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Supermassive black holes

+ Supermassive black holes (SMBHs,

Mgy ~ 10719 M1,) are found in the center of
almost all large galaxies.

+ Mgy ~10°M_ @72 6 -
Heavy seed BHs of ~10°7> M,
and/or rapid gas accretion close
to the Eddington rate are
preferred, but the specific
process of growth from seeds to

SMBHs is not known. © EHT Collaboration



Supermassive black holes

3
+ Supermassive black holes (SMBHs, Mgy ~ 10° M @z ~ 7

Mgy ~ 10719 M1,) are found in the center of
almost all large galaxies.

Afterglow Light
Pattern Dark Ages
375,000 yrs.
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Heavy seec.j BHs of ~ IQ M, m,' e
and/or rapid gas accretion close
to the Eddington rate are ] %,ﬂl
preferred, but the specific Fuctiatons R
process of growth from seeds to

SMBHs is not known.
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Big Bang Expansion

13.77 billion years



Co-evolution between SMBHs and galaxies
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What is the evolution process of SMBH?

+ Growth by merging of black holes

G B e e SRR Ay

gas into the black hole (mass
accretion) = Understanding the

activity galactic nuclei (AGNs) is
Important.

oS PSRN T oS a PSRN s ___

6




Active galactic nuclei (AGNs)

+ The accretion of a large amount of mass onto a SMBH releases the
gravitational energy via radiation and jets.

+ The classical phenomenological model can explain basic spectral
features (continuum, emission lines, absorption) of AGNSs.

Narrow Line

Region
line emission)
Broad Line

Region

Accretion
Disk

continuum)

Obscuring
Torus

(absorption) A unified model
| of AGNs

host galaxy




mullsal outflows in AGNs

UItra-fastthos' lonized gas
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Ultra-Fast outflows

+ Bule-shifted absorption lines suggest the outflows.
Blue-shift blue-shift
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flux
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Ultra-Fast outflows

+ Bule-shifted absorption lines suggest the outflows.

+ Ultra-fast outflows (UFOs) | b,'“?'fhift,
e outflow speed ~0.1-0.3c
e detected in 40% of nearby AGN samples
® |arge mass loss rate and kinetic energy

Lwind/LEdd ~0.1-10% ETombesi+ 2011 5
+ Location of UFOs is ~100Rg = disk wind ~ «+ ¢ . V)é
energy (ke
+ Effects on the SMBH growth

e decrease mass accretion rate = suppress SMBH growth
e feedback onto host galaxy = SMBH-galaxy co-evolution

0.05

LN s PG 1211+143 |

. FeXXV

counts s—1 keV-1
0.01
LEn |

10

— —

black holes+accretion disk
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Possible launching mechanism of UFOs

1. Magnetically driven wind 2. Radiation-driven wind
e Continuum-driven wind is unlikely
in the sub-Eddington AGNs

e Line-driven wind is preferred.
1500

500

4 A prd i -
100 150 200 250 300 . _6 0 B
(r/ry) sin@ 0 500 1000 1500

Fukumura et al. (2015)11 R(Rs) Nomura et al. (2020)

O A
0 &0



Line-driving mechanism

+line-driven winds are accelerated by radiation force due to absorbing UV
radiation through the bound-bound transitions of metals (line force)

light source

X-ray
uv
X-ray ionizes the

metal and suppresses
the line force.

UV /r\ electron

nucleus

\/

wave length
Momentum is transferred
from radiation to the metal
ion through the bound-

bound transition.
12

>

flux

uv
acceleration

ﬂux

wave length
Matter is accelerated even
in the downstream
because of the Doppler
shift.



line-driven winds in AGNs

+accelerated by radiation force due to absorbing UV radiation through the
bound-bound transition of metals (line force)

+Line force can accelerate the moderately ionized matter effectively.

o disk wind

onization state | ¢ Ily ionized moderately ionized

of metals Q
radiation UV and X-ray C uv @adiation

@ —— = accretion disk
- / A
X-ray source / ﬁ

) UVsource X-ray is absorbed in , ,
Metals are over-ionized /|the inner region. UV is also absorbed.
by X-ray. = Line force is| |— Line force can » | Line force
powerless. accelerate winds. becomes powerless.

w, e




Early theoretical works of line-driven winds
+ Hydrodynamics simulations
2D : Proga et al. (2000), Proga & Kallman (2004), 3D : Dyda & Proga (2017)

+ Calculations of steady structure: Risaluti & Elvis (2010), Nomura et al. (2013)

log density

500

Density -zg'g
-1
400 -15%’ 800
-14 o
128
300 600
z =
200 N 400
100 200
0 - disc 0 )l ' : ' disc
0 100 200 300 400 500 0 200 400 600 800
BH ") Proga & Kallman (2004)  BH HR) Nomura et al. (2013)
S

