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ABSTRACT

Very low mass stars and brown dwarfs have low effective temperatures and their atmospheric opacities are
provided by heavy elements which form a host of strongly absorbing molecules. We present a study of the
atmospheres and emergent spectra of these objects in the limiting case of zero metallicity. A grid of atmo-
sphere models is presented, based on updated opacities for H/He mixtures, in particular for the collision-
induced absorption by H, which plays an important role in these atmospheres. The emergent spectra bear
little resemblance to the corresponding blackbody emission and become bluer as the effective temperature is
lowered. The atmosphere models are coupled with interior calculations to obtain accurate physical and photo-
metric characteristics for the low-mass end of the zero-metallicity main sequence. This provides a useful
boundary in the Hertzsprung-Russel diagram to interpret observations of low-metallicity stars.

Subject headings: stars: abundances — stars: atmospheres — stars: low-mass, brown dwarfs

1. INTRODUCTION

Comparisons between theoretical and observed spectra of
very low mass (VLM) stars and brown dwarfs have largely
focused on high-metallicity, essentially Population I objects
(e.g., Kirkpatrick et al. 1993) because they are readily observ-
able in the solar neighborhood and in young star clusters.
However, disagreements between the theoretical models and
observations, of increasing severity with decreasing effective
temperature (Kui 1991), point out the difficulty of accurately
including molecular lines (Allard 1990) and condensing grains
in atmospheres with effective temperatures cooler than 2500 K
(Lunine et al. 1993). Leggett (1992) has suggested that the
portion of the underlying continuum opacity due to hydrogen
and helium needs to be reexamined, in light of the substantial
revisions to the collision-induced hydrogen opacity of Lenzuni,
Chernoff, & Salpeter (1991).

While the contribution of this opacity source appears to be
too small in Population I atmospheres to resolve the mismatch
of the continuum spectra (Allard 1990), it is important in
models of extreme Population II objects (Z <$0.001 Z;
Burrows et al. 1993), which might form the bulk of the Galactic
halo, as suggested by the recent detection of gravitational
microlensing events by halo objects (Alcock et al. 1993;
Aubourg et al. 1993). Given a plausible age of halo members,
direct detection of individual brown dwarfs in that population
is essentially impossible (Burrows & Liebert 1993). However,
hydrogen-burning halo objects are detectable, and Monet et al.
(1992) observed low-metallicity subdwarfs with halo kine-
matics for which they estimated a mean metallicity of Z = 0.02
Z o, based on indirect evidence. Richer & Fahlman (1992) have
studied the low-mass stellar population of the halo. Based on
sample selection criteria, as well as kinematic and photometric
data, they argue that the subdwarf sequence of Monet et al.
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(1992) must have a metallicity well below the average Popu-
lation II value of ~0.01 Z,.

As shown below, the photometric colors of the VLM Popu-
lation III objects are very different from those of later gener-
ation stars. From the point of view of interior modeling, an
accurate computation of the atmospheric, or surface, boundary
condition for such objects is not straightforward, due to the
extremely low opacity of the envelope and onset of convection
at low optical depths (Burrows et al. 1993). In this regime, great
care must be taken to ensure proper flux conservation
throughout the atmosphere to obtain a correct surface bound-
ary condition for extreme Population II evolutionary models.
Understanding the transition between such behavior and that
of more normal, metal-rich stars in itself lends interesting
insights into the accuracy of VLM star models, as well as into
the interpretation of the observations of halo stars of VLM.
The latter population could contribute a significant fraction of
the galactic dark matter (Richer & Fahlman 1992), but this
conclusion depends on the derived space density, which in turn
depends sensitively on the accuracy of the physical models
which determine the metallicity (Burrows & Liebert 1993).

This paper represents our initial effort to compute detailed
nongray model atmospheres for VLM stars and brown dwarfs.
Herein, we construct radiative-convective model atmospheres
for zero-metallicity objects as one approach toward addressing
the issues discussed above. The opacity associated with pure
hydrogen-helium objects can be readily computed, making
fully coupled atmosphere and interior models tractable. We
computed a large grid of fully nongray atmospheric models to
assess the errors associated with using gray atmosphere models
for computing temperature profiles in extreme Population II
objects and to predict the difference in appearance between
Population I and extreme Population II objects when surveyed
using spectra and broad-band photometry.

The present work also allows us to assess accurately the
effect on the spectra of incorporating the new collision-induced
hydrogen opacity of Lenzuni et al. (1991). We find that the new
opacities have a dramatic effect on zero-metallicity spectra and
should have an effect on extreme Population II spectra.
Together with the Population I models of Burrows et al. (1993),
computed using relatively crude gray opacities, we can use the
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models to bracket the evolution and spectra of stars as a func-
tion of metallicity.

