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Maximal accuracy

Astrometric (pas) Spectroscopic
SINFONI (VLT
NIRSPEC (Keck)

Decommissioned
GRAVITY (V LT)

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

Operational
Operational
Operational
Operational in 2024+

Operational in 2028+

DEPEND ON THE FLUX REACHING THE INSTRUMENT

INSTRUMENTATION

VLT (Paranal) :

GRAVITY (Interferometer) ! \l

SINFONI (Spectrograph)




Maximal accuracy

Astrometric (jas)
SINFONI (VLT

Spectroscopic (km/s)
NIRSPEC (Keck)

State
~ 10

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

Decommissioned
~ 10

GRAVITY+ CAN MULTIPLY
THE NUMBER OF
Operational

PHOTONS UP TO A
Operational FACTOR 20!
Operational

Operational in 2024+

-Better temporal coverage
Operational in 2028+

-Less systematic errors

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

INSTRUMENTATION

VLT (Paranal) :

GRAVITY — GRAVITY + (Interferometer) ! \l
-

ERIS (Spectrograph)




2nd Year work:
Impact of the relative orientations

Spin parameters:
(X, ibh, Qo) Zorb

BH frame of reference: (Xpn, Yoh: Zbn)
Orbit frame of reference: Xorb, Yorbs Zorb)
Observer’s frame of reference: (a, 8, Zqps)

Nelly
orientation

Orbit <:> Observer's
orientation orientation
|

Y

Impact the secular evolution

of the pericenter/apocenter

|-> Intuition?

'

Study the different

types of precessions




2nd Year work:
Impact of the relative orientations

Spin parameters:
(X, ibh, Qo) Zorb

BH frame of reference: (Xpn, Yoh: Zbn)
Orbit frame of reference: Xorb, Yorbs Zorb)
Observer’s frame of reference: (a, 8, Zqps)

Nelly
orientation

Orbit <:> Observer's
orientation orientation
|

Y

Impact the secular evolution

of the pericenter/apocenter

|-> Intuition?

'

Study the different

types of precessions




TOOLS:
PALETTE OF RELATIVISTIC
MODELS

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

GRwithout i Approximation of the Gravitational Lensing

Ray Tracing

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

--- General Relativity is neglected




TOOLS:
PALETTE OF RELATIVISTIC
MODELS

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

GRwithout i 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 (2PNq)

Post-Newtonian

7}

&
s

§®>

g
3
U
NG
&
S
S
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--- Approximation of the Lense-Thirring effects on the orbit (1.5PN)
(approximated orbit)
--- Approximation of the Schwarzschild Precession (1PN)

--- General Relativity is neglected

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




TOOLS 2PN order for closer-in stars
PALETTE OF RELATIVISTIC 2PN sch - Schwarzschild
MODELS 2PN _LT : Schwarzschild + x

2PN_Q: Schwarzschild + x + Q

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

GRwithout i 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 (2PNq)

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

|-|_—:> Separation of x& Q --- Approximation of the Schwarzschild Precession (1PN)

7}

&
s

§®>

g
3
U
NG
&
S
S
&

--- General Relativity is neglected

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




Studying the secular shift of orbital parameters

©@ 2 TYPES OF PRECESSIONS AT THE 2PN ORDER

A Z/to Earth

O IN-PLANE PRECESSION:

> Around zgp

j\f‘”fiff?*""' > Due to:
« Schwarzschild
X
*Q

!',J.' ii.i,hf,[?rb A Z/to Earth

."'ZOrb f

: VP

H 1 M

=. AN " . Zbh//orb




Studying the secular shift of orbital parameters

©@ 2 TYPES OF PRECESSIONS AT THE 2PN ORDER

A Z/to Earth

O IN-PLANE PRECESSION:

> Around zgp

£ ot > Due to:
+ Schwarzschild
X
°q

'!,s":ﬁ'iﬂhh!?r‘b Z/to Earth
:-"zorb EJ O OUT-OF-PLANE
L W A B jort PRECESSION:

> Around zy, at fixed 8
» Due to:

* X

*Q

Y/a




Studying the secular shift of orbital parameters

O

A Z/to Earth

ANorbsky”

e

Zph//orb

l',o.' ii.i,h,t,gyrb A Z/to Earth
."' Zorb f

i 1 N

: 1 “\

Y/a

T Lo Mg sy

2 TYPES OF PRECESSIONS

AT THE 2PN ORDER

O IN-PLANE PRECESSION:

> Around zgp

» Due to:
+ Schwarzschild

* X
*Q
» Characterised by:
Aw = Aw + costAQ

0 OUT-OF-PLANE
PRECESSION:

> Around zy, at fixed 8

» Due to:
* X
*Q
» Characterised by:
AO = sinwAt — coswsintAQ)

