one can prove after much algebra that the Einstein tensor is given by:

K
V=8

where we have introduced auxiliary torsion fields H ., and €y

. ] 1
OGHV = {euﬁr Sva 5°F Haﬁ? - (C},P‘T Hupo — 7 8w ctbr leﬂ)} ’ (12)

Hpuvp = T—g Cup,  Capy = Cu8py — Cp8ay + Kyup - (13)

Here, g := det(gw), V-8 = det(ey‘i) and C,, is the torsion vector Cy, := C‘XW = —Cy"4. The Einstein
field equations can thus be written within the framework of teleparallelism as:

9

o M+ %—8 Aty = /=g (Ta" +T3"). (14)
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Here, T, is the trace-free energy-momentum tensor of the gravitational field and is given by:

1
K Ty == Cppo &P — 78 Cpos P (15)

The antisymmetry of H*"; in its first two indices can be used to show that the law of conservation
of total energy-momentum tensor in GR||, namely:

d A
[V @ T = 2 e)] =0, (16)

follows from the gravitational field equations.
Let us recall here that GR field equations can be derived from an action principle involving a
gravitational Lagrangian given by:

3
__C Op _
Lg_167TG(R 2A). (17)
On the other hand, we find:
1 2 9
OR — — = Cc*7 =~ (/=gC’
R 2C C“m—i_\/—igax& ( gC), (18)

so that the corresponding Lagrangian for GR| is given by:

3

L,=—
8 327G

(CY Capy +4A). (19)

The special torsion invariant in Equations (18) and (19) can be expressed as a linear combination of the
three independent algebraic invariants of the torsion tensor, namely:

CY €y, = % CapyC*PT + Cop, CTP* — 2C,C". (20)

1.2. GRy| as the Gauge Theory of the Translations Group

Fundamentally, teleparallelism and GR|| can only be understood in the framework of a gauge
theory of gravitation [5]. Presently the strong and the electroweak interactions are described by means
of gauge theories. For gravity, this framework can be used as well.

Consider first matter in a Minkowski space. The source of gravity in Newton’s theory is the mass
density; within special relativity it should be the energy-momentum tensor T),, instead. For an isolated
material system, energy-momentum is conserved. This is the result of the rigid (often called “global”)
translation invariance of the action function of the material system under consideration.

A rigid invariance contrasts with the idea of field theory. Thus, in adopting the gauge doctrine,
we postulate for the action function the invariance under local translations. This forces us to introduce
143 translational gauge potentials (nonholonomic frames) eyﬁ‘ thereby deforming the Minkowski space
M, to a Weitzenbock space Wy. Details of this procedure may be found in [6].

In Wy, the Lorentz rotations are not gauged, i.e., the action is still invariant under rigid Lorentz

rotations, exactly like in My. Accordingly, the Wy connection I’ i ; is still flat:

v]p M9 B
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This guarantees that in a Wy the parallel transport is still integrable. Accordingly, as in My, we can
choose all over Wy a suitable frame such that the connection vanishes everywhere:

p = . -
FV a=0 (in a suitable frame) . (22)

Instead of the curvature, Wy carries a translational field strength torsion which, in analogy to
electrodynamics, is represented by the curl of the translational potential ¢, *:

T =2V e =2 (e + T8, 5 e ) - (23)

In the teleparallel frame of Equation (22), we have for the torsion Twﬁ‘ = CW& , see Equation (8), where
Cw,ﬁ‘ is the object of anholonomity of Schouten [7]. The torsion has three irreducible pieces () Ty*, for
I =1,2,3. With the torsion vector T;, := —T,,, we have:

2
(1)TIWP = Ty — @ Tyvp — (B)T#vr)r (Z)THVP = _gT[u 8vlp~ ) Tyvp += Tjyup) - (24)
So far we reminded ourselves of the kinematics of a translational gauge theory (TG). With the
gauge Lagrangian L1g = L1g(9de, ¢, T, g), we can address the dynamics by defining the gravitational
translational field momentum (or translation excitation):

~ 9Lrg

HW 4 = >
: aTyle

(25)

Should we investigate a physical system which has no Lagrangian—in the case of irreversibility,
e.g.,—the excitation H*"; still makes physical sense, as we know, e.g., from electrodynamics and the
inhomogeneous Maxwell equation.

