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1. History of light deflection

Isaac Newton
     (1704)       

Johann Georg von Soldner  
                (1801)               

Albert Einstein
     (1907)



1.1 A comment of Isaac Newton

• Isaac Newton in "Opticks" (1704):
"Do not bodies act upon light at a distance, and by their
action bend its rays? And is not this action strongest at
the minimal distance?"



1.2 Does Newtonian theory predict light deflection?
• Johann G. von Soldner (1801): light deflection in flat space

birthplace 
Georgenhof 

Monument in Munich Street in Fürth 

(in Bavaria) 

Über die Ablenkung eines Lichtstrahls

Astronomisches Jahrbuch 1801, pp. 161 - 172, Berlin.

• highly remarkable: J.G. v. Soldner’s motivation was astrometry



• v. Soldner: light composed of corpuscles with mass m ̸= 0
• light corpuscles propagate in field of body with mass M

m ẍ = −m
G M x

r3 (1)

light source
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• dividing both sides by m yields differential equation (ODE)

ẍ = −GMx

r3 (2)

• exact solution of ODE (can be treated like Kepler problem)

first integration: coordinate velocity of light corpuscles

ẋ (t) = −
√

GM

d (1 + e)

(
ex sin ϕ (t) − ey (cos ϕ (t) + e)

)
(3)

second integration: trajectory of light corpuscles

x (t) = p

1 + e cos ϕ (t)

(
ex cos ϕ (t) + ey sin ϕ (t)

)
(4)

where the angle ϕ

ϕ̇ (t) =
√

GM

d (1 + e)
(1 + e cos ϕ (t))2

d (1 + e)



parameter p and numerical eccentricity e

p = d (1 + e)

e = d

GM/c2 − 1

• angle α of total light deflection is defined by
α

2 = arcsin
∣∣∣∣∣ ẋ (t → ∞)
|ẋ (t → ∞)| × ẋ (t → 0)

|ẋ (t → 0)|

∣∣∣∣∣ (5)

light deflection : α = 2 GM

c2 d
(6)

• α = 0.84 arcsec at Sun, which is one-half of GR value
• result in Eq. (6) has also been found by Henry Cavendish

in 1784, but he never has published his investigation
• c enters equation via initial condition ẋ (t → 0) = c µ



• v. Soldner did not know that (rest) mass of light is zero: m = 0

m ẍ = −m
G M x

r3︸ ︷︷ ︸
o.k. but useless

=⇒ ẍ = −GMx

r3︸ ︷︷ ︸
nonsense

(7)

• SRT (Einstein, 1905) states that rest mass of light is zero: m = 0
• Clearly, dividing by m = 0 is meaningless. Let’s consider an example:

0 = o.k. but useless0

=> nonsense=

• =⇒ Eq. (7) has no justification for massless particles m = 0
• but Eq. (7) not total nonsense for massless particles (cf. Eq. (21))



1.3 Light deflection by equivalence principle
• Albert Einstein (1907, 1911): equivalence principle

1. Relativitätsprinzip und die aus demselben gezogenen Folgerungen

Jahrbuch der Radioaktivität 4 (1907) 411 – 462.

2. Über den Einfluss der Schwerkraft auf die Ausbreitung des Lichts

Annalen der Physik 35 (1911) 898 - 908.



• equivalence principle: completely new approach to
determine light deflection in gravitational fields

laboratory at rest in homogeneous fieldlaboratory in uniform acceleration

a = const. 
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Φ = Φ2 − Φ1 = g ξ

• Einstein considers a light signal in System K′ from ξ2 to ξ1

• Doppler effect implies: ν1 = ν2 (1 + v/c) (where v = a t, t = ξ/c)

ν1 = ν2

(
1 + a ξ

c2

)
i.e. ν1 > ν2 (8)



• from equivalence principle follows in K (Φ = Φ2 − Φ1 hence Φ > 0 ):

ν1 = ν2

(
1 + Φ

c2

)
i.e. ν1 > ν2 (9)

