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Under gravity’s rainbow, we investigate its effects on the gravitational time advancement, which is a 
natural consequence of measuring proper time span for a photon’s round trip. This time advancement 
can be complementary to the time delay for testing the gravity’s rainbow, because they are sensitive to 
different modified dispersion relations (MDRs). Its observability on ranging a spacecraft far from the Earth 
by two radio and a laser links is estimated at superior conjunction (SC) and inferior conjunction (IC). We 
find that (1) the IC is more favorable than the SC for measurement on the advancement caused by the 
rainbow; (2) a specific type of MDR has a significantly larger effect on the advancement than others in 
both SC and IC cases; and (3) a combination of available optical clocks and the realization of planetary 
laser ranging in the future will benefit distinguishing the gravity’s rainbow from GR by measuring the 
gravitational time advancement.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Einstein’s general relativity (GR) has been the most successful 
theory of gravitation when it faces all of astronomical observations 
and physical experiments [1,2]. However, it seems that GR might 
be incomplete since it still cannot be rigorously unified with quan-
tum mechanics. If GR is indeed the classical limit of a theory of 
quantum gravity, there should also have a semiclassical limit or 
an effective field theory [3,4]. The leading order of such an effec-
tive theory can go back to GR and the next-to-leading-order might 
phenomenologically have corrections depending on the Planck en-
ergy E p or the Planck length lp [5,6]. In the present work, we focus 
on those corrections associated with E p , which can yield modified 
dispersion relations (MDRs).

In order to incorporate MDRs into curved spacetime, an ap-
proach called gravity’s rainbow was proposed [7]. It is assumed that 
the geometry of spacetime is also determined by the ratio of the 
energy of a test particle to E p , which leads to a rainbow metric. 
Cosmology in the gravity’s rainbow scenario has been intensively 
studied [8–19]. In the rainbow spacetime, black holes and neutron 
stars [20–36], thermodynamics and Hawking radiation [37–49], its 
quantum properties [50–54] and its application in modified grav-
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ity [55–59] are also widely discussed. Dynamics of massive and 
massless particles in the gravity’s rainbow is as well investigated 
[60–63]. In [64], a proposal for testing gravity’s rainbow in the So-
lar System is raised and upper bounds on the parameters of the 
rainbow functions are obtained based on the experiments on light 
deflection, photon time delay, gravitational redshift and the weak 
equivalence principle.

Recently, a new type observable of the Solar System experi-
ments, which is called gravitational time advancement, has been 
proposed and studied [65,66]. The gravitational time advancement 
is a natural consequence of a curved spacetime if an observer, who 
is located at a stronger gravitational field, measures the proper 
time span for the round trip of a photon passing through a weaker 
field [65]. It was found [66] that dark energy and dark matter 
can affect the gravitational time advancement, whose magnitude 
is small but in principle observable.

In this work, as an extension of the previous works [65,66], 
we will investigate the gravitational time advancement under the 
gravity’s rainbow and examine its possible observables. In Sect. 2, 
the rainbow metric we adopt is briefly reviewed for complete-
ness. We detailedly investigate the gravitational time advancement 
under this rainbow spacetime in Sect. 3, in which two generic con-
figurations for the observer and the turning point of the round 
trip of a photon are considered. Observability of the time advance-
ment within the rainbow scenario is discussed in Sect. 4. Finally, 
in Sect. 5, we summarize our results.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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2. Rainbow spacetime

For the observations and experiments conducted in the So-
lar System, the dominance of the Sun ensures that a spherically 
symmetric spacetime is a sufficiently good approximation. In the 
framework of the gravity’s rainbow, the Sun’s Schwarzschild met-
ric is extended as [7]

ds2 = −B(r)dt2 + A(r)dr2 + C(r)d�2, (1)

where r is the radial distance from the origin and d�2 = dθ2 +
sin2 θdφ2 and the metric coefficients are

B(r) = f (E)−2
(

1 − 2GM

r

)
, (2)

A(r) = g(E)−2
(

1 − 2GM

r

)−1

, (3)

C(r) = r2 g(E)−2. (4)

Here, f (E) and g(E) are the rainbow functions determined by 
MDRs and their forms are based on phenomenological motivations:

1. Originated from loop quantum gravity and noncommutative 
spacetime, the rainbow functions are [5,67]

f (E/E p) = 1, g(E/E p) = √
1 − ηE/E p, (5)

where η is a model parameter. Following the notation of [64], 
we denote it as MDR1 for short.

