Exploring Extreme Transients: Emerging Frontiers and Challenges@Kyoto, Aug. 5-9, 2024 1

Outflow from super-Eddington flow around
various mass classes of Black Holes: Dependence
of the luminosity on the accretion rate

Shogo Yoshioka / [ #1&
(Kyoto University, Dept. of Astronomy)

Shin Mineshige (Kyoto University)

Ken Ohsuga (University of Tsukuba)

Tomohisa Kawashima (The University of Tokyo)
Takaaki Kitaki

Yoshioka et al. 2022
Yoshioka et al. 2024, PASJ in press



2

th studxing Black Holes 7

Black holes + accretion disks feedback
can give enormous impacts (outflow, radiation)

to their environment
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Motivation:
Quantification of feedback from black holes to galaxies/the universe



The super-Eddington accretion flow ;

Eddington luminosity Lgy,

p: density, m,. proton mass,

. Spherical Symmetric modadel L: luminosity, o, Tomthon scatt.,

G: gravitational constant
GMmp orL | speed of light

force balance =
P r2 drric
47tGMmpc ol M i
=> Lpyq = ~ 1.26 X 10 1o erg s

oT o)

- classical limit of luminosity

Super-Eddington accretion;

The accretion rate is very high
M > Lgy/c* = Mgy,

- Luminosity can be bright beyond Lg,,

- Photon trapping effect
- Launching powerful outflows

rad. force

grav. force

radiation

outflow



Candidate of super-

ULXs:--Ultra Luminous X-ray sources

. Ly > 10* erg s7! at the far from center of Galaxy

- They are often found in galaxies with high star

formation rates.

-i'Three candidates of the central objects

1. stellar mass BH+super-Eddington

2. Nutron Star+super-Eddington

3. Intermediate BH+sub-Eddington

—ddington flow @ : ULXs

Galaxy Milky way M82 1Zw18
Type Barred spiral Star burst Blue Compact Dwarf
star formation rate 1-5 10 0.074
Number of ULX 0] o ]

ratio of metalicity

1

1

1/20




Candidate of super-

NLST1---Narrow line Seyfert1l Galaxy

~Defined by optical properties (Osterbrock & Pogge 1985)
(Le., FWHM(HRB) < 2000 km/s, [OllI]/HB < 3)

“High Eddington ratio & low BH mass Mg, ( ~ 10 *7°M)

< Powerful outflow (e.g., Komassa+2018)

—ddington flow @ : NLST

= rapidly evolving SMBH and strong AGN feedback

| L/Lgqq ~ 3.2, M ~ T1Lgaq/c?, Mau ~ 107 Mg
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Importance of high ang. mom. simulations

Kitaki+2021 Mgy ~ 180 Lgg/c?, ry ~ 2430 7

» high angular momentum (ri ~ 2430 ) 3000

re - Keplerian radius 2500
e~ PhOtON trapping radius

logp
Kitaki et al. (2021)

(rtl,ap < ry)
- outer radius of the accretion disk 2000
INn NLS1 ~ several hundred r 1500
cf. previous simulations set ry at
several tens to a few hundred rq

1000

500

» Accurate estimation of outflow rate 0
and Iumlnosrty 0 500 1000 1500 2000 2500 3000

R/r,

Mgy -+ black hole accretion rate

—_but only one parameter set




Purpose . Thorough investigation of outflow structure !

Our work
Quantifying outflow and radiation properties of super-Edd. flow

as function of (mgy, mgy)
= high ang. mom. simulations in a large simulation box

Key Questions:

Q1.What is the large-scale outflow structure ?

Q2. How do the radiation and mechanical luminosities
depend on (mgy, Higy) 7

. M, . . M
normalized BH mass: mg; = —=, hormalized accretion rate: rigy = ———

M@ LEdd /c 2




Set up of RHD simulations

Simulation setup
- Symmetric 2D Radiation HydroDynamics
(RHD) simulation

- High angular momentum
- alpha viscosity model © a =0.1

- Initial conditions:
empty region with gas injection ry,

- Radiation processes:
- flux-limited diffusion

- Compton heating/cooling, free-free o 1000 2000
RIrg] )
Parameter

- black hole mass mygy = 10, 10%, 10’

* mass injection ratio iy, = 350 — 2000
- Kepler radius @ r¢ ~ 1000, 2430 rq

- outer boundary : r,,, = 6000 rg tapec. NOrMalized injection ratio

r,, outer boundary radius

- accretion ratio mgy = 130 — 730




Overall flow structure

input —
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3 e
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high-mgyy: disk inflate & high-density outflow eject at a wide angle

low-myy : disk flatten & the high-temperature outflow erupts at a wide angle
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Two txees of outflow structures: Pure & Failed outflow |

Pure outflow Failed outflow .

