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Abstract: Nonlocal gravity (NLG) is a classical nonlocal generalization of Einstein’s theory of gravi-
tation developed in close analogy with the nonlocal electrodynamics of media. It appears that the
nonlocal aspect of the universal gravitational interaction could simulate dark matter. Within the
Newtonian regime of NLG, we investigate the deviation of the gravitational force from the Newtonian
inverse square law as a consequence of the existence of the effective dark matter. In particular, we
work out the magnitude of this deviation in the solar system out to 100 astronomical units. Moreover,
we give an improved lower limit for the short-range parameter of the reciprocal kernel of NLG.

Keywords: nonlocal gravity; solar system; deviations from Newton’s law of gravity

1. Introduction

The nonlocal treatment of material media in physics has a long history [1-3]. In its
present form in electrodynamics, in particular, history dependence is taken into account
in the constitutive properties of atomic media; that is, one retains the basic equations of
Maxwell involving the electromagnetic fields (E, B) and their excitations in the medium
(D, H), but the constitutive connections between these fields become nonlocal due to history
dependence. The resulting constitutive relations involve a nonlocal kernel that incorporates
the atomic and molecular physics of the background medium [4-6]. Nonlocal gravity
(NLG) is a classical nonlocal generalization of Einstein’s general relativity [7] that has been
constructed in close formal analogy with the nonlocal electrodynamics of media [8-10].
There is no medium in the gravitational case; hence, the corresponding nonlocal kernel
must ultimately be determined on the basis of observational data. The detailed physical
motivation for the nonlocal extension of GR and a comprehensive treatment of NLG is
contained in Ref. [10].

Einstein’s general relativity (GR) can be expressed in an exact form that resembles
Maxwell’s electrodynamics. Indeed, there is a well-known teleparallel equivalent of general
relativity (TEGR), which is the gauge theory of the group of spacetime translations [11].
Therefore, TEGR, though nonlinear, is formally analogous to electrodynamics and can be
rendered nonlocal via history-dependent constitutive relations as in the nonlocal electrody-
namics of media. In the resulting theory of nonlocal gravity (NLG), there is a fundamental
preferred frame field in spacetime; moreover, the gravitational field is locally defined, but
satisfies partial integro-differential field equations. Nonlocal gravity theory employs an
extended geometric framework involving both the Riemannian curvature of spacetime
and the Weitzenbock torsion of the preferred frame field. Furthermore, NLG is consistent
with the universality of gravitational interaction and the principle of equivalence of inertial
and gravitational masses that has strong observational support. Indeed, free test particles
and null rays follow geodesics of the spacetime geometry, which ensures the universality
of free fall within the framework of classical physics. The only known exact solution of
the field equations of NLG is the trivial solution, namely, Minkowski spacetime in the
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absence of gravity. Thus far, the nonlinearity of NLG has prevented finding exact solutions
for strong-field regimes such as those involving black holes or cosmological models [12].
However, linearized NLG and its Newtonian limit have been extensively studied [10,13].

Heuristically, NLG theory involves a kind of spatial and temporal average of the
gravitational field over the past; that is, the gravitational memory of past events survives
in some form in the field equations of NLG. When one writes the field equations of NLG in
the same way as GR field equations, one finds that the source term contains, in addition
to the standard symmetric energy—-momentum tensor of matter, certain purely nonlocal
gravity terms as well. These nonlocal gravity source terms, within the Newtonian regime
of the NLG theory, help this theory recover the purely phenomenological Tohline-Kuhn
modified gravity explanation of the “flat" rotation curves of spiral galaxies [14-16]. That is,
the nonlocal aspect of universal gravitation appears to simulate dark matter. Therefore, it
is natural to interpret the extra nonlocal gravity source terms of NLG in terms of nonlocally
induced effective dark matter, which would be a remnant of the past gravitational events.
In the Newtonian regime of NLG, which is briefly described in the next section, such a
memory becomes instantaneous and reduces to a spatial average with a time-independent
universal kernel. What is now considered dark matter in astrophysics and cosmology
may indeed be the manifestation of the nonlocal component of the universal gravitational
interaction [10,17-19].

In nonlocal electrodynamics, the kernel is based on the quantum physics of the
medium; however, there is no medium in NLG. In this case, we must rely on astronomical
data for the determination of the kernel. On the other hand, in conformity with the nonlocal
electrodynamics of media, there is no Lagrangian for NLG. In fact, in Ref. [9] an action
principle was formulated for linearized NLG that included a time-asymmetric nonlocal
kernel in connection with the past history of the gravitational field. However, the nonlocal
field equation that resulted from the variation of the action involved a time-symmetric
kernel that violated causality. It seems that an action principle for NLG is in conflict with
causality.

Within the Newtonian regime of NLG, the properties of effective dark matter and
its distinguishing features in comparison with the standard dark matter paradigm have
been the subject of recent investigations [17-19]. The main purpose of present work is to
describe the general attributes of the gravitational force within the Newtonian regime of
nonlocal gravity and study in detail its deviation from the Newtonian inverse square force
law within the solar system.

