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Maximal accuracy

Astrometric (pas) Spectroscopic (km/s)
SINFONI (VLT)
NIRSPEC (Keck)

ERIS (VLT)
GRAVITY+ (VLT)
MICADO (E-ELT)

Decommissioned
Operational
Operational

Operational in 2022+

Operational in 2024+

Operational in 2028+

DEPEND ON THE FLUX OF THE INSTRUMENT

INSTRUMENTATION

VI ARGEIEREDE

GRAVITY (Interferometer) ! \l

SINFONI (Spectropgraph)




Maximal accuracy

Astrometric (jas)
SINFONI (VLT

Spectroscopic (km/s)
NIRSPEC (Keck)

State
~ 10

GRAVITY (VLT)
ERIS (VLT)
GRAVITY+ (VLT)

Decommissioned
~ 10

GRAVITY+ CAN MULTIPLY
THE NUMBER OF
Operational

PHOTONS UP TO A
Operational FACTOR 20!
Operational in 2022+

MICADO (E-ELT)

-Better temporal coverage
Operational in 2024+ .

-Less systematic errors
Operational in 2028+

-Less photon noise
DEPEND ON THE FLUX REACHING THE INSTRUMENT H POSSIBILITY OF DETECTING OTHER STARS

INSTRUMENTATION

VI ARGEIEREDE

GRAVITY — GRAVITY + (Interferometer) ! \l
-

ERIS (Spectropgraph) 't
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TOOLS: GYOTO AND GYOTO
PALETTE OF RELATIVISTIC Very modular C++ code

MODELS Compute null and time-like geodesics
Integrates the radiative transfer equation

Tracing Nl effect on the photon + Shapiro (GR¢)

GRwithout Sl Approximation of the Gravitational Lensing

Ray Tracing --- Approximation of the Spin effects on the orbit (GRpyo;)

Post-Newtonian
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(approximated orbit)
--- Approximation of the Schwarzschild Precession (1PN)

--- General Relativity is neglected




TOOLS: GYOTO AND GYOTO
PALETTE OF RELATIVISTIC Very modular C++ code

MODELS Compute null and time-like geodesics
Integrates the radiative transfer equation

Tracing Nl effect on the photon + Shapiro (GR¢)

GRwithout Sl Approximation of the Gravitational Lensing

Ray Tracing --- Approximation of the Spin effects on the orbit & RV (GRpye;)

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

Post-Newtonian
(approximated orbit)
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--- Approximation of the Schwarzschild Precession (1PN)

--- General Relativity is neglected

|-> Development of the 1.5PN, GR,,o; and 2PNy models

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



FRAMES OF REFERENCE AND OSCULATING ELEMENTS

Black-hole frame of reference: (xpn, Ybn: Zpn)

Orbit frame of reference: (Xorp: Yorn: Zorn)

Observer’s frame of reference: (a, 8, z,ps) = (RA, DEC, z,,)

Ybh

Mass of the black-hole: M.
Distance to the black-hole: R

Spin parameters: (a, ipn, Qpn)

12




FRAMES OF REFERENCE AND OSCULATING ELEMENTS

Black-hole frame of reference: (xpn, Ybn: Zpn)

Orbit frame of reference: (Xorb: Yorb: Zorb)

Observer’s frame of reference: (a, 8, z,ps) = (RA, DEC, z,,)

Spin parameters: (a, ipn, Qpn)

o, X'

NViaglelel Orbital elements

Tl Semi-major axis
Ybh .

e Eccentricity

i Inclination

A Argument od periastron

Q Longitude of the ascending node
Mass of the black-hole: M. P Period

Distance to the black-hole: R tp Time of periastron passage
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FRAMES OF REFERENCE AND OSCULATING ELEMENTS

Black-hole frame of reference: (xpn, Ybn: Zpn)

Orbit frame of reference: (Xorb: Yorb: Zorb)

Observer’s frame of reference: (a, 8, z,ps) = (RA, DEC, z,,)

o, X'

NViaglelel Orbital elements

Vou Asma Semi-major axis

e Eccentricity

i Inclination

A Argument od periastron

Q Longitude of the ascending node

Mass of the black-hole: M. P Period
Distance to the black-hole: Rq tp Time of periastron passage
Spin parameters: (a, ipn, Qpn)
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52/5 with (ispin, Qspin)=(45°, 160°)

200
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52/10 with (ispin, Qspin)=(45°, 160°)
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S2/10 with (ispin, Qspin) =(45°, 160°)
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What to do if no closer-in stars were to be found?

