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Abstract The significance of the radial velocity effects on
the leading-order gravitational frequency shift in some spe-
cial cases was reported recently. This paper investigates the
gravitational shift of frequency of light propagating in the
equatorial plane of a radially moving Kerr—Newman black
hole up to the second post-Minkowskian order, and discusses
the radial velocity effects on the second-order contributions
to the frequency shift. It is found that a new radial velocity
effect appears in the second-order Schwarzschild contribu-
tion to the frequency shift, in contrast to no radial velocity
effect in the first-order contribution, when both the emission
and reception events are far away from the lens. Velocity
effects on the gravitational frequency shifts induced respec-
tively by the lens’s electrical charge and spin are also ana-
lyzed.

1 Introduction

The translational motion of a gravitational system makes
a difference on the propagation of electromagnetic sig-
nals, which is the so-called velocity effect [1,2]. The issue
of velocity effects on the gravitational frequency shift of
light was discussed in many papers [2—11]. Birkinshaw and
Gull [3] studied the transversal velocity effect of cluster of
galaxies and showed that the gravitational frequency shift of
light is proportional to the low transverse lens velocity and
the deflection angle of light. Since this pioneering work, the
conclusion that the transversal velocity effect on the gravita-
tional frequency shift is dominant relative to that of the radial
lens motion has been well established in the full relativistic
framework [2,6,7].

Recently, the radial-velocity effects on the leading-order
gravitational frequency shift induced by a constantly mov-

#e-mail: hgs@usc.edu.cn

b e-mail: Iwb@usc.edu.cn

ing Schwarzschild black hole were re-examined, and these
effects are found to be necessary for the scenarios when
the light emitter or the receiver is near to the gravitational
lens [12]. As shown in Ref. [12], these velocity effects under
these circumstances were, for example, of the order of mag-
nitude of 10~°, which is larger than the observational preci-
sion of current detectors. For example, the precision of the
Cassini for measuring gravitational frequency shift is about
~ 107 [13-15]. The Cassini is a sophisticated spacecraft
orbiting the ringed planet and its main mission is to explore
the Saturnian system, including measuring the plasma den-
sity, magnetic field, temperatures and atmospheric composi-
tion in Saturn’s atmosphere, as well as studying its largest
moon Titan. It bases on the Doppler shift of light signals to
and from the spacecraft to determine its speed and the signal
timing to measure its distance. When the spacecraft passes
behind a massive central body (e.g. the Sun) on its cruise
to Saturn, whether the body moves or not, these techniques
can be also used to detect frequency shifts caused by grav-
ity with a high accuracy. Highly precise measurements of
these velocity effects are thus indeed possible by missions
such as the Cassini. Considering the rapid progresses made
in the gravitational-frequency-shift measurements (such as
the ground-based [16-21] and satellite-based [22—24] mea-
surements), we expect that the velocity effects on the second-
order contributions to the gravitational frequency shift might
also be detectable in future. Thus, a full theoretical treat-
ment of the gravitational shift of frequency of light due to a
radially moving lens in the second post-Minkowskian (PM)
approximation is necessary.

In this work, we extend the method of Ref. [12] to deriving
the gravitational frequency shift of light propagating in the
equatorial plane of a radially moving Kerr—Newman (KN)
black hole, and concentrate on the radial-velocity effects on
the second-order Schwarzschild, Kerr, and charge-induced
contributions to the frequency shift. We find that for both the
emission and reception events far away from the lens, the
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radial velocity effect makes a significant correction to the
second-order Schwarzschild frequency shift, although this
effect on the first-order one can be usually neglected.

The structure of this article is as follows. In Sect. 2, we
adopt the weak-field metric of the moving KN source to cal-
culate the equatorial frequency shift up to the 2PM order.
Section 3 gives the discussions of the velocity effects on the
second-order contributions to the frequency shift. Section 4
presents a summary. Our discussions are restricted in the
weak-field, small-angle, and thin lens approximation.

Throughout the paper, Latin indices run from 1 to 3, and
natural units in which G = ¢ = 1 are used.

