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ABSTRACT

We calculate numerically the structure and evolution of pre-main-sequence stars with masses from 1 to 6
M. These stars are assumed to originate from protostars accreting within molecular clouds. For masses from
2 to 4 M, the stellar luminosity first increases markedly during a protracted epoch of nonhomologous con-
traction and thermal relaxation. Deuterium burns in a subsurface shell throughout this period. More massive
objects are thermally relaxed from the start; they contract homologously, with fully radiative interiors. Stars
with masses greater then 8 M, have no pre-main-sequence phase, since they are already burning hydrogen by
the time protostellar accretion has ended. We summarize our results by presenting a new set of evolutionary
tracks in the H-R diagram.

Our calculations imply that Herbig Ae and Be stars are substantially younger than previously believed. The
upper boundary to their distribution in the H-R diagram is well matched by our theoretical birthline. The
presence in these stars of emission lines and strong winds is not linked to an outer convection zone, since our

models show that such convection always vanishes with rising effective temperature. Finally, while residual

accretion from circumstellar disks may be occurring, we argue that the associated mass transfer rates are not

high enough to account for the stars’ observed infrared excesses.
Subject headings: stars: evolution — stars: interiors — stars: pre-main-sequence

1. INTRODUCTION

Over three decades ago, Herbig (1960) conducted a suc-
cessful search for young stars more massive than the solar-type
T Tauri stars but still contracting toward the main sequence.
Although these Herbig Ae and Be stars are rare in comparison
with their low-mass counterparts, their higher luminosities
make them attractive objects for observational study. In the
years since their discovery, their pre-main-sequence nature has
been amply confirmed. Strom et al. (1972) used surface gravity
measurements to show that the radii of selected stars were
indeed larger than main-sequence values, while Finkenzeller &
Jankovics (1984) employed radial velocities to verify the stars’
kinematic link to nearby molecular cloud gas. Finkenzeller &
Mundt (1984) cataloged the properties of 57 Ae and Be stars
and found spectroscopic evidence for strong winds from a sub-
stantial fraction. More recently, attention has turned to the
large continuum excesses at infrared and longer wavelengths,
in the hope that these could provide evidence for residual acc-
retion of circumstellar matter (Hillenbrand et al. 1992; Lada &
Adams 1992; Natta et al. 1992).

From a theoretical perspective, the study of more massive
young stars offers a new opportunity to test, and therefore to
modify, our conception of early stellar evolution. In the classic
studies of Henyey, LeLevier, & Levee (1955) and Hayashi
(1961), it was established that pre-main-sequence stars of all
masses derive their luminosity primarily by gravitational con-
traction through a sequence of quasi-static configurations. The
calculations assumed that stars begin this contraction as fully
convective objects, with radii nearly two orders of magnitude
larger than their final, ZAMS values (Iben 1965; Ezer &
Cameron 1967). However, such large radii could not have been
attained during the previous protostar phase, when the stars

414

were gathering mass from their parent interstellar clouds
(Larson 1969; Winkler & Newman 1980; Stahler, Shu, &
Taam 1980). By combining a protostar mass-radius relation
with standard pre-main-sequence theory, Stahler (1983)
showed that the evolutionary tracks of low-mass stars should
begin from a well-defined “ birthline ” in the H-R diagram. This
prediction is in accord with the observations of T Tauri stars
(Cohen & Kuhi 1979; Stahler 1988).

In the case of intermediate-mass stars, the modification of
initial conditions has an even greater impact. For plausible
accretion rates during the protostar phase, stars more massive
than about 2 M, are radiatively stable when they begin their
quasi-static contraction. Any anomalies in such a star’s inter-
nal thermal state can die away only through the relatively slow
process of photon diffusion. In other words, the imprint of the
prior accretion history persists much longer than in the low-
mass, convective case. One result is that the star’s surface lumi-
nosity can be expected to rise sharply early during contraction
(Stahler 1989). Another is that the star inherits a thick, sub-
surface mantle of deuterium (Palla & Stahler 1991); this deute-
rium must ignite in a shell and fuse to helium during the
subsequent approach to the ZAMS.

Our present purpose, then, is to reexamine the pre-main-
sequence evolution of stars more massive than 1 M, employ-
ing initial conditions that could plausibly have been attained
during the protostar phase. We take these conditions from our
own recently completed study of intermediate-mass protostars
(Palla & Stahler 1990, 1991, 1992). We have already adduced
several key implications for pre-main-sequence evolution on
the basis of this work. First, the use of our derived protostar
mass-radius relation yields a birthline that indeed matches the
upper envelope to the distribution of Ae and Be stars in the
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H-R diagram (Palla & Stahler 1990). Second, the modest initial
radii implied by our calculation translate into a substantial
reduction in contraction ages compared to traditional values.
Such a large age reduction is not present for typical T Tauri
stars of lower mass (Stahler 1983) but is in general agreement
with the empirical evidence for vigorous surface activity in Ae
and Be stars (Catala 1989). Finally, our calculations have set
an upper mass limit to the pre-main-sequence phase itself. We
have predicted that only stars less massive than about 8 M,
can still be contracting toward the ZAMS, since heavier stars
ignite ordinary hydrogen while still undergoing protostellar
accretion.

In our previous study, we constructed a number of different
model sequences of protostars, in order to gauge the effect of
varying the properties of the accretion flow (Palla & Stahler
1992). The strategy pursued here is to choose one of these
sequences and follow the evolution of selected models, in the
mass range 1 Mo < M, <8 M, from the birthline to the
ZAMS. We find that, for a large fraction of stars in this range,
the stellar interior is not thermally relaxed at the end of accre-
tion, and the luminosity indeed rises with time. During this
adjustment period, the star’s surface layers actually expand as
they absorb heat from the contracting interior. Concurrently,
deuterium in these layers does ignite, as expected, and the
burning shell gradually retreats to the stellar surface. However,
the shell burning is too weak to maintain outer convection
once the surface temperature climbs to 10* K. Thus, contrary
to our own speculation (Palla & Stahler 1990), the observed
surface activity of Ae and Be stars cannot be attributed to a
dynamo-generated magnetic field (see also Tijn A Djie, Remijn,
& Thé 1984).