2. In order to explain the hard spectra of gamma-ray bursts at 
cosmological distances, the rainbow functions are proposed to 
be [68]

f (E/E p) = eαE/E p − 1

αE/E p
, g(E/E p) = 1, (6)

where α is a model parameter. Following the notation of [64], 
we denote it as MDR2.

3. Providing a constant speed of light and a solution to the 
horizon problem [7], the rainbow functions are proposed to 
be [69]

f (E/E p) = g(E/E p) = 1

1 − λE/E p
, (7)

where λ is a model parameter. Following the notation of [64], 
we denote also it as MDR3.

Based on the rainbow metric (1) and MDRs (5)–(7), we can 
calculate the gravitational time advancement under the gravity’s 
rainbow.

3. Gravitational time advancement under rainbow

The gravitational time delay is the fourth test of GR by measur-
ing the time delay between transmission of radar pulses towards 
either Venus or Mercury and detection of the echoes [70]. This de-
lay is caused by the dependence of the (average) speed of a light 
ray on the strength of the gravitational potential along its path. 
However, if we consider that an observer is located at a place 
closer to the Sun and the turning point of the round trip of the 
light ray is farther to the Sun, then measurement of the proper 
time span of the light’s round trip can give the gravitational time 
advancement in GR [65] and in the presence of dark energy and 
dark matter [66].
For a photon moving in the gravity’s rainbow spacetime (1), its 
null worldline leads to [71]

0 = −B(r)ṫ2 + A(r)ṙ2 + C(r)φ̇2, (8)

where the dot mean derivative against an affine parameter. Be-
cause of the spherical symmetry of the gravitational field, the orbit 
of the photon is confined to the equatorial plane θ = π/2. Along 
the light trajectory, we have two conserved quantities [71]:

E = B(r)ṫ and L = C(r)φ̇. (9)

We can have [71]

dφ

dr
= ± 1

C(r)

[
1

A(r)B(r)

(
1

b2
− B(r)

C(r)

)]−1/2

, (10)

where b ≡L/E . At the closest approach d, dr/dφ = 0 gives

b =
√

C(d)

B(d)
. (11)

Then, the relationship between t and r for light can be obtained 
as [71]

dt

dr
= ±1

b

[
B(r)

A(r)

(
1

b2
− B(r)

C(r)

)]−1/2

, (12)

which leads to a generic expression for the time span of a photon 
from d to r under the gravity’s rainbow as [71,64]

t(r,d) ≡
r∫

d

1

b

[
B(r)

A(r)

(
1

b2
− B(r)

C(r)

)]−1/2

dr

= f (E)

g(E)

[√
r2 − d2 + GM

√
r − d

r + d

+ 2GM ln

(
r + √

r2 − d2

d

)]
+O(G2). (13)

Since there is a plus sign in the front of the logarithmic correction 
in Eq. (13), the photon is always delayed with respect to the one 
in absence of the Sun, i.e., f (E)[g(E)]−1

√
r2 − d2. When f (E) =

g(E), Eq. (13) can effectively return to the one in GR [71]. It also 
means that the gravity’s rainbow with MDR3 does not affect the 
gravitational time delay [64].

Now, we consider two points A and B in the spacetime (1). Ei-
ther A or B can be set as the location of the observer and the 
other will be the location of the turning point of the round trip of 
a photon. Without loss of generality, we assume rA is always larger 
than rB , i.e. rA > rB , where rA and rB are respectively the radial co-
ordinates of the points A and B. There are two cases: (i) as seen 
from the point B, the point A is on the opposite side of the Sun, 
which is denoted as “A-�-B”, and (ii) the points A and B are on the 
same side of the Sun, denoted as “A-B-�”. See Fig. 1 for details.

3.1. A-�-B: opposite sides case

According to Eq. (13), the total coordinate time required for the 
time duration of a photon travelling from the point A to the point 
B and back to A is given by

	t A�B = 2t(rA,d) + 2t(rB ,d)

= f (E)
[

2
√

r2
A − d2 + 2

√
r2

B − d2

g(E)
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Fig. 1. Schematic diagram (not to scale) of configurations “A-�-B” and “A-B-�”.

