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ABSTRACT 
We calculate in an approximate way the effect of irradiation by the central star on the atmospheres of 

optically thick, physically thin, accretion disks around young objects, assuming radiative equilibrium. The net 
effect of irradiation is to increase the temperature in the atmosphere of a viscous accretion disk relative to the 
case when only the viscous flux goes through it. The temperature increase at a given depth depends on the 
absorption and scattering coefficients characteristic of the atmosphere, and on the rate of irradiation. The 
effect on the near-infrared spectrum of the star-disk configuration is to decrease the strength of the absorption 
in the CO bands or turn them into emission, depending on the irradiation rate and on the mass accretion 
rate. As the stellar effective temperature increases for a given mass accretion rate, the disk surface temperature 
increases and the CO bands turn into emission. On the other hand, as the mass accretion rate increases for a 
given star, the intrinsic atmospheric (viscous) temperature increases and the effect of irradiation becomes less 
important; the CO bands turn then into absorption. The stellar effective temperature-disk mass accretion rate 
diagram can be divided into regions where the near-infrared CO bands in the spectra of young objects appear 
either in absorption or in emission; observed spectra of young objects such as T Tauri stars, FU Ori objects, 
and Herbig Be/Ae stars are in qualitative agreement with those predicted using the corresponding stellar 
parameters and disk mass accretion rates. This agreement suggests that the near-infrared CO bands can be 
used as indicators of the rate of mass accretion in the disk around young objects. 
Subject headings: radiative transfer — stars: accretion — stars: pre-main-sequence 

1. INTRODUCTION 

In the last few years, the hypothesis of Lynden-Bell & 
Pringle (1974) on the existence of accretion disks around T 
Tauri stars (TTS) has been extensively discussed and applied to 
the interpretation of the spectra of these stars (see Bertout 
1989, and references therein). The hypothesis has been 
strengthened by the fact that FU Ori events have been inter- 
preted as the result of instabilities in the accretion disks around 
luminous TTS (Hartmann & Kenyon 1985, 1988; Kenyon, 
Hartmann, & Hewett 1988; Clarke, Lin & Pringle 1990). Also, 
even though their existence has not yet been clearly demon- 
strated, discussions on accretion disks around more massive 
young stellar objects have been presented (Thompson et al. 
1977; Scoville et al. 1983; Thompson 1985). 

Irradiation by light of the central star plays a crucial role in 
the heating of the outer layers of the cool disks around young 
objects and therefore largely determines both the continuum 
energy distribution and the details of the spectrum of the disk. 
In addition, irradiation must be included when calculating the 
inner disk structure, since the upper boundary conditions for 
the solution of the system of structure equations depends on 
the irradiation rate. However, the effect of irradiation has been 
treated very crudely so far. In most studies, the disk has been 
assumed optically thick and the temperature at the level where 
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the continuum is formed has been determined from the sum of 
the stellar incident energy and the local viscous energy, while 
the details of the transfer of radiation in the disk atmosphere 
have been ignored (Adams, Lada, & Shu 1987; Kenyon & 
Hartmann 1987, hereafter KH; Bertout, Basri, & Bouvier 
1988; Basri & Bertout 1989). In this approach, the detailed 
spectrum of the disk cannot be calculated, since it depends on 
the atmospheric temperature structure, which in turn is deter- 
mined by the rate of deposition of stellar energy and of viscous 
energy in the disk’s outermost layers. Nevertheless, the contin- 
uum flux from optically thick disks calculated with this 
assumption is in good agreement with observations. Following 
an alternative approach, Carr (1989) has assumed that the 
inner disk is optically thin and that the constant temperature 
at a given radius is determined from the sum of the viscous and 
the absorbed stellar flux. With this assumption, he calculates 
the near-infrared spectrum of young objects and finds that it is 
characterized by emission in the CO bands. However, these 
bands are absent or in absorption in most of the observed 
objects (KH ; Carr 1989). 

These considerations indicate that it has become important 
to consider in more detail the actual physical conditions in the 
atmospheres of irradiated optically thick disks around young 
objects in order to calculate the emergent spectrum of the 
star-disk system. In this work, we use a more accurate, but still 
very approximate, treatment to determine the heating of gas on 
the disk surface due to irradiation by a central source. We 
assume the disk is optically thick and determine the tem- 
perature structure of the atmospheric layers, which we define 
as the layers where viscous dissipation is negligible. We then 
calculate the emergent flux in the first-overtone bands of CO 
for a range of stellar effective temperatures and disk mass acc- 
retion rates. We find that for a given stellar temperature, the 
presence of the CO bands either in absorption or in emission is 
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a good indicator of the mass accretion rate in the disk. The 
results we obtain indicate that the strength of the band could 
give a quantitative estimate of the mass accretion rate, but we 
feel that a more acccurate treatment than the one we use in this 
work is required to attempt this quantitative approach. After 
the calculation of the temperature, pressure, and extension of 
the atmosphere, we check if the optically thick hypothesis is 
consistent. This does not substitute for a detailed calculation of 
the inner disk structure but does give us a hint of the real 
physical situation. We find that for values of the a parameter of 
the order of 10“3, as expected at least for T Tauri stars (Clarke 
et al. 1990), accretion disks are optically thick, in agreement 
with our assumption. 

In § 2, we describe an approximate treatment for calculating 
the effect of irradiation, developed in the past for the case of 
close binary systems. In § 3, the application of the treatment of 
actual accretion disks is described, and in § 4 the results of this 
application are given. Finally, in § 5, we discuss the implica- 
tions of our results when compared with observations. 

2. MILNE-STRITTMATTER DESCRIPTION FOR THE EFFECT 
OF IRRADIATION 

We consider the problem of irradiation on the disk atmo- 
sphere in a very idealized way, following the treatment of 
superposition of solutions used by Milne (1930) to estimate the 
reflection effect in eclipsing binaries. We consider a semi- 
infinite mass of material with plane-parallel symmetry (this 
assumption implies that the disk is optically thick) exposed to 
incident radiation on the boundary. We assume steady state 
and radiative equilibrium. We assume there is a constant net 
flux Fv generated in the interior of the disk which is trans- 
ported through the atmosphere to space. The incident radi- 
ation alters the temperature structure in the outer, low-optical 
depth layers relative to the case with no irradiation, in such a 
way that all the energy incident on the boundary of those 
layers is radiated back. This is Milne’s reflection effect. In the 
case of LTE, when the source function is determined by local 
conditions, the transfer equation is linear in the specific inten- 
sity /, and solutions can be superposed. Then, if T^t) is the 
temperature distribution that gives net flux Fv with boundary 
condition of zero incident radiation, and T2(t) is a temperature 
distribution with incident radiation equal to a given value but 
with zero net flux (reflection effect), then the distribution T(x) 
such that T4 = T? + T4 corresponds to the case with net flux 
equal to Fv and incident radiation equal to its given value. We 
take the solution T^t) as that of a constant flux, gray atmo- 
sphere in the Eddington approximation, T*(t) = 3/4Fv (t + 
2/3), with T = -J xRosspdz, Xross being the Rosseland mean 
opacity and p the density, and estimate T2(t). 

We approach the problem of calculating T2(t) in a way 
similar to that used by Strittmatter (1974) to estimate the effect 
of heating by X-rays on the atmosphere of the companion in 
the close binary system HZ Her. The treatment is not so 
appropriate here as it is for systems as HZ Her, since in this 
latter case, the frequency range where the atmosphere is 
heated, the X-rays, and that where the atmosphere emits, the 
optical, are well separated in energy, so that no intrinsic emis- 
sion from the atmosphere is expected at X-ray wavelengths. In 
some cases treated here, the atmospheric surface temperature is 
comparable to the stellar effective temperature, so some stellar 
photons are being absorbed in the frequency region where 
there is some intrinsic emission from the disk. In any event, the 

motivation of this investigation is to estimate the size of the 
effects which results from including physical constraints that 
have been ignored in the treatments done so far. If these effects 
prove to be important, then a more accurate treatment of the 
problem will be justified. 