==) Explore the possibility of a spin detection from a collection of eccentric orbits?

Orbits of the central S stars

-

DEC (mas)
o




What to do if no closer-in stars were to be found?

==) Explore the possibility of a spin detection from a collection of eccentric orbits?

Orbits of the central S stars

-

_Iil'

DEC (mas)
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S2: (erra, errry) = (10pas,10km/s), a = 0.99 and t €[2016,2060]
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S2: (erra, errry) = (10pas,10km/s), a = 0.99 and t €[2016,2060]
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S29: (erra, errry) = (10pas,10km/s), a= 0.99 and t&€[2016,2060]
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If we fit multiple star orbits at the same time the degeneracy of the spin <:|-|

angles with each other and with the spin magnitude will be reduced !




Studying the impact of the orientation of the spin relative to the
orbit and to the observer on the observables

« 32 spin orientations
« 12 orbit inclinations
e e=0&e=099
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e=0

P W max|RAl2=0.99)-RAla=0l {us) . " N P - max|RAla=0.99)-RAla =0]| imas)
Spin effect with different spin and orbit arientations (e=0) € [2018,2022] using the GR_cd model M max|DECIa=0 994 DEC=0l uas) in twith d and ol g L ¢ I mnDECIa=0.8910ECIa=0) (mas)
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For face-on BH (i, = 0 [1T]): Qp, has no impact

For edge-on BH (i, = /2 [211]): Qpp has the biggest impact
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Highest spin effect: face-on orbit & face-on BH

Lowest spin effect: face-on orbit & edge-on BH
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SymetrieS: (ibh: TT, Qbh) = (ibh: T, Qpp + )
(iph: Qpn) = (T-lph, Qpn+ T0)
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Spin effect with different spin and orbit arientations (e=0) € [2018,2022] using the GR_cd model M max|DECIa=0 994 DEC=0l uas) Spin effect with different spin and orbit g L ¢ I mnDECIa=0.8910ECIa=0) (mas)
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For face-on BH (i, = 0 [1T]): Qp, has no impact

For edge-on BH (i, = /2 [211]): Qpp has the biggest impact

Highest spin effect: face-on orbit & face-on BH
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Lowest spin effect: face-on orbit & edge-on BH

SymetrieS: (ibh: TT, Qbh) = (ibh: T, Qpp + )
(iph: Qpn) = (T-lph, Qpn+ T0)
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Studying the impact of the orientation of the spin relative to the orbit and to the
observer on the observables

Orbits in the equatorial plane with e = 0.99, asma = 2000rg and face-on view

T T
| op First date
3 Last date
/\ Pericenter
(O Apocenter
—— Kepler prograde
—— Schwarzschild prograde

1 —— Kerr (a=0.99) prograde
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Studying the impact of the orientation of the spin relative to the orbit and to the

observer on the observables

Orbits in the equatorial plane with e = 0.99, asma = 2000rg and face-on view

| op First date
3 Last date
/\ Pericenter
(O Apocenter
—— Kepler prograde
—— Schwarzschild prograde

1 —— Kerr (a=0.99) prograde
—— Schwarzschild retrograde /

—— Kerr (a=0.99) re?

/

|
-
o

w
o]
E
o
i
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Retrograde a=0.99

5 ..‘.,"% /
Retrograde a=0 ™
=20 \ J
Y Prograde a=0.99
9

0 -10

Prograde a=0

RA (mas)

Noticed that an anticlockwise spin indeed induces a clockwise pericenter advance

Noticed that the effect of the spin was not the same for a prograde and retrograde orbit!




Studying the impact of the orientation of the spin relative to the orbit and to the

observer on the observables

Orbits in the equatorial plane with e = 0.99, asma = 2000rg and face-on view

| op First date
3 Last date
/\ Pericenter
(O Apocenter
—— Kepler prograde
—— Schwarzschild prograde

1 —— Kerr (a=0.99) prograde
—— Schwarzschild retrograde /
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Noticed that an anticlockwise spin indeed induces a clockwise pericenter advance e

Noticed that the effect of the spin was not the same for a prograde and retrograde orbit!




l-b Suspected the quadrupole moment to be responsible == Computed the theoretical expression of the

secular shift of orbital parameters induced by the spin and quadrupole moment

G*M?
-—— (32)

V= Vellort, + VMg (33)

V= GTmesinf, V= GT”’U +ecos (), p=daall - €)
(34)
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Prograde
orbit

Retrograde
orbit

An Anticlockwise spin induces a

clockwise pericenter advance

Quadrupole moment is responsible
for the difference between prograde
and retrograde secular shifts

Prograde shift > Retrograde shift,
not the opposite!