Independent of
the observer |




Studying the secular shift of orbital parameters

©@ 2 TYPES OF PRECESSIONS AT THE 2PN ORDER

A Z/to Earth
AR RTINS . ARG AR

O IN-PLANE PRECESSION: ANALYTICAL EXPRESSION OF THE
SECULAR SHIFT OF ORBITAL
> Around Zgp PARAMETERS:

Nurb,n’,’sky"/ Y/ﬂ, .
S » Due to:
< Lo Rarnpsiy « Schwarzschild _ _ 6nGm  nG’m 2(28 &)
X
*Q

» Characterised by:
Aw = Aw + costAQ

Lo bnyom A Z/to Earth LD : _ L
N Maximal for 6 = 0: an orbit in

: ~ Q OUT-OF-PLANE .

:: Jhmm . PRECESSION: the equatorial plane of the BH

> Around zyy, at fixed 6

32
] sinfsin(w —f) x

» Due to: .

X ] cos@sin@sin(w - B) x>

*Q

> Characterised by: b Nullfor o = 0: an orbit in the
A® = sinwAt — coswsiniAQ equatorial plane of the BH




Studying the secular shift of orbital parameters

O

A Z/to Earth

> Y/a
ANorbjsky
<y
Lo.n.oh/ysky

LOTEn o A 7 /to Earth
! L

iZorb

' 1 N

: 1 “\

. Zbh//orb

O IN-PLANE PRECESSION:
> Around zgp

» Due to:
+ Schwarzschild

° X
*

> Characterised by:
Aw = Aw + costAQ

yon (ug)

ANALYTICAL EXPRESSION OF
THE SECULAR SHIFT OF
ORBITAL PARAMETERS:

2.2
6xGm . nG*m (28 - &)

Awgeh = Awsen = 2 Yo,

8z [Gm "2
Am){:—c—f[Tm] cosf y

3n [Gm|
Awy = 2o [T] (1 - 3cos’ 9) X

Timelike geodesic with no initial angular
momentum

-2

Yon (Ug)

44— Xpn (UE)
14

[ Adapted from Eric's Gourgoulhon Lecture notes ]

A xpy (ug)
12

Null geodesic with an
initial angular momentumin the
opposite direction to the spin of the BH




Studying the secular shift of orbital parameters

Hypothetical star Name "Ecc" SIMULATION WITH 3
. CODE MODELS:
Period 0.38696 yr

with considerable
Eccentricity 0.99 2PN sch : Schwarzschild

relativistic effects:

Equatorial orbit (8 = 0) of Ecc with face-on view

I T T
First!date —— Ecc_pro_face-on: 2PN_sch
g Last date —— Ecc_ret_face-on: 2PN_sch

(O Apocenter

Prograde orbit

DEC (mas)

Retrograde orbit




DEC (mas)

Studying the secular shift of orbital parameters

WHAT HAPPENS WHEN WE ADD A BH
SPIN IN THE SAME PLANE ?

Equatorial orbit (8 = 0) of Ecc with face-on view

First!date . —— Ecc_pro_face-on: 2PN_sch
g Last date —— Ecc_ret_face-on: 2PN_sch

(O Apocenter

SIMULATION WITH 3
CODE MODELS:

2PN_sch: Schwarzschild

Prograde orbit

Retrograde orbit




Studying the secular shift of orbital parameters

on (ug) SIMULATION WITH 3

Timelike geodesic with no initial angular

momentum

A Secular shift
opposes the spin

Xpp (ug)

CODE MODELS:

2PN_sch: Schwarzschild

[ Adapted from Eric's Gourgoulhon Lecture notes | 2 PN L-l- . SChwa rZSChild i X

Equatorial orbit (6 = 0) of Ecc with face-on view

I I I
First ! date N @ Ecc_pro_face-on: 2PN_sch
Last date y —— Ecc_ret_face-on: 2PN_sch
Apocenter § %\ —— Ecc_pro_face-on: 2PN_LT
—— Ecc_ret_face-on: 2PN_LT

DEC (mas)

Prograde orbit

Retrograde orbit




Studying the secular shift of orbital parameters

SIMULATION WITH 3
CODE MODELS:

A |n simulations:
pro

A Secular shift
Aw, ° # Awy®t
2PN_sch: Schwarzschild

opposes the spin

2PN_LT : Schwarzschild + x

Equatorial orbit (6 = 0) of Ecc with face-on view
| N @ Ecc_pro_face-on: 2PN_sch

First date

y —— Ecc_ret_face-on: 2PN_sch ]
Last date Prograde orbit
Apocenter

DEC (mas)

Retrograde orbit




DEC (mas)

Studying the secular shift of orbital parameters

Equatorial orbit (6 = 0) of Ecc with face-on view

Aa)_pro

ret
Yy AZD'X

SIMULATION WITH 3
CODE MODELS:

pro

ret
AZD'Q * AwQ

2PN _sch : Schwarzschild
2PN _LT : Schwarzschild + x
2PN _Q : Schwarzschild + y + Q

_lﬂ .