We will describe here Strittmatter’s treatment, following 
Milne’s explanation for the sake of clarity. The incident radi- 
ation consists of a parallel beam carrying energy E0 (ergs cm “ 2 

s-1) per unit area normal to itself, incident at an angle cos-1 

p0 from the normal to the boundary of the (plane-parallel) 
atmosphere. This incident beam is absorbed as it penetrates 
the material. A fraction a of the energy in the beam will be 
scattered, that is, it will remerge at the same frequency range as 
that of the incident beam, creating a diffuse field Js. A fraction a 
of the incident beam will be truly absorbed and reemitted at 
frequencies determined by the temperature of the gas. As the 
characteristic kinetic temperature of the atmosphere is lower 
than the radiation temperature characterizing the incident 
radiation, we will assume that no true emission occurs in the 
frequency range where the stellar radiation is significant and 
that no scattering of radiation from the incident beam occurs 
in the frequency range where the true emission is significant. 
We call these two frequency ranges in a loose sense as disk (d) 
and stellar (s) and assume that the atmospheric opacities are 
approximately constant in each. The parameters a and a are 
constant in the atmosphere. For the description below, we 
follow Mihalas’s (1978) notation. 

The flux of radiation incident in the boundary per unit area 
is E0p0. This beam is absorbed exponentially as it penetrates 
the material, so at optical depth ts the energy contained in the 
beam per unit area parallel to the surface is 

Eofi0e-^o. (1) 

The absorption of the incident beam in dzs at depth ts is 

E0Poe~ ts/'‘° dzJßo = E(>e~ w',° dxs. (2) 

Of this energy absorbed in dxs, we assume that a fraction a will 
be scattered, so we can write the equation of transfer for the 
radiation Is as 

Ms _ I _ oEqJT^ _ a j hdm 
1 dxs 4 n 4n ’ 

where we assume the radiation field at this frequency range is 
described by the diffuse field7S, for// ^ p0, and by the incident 
field for// = //0. 

Taking the moments of equation (3) and using the Edding- 
ton approximation, we get 

Js 

and 

(jpoE^l + 3^0) 3^<t£0 _W(io 

Mi + (2/?/3)](i - /?Vo) Mi - ß'nDe 

(4) 

H — _ ¿¿o cE^ßj! + 3/¿0) _£o££o_ rs/wo 
1241 + (2/?/3)](l -/?Vo) 47t(l - ß2

ßl) 

(5) 

where a = 1 — <7, /? = (3a)1/2 and where the boundary condi- 
tion, Js(0) = 2HS(0\ has been used for the radiation field Is. 

The condition of zero net flux can be written as 

H = Hs + Hd = E0p0e-^/4n (6) 
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that is, the emergent flux, H, is equal to the incident flux. From 
equations (6) and (5), 

Hd = H0Ho<x[(l + CJe-'*1™ + C2e-^] 

where H0 = E0/4n, 

C, 

and 

(7) 

(8) 

o{2 4- 3//0) 
ß[\+{2ßßm-ß2nl) (9) 

The transfer equation for the diffuse radiation field at the 
frequency range determined by the local temperature, accord- 
ing to our assumptions, can be written as 

3. APPLICATION TO THE STAR-DISK SYSTEM 

We consider a star of effective temperature T*, mass M*, 
and radius R*, surrounded by a steady, viscous, geometrically 
thin, optically thick accretion disk. The disk accretes material 
onto the star at a rate Ma and has height H which varies with 
distance r from the center of the star. We assume that the outer 
layers of the disk form an atmosphere through which the 
viscous flux generated in the dense disk interior is transported, 
with no additional generation of energy. If only the viscous flux 
is considered in the gray approximation, the effective disk tem- 
perature at distance r from the star, Ty(r), is equal to 
(Fv/2gr)1,4‘, where the viscous flux Fv is given by 

F V 
^ _ jxy/2" 

(19) 

dld 

UTd 

From the first moment of equation (10), 

<7*71 , dHd 

dTd 

(10) 

(11) 

From the second moment of equation (10), using equation (7) 
and the Eddington approximation, 

Jd = H0ti0xl(l + CiXl + 3fi0/q) + C2(2 + 3/ßq) 

- 3ii0/q(l + C1)e~qXdl*10 - 3C2/ßqe-^ , (12) 

where 

(Shakura & Sunyaev 1973). 
If, in addition to the viscous flux, we consider the irradiation 

of light from the central star at each radius of the disk, the 
atmospheric temperature is altered in a way that can be 
approximately described by the treatment outlined in § 2. The 
temperature structure is characterized by constant parameters 
q and a in that treatment, but in the actual atmosphere the 
opacity is wavelength-dependent and changes as pressure and 
temperature vary. In addition, the incoming radiation is 
assumed to be a parallel beam, while in the star-disk case, the 
two components are so close that the incoming light enters the 
disk with a finite range of angles. We have then to devise a 
method to calculate appropriate mean values for these param- 
eters to apply the Milne-Strittmatter treatment. 

q = xjTd . (13) 

The temperature structure for the zero net flux case can then be 
obtained by use of equations (7) and (12) in equation (11). 

The temperature structure corresponding to an atmosphere 
that has net flux equal to Fv and incident radiation of flux 
E0/i0 at the surface is, according to the considerations at the 
beginning of the section, 

xEqFo 
4<tr 

X [c; + C2e-qrdlfi0 + C3e-ßqxd] , (14) 

where 

and 

= (1 + Ci) 2 + 
3/*o 

c; = (1 + Ci) 
ßo 

+ C2(2 

_3^\ 
9 ) 

(15) 

(16) 

(17) 

where Tv — (FJa^)11^. For <? -► 1 and <7 = 0, this equation 
reduces to 

T\xd) = ^ Tt(xd + ^) + £r Oo(2 + 3//0) + (1 - lßl)e-^q 

(18) 

which is Milne’s case, solved in the Eddington approximation. 

3.1. Estimate of q and oc 
To estimate values of q and a appropriate for characterizing 

the disk atmosphere, we need to know first the opacity as a 
function of temperature and density. We have not carried out a 
complete analysis of the molecular opacity sources, which 
would require a detailed treatment of millions of lines, since it 
is unwarranted by our other approximations. We have 
included the following components in the opacity calculations : 
(1) H bound-free and free-free; (2) H" bound-free and free-free; 
(3) H2 ; (4) C, Si, and Mg. For components (l)-(4), we have 
used routines from Carbon & Gingerich (1969); (5) He- free- 
free using a fit by Gray (1976) to the results of McDowell, 
Williamson, & Myerscough (1966); (6) Rayleigh scattering of H 
and He from Dalgarno (1962) and H2 from Vardya (1962); (7) 
electron scattering; (8) fundamental and first-overtone bands 
of the vibrational-rotational transitions of the electronic 
ground state of CO, from tables in Kirby-Docken & Liu 
(1978), using partition functions from Tatum (1966). Pure rota- 
tional band of CO from Tsuji (1966); (9) a, y, and (j) systems of 
TiO from Collins & Fay (1974), with electronic oscillator 
strengths from Tsuji (1969); (10) fundamental and first- 
overtone bands of the electronic ground state and pure rota- 
tional band of OH from Tsuji (1966), in the just-overlapping 
approximation; (11) H2 free-free from Tsuji (1966), with the 
approximation k(H2 ) = 0.2/c(H-) for T < 1400 K; (12) red 
and infrared bands of H20, interpolating in temperature in 
tables from Auman (1967). For temperatures out of the range 
covered by Auman’s tables, the opacity was taken equal to that 
of the highest or lowest temperature in the tables, if the tem- 
perature was higher or lower than the limits, respectively, with 
continuum opacity calculated at the local temperature; the 
pure rotational transition is from Tsuji (1966); (13) silicate and 
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graphite grains, using abundances appropriate for the inter- 
stellar medium and a grain size distribution proportional to 
a-3 5, and grain sizes from a = 0.005 to a = 0.3 //m, as in 
Draine & Lee (1984), with grain properties from Draine (1987). 
We assume that grains are destroyed above 1500 K. 

