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　ブラックホールの周囲には、降着円盤が形成され、そこからブラックホールへガスが流れ込んでいる
と思われている。さらに、ガス円盤からはジェットや円盤風が吹き出していると考えられている。しか
し、その物理メカニズムはよくわかっていない。問題の解明には、大局的輻射磁気流体シミュレー
ションが必要である。そもそも、ガスが降着するためには、角運動量が輸送されなければならない
が、それが磁場起源であることがわかってきた。また、輻射冷却効率の違いは、円盤の多様性を生み
出すため、輻射輸送も正しく扱う必要がある。したがって、輻射磁気流体シミュレーションが必須なの
である。
　昨年度に引き続き、多次元輻射流体シミュレーションで三種のガス円盤およびそれに付随するガス
噴出流を作り出し、その物理メカニズムを調べた。　図１は、密度分布（カラー）と流線（曲線）を
示したものである。円盤上空で、ガスが渦を巻きながら鉛直方向に加速されている様子がわかる。特に
本年度は、円盤内部でのエネルギー散逸が、ガスエネルギー、磁気エネルギー、輻射エネルギーとど
のような関係になっているかを調べた。その結果を示したのが図２である。従来のモデルでは、エネル
ギー散逸率はガスエネルギー、もしくはガスエネルギーと輻射エネルギーの和に比例すると考えられて
いたが、本研究の結果、それはおよそ磁気エネルギーに比例することがわかった。このエネルギー散
逸率や角運動量輸送効率をいわゆるアルファパラメータに焼き直すと、その値はおよそ0.05になるこ
とがわかった。
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Fig. 2.— Perspective view of inflow and outflow patterns near the black hole for models A, B, and C, from left to right, respectively.
Also plotted are normalized density distributions (color) and streamlines, which are time-averaged over 6−7 s for models A and C and over
9−10 s for model B.
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Fig. 3.— Top panel: mass accretion rate, Ṁacc, and mass outflow rate, Ṁout, normalized by the critical rate, LE/c2, and the photon,
kinetic, and trapping luminosities normalized by the Eddington luminosity, LE. Bottom panel: the ratios of Ṁout/Ṁacc, Lkin/Lph, and
Ltrap/Lph. All values are time-averaged over 5−7.5 s (models A and C) and 7.5−10 s (model B).

temperatures occur in model C entirely and in model B,
inside ∼ 7RS.
To summarize, we could reproduce three distinct states

of accretion flow with the same code but by changing the
density normalization. In the subsequent subsections we
give more information individually for models A−C.

4.2. Model A

4.2.1. Overview

Model A, with a high density normalization (ρ0 =
1.0 g cm−3), corresponds to the two-dimensional RMHD
version of the slim disk model (Abramowicz et al.
1988; Watarai et al. 2000) but with significant outflow
(Takeuchi et al. 2009). The geometrically thick disk is
supported by the radiation pressure (see Section 4.2.2
and Section 4.2.3). We also find in Figure 4 that the
disk consists of very dense and moderately hot (107−8

K) matter. The gas temperature is comparable to the

図１：三種のガス円盤の密度分布（カラー）と流線（曲線）



図２：ガスエネルギー、磁気エネルギー、輻射エネルギー、およびエネルギー散逸率の分布
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Fig. 7.— Vertical profiles of the energy dissipation rate (black)
the gas (red), radiation (green), and magnetic (blue) energies at
r = 10RS. They are time-averaged over 5−7.5 s. The radiation
energy in model C is not plotted, since it is too small.

the gas temperature is comparable to the radiation tem-
perature due to the effective gas−radiation interaction
at z <∼ 15RS, we find Tgas # Trad at the upper region of
z >∼ 20RS, since radiative cooling is inefficient because of

smaller density (emissivity) (see the middle panel).
As we have mentioned in Section 4.2.2, the supercrit-

ical disk ejects high-velocity outflows driven by the ra-
diation force. This is clearly shown in the bottom panel
of Figure 6, in which we plot vertical components of the
gravity (dotted line), the radiation force (green circle),
the magnetic-pressure force (blue circle). The solid black
line (total) in the bottom panel indicates the sum of the
vertical forces by the radiation, the magnetic pressure,
the magnetic tension, and the gas pressure. (The gas-
pressure force and the magnetic-tension force are so small
that they do not appear in this figure.) While the radia-
tion force is nearly balanced with the gravity at z <∼ 20RS

