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In this work, we study the constraints on the characteristic parameters (ζ, b) of the Deser-Woodard
nonlocal gravity model in a static and spherically symmetric background, using four classes of
high–precision Solar-System experiments: stellar light deflection, Shapiro time delay, perihelion ad-
vance, and geodetic precession. From geodesic equations, we derive observable geometric quantities
that can be directly compared with VLBI/VLBA astrometry, the Cassini time–delay measurement,
MESSENGER data and the GP-B/LLR results. Our results show that a larger value of b sup-
presses the nonlocal effect more rapidly with radius, thereby weakening the overall constraints on
ζ. The perihelion advance exhibits the strongest sensitivity to ζ around b ≃ 1.06, providing the
tightest single experiment bound, whereas away from this region the combined constraint becomes
dominated by the Shapiro time delay. Incorporating all four experiments yields a well–defined and
sharply bounded allowed region for the parameter space (ζ, b).

I. INTRODUCTION

Over the past two decades, the precision of cosmo-
logical and gravitational experiments has increased dra-
matically. Observations ranging from supernova dis-
tance measurements [1, 2], anisotropies in the cosmic
microwave background [3, 4] to the direct detection of
gravitational waves [5, 6] have placed increasingly strin-
gent demands on testing the validity of General Relativ-
ity (GR) across different physical scales. In the weak field
and Solar System regime, General Relativity has been
stringently tested through high-precision PPN experi-
ments [9], including perihelion precession [10, 11], light
deflection [12–15], gravitational redshift [17, 18], Shapiro
time delay [16], and geodetic precession [19, 20]. In the
strong field and cosmological regimes, GR is likewise sup-
ported by observations of binary pulsar energy loss [21–
23], black hole shadow [7, 8] measurements, gravitational
wave merger waveforms [24] and gravitational lensing
[25]. All these experiments demonstrate that General
Relativity remains the most successful theory of gravity
and spacetime to date.

Nevertheless, although General Relativity has passed
high-precision tests across many regimes, extrapolating
it beyond the experimentally verified scales, to either
shorter ultraviolet (UV) distances or longer infrared (IR)
distances, leads to tensions in both theoretical consis-
tency and observational interpretation. At extremely
small scales, the energy density is sufficiently high that
the system inevitably collapses into a black hole, which
has a singularity whose intrinsic curvature diverges, ren-
dering existing physical theories inapplicable. To han-
dle this problem, we need a quantum theory of gravity.
However, attempts to construct a perturbative quantum
theory of gravity that provides a self-consistent UV de-
scription are obstructed by the non-renormalizability of
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gravity [26, 27]. Higher derivative extensions introduce
to cure this non-renormalizable behavior, however, typi-
cally suffer from the appearance of ghost degrees of free-
dom [28, 29]. On the other hand, in order to account
for the accelerated expansion of the Universe on large
scales, General Relativity introduces a cosmological con-
stant, which in turn leads to a conflict with the prediction
of quantum zero-point energy [30, 31]. This fine-tuning
problem uncovers that General Relativity also requires
certain modifications in the infrared regime to provide a
cosmological description that is consistent with quantum
field theory.

Among the many attempts to modify gravity, nonlo-
cal gravity stands out as particularly distinctive. While
General Relativity is a manifestly local, differential the-
ory, nonlocal gravity seeks to introduce modifications by
incorporating terms involving the d’Alembert operator
into the action, thereby implementing genuinely nonlo-
cal extensions of GR. A well-known nonlocal strategy is
the Deser-Woodard(DW) modification [32–36], in which
the Einstein-Hilbert action is supplemented by a term of
the form F (□−1R). It therefore introduces a retarded
kernel that can be fitted to yield an effective negative
pressure at late times of the Universe, thereby account-
ing for the accelerated expansion. Because this retarded
kernel arises from a global integral over the past causal
domain, the theory is genuinely nonlocal. As a theory
of gravity and spacetime, it does not require a dynami-
cal explanation of Λ to reproduce cosmic acceleration. In
this work, we use Solar-System gravitational experiments
to constrain the parameters of this class of models. It is
worth noting that, in addition to such infrared nonlocal
modifications, there also exist nonlocal extensions aimed
at addressing ultraviolet behavior [37–39].

