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Abstract. We present a self-consistent analytical model for the computation of the physical conditions in a steady
quasi-Keplerian accretion disk. The method, based on the thin disk approximation, considers the disk as concentric
cylinders in which we treat the vertical transfer as in a plane-parallel medium. The formalism generalizes a work
by Hubeny (1990), linking the disk temperature distribution to the local energy dissipation and leads to analytical
formulae for the temperature distribution which help to understand the behaviour of the radiation propagated
inside the disks. One of the main features of our new model is that it can take into account many heating sources.
We apply the method first to two sources: viscous dissipation and stellar irradiation. We show that other heating
sources like horizontal transfer or irradiation from the ambiant medium can also be taken into account. Using the
analytical formulation in the case of a modified Shakura & Sunyaev radial distribution that allow the accretion
rate to be partly self-similar in the inner region, and, for an « and [ prescription of the viscosity, we obtain
two-dimensional maps of the temperature, pressure and density in the close environment of low mass young
stars. We use these maps to derive the observational properties of the disks such as spectral energy distributions,
high resolution spatial images or visibilities in order to underline their different behaviours under different input
models.
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1. Introduction

Since the initial models of viscous accretion disks of
Shakura & Sunyaev (1973) and Lynden-Bell & Pringle
(1974), many efforts have focused on the description of
the close environment of T Tauri stars (hereafter TTS).
In order to reproduce high angular resolution images that
became available soon after 1990, various authors have
published models of scattered light in large circumstel-
lar structures (Lazareff et al. 1990; Whitney & Hartmann
1992). In the last five years, more precise images of edge-
on disks have been obtained by the Hubble Space Telescope
(HST) and infrared adaptive optics (Burrows et al. 1996;
Stapelfeldt et al. 1998; Monin & Bouvier 2000), allowing
us to refine the models and the physical parameters used
to describe the disks. Most of the time, when interpreting
these images, the authors use ad-hoc power laws to extract
the physical conditions in the disks, like surface density or
the disk scale height. Indeed, these images show that the
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large-scale flaring disks have a complex vertical structure
that must be taken into account in the interpretation of
their flat SED.

Up to now, we have access to only a very few con-
straints on the very central parts of circumstellar disks,
since current instruments do not allow us to directly ob-
serve within 10 AU of the central object. However, the
physics of the inner part of the disks is not expected to be
completely different from that in their outer parts, but
our knowledge of these central regions of circumstellar
disks is restricted to scarce interferometric data and indi-
rect measurements of the inner phenomena via the spec-
tral energy distribution (hereafter SED), the high energy
UV and X-ray emission of disks or the measurement of
magnetic fields.

The first models used quasi-Keplerian steady accre-
tion disks, expected to be geometrically thin for rea-
sonable values of the accretion rate. They describe the
disk as infinitely flat, predicting that the emergent flux
has a spectral energy distribution proportional to the
power —4/3 of the wavelength in the infrared. However,
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Rydgren & Zak (1987) showed that most TTS present
flatter spectral energy distributions, i.e. decreasing less
steeply or even remaining constant over a large domain in
the infrared. This discrepancy led Adams et al. (1988) to
assume that the radial temperature distribution in T Tauri
disks is also flatter than in standard accretion disks: if one
assumes that the disk thickness flares then the disk inter-
cepts more light from the star at large distances and leads
to a variety of SED slopes.

Modeling of the vertical structure of the disks and
the associated radiative transfer has been developed by
Bell & Lin (1994) focusing their attention on the vertical
structure of disks in FU Orionis systems where they ex-
plained a possible origin of outbursts. Chiang & Goldreich
(1997, 1999) used a semi-analytical model of the circum-
stellar structure to explain the SEDs of different types of
young stars. Recently, D’Alessio et al. (1998, 1999) nu-
merically resolved a complete set of equations to compute
the spatial distribution of the temperature and the den-
sity that can be constrained by the observed SEDs and
two-dimensional images.

Up to now, the models have included various approxi-
mations : (i) the magnetic field is ignored; (ii) the viscosity
is assumed to depend only on local conditions and (iii) the
viscosity is expressed using a simple ad-hoc law. On the
other hand, when authors take into account the magnetic
field (Shu et al. 1994; Ferreira & Pelletier 1995; Casse
& Ferreira 2000a; Casse & Ferreira 2000b), they assume
that these magnetic fields do not affect the overall disk
structure. As another example, Terquem et al. (1998) and
Terquem (1998) showed that gravitational instabilities in
the disks may produce waves dissipating viscous energy far
from where they are created. Integrating all these effects
in a unique model appears to be a difficult task.

Our goal is to develop a radiative model simple enough
that it could later on include as many detailed physical
processes of the energy transport in the disks as possible,
and/or the interaction between the circumstellar matter
and the magnetic field. In this paper, we present a new
method to process the radiative transfer in circumstellar
disks, following the pioneering work by Hubeny (1990)
and an initial application in the case of TTS disks by
Malbet (1991, 1992). Our results are not fundamentally
different from previous models but thanks to the analyti-
cal expression of the vertical temperature distribution that
we develop, we are able to identify the actual origin of
the temperature rise in the upper part of the disk pho-
tosphere (1991). We propose that this formalism can be
the starting point for more elaborate models, including
magnetic field or viscous transport. As a first step, our
new self-consistent analytical model can be used to con-
strain the physical environment of young stars using im-
ages from HST or ground-based large telescopes, as well
as millimeter radio-interferometer maps and forthcoming
data from large optical interferometers, and especially the
ESO VLTI project (Malbet et al. 2000).

Section 2 presents the analytical model derived from
hydrostatic and radiative equilibrium, as first described
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by Hubeny (1990), and extended here to the illumination
by an external source. Section 3 describes the application
of this model to the specific case of the circumstellar en-
vironment of young stellar objects, especially in the case
where the accretion rate is not constant at all radii. To
illustrate the model and its application, we present and
discuss in Sect. 4 some results in the case where the heat-
ing by the central source can be neglected and we focus
our attention on the production of observable quantities
like SEDs, images, and interferometric data including vis-
ibility amplitudes and closure phases.

