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Abstract. Our quasi-steady 2D numerical radiative hydro-
dynamical investigations of two-temperature accretion flows
around black holes indicate that standard disks are thermally
and hydrodynamically stable against transition to optically thin
disks at large radii. Optically thin disks cool sufficiently rapid
at large radii inducing a vertical collapse and forming thereby
a standard disk which truncates close to the last stable orbit. In
the absence of soft photons from the adjusting standard disk,
we confirm the runaway cooling of the inner optically thin disk.
This runaway however terminates if the radial flux of soft pho-
tons from the outer standard disk is taken into account. Instead, a
cooling-driven front starts to propagates from outside-to-inside
continuously extending the thick disk down to the very inner
region where it terminates via an oppositely-oriented heating
front that forms a hot advective and sub-keplerian torus.

The transition between the two configuration occurs where
the ratio of the cooling to the heating time attains a minimum
value. The transition is found to be rather sharp and gives rise to
outwards-oriented motions of very hot plasma that enlarges the
combined Compton-Synchrotron cooling regions considerably.

While the disk-torus configuration obtained depends weakly
on whether the flow is a one or two-temperature plasma, one-
temperature tori are hotter and fill larger volumes than their
two-temperature counterparts.
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1. Introduction

Standard Shakura-Sunyaev disks (thereafter SSDs) should tran-
sit to optically thin disks (OTDs) close to the central ac-
creting black hole to be consistent with observations (Bland-
ford & Begelman 1998). Single and two-temperatures optically
thin disks (Shapiro et al. 1975) are found to suffer of a ther-
mal runaway instability (Piran 1978). Although this instability
can be removed if advection is included (Narayan & Yi 1995),
recent theoretical investigations indicate that the problem is at
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least two-dimensional in nature and that one-dimensional treat-
ments cannot recover consistently many important effects, like
outflows, winds and convection (Abramowicz et al. 2000). Most
importantly is that the nature and the location of, as well as the
driver for the transition from SSDs to OTDs cannot be detected
using 1D (Abramowicz et al. 2000) or self-similar treatment
(Kato 1997).

It is commonly argued that transition occurs between
102–104 Schwarzschild radii (RS = 2GM/c2), and that
disk-evaporation (Meyer & Meyer-Hofmeister 1994) and super-
keplerian rotation might characterize the transition region
(Abramowicz et al. 1998). In this letter we present new numer-
ical results that reveal the nature of the transition region as well
as the long time evolution of accretion disks around BHs using
the robust implicit radiative hydrodynamical solver IRMHD2
(Hujeirat 1998).

2. Governing equations, initial and boundary conditions

Under axi-symmetry, the hydrodynamical equations consist of
the continuity equation for the density, Euler’s equations for
three momenta, two equations for the internal energies of the
ions and electrons, and one equation for the energy density of the
radiation field. The equation of the radiative density is solved us-
ing the flux–limited diffusion (FLD) (Pomraning & Levermore
1981). The opacityκ is modified so that the radiation-matter
collisional termΛB

.= κρ(T 4 − E) reduces to pure relativis-
tic BremsstrahlungAρ2T 1/2 + Bρ2T in optically thin regions
and to the radiative diffusion operator for higher optical depths.
Hereρ, T and E denote the density, temperature, density of
radiation andA andB are constant coefficients.

For incorporating synchrotron coolingΛSyn, we assume the
magnetic pressure to equalize the turbulent pressure, and use the
relationΛSyn = (Emag/E)ΛC, whereEmag and E denote the
magnetic and photon energies, andΛC = Aρ(Te −Trad)×(1+
4kT
mec2 )E is the Compton cooling function (Rybiki & Lightman
1979). Combining both processes, we end up with the modified
Compton cooling function:

Λmod
Compt =

(
1 +

α2Pe

2 E

)
ΛC, (1)
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whereα andPe denote the turbulent viscosity coefficient and
the electron- pressure, respectively.

Gravity of the central object is described in terms of the
quasi–newtonian potential of Paczynski & Wiita (1980). In all
models, we assume a10 M� central black hole, and an ac-
cretion rate of−Ṁ = 1017g s−1 is set to enter the domain
D = [0 ≤ θ ≤ π/2] × [1 ≤ r ≤ 10] via a thin disk across
the outer boundary. The accretion flow will be followed down
to some radius within the marginal stable orbit, where GR–
effects become important. We have set this inner radius as
Rin = 2.75 RS. All radii are given in the following in units
of Rin.

