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ABSTRACT

The recent near-infrared spectroscopy of scattered light from Orion IRc2 suggests that the illuminating
source at the K’ band is either a protostar with a radius =300 R, or a disk with an accretion rate
~107%2 M, yr~'. To test the former interpretation, we present a simplified stellar model accreting mass
at a very high rate, ~1072 M yr~'. We find that the protostar is fully convective at almost all stages
of the stellar mass M < 15 M, and thus a polytrope of index 1.5 is a good approximation of the stellar
structure. The maximum radius <30 R, is attained at M ~ 7 M. The shell deuterium burning, which
would occur afterward, cannot greatly blow up the protostar because the energy released by deuterium
burning is small and also because the protostar is already shrinking rapidly. The only remaining possi-
bility to make a huge protostar resides in the rotation of the surface layer almost at its breakup velocity.
On the other hand, we find no difficulty in the alternative interpretation that the illuminating source is
the accretion disk. In this case we predict that the 2.3 um CO absorption lines should be observed with
a width ~50 km s~ ! due to the Keplerian motion in the disk. The accretion rate as high as 1072
Myr~! is compatible with the velocity dispersion in the Orion KL molecular cloud core. Because the
luminosity of IRc2 is dominated by accretion, the protostellar mass is overestimated if the observed
luminosity is regarded as intrinsic. Because the K’'-band luminosity is emitted in the disk region far from
the protostellar surface, the total accretion luminosity must be significantly higher than the observed

K’-band luminosity.

Subject headings: stars: evolution — stars: formation — stars: individual (Orion KL IRc2) —

stars: pre-main-sequence

1. INTRODUCTION

Although the process of low-mass star formation is rela-
tively well understood, not much is known about the forma-
tion of massive stars. We have only limited observational
information on high-mass star formation mainly because
massive protostars are few and evolve rapidly while they are
still deeply embedded in dense molecular cloud cores. This
makes our chance to witness massive stars in formation
very rare. In addition, high-mass star formation is observed
in giant molecular clouds, which are much more distant
from us than the nearest dark clouds with active low-mass
star formation.

The Orion KL Nebula has served as a prototype of high-
mass star-forming regions, being the closest (450 pc from
the Sun) among such regions. In the standard picture that
emerged in the 1980s (Genzel & Stutzki 1989 and references
therein), the compact mid-infrared source IRc2 (Rieke et al.
1973) in Orion KL is postulated to be a massive star in
formation. It has an estimated bolometric luminosity of
(0.4-2) x 10° L, (Wynn-Williams et al. 1984), which gives a
mass of about 25 M, if it is near the main sequence (Vogel
et al. 1985). Molecular line observations have revealed an
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energetic bipolar outflow of gas (e.g., Erickson et al. 1982;
Wright et al. 1983), which excites shocks at its interface with
the surrounding molecular gas (Beckwith et al. 1978).

This standard picture of IRc2 is challenged by recent
observations. Gezari (1992) revealed a 077 spatial offset of
the 10 um source from the SiO maser and/or radiosource,
and Dougados et al. (1993) resolved the infrared source into
four knots at 3.8 um. However, the linear polarization of the
3.8 um knots leaves room for the standard picture to
survive because the knots might not be self-luminous but be
illuminated by, for example, the luminosity source associ-
ated with the SiO maser (Menten & Reid 1995). Even if the
luminosity source is not a single protostar but a group of
such objects, a large fraction of the total luminosity might
arise from the most massive object. On high—spatial
resolution mid-infrared observations of the BN/KL region,
Gezari et al. (1998) suggest that IRc2 has a luminosity of
only ~ 103 L, and that the total luminosity of ~10° L is
contributed by several sources very close to IRc2. In this
case the object we are going to investigate in this paper is
the most luminous object among them. Even in this case we
call this object IRc2 in this paper.

A dense disklike cloud of gas and dust roughly orthog-
onal to the Orion KL outflow axis surrounds the object
(e.g., Hasegawa et al. 1984; Wright et al. 1996), and its heavy
extinction makes it difficult to observe IRc2 directly at
wavelengths shorter than ~4 um. No spectroscopic infor-
mation was hitherto available to reveal the nature of the
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central source except for the emission lines from the gas
shocked by the outflow.

A breakthrough was achieved by Morino et al. (1998),
who studied the 2 um spectrum of the reflection nebula
illuminated by the light from IRc2 that escapes through the
cavities created by the bipolar outflow. From the discovered
CO and metallic absorption lines they derived the effective
temperature T, of the illuminating source to be between
3000 and 5500 K, with the most probable value of 4500 K.
They also estimated the K’-band absolute magnitude of the
illuminating source as My < — 8.6 mag from the integrated
luminosity of the reflected light. This combination of T
and My enabled them to estimate the source size. If the
illuminating K’'-band radiation arises from the protostar,
the radius of its photosphere must be larger than 300 R. In
this case, the bolometric luminosity of the protostar is esti-
mated as greater than 4 x 10* L, which is consistent with
the estimate from the mid-infrared observations (Wynn-
Williams et al. 1984). Alternatively, if this K'-band lumi-
nosity arises from the accretion disk around the protostar of
mass 10-25 M, a region of a similar size in the disk should
contribute mainly to the observed K’-band spectrum. This,
at the same time, requires a mass accretion rate as high as
(0.6-1.5) x 1072 M yr~ 1.