+2GM

√
rA − d

rA + d
+ 2GM

√
rB − d

rB + d

+4GM ln

( rA +
√

r2
A − d2

d

)

+4GM ln

( rB +
√

r2
B − d2

d

)]
+O(G2), (14)

and its proper time span measured by an observer at the point A 
is

	τA�B = 1

f (E)

(
1 − GM

rA

)
	t A�B

= 1

g(E)

[
2
√

r2
A − d2 + 2

√
r2

B − d2

+ 2GM

√
rA − d

rA + d
+ 2GM

√
rB − d

rB + d

+ 4GM ln

( rA +
√

r2
A − d2

d

)

+ 4GM ln

( rB +
√

r2
B − d2

d

)

− 2GM

√
r2

A − d2

rA
− 2GM

√
r2

B − d2

rA

]

+O(G2). (15)

The signal takes more time for the round trip than the one in ab-
sence of the Sun, i.e. 	τA�B(M = 0), and its delay is positive for 
rA > rB ≥ d. Unlike the case of coordinate time span (14) which 
is immune to MDR3, the proper time span under the gravity’s 
rainbow (15) depends only on the rainbow function g(E), which 
means that it cannot be influenced by MDR2.

Nevertheless, if the observer is located at the point B which is 
closer to the Sun than the point A, the coordinate time delay for 
the round trip from B to A and back to B will remain the same as 
Table 1
Detectability on MDRs for gravitational time delay and advancement.

MDR Delay Advancement

1 Yes Yes
2 Yes No
3 No Yes

Eq. (14) but the proper time span measured by the observer at B 
will become

	τA�B = 1

f (E)

(
1 − GM

rB

)
	t A�B

= 1

g(E)

[
2
√

r2
A − d2 + 2

√
r2

B − d2

+ 2GM

√
rA − d

rA + d
+ 2GM

√
rB − d

rB + d

+ 4GM ln

( rA +
√

r2
A − d2

d

)

+ 4GM ln

( rB +
√

r2
B − d2

d

)

− 2GM

√
r2

A − d2

rB
− 2GM

√
r2

B − d2

rB

]

+O(G2). (16)

Since the last two terms in Eq. (16) dominate those terms pro-
portional to GM due to their dependence of r−1

B , this proper time 
span can be effectively decreased and even be less than the proper 
time span in the absence of the Sun, i.e. 	τA�B(M = 0), if rA

is sufficiently larger than rB by a specific value depending on rB

and d. This effect is the gravitational time advancement (negative 
time delay) under the gravity’s rainbow, which is caused by the 
fact that clocks run differently at different positions in the gravi-
tational field [65]. When gravity’s rainbow vanishes, i.e., g(E) = 1, 
our result (16) can return to the one in GR given by [65].

If we consider the configuration of superior conjunction (SC) 
that the points A and B are on the opposite sides of the Sun and 
rA > rB � d which might happen in radio tracking a spacecraft, the 
gravitational time advancement (16) can be reduced to a simpler 
form as

	τ SC
A�B = 1

g(E)

[
2(rA + rB) + 2GM + 4GM ln

4rArB

d2

− 2GM
rA

rB

]
+O

(
G2,

d

rA
,

d

rB

)
. (17)

We can see that, from Eqs. (16) and (17), MDR1 and MDR3 
can affect the gravitational time advancement but MDR2 cannot. 
If η > 0 and g(E) < 1, MDR1 can amplify the advancement and 
make it larger than the one in GR. On the contrary to the behav-
ior of MDR1, MDR3 can make the advancement smaller than the 
one in GR when λ > 0 and g(E) > 1. However, the time delay (14)
cannot distinguish MDR3 from the others. It suggests that mea-
surements on the gravitational time delay and advancement can 
be complementary to each other for constraining MDRs (see Ta-
ble 1 for a summary).
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3.2. A-B-�: the same side case

If the points A and B are on the same side of the Sun and 
rA > rB , the coordinate time span for a photon travelling from A 
to B and back to A can be worked out based on Eq. (13) as

	t AB� = 2t(rA,d) − 2t(rB ,d)

= f (E)

g(E)

[
2
√

r2
A − d2 − 2

√
r2

B − d2

+ 2GM

√
rA − d

rA + d
− 2GM

√
rB − d

rB + d

+ 4GM ln

( rA +
√

r2
A − d2

d

)

− 4GM ln

( rB +
√

r2
B − d2

d

)]
+O(G2), (18)

where the minus sign on the right hand side at the first line is 
physically caused by such a configuration. When an observer is at 
the point A, the measured proper time span is

	τAB� = 1

f (E)