The general quadratic TG Lagrangian carries three independent pieces:

Lrc ~ % (6O DT 4 T DT, 4 gy T, BT, ). (26)

To the Lagrangian (26) we can add a Lagrange multiplier term for enforcing the teleparallel constraint,
see [6]. It turns out that we cannot allow spinning matter (other than as test particles) in such a
teleparallel space. Accordingly, we must decree, see page 52 of [6], that only scalar and electromagnetic
matter be allowed in TG, since they do not carry dynamical spin and have, consequently, symmetric
energy-momentum tensors.

The translational excitation of Lagrangian (26) reads:

Ho = =Y (T + AT, + 6T, ) 27)

In a teleparallelism theory the three-parametric rigidly Lorentz invariant Lagrangian is a totally
acceptable choice. It corresponds to a gauge theory of the translation group. However, as it so happens,
among these three-parameter Lagrangians, up to an overall constant, there is only one Lagrangian
that is locally Lorentz invariant, see Cho [8]. This theory, which we abbreviate by GRH, is, for scalar and
electromagnetic matter, equivalent to GR. The local Lorentz invariance is imposed from the outside,
it is not necessary in a translational gauge theory. However, it shows that GR can be really understood
as a specific translational gauge theory. A Hilbert-Einstein Lagrangian is equivalent to a definite
torsion square Lagrangian in the teleparallel limit. This is a big step forward in understanding GR.
The constants for GRH are found to be, see [9]:

a =-1, ap =2, a3 = (28)

1
.
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This set of constants is called the Einstein choice. Lagrangian (26), together with Equation (28), and the
attached field momentum (27) were the starting point for a classical nonlocal theory of gravity.

1.3. Nonlocal Gravity

A locality assumption runs through the standard theories of special and general relativity [2,3].
For instance, to render an accelerated system in Minkowski spacetime relativistic, Lorentz
transformations are applied in a pointwise manner all along the world line of the accelerated system.
An accelerated observer is thus assumed to be physically identical with a hypothetical inertial observer
that shares the same state, namely position and velocity. The locality hypothesis originates from the
Newtonian mechanics of classical point particles and its domain of validity is determined by the extent
to which physical phenomena could be reduced to pointlike coincidences. However, wave phenomena
are generally nonlocal by the Huygens principle. Moreover, Bohr and Rosenfeld have shown that
the electromagnetic field measurement requires a certain average over a region of spacetime [10,11].
To go beyond the locality assumption, one must include an average over the past world line of the
accelerated observer. In this way, a nonlocal special relativity theory has been developed [12,13].

Can nonlocal special relativity be extended to include the gravitational interaction by means of
Einstein’s principle of equivalence? Einstein’s principle is extremely local, however, and this approach
encounters severe difficulties and has been abandoned. Instead, we use Einstein’s fundamental insight
regarding the connection between inertia and gravitation as a guiding principle and develop nonlocal
general relativity patterned after the nonlocal electrodynamics of media. To this end, we exploit the
formal analogy between GR|| and electrodynamics and introduce an average of the gravitational field
into the field equations via a causal constitutive kernel [14-16]. In nonlocal gravity, the gravitational
field is local, but satisfies partial integro-differential field equations.

In nonlocal gravity, as in the electrodynamics of media, we retain the gravitational field
equations (14), but change the local constitutive relation (13) to:

/Hyvp = T_g (eyvp + Nyvp) ’ (29)

where the new tensor N, involves a linear average of the torsion tensor over past events. More
specifically, we assume that:

Ny = — /QW/QW/QPP/IC(JC, x’)X”/”,pl (x')y/—g(x) d*x’, (30)

where Q(x, x") is Synge’s world function [17], K is the scalar causal kernel of the nonlocal theory and
Xuvp(x) is a tensor that is antisymmetric in its first two indices and is given by:

Xuvp = Cuyp +p (Cﬂ 8vp — Cy g;tp) . (31)

Here, p # 0 is a constant dimensionless parameter and C* is the torsion pseudovector defined via the
Levi-Civita tensor Eygqs by:

~

1
Cui= gc:"‘ﬁ7 Eufyp - (32)

Finally, the gravitational field equation of nonlocal gravity (NLG) is given by:

O B @ )| + B ety = g (T 4 T, (33)

oxv

where the energy-momentum tensor of the gravitational field, 7;w, is now given by:

1 1 5
7741/ =Ty + P (Cyp(Tvaa 2 8uv C(SpaNopg) . (34)
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The total energy-momentum conservation law then takes the form:

d

A

No exact nontrivial solution of the nonlocal field equation (33) is known. In this connection, the
main source of difficulty appears to be the complicated relation that introduces nonlocality into the
theory, namely Equation (30). In a recent paper [18], a simpler form of Equation (30) has been suggested,
uy 18 replaced by the parallel propagator —g,,,/. It remains to determine whether
this simplification could help in generating exact nontrivial solutions of NLG.