Acomplished
Work

Fitting mock
data with a
given model

Development of
the 1.5PN,
GRpro; & 2PNg
models
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Astrometry
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spectroscopy

Relativistic
dynamics and
use of different

metrics
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ORBIT FITTING OF $2/10 WITH FIXED ZERO SPIN

Residual between model and mock data of 8 orbits of S2/10 with a=0 and an orbit

fit with the Schwarzschild model:

l NWM
M M

2018-012018-072019-012019-072020-012020-072021-012021-072022-01 2018-02018-072019-0122019-072020-012020-072021-02021-072022-01
Date (yr) Date (yr)

|
f

AAmodel — datal OGraviTY

ARVinodel - datal OsinFoni

h Xr=099+008 mE) Good orbitfitting of the mock data €2




ORBIT FITTING OF $2/10 WITH FIXED ZERO SPIN

Residual between model and mock data of 8 orbits of S2/10 with a=0.99 and an

orbit fit with the Schwarzschild model:

A

P

2018-012018-072019-012019-072020-012020-072021-012021-072022-01 2018-012018-072019-012019-072020-012020-072021-02021-072022-01
Date (yr) Date (yr)

h Xf=13.00+008 B \Very poor orbit fitting of the mock data e
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Plotting the effects of the spin on radial velocity on our selection of S stars:

ARVir using the GR_rt model and (i',Q")=(45°, 160°)
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=0.99}-A(a=0) (pas)

= Ala

|AALT|

0) (kmy/s)

0.99)-RV(a

|ARViT| = RV(a

The Kerr-Schild (KerrkKS) and Boyer Lindquist (KerrBL) coordinate systems give different results for

the same set of initial condion

AA 1loa and ARV r/ogy using the GR_cd model and (a,i’,Q')=(45°, 160°)

40 4 —=— 52 in KerrBL
—— 52 in Kerrks
—e— 529 in KerrBL
301 529 in Kerrks
538 in KerrBL
20 - S38 in Kerrks
—— 555 in KerrBL
—— 555 in Kerrks A
10 5
[ |
0 -
2 DI2{} 2 DIB{} 2 DI4D 2 DIS{} 2 Dlﬁ{}
—— 52 in KerrBL
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2.0 $29 in Kerrks
15 4 S38 in KerrBL
538 in Kerrks
1.0 - 555 in KerrBL
555 in Kerrks
0.5 A
0.0 4

T
2020

T
2030

2040
Date (yr)

T
2050

T
2060
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Set of nominal set of initial conditions

g

Comparing the spin effect of the KerrKS and KerrBL coordinates (different orbits)

After Set of nominal set of initial conditions

!

2 curve fits with free orbital parameters: 1 with KerrKS and 1 with KerrBL fitting

{ {

KerrKS orbital parameters KerrBL orbital parameters
forming the KerrKS orbit forming the KerrBL orbit

+ Removing unnecessary
transformations and
cleaning the code

Comparing the spin effect of the KerrKS and KerrBL coordinates (approximately same orbits)




|AAiT| and [ARVT| using the GR_cd model and (a,i’,Q0')=(45°, 160°)

0) (pas)

0.99)-Ala

|AAT] = Ala

T T T T T
2020 2030 2040 2050 2060

0) (km/s)

0.99)-RV(a

S2 in KerrBL

S2 in Kerrks

S29 in KerrBL
529 in KerrkKs
S38 in KerrBL
538 in KerrkKSs
555 in KerrBL
555 in KerrkKS
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|[ARVIT| = RV{a

T T T T
2020 2030 2040 2050 2060
Date (yr)




A and RV using the GR_cd model and (a,i’,Q')=(0.0, 45°, 160°)

|AAks - g | (pas)

52 KS-BL resid

529 KS-BL resid
538 KS-BL resid
555 KS-BL resid

|ARVks —gL| (km/s)

2040
Date (yr)




Set of nominal set of initial conditions

g

Comparing the spin effect of the KerrKS and KerrBL coordinates (different orbits)

After Set of nominal set of initial conditions

!

