
RELATIVISTIC EFFECTS ON THE ORBITS OF 
THE CLOSEST STARS TO THE BLACK HOLE AT 

THE CENTER OF THE GALAXY

EREP 24: 23/07/2024

Karim ABD EL DAYEM

Supervisors: Frédéric VINCENT, Thibaut PAUMARD, Guy PERRIN 

1



2

CONTEXT & 
AIMS

Sgr A*
(mass: ~4,3 . 106𝑀⨀)

Orbit of S2
(period: ~ 16 yr)

~ 1400𝑅𝑆

≈ 120𝐴𝑈

Last pericenter: May 19th 2018

Curved space-time Mass

Spinning space-time Spin

Oblate space-time Quadrupole 
moment

No hair-theorem:

Mass 𝑀•

Quadrupole 

moment 𝑄
Spin 𝜒

Perturbation to Kepler:



3

CONTEXT & 
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Sgr A*
(mass: ~4,3 . 106𝑀⨀)

Orbit of S2
(period: ~ 16 yr)

~ 1400𝑅𝑆

≈ 120𝐴𝑈

Last pericenter: May 19th 2018

No hair-theorem:

Mass 𝑀•

Quadrupole 

moment 𝑄
Spin 𝜒

Perturbation to Kepler:

𝑎2𝑃𝑁 = 𝑎𝑆𝑐ℎ+ 𝑎𝜒+ 𝑎𝑄

with:

𝑎𝜒 ∝ 𝜒 ;

𝑎𝑄 ∝ 𝑄

Independently fitting 𝜒 and 

𝑄 from the monitoring of S-stars             

Test the no-hair theorem:

𝑄 = −
𝐺2𝑀•

3

𝑐4
𝜒²
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INSTRUMENTATION

• GRAVITY (Interferometer)

• SINFONI (Spectrograph)

𝑚𝐾 ≤19

VLT (Paranal) :

DEPEND ON THE FLUX REACHING THE INSTRUMENT
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INSTRUMENTATION

• GRAVITY        GRAVITY + (Interferometer)

• ERIS (Spectrograph)

𝑚𝐾 ≤19 𝑚𝐾 ≤22

VLT (Paranal) :

GRAVITY+ CAN MULTIPLY 
THE NUMBER OF 

PHOTONS UP TO A 
FACTOR 20!

-Better temporal coverage

-Less systematic errors

-Less photon noise

DEPEND ON THE FLUX REACHING THE INSTRUMENT POSSIBILITY OF DETECTING OTHER STARS
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2nd Year work: 

Impact of the relative orientations
Spin 

orientation

Observer ’s 

orientation

Orbit 

orientation

Impact the secular evolution 

of the pericenter/apocenter

Intuition?

BH frame of reference: (𝐱𝐛𝐡, 𝐲𝐛𝐡, 𝐳𝐛𝐡)

Orbit frame of reference: (𝐱𝐨𝐫𝐛, 𝐲𝐨𝐫𝐛, 𝐳𝐨𝐫𝐛)

Observer’s frame of reference: (α, δ, 𝐳𝐨𝐛𝐬)

Spin parameters:

(𝜒, 𝑖bh, Ωbh)

Study the different 

types of precessions



8

2nd Year work: 

Impact of the relative orientations
Spin 

orientation

Observer ’s 

orientation

Orbit 

orientation

Impact the secular evolution 

of the pericenter/apocenter

Intuition?

BH frame of reference: (𝐱𝐛𝐡, 𝐲𝐛𝐡, 𝐳𝐛𝐡)

Orbit frame of reference: (𝐱𝐨𝐫𝐛, 𝐲𝐨𝐫𝐛, 𝐳𝐨𝐫𝐛)

Observer’s frame of reference: (α, δ, 𝐳𝐨𝐛𝐬)

Spin parameters:

(𝜒, 𝑖bh, Ωbh)

Study the different 

types of precessions



9

TOOLS: 

PALETTE OF RELATIVISTIC 

MODELS

Ray 

Tracing

GR without     

Ray Tracing 

Post-Newtonian

(approximated orbit)

Keplerian

--- Approximation of the Schwarzschild Precession (1PN)

--- Spin effect on the photon + Shapiro (𝐆𝐑𝐫𝐭)

--- Approximation of the Gravitational Lensing

--- General Relativity is neglected
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TOOLS: 

PALETTE OF RELATIVISTIC 

MODELS

Development of the 1.5PN, 𝐆𝐑𝐩𝐫𝐨𝐣 and 𝟐𝐏𝐍𝐐 models Karim

Ray 

Tracing

GR without     

Ray Tracing 

Post-Newtonian

(approximated orbit)

Keplerian

--- Approximation of the Schwarzschild Precession (1PN)