The arbitrary tetrad frame we adopted to develop GR|| could be any smooth tetrad frame field
in spacetime. At each event, any two tetrad frame fields are related by an element of the local
Lorentz group. This circumstance agrees with the invariance of Einstein’s GR under the local Lorentz
group, since Einstein’s theory ultimately depends only upon the metric tensor g, The introduction of
nonlocality into the theory may remove this pointwise 6-fold degeneracy of GR||. However, as expected,
NLG remains invariant under the global Lorentz group.

where the bitensor ()

2. Nonlocal GEM

We are interested in the stationary gravitational field of a rotating astronomical body, which
is assumed to be confined to a compact region of space. We work in the linear approximation
of nonlocal gravity, since the gravitational field is assumed to be weak. In this regime, a certain
analogy with classical electrodynamics [19] turns out to be fruitful. Indeed, in linearized GR, the
framework of gravitoelectromagnetism (GEM) has proved rather useful in describing and interpreting
the gravitational effects of rotating masses. It is, therefore, interesting to develop this method in NLG.
A preliminary account is already contained in [16] and will be further developed in this paper.

2.1. Linearized NLG

In the weak-field regime, we can write the chosen tetrad frame field in the form:
ety = 55; - lP”a ’ ey& = 5$ + lP’XV ’ (36)

where 1, (x) is the first-order perturbation away from a background global inertial reference frame in
Minkowski spacetime such that:

elye = (55. (37)

In this linear approximation scheme, the distinction between spacetime and tetrad indices disappears
and it follows from Equation (4) that gy = 17y + Yy + Puy. Therefore, we can write:

Puv = lp(j’“/) + l/J[.”V] s u = Muy + hHV ’ h}“/ = 21/](]41/) ;o Pu = ZIP[;W] : (38)

The gravitational perturbation ¢, is thus comprised of a symmetric metric part %hw and an
antisymmetric tetrad part %4%,. In connection with the metric part, it is useful to introduce, as in
GR, the trace-reversed potentials:

1 —
T = Iy = Swh,  hi= gk, = —h. (39)

In the teleparallel approach to gravity, the 16 gravitational potentials consist of ten metric potentials
familiar from GR and six local Lorentz potentials connected with the local choice of the tetrad system
involving three rotations and three boosts. Gravitational potentials are gauge dependent. Under an
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infinitesimal coordinate transformation, x* — x'# = x# — e#(x), the potentials change to linear order
in accordance with ¢, — ¥, = Y + €y,v. Hence:

E;W = Eyv + €y + €vu — Nuv ea,ﬂé ’ h'=h- 260‘,06 ’ 4);!1/ = Puv + €Epy — Evp- (40)

As expected, the linearized gravitational field as well as the corresponding field equations
remains invariant under gauge transformations. For instance, it is straightforward to show that the
torsion tensor:

Cuov = 9uPvo — o Pyy, (41)

and the auxiliary torsion tensor:

1
Crov = _hv[V,(r] - WV[#hU]Prp + E(PW’V - UV[#(PU]p'p “

do not change under a gauge transformation. To obtain the field equations of linearized NLG, we set
A = 0 and note that Equation (33) reduces in the linear regime to:

ag' (Cyay + Nyay) =K TF’W . (43)

Here, T),,, T* ,, = 0, is the conserved symmetric energy-momentum tensor of matter. We can write:
¢ _ 0 1 = o 1 oo
O (’:y v = Gpn/ = ) Dhyv +h (pv)p — Emﬂjh 00 7 (44)
where [ := 17”‘/38,185. Furthermore:

N () = [ KXy dy, (45)

where X, is given by Equation (31) and K (x,y) reduces to a universal convolution kernel K(x — )
in the linear approximation [16]. The linearized field equations of NLG thus take the GR form:

0Gu + 9o Ny = k Tyy (46)
For further discussion, see [20-22] and the references cited therein.