_15 -

_20 -

cp First date
$% Last date

() Apocenter

spin

{11411

Ecc_pro face-on: 2PN_sch
Ecc_ret face-on: 2PN_sch
Ecc_pro_face-on: 2PN _LT
Ecc_ret face-on: 2PN _LT
Ecc_pro_face-on: 2PN_Q
Ecc_ret face-on: 2PN_Q

Prograde orbit

T
-15

Retrograde orbit

21
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ABSTRACT

Context. Measuring the astrometric and spectroscopic data of stars orbiting the central black hole in our galaxy (SSrAs

promising way to measure relativistic effects. In principle, the

-hair” theorem can b t the Galactic Center by m

the orbital precession of tars due to the angular momentum (or spin) and quadrupole moment of Sgr A*.
Alms In this [\xpu we i ate \\Im \kll ‘urhu and \pm m‘lml.lliun are nee ul 1o me um Ih in and quadrupole m

Mefhods ‘e consider a collection of S stars as well as a putative stars m.u o h t closer to S *, thus being much more a

the spin and quadrupole effects. It is possible that either future obser ns of GRAVITY+ could detect such inner stars
have been too faint to be detected by AVITY. To reach our objectives, we use different relativistic models in orderto gel
orbit and radial ve of the putative stars and analyze how their prei ion can be affected by the relative orientations of

the orbits and the obse
Results.

Key words. black hole physics avitation — axy: center —

. Introduction

After y C

Milky Way e >sence of a super-
massive hl.uk hole (SM calle A nter of the
Galaxy ( g 5

black hole -. harac ucd by only thr
ternally nhs able s ar sular mom
tum (h i
will be set to zero in our \lud A
quadrupole moment, it must b

ding to the no-hair the
independently measuring these 3 quantities. Dozens of S

are currently known ( 8

enter, wh
S avitational cort
the black hole’s mass resp
light collected by the 4 Unit TLIL \Lupu of th
> ].II\llUl]lLlll GRAV-

ITY (General Re l[i\-lly :\11.11‘ V ometrY) was
able to estimate the mass of Sg 2 4.297 10°M,,. Even-
thol the spin and quadrupole 1t of the black ho
still unknown, the future monitoring of S stars could, in princi-
ple, onstraints on these param (

i ) which in turn \\uul d allow
us to test the “no-hair” theorem.

relativistic processes - techniques: interferometrie

different relativistic effects that can be o

ity of a strong gravitational field like the on

2 into 2 categories. The Sch
of a non-rotating black hole:

for insta ince). Thus, the pericenter and apocen
i ~lm m one period to another. This a
and the spectroscopy.

when the photon crosses a gravi
s both the astrometry and the speci

of the photon geodesic (including spin effects
tory) that the apparent position
sky plane. Thi

ration of light. This affects both the astromet
roscopy

Wrap up st paper:
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Get back to the analysis of
the detectability of the
spin using multiple stars

Write 2nd paper about
multi-star fits

24



Acomplished
Work

Relativistic

dynamics and
use of different

metrics

Development of
the 1.5PN,
GRpro; & 2PNy
models

Acquired
Knowledge

Astrometry
and
spectroscopy

Intuition on
the impact of
the relative
orientations




1st Year work;

Spin effects on other S stars
Coordinate system effects

Orbit fitting of spin angles

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

—e— 529 KS-BL resid
—=— S$38 KS-BL resid
~—— §55 KS-BL resid

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

Studying the detectability of the orientation of the spin

52: (erra. errav) = {10uas,10km/s), a = 0.99 and ¢ € [2016,2060] 529: (erra, emay) = {10uas, 10knv's), a = 0.99 and tE [2016,2060]

0 50 00 10 200 250 %0 350

h If we fit multiple star orbits at the same time the degeneracy of the spin J
angles with each other and with the spin magnitude will be reduced !




Comparing PN simulations & analytical expression

2 approximations not in the simulations:

di | P’ 1 2, g3 ’Pa 1
— = [1+¥Y+¥ + '+ .| —> 2y —
df Gm (1 + ecos f)? [ ] Gm (1 +ecos f)>

with:

= FU(f. p(f), e(). B

Y=F'pep <l

e =0(%): ¥, = 0(5): Wo = O(%)

‘ When integrating the infenitesimal expression of a parameter over 7, the

other parameters are constants of 7

f0+2:r

Aﬂ = F* (ff pm’ effj’ﬁ(fﬁ df

Jo

=~ FH(p,e,B)




Gm (1 + ecos f)?