In the next section, we motivate our choice of initial condi-
tions, by drawing on the results of the protostar study. Section
3 describes our computational approach. The initial pre-main-
sequence evolution of the stars and the thermal relaxation
process are detailed in § 4, while the approach to the ZAMS is
presented in § 5. We also indicate how our findings would be
affected by modifications of the protostar phase. Finally, in § 6,
we discuss the implications of this work for models of surface
activity and infrared excess.

2. PROTOSTELLAR INITIAL CONDITIONS: A REVIEW

2.1. Thermal Relaxation

The structure and evolution of pre-main-sequence stars of
low mass is dominated by the fact that they transport energy
through thermal convection (Hayashi 1961). To see why, we
recall that a star of mass M, and radius R, can carry radi-
atively an energy per unit time equal to

Lg= Lo(l\’l*/l\’lca)ll/2 (R*/Ro)_ 1z s (1)

where the precise value of L,, a luminosity of order 1 L,
depends on the star’s detailed structure (Cox & Giuli 1968).
Equation (1) assumes that the star’s interior opacity obeys
Kramers’s Law; this assumption is valid for the densities and
temperatures of interest. The quantity L4 is to be compared
with L, the luminosity which the star of effective tem-
perature T, can radiate into space:

Lsurf = 41[Ri UT:ff . (2)

For low-mass stars, L, is larger than L 4, ie., the rate of
energy loss from the surface exceeds that which can be supplied
from the inside by photon transport. Therefore, regardless of

the star’s thermal state prior to pre-main-sequence contrac-
tion, it quickly turns convectively unstable (e.g., von Sengbusch
1968). Convection carries the bulk of the interior energy, and
the convective and radiative contributions, L., and L
together sum to L.

The extreme mass sensitivity of L 4 implies that this quan-
tity can exceed L, for modest stellar masses. Pre-main-
sequence stars in this condition are essentially radiative
objects, but they are thermally unrelaxed (Stahler 1989). The
energy per unit time transported through the deep interior now
exceeds that which the surface can radiate. A thick layer of gas
beneath the surface heats up, and the surface luminosity
increases with time until L, equals L,,4. The heat supplied to
the surface layers comes from the contracting deep interior. In
contrast to the situation described in classical pre-main-
sequence theory, the star may be said to undergo nonhomolo-
gous quasi-static contraction.

Underlying this discussion is our assumption that the star’s
initial surface temperature has a relatively low value like those
characterizing solar-type pre-main-sequence stars. The value
of T, will indeed be low as long as the interior distribution of
specific entropy is simply that laid down by accretion during
the prior protostar phase (Stahler 1989). Since it is precisely the
entropy distribution which is altered during thermal relax-
ation, the star in question must not have had time to relax
thermally while it was still gaining mass from its parent cloud.
As a quantitative criterion, we may compare the Kelvin-
Hemboltz time scale, txy = GM 2/(R, Ly,q), With the accretion
time, t,.. = M,/M. Here, M, the protostellar mass accretion
rate, is assumed to be independent of M, in accordance with
current theory (Shu 1977). Equivalently, we compare L4 with
L, where L, is GM, M/R,, the luminosity released by acc-
retion onto the protostellar surface. The two inequalities,
L,,q > Ly, and L, > L4, must both be met if the star is to
undergo nonhomologous contraction. It is clear, however, that
the same strong increase of L, with mass which guaranteed
the first inequality will eventually cause the second one to be
violated, for sufficiently massive stars.

We thus arrive at the conclusion that the process of thermal
relaxation, and the attendent rise in surface luminosity, occur
only within a restricted mass interval. The situation is illus-
trated graphically in Figure 1, which shows the mass depen-
dence of several luminosities for protostars accreting at 103
Mg yr~! (Palla & Stahler 1992). The luminosity L, is the
actual surface value in each model; since the calculation
employed photospheric boundary conditions, L, is also the
pre-main-sequence luminosity just after the end of accretion.
The quantity L4 is the peak interior value of the radiative
portion of the luminosity. The condition Ly, = L,,4 is met at
the mass M, here equal to 2.4 M. At the mass M5, which has
the value 3.9 My, L, equals L4 For pre-main-sequence
stars with M, > M, the surface temperature does not start
out so low that L, exceeds L. Instead, the two luminosities
are equal, and T, increases during the subsequent evolution to
maintain this equality. The star contracts homologously, i.e., all
interior mass shells lose heat. In the H-R diagram, the star
follows a nearly horizontal path, as first described by Henyey
et al. (1955).

It is apparent that the pre-main-sequence evolution of
intermediate-mass stars is more closely tied to protostellar
conditions than in the case of low-mass stars. Within the
latter, thermal convection quickly homogenizes any interior
entropy distribution. In more massive stars, the entropy can be
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F16. 1.—The mass dependence of luminosities in protostars accreting at
1075 Mg yr~!; from Palla & Stahler (1992). Shown as a function of stellar
mass are the accretion luminosity, L, . ; the luminosity carried by radiation,
L,,q4; the surface luminosity, Ly and the deuterium-generated value, Ly,. The
arrows on the horizontal axis mark the critical masses where L,,, intersects
L. Lp, and L, , respectively. At the last point L, climbs steeply to join
L,,q4, as shown.

rad?
altered, ie., the star can thermally relax, only through the
much slower process of radiative diffusion.! The existence of an
upper mass limit to the relaxation phenomenon is evident in
Figure 2, which reproduces the protostellar mass-radius rela-
tion from our earlier study (Palla & Stahler 1992). The two
curves correspond to different assumed values of M, as indi-
cated. In each case, the protostellar radius R, (M), undergoes
a very steep rise following the shell ignition of deuterium ( first
open circle). After reaching its maximum, R, (M,) declines
smoothly, until ordinary hydrogen ignites (second open circle).
This final gravitational contraction is homologous. Thus, the
pre-main-sequence stars descended from these most massive
protostars complete their contraction as thermally relaxed
objects.