High-precision tests of General Relativity often provide
stringent bounds on the parameters of modified-gravity
models. For example, Ref. [40] considered a Kerr-like
black hole solution incorporating loop quantum gravity
(LQG) corrections. The LQG parameter modifies the
radius of the photon ring, thereby affecting the angu-
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lar diameter of the black hole shadow. By comparing
the theoretically predicted corrections with observational
results from related measurements, highly precise con-
straints on the LQG parameter can be obtained. In
Ref. [41], Solar-System experiments were used to derive
even tighter bounds, namely 0 < A < 4.0 × 10−6. In
this work, following the same strategy, we neglect the
extremely small rotational effects of Solar-System bod-
ies and analyze Solar-System experiments within a static
background to constrain the parameters of the DW non-
local gravity model. The experiments considered include
light deflection, Shapiro time delay, and the perihelion
precession of Mercury. The observational data we em-
ploy are taken from the MESSENGER mission [11] and
LAGEOS II [10], whose analyses have already incorpo-
rated and removed rotational contributions.

This paper is organized as follows: In Sec. II and
Sec. III, we introduce the nonlocal gravity background
and derived the corresponding equations of motion for
test particles. In Sec. IV, we employ numerical meth-
ods to obtain the constraints on the nonlocal parameters
from four high–precision Solar System experiments re-
spectively: light deflection, Shapiro time delay, perihelion
advance, and geodetic precession. By combining these in-
dependent bounds, we extract the tightest allowed region
in the (ζ, b) parameter space. Analytical approximations
supporting the numerical results are presented in the Ap-
pendix.

II. BLACK HOLE SOLUTION IN NONLOCAL
GRAVITY

Following Ref. [42], we define the auxiliary fields

X = □−1R ⇐⇒ □X = R, (1)

Y = □−1 (gµν∂µX∂νX) ⇐⇒ □Y = gµν∂µX∂νX. (2)

where R is the Ricci scalar and □ = gµν∇µ∇ν . So the
action of nonlocal gravity can be written as

S =
1

16π

∫
d4x

√
−gR

(
1 + F [Y ]

)
. (3)

By introducing

□U = −2∇µ (V∇µX) , □V = R
dF

dY
, (4)

and use variation method , we can obtain the equations
of motion

(Gµν + gµν□−∇µ∇ν)W +K(µν) −
1

2
gµνg

αβKαβ = 0,

(5)

where Gµν = Rµν − 1
2gµνR is Einstein tensor and W =

1 + U + F [Y ]. Moreover,

Kµν = ∂µX∂νU + ∂µY ∂νV + V ∂µX∂νX, (6)

and its symmetrization is K(µν) = 1
2 (Kµν +Kνµ) . One

may then solve Eq.(5) for a static and spherically sym-
metric metric of the form[36]

ds2 = −f [r]dt2 +
1

f [r]h[r]
dr2 + g[r](dθ2 + sin θdϕ2).

(7)

where

f [r] = 1− 2M

r
− ζM b

rb
, (8)

h[r] =

(
1− 2M

r
+

ζM b+1

3brb+1
(

r
M − 3

)2
×
(
3b

r

M
(b(

r

M
− 3)(

r

M
− 2) + 4

r

M
− 9)

− 3(
r

M
− 2)(2

r

M
− 3)(

r

M
)b
))/

f [r], (9)

g[r] = r2. (10)

From the above expressions, one sees that ζ can be inter-
preted as a measure of the deviation of nonlocal gravity
from General Relativity, and its magnitude should be
much smaller than unity so that the prediction of GR
is consistent with the experiments with high precision.
In the limit ζ → 0, one has F [Y ] → 0, and the metric
reduces to the Schwarzschild solution. The parameter b
controls the radial falloff of the modification and satis-
fies b > 1. A larger value of b implies that the nonlocal
correction becomes increasingly short-ranged.