1.1. Nonlocal Newtonian Gravity

The gravitational field equation of NLG reduces in the Newtonian limit to the nonlocal
Poisson equation

V20(x0) + [ x(x—y)V20(y) dy = 47Gp(x), M

where y is the universal kernel of NLG in the Newtonian regime. Here, p(x) is the density
of matter in a Cartesian system of coordinates, x = (x,y,z), G is Newton’s constant of
gravitation and ®(x) is the corresponding gravitational potential. Regarding Equation (1),
we note that temporal retardation vanishes and an average over the past reduces in the limit
of instantaneous connection to a spatial average when one formally lets ¢ — oco. For the sake
of simplicity, we have suppressed the possibility that & and p could, in principle, depend
upon the instantaneous temporal coordinate t. Under physically reasonable mathematical
conditions, it is possible to express Equation (1) in its reciprocal form

4nGp(x) + [ glx—y)4nGp(y)| d'y = V20(x), @
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where g is the reciprocal kernel. This is the Poisson equation with an extra source term,
namely,

V20 =4nG (o +pp),  pp(x) = /q(x—y>p<y) &y ®)

It is natural to interpret pp as the nonlocally induced density of effective dark matter. It is
given by the convolution (“folding”) of the reciprocal kernel g with the density of matter
p. Therefore, the existence and distribution of effective dark matter in NLG is intimately
connected with the material source and its distribution.

The reciprocal kernel 4 must be determined on the basis of observational data. On
the other hand, NLG in the Newtonian regime requires that g(x) be absolutely integrable
as well as square integrable over all space [10,20]. Within the Tohline-Kuhn modified
gravity scheme [14-16], which NLG recovers in the Newtonian regime of the theory, the flat
rotation curves of the spiral galaxies had already led to the introduction of the spherically
symmetric Kuhn kernel

1 1

— - 4
47‘[/\0 |X—y|2 ! ( )

where Ag ~ 1 kpc is the basic galactic length scale in this approach. To implement the
mathematical requirements of NLG regarding g, we introduce two new length scales ag
and p, ! to moderate the short and long distance behaviors of the Kuhn kernel, respectively.
This then leads to two possible simple positive spherically symmetric functions for g that
have been studied in detail [10]. These functions, which are integrable as well as square
integrable, are

_ 1 T+po(a+r) T
q1(r) = Ihg  r(ag+7) e Hor, q2(r) = ao+r‘h(r), 5)

where Kuhn's kernel is recovered for ag = pip = 0and r = |x —y|. Forap = 0, 41 = g2 = qo,

1 1+4pupr

which is integrable but not square integrable. In fact,
r
47 /0 qo(s)s? ds = ag {1 — (14 $ por) e*P‘O’} , ag :=2/ (Ao po) - (7)

The integral of gy over all space is the dimensionless constant «y and similarly,

© 1
41 /0 qi(s)s*ds = wpw;, w;=1- 550 eOE1(Q0), wr=1—CpeE(Zo), (8)

where
o = appo )

is another dimensionless constant. Here, E1(x) for x > 0 is the exponential integral func-
tion [21], namely,

0 p—t . d"E -
El(x):/x Car, EM (x) = 1 EW (x) :—%:—Eo(x), (10)

o gt dE,(x -
En(x)i= [ St di):—En,l(x), xEq(x) = e ¥ —nEu(x), (1)

where in the definition of E,(x), n = 0,1,2,---. Moreover, gy > q1 > g for any finite
radial coordinate r. It proves useful to define

&ir) = 4 | lgo(s) - g:(9)]s%ds; 12
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then, we have fori =1, 2,
o7
47 / q,-(s)s2 ds = —& + ag [1 -1+ % Hot) e_”or} , (13)
0
where ,
&1(r) = 2080 e [E1(Zo) — E1(Zo + por)], (14)
1 Mor  _
E(r) =2&(r) — zag g —>——e M7 15
2(7) 1(r) %0 o #0r+€06 (15)

The quantities £ (r) and &,(r) are positive monotonically increasing functions that start
from zero at r = 0 and approach &;(c0) = (1 —w;)ag > 0asr — oo. In fact, withw;, i = 1,2,
given by Equation (8), & (0) = g o e?0E1 (o) and & (o0) = 2 & (o).

The effective dark matter in NLG has some specific attributes that must be mentioned
here. Consider a point particle of mass m that is located at x;; then, Equation (3) implies

p(x) =md(x—xm), pp(X) = mq(x —xp) . (16)

The reciprocal kernel g is spherically symmetric by assumption; therefore, the point particle
of mass m is surrounded by a spherical distribution of effective dark matter of density m g
that extends to infinity and decays exponentially to zero with a decay length of y, 1 The
strength of this distribution is characterized by the Tohline-Kuhn parameter Ay ~ 1 kpc;
indeed, the effective dark matter disappears for Ag — oo.

The net effective dark matter mp corresponding to point mass m is given by

mp =m /q(x) d*x = mag w. (17)

Extending Equation (16) to a distribution of a large number of point particles, it follows
that pp is always finite for a Newtonian astronomical system; moreover, pp traces out,
albeit in an extended and diffuse manner, the form of the matter distribution. Therefore,
the distribution of the effective dark matter in NLG is quite different from the standard
dark matter paradigm. The fact that pp is the convolution of the reciprocal kernel g with
the density of matter p can be used to estimate the local density of effective dark matter
according to NLG in our solar neighborhood [22]. Moreover, it is an important property of
the convolution that the total effective dark matter over all space is given by

Mp = /pD(x)d‘q’x = /q(x) d3x /hp(x) Bx=ngwM, (18)

where M is the mass of the source. This is a natural generalization of Equation (17) for an
extended system. We can use these considerations to estimate the amount of dark matter
within a given galaxy by calculating approximately the portion of Mp that is confined
within the boundaries defined for the galaxy [17,19].

