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Gaia DR3DLHTDOBH/NSEE A (3/3)
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Table 1| Derived parameters for VFTS 243

P[d] 10.4031+0.0004
T, JD-2,400,000] 54,870.7 +1.5
e 0.017 £0.012
[°] 66 +53
K,[kms-'] 81.4+1.3
I'(kms™] 260.2+09
fIM,] 0.581+0.028
To2 (kK] 36+1

log g, [cgs] 3.7+01
Ez;v[mag] 0.45+0.02
Ay[mag] 1.76 +£0.08
logM vD [M,yr] -6.3+0.3

v, [kms~'] (adopted) 2,100

Xy [%] 011+ 0.05
Xn/ Xnmc 16+7

Ay [mag] 1.70+0.03
log L, [L,] 520+0.04
R, [Rs] 10.3+0.8

RY/ Rrochelone 0.33+0.03
vsini,[kms™'] 181+16

M1, [M,] 259+3.1

M., [M] 26.2+21
Miec: [M] 19.3+5.2

M, [M;] 250+23
Min2 [Mg] 87+0.5

M, [M,] 101+2.0

M. [M;] 36.3t§:§

i[°] 240

Age [Myr] 74
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The number of binary stars
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Tanikawa etal, (2023)
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Gaia DR372353 /1 72 B H (1/2)

Gaia collaboration (2023)

Table nss_solution_type Solutions Description
nss_acceleration_astro Acceleration? 246 947 Second derivatives of position (acceleration)
Acceleration9 91 268 Third derivatives of position (jerk)

nss_two_body_orbit Orbital
OrbitalAlternative®

OrbitalTargetedSearch*
AstroSpectroSBl1

~ 170,000

L A= 51 OT DE
{Mlﬁfilﬂ;ﬁ? EclipsingSpectro

EclipsingBinary
nss_non_linearspectro FirstDegreeTrendSBl1
SecondDegreeTrendSB1
nss_vim_f£fl VIMF

134 598

Orbital astrometric solutions
Orbital astrometric, alternative solutions
Orbital astrometric, supplementary external input list
Combined orbital astrometric + spectroscopic solutions
Orbital spectroscopic solutions
Combined orbital spectroscopic + eclipsing solutions
Orbits of eclipsing binaries
First order denivatives of the radial velocity

Second order derivatives of the radial velocity
Variable-induced movers fixed
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Gaia DR3723# /1 72 ¥ H (2/2)

companion mass constraints
I I I

BB RS D
MR D375 o
Mo =1.90 M, ; ’_ *
B 2 /\fcfﬁ{ﬁﬂf’
N’ mﬂp;i%i_%@_ tEREEED MRZE L <
. . MR HIRTE % (BH/NSZ% HY
50 60 70 80 NV HhkLiz¢ T 3)



MR

. Gaiall X ABH/NSHLE OETF D HA

+ BHNSTHREDEF RX— 3 v

+ Gaia BH/NSDIE TR D [H]E

CAYEE ) BH/NSHELE 3% HL sk




M, =0.93M,

comp

P =185.59d
a = 1.40 au

e = 0451
[Fe/H] = — 0.2

M, =107M,

comp

P=1276.7d

a =496 au

e =0.5176
[Fe/H] = — 0.22

BP-RP color

0.2

0.0

z |kpc]

-0.2

-0.4

'Disk component

}—




-0.4 | -

T
|

L]
Il

—0.6 - -

-0.8

Al

Ll

I
—
o

|

Gaia BH3

I
—
0o

J T T I I' T T Al [ | | L ] T Al 1

Eiot [10° km?/s%]

—1.4

M, =0.76M,

comp

P=4194"7 d
a=164 au

e =0.7262
[Fe/H] = — 2.56

ED-2 (E23)
~1.8 » ED-2(Nadd ct al. 2023)
® Seguoia

@ ED 3
X Gaia BH3 pE

—1.8
4.0

-
-
1
-
—
-
-
B
=
e
-
R
—
=
—
-
-
-
=

'lIl
llll

3.5

. |

(o
o

UIIIVYI

llll

L

N
o)
|

Al

0.0 0.5 1.0 1.5 2.0 2.5

LA

[o—
o))

[0
o0
0
I
.y
0
—
o
L, [10°kpeckm/s]
20
o
T

UIIIITIII

INEEREMDOKZE s

0.5

ED-2 stream® I &H 5 00

TI1TIU

-
—
-
—

L, [103kpekm/s]