Under the assumption that stars end their accretion phase
relatively quickly, through the action of a powerful wind, the
protostellar mass-radius relation gives directly the starting
radii for pre-main-sequence contraction. In our previous
study, we constructed models using both shock-type and
photospheric outer boundary conditions, the latter intended to
mimic crudely the effect of accretion through a circumstellar
disk. The mass-radius relation computed with M = 107°> M,
yr~1 and with either prescription for the boundary, yields a
satisfactory birthline for the observed Herbig Ae and Be stars
(Palla & Stahler 1992). Accordingly, we have adopted the
sequence constructed with this value of M and photospheric
boundary conditions to supply starting models for our pre—
main-sequence calculations. As seen in Figure 2, protostars
built up in this manner cease their contraction and reach the
ZAMS by M, = 8 M. This mass, then, provides a natural
upper bound for the present calculation, since more massive

! We are assuming that deuterium burning does not significantly alter the
interior entropy; see § 4 below.

F1G. 2—The protostar mass-radius relation; from Palla & Stahler (1992)
The sohd curve represents an evolutionary sequence computed with M=10"°
M yr™*, while the dashed curve corresponds to M = 10™* M yr~!. The two
open circles on each curve mark, from left to right, the onset of deuterium shell
burning and the central ignition of ordinary hydrogen.

stars are first optically visible when they are already on the
main sequence.

2.2. Deuterium Mantle

The fusion of deuterium to helium plays a dominant role in
the evolution of low-mass protostars, but fades in significance
for those of higher mass. Deuterium burning turns a star con-
vectively unstable if Ly, the energy per unit time released by
the fusion reaction, exceeds L 4. For protostars more massive
than a few tenths of a solar mass, deuterium burns as fast as it
is being accreted from the parent cloud. Thus, Ly, is given by

Lp=Ms, )

where ¢ is the deuterium fusion energy per unit mass in the
accreted interstellar gas. The mass at which Ly equals L4 is
denoted M, in Figure 1. In protostars with M, > M,, deute-
rium is unable to maintain convection throughout the entire
star.

In our previous study, we followed in detail the disap-
pearance of global convection. An interior mass shell, which we
termed the radiative barrier, first becomes stable against con-
vection. All deuterium within the barrier is quickly scoured
out, leaving a depleted central core and a thick mantle of
unburned fuel in the outer layers. Within this mantle, deute-
rium burns as a shell source; it is the ignition of the shell that
creates the rapid swelling of the star seen in Figure 2. The
burning maintains convection only in the outermost portion of
the mantle (see Fig. 10 of Palla & Stahler 1991). Since these
surface layers can supply fuel to the mantle in a steady state
fashion, the deuterium-burning luminosity is still given by
equation (3).

For a pre-main-sequence star of fixed mass M, the amount
and distribution of deuterium is that which a protostar of the
same mass acquired in the course of its accretion history.
Figure 3 shows the development of the fractional deuterium
concentratlon fD, in a protostar accreting at M = 10™° M,

!, Here, fy, is calculated relative to the interstellar concen-

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


http://adsabs.harvard.edu/abs/1993ApJ...418..414P

No.1 1993

T T T T T T

. .
e} A ) o

Mantle Mass Fraction AMp/ M.

Deuterium Concentration log,, (f)
@

'
(=)
o

Protostar Mass M. (M)

F1G. 3.—Evolution of deuterium in a protostar accreting at 1075 M yr™*;
from Palla & Stahler (1992). Plotted as a function of stellar mass are fp,, the
fractional deuterium concentration (solid curve) and AM, the mass of the
deuterium mantle (dashed curve). Both curves show an abrupt change at M, =
2.44 M, the mass where the radiative barrier first appears. After this time, fj,
represents the average concentration only within the deuterium mantle.

tration, assuming a standard [D/H] value of 2.5 x 1073 (Geiss
& Reeves 1981). Shown also in the figure is AMp, the mass at
any time which has a nonzero deuterium abundance. The
abrupt break in AMy, at M, = 2.44 M, marks the appearance
of the radiative barrier and the rapid loss of the interior supply
of deuterium.

Figure 3 shows that f, declines quite rapidly for M, > 1
M, even though the star is fully convective, and therefore
accreting deuterium as fast as it is being consumed. Actually,
consumption slightly exceeds accretion, and Ly, differs corre-
spondingly from the value in equation (3). According to equa-
tion (50) of Stahler (1988), the evolution of f; in a fully
convective protostar is given by

dfp Ly
= 1-— —_— 4
M, M, fo Ms’ @
from which it follows that
. d(foM,)
Ly = —
b M(SI:I M, )

Since the product fi, M, is proportional to the total deuterium
content in a fully convective star, equation (5) shows that any
net loss of deuterium implies that Ly exceeds MJ. Such loss is
inevitable, because of the slowly rising interior temperature of
the protostar. The local rate of deuterium energy generation
per unit mass, ep(p, T), increases roughly as T", where n ~ 12
(Harris et al. 1983). Integration of €, over interior mass shells
then yields another expression for Lp:

2+n —3-n
Ly =fD[D/H](LD)0<A"f—;> (1’:—@> e

where (Lp)o = 1.9 x 10'7 L. Equation (6) is taken from equa-
tion (49) of Stahler (1988), ignoring the effect of a surface
hydrogen ionization layer. In our protostar calculations, we
effectively used equation (6) to determine f;, at each time step,
provisionally setting Ly, equal to M§. Numerical evaluation of
the derivative in equation (5) then gave us the slight excess of
Ly, over this steady-state value.
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The fall of f;, continues until the radiative barrier appears,
i.e., when M, equals M,. Following the rapid burning interior
to the barrier, deuterium exists only in the mantle. Although
the outermost portion of the mantle is well mixed by convec-
tion, the radiative layers inside have a gradation of deuterium
concentrations. The value of f, shown in Figure 3 was obtained
by mass-averaging the concentration within the mantle at each
time step. The radiative-convective boundary starts at the
inner edge of the mantle, but retreats to the surface by M, =
3.85 My, when the stellar radius swells sharply. For larger
protostar masses, the mantle is almost entirely radiative, but is
still consuming deuterium at its inner edge at the steady state
rate of equation (3). As seen in Figure 3, the shrinking of the
mantle actually leads to a temporary increase of f, toward
unity, followed by a slow decline for M 2 4 M. The total
deuterium content, as measured by f, AMp, falls during the
period of full convection, rises temporarily while the outer con-
vection zone retreats, and thereafter continues to decline
monotonically.

