A&A 438, 923-938 (2005)
DOI: 10.1051/0004-6361:20052809
© ESO 2005

A8§tronomy
Astrophysics

Molecular hydrogen emission from protoplanetary disks*

H. Nomura** and T. J. Millar

School of Physics and Astronomy, The University of Manchester, PO Box 88, Manchester M60 1QD, UK

e-mail: hnomura@kobe-u.ac. jp

Received 3 February 2005 / Accepted 21 April 2005

Abstract. We have modeled self-consistently the density and temperature profiles of gas and dust in protoplanetary disks, taking
into account irradiation from a central star. Making use of this physical structure, we have calculated the level populations of
molecular hydrogen and the line emission from the disks. As a result, we can reproduce the observed strong line spectra of
molecular hydrogen from protoplanetary disks, both in the ultraviolet (UV) and the near-infrared, but only if the central star has

a strong UV excess radiation.
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1. Introduction

It has long been believed that infrared excesses over the stellar
photospheric emissions, often observed in the spectral energy
distributions of young stellar objects (YSOs), arise from dusty
circumstellar disks (Cohen 1974; Kenyon & Hartmann 1987;
Beckwith & Sargent 1993). More direct evidence for circum-
stellar disks has been found recently in the form of optically
thick dust lanes against the scattered light of the surrounding
optically thin nebulae at optical and near-infrared wavelengths
(e.g., Burrows et al. 1996; Stapelfeldt et al. 1998, 2003; Cotera
et al. 2001; Jayawardhana et al. 2002) and as a near-infrared
image of the scattered light of the disk itself (e.g., Fukagawa
et al. 2004).

Furthermore, thanks to recent high spectral resolution and
high sensitivity observations, it has become possible to de-
tect various molecular line emission from protoplanetary disks
(e.g., Dutrey et al. 1997). In particular, observation of molec-
ular hydrogen line emission from the disks is important be-
cause it directly traces gaseous masses of the disks, which are
connected with giant planet formation, without assuming the
dust-to-gas ratio or CO-to-H, ratio. Pure rotational molecu-
lar hydrogen line emission was detected towards YSOs and
debris-disk objects with the Infrared Space Observatory (1SO)
(Thi et al. 1999, 2001a,b), while no emission has yet been
observed with ground-based telescopes (Richter et al. 2002;
Sheret et al. 2003; Sako et al. 2005). Ro-vibrational molecu-
lar hydrogen line emission with narrow line widths was de-
tected towards some T Tauri stars (Weintraub et al. 2000;
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Bary et al. 2002, 2003; Itoh et al. 2003). In addition, fluores-
cent molecular hydrogen line emission in the ultraviolet (UV)
wavelength band was observed towards some classical T Tauri
stars (Herczeg et al. 2002, 2004; Bergin et al. 2004). However,
at present there is no established model for this emission which
takes into account the global physical structure of protoplane-
tary disks.

Historically, molecular hydrogen emission has been ob-
served towards various kinds of astronomical objects, such as
shock surfaces associated with star forming regions, reflection
nebulae illuminated by nearby massive stars, planetary nebu-
lae, supernova remnants, external galaxies, etc. (e.g., Beckwith
et al. 1978; Brown et al. 1983; Hasegawa et al. 1987; Burton
et al. 1992), and studied theoretically, for example, under the
conditions of shock or photon-dominated regions (e.g., Black
& Dalgalno 1976; Shull 1978; Hollenbach & McKee 1979;
Draine et al. 1983; Pineau des Forets et al. 1986; Black &
van Dishoeck 1987; Wagenblast & Hartquist 1988; Sternberg
1988, 1989; Sternberg & Dalgalno 1989; Draine & Bertoldi
1996). These studies have suggested the importance of physi-
cal condition of the objects — density, temperature, and UV ir-
radiation — for exciting molecular hydrogen.

Now, the physical structure of protoplanetary disks is
thought to be controlled by irradiation from the central star.
Modelling the density and temperature profiles of dust and
gas in the disks has been developed in more and more real-
istic ways as more detailed observational data become avail-
able (e.g., Kusaka et al. 1970; Kenyon & Hartmann 1987;
Chiang & Goldreich 1997; D’Alessio et al. 1998; Nomura
2002; Dullemond et al. 2002; Dullemond & Dominik 2004;
Kamp & van Zaldelhoftf 2001; Gorti & Hollenbach 2004;
Glassgold et al. 2004; Kamp & Dullemond 2004; Jonkheid
et al. 2004).

http://dx.doi.org/10.1051/0004-6361:20052809
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In this paper, we have modeled the density and tempera-
ture profiles of protoplanetary disks self-consistently, taking
into account the irradiation from the central T Tauri star. We
have used these to investigate the abundance and excitation of
molecular hydrogen in the disk, and the observational proper-
ties of the molecular hydrogen emission from the disk. In the
following section, we present the physical model of the disk:
the density and temperature profiles of the gas and dust in the
disk on the assumptions of vertical hydrostatic equilibrium and
local thermal and radiative equilibrium. In Sect. 3, we calculate
the abundance and level populations of molecular hydrogen,
assuming statistical equilibrium among the levels. Making use
of these physical and chemical profiles, we compute molecu-
lar hydrogen emission from the disk at infrared and ultravio-
let wavelengths and compare with the observations in Sect. 4.
Finally, the results are summarized in Sect. 5.

2. Physical model

We consider an axisymmetric disk surrounding a central star
with the physical parameters of typical T Tauri stars; a mass
of M, = 0.5 M, a radius of R, = 2 Ry, and a temperature
of T, = 4000 K (e.g., Kenyon & Hartmann 1995).

2.1. Basic equations for the disk structure

The gas temperature and density distributions of the disk are
obtained self-consistently by iteratively solving the equations
for hydrostatic equilibrium in the vertical direction and local
thermal balance between heating and cooling of gas. The equa-
tion for vertical hydrostatic equilibrium is given in cylindrical
coordinates (x, z) by

dP 62 dp
dz " dg

where P and p represent the pressure and density, respectively.
The sound speed ¢, is defined as ¢;> = dP/dp = kT [my,
where k and T represent Boltzmann’s constant and the gas
temperature, and the mean molecular mass m, is set to be
my, = 2.3my (my is the hydrogen mass). The vertical gravi-
tational force is set g, = GM.z/(x* + z2)*?, where G is the
gravitational constant. The condition, f p(x,z)dz = XZ(x), is
set to be satisfied, where X(x) is the surface density at a ra—
dius x defined below. We put p(x,z.) = 1.67 x 107° gcm™
for the boundary condition. The equation for the detailed en-
ergy balance at each point in the disk is given by

= —pg:, (1)

=A, ()

where I" and A are the sum of the relevant gas heating and cool-
ing rates, respectively (see Appendix A for details of the heat-
ing and cooling processes).

The dust temperature profile plays an important role in de-
termining the disk structure because the gas temperature is
well coupled with the dust temperature near the midplane of
the disks where the density is high enough for efficient col-
lisions between gas and dust particles (see Sect. 2.4). In this
paper we obtain the dust temperature profile by assuming lo-
cal radiative equilibrium between absorption and reemission of
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radiation by dust grains at each point in the disk in spherical
coordinates (R, ©),

4ﬂrdw<y(R,®)Bv[Td(R, 0)]
0

= [ om0 audst k. 03100, 3)
where «,, I,, B,(T4), and T4 represent the monochromatic ab-
sorption coefficient, the specific intensity, the Planck func-
tion for blackbody radiation at a frequency v, and the dust
temperature, respectively. Local thermodynamic equilibrium,
n, = kB,(Ty), is assumed, where 1, is the monochromatic
emissivity. The specific intensity is calculated by solving the
axisymmetric two-dimensional radiative transfer equation,

1(R.®:p. ¢) = fo (R, O)p(R', @)

XB,[Ty(R', @)]e ™" ds’, “)

where 7,(R’,®’) is the specific optical depth from a
point (R’,®’) to (R, ®), by means of the short characteristic
method in spherical coordinates (Dullemond & Turolla 2000).
Here we neglect the effect of scattered light (cf. Dullemond &
Natta 2003). As heating sources we consider the radiative flux
produced by the viscous dissipation (a-model) at the midplane
of the disk, Fyis = (9 /4)2(1’6‘3(2)9, and the irradiation from the
central star F, (Appendix C; see also Nomura 2002 for de-
tails of the model).