--- Spin effect on the photon + Shapiro (𝐆𝐑𝐫𝐭)

--- Approximation of the Gravitational Lensing

--- General Relativity is neglected

--- Approximation of the Quadrupole effects on the orbit (𝟐𝐏𝐍𝐐)

--- Approximation of the Lense-Thirring effects on the orbit (1.5PN)

--- Approximation of the Spin effects on the orbit & RV (𝐆𝐑𝐩𝐫𝐨𝐣) 
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TOOLS: 

PALETTE OF RELATIVISTIC 

MODELS

Development of the 1.5PN, 𝐆𝐑𝐩𝐫𝐨𝐣 and 𝟐𝐏𝐍𝐐 models

2PN order for closer-in stars

• .2PN_sch : Schwarzschild

• 2PN_LT : Schwarzschild + 𝜒

• 2PN_Q : Schwarzschild + 𝜒 + 𝑄

Karim

Ray 

Tracing

GR without     

Ray Tracing 

Post-Newtonian

Keplerian

--- Approximation of the Schwarzschild Precession (1PN)

--- Spin effect on the photon + Shapiro (𝐆𝐑𝐫𝐭)

--- Approximation of the Gravitational Lensing

--- General Relativity is neglected

--- Approximation of the Quadrupole effects on the orbit (𝟐𝐏𝐍𝐐)

--- Approximation of the Lense-Thirring effects on the orbit (1.5PN)

--- Approximation of the Spin effects on the orbit & RV (𝐆𝐑𝐩𝐫𝐨𝐣) 

Separation of 𝜒& 𝑄
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2 TYPES OF PRECESSIONS 
AT THE 2PN ORDER

❑ IN-PLANE PRECESSION:

➢ Around 𝐳𝐨𝐫𝐛

➢ Due to: 
• Schwarzschild 
• 𝜒
• 𝑄

➢ Characterised by:          
Δ𝜛 = Δ𝜔 + 𝑐𝑜𝑠𝜄ΔΩ

❑ OUT-OF-PLANE 
PRECESSION: 

➢ Around 𝐳𝐛𝐡 at fixed 𝜃

➢ Due to: 

• 𝜒
• 𝑄

➢ Characterised by:
∆Θ = 𝑠𝑖𝑛𝜔Δ𝜄 − 𝑐𝑜𝑠𝜔𝑠𝑖𝑛𝜄ΔΩ

Studying the secular shift of orbital parameters

2 TYPES OF PRECESSIONS AT THE 2PN ORDER
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Studying the secular shift of orbital parameters

2 TYPES OF PRECESSIONS AT THE 2PN ORDER

Independent of 
the observer !
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ANALYTICAL EXPRESSION OF THE 
SECULAR SHIFT OF ORBITAL 

PARAMETERS:

Maximal for 𝜃 = 0 : an orbit in 
the equatorial plane of the BH

2 TYPES OF PRECESSIONS 
AT THE 2PN ORDER

❑ IN-PLANE PRECESSION:

➢ Around 𝐳𝐨𝐫𝐛

➢ Due to: 
• Schwarzschild 
• 𝜒
• 𝑄

➢ Characterised by:          
Δ𝜛 = Δ𝜔 + 𝑐𝑜𝑠𝜄ΔΩ

❑ OUT-OF-PLANE 
PRECESSION: 

➢ Around 𝐳𝐛𝐡 at fixed 𝜃

➢ Due to: 

• 𝜒
• 𝑄

➢ Characterised by:
∆Θ = 𝑠𝑖𝑛𝜔Δ𝜄 − 𝑐𝑜𝑠𝜔𝑠𝑖𝑛𝜄ΔΩ

Null for 𝜃 = 0 : an orbit in the 
equatorial plane of the BH

Studying the secular shift of orbital parameters

2 TYPES OF PRECESSIONS AT THE 2PN ORDER
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ANALYTICAL EXPRESSION OF 
THE SECULAR SHIFT OF 
ORBITAL PARAMETERS:

❑ IN-PLANE PRECESSION:
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➢ Due to: 
• Schwarzschild 
• 𝜒
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➢ Characterised by:          
Δ𝜛 = Δ𝜔 + 𝑐𝑜𝑠𝜄ΔΩ

Studying the secular shift of orbital parameters
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Studying the secular shift of orbital parameters

Name "𝐸𝑐𝑐"

Period 0.38696 yr

Eccentricity 0.99

Hypothetical star 

with considerable 

relativistic effects: 

SIMULATION WITH 3 
CODE MODELS:

2PN_sch : Schwarzschild
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Studying the secular shift of orbital parameters

spin

WHAT HAPPENS WHEN WE ADD A BH 

SPIN IN THE SAME PLANE………. 
.