2.2. Kernel of Linearized NLG

A detailed discussion of the causal universal convolution kernel K(x — y) and its reciprocal
R(x —y) is contained in [16]. Here, we simply summarize their main properties.

We assume that the convolution kernels K and R are L! and L? functions on spacetime. They are
reciprocal of each other and satisfy the reciprocity integral equation:

K(x—y)+R(x—y)+'/I<(x—z)R(z—y) d*z=0. (47)

A

If (&) and R(¢) are Fourier integral transforms of K(x) and R(x), respectively, then, (1 +K)(1+R) =
1. Thus, given R(¢), one can in principle determine K from:

I (9!
K(¢) = TrRO) (48)

provided 1+ R(&) # 0.
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We assume that the reciprocal kernel is given by:

R(x—y) =ve 'V @0 — 1 — [x —y|) g(x—y), (49)

where v1

is a galactic length scale, © is the Heaviside unit step function such that ©(¢t) = 0 for t < 0
and ©(t) = 1 for t > 0. Moreover, the Newtonian reciprocal kernel q(x — y) has been determined
based on the observational data regarding the rotation curves of spiral galaxies. Two possible forms
for g are given by:

1 1+ pp(ag+r) J—

n= amtAg  r(ag+r) 0

and:
1 1+pg(ag+r)

2= 4 (ag+7)2

e Hor, (51)
where r = |x — y| and Ay, yp and ag are constant parameters such that A, the fundamental length scale
of NLG, is expected to be ~ 3 kpc and !~ 17 kpc [23]. The short-distance nonlocality parameter ag
is expected to be much smaller than Ag. From the solar system data for the orbit of Saturn, one expects

approximately that a is greater than or about the size of the solar system [24-26].
Let us now return to Equation (49) for the reciprocal kernel and note that:

/ v eV (0= = lxyl) Oy’ — x—y|) dy°’ =1. (52)

This has an important implication for gravitational fields that are independent of time. For instance,
let Z(y) be a smooth function that is independent of 1°, then:

[Ra=p () dty = [qx=y) 2(y) dy. 3)
It follows from the reciprocity relation that:
[Ka=nzmay = [xx-y) 2y &y, 4
where x here is the Newtonian kernel reciprocal to g; that is:
x(x=y) +ax—y)+ [ x(x—2)glz—y) dz = 0. (55)

2.3. GEM in Linearized NLG

Consider the stationary gravitational field of a rotating astronomical source in the linear
approximation. Equation (45) then takes the form:

N = [Kr=n)X oy dy = [xx—y) X7 ) dy. (56)
Next, from 9x/dx! = —dx /9y’ and Gauss’s theorem, we find:
9 Nu = [ Xx=y)0i Xl u(y) &y 7)
It proves convenient to impose the gauge conditions:

=0,  ¢u=0, (58)
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which correspond to the transverse gauge condition in the metric part and the vanishing of the local
Lorentz potentials. The gauge is not quite fixed, however, since a gauge transformation with €, = 9,,¢
and [0¢ = 0 is still possible.

With the imposition of gauge condition (58), the torsion pseudovector vanishes, C¥ = 0,
by Equations (32) and (41); then, the gravitational field equations of linearized NLG for a stationary
source take the form:

%G+ [ x(x=) G (y) Py = x Ty, 59)

since X7y = ¢, and 9, €,,7 = OGW. Equation (44) implies that with the transverse gauge condition,
we have DEW =-2 OGVV' It then follows from the temporal independence of gravitational potentials
and the reciprocity relation that:

V2 I (%) = =2 [T (%) + [ 9(x =) Ty y) ). (60)

We assume that the source consists of slowly moving matter (|v| < c) of density p, pressure P
and matter current j = pv. The matter energy-momentum tensor can thus be written as Tyy = pc?,

To; = —cji and Tj; ~ pv;v; + Pé;;. The corresponding gravitational potentials are hoy = —4D/c?,
hoi = —2A;/c* and hjj = O(c™*). In the gravitational potentials, we neglect all terms of O(c™*). The
static gravitoelectric and gravitomagnetic potentials are thus given by:
V2(x) = 47Glo(x) + pp(x)],  pp(x) = [ a(x—y)p(y)dy (61)
and: G
U . . .
V2A() = =2 () +ip ()], o) = [ax=y)iy) dy, (62)

respectively. Here, pp (x) and jp(x) are the effective dark matter density and current, respectively. The
transverse gauge condition requires that V - A = 0. On the other hand, V -j = 0 follows from the
energy-momentum conservation law. It follows that the dark matter current is conserved as well; that
is, V-jp =0.