Do the line-driven winds reproduce the UFOs?
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Method: basic equations & setup

+ Mass conservation o
radiation force due to

% +V-(pv)=0 Thomson scattering line force
: . ol ol
+ Equations of motion Radiation force frag = — M= YM
d(pv,) J v: v, ¢ c 7.
P2 v vy ==L |y 2 g force multiplier
ot or r r :
0(pvy) 1 op Vv, Vg Vg% o
+V-(pygV) = ———+p| ——+—cotf@+ g, + lonization — g
ot (Pve¥) ro0 " r r 8 a0 parameter § = 4dnlx/n SX
o) density £ g
,0V¢ Vq)Vr V(pVg Mﬁ
V- = — to , . dv =
a (Pvy¥) p[ P ] velocity gradient - ,ﬂ
: Radiative .
+ Energy equation . . tallicit ’
Iy €9 heating/cooling metallicity  Z
0 1, 1, p _ Stevens & Kallman (1990)
Y [”(? + e>] tv [pv<? tet ;)] =pv-gtpv-tyatps Kudritzki et al. (1989)
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Method: basic equations & setup

<
radiation force due to
Thomson scattering  line force
X-ray source: Point source|  computatignal box _ olyy o Fyy
frad - + .,,M._,
N\ force multiplier
Accretion disk \.
Black hole  onizati ‘
UV source: Standard accretion disk IOSIaZrZrIT?enter E=4dnFy/n “g
(Radiation in the range of 300-3200A density P "X
contributes the line force.) | | dv = M,ﬂ
ignore X-ray emitted from the disk velocity gradient - ,ﬁ
e Accretion disk surface is the boundary. metallicity 2z M

e Radiation source is located outside the

) Stevens & Kallman (1990)
computational box.

Kudritzki et al. (1989)

N
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Results

I -15
1000 L 6
500 SR
5 5
& 0 -18 &0
N C
o))
S
-500 L] 19
-1000
l 1 | MBH - 108M®
. .
1000 -500 0 500 1000 M/ (Lggq/0.06¢7) = 0.5

Nomura et al. (2016, 2017) _
Rifo



Acceleration mechanisms

+ The upward radiation force exceeds
the gravity due to line force.

+ The wind is bent in radial-direction and
its velocity exceeds escape velocity. .=

+ Velocity ~ 0.2c, consistent with UFO

1500 g
3
"
1000 =
_ 3
? o&
& =
IS 2
500 <
=
a0
3

18
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z(Rs)

sup

100 1000

/(Lqgq/0.06¢%) = 0.5, Z = Z,



X-ray spectra synthesis

X-ray spectra synthesis based on the simulations

1. Along the line of sight, ion populations are calculated using XSTAR.
2. Monte-Carlo simulations with MONACO code.

3000 10
1000 | .
| Input
8 - ]
2000 .~ 5 MMM W : | Total
o= | .
- =
% 6 2 § 100 ’.l | | Primary
5 & X% [ ‘
o . = I Secondary|
3 10 |
0 2 [ ] I ; | . ] ] i
0 1000 2000 3000 2 3 4 5 7 10 20 30
R(R,) Energy (keV)

19 Mizumoto, MN, Done, Ohsuga, Odaka (2020)



vs PG1211+143

Black line: our model (total)

+ Typical UFO target PG 1211+143 % »
e observed with XMM-Newton/EPIC-pn 7 _W'”
o MBH ~ 108 MQ, LbOl/LEdd ~ 0.9 §
E‘
+ X-ray spectrum can be well 2 ' ‘
described by our model, showing .
o107 |
that both the two sets of s |
absorption lines and the strong |
emission line can be explained by = 10-3 :
3 y lm
line-driven disc wind. & MM MWM WNWM h ol
7

8 9 10
Observed energy (keV)

20 Mizumoto, MN, Done, Ohsuga, Odaka (2020)



Expectations for XRISM

-
o
N

N
S
N
T q
T D .

-
o
w

Normalised counts s ' keV™’
Normalised counts s keV™'

Do w & o o»
S —

Residual Residual
w O W o O O,
Residual Residual

8 9 8 9
Energy (keV) Energy (keV)

+ Blended absorption lines of different ionization states can be resolved by
XRISM observations.

21



Magnetically-driven wind

+ Self-similar MHD wind + synthetic spectra simulated for
XRISM/Resolve

FeXXV
FeXXVI

normalized counts s-' keV-' cm-2

O prd 4 4 prd 4 -
0 50 100 150 200 250 300 . -6
(/ro) in@ £ kumura et al. (2015) 6 7 8 9

Liciyy (nev)

MHD winds produce absorption lines with tails on the blue side.
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Toward a more precise theoretical model

+ MHD+line force

The toroidal magnetic field
suppresses mass inflow from
the disk surface to the pole
direction.