In the process of star formation, a very small protostellar
core in quasi-static equilibrium forms first, and the core
grows gradually by mass inflow from the parental cloud
core. The mass inflow rate, or the mass accretion rate M of
the protostar, is of the order of C3/G, where C, is the
effective sound velocity in the cloud core including the turb-
ulent and magnetic effects and G is the gravitational con-
stant (Shu 1977; Stahler, Shu, & Taam 1980). For C; = 1.9
x 10* cm s~ 1, the sound velocity at 10 K, for example, we
have the standard accretion rate 0.975C3;/G ~ 1.6 x 10~°
M yr~ ! (Shu 1977). The protostellar radius changes as the
mass grows. For protostars growing at a constant rate
M =10"%and 10~ * M yr~!, the maximum radius of 8.5
and 16 R, is attained at the protostellar mass M = 3.9 and
59 M, respectively, slightly after the shell deuterium
burning sets in (Palla & Stahler 1992). These maximum
radii are much smaller than the protostellar radius of IRc2
estimated by Morino et al. (1998) by assuming that the
K’-band luminosity comes from the protostar.

According to Nakano, Hasegawa, & Norman (1995), the
final stellar mass is determined mostly by the mass of the
parental cloud core. Because massive stars form in massive
cloud cores that generally have large velocity dispersions
(e.g., Tatematsu et al. 1993), protostars must grow much
faster than the ordinary rate M ~ 107> Mg yr™! to
become massive stars. With the estimated mass M =~ 25
M of the protostar in IRc2 (Vogel et al. 1985) and the
kinematical age 1.5 x 10° yr of the molecular outflow
around it (Snell et al. 1984), the accretion rate of the protos-
tar might be as high as 107> M, yr~'. From the CS
(J = 1-0) line width (FWHM) 3.7 km s~ ! of the Orion KL
cloud core (Tatematsu et al. 1993), Nakano et al. (1995)
obtained the standard accretion rate 0.975C3/G ~ 1
x 107 M, yr~!. The standard accretion rate is for a
similarity solution of dynamical collapse of a spherical
cloud which is initially in hydrostatic equilibrium and is
constant of time (Shu 1977). However, computer simula-
tions on dynamical contraction of clouds show that the
accretion rate is much higher than the standard rate in the
early stages of contraction and decreases gradually with

time (Foster & Chevalier 1993; Tomisaka 1996). In Tomi-
saka’s (1996) model, for example, 1/20 of the cloud mass
falls to the center by the stage where the accretion rate
decreases to 10 times the standard value. Nakano et al.
(1995) investigated how the outflow from the protostar ter-
minates the accretion by blowing off a part of the parental
cloud core and found that the star formation efficiency in
each cloud core is several percent. This means that the
dynamical contraction of a cloud core is terminated in an
early stage when only a small fraction of the core mass has
contracted, and therefore when the protostar is growing its
growth rate is significantly larger than the standard rate.
Therefore, the line width of the Orion KL cloud core and
the kinematical age of its bipolar outflow consistently
suggest the accretion rate ~10~2 M, yr ™!, which we adopt
in this paper.

With such a high mass accretion rate, a protostar might
have a very large radius at some stages because the growth
time of the protostar, M/M, must be much smaller than the
timescale of energy loss (Kelvin-Helmholtz time), at least
when the mass is not very large. Thus, the evolution of
protostars accreting mass at such high rates is a challenging
problem in star formation. The purpose of this paper is to
investigate the evolution of protostars growing at very high
rates with a simplified stellar model and to see if the protos-
tars can be as huge at some stages as suggested by Morino
et al. (1998). We also discuss the plausibility of the alterna-
tive interpretation of Morino et al. (1998) that most of the
observed K’'-band luminosity of IRc2 comes from the accre-
tion disk.

We give the formalism to describe the protostellar evolu-
tion in § 2, and show the numerical results in § 3. We investi-
gate the radiation from the accretion disk in § 4. A summary
of the paper is given in § 5.

2. FORMALISM

To find out the outline of protostellar evolution with a
very high mass accretion rate, we adopt a simplified model
developed by Nakano et al. (1995) assuming that the
homology of the stellar structure does not change much.
This approximation is pretty good unless the protostar has
some special structure, for example, a shell in which nuclear
burning is occurring.