III. EQUATIONS OF MOTION OF PARTICLES
IN NONLOCAL GRAVITY BLACK HOLES

In this section, we extract the results of Ref. [43] con-
cerning the equations of motion in a static and spherically
symmetric spacetime, since the metric considered therein
has the similar functional form as the one adopted in this
work. For test particles moving in the spacetime of the
form Eq.(7), the conserved quantities are given by

Cξ = paξa +
1

2
Sab∇aξb, (11)

where ξ is a Killing vector. Note that the Killing vectors
are ξa = (∂/∂t)a and ϕa = (∂/∂ϕ)a. For non-spinning
particles, i.e. for s = 0, the conserved energy E and angu-
lar momentum J in the equatorial plane can be obtained
as

E = f [r]pt, J = g[r]pϕ, (12)

where pµ = mdxµ/dτ is four momentum. Without loss
of generality, we introduce dimensionless parameters in
place of the original ones:

Ẽ =
E

m
, t̃ =

t

M
, r̃ =

r

M
, J̃ =

J

mM
. (13)
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For simplicity of expression, we omit the tilde on dimen-
sionless parameters; for example, J will represent J̃ in
the following parts of the paper. Then we can obtain the
equations of motion in the equatorial plane

dt

dτ
=

E

f [r]
,

dϕ

dτ
=

J

g[r]
, (14)

(
dr

dτ

)2

= h[r]

(
E2 − f [r]

(
1 +

J2

g[r]

))
, (15)

From the equations of motion, one can directly compute
the light–deflection angle as well as the perihelion preces-
sion of bound orbits. These quantities will be analyzed
in detail in the following sections.

IV. OBSERVATIONAL TESTS IN NONLOCAL
GRAVITY

A. Light deflection

We begin by deriving the constraints on the model pa-
rameters from light–deflection measurements. Combin-
ing Eqs. (14) and (15) and, for null trajectories, setting
ε = 0, the equations of motion on the r − ϕ plane reads

ϕ′[r] =
dϕ

dτ

dτ

dr
=

σ√
g[r] (−f [r] + b2EJg[r])h[r]

. (16)

where, bEJ = E/J and σ = sgn(dr/dτ) = ±1. On the
ingoing branch one has σ = −1, whereas on the outgoing
branch the sign reverses. The Deflection of light can be
obtained as

∆ϕ = 2

∫ ∞

r0

|ϕ′[r]| dr − π, (17)

Note that we have assumed that the light trajectory
reaches its turning point at r = r0, which corresponds
to the point closest to the central mass. At this point,
one has ϕ′[r]|r0 = 0. Then the parameter bEJ satisfies
the following relationship

b2EJ = f [r0]/g[r0] (18)

By transforming r = r0/u, we obtain the new expres-
sion for the deflection angle as:

ϕ′[u] =
σr0

u2
√
g[r0/u] (−f [r0/u] + b2EJg[r0/u])h[r0/u]

(19)

∆ϕ = 2

∫ 1

0

|ϕ′[u]| du− π, (20)

For a more detailed analytical approximation solution,
please refer to Appendix A1. Here, we will use numeri-
cal methods for analysis. We assume that the deflection
angle of starlight can be split into two parts:

∆ϕ = ∆ϕGR +∆ϕNlG = ∆ϕGR (1 + δNlG) , (21)

Here, δNlG is the relative correction of the starlight de-
flection angle of nonlocal gravity with respect to gravity.
In the numerical calculation, we use:

δNlG =
∆ϕ−∆ϕGR

∆ϕGR
, (22)