Let us next introduce the GEM fields E; = V® and B, = V x A such that:

V -E; =4nG(p+pp), V xEg =0, (63)
1 1 4nG,, .
V'(EBg) =0, V x (§Bg) = T(]+]D)~ (64)

We remark in passing that our GEM conventions are in conformity with the gravitational Larmor
theorem [27].
The corresponding GEM metric takes the form:

O] 4 ) .
2 2 2
ds* = —c (1 +2C2) dt= — E(A -dx)dt + <1 — 2c2) dijdx'dx’!, (65)

whose geodesics can be employed to investigate the motion of test particles and null rays in nonlocal
GEM. It is possible to show, for instance, the existence of the gravitational analog of the Lorentz
force law [27]. We note that ®(x) is the gravitoelectric potential of nonlocal gravity in the Newtonian
regime and has been investigated in some detail [16]; therefore, we concentrate here first on the
gravitomagnetic vector potential A(x) = O(c™1).

It is interesting to compare nonlocal GEM with the standard GR treatment [27,28]. In NLG, the
steady-state assumption is rather necessary and leads to great simplification. Thus, topics such as
time-varying gravitomagnetism or gravitational induction that are standard in the GR treatment are
beyond the reach of nonlocal GEM. Furthermore, the steady-state requirement limits any further gauge
freedom; however, it is possible to shift the magnitude of the gravitoelectric potential by a constant in
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metric (65). To this end, let us recall that the remaining gauge freedom is in the form €, = 9,7, where
O¢ = 0. With = —B (3t? + |x|?) /6, metric (65) changes to:

ds> = — (1+2® +2B)dt* —4(A-dx)dt + <1 —2®— §,8> Sidx'dx/ , (66)

where f is a constant parameter.

3. Gravitomagnetism in Nonlocal GEM

In Equation (62), the gravitomagnetic vector potential depends on the choice of the reciprocal
kernel 4. To indicate which Newtonian reciprocal kernel is under consideration, we introduce a
parameter J such that § = 1 for q; and § = 2 for g,. Let us write the solution of Equation (62) in

the form:
2 G

SA(X) = .

"A(x—y)jly)dy. (67)

Using Equation (62) and the explicit form of the Newtonian reciprocal kernels (50) and (51), we find:

SA(r) =

ﬁ\b—‘

[1+a0°N(puor)], (68)
where 7 = [r|, ag := 2/ (Ag o) ~ 11 and °N is given by:

) —u 4 1

N(u) =1—e"+7ce[Ei(c+u) —Ei(¢)] + S uEr(c+u). (69)

Here, E; is the exponential integral function given by:

9] eft

Ey(x) i= /X “at, (70)

so that for x : 0 — oo, E1(x) is a positive monotonically decreasing function that diverges as — In x near
x = 0 and falls off exponentially as x — co. Moreover, we have introduced a dimensionless quantity ¢
such that ¢ := ag pg < 1. For the exterior of the Earth, we assume that r is less an astronomical unit
and r/ay is rather small compared to unity as ag is about the size of the solar system. For r < ay,
we have o r < ¢; then, the Taylor expansion of E1 (¢ + o t) about E;(g) and repeated differentiation
of Equation (70) result in:

c c ro 1 r? r3

¢ Erlc+pior) — e Er() = — = 5(14¢) 55 +0 (71)
a 2 0 “0

Putting these results together and neglecting terms of O (r*/a3), we find:

1 1 1+¢

0 _ G —
A(X Y) |X_y| [2 o+e El(g)] 2 Ao do

(2—=0) x—yl. (72)

Assuming |x| > |y|, which is appropriate for the exterior of the source, and expanding |x — y| to
first order in |y|/|x|, we get:

\x_y| i / W /(X'Y)i(}’) &y (73)