.V (1+ecosf)2[ +

cos f S- 2+ecosf
(1 +ecos f)? (1+ecos f)}

eGm

sin fT)

T+ e
Awrse =f g
h A df

_ 6nGm  nGem? 9+Sl+e2 G m?
T3y 20 Zezc6 3

—@.F&zmz 2+51+e_2 + 0 v_ﬁ
T o2p 2¢4p? \e? 2 cb

(108 = 79¢* + 15¢")

Jot2m dwx
Aw, f df

fo
3/2
[ m] 0s 6 y + 4_7r(Gm) (1 + 10¢? +e4)cos26?,\/2
p 2 6p3
-5

176
cost y +0 (—6)

fo+21 d
Awg = f :’Q df

2
us m

fo f
7 [Gm G*m*
=§[7] (l-—3c0520)x2+ 08p4x[ ]
|5

(l - 3cos’ 9) X’ +0(:—:)




Gm (1 + ecos f)?

.V (1+ecosf)2[ +Y

‘I’———— cos [ S- 2+ ecos f
" eGm\(1+ecos )2 (1+ecosf)>

sin fT)

fo+2m dws "
At =f S df
h A df

_ 6nGm  nG*m?|( 9 e\, G m?
is more precise T oep * 20 p? 2020 p?

v*
even at0<F) G G ’. 6
-E s arneg)eold)

(108 = 79¢* + 15¢")

fo+2m dwx
Vs A, f df

fo

056 x + 4_"(36’") (1 + 106 + ¢*) cos? 04>

[Gp’”]

176
cost y +0 (—6)

LY ] PP i
204[17](1 3cos€),y+csp4x[]

37 [Gm ]| 2N 2 V8
=?[T] (l—3cos 0),\/ +O(c_8)
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cos f
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T+ e
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h A df

_ 6nGm  nGem?
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174'
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bap [
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. nG3m?
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c 4
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f
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Schwarzschild precession

LT effect

(%)

Aw

AW alytical—AD

EEA Prograde with Al EEE Prograde with Al
. . FF777771
B Retrograde with Al - EEA Retrograde with Al
147 mmm Prograde with A1' mmm Prograde with Al'
mmm Retrograde with Al' . mmm Retrograde with Al
5 4
< .. ..
. .. 4_
Vi | -
0.6 1 -- ..
.. 2 _
" ..
.. 1 |
0.2 -
0 |

ecc fo S2 fo ecc_fo
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AW alytical—AD
Aw

>
N

1.4+

1.2 4

1.0 4

0.8 1

0.6

0.4 1

Schwarzschild precession

0.0 -

EEA Prograde with Al

B Retrograde with Al
mmm Prograde with A1’
mmm Retrograde with Al'

ecc fo

LT effect

EEE Prograde with Al
EEA Retrograde with Al
mmm Prograde with ATl
mmm Retrograde with [pl

S2 fo

ecc_fo
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TAKE HOME
MESSAGES

Using @ instead of @ generates
different expression of Awg,., t0 the 2PN
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TAKE HOME
MESSAGES

Using @ instead of @ generates
different expression of Awg,., t0 the 2PN

PN analytical expressions deviate from the
actual PN dynamics mainly due to (a2
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TAKE HOME
MESSAGES

Using @ instead of @ generates
different expression of Awg,., t0 the 2PN

PN analytical expressions deviate from the
actual PN dynamics mainly due to (a2

Independently of the observer:
> the Awg is maximized for equatorial
orbits as well but is still important for
polar orbits
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TAKE HOME
MESSAGES

=)
3
Q
S
S
3
AN
®
)
@
S
Q
Q
g
i}
Q
S
)

Usin instead of enerates
g g

different expression of Awg,., t0 the 2PN

PN analytical expressions deviate from the
actual PN dynamics mainly due to (a2

Independently of the observer:
> the Awg is maximized for equatorial
orbits as well but is still important for
polar orbits

» The A® has 2 types: rotation around
major & Minor axes

A face-on view of the orbit maximize Aw but
minimize A® and edge-on views do the
opposite
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TAKE HOME
MESSAGES

Using @ instead of @ generates
different expression of Awg,., t0 the 2PN

PN analytical expressions deviate from the
actual PN dynamics mainly due to (a2

Independently of the observer:
> the Awg is maximized for equatorial
orbits as well but is still important for
polar orbits

» The A® has 2 types: rotation around
major & Minor axes

A face-on view of the orbit maximize Aw but
minimize A® and edge-on views do the
opposite
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