— High density and low
ionization in the launch area

—Line force is greater than
pure line-driving

10° F ||i

M,, (M)

-3 2/p2
log(p/(gcm™)) log(B,/B;)
Y L — eee—— |
1400 H " Panel (A) K : 4 ' Panel (B) 3
Run RMHDWO0.6 ! Run RMHDWO.§
1200 A 3 | )
-— 005¢c | _ / /
/ |
800 i Y 758
{ //
600 §

am—

by

pure line-driving
with magnetic field

00 02 04 06 08 10 12 14 16 18 20
Time (T,

orb)

23

Mass loss rate is several
times larger than that of
pure line-driving model
Yang et al. (2021)



Toward a more precise theoretical model

+ More realistic radiation transfer:
including scattered and
reprocessed X-ray

logM [Mg yr™ 1]

lonization parameter increases
the launch of the wind fails.

— "Failed wind" returns to the disk

surface and the density of the launch

area increases.

— |onization decreases and wind is
accelerated by line forces.

Periodic wind eruptions are obtained.

time [to]

2000 -

[rg]

1000 A

0 1000 2000 0 1000 2000

[rol [rol
[ L I T
=20 —-18 -16 -14 -12 —-10 -8
log o

Dyda et al. (2023)



Current state of the theoretical model

+ Theoretical model for sub-Eddington AGN disc winds

scattering/ | o> conservation
model \ Physics taken into account | line transition | magnetic flied : (decrease of mass
reprosesstion >
accretion rate)
Proga et al. 2000, O
Proga & Kallman 2004 x x

Yang et al. 2021
(Proga et al. 2003 for YSO)

Dyda et al. 2023
(Higginbottom et al. 2024 for CV)

Nomura et al. 2020, 2021

Fukumura et al. 2015,
Wang et al. 2022
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BIFDX EH
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+ Al hhbZ L
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Outflows in SMBH evolution: the case of line-driven

+ Question: Do the line

Metallicity
driven winds suppress " Wide range of metallicity and BH mass EEaN
h : Metal rich ;
the mass accretion on | ;
th Ut | Z/Z4 > 1| Luminous in X-ray band
e evolutiona asSs 4 i 5
] 1 SIF\)/IBH ) T hnofastwind? - g-rTypicaIAGN parameter\
rom seeds to S¢ i |
. ZIZy=1| '
+ This work explores the © ’ PP
ro.le Of.line'd.riven \, | o accretion diskJ
winds in a wide ~Luminous in UV band
range of BH mass and %/% <1 S gBH  Metal poor -
: "icity k\ ce - = no fast outflow ? v )
meta . ' .
~ 10° M ~ 10° M, ~ 10° M, BH mass
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Metallicity and BH mass dependencies

Zo

+ Denser and faster
winds appear for
higher metallicity
and larger BH mass.

M
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2500 V 1O4M;),
104 M. < sw
o5
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Reduction of mass accretion rate

Ratio of mass accretion rate onto BH

. Z i
to mass supply rate onto the disk. Computational box
JA A I I L DL AL I | . M . MBH +M0ut )
1 S n out\
0.8 | > :
06 L ‘\“\\ | BH /\A M Accret|on disk
0.4 i “.\ - -0--0 -0
= 00 | A Y Slack hole
= =0.9
\E | i - T
E IR IR N + The line-driven winds may suppress
RN > '.\ 7]
. - N 5
0.6 | ‘n.‘*____“_ .. - o the mass accretion for My = 10° M
04 T = Z=012 A A in high-metallicity environments.
.~ T 2 = Z0 - ]
02 1 ... 7 =57 fitgy =05 | )
e B ity = M/ (gl 0.0667)

log (MBu/Mg) see Nomura et al. (2021) for details
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Effects on the growth time of BHs

+ In metal poor environment (Z = 0.1Z7;), the growth time is not different
from that for the no-wind case, and relatively fast evolution is possible.

+ Growth times for Z = 5Z at all
the time or for Z increasing from
0.1-5Z are 1.6 and 1.8 times

larger than that for no-wind case
respectively.

log(]V[BH/MQ)

— Line-driven wind has an
impact on the evolution of
SMBHs.