The surface density distribution of the disks, Z(x), is de-
termined based on the standard accretion disk model (e.g.,
Lynden-Bell & Pringle 1974; Pringle 1981), by equating the
gravitational energy release of accreting mass to thermal heat-
ing via viscous dissipation at the disk midplane at each ra-
dius, x,

3GM. M R.\"?
220cS§Q=G—[1—(—) ]

4 8’ x

(&)

where ¢y, and Q = (GM,/x*)!/? represent the sound speed at
the midplane and the Keplarian frequency, respectively. Here,
we adopt @ = 0.01 for a viscous parameter, and assume that the
disk has a constant mass accretion rate of M = 1078 M yr!

The disk mass between the inner radius r;, = R, = 2 Ry and
the outer radius 7o = 100 AU is then 6 x 1073 Mo,

2.2. Ultraviolet radiation fields

Ultraviolet (UV) radiation fields affect the gas temperature of
the protoplanetary disks through the grain photoelectric heating
(Appendix A.1) as well as the photodissociation and photoion-
ization processes (Appendix B and Sect. 3).

The main UV radiation sources are generally thought to be
due to the central star and the interstellar radiation field. In this
paper we simply adopt a 1+1 dimensional UV radiation field.
In the radial direction, we calculate the radiation field which
directly comes from the central star as

R
Frn(R.©) = FFyqu eXp(=Tor)s ok = f YopdR, ©)
R,
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where F) g, 1s the specific radiation field at the stellar surface,
f = (m/4)(R./R)? the reduction of radiation by a geometrical
effect. 7,5 is the specific optical depth from the stellar sur-
face (R.,®) to a point (R, ®), and y, is the monochromatic
extinction coefficient defined by the absorption (x,) and scatter-
ing (o) coefficients as y, = «,+0,. In the vertical direction, we
consider the radiation source of the interstellar radiation field,
F, 1srE, plus the contribution of the scattering of radiation from
the central star,

Fv,z(x» Z) = FV,ISRF exp[_Tv,z(Zoo)]

+271w, f K(x, 2)p(x, 7V Fy r(x, 2 )e "™ d7
Z

Tv,z(z,) = f vadz,,’ (7
z

where w, is the monochromatic albedo defined by the absorp-
tion and extinction coefficients as w, = o, /x,, and 7,.(Z’) is
the specific optical depth from a point (x, z) to (x, z’). The ap-
proximate treatment of the scattered light in this model could
overestimate the UV radiation fields in the disks. Fully two-
dimensional radiative transfer calculation including the scatter-
ing process should be done in future (e.g., van Zadelhoff et al.
2003).

Now, it is known observationally that many classical
T Tauri stars have excess continuum radiation in the ultraviolet
region, compared to the main-sequence stars of similar effec-
tive temperature (e.g., Herbig & Goodrich 1986; Herbst et al.
1994; Valenti et al. 2000). The UV excess radiation is consid-
ered to result from the shock on the stellar surface which is
caused by a magnetospherical accretion flow from the accre-
tion disk onto the star (e.g., Calvet & Gullbring 1998; Ostriker
& Shu 1995). In order to examine the effects of this UV ex-
cess radiation on the disk structure and the H, line emission
from the disk, we treat two kinds of models for radiation from
the central star, F y,: models with and without UV excess. In
the model with UV excess, F) s consists of three components:
black body emission at the star’s effective temperature, 7., an
optically thin hydrogenic thermal bremsstrahlung emission at
a higher temperature, and Ly « line emission, based on obser-
vations towards TW Hydrae (see Appendix C). In the model
without UV excess, the stellar radiation is assumed to be black
body emission only.

For the interstellar radiation field, F,srr, we adopt the
Draine (1978) field for the wavelength range of 912 A < A <
2000 A and the field given by van Dishoeck & Black (1982)
for A > 2000 A.

2.3. Dust model

The physical and chemical structure of protoplanetary disks
is affected by the dust model in various ways: first, it affects
the radiation field because dust grains are the dominant opacity
source in protoplanetary disks. Thus, the dust temperature pro-
file is influenced by the dust model through the absorption ()
and extinction (y,) coefficients (Sect. 2.1). Also, it affects
the UV radiation field (through the extinction coefficient y,
and albedo w,; Sect. 2.2), that is, the photodissociation and
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photoionization processes (see Appendix B and Sect. 3). The
gas temperature profile is also affected because grain pho-
toelectric heating induced by UV photons is the dominant
source of gas heating at the disk surface (see Appendix A.1
and Sect. 2.4) and by grain-gas collisions (see Appendix A.2).
Second, the total surface area of the dust grains affect the
molecular hydrogen abundance through the H, formation rate
on grain surfaces (Sect. 3).

In this paper we assume that the dust particles consist of
silicate, carboneous grains, and water ice, and have size dis-
tributions obtained by Weingartner & Draine (2001a, here-
after WDOla) which reproduce the observational extinction
curve of dense clouds (see Appendix D for details). Also, the
dust and gas are assumed to be well-mixed.

2.4. Resulting temperature and density profiles

We obtain self-consistent density and temperature distributions
of a protoplanetary disk by solving the equations for verti-
cal hydrostatic equilibrium and local thermal balance between
heating and cooling of gas iteratively together with the local
radiative equilibrium equations on dust grains (see Sect. 2.1).
Figure la shows the contour plots of the resulting tempera-
ture (a-1) and density (a-2) profiles in the x — z plane. The
contour levels are T = 30, 100, 300, and 1000 K for the tem-
perature, and p = 1072°,1078,1071%, 1074, and 1072 gcm™3
for the density. In order to see the effects of the UV excess ra-
diation, we also calculate for comparison the structure of the
disk which is irradiated by stellar radiation without UV excess
(Fig. 1b; see Sect. 2.2).

Figure 2 shows the corresponding gas (solid lines) and dust
(dotted lines) temperature profiles in the vertical direction at
the radii of x = 1,10 and 100 AU (a-1) (b-1). The horizontal
axis is the vertical height divided by each radius. The gas tem-
perature profiles as a function of the distance from the central
star, R = (x* + z%)!/2, are also plotted in (a-2) and (b-2) for
z/x = 0.0,0.1,0.2,0.4, and 0.8. The figures show that in the
model with UV excess radiation the gas temperature at the disk
surface is much higher than the dust temperature and reaches
around 1000 K even at the radius of 10 AU. This is due to the
grain photoelectric heating induced by the strong far ultravio-
let (FUV) radiation from the central star. On the other hand,
near the midplane of the disk and at the outer disk in the model
without UV excess, where the UV radiation field is not strong
enough to heat up the gas, the gas temperature is close the dust
temperature due to the collisions between the gas and dust par-
ticles (see below). We calculate the gas temperature only in the
upper region of the disk where the difference between the gas
and dust temperatures are more than 1% (|T — T4|/T > 1072),
considering that the gas temperature is almost the same as the
dust temperature near the midplane. The gas temperature in
ionized region is assumed to be T = 10* K (see Appendix B.1).
Now, the corresponding vertical (1) and radial (2) density pro-
files of the disk in the models with (solid lines) and with-
out (dotted lines) UV excess radiation are plotted in Fig. 3.
The strong UV radiation field at the disk surface heats the gas
hot enough to make the disk expand in the vertical direction.
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Fig. 1. The gas temperature (a-1) (b-1) and density (a-2) (b-2) distributions in the x — z plane for the models a) with and b) without UV excess

radiation of the central star.

Therefore, the higher density at the disk surface in the model
with UV excess radiation is caused by the stronger UV radia-
tion fields.