2. Analytical model

In this section, we detail the analytical model for the
calculation of the spatial distribution of quantities like
the temperature or the density. We use the notations of
Hubeny (1990) as much as possible, even if we present
the formalism in a slightly different way. The first 3 sec-
tions (2.1, 2.2 and 2.3) are short reminders of the main
equations of the problem. The last one (2.4) is the gener-
alization of this formalism to external sources of radiation.

The principle for computing the vertical structure
of T Tauri disks is to consider the disk as a set of con-
centric cylinders of infinitesimal width. Each cylinder is
itself regarded as a plane-parallel atmosphere of mixed
dust and gas layers. The basic assumption is that the ra-
dial radiative transfer of energy is smaller than the vertical
transfer, which is true only in the thin disk approximation
(Pringle 1981). However, we can still take into account the
horizontal transfer as a perturbation for disks of moderate
flaring (see in Sect. 2.4.4). We solve the coupled equations
of hydrostatic equilibrium and the radiative transfer in
each cylinder in order to compute the temperature and
density distributions along the z-axis at a given radius 7.
In the following sections, when we focus our attention
on the vertical structure of the cylinder of radius r, we
drop the r coordinate unless otherwise specified. We also
use the mass column coordinate m in place of the height
coordinate z:

m) = [ pe)a, 1)

where M = m(0) = /2 is half the surface density of the
disk at radius r.

2.1. Initialization stage from the radial structure

For the initial step, we assume a standard geometrically
thin disk with a uniform vertical structure at each radius.
To fully solve the radial structure, we need:

— the mass per area unit X(r)

— the energy dissipation per area unit F'(r)

— the opacity law x(T, p) of the disk material

the equation of state of the material, p = S(P,T)

— the local vertical acceleration field G.(r,z), generally
inferred from the gravity
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where the temperature, density, scale height, pressure and
optical thickness laws, respectively Tp, Pp, pp, hp and mp,
are given by the coupled equations:

) = 7

Py(r) = —QZ(T, hD(T)) X(r)

po(r) = S(Po(r),Tp(r)) (2)
hp(r) = X(r)/pp(r)

S(r) X (To(r), po(r))-

In the optically thin case, an iterative computation is re-
quired. One should notice that the mass, energy dissipa-
tion and acceleration field distributions do not need to be
independent of the temperature or density laws; in this
case X(r), F(r) and G,(r, z) are refined at each iteration.

A first refinement is to replace the uniform distribution
pp(r) by the isothermal density distribution. The resulting
radial structure is then the structure given by the so-called
standard model (Shakura & Sunyaev 1973; Lynden-Bell &
Pringle 1974).

Another improvement consists of replacing the effec-
tive temperature by the temperature of the equatorial
layer located at 7p/2. As in a stellar atmosphere, we sub-
stitute for the first equation of the set of Egs. (2) the
following equation:

_ 3/4F(r) (ro(r) +2/3)
1 —e-(")

\]
v}
—
=
~—

I

T5(r)

(3)

2.2. Hydrostatic equilibrium — Density distribution

For a given vertical temperature law, we compute the den-
sity distribution from the pressure given by the hydro-
static equilibrium. As the disk is dominated by gravitation
of the central star, the partial derivative of G, is a constant
in the approximation z < r, and we use a differentiated
hydrostatic equilibrium equation for convenience:

P 196G, (1)
dm?  S(P,T) 0z

The second order equation Eq. (4) is solved with two fol-
lowing boundary conditions:

1. in the disk mid-plane: the first derivative of P is zero
by symmetry;

2. in the outer boundary: P tends to a constant low
value, the pressure in the interstellar medium (here-
after ISM). The choice of this limit has almost no in-
fluence on the disk structure.

2.3. Radiative equilibrium — Temperature distribution

To complete the calculations of the distributions of the
physical quantities, we have to connect the local tempera-
ture with the heating sources, remote or local. This is the
goal of the radiative transfer described in this section.
Theoretically speaking, the radiative transfer equa-
tions can be applied to any kind of radiation. However,

517

common and well-known approximations make them eas-
ier to solve provided the radiation is thermalized or
isotropic. For instance we can approximate the flux-
weighted mean opacity by the Rosseland opacity if the
radiation is thermalized with the medium. The Eddington
closure relations apply well for isotropic radiation.

We therefore treat separately radiation emitted (from
internal heating sources or from external light absorbed by
the disk) which is mainly isotropic and thermalized, and
the radiation coming from external sources. The latter can
also be split into two terms, the attenuated radiation com-
ing from its external source in a certain known direction,
and the radiation that has been scattered one or several
times which should be mainly isotropic. In the first part
of this section, following Hubeny we neglect the radiation
by external sources. Later in Sect. 2.4, we will take into
account correctly the influence of external radiations.

2.3.1. Energy dissipation in each layer

We first express the temperature as a function of the local
production of energy wu, such as viscous heating, stellar
irradiation, disk backwarming, heating by a UV or X ra-
diation field, or the contribution of the energy horizontal
transfer. Following the usual notations (Mihalas 1978), we
link u to the source function S and the diffuse radiation
intensity I:

4m /OO Xv(m) [Sy(m) = J,(m)] dv = p(m)u(m) ()
0
1

with J,(m) = / I (m, ) dp. (6)

-1
The conservation of the radiative energy means that in an
atmosphere layer, the radiated energy, i.e. the emission of
the layer, minus the radiation coming from the neighbour-
ing layers J,(z), is exactly equal to the dissipated energy
in the layer:

S, ="p, + (1 - ﬂ) Jy. (7)
Xv Xv

Integrating over frequencies, one derives from Eq. (5):
B=ryJ+ — (8)
kpB =k —
B J T

where kp and Kk are respectively the Planck absorption
mean and the usual absorption mean, defined by:

o= [ " (k0/p) By dv/B (9)

0

Ky = /:o(/ﬁ,,/p)Jl, dv/J. (10)

Since 7B = opT*, the vertical temperature distribution
is, by using Eq. (8):

ﬂ_12p+“].
OB KB 4Tk 5

(11)
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In other words, the temperature in a layer is the sum of
two contributions: (i) a term proportional to the radiative
intensity J transferred by adjacent layers and (ii) a local
dissipation term proportional to .