(disk region), it largely exceeds the gravity in the upper
regions at z >∼ 20RS, producing the high-velocity outflows.
The radiative flux is roughly estimated to be cE0 in the
optically thin, outflow region above the disk, whereas
it is reduced to be cE0/τ in the optically thick disk re-
gion. Hence, the radiation force suddenly increases above
around the disk surface, z ∼ 20RS, although the radia-
tion energy density itself (E0) is smaller in the outflow
region than in the disk region (see panel (g) of Figure 5).
In the case of the supercritical flows, the radiation force
supports the disks and accelerates the outflows. The
forces via the magnetic pressure, the magnetic tension,
and the gas pressure is too small to influence the accel-
eration of the outflow. However, the magnetic pressure
and the magnetic tension (Lorentz force) works in a di-
rection parallel to the disk plane and thus collimates the
outflow (see Takeuchi et al. 2010).

4.2.4. Dissipation Rate

In Figure 7, we plot the vertical profiles of the dissipa-
tion rate, 4πηJ2/c2 (black), as well as those of the gas
(red), radiation (green), and magnetic energies (blue) for
model A (see upper four lines). They are time-averaged

over 5−7.5 sec. All the values tend to decrease with an
increase of z. In the region of z <∼ 20RS, we find that
the gradient of the dissipation rate is smaller than that
of the gas energy and that of the radiation energy. It
implies that the traditional α-viscosity model does not
precisely describe the vertical structure of the disk, since
it states that the dissipation rate is proportional to the
gas (or radiation) pressure. We find that the profile of
the dissipation rate is roughly on parallel with that of
the magnetic energy (see also Hirose et al. 2006; Turner
et al. 2003, for the cases of local RMHD simulations).
The radiation energy shows a rather flat distribution

above z >∼ 20RS. Since the radiation energy is transported
via the diffusion in the disk region, while the photons
freely go out above the disk, the slope of the profile of
the radiation energy changes across the disk surface at
z ∼ 20RS.
In figure 7, we also find that, while the dissipation rate

is enhanced near the equatorial plane in both models,
the magnetic energy suddenly decreases toward z = 0.
However cautions should be taken here, since this might
be caused by the particular boundary conditions with
respect to the equatorial plane, where we require that
Br andBϕ are antisymmetric. Such a condition enhances
the reconnection, leading to the decrease of the magnetic
energy and the increase of the dissipation rate. In fact,
Hirose et al. (2006) showed that the magnetic energy
and the dissipation rate are nearly constant across the
equatorial plane by simulations without employing the
equatorial-plane symmetries.
Although the traditional α-viscosity model does not

precisely describe the vertical dissipation profile, the r−ϕ
component of the shear-stress tensor at around the equa-
torial plane is roughly proportional to the pressure when
we examine the time variations of these two quantities.
In the previous paper (Ohsuga et al. 2009), we inves-
tigated the time evolution of the magnetic torque of
z <∼ 3RS, and demonstrated that the torque is roughly
proportional to the total pressure but with some scat-
ters.

4.2.5. Gaussian or Polytropic?

Finally, we compare the simulated vertical structure
with that obtained by simple analytic models on the as-
sumption of the hydrostatic balance. If the disks are ver-
tically isothermal, the energy (pressure) profile is given
by a Gaussian profile of exp

(
−z2/2H2

)
with H being

the disk half-thickness. Such a function with H = 2.5RS
roughly reproduces the energy distributions of the flow
in model A, as is seen in the top panel of Figure 8, which
represents gas and radiation energies of model A normal-
ized by the values at z = 0. If we use a polytropic rela-
tion (p ∝ ρ(N+1)/N with N being the polytropic index)
instead of the isothermal assumption, on the other hand,
the vertical hydrostatic balance leads that the energy is

proportional to a function of
(
1− z2/2H2

)N+1
. Such a

function with H = 8RS can also give good fits to the en-
ergy profiles of model A (see the upper panel in Figure
8). Here, we employ N = 3 for model A since the disk
is radiation-pressure-dominated. We note that the disk
half-thickness at r = 10RS isH ∼ (cS/vKep) r ∼ 5RS and
are in rough coincidence with the above values, where cS
is the sound velocity at (r, z) = (10RS, 0).