Our results concerning the protostar’s supply of deuterium
mark a departure from classical pre-main-sequence theory.
Early on, Salpeter (1954) recognized that deuterium ignition
could impede the gravitational contraction of a young star of
fixed mass. Bodenheimer (1966) first included this effect in
numerical calculations, and Grossman & Graboske (1971)
showed how the burning could slow or even halt contraction
temporarily over a range of masses. More recently, Mazzitelli
& Moretti (1980) followed the process in solar-type pre-main-
sequence stars, using an updated value of the interstellar
[D/H]. All of these calculations ignored the protostar phase,
and followed the traditional assumption that a pre-main-
sequence star begins with such a large radius, and therefore
low central temperature, that deuterium is not burned until the
star contracts by a large amount. Such an energy-rich fuel is
indeed available in the very low mass stars which are too cold
to ignite it during accretion (Stahler et al. 1980). However, for
the intermediate-mass stars of interest here, the deuterium
supply is severely limited because of prior protostellar con-
sumption, and the effect of this fuel on the subsequent contrac-
tion is correspondingly diminished.

3. METHOD OF SOLUTION

As in our protostar calculations, we take the star to be
spherically symmetric, and neglect any influence of rotation or
magnetic fields. We have calculated the evolution of stars with
masses of 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, and 6.0 M. For each
mass investigated, we took as the initial state the protostar
model of the same mass from Palla & Stahler (1992), for the
case M = 1 x 1073 yr~ 1. That is, we have assumed that accre-
tion onto the protostar from its parent cloud and circumstellar
disk ends instantaneously. A more realistic assessment of the
gradual falloff of accretion due to the action of a protostellar
wind is beyond the scope of this study.

To follow the evolution of a given mass, we solved numeri-
cally the four stellar structure equations. The outer boundary
conditions were the standard photospheric relations. The heat
equation was solved implicitly, as described in § 2.2 of Palla &
Stahler (1991), but without the mass accretion term. We again
treated the calculation as a two-point boundary value
problem, and employed a shooting-splitting technique in our
numerical integrations (Firnett & Troesch 1974). A typical
model required 350 spatial zones for sufficient integration
accuracy. In convectively unstable regions, we used mixing-
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length theory to relate the luminosity to the entropy gradient
(Baker & Temesvary 1966), adopting a ratio of mixing length
to pressure scale height of 1.5. The total number of time steps
depended on the stellar mass, since, under our initial condi-
tions, heavier stars begin their evolution much closer to the
ZAMS. For M, =2 Mg, 75 models were constructed, while
for the largest mass considered, M, = 6 M, 20 models suf-
ficed to cover the entire evolution.

The input physics adopted here, including the tabulation of
Rosseland mean opacities and equation of state, as well as the
choice of initial nuclear abundances, follows that in our pro-
tostar study. The total nuclear energy generation rate, €(p, T),
includes both the deuterium fusion reaction 2H(p, y)’He
(Harris et al. 1983) and the hydrogen-burning reactions in the
p-p chain and CN cycle (Fowler, Caughlan, & Zimmerman
1975). Although interstellar lithium also ignites in the course of
pre-main-sequence contraction (Bodenheimer 1965; D’Antona
& Mazzitelli 1984), its relatively tiny abundance renders the
effect energetically and structurally insignificant. A full account
of the problem of pre-main-sequence lithium depletion can be
found in D’Antona (1991). Mazzitelli (1989) has examined criti-
cally the influence of input physics on the construction of evo-
lutionary tracks.

4. EARLY EVOLUTION

4.1. Fully Convective Stars

It is convenient to consider separately those stars which
contract as fully convective objects from those with radiative
interiors. As discussed in § 2.1 and shown in Figure 1, the
division can be established through comparison of the two
luminosities L, and L,4. Stars with M, < M, are fully con-
vective due to surface cooling as soon as they appear as opti-
cally visible objects. Now for M = 1075 M yr~*, the value of
M, of 2.35 M, is coincidentally close to the mass, M, of 2.44
M, at which the radiative barrier first appears. The fact that
M, ~ M, means that stars which were fully convective as pro-
tostars from deuterium burning remain so, at least for a time,
following the end of accretion. The mass M, is significantly
greater than M, in stars built up with higher accretion rates.
We will discuss this case in § 5.2 below.

Figure 4 depicts, in the H-R diagram, the first 3 x 10°® yr in
the pre-main-sequence evolution of stars with masses of 1.5
and 2.0 M. Since both stars begin fully convective, they
follow paths similar to those first calculated by Hayashi (1961).
However, the initial radii are much smaller than envisioned in
the classical theory, so that the convective phases are consider-
ably shorter. In particular, the 2 M star, with a mass close to
the critical value M, contracts for only 1.1 x 10* yr before a
radiative core appears at its center. The figure shows that the
stellar radius actually swells during the spread of the radiative
region. This swelling is a sign of nonhomologous contraction.

The nature of the contraction is further illustrated by the
evolution of specific entropy, shown in Figure 5. Both stars
begin with the uniform entropy distributions enforced by con-
vective mixing. In both, too, there is a sharp drop in entropy
near the surface, where hydrogen and helium are recombining
(see § 4.1 of Stahler, Palla, & Salpeter 1986). The spreading of
the radiative regions, in which the entropy increases outward,
is also seen in both models.

As the stars radiate heat from their surfaces, their average
interior entropy must drop. For M, = 1.5 Mg, the decline
within the radiative core is much faster than that in the convec-
tive exterior. For the 2 M, star, in which the radiative region
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F1G6. 4—Early evolution in the H-R diagram of stars with M, = 1.5 and 2.0
M. The labeled tick marks on each curve correspond to times of 0, 1, 2, and
3 x 108 yr after the end of protostellar accretion. The thin dashed lines are
curves of constant radius.

has spread farther, the exterior entropy actually increases. In
both cases, a portion of the heat lost from the deep, radiative
interior is being transferred to the convective surface layers.
This surface entropy rise is responsible for the swelling of the 2
Mg star.