2.3.2. Radiative transfer of the diffuse intensity

We solve the transfer of the diffuse intensity I to deter-
mine J. The equation of transfer and its two first moments
are:

P (o) = 02 S0(2) ~ Lz ), (12)
S (2) = 02 S0(2) — )], (13)
) = () H() (14)

where J,,, H, and K, are respectively the zeroth, first and
second moments of I,,.
By integrating over frequencies one gets:

dH U

L 1
dm 47’ (15)
dK
- H 1
dm XH (16)

In this equation, the flux-averaged opacity xp is de-
fined by:

w= [ " (w/0)H, dv/H. a7

When integrating the first moment equation Eq. (15)
over m, one gets:

Hom) = H(O) — UMO(m) i (18)
with UM = / )d¢ (19)
and 6(m UM/ ¢)d¢, (20)

where U is the total energy dissipation in the upper atmo-
sphere of the disk per surface unit, and 6 the distribution
function of the energy dissipation in this atmosphere.

The symmetry conditions in the equatorial plane for
the flux H(m) implies that H(M) = 0, that is (M) = 1.
We therefore get a relation between H(0) and the energy
flux dissipated in all atmospheric layers U:

H(0) = UM /4n. (21)

Unlike in a stellar atmosphere, energy is locally produced
so that the flux is not constant.

Integrating the second moment equation Eq. (16) over
m, one derives:

K=K(0)+ H(0) (tg — A7) (22)
with  7y(m /0 xu (¢ (23)
and - Arig(m) = [ xa(©)0(¢)dg (24)

The vertical structure of T Tauri disks. II.

where 7y and ATy are respectively the flux weighted and
the “energy dissipation weighted” mean optical depths. In
a stellar atmosphere, one has K = K (0) + H(0)7z. Here,
ATty represents a correction to the flux-weighted mean
optical depth due to the decrease of the flux toward the
mid-plane of the disk. In the large depth approximation,
we have: d T%/d7g o< H. Since in a stellar atmosphere, the
flux H is constant, T* & Hry, whereas in a disk H de-
creases with 7 until 7% < H(0)7g, hence the corrective
term ATgy.

We then introduce the Eddington factors,
H(0)

J(0)

In the large depth approximation, met in thick parts of
the disk, they are respectively equal to 1/3 and 1/2.

fr=2

7 and fg =

(25)

2.3.3. Formal solution

Combining Egs. (11), (22) and (25), we get the tempera-

ture distribution:

wg Do ( Ay Jer())Jr fk u

T =
4k i fu Mry U

(26)

with JBTE4 =UM.

In the case of strict thermal equilibrium, the intensity-
weighted and flux-weighted mean opacities k;y and kg can
be substituted by the Planck and Rosseland mean opaci-
ties kp and KR.

Equation (26) means that the vertical distribution of
the temperature in a disk is similar to its distribution in
a stellar atmosphere:

4 - KJ(T)
T) = G () et {

with two main differences:

+ fK—()] (27)

fu

(i) A local term, proportional to the energy dissipation
u is added. In a stellar atmosphere no energy dissi-
pation occurs in the intermediate layers. The factor
proportional to the density of energy per unit mass u,
in Eq. (26) is also inversely proportional to the opti-
cal depth of the disk, xyM. This factor is therefore
dominant in zones where the disk is thin;

the optical depth 7 becomes 77 — A7g. The term A7y
is positive but cannot exceed 7y depending where the
energy dissipation occurs in the vertical structure. The
two extreme situations are when the dissipation func-
tion is a Dirac function located either in the central
plane of the disk, or at the top of the photosphere.
In the first situation, A7y = 0 everywhere, whereas
in the second one A7y = 7. Above the layers where
most dissipation occurs, the correction A7y can be ig-
nored and the disk behaves like a stellar atmosphere:
there is no local energy source and all radiation comes
from deeper layers. In the central layers, 8(m) =~ 1
and 7 (m) — A7y (m) is constant: most energy dis-
sipation occurs in upper layers, and, in other terms
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there is almost no radiation coming from deeper lay-
ers. Therefore the temperature is more or less constant.
In the particular case where the energy is dissipated
only in the central plane 7y — A7y = 7y and the disk
photosphere behaves like a stellar atmosphere.

2.3.4. Several sources of energy dissipation

In the case where there are several sources of energy dis-
sipation releasing the energy wug(m) in the layer m, the
formal solution given in Eq. (26) can be split as the sum
of the temperature distributions (see Appendix A):

T'(m) =) Tii(m), (28)
k
with the temperature distribution of source k,
rin) = S
x [ (m — (At + ffji—fj”) + Jéfd g—’; . (29)

where the effective temperature of the kth source is de-
fined by:

M
o5 (Ten)y = / u(¢) d¢ = UpM. (30)
0
The quantity (A7g)g is defined by Eq. (24) where the
vertical distribution function #(m) is replaced by the cor-
responding kth energy source,

1 m
i [ @

We see that when dealing with several sources of energy
dissipation, one can treat them separately from the ana-
lytical point of view (see Sect. 2.4). However in the full
modelization, the field of radiation which defines J(m),
H(m), frx(m) and fy must be computed globaly.

Ox(m) = (31)

2.4. Influence of external radiative sources

Hubeny (1990) already took into account the effect of the
irradiation by the central star (see also Hubeny 1991).
However, when addressing the influence of the radiation
from external sources, we can use Egs. (28) and (29) taking
into account as an additional source of energy dissipation
the reprocessing of the incoming radiation. To compute
the reprocessed energy ua and its influence on (A7g)a,
we need to solve the radiative transfer of the direct and
scattered incoming radiation.