2.1. Energy and Luminosity of the Protostar

By taking the zero point of the internal energy of the gas
at the molecular state of hydrogen and the atomic state of
helium, namely, at the state in the parental cloud core, the
total energy of the protostar of mass M and radius R can be
given by

B GM? M M

E= 5% R +‘I‘,mH fD‘PDmH. 1
The first term on the right-hand side is the sum of the
gravitational, thermal, and radiant energies, where a, is the
coefficient for the gravitational energy; we have a, = 3/
(5— N) for a polytropic sphere of index N <35
(Chandrasekhar 1939). The coefficient f is the mean ratio of
the gas pressure to the total pressure in the protostar given
by B =2U,,/(2Ug,s + U,,q), where Uy, and U,,, are the
total thermal energy of the gas and the total radiation
energy, respectively, of the protostar. The second term on
the right-hand side is the energy consumed in dissociating
and ionizing the gas, where my is the mass of a hydrogen
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atom and ¥, is the dissociation plus ionization energy per
amu and takes a value of about 17 eV for the Population I
chemical composition. The last term is the energy released
by deuterium burning, where f, is the fraction of deuterium
already burned and W, is the energy released by deuterium
burning per amu. In this paper we adopt the interstellar
abundance of deuterium, D/H = 2.5 x 10~ (Bruston et al.
1981; Geiss & Reeves 1981; Vidal-Madjar & Gry 1984),
which gives ¥, ~ 100 eV.

We have neglected in equation (1) the rotational energy
of the protostar. Observations show that many low-mass
young stellar objects rotate much slower than their breakup
velocities, and the general interpretation for this is that the
rotational velocity of the star is kept at a relatively low
value through magnetic coupling with the disk around it
and loss of angular momentum in a wind (Attridge &
Herbst 1992; Bouvier et al. 1993; Edwards et al. 1993; Shu
et al. 1994). Although we have few observations on the rota-
tion of massive protostars, we neglect this energy assuming
a similar situation as in low-mass young stellar objects. To
keep stellar rotation slow, the accretion disk must be
separated from the star. For the accretion rate M =1
x 107> My yr ! forastarof M =3 Mg and R = 20 R,
for example, the condition for this (Elsner & Lamb 1977;
see also Shu et al. 1994) requires the stellar magnetic field
stronger than about 1 kG. This field would not be too
strong to be realized. The effect of the rotation will be dis-
cussed at the end of § 3.

The energy conservation requires that the total lumi-
nosity of the protostar, L, satisfy

dE GMM
=L (1= 1), @
where ¢ is the time, M is the mass accretion rate onto the
protostar, and the last term is the energy brought into the
protostar per unit time by the accreted matter, most of
which must fall through the accretion disk; f; is the ratio of
the kinetic energy per unit mass to the depth of the gravita-
tional potential at the protostellar surface. For instance, the
free-fall contraction from infinity gives f, = 1. In equation
(2) we have neglected the small internal energy contained in
the matter just before it falls to the stellar surface.

The luminosity of a mass-accreting star can be divided
into two parts, the luminosity transported from the stellar
interior, L,,, and the luminosity released by the accreted
matter, L, :

L= Lint + Lacc . (3)

Unless the star has some special structure, for example, with
an extended envelope because of the shell nuclear burning
and/or with a deep convection zone in the envelope, the
intrinsic luminosity L;,, is equal to the luminosity trans-
ported by radiation, L,,4, and is determined mostly by the
stellar mass M almost independent of the stellar radius R
(Nakano et al. 1995 and references therein). In most situ-
ations we can approximate L;,, by the luminosity of the
zero-age main-sequence star of the same mass, L, given,
for example, by Figure 6 of Nakano et al. (1995). The accre-
tion luminosity can be given by

GMM
Lacc =facc ﬁc T . (4)
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Because almost all kinetic energy of the accreted matter is
radiated away, f,.. = 1 has generally been assumed. We
take into account the small deviation from this (f,.. < 1) in
the following way because the deviation makes the protos-
tellar radius larger; at least we want to obtain an upper
limit to the protostellar radius.

Behind the accretion shock front the gas and the radi-
ation settle gradually into thermal equilibrium. The physi-
cal conditions at the point where this equilibrium is
attained, which is called the postrelaxation point, are deter-
mined by the following relations, which are obtained by
extending the relations adopted by Stahler et al. (1980). The
gas pressure at the postrelaxation point, P, is nearly equal
to the ram pressure of the accreting matter, or

p_M <2fk GM>”2 ’

v =2 \ RS 5)

unless f, < 1. Because some fraction of the dissipated kinetic
energy is consumed in dissociating, ionizing, and heating
the gas, the temperature T, at the postrelaxation point must
satisfy

. GM X
M{fk T — m— (OS\PHZ + xp‘I’H)
H

3KT, YIL_16 popre
- o |:X(1 + x,) + 4:|} =3 nR*eT, , (6)

where x,, is the ionization fraction of hydrogen at the post-
relaxation point, Wy, = 4.48 eV is the dissociation potential
of an H, molecule, ¥ = 13.60 eV is the ionization poten-
tial of a hydrogen atom, k is the Boltzmann constant, ¢ is
the Stefan-Boltzmann constant, and X and Y are the mass
fractions of hydrogen and helium, respectively; we adopt
the solar abundance X =0.71 and Y = 0.27 (Anders &
Grevesse 1989). At this point hydrogen molecules are nearly
completely dissociated, the ionization fraction of He is very
low, and the radiation pressure is generally quite minor.
From equations (5) and (6) together with Saha’s ionization
formula and the equation of state, we determine T, P,, x,,
and the density p, at the postrelaxation point. With T, and
x, determined in this way, we have

face =1 {X(O.S‘I’H2 + x, ¥y)

B f. GMmy

3 Y
+ 5 kT;,I:X(l + x,) + Z:I} . (7)

Except in very early stages the deviation of f,.. from 1 is
very small because the thermal energy at the center, kT, ~
GMmy/R, is much larger than both the thermal energy kT,
and the energy consumed in dissociation and ionization,
0.5¥y, + x, Wy, at the postrelaxation point.