2 Gravitational frequency shift due to a radially moving
KN source

2.1 The weak-field metric for a radially moving
Kerr—Newman black hole

Let {e, ez, e3} denote the orthonormal basis of a 3D Carte-
sian coordinate system. The rest frames of the observer and
the lens are denoted by (¢, x, y, z) and (Xo, X1, X2, X3),
respectively. The angular momentum vector J of the lens is
assumed to be Je3. The harmonic metric of a moving KN
black hole with a constant radial velocity v = vej up to the
2PM order reads [25]:

2(1+ vy M M* 4y (M* + 0%)
R R2

goo = —1+

4vy2aMX2 vzyz(Mz—Qz)Xl2 3
- + = + oM, (1)
aM M? + Q2 5.
goi = Vi UV R R2 il
vy (M*— 0 X [ Xi+ (y — 1) X181 ]
_ o
22—y + v}y a MX, 5 3
+ e +O0(M°), (2)
M s 2 (AM M2+ Q?
gij=(1+ R) 8ij +vy < R R 8i16;1
(M? — 0 [Xi + (v — DX181 ] [Xj + (v — DX1851]
_|._
R4
4()/ — l)aMX28'|5'1
—vy [§i511+§j Si1 + 23 ! ]+0(M3),
3)
1
where §;; denotes Kronecker delta, y = (1 — v3)72 s
2 2
the Lorentz factor, and R]Z_:_fZZ + B = 1. M, Q, and
a = J/M are the rest mass, the electrical charge, and
the angular momentum per mass of the lens, respectively.

2aMXj€,-j3
R3

¢ =

relation M2 > a? 4+ Q2 is assumed to avoid the naked sin-

, with €; ;. being the Levi-Civita symbol. The
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gularity of the black hole. The coordinates X¢, X1, X»,and
X3 arerelatedtot, x, y,and z by the Lorentz transformation

Xo=T =y(t —vx), 4)
X1=X=yx —r), &)
Xo=Y =y, (6)
X3=Z7Z=z. 7

2.2 Moving-KN frequency shift up to the 2PM order

For simplicity, we consider the gravitational frequency shift
of light which is restricted in the equatorial plane (z = % =
0) of the moving Kerr—Newman black hole, as shown in
Fig. 1. b is the impact parameter. The spatial coordinates
of the light emitter A and the receiver B are denoted in
the observer’s rest frame by (x4, y4, 0) and (xg, yg, 0),
respectively, with y4 < 0, x4 < 0, and xp > 0. The ini-
tial velocity of a photon, parallel to the lens’s velocity v, is
assumed to be w|;_, _~ (= e1). The locations of A and B
are denoted in the lens’s rest frame by (X4, Y4, 0) and
(X, Yp, 0), respectively.

The frequency shift of a photon between emission and
observation is defined by [6,7,27-29]

dty dty dt
_E__lzﬂ_A_B_l_ (8)
dty dtg dtp

Here, t4 and 7p are the proper times of the light emitter and
the receiver, respectively, and 74 and tp denote respectively
their coordinate times. For the case of the light emitter and
the receiver being static (v4 = vp = 0) in the observer’s
rest frame, the explicit forms of dt*‘ and d’B 2 up to the 2PM
order are given as follows:

dea _ |, _20+0)y’M  (+y)M? +y20°
dty R R2
1
dvylaMy, VyAMP-0H X% |7
LAy ' A VY - 09 Xy )
RA RA
dw _ |, _ 2(1+v2)y2M (1+yHM? + y20?
dtp Rp R2
1
4vy2aMVYp 2y2(M? — QZ)X%; ’
- —~ . . (10)
RB RB

The analytical form of d”‘ up to the 2PM order can be
obtained from the followmg gravitational time delay induced
by the moving KN black hole [26]

g —1tp =xp —xa + A(tg, ta), (11)
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Fig. 1 Schematic diagram for the equatorial propagation of light in the
gravitational field of the moving KN black hole. We assume that light
takes the prograde motion relative to the lens’s spin. The gravitational

with

VX5 + b+ Xp
XA+ D2+ X4
4M? (XB — X4 +\/x12Eg + 02— \/Xi +b2>

b2

Altg, ta) =(1—v)y | 2MIn

+

15M%2 — 302
LsmMP-307

Xg X4
arctan — — arctan —
4b b b

1 1

JKG b2 B JX5 4+ b2

M2—Q2< Xa  Xp )
2 2

4 X5+b2  Xj+0b?
XB

2aM Xa
R N e

+4 M?