The flux coming from a central source is highly direc-
tional and cannot be processed as isotropic radiation. For
convenience, one may split the radiation field into several
components, and consider separate partial transfer equa-
tions for the individual components. Some of the radiation
components may be considred as a source of additional
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heating. Only the component containing the thermal emis-
sion term, k, B, can be treated with the formalism devel-
oped in the previous section. The mean opacities k5, kg,
X H, and the mean Eddington factors fx and fg are then
defined as appropriate averages over the moments of this
particular component of the radiation field.

Here, we process separately (i) the radiation from in-
ternal heating sources or from external light absorbed
and reprocessed in the disk, a radiation which is mainly
isotropic and thermalized, and (ii) the radiation coming
from external sources which is not absorbed. In this latter
case, we again split the incoming radiation into two terms,
one attenuated coming directly from its external source in
a given known direction, and one that has been scattered
once or several times and that should be mainly isotropic.

We use the following notations:

1. I,: radiation emitted by the disk itself. (All ther-
mal flux related quantities are written without super-
script);

2. I3: radiation coming from external sources and scat-

tered in the disk;

I9: attenuated radiation coming from external sources

4. uy: the energy dissipated locally (e.g. viscosity pro-
cess);

5. ua: the energy coming from the incident photons ab-
sorbed in the disk and reprocessed.

©w

This approach is quite similar to Chandrasekhar’s one
(Chandrasekhar 1960) and was used by (1991). It con-
sists of writing the equations of transfer for the total in-
tensity I, and then deriving equations involving non-local
terms IO and I3. Since the radiative transfer of I, and
non-local terms are treated separately, the coupling be-
tween them can be seen either as a loss of energy for the
non-local radiation, or as a gain of energy for I,,. The stel-
lar flux can now be seen as energy dissipation similar to
that due to viscosity.

2.4.1. Energy reprocessed by the disk

In the presence of an external source of radiation, the en-
ergy dissipation term ua linked to the reprocessing of the
radiation coming from external sources and absorbed in
the disk is directly linked to the specific intensity of the
incoming radiation by:

+1 p+4o0
plmpuatm) = [ [ (1m0 + T m ) o
(32)

With J° and J® the frequency-integrated zeroth order mo-
ments of 19 and I%,

+o0 +1

Jo = / J0dv  with  JY = / () du, (33)
0 —1
+oo +1

J® :/ Jodv  with  J} :/ I () du, (34)
0 —1
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and, the intensity weighted opacities,

+oo

&= [ wpIgdv) (39)
0
“+o0

- / (k) p)J5 v [T, (36)
0

ua can be expressed as:

up = 4An (K5I + K5 J%)- (37)

The energy absorbed uya is therefore proportional to the
mean incident flux and to the absorption coefficient of the
medium.

2.4.2. Radiative transfer of the incoming radiation

We study the transfer of the radiative intensities I°
and I® upon which our knowledge of us and (A7g)a de-
pends. The equations of transfer for the incoming radia-
tion within the frame of coherent isotropic scattering are:
oo,
ﬂg(zv M) =—Xv u(za M)a

o0l

ng (3 m) ==X L3 (2 1) + 0u T (2, ) + 0, J2(2, 1), (39)

where 0, J0(2, it) accounts for the scattering of the incom-
ing radiation and o, J%(z, 1) for multiple scattering.

We define the direction and frequency averaged
opacities,

(38)

+o0o

ﬁ=%<»mﬁww% (40)
+oo

X%=A<Mmm%wm; (41)
+oo

o = / (00/p)J0 i /1% (42)
+oo

it = / (/o) v (43)

where JO, JS, and, HY, HS are respectively the zeroth
and first moments of IJ and I%. Therefore the frequency-
integrated zeroth, first and second moments of 10 and I%,
namely J°, H?, K° for direct incoming radiation and J*,
H*®, K* for scattered incoming radiation, are linked by the
following equations:

d H° d KO
ey —xY%J° and = X% H (44)
d H® d K°®

= —k3J°+05J% and = —xuH". 45
am kyJ tog an m XH (45)

Therefore, the reprocessed energy,

dH° dH®
ua(m) = —4n( T am ) (46)
leads to
UaM = 4n(H®(0) + H%(0)) (47)
QA(m):l_w (48)

HO(0) + H%(0)
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assuming H®(M) = 0 and H°(M) = 0, i.e. assuming that
the equatorial plane is a plane of symmetry for the source
of external radiation. This is truly the case for a central
star or a uniform ambiant medium.

Using the second moment of the incoming and repro-
cessed radiative equations, we derive (A7g)a,

WO [KY — K°(0)] + w*[K® — K*(0)]

(AT)a =7 + HO(0) + H>(0)

(49)

where we define respectively w® and w®, the mean ratios
of xu to x% and x5

/ " EOH) ¢ = W(m) / "GOO A (50)
0 0

m m
| @ ©ac = wm [ a©m©a. 6
If the radiation is absorbed in a geometrically thin layer,
where the temperature and density are more or less con-
stant, then w® ~ x g /xY%. It is the ratio of the absorption
of reprocessed radiation (generally in the thermal infrared)
to the absorption of incoming radiation (often in the vis-
ible, or UV, or X-ray domain). In the case of a hot source
like stellar irradiation or a UV field, this ratio is expected
to be less than unity.
Finally the contribution of the incoming radiation
source to the temperature distribution is:
KJ

4
" drpfx (Te)a
w?[K%(0) — K°] + w"[K*(0) — K*|
HO°(0) + H3(0)
fx  KYJO+ kST
Mr; HO(0) + H5(0)

Ta*(m)
X

fxc(0)
T

We show in Appendix B how to compute J°(m), J%(m),
H°(m), and H*(m) in the case of an external point-like
source where the irradiation from the central source is
highly collimated. As demonstrated in Sect. 2.3.4, the tem-
perature vertical structure of a sum of point-like sources
is the sum of the temperatures computed for each source
to the fourth power.