Atomic and molecular populations were calculated using the 
same procedure and molecular constants as Kurucz (1970). 
For TiO, the dissociation constant was taken from Tatum 
(1966). We assume LTE and that the kinetic temperature char- 
acterizes all distributions, which is an appropriate approx- 
imation since densities are ^lO11 cm-3. Below 900 K, all 
material is assumed to be molecular hydrogen. The turbulent 
velocity was fixed at the local sound velocity. Tables of the 
Rosseland mean opacity were calculated using these opacity 
sources, with an abundance similar to the King Va mixture of 
Alexander (1975). In the temperature range between 1500 and 
3000 K, the calculated Rosseland mean opacity is lower than 
the corresponding opacity in Alexander (1975), agrees well 
with the improved calculations of Alexander, Johnson, & 
Rypma (1983), but is higher than that in Alexander, Augason, 
& Johnson (1989), calculated with an opacity-sampled treat- 
ment for water vapor. The resultant temperature profiles are 
then cooler at given mass column density than those that 
would be obtained with this latter treatment for the water 
opacity (Alexander et al. 1989). The continuum level around 
the CO bands, on the other hand, which depends mostly on the 
water opacity, is well determined for a given temperature struc- 
ture, since the water opacity of Auman (1967) agrees well with 
the laboratory data of Ludwig et al. (1974) at «2.3 /mi. 

To estimate q, we first need to know the mean opacity in the 
wavelength range at which the stellar radiation is absorbed 
and the mean opacity characterizing the atmosphere. To esti- 
mate the second, we take the Rosseland mean opacity of the 
gas. For the first, we calculate the mean of the inverse of the 
opacity, weighted by the derivative of the Planck function 
evaluated at the stellar temperature, for a gas of given tem- 
perature and pressure. In this way, a similar mean is taken in 
both cases. We take q for the given temperature and pressure 
as the ratio of these two quantities. For estimating a, we take 
the mean of av, weighted by the Planck function evaluated at 
the stellar temperature. Figures la and lb show q and a as a 
function of temperature for several pressures and for stellar 
temperatures T* = 4000, 5000, and 10,000 K. For a given pres- 
sure, q approaches unity as T tends to the stellar temperature, 
as it should by definition, then reaches a maximum as T 
decreases, and decreases again. The temperature at which the 
maximum in q occurs decreases as the pressure decreases. At 
the temperature of the maximum, the opacity in the “ stellar ” 
frequency band is due mostly to Rayleigh scattering by neutral 
H, while no opacity source of comparable strength exists at 
longer wavelengths, because there is no significant population 
of molecules. This is apparent in the curves for a in Figure lb. 
As the temperature decreases, molecular opacity becomes 
more important in all wavelength regions and q decreases. The 
prevalence of molecular opacity occurs at higher temperatures 
as the pressure increases, which explains the shift of the 
maximum with pressure. For T < 2000 K, curves for all pres- 
sures converge into one, because all the material available is 
locked into molecules. The abrupt jump at 1500 K is due to 
our unrealistic hypothesis that grains are suddenly destroyed 
at that temperature, so that the opacity jumps from the high 
dust opacity in the low temperature side to the molecular 
opacity in the high temperature side. Note that the value of q 

for a given temperature and pressure increases as T* increases, 
due to the fact that the peak of the stellar energy shifts to 
shorter wavelengths, where the opacity, either scattering or 
dust, is higher. 

We use for the atmospheric calculations the values of q and a 
evaluated at the temperature and pressure of the surface, at 
points where t 1 and where the temperature has already 
reached its asymptotic value. To do this, we take a value of the 
pressure, p0, and solve equation (14), evaluated at t = 0, as an 
implicit equation for T(t = 0) = T0. We use q(T09 p0) and 
a(7o> Po) f°r the rest of the atmosphere. The value of p0, which 
we take as characteristic of the outermost layers, is estimated 
by trial and error, calculating atmospheric structures with q 
evaluated at different pressures, and selecting the one that gave 
superficial pressures consistent with the value assumed for cal- 
culating q. The assumed values of p0 are given in Table 1. The 
drop in the value of p0 in the outer radii of the low stellar 
temperature cases is due to the fact that the temperature at 
those radii is < 1500 K, so that the opacity due to dust is high 
and for a given mass column density the optical depth is larger 
than in the hotter atmospheres. For regions with 1500 
< T < 2000 K, the actual value of the temperature is sensitive 
to the adopted value of p0, especially around the region 
T « 1500 K, where the opacity jumps. An iterative scheme for 
estimating T0 and p0 does not give good results, since the 
present treatment has no means of enforcing convergence. The 
sensitivity to the value of p0 can introduce differences up to 400 
K in the surface temperature; fortunately, at these tem- 
peratures the contribution to the flux in the CO bands is small, 
and the resultant fluxes are not largely affected by this uncer- 
tainty. 

3.2. Calculation of ju0 and E0 

To define the average values of and E0 characterizing the 
incoming radiation, we take at each radius the mean of the 
cosine of the incidence angle and of the intensity of the stellar 
surface from which it is emitted. We adopt the geometry of 
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TABLE 1 
Adopted Values of Surface Pressure 

T* (K) 

4000 5000 10000 

r/R* Ma = 10“8 IO'7 10“6 Ma — 10“8 IO"7 10“6 Ma = 10~8 10"7 KT6 

1.5   1 2 4 6 6 5 2 2 1 
2   0.08 0.2 4 4 4 5 4 4 2 
3   0.001 0.001 0.3 0.2 0.4 2 2 2 2 
4   0.001 0.001 0.03 0.05 0.1 0.2 1 1 1 
5   0.001 0.001 0.001 0.05 0.005 0.005 1 1 1 
6   0.001 0.001 0.001 0.001 0.001 0.001 1 1 1 
7   0.001 0.001 0.001 0.001 0.001 0.001 1 1 1 
8   0.001 0.001 0.001 0.001 0.001 0.001 1 1 0.9 
9   0.001 0.001 0.001 0.001 0.001 0.001 0.9 0.9 0.8 
10   0.001 0.001 0.001 0.001 0.001 0.001 0.8 0.8 0.7 

a Pressure in dyn cm 

KH. To solve the problem properly, we would have to calcu- 
late the inner disk structure consistent with the surface tem- 
perature structure resultant from irradiation. That is, we would 
have to solve the set of internal structure equations, using as 
upper boundary condition for the temperature the value given 
by equation (14) evaluated at t = f. This boundary condition, 
in turn, would depend on the height of the disk through the 
parameters jn0 and E0, which is a result of the disk structure 
calculations. The problem is of a higher degree of sophis- 
tication than that of the treatment of the effects of irradiation 
developed here, so that we have not solved it. Instead, we have 
assumed, following KH, that 

h-40‘ po, 

where we use C = 9/8, which corresponds to the approximate 
variation of scale height with radius expected from a steady 
accretion disk. With this approximation, the values of ß0 and 
E0 can be readily calculated. The value of H0 has been taken as 
0.1 the stellar radius. 

3.3. CO Opacity 
The values for the wavenumbers and oscillator strengths for 

the first-overtone bands of the vibrational-rotational tran- 
sitions of the electronic ground state of CO have been taken 
from the compilation of Kirby-Docken & Liu (1978). For each 
line we take a Doppler profile, which is appropriate for den- 
sities less than 1016 cm-3, and include microturbulence in the 
Doppler width calculation. Microturbulence has been set at 
the local sound velocity. 

3.4. Model Atmosphere 
Given T(t) as specified by equation (14), with optical depth 

calculated with the Rosseland mean opacity, we solve the 
hydrostatic equilibrium equation for the pressure 

dp GM*H (1 + z/H) 1 _ g(z) 
dr r3 {1 + [(2 + i/)2/r2]}3/2 *Ross 

- /Ross 

together with 

dz 1 
dx Xross P 

(22) 

where z is the height of the atmosphere over the level where 

T = I. By solving this system, we include also the case in which 
the extent of the atmosphere is not negligible compared to H. 
We solve it by iteration, using in each iteration the values of 
z(t) obtained in the previous one, until the difference in the 
value of p(t) in successive iterations is smaller than a fixed 
bound. The calculation of the density p includes 16 elements in 
three ionization stages and 13 molecular species, including all 
the ones in Mihalas (1967). LTE is assumed. 

