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pWhen rotating gas accretes to a Black Hole , Accretion disks 
are formed
pBinary BH candidates observed by X-ray.
pHard state : Hard X-ray dominant and faint.
pSoft state : Soft X-ray dominant
pBright Hard state : Hard X-ray dominant and luminous.

Cyg X-1 Gierlinski et al.1999

Black Hole Accretion 
Disks



pDuring an outburst of stellar mass (～10𝑀⊙) black hole candidates, 
state transitions are observed.
pBright hard state 
pLow frequency QPO(LFQPO) with peak frequency around 0.1~10 Hz.
pJet ejection

pThe state transitions can be explained by using thermal equilibrium 
curve. 
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GX 339-4 Remillard 2005 Abramowicz et al.1995

Optically thin Optically thick



MagnetoHydroDynamic
Simulation

pMachida et al. 2006
lMHD simulation of the cooling instability in 
initially optically thin hot accretion flow.

lRadiative cooling is included after the magnetic 
turbulence driven by the MRI grows, so that 
the RIAF is formed.

lWhen 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.

üOnly considered optically thin radiative cooling.
üNumerical oscillation  in the low-βregion.

pCompute more accurately in low-βregion. 

pHandle both optically thick and thin region. Machida et al.2006



Purpose of this study
pInvestigate the time variabilities of accretion disks 

around a  stellar mass Black Hole during hard-to-soft 

transition with moderately high accretion rate(~0.1�̇�&'') 

by global 3D Radiation MHD(RMHD) simulations.

lStructure of the disk during hard-to-soft transition

lOrigin of QPO 

lJet ejection



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

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

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

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

l Hyperbolic divergence cleaning

l Radiation part : (Takahashi and Ohsuga 2013, Kobayashi et al. 2018)

l Solve with 0th and 1st moments of time dependent , frequency averaged radiative 
transfer equation.

l The equations are closed by M1-closure

l Accurate to the order of v/c



Basic	Equations	of	CANS+R
Resistive MHD

𝜕𝜌
𝜕𝑡 + 𝛁 - 𝜌𝒗 = 0

𝜕𝜌𝒗
𝜕𝑡 + 𝛁 - 𝜌𝒗𝒗 − 𝑩𝑩+ 𝑃𝑰 = 𝜌𝛻𝜙67 − 𝑺(ℙ;)

𝜕𝐸
𝜕𝑡 + 𝛁 - 𝐸 + 𝑃𝑰 𝒗 − 𝑩 𝑩 - 𝒗 = −𝛻 - (𝜂𝒋×𝑩) + 𝜌𝒗 - 𝛻𝜙67 − 𝑐𝑆(𝐸;)

C𝑩
CD
− 𝛁 - 𝒗𝑩 − 𝑩𝒗 + 𝜓𝑰 = −𝛁×(𝜂𝒋)

𝜕𝜓
𝜕𝑡 + 𝑐F

G𝛁 - 𝑩 = −HI
J

HKJ
L

Source term

𝑺 ℙ; = 𝜌𝜅NN
𝒗
𝑐 𝑎;𝑇Q − 𝐸; − 𝜌 𝜅NN + 𝜅RS

1
𝑐 𝑭; − 𝒗𝑬𝒓 + 𝒗 - ℙ;

𝑆 𝐸; = 𝜌𝜅NN 𝑎;𝑇Q − 𝐸; + 𝜌 𝜅NN − 𝜅RS
𝒗
𝑐  - 𝑭; − (𝒗𝑬𝒓 + 𝒗 - ℙ;)

Pseudo-Newtonian potential

𝜙67 = −
𝐺𝑀
𝑅 − 𝑟S

Electron Scattering Opacity

𝜅RS =
Z[
\K

= 0.4

Free-Free Absorption Opacity

𝜅NN = 1.7×10`Ga𝑚c
`G𝜌𝑇deS`f.a

Radiation

1
𝑐G
𝜕𝑭;
𝜕𝑡 + 𝛁 - ℙ; = 𝑺(ℙ;)

𝜕𝐸;
𝜕𝑡 + 𝛁 - 𝑭; = 𝑐𝑆(𝐸;)



M1-closure
pℙ = 𝔻𝐸
pEddington	tensor	:	𝔻
p𝔻 = h`N

G
𝕀 + fN`h

G
𝒏𝒏

pEddington	factor	:	𝑓
p𝑓 = flQmJ

alG Q`fmJ�

p𝜉 = 𝑭
H&

p𝒏 = 𝑭
𝑭

pOptically	thick	limit
p𝜉 = 0	
p𝔻 = h

f
𝕀

pOptically	thin	limit
p𝜉 = 1
p𝔻 = 𝒏𝒏



Simulation Set Up

pInitial state
lEquilibrium solution of rotating torus
lWeak poloidal magnetic field.
lAt the density maximum of the torus 
(r = 40𝑟d)
l Plasmaβ(𝑃deS/𝑃\ed)=10
l Kepler rotation

normaliz
ation
length Schwarzschild radius:𝑟d = 3×10t cm

velocity Light speed:c = 3×10hv cm/s 

Time 𝑡v = 𝑟d/𝑐 = 1×10`Q s

p3D-cylindrical coordinate
l401*32*411 grids
l0 ≤ 𝑟 ≤ 100𝑟d
l∆r = 0.1𝑟d (0 ≤ 𝑟 ≤ 20𝑟d)
l−100𝑟d ≤ 𝑧 ≤ 100𝑟d
l∆	z= 0.1𝑟d(−5𝑟𝑔 ≤ 𝑧 ≤ 5𝑟d)