(52)

2.4.3. Interpretation

In this section, we discuss in detail the physical interpre-
tation of the complex Eq. (52). Since we know how to
add the contributions of various energy sources by using
Egs. (28) and (29), we can restrict ourselves to a point-
like source located at infinity without losing generality.
An extended source will then be processed as the sum of
point-like sources.

The dependence of the central temperature to the in-
coming stellar radiation is relatively simple. Since the top-
most layer emits half upward to the outside and half down-
ward toward the inner layers, the latter ones receive half of
the emission. Their effective temperature is then Ty /2/4.
Since there is no flux inside (for 7 > 1), the temperature
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is constant and equal to this temperature. This intuitive
result is compatible with Eq. (52). As a matter of fact, if
10 is the cosine angle of the incoming radiation and since
K = pu°H, the first term in the square brackets is of the
order of w’u®. For a slanted incident stellar radiation, we
have 4° < 1 and therefore w’u® < 1. Deep inside the
disk, the third term, evanescent since the incoming radi-
ation is absorbed, is also negligible. The brackets reduce
to fx(0)/fu ~ 2/3. The central temperature is there-
fore smaller than the effective temperature Ty by a factor
~2~1/% In conclusion, half of the absorbed energy is irra-
diated by the hot topmost layer and another half by the
cooler inner layers.

At the surface, the third term in the square brackets
reduces to 1/(u%°) by using J° = H/p® and is domi-
nant. The temperature is therefore much higher than the
effective temperature. This fact is explained in Malbet &
Bertout (1991): the topmost layer, vertically optically thin
but radially optically thick, absorbs almost all stellar light.
This layer is superheated by a factor of (1/u°)'/4. Chiang
& Goldreich (1997) refined this view by multiplying the
term 1/u® by 1/w°. The first factor is a pure geometri-
cal effect of the slanted incidence whereas the second one
comes from the difference between the opacities for the
visible incoming radiation and the infrared reprocessed
radiation.

2.4.4. Overview of other heating sources

The flux radiation from the ISM can be processed on the
same basis as the stellar irradiation. The main difference
is that the ISM does not irradiate in a particular direction.
If we assume that it consists of an isotropic black body ra-
diation of characteristic temperature Tigy, we can apply
Eq. (61) within the two-stream approximation (i.e. with
w* = 1/4/3 using the definition given in Sect. 3.2.2) and
we can demonstrate that the contribution of the ISM radi-
ation is a constant. In fact, if the ISM is the unique source
of irradiation, the disk would be isothermal.

All other radiative sources can be treated exactly as
the central star. If they are extended, the previous results
derived for point-like sources are integrated over angles.

The radial extent of the disk is much larger than the
vertical one. We can therefore apply the approximations
of large depth to the horizontal transfer. This hypothesis,
combined with the LTE approximation, allows us to write
the horizontal flux H, as:

4 _L0T

Hy = ————
3r(pkr) Or

(53)
The local energy gain for the material between r and r+dr
isdmw(Hy(r+dr)—H,(r)). One then derives the heating per
unit of mass of material that allow us to self-consistently
compute the correction to the vertical transfer, in the case
H, < H:

_ 4n 0 H,

p Or
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3. Application to T Tauri disks

The two main heating sources in the case of T Tauri disks
are the viscous dissipation and the stellar light absorption.
We apply our general equations in this frame.

3.1. Approximations

All the terms 7y, kg, etc., are dependent on the structure.
Moreover fx and fp, are not known a priori. Therefore
we will seek a self-consistent iterative method able to de-
termine these quantities.

We now make two approximations concerning the
opacities: the diffuse intensity is a Planck distribution at
the local temperature and the radiation coming from a
external source is also a Planck distribution at the tem-
perature of the source T*. We then derive:

— KJ = KB, the Planck mean opacity.

— IiOJ = K% = Kj, the mean opacity for a black body
radiation at T* through a medium at temperature T'.

— KH = KR, the Rosseland mean opacity.

Since the scope of this paper is to present analytical solu-
tions and simple numerical applications, we use the gray
Rosseland opacities given by Bell & Lin (1994). We also
use the gray approximation kp = kK = kr and ignore
diffusion. Therefore w® = w® that we now call w

The fr and fx values will be close to 1/2 and 1/3.
These approximations are only valid at large depths, but
we refine these values in optically thin zones at each iter-
ation, as well as for w.

3.2. Vertical temperature distribution
3.2.1. Viscous heating at each layer in the disk

We consider here an energy density per mass unit which
depends on local conditions. The energy dissipation per
mass unit due to viscosity is given by Franck et al. (1985):

d0\*
uy (m) = Vyige(m) <T¥> . (55)
In the case of a thin Keplerian disk we get:
9 2
uy(m) = ZQ Vyise(m)- (56)

Since uy(m) depends vertically only on vyisc(m), the
fv function depends only on the vertical structure of the
viscosity vyisc and of its mass-average Dyigc.

Up to now there has been no exact description of the
viscosity induced by the turbulence. In this paper, we have
considered two different types of viscosity:

1. The Shakura-Sunyaev prescription stating that the vis-
cosity is proportional to the local sound speed and local
height scale:

Vyise = acgh o< T. (57)
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The 0y function is therefore the distribution function
of the temperature. The term 7 — (A7g )y, by def-
inition smaller than 7g, can be much smaller if the
temperature peaks at the surface of the photosphere;

2. The [-prescription, derived from laboratory experi-
ments, and applied to accretion disks by Huré et al.
(2001), states that

Vyise = Q2 (58)

where (3 is a constant ranging from 10~ to 1073, Here
the viscosity is uniform along the vertical axis and does
not depend on the temperature distribution of the disk.

3.2.2. Heating by the central stellar source

With the approximations of Sect. 3.1, there is no reason
to distinguish the two specific intensities I° and I°. If we
call I* = I® 4+ I®, then we find an analytical solution very
similar to Eq. (28) of from Malbet & Bertout (1991):

mg HAO) [ K (0) = K* | ficl0) | fwcrs "
fK/iBO'B H*(O) fH KJH*(O)
(59)

Th =

where the quantities linked to the star incoming radiation
are superscripted with x. The only difference is the pres-
ence of w* which is not a priori equal to 1 as noted by
D’Alessio et al. (1998).