B. Shapiro time delay

Next, we incorporate the Shapiro time–delay exper-
iments and obtain the corresponding parameter con-
straints. Combining Eq. (14) and (15), we can also ac-
quire the equations of motion as

t′[r] = σ

√
b2EJg[r]

f [r]2 (−f [r] + b2EJg[r])h[r]
, (23)

Therefore, the Schwarzschild coordinate time spent by
the light ray when propagating from rX to r0 is:

∆t[rX ] =

∫ rX

r0

|t′[r]| dr, (24)

We assume that an electromagnetic wave signal is emit-
ted from the source point X (satellite or Earth), and the
signal reflected by the reflector Y (satellite or planet) is
received. When the electromagnetic wave signal passes
through the perihelion, i.e., the superior conjunction
cases, the following can be obtained.

δtS/2 = ∆t[rX ] + ∆t[rY ]−
(√

r2X − r20 +
√

r2Y − r20

)
(25)

Here, the term δtS represents the Shapiro delay, while the
last term

√
r2X − r20 +

√
r2Y − r20 is the travel time that

a light ray would spend following the same trajectory
in a Minkowski spacetime. Then the relative frequency
change is

δν =
d

dt
δtS =

d

dt

(
δtGR

S + δtNlG
S

)
≈ δνGR

S +
d

dt
δtNlG

S ≈ δνGR
S +

dr0
dt

dδtNlG
S

dr0
. (26)

Combining the experiments of Cassini [16], we can con-
clude that the frequency shift caused by modified gravity
is

δνNlG ≈ dr0
dt

dδtNlG
S [r0]

dr0
< 10−14, (27)

C. Perihelion advance

In curved spacetime, a planetary orbit is no longer a
closed ellipse but exhibits precession, which can be used
to test gravity theory. Here, we compare our theoreti-
cal prediction with the MESSENGER mission [11] data
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to obtain the corresponding constraints on the nonlocal
gravity parameter. Similarly, for timelike orbits, we can
obtain the equations of motion as

ϕ′[r] = σ

√
g[r] (E2g[r] + f [r] (J2 + g[r]))h[r]

J2
(28)

Assume that the perihelion and aphelion are {rp, ra}
respectively, and their relationship with energy E and
angular momentum J is:

E2 =
f [rp]f [ra] (g[rp]− g[ra])

f [ra]g[rp]− f [rp]g[ra]
(29)

J2 =
g[rp]g[ra] (f [rp]− f [ra])

f [ra]g[rp]− f [rp]g[ra]
(30)

The perihelion precession angle is

∆ϕ = 2

∫ ra

rp

|ϕ′[r]| dr − 2π, (31)

The numerical solution of the perihelion precession angle
can be seen in Fig. 1. When b ≃ 1.06, the parameter ζ has
the greatest impact on ∆ϕ. Thus, it will give strongest
constraints on the parameter ζ.

ζ=0

ζ=0.0001
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FIG. 1. The angle of perihelion advance varying with b for
ζ = 0.0001 Perihelion advance ∆ϕ as a function of the param-
eter b for the Schwarzschild limit (ζ = 0) and for a nonlocal
gravity deformation (ζ = 0.0001). The deformation signif-
icantly enhances the perihelion advance when b is close to
unity, producing a sharp peak around b ≃ 1.06, while for
b ≳ 1.2 the effect becomes negligible and the two curves al-
most converges.