The integrated FUV radiation fields (6 eV < hv < 13 eV)
in the disk for the models with and without UV excess radia-
tion are shown in Fig. 4. The radial (dashed lines), Gruv r, and
vertical (dotted lines), Gryv ., fields are calculated by integrat-
ing the specific radiation field F, r (Eq. (6)) and F, ; (Eq. (7)),
respectively, in the FUV region (6 eV < hv < 13 eV). The total
radiation fields (solid lines) are summations of the radial and
vertical fields, Gruv = Gruv g + Gruv,;. The figures show that
the direct irradiation from the central star dominates the radia-
tion field in the upper layer, while the scattered field is superior
in the lower layer (see also van Zadelhoff et al. 2003; Bergin
et al. 2003). The contribution of the interstellar radiation field
(dot-dashed lines), GFUVISRF = fFv,ISRF CXp[—TV’Z(ZW)]dv, is
also plotted in this figure, which shows that it is not dominant
except in the lower layer of the outer region (x ~ 100 AU) in
the model without UV excess radiation.

The vertical profiles of the heating and cooling rates at the
radii of (a) 10 AU and (b) 100 AU for the model with UV excess
radiation are plotted in Fig. 5. We can see from the figure that
the dominant heating source is grain photoelectric heating in
the region where we calculate the gas temperature (|7 —Tq4|/T >
1072). Meanwhile, the energy transfer from gas to dust particles
via collisions is the dominant cooling source at the inner region
and near the midplane of the disk where the matter is dense

enough, while radiative cooling via line transition is dominant
in less dense region.

3. Abundance and excitation of H,
3.1. The model

The abundance and the level populations of the X' X, electronic
state of molecular hydrogen in a statistical equilibrium state are
calculated based on Wagenblast & Hartquist (1988) as

Z(A[m +,81m + Z nSC;m) + Rdiss,l

m#l

+ko+m,n(O)ny(Hy) =

> nm(Hz)(Amz VDY nsc,;,) + n(FDRform @®)

m#l

n(Hz)

where Ay, is the Einstein A-coefficient for spontaneous emis-
sion from level / to level m (A;, = O if the energy of level /,
E;, is smaller than E,,) and C;, is the collisional transition
rate with collision partner s. The collisional rate coefficients
are taken from Smith et al. (1982) and Black & Dalgarno
(1977) for collisions with H*, Tiné et al. (1997; see also ref-
erences therein) for the collisions with H,, and Lepp et al.
(1995; see also Tiné et al. 1997) for the collisions with H
(http://www.physics.unlv.edu/astrophysics/).

The symbol S, in Eq. (8) represents the effective rate for
transition [ — m via ultraviolet pumping followed by radiative
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Fig. 2. The vertical temperature profiles of gas (solid lines) and dust (dotted lines) at the disk radii of x = 1,10 and 100 AU (a-1) (b-1), and
the radial temperature profiles of gas at z/x = 0.0,0.1,0.2,0.4, and 0.8 (a-2) (b-2) for the models a) with and b) without UV excess. In the
model a) the gas temperature at the disk surface can reach around 1000 K due to the grain photoelectric heating, while it is almost the same as

the dust temperature near the midplane.
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Fig. 3. The vertical gas density profiles at the disk radii of x = 1, 10 and 100 AU 1), and the radial gas density profiles at z/x = 0.0,0.1,0.2,0.4,
and 0.8 2) for the models with (solid lines) and without (dotted lines) UV excess. The UV irradiation heats the gas and makes the disk expand

vertically, which results in higher density at the disk surface.

cascades and Ry;ss; is the photodissociation rates of hydrogen
molecules in level /. The UV radiation fields are calculated
as discussed in Sect. 2.2. An approximate function given by
Federman et al. (1979) is used for the H, self-shielding of
the UV radiation fields. A purely thermal Doppler widths of
vq = (2/<T/m,1)0'5 is adopted in this function. Molecular hydro-
gen excitation due to X-ray induced electron impact should be
taken into account in future (e.g., Bergin et al. 2004).

The symbol Ry, represents the effective formation rate
of H, in level / on grain surfaces. The molecular hydro-
gen which leaves the grain surfaces is assumed to origi-
nate in the levels v = 7,J = 1)and v = 7,J = 0)
with the ratio of 9:1 and cascade into the level /, following
Duley & Williams (1986) (cf. Takahashi & Uehara 2001 for
new formation pumping model). The total formation rate of
S Rtomy = 7.5 X 1078T7% ¢y non(H) cm™s7! is adopted
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here. The symbol ey, represents the recombination effi-
ciency of atomic hydrogen on dust grains which is esti-
mated by Cazux & Tielens (2002, 2004) based on labora-
tory experiments (e.g., Pirronello et al. 1999; Zecho et al.
2002).

The endothermic reaction O + H, — OH + H, which
dominates the destruction of molecular hydrogen in high
temperature regions (e.g., Storzer & Hollenbach 1998),
is also taken into account. The reaction rate coefficient
of kown, = 3.14 x 10713(T/300 K) exp(-3150 K/T) cm?s~!
is adopted from the UMIST RATE99 database (Le Teuff et al.
2000).

The total number density of hydrogen nuclei at each point
in the disk is required to satisfy the condition,

N = n(H) + 2n(Hy) + n(H') + 2n(H3) + 3n(H3), )

where n(s) represents the number density of species s. A simple
chemical equilibrium scheme given in Wagenblast & Hartquist
(1988) is used to obtain the number densities of the related
species.

3.2. Results

The resulting molecular (solid lines) and atomic (dashed lines)
hydrogen abundances in the vertical direction at the radii
of x = 1,10 and 100 AU are plotted in Fig. 6. Molecular hydro-
gen is photodissociated at the very surface of the disk, while
it is destroyed by atomic oxygen where the gas temperature
is ~1000 K.

Figure 7 shows the resulting level populations of molecu-
lar hydrogen. The filled diamonds, open squares, and asterisks
show the column densities of molecular hydrogen in each ro-
vibrational level as a function of the level energy at each ra-
dius of 1, 10 and 100 AU, respectively. The column densities
are calculated by integrating the number density of molecular
hydrogen in each level along the vertical direction at each ra-
dius of the disk. The level populations in local thermodynamic
equilibrium (LTE) at each radius are shown in the dashed lines.
Also, we present the level populations in the model without
UV excess in Fig. 7b for comparison. Figures labeled (1), (2),
and (3) show the level populations at the radius of 1 AU, 10 AU,
and 100 AU, respectively, and they are plotted together in fig-
ure (0) for comparison. We can see from the figures that if the
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Fig. 6. The vertical molecular (solid lines) and atomic (dashed lines) hydrogen abundances at the disk radii of x = 1,10 and 100 AU for the
models a) with and b) without UV excess radiation. The molecular hydrogen is photodissociated at the very disk surface and destroyed by

atomic oxygen where the gas temperature is ~1000 K.

central star has a UV excess, the gas becomes hot enough, as we
have seen in the previous section, that the collisional processes
are very efficient and the level populations are in LTE except
for those of the very high levels. And as a result of the high
temperature, the populations of the upper levels become very
large. On the other hand, in the outer disk in the model without
UV excess where the gas is cold enough, the level populations
are not in LTE but are affected by the UV pumping process.
Also we can see that in this model, the populations of the upper
levels are not as large as those in the model with UV excess.

4. Molecular hydrogen emission

Making use of the level populations we obtained in Sect. 3, we
calculate the molecular hydrogen emission from the disk. The
intensity of each line integrated over the frequency, I, is ob-
tained by solving the radiative transfer equation in the vertical
direction of the disk, assuming that an observer faces the disk,
dl,

dz
where the subscripts #/ means the transition from the upper to
the lower levels. The source function, S ,;, and the total extinc-
tion coefficient, y,;, are given as

= —Xu(lu — Su), (10)

1 hv,
Su = _nuAuchulL (11)
Xul 4n
and
hyul
Xul = PXvy T (m By, — nMBMl)q)MlEv (12)

where the symbols A,; and B,; are the Einstein coefficients for
the transition # — [, and n, and n; are the number densities of
the upper and lower levels, respectively. The energy difference
between the levels u and [ corresponds to 4v,;. The symbol @,
is the line profile function, p the gas density, and y,,, the dust
opacity at the frequency v,;.