The specific entropy at the postrelaxation point is deter-
mined from T,, p, (or P,), and x,, and is compared with the
specific entropy at the protostellar center. From this com-
parison we can find out whether overall convection occurs
in the protostar or not (see § 3 for the details).

For given M, R, and M, we generally determine the total
luminosity L in the way described above with L,,, ~ L.
However, when the effective temperature T determined
from R and this L is lower than the Hayashi limit, we
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redetermine the total luminosity according to L =
4nR?¢T§;, where Ty is the limiting effective temperature
below which no stellar equilibrium configurations exist
(Hayashi 1961). We take Ty; = 3000 K in this paper. Because
we describe the stellar structure by the total energy E, R is
fixed for given values of M and E, and for a given stellar
homology. Therefore, L must be readjusted. In reality,
however, because of high M such readjustment of L is
necessary only for the cases of f, <1 at relatively small
stellar mass; only in such a situation L is low, and thus T,
can be low.

2.2. The Evolution Equation

We assume that the protostellar mass increases with time
at a constant rate M, though the simulations of dynamical
contraction (Foster & Chevalier 1993; Tomisaka 1996)
show that the accretion rate is high in the early stages and
decreases with time as mentioned in § 1. The effect of the
changing accretion rate on the evolution will be discussed at
the end of § 3. With M = Mt together with equation (1),
equation (2) can be rewritten as

dlogR 2 dlog B
dlogM_2 agﬂ(l f")+dlogM
2R
_W(L+L1_LD), ()
where
d M M
e (V) = Yo,
M
~ 3 .+
~25x10° Lo 155 Moy )
d M
LD = E <fD\PD _> . (10)
my

When T is higher than the Hayashi limit T;;, that holds for
all the cases shown in this paper, substitution of equations
(3) and (4) into equation (8) gives

dlog R 2 dlog p
—2— S —f(1—
dlog M o p L T = haed 1+ Gy
2R
- W (Line + Ly — Lp) , (11)

with L;,, ~ L,,,. The uncertainties in L, have little effect on
the evolution because we find L;,,, < GMM/R ~ L, /f, at
almost all stages of the evolution shown in this paper

because of high M.

2.3. Deuterium Burning

We assume that deuterium burning occurs only when the
central temperature of the protostar, T, is higher than
1 x 10° K, which is about the ignition temperature of deu-
terium. We determine the amount of deuterium burned in
each time step in the following way. If this value, or Ly,
were too large, R would increase so much according to
equation (8) or (11) that 7, might fall below the ignition
temperature. If L, were too small, conversely, T, might rise
and a much larger amount of energy would be released.
Therefore, except in the late stages of deuterium burning,
Ly, should be adjusted to keep T, nearly constant.
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The central temperature is given by

umy GM

T:c ﬂc ar k R H (12)
where u is the mean molecular weight of the gas in the
protostar and is 0.613 for the chemical composition
adopted in this paper, and a; is a quantity of order unity;
for example, we have a; = 0.5385 for a polytrope of index
N = 1.5 (Chandrasekhar 1939). The ratio of the gas pres-
sure to the total pressure at the center, f_, is not equal to the
mean value f except for a polytrope of N = 3, though g, ~
f~ 1lfor M <510 M. To keep T, constant, or dT,/dM = 0,
we have from equations (8) and (12)

GMM a
Ly=L+L;+ R {l—fk—gTﬂ[1+

d log (B/ ﬁc):l}
dlog M '

(13)

When T is higher than the Hayashi limit Tj; as is the case
with all the models shown in this paper, we have, by substi-
tuting equations (3) and (4) into equation (13),

GMM
LD = Lim + LI +

dl
o[ 10 g 4L (1 GEEL) |

with L, =~ L,. Again, the uncertainties in L,,, hardly affect
L, because L, ,, <« GMM/R ~ L,_./f, for high M. From L,
we calculate the amount of deuterium left unburned in the
protostar.

After the amount of the unburned deuterium becomes
less than the amount of deuterium accreted from outside in
each time step, we assume steady burning of the accreted
deuterium, namely,

M 4

Ly, =Y —_—— 1.5 x 10* Ly 1072 Mg yr
unless otherwise stated. The last expression of this equation
is for the interstellar abundance of deuterium, D/H =
2.5 x 1073 (Bruston et al. 1981; Geiss & Reeves 1981;
Vidal-Madjar & Gry 1984). In such a situation, even with
this Ly, the central temperature cannot be kept at 1 x 106 K
and increases gradually with time.