We derive J*(0) and H*(0) from the geometrical prop-
erties of the system using the approximation described by
Ruden & Pollack (1991). The star is seen by the disk as
a point-like source. It is valid beyond a few stellar radii;
in the inner parts this is not the case, nevertheless re-
processing is seldom dominant in this region (see Fig. 3
of D’Alessio et al. 1998). A point-like source equivalent to
the star must present the same values for J*(0) and H*(0).
The incidence angle is given by:

ut = H*(0)/7(0)
One finally obtains, using the gray optical depth 7, the

same expression (33) of Malbet & Bertout (1991) except
for the factor w* already discussed in the previous section,

Tx = (i,—fii [u*w* (1 - e‘T/“*) + fl;,—l(f) + fk "
(61)

(60)

e_T/N*

where the effective temperature of the stellar reprocess-
ing is:

(Temr) s = ATH*(0) /o . (62)

3.3. Equation of state — Hydrostatic equilibrium

The equation of state in the disk is:

P = fgascgp (63)
ksT

with ¢5 = B (64)

./\/lmH.
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First of all, radiation pressure is ignored in Eq. (63) as
suggested by Shakura & Sunyaev (1973). If the disk is
assumed to be homogeneous and mixed by the turbulence,
the mass fraction of gas, fgas, is @ known function of T'
and p, and might even be a constant if evaporation is
ignored. The dust is only a few percent of the mass of the
disk, so we use fgas = 1 in the present work.

We also assume that the disk dynamics is dominated
by the central star, so that it is Keplerian. Then, in the
thin approximation, G, is a linear function of z. Combined
with Eq. (63), the hydrostatic equilibrium and the local
height scale become:

2P 202
de - P 9 (65)
Cs
h = ok (66)
. G M *
with Q= 5 (67)

3.4. Self-similar accretion model

The radial distribution of energy dissipation for the ac-
cretion Uy (r) and the surface density X (r) are essential
parameters for the initialisation step of our code. In or-
der to be as general as possible, we use a prescription
with a self-similar accretion rate, instead of the model by
Shakura & Sunyaev (1973) which assumes a uniform ac-
cretion rate over the disk. We assume that some ejection
process removes material away from the close environment
of the star within a radius r¢. A more detailed description
of this mechanism can be found in Ferreira & Pelletier
(1995). The accretion rate is parametrized as:

W) = { Mos (%)g it < (68)

M if r>mrg
where 0 < & < 1 is the ejection index (see Ferreira &
Pelletier 1995) and 79 the cut-off radius. When & = 0,
this model corresponds exactly to the standard accretion
model by Shakura & Sunyaev (1973).

The dissipation per area unit Uy (r) and the mass col-
umn Y(r) can then be expressed as:

Uv(r) = XA g (69)
£() = ) gy (70)

3TMVyisc

where f(r) is a factor close to unity at large r. Using the
same method as Shakura & Sunyaev (1973) we obtain:

1 re\ T3 .
1+2£[1—(7) } if r <o
f(r): 3
N S TS Y L0 Y P
1+26V r  1+28\rg r =0
(71)
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Table 1. Parameters used in the model.

r« = 2Rg M, = 0.5Mg
T. = 4000K | Tism = 15K
ro = 1007. a = 0.01
Tmin = 2.2 R@ Av = 1
d = 450pc

3.5. The numerical code

Our set of equations are coupled and non-linear. They
need to be solved numerically, within the framefork pre-
sented below.

The grid: we use a logarithmic radial grid. For each
radius we chose a non-uniform vertical grid so that the
mass column coordinate m(z) is logarithmically sampled.

Initial conditions: from the radial structure described
in Sect. 2.1, we compute an isothermal vertical structure.

Tterative method: Knowing the temperature and mass
column, the hydrostatic equilibrium is solved for. We de-
duce the density and pressure distributions. Then the tem-
perature and optical depth are computed again using the
development of Sect. 2.3.2. Subsequent quantities are de-
rived, like the kinematic viscosity. The value of M(r) is
refined so that it matches Eq. (70) using the average kine-
matic viscosity. The mass column grid is computed again
with the new value of M (r). The latter step is performed
as many times as necessary to reach convergence (typically
in ten iterations).

The parameters used for the computations are re-
ported in Table 1.

4. Results and discussion

In this paper, we chose to treat mainly the radiative trans-
fer in the disk. Even if we have developed the formalism
of the central source heating, we will ignore its contribu-
tion in a first step and concentrate only on the viscous
dissipation. In a future paper, we will present the case of
heating by the central star. Moreover the heating by the
central star becomes dominant at radii larger than a few
astronomical units as shown in Fig. 3 of D’Alessio et al.
(1998) so the results presented here will be correct only
for the inner part of the disk and therefore for the visible
and infrared thermal domain.

First, we compute the physical conditions in the disk:
temperature, density, optical depth. Then we use these
physical conditions to compute astronomical observables
like SEDs, millimetric images and interferometric complex
visibilities and direct images.

4.1. Physical conditions in the disk
4.1.1. Temperature and density

A map of density and temperature for a standard disk
(€ = 0) with an accretion rate of 1075 M, /yr is displayed
in Fig. 1. The shape of the temperature iso-contours il-
lustrates that the disk temperature is almost constant in
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10 - 1010 kgm3

height (a.u.)
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-50 0 50

radius (a.u.)

Fig.1. Iso-contour maps of a T Tauri disk with M =
107° My /yr. Dashed lines: lines of equal temperature; Dotted
lines: lines of equal density; Solid line: limits of the optically
thick region (7 = 1); Gray zone: zone of instability with respect
to the convection.
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Fig. 2. Radial distribution of the temperature in the central
layer and of the effective temperature (located at 7 = 1).

the optically thick part, whereas the temperature changes
quickly with the altitude in the upper layer. As previously
guessed, the disk appears roughly isothermal over the ver-
tical dimension in its inner part.