Poloidal magnetic field 
parallel to density isocontour

Absorbing boundary：
2𝑟d from center

𝑀}~ = 10𝑀⊙

Initial density distribution



Formation of RIAF
pMHD simulation is carried out 
without including radiation term until 
t=8000 𝑟d/c.

pThe torus rotated 4times at 40𝑟d.

pAccretion is driven by the angular 
momentum transport by Maxwell 
stress enhanced by the growth of MRI.

pThe disk becomes hot and expands 
due to the heating by magnetic 
dissipation.

pDensity is ~0.1𝜌/𝜌v at mid-plane.

pRadiation term is switched on at 
t=8000 𝑟d/c.

Density distribution
@ 8000 𝑟d/c



Initial State When 
Radiation is Switched on.
pInitial maximum density of the torus is :	𝜌v = 1.0×10`Q	g/𝑐𝑚f

lDensity of the non-radiative accretion flow :	1.0×10`a	g/𝑐𝑚f at 
mid-plane.

lThe initial state is intermediate between optically thin disk and 
optically thick disk.

Abramowicz et al.1995

This time
(8000 rg/c)

Machida et al.
2006
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Luminosity

p𝐿cF = ∫ ∫ 𝐹;(𝑟 = 20)𝑟𝑑𝜑𝑑z + ∫ ∫ 𝐹�(𝑧 = −25,25)𝑟𝑑𝜑𝑑r G�
v

Gv
v

G�
v

Ga
`Ga

pStationary around ~0.1𝐿&''
pConsistent with luminosity of bright hard state.

1𝐿&''

0.11𝐿&''



Snap Shot @28000 𝑟d/𝑐

pCold (~10t K),low-β,geometrically thin disk formed in outer region(> 20𝑟d)

pHot(~10hh K),high-β,geometrically thick disk formed in vicinity of BH(< 20𝑟d)

Temperature Plasma β

Log T Log β

Density

Log 𝜌/𝜌v



Radiation Energy Density

pRadiation energy is the largest around inner edge of the cool disk
pRadiation spectra is dominated by hard X-ray because most of 
the radiation is emitted in the optically thin region

→：rad flux of r-z plane
color：rad energy density

t=12400 t=28000



Radial Distribution of 
Optical Depth

pEffective optical depth : 𝜏RNN = 𝜏e�S(𝜏SHe + 𝜏e�S)
�

pWhole region is optically thin at the initial state when radiation term is switched on.
pOptical depth gradually increases and outer region become optically thick (𝜏RNN>1).

pBut inner region stays optically thin.
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Radial Distribution of Net 
Mass Accretion Rate

p�̇� = ∫ ∫ 𝜌𝑣;𝑟𝑑𝜑𝑑z 
G�
v

~
`~ (H : disk thickness)

pMass	accretion	rate		is	around	0.1�̇�&''

8000

13000

23000

28000

1 �̇�&''

0.1 �̇�&''



Radial Distribution of 
Temperature and Plasmaβ

pTemperature decreases to 10tK in the outer region

pThe disk in the outer region is supported by magnetic pressure.
pInner region stays in high-β, hot state
pIntermediate region between the hot disk and the cold disk appears around 10~20𝑟d

l This radius is consistent with observation 

radii [𝑟d]

13000

8000

23000

28000

Temperature
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Radial Distribution of Magnetic 
Energy and Joule Heating rate

8000

13000

28000

23000
28000

23000
13000

8000

pThe magnetic energy is largest around the inner edge of the cool disk 
where strong azimuthal magnetic field is formed by vertical contraction of 
the disk.

pJoule heating rate is largest in the inner hot disk.

radii [𝑟d] radii [𝑟d]

𝐵G 𝜂𝐽G



Butterfly Diagram

pAzimuthal magnetic field reverse quasi periodically by disk dynamo at 8𝑟𝑔（hot region）
pThe period of dynamo (0.1~0.3 s) is close to the frequency of LFQPO
pThe magnetic flux amplified in the disk buoyantly escape from the disk. 

pReversal of azimuthal magnetic field takes place even in the outer region where 30 𝑟d
pIn the outer region , disk dynamo reverses magnetic fields around the surface of the cool disk.

Time

Z
[𝑟 d
]	

0.5s 1.5s1.0s0s 2s

8𝑟d 30𝑟d

Time
2s1.5s 1.0s0.5s0s



Summary
pWe carried 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.

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

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

pMagnetic energy is accumulated around the boundary between 
the hot disk and the cool disk.