The plan of the paper is as follows: § 2 describes the atmo-
sphere code and the treatment of the input physics. The atmo-
spheric structure of zero-metallicity objects is discussed in § 3.
In § 4 we display detailed emergent spectra and present the
broad-band colors for standard bandpasses. In § 5, the atmo-
sphere models are coupled with evolutionary calculations and
new, accurate results are given for the Population III main
sequence.

2. MODEL ATMOSPHERE CALCULATIONS

In the absence of metals, the equation of state and the
opacity of the stellar material are greatly simplified and it is
relatively straightforward to set up the atmosphere calculation.
We have used an atmosphere code originally developed for the
calculation of white dwarf atmospheres. It is fully described in
Bergeron (1988) and in Bergeron, Wesemael, & Fontaine
(1991). The built-in assumptions include the plane-parallel
approximation, constant gravity throughout the atmosphere
and local thermodynamic equilibrium (LTE), all of which
apply to VLM stars and brown dwarfs. For a given pressure
and temperature structure, the radiative transfer equation is
solved with the Feautrier method. The resulting variable
Eddington factors are used in the fully linearized equations of
stellar atmospheres which are solved for pressure and tem-
perature corrections with the Rybicki solution. We have found
that a simple temperature linearization of the equations con-
verges to an identical atmospheric structure in most cases, with
a much shorter execution time.

Convection is an important energy transport mechanism in
these atmospheres, and it is included self-consistently in the
equation of flux conservation and in the linearization pro-
cedure. We have adopted the phenomenological mixing-length
formalism which accounts for radiative losses during the life-
time of a convective eddy. Alternate, nonlocal formulations of
convective transport are now available (Canuto & Mazzitelli
1992; Lydon, Fox, & Sofia 1992 and references therein). While
they involve no free parameters and are quite successful when
applied to solar models, it is not yet possible to assess their
validity in modeling qualitatively different types of stars. In
this context, and despite its limitations, the mixing-length for-
mulation remains a viable alternative.

The iteration procedure is considered to have converged to
the atmospheric structure when the temperature and pressure
corrections have become small enough: AT/T < 10~ 3 and AP/
P < 1072, In most models, corrections which are smaller than
these limits by one or two orders of magnitude are easily
achieved. In all cases, these convergence criteria lead to total
flux conservation to an accuracy better than 1 part in 103 in
each layer of the atmosphere. We have found that in models
with very low effective temperature (T, < 1500 K) and high
gravity (log g > 4.5), the convective flux is extremely sensitive
to the temperature stratification of the atmosphere. Con-
vergence of such models is very difficult to achieve and the
iteration procedure oscillates. In such cases, a final structure
with satisfactory flux conservation was obtained by gradually
constraining the amplitude of the temperature corrections.

2.1. The Equation of State

Under the assumption of LTE, the equation of state of the
H/He mixture depends only on T, P, and the helium mass
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fraction Y. We use an ideal gas (i.e., noninteracting) equation
of state (EOS) which includes the following species: H,, H, H*,
H™,HJ,H, He, and e. The temperature is always below 8000
K and ionization of He is compleiely negligible. In a metal-free
mixture, it is particularly important to include the molecular
ions H and Hj because their presence affects the concentra-
tion of the H™ ion, a very important opacity source in these
atmospheres. This point is made clearly in Figures 3-7 of
Lenzuni et al. (1991).

The treatment of the bound states of these atomic and
molecular species can affect strongly their concentrations at
chemical equilibrium. For H and He, all internal states are
included in the internal partition function sum up to a cutoff
level determined by the mean interparticle distance. This rather
crude cutoff procedure is justified by the relatively low tem-
peratures of interest (T' < 8000 K) where the degree of thermal
excitation of H and He is very low. For H, and H;, we have
summed over all vibrational and rotational levels of the elec-
tronic ground state using the spectroscopic constants given by
Huber & Herzberg (1979). The dissociation energy and the
partition function of H3 have recently been revised by
Chandra, Gaur, & Pande (1991).

Because of the relatively low opacity of H/He mixtures at
low temperatures, the zero-metallicity atmospheres are
compact and dense (see § 3). In the coolest (T, < 1500 K) and
highest gravity (log g > 5) atmospheres, pressures above 10°
dyn cm~2 can be reached at large Rosseland mean optical
depths (tg > 40). A comparison between the ideal EOS used in
this work and the EOS of Saumon & Chabrier (1992), which
carefully accounts for nonideal effects, shows that the deviation
between the two p(T, P) relations is at most 15% under the
conditions found in the lowest T, highest gravity atmo-
spheres. The importance of nonideal effects decreases very
rapidly to a level below 1% at lower optical depths. Because
the nonideal effects become important only for a few extreme
models, and then only at such large 7y that they have no effect
on the emergent spectrum, the use of an ideal EOS is justified.