Figure 2 displays the variation of the temperature with
the radius. We verify that the effective temperature, i.e.
at 7 = 1, is proportional to the dissipated flux: it follows
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Fig. 3. Column density in an a-disk for two different accretion
rates. Solid lines: £ = 0; Dashed lines: £ = 0.5.

an 7~3/% law. We stress that the central temperature is
much higher than the effective temperature.

We check that the disk is optically thick even at large
radii while the geometrical thickness of the disk remains
much smaller than unity: if we define the disk surface as
the region of optical depth unity, we find z/r ~ 0.1-0.2.

The geometry of the density contours displayed in
Fig. 1 have a different shape depending whether they are
located in the central optically thick part or in the up-
per optically thin layers. Figure 1 also displays the disk
parts which are unstable to convection by computing the
Schwarzschild criterion. For the time being, the conse-
quences of this convection are not taken into account in
our model.

4.1.2. Column density

Figure 3 shows the mass column density as a function of
the radius in the case of a standard a-disk with two val-
ues of the ejection parameter £&. We take the cut-off r(
at 100 stellar radii, i.e. about 1 AU. Two values of the ac-
cretion rate have been considered: 1076 and 10~* M, /yr.
As expected, the radial structure of ¥(r) changes in the
close environment of the star when £ # 0.

Power-laws are often used by observers in the descrip-
tion of the radial structure of disks, though one can see
in Fig. 4 that the column density of an a-disk cannot be
described with such a law. However, on restricted domains
of radius, the mass column in an a-disk can be described
by the equation

S(r) = % (r/1AU) % kg m™2 for r; <7 < 71y (72)
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Fig. 4. Column density in a disk with different viscosity pre-
scriptions. Solid lines: a = 1072, 1072; Dotted lines: f =
1074, 1073,

Table 2. Parameters computed from the model to approxi-
mate the surface density by a power law by pieces, sorted by
decreasing order of radius domain.

M =107 My /yr M =10"* Mg /yr
¥ qi T4 > qi T4
1 x 108 1.5 40 — — -
4 x 103 0.0 9 2 x 10* 0.0 67
1.5 x 10* 0.6 1| 25x10° 0.6 5
1.5 x 10* 1.2 0.11 9 x 10° 1.4 0.75
4%x10° —0.3 006 | 1.5x10° —0.5 0.45

where the coefficient ¢; ranges from —0.4 to 1.5 and 3J; is
a constant. These coeflicients are given in Table 2 for two
values of the accretion rate.

We show in Fig. 4 the influence of o on the struc-
ture of the disk. These results are compared with the ones
obtained with the 3 viscosity prescription. The general
behaviour is somewhat different except for the 1-10 AU
region. Therefore observing inside 1 AU or outside 10 AU
could be decisive in determining the viscosity law.

4.2. Astronomical observables

One of the aims of this work is to compute physical con-
ditions around a young star so that we can calculate the
electromagnetic field emerging from this region. This emis-
sion can then be analysed by several types of instruments:
photometers, spectrographs, imaging cameras, interferom-
eters, etc. The next sections give examples of astronomical
observables that can be used to constrain our knowledge
of the circumstellar environment.
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10-16 [ I 1| I L
1.0 10.0

wavelength (10°6m)

Fig. 5. Spectral energy distribution (AF\ vs. ) for different
disk models Solid lines: standard disk; Dashed lines: disk with
& = 0.5; Dashed & doted lines: standard disk with an inner
hole of 8r..

10»10

10—167 . | . . L
1.0 10.0

wavelength (10°5m)

Fig. 6. Spectral energy distribution (AF) vs. ) of the disk
model as a function of inclination. Solid lines: pole-on disk.
Dashed lines: inclination of ¢ = 45°. Dotted liness: same incli-
nation without the flaring effect (see text for details).

4.2.1. Spectral energy distribution

The spectrophotometry technique gives access to the spec-
tral energy distribution. We integrate along the line of
sight the contribution of each disk layer to the emergent
flux. In the examples taken for Fig. 5, the SED is signif-
icantly altered in the range 1-5 um with the self-similar
accretion model. The inner hot regions being depleted, the

lo+4 L

10%2}

10+0 L

emissivity (normalized)

10—2 L

10—4 L

10.0

radius (a.u.)

Fig. 7. Emergent millimetric flux from a pole-on disk for sev-
eral accretion rates and viscosity prescriptions. Upper curves:
M = 1074 Mg /yr; Lower curves: M = 107 Mg /yr; Solid
lines: a« = 1072; Dashed lines: f = 1074,

short wavelengths are less present. We assumed an overall
extinction of Ay = 1 in the visible and an inner radius
of the disk of i, = 1.1 stellar radius. However, Fig. 5
shows that the SED is significatively different from the
one expected from a standard model with a large inner
gap.

Figure 6 shows the influence of disk flaring on the
intermediate wavelength range of the SED. The differ-
ence between the two curves representing the SED of a
45°-inclined disk lies in the location of the photosphere,
i.e. the location of the disk layer that emits most of the
emergent flux. In the flaring case, the flux comes from the
layer where 7 = 1, whereas in the so-called no flaring case,
the flux comes from the disk equatorial plane but with the
same temperature as the effective temperature. This latter
case corresponds to the standard radial model where the
vertical structure is not taken into account. Even without
the reprocessing of the stellar photons, the effect of the
vertical extension of the disk atmosphere is therefore not
negligible at intermediate wavelengths.

4.2.2. Millimetric images

Radio observations can help us discriminate between the
two viscosity prescriptions, and especially radio observa-
tions in the outer disk, since they are sensitive to the mass
column. The disk being optically thin in the millimetric
continuum, the flux is given by:

F, x /+<><> T(2)p(z)dz = XT. (73)
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Fig. 8. Visibilities from a disk model as a function of the base-
line. Gray: M = 10~* Mg /yr; Black: M = 10~% Mg, /yr. For a
given baseline the visibility varies with the position angle; the
domain between the minimum and maximum values is filled.