(i) number N of periods is the same at ξ2 and ξ1

(ii) frequencies: ν2 = N/∆t2 and ν1 = N/∆t1

• Einstein (1907,1911): time depends on grav. potential:
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i.e. ∆τ2 > ∆τ1 (10)



• from Eq. (10) follows line element (Rindler metric)
ds2 = − (1 + Φ/c2)2

c2 dξ0
2 + dξ2 = 0

=⇒ speed of light depends on grav. potential:

c2 = c1

(
1 + Φ

c2

)
i.e. c2 > c1 (11)

• from Huygens principle Einstein concludes light deflection:
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• for Φ = −GM/r the light deflection is given by:

α

2 = 1
c2

t=∞∫
t=0

∂ Φ

∂ r
· dx =⇒ α

2 = GM

c2

t=∞∫
t=0

x · dx

r3 (12)

light source

x0

x(t)
y

x

Integration runs along unperturbed light ray

body with mass M

e

e

d

d … impact parameter

qdx

dx

x(t)

xe

xe ye=

=

t +

dt

d

light deflection : α = 2 GM

c2 d
(13)

• α = 0.83 arcsec at Sun, which is one-half of GR value
• recall: α = 0.84 arcsec at Sun by J.G. v. Soldner in 1801
• c enters equation via Doppler and equivalence principle



1.4 The correct value of light deflection
• Einstein 1911: time is curved but space is still flat
• Exact field equations 1915: time and space are curved

=⇒ correct light deflection

c2 = c1

(
1 + 2 Φ

c2

)
i.e. c2 > c1 (14)

light deflection : α = 4 GM

c2 d
(15)

α = 1.7 arcsec at Sun, which is the exact GR value
• historically: this correct result was given in November 1915 in:

A. Einstein: Erklärung der Perihelbewegung des Merkur aus der
allgemeinen Relativitätstheorie

Preussische Akademie der Wissenschaften 3 (1915) 831–839.



2. Field equations of general theory of relativity

Albert Einstein
     (1915)



• Albert Einstein (1915): general theory of relativity (GR)

1. Die Feldgleichungen der Gravitation

Preussische Akademie der Wissenschaften 4 (1915) 844–847.
2. Die Grundlage der allgemeinen Relativitätstheorie

Annalen der Physik 49 (1916) 769 - 822.



• field equations of gravity (κ = 8π G/c4)

Rµν − 1
2 gµν R = κ Tµν =⇒ gµν (16)

energy-momentum tensor: Tµν

Ricci tensor:
Rµν = Γ ρ

µν , ρ − Γ ρ
µρ , ν + Γ ρ

σρ Γ σ
µν − Γ ρ

σν Γ σ
µρ

Christoffel symbols:
Γ α

µν = gαβ (gβµ , ν + gβν , µ − gµν , β) / 2

• metric gµν of physical manifold M determined by (16)
• physical space-time is a pair (M, gµν)



• weak gravitational fields =⇒ metric is decomposed
gµν = ηµν + hµν with |hµν | ≪ 1

• where ηµν = diag (−1, +1, +1, +1)
• background space-time is a pair (M0, ηµν)
• fields hµν propagate in flat background manifold M0

• reduced field equations (harmonic gauge: h
µν

, ν = 0)

□h
µν = −2 κ (τµν + tµν) (17)

• hµν determined by reduced field equations of gravity (17)
• Eq. (17) wave-equation in flat space-time: □ = ηµν∂µ ∂ν

• τµν = −g T µν where g is the determinant g = det (gµν)
• tµν = −g τµν

LL +
(
h

µα

, β h
νβ

, α − h
µν

, αβ h
αβ
)

/2 κ

• metric density: h
µν = ηµν −

√
−g gµν



2.1 Post-Minkowskian expansion
• expansion of gµν w.r.t. Gn (weak-field)

• 1PM expansion of metric tensor

gµν = ηµν + h(1PM)
µν + O

(
G2
)

• 2PM expansion of metric tensor

gµν = ηµν + h(1PM)
µν + h(2PM)

µν + O
(
G3
)