(15)

2.4. The Initial Condition

We determine the initial state for evolution calculation in
the following way: Because we are interested at high M, we
can take the initial protostellar mass not much smaller than
1 M. Because L; > L;,, for high M at small mass (M <1
M ) as seen from equation (9), the stellar structure in such a
stage is determined mainly by dissociation and ionization of
the gas. Because the total energy is negative, we have from
equation (1)

1 GM? M
——-a,——+¥,—<0 16
2 ag R I mH ( )
at small M where f ~ 1 before deuterium burning sets in, or
b = 0. From equations (12) and (16), we have
ar 2

T.>——VY. 17
c>agk I ()



980 NAKANO ET AL.

This inequality gives a lower limit to T,, for example,
1.4 x 10° and 1.3 x 10° K for N = 1.5 and 3, respectively,
which is not very sensitive to the polytropic index. Because
the energy of the matter lost in the accretion disk must
amount to a significant fraction of the gravitational energy
at the stellar surface, T, must be considerably higher than
the right-hand side of equation (17). Therefore, as a limiting
case we take the initial central temperature T,; = 2 x 10° K
at M =05 M. We also investigate the case of T ; =4
x 10° K at the same stellar mass. Higher initial T, gives
smaller stellar radius at all stages.

In this paper we investigate the evolution of polytropic
protostars of N = 1.5 unless otherwise stated and check
whether N ~ 1.5 is appropriate by comparing the specific
entropy at the postrelaxation point with that at the center
and also by comparing Ly, with L;,, (see § 3). We takef, = %
in numerical computations. Unless f, < 1, the radius R is
insensitive to f, as seen from equations (11) and (14) because
face ® 1, though L and T, may depend sensitively on f;
especially when L, > L, . Even for f, < 1, we have con-
firmed by numerical computations that the results are not
much different from those for finite f; as long as R is con-
cerned, though L and T;; may be significantly smaller. This
can also be inferred from equations (11) and (14) because the
correction to L;,, due to the restriction on T (=Ty) is
generally small compared with GMM/R at high M.

3. RESULTS

Figure 1 shows the change of the protostellar radius R
with the growth of the protostellar mass M for several cases
of M with the polytropic index N = 1.5 and f, = 0.5. After
deuterium burning begins, R increases almost in proportion
to M because the central temperature T, is kept constant at

1.6 |- -
14l -
© i ]
& i §
E 12 g
- i §
2 - _
1 -
08 N
_I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I_

0 0.5 1 15

log (M/M)

F1G. 1.—Variation of the protostellar radius R with the growth of the
protostellar mass M. The protostars are assumed to be polytropes of index
N = 1.5 with f, = 0.5. The solid lines are for the mass accretion rate M = 1
x 1072 M, yr~!; the top solid line is for the initial central temperature
T,; =2 x 10° K at M = 0.5 M, and the bottom one is for T; = 4 x 10°
K at the same mass. The dashed and dotted lines are for M = 10~ -5 and
10~* M, yr™*, respectively, with the initial condition T,; = 2 x 10° K at
M = 0.5 M,. At the filled circle on each curve, deuterium begins to burn in
the central region, and at the filled triangle almost all accreted deuterium
has burned; afterward, deuterium is assumed to burn steadily at the rate
given by eq. (15).

Vol. 534

1 x 10° K and because f ~ 1 atleastat M < 10 M. When
most of the accreted deuterium has burned, T, begins to
increase and the path begins to deviate from the straight
line R oc M. Afterward, Ly, is given by equation (15), and R
increases only slowly, takes a maximum value, and there-
after decreases rather rapidly. For the case of M =1
x 1072 M, yr~ ' (Fig. 1, solid lines), the star takes a
maximum radius of 32 and 24 R, at M ~ 7.0 and 6.1 M
for the initial condition T,; =2 x 10° and 4 x 10° K,
respectively. For the higher accretion rates M = 10~ 15 and
10~* M, yr~ !, the maximum radii 36 and 39 R, which are
attained at M ~ 8.3 and 9.2 M, respectively, are only
sligI}tly larger than that for the case of M =1 x 1072 M
yr— 1.

Figure 2 (top) compares the specific entropy (per amu) at
the postrelaxation point, s,, with that at the center, s.. The
entropies were calculated according to the formulae
obtained by Nakano, Ohyama, & Hayashi (1968), which
include the contribution of radiation field. Although the
specific entropy decreases as one goes inside from the post-
relaxation point, this decrease is small for very high accre-
tion rates like M ~ 1 x 1072 M, yr~, as can be found
from Stahler’s (1988) result. Therefore, s, gives a good
approximation for the specific entropy in the surface region
of the protostar (aside from the effect of the superadiabatic

32 — —

28 —

s/k

24 |-

log (L, /L)
T T T T T
Lol b b e

0 0.5 1
log (M/Mo)

F1G. 2—Variation of some quantities with the growth of the protostel-
lar mass M for a polytropic protostar of N = 1.5 with M = 1 x 1072 M,
yr~! and f, = 0.5 for the initial condition T,; =2 x 10° K at M =0.5
M. Top: Specific entropies (amu~') at the postrelaxation point s, (solid
line) and at the center s, (dashed line) divided by the Boltzmann constant k.
Bottom: Various luminosities; the solid line represents the total luminosity
L; the dashed line is the luminosity transported from the stellar interior,
L,,., which is equal to the luminosity transported by radiation, L,,4, in this
case; the dotted line is the energy released by deuterium burning per unit
time, Ly,; and the dot-dashed line is L, given by eq. (18). At the filled circle
on each curve, deuterium begins to burn in the central region, and at the
filled triangle almost all accreted deuterium has burned; afterward, deute-
rium is assumed to burn steadily at the rate given by eq. (15).