1.2. Gravitational Force in NLG

In NLG, as in GR, free test particles follow future-directed timelike geodesics of the
spacetime metric. Naturally, in the transition from NLG to its Newtonian regime, the speed
of light formally approaches infinity in the same way as in GR and the gravitational force
on a test particle of inertial mass m in a gravitational potential ®(x) is thus given by the
Newtonian result

F(x) = —mV®(x). (19)

Imagine a point particle of mass m at x,; as in Equation (16); in this case, Equation (3)
implies that the gravitational potential is due to the point mass m as well as its cocoon of
effective dark matter. The latter forms a spherical distribution centered on m with density
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mgq. Imagine now another point particle of mass m’ located at x'. The gravitational force on
m’ due to m can be calculated using Equation (19); indeed, the result is

_ [ X —x'|
Fnig(X) = Gm'i [m + m/ 47rs%q(s)ds|, (20)
m

where the first term in the square brackets is simply the Newtonian result due to point
mass m, while the second term is due to its cocoon, namely, the spherical distribution of
effective dark matter of density mq surrounding m. We have employed Newton’s shell
theorem here, since m' is affected only by the attractive force of the portion of the cocoon
that is within a sphere centered on m of radius |x,, — X[, the distance from m to m’. In fact,
m' is unaffected by the remaining mass of the cocoon as a direct consequence of Newton’s
shell theorem. Furthermore, this theorem states that the spherical portion of the effective
dark matter of radius |x, — x'| acts as though it were concentrated at x,. It follows that

/

Faia(¥) = Gmm[‘—P[HA(\xm )], (21)

where Equation (13) implies
r
= / 4s?q(s)ds = —E(r) +ao[1— (1+ S or) e 1] (22)
0

Here, A contains the contribution of the effective dark matter and £(r), which vanishes
when a9 = 0, has been defined in Equations (14) and (15). We note that A(r) is a posi-
tive monotonically increasing function that starts from zero at r = 0 and asymptotically
approaches A(o0) = agw in accordance with Equation (8).

We can now extend Fyp ¢ to a matter distribution. That is, the NLG force on a point
mass m at x due to a matter distribution with density p(x) is given by

Frngl(x) = ~Gm [[1+A(x—y))) = Tp(y) . 3)

Let us first imagine that we are in the exterior of a finite astronomical source. As we move
away from the source, the gravitational attraction increases due to the effective dark matter
and eventually the Newtonian inverse square law is recovered; that is, very far from the
source, |x —y| > g ! and we find A(|x — y|) &~ agw. Hence, Equation (23) reduces to the
Newtonian result

Farc(x) & —G(1 + agw)m /‘ |3p< y)dy, (24)

except that Newton’s constant G has now been replaced in effect by G(1 + aow). For
[x| > |y|, we have to lowest order in |y|/|x],

-FNLG(X) ~ —G(l + DC()YU)THM% ,

(25)
where M is the mass of the source and (1 + aow)M is its mass plus its associated net
effective dark matter. For a galactic source, the corresponding rotation curve, where the
attractive acceleration of gravity equals the centripetal acceleration of circular motion, is
then essentially Newtonian very far from the galaxy. This consequence of NLG appears
to be consistent with the conclusion of a recent study of the far-flung rotation data of the
Milky Way and M31 [23].
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For the sake of completeness, let us mention that the gravitational potential in NLG
for a matter distribution of density p is given by

NGy (x) == G [ [1- &(e0) +ato(1— ")
o) )

r
L 43 ,
x—y[“Y

+)\0

(1+ ia70)€€°E1(Co + VO”)} |

where r = |x —y| and i = 1,2, corresponding to g; and gy, respectively. In fact, one can
show explicitly using Equation (23) that Fyig(x) = —m VNS ®(x).

In Equation (3), for the effective dark matter density pp, 4 = 0 leads to pp = 0 and
we recover Poisson’s equation of Newtonian gravity that is a consequence of the inverse
square law. Therefore, we expect that NLG leads to deviations from the inverse square law
as a result of the existence of the effective dark matter. On small laboratory scales, there has
been great progress in verifying Newton’s law of gravitation down to a distance of about
50 pm and efforts are under way to explore even smaller distances [24-29]. For the sake
of completeness, we mention here that the leading quantum correction to the Newtonian
gravitational potential, —GM/r, due to mass M is given by [30]

12
_GM<1+17 P>, (27)

r 207t 12

where Lp = (1G/c3)!/? ~ 10732 cm is the Planck length. In NLG, G is a constant of nature
as well, since there is no firm observational evidence in support of a variable G. Meanwhile,
terrestrial experiments regarding Newton’s law and the measurement of Newton’s constant
of gravitation G continue at present [31,32]. On the other hand, interesting experiments
have been proposed recently to measure directly deviations from the inverse square law
of gravity in the solar system out to 100 astronomical units (AU) and beyond [33-36]. In
any case, modifications are expected due to the presence of dark matter [37]. Finally, on
larger galactic scales, we expect to determine the reciprocal kernel g from the rotation
curves of spiral galaxies. By fitting the predictions of NLG with observational data, we
hope to find ag, &g and 9. However, in connection with the short-distance parameter 4y,
reliable rotational data is not available very close to the center of the galactic bulge. It
therefore appears that we could ignore the short-range parameter ag when we compare the
predictions of NLG with the rotation curves of spiral galaxies. In this way, &g and o have
been determined; in fact,

no =10.94+256, o =0059+0028kpc ", A= ~3+2kpc  (28)

&o Mo

based on the observational data regarding nearby galaxies and clusters of galaxies [38].
We should mention the possibility that the three parameters of the reciprocal kernel could
in principle depend upon cosmological time; here, however, we assume that they refer to
the present cosmological epoch [10]. Regarding the observational determination of ap, we
note that a lower bound for 4y, namely, ay 2 10 c¢m, or about 100 AU, was calculated in
2015 using the solar system data available at that time in connection with the perihelion
precession rate of Saturn [39]. The implications of NLG for the solar system crucially
depend on the value of 4y and we will employ current solar system data to improve the
lower bound on ag in Section 4.