O I

30

Z - 5Z®
Z increasing from 0.1- 57

t/10°% yr titgyy = M/ (Ligg/0.06¢%)
Nomura et al. (2021)



Feedback onto ISM

Cooled . .
shocked + Momentum driven wind
layer e Thermal energy of the shocked gas is rapidly
Fast cooled via radiative cooling.
wind Flig e Momentum is conserved between the wind and
ISM.
e A portion of ISM is affected by wind ram pressure
Shocked, : :
SMBH adiabatically and BH accretion can continue.

expanding layer

+ Energy driven wind
e Cooling time scale is larger than the dynamical
time scale of the wind.
e Energy is conserved between the wind and ISM.
e Powerful feed back suppresses the mass
accretion onto BH.

Fast

wind ISM

King & Pounds (2015)
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UFOs and large-scale outflow

+ Accretion disk winds (such as UFOs) can accelerate the molecular

outflows and local dusty winds O ey o, ) kpe
7.5¢ 11 e
ISM Molecular outflow 3l
& %6.0- '1'°§
e ' L, S 55l 098
% [ Vs © N
\ ' ‘ 3 5.0¢ {fos g
' ' ‘ " as| -0.72
\\ ' ‘ 4.0r . ‘ . . ‘ ‘
Y 0 ’ —-1500 —-1000 -500 0 500 1000 1500
N ,' Offset velocity [km s71]
@ - =P Iorus | «Salak et al. (2023)
M N
’ I % . s
AR Dusty wind
Disk wind T
E ) \ 4
’ ' ‘ ',’/,/' s ' 20
v CGémez Rosas et al.
D 0 (2022) BB

Garcia-Burillo et al. (2021)
32 Aa[mas)



Momentum driven or Energy driven?

+ Compare momentum and energy between molecular outflows and UFOs.

102 " | Ic 5063 —— J
E w
1 Mrk 231 UFO
10 Mrk 273 —v—
A\ 1) NGC 1068 —A—
- + NGC 6240 —@—
X 40 b + © IRAS F11119 —%—
= = == 0
=3 z z1°Molecular
Q — <
2 | t £ | outflow
5 510 fMolecular S Fio]
o >~ 2
53 | outflow o
E IC 5063 —&— o
10" | Zw 1 ; - 102
Mrk 231 L o
Mrk 273 —v— T
NGG 6240 —8— |
10_2 ‘ |RAS F11119 +‘| . } UFO | 10_3 ‘ ‘ ‘ |
102 10° 10* 10° 10° 10° 10* 10°
Outflow velocity (km/s) Outflow velocity (km/s)

Mizumoto et al. (2019)
In many objects, energy is lost in molecular outflows.

Energy transfer rate is ~0.007-1
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Remaining Issues in Theoretical Research

+ Multi-scale simulations are necessary for comprehensive understanding

of multi-scale outflows.
+ Each scale simulation has been developed, but the calculations

connecting them have not yet been accomplished.

3000 10 Dynamical torus
model
2000 -
- E
o E L _— -
# "Radiation fountain” |
1000 .
driven by
P 4 :
X-ray heating and
; , .
0 o o 00 radiation force
Nomura et al. 2020, R(R,) Wada 2012, 2015

Mizumoto at al. 2021
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Remaining Issues in Theoretical Research

+ Multi-scale simulations are necessary for comprehensive understanding
of multi-scale outflows.

+ Each scale simulation has been developed, but the calculations
connecting them have not yet been accomplished.

3000 , C 10
=l ~1073 — 1 pc
time=6.582x1073 [Myr]
2000 B o Byl N
1000 S = =y . "'é =
| l;\t ........
0 -2 'i' '.-:h‘h !
Nomura eot al 2021(())00 R(R -1 0 1 —0.1 0.0 0.1 ' N
: : 1 RRY) R [pc] RIpcl Kudoh etal. 2023 Wada 2012, 2015

Mizumoto at al. 2021



2.0
1.5
1.0
0.5
0.0
—0.5
—-1.0
—-1.5

—2.0

time=0.000x10° [Myr]

Dusty outflow

+ Radiation-hydrodynamic simulations including dust opacity.
e Dust-gas mass ratio = 0.01. Dust sublimation and sputtering are included.

78 N

log (Tg [K]) log (ng [cm™3])

10

S0

Assuming the stationary

radiation field L = 0.1Lgy,

Dusty gas can escape from the nucleus.

Dust-free gas (r < 0.04) is bound.



UFO+Dusty outflow (future work)

Input velocity, density, and temperature
UFO changes the structure and mass outflow rate of dusty outflow.

1500

([>1] 1) Bot

500

H N W b U OO N

0 500 R(R 1000 1500 ) 1 0.1
Nomura et al. 2020 (Fs) RIpcl  Kudoh et al. 2023

Mass accretion onto accretion disc is regulated by dusty winds.

Simulations connecting the different scale from 10~ pc to 1 pc

37
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