(
1 − GM

rA

)
	t AB�

= 1

g(E)

[
2
√

r2
A − d2 − 2

√
r2

B − d2

+ 2GM

√
rA − d

rA + d
− 2GM

√
rB − d

rB + d

+ 4GM ln

( rA +
√

r2
A − d2

d

)

− 4GM ln

( rB +
√

r2
B − d2

d

)

− 2GM

√
r2

A − d2

rA
+ 2GM

√
r2

B − d2

rA

]
+O(G2). (19)

Like one of the A-�-B cases that the observer is at the point A 
[see Eq. (15)], the signal takes more time for the round trip and 
the delay is positive for rA > rB ≥ d.

If an observer in the A-B-� is at the point B instead of A, the 
coordinate time delay for the round trip from B to A and back to B 
is the same as Eq. (18) and the proper time span measured by the 
observer at B reads as

	τAB� = 1

f (E)

(
1 − GM

rB

)
	t AB�

= 1

g(E)

[
2
√

r2
A − d2 − 2

√
r2

B − d2

+ 2GM

√
rA − d

rA + d
− 2GM

√
rB − d

rB + d

+ 4GM ln

( rA +
√

r2
A − d2

d

)

− 4GM ln

( rB +
√

r2
B − d2 )
d

− 2GM

√
r2

A − d2

rB
+ 2GM

√
r2

B − d2

rB

]
+O(G2). (20)

Like the situation of Eq. (16) for A-�-B, those terms depending 
on r−1

B dominate others proportional to GM in the above equation 
so that this proper time span can be smaller than the one in the 
absence of the Sun if rA is sufficiently larger than rB . It can be 
easily checked that, when we consider a special case that rA = rB +
	R , 	R � rB , d = 0 and g(E) = 1, Eq. (20) can give the equation 
for the “small distance travel” in GR discussed in [65].

Another interesting case, which was not discussed in [65,66], is 
the configuration of inferior conjunction (IC) of A-B-� where rA >

rB � d so that the gravitational time advancement (20) becomes 
to

	τ IC
AB� = 1

g(E)

[
2(rA − rB) + 2GM + 4GM ln

rA

rB

− 2GM
rA

rB

]
+O

(
G2,

d

rA
,

d

rB

)
. (21)

Unlike the case of small distance travel that rA is comparable with 
rB , rA in the IC condition of Eq. (21) can be much larger than rB , 
which can be used to describe ranging measurement on a space-
craft in deep space far beyond the Earth orbit.

4. Observability of time advancement under gravity’s rainbow

After working out the equations for the gravitational time ad-
vancement under gravity’s rainbow, we discuss its observability in 
this section.

4.1. A-�-B

In the A-�-B configuration, a SC condition is favorable for mea-
surement on the time advancement due to the smallness of d. Ac-
cording to Eq. (17), we can find that the time advancement caused 
by the gravity’s rainbow is given by

δτ SC
A�B ≡ 	τ SC

A�B − 	τ SC
A�B

∣∣∣∣
M=0

, (22)

the time advancement in GR is

δ̄τ SC
A�B ≡ 	τ SC

A�B

∣∣∣∣
g=1

− 	τ SC
A�B

∣∣∣∣ g=1
M=0

, (23)

and their relative deviation is defined as

rSC
A�B ≡ δτ SC

A�B − δ̄τ SC
A�B

	τ SC
A�B

. (24)

Since the time advancement is defined as negative time delay, 
δτ SC

A�B − δ̄τ SC
A�B > 0 means that the advancement caused by the 

gravity’s rainbow is smaller than the one in GR, and vice versa. 
rSC

A�B represents the theoretical resolution for time measurement 
required to distinguish the gravity’s rainbow from GR.

We consider a SC condition that an observer on the Earth with 
rB = 1 au1 conducts two radio-tracking measurements on X-band 
(7.2 GHz) and Ka-band (34.3 GHz) to range a spacecraft at a dis-
tance of 40 au from the Sun, rA = 40 au, which is close to the 

1 We use lower-case ‘au’ to represent the astronomical unit, according to 
International Astronomical Union 2012 Resolution B2: http://www.iau.org/static/
resolutions/IAU2012_English.pdf.

http://www.iau.org/static/resolutions/IAU2012_English.pdf
http://www.iau.org/static/resolutions/IAU2012_English.pdf
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Table 2
Estimation of observability on the gravitational time advancement in SC condition with links of X-band, Ka-band and visible laser where rA = 40 au, rB = 1 au and d = 1.5
R� . The parameters in the rainbow functions are taken as η = 1.3 × 1020 and λ = 8.5 × 1021 [64] and their uncertainties are set as 10%.