Figure 7 compares the millimetric emissivity for an a-
disk and a (-disk with the same characteristics. At in-
termediate radii, the two emissivities are more or less
equivalent, however at larger radii the emissivities can fol-
low somewhat different power laws. F}, is proportionnal to
r=3/2 for an a-disk over the full range, whereas a [(-disk
presents a variable power-law exponent. In the domain
where the disk is thermalized with the ISM, i.e. at large
radii, F, oc 7~ 1/2.

4.2.3. Interferometric observables

Probing the inner parts of disks requires high angu-
lar resolution techniques that can be achieved with
present or soon-to-be operated interferometric instru-
ments (Malbet & Bertout 1995). The more massive disks
(M > 1079 M, /yr) should be resolved by the VLTI and
its 100m-baseline, but we should also detect non-zero
closure phase.

Figure 8 shows the visibility of a disk as a func-
tion of the projected baseline. Since the image is not
centro-symmetric, the visibility depends on the position
angle. Figure 9 displays the closure phase as a function
of the position angle for different telescope combinations
in the VLTI for a disk with an important accretion rate
(M = 10=* Mg /yr). As a comparison, the closure phase
is displayed for a disk with moderate accretion rate with
the widest combination of the VLTI auxiliary telescopes.
Because of the natural flaring, a disk that is not seen pole-
on does not appear centro-symmetric (as can be noticed
in Fig. 10), therefore leading to a non-zero closure phase.

F. Malbet et al.: The vertical structure of T Tauri disks. II.
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closure phase (°)

position angle

Fig. 9. Closure phases as a function of the position angle for
a triplet combination of the VLTI auxiliary telescopes. Solid
lines: M = 10~* Mg /yr. Dotted line: M = 105 M, /yr with
the largest baseline.

4.2.4. Direct images

Synthetic infrared images of the disk thermal emission
are displayed in Fig. 10 with a field of 50 mas for a dis-
tance of d = 450pc. As explained above, they are not
centro-symmetric because of the flaring. So far, we have
only access to interferometric observations at this scale, so
they are only relevant as a step to produce interferometric
observables.

5. Conclusion

We have presented a new method to model the vertical
structure of accretion disks. This method leads to ana-
lytical formulae for the temperature distribution which
help to understand the behaviour of the radiation propa-
gated inside the disk. Our model includes two sources of
energy dissipation: viscous heating and reprocessing of ex-
ternal radiation like that emitted by the central star. We
have applied these analytical results to the case of T Tauri
disks in a variety of conditions showing that the method is
versatile:

— with a modified Shakura-Sunyaev prescription for a
disk with a non-constant accretion rate (Ferreira &
Pelletier 1995);

— with a viscosity prescription following either the stan-
dard « or the 3 one proposed by Huré et al. (2001).

We are able to simulate the conditions of temperature and
density in any part of the circumstellar environment and
to compute astronomical observables like SED, optical
and millimeter images or interferometric visibilities. This
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Fig. 10. Synthetic images of the thermal emission at 2.2 um for different inclinations of the disk (from 0° to 60° by steps of 10°).

M = 1075 Mg /yr. The field is 50 mas.

code could be used also as starting conditions in a Monte-
Carlo multiple scattering code in order to derive polariza-
tion maps.

When completed, this code will offer to observers a tool
based on physical parameters to interpret their observa-
tions better than ad-hoc models based on power laws often
used today.
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Appendix A: Vertical structure
of the temperature with several energy sources

Each source of energy locally contributes to the heating u
(see Sect. 2.3.4). The total local heating is then u = ), uy,
and the energy dissipated per unit of disk surface is then
U =>", U with

M
UxM :/ ur(¢) d¢. (A1)
0
We now write the vertical distribution of energy dissipa-
tion, 0 as a function of the different vertical distributions
of the energy source, 0j:

o(m) = [ uioyac/wn

- Zk:%ek(m) (A.2)
with  Ox(m) = [)" ue(¢)d¢/(UpM)-
Similarly for ATH:
Ar(m) = [ 0@uc)ac

_ ;%(ATH)k (A.3)

with (Arg)s(m) = [ 0x(Q)rar(C) dC
Since,

and ), (U /U) = 1, we can rewrite Eq. (26) by replacing
each term in the brackets by a sum over the k sources:

T4 U, fx(0)
74 = et N7 Tk ( — (AT + )
4k fr —~ U i~ (AT )i fu
[ ug
Vs U (A.5)

If we define the effective temperature of the the kth energy
source,

o5(Ten)h = UkM, (A.6)
then Eq. (26) can be written as the following sum:
fx(0) fr_ ug
(A JEVVY 4 K R
Z 4&BfK (H (ATr )i+ fu JrMI%J Uy
(A7)

Therefore the vertical distribution of the temperature for
a disk with multiple energy dissipation sources is the same
as the sum of the individual temperature distributions us-
ing the global radiation in the disk, i.e. with J, H, K,
7y computed from the global temperature distribution.

Appendix B: Incoming radiation field

We show in this appendix how to compute J°(m), J(m),
H%m), and H*(m) in the case of an external point-like
source. The intensity of the source is J°, giving us a
boundary condition to solve the equations of transfer (44)

and (45). If we define the optical depths,

= [ 35 (B.1)
o= [ w0 (B.2)

0
we obtain:
JO(m) = J(0)e=" (m)/u’ (B.3)
S(m) — 99 70
T m) = Aoy (2°) (B.4)

where A is a commonly used operator (cf. Mihalas 1978)
defined by:

1 [+
A =5 [ Bl (5.5)

+oo
and FE,(t) :/ u e du. (B.6)
1
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The terms H°(m) and H®(m) can be computed in the
same way as J°(m) and J%(m):

HO(m) = p° J(0)e~ ™)/ (B.7)
H3(m) =P s ) <0—*SO’JO> (B.8)
K
with
+oo
D, (f)= 2/ Eo|t — 7| f(t)sgn(t — 7)dt (B.9)
0

where sgn(z) is the sign function.
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