3.5. Optical Depth of the Disk 
In this analysis, we cannot determine the total optical depth 

of the disk. To do so, we would have to calculate an internal 
structure for the disk that fulfilled the structure equations and 
that matched the atmospheric parameters at t = f. Only after 
doing that, if that structure could be found, could we ensure 
that the disk was optically thick. Instead, here we assume that 
the disk is thick, and calculate the outer structure of the con- 
figuration which corresponds to optical depths in the contin- 
uum from 0 to 5. We assume that this region is so thin that no 
energy dissipation occurs and the flux is constant. In an accre- 
tion disk, the flux due to viscous dissipation is zero at the 
midplane of the disk, and has a gradient given by 

dFv _ t g «„Op 
dr ' Ross P ' 

(23) 

Here ay is the viscosity parameter, and D(r) is the rotational 
angular velocity (Shakura & Sunyaev 1973). To check if the 
hypothesis of constant flux is fulfilled, after the model atmo- 
sphere is obtained, we calculate the value of the viscous flux, 
integrating equation (23) from t = 0, with boundary condition 
(19). If the flux in the atmosphere is not constant, that is, if it 
decreases as the height decreases, then that means that the 
midplane of the disk is approached and still the optical depth is 
less than 5, or in other words, that the disk is optically thin. We 
have used this criterion to explore the possibility of having 
optically thin or optically thick (inner) disks in the plane 
(Ma, olv) for different values of T*. 

3.6. Emergent Flux 
The disk was divided into annuli, and in each one mono- 

chromatic intensity calculations were performed, using the 
opacity sources listed in § 3.1 and the hypothesis of LTE for 
the source function. Each annulus was divided into 50 angles 
and the flux was calculated adding the contribution from each 
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Fig. 2a 

-5 -4-3 -2-10 1 2 -6 -5 -4 -3 -2-1 0 

Fig. 2b 

Fig. 2c 
Fig. 2.—Atmospheric temperature profile T(tJ at several positions in the 

disk for models with Ma = 10“7 M0 yr-1 and increasing T* in Table 2: (a) 
Model 2; (b) Model 6; (c) Model 9. The radius r is in units of the stellar radius. 
The dotted line shows the temperature profile when no irradiation is present. 

angular portion shifted apppropriately in wavelength accord- 
ing to the component of its orbital velocity along the line of 
sight. A Keplerian velocity law was assumed for the disk. The 
flux of the system was calculated adding the contribution from 
all the annuli until some maximum radius, and the contribu- 
tion from the star, correcting for occultation by the disk. The 
maximum radius for the calculations was taken as to include 
the portion of the disk that contributes the most to the flux in 
the region around 2.3 /mi. It generally was assumed to be 

10Æ*, but in the cases with T* = 10,000 K and for model 4 
(“FU Ori”), the calculation was extended to 30Æ* and to 
60Æ*, respectively. 

For the stellar flux, we have calculated the flux produced by 
a photosphere with structure similar to models with ^eff “ 
4000 K, 5000 K and 10,000 K, all with log g = 4, from Carbon 
& Gingerich (1969). Neither microturbulence nor stellar limb 
darkening have been included in the photospheric structure or 
flux calculations. 

4. RESULTS 
4.1. Temperature Structure 

The effect of irradiation by the central star on the atmo- 
spheric structure of the disk is to alter the temperature of the 
outermost layers, increasing it above the value it would have if 
only the viscous flux was going through those layers. The 
details of the resultant temperature profile, for given mass acc- 
retion rate, depend on the characteristics of the incoming radi- 
ation, E0 and //0, and specially on the local parameters that 
determine the transfer of radiation, q and a. In general, the 
temperature distribution is characterized by an initial decrease 
with height at the deepest atmospheric levels, a temperature 
minimum, and a rise to flatten up in a plateau in the higher 
layers. Here, we consider the parameters relevant to the forma- 
tion of strong spectral features in LTE, namely, the tem- 
perature of the plateau or surface temperature, T0, and the 
temperature at the level where the continuum forms, Teff. Table 
3 gives for models in Table 2, the values of T0, T'ff, and the 
viscous temperature at t = f, 7^is. Illustrative temperature pro- 
files T(rd) at several disk radii for models 2, 6, and 9 in Table 2 
are shown in Figure 2. These models correspond to disks with 
Ma= 10“7 Mq yr-1, irradiated by stars of different effective 
temperatures. For comparison, the dashed line shows the 
viscous temperature profile, that is, the temperature the atmo- 
sphere would have with no irradiation. Figure 3 shows the run 
of T0, q, and a for cases in Figure 2. 

Examination of Table 3 shows thàt the ratio T0/Tefi is larger 
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TABLE 2 
Calculated Models 

Number K,(Ä0) TJK) Ma(MQ yr-1) Comment 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 

4000 
4000 
4000 
4000 
5000 
5000 
5000 

10000 
10000 
10000 
10000 
4000 
4757 

HT8 

10"7 

10"6 

10"4 

lO“8 

10-7 

10"6 

10“8 

KT7 

10"6 

10“5 

lO"8 

10'8 

FU Ori 

Boundary layer (see text) 
Boundary layer (see text) 

than 1 at all radii considered at low mass accretion rates, 
reflecting the predominance of the irradiation terms in equa- 
tion (14). As Ma increases, the value of TCff increases, becoming 
more similar to the value of 7^is. The surface temperature also 
increases, but at a slower rate, so that above some value of Ma 
for given stellar parameters, T0/Teff approaches the value 0.84, 
appropriate to the gray temperature law. The ratio T0/Teff 
becomes less than 1 first for the inner disk radii, for given 
stellar parameters. The reason for that is that the irradiation 

terms become more important as radius increases. To see this, 
consider the ratio 7^is/(£0//0)1/4, which gives a measure of the 
importance of the viscous term over the irradiation term in 
equation (14). From equation (19), 7^is oc r-3. If the disk were 
flat, then //0 oc r_1 and E0/x0 oc r_3/4. However, the flaring of 
the disk implies that //0ocr_y with y < 1 (KH). Therefore, 
T^JÍEqIíq)114 ccr~(1~y)l^, showing the increasing importance 
of irradiation for larger radii. 

Consider the case in which the viscous terms are negligible. 

TABLE 3 
Characteristic Temperatures in the Disk Atmosphere 

T,(K) 

4000 5000 10000 

Ma r/K T0 ■‘vis T. Jeff 
10" 

10“ 

10“ 

1.5 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1.5 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1.5 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1013 
917 
742 
623 
541 
480 
433 
395 
365 
339 

1801 
1631 
1319 
1109 
962 
853 
769 
703 
648 
603 

3202 
2900 
2345 
1971 
1710 
1517 
1368 
1250 
1153 
1072 

1854 
1531 
1075 
836 
703 
615 
547 
498 
455 
421 

2151 
1847 
1429 
1170 
1004 
887 
798 
727 
670 
622 

3274 
2938 
2364 
1987 
1720 
1524 
1374 
1255 
1156 
1075 

2124 
1699 
1258 
1019 
866 
759 
676 
613 
560 
519 

2337 
1958 
1512 
1250 
1074 
948 
851 
775 
712 
661 

3340 
2976 
2387 
2001 
1733 
1537 
1385 
1265 
1166 
1084 

2322 
1703 
1460 
1419 
1328 
1248 
1190 
1137 
1097 
1058 
2382 
1896 
1486 
1431 
1359 
1269 
1207 
1151 
1108 
1068 
2859 
2601 
2139 
1754 
1509 
1433 
1358 
1273 
1211 
1155 

1013 
917 
741 
623 
541 
480 
433 
395 
365 
339 

1801 
1631 
1319 
1109 
962 
853 
769 
703 
648 
603 

3202 
2900 
2345 
1971 
1710 
1517 
1368 
1250 
1153 
1072 

2205 
1751 
1362 
1059 
873 
746 
651 
580 
529 
489 

2395 
1991 
1567 
1277 
1080 
943 
839 
760 
697 
647 

3355 
2980 
2388 
2006 
1739 
1539 
1384 
1260 
1163 
1081 

2635 
2096 
1543 
1248 
1057 
925 
823 
746 
680 
630 

2755 
2252 
1702 
1395 
1192 
1049 
938 
853 
781 
725 

3513 
3074 
2443 
2042 
1765 
1563 
1408 
1285 
1184 
1100 

2777 
2530 
1646 
1485 
1458 
1441 
1426 
1414 
1369 
1321 
2803 
2551 
1729 
1494 
1464 
1444 
1429 
1415 
1374 
1326 
3063 
2799 
2418 
1893 
1616 
1485 
1454 
1432 
1417 
1374 