D. Geodetic precession

Finally, we investigate the bounds on the modi-
fied–gravity parameter derived from geodetic precession
measurements. The equations of motion of a spinning
particle can be described by the Mathisson-Papapetrou-

Dixon(MPD) equation

Dpa

Dτ
= −1

2
Ra

bcd v
bScd, (32)

DSab

Dτ
= −pbva + pavb. (33)

Considering the case where the spin is very small, in a
weak field, the equations of motion of a spinning particle
in a circular orbit can still be described by the circular
orbit geodetic approximation equation as

dt

dτ
=

E

f [r]
,

dϕ

dτ
=

J

g[r]
, (34)

dr

dτ
=

d2r

dτ2
=

dθ

dτ
= 0, (35)

where,

E =
f [r]

√
g′[r]√

f [r]g′[r]− g[r]f ′[r]
, (36)

J =
g[r]

√
f ′[r]√

f [r]g′[r]− g[r]f ′[r]
. (37)

We have:

dst

dt
= −f ′[r]sr

2f [r]
, (38)

dsr

dt
=

f [r]h[r]
(
g′[r]ϕ̇sϕ − f ′[r]ṫst

)
2ṫ

, (39)

dsθ

dt
= 0, (40)

dsϕ

dt
= −g′[r]ϕ̇sr

2g[r]ṫ
, (41)

Furthermore, we can obtain

d2sr

dt2
= −ω2sr (42)

where,

Ω2 =
ϕ̇

ṫ
=

f ′[r]

g′[r]
(43)

ω2 =
1

4
h[r]f ′[r]g′[r]

(
f [r]

g[r]
− Ω2

)
(44)

Consider initial conditions:

sr|t=0 = sr0 ̸= 0, sr ′|t=0 = 0, (45)

st|t=0 = sθ|t=0 = sϕ|t=0 = 0. (46)

We can obtain the solution

st =− f ′[r]

2f [r]ω
sin[ωt]sr0, (47)

sr =cos[ωt]sr0, (48)

sθ =0, (49)

sϕ =− Ωg′[r]

2ωg[r]
sin[ωt]sr0. (50)
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In the formula, ω can be interpreted as the rotational
velocity of the spin vector sa. The ratio of the rotational
velocity ω to the angular velocity Ω of the orbit is as
follows:

ω2

Ω2
=

h[r]g′[r] (f [r]g′[r]− g[r]f ′[r])

4g[r]
. (51)

For one period of motion, the geodetic precession angle
can be expressed as

∆Θ = 2π(1− ω

Ω
) (52)

E. Total constraint

Using data from VLBA[15], Cassini[16], MESSENGER
mission[11] and Gravity Probe B[19], the constraints on
ζ can be obtained and presented together in a single fig-
ure 2 for different values of b. This allows a direct com-
parison of the sensitivity of light deflection, Shapiro time
delay, perihelion precession, and geodetic precession mea-
surements to the nonlocal gravity parameter. Note that
the solid dots and hollow triangles in the figure represent
the constraint ranges obtained through the analytical ap-
proximation method when b = 1 and b = 2, respectively.
Detailed comparisons are provided in Appendix A. It
can be seen that the results from the numerical method
and the analytical method are consistent.

LD STD PA GP

1.0 1.5 2.0 2.5 3.0
10-10

10-8

10-6

10-4

0.01

b

ζ

FIG. 2. The total constraint of the parameters (ζ, b) obtained
from the four tests considered in this work. The bounds de-
rived from the light deflection(LD), Shapiro time delay(STD),
perihelion advance(PA) and geodetic precession(GP) are show
by the red, green, orange and bule dashed line, respec-
tively. The shaded gray region indicates the parameter space
bounded by all experiments.

We can see that as b increases, the ability to con-
strain ζ becomes increasingly weaker, in general. How-
ever, when 1 < b < 2, some anomalous phenomena occur.
For example, for the PA constraint, the tightest bound
|ζ| ≲ 3× 10−10 is at b ≃ 1.06.

Specifically, the two vertical lines represent b =
1.0000002246 and b = 1.9645, respectively. This means
that within the range of [1.0000002246, 1.9645], the per-
ihelion precession experiment has a stronger constrain-
ing ability on ζ. In the ranges of [1, 1.0000002246] and
[1.9645, 3], the time delay experiment has a stronger con-
straining ability on ζ. Overall, the combined analysis
significantly narrows the allowed region of (ζ, b), demon-
strating that Solar System experiments place stringent
limits on the nonlocal gravity corrections.