The aim of this paper is to present a general discussion of the gravitational force within
the framework of NLG; in particular, we henceforth focus on deviations from the inverse
square law of gravitation in the solar system out to 100 AU and beyond, which could be
measurable in principle via future experiments [33-36].
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2. NLG Force in the Solar System

Let us start with Equation (23) for the force of gravity according to NLG due to a
compact object such as a star. We are interested in the force in the exterior of the source,
x| > |y|, but with

x—y| < pg ' ~ 17kpe. (29)

This is the situation of interest in connection with solar system experimental proposals
contained in Refs. [33-36]. In view of Equation (29), we want to expand A(r) in Equation (23)
in powers of pyr < 1. To this end, we start with Equation (22), where £(r) is given by
Equations (14) and (15). For &; in Equation (14), let us expand E;({p + por) in a Taylor
series about E1({p) to obtain

£1(r) = — 5000 ) (”f;)nls§”)(go). (30)

n=1

From the definition of the exponential integral function in Equation (10), we find for
n=0,12---,
efx

1
EPT () = (<)l Wax), (31)
where W, is a polynomial of degree n defined by
no ok
Wy (x) == k;) e (32)

For n — co, Wy, (x) — e*. Furthermore, in terms of these polynomials, we have for &(r) in
Equation (15),

B i(—n"wn(go)(aro) , (33)

ag+r =0

where r < ag by assumption. Then, putting these results together, we have

o & (- r\"
a0 =5 & w1 en
d
" r& apan—1 r\"
i) = 3 L) W@ (5 ) @)

Remarkably, our expansions in powers of jior < 1, where !~ 17 kpc is the long-range
parameter of the reciprocal kernel g, end up being in effect expansions in powers of r/ag,
where ag is the short-range parameter of q. Writing Equation (22) in the form

a0 = =20+ - S o () G0
we obtain expansions
Wa = 5 ¥ SO [ + 2] (2) @)
and . -
Do = £ RS W@ (2) @)

for q; and g3, respectively.



Universe 2022, 8, 470

8 of 20

Let us write A in Equation (23) as

Alx=31) = 15 aaleo) Z2E, (39)
n=2 04y

where A, ({p) are dimensionless functions of {y = ppap. Comparing relations (37) and (38)
with Equation (39), we conclude that forn = 2,3,4, - - -,

CV w1 (o) + =2 g (40)

(1)AW(CO) - (I’l—l)'

and )
@A, (g) = (1)1 2=

Wi-2(Zo), (41)

where W, (Jo) = Yy (K /k!. Therefore, depending on whether we use q; or q», we find

(1) 1 r 1 N 1 12 1. 1
A(r) = 5(1 +€O)/\0a0 - 5(1+§0+§0)A0a2 + 1(1 + 0o+ 500+ 2@0)@ —-- (42)
0 0
or
(2)A(r)—1(1+§)i—1(1+§ _,_lgz)i_._... (43)
_3 0 Aoﬂ% 2 0 250 /\Oﬂg 7

respectively. We expect that these series converge for r < ag. It is straightforward to
calculate higher-order terms in these series, which we must substitute in Equation (23) in
order to calculate general NLG deviations from Newton’s law of universal gravitation. This
is explicitly illustrated in the rest of this section for a spherically symmetric source.

2.1. Spherically Symmetric Distribution of Matter

Imagine a spherically symmetric distribution of matter confined within a sphere of
finite radius rg. Each point particle of mass m has an accompanying sphere of effective
dark matter of density mgq surrounding it and the spherical symmetry of mass distribution
naturally results in an effective dark matter distribution that is spherically symmetric
and concentric with the matter distribution. To see this in detail, consider a Cartesian
coordinate system (x, Y, z) with its origin at the center of the spherical source of radius rg.
In the convolution formula for pp(x) in Equation (3), let the orientation of the coordinate
system be such that x = (0,0,7) and y = (ysin 6 cos ¢, y sin 6 sin ¢, y cos ), with no loss in
generality. Then, after integration over the azimuthal angle ¢, we can write

pp(r) = 2ﬂ/p(y) 2 dyq(U)sin6do, (44)
where o
ey — vl — (42 2\1/2 __ 1y
U:=|x—y|=(r"—2rycosf+y-)"'=, 3(cos6) TR (45)

The integration over the remaining angular coordinate is straightforward and results in

27T 7o

pp(7) p(y)y[¥(r+y) —¥(r—y)ldy, (46)

r Jo
where

Y(s) = /s g(u)udu. 47)

Let us next calculate the gravitational force experienced by a test point particle of mass
m due to the concentric spherical distributions of p and pp. The result is simply obtained
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via Newton's shell theorem, namely, the attractive force of gravity is radial with magnitude
FN + Fp, where Fy is the strictly Newtonian part due to p; that is,

R
Fn®) = T [P oryar, Fo®)= " [Monyar, e
0

where R is the distance from m to the common center of p and pp.

In Appendix A, pp(r) is explicitly worked out for a spherical source of constant
density po. In this case, an exact analytic formula can be obtained for the force Fp due
to effective dark matter. On the other hand, we are interested in the deviations of the
gravitational force from the inverse square law in the solar system in connection with recent
experimental proposals [33-36]; therefore, for practical purposes, we use the approximation
scheme involved in expansions (42) and (43) to derive an alternative formula for Fp(R) as
described below.