• 3PM expansion of metric tensor

gµν = ηµν + h(1PM)
µν + h(2PM)

µν + h(3PM)
µν + O

(
G4
)



2.2 Post-Newtonian expansion
• expansion hµν w.r.t. c−n (weak-field slow-motion)

• 1PN expansion of metric tensor

gµν = ηµν + h(2)
µν + O

(
c−3

)

• 1.5PN expansion of metric tensor

gµν = ηµν + h(2)
µν + h(3)

µν + O
(
c−4

)

• 2PN expansion of metric tensor

gµν = ηµν + h(2)
µν + h(3)

µν + h(4)
µν + O

(
c−5

)



2.3 Example: body at rest
• body’s center-of-mass at rest w.r.t. harmonic coordinates
• time-dependent multipoles M̂L, ŜL

• M̂L : body of arbitrary shape, structure, and oscillations
• ŜL : body in arbitrary rotation and inner currents

ML
SL

t,xfield point

(s)
(s)

s = t – r/c
retarded time rotational motions

shape and inner structure

r =|   |x



2.3.1 Metric of a body at rest in 1PM approximation

h
(1PM)
00 (t, x) = + 2

c2

∞∑
l=0

(−1)l

l! ∂̂L
M̂L (s)

r
,

h
(1PM)
0i (t, x) = + 4

c3

∞∑
l=0

(−1)l

l! ∂̂L−1

ˆ̇MiL−1 (s)
r

+ 4
c3

∞∑
l=1

(−1)l l

(l + 1)! ϵiab ∂̂aL−1
ŜbL−1 (s)

r
,

h
(1PM)
ij (t, x) = + 2

c2 δij

∞∑
l=0

(−1)l

l! ∂̂L
M̂L (s)

r

+ 4
c4

∞∑
l=0

(−1)l

l! ∂̂L−2

ˆ̈MijL−2 (s)
r

+ 8
c4

∞∑
l=1

(−1)l l

(l + 1)! ∂̂aL−2
ϵab(i

ˆ̇Sj)bL−2 (s)
r

.



2.3.2 Metric of a body at rest in 1.5PN approximation

h
(2)
00 (t, x) = +2G

c2

∞∑
l=0

(−1)l

l! ∂̂L
M̂L

r
,

h
(3)
0i (t, x) = + 4

c3

∞∑
l=1

(−1)l l

(l + 1)! ϵiab ∂̂aL−1
ŜbL−1

r

+4G

c3

∞∑
l=1

(−1)l

l! ∂̂L−1

ˆ̇MiL−1

r
,

h
(2)
ij (t, x) = +2G

c2

∞∑
l=0

(−1)l

l! ∂̂L
M̂L

r
δij .

• with the STF differential operator

∂̂L = STFi1...il

∂

∂xi1
. . .

∂

∂xil



2.3.3 The mass-multipoles and spin-multipoles

• mass multipoles

M̂L =
∫

d3x x̂L Σ + O
(
c−2

)

• spin multipoles

ŜL =
∫

d3x ϵjk<il
x̂L−1> xj Σk + O

(
c−2

)

• where Σ =
(
T 00 + T kk

)
/c2 and Σk = T 0k/c

with T αβ is the stress-energy tensor of body



3. Theory of light propagation

geometry of space-time

determined by metric 

and light trajectory

Curvature of 
space by mass 
of the body

Actual  
direction  
to star

Apparent  
direction  
to star

To 
observer

curved space-time

𝓜

μ νg



• astrometry needs to determine light trajectory x (t)
• geodesic equation

ẍi

c2 + Γ i
µν

ẋµ

c

ẋν

c
− Γ 0

µν

ẋµ

c

ẋν

c

ẋi

c
= 0 =⇒ x (t) (18)

• historically: geodesic equation for light (Einstein, 1914)
24 Albert Einstein
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Die formale Grundlage der allgemeinen Relativitätstheorie
Preussische Akademie der Wissenschaften 2 (1914) 1030.