MDR Band Frequency (GHz) δτ SC
A�B (μs) δ̄τ SC

A�B (μs) δτ SC
A�B − δ̄τ SC

A�B (s) rSC
A�B

1 X 7.2 −88.5348375693597 ± (1.4 × 10−12) −88.5348375693464 −(1.4 ± 0.1) × 10−17 −(3.4 ± 0.3) × 10−22

1 Ka 34.3 −88.5348375694125 ± (6.7 × 10−12) ibid. −(6.7 ± 0.7) × 10−17 −(1.6 ± 0.2) × 10−21

1 Visible 6 × 105 −88.5348387388309 ± (1.16949 × 10−7) ibid. −(1.2 ± 0.1) × 10−12 −(2.9 ± 0.3) × 10−17

3 X 7.2 −88.534837568 ± (1.8 × 10−8) ibid. (1.8 ± 0.2) × 10−15 (4.5 ± 0.5) × 10−20

3 Ka 34.3 −88.534837561 ± (8.7 × 10−8) ibid. (8.7 ± 0.9) × 10−15 (2.1 ± 0.2) × 10−19

3 Visible 6 × 105 −88.534684637 ± (1.529 × 10−5) ibid. (1.5 ± 0.2) × 10−10 (3.7 ± 0.4) × 10−15

Table 3
Estimation of observability on the gravitational time advancement in IC condition with links of X-band, Ka-band and visible laser where rA = 40 au and rB = 1 au. The 
parameters in the rainbow functions are taken as η = 1.3 × 1020 and λ = 8.5 × 1021 [64] and their uncertainties are set as 10%.

MDR Band Frequency (GHz) δτ IC
AB� (μs) δ̄τ IC

AB� (μs) δτ IC
AB� − δ̄τ IC

AB� (s) rIC
AB�

1 X 7.2 −311.4174782731487 ± (4.9 × 10−12) −311.4174782730994 −(4.9 ± 0.5) × 10−17 −(1.3 ± 0.1) × 10−21

1 Ka 34.3 −311.4174782733345 ± (2.35 × 10−11) ibid. −(2.4 ± 0.2) × 10−16 −(6.0 ± 0.6) × 10−21

1 Visible 6 × 105 −311.4174823867135 ± (4.11361 × 10−7) ibid. −(4.1 ± 0.4) × 10−12 −(1.0 ± 0.1) × 10−16

3 X 7.2 −311.41747826664 ± (6.4 × 10−10) ibid. (6.5 ± 0.7) × 10−15 (1.7 ± 0.2) × 10−19

3 Ka 34.3 −311.41747824234 ± (3.08 × 10−9) ibid. (3.1 ± 0.3) × 10−14 (7.9 ± 0.8) × 10−19

3 Visible 6 × 105 −311.41694033895 ± (5.37934 × 10−5) ibid. (5.4 ± 0.5) × 10−10 (1.4 ± 0.1) × 10−14
semi-major axis of Pluto, and the closest approach of the radio sig-
nals is d = 1.5 R� where R� is radius of the Sun. Following a trend 
of developing interplanetary laser ranging [72–74], we take a laser 
link with 600 THz into account. The values of parameters η for 
MDR1 (5) and λ for MDR3 (7) are respectively taken as 1.3 × 1020

and 8.5 × 1021 based on the results from the time delay and red-
shift experiments according to [64], because these measurements 
are of the same kind we discuss here.

Our results of observability for this case are listed in Table 2. 
It is found that, in this SC condition, the gravitational time ad-
vancements under the gravity’s rainbow and the one in GR can 
reach about −88 microsecond (μs). With MDR1, the contribution 
caused by the gravity’s rainbow in the time advancement ranges 
from −1.4 × 10−17 s to −1.2 × 10−12 s, where the minus signs 
mean MDR1 enlarge the time advancement in GR and the absolute 
values depend on the frequency of ranging signal; and the time 
resolution for distinguishing the gravity’s rainbow from GR needs 
to be from −3.4 × 10−22 to −2.9 × 10−17. With MDR3, the con-
tribution caused by the gravity’s rainbow in the time advancement 
has values from 1.8 × 10−15 s to 1.5 × 10−10 s, where the positive 
values mean MDR3 lessen the time advancement in GR; and the 
time resolution is required to be from 4.5 × 10−20 to 3.7 × 10−15.