[=ylimdy~x [iydy = [oen)iedy. 74

and:
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Let the compact gravitational source reside in the interior of a finite closed spatial domain D that
completely surrounds the source. This means that j vanishes on the surface of D and beyond. Then,
the conservation of matter current implies:

|7 63) Vi) dy =0, 75)

where f(y) is a smooth function. Applying Gauss’s theorem and setting the integral on 0 D equal to
zero, we get:

| sl (x- 9l i) dy = 0. 76)
For f(y) = 1and f(y) = v, we find the following relations:
Limay=0, [ cy)imdy=— [ yxijmdy, 77)
respectively. Let:
Lyximdy=1, 78)

be the total proper angular momentum of the gravitational source. Then, it is straightforward to show
using Equation (77) that:

1
: 3
. == . 7!
|03 dy = 53 xx 79)
It then follows from these results that the gravitomagnetic vector potential is given by:
sap) = S g P (80)
c |x]3 L3 |
where the relevant nonlocality length scale Ly is given by:
2 /\0 ap 172
Ly=|—-—— . 81
N < T+c ) (81)

The nonlocal contribution to A at the level of approximation under consideration is nonzero for q; but
vanishes for q,. The length scale Ly 2 1 pc, so that the nonlocal contribution to A in the exterior of the
Earth is relatively quite small and less than about 1071 of the standard GR value.

Finally, the gravitomagnetic field can be calculated from Equation (80) and the result is:

o
B = — 7 - —
g(X) C ‘X|5 + c LZZ\] |X|3

2 2

G3(0-xx—Jx? G <z—5> 0-x)x+J[x? 2
The gravitomagnetic field of the Earth has been directly measured via the GP-B experiment and the
GR prediction has been verified to about 19% [29]. The nonlocal contribution to the gravitomagnetic
field of the Earth is at most ten orders of magnitude smaller than the GR value and is thus beyond
current measurement capabilities for the foreseeable future. A similar estimate holds for nonlocal
gravitomagnetic effects in the motion of the Moon. In connection with the lunar laser ranging
experiment, we note that the main relativistic effects in the motion of the Moon are due to the
gravitational field of the Sun and have been calculated in [30,31]. The Earth-Moon system with its
orbital angular momentum acts as an extended gyroscope in the gravitomagnetic field of the Sun.
The nonlocal modification of this field is given by Equation (82) and the corresponding nonlocal
gravitomagnetic effects in the motion of the Moon are then about ten orders of magnitude smaller than
the GR predictions as well. Another consequence of the existence of the gravitomagnetic field is the
Lense-Thirring effect, see [32-34] and the references cited therein.
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3.1. Nonlocal Contributions to the Metric

The spacetime metric (66) in our nonlocal GEM contains gravitoelectric and gravitomagnetic
potentials. The latter is given by Equation (80). It is, therefore, necessary to find the corresponding
gravitoelectric potential °®(x), which is given by:

‘o(x) = G [*alx—y)ply)dy. ®3)

To simplify matters, we assume that the gravitational source has a spherically symmetric matter
distribution. This means that p(y) = p(]y|); then, we go through essentially the same steps as in
Equations (68)—(74), except that:

Jx-yetyhdy =0, (54
as a consequence of spherical symmetry for the matter distribution. Therefore, Equation (72) implies:
GM GM GM
"B(r) =~ - GRS SR+ T (2-0) (85)
r Ao Ly,
and:
GMx |x|?
6 _ B A el
Ey(x) = rcall (2-6) Liz] : (86)

Here, M is the mass of the spherical rotating source in our linear approximation scheme, namely:

M= [ p(ly) . 7)

We note that Equation (85) here is consistent with Equations (8.39) and (8.40) of [16]. With gravitoelectric
potential (85) and gravitomagnetic potential (80), the GEM metric (65) can now be used consistently in
investigating nonlocal effects in GEM.