The observable line flux is obtained by integrating Eq. (10)
in the vertical direction and summing up the integrals in the
radial direction of the disk as,

1 Xout Zoo
F,=—— 27rxdxf a(x, 2)dz, 13
1 szxm e (13)

where 7j,;(x, z) is the emissivity of the transition line at (x, z)
times the effect of absorption in the upper disk layer,
hv

(X, 2) = n(x, Z)Auz4—: exp(=Tu(x, 2)),

and 7,,(x, z) is the optical depth from z to the disk surface z., at
the frequency vy,

(14)

oo
e = [ e (1s)
Z
Here, we use the distance to an object of d = 56 pc for calcu-
lating the intensity in order to compare it with the observations
towards TW Hya.

4.1. The infrared spectra

The resulting line spectra in the near- and mid-infrared wave-
length bands are plotted in Figs. 8a and 9a, respectively. The
line spectra for the model without UV excess are presented
in Figs. 8b and 9b for comparison. We can see from the fig-
ures that if the central star has a UV excess, the line spectra
become stronger by about a few orders of magnitude because
the strong UV irradiation by the central star heats the gas hot
enough and makes the populations of the upper levels large, as
we have seen in Sect. 3.2.

Some of the strongest line fluxes (Fji,.) we calculate for
the models with (model A) and without (model B) UV ex-
cess radiation are listed in Table 1. The intensity ratios of the
212 umv =1 — 0 S(1) line to the 2.25 umv =2 — 1 S(1)
line are ~80 and ~18 for model A and B, respectively. The cor-
responding excitation temperatures are ~900 K and ~1300 K,
which are comparable to the kinetic temperature (cf. Fig. 2) as
the level populations are in LTE (see Fig. 7). The excitation
temperature is higher in the model without UV excess than in
the model with UV excess because the emission comes mainly
from the inner disk in the former case while it comes mostly
from the outer cooler disk in the latter case as we will see be-
low. The line ratio of the 2.12 um v = 1 — 0 S(1) line to the
24l umv =1 — 0 Q(1), two of the strongest lines in Fig. 8,
is larger for the model with UV excess for the same reason.
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Fig.7. The level populations of molecular hydrogen at the disk radii of x = 1 AU (filled diamonds), 10 AU (open squares) and 100 AU
(asterisks) for the models a) with and b) without UV excess radiation. The LTE distributions are plotted in dashed lines. If the central star has a
UV excess, the level populations are in LTE at the inner disk, and the populations of the upper levels become large due to the high temperature.
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1e-14 T T T T
9e-15 | (a) with)UV excess

8e-15 B
7e-15 B
6e-15 - R
5e-15 - E
4e-15 - B
3e-15 | B
2e-15 | ‘ ‘ .

1 1 1 1

1e-15 | |
0

5 10 15 20 25 30

wavelength [um]

Flux [erg/cmz/s]

1.6e-17 T T T T

(b) without UV excess

1.4e-17 | E

1.2e-17 E
1e-17 | -
8e-18 - —

6e-18 - B

Flux [erg/cmzls]

4e-18 [ -

2e-18 - —

0 | 1 1 1 1
5 10 15 20 25 30

wavelength [um]

Fig. 9. Same as Fig. 8, but for the mid-infrared (5 ym < A < 30 um) wavelength band.

On the other hand, the pure rotational transition lines in Fig. 9
are emitted from all over the disk for both models since they
trace the gas in cooler regions than the vib-rotational transition
lines in Fig. 8 (see below). Therefore, the excitation temper-
ature derived from the pure rotational transition lines for the
model with UV excess is higher (that is, the weaker line flux
for the lower level transitions) than that derived from the lines
for the model without UV excess because the UV irradiation
from the central star heats the gas in the disk more in the for-
mer model.

The observational intensity of the ro-vibrational line, v =
1 — 0 S(1), towards TW Hya by Bary et al. (2003) is also
presented in Table 1, and is comparable to our calculated
flux in the model with UV excess. In addition, the observa-
tions of mid-infrared line spectra of pure rotational transitions,
S(0) and S(1), by ISO (Thi et al. 2001b) and the upper limit
of the line fluxes of S(1) and S(2) under the assumption of
FWHM of 30 kms~! observed by TEXES at the NASA IRTF
(Richter et al. 2002) are presented in Table 1. These are ob-
served towards classical T Tauri stars in the Taurus-Auriga
cloud complex (d = 140 pc). We can see from the table that the
calculated line fluxes are weaker than the results of the ISO ob-
servations, and consistent with the ground-based observations
by TEXES. It may be that the spatial and wavelength resolu-
tions of the ISO observations were not high enough so that the
observed line emission comes not from the circumstellar disk

but from shocked regions in the associated outflows. The last
two columns of Table 1 represent the flux of the calculated dust
continuum emission from the disk plus the radiation from the
central star (F o) and the flux ratio of the molecular hydro-
gen line in model A to the continuum emission (Fiine/Feont.)-
The dust continuum emission is calculated by solving the ra-
diative transfer equation (Eq. (10)), adopting S,y = B, (T4)
and x,; = py,, for the source term and the opacity, respec-
tively. The central star is assumed to emit blackbody radiation
with an effective temperature of 7, = 4000 K and a radius
of R, =2 Re.

Figure 10 represents the radial flux distributions, dF,;/dx =
(Crx/And?) f“” fludz, of the 2.12 um v = 1 — 0 S(1) line and
the 28 um S(O) 'line for the models with (solid line) and without
(dashed line) UV excess radiation. The maximum gas temper-
ature at each radius, Tiax(x) = max{T(x,2)|0 < z < Zwo}, 18
also plotted at the bottom of the figure. We can see from the
figure that if the central star has a UV excess, the 2.12 um v =
1 — 0 S(1) line emission comes mainly from around the ra-
dius of 20 AU, which is consistent with that derived from the
observed peak-to-peak velocity separation of the H, emission
line due to the rotation velocity of the disk (Bary et al. 2003).
The line flux distribution increases with increasing radius in-
side 20 AU since the line emissivity integrated over the vertical
direction, f f.udz, does not change with radius and dF,;/dx is
almost proportional to the radius. This is because the transition
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Table 1. The observed and calculated infrared line flux of molecular hydrogen (Fj;,.), the calculated continuum radiation flux (Feoy) [erg/s/cm?],
and the line-to-continuum flux ratio (Fijjne/Feont)-

A Line Fine Fam.  Floo/Feon.
Model A Model B Observation

(um) (x1071%)  (x10718) (x10715) (x107%) (x107%)
1.16  2-0S(1) 0.03 0.10 5.19 0.01
1.19  2-0S(0) 0.01 0.05 5.09 0.00
124 2-0Q() 0.03 0.44 4.91 0.01
1.24  2-0Q(2) 0.01 0.05 4.90 0.00
125 2-0Q(@3) 0.02 0.06 4.87 0.00
1.83  1-0S(5) 0.40 0.13 2.87 0.14
1.89  1-0S4) 0.31 0.11 2.73 0.11
1.96 1-0S(3) 1.81 0.70 2.57 0.71
203 1-0S(2) 0.95 0.47 2.40 0.39
2,12 1-0S(1) 343 2.44 1.0° 222 1.55
222 1-0S(0) 0.91 0.89 2.03 0.45
225  2-1S(1) 0.04 0.13 1.99 0.02
235  2-1S(0) 0.01 0.07 1.81 0.01
241 1-0 Q(1) 3.56 7.09 1.74 2.05
241  1-0Q(2) 1.00 1.00 1.73 0.58
242 1-0QE3) 241 1.78 1.71 1.41
244 1-0Q4) 0.53 0.27 1.69 0.31
245  1-0Q(5) 0.88 0.34 1.67 0.53
247  1-0Q(6) 0.14 0.05 1.64 0.09
250 1-0Q(7) 0.18 0.06 1.61 0.11
255 2-1Q) 0.05 0.69 1.55 0.03
256  2-1Q(2) 0.01 0.08 1.54 0.01
257  2-1Q(@3) 0.03 0.10 1.52 0.02
6.11  0-0S(6) 1.22 0.62 0.25 4.98
691  0-0S(5) 6.25 4.14 0.19 32.06
8.02 0-0S4) 2.90 2.67 0.18 16.10
9.66  0-0S(@3) 9.26 12.62 0.24 38.37
1227  0-0S(2) 2.17 5.33 <30° 0.15 14.28
17.02  0-0S(1) 2.38 14.33 28-81%, <39¢ 0.13 18.62
2820 0-0S(0) 0.08 3.08 25-57° 0.09 0.94

¢ Observation by Bary et al. (2003).

b Observations by Thi et al. (2001b).