1333 
1207 
976 
820 
711 
631 
569 
520 
480 
446 

2370 
2146 
1736 
1459 
1265 
1123 
1013 
925 
853 
794 

4214 
3817 
3087 
2594 
2250 
1997 
1801 
1645 
1518 
1411 

3896 
3002 
2170 
1746 
1463 
1277 
1114 
1046 
946 
803 

4015 
3164 
2347 
1916 
1628 
1385 
1208 
1135 
1021 
851 

4777 
4133 
3258 
2713 
2340 
2070 
1862 
1699 
1565 
1456 

5245 
4162 
3052 
2463 
2085 
1822 
1620 
1468 
1337 
1239 
5294 
4226 
3122 
2529 
2146 
1879 
1673 
1518 
1384 
1283 
5718 
4753 
3646 
3006 
2580 
2274 
2039 
1857 
1705 
1583 

4298 
3847 
3390 
3196 
3052 
2914 
2841 
2787 
2743 
2700 
4327 
3864 
3400 
3203 
3056 
2919 
2843 
2788 
2744 
2700 
4468 
4095 
3592 
3269 
3101 
2961 
2859 
2794 
2736 
2681 
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Fig. 3.—Surface temperature and parameters q and a as a function of 
radius for models with temperature profiles shown in Fig. 2. Continuous line: 
model 2; dotted line : model 6; dashed line : model 9. 

From equation (19), the surface temperature is given by 

T°= (Ci +1}+ßqC2 + 2(Ci + C2 +1}] (24) 

while the effective temperature is 

^=^[«i+4+t)+4+s) 

+4a 0 - +c4 - ■ 
(25) 

Calculations show that Q <0 and C2 « 1. Since ju0 1, the 
most important term in the right-hand side of the expression 
for T0 is the first one within the square brackets, so that Tq « 
otE0q/4(TR. On the other hand, in the expression for Teff, the 
terms with exponentials in the right-hand side are »0, since 
ju0 <£ 1 and ß and # > 1, so that T*ff ä (a£0//0/2<7ä)(1 + C2) « 
olE0/í0/(tr. Therefore, for the parameters appropriate to the 
type of disks considered in this work and in the case that 
viscous terms can be neglected, T0/Te{{ « (g/4//0)1/4, which 
reflects the fact that for increasing q and a more oblique inci- 
dence of the stellar ray, an increasing fraction of the energy is 
deposited in the outermost layers. Since q> 1 and fi0 1, the 
ratio T0/Teff > 1 when irradiation dominates, as happens for 
all radii at low mass accretion rates. 

Table 3 also gives the value of 

rrep = (Tv
4
is + E0^oK)1/4 (26) 

which is the value of the effective temperature obtained under 
the assumption used so far in calculating the flux from repro- 
cessing disks (Adams et al. 1987; KH; Bertout et al. 1988), 
namely, that the energy emitted by the star is absorbed at 

T = I. This value is obtained from equation (25) if q is small 
and a = 1. Figure 4 shows the value of Teff, 7^is, and Trep as 
a function of radius for mass accretion rates Ma = 10-7 

and lO"8 M0 yr“1, and 7; = 4000 K, 5000 K, and 10,000 K 
(other stellar parameters as in Table 2). In all cases, the value of 
the effective temperature is higher than that of the viscous 
temperature, but it is still below the value which has been 
assumed in the reprocessing disk calculations. The implica- 
tions of this result for the continuum fluxes and the disk will be 
discussed elsewhere (Calvet et al. 1991). 

4.2. Validity of the Assumptions Used 
To obtain the temperature structure given by equation (14) 

from which the main results of this work follow, we have made 
several simplifying assumptions: (1) the atmosphere is gray, (2) 
the Eddington approximation holds, (3) the stellar radiation is 
absorbed in a frequency range where there is no intrinsic emis- 
sion from the atmosphere, (4) the values of q and a that are 
valid at the surface are valid throughout the atmosphere, (5) no 
convection is present, and (6) radiative equilibrium (RE) holds. 
These assumptions are in general inadequate, as we will shortly 
review, and the justification for using them is the exploratory 
nature of this work. At the temperatures considered, molecules 
provide the dominant source of opacity, which is far from gray. 
The hypothesis of isotropy, implicit in the Eddington approx- 
imation, is likely not valid in the low-density regions near the 
boundary. Atmospheric surface temperatures are of the same 
order as the stellar temperature for the low irradiation cases, so 
g æ 1, where the treatment is more uncertain. Moreover, q and 
a change significantly with temperature and pressure, so condi- 
tions at the surface differ from those at deep atmospheric levels. 

We have determined stability against convection by compar- 

r/R. 
Fig. 4.—Disk effective temperature as a function of radius, for models 1, 2, 

5, 6, 8, and 9 in Table 2. The plots are arranged so that the mass accretion rate 
increases from left to right and the stellar effective temperature increases from 
top to bottom. The dotted line corresponds to the effective temperature when 
only the viscous flux is present, while the dashed line corresponds to the 
“ reprocessing ” effective temperature given by eq. (26). 
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ing the values of the radiative and the adiabatic gradients. We 
find that the disk atmospheres are generally stable against con- 
vection if Ma < 10~6 M0 yr-1. Small convective regions 
develop around the region where T « 1500 K due to the artifi- 
cial jump in opacity around that region. A better treatment of 
the transition between molecular and dust opacity should be 
made before exploring further the convective instability in disk 
atmospheres. 

When assuming RE, we are ignoring the rate of viscous 
energy deposition, which although small is present throughout 
the atmosphere. To check for the importance of this effect, we 
have compared a posteriori at each atmospheric depth the 
viscous energy deposition per unit volume dFyiJdz = 1.5otv£lp 
with the rate of stellar heating per unit volume 
oiqxRoSsPEoe~qzdlfl°- If the stellar heating dominates, then the 
mechanical heating term is not important in the energy equa- 
tion and RE holds. If, on the other hand, the viscous heating is 
more important, then RE is not appropriate, and a self- 
consistent solution for the temperature and the radiation field 
should be found, solving the transfer equations and the energy 
equation with mechanical heating included. We find that 
stellar heating dominates for Td> 10-4 to 10-3, for Ma< 
10-6 Mq yr-1. Since the spectral features discussed in this 
work are formed at xd > 10-2, then they would not be signifi* 
cantly affected if the outer atmospheric structure were different. 
However, the predominance of viscous dissipation at high 
atmospheric levels may lead to an additional temperature rise, 
as already pointed out by Shayiv & Wehrse (1986) and Adams 
et al. (1988). Future treatments of the problem must include 
this effect. 

A further assumption used in this work is that stellar rays 
reach the outer disk radii without being attenuated by the 
intervening gas. To check the validity of this assumption, we 
have calculated for a few cases the optical depth along a given 
ray (described by the angle cos-1 p0) for different disk radii. 
We find that optical depths along rays for r < 10R* are <0.3. 
The small values of the optical depth are due to the fact that 
above the atmosphere the density is given by p(z) « /?at exp 
— [(z — zat)/Hat(T0)]

2, where zat and pat are the height and 
density evaluated at some reference level in the region where 

the temperature has attained its asymptotic value, and H&t is 
the scale height. Since Hat is small in comparison with the disk 
height [Hat « 4 x 109(r/R*)3/2(ro/3000 K)1/2(M/M0)"1/2 cm] 
the density falls quite steeply, and there is little absorbing 
material along the ray. 

