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Black Hole Accretion
Disks

OWhen rotating gas accretes to a Black Hole , Accretion disks
are formed

OBinary BH candidates observed by X-ray.
OHard state : Hard X-ray dominant and faint.
OSoft state : Soft X-ray dominant

OBright Hard state : Hard X-ray dominant and luminous.
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Hard-to-Soft Transition

ODuring an outburst of stellar mass (~10Mg) black hole candidates,
state transitions are observed.

OBrnight hard state
OLow frequency QPO(LFQPO) with peak frequency around 0.1~10 Hz.
CJet ejection

OThe state transitions can be explained by using thermal equilibrium

curve.
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MagnetoHydroDynamic

Simulation

[OMachida et al. 2006

® MHD simulation of the cooling instability in
initially optically thin hot accretion flow.

® Radiative cooling 1s included after the magnetic
turbulence driven by the MRI grows, so that
the RIAF 1s formed.

® When the density of the disk exceeds threshold
for the onset of the cooling instability, the disk
shrinks in the vertical direction by cooling and
forms a magnetic pressure dominated disk.

v'Only considered optically thin radiative cooling.

v"Numerical oscillation in the low- S region.

OCompute more accurately in low- S region.

OHandle both optically thick and thin region.
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Fig. 7. Schematic picture of state transitions in black hole candidates.
(a) Low/hard state, (b) onset of the cooling instability, (c) the transition
radius between the hot disk and cool low-8 disk moves inward as the
accretion rate increases.

Machida et al.2006
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Purpose of this study

Olnvestigate the time varabilities of accretion disks
around a stellar mass Black Hole during hard-to-soft

transition with moderately high accretion rate(~0. 1Mgg4)

by global 3D Radiation MHD(RMHD) simulations.

®Structure of the disk during hard-to-soft transition

® Ornigin of QPO

®Jet gjection




Numerncal Method

OWe apply non-relativistic version of the RMHD code developed by H.R.Takahashi and
K.Ohsuga (2013)

ORMHD code CANS+R
® Resistive-MHD part : CANS+(Matsumoto et al. 2016)

® High order MHD code based on the HLLD approximate Riemann solver
(Miyoshi and Kusano 2005)

® 5% order special accuracy is achieved by applying the MP5 scheme
(Suresh & Huynh 1997)

® Hyperbolic divergence cleaning
® Radiation part : (Takahashi and Ohsuga 2013, Kobayashi et al. 2018)

® Solve with O™ and 1t moments of time dependent , frequency averaged radiative
transfer equation.

® The equations are closed by M1-closure

® Accurate to the order of v/c




Basic Equations of CANS+R

Resistive MHD Radiation
dp
—+V-(pv) =0 1 OF,
Jat ? ot +V ]P)T=S(]P)7-)
dpv
atr +V-F, =cS(E,)
0E
T +V:-[(E+PDv—B(B-v)]|=-V-MjXxB)+ pv:-Vdpy — cS(E,)
3B Pseudo-Newtonian potential
i V.- (B — Bv +yI) = -Vx(nj)
y oo = GM
2 ¢ PN — T o _
S HeRV-B =~y R —1s
Source term Electron Scattering Opacity

v, 1 Kos = ;—T =04
s(p,) = pKffz(arT —E) - P(Kff + Kes)E[Fr — (VE, +v-P,)] p

Free-Free Absorption Opacity
v
S(E,) = prrp(a, T* — E,) + p(kpr — Kes)z - [F, — WE, +v-P,)]

Krp = 1.7xX1072°my,2pT, 35




M1 -closure

OP = DE COptically thick limit
I:IEddington tensor : D b¢=0
1
|:|Edd|ngton factor : f ClOptically thin limit
Of = 3+4&2 O¢E=1
 5+2,/4—3&2 0D = nn
0¢ =2
COn = i
|F|




Simulation Set Up

Poloidal magnetic field Absorbing boundary :
parallel to density 1socontour 21y from center
Mgy = 10Mg

normaliz
ation
length Schwarzschild radius:rg = 3%x10° cm

velocity  Light speed:c = 3x10*% cm/s

Time to =1,/c =1x10"*s
-60 -40 -20 0
O3D-cylindrical coordinate Initial density distribution
0401732411 gnds CInitial state
®0 < r <1007, ® Equilibrium solution of rotating torus

® \{/eak poloidal magnetic field.

o = U. <r< . .
Ar=0.175 (0 <7 < 207) ® At the density maximum of the torus
®-100r, < z < 1007 (r = 40r,)

®Az= 0.1r,(—5rg < z < 51) ® Plasmaf (Fyas/Pnag)=10

[ ) Keiler rotation




Formation of RIAF

OMHD simulation 1s carried out
without including radiation term until

t=8000 7, /c.