¢ Observations by Richter et al. (2002).
4 Fiine in model A.

line arises from hot gas with 7" > 1000 K and the maximum comes from the very inner region of the disk, x < 0.3 AU,
gas temperature of the disk satisfies this condition. The max- because the UV irradiation by the central star is not strong
imum temperature does not change very much at x < 20 AU enough to heat the gas at the outer disk to high enough temper-
due to the weak dependence of the photoelectric heating rate  atures as we have seen in Sect. 2.4. The line flux distribution
on the UV photon flux in this range (see e.g., Weingartner increases with increasing radius at the outer disk, x > 3 AU,
& Draine 2001b). Meanwhile, the line flux distribution de- since the populations of the ro-vibrational levels are controlled
creases suddenly beyond 20 AU because the gas temperature not by the collisional excitation but by the UV pumping pro-
falls rapidly below 1000 K due to the stronger dependence of cess (see Fig. 7b), and the radiation energy density integrated
the photoelectric heating rate on the UV flux in this range. over the vertical direction is almost constant to the radius in this
For the model without UV excess, the line emission mainly region.
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Fig. 10. The radial flux distributions of the 2.12 yum v = 1-0 S(1) line
and the 28 ym S(0) line for the models with (solid line) and without
(dashed line) UV excess radiation (fop). The maximum gas tempera-
ture at each radius is also plotted at the bottom. If the central star has
UV excess radiation, the 2.12 ym v = 1-0 S(1) line emission comes
mainly from the radius of 20 AU, while the 28 ym S(0) line emission
comes from all over the disk.

The 28 um S(0) line emission comes from a cooler region,
compared with the 2.12 ym v = 1 — 0 S(1) line, with the gas
temperature of 7 > 100 K. If the central star has UV excess
radiation, the radial flux distribution of the line is almost con-
stant all over the disk, that is, the line emissivity integrated over
the vertical direction decreases with increasing radius. This is
because the gas is heated up to 7 > 100 K even in the dense
region near the midplane in the inner disk, while it is heated
up only in the less dense region of the disk surface in the outer
disk (see Fig. 2a). Meanwhile, for the model without UV ex-
cess, the gas temperature does not reach 100 K at x > 20 AU
(see Fig. 2b), which makes the line flux very weak at the outer
disk. The flux distributions for the models with and without
UV excess are identical at the inner disk, x < 3 AU, because
the gas temperature reaches 100 K even in the region where it
is controlled by the dust temperature through gas—grain colli-
sions, and the dust temperatures are identical in both models
(see Fig. 2).

Furthermore, the vertical profiles of the emissiv-
ity, 7. (Eq. (14)), of the 2.12 yum v = 1 — 0 S(1) line
and the 28 um S(0) line at 10 AU for the models with (solid
line) and without (dashed line) UV excess radiation are plotted
in Fig. 11. We can see from the figure that in the surface
layer of the disk the emissivity of both lines for both models
basically increases with decreasing vertical height due to the
increasing gas density. For the model with UV excess radiation,
the emissivity of the 2.12 um v = 1 — 0 S(1) line decreases
suddenly where the gas temperature falls below ~1000 K.
The corresponding disk height is z ~ 3.5 AU ~ 17H, where
H = ¢,/Q is the disk scale height. The optical depth from the
disk surface to z ~ 3.5 AU is small enough, 7,; ~ 1.5 X 1073,
for the line. Meanwhile, in the model without UV excess, it is
independent of the gas temperature because the level popula-
tions are controlled by the UV pumping process (see Sect. 3.2),
and it decreases near the midplane where the UV irradiation

933

10710 : — .
with UV excess
without UV excess -------
— 107° | |
(s}
€
K
(2]
> 1020
2,
e
X
(2}
S
l_
0 2 4 6 8 10
Z [AU]

Fig.11. The vertical profiles of the emissivity of the 2.12 yum v =
1-0 S(1) line and the 28 um S(0) line at the radius of 10 AU for the
models with (solid line) and without (dashed line) UV excess radiation
(top). The vertical profiles of the gas temperature and density are also
plotted at the bottom. For the model with UV excess radiation, the
2.12 ym v = 1-0 S(1) line emission comes from hot surface layer
with Ty, > 1000 K, while the 28 ym S(0) line emission comes from
cooler region near the midplane with Tg,s > 50 K.

cannot penetrate. The emissivity of the 28 yum S(0) line has a
peak where the gas temperature drops below 100 K in both
models. The corresponding disk heightis z ~ 1.9 AU ~ 9.5H,
where the line is also optically thin (1,; ~ 6.6 x 107%) for the
model with UV excess. The emissivity in the far cooler region
close to the midplane is still relatively large due to the high
gas density, but it decreases distinctly at 7 < 50 K. Therefore,
although the gas in the disk is concentrated near the midplane,
these lines come only from the upper region of the disk. Also,
the figure indicates that the line flux traces the gas density and
temperature where the gas temperature falls below the critical
value.

4.2. The ultraviolet spectra

The resulting line spectra in the ultraviolet wavelength band
are plotted in Figs. 12a and 12b for the models with and with-
out UV excess radiation, respectively. If the central star has a
UV excess, some of those lines, whose upper levels are in ex-
cited electronic states and populated via the UV pumping pro-
cess, become stronger by more than six orders of magnitude
than those in the model without UV excess.

Some of the strongest line fluxes we calculate in the model
with UV excess (model A) are listed in Table 2 and compared
with observations by the HST and the FUSE (Herczeg et al.
2002). The calculated strong line fluxes result from the excita-
tion due to the strong Lya line emission from the central star
and are consistent with the observations. The line fluxes in the
model without UV excess (model B) are also presented in the
table for comparison. In addition, in order to see the effect of
pumping by Lya emission, we calculate the level populations
and UV line fluxes by neglecting Lya emission (model C). The
gas density and temperature profiles for the model with UV ex-
cess are used here. The resulting line emission is presented
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Fig. 12. Same as Fig. 8, but for the ultraviolet (1100 A < A < 1800 A)
wavelength band.

in Fig. 13 and Table 2, and is much weaker than the observed
values.

The level populations in the excited electronic state at the
radius of 10 AU and the vertical height of 6 AU for mod-
els A (asterisks) and C (open squares) are plotted in Fig. 14.
Figures labeled (1) and (2) show the level populations for mod-
els A and C, respectively, and they are plotted together in fig-
ure (0) for comparison. The dotted lines in figure (0) connect
the level populations of models A and C in the same energy
levels. The figures clearly show that specific level populations
are extremely high for model A (with UV excess radiation) due
to the irradiation of the Lya emission from the central star. The
transitions from these levels result in the strong line emission in
Fig. 12a. Meanwhile, the level populations for model C (with-
out Lya emission) are low and distributed smoothly since they
are excited only by continuum radiation. This is why the line
fluxes are weak and many lines have similar strength in Fig. 13.

In the case of model B (without UV excess) the line spec-
tra are much weaker (Fig. 12b) due to the weak UV irradi-
ation from the central star and the low level populations of
pre-excited hydrogen molecules in the ground electronic state
(Fig. 7b, see also below). Also, the line spectra are relatively
scattered, although they result from the pumping by contin-
uum irradiation. This is because molecular hydrogen in highly
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Fig.13. The ultraviolet line spectra of molecular hydrogen for the
model without Lya line emission from the central star.

excited electronic states originates mainly from highly popu-
lated low energy levels (v = 0) in the ground electronic state,
whose populations decrease suddenly with increasing level en-
ergies due to the low temperature for the model without UV ex-
cess (Fig. 7b). Thus, the level populations in the excited elec-
tronic state also have steeper distributions, which lead to the
sparse line spectra.

Figure 15 shows the radial flux distribution of the
1272.0 A v = 1 — 3 P(5) line, which is one of the strongest
lines in model A, for the models with (solid line) and without
(dashed line) UV excess radiation, and without Ly emission
(dotted line). The flux decreases with increasing radius for all
models because the line intensity is proportional to the popula-
tion of the upper transition level in the excited electronic state,
namely, the UV irradiation flux from the central star which is
proportional to the inverse squares of the radius at the disk
surface.