3.2. Gravitomagnetic Clock Effect in NLG

There is a special temporal structure around a rotating mass that is best expressed via the
gravitomagnetic clock effect [35-38]. To illustrate this effect in NLG, let us assume that the gravitational
source rotates about the z axis, ] = | 2, and write the GEM metric in the corresponding spherical polar
coordinates. Under the transformation x* — (t,7,0, ¢), metric (65) takes the form:

ds? = gy dt* +2 gy dtd + dr* + 1> d6* + r* sin® 0 dg?, (88)

where g == —1—-2®, ¢ty := —2rsinf Ay and we have neglected in our GEM approach the
contribution of ® to the spatial part of the metric. In the local theory (GR), we have ® = —GM/r and
Ay = (GJ/r?) sin 6. These potentials change in our nonlocal approach as follows:

GM r2 GJ r2 _
where: oM
6527[2—5+6gE1(g)]. (90)
0

We are interested in the nonlocal modification of Keplerian periods of the equatorial circular orbits in
this spacetime.
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The geodesic equation for the radial coordinate takes the form:

Pr g, dxt dx?
a2 T e g =0 1)

where T is the proper time. This equation can be solved for ¥ = constant and 6 = 77/2. The solution in
the linear approximation under consideration is given by:

dt 8t 2 1z
L oW (20 (92)
d¢ Qtt 8t
Indeed, for 6 = 71/2, we have:
GM r? 2] 12
’ r Ly, , r Ly

It follows from a detailed analysis that, as expected, deviations exist from the standard GR results
for 6 = 1,2. For an equatorial circular orbit with Keplerian frequency wx = (GM/r3)'/? and Keplerian
period Tx = 27/ wg, we find for the periods of co-rotating (+) and counter-rotating (-) orbits in terms
of coordinate time:

by =T, 1—i(2—5) +ond 1—2ﬁ(2—5) (94)
S Y73 M 12,
and in terms of proper time:
B 3M ] 3M
T:t—TK(lerM):I:ZTL'M <1+27A]). (95)

Here, we work to linear order in perturbation quantities and the nonlocal contributions are given by
terms proportional to r2/L%,, Ay and Aj, where:

2 2
A=Cst=5(2-08), Aj=Cs+2-(2—6). (96)
213, L3

It is interesting to note that the prograde period is longer than the retrograde period, namely:

P I PP e —an L (143M
ty t,—47TM 1 ZL%\](Z )|, T L_47TM 1+ P A . 97)

In GR, the gravitomagnetic clock effect for circular equatorial orbits around the Earth is given by
T4 — T ~ 2 x 1077 sec. This prediction of GR has not yet been verified by observation. The GR effect
is indeed rather difficult to measure since the Keplerian period of a near-Earth orbit increases by about
2 x 107 sec when the orbital radius is increased by 0.015 cm, see [39—47] and the references cited
therein. The magnitude of the nonlocal contribution to the gravitomagnetic clock effect for the Earth is
smaller than about 10719 of the GR value.

3.3. Gravitational Larmor Theorem in NLG

In classical electrodynamics, Larmor’s theorem establishes a local relation between the motion
of a charged test particle in an electromagnetic field and its motion in the absence of the field, but in
an accelerated system of reference. The gravitational version of this theorem is essentially Einstein’s
principle of equivalence expressed within the GEM framework [27,28]. It is useful to point out that the
theorem extends to nonlocal GEM as well.
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Let us imagine an accelerated observer following a world line X* (1) in Minkowski spacetime.
Here, 7 is the observer’s proper time. The observer carries an orthonormal tetrad frame A*;(7) along
its path such that:

aAr & B
=Y, AMP
= Fip AT, (98)
where ¥, p= —Ypis the antisymmetric acceleration tensor. In analogy with the electromagnetic

field tensor, we can decompose ¥, p into its “electric" and “magnetic" parts, namely Y;; = 7; and

‘I’f]e = €t wk. Here, v and w represent the invariant translational and rotational accelerations of
the observer, respectively. Let us now introduce a geodesic coordinate system in the neighborhood
of the accelerated observer. At a given proper time 7, the straight spacelike geodesics normal to
X*(7) form a Euclidean hyperplane. An event on this hyperplane with inertial coordinates X* will be
assigned geodesic (Fermi) coordinates x# such that X0 = rand XV — XHt(t) = xi K +(7). With these

transformations, dS% = Ny dX* dX" becomes ds? = San dx? dx?, where:

800 = —(1+7- %)+ (wxx)?, (99)
8oi = (WX X);, &y =0y (100)

A detailed discussion of these local coordinates and their admissibility is contained in [16]. In general,
7 and w are functions of proper time 7. However, in the present context of steady-state GEM,
we assume that these accelerations are constants and do not vary with proper time.