The evolutionary trend seen in Figure 5 is identical, except
for a shift in contraction ages, to that found in traditional
calculations (e.g., Iben 1965). In particular, the entropy dis-
tribution is undisturbed by the fusion of residual deuterium. As
shown in Figure 3, the deuterium begins at such a low concen-
tration that it is quickly consumed. Since the deuterium lumi-
nosity is initially close to the steady state value in equation (3),
Atp, the time for exhaustion of the fuel, is

_ JoAMy[D/H]XQ
my Lp

_ JoAM,

M' b
where Q = 5.5 MeV is the energy released per fusion reaction,
X = 0.70 is the fractional hydrogen abundance, and my is the
hydrogen atom mass. The second equality follows from the fact
that 6 = [D/H]XQmy. Since, in the fully convective case,
AMp = M, we can read off f;, from Figure 3 to conclude that
At =30 yr for 1.5 My and only 1 yr for 20 M. These
exceedingly brief times serve to emphasize the point that pre—
main-sequence convection in these stars is driven by surface
cooling, rather than central heating.

The rapid disappearance of deuterium is reflected in the
stars’ interior luminosities (Fig. 6). During steady state
burning, the luminosity rose rapidly from the center. Farther
out, it peaked at slightly less than the value in equation (3) (15
Ly at M=1x 10" My yr™ 1), and then declined, as the
deuterium-generated energy was absorbed in overlying layers
of gas. The behavior is found in Figure 6, but only for the
initial profiles of the two stars. After the period Atp, the lumi-
nosities arise from gravitational contraction alone and have a
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F1G. 5—Early evolution of the entropy profile for (@) M, = 1.5 M, and (b)) M,, = 2.0 M,. The curves show the specific entropy plotted as a function of internal
mass coordinate. The very narrow surface radiative regions are not shown. Each curve is labeled by the corresponding evolutionary time. Specific entropy is
measured in units of ky/my, with the zero point arbitrarily set at T = 2.05 x 10°K and p = 5.16 gem 3.

very different distribution. For the 1.5 M, star, most of whose
interior is homologously contracting, the global loss of heat
leads to a luminosity that monotonically rises toward the
surface. For M = 2.0 M, the absorption of heat by the con-
vective layer causes the luminosity to fall in that region.
Between t = 1 x 10° yr and 3 x 10° yr, the surface luminosity
rises despite the increase in stellar radius (see eq. [1]). This rise
is linked, therefore, to the disappearance of the absorbing con-

vective layer.

4.2. Partially Convective Stars

The most significant departure from classical pre-main-
sequence evolution occurs for stars which have radiative
central regions, but subsurface layers that are convective from
the burning of residual deuterium. Referring once again to
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Figure 1, the relevant mass range is from M, to M, i.e., from
24t0 3.9 Mg at M = 1075 M yr~'. Stars in this interval
undergo thermal relaxation and nonhomologous contraction.
The H-R diagram of Figure 7 shows the first 2 x 10° yr in the
evolution of a 3.5 M star. When the star is first optically
visible, following the end of protostellar accretion, it is under-
luminous. That is, not only does the star skip entirely the tradi-
tional descent down a vertical Hayashi track, it actually
appears below the bottom of this track. The reason is that the
star’s entropy distribution forces the surface temperature to the
low values characteristic of fully convective stars, but its radius
is much smaller than those of homologously contracting
models (see § 2.3 of Stahler 1989). A small radius, by equation
(2), implies a low luminosity, which can only increase through a
redistribution of the internal entropy.
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F1G. 6.—Early evolution of the luminosity profile for (a) M,, = 1.5 Mg and (b)) M, = 2.0 M. As in Fig. 5, each curve is labeled by its evolutionary time. Notice

how the internal luminosity rises in the more massive star.
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FIG. 7.—Early evolution in the H-R diagram of a 3.5 M, star. The thin
dashed lines are curves of constant radius. Notice the swelling and brightening
of the star during this period of thermal relaxation.

Figure 7 shows that the luminosity rise is accompanied by
increases in both surface temperature and radius. The swelling
is caused by heating the subsurface layers, just as in the 2 M
star. In a previous, simplified treatment of the relaxation
process (Stahler 1989), the radius was artificially held constant,
so that the luminosity rise depended solely on temperature.
Since T responds in a highly nonlinear fashion to heat input
from the interior, the rise time for the luminosity was greatly
underestimated. According to the present calculation, the
surface luminosity in the 3.5 M, case increases for 1.2 x 10° yr
before the radius reaches its maximum of 7.2 Rg. This point
may conveniently be taken as the end of the thermal relax-
ation, since the star thereafter joins a conventional radiative
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|
()]
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track in the H-R diagram. The rise time is 10% of the total time
of 1.2 x 108 yr for the star to contract to the ZAMS.?

The disappearance of internal convection during non-
homologous contraction can be seen in the evolution of spe-
cific entropy (Fig. 8a). At t = 0, the convection zone, in which
the entropy is spatially constant, covers the outer 21% of the
stellar mass. The central region soon contracts substantially,
expelling heat to overlying layers. Thus, the central entropy
declines while the outer entropy rises, swelling the star. Outer
convection includes only 1% of the star’s mass at t = 7 x 10*
yr; by this point, deuterium burning has also died out. At the
time shown in the figure, 2 x 10° yr, the outer entropy has
risen to a tall spike, and convection is confined to a thin region
associated with hydrogen and helium ionization.

Figure 8b follows the relaxation of the internal luminosity.
The maximum in L, is at first located deep within the star, at
M, =19 M. Matter inside this point is losing heat, while
exterior mass shells are gaining it. The position of the lumi-
nosity maximum migrates to the surface as the entropy is redis-
tributed. By ¢ = 1.7 x 105 yr, the peak is located at the stellar
surface, and L, has increased by a factor of 6.5.

4.3. Fully Radiative Stars

During the protostar phase, thermal relaxation is marked by
dramatic swelling of the star, and by retreat of convection
toward the surface. Protostars which continue to accrete cloud
matter after this time are fully radiative, and begin to contract
under their own gravity, as seen in Figure 2. Pre-main-
sequence stars descended from such protostars are therefore
also fully radiative and thermally relaxed. In the H-R diagram,
they appear immediately on the radiative portion of the appro-
priate classical evolutionary track. At a mass accretion rate of
1073 Mg yr!, the stars that evolve in this fashion cover the
interval in mass from 3.9 to 8.0 M 5. In stars more massive than
the upper limit, ordinary hydrogen ignites during protostellar

2 In this study, the ZAMS is defined as the point of equilibration of the
main reaction network, which, for M, = 3.5 M, is the CN cycle; see Clayton
1983, chap. 5.
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FiG. 8.—Thermal relaxation of a 3.5 M, star, showing the evolution of (a) the entropy profile and (b) the internal luminosity during the first 2 x 10° yr. As the
specific entropy rises in the outer layers, the peak in luminosity also moves toward the surface. Both effects stem from the star’s nonhomologous contraction.