4.3. Optical Depth of the Disk 
As mentioned in § 3.5, in this study we do not prove that the 

disks are optically thick. However, we may get an idea of the 
appropriateness of the optically thick hypothesis calculating a 
posteriori the viscous flux going through the atmospheric 
layers and checking if it is approximately constant. Table 4 
gives the value of t at which the integrated viscous flux (in the 
manner described in § 3.5) falls to 10% of its surface value, for 
different accretion rates and stellar temperatures. The value of 
the viscosity parameter, <xv, in equation (23) plays an important 
role in this estimate, since it determines the rate of change of 
the viscous flux. Disks with low irradiation rates, T* = 4000 K, 
are thick for all values of ccv, except for the innermost region 
when ay > 0.1. On the other hand, as the stellar temperature 
increases, disks become hotter, less opaque, and more 
extended; the viscous flux changes more rapidly with t; and 
disks become thin according to the criterion used, except for 
very low values of the viscosity parameter. As the mass accre- 
tion rate increases, however, the viscous flux increases as a 
whole, so that the relative rate of change decreases, and disks 
become thicker. Clarke et al. (1990) estimate that to have a 
decline in luminosity comparable to that observed in FU Ori 
systems, the parameter av has to be « 10"3. This, together with 
our results, seem to imply that disks are optically thick at least 
for low stellar effective temperatures, since FU Ori outbursts 
are supposed to be produced by a high rate of accretion onto a 
low-mass star (Hartmann & Kenyon 1985,1987; Kenyon et al. 
1988). 

An alternative criterion for inferring the optical depth of the 
disk would be to check a posteriori if the mass column density 
of the atmosphere is less than the total surface density, which is 
given by 

TABLE 4 
Optical Depth Where Fvis Falls to 10% of its Total Value 

 Ma  

10-8 10-7 10“6 

7;(K) r/R^ 

4000   1.5 
3 
5 
7 

10 
5000   1.5 

3 
5 
7 

10 
10000  1.5 

3 
5 
7 

10 

a = 10-3 KT1 

>5 0.2 
>5 >5 
>5 >5 
>5 >5 
>5 >5 
>5 10"2 

>5 KT2 

>5 >5 
>5 >5 
>5 >5 
>5 2 x KT2 

>5 3 x 10"3 

>5 4 x 10-4 

>5 2 x 10-4 

>5 5 x lO"5 

1 a = 10-3 

KT2 >5 
>5 >5 
>5 >5 
>5 >5 
>5 >5 

5 x 10-5 >5 
2 x 10-3 >5 

>5 >5 
>5 >5 
>5 >5 

3 x KT4 >5 
8 x 10'5 >5 
2 x 10-5 >5 
6 x 10-6 >5 
3 x KT6 >5 

10"1 1 

0.5 6 x 10"2 

1.3 1.2 
>5 >5 
>5 >5 
>5 >5 

0.5 10"2 

0.2 3 x 10"2 

>5 >5 
>5 >5 
>5 >5 

0.6 0.2 
0.5 2 x 10"3 

0.1 4 x 10"4 

4.2 2 x 10"4 

>5 4 x 10"5 

a = 10"1 10"1 1 

>5 1.7 0.3 
>5 3 0.5 
>5 0.7 0.2 
>5 1.5 1.5 
>5 >5 4.8 
>5 1.77 0.2 
>5 2.9 0.4 
>5 0.8 0.1 
>5 1.5 1.4 
>5 >5 4.7 
>5 >5 0.4 
>5 3.5 0.1 
>5 4 0.3 
>5 2 0.1 
>5 1 1 
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TABLE 5 
Absorption Equivalent Width or Emission Fluxes for the v = 2-0 Band Head 

Model 

^(A) F* (ergs cm 2 s 1) 

i = 0° 45° 80° i = 0° 45° 80° 

3a (Jy) 

i = 0° 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 

3.4 
7.0 

14.9 
15.8 

0.4 
12.0 

4.3 

5.3 
5.3 
7.8 
9.7 
0.2 
1.7 
6.1 

0.6 

6.8 
6.3 
6.7 
8.8 
3.0 
3.1 
4.5 

0.2 
4.8 
1.6 

8.4 x 10" 

1.5 x 10"10 

1.5 x lO"10 

1.1 x 10"10 

1.5 x KT12 

3.8 x KT12 

6.7 x 10“11 

6.6 x 10"11 

5.5 x 10"11 

2.2 x 10"13 

2.9 x KT13 

8.9 x KT12 

8.8 x 10'12 

7.6 x 10"12 

0.8 
1.3 
5.6 

223.3 
1.5 
1.9 
6.0 
6.0 
7.4 

19.2 
89.2 
0.7 
0.9 

1 Fluxes calculated at d = 160 pc. 

Vol. 380 

(Shakura & Sunyaev 1973). For a given value of Ma, the value 
of ocv sets the total surface density. Disks with a high value of olv 
are more likely to be thin, while the larger Mfl, the higher the 
value of Yj and the larger the optical depth, considerations 
which are in agreement with the previous results. 

4.4. Effect of Irradiation on the Intensity Emitted by the Disk 
The near-infrared intensity at each annuli of the disk and the 

flux of the star-disk system has been calculated for all models 
in Table 2. Table 5 gives either the equivalent width of the 
v = 2-0 band head in Â, if the band is in absorption, or the flux 
in this band head (in ergs cm-2 s-1 at 160 pc), if the band is 
emission, for each model. The theoretical equivalent width has 
been calculated between 2.293 and 2.305 //m, and the emission 
fluxes between 2.293 and 2.317 //m, to facilitate the comparison 
with Carr’s (1989) observations discussed in the next section. 
The continuum flux at 2.293 //m at zero inclination is also 
given. It should be noted again that these fluxes have been 
calculated for a microturbulent velocity equal to the local 
sound velocity. Different values of the turbulent velocities 
would result in different values for the flux. Fluxes in Table 5 
are meant to be illustrative, while the turbulent velocity should 
be taken as a parameter when fitting the spectrum of an in- 
dividual object. Low-resolution spectra (R = 1000) for the 
cases in which the CO bands appear in emission are shown in 
Figure 5. 

Molecular features are present in the spectrum of the disk 
atmosphere whenever its temperature is between «1500 and 
4000 K (below 1500 K dust opacity dominates, while for tem- 
peratures higher than 4000 K, molecules are mostly 
dissociated). The strongest molecular bands in the near infra- 
red are the vibrational-rotational bands of the ground elec- 
tronic state of CO, although the H20 bands and TiO band 
system are also present. For Ma < 10-6 M© yr-1 and low 
irradiation rates, most of the contribution to the near-infrared 
molecular spectrum of the disk comes from the innermost 
region, r < 5R*, since it is in this region where temperatures 
are within the range in which molecular features appear. In 
the case of high irradiation rates, molecular bands are formed 
in a larger disk region, because all temperatures increase (see 
Table 3). 

As discussed in § 3.1, one of the effects of irradiation from the 
stellar source on the disk atmosphere is to increase the tem- 

perature of the upper layers. If the surface temperature is lower 
than the effective temperature, the strong molecular features 
that form in the outermost regions appear in absorption. The 
absorption, however, is weaker than in the viscous disk atmo- 
sphere because of the higher surface temperatures. On the 
other hand, if the surface temperature is higher than the effec- 
tive temperature, the bands appear in emission. 

In the case of T* = 4000 K and Ma < 10-8 M© yr-1, the 
surface temperature is higher than the effective temperature 
and above 1500 K for r < 2R* (see Table 3). At these radii, the 
strong CO bands are formed in the uppermost atmospheric 
regions and therefore are in emission in the disk spectrum. 
Weaker features, such as the bands of H20 and TiO, are 
formed in deeper regions of the atmosphere of the inner disk 

Fig. 5.—Low-resolution spectra (R = 1000) of the star-disk system in the 
2-0 and 3-1 vibrational-rotational band of CO for cases where the CO bands 
appear in emission. Spectra are shown at an inclination of 45° and are identi- 
fied by the model number in Table 2. Fluxes are calculated at a distance of 100 
pc. Wavelengths are in microns and fluxes in ergs cm“ 3 s~ 
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Fig. 6c 
Fig. 6.—High-resolution spectra of the star-disk system in the 2-0 

vibrational-rotational band of CO. Spectra are shown for inclinations i = 0°, 
45°, and 80°, and for models with Ma = 10“8 M0 yr-1 and increasing T* in 
Table 2: (a) model 1, (b) model 5, (c) model 8. In most cases, the maximum 
radius is jRmax = 10 R*. The lower continuous line corresponds to the spectrum 
of the photosphere, while the upper corresponds to the spectrum of the star- 
disk system. The dotted line corresponds to the spectrum of the disk. Note the 
different scales in each graph. Microturbulence has been taken as the local 
sound velocity in these calculations. Wavelengths are in microns and fluxes are 
in ergs cm “ 3 s _ ^ Fluxes are calculated at a distance of 100 pc. 