3.1 Post-Minkowskian expansion of light trajectory
• 1PM expansion of light trajectory

x (t) = xN + ∆x1PM + O
(
G2
)

• 2PM expansion of light trajectory

x (t) = xN + ∆x1PM + ∆x2PM + O
(
G3
)

• 3PM expansion of light trajectory

x (t) = xN + ∆x1PM + ∆x2PM + ∆x3PM + O
(
G4
)

where xN is the unperturbed light ray:
xN = x0 + c (t − t0) σ (19)



3.2 Post-Newtonian expansion of light trajectory

• 1PN expansion of light trajectory

x (t) = xN + ∆x1PN + O
(
c−3

)

• 1.5PN expansion of light trajectory

x (t) = xN + ∆x1PN + ∆x1.5PN + O
(
c−4

)

• 2PN expansion of light trajectory

x (t) = xN + ∆x1PN + ∆x1.5PN + ∆x2PN + O
(
c−5

)



4. Theory of light propagation: bodies at rest

body’s center-of-mass is at rest 
with respect to the harmonic 
coordinate system 

harmonic coordinate 
system is asymptotically 
Cartesian



4.1 Light propagation in field of monopole at rest

slight trajectory
light at 
t       8

unperturbed light ray

body A at rest

light source

s
 (t) s

 e3

m
_d

x0x

 (t)xN

 e1

 e2

n
light at 
t       + 8

δ
(
σ, νM

1PN

)
= 4 GM

c2
1
dσ

=⇒ α = 1.75 arcsec at Sun (20)

• historically: this correct result was given in November 1915 in:

A. Einstein: Erklärung der Perihelbewegung des Merkur

Preussische Akademie der Wissenschaften 3 (1915) 831–839.



• geodesic equation (14) in 1PN for monopole

ẍ = − 2 G M x

r3︸ ︷︷ ︸
2 × Soldner , cf. Eq. (7)

+ 4 G M
σ · x

r3 σ (21)

• first integration of geodesic equation (14) in 1PN

∆ẋM
1PN
c

= −2GM

c2
σ

xN
− 2GM

c2
dσ

(dσ)2

(
σ · xN

xN
+ 1

)

• V. A. Brumberg: Essential Relativistic Celestial Mechanics
1991, Adam Hilger, Bristol

• note: |ẋ| = c
(

1 − 2 G M

c2 xN

)
i.e.: |ẋ| = c

(
1 + 2 Φ

c2

)
• in agreement with Eq. (14)



4.2 Light propagation in field of quadrupole at rest

sexact light ray
light at 
t       8

unperturbed light ray

massive solar system body

light source

s
 (t) s
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t        8

 e3
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+

d
x0x

 (t)xN

• total light deflection caused by quadrupole:∣∣∣δ (σ, νQ
1PN

)∣∣∣ ≤ 4 GM

c2
|J2|
dσ

(
P

dσ

)2
(22)

• S. Klioner: Sov. Astronomy 35 (1991) 523



4.3 Light propagation in field of spin-dipole at rest

sexact light ray
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• total light deflection caused by spin-dipole:∣∣∣δ (σ, νS
1.5PN

)∣∣∣ ≤ 4 G

c3 (dσ)2 |S| (23)

• S. Klioner: Sov. Astronomy 35 (1991) 523



4.4 Light propagation in field of multipoles at rest
• advanced integration methods to get ẋ (t), x (t) by S. Kopeikin

S. Kopeikin: Journal of Mathematical Physics 38 (1997) 2587
• an important progress in the theory of light propagation:

ẋ (t)
c

= σ +
∞∑

l=0

∆ẋML
1PN
c

+
∞∑

l=1

∆ẋSL
1.5PN
c

+ O
(
c−4

)
x (t) = xN +

∞∑
l=0

∆xML
1PN +

∞∑
l=1

∆xSL
1.5PN + O

(
c−4

)
• total light deflection caused by mass- and spin-multipoles:

δ
(
σ, νML

1PN

)
= −4 GM

c2 dσ

(−1)l

(l − 1)! ML ∂̂L ln |ξ|

δ
(
σ, νSL

1.5PN

)
= −8G

c3
1

|ξ|
ϵabcσ

c (−1)l l2

(l + 1)! ŜbL−1∂̂aL−1 ln |ξ|



• Time-Transfer Function (TTF) approach to get ẋ (t), x (t)
applied by B. Linet, C. Le Poncine-Lafitte & P. Teyssandier

Physical Review D 66 (2002) 024045

Physical Review D 77 (2008) 044029

• represents another method in the theory of light propagation

• light travel time between two events: (tA, xA) and (tB , xB)

tA − tB = T (xA, xB)︸ ︷︷ ︸
time−transfer−function

(24)

• total light deflection determined for axisymmetric bodies∣∣∣δ (σ, νML
1PN

)∣∣∣ ≤ 4 GM

c2
|Jl|
dσ

(
P

dσ

)l

(25)

• shown only for l = 2, 3, 4 but validity conjectured for l ≥ 4



• total light deflection for axisymmetric bodies in rotation

• by using the approach of S. Kopeikin

S. Zschocke: Physical Review D 107 (2023) 124055

∣∣∣δ (σ, νML
1PN

)∣∣∣ ≤ 4 GM

c2
|Jl|
dσ

(
P

dσ

)l

∣∣∣δ (σ, νSL
1.5PN

)∣∣∣ ≤ 8 GM

c3 Ω
l2

l + 4 |Jl−1|
(

P

dσ

)l+1

• shown for any values of l ≥ 0 and l ≥ 1 respectively

• total light deflection is related to Chebyshev polynomials



4.5 Numerical values of total light deflection [µas]

Light deflection Sun Jupiter Saturn

|δ(σ, νM0
1PN)| 1.75 × 106 16.3 × 103 5.8 × 103

|δ(σ, νM2
1PN)| 0.35 239 94

|δ(σ, νM4
1PN)| 1.72 9.6 5.41

|δ(σ, νM6
1PN)| 0.07 0.55 0.50

|δ(σ, νM8
1PN)| 0.007 0.04 0.06

|δ(σ, νM10
1PN)| − 0.003 0.01

|δ(σ, νS1
1.5PN)| 0.7 0.17 0.04

|δ(σ, νS3
1.5PN)| − 0.026 0.008

|δ(σ, νS5
1.5PN)| − 0.001 −

• S. Zschocke: Physical Review D 107 (2023) 124055



4.6 2PN light propagation in field of monopole at rest

• 2PN calculations are very rare, because they are by far
much more complicated than 1PN or 1.5PN calculations

• 2PN expansion of light velocity for monopole
ẋ (t)

c
= σ + ∆ẋM

1PN
c

+ ∆ẋM×M
2PN
c

+ O
(
c−6

)

• 2PN expansion of light trajectory for monopole

x (t) = xN + ∆xM
1PN + ∆xM×M

2PN + O
(
c−6

)

• V. A. Brumberg: Post-post Newtonian propagation of light in the
Schwarzschild field, Kinematica i physika nebeshykh tel 3 (1987) 8



• 2PN investigations have much further been developed,
mainly triggered by the Gaia mission

• geometrical scheme of boundary value problem

observer

deflecting body

source

light path

k

n d

d

light at
t 

x1 x0

• S.A. Klioner, S. Zschocke: Numerical versus analytical accuracy of
the formula for light propagation, Classical and Quantum Gravity 27
(2010) 075015



• unit tangent vector at observer’s position

n = ẋ (t1)
|ẋ (t1) |

= nM
1PN + nM×M

2PN

• upper limit of 1PN terms∣∣∣δ (σ, nM
1PN

)∣∣∣ ≤ 4 G M

c2
1
dσ

• upper limit of 2PN terms =⇒ discovery of enhanced terms∣∣∣δ (σ, nM×M
2PN

)∣∣∣ ≤ 16 G2 M2

c4
1

(dσ)2
x1

dσ

• S.A. Klioner, S. Zschocke, CQG 27 (2010) 075015
• N. Ashby, B. Bertotti, CQG 27 (2010) 145013
• P. Teyssandier, C. Poncine-Lafitte, CQG 29 (2012) 245010