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


http://adsabs.harvard.edu/abs/1993ApJ...418..414P

No.1 1993

M, =4.0 Mo
L (a) p

Specific Entropy s (k/my)

Mass M, (Mo)

PMS EVOLUTION OF INTERMEDIATE-MASS STARS

421
200 T T T T T T T T
L 2x10° yr ]
M =4.0 Mo
- 5x10* ]
. 150 (b) x10" yr
= _
-y
o t=0 yr
* 100 —
7]
[e)
£
g
—
50 - —
0 ' 1 L | L | ) |
(] 1 2 3 4

Mass M, (Mo)

FiG. 9.—Early evolution of (a) the entropy profile and (b) the internal luminosity of a 4.0 M, star. Since the star is fully radiative, and therefore contracting
homologously, there is a global drop in specific entropy and a corresponding rise in the internal luminosity.

accretion. Such stars exhibit no pre-main-sequence phase at
all; once optically visible, they appear directly on the ZAMS.

Figure 9 depicts the evolution of the distribution of entropy
and internal luminosity in a 4 M, star. The figure covers the
first 2 x 10° yr of pre-main-sequence evolution, about one-
seventh of the total contraction time to the ZAMS. The specific
entropy (Fig. 9a) is now decreasing with time in all interior
mass shells, a sign of homologous contraction. At any one
time, the interior is radiative, i.e., the entropy is increasing
outward, except for a very thin surface layer.

The distribution of luminosity (Fig. 9b) also shows no signs
of the internal maxima characteristic of unrelaxed stars. As the
star contracts, the average interior luminosity must rise as
R, ', according to equation (1). Such a rise is evident in the
figure, which covers a period during which R, drops by 18%
from its initial value. During this same period, deuterium is
burning in a radiative mantle covering the outer 10% of the
stellar mass. The deuterium luminosity of 0.6 L, is, by now, a
minor fraction of the surface luminosity L,, which stems
almost entirely from the bulk gravitational contraction of the
star.

5. APPROACH TO THE MAIN SEQUENCE

5.1. Evolution in the H-R Diagram

Once each star has completed its thermal readjustment fol-
lowing accretion, it continues to contract until ordinary hydro-
gen ignites at its center. Figure 10 depicts the evolution of all
our computed masses in the H-R diagram. The figure also
includes results for 0.6 and 1.0 M, models (Parigi 1992), as
examples of lower mass stars that remain convective for a
longer portion of their pre-main-sequence lifetimes. All evolu-
tionary tracks begin at the birthline (dotted curve) and end at
the ZAMS; the latter has been omitted from the figure for
clarity.

In comparison with previous calculations (Iben 1965; Ezer
& Cameron 1967), our tracks occupy a much reduced portion
of the diagram. This reduction is a consequence of our initial
conditions, specifically, the modest radii attained by each star
during its accretion period. For intermediate-mass stars, as for
their lower mass counterparts, the starting luminosities are
therefore much lower than previously envisioned. In addition,

however, the surface temperatures of these stars begin higher.
For example, a 5 M, star starts with T = 1.2 x 10* K, in
contrast to the value of 4400 K obtained by Iben (1965). The
difference is that, in our calculation, the star has had time to
relax thermally by radiative diffusion as a protostar. Its outer-
most layers become fully ionized, and the dominant opacity
source in this region is no longer the H™ ion. Consequently,
the pre-main-sequence surface temperature is no longer locked
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F1G. 10.—Evolutionary tracks in the H-R diagram for all computed masses.
We also include the tracks for M, = 0.6 M and 1.0 M, as obtained by
Parigi (1992). Each track is labeled by the corresponding mass in solar units.
Tick marks indicate evolutionary times, as given in the table. Each track starts
at the birthline (dotted curve) and ends at the ZAMS. The latter curve has been
omitted for clarity.
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TABLE 1
EVOLUTIONARY PROPERTIES
Property 1.0 M, 1.5 M, 20 M, 25 Mg 30 M, 35 Mg 40 M, 50 Mg 6.0 M,
Initial
R,(Rg)........... 499 497 441 4.06 3.98 423 7.82 6.40 3.79
AM ., (Mg) ...... 1.00 1.50 2.00 1.76 1.10 0.72 ... e
T (K)oooiiennnns 424 x 103 448 x 103 4.66 x 103 4.84 x 103 4.99 x 10° 5.14 x 103 6.92 x 103 1.17 x 10* 1.87 x 10*
T(K) ceorieennnnn 1.64 x 10° 2.51 x 108 3.47 x 10° 4.66 x 10° 5.54 x 10°  '6.42 x 10° 7.30 x 10° 1.27 x 107 2.46 x 107
ZAMS
R ,(Rg)-evennnn. 1.00 1.71 1.77 2.05 2.29 2.49 2.72 3.09 3.30
AM,,, (M) ...... 0.04 0.19 0.28 0.49 0.59 0.72 0.85 1.04 1.26
T (K)oooononins 5.61 x 103 7.20 x 103 891 x 10° 1.05 x 10* 1.20 x 10* 1.31 x 10* 1.44 x 10* 1.64 x 10* 1.92 x 10*
T.(K) oovevnennens 1.20 x 107 1.57 x 107 1.84 x 107 1.92 x 107 2.00 x 107 2.10 x 107 2.15 x 107 2.25 x 107 2.50 x 107
Timescales
[N\’ ) B 9.43 x 10° 3.36 x 10° 1.30 x 106 423 x 10° 7.39 x 10*
[0\ o IR 2.75 x 107 1.01 x 107 5.38 x 10° 2.66 x 10° 1.35 x 10°® 7.38 x 10° 4.15 x 10° 1.02 x 10°
Ein (VD) ceoneninnns 1.10 x 107 6.33 x 10° 3.18 x 108 1.76 x 10° 9.93 x 10° 5.77 x 10° 1.75 x 10°
tzams (YT) 3.16 x 107 1.20 x 107 8.35 x 10° 3.90 x 10° 2.02 x 10° 1.25 x 10 8.16 x 10° 2.32 x 10° 4.00 x 10*

to the relatively low values prescribed in the classical theory
(Hayashi 1961).