—
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zone and the effect of heat transport from inside; see below),
and then the difference s, — s, has information on whether
convection occurs in most parts of the star. Decrease of
entropy just inside the postrelaxation point mentioned
above makes the prevention of convection more difficult.

A necessary condition for inhibition of convection in the
star is that the specific entropy in the surface region is larger
than that at the center. In reality, however, there may exist a
superadiabatic zone near the stellar surface because of the
low efficiency of convective energy transport caused by low
temperature and low density, and the specific entropy just
inside this zone might be somewhat larger than s,, and thus
larger than s, and as a result the convection might be inhib-
ited except in the thin surface layer. However, the gap of the
entropy, (s, — s,)/k = several, seen in some mass ranges in
Figure 2 must be too large to be conquered by the super-
adiabatic zone. The specific entropy in the surface region
may also be enhanced above s, by radiative heat transport
from the stellar interior. A necessary condition for prevent-
ing overall convection in the star by this mechanism may be
roughly given by

M
Lia>— (Sc - Sp)T;z = LQ s (18)
My

though the actual condition must be much more severe
because only a small fraction of L, will be deposited
in the surface region and the rest must be reemitted out-
ward. As seen from Figure 2 (bottom), L;,, (=L,,q in this
case) is far below Ly, and convection inevitably occurs at
M <£0.86 M.

At M ~ 14 M, deuterium burning sets in. Because
Ly > L, (=L,,4), the energy released by deuterium burning
in the central region cannot be redistributed in the star
without convection. This situation lasts up to M =~ 15
M, where L, catches up Ly,. Thus, in almost all stages of
M <15 M, the protostar is fully convective, and the poly-
trope of N = 1.5 is a good approximation to the structure.

If the overall convection disappears at, for example, M ~
15 M, deuterium burning stops because the accreted deu-
terium is not transported to the central region. Ceasing the
deuterium burning has the effect of decreasing stellar radius
more rapidly. On the other hand, because s, > s, in this
stage as seen in Figure 2, the effective polytropic index may
become larger than 1.5. This has an effect of decelerating the
decrease of the stellar radius. However, expansion of the
protostar is not expected because large L;,, already makes
the protostar shrink rapidly. In reality, expansion of the
protostar after the cessation of core deuterium burning does
not occur in the cases of moderate accretion rates M =
107°-10"* M, yr~ ! (Palla & Stahler 1992).

As the protostellar mass grows, the temperature at the
bottom of the deuterium-containing envelope rises, and at
last shell deuterium burning sets in when it rises to the
ignition temperature. Shell nuclear burning generally has an
effect of expanding the stellar envelope; by shell hydrogen
burning, for example, the star becomes a red giant.
However, in the case of deuterium burning, which can
release only very small energies, expansion of the envelope
is quite modest. For the cases of M = 1075-10"* M yr™ !,
the shell deuterium burning enhances the stellar radius only
by a factor of 2 (Palla & Stahler 1992). The energy released
by deuterium burning, ¥, ~ 100 eV amu 1, is only half the
thermal energy of the gas, 3kT/2u, at the ignition tem-
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perature 1 x 10° K; by deuterium burning the thermal
energy of the envelope would increase at most by a factor of
1.5 even if almost all deuterium were burned instantane-
ously. Thus, it is understandable that the stellar radius
increases only by a factor of 2 by shell deuterium burning in
the cases of M = 1075-10"* M yr~'. Similarly, in the
cases of M ~ 1 x 1072 Mg yr~!, we cannot expect that
shell deuterium burning can expand the protostar far above
100 R

For the case of T,; = 4 x 10° K (Fig. 1, bottom solid line),
we have reached the same conclusion as above though
s, — . is slightly larger. The core deuterium burning sets in
at a lower mass M = 0.97 M, with a larger gap between L,
and L, , compared with the case of T,; = 2 x 10° K, and
Ly > L;, lasts up to M ~ 15 M. We have also investi-
gated the evolution of a polytropic protostar of N = 3 acc-
reting mass at a rate M = 1072 M, yr~! with the initial
condition T; = 2 x 10° K at M = 0.5 M, for f, = 0.5, and
found that (s, — s,)/k takes a value between 4 and 10 at
M <38 M. Such a large difference is because larger N
makes the stellar radius somewhat larger, and thus the
kinetic energy of the matter just landing onto the stellar
surface is smaller, and as a result s, is smaller. Such a large
gap in the entropy means that prevention of convection is
quite difficult in all stages and that the protostar must rear-
range its structure to a polytrope of N ~ 1.5. This also sup-
ports our assumption N = 1.5 adopted above.