BH progenitor ( ~ 30M ;) Companion ( ~ 1M )

O 1 —10 au O O

Stavie/unstable mass transfer

O

J*M

Common envelope

orbit.fin — Eorbit,init) ~ aCEEorbit,ﬁn

M., .M GM. .. .M

core’’env E . corce™—comp
> ~orbit T

/ICERenV 2aorbit

A M M -1
a com COore
. Aomicfin ~ 0.025 au ZCE ) [ ZCE p

1.0/ \ 0.1 1M, 10M,

— aorbit,ﬁn < UGaiaBH ™ 1 au

A

—> acg > 10 1s required, but 1t 1s difficult for

, , this pair (private communication with Ryosuke
g Hirai)




The origin of Gaia BHs

Masses in the Stellar Graveyard

* Binary (Pop I/IL, Pop I1I)

»  Triple/Quadruple (Pop I/11, Pop I1I)
* Open cluster

» Globular cluster

+ (@Galactic center/AGN disk
* Primordial BH

e , _— " Previous slide .- Companion’s metallicity
A Ciala .BHZ o £ 3 > g . B .. 'F X ; ,
. %0 \ 4 Triple/Quadruple (Pop I/I1,Rep-HH)
y Mgle Open cluster
J LW arerster - Disk components

. Colnes A O il
o  PBemrerdrat=l4t - - Small capture rate




N-body simulation for open clusters
PeTar (Wang et al. 2020)

-50

x [pc]

50

100

long-range interaction (H.)
Particle-tree

Parallel tree algorithm T
(FDPS: Iwasawa, AT +2016))/
.1 I | ]e . .

’ : : e P ° 4 .
i I R R AR
(e |

shdrt-range in.teraction (HS)

— Particle-particle (direct N-bog

@ o 4]
™ L | T T T
e I3 ) ® .
® =
I : 3 \\ | "
T g N\
. = f "\ ] o
~ / /
N ( s \ (A | -
-3 ? o
I » - p , / !
--- [=] / o
A
o ® Y ‘
-t s 2 T 1 I L 2 af .
. o = a 4 ’ o
o K
o T a S .‘ D 1 > o3 ~ »
O o - J
> 8

4th-order Hermite scheme
- (POT: Oshino+2011)

Binary and close encounter
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SDAR: Slow-Down
Algorithmic Regularization
(Wang+2020)



Slow-Down Algorithmic Regularization:

SDAR (Wang+2020)
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Regularization

*KS regularization (Kustaanheimo-Stiefel 1965)
* Algorithmic regularization (Mikkola, Tanikawa 1999)
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Physical effects

Single/Binary star evolution Galactic potential
(BSEEMP: AT+20) (GALPY: Bovyl2)
10R, 10°R, 10°R, 10°R, SEME A B B B -
ShHeB ~ Open cluster No Hill’s .
' 100k approximagion
CHeB &
7
MS

S 4.5 4 3.5
log(T /K)




Initial conditions of open clusters

»  Cluster mass: 200 — 2000M

- 7=0.0002-0.02
» Global density: 2 — 200 M pc™>

* Binary fraction: 0, 20, 50%

+ No CCSN kick

- Initial binary stars

* Primary star: Kroupa’s IMF

e fim,Imy)  (mylm;)~"! @

10’M, in total
for each set

* MW open clust

* Old globu

o (PO

M Young massive cI ssssss ¢

A

Our clusters

10‘2 Mgpc

ardu ¢'

-1 M@pc_3

'”,¢;102 QPC -3

« 10* M Mgpc =

| Portegies Zwart et al. (2010)

(Gaia BHs could not be formed

without dynamical interactions.