V. CONCLUSIONS

Starting from DW nonlocal gravity model on a static
and spherically symmetric background, the deviation
from GR of which is characterized as the parameter b
and ζ, we consider four classes of Solar System obser-
vations, including light deflection, Shapiro time delay,
perihelion precession, and geodetic precession, to give
a tight constraints on the value of the parameter. To-
gether with the analytical approximations evaluated at
b = 1 and b = 2, our numerical analysis provides a coher-
ent and systematic constraint on the model parameters.
Our results show that, as ζ → 0, all observational tests
naturally recover the Schwarzschild limit, and the com-
bined bounds significantly shrink the allowed region of
ζ. Meanwhile, the scale parameter b controls the radial
decay of the nonlocal modification; larger b often corre-
sponds to a larger bound on ζ. Notably, the perihelion
advance exhibits a sharp response near b ≃ 1.06, pro-
viding the strongest individual bound across all experi-
ments, whereas the Shapiro delay sets the most sensitive
constraint when b is large. The complementarity among
these tests ensures that the final combined constraint is
both stable and robust.

Looking ahead, the most natural extension of this work
is to generalize the static background to include slow
rotation, enabling joint constraints from orbital dynam-
ics and Lense-Thirring precession. Furthermore, future
high-precision Solar System missions will continue to im-
prove the sensitivity to nonlocal effects. On the one hand,
observations already show no detectable deviation from
general relativity, offering a clear, operational pathway
for testing nonlocal gravity in the high-precision regime.
On the other hand, the parameter space (ζ, b) has now
been sharply delineated, providing concrete targets for
future experimental refinement.
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Appendix A: Analytical solution

1. Light deflection

a. For b=1

When b = 1, the equations of motion can be expanded
approximately as

ϕ′[u] =
1√

1− u2
+

(2 + ζ)(1 + u+ u2)

2r0(1 + u)
√
1− u2

+
3(2 + ζ)2(1 + u+ u2)2

8r20(1 + u)2
√
1− u2

+O[

(
1

r0

)3

] (A1)

Considering Eq.(20), by integrating each term, we can
obtain the results of the first two orders. Then, we can
get

∆ϕ ≈ 4

r0

(
1 +

ζ

2

)
≈ ∆ϕGR

(
1 +

ζ

2

)
(A2)

Combined with the experimental data[15], the con-
straint range of ζ can be obtained as

−0.001 < ζ < 0.0002 (A3)

b. b=2

When b = 2, the equations of motion can be expanded
as

ϕ′[u] =
1√

1− u2
+

(3 + (3 + ζ)u(1 + u))

3r0
√
1− u(1 + u)3/2

+O
[
1

r20

]
(A4)

Consider Eq.(20), integrating each term, we can obtain
the results of the first two stages. From this, we can get

∆ϕ ≈ 4

r0

(
1 +

ζ

6

)
≈ ∆ϕGR

(
1 +

ζ

6

)
(A5)

With the data in Ref. [15], the constraint range of ζ can
be obtained.

−0.003 < ζ < 0.0006 (A6)

2. Shapiro time delay

a. For b=1

When b = 1, the Eq.(23) can be approximately ex-
panded as

t′[u] =
r0

u2
√
1− u2

+
(2 + ζ)(2 + 3u)

2u(1 + u)
√
1− u2

+
3(2 + ζ)2(4 + 8u+ 5u2)

8r0(1 + u)2
√
1− u2

+O[
1

r20
] (A7)

Considering Eq.(24), integrating each term, we can ob-
tain the results of the first two orders. Finally, the ap-
proximate solution of Shapiro time delay can be derived
as

∆t ≈
(
1 +

ζ

2

)(
4 + 4 ln[

4rXrY
r20

]− 2r0 (rX + rY )

rXrY

)
≈ ∆tGR

(
1 +

ζ

2

)
(A8)