The vertical profiles of the line emissivity at 10 AU for
these models are also plotted in Fig. 16 (top). At the disk
surface, the profiles of #j,; are similar to those of the number
densities of pre-excited hydrogen molecules in the ground elec-
tronic state, n(v, J), plotted in the bottom of Fig. 16. This is be-
cause the line emissivity is proportional to the number density
of H, in the upper transition level of the line, n(v* = 1,J* = 4)
(the symbol * means that it is in the excited electronic state),
which is populated via the UV pumping process and propor-
tional to both n(v, J) and the UV irradiation flux, Fyq -y o8 +
Fywi—v i, (Egs. (6) and (7)). In the models without UV ex-
cess and without Lya emission, the level (v* = 1,J* = 4) is
populated mainly from the highly populated low energy level,
(v = 0,J = 3). Meanwhile, in the model with UV excess, the
transition from the level (v = 2, J = 5) dominates in populating
the level (v* = 1,J* = 4) because the excitation wavelength,
A=he/Ew=2J=5>0v=1J" =4) = 121624, is
close to the central wavelength of the Lya line emission. So,
the number density of n(v = 0,J = 3) is plotted for the mod-
els without UV excess and without Ly emission, while that
of n(v = 2, J = 5)is plotted for the model with UV excess in the
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Table 2. The observed and calculated ultraviolet line flux of molecular hydrogen [erg/s/cm?].

P Line Model A Model B Model C ~ Obs.“ P Line Model A Model B Model C ~ Obs.“
A) (x1071%)  (x10721)  (x107'6) (x1071%) | (A) (x1075)  (x1072) (x1071%) (x107'%)

1161.7 0-1R(0) 0.16 4.42 0.08 1148.7 1-1R(3) 0.65 0.04 0.18 4.6
1166.3 0-1P(2) 0.25 8.74 0.14 1161.9 1-1P(5) 1.25 0.05 0.30 10.9
1217.3  0-2R(0) 2.61 13.22 0.37 1202.5 1-2R(3) 7.04 0.08 0.79 11.3
1222.0 0-2P(2) 4.40 26.14 0.71 1216.2 1-2P(5) 13.11 0.09 1.15
1274.6  0-3 R(0) 7.75 23.68 0.70 274 12579 1-3R(@3) 17.68 0.06 0.89 18.1
1279.6  0-3P(2) 14.86 46.82 1.37 39.2 1272.0 1-3P(5) 23.49 0.07 1.12 20.5
1333.6 0-4 R(0) 9.64 28.21 0.84 42.8 1314.8 1-4R(3) 3.81 0.01 0.17 12.2
1338.7 0-4P(2) 18.83 55.75 1.65 73.1 13293 1-4P(5) 4.61 0.01 0.21 7.5
1393.9 0-5R(0) 7.94 23.21 0.69 353 13727 1-5R(3) 2.67 0.01 0.12 32
1399.1 0-5P(2) 15.51 45.88 1.36 73.8 1387.5 1-5P(5) 3.23 0.01 0.15 7.1
1455.0 0-6R(0) 4.59 13.28 0.40 20.8 14312 1-6R(3) 17.48 0.06 0.83 29.0
1460.4 0-6P(2) 9.00 26.23 0.78 41.6 14463 1-6 P(5) 22.57 0.07 1.04 442
1516.4 0-7R(0) 1.78 5.08 0.15 21.2 1489.8 1-7R(3) 23.00 0.08 1.13 48.2
1521.8 0-7P(2) 3.50 10.03 0.30 16.2 1505.0 1-7P(5) 30.99 0.09 1.44 57.5
1577.3 0-8 R(0) 0.42 1.18 0.04 1547.6 1-8R(3) 15.45 0.05 0.74 353
1582.6 0-8P(2) 0.83 2.33 0.07 1562.7 1-8P(5) 20.33 0.06 0.94 37.2
1636.4 0-9 R(0) 0.05 0.13 0.00 1603.5 1-9R(3) 5.16 0.02 0.24 11.2
1641.7 0-9P(2) 0.09 0.26 0.01 1618.2 1-9P(5) 6.44 0.02 0.29 11.6
1692.5 0-10R(0) 0.00 0.00 0.00 1656.2 1-10R(3) 0.57 0.00 0.03
1697.6 0-10P(2) 0.00 0.01 0.00 1670.0 1-10P(5) 0.69 0.00 0.03
1162.2 0-1R(1) 0.17 1.74 0.09 1162.0 1-1R(6) 0.91 0.00 0.14
1169.8 0-1P(3) 0.28 2.55 0.15 11834 1-1P(8) 2.55 0.00 0.24
1217.7 0-2R(1) 2.43 5.21 0.52 9.1 1215.8 1-2R(6) 10.64 0.00 0.49
1225.6  0-2P(3) 3.93 7.64 0.82 1238.0 1-2P(8) 16.37 0.01 0.56 11.5
1275.0 0-3R(1) 8.94 9.33 1.12 24.6 1271.2 1-3 R(6) 13.84 0.00 043 14.1
1283.2 0-3P@3) 13.74 13.70 1.71 28.0 1294.0 1-3P(8) 15.09 0.00 0.46 13.0
13339 0-4R(1) 11.98 11.12 1.40 7.9 1327.8 1-4 R(6) 2.55 0.00 0.08 6.1
13424 0-4P(3) 18.43 16.32 2.12 64.9 1351.2 1-4P(8) 2.72 0.00 0.08 2.8
1394.1 0-5R(1) 9.89 9.15 1.15 524 1385.2 1-5R(6) 1.79 0.00 0.05
1402.8 0-5P(3) 15.21 13.44 1.75 73.1 1409.2 1-5P(8) 1.91 0.00 0.06 2.2
14552 0-6R(1) 5.97 5.24 0.68 30.9 1443.1 1-6R(6) 12.92 0.00 0.39 11.3
1464.0 0-6P(3) 9.08 7.68 1.03 42.1 1467.4 1-6P(8) 13.62 0.00 0.42 17.6
1516.5 0-7R(1) 2.45 2.00 0.27 21.2 1500.7 1-7 R(6) 18.14 0.00 0.55 19.7
1525.4  0-7P(@3) 3.66 2.94 0.41 17.9 15249 1-7P(8) 19.01 0.01 0.59 23.5
1577.1  0-8R(1) 0.60 0.47 0.07 15572 1-8 R(6) 11.78 0.00 0.36 17.0
1586.0 0-8P(3) 0.88 0.68 0.10 1581.0 1-8P(8) 12.46 0.00 0.38 17.5
1636.1 0-9R(1) 0.07 0.05 0.01 1611.3 1-9R(6) 3.65 0.00 0.11
1644.8 0-9 P(3) 0.10 0.08 0.01 16342 1-9 P(8) 3.92 0.00 0.12 5.5
1692.0 0-10R(1) 0.00 0.00 0.00 1661.5 1-10R(6) 0.39 0.00 0.01
1700.3 0-10P(3) 0.00 0.00 0.00 1682.8 1-10P(8) 0.42 0.00 0.01

¢ Observations by Herczeg et al. (2002).

bottom of Fig. 16. The line emissivity decreases with decreas- the pumping) and can not penetrate deep in the disk. Thus, the
ing vertical height for all models especially near the midplane molecular hydrogen emission from near the midplane is not
because the irradiating UV photons are self-absorbed (used for observable in the ultraviolet region.
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Fig. 14. The level populations in the excited electronic state at (X, Z) =
(10 AU, 6 AU) for the models with UV excess (asterisks) and without
Lya emission (open squares). Some specific levels are highly popu-
lated due to irradiation by the strong Ly« line emission from the cen-
tral star.

5. Summary

We have, for the first time, investigated molecular hydrogen
emission from protoplanetary disks, taking into account the
global physical structure of the disk and the detailed analysis
of level populations of molecular hydrogen.