The situation is quite similar for the cases of higher mass
accretion rates shown in Figure 1. Deuterium burning sets
in at M =15 and 1.6 My, and L, > L, lasts up to
M ~22 and 36 M for M = 10" % and 10~ M yr !,
respectively. Thus the protostar is fully convective in almost
all stages of L, > L;,,, and the polytrope of N ~ 1.5 is again
a good approximation to the structure.

The initial central temperature T,; =2 x 10° K at M =
0.5 M adopted above is almost a lower limit. For higher
T.; the protostar has a smaller radius at all stages. There-
fore, the results obtained above mean that the protostar
cannot have a radius larger than about 100 R, even if the
accretion rate is as high as 107* Mg yr~! unless it has an
extraordinary structure, as will be discussed below.

We have assumed that the protostar grows at a constant
mass accretion rate. However, computer simulations on
dynamical contraction of clouds show that the accretion
rate is high in the early stages and decreases gradually with
time (Foster & Chevalier 1993; Tomisaka 1996). Even if the
protostar in IRc2 grew at a rate M ~ 10! M yr~!in its
earliest stage and slowed down its growth later on, its
radius at each stage cannot be larger than that for the case
of constant accretion rate with 10~ * My yr~! shown by the
dotted line in Figure 1. Thus, it is not necessary to change
our conclusion obtained above that the protostar in IRc2
cannot have radius larger than about 100 R, unless it has
an extraordinary structure.

The only remaining possibility to make a huge protostar
would reside in the rapid rotation of the protostar.
Although the total rotational energy of the protostar must
be significantly smaller than the gravitational energy, the
centrifugal force must have great effect on the structure of
the envelope if the stellar surface rotates almost at its
breakup velocity near the equator. The envelope of such a
star might be highly deformed, though most of the mass
must distribute almost spherically (e.g., Bodenheimer 1971).
In such a situation the envelope cannot be approximated by
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a simple polytrope and could be highly extended. Such a
possibility could not be excluded if magnetic coupling of the
protostar with the surrounding disk and angular momen-
tum loss in a wind were not efficient in contrast to the cases
of low-mass protostars.

4. RADIATION FROM THE ACCRETION DISK

We discuss the alternative interpretation proposed by
Morino et al. (1998) that a significant fraction of the
K’-band luminosity of IRc2 comes from the accretion disk
around the protostar. Assuming that heating of the disk by
the radiation from the protostar is negligible and that the
disk is opaque to thermal radiation, we find that the local
effective temperature of the steady accretion disk is given by

3GMM \'*
8nor>

Teslr) = < (19)
at a distance r far from the protostellar surface (Lynden-Bell
& Pringle 1974). Conversely, the observed K’-band lumi-
nosity with the effective temperature T q( ~ 4500 K) must
come mostly from the annular region centered at

M M 1/3
1T ~ 234 R —
(T ®<10 Mg 0.01 Mg yr 1)
4/3
y <4500 K) . 20)
Teff

With the temperature distribution given by equation (19),
we calculate the K’-band magnitude of the disk to have

5 M M
@ _ _ _2
My’ = —9.27 -7 log <10 M, 001 Mg, yr—1> > @

3

assuming that the temperature at the inner edge of the disk
is much higher than 5000 K. For M) < — 8.6 estimated by
Morino et al. (1998), we have

M M
(10 M®><0.01 M, yr—1> > 040. (22)

Thus, we find no difficulty in one of the interpretations
proposed by Morino et al. (1998) that the nebula around
IRc2 is illuminated at the K’ band by the accretion disk
around a protostar embedded in IRc2. Although a poly-
tropic protostar of N ~ 4 can have a radius 2300 R at
some stages (Morino et al. 1998), a more rigorous analysis
has led us to the conclusion described in § 3.

The profiles of the absorption lines from such a disk must
be very complicated (e.g., Calvet, Hartmann, & Kenyon
1991). The local velocity dispersion must be much smaller
than the rotation velocity of the disk because the disk is
generally geometrically thin. The profile of the absorption
line from a narrow annulus in the disk is as follows: If the
line is optically thin, it is deepest near the outermost parts of
the profile with velocity roughly + (GM/r)'/? sin i, where r
is the radius of the annulus and i is the inclination angle of
the disk to the observer. If the line is optically thick, the
profile is almost rectangular with the FWHM ~2(GM/
r)!/2 sin i. The profile of the line from the total disk can be
obtained by summing up the contribution of each annulus,
whose effective temperature is given by equation (19). The
line width of the total disk would not be much different
from the line width of the annulus whose effective tem-
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perature is equal to the mean effective temperature of the
disk or whose radius is given by equation (20),

GM /2
AV =2 sin i
|:"(Teff)]

M \3 M ~1/6
~ 181 sin i
S ’<10 M®> <0.01 M, yr—1>

X _Terr w kms™! (23)
4500 K S

In the case of IRc2, the K'-band light observed by Morino
et al. (1998) must be the one scattered by dust around IRc2.
The light must be scattered mostly by the dust in the cavity
formed by the outflows from the protostar. Therefore, the
inclination angle i of the disk is to the dust, not to the Sun.
Because the total opening angle of the cavity is about 60°,
we have i ~ 15° for the mean inclination angle of the disk
seen by the dust. Thus, we have the width AV =~ 47 km
sTifor M=10 My, M =1x 1072 Mg yr !, and T, =
4500 K.

