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Figure 3. Snapshot of disk structures for density (left) and radiation energy
density (right) at time 1.13 × 104ts . Units for ρ and Er are ρ0 and arT
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0

respectively.
(A color version of this figure is available in the online journal.)

Detailed structures of the disk will be studied quantitatively in
the following sections.

4.3. Inflow and Outflow

To see which part of the disk has reached inflow equilib-
rium, Figure 4 shows various mass fluxes through each radius
defined as

Ṁsum =
∮

ρv · dS,

Ṁin =
∫ Lz/2

−Lz/2
2πmin(vr, 0)rρdz,

Ṁout =
∫ Lz/2

−Lz/2
2πmax(vr, 0)rρdz,

Ṁz =
∫ r

0
2πvz(z = ±Lz/2)rρdr. (8)

Here, Ṁsum is the total mass flux through the cylinder with radius
r, Ṁin, and Ṁout are the inward and outward mass flux along the
radial direction, respectively, Ṁz is the mass flux through the
vertical direction. As the time-averaged value of Ṁsum is almost
a constant for different radii between time 10570ts and 12080ts
up to ∼20rs , this part of disk has reached inflow equilibrium
and will be the focus of our analysis. Figure 4 also shows that
starting from ∼4rs , there is a significant outward mass flux along
the radial and vertical directions. At 20rs, Ṁin = 3.01Ṁsum,
Ṁout = −1.72Ṁsum while Ṁz = −0.29Ṁsum.

Figure 5 shows the time and azimuthally averaged distribution
of ρ, v, Er, Fr in the r−z plane. Consistent with the snapshot
shown in Figure 3, the disk clearly has two distinct components,
namely the turbulent body of the disk and a strong outflow
region within ∼45◦ from the rotation axis. Most of the mass
is concentrated near the mid-plane of the disk, where accretion
happens. The outflow starts from a place well inside the electron
scattering photosphere and carries the lowest density gas in
the disk. However, a significant amount of radiation energy
is carried along with the outflow. The streamlines pointing
toward the inner boundary are probably an artifact of the

Figure 4. Averaged radial profiles of mass flux between time 10,570ts and
12,080ts. The red line is the net mass flux (Ṁsum). The solid and dashed black
lines are the inward and outward mass flux along radial directions (Ṁin and
Ṁout), while the blue line is the total mass flux along the vertical direction
within each radius (Ṁz). The dotted vertical line indicates the location of rISCO.
(A color version of this figure is available in the online journal.)

cylindrical coordinate we are using. The emerging flux from the
photosphere at each radius is a composition of photons generated
at different radii, which completely changes the radial profiles of
the radiation flux compared with the classical one zone models
where the radiation flux from photosphere at each radius is only
determined by the photons generated locally.

In order for the outward moving gas seen in the simulation to
be truly astrophysical outflow, the gas has to be unbound from
the gravitational potential. However, with radiative diffusion,
the classical Bernoulli number is no longer a constant. One
lower bound estimate is to treat the radiation acceleration as
an effective reduction of the gravitational acceleration and we
use the following quantity to determine whether the gas is
bound or not:

Et = 1
2
ρv2 +

γP

γ − 1
− Egrav +

Er

3
, (9)

where Egrav = −ρφ. The first three terms in this equation are
the classical Bernoulli constant, while the last term is to account
for the balance of gravity due to radiation force. We azimuthally
average Et between 10,570ts and 12,080ts, which is shown in
Figure 6. The outflow region seen in Figure 5 does have positive
Et while the turbulent part of the disk has negative Et. Although
Figure 5 shows that the gas with negative Et beyond 30rs can
also move outward, this is just the dynamic motion of the torus
and they cannot reach infinity. They will fall back at a larger
radius, which is not captured by the simulation domain. We
have done another simulation with similar setup but without
radiation field. The gas can have similar large-scale outward
motion but the Bernoulli constant is always negative.

4.4. Rotation Profile and Force Balance

When both gas and radiation pressure gradients along the
radial direction are negligible, gravitational force is balanced by
the centrifugal force and the disk is in Keplerian rotation. This is
what usually assumed in standard thin disk model. To check this,
Figure 7 shows the radial profile of density-weighted rotation
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