A comparison of this flat metric at the linear order with metric (66) once we neglect its spatial
curvature reveals that an accelerated observer in Minkowski spacetime is locally equivalent to an
observer in a GEM field provided ® + 8 = v - x for a suitable choice of the constant and —2 A = w X x,
which means that E; = o and By = —w, respectively. These GEM fields contain nonlocal effects;
in this way, the gravitational Larmor theorem has been extended to the nonlocal regime.

An interesting application of the gravitational Larmor theorem involves the interaction of spin
with the gravitational field. The coupling of intrinsic spin with the gravitomagnetic field has been
discussed extensively and a brief review of the subject is contained in [27]. The effect is related to
spin-rotation coupling via the gravitational Larmor theorem. The spin-rotation coupling for neutrons
has recently been measured via neutron interferometry [48,49]. The extension of the gravitational
Larmor theorem to the nonlocal regime means that spin-gravity coupling can likewise be extended to
the nonlocal regime.

4. Gravitational Energy-Momentum Tensor

The traceless gravitational energy-momentum tensor 7, of NLG is given by Equation (34). Let us
first compute the local part of this tensor Tv, which is traceless as well, for the GEM case. To this end,
we write Equation (15) in the form:

1
KTy = Cuoo &7 — 28w, Ti= Cos e, (101)

and express the components of the torsion tensor in terms of the GEM potentials. That is:

*Coio =D, *Coij=Aj;i, *Cijo=Aj;j—Aji, Cijx=20yP;— 03P, (102)
and:
2600 = 2D ; 26— A 260 — A — A 2¢ = O(c™?) 103)
¢ Coio i € Cojf iir € G i,j jir Gk ¢ . (
It follows that:

(104)

1 2 2
I= 5 [4Eg—3B; -2 Z Aijy Aij) | -
L]
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where we have used the relation:
1.
ZAi’j Ai,j = 5 Bg + ZA(L]) A(i,j) . (105)
) )

It is now possible to compute the components of the traceless energy-momentum tensor, which are:

1 1
Too == —5 = ~5 Y AGH A | - (106)
ij
!
Ty; := 787TG (Eg X Bg)i (107)
and:
Ti— L |2 (EL B} — 5 E2) + (B. B. — 5 B2) — Al (108)
8ntG &8 g g 78 ijBg ,
where: .
Aij =) Awi Ak = 5 85 Y Amn Amn - (109)
k m,n

These local results must be supplemented with nonlocal terms, i.e., we must go back to
Equation (34) and compute 7;“,, which contains nonlocal terms of the form:

NI“/P /X X —= )Qtyvp( )d v, (110)

where yx is the kernel of NLG theory in the Newtonian regime [16]. The explicit calculation of this
kernel is rather complicated and is beyond the scope of this paper.

It is interesting to compare and contrast the local Equations (106) and (109) with those obtained
via the Landau-Lifshitz pseudotensor ¢, of GR [50] within the standard GEM framework [27,28].
To this end, it is necessary to assume a steady-state GR configuration (i.e., 0 /9t = 0 and dA/9dt = 0).
Then:

4ntGtog = —7152 ZA(,] (i) (111)
4G tg; = 2 (Eg X Bg)i ’ (112)
4Gt = <E§Efg (sl]E;) (B’ Bf + 51] g> . (113)

The similarity between these different gravitational results and the corresponding electromagnetic
ones is noteworthy. In particular, imagine a steady-state configuration involving a rotating astronomical
source with mass M and angular momentum J = | 2. Then, it follows from the gravitational Poynting
vector that there is a steady circulation of gravitational energy in the same sense as the rotation of the
source with an azimuthal flow speed given in spherical polar coordinates by:

J

Vg & o sinf. (114)

The proportionality constant depends on the underlying theory of gravitation [27,28].

5. Discussion

We have developed gravitoelectromagnetism (GEM) within the framework of nonlocal gravity
(NLG). Except for the trivial solution of field equations involving flat spacetime, NLG has no other
known exact solution at present. We must therefore resort to the linearized theory, where GEM
is possible for steady-state configurations. We have examined the nonlocal GEM corrections to
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the stationary gravitational field of an isolated rotating mass in the weak-field and slow-motion
approximations. Due to the existence of galactic length scales in NLG, the nonlocal GEM effects
around the Earth or the Sun turn out to be at most about ten orders of magnitude smaller than the

corresponding GR effects.
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