• the term x1/dσ implies no divergence:
cf. Appendix J in S. Zschocke, PRD 105 (2022) 024040



4.7 2PN light propagation in field of quadrupole at rest
• 2PN light velocity for monopole and quadrupole

ẋ (t)
c

= σ + ∆ẋM
1PN
c

+ ∆ẋM×M
2PN
c

+ ∆ẋM×Q
2PN
c

+ ∆ẋQ×Q
2PN
c

• 2PN light trajectory for monopole and quadrupole

x (t) = xN + ∆xM
1PN + ∆xM×M

2PN + ∆xM×Q
2PN + ∆xQ×Q

2PN

• S. Zschocke: Physical Review D 105 (2022) 024040

• S. Zschocke: Physical Review D 106 (2022) 104052

• unit tangent vector at observer’s position

n = ẋ (t1)
|ẋ (t1) |

= nM
1PN + nQ

1PN + nM×M
2PN + nM×Q

2PN + nQ×Q
2PN



• upper limit of 1PN terms

∣∣∣δ (σ, nM
1PN

)∣∣∣ = 4 GM

c2
1
dσ∣∣∣δ (σ, nQ

1PN

)∣∣∣ ≤ 4 GM

c2
|J2|
dσ

(
P

dσ

)2

• upper limit of 2PN terms =⇒ discovery of enhanced terms

∣∣∣δ (σ, nM×M
2PN

)∣∣∣ ≤ 16 G2 M2

c4
1

(dσ)2
x1

dσ∣∣∣δ (σ, nM×Q
2PN

)∣∣∣ ≤ 64 G2 M2

c4
|J2|

(dσ)2

(
P

dσ

)2 x1

dσ∣∣∣δ (σ, nQ×Q
2PN

)∣∣∣ ≤ 48 G2 M2

c4
|J2|2

(dσ)2

(
P

dσ

)4 x1

dσ



4.8 Numerical values of 2PN light deflection [µas]

Object
∣∣∣δ (σ, nM×M

2PN

)∣∣∣ ∣∣∣δ (σ, nM×Q
2PN

)∣∣∣ ∣∣∣δ (σ, nQ×Q
2PN

)∣∣∣
Jupiter 16.11 0.95 0.010
Saturn 4.42 0.29 0.003
Uranus 2.58 0.04 0.001

Neptune 5.83 0.08 0.002

• S. Zschocke: Light propagation in 2PN approximation in the
monopole and quadruple field of a body at rest: Initial value problem

Physical Review D 105 (2022) 024040



4.9 Light propagation in 3PN approximation
• 3PN calculations are extremely rare:

• S. Zschocke: A generalized lens equation for light deflection in weak
gravitational fields, CQG 28 (2011) 125016

• B. Linet, P. Teyssandier: New method for determining the light
travel time in static spherically symmetric spacetimes. Calculation

of terms of order G3, CQG 30 (2013) 175008

∣∣∣δ (σ, nM
3PN

)∣∣∣ = 128 G3M3

c3
1

(dσ)3

(
x1

dσ

)2
(26)

• this result has been found independently by:

Eq. (27) in S. Zschocke, CQG 28 (2011) 125016

Eq. (93) in B. Linet, P. Teyssandier, CQG 30 (2013) 175008

• numerical value: 12 µas in case of grazing light ray at Sun



5. Theory of light propagation: bodies in motion

body’s center-of-mass is in motion 
with respect to the harmonic 
coordinate system 

harmonic coordinate 
system is asymptotically 
Cartesian

x (t)A



5.1 Light propagation in field of monopole in motion

slight trajectory

unperturbed light ray

body A  in motion

light source

s
 (t)

 e3

d x0x

 (t)xN

 e1

 e2

n  (t)

 (t)xA

• total light deflection caused by moving monopole

δ
(
σ, νM

1PM

)
= 4 GM

c2
1

dσ (s1)