2.2. Opacity Sources

In these atmospheres, the temperature remains too low to
excite levels in H and He which lead to transitions in the
wavelength range where the radiative flux is important. We
have therefore neglected absorption lines of H and He in our
description of the opacity. On the other hand, we have
included all the important continuum opacity sources for mix-
tures of H and He. Tables 6 and 7 of Lenzuni et al. (1991) list
the relevant scattering and absorption processes along with
updated cross sections. We have found and corrected a minor
error in the H; opacity used by Lenzuni et al. (1991) for which
the correction for stimulated emission is missing. Since H; is a
minor contributor to the opacity, this has negligible conse-
quences.

The H, molecule has no permanent dipole moment and
dipolar radiative transitions are therefore forbidden. At suffi-
ciently high densities, however, collisions with neighboring H,
molecules, as well as H and He atoms, induce temporary dipole
moments in the molecule, thereby allowing dipole transitions.
This is the so-called collision-induced absorption (CIA) by H,,
a very important source of opacity in zero-metallicity atmo-
spheres. A good review of this absorption mechanism is given
in Lenzuni et al. (1991) who have compiled the various contri-
butions to H, CIA and devised some extensions to the existing
quantum mechanical calculations. Their absorption cross sec-
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tions, which we have used in this work, are based on the ab
initio calculations of Borysow, Frommhold, & Moraldi (1989),
Borysow & Frommbhold (1989, 1990, and references therein).
These recent calculations of the H, CIA represent a tremen-
dous improvement in accuracy in band shapes and intensities
over the pioneering work of Linsky (1969) and Patch (1971).
Collision-induced absorption by H, is by far the most compli-
cated and, until recently, the least well understood of the
opacity sources relevant to zero-metallicity atmospheres. The
calculation of a grid of reliable Z = 0, low-T,,; model atmo-
spheres is made possible for the first time by these new cross
sections.

After the completion of this work, an error was found in the
cross section for the roto-translational band of the H,—-H, CIA
spectrum of Lenzuni et al. (1991). This leads to an overestimate
of the band intensity by up to a factor of 1.3 (Borysow 1993).
Fortunately, this band is centered around 10 um, where our
emergent spectra show very little flux and the error becomes
important only in regimes where other opacity sources con-
tribute significantly in this wavelength range. Therefore, we do
not expect any significant consequence on the computed atmo-
spheric structures and emergent spectra.

The degree of ionization being always below 107¢, the
opacity is dominated by three sources: H, CIA, Rayleigh scat-
tering by H, and H, and H™ bound-free and free-free absorp-
tions. Figure 1 shows the frequency dependence of the total
absorption coefficient in a model at T, = 3000 K and log
g = 5. Each curve represents a different depth in the atmo-
sphere, from the surface at log 1z = —6 (bottom curve) to log
T = 2 (top curve). The four absorption bands in the far-red and
infrared are due to H, CIA. Throughout most of this model,
Rayleigh scattering is the dominant opacity source in the
visible part of the specirum (with the characteristic v*
dependence) but it is replaced by the nearly flat H™ bound-free

log x, (em® g™)

2
Frequency (um™")

F1G. 1.—Frequency dependence of the total absorption coefficient. Each
curve corresponds to a different depth in a T, = 3000 K, log g = 5 atmo-
sphere model ranging from log Tz = — 6 (bottom) to log 7z = 2 (top) in steps of
0.33.
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absorption deep in the atmosphere. Note that when H, CIA
and Rayleigh scattering are the main opacity sources, a
“window ” is formed around v = 1 um ™! where the opacity is
minimal.

2.3. A Discussion of Radiative Equilibrium

The temperature structure of the optically thin part of the
atmosphere (1g < 1) is essentially determined by the equation
of radiative equilibrium,

f " kP, TYIBT) — J,(P, T)dv =0, 1)
0

where «, is the true absorption coefficient (excluding
scattering), B, is the blackbody function, and J, is the mean
intensity of the radiation field at frequency v. This equation,
imposed for each radiative layer of the atmosphere model,
expresses local energy conservation. Typically, T is nearly con-
stant in a radiative zone in LTE when 1 < 1.