2 curve fits with free orbital parameters: 1 with KerrKS and 1 with KerrBL fitting

{ {

KerrKS orbital parameters KerrBL orbital parameters
forming the KerrKS orbit forming the KerrBL orbit

g {

Comparing the spin effect of the KerrKS and KerrBL coordinates (approximately same orbits)




~ RELATIVISTIC EFFECTS |

N THE VICINITY|OF SGR A% |

2 Kerr—— On the star’s trajectory

On the photon trajectory
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Angélil Effects on the orbit of the star Effects on the photon trajectory
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RV (km/s)

SPIN EFFECTS ON THE SPECTROSCOPIC
MEASUREMENTS OF $2/10
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Rotating frame: (n, 4, z,,p)

Development of
the 1.5PN model

With f the true anomaly, let:

G2m? [Gm [1+ecosf\’
§=— a
¢ P p

We writre the pertubation to the Keplerian problem as*: @y spin = S+ TA+ Wz,

On n axis: S= 2(1+ecosf)|costcost’+cos (Q—Q) sinesini |

On 2 axis: T = — 2&e sin f[cos: cost +cos (Q— Q) sinzsin |
On z,,, axis;. W= fl(sinzcosl’_ cos 1 sint’ cos (Q — Q’))(e sinw + 4 sin(f + w) + 3e sin2f + w))

— (e cosw + 4 cos(f + w) + 3e cos(2f + w))sin:"sin (Q — Q)

* : according to Poisson et Will, Gravity: Newtonian, Post-Newtonian, Relativistic, 2014
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10pas)

|GRproj — GRt|/0a (04

Development of
the GR,;o; model

gl > groudy ﬁ

Verified approximation

(factor 10* at least between 1 V2
the two terms) Z =~ 5 + ?’O — Viad flat
R H * With:
Runnig time (s) of 8 orbits | GR_rt | GR_proj |
————————————————————————————— L e e e LR RS o
s2/10(a=0) | 41.4131805896759 | 7.1126415729522705 | € =
s2/10(a=1) | 43.61038303375244 | 7.116910457611084 | 2+ a?cos? f
52(a=0) | 54.38659143447876 | 7.016649961471558 |
s2(a=1) | 54.38659143447876 | 7.016649961471558 |
————————————————————————————— R b e s &

Astrometric residuals of the GRproj model

Spectroscopic residuals of the GRprn; model

0.0030 -

0.0025 -

0.0020 -

0.0015

0.0010 +

0.0005 A

0.0000 -

—— S2/10 with (a,i",Q") = (0 , 45°, 160°) 30 1 — S2/10with (a,I',.Q') = (0 , 45°, 160°)

—— S2 with (a,i"Q) = (0 ,45°, 160°)
S2 with (a,i",Q") = (0.99, 45°, 160°)

| |

Vv

—— S2/10 with (a,i",Q') = (0.99, 45°, 160°) —— 52/10 with (a,i",Q') = (0.99, 45°, 160°)

—— S2 with (a,i"Q') = (0 , 45°, 160°)
52 with (a,i,Q") = (0.99, 45°, 160°)

N
w
L

N
o
1

|IGRproj — GRrt|/0ry (OrRy=10km/s)
- -
=] &

v
L

ol AL L \ \ -\ .

2018.0 20185 2019.0 2019.5 2020.0 2020.5 2021.0 2021.5 2022.0

Date (yr)

2018.0 20185 2019.0 20195 2020.0 2020.5 2021.0 2021.5 2022.0
Date (yr) 51



	Section par défaut
	Diapositive 1
	Diapositive 2
	Diapositive 3
	Diapositive 4
	Diapositive 5
	Diapositive 6
	Diapositive 7
	Diapositive 8
	Diapositive 9
	Diapositive 10
	Diapositive 11
	Diapositive 12
	Diapositive 13
	Diapositive 14
	Diapositive 15
	Diapositive 16
	Diapositive 17
	Diapositive 18
	Diapositive 19
	Diapositive 20
	Diapositive 21
	Diapositive 22
	Diapositive 23
	Diapositive 24
	Diapositive 25
	Diapositive 26
	Diapositive 27
	Diapositive 28
	Diapositive 29
	Diapositive 30
	Diapositive 31
	Diapositive 32
	Diapositive 33
	Diapositive 34
	Diapositive 35
	Diapositive 36
	Diapositive 37
	Diapositive 38 ORBIT FITTING OF S2/10 WITH FIXED ZERO SPIN 
	Diapositive 39
	Diapositive 40
	Diapositive 41
	Diapositive 42
	Diapositive 43
	Diapositive 44
	Diapositive 45
	Diapositive 46
	Diapositive 47
	Diapositive 48
	Diapositive 49
	Diapositive 50 Development of the 1.5PN model
	Diapositive 51 Development of the GR indice proj model