2.2. Alternative Formula for Fp(R)

Alternatively, we can use Equation (23) to compute the gravitational force in NLG
when the source of mass M is spherically symmetric and confined within a sphere of radius
to.- To compute the relevant integral in Equation (23), we employ the same approach as
in the previous subsection in order to find the gravitational force on m when it is located
outside the source, namely, R > r¢. The force is then along the negative z direction and has
magnitude Fy + Fp, where the Newtonian part is simply given by Fy = GmM/R? and
the effective dark matter part is given by

"0 2 L AWU)
Fo(R) = 272G /O o(y)2 dy / S (R—ycos0) d(cose), (49)
where U is defined by
U := (R* — 2Ry cos 6 +?)"/2. (50)

In principle, expansions (42) and (43) could be continued for U < a¢ and the resulting
convergent infinite series could be used in Equation (49) to determine the contribution of
effective dark matter to the gravitational force. That is, let us expand A(U/) in powers of U
as in Equation (39). Then, with

_ _ Ll
R ycosH—ZR(Z/I + R —y7) (51)

and employing the same integration approach as above, we can write Equation (49) in the

form
47TG ad An go / ro 5
*]: = Z.(y; R dy. 52
p( Rz Z E Daeat T o ORI dy (52)

Here, we have introduced

Ln(y;R) = Zly[(nR —y)(R+y)" = R+ y)(R-y)"], (53)

which is an even function of y, while Z,,(y; —R) = (—1)"Z,(y; R). We note that Z,,(0; R) =
(n? — 1)R"; moreover, Z,(y;0) = —y" for n = even, while Z,(y;0) = 0 for n = odd.
Specifically,

(y;R) =3R*—y*, I3(y;R) =8R*, Iu(y;R) = 15R* + 10R** — y*,

Zs(y; R) = 24R° + 40R%*, Ty(y; R) = 35R® + 105R*y> + 21R%*y* —®,---.  (54)

Plugging these expressions into Equation (52), we find that the deviation from the Newto-
nian gravitational force involves the even moments of the mass density p.
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To illustrate this general approach, we next calculate the NLG modification of the
gravitational force explicitly for a spherical source of constant density py.

2.3. Fp(R) for a Spherical Source of Constant Density

Let us now assume that the density of matter is constant and equal to pg such that the

mass of the source is given by

47
M = 3 PO 7’0 (55)

Then, the integration over the source in Equation (52) can be simply carried through and
the result takes the form

172 R 272 1 A\ R2
Al1—220 A A 0 _ -0
2( 5R2>+ S0 T 4( T5R2 35R4) +

where we can now substitute A, ({p) from either Equation (40) or (41) to determine the
force due to the effective dark matter depending on whether we use reciprocal kernel g, or
g2. Therefore, outside the source, we have the important result

172 R 212 1 rt\R?
MA1—=0 | +A3—4+A4[1+2-2 — -0
2( >+ 320 T 4( T 5R2 35R4> +

GM

%fD(R) =

(57)

As mentioned before, we are interested in the experiments [33,35] that propose to
measure deviations from Newton’s inverse square law in the solar system at the level of
about 10~7 out to a distance of 100 AU. Let us note that with 4 2 100 AU, the amplitude
of NLG deviation from the inverse square law given by Equation (57) at R = 100 AU is

R* _ R
— < —=15x1077, 58
ods ~ Ao X (58)
where Ay ~ 3 kpc in agreement with Equation (28). Furthermore, for the Sun, ro = Rp =
5 x 1073 AU; therefore, beyond the orbit of the Earth, terms of order r%/ R? and higher
may be neglected in Equations (56) and (57). This means that the NLG deviation from the
Newtonian acceleration of gravity beyond the orbit of the Earth can be approximated by

R n
]_-N(R) ~ Mn An+2(§0) <ﬂo) ’ (59)

which is due to the effective dark matter of the Sun. General expressions for (1)An+2(§0)
and (Z)An+2(Co)/ n=0,1,2,---,are given in Equations (40) and (41).

The effective dark matter of the Sun affects the planetary orbits as well. The extra
acceleration of gravity experienced by a planet outside the orbit of the Earth is given by

GM¢
L Fo(R) gy ~ &E(H@)—%mmg&)ﬁ
. (60)
1(1+§0+2§0 2@0)*{2} }
or )
1 GM R 1 R
PRI v 3(1+Co)%—§(1+50+%§3)g+ , (6D

depending upon whether we use g or g, for the reciprocal kernel of NLG. We now turn to
the general implications of Equation (56) for the orbits of planets in the solar system.
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3. NLG: Planetary Orbits in the Solar System

Imagine a planet of mass m in orbit about a star of mass M within the framework
of Newtonian mechanics. This is the standard classical two-body problem in Newtonian
celestial mechanics and it is possible to formulate it exactly within the Newtonian regime
of NLG by taking due account of the effective dark matter of the star as well as the planet.
To simplify matters, however, we write the equation of relative motion in our case as

d*’R  GMR R
T + = - —F(R) R (62)
where we have assumed m < M, M+ m ~ M and that the force due to the planet’s
effective dark matter can be neglected. Here, F(R) is the magnitude of the perturbing
function due to the effective dark matter of the star. The NLG perturbing force is central,
attractive and conservative; hence, the relative orbit is planar. In the background Cartesian
coordinate system (X, Y, Z), let (X, Y) be the orbital plane; moreover, we introduce polar
coordinates (R, ¢) such that X = Rcos ¢ and Y = Rsin ¢. The unperturbed relative orbit
is an ellipse in the (X,Y) plane with one of its foci at the origin of coordinates. That is,
when we turn off the perturbation in Equation (62), R = (X, Y, Z) with Z = 0 and

R Ag(1—-E3)
~ 1+Egcos(p —Gp)’

(63)

where A, Eg and Gy are the semimajor axis, eccentricity and argument of the pericenter of
the unperturbed relative orbit, respectively. The unperturbed pericenter has coordinates

Ap(1 —Ep)(cos Gy, sin Gy, 0) . (64)
Moreover, motion along the unperturbed orbit takes place such that

de _ Lo 2171/2
where mLy is the orbital angular momentum of the unperturbed relative orbit. Let T be the
period of the unperturbed orbit, then the Keplerian frequency () is given by