and appear in absorption. However, in this case, the emergent 
spectrum of the star-disk system has the CO bands in absorp- 
tion because the disk emission is not enough to compensate for 
the intrinsic absorption of the photosphere. Nevertheless, the 

CO bands are weaker than the photospheric bands. Figure 6a 
shows the emergent spectrum of the star-disk system for model 
1 in Table 2, which has Ma = 10“ 8 M0 yr -1 and T* = 4000 K. 
The spectral interval shown covers the region corresponding to 
the v" — v' = 2-0 band of the vibrational-rotation transitions 
of the ground electronic state of CO and is given for three disk 
inclinations, i = 0°, 45°, and 80°. The spectra of the disk and of 
the photosphere are also shown for comparison. It can be seen 
that although the CO bands are weakly in emission at i = 0°, 
the disk flux is much lower than the photospheric one and acts 
only as a source of veiling. As inclination increases, the disk 
contribution becomes weaker, since the projected emitted area 
decreases, and the spectrum of the system becomes increasingly 
similar to that of the photosphere. In the inner regions of disks 
with Ma> 10"7 Me yr-1 and T* = 4000 K, the disk effective 
temperature is of the order or larger than the surface tem- 
perature (see Table 3) and CO absorption features will form in 
the disk photosphere. The range of radii in the disk where CO 
forms increases and moves outwards as the mass accretion rate 
increases, following the increase of T(r) with Ma. 

Figure 6b shows spectra for model 5 in Table 2, correspond- 
ing to Ma = 10-8 Mq yr-1 and T* = 5000 K. Since the disk is 
irradiated by a hotter star and therefore surface temperatures 
are higher, the disk emission features are stronger than in the 
lower stellar effective temperature case. At the same time, the 
intrinsic photospheric features are weaker, with the result that 
the bands appear in emission in the spectrum of the system. As 
inclination increases, each line is split into two weaker com- 
ponents with mean separation of twice the Doppler shift corre- 
sponding to the maximum orbital velocity, corrected by 
inclination. The double peak profile is not readily apparent in 
Figure 6, because the separation between lines is of the same 
order as the velocity shift between the peaks of each line, 
æ 0.001 /mi for rotational velocities of »150 km s-1. Com- 
ponents of different lines are then superposed and individual 
lines cannot be clearly discerned in the resultant inclined disk 
spectrum. Since lines become weaker and the projected area 
decreases, the disk contribution to the total spectrum decreases 
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with inclination relative to the photosphere and the bands 
appear in absorption at large inclinations. 

In contrast, bands always appear in emission for high stellar 
temperatures. Figure 6c shows the spectrum of model 8 in 
Table 8, with Mfl = 10~8 M0 yr"1 and T* = 10,000 K. The 
disk spectrum is stronger than that of the photosphere because 
of the high surface temperatures (Table 3) and larger emitting 
area. The region in the disk where the CO features form is 
larger, in comparison to the low irradiation rate case. For 
model 8, for instance, approximately the innermost 30Æ*, 
which corresponds to 90 Rq» contribute to the CO emission. 
The system spectrum is therefore in emission, although again 
the detailed structure of the band is washed out by rotation at 
high inclinations. In fact, emission will be present even for high 
Ma; only for Ma > 10-5 M0 yr-1 the CO bands turn into 
absorption in the spectra of the irradiated disk. 

5. DISCUSSION 

According to the results of § 4, irradiation by the central star 
increases the temperature of the disk atmosphere relative to 
the case where only the viscous flux goes through it. The details 
of the temperature profile depend on the irradiation flux and 
on the viscous flux, which in turn can be described in terms of 
the stellar effective temperature and the mass accretion rate, 
respectively. For T* small, q> 1 (see Fig. 1), which means that 
the depth where t « 1 for the stellar radiation is located deep 
in the atmosphere and even the deepest layers are heated by 
the stellar radiation. As T* increases for given Ma so does q, 
and an increasing fraction of the stellar energy is deposited in 
high atmospheric layers. As a result, as T* increases, the surface 
temperature increases more rapidly than the effective tem- 
perature does and eventually becomes larger. Features formed 
in the outer layers, like the CO first-overtone bands, will then 
go into emission. On the other hand, as Ma increases for given 
T*, the effective temperature increases more than the surface 
temperature does, and above a certain value of the mass accre- 
tion rate, the CO bands will appear in absorption. These con- 
siderations suggest that we can define regions in the (T*, Ma) 
plane in which one would expect either emission or absorption 
of the CO bands for the case of optically thick, steady accretion 
disks around young objects. These regions are shown in Figure 
7, in which we have marked the intermediate region around 
which we expect to find no features with a dashed line. 

For central stars with low effective temperature, <4000 K, 
one expects to see the near infrared bands of CO in absorption, 
for Ma > 10“8 Mq yr-1. For low mass accretion rates, essen- 
tially the stellar absorption bands are seen, but they appear 
weaker than in the star because they are veiled by the disk 
continuum and line emission from the inner »2Æ* in the disk. 
As the mass accretion rate increases, the disk effective tem- 
perature increases and band absorption in the inner disk 
becomes stronger and dominates over the photospheric bands. 

When the temperature of the central star increases, disks 
with low Ma show the CO bands in emission (although if Ma is 
very low, the disk flux would be too low to be seen). As Ma 

increases, the emission bands become weaker, and after cross- 
ing the dividing line they turn into weak absorption. The 
strong CO absorption bands are expected only in cases of high 
Ma. The value of Ma from where absorption bands are 
expected at given T* increases with 7^. For stars with T* ^ 
10,000 K, the mass accretion rate in the disk has to be > 10-5 

Mq yr-1 for the effective temperature to be high enough that 
the bands appear in absorption. 

io'3 

10' 

r 10-5 

0 s 
io-6 

•s 

10-7 

1O-0 

4000 6000 8000 10000 12000 
T. (°K) 

Fig. 7.—Mass accretion rate vs. stellar effective temperature. The dashed 
line separates the regions in which CO is expected to be either in absorption or 
in emission. The dotted lines encircle the regions where FU Orí objects and 
where T Tauri stars are found in this diagram. The arrow marks an upper limit 
for the mass accretion rate of the star AB Aur (see § 5 for details). 

Observations confirm these predictions. The CO bands are 
strongly in absorption in the FU Ori objects (Mould et al. 
1978; Carr 1989), which are thought to be stars previously 
appearing as T Tauri stars (so that T* = 4000 K, M* » 1 M0, 
Æ* æ 3 Rq\ surrounded by an accretion disk in which the 
mass accretion rate has increased to values 10“4 to 10"3 M0 
yr-1 (Hartmann & Kenyon 1985,1987; Kenyon et al. 1988). In 
Figure 7 we show that the FU Ori objects fall in a region in 
which, according to our study, strong band absorption is 
expected. For a quantitative comparison, we have calculated 
the spectrum for an “FU Ori model” (model 4, see Table 2); 
for this model the equivalent width of the 2-0 band is between 
16 and 10 Â, for inclinations between 0° and 45°, range in 
which the equivalent widths in FU Ori objects are observed. 
This agreement, in fact, also supports the disk interpretation 
for these type of objects, since another one of its predictions 
agrees with observations. 