+

+O0M?),
(12)

where X4 = y(x4 — vt4) and X = y(xp — vtp). For the
case of v4 = vp = 0, Eq. (11) yields [7]

dA(tp, tA)
th _ - 3?3

dig ~ 14 Bl

(13)

,,,,,,,,,,,,,,,,,,,,,, |

unperturbed path |
I
I
I

lens plane observer plane

deflection is greatly exaggerated to distinguish the light path (red line)
from the unperturbed path (dashed horizontal line)

where dA(p, tA) and 0A(tB, ta)
I dtp

Eq. (12) as follows:

can be calculated from
2M

X
VX5 + 02 VXA + 2

35M% — Q%) 4M?X 4 —2aMb N (M2 — 0% (X3 - bz):|

AA(tp, ta) v
RIYY T 14w

4(x3 +0?) (x2 +b2)% 4(x3 +02)°
+0(M?), (14)
IA(p, 1a) W 2M +% - Xp
o1 o | farr P JXa 0
3(5M? — Q%)  4M?*Xp —2aMb N M?* - 0 (X3 - b?)
4(x3+2) (X2 1 b2)? 4(x3 +b2)°
+0M>). (15)
Moreover, the 1PM form of X3 is given by [26]
2M (,/X% + b2+ X1>
Xo=y=-b|1- = + 0(M?),
(16)
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which yields
[ oM <1/X%+b2+XA>_

Ra= /X3 +02|1- o + o),
) ) (17)
Y, (‘/X%—l—bz—i—XB)_

Rp = /X3 +b2|1— e + oM.
) _ (18)

The substitution of Egs. (9), (10) and (13)—(18) into Eq. (8) yields
the explicit form of the gravitational frequency shift up to the 2PM
order caused by the moving KN source:

Av M M
l):(1-%—2v—v2)1/2|: - =
S X
(X5 +1?)

B 2M2X 4 }
3 3
2 (x3+02)?
v(M?—

0%)b? 1 B 1
4(1+4v) (X,zq + b2)2 (X% + bz)2

2M?X3p

(14 2v —v2)2%y 4M2

4v M? Xp
\/m\/m (14 v) b2 (\/x2 + 12 \/x2 +b2)

+(2+3v—5v — 303 + 3vH) Q2< L )
4 X3 +b2 X3+ b2
+U(M2—Q2){ X2 - X2 2} v M2
4 =) (X3 +p2)° (X3 + ) 4
><(10-i—23v—51)2—71)3—5—3114_6—i—7v—131)2-|—9v3—v4)
X% + b2 X3 +b?

+2vy%aMb ! - — ! . (19)
et (G

Actually, Eq. (19) can also be expressed in terms of the quantities in
the observer’s rest frame (¢, x, y, z). First, we adopt the following
forms of X4 and X g up to the 1PM order [26]

[

Xa=(—v)yxs+0M?), (20)
o _2vM Sp+ A —-v)yxp 2
Xo = (mowam =y [SA T+ _U)VXA] o,
(21)
with
Sy = \/(1 —0)2y232 452, Sp= \/(1 — )2y 23 + b2,
(22)

Substituting Egs. (20), (21) into Eq. (19), up to the 2PM order, we
obtain
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Av M M XB XA
—=(l4+22w-)Y | —— =420 -y M| = -2
. (1+2v—2%)y [SB S, +2(1 —v)y s s

Zv(l —v)2(1 4 2v — vz)ysMZxBl [SB + (1 =v)y xB]

S3 Sa+ 0 —=v)yxa
402
M
LY
4
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S5 S3
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4(1 +v) 5% 54
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(23)

4 2 52

(2+3v—5v — 303 +3vh) p4 Q2< 1)
If all of the second-order contributions are dropped, Eq. (23)

reduces to the first-order frequency shift caused by aradially moving
Schwarzschild black hole [12]

Av 2 2 1 1
—=<l—|—2v—v>yM — ==,
v Sp Sa

which is consistent with the result obtained by the method
of the Liénard—Wiechert gravitational potential [7], as shown
in Appendix A. For the case of no translational motion of the lens
(v = 0), Eq. (23) reduces to the second-order KN frequency shift