1400 |- /W77~ 7 5 g 108

1200
1000 107 R9: farthest launching radius
£ 800 1 of pure outflow
v

600 |®/// ”_——— —r 1P | |

j ] \ N | out -
a0 W1/ Disk region| 0 R - farthest launching radius
200 | ]

| 10°

500 [ 1000 1500 2000 2500 3000
R [rg]

R out R out

pure failed

Distribution of temperature and streamline

 Pure outflow:
gas flow which reaches the outer boundary of the simulation box

- Failed outflow:
gas flow which eventually falls back onto the disk surface



How do luminosities L, and L

mech

depend on (mgy, Higy) 7

11

@ 10'M 0.8
A 104M® X mBH .
ISO o
1004 W M, L (107 .if'r—- Lo(0) = 4nr’F
$ s
1
‘Il Lrlnse(gh(ﬁ) = 4zr? <E pvzvr>
Lrad o
° (Assuming 6 ~ 10°)
0 _| ISO o -+
10 Lmech(lo ) X m]2317{ 0, ¢
L.4= 471'J r*F. do
O
0
. 1.7
o X Mgy Ot /1
_ 2 2
10-1 _ . Lmech 1 Lech = 47:{0 r <5pv v,,) do
102 5 x 102 103
MpH

» mg-dependence of outflow power larger than radiation ones

i & myy-dependence of luminosities is independent on the myy, |
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mﬁn—dependence of mechanical luminosity

@ 1om,
A 10°Mg
1014 W 10'Mo

LIO(O) = 4nr?F],

rad

1
Lrlnse(gh(ﬁ) = 4> <E pvzv,,>

(Assuming 6 ~ 10°)
0

surf
L.4= 471'J r*F. do
0

I102 | | .5xI102“ o “103

Lmech

i © my-dependence of show broken-power law |

= 10 (10°) i

mech 123171 (mBH < 400)! X m%17{ (mBH > 400)




Why does sy -dependence of LSO show a break ?  '°

&

normalized density normalized velocity

' o For 6 =10, the density and velocity also break at rigy ~ 400 }
= At high accretion rates, a slow and dense outflow |
IS ejected In the polar direction ?;



Disk inflation and outflow structure '

below break above break _ ; ———
_ _ _ x ‘opacity, Fj :radiation flux at lab. frame
(low accretion rate) (high accretion rate) | 7F7

2000

' 1 o pure outflow
high-velocity 3 (low-density, high-velocity)
VR : 5
s 2 pure outflow
1500 low-velocity 8 (high-density, low-velocity)
v, <60 0
N
\E: 1000 failed outflow
N low-velocity - <. .
/
500 f disk

>
equatorial plane

0 500 1000 1500 2000 0 500 1000 1500 2000

R/rg R/

#Radiation Is concentrated In the rotational axis

i=»The ejection region of the high-velocity and low-density outflow is
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Summaﬂ
Aim & method

Perform global and high angular momentum, 2D axisymmetric RHD
simulations to investigate

(1) large-scale outflow structure
(2) (mgy, mgy)-dependence of luminosities

pure outflow
\ (low-density, high-velocity)

pure outflow
(high-density, low-velocity)

rotation-axis

disk

&

equatorial plane

Results
Q1. What is the large-scale outflow structure ?

Al. Two types of outflow structures: Pure & Failed outflow

QZ. How do the radiation and mechanical luminosities depend on (mgyy, ritgy) ?

A2. - nmy~-dependence of luminosities is independent of my
- mgy-dependence of L9 (10°) show broken-power law
= 1159 (10°) o rirg; (rigy < 400), o i/ (g > 400)



Time evolution of the accretion rate and Iuminosity]6
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o Disk transitions between super-Edd. and sub-Edd. state

= \We divided the super-Eddington state into three phase and
analyzed physical quantities for each phase



0 dependence of Impact by the outflow 1

solid line ---10'M,
dashed line---10'Mm,

high mass, phasel

high mass, phase3

- . MBH= 380LEdd/C2
stellar mass, phase3

r’ x energyflux [Lgqq]

6 [degree]

~ Maximum angle of energy flux approaches poleward as Mgy increases |

~ Two component of outflow at polar axis
nigh-velocity & low-density outflow (low accretion rate)
low-velocity & high-density outflow (high accretion rate

)




. . ]
Time evolution of flow 8

t = (30 — 330) x 107 sec t = (330 — 630) x 107 sec t = (630 — 930) x 107 sec
1500 E— quasi-steady —» _
My = 730 Mg Mpy = 550 My My = 430 Mgy rki
2000 1 : : //\ - ﬂ\,\ - E ﬂ
_ M,/
; 1000 - Mnet : - R
Moutﬂow I \5@‘ . k '
10! rl[orz] 103 10! rl[orzs] 103 101! rl[orzs] 103
S —————
Time
é : )
_ Phasel: Large amounts of outflow eject from far away (r > ry)

_ Phased: Outflow eject from inside r¢
\ y