It shows that, the time advancement caused by the gravity’s 
rainbow with MDR3 has a bigger deviation from the one in GR 
than the advancement due to MDR1 in such a SC case by nearly 
2 orders of magnitude. It also suggests that if the planetary laser 
ranging become available in the future, the measurement on the 
gravitational advancement might be able to detect the gravity’s 
rainbow and obtain its new constraints, given the fact that opti-
cal clocks on the ground have achieved the accuracy and stability 
at the 10−18 level [75–77].

4.2. A-B-�
According to Eq. (21), the time advancement at IC condition 

caused by the gravity’s rainbow in the A-B-� configuration is given 
by

δτ IC
AB� ≡ 	τ IC

AB� − 	τ IC
AB�

∣∣∣∣
M=0

, (25)

the time advancement in GR is

δ̄τ IC
AB� ≡ 	τ IC

AB�
∣∣∣∣

g=1
− 	τ IC

AB�
∣∣∣∣ g=1

, (26)

M=0
and their relative deviation is defined as

rIC
AB� ≡ δτ IC

AB� − δ̄τ IC
AB�

	τ IC
AB�

, (27)

which represents the time resolution required for distinguishing 
the gravity’s rainbow from GR in such an IC condition.

We consider an IC condition that an observer is at rB = 1 au 
who conducts two radio ranging measurements (X-band and Ka-
band) and a laser ranging (600 THz) on a spacecraft at rA = 40
au. Our results of observability for this case are listed in Table 3. 
We find that, in this IC condition, the gravitational time advance-
ments under the gravity’s rainbow and the one in GR can reach 
about −311 μs, which is nearly 3.5 times larger than those in the 
SC condition we discuss before. It demonstrates that the IC con-
dition is more favorable than the SC condition for measurement 
on the gravitational advancement. With MDR1, the contribution 
caused by the gravity’s rainbow in the time advancement ranges 
from −4.9 × 10−17 s to −4.1 × 10−12 s and the time resolu-
tion for distinguishing the gravity’s rainbow from GR needs to be 
from −1.3 × 10−21 to −1.1 × 10−16, which also depend on the 
frequency. With MDR3, the contribution caused by the gravity’s 
rainbow in the time advancement has values from 6.5 × 10−15 s 
to 5.4 × 10−10 s and the time resolution is required to be from 
1.7 × 10−19 to 1.4 × 10−14.

Like the case of SC condition, it shows the time advancement 
caused by the gravity’s rainbow with MDR3 has a larger deviation 
from the one in GR than the advancement due to MDR1 in this 
IC case by nearly 2 orders of magnitude. It also suggests that the 
planetary laser ranging will benefit the detection on the gravity’s 
rainbow in the future.

5. Conclusions

Under the gravity’s rainbow with three various MDRs, we in-
vestigate its effects on the gravitational time advancement. If an 
observer measures the proper time span for the round trip of a 
photon passing through a weaker gravitational field, then such a 
time advancement will be a natural consequence. We find that this 
time advancement can be complementary to the classical test of 
Shapiro time delay because they are sensitive to different MDRs 
(see Table 1).
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Considering ranging a spacecraft at a distance of Pluto from the 
Earth, we estimate its observability on the time advancement un-
der SC and IC configurations (see Fig. 1). We also assume that two 
radio links (at X-band and Ka-band) and a laser link (600 THz) are 
used in the ranging. It is found that (1) the IC configuration is more 
favorable for measuring the time advancement; and (2) the time 
advancement caused by MDR3 is significantly larger than others 
(see Tables 2 and 3 for details). We expect that, with a combina-
tion of optical clocks and planetary laser ranging, measurements 
on the gravitational time advancement will benefit detecting the 
gravity’s rainbow in the future.
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Lifshitz gravity, Eur. Phys. J. C 75 (2015) 343, http://dx.doi.org/10.1140/epjc/
s10052-015-3562-y, arXiv:1411.7257.

[58] G.G. Carvalho, I.P. Lobo, E. Bittencourt, Extended disformal approach in the sce-
nario of rainbow gravity, Phys. Rev. D 93 (4) (2016) 044005, http://dx.doi.org/
10.1103/PhysRevD.93.044005, arXiv:1511.00495.

