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Mon dessin ne représentait pas un chapeau. Il représentait
un serpent boa qui digérait un éléphant
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['ai alors dessiné .y
Uintérieur du serpent boa, afin que les grandes personnes puissent %
comprendre. Elles ont toujours besoin d explications J7




L'essentiel est invisible pour les yeux
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H—IL a7y )L b (1873-1916)

Uber das Gravitationsfeld eines Massenpunktes K_arl Schw_arzschild:__ .
nach der ENsTEINschen Theorie. Sitzungsberichte der Koniglich

PreuBischen Akademie der
ol Wissenschaften (Berlin), 1916,
(Vorgelegt am 13. Januar 1916 [s. oben S. 42].) Selte 189_196

Von K. SCHWARZSCHILD.

an’

ds’ = (1 —a/l%)dt*— — R*(dY 4 sin” Td¢?), R = (rP+ ). (14)
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» 7 T—H— (QSO=quasi-stellar object)
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R0 DBEKRKT7 7 v 7731 —I)L (SMBH)

o AD/LY ESMBHOEE O L HIBSHA R & SMBHOHE L % =%

o 4.2
13 % 105Mg (200k1n/s>

Magorrian et al. AJ 115(1998)2285 Gilltekin et al. ApJ 698(2009)198
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s 2020F / —RILEPEBZFE for the discovery of a
supermassive compact object at the centre of our galaxy

Sgr A*DOREIDEDEEN % 2 0 FELL EIC The Milky Way
Hiz)E=ZZ—L. A00F KBEEDEBE
KAV MNKRIE (57 7y 7FKR—I)
WNFEET 5 Z & 2 & RIRY ICHEAL

Sagittarius A* ————+—+—

26,000 light-years

The solar system - =¥

The Milky Way, our galaxy, seen from above. It is shaped like a flat disc
about 100,000 light-years across. Its spiral arms are made of gas and
dust and a few hundred billion stars. One of these stars is our Sun.

— - i~ https://www.nobelprize.org/prizes/physics/2020/press-release/
Reinhard Genzel Andrea Ghez . /
(7 v RTS 75%9'_'%)5)"[) (UCLA) ©Johan Jarnestad/The Royal Swedish Academy of Sciences
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Inspiral Merger Ring-
down
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Separation Angle Between Pulsars, &, [degrees]

Numerical relativity
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advanced LIGO(Laser Interferometer
Gravitational-Wave Observatory)
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Hanford, Washington (H1) Livingston, Louisiana (L1)

— H1 observed

Numerical relativity — Numerical relativity

Reconstructed (wavelet) Reconstructed (wavelet)
Reconstructed (template Re(onstructed template)

Frequency (Hz)

Normalized amplitude

o N B O

Abbott et al.

Phys.Rev.Lett.

116(2016)
061102



Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars
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SMBH binaries

DECIGO

Supernovae

Pulsars

1078 107 0 1072 10°
Frequency / Hz

C J Moore et al. (2015) Class. Quantum Grav. 32, 015014




PTAIC K 2B EEHKEDevidence (2023)

= NANOGravi (North American Nanohertz Observatory for
Gravitational Waves)
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with parallax and proper motion RVs + astrometry astrometry only
T T T T

T T T T T T
parallax + proper motion

Gaia BH-1 R
0.93My G star + 9.6MBH
(P,,=186days) at d=477pc

eccentricity ~ 0.45 > — x ey

-20 -10 0 10 -2 0 -2

A RA [mas] A RA [mas] A RA [mas]

LAMOST ¢ GMOS FEROS | 4 LAMOST 4 GMOS

UagE XSHOOTER HIRES W\—]\ MagE N XSHOOTER
UUUUUU \ ' | El-Badry et al.

17 2018 2019 2020 ! ] M N RAS
., 518 (2023)1057

T T
LAMOST . -0.25 . . 050 075 1.00 125

MagE '\

GMOS
XSHOOTER
FEROS
HIRES

ESI

‘
— M, =093M,
- — M, =0.00M,

] ] ] ] ] J(M,) =4.08 +0.08 M,
2022.3 20224 . 2022.6 2022.7 2022.8 . . 65 7‘0 8‘0 8‘5
year inclination [deg]




Gaia BH-2
1 M, red giant + 9M;BH
(Pop=1277days) at d=1.16kpc
eccentricity ~ 0.52

[ —— with orbit (DR3 coverage)

with orbit (extrapolation) .. *

¥ Dbarycenter ¥ barycenter
—— photocenter photocenter
6 L L L L 6 L L L

-5.0 -2.5 0.0 2.5 . -2.5 0.0 2.5
A RA [mas] A RA [mas]

Gaia solution predictions
¢ FEROS
UVES

2021.0 2021.5 2022.0 2022.5 2023.0 2024.0 2024.5

El-Badry et al.
arXiv:2302.07880

—— Joint Gaia + RV fit
¢ FEROS
UVES

1 1 1 1 20226 20227 20228 20229 20230 20231 20232
2022.5 2023.? 2024.0 2024.5 year
year 15.0 : : :