Take the derivative of r0[t]

∆ν ≈ −
(
1 +

ζ

2

)
1

r0

(
8 +

2r0(rX + rY )

rXrY

)
r′0[t]

≈ ∆νGR

(
1 +

ζ

2

)
(A9)

Combined with the experimental data, the constraint
range of ζ can be obtained

−1.8× 10−5 < ζ < 1.8× 10−5 (A10)

b. b=2

When b = 2, the equations of motion can also be ex-
panded as

t′[u] =
r0

u2
√
1− u2

+
(6 + 9u+ ζ(1 + u))

3u(1 + u)
√
1− u2

+O[
1

r20
]

(A11)

Consider Eq.(24), integrate each term, and we can obtain
the results of the first two stages. Finally, the approxi-
mate solution can be obtained as

∆t ≈ M

(
4 +

(
4 +

2ζ

3

)
ln[

4rXrY
r20

]− 2r0 (rX + rY )

rXrY

)
≈ ∆tGR +

2ζ

3
ln[

4rXrY
r20

] (A12)

Similarly, take the derivative of r0[t]

∆ν ≈ − 1

r0

(
4 +

2ζ

3
+

r0(rX + rY )

rXrY

)
r′0[t]

≈ ∆νGR − 2ζ

3r0
(A13)

Combined with the experimental data, the constraint
range of ζ can be obtained

−5.3× 10−5 < ζ < 5.3× 10−5 (A14)
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3. Perihelion advance

a. b=1

When b = 1, the equations of motion can be expanded
approximately as

u′′[ϕ] + u[ϕ] = K0 +
3(2 + ζ)u[ϕ]2

2r0
(A15)

K0 =
(ζ + 2)r0

2J2
(A16)

We use the perturbation method to calculate the analyt-
ical solution of the precession angle approximately. For
the leading order, the equation u′′

0 [ϕ]+u0[ϕ] = K0 is satis-
fied. It is assumed that the solution of u0[ϕ] at the perihe-
lion satisfies the approximate solutions u0[0] = K0(1+e)
and u′

0[0] = 0, where e is the eccentricity. The leading-
order approximate solution can be obtained as follows:

u0[ϕ] = K0(1 + e cos[ϕ]) (A17)

We consider the first-order approximation, and consider
the correction as u[ϕ] ≈ u0[ϕ] + u1[ϕ]. Substituting into
equation (A15), we can obtain that the approximate so-
lution satisfies

u′′
1 [ϕ] + u1[ϕ] = A0 +A1 cos[ϕ] +A2 cos[ϕ]

2 (A18)

where,

A0 =
3(2 + ζ)K2

0

2r0
(A19)

A1 =
3(2 + ζ)eK2

0

r0
(A20)

A2 =
3(2 + ζ)e2K2

0

2r0
(A21)

The approximate solution can be obtained as

u1[ϕ] =
1

2
A1ϕ sin[ϕ]

+A0 +
A2

2
− 1

3
(3A0 +A2) cos[ϕ]−

1

6
A2 cos[2ϕ]

(A22)

Only sin[ϕ] has an effect on the precession angle, so by
only considering the sin[ϕ] term, the approximate solu-
tion for u[ϕ] can be obtained as

u[ϕ] ≈ K0 + eK0 cos[ϕ] +
1

2
A1ϕ sin[ϕ] (A23)

Finally, we can obtain the approximate deflection angle
of perihelion precession.