[59] P. Rudra, M. Faizal, A.F. Ali, Vaidya spacetime for Galileon gravity’s rainbow, 
Nucl. Phys. B 909 (2016) 725–736, http://dx.doi.org/10.1016/j.nuclphysb.2016.
06.002, arXiv:1606.04529.

[60] J. Hackett, Asymptotic flatness in rainbow gravity, Class. Quantum Gravity 23 
(2006) 3833–3841, http://dx.doi.org/10.1088/0264-9381/23/11/010, arXiv:gr-
qc/0509103.

[61] C. Leiva, J. Saavedra, J. Villanueva, Geodesic structure of the Schwarzschild 
black hole in rainbow gravity, Mod. Phys. Lett. A 24 (2009) 1443–1451, 
http://dx.doi.org/10.1142/S0217732309029983, arXiv:0808.2601.
[62] R. Garattini, G. Mandanici, Particle propagation and effective space–time in 
gravity’s rainbow, Phys. Rev. D 85 (2) (2012) 023507, http://dx.doi.org/10.1103/
PhysRevD.85.023507, arXiv:1109.6563.

[63] A.F. Grillo, E. Luzio, F. Méndez, F. Torres, Gravitational lensing in AN energy-
dependent spacetime metric, Int. J. Mod. Phys. D 21 (2012) 1250007, 
http://dx.doi.org/10.1142/S0218271812500071.

[64] A.F. Ali, M.M. Khalil, A proposal for testing gravity’s rainbow, Euro-
phys. Lett. 110 (2015) 20009, http://dx.doi.org/10.1209/0295-5075/110/20009, 
arXiv:1408.5843.

[65] A. Bhadra, K.K. Nandi, Gravitational time advancement and its possible de-
tection, Gen. Relativ. Gravit. 42 (2010) 293–302, http://dx.doi.org/10.1007/
s10714-009-0842-6, arXiv:0808.3729.

[66] S. Ghosh, A. Bhadra, Influences of dark energy and dark matter on gravitational 
time advancement, Eur. Phys. J. C 75 (2015) 494, http://dx.doi.org/10.1140/
epjc/s10052-015-3719-8, arXiv:1508.05745.

[67] G. Amelino-Camelia, J. Ellis, N.E. Mavromatos, D.V. Nanopoulos, Distance mea-
surement and wave dispersion in a Liouville–String approach to quantum 
gravity, Int. J. Mod. Phys. A 12 (1997) 607–623, http://dx.doi.org/10.1142/
S0217751X97000566, arXiv:hep-th/9605211.

[68] G. Amelino-Camelia, J. Ellis, N.E. Mavromatos, D.V. Nanopoulos, S. Sarkar, Tests 
of quantum gravity from observations of γ -ray bursts, Nature 393 (1998) 
763–765, http://dx.doi.org/10.1038/31647, arXiv:astro-ph/9712103.

[69] J. Magueijo, L. Smolin, Lorentz invariance with an invariant energy 
scale, Phys. Rev. Lett. 88 (19) (2002) 190403, http://dx.doi.org/10.1103/
PhysRevLett.88.190403, arXiv:hep-th/0112090.

[70] I.I. Shapiro, Fourth test of general relativity, Phys. Rev. Lett. 13 (1964) 789–791, 
http://dx.doi.org/10.1103/PhysRevLett.13.789.

[71] S. Weinberg, Gravitation and Cosmology: Principles and Applications of the 
General Theory of Relativity, Wiley, New York, 1972.

[72] D. Smith, M. Zuber, X. Sun, G. Neumann, J. Cavanaugh, J. McGarry, T. Zag-
wodzki, Two-way laser link over interplanetary distance, Science 311 (2006) 
53, http://dx.doi.org/10.1126/science.1120091.

[73] D. Dirkx, L.L.A. Vermeersen, R. Noomen, P.N.A.M. Visser, Phobos laser ranging: 
numerical geodesy experiments for Martian system science, Planet. Space Sci. 
99 (2014) 84–102, http://dx.doi.org/10.1016/j.pss.2014.03.022.

[74] D. Dirkx, R. Noomen, P.N.A.M. Visser, S. Bauer, L.L.A. Vermeersen, Comparative 
analysis of one- and two-way planetary laser ranging concepts, Planet. Space 
Sci. 117 (2015) 159–176, http://dx.doi.org/10.1016/j.pss.2015.06.005.