(24)

Av 1 1 5M2 — Q2
— =M - +:53 2
v x2 +b2 XZ +b2 2(XB+b)
2(x + bz) /x + b2 /xB + b2
1om? B A (25)

3 3
(xF+b)I (x5 +bD)2

In addition, it can be seen from Eq. (23) that the gravitational fre-
quency shift induced by the charge Q can be written as

v 2 s3 s2
2n127,2
vy-Q°b 1 1
B A

3 Radial velocity effects on the second-order
contributions to the frequency shift

Av _ (1+20—v?)y? QZ( 1)

(26)

Since the radial velocity effect on the leading-order gravitational
frequency shift has been discussed [12], we now focus on the radial
velocity effect on the second-order contributions to the frequency
shift.
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Fig. 2 Ay (v), Ag(v), and
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3.1 Analytical forms of the radial-velocity effects xg XA
s it @7)
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The comparison between Eqgs. (23) and (25) results in the explicit (< +27) (a +27)
ial- i : 1 1
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where Ay (v) and Ag(v) denote the velocity effects on the
second-order Schwarzschild and charge-induced contributions to
the frequency shift, respectively. A, (v) denotes the frequency shift
induced by the velocity-rotation coupling. Notice that Eq. (25) indi-
cates the second-order Kerr frequency shift is zero. Equations (27)—
(29) apply to both non-relativistic and relativistic (such as v = 0.5)
motions of the lens.
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Fig. 3 Ap(v) and Ay (vr) 0.00001
plotted as the functions of v and 1074}
vr respectively in linear scale 5.x10°0h 10-6}
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3.2 Magnitudes and possible detection of the
radial-velocity effects

In this subsection, we discuss the magnitudes of the radial-velocity
effects on the second-order contributions to the frequency shift, and
analyze the possibilities of their astronomical detection

3.2.1 General cases

We first discuss the magnitudes of the radial-velocity effects for
arbitrary radial velocity v of the lens. Figure 2 shows A, (v),
Aq(v), and Ag(v) as the functions of v in four astronomical sce-
narios. The left column is presented in linear scale (Jv] < 0.99)
while the right one is in log-log scale (v € [ 1.0 x 10_8, 0.99)).

It can be seen from Fig. 2b that the magnitudes of A, (v)
exceed the precision ~ 10~ 4 of the Cassini [13] for most cases.
For example, A (v) will be about 4.5 x 10713 if x4 = —10b,
xg = 5b,and v = 5.0 x 10—4 (a nonrelativistic radial velocity) are
assumed. It indicates that the radial velocity effect on the second-
order Schwarzschild contribution to the frequency shift of light may
be detected by near future high-accuracy detectors with a relatively
large possibility.

According to Fig. 2¢c or d, we can see that the magnitudes of
Aq(v) may be larger than the Cassini’s precision only when the lens
has a relativistic radial motion. For instance, | A, (v)| will exceed
1.0 x 107 1% when v > 0.38 for the case of xa =—10hand xp =
1.0 x 10°b. The possibility of detecting A, (v) via current projects
is thus rather small. In addition, it can also be seen from Fig. 2e
or f that there is no possibility of detection of A (v) by current
detectors, since its magnitudes are much smaller than the Cassini’s
precision. It is only by using the ultrahigh accuracy techniques in
future that we may observe these two correctional effects.

However, it should be pointed out that our discussions depend
on the choice of the intrinsic parameters of the central body, which
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(d) A (vr)| for vy € [1.0x 1078, 0.99]

implies these velocity effects will be more evident and a easier
detection of them if M, a, and Q become larger.

In addition, we emphasize that the requirements for their realis-
tic detections are more demanding. For instance, the radial velocity
of the Sun during the Cassini experiment in 2002 is not larger than
0.0001 in the geocentric frame and 5 x 108 inthe barycentric frame
of the solar system [15,30,31]. The corresponding precision of the
measurements for A ;> (v) should be at least better than 8.0 x 10~ 16
in the geocentric frame and 3.2 x 10719 in the barycentric frame,
for the case of x4 = —10b, xp = 1.0x 10°band b = 1.0 x 10°M
(as an example). Therefore, if we wish to detect conservatively the
radial velocity effects on the second-order contributions to the fre-
quency shift in future actual measurements, the central body should
move at a higher radial velocity (e.g. |[v| > 1.26 x 1073, for the
caseof x4 = —10b, xg = 1.0 x 10°h and b = 1.0 x 10°M), or a
better precision for measurements is required.