OThe torus rotated 4times at 40rg.

time= 8000rg/c

OAccretion 1s driven by the angular 4
momentum transport by Maxwell
stress enhanced by the growth of MRL *

OThe disk becomes hot and expands v °F

due to the heating by magnetic 20
dissipation. )
ODensity 1s ~0.1p/pg at mid-plane. 50 o 50
Density distribution
ORadiation term 1s switched on at @ 8000 ry/c
t=8000 7, /c.




Initial State When
Radiation 1s Swatched on.

Olnitial maximum density of the torus is : py = 1.0x10™* g/cm?

® Density of the non-radiative accretion flow : 1.0x107> g/cm3 at
mid-plane.

® The nitial state 1s intermediate between optically thin disk and
optically thick disk.
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Luminosity

photon luminosity
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OLpy = [, [ F(r=20)rdpdz + [ [" F,(z = —25,25)rdepdr

OStationary around ~0.1Lggq4
OConsistent with luminosity of bright hard state.




Snap Shot @23000 7, /c

Temperature Plasma B Density

time=28000r,/c time=28000r /c time=28000r /c

OCold (~10° K) low- £ ,geometrically thin disk formed in outer region(> 207,)
OHot(~10* K) high- 8 ,geometrically thick disk formed in vicinity of BH(< 201,)




— ! rad flux of r-z plane
color : rad energy density

Radiation Energy Density

azimuthally averaged radiation energy density @12400r/c azimuthally averaged radiation energy density @28000r/:
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ORadiation energy 1is the largest around inner edge of the cool disk

ORadiation spectra 1s dominated by hard X-ray because most of
the radiation 1s emitted in the optically thin region




Radial Distribution of
Optical Depth

radial distribution of effective optical depth
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OEffective optical depth : Torr = \/Taps(Tseq T+ Tans)

OWhole region 1s optically thin at the imitial state when radiation term 1s switched on.
OOptical depth gradually increases and outer region become optically thick (7,¢r>1).
OBut inner region stays optically thin.




Radial Distnbution of Net
Mass Accretion Rate

1 Mggq & 100

s T
0.1 MEdd'§ 0.10 —
5

OM = f_HH fozn pv,rdpdz (H : disk thickness)

dMass accretion rate is around 0.1MEdd




Radial Distrnibution of
Temperature and Plasmaf

Temperature Plasma B

radial distribution of temperature radial distribution of plasma 8
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OTemperature decreases to 10°K in the outer region

OThe disk in the outer region 1s supported by magnetic pressure.
Olnner region stays in high- 8, hot state

Olntermediate region between the hot disk and the cold disk appears around 10~20r,
® This radius 1s consistent with observation




Radial Distribution of Magnetic
Energy and Joule Heating rate

B2 nJ*

radial distribution of magnetic energy radial distribution of magnetlc d|$|pat|on rate
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OThe magnetic energy 1s largest around the inner edge of the cool disk
where strong azimuthal magnetic field 1s formed by vertical contraction of
the disk.

OJoule heating rate 1s largest in the inner hot disk.
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Buttertly Diagram
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OAzimuthal magnetic field reverse quasi periodically by disk dynamo at 8r, (hot region)
OThe period of dynamo (0.1~0.3 s) is close to the frequency of LFQPO
O The magnetic flux amplified in the disk buoyantly escape from the disk.

COReversal of azimuthal magnetic field takes place even in the outer region where 30 7;

OIn the outer region , disk dynamo reverses magnetic fields around the surface of the cool disk.




Summary

OWe carrnied out RMHD simulations of hard-to-soft transitions in
black hole candidates and showed that geometrically thin, optically
thick cool disk in the outer region co-exist with the geometrically
thick, hot, optically thin disk near the black hole.

OWe carried out simulations for longer time than Takahashi et al.
(2016) until field reversal takes place in the outer low- £ region.

OIn the inner hot disk , azimuthal magnetic field reverses quasi-
periodically with frequency 5-10Hz. This frequency 1s close to the
frequency of LFQPOs. The cyclic disk dynamo can be the origin of
low-frequency QPOs observed during hard-to-soft transition.

OMagnetic energy 1s accumulated around the boundary between
the hot disk and the cool disk.