» GM
Q= T O = AT(%' (66)
For the perturbed system (62), the instantaneous position and velocity of the relative
motion define an osculating ellipse that is momentarily tangent to the perturbed orbit;
therefore, the perturbed relative motion can be described via the evolution of the osculating
ellipse given by the Lagrange planetary equations [40]. In the present planar case, the
Lagrange planetary equations reduce to

dA _ 2Esin(¢ —G)

@ ag-me TR 67)

dE  1-E? dA

dt — 2AE dt’
dG  (1-E2)1/2
dt ~  AEQ

(68)

F(R)cos(p — G). (69)
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To reveal the long-term behavior of the perturbed Keplerian system (62), we average
over the “fast" Keplerian motion of frequency (). In our approximation scheme, we define
the average of a function f by

Lt o [T fl@)de
<f>= T ./0 fat = 27r(1 Eo) ./o [1+Egcos(¢p —Go)]?’ 70

where Equations (63)—(66) for the unperturbed orbit have been employed. Let us now write

&0 GM
R) = Z Fan, Fn = WA;H-Z/ (71)
n= OaO

using Equation (59). Here, R is given by Equation (63) for the unperturbed orbit. Averaging
Equations (67) and (68), we find
dA dE
(i) =) o .

which means that on average the shape and size of the orbit remain unchanged. Moreover,
the Keplerian ellipse slowly precesses and the rate of precession is given by

@ n— 1 2\n+2
<dt>_ EOQZA — E3)"*2F, I, (73)
where . +2 p
o+am cosn dny
I,=—— . 74
" 27 /,70 (1+Egcosny)mt? 74)

Here, 79 is a constant. By taking derivatives of the integrals below with respect to the
eccentricity Eo,

1 /vo+2ﬂ a1 1 /vo+2n dn !
27t Jy, 1+Egcosy  (1—-E2)1/27 27 Jy, (1+Eocosn)?  (1-E3)3/2’
(75)
we can evaluate [y and ;. More generally,
oll,
Eo 3Eq = (n+2)[In1 — L] (76)
In this way, we find
I _ B I _3  E I _1% etc (77)
CO-E 2B 2(1-ER T

Substituting these results in Equation (73), we find for the rate of pericenter precession

dG GM (1 —E2)1/2 3. A0 1 5 A2
—)=- Ay + SA3= + S A4 (4 + E3 . 7
<dt> /\Qb‘lo A()Q 2+2 3 +2 4( + )IZO ( 8)

This general result can also be obtained by studying the average motion of the Runge-Lenz
vector, as explained below.

Precession of the Runge—Lenz Vector

For the perturbed Keplerian system (62), we define the Runge-Lenz vector Q by

R
Q:=VxL-GMg, (79)
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where V = dR/dt and L = R x V are the relative velocity and specific orbital angular
momentum of the relative motion, respectively. The latter is in the Z direction and has
magnitude L. It follows from Equations (62) and (79) that

dQ _

o —~F(R) R x L =LF (—sing,cos¢,0), (80)

R
in the background Cartesian system of coordinates. For the unperturbed orbit, Q is a
constant of the motion and is given by

Qp := GME (cos Gy, sin Gy, 0) . (81)

The Runge-Lenz vector points in the direction of the pericenter and its magnitude is char-
acterized by the eccentricity of the orbit; indeed, it vanishes for a circular Keplerian orbit.

For a small perturbing function as in Equation (62), the rate of temporal variation of Q
is “slow”; therefore, its overall precession becomes evident once we average Equation (80)
over the “fast” Keplerian motion. Employing the same averaging procedure as in the first
part of this section, we find

<dd?> = Q (- sin Gy, cos Gy, 0), (82)
where -
Q=-Lo Y Aj(1—EJ)"3/?F,1,. (83)
n=0
In computing the average in Equation (82), we have assumed ¢ — Gy = 7 and used the
integrals
1 2 sinpde ,
— =—I 4
27'(/0 [1+ Eqcos(¢p — Gp)]"*+2 n sinGo, (®4)
1 p2r cospdg
— = _1I
21 /0 [1+Egcos(p —Gy)]"+2 n cosGo, (®5)

where I, is given by Equation (74).
Finally, we can write
dt
where frequency w points in the Z direction and its magnitude w is the rate of pericenter
precession. Therefore,

<dQ>=waO, (36)

Q 1 & 2\n42
w = = — E A" — E2)" 2R, 1 7
GME, EoQ =0 0 (1 O) e (®7)

in agreement with Equation (73).

4. Improved Lower Bound for ag

The nonlocal modifications of gravity in the solar system crucially depend on the
short-range parameter a( of the reciprocal kernel. To emphasize this point, let us write the
result of the previous section for the perihelion precession frequency of planets beyond the
Earth more explicitly as follows:

1, A2

Ag
W|q:ql = — EQ

(1-E§)'? [1 +l0—(1+30+35)—

Aodo ag

A2
o+ 3+ HED Y — -], (89)
0
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1. Aj 2\1/2 Ay
Wlg=g, = — 507/\0&0 (1-Ep) [(1 + QO)%
2 2\ A
—21 420+ )+ IED D+, (89)
0

where () is the Keplerian frequency of the planetary orbit and {o = agpy. In these expres-
sions, the terms in the square brackets up to and including those proportional to Ag/ag
agree with the results of previous work [10,39]; however, terms of order (Ay/ ag)? and
higher are new.