In contrast with A2 (v), A4(v), and Ag(v), Fig. 3 gives the
magnitudes of the radial-velocity effect Ay (v) and the transversal-
velocity effect Ap;(vy) on the leading-order gravitational fre-
quency shift of light, which have been given analytically in Ref. [12]
as follows:

Ay (v) = (1 + 20— v2) vim (l - i) M
5 Sa Jx2 + b2
B
M
+ : (30)
xi + b2

b4vrxa
,/xi+b2+2 vr bxy

\/xi+b2+2vrbe +x4+vrbh

21)7" vr M (vT +

Ay (vr) =

b+vrxp
,/x%+b2+2 vrbxp

)

\/x%-l—bz-f—szbe +xp +vurh

vryrM (UT +
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A+v3)yr M A+v3)yr M

\/x%+b2+2vaxB \/x%+b2+2UTbe
M

€1y}

\/x% + b2

where v7 is the magnitude of the transversal velocity v = vrep of

xf‘ + b2

a moving Schwarzschild source along y-axis, yr = (1 — v%)_i
denotes the Lorentz factor for the transversal motion, and the zeroth-
orderrelations y4 = —b+ O(M) and yg = —b+ O (M) have been
considered.

3.2.2 The low-velocity limit

‘We now consider the radial motion effects for four special scenarios
in the low-velocity approximation, under which the second- and
higher-order terms in velocity are omitted and Eqgs. (27)—(29) can
be simplified.

(a) The scenario for x4 < —b and xg > b

For the common astronomical scenario in which both the light
emitter A and the receiver B are far away from the moving lens,
Egs. (27)—(29) reduce to

2
Aypv) = o (32)
Aq(v) =0, (33)
Ag() =0, (34)

where the terms with the factor v/xz or v/xjg (i =1, 2, 4) have
been dropped since they are much smaller than the term with the
factor v/ b2,

It can be seen that under this scenario, a radial velocity effect
(i.e., 8/}‘;122“) on the second-order Schwarzschild frequency shift
appears, although the radial velocity effect on the first-order one
can be indeed neglected [2,6,7]. To some extent, this effect is sim-
ilar to the famous formula Ml;) L for the transversal velocity effect
on the first-order frequency shift, with v| being the transversal lens
velocity. For the case of M/b = 0.0001 (weak-field), the magni-
tudes of this effect are 8.0 x 10~!! and 8.0 x 1013 for v = 0.001
and 0.00001, respectively. Therefore, it is possible to detect this new
effect, since its magnitude may still be comparable to the precision
(~ 10714) of the Cassini in the weak-field and low-velocity limit.

(b) The scenario for x4 ~ —b and xp > b

If the x position of the light emitter has the same order of magnitude
as the impact parameter b while the receiver is far away from the
lens, Egs. (27)—(29) are simplified to

A 4y M2 . x4 20 M2x 4 (4 x5 +b?)
m2 (V) = —5— | 1= - 5
b N RN (@} +b2)2
vM? 7 13x2 — 2
Ty [ 2 2Jr 2A 22}’ (35)
xy +b (x3 +0°)
Aq(v) =0, (36)
2 2 42
vQ 3 Sxy —b
Ap) = + , 37
o) " [Xierz & 407 (37

where the terms with the factor v/x% (i =1, 2, 4) have been
dropped.

(c) The scenario for x4 < —b and xg ~ b

When the light emitter is far away from the lens and the observer is
relative close to it (xg ~ b), Egs. (27)-(29) then reduce to

A (v) 4vM? - XB
w@) = —
b ,/xlz; + b2
vM? | 23 21x% — b?
4 | x24+02 0 (3 +Db2)2
5 xB ,/x% + b2+ xp
+2vM {73 1+n| Y——
(x123+b2)7 ,/xi—i—bz—i-xA
3 3
#5}! (38)
(x3 +b2)2
Au(v) =0, (39
v Q? 3 5x3 — b?
Aog) = — + R 40
o) 4 [x§+b2 (x3 +b2)2 “0)
where the terms with the factor v /xi\ (i =1, 2, 4) have been

dropped.

