
RIAF, whereas it is mostly by photons in the present case. In
addition, since the RIAF simulations basically do not take into
account the radiative cooling, they would overestimate the
driving force of the outflows.

4.2. Photon Trapping

The photon trapping characterizes the supercritical accre-
tion flows. It works to reduce the energy conversion efficiency,
L /Ṁc2 (see, e.g., Paper I; Ohsuga et al. 2003). As a result, the
flow luminosity becomes insensitive to the mass accretion rate
when ṁ31. However, simple stream lines were assumed in
the previous studies on supercritical flows, including the slim-
disk model. Even if we do not consider possible multidimen-
sional gas motions, photon trapping works to some degree,
leading to a reduction in the energy conversion efficiency. Such
multidimensional gas motion and associated reaction of the
radiation can be calculated in the present RHD simulations,
since we have calculated the radiation energy transport, being
coupled with the gas dynamics.

Figure 7 plots the luminosity as a function of the mass ac-
cretion rate onto the black hole. The filled squares, circles, and
triangles indicate the results for Z ¼ 10, 1, and 0 Z", respec-
tively, with different mass input rates ṁinput ¼ 300, 1000, and
3000 from left to right. We also indicated in the same figure the
luminosity calculated based on the slim-disk model (Watarai et al.
2000) and the one based on model A of Paper I with dashed and
dotted curves, respectively. In Paper I, a simple model for the
accretion flow is employed, and the luminosity, carefully taking
into account the photon trapping, is calculated by solving en-
ergy transport inside the accretion flows. (More precisely, the
luminosity plotted in Fig. 7 is the corrected one, which fixes
initial small errors in their model A [see Fig. 1 in Paper I].) Here
it should be stressed that the mass accretion rate onto the black
hole is not an input parameter but is calculated dynamically in
the present simulations, although it was a parameter in both
model A of Paper I and the slim-disk model. The resulting ṁ
profile was shown in Figure 6.

It is evident in Figure 7 that the calculated luminosity agrees
more with model A of Paper I than with the slim-disk model, in
all the cases. This proves that the two-dimensional effects of
photon trapping are really significant in the supercritical ac-
cretion flows. This result is, in a sense, surprising. In model A in
Paper 1, we assumed that the viscous heating occurs only in the
vicinity of the equatorial plane, although the gas might be
heated up at a high altitude. Since the photons emitted at deep
inside the disk tend to be more effectively trapped in the flow,
we anticipated that the photon-trapping effects would be re-
duced in the realistic situation, compared with model A.

We also argued in Paper I that photon-trapping effects may be
attenuated by the presence of large-scale circulation motion,
which could help photon diffusion motion and thus consider-
ably reduce photon traveling time to the surface of the flow.
However, our current results show significant photon-trapping
effects even when we explicitly include complex flow motions.

Figure 7 also shows that the mass accretion rate onto the
black hole increases with an increase of the metallicity (for
fixed mass input rates). In our simulations the gas with higher
metallicity has larger absorption opacities so that the gas energy
can be more effectively converted into the radiation energy,
yielding smaller gas pressure than in the metal-poor case. The
gas could be effectively blown away by the strong gas pressure.
However, there is a countereffect. The gas with large absorption
opacity enhances the radiation energy. Enhanced radiation flux
and large opacity can drive strong radiation pressure–driven
outflows. The physical cause will be investigated in the future.

Let us see more explicitly how significant photon trapping is.
Figure 8 compares the distributions of the radial component of
the radiative flux in the comoving frame (top) and that in the
inertial frame (bottom) at t ¼ 10 s. Other parameters are the
same; the mass accretion rate is ṁinput ¼ 1000, and the metal-
licity is Z ¼ 1 Z". The former radiative flux (Fr

0) is roughly

Fig. 6.—Mass accretion rates as functions of the radius at t ¼ 10 s (solid
curve), 30 s (dotted curve), and 50 s (dashed curve). The adopted parameters
are ṁinput ¼ 1000 and Z ¼ 1 Z".

Fig. 7.—Luminosities as functions of the mass accretion rate onto the black
hole. The triangles, circles, and squares indicate metallicities of 0, 1, and 10 Z",
respectively. The normalized accretion rate of each symbol is ṁinput ¼ 10, 100,
and 1000 from the bottom left to the top right, respectively. For comparison, the
same but based on the slim-disk model and that based on model A of Paper I are
plotted by the dotted and dashed curves, respectively. The present results agree
more with the latter than with the former.
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