Because the K'-band luminosity comes mostly from a
part of the disk far from the stellar surface as seen from
equation (20) and the results in § 3, the total accretion lumi-
nosity comes mainly from the stellar surface and its neigh-
borhood. Assuming steady accretion in the disk or the
accretion rate at the protostellar surface be equal to that in
the part of the disk emitting most of the disk K'-band lumi-
nosity, we have from equations (4) and (21) the total accre-
tion luminosity (f, — 1)

L 10R,\ 3
log *** = 5,09 + log < A ®> —5 (M +86). (24)
O]

The intrinsic luminosity of stars with mass between 10 and
25 M can be represented by a power law L, /L, ~ 4.8
x 103(M/10 M ,)*°, which approximates the luminosity of
zero-age main-sequence stars in this mass range with errors
less than 5% (e.g., Nakano et al. 1995). From this relation
and equation (24), we find that L,,. > L, is fulfilled at R <
80 Ry(M/15 M)~ *° for M) = —8.6. This condition for R
is satisfied at all stages shown in Figure 1 even if we con-
sider the possible increase of R by a factor of 2 by shell
deuterium burning. For brighter K’ magnitude, L, > L;,,
is more easily satisfied. This means that the luminosity of
IRc2 is dominated by accretion and that the protostellar
mass of IRc2 is significantly smaller than that estimated by
assuming its luminosity as intrinsic unless the protostellar
envelope is extended to several 10> R, by rapid rotation.
For the model shown in Figure 2, for example, we obtain
M ~ 9.7 M, from the total luminosity 1 x 10> L (stellar
luminosity L = L, . + L;, ~ 5.2 x 10* Ly with L, ~ 4.8
x 10* Ly and Ly, ~4 x 10°> L, and the rest from the
disk), while L;,, = 1 x 10° L, gives M ~ 30 M.

5. SUMMARY

By near-infrared spectroscopic observation of the Orion
KL Nebula, Morino et al. (1998) found that the protostar in
IRc2 must have a radius = 300R, if the illuminating source
of the nebula at K’ band is the protostar. We have investi-
gated the evolution of protostars accreting mass at such
high rate as ~107% My yr~! expected in the Orion KL
molecular cloud core with a simplified stellar model to



No. 2, 2000

check whether a huge protostellar radius =300 R, can be
realized.

We have found that the protostar is fully convective at
almost all stages of the stellar mass M < 15 M, for the case
of M =1x10"2 Mg yr™!, and thus a polytrope of index
1.5 is a good approximation to the stellar structure. This is
partly because the energy released by core deuterium
burning is too large to be transported outward by radiation.
The maximum radius <30 R, is attained at M ~ 7 M.
The shell deuterium burning, which would occur after-
wards, cannot greatly blow up the protostar because the
energy released by deuterium burning is small and also
because the protostar is already shrinking rapidly. The only
remaining possibility to make a huge protostar would
reside only in the rotation of the surface layer almost at the
breakup velocity. In this case magnetic coupling of the pro-
tostar with the disk around it and angular momentum loss
in a wind should be inefficient, contrary to the cases of
low-mass young stellar objects. Similar results have been
obtained for some other values of M.

We have found no difficulty in the alternative interpreta-
tion proposed by Morino et al. (1998) that the illuminating
source of the nebula at the K’ band is the accretion disk
around the protostar in IRc2 with M ~ 1 x 1072 M,
yr~ 1. In this case we have found the width (FWHM) of the
absorption lines scattered by dust in the bipolar cavity to be
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~50 km s ! A velocity-resolved spectroscopy should
provide a test for this model.

We also discussed that the accretion rate ~107% M
yr~! expected in the IRc2 region is compatible with the
velocity dispersion (FWHM) 3.7 km s~ ! of the Orion KL
Nebula, which however gives the standard accretion rate
0.975C2/G ~ 1 x 1073 M yr™'. This is because the acc-
retion rate can be significantly higher than the standard rate
in the early stages as shown by simulations on dynamical
contraction and that the accretion can be stopped in an
early stage of dynamical contraction by the protostellar
outflow.

Unless the protostar has a huge radius because of the
rapid rotation of the envelope, the luminosity of IRc2 is
dominated by accretion. Therefore, the protostellar mass of
IRc2 is significantly smaller than that estimated by
assuming its luminosity as intrinsic. The total accretion
luminosity of the protostar is significantly higher than the
K’-band luminosity because the stellar radius is much
smaller than the radius of the disk region emitting most of
the K’-band luminosity.
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