SIMULATION WITH 3 
CODE MODELS:

2PN_sch : Schwarzschild



∆

19

Studying the secular shift of orbital parameters

SIMULATION WITH 3 
CODE MODELS:

2PN_sch : Schwarzschild

2PN_LT : Schwarzschild + 𝜒 

spin

Secular shift 

opposes the spin
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Studying the secular shift of orbital parameters

SIMULATION WITH 3 
CODE MODELS:

2PN_sch : Schwarzschild

2PN_LT : Schwarzschild + 𝜒 

spin

Secular shift 

opposes the spin

In simulations:

 ∆𝜛𝜒
𝑝𝑟𝑜

≠ ∆𝜛𝜒
𝑟𝑒𝑡
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SIMULATION WITH 3 
CODE MODELS:

2PN_sch : Schwarzschild

2PN_LT : Schwarzschild + 𝜒 

2PN_Q : Schwarzschild + 𝜒 + 𝑄 

Studying the secular shift of orbital parameters

Secular shift 

opposes the spin

In simulations:

 ∆𝜛𝜒
𝑝𝑟𝑜

≠ ∆𝜛𝜒
𝑟𝑒𝑡 & ∆𝜛𝑄

𝑝𝑟𝑜
≠ ∆𝜛𝑄

𝑟𝑒𝑡

spin
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• Wrap up 1st paper:

…..Abd El Dayem et al. 2024

• Get back to the analysis of 

the detectability of the 

spin using multiple stars 

• Write 2nd paper about 

multi-star fits

24
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Acomplished

Work

Development of 

the 1.5PN, 

𝐆𝐑𝐩𝐫𝐨𝐣 & 𝟐𝐏𝐍𝐐

models

Analytical 
expression of 
secular effects 

to 2PN 

Confrontation 

of the results in 

KerrKS and 

KerrBL

Orbit fitting 
for spin 

detectability

Intuition on 
the impact of 
the relative 
orientations 

Galactic center 

and the effects 

produced by 

Sgr A*

Astrometry 
and 

spectroscopy

Acquired 

Knowledge
Relativistic 

dynamics and 

use of different 

metrics
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1st Year work:

• Spin effects on other S stars

• Coordinate system effects

• Orbit fitting of spin angles



equatorial plane of the BH

27

When integrating the infenitesimal expression of a parameter over f , the 

other parameters are constants of f..

Comparing 𝑃𝑁 simulations & analytical expression

2 approximations not in the simulations: 

A2

A1
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A1 A1’
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A1 A1’

is more precise 

even  at 𝓞
𝒗𝟒

𝒄𝟒

A1’
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A1 A1’

Same at 𝓞
𝒗𝟒

𝒄𝟒

is more precise 

even  at 𝓞
𝒗𝟒

𝒄𝟒

A1’
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A1 A1’

Same at 𝓞
𝒗𝟒

𝒄𝟒

is more precise 

even  at 𝓞
𝒗𝟒

𝒄𝟒

A1’

Same at 𝓞
𝒗𝟒

𝒄𝟒
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34

• Using instead of         generates 

different expression of Δ𝜛𝑆𝑐ℎ to the 2PN

A1’ A1
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• Using instead of         generates 

different expression of Δ𝜛𝑆𝑐ℎ to the 2PN

• PN analytical expressions deviate from the 

actual PN dynamics mainly due to A2

A1’ A1
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• Using instead of         generates 

different expression of Δ𝜛𝑆𝑐ℎ to the 2PN

• PN analytical expressions deviate from the 

actual PN dynamics mainly due to

• Independently of the observer: 

➢ the Δ𝜛𝑄 is maximized for equatorial 

orbits as well but is still important for 

polar orbits 

A2

A1’ A1
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• Using instead of         generates 

different expression of Δ𝜛𝑆𝑐ℎ to the 2PN

• PN analytical expressions deviate from the 

actual PN dynamics mainly due to

• Independently of the observer: 

➢ the Δ𝜛𝑄 is maximized for equatorial 

orbits as well but is still important for 

polar orbits 

➢ The ΔΘ has 2 types: rotation around 

major & minor axes

• A face-on view of the orbit maximize Δ𝜛 but 

minimize ΔΘ and edge-on views do the 

opposite

A2

A1’ A1
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• Using instead of         generates 

different expression of Δ𝜛𝑆𝑐ℎ to the 2PN

• PN analytical expressions deviate from the 

actual PN dynamics mainly due to

• Independently of the observer: 

➢ the Δ𝜛𝑄 is maximized for equatorial 

orbits as well but is still important for 

polar orbits 

➢ The ΔΘ has 2 types: rotation around 

major & minor axes

• A face-on view of the orbit maximize Δ𝜛 but 

minimize ΔΘ and edge-on views do the 

opposite

A2

A1’ A1
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