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Super-Eddington X-ray binaries

* SS433
* A Galactic X-ray binary composed of a stellar mass BH + A-type giant
* accreting gas at 10> Mg, /yr ~ 100 times the Edd. rate (King+2000).
* Strong disk winds with 1000 km/s (Fabrika 2004).

* Ultraluminous X-ray (ULX) binaries
» Extragalactic X-ray sources with Ly > 103? erg/s (~ L.qq for 10 Mg,, BH)
* 1800 ULXSs have been detected and some have Lx > 10%* erg/s (Walton+2022).

Super-Eddington mass transfer
for Mg~ 10 Mg, Ty ~ 103 yr
. M. B B .
Mg ~——2 ~1072 Mgyr~! ~ 10* Mgy
TKH




Super-Edd. accreting SMBHs at z > 4
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Mass growth history of SMBHs
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Photon trapping radius

* Photon diffusion timescale H T/ ¢ > viscous timescale R / v,

- .
T s 22 M 502 pR

R :
c ¢ 27RX R ¢

trapp = where m = M /Mgy,

* At trapping radius, the viscous flux exceeds the Eddington flux.

1/2
3 Rg . R;
e [-(5)"]

Lggq
4rR2

Fgyqq =

:> Rsph = 15m Rg, ~ Rtrapp

* Radiation-pressure driven outflows can arise from r <R, ,.
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Stellar-mass BH Radiation-pressure
(~10 Mg) w, driven outtlow Thermal-pressure

d¥iven outflow
y DT+2024

Trapping radius
~103-1 Rg

~1Rg Donor star 10-1000 R

SMBH (~ 10¢ M)

Trapping radius

~0.1-1000 AU Bondi radius ~ 10 pc

Host galaxy 1-10 kpc



RHD simulations of super-Eddington
mass transfer (DT+24, MNRAS accepted)



RHD simulations of slim disks

Outer boundary Disk size

o ' _ . d Acc. rate OF rate
Table 1. Results and initial settings of simulations

paper method Compton  rout TK Tgss Rtrap Mgu M,y tfow

[Yes/No]  [rs] [rs]  [rg] [rs] [Leda/c?]  [Lrda/c’]
our simulation  2D-RHD Yes 3000 2430 ~600 ~270 ~180 >> ~24
Ohsuga+05 2D-RHD No 500 100 ~ 30 ~200 ~130
Ohsuga+11 2D-RMHD No 105 40 ~ 10 ~150 ~ 100
Jiang+14 3D-RMHD No 50 25 ~ 20 ~330 ~ 220 ~ 400
Sadowski+15 2D-GR-RMHD  Yes 2500 21 ~ 35 ~640 ~420 << ~ 7000
Sadowski+16 3D-GR-RMHD  Yes 500 20 ~ 10 ~260 ~ 180 ~ 520
Hashizume+15 2D-RHD No 5000 100 ~100 ~230 ~ 150 ~ 500
Takahashi+16 3D-GR-RMHD No 125 17 ~ 10 ~300 ~ 200
Kitaki+18 2D-RHD Yes 3000 300 ~200 ~420 ~280 ~ ~ 300
Jiang+19 3D-RMHD Yes 800 40 ~ 15 ~380 ~ 250

Here, rout is the radius at the outer boundary, rk is the initial Keplerian radius, rqss is the radius, inside which the
quasi steady state is established, Rtrap is the photon-trapping radius derived based on equation 2, Mg is the
accretion rate onto the black hole, and Moutflow is the outflow rate at around ro,¢. It is also indicated whether the
Compton scattering effect is taken into account or not.

Kitaki+2021
Do outer boundary conditions affect the results?



3D & 2D RHD simulations

* Suppose a BH+RGB star binary undergoing stable mass transfer (Inayoshi+2017)
* M, =34 Mgn, My, =41 Mg, a=36 Ry, P=21/Q ~ 3 day

0.02R, <r<12R,,005< 0 <n/2

0.01

2D simulation

X [Ro)

51073 M,,,/yr

Accretor
(BH, 34 M)




Pseudocolor
Var: nH

1.000e+21
1.778e+18
3.162e+15

5.623e+12

- 1.000e+10
Max: 1.512e+19
Min: 1.529

Pseudocolor
Var: qus
000e+08

- 5.623e+06

. 3.162e+05

- 1.778e+04

-

Max: 1.000e+10
Min: 1.5966+04

Simulation results

Outer region

Inner region

r=0.01-1 Rg (~100-10* R,)
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- . : :
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.9%0
A
X-Axis
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Generation of outflows

108 —109 —10-' ~102 0 102  10'  10°
pvy [gem™2 s71]

10.0 1

0.0

00 25 50 75 100 125 150 00 25 50

X [Ro] X [Ro)

«  Hot convective region is established at the outskirts of the disk, gradually extending outward.

«  Finally, outflows arise from the hot convective region with sufficient energy to escape from the Roche lobe.