In Figure 7 we have marked the region in which T Tauri 
stars (TTS) are found. In this case, the estimate of mass accre- 
tion rate comes from the studies of emission from the boundary 
layer (KH; Bertout et al. 1988; Basri & Bertout 1989). From 
the location of TTS in the (7^, MJ plane one would expect on 
statistical grounds absorption in the CO bands for most of 
them, which is indeed the case. In Carr’s (1989) sample, 50% of 
the T Tauri stars show absorption, 15% show emission, and 
the rest are featureless within the detection limit. In fact, Carr’s 
stars were chosen among those showing strong emission char- 
acteristics, and particularly, many of them are “continuum” 
stars, that is, stars with no photospheric absorption features; 
this veiling has been interpreted as due to the emission of the 
boundary layer. The boundary layer luminosities for these 
objects suggest Ma » 10~7 to 10"6 M0 yr-1 (KH; Bertout et 
al. 1988; Basri & Bertout 1989), while continuum stars are 
generally assigned a late spectral type (K7, T* » 4000 K). With 
these parameters, CO absorption would be expected for the 
continuum stars, and indeed, 70% of them show absorption, in 
agreement with our expectations. For Ma = 10-8 M0 yr-1, 
the equivalent widths in Table 5 are 3 Â for i = 0° and 7 Â for 

i^^iii^i^i^^^iir 

CO ABSORPTION 

. ! TTS 
CO EMISSION 

-J ^^^^^^ I ^ L 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
91

A
pJ

. 
. .

38
0.

 .
61

7C
 

No. 2, 1991 

1 = 80°, weaker than the photospheric equivalent width of 7.5 
Â. As discussed above, veiling by line and continuum emission 
by the atmosphere of the inner disk reduces the equivalent 
width of the system relative to the stellar one. 

Two of the continuum stars in Carr’s sample show emission 
in the CO near-infrared bands, namely, DG Tau and AS 353A. 
The emission of DG Tau has also been observed by Hamann, 
Simon, & Rydgway (1988). One could argue that these stars 
have higher effective temperature than the “ typical ” TTS. No 
absorption-line spectrum has been detected in AS 353A 
(Herbig & Bell 1988), but there are indications that DG Tau 
has a late type spectrum (Herbig 1977; Strom et al. 1986), close 
to early M. No emission would then be expected according to 
our results. We have not included in our treatment, however, 
the effect of irradiation by the boundary layer, which as men- 
tioned above is thought to be responsible for the veiling that 
hides the photospheric absorption lines in the continuum stars. 
If the vertical height of the boundary layer is similar to that of 
the neighboring disk, then for geometrical reasons no effect is 
expected on the inner disk. However, if the boundary layer has 
some vertical extent over the equatorial part of the star, then 
irradiation by it can be significant in the inner disk, r < 1.5- 
2 R* (Smak 1989). The boundary layer would act as a small but 
hot source, which in our treatment could be simulated by 
having E0 comparable to that of a star of T* = 4000 K but 
with q corresponding to a much higher temperature. The first 
assumption comes from the fact that the quantity Lhl/L*, 
where Lbl is the boundary layer luminosity and L* is the stellar 
luminosity, is of order unity for the continuum stars (Basri & 
Bertout 1989; L. Hartmann, private communication), and in 
particular for DG Tau, Lbl/L* ä 2; the second, from the tem- 
peratures that have been estimated for the boundary layer 
(KH; Bertout et al. 1988; Basri & Bertout 1989). We have 
calculated two “boundary layer” models (see Table 2) with E0 

equal to 1 and 2 times that of a star of T* = 4000 K and q 
appropriate to T = 10,000 K. The CO bands turn into emis- 
sion, as expected, with a band head flux given in Table 5. The 
continuum flux at 2.93 jum is also given in Table 5. The 
observed band flux of DG Tau is 8.7 x 10”13 ergs cm-2 s-1 

and the observed continuum flux is 1.3 Jy (Carr 1989); com- 
parison with fluxes predicted by the “ boundary layer ” models 
suggests that this is a viable explanation for the origin of the 
emission, although a more refined calculation must be done 
once the actual geometry of the boundary layer is known. In 
this context, it is interesting to notice that the observed equiva- 
lent width of the absorption bands in the continuum stars is 
1-4 Â (Carr 1989), while the theoretical equivalent widths in 
Table 5 are larger. The theoretical equivalent width of the CO 
band head in the T* = 4000 K model photosphere is 7.5 Â, as 
mentioned above, similar to the equivalent width of ä 8 Â for 
an MO Y star in the compilation of Kleinmann & Hall (1986). 
The intrinsic photospheric spectrum is then appropriate, and 
that cannot be the reason for the difference. A possible expla- 
nation would be that irradiation by the boundary layer makes 
the surface temperature in the disk higher than that expected in 
models where this additional effect is not included. The CO 
bands would then have a larger emission flux in the disk spec- 
trum, so that in the spectrum of the star-disk system the photo- 
spheric bands would be even more veiled than in the case with 
no boundary layer. Eventually, if the effect of boundary layer 
irradiation is important enough, disk emission would domi- 
nate and the bands would appear in emission in the spectrum 
of the system. 

629 

Among the TTS with observed near-infrared spectra, there 
are three stars with well-defined spectral type, namely T Tau 
(KH), SU Aur, and CW Tau (Carr 1989). These stars have 
effective temperatures between 4500 and 5500 K (Cohen & 
Kuhi 1979), and their near-infrared spectrum around the CO 
bands is featureless within the observational uncertainties. 
According to our results these stars should have 5 x 10“8 < 
Ma< 5 x 10_7Moyr_1, in which case the atmospheric tem- 
perature would be almost constant (see Fig. 2) and the bands 
would be absent or only weakly in emission or absorption. 
Mass accretion rates have not been estimated for all of them, 
but for the case of T Tau (spectral type Kl V), KH determine 
from the ultraviolet excess Ma & 2 x 10“7 M0 yr_1 (for an 
assumed mass of 2 M0), which puts the star very near the 
dividing line between the absorption and emission regions in 
Figure 7, confirming our expectation. 

Observations of the hot star AB Aur are also in agreement 
with theoretical expectations. The near-infrared spectrum of 
AB Aur shown in Hartmann et al. (1989) indicate that the CO 
bands are either absent or too weak to be detected with the 
instrument used. The spectral type of this star is B9-A0 (Cohen 
& Kuhi 1979), so that T* ä 10,000 K and from the weakness of 
the band, one would expect that the star were close to the 
dividing line in the (T*, MJ plane. For this, the mass accretion 
rate in the disk should be 1 x 10“6 < Ma < 1 x 10-5 M0 
yr-1, according to Table 5 and Figure 7. Rydgren & Zak 
(1987) have estimated that the infrared excess luminosity above 
that expected from the star alone is <0.47LJ|C. If we assume 
that this excess luminosity comes from an accretion disk and 
take stellar parameters corresponding to a A0 V star 
(suggested by the similarity of the stellar luminosity with that 
of a main-sequence star), then we get Ma <3 x 10_6Moyr_1. 
This excess luminosity has been attributed to stellar radiation 
reprocessed by a flaring disk, since the excess is less than 0.5L*, 
the upper limit for the emission of a reprocessing, flaring disk 
(KH). In the treatment of KH, however, the assumptions of 
q = \ and a = 1 which lead to equation (26) were used. 
However, for the case T* » 10,000 K, g > 10 and a < 0.1 for 
the range of temperatures involved (see Fig. 1). As a conse- 
quence, (Trep - Teff)/7;ep is «30% for M,d = 10“8 MQ yr“1, 
and «1%-10% for Ma = 10“6 AÍ© yr-1 (see Table 3); the 
continuum flux from the disk with a low mass accretion rate 
would then be lower than that calculated using equation (26). 
At À = 2.3 jum, a model with Ma = 10 8 M0 yr-1 and T* = 
10,000 K (model 8) gives XFx = 8 x 10-9 ergs cm-2 s-1 at 160 
pc, while a model with Ma = 10~6 M0 yr-1 (model 10) gives 
XFx = 1.8 x 10-8 ergs cm-2 s_1, in much better agreement 
with the observed flux for AB Aur, XFx = 2 x 10“8 ergs cm-2 

s"1 (Rydgren & Zak 1987). 
According to our results, it is more likely that the CO near- 

infrared bands appear in emission than in absorption in hot 
stars, whether the disks are optically thick, as in here, or opti- 
cally thin (Carr 1989). One way to discriminate between the 
two possibilities is to consider the continuum infrared excess of 
the configuration, since if the disk is optically thin, then the 
expected continuum flux is lower than in the optically thick 
case. This indicates that in order to determine the actual nature 
of the accretion disk around a hot object from the near- 
infrared CO emission, both the flux in the bands and in the 
continuum must be considered. 
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