δϕ0 ≈
(
1 +

ζ

2

)
6K0π

r0
≈

(
1 +

ζ

2

)
δϕGR

0 (A24)

Combined with the precession error of Mercury’s perihe-
lion, we can obtain −4.188× 10−5 < ζ < 4.188× 10−5.

b. b=2

When b = 2, the equations of motion can be expanded
approximately as

u′′[ϕ] + u[ϕ] =K0 −
ζu[ϕ]

3J2

+
u[ϕ]2

(
(ζ + 3)J2 − E2ζ2

)
J2r0

(A25)

where,

K0 =
r0

(
3 + ζ

(
1− E2

))
3J2

. (A26)

Similar to Eqs. (A17) - (A18), we can re-obtain

A0 =
K0

(
3K0

(
(ζ + 3)J2 − E2ζ2

)
− ζr0

)
3J2r0

(A27)

A1 =
eK0

(
6(ζ + 3)K0J

2 − 6E2ζ2K0 − ζr0
)

3J2r0
(A28)

A2 =
e2K2

0

(
(ζ + 3)J2 − E2ζ2

)
J2r0

(A29)

Similarly, by referring to the calculation process for
b = 1, we can obtain the approximate deflection angle of
perihelion precession as

δϕ0 ≈
π
(
6(ζ + 3)K0J

2 − 6E2ζ2K0 − ζr0
)

3J2r0
(A30)

Combined with the Mercury perihelion precession exper-
iment, we can obtain −7.539× 10−5 < ζ < 7.539× 10−5.
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20, 69 (1974).

[27] M. H. Goroff and A. Sagnotti, “Quantum gravity at two
loops,” Nucl. Phys. B 266, 709 (1986).

[28] K. S. Stelle, “Renormalization of higher-derivative quan-
tum gravity,” Phys. Rev. D 16, 953 (1977).

[29] R. P. Woodard, “The Ostrogradskian instability,” Schol-
arpedia 10(8):32243 (2015).

[30] S. Weinberg, “The cosmological constant problem,” Rev.
Mod. Phys. 61, 1 (1989).

[31] J. Martin, “Everything you always wanted to know about
the cosmological constant problem,” C. R. Physique 13,
566 (2012).

[32] S. Deser and R. P. Woodard, “Nonlocal cosmology,”
Phys. Rev. Lett. 99, 111301 (2007).

[33] S. Park and R. P. Woodard, “Repeated Structure in Non-
local Cosmology,” Phys. Rev. D 84, 124058 (2011).

[34] S. Deser and R. P. Woodard, “Observational viability and
stability of nonlocal cosmology,” J. Phys. A 46, 214019
(2013).

[35] R. P. Woodard, “Nonlocal Models of Cosmic Accelera-
tion,” Found. Phys. 44, 213 (2014).

[36] R. D’Agostino and V. D. Falco, “Black Hole Solutions in
the Revised Deser-Woodard Nonlocal Theory of Grav-
ity,” arXiv:2502.15460.

[37] E. T. Tomboulis, “Superrenormalizable gauge and grav-
itational theories,” hep-th/9702146 (1997).

[38] T. Biswas, E. Gerwick, T. Koivisto and A. Mazumdar,
“Towards singularity- and ghost-free theories of gravity,”
Phys. Rev. Lett. 108, 031101 (2012).

[39] S. Talaganis, T. Biswas and A. Mazumdar, “Towards un-
derstanding the ultraviolet behavior of quantum loops
in infinite-derivative theories of gravity,” Class. Quant.
Grav. 32, 215017 (2015).

[40] S. Brahma, C. Chen and D. Yeom, “Testing Loop Quan-
tum Gravity from Observational Consequences of Non-
singular Rotating Black Holes,” Phys. Rev. Lett. 126,
181301 (2021).

[41] Y. L. Liu, Z. Q. Feng and X. D. Zhang, “Solar system
constraints of a polymer black hole in loop quantum grav-
ity,” Phys. Rev. D 105, 084068 (2022).

[42] R. D’Agostino and V. De Falco, “Quasinormal modes of
nonlocal gravity black holes,” Phys. Rev. D 112, 064028
(2025).

[43] Y. B. Du, Y. L. Liu, and X. D. Zhang, “Spinning parti-
cle dynamics and the innermost stable circular orbit in
covariant loop quantum gravity,” JCAP 05, 045 (2025).