Although the solutions sought are initial-conditions-
independent, we mention them here for completeness. We split
D into the disk regionDdisk = [0 ≤ θ ≤ θd] × [1 ≤ r ≤ 10]
and a corona regionDC = D − Ddisk, whereθd = H/r and H
denotes the classical thickness of the disk.

In Ddisk the matter is set to rotate keplerian with
ΩK(r, θ) = GM/r(r − RS), and we set the density
ρ(r, θ) = ρ(10, θ) = ρ0 × max(e−(z/H)2 , 10−4) and
T(r, θ) = T(10, θ) = T0, where dz = r dθ and the sub-
script ‘0’ denotes the corresponding equatorial value at the
outer boundary. InDC we setΩ = 0, ρ(r, θ) = 10−4 ρ0,
T(r, θ) = TVirial. The poloidal component of the velocity field
in D is set to vanish.

Since we are interested in steady configurations and since
the flow is viscous andρ in DC is not sufficiently small, we
have found that an unreasonably large shear (∂V/∂θ) along the
inner boundary shows up whenever a non-rotating cold corona
is considered. Therefore, the actual advantage of incorporating
a corona is to reduce the shear and to keep the Mach numbers
alongRin comparable.

Across the inner boundary, free-fall for the radial velocity
and stress–free conditions for the angular velocity are imposed.
Normal symmetry and anti–symmetry conditions are assumed
along the equator and along the polar axis. The domain of inte-
gration is divided into200×70 strongly stretched finite volume
cells in the radial and vertical directions, respectively.

Following Shapiro et al. (1975, SLE), the ions are heated via
turbulent dissipation and the electrons cool via Bremsstrahlung
and comptonization, where the disk is the only source of soft
photons. For dynamical viscosity we useηt = ρνt = ρα VSH as
the turbulent diffusion coefficient, whereH = 0.1r andα = 0.1
are used.

The calculations proceed as follows. Using the above-
mentioned initial conditions we have carried the calculations
till the maximum time-independent residualRes2 has dropped
below a certain small valueεc. We stress here that what charac-
terizes the steadiness of our solutions isRes2 ≤ εc and not the
number of orbital periods.

3. Truncated disks – advective tori solutions

Let rtr be the transition radius between an SSD and an inner
OTD, and assume the effective gravitygeff at r− = rtr(−ε) is
comparable to that atr+ = rtr(1+ ε) for a given smallε. Since

Fig. 1.Synchrotron-2T model. The profiles of the electron temperature
(top, Temperature in units of5 × 107 K) and the ratio of the cooling
time to the heating timeτC/τH at different time levels T (in units of the
orbital periods atRS) are shown. In this model a material fluẋM =
2 × 1016 g s−1 is set to enter the domain of integration through the
outer boundary. Note the rapid steepening of the electron temperature
around the point whereτC/τH is minimum.

the radiative densityE− = E(r = r−) < E+, the ratio of
the cooling time to the heating time atr− is roughlyτC/τH ∼
αD2T 1/2/(ρΩ), whereD2 = (r∂Ω/∂r)2 + (∂Ω/∂θ)2. More-
over, requiring the transition to be smooth, standard disk theory
predicts thatτC/τH(r = rtr) ≈ α which coincides with the ini-
tial profile in Fig. 1. Thus, the ratioτC/τH corresponding to the
outermost annuli of an OTD is smaller than one and therefore
the gas starts to cool rapidly initiating thereby a considerable
vertical motion that enhances density condensations along the
equator. The gas-temperature atr− reaches the minimum ra-
diative temperatureT−

rad. In the absence of external input of
energy,E attains a maximum atrtr and therefore transporting
an inwards-directed radiative fluxF r

rad = λ
χ × ∂E/∂r, where

λ is the radiative-flux-limiter,χ = ρ(κ + σ) andσ denotes the
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Fig. 2. Synchrotron-2T model. 25 equi–distant contour–lines of den-
sity ρ and angular velocityΩ (solid and dashed lines, top), and of the
modified optical thicknessτmod (bottom; contours withτ > 1 are
plotted with solid lines andτ < 1 with dotted lines) of the media in the
disk around10 M� after 2000 orbital periods (in units of the orbital
period of the marginal stable orbit). A material fluẋM = 1017 g s−1