Several key properties of our computed models, both at the
beginning and end of their pre-main-sequence evolution, are
given in Table 1. In addition to the stellar radius and the
surface and central temperatures, the table also lists AM ., the
mass in the convection zone. For the ZAMS models, this con-
vection is located at the center, and is driven by the strongly
temperature-sensitive CN burning. Table 1 shows that, for
M, 2 2Mg, AM,,, on the ZAMS comprises about 20% of the
total stellar mass. This figure, as well as other model character-
istics at late epochs, are in good agreement with the analogous
results of Iben (1965) and Ezer & Cameron (1967).

Table 1 also lists several evolutionary times, all measured
relative to the stars’ appearance on the birthline.® The time ¢,,4
marks the point at which the star becomes fully radiative; note
that this event never occurs in the 1 M case. Also given are
tmax and tn;,, Which mark when the surface luminosity attains
temporary maxima and minima prior to the ZAMS (see Fig.
10). The total duration times of the pre-main-sequence phase,
listed in the table as t;4ys, are shorter than the corresponding
values in Iben (1965), who continued his calculations beyond
the equilibration point of *2C. For most masses, the two esti-
mates are within 30%, but the discrepancy is large for M, 2 4
M,,. Stars this massive begin, in our calculation, with radii
only slightly larger than the ZAMS values. For M, = 8 Mg,
the two radii coincide, and our value of t,,ys Vanishes, as can
be seen in Figure 10. In all evolutionary runs, we find that the
release of energy through gravitational contraction contributes
less than 3% of the total luminosity by the time the ZAMS is
reached. We find no slowing of the contraction from deuterium
burning, even for a mass aslow as 1 M.

5.2. Influence of Protostellar Accretion Rate

We have previously explored the evolution of protostars
accreting with an M as large as 10™* My yr~'. In the H-R
diagram, the resulting birthline sits rather high with respect to
the observed upper envelope of Ae and Be stars (see Fig. 11
of Palla & Stahler 1992). Thus, we have maintained that an

3 Note that the times listed in Table 1 do not correspond to those in Fig. 10.

accretion rate of 107> My yr~! is more appropriate. It

remains true, however, that the physical conditions in clouds
that produce intermediate-mass stars are poorly known.
Hence, it is worthwhile to ask how pre-main-sequence evolu-
tion is altered when the progenitor stars are built up at a faster
rate.

As before, we address this question through the behavior of
several characteristic luminosities in the protostar phase.
Figure 11 shows, in the same manner as Figure 1, the quan-
tities Lyuq, Lgurrs Loce, and Lp, now taken from the protostar
sequence constructed with M = 10”* M yr~!. Because pro-
tostars evolving at the higher rate have larger radii (see Fig. 2),
each of the critical events described earlier is postponed to a
larger mass. The values of M, M,, and M, are now shifted to

| ! | I ' T -
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..... -/./"-—-_.
-/-/
| 5 |
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anc L - \ . .'— _ .
o .
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1 1 I 1
8 12 16
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FiG. 11.—The mass dependence of luminosities in protostars accreting at
10™* Mg yr~*; from Palla & Stahler (1992). Both luminosities and the three
critical masses have the same meaning as in Fig. 1.

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


http://adsabs.harvard.edu/abs/1993ApJ...418..414P

No.1 1993
5 T T T T T
15047, ]
4l ) ]
90 (""‘2'-..
< L i
—
>
A
~ 3 |- —
2
ap
S
>
e
62 i
£
g
3 L a
a
1 —
1.0
0 1 1 1 1 ]
46 44 42 40 38 36

Temperature log,g (Tey)

FiG. 12—Effect of the protostellar mass accretion rate on pre-main-
sequence evolution in the H-R diagram. The tracks of selected masses are
shown schematically (dashed curves), starting from the birthline computed with
M =10"* My yr~! (open circles). Stars of lower mass join onto standard
tracks (solid curves) by the time they have crossed the birthline corresponding
to M = 1075 M, yr™! (dotted curve). The displayed portions of the 9 and 15
M g tracks are from Iben (1965).

34, 43, and 5.9 M, respectively. Thus, the mass interval
undergoing thermal relaxation is now 3.4 to 5.9 M. Because
of the increased gap between M, and M,, this group also
includes stars which are fully convective as protostars, but
have only a partially convective deuterium mantle within a
time Aty, after accretion ends. Furthermore, a visible pre-main-
sequence phase is now possible for stars with masses as large as
15 M, the new point at which hydrogen ignites during accre-
tion.

The higher accretion rate also means that the region of pre—
main-sequence evolution in the H-R diagram is broadened,
although this region is still much smaller than that envisioned
in the classical theory. As seen in Figure 12, the new birthline
(open circles), is shifted upward from the previous one (dotted
curve), allowing tracks with larger mass to descend to the
ZAMS, and extending those that were already present (solid
curves) to include lower surface temperatures. Although the
birthline positions of all masses have been marked accurately
in the figure, the paths during thermal relaxation of the 3.5 and
5.0 M, stars are sketched only tentatively, since we have not
followed these cases numerically. For both lower and higher
masses, the tracks shown are still schematic, but there is less
uncertainty, as the stars simply join onto the appropriate seg-
ments of their classical tracks. In particular, the 9 and 15 M
tracks shown here are adopted from Iben (1965).

6. DISCUSSION

In the classical theory of pre-main-sequence evolution, stars
of every mass follow essentially the same behavior. Beginning
as fully convective objects, they contract homologously until a

PMS EVOLUTION OF INTERMEDIATE-MASS STARS 423

central radiative core grows and, eventually, hydrogen ignites
and stops further contraction. While this basic sequence of
events still suffices for low-mass stars, we have shown how it
must be substantially modified for more massive objects. The
previous simple picture is now to be replaced by a more
complex one. Some stars initially expand once they become
optically visible, while others skip their early convective phase.
Stars more massive than about 8 M, never have a pre-main-
sequence phase at all and can only be observed as infrared,
accreting protostars or as main-sequence or post—main-
sequence objects.