[75] C.W. Chou, D.B. Hume, J.C.J. Koelemeij, D.J. Wineland, T. Rosenband, Frequency 
comparison of two high-accuracy al+ optical clocks, Phys. Rev. Lett. 104 (2010) 
070802, http://dx.doi.org/10.1103/PhysRevLett.104.070802.

[76] C.W. Chou, D.B. Hume, T. Rosenband, D.J. Wineland, Optical clocks and relativ-
ity, Science 329 (2010) 1630, http://dx.doi.org/10.1126/science.1192720.

[77] B.J. Bloom, T.L. Nicholson, J.R. Williams, S.L. Campbell, M. Bishof, X. Zhang, 
W. Zhang, S.L. Bromley, J. Ye, An optical lattice clock with accuracy and sta-
bility at the 10−18 level, Nature 506 (2014) 71–75, http://dx.doi.org/10.1038/
nature12941, arXiv:1309.1137.

http://dx.doi.org/10.1140/epjc/s10052-016-3994-z
http://dx.doi.org/10.1088/1475-7516/2015/11/045
http://dx.doi.org/10.1140/epjc/s10052-016-4025-9
http://dx.doi.org/10.1142/S0217732316501066
http://dx.doi.org/10.1103/PhysRevD.70.124003
http://dx.doi.org/10.1103/PhysRevD.72.044019
http://dx.doi.org/10.1103/PhysRevD.83.084021
http://dx.doi.org/10.1140/epjc/s10052-014-2884-5
http://dx.doi.org/10.1016/j.nuclphysb.2014.04.005
http://dx.doi.org/10.1088/1475-7516/2013/06/017
http://dx.doi.org/10.1007/JHEP12(2014)159
http://dx.doi.org/10.1140/epjc/s10052-015-3562-y
http://dx.doi.org/10.1103/PhysRevD.93.044005
http://dx.doi.org/10.1016/j.nuclphysb.2016.06.002
http://dx.doi.org/10.1088/0264-9381/23/11/010
http://dx.doi.org/10.1142/S0217732309029983
http://dx.doi.org/10.1103/PhysRevD.85.023507
http://dx.doi.org/10.1142/S0218271812500071
http://dx.doi.org/10.1209/0295-5075/110/20009
http://dx.doi.org/10.1007/s10714-009-0842-6
http://dx.doi.org/10.1140/epjc/s10052-015-3719-8
http://dx.doi.org/10.1142/S0217751X97000566
http://dx.doi.org/10.1038/31647
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1103/PhysRevLett.13.789
http://refhub.elsevier.com/S0370-2693(17)30512-9/bib5765696E6265726731393732426F6F6Bs1
http://refhub.elsevier.com/S0370-2693(17)30512-9/bib5765696E6265726731393732426F6F6Bs1
http://dx.doi.org/10.1126/science.1120091
http://dx.doi.org/10.1016/j.pss.2014.03.022
http://dx.doi.org/10.1016/j.pss.2015.06.005
http://dx.doi.org/10.1103/PhysRevLett.104.070802
http://dx.doi.org/10.1126/science.1192720
http://dx.doi.org/10.1038/nature12941
http://dx.doi.org/10.1088/1475-7516/2015/11/045
http://dx.doi.org/10.1140/epjc/s10052-016-4025-9
http://dx.doi.org/10.1103/PhysRevD.70.124003
http://dx.doi.org/10.1103/PhysRevD.72.044019
http://dx.doi.org/10.1016/j.nuclphysb.2014.04.005
http://dx.doi.org/10.1088/1475-7516/2013/06/017
http://dx.doi.org/10.1140/epjc/s10052-015-3562-y
http://dx.doi.org/10.1103/PhysRevD.93.044005
http://dx.doi.org/10.1016/j.nuclphysb.2016.06.002
http://dx.doi.org/10.1103/PhysRevD.85.023507
http://dx.doi.org/10.1007/s10714-009-0842-6
http://dx.doi.org/10.1140/epjc/s10052-015-3719-8
http://dx.doi.org/10.1142/S0217751X97000566
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1038/nature12941

	Gravitational time advancement under gravity's rainbow
	1 Introduction
	2 Rainbow spacetime
	3 Gravitational time advancement under rainbow
	3.1 A-B: opposite sides case
	3.2 A-B-: the same side case

	4 Observability of time advancement under gravity's rainbow
	4.1 A-B
	4.2 A-B-

	5 Conclusions
	Acknowledgements
	References