(
1 + vA (s1)

c

)
(27)

• where s1 is the retarded time, defined implicitly:

s1 = t1 − |x (t1) − xA (s1)|
c

(28)



• monopole in uniform motion in 1PN
S.A. Klioner, Comm. of Inst. Appl. Astron. 6, 1989

• arbitrarily slowly moving monopoles in 1PN
S.A. Klioner, Sov. Astron. 35 (1991) 523

• arbitrarily moving monopoles in 1PM
S.M. Kopeikin, G. Schäfer: Physical Review D 60 (1999) 124002

• uniformly moving monopoles in 1PM
S.A. Klioner, Astronomy & Astrophysics 404 (2003) 783

• arbitrarily slowly moving monopoles in 1PN
S. Zschocke, Physical Review D 92 (2015) 063015

• arbitrarily slowly moving monopoles in 1.5PN
S. Zschocke, Physical Review D 93 (2016) 103010

• arbitrarily slowly moving monopoles in 2PN
S. Zschocke, Classical Quantum Gravity 35 (2018) 055013

S. Zschocke, Classical Quantum Gravity 36 (2019) 015007



5.2 Light propagation in field of spin-dipole in motion

slight trajectory

unperturbed light ray

body A  in motion

light source

s
 (t)

 e3

d x0x

 (t)xN

 e1

 e2

n  (t)

 (t)xA

• total light deflection caused by moving spin-dipole∣∣∣δ (σ, νS
1.5PN

)∣∣∣ ≤ 4 G

c3 (dσ (s1))2 |S (s1)| (29)

• arbitrarily slowly moving spin-dipoles in 1.5PN
S.A. Klioner, Sov. Astron. 35 (1991) 523

• arbitrarily moving spin-dipoles in 1PM
S.M. Kopeikin, B. Mashhoon: Physical Review D 65 (2002) 064025

• arbitrarily slowly moving spin-dipoles in 1.5PN
S. Zschocke, Physical Review D 93 (2016) 103010



5.3 Light propagation in field of quadrupole in motion

slight trajectory

unperturbed light ray

body A  in motion

light source

s
 (t)

 e3

d x0x

 (t)xN

 e1

 e2

n  (t)

 (t)xA

• total light deflection caused by moving quadrupole∣∣∣δ (σ, νQ
1PN

)∣∣∣ ≤ 4 GM

c2
|J2|

dσ (s1)

(
P

dσ (s1)

)2

(30)

• arbitrarily slowly moving quadrupoles in 1PN
S.A. Klioner, Sov. Astron. 35 (1991) 523

• arbitrarily moving quadrupoles in 1PM
S.M. Kopeikin, V.V. Makarov: Physical Review D 75 (2007) 062002

• arbitrarily slowly moving quadrupoles in 1PN
S. Zschocke, Physical Review D 92 (2015) 063015



5.4 Light propagation in field of multipoles in motion

slight trajectory

unperturbed light ray

body A  in motion

light source

s
 (t)

 e3

d x0x

 (t)xN

 e1

 e2

n  (t)

 (t)xA

• total light deflection caused by moving multipoles:∣∣∣δ (σ, νQ
1PN

)∣∣∣ ≤ 4 GM

c2
|Jl|

dσ (s1)

(
P

dσ (s1)

)l

(31)

this result is only a conjecture, but has not been proven thus far

• arbitrarily slowly moving multipoles in 1PN and 1.5PN:
S. Zschocke, Physical Review D 92 (2015) 063015
S. Zschocke, Physical Review D 93 (2016) 103010



6. Summary
• no light deflection in flat space-time

• solutions for light ray in field of bodies at rest
(a) 1PN and 1.5PN with full set of multipoles

• solutions for light ray in field of bodies in motion
(b) monopoles in 1PM
(c) spin-dipoles in 1PM
(d) full set of multipoles in 1PN and 1.5PN

but many things are still unclear

• only a very few 2PN solutions are known:
(e) monopole at rest
(f) quadrupole at rest
(g) monopole in slow motion

• very rare results in 3PN approximation
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