We are encouraged that the present theory does seem to
account for one basic property of intermediate-mass pre-main-
sequence stars, their distribution in the H-R diagram. Figure
13 reproduces the theoretical tracks and birthline from Figure
10, together with observed luminosities and effective tem-
peratures for a number of stars. The data for Herbig Ae and Be
stars have been taken from Berrilli et al. (1992), while the
observations of lower mass stars are from Strom et al. (1989). It
is evident that the upper envelope of the stellar distribution is
generally well matched by the theoretical birthline. Further-
more, this same upper envelope forms the locus of those stars
with associated molecular outflows (Palla & Stahler 1990; Lev-
reault 1988). Since the birthline was constructed using a pro-
tostellar mass accretion rate of 107° M yr~!, we conclude
that both low- and intermediate-mass stars could be formed in
similar cloud environments (see also § 4 of Palla & Stahler
1992).

The H-R diagram of Figure 13 was constructed with the
implicit assumption that most of the observed luminosity from
any individual source indeed emanates from the central star.
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F1G. 13.—Observed distribution of low- and intermediate-mass pre-main-
sequence stars in the H-R diagram. Data for Herbig Ae/Be stars (large filled
circles) are taken from Berrilli et al. (1992), while the T Tauri stars (small dots)
are from Strom et al. (1989). The theoretical tracks and birthline are the same
asin Fig. 10.
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Recently, this assumption has been disputed by Hillenbrand et
al. (1992), who have advocated disk accretion as a primary
luminosity source. These authors used multiwavelength obser-
vations to construct spectral energy distributions for 47 Ae and
Be stars. For most of their sample (the “ Group I” stars), Hill-
enbrand et al. have modeled the large infrared excesses with
optically thick accretion disks containing central “holes.” The
holes, which typically extend to 10 stellar radii, are invoked to
explain a characteristic dip in the spectral energy distributions
between 1 and 2 um (for a similar model, see Lada & Adams
1992). The derived mass flow rates through the disks, ranging
from 107° to 10”* M yr™ !, are so high that the luminosity
liberated through accretion is comparable to that attributed to
the star itself. Consequently, once they have subtracted off the
disk contributions to the luminosities, Hillenbrand et al. place
their stars much lower in the H-R diagram than we have done
in Figure 13.

For both low- and intermediate-mass stars, it is generally
believed that the infrared excesses represent emission from
heated dust. In our opinion, the disposition of this dust, and
hence the underlying physical model, remains unclear, particu-
larly for more luminous sources. Traditionally, the main argu-
ment for disks, invoked again by Hillenbrand et al., has been
that a more isotropic distribution of dust would have obscured
the visible radiation that is actually seen. Consider now a
hypothetical pre-main-sequence star whose luminosity from
disk accretion is comparable to that from bulk gravitational
contraction. For such a star, we have

GM, M
—R*—"zL*, ®)

*

where M, is the mass flow rate from the disk to the stellar
surface.* Now M « always exceeds the disk mass, M,. Hence,
the above relation implies

2

% < GM, . )
M, R,L,

In other words, the time for the disk to be depleted is less than
the characteristic evolutionary time of the central star. Over
the life of the star, the disk must continually be replenished,
presumably by matter from a more extended, infalling
envelope. We are thus led back to the very difficulty which
motivated the accretion disk hypothesis in the first place.

The problem can be mitigated by reducing the contribution
of the disk, or other nonstellar component, to the total lumi-
nosity. Hillenbrand et al. assigned the central star a main-
sequence spectral energy distribution, normalized to the
observed, dereddened V magnitude. The remainder of the
luminosity was assumed to arise from the disk. Since our own
study has emphasized the extreme youth of Herbig Ae and Be
stars, we question this procedure on general grounds. More-
over, it leads to the paradoxical result that those stars which
have the greatest infrared excesses, and are therefore presum-
ably the youngest, are placed closest to the main sequence in
the H-R diagram (see Fig. 13 of Hillenbrand et al. 1992).

4 Even if inner holes are present, disk material must ultimately reach the
star, so R, is the proper radius to use in eq. (8). Hillenbrand et al. effectively
used the larger radius of the inner disk edge. Thus, their models do not account
for the full accretion luminosity ; see Hartmann, Kenyon, & Calvet (1993).

PALLA & STAHLER

Vol. 418

0.8 -

0.6

0.2

Convective mass fraction AMy,/M.

1 1 1
4400 4800 5200 5600 6000

Temperature T, (K)

F1G. 14—Retreat of convection in a 2.0 M, star. Shown as a function of
effective temperature is AM ., the mass in the convection zone, expressed here
as a fraction of the stellar mass M ..

Just as the infrared excesses in Ae and Be stars remain puz-
zling, so do their observed manifestations of surface activity,
such as the P Cygni profiles frequently seen in Hx and other
emission lines (Catala 1989). Earlier, we had speculated that
subsurface burning of deuterium could maintain an outer con-
vection zone which would, in turn, drive the surface activity
(Palla & Stahler 1990). According to our present results, the
retreat of outer convection does last a substantial fraction of a
star’s pre-main-sequence lifetime (see Fig. 5). During this
retreat, however, the effective temperature remains relatively
low, so that the star would not be observed with an A or B
spectral type. Figure 14, in which we plot the mass of the
convection zone, AM ,,, against the surface temperature, illus-
trates this point in the case of a 2.0 M star.

In retrospect, the fact that surface activity may not be associ-
ated with outer convection should hardly be surprising, if we
consider the situation for low-mass stars. In the well-studied
Taurus-Auriga cloud complex, roughly half the association
members, the “naked” or “weak-lined ” stars, do not exhibit
such classical T Tauri attributes as emission lines or strong
winds (Walter et al. 1988). And yet many of these same stars,
like their classical counterparts, lie close to the birthline in the
H-R diagram, and thus should have fully convective interiors
(Stahler & Walter 1993). For young stars over a broad mass
spectrum, therefore, surface activity seems to be unrelated to
the presence or absence of outer convection. At this juncture,
the clear observational delineation of a possible “naked”
analog to Herbig Ae and Be stars would be extremely useful
(see André et al. 1992 for one candidate source). If such a class
could indeed be established, its morphology would provide
important clues for a future, more complete theoretical treat-
ment.
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