First, we obtained in a self-consistent manner the density
and temperature profiles of gas and dust, taking into account

Molecular hydrogen emission from protoplanetary disks
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Fig. 15. The radial flux distributions of the 1272.0 Av=1-53P05)
line for the models with (solid line) and without (dashed line) UV ex-
cess radiation, and without Lya emission (dotted line). The radiation
flux decreases with increasing radius for all models because the UV ir-
radiation flux, which pumps hydrogen molecules in the ground elec-
tronic state, decreases.
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Fig.16. The vertical profiles of the emissivity of the 1272.0 A
v = 1 — 3 P(5) line at the radius of 10 AU for the models with
(solid line) and without (dashed line) UV excess radiation, and with-
out Lya emission (dotted line) (top). The energy density profiles are
similar to the number density profiles of H, in the pre-excited level in
the ground electronic state (bottom).

the irradiation by a central T Tauri star. As a result, we found
that if the central star has UV excess emission over the pho-
tospheric blackbody radiation, the gas temperature at the disk
surface can reach about 1000 K even at the radius of 10 AU due
to grain photoelectric heating induced by the UV photons from
the central star.

Next, making use of the physical structure of the disk, we
calculated the level populations of molecular hydrogen in its
ground electronic state on the assumption of statistical equi-
librium. The resulting level populations tend to be in LTE, al-
though the populations in the upper levels become very large
due to the high gas temperature if the central star has UV ex-
cess radiation.
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Furthermore, using these level populations, we computed
molecular hydrogen emission in the near- and mid-infrared and
ultraviolet wavelength bands by solving the radiative transfer
equation. Consequently, we found strong line emission spectra
if the central star has UV excess radiation. The infrared line
spectra are strong because the populations of the upper levels
become large due to the high gas temperature, while the ultravi-
olet line emission is intense because the strong UV irradiation,
including that due to Lya, by the central star pumps the hydro-
gen molecule from the ground to the excited electronic states.
We compared the results of our calculation with the observa-
tions to find that the calculated near-infrared intensity of the
v =1 — 0 S(1) line is in good agreement with that observed
towards TW Hya, as are the ultraviolet lines. Our predictions
for the pure rotational line intensities are much below those
observed by Thi et al. (2001b) but this may be related to the
large ISO beam used.
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Appendix A: Thermal processes

The following three processes which are dominant under con-
ditions in protoplanetary disks are considered as heating and
cooling processes in this paper.

A.1. Grain photoelectric heating

The photoelectric emission from dust grains induced by far
ultraviolet (FUV) photons from the central star dominates
the heating at the surface layer of protoplanetary disks (see
Sect. 2.4), especially if the star has UV excess radiation
(Sect. 2.2 and Appendix C). In this paper we adopt the pho-
toelectric heating rate calculated by Weingartner & Draine
(2001b),

3 -1

Tpe = 1.0 X 1072%€Gryyno erg cm ™ s7!, (A.1)

= Co+Cy T¢
1+ Co(Gruy VT /ne) S [1 + C3(Gruy VT /n)%]

(A2)

where Gryy represents the FUV fields measured in unit of
the equivalent average interstellar radiation flux of 1.6 X
1073 erg cm 257! (Habing 1968), and T, ny, and n. repre-
sent the gas temperature, the number densities of hydrogen nu-
clei and electrons, respectively. The parameter set of Co—Cj is
taken from Weingartner & Draine (2001b), where we choose
the dust size distribution model for dense clouds with the ratio
of visual extinction to reddening of Ry = A(V)/E(B-V) = 5.5,
the total C abundance per H nucleus in the log-normal popula-
tion of bc = 3.0 x 107>, and the grain volumes assumed to be
the same as those of the diffuse interstellar medium (case B
of WDOla; see also Appendix D).

A.2. Gas—grain collisions

The energy exchange between gas and dust particles through
collisions is one of the most important thermal processes in
protoplanetary disks in which the density is high enough. We
use the following cooling rate (heating rate if 7y > 7T') in this

paper,

Agr =35 x 1070 TO(T - Ty) ergem™ 57! (A.3)

(Burke & Hollenbach 1983; Tielens & Hollenbach 1985). The
dust temperature 74 is obtained on the assumption of the local
radiative equilibrium in Sect. 2.1.

A.3. Radiative cooling

Radiative transitions among the fine-structure levels
of OI (63 um) and CII (158 um), and the rotational line
transitions of CO contribute to cooling gas in the surface layer
of the disks where the gas density is low enough. The cooling
rate due to the transition from upper level i to lower level j of
species s is calculated as

As(vij) = hvijBesc(Ti))

X[ni{A;; + BijP(vij)} — n;B;iP(v;j)], (A4)

where n;, A;j, B;j, and hv;; are the population density of level 7,
the Einstein probabilities for spontaneous and stimulated emis-
sion, and the energy difference between levels i and j, re-
spectively (e.g., de Jong et al. 1980). As the photon escape
probability, Be.(7ij), we use the approximate function given
by de Jong et al. (1980). Assuming that the nearest boundary
from a point (r, z) is the disk surface (7, z»), we approximately
calculate the optical depth averaged over the line, 7;;, as

Aijc3 fzm , [nj(zl)gi ] dZI
() = ,. -1 A5
7ii(2) 87rv§]- Z ni(z) @, 50@) (A5)
Aiic® ni2) [nj(z)gi ]NH(Z)
~ - , A.6
8,w§]. ny(2) | ni(2)g; 6v4(z) (Ao

where g; is the statistical weight factors of the level i,
6va(z) = {2kT (z)/um}°? is the Doppler line width, and Ny(z) =
ﬁ “ nu(z)dz’ is the column density of hydrogen nuclei from z
t0 Zeo. The background radiation P(v;;) is calculated by assum-
ing that it is contributed by the radiation from the central star
and the infrared dust emission,

P(vij) = (1/8)(R/R.)*B(vij, T.) expl—Tar(vij)]
+(1/2)B(vij, To){1 — exp[—7a(vi)]},

where T, and R, are the temperature and the radius of the cen-

(A7)

. R
tral star, respectively, and g r(vij) = fR Ky, 0dR and 74 ,(vij) =

fz - Ky pdz are the optical depth in the radial and the vertical
directions, respectively. The dust temperature T4 is obtained
on the assumption of local radiative equilibrium, as discussed
in Sect. 2.1.

The level populations of CII and OI are obtained by solving
the equations of statistical equilibrium,

niZRij = anRji, (Ag)
j# JEi

where

Rij = Ajj + BijP(vij) + Cij, i > ], (A9)

R,’jZB,'jP(V,‘j)-FCU, l<]
The symbol C;; represents the collisional transition rate. The
collisional de-excitation rate coefficients are taken from Tielens
& Hollenbach (1985), and the collisional excitation rates are
calculated as C;; = Cji(g;/g:) exp(hv;;/kT)(i < j). The level
population of CO is assumed to be in LTE, which will overes-
timate the CO cooling rate when ny < 107 cm™ (cf. Kamp &
van Zaldelhoff 2001). The abundances of OI, CII, and CO are
calculated as is described in Appendix B.2.

Appendix B: Chemistry
B.1. Hydrogen photoionization

It is known that extreme UV photons with energy of hv >
13.6 eV are mainly consumed to photoionize atomic hydro-
gen. Thus, we simply consider that most hydrogen atoms are
ionized if

T 00 F R
v,

fcmnlzotdr<f dv,
R. VEUV hy

(B.1)
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where ay = 2.58 x 10713 cm?s~! is the recombination coef-
ficient for atomic hydrogen at 10* K, F, ¢ is the radiation flux
from the central star in Eq. (6), and hvgyy = 13.6 eV (e.g.,
Osterbrock 1989; Hollenbach et al. 1994). The temperature of
this ionized region is simply assumed to be T = 10* K, since
we are interested in the structure of non-ionized region and the
temperature of this ionized surface layer does not affect the
global structure of the disks very much.