In principle, solar system observations can be used to limit the magnitude of the short-
distance parameter ag [41]. In 2015, observational data regarding the rate of perihelion
precession of Saturn was employed to set an important lower bound on ag of about 10'° cm;
in fact, ag > 2 x 10' cm if g1 was used for the reciprocal kernel of NLG in the Newtonian
regime, whereas ay 2 % x 10 cm if g, was used [39]. Specifically, to avoid conflict with
high-precision ephemerides, it was assumed that nonlocal gravity should not produce
an extra shift in the perihelion precession of Saturn that in absolute magnitude would be
greater that 2 x 1073 seconds of arc per century. To obtain a significant lower bound on
ap in this way, the planetary orbit should be rather far from the Sun [39]. Indeed, Saturn’s
orbit has a semimajor axis Ag ~ 9.58 AU, eccentricity g ~ 0.0565 and an orbital period
T ~ 29.46 yr. In the meantime, improved data for the rate of perihelion precession of Saturn
has become available [42]. Based on the new data, we can now assume that the absolute
magnitude of the extra contribution of nonlocal gravity to the rate of perihelion precession
of Saturn must not exceed 0.67 x 1073 seconds of arc per century. This conservative
estimate increases by a factor of 3 the lower limit on ay. That is, if the reciprocal kernel of
nonlocal gravity is q;, we find 4y 2 400 AU. However, if the reciprocal kernel is 45, we find
ap 2 100 AU.

5. Discussion

This paper goes beyond the preliminary calculations contained in previous
work [10,39] and presents a general treatment of the NLG deviations from the inverse
square law of gravity in the solar system. To obtain explicit expressions for the deviations
due to NLG, we have assumed that the Sun has uniform density and is spherically symmet-
ric. These simplifying assumptions in the specific case of classical nonrelativistic nonlocal
modification of Newtonian gravity are adequate at present; however, better approximations
may be necessary when detailed observational data become available in the future. In any
case, with these assumptions the force of gravity on a point mass m at a distance R from
the Sun is radial toward the Sun in NLG and is given by

GmMg, 1 RZ 1 ,, R®
1+ (14 30)~— — (1 =
R 15+ 5 toti)y o w0
1 102, 1,3 R
SRR IR Ol ]
or
GmM, 1 R 1 1.0 R*
1+ (14 30)—— — (1 12 = 4. 91
el BRSO vt ICR R TR Sl e (91)

depending upon whether the reciprocal kernel is chosen to be g; or g, as given in Equa-
tion (5). Terms proportional to R* inside the square brackets are new and go beyond
previous results [10,39]; moreover, methods developed in this paper make it possible to
calculate all of the higher-order terms in these equations as well as their influence on plane-
tary orbits in the solar system. Here, (o = poao, Ao =~ 3kpcand p, ! ~ 17kpc. Furthermore,
employing new observational data regarding the perihelion precession rate of Saturn, we
can provide a new lower limit for the short-range parameter a¢ of the reciprocal kernel
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that is an improvement by a factor of 3 over the old one [39]; that is, ap 2 400 AU if the
reciprocal kernel g is q; and a4y 2 100 AU if it is g,. Let us recall here the requirement
of NLG that the reciprocal kernel be integrable as well as square integrable; indeed, the
presence of 4y is necessary to avoid a singularity at » = 0 in the reciprocal kernel and
thereby satisfy the reasonable mathematical requirements of NLG.

In the Newtonian regime of NLG, the nonlocal aspect of the universal gravitational
interaction appears in effect as dark matter. In modern astronomy, dark matter is needed to
explain the dynamics of galaxies, clusters of galaxies, and structure formation in cosmology.
In the current standard model of cosmology, the energy content of the universe consists of
about 70% dark energy, about 25% dark matter and about 5% visible matter. Most of the
matter in the universe is currently thought to be in the form of certain elusive particles of
cold dark matter that, despite much effort, have not been directly detected. The existence
and properties of this cold dark matter have thus far been deduced only through its gravity.
On the other hand, it is possible that there is no dark matter at all and the theory needs to be
modified on the scales 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 observational data without any need for dark matter. In this way,
modified gravity theories such as NLG have been constructed. Indeed, other approaches to
nonlocal gravitation exist in connection with dark matter or dark energy that draw their
inspiration from developments in quantum field theory. In one such class of nonlocal
models concerned with cosmic acceleration, there is effectively no deviation from general
relativity within the solar system [43,44].

The results of the present investigation are expected to be of interest in connection with
future experiments that will look for the signature of dark matter in the solar system [33-36];
moreover, such experiments may indeed determine the short-range parameter ag of the
reciprocal kernel 4.
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Appendix A. pp(r) for a Spherical Constant Density Object

Imagine a spherical system with constant density of matter up to radius rq. That is,
p(r) = po for r € [0,7g] and otherwise p(r) = 0. We use a Cartesian coordinate system with
its origin at the center of the sphere. We want to compute pp throughout space using the
convolution formula given in Equation (3) with g = g1 or ¢ = g». Let us note that g and
p are spherically symmetric; therefore, pp(x) is spherically symmetric as well and is thus
only a function of r = |x|. For the sake of simplicity, we use below

7= ]/101’, 170 = ]/10 ro - (Al)

Appendix A.1. q = ¢4

Let us first choose g = g1, which can now be written as

_ sy 1+50+0 g
87 U(go+U)

, (A2)
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where ag :=2/(Ag po), Qo := poap and
U:=po [x—y| = po (P +y* = 2rycos6)'2,  y=lyl. (A3)

With no loss in generality, we have assumed here that x is in the z direction and € is the
polar angle of y. Therefore,

Wpp(r) = 000 [LH0+T a0 00 Ad
pp(r) = = QG+ T4 : (A4)

where 7 := pgy. From the integration over 6, we find

1 o N )
/(1+€0+a>e Ugry = —¢f [e ¢ U+E1(§o+u)] (A5)

In this way, we find our main result, namely,

Co rF A P
Mop(r) = 2007 /O "y dy [e—lr—yl—Co —e 790

47 (A6)
+Ex(F =91 +20) = E1(P+ 7+ C0)]
where U(0 =0) = |[# — | and U(0 = 71) = 7 + 7.
To do the integral, the following results are useful:
/xsinhxdx = xcoshx —sinh x, /xe*" dx = —(1+x)e ™. (A7)

Furthermore, consider

70 70
I(7, A) ::/0 JAIEL (7 + A), I(—?o,A):/O JAIEL(—)+ A),  (A8)

where A is a constant. Using integration by parts, we find

I(ho, A) = R, (7 +A)+1/?° P-4 g A9
0, 41) = 5Tok1(To 2) 1A 7.