(d) The scenario for x4 ~ —b and xg ~ b
For this case, Eqs. (27)-(29) reduce to

2vM2xB
3
(x% +b2)2

4y M? XB _ XA

b2 \/x% + b2 \/xf‘ + b2
1/x%9 + b2 + xp
\/)m—FxA

2 2
M? (4 *B _ta
v < +xé+b2+xi+b2

,/xi —}—bz,/x%3 + b2
vM? 23 7
4 | xF+p2 X +02

i| —|—2sz

App(v) =

X In

+

N 203 =02 1323 - b2
(xF+02)2 (] +b2)?

*B XA

S R P
G2 467 (2 +b2)2

3 3
3xB 3xA ’ @l

EP RO LIS Bt
Aq(v) =0, (42)
vo2| 3 3
4 [xi +02 AL+ b2
sxi -2 5x2 - b? }
oG +b2? h+bD)? |

AQ(U) =

(43)

Figure 4 shows Ay (v) and Ap(v) as the functions of xp for
different x4 in this scenario.
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exio—m—m—o —mm—4m-+—-+—"+—+——+——+—————
1.4x 107"+
1.2%x 107"
—
N
j 1.x107"
8.x107!12
6.x107!2
2 4 6 8 10
XB
b
(@) A2 (v)

2p(v)

5.x10717

Ssx107R. Xa = —b mems x4 =-2b

sm=s x,=-5b == x, =-10b

cxpotel e L

(b) 40()

Fig. 4 A,2(v) and Agp(v) plotted as the functions of xp for various x4, respectively. As an example, b = 1.0 x 10°M, Q0 = 0.01M, and

v =1.0 x 10~ are assumed

4 Summary

In this paper we have calculated the gravitational frequency shift
up to the 2PM order for light propagating in the equatorial plane
of a radially moving Kerr—-Newman source. It is found that for the
astronomical scenario where both the light emitter and observer are
far away from the lens, a new radial velocity effect SMZZU appears
in the second-order Schwarzschild contribution to the frequency
shift, in contrast to no radial-velocity effect in the first-order fre-
quency shift. The velocity effects on the gravitational frequency
shifts induced respectively by the lens’ electrical charge and spin
are also analyzed. It might be possible to detect the radial velocity
effects on the second-order contributions to the frequency shift by
high-accuracy measurements in future.
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Appendix A: Comparison between our formulation with
that obtained via Liénard—Wiechert representation

In this appendix, we compare Eq. (24) with the analytical form of the
first-order gravitational frequency shift obtained from the retarded

@ Springer

Liénard—Wiechert gravitational potential [7]. For comparison, we
consider a point mass M moving with a constant radial velocity
v = veyp in the observer’s rest frame (¢, x, y, z), and follow the
notations used in Ref. [26] for display convenience. According to
the results presented in [7], %, 2{%’ and Z% in Eq. (8) for the
case of the light emitter A (4, x ) and the receiver B (tp, xp)
being non-moving (v4 = vp = 0) are written as follows:

dr, 4 \/ 201+ )y M
L= J1-hrA = [1— , (A.1)
dta 00 ra(sa) —v-ra(sa)
dtp B ) ’ ’
1—~h __2(0+vHyM
1=ty \/1 FE 5~V 5(5)
dsp O dsp 0 ar* 96 | okl 3¢

dg V- 2M (SR + S+ B+ )
dtg dsp 06 | dsx 06 | or* 06 | okl 9E )\’

B 1+2M(ﬁm+ﬁm+iw+mw)