Inward and Outward mass fluxes
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Propagation of outtflows

— ¢L2<Be§0
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Comparison with previous RHD simulations

A Jiang+14 O Kitaki+18 @ M3Z1.82D+3D Kitayama+18
103 |V  Hashizume+15 o Kitaki+22 Y M47Z1.S2D+3D Rout << Rsph
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— *
=
=
. 2|
107 n g©
/N
A=
—
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= .
= Simple model
v M., (r) < r%® atr<
101 1 v in atr < lyap
] * Mass loss terminates at r = 30 r,.
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Circum-binary disk (CBD) formation

Over 90 % of outflows in our simulations have @, < Be <0.

> Outflows will form a circum-binary disk.

A large fraction of ULX binaries exhibit IR excess, indicating the presence of CBD (e.g., Heida+2014,
Lopez+2017).

CBD scenario can successfully explain the observed SED of some ULX binaries (e.g., Lau+2019,
Lu+2022)

When the donor star causes a CCSN, the light curve would be affected by CBD.
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Infrared &
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Evolution of Circum-binary disk

v' CBD gradually expands due to the tidal torque from the binary.

v" SAM of CBD mass loss is about five times higher than that of isotropic outflows.

HD simulation of CBD by Pejcha+2017




Evolution of Circum-binary disk

v' CBD gradually expands due to the tidal torque from the binary.

v" SAM of CBD mass loss is about five times higher than that of isotropic outflows.

Numerical calculation by Shu+1979
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Implication for orbital evolution of binaries

Mass transfer Radiation pressure

a: Orbital separation M, My: Masses of the accretor and donor ™ '\ / Outflow

lpin, Lioss: Specific angular momentum of binary and removed by outflows
Gas accretion

Sl gt ] | R
Md Ma 0ss > ) m . ’

where f = Ma/Md and VYipss = lioss/pin .éjﬁ GW emlssmn

‘ binary BH merger

Q|

Mass accretion rate (DT+24) CBD mass loss scenario: vy, ~ 1.44 x M?/(M4M,)

M/ (r > R’ph)

(Shu+1979, Pejcha+2017)

M’(r/Rsph)O'6 (re<r< R;ph)

in(rt) (r<ry) ,




Stability of mass-transferring binaries

(o = (BlogR) ¢, — dlogRu
a OlogM ) _, o — dlogM; ’

lad =501y => dynamically unstable 1

=>Qq= IVla/IVId < Qerit

. 101-
Convective donor: (4~ -0.3

Qerit ~ 2 (B - 1)

>>10 (B=0)
» =
Radiative donor: (4 ~ 6.5 g 0l
Qerit ~ 0.3 (B = 1) l&

~07 (B=0)

Super-Eddington mass transferring binaries would

10-—1 §
undergo common envelope evolution. @ 0.2 0.4 0.6

0.8

First Lagrange point

dln(RL)/dln(Md)

(L




Stellar-mass BH Radiation-pressure
(~10 Mg) w, driven outtlow Thermal-pressure

d¥iven outflow
y DT+2024

Trapping radius
~103-1 Rg

~1Rg Donor star 10-1000 R

SMBH (~ 10¢ M)

Trapping radius

~0.1-1000 AU Bondi radius ~ 10 pc

Host galaxy 1-10 kpc



Super-Edd. accretion in dense environments

Inayoshi+2016, DT+2019, 20

* Condition for the bondi like accretion (rgonai > Yumn)

Bondi like accretion



Accretion rate [Bondi rate]

Super-Edd. accretion in dense environments

Inayoshi+2016, DT+2019, 20

* Condition for the bondi like accretion (rgonai > Yumn)
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Toyouchi et al. (2021)

* 3D RHD simulations of dusty accretion disks

* Super-Edd. accretion is possible!!
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Time-averaged acc. rate
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Inflow rates [Edd. rate]

1D disk anaIyS|s
10*

Optically thick low Z. & low inflow rates
(RHII < Rbondl

1031 - E Photoionized,wind

I ’
|
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* Strong disk evaporation occurs when Ry > Ry 4.

* Condition for super-Eddington accretion

)}_1< Cs




Implications from cosmological simulations

* BH mass growth is strongly suppressed by stellar feedback!

* We probably need higher spatial resolution to explore nuclear regions.

z>6 QSOs
(Izumi et al. 2021)

-=-= ml1l (dwarf)

o | p— ml2 (MW-mass)

—— m1l3 (massive)
Greene+ 2016 (obse

local AGN
(Reines & Volonteri 2015)

8
©
= 7
-
0
= | JWST-2~48
61 (Maiolino et al. 2023)

Byrne et al. (2022)
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Hopkins et al. (2023)

* First RMHD simulation resolving AGN accretion disks from cosmological initial condition.

~ 10 Edd. rate
@ 300 rg
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Shi et al. (2023, 24a,b)
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