B.2. Carbon and oxygen chemistry

In order to calculate the radiative cooling by C*, O and CO, we
treat a very simple chemistry for carbon and oxygen, and calcu-
late the abundances of these species. The total fractional abun-
dances of carbon and oxygen with respect to hydrogen nuclei
are assumed to be x(Cyo;) = x(C*) + x(C)+ x(CO) = 7.86x 107>
and x(Oy) = x(0) + x(CO) = 1.8 x 1074, respectively. The
number density of carbon monoxide is calculated using the fol-
lowing two chemical equilibrium:

kon(C")n(Hz) = kyn(CH,)n(0) + GryvIch,n(CHy) (B.2)

and

kin(CH)n(0) = GruyTeon(CO), (B.3)

as

n(CO) = —k"’G(gj"r):éO) (B.4)
_ _kin©)  kon(Chn(Hy) ©5)

Gruvl'co kin(O) + Gruvlen,

following Nelson & Langer (1997) (cf. Langer 1976), where
ko = 5 x 10719 cm?s™! is the rate coefficient of the radia-
tive association reaction C*+H, —>CH; +hvand k; = 5 X
10719 cm? 57! is the rate coefficient of the reaction between the
hydrocarbon radicals and atomic oxygen to form CO. The sym-
bol Gryy represents the UV radiation described in Sect. 2.2,
and I'cy, = 5% 1071% s7! and Tco = 1071° s7! are the pho-
todissociation rates of the hydrocarbon radicals and the car-
bon monoxide, respectively. More detailed chemistry should
be solved in future (e.g., Aikawa et al. 2002; Markwick et al.
2002; Kamp & Dullemond 2004).

Appendix C: Central stellar radiation

Here we model the radiation from the T Tauri star by means
of black body emission at an effective stellar temperature plus
optically thin hydrogenic thermal bremsstrahlung emission at
a higher temperature (e.g., Lago et al. 1984; Costa et al. 2000)
and Ly « line emission (e.g., Hergzeg et al. 2002). The specific
luminosity at a wavelength A of the photospheric black body

radiation is calculated as
Livy = 47°R*B(T.), (C.1)

while the luminosity of the coronal hydrogenic thermal
bremsstrahlung emission is computed as

Laor = mape Vs (C.2)
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Fig. C.1. The radiation flux of the central T Tauri star (solid line) mod-

eled by black body radiation (dashed line), thermal bremsstrahlung

emission (dotted line), and Ly « line emission (dot-dashed line). The
filled diamonds show the observational data towards TW Hya.

where V is the volume of the bremsstrahlung emission region
and 17, 1s the emissivity,
M = 2.0 X 107027, 1/2272

x exp(—hc/AkTy,) erg s~lem™A!, (C.3)

(e.g., Rybicki & Lightman 1979). Here n., Ty, and c are the
electron number density, the temperature of the bremsstrahlung
emission, and the light speed, respectively. In addition, we take
into account the luminosity of the Ly « line emission at the
stellar surface,

Latye = Lig1ya €xp{—(1 — 20)*/0?},

where we simply assume that the line has a Gaussian pro-
file with the central wavelength of Ay, the peak luminosity
of Ly, 1ya» and the line width of .

Now, we choose the physical parameters in
Egs. (C.2)-(C.4) by comparing the calculated radiation
flux to observations towards TW Hya. The effective stel-
lar temperature and radius of TW Hya of 7, = 4000 K
and R, = 1 R, and the distance to TW Hya of d = 56 pc are
adopted in the calculation. Figure C.1 shows the calculated
radiation flux density and the observational data. The dashed,
dotted, dot-dashed, and solid lines represent the black body,
the bremsstrahlung, the Ly « line, and the total radiation,
respectively. The filled diamonds are the observations. The
observational data at the 7, R, V, B, and U bands are taken
from Herbst et al. (1994). The median value of 11.02 mag
is adopted for the V magnitude. The data of 2.0 x 1074
and 1.0 x 107 ergem™2s™! A~! at the wavelengths of 1300 A
and 3000 A, respectively, are measured from the observation
by Costa et al. (2000). The best fit physical parameters
of Tty = 2.5 x 10* K and n%V = 3.68 x 10°° cm™3 are obtained
for the thermal bremsstrahlung emission. We note that accord-
ing to the analysis of the IUE data towards pre-main-sequence
stars by Johns-Krull et al. (2000), many classical T Tauri stars
have color temperatures of ~10* K, derived from the mean

(C4)
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continuum flux at the wavelengths of 1958 A and 1760 A,
independent of the effective stellar temperatures. For the
Ly « line emission, we adopt the central wavelength of
Ao = 1215.67 A, the luminosity ratio of the line peak to the
continuum radiation of Ly, 1ya/(Lagpb + Lagbr) = 10°, and the
line width of o~ = 2.01 A, following Herczeg et al. (2002; see
also Ardila et al. 2002).

The radiation flux from the central star is calculated as
Fasar = (Lapb+Lape+Latye)/(4nR2) and F o gar = Lapn/(47R%)
for the models with and without UV excess radiation, respec-
tively. We note that F g, in Sect. 2.2 is related to F,gpqr as
AF 1 star = VFysar, Where v is the frequency. In this paper we
adopt the physical parameters of T, Ty, Ao, Lay1ya/(Lagbb +
L;,»r), and o as mentioned above, and set the stellar radius to
be 2 R, for calculating the radiation from the central star, that
is, we take the luminosity of the central star (L, = 47R2F.) to
be four times larger than that of TW Hya.

Appendix D: Grain opacity

In order to calculate the absorption (k,) and scattering (o) co-
efficients of dust grains, we use the following dust model in
this paper. First, as the dust components we adopt silicate and
carboneous grains, both of which are considered as compo-
nents of interstellar dust, and water ice, which is expected to
be formed in the cold and dense region of protoplanetary disks.
The optical properties of the carboneous grains are assumed to
have a continuous distribution of graphite-like properties for
larger sizes and PAH-like properties in the small size limit, fol-
lowing Li & Draine (2001). The mass fractional abundances
of the above species are taken to be consistent with the so-
lar elemental abundances: s = 0.0043, {eabon = 0.0030, and
lice = 0.0094 (Anders & Grevesse 1989). Their bulk densities
are set to be pgii = 3.5, Pgraphite = 2.24, and pice = 0.92 gem™
(see Li & Draine 2001 for the PAH’s bulk density). Their sub-
limation temperatures are simply assumed to be T; = 1500 K,
Tearbon = 2300 K, and Ti.e = 150 K (e.g., Adams & Shu 1986).

We assume that the silicate and carboneous grain particles
have the size distribution obtained by WDO01a, which can repro-
duce the observational extinction curve of dense clouds with
the ratio of visual extinction to reddening Ry = A(V)/E(B —
V) = 5.5 (see also Cardelli et al. 1989). We use the model
with the parameter of bc = 3.0 X 1073, which represents the
total C abundance per H nucleus in the log-normal population,
and the grain volumes are assumed to be the same as those of
the diffuse interstellar medium (case B of WDO01la). The wa-
ter ice is simply assumed to have the MRN size distribution
of dn/da o a3, where a is the radius of the dust particles
(Mathis et al. 1977).
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Fig. D.1. The monochromatic absorption coefficient (thick solid line)
of dust grains consisting of carboneous (dashed line), silicate (thin
solid line), and water ice (dot-dashed line).

The total mass absorption coefficient «, and the total mass
scattering coefficient o, are calculated as

f (dn/da)sa’*{x,5(a), o 5(a)}da

{Kw O-V} = s

s f (dn/da),a*da

(D.1)

where s represents the dust component — silicate, carboneous,
or water ice. The mass absorption and scattering coefficients of
dust particles with radius a is given by

3
4ap

(e.g., Miyake & Nakagawa 1993). We adopt the absorp-
tion factors Qgps(a,v) described in Li & Draine (2001)
for PAH molecules. The other absorption and scattering
efficiency factors, Qups(a,v) and Qsca(a,v), are computed
by means of the Mie theory (Bohren & Huffman 1983),
simply assuming spherical grains. In order to calculate
the efficiency factors, we use the dielectric function of
the “smoothed UV astronomical silicate” and graphite by
Draine & Lee (1984), Laor & Draine (1993), and WDOla
(http://www.astro.prinston.edu/ "draine). Also we
use the refractive indices by Miyake & Nakagawa (1993, see
also references therein) for the water ice.

The calculated monochromatic absorption coefficient is
shown by the thick solid line in Fig. D.1. Each component of
carboneous, silicate, and water ice is also plotted in the dashed,
thin solid, and dot-dashed lines, respectively.

{Qubs(@, ), Qseala, ¢ (D.2)

{ky,s(@), oy (@)} =