(A.3)
with
* i i

dsa _ Ot :%:%:0 (A.4)
dtp Jdtp dtp GBI
dsp _ rp(sp) —k-rp(sp) (A.5)
ot rp(sp) —v-rp(sp)’ )
9sp _ k-rp(sp) (A.6)
dta  rp(sg) —v-rp(sp)’ ’
&J _ }"A(SA) (A 7)
g ralsa) —v-ra(sa)’ '
or*
— =1, A.8
P (A.8)
o _ 1 (1 —k-v? (A.9)
dsg /1—v2re(sg) —k-rp(sp)’ '
0 1 1—k-v)? (A.10)

dsa VT —v2ra(sa) —k-ra(sa)’
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ﬁ _ 1—k~v[ 1 B 1 ]
at*  JT—v2 LraGsa) —k-ra(sa) rg(sp) —k-rg(sp) |’

(A.11)
9 1-k-v xjtl(SA) _ x;l"[(SB)
dki 1 — 02 | raGsa) —k-ra(sa) ra(sg) —k-rg(sp)

20, [rg(sg)—k"B(sB)], (A.12)

+«/1—1)2 " ra(sa) —k-ra(sa)

Here, the two retarded times s4 and sp are related to the emission
time 74 and the receiver time 7 by the light-cone equations

(A.13)
(A.14)

SA+xaa) —xp(sa)l =14,
sp+1xp(p) —xpy(sp)| =1p.

ra(sg) = |ra(sg)|withr4(sg) = x4(t4) —xp(s4) denoting the
distance vector from the retarded position x 7 (s4) of the moving
lens M to the present position x 4(t4) of the emitter. rg(sp) =
[rp(sp)| withrg(sp) = xpg(tg) — x 7 (sp) denoting the distance
vector from the retarded position x 37 (s g) of the moving lens to the
present position x g (¢p) of the receiver. k denotes the initial velocity
of an incoming photon at infinity, which is equal to e (a unit vector
towards the light receiver) in our scenario. t* = 14 — k - x o (t4).
& = A(tp, ta)/2M, with A(tp, t4) being given in Eq. (12). We
have used the simplification v(s4) = v(sp) = v and the terms
depending on the lens’ acceleration have been dropped, since the
velocity of the point mass is constant.

Substituting Egs. (A.1)—(A.3) into Eq. (8) and considering k-v =
v, we can obtain

| 20+vY)y2 M
s oM

" [_ 2(1-v)2y M }
1_2<1+v2)y2M rg (sp)—v-rp(sp)

av_ i ~1, (A15)
v 1420 —-v)yM[(1—v)E+ F]
with
_ k-rp(sp)
[rg(sp) —v-rp(sp)llrp(sp) —k-rp(sp)]
_ rA(sA) . (A16)
[raGsa) —v-raGa)llralsa) —k-rasa)l
F= ! ! (A.17)

ra(sa) —k - ra(sa) rp(sg) —k - rp(sp)’

where we have plugged the 1PM form of h(‘?o and hgo in terms of the
quantities in the lens’s rest frame [2] into Eq. (A.15). Moreover, the
retarded quantities in Eq. (A.15) are related to the Lorentz invariant
distances R4 and Rp by [32,33]

Ryp=vylratsa) —v-rasal, (A.18)
Rp =y [rp(sp) —v-rp(sp)l, (A.19)
ra(sa) =y (Ra +vXa), (A.20)
rg(sp) =y (Rp +vXp), (A.21)
1 R
k-ra(sa)=— [VA(SA) - *A] , (A.22)
v Y
1 R
k-rp(sp) = " [VB(SB) - TB} . (A.23)

‘We then substitute Egs. (A.18)—(A.23) into Eq. (A.15) and get

2(1+v2)y2M
av [ EEREET a0 -0y
v 2040y Rp

Rp

x{1+2(1—v)y2M

vRp + Xp Ra+vXgy
[RB(RB —Xp) Ra(Ry—Xn)
1+v 1+ ]}l |
Ry—X4 Rp—Xp

| _ 20=v?y*M

+

1
| — 2(1+v3)y2M 72

_ Rp Ra
4 20-vy M@RE—RA) | | _ 20+0)y2M
RARpB Rp
(A24)
Up to the 1PM order, Eq. (A.24) yields
A M M
—v:(1+2v—v2)y2 —_— = —
v Rp R
=(14+2v-— 1)2))/2
M M
x —
\/(1 - v)2y2x123 + b2 \/(1 — 11)2)/2)631 +52
(A.25)

which is the same as that given in Eq. (24).
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