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Binaries undergoing super-Edd. mass transfer

Ultra-luminous X-ray (ULX) binaries
e Ly>10%erg/s (Brighter than Ledd for stellar-mass BHs)

« Massive donor with > 10 Mg can cause super-Edd. mass transfer

Md
TKH

My o =

~ 1072 Mayr™ ~10* Mpgq  for My~ 10 Ma, Ty ~ 10° yr

« Most ULXs have fast outflows with ~ 0.1 c.

Purpose of this study

1. Understand origin of outflows in ULXs (P,,4-driven? )

2. Discuss the long-term evolution of ULXs




3D & 2D RHD simulations

* Suppose a BH+RGB star binary undergoing stable mass transfer (Inayoshi+2017)
M, =34M,,,M,=41M_,,,a=36 R, P=21/Q ~ 3 day
 Mass transfer rate: My ~ 104 Mggq ~ 7.5 X 1073 M, /yr
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3D & 2D RHD simulations

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

5% 1073 M, /yr

2D simulation
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Simulation results

Inner region Outer region
r=0.01-1 Rg (~100-10* R,) r=0.8-17.3 Ry (~10*-10°R,)
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Properties of outflows

Fast outflows (~ 0.1 c)
« Toward polar regions
« Large energy, and small mass fluxes

« similar to fast outflows observed in ULXs.

Slow outflows (< 1000 km/s)

« Near equatorial plane

« Small energy, and large mass fluxes

e Convection in disk transports mass and
energy outward, driving slow outflows.

« Convection-Dominated Accretion Flow

(CDAF; cf., Quataert & Gruzinov 2000)

Fast outflows
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Mass flux [Mgg]
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Comparison with previous RHD simulations
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Circum-binary disk (CBD) formation

Over 90 % of slow outflows in our simulations are still gravitationally bound.

»  Slow outflows will cool down and form a circum-binary disk.

Over 30 % of ULX binaries exhibit IR excess, indicating the presence of CBD
(e.g., Heida+2014, Lopez+2017, Lau+2019, Lu+2022).

»  Indirect evidence of radiation pressure-driven outflows in ULXs?
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Evolution of Circum-binary disk

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

v' The binary loses its angular momentum via interaction with CBD efficiently.

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" The binary loses its angular momentum via interaction with CBD efficiently.

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

Mass transfer Radiation pressure

------------ \% /‘ Outflow

Gas accretion

I)Md - / g\
2)m . =
where f = Ma/Md and VYioss = lioss/lpin .‘Nﬁ GW emlssmn
\,‘ binary BH merger

a: Orbital separation M,, My: Masses of the accretor and donor

lpins Lioss: Specific angular momentum of binary and removed by outflows

a|s=.

Md _ _
Md [1 ﬂ (1 :8) ('7loss +

Mass accretion rate (DT+24)

Mt’ (r > R’ph)

CBD mass loss scenario: v, ~ 1.44 x M?2/(M4M,)

(Shu+1979, Pejcha+2017)
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New channel for common envelope evolution

Slow outflows under super-Edd. MT removes angular momentum efficiently.
—> Orbital separation becomes so small that the binary undergoes common envelope (CE) evolution.

- ULX binaries are more likely to enter CE phases than previous expectation.

Stability condition of mass transfer

(o = (alogR) o — dlogRy 1
* 810gM ad L= dlong 4

Cad < CL. => dynamically unstable
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Summary

We have conducted 3D and 2D RHD simulations of super-Edd. mass transfer

in binaries.

We have explored global inflow/outflow structure covering from the L1 point to

r ~ 100 ry from the central BH.

Convective motions in the disk transport mass and energy outward and

generate slow outflows, which dominate the mass loss from the binary.

Over 90 % of outflows are still gravitationally bound, such that they would cool
down and form circum-binary disk, which is in good agreement with the

observational fact in ULXs.

Our simulation results are useful to describe long-term orbital evolution of

binaries and formation mechanisms of close BBHSs.
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