T T

T
N M, =1.07+£0.19M,

12.5

Gaia constraint

0.92 093 0.94 . . . 0.15 0.20 . '

40 50 60
year — 2022 year — 2023 inclination [deg]
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short-term RV variations due to BBH
period: ~ P;,/2

BBH: ml& m,
period: P;,
semi-major axis: a;,

100m/s

time

i
1()}1&111}
RV follow-up M

star - unseen companion Star:mt. RV curve for m,.
binary period: P

semi-major axis: @yt

R—EEEDIZBE D HPEETIL: Hayashi, Wang & YS 2020, ApJ 890, 112
FMXHEEMDIZES D HETETIL: Hayashi & YS 2020, ApJ, 897, 29

unseen

companlon
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Short-term Radial velocity modulation
of a tertiary star due to an inner binary
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Kepler motion of the tertiary

Hayashi, Wang + YS: ApJ] 890(2020)112
Hayashi + YS: ApJ 897(2020)29
Hayashi, YS + Trani (2023): arXiv:2307.01793

time




Short-term RV modulations expected from analytic
approximation (coplanar + circular tertiary)

Contours of expected semi-amplitudes of short-term RV modulations:
~ (1-100) m/s for coplanar outer orbits (Hayashi, YS + Trani 2023)

MAO1 unstable region Gaia BH1 Gaia BH2

'MAO1 unstable region
(coplanar) A EN

. (coplanar)

(days)

7
Solid: I(short(1 — eobs)_f(m/s) _
Dotted: K o:(m/s)

o
o

w
Semi-major axis of inner binary aj, (au)

Semi-major axis of inner binary aj, (au)

Orbital Period of hypothetical inner binary Pj,
o
9]

Agps = 496au  mc = 8.94Mg
eops = 0.451 m, = 0.93Mg eons = 0.5176  m, = 1.07Mg

0.0 0.2 0.4 0.6 0.8 : 0.0 0.2 0.4 0.6 0.8
Mass ratio of inner binary g,1 = m>/m Mass ratio of inner binary g>1 = m>/m




Short-term RV modulations from direct three-body
simulation (coplanar + tertiary with observed eccentricity)

/\% Gaia BH1 Pous = 185.59 days Gaia BH2 Pops = 1276.7 days
| \ eout=0°45 P;, = 50 days, e;, = O / eout=0.52
/ / P, = 10 days, ¢, =0 /\ \

| Pin = 10 days, ej, = 0.2 \\// //p = 50 days, e, = 0.2 \L_f.—-
\ magenta: Kgport ) .

s £
4 ot
i

magenta: Kgport
Y

S

T ;.7 v \/ v = ?\

,ﬂ' Pm 10 days Cin™ () cyan: Kshort (1- eobs)_7/2 \

1 A’\ i I B . §

7/2

residuals[m/s]

AT \I :’ ) .
P;,=50 days, e;,=0 . cyan: Kgnore (1 — €gps)

,f Pm 10 days Cin— 0.2 —100 m_SO days Cin— 0.2

0 25 50 75 100 125 150 175 0 200 400 600 800 1000 1200
+100P s time[days] +100P s time[days]

= Due to the outer eccentricity, the amplitude of the short-term RV
modulations becomes (10-100) times larger at the pericenter
passage than the analytic estimate for circular outer orbits




Long-term RV modulations due to nodal precession
and ZKL (von Zeipel-Kozai-Lidov) oscillations
for non-coplanar inclined triples

K out,obs (t) Giot
= K¢ sin I, (t)

X(reference)

inner orbit
(Qin, €in)

outer orbit
(aoutr eout)




Evolution of inclination for non-coplanar triples

t=0P)

A lgut = 45 iyt = 90° - strong Kozai-

weak Kozai- Lidov oscillation

Lidov oscillation

g Hayashi + YS: ApJ . |
M 897(2020)29 - large-
amplitude amplltL_lde
nodal ; y Kiep = Kosinloue(t) sporadic

precession v~ precession
bt () <0 e 2| [ m | i | v |

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
(0) (0)
t/Pyt t/P

out



Long-term RV modulations due to
nodal precession (/,,,,=20° )

1.5

— RViin Gaia BH1

Lt = 20° Iput = 20° "y,

o Vo = 44.1 kms™1
Po = 102.3P, = 52.0 yrs Pq = 115.5Pyt = 403.7 yrs

N |
o =
N U

imut[deg]

Hayashi, YS + Trani (2023)



Long-term RV modulations due to
moderate ZKL oscillations ( /,,,=60° )

B T e e

T e ———

Gaia B

P i = L

Hayashi, YS + Trani (2023)




Long-term RV modulations due to
strong ZKL oscillations (/,,,,=90° )

Imut = 90°

Gaia BH1

1.5

Hayashi, YS + Trani (2023)
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Everything not forbidden by the laws of nature is mandatory
— Carl Sagan "Contact”