O o Ple

IM

102 103=10* 105 10° Cluster mass [M,]

M,



Criteria of Gaia BHs

MS, PMS, He star
(Gaia BH: MS, PMS)



From open clusters
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The number of Gaia BHs in Milky Way

~ 1()_6MG_>1 for clusters with reasonable mass,
density and binary fraction

Sufficiently large to explain the presence of Gaia BHs



(Gaila NS

Name P, M, Mo eccentricity w G NRrvs
days| [Mo) [Mo) mas| mag

J0553-1349 189.10 = 0.05 0.98 £ 0.06 1.33 £ 0.05 0.3879 £+ 0.0007 2.505 £0.015 13.00 20
J2057-4742  230.15+0.07 1.048 £0.031 1.31 £0.04 0.3095 £+ 0.0026 1.745 +0.019 13.58 11
J1553-6846  310.17 +=0.11 1.04 +=0.05 1.323 +£0.032 0.5314 +0.0021 1.344 +£0.012 14.19 16
J2102+4+3703 480.9 0.6 1.03 £ 0.03 1.44 +0.04 0.432 £+ 0.017 1.520 +0.014 13.70 9
J0742-4749 497.6 0.4 0.90 £ 0.05 1.28 £+ 0.04 0.168 £ 0.004 1.035 £0.014 14.60 8
J0152-2049 536.14 +0.18 0.782 +£0.03 1.291 +0.024 0.6615 4+ 0.0010 2.453 +=0.017 12.05 15
J0003-5604  561.83 0.29 0.802 £0.03 1.34+=0.04 0.795 £ 0.005 2.183 £0.016 14.48 12
J1733+5808 570.944+0.31 1.16 +=0.05 1.362 +0.030 0.3093 #+0.0010 1.452 +£0.010 13.65 13
J1150-2203 631.80+=0.23 1.18 =0.06 1.39 +0.04 0.553 £ 0.004 1.738 = 0.016 12.66 19
J1449+6919 632.76 =0.22 0.91 = 0.05 1.261 +£0.032 0.2635 +0.0013 1.812+0.012 13.20 16
JO0217-7541 636.1 =0.7 0.996 +0.033 1.396 =0.033 0.3228 +0.0033 1.193+0.012 14.01 10
J0639-3655 654.6 - 0.6 1.32 +0.06 1.70 £ 0.07 0.721 £ 0.013 1.130 £0.011 13.36 10
J1739+4+4502 657.4 4 0.6 0.778 £ 0.03 1.38 +0.04 0.6770 £ 0.0019 1.126 £0.013 13.52 16
J0036-0932 719.8 0.9 0.94 £+ 0.04 1.362 +0.034 0.3993 +0.0021 1.661 =0.019 13.02 16
J1432-1021 730.9 + 0.5 0.790 £0.03 1.898 £0.030 0.1203 =0.0022 1.367 &0.011 13.34 33
J1048+6547 814.2 4+ 3.4 1.00 £ 0.05 1.68 £+ 0.07 0.381 £+ 0.016 0.899 +0.012 14.52 8
J2145+2837 889.8 1.2 0.95 £ 0.05 1.40 £+ 0.04 0.583 £ 0.010 4.135 +£0.017 12.19 10
J2244-2236  938.3 0.5 1.002 +0.03 1.443 +£0.023 0.5666 +0.0011 2.079 +0.019 13.35 13
J0824+5254 1027 +4 1.100 = 0.03 1.603 £0.035 0.686 +0.013 1.643 +0.015 13.59 12
J0230+5950 1029 &5 1.114 +0.03 1.401 £0.034 0.753 +=0.011 2.523 £ 0.015 13.09 15
J0634+6256 1046.0+2.1 1.18 +0.06 1.48 £+ 0.09 0.564 £+ 0.011 0.689 +0.019 14.62 10

Name [Fe/H], High-res
J0553-1349 0.12 = 0.07
J2057-4742 0.13 == 0.08
J1553-6846 0.13 £0.10
J2102+3703 —0.37 == 0.08
JO0742-4749 —0.13 = 0.12
J0152-2049 —1.28 = 0.08
J0003-5604 —0.09 = 0.08
J17334-5808 0.17 £ 0.10
J1150-2203 0.42 == 0.07
J1449+6919 —0.65 = 0.09
J0217-7541 0.14 == 0.10
J0639-3655 0.04 == 0.10
J1739+4502 —1.82 = 0.10
J0036-0932 —0.42 + 0.10
J1432-1021 —1.29 == 0.11
J1048+4-6547 —0.14 = 0.11
J2145+-2837 —0.03 = 0.06
J2244-2236 0.06 = 0.08
J08244-5254 0.27 £ 0.10
J0230+5950 0.15 = 0.08
J0634+-6256 —0.03 = 0.11
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- e.g. Neutron star kicks plus rockets (Hira1 et al. 2024)

1

But, Gaia NS?

Gaia BH from open clusters
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