is set to enter the domain of integration through the outer boundary.
The distances from the axis and the equator are in units of2.75 RS.
In this model cooling via relativistic Bremsstrahlung, Compton and
synchrotron are incorporated. Note the disk truncation around the tran-
sition radiusrtr = 1.65

scattering coefficient. This implies that the gas atr+ will cool
to T−

rad also.
We note thatF r

rad at rtr is even comparable to the verti-
cal flux F z

rad(r+) = λ
r χ × ∂E/∂θ|r=r+ , implying that a con-

siderable flux of soft photons goes into the OTD maintaining
T ≥ T−

rad. Our calculations show thatT−
rad is of the order of

(H/r)×T+
rad, therefore terminating the so called runaway cool-

ing of the gas atr− (Piran 1978). SinceτC/τH is small at the
largest radii, the ‘limited’ runaway cooling acquire the form of

Fig. 3. Synchrotron-2T model. The profiles of the radial velocityU
(left axis in8.3×107cm s−1 units), densityρ in 1.45×10−6gr/cm3,
modified optical depthτmod and ComptonY parameter (right axis)
along the equator. Note the rapid acceleration and the strong decrease
of the variable-values in the torus.

Fig. 4. The profiles of the temperatures along the equator.T (1T ) cor-
respond to the gas temperature obtained using the single-temperature
description.Te(2T ) andTi(2T ) correspond to the electron- and ion-
temperature obtained using the two-temperature description.T−rad
is the effective radiative temperature. In these two models cooling via
Bremsstrahlung, Compton and synchrotron cooling have been incor-
porated.

a cooling front which starts propagating from outside-to-inside
forming behind its front an SSD withτC/τH ≥ 1.

Consequently, as our calculations indicate also, the transi-
tion from SSDs to OTDs is thermally unstable. The transition
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Fig. 5.Synchrotron-2T model. The velocity field around the transition
radius.

Fig. 6.Synchrotron-2T model. The profile of the angular velocity along
the equator (dashed line) to be compared to the actual keplerian velocity
(solid line) in the torus.

is hydrodynamically unstable also becausegeff atr± are negli-
gibly small, otherwise super-keplerian rotation is required (see
Abramowicz et al. 1998).

When and where does transition occur?

The calculations confirm that those annuli withτC/τH ≤ 1 are
thermally unstable and undergo a rapid vertical contraction as-
sociated with fluid motion to end up with a stable configuration
characterized byτC/τH ≥ 1 (Fig. 1).

On the other hand, close to the last stable orbit,geff becomes
significant and induces a strong inwards acceleration of the mat-
ter and therefore a rapid density-decrease. Since the heating time
scale is density-independent and increases with decreasing ra-
dius, a heating front forms right at the inner boundary and starts
propagating outwards forming behind its front a hot advective
sub-keplerian rotating torus characterized by a relatively large
τC/τH (see Fig. 1, 4 and 6). The front terminates at a critical
radius whereτC/τH attains a minimum value. Unlike transi-
tions at large radii, the rapid density-decrease here is stable as
the different time scales involved are comparable and a further
density enhancement via vertical (dynamical) contractions will
be canceled immediately by a further inwards acceleration of
the matter. The strong increase of temperature atrtr is there-
fore necessary to maintain a rapid viscous transport of angular
momentum outwards.

As our results show, the torus-volume is relatively small to
produce the required emission of comptonized photons to be
consistent with observation. However, we find that the strong
increase of the ion-pressure atrtr induce outwards motions of
hot electrons that sandwiching the cool disk from both sides
(Fig. 5). The resulting configuration is then sufficiently large for
inversely comptonizing the flow of the hot electrons so that the
spectrum is likely to correspond to a hot state with a significant
black-body emmision in the background.

Combining these with our previous results (Hujeirat &-
Camenzind 2000), we conclude that configurations of truncated
standard disks in the outer region and formation of hot ion tori
in the inner region may occur for a large variety of accretion
rates and turbulent viscosity coefficients.
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