The end result is

I(7g, A) :%(1—A)€_A+%A2E1(A)—%(14_?0_,4)6—?0—14

. (A10)
+ E(f% — ADE (fg + A).

Let us first calculate the outside density, namely, r > rg. We have from Equations (A6)-
(A10),

o )
(1)pD(r > 10) :% {Ze_r_go(f’o cosh 7y — sinh 7y)

(A11)
+1(=P0, 7+ Go) = L0, 7+ Go)|
which works out to be

e N
Wop(r>ry) = %{Ze*“% [370 cosh 7o + (7 + (o — 3) sinh 7]
+ [(7 4 0)* — P [E1 (P + Qo + o) — Ex (P + Qo — #0)] } - (A12)
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Next, we calculate the effective dark matter density in the interior of the compact
sphere, i.e., for r < rg. In employing Equation (A6), we need to split the integration of
y € (0,rp) into two parts: integration over y € (0,7), wherer —y > 0, and y € (r,1g),
where r — y < 0. Hence,

® eto A S . o o

Wpo(r < r) = = [ gdgle ™98 - T L BG4 L)~ Eal 45+ o))
A N . o o

OZ%/? ydy[gr v gO—e 7=y §0+E1(—1’—|—y—|—€0)—El(r+y+€0):|' (A]3)

We can write this expression as

N g
Wpp(r < ry) = agg [?—(1+7p)e "0 sinh?] + %0;0 [I(—7,7+ Co)
— I(fo, ? + Qo) — I(?, =7 + o) + L(Fo, =7 + {o)] - (Al4)

Using Equation (A10), we find after some algebra

Wop(r <rg) = A1+ B+, (A15)

A1 = appo[l = 350¢%E1(Z0)], (A16)

B, = —%?e*fo [ cosh? + (3 + 37 — {o) sinh 7], (A17)

€= %‘f@{[m@oﬁ — REx(Fo + 7+ Qo) = [(P = G0)* = A Ea(Fo — P+ Go)} - (A18)

The effective dark matter density in NLG is the convolution of the reciprocal kernel
g with the density of matter p; in the case under consideration here, we have a constant
density sphere with radius rg. For reciprocal kernel g;, we have calculated the dark matter
density outside Mpp (r > rq) and inside Mpp (r < rq) the sphere. It is possible to show
that these agree on the surface of the sphere r = ry and (Jpp is therefore a continuous
function throughout space.

Appendix A.2. g = q

The reciprocal kernel is now g, = [U/(Zo + U)]q1. Thus, with the same notation and
convention as before, we have

w 1+00+U0 g0 .. .
@op(r) = (Z?O / (Coi)fl)z e U2 dygsinfde. (A19)

After the 6 integration, namely,

1+30+U _g,- o A
/((Cogj_lj)Z)e udU:—mE U —efE (2o + 1), (A20)
we find
(2) — %00 /?O AdA<|?_VA| gl P9 fﬁ)
A T N TN
o eg() 70 o . A ) R
+°Z+/O GAg[EL(|f — 9|+ Co) — E1(P+ 9+ Co)], (A21)

where U(0 = 0) = |[# —§| and U(0 = 71) = 7+ 7.
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For the outside region (r > rp), we use the methods described above to find

g N
@pp(r>ry) = %(’;O{ze*@o 379 cosh 7 + (7 + 37 — 3) sinh 7]
+ [(# 4 Co) (7 +30) — P [E1 (P + Qo + o) — E1 (P + Qo — #0)] } . (A22)

In a similar way as before, we find the effective density of dark matter inside the spherical
object of constant density py, namely,

@op(r<ro) = Ay + By +Ca, (A23)
Az = agpo[1 — 0™ Eq(0)], (A24)
B, = —%e—% [# cosh? +3(1 + 79 — Zo) sinh 7], (A25)

o
C2 = SEZ{[( -+ L0) (7 + 3%0) — BIEx (o + 7+ Lo)
— (7 = o) (? = 3C0) — 73] Ea (0 — 7 + o) } -

On physical grounds, we expect that (o < 1; for instance, a reasonable value for
the short distance parameter ag is 10'® cm ~ 1 light-year, in which case {y ~ 2 x 1072 is
very small compared to unity and one cannot observationally distinguish the two cases
involving g1 and ¢,. For {y < 1, pp(r) has a maximum with zero slope at the center of the
object (r = 0). For {yp = 0, the two cases agree, since q; = g2 = qo; in this case, Figure A1l
illustrates the behavior of pp () for 7o = pory = 0.3.

(A26)

e S L B S B S e S S S e —

1.5_‘ 1

po(tor)/po

0.0k . . . R
00 02 04 06 08

HoT

Figure A1. The effective dark matter for a constant density sphere given by Equations (A22) and (A23).
Here, pp (?)/po is plotted versus ? = por and we have assumed that (o = 0 and 7o = pgro = 0.3.
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