We have found that for all models where the optically thin
radiative region enters the regime of molecular dissociation, a
large discontinuity of several hundred degrees develops in the
converged T structure. The affected models span the range of
3500 < T S 4500 K, with a weak dependence on gravity.
This discontinuity in T occurs at such low optical depth that
the emergent spectrum is not affected at all. This situation is
illustrated in Figure 2 which shows two converged models with
T, = 3800 K and log g = 3.5. The two different structures,
shown by open and solid circles respectively, were obtained by
starting the iterative solution from two different initial struc-
tures. Both solutions satisfy the equations of stellar atmo-
spheres (hydrostatic equilibrium, radiative transfer, and
radiative equilibrium) to a very high degree of accuracy. In
addition, the emergent spectrum for these two models is very
nearly identical: they depart from each other by
AH /H (max) < 4 x 10”7, This is a consequence of the fact

3.7 T T T T T T

log T (K)

3.5 — —

3.4 1 1 | [ ! | | l L l 1

log P (dyn/cm?)

F1G. 2—Atmosphere models with T, = 3800 K and log g = 3.5. The two
models are fully converged but were obtained from two different initial struc-
tures. Open and filled circles indicate the vertical zoning of each model which
extend over —6 < log 7z < 2. The sharp bend at log P = 4.45 signals the onset
of convection. See text.
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that the spectrum is formed at much greater depths than that
of the discontinuity. A very detailed investigation of this
problem has revealed that the discontinuity is not caused by (1)
the small number of frequency points used in the quadrature,
(2) the number or vertical distribution of the layers in the
models, (3) discontinuous behavior of the EOS or opacity sub-
routines, (4) numerical inaccuracies in the calculation of the
radiative field properties (J, in particular), or even (5) the
numerical method to solve the equation of radiative equi-
librium. Actually, we obtained the same anomalous results by
applying the A-iteration method (Mihalas 1978, p. 179). After
performing an extensive series of tests, we found that this
abnormal solution is actually related to the behavior of the
opacity over a narrow temperature range.

Molecular dissociation and the absence of electron-donor
metals in this zero-metallicity calculation combine to create a
peculiar behavior in x, which to our knowledge has not been
discussed before. At temperatures above the region of molecu-
lar dissociation, hydrogen is in atomic form and a small level of
ionization provides electrons to form H™ which dominates «,
mostly in the visible and in the far-infrared. On the other hand,
for T below the region of molecular dissociation, the absorp-
tion is provided only by H, CIA, which absorbs at infrared
wavelengths, just in the minimum of the H™ opacity. In the
intermediate regime of molecular dissociation, over a tem-
perature range of a few hundred degrees, there are too few
molecules to cause CIA and too few free electrons to form H™.
Consequently, x, drops by about one order of magnitude over
the whole frequency range of interest. In other words, as T is
decreased and H atoms recombine to form molecules, k, is
initially large at visible wavelengths and small in the infrared,
then very small over the whole frequency range of interest, and
finally it rises again at near-infrared wavelengths only.

We have studied the behavior of the integral in equation (1)
in the radiative zone of one of the pathological models. In these
models, the radiative zone is well approximated by an isother-
mal T(P) profile satisfying the equation of hydrostatic equi-
librium. By systematically varying T in the radiative zone, all
T-independent quantities being kept fixed, we found that equa-
tion (1) can have one or three distinct roots. There is also a
degenerate case with only two distinct roots. The existence of
multiple T solutions to equation (1) is undoubtedly caused by
the peculiar behavior of k, discussed above. The evolution of
the roots as a function of depth in the atmosphere completely
explains the observed discontinuity in the converged T struc-
ture. The multiplicity of the roots is reflected in the two con-
verged temperature structures shown in Figure 2.

Note that such discontinuities do not appear in gray model
atmospheres where «, is replaced by its frequency-independent
Rosseland mean, xg. In this case equation (1) simplifies to

rwm —J(P, Tldv =B —J =0, )

which is independent of the opacity.

It appears that for these models, very minute departures
from radiative equilibrium (or flux conservation, AH/H
< 107 %) drive T from one root to another, causing the discon-
tinuity. Artificial removal of the discontinuity gives a model
which still satisfies the flux conservation condition to better
than one part in 10* and does not affect the emergent flux.

For models which enter the regime of molecular disso-
ciation, we have used a different form of the radiative equi-
librium equation to determine the temperature corrections in
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the radiative zone. Equation (1) can be rewritten as
a e )
— H,dv=0, 3
5o || He €

where H, is the Eddington flux, or equivalently,
H(T,P)=H,, ()]

where H = [ H,dv and H, is the surface flux. Linearizing
equation (4) with respect to T, we obtain

H, — H(T, P)

AT =
0H/T |,

)

This expression is used only in the radiative zone (which has
a total depth Aty < 1 for these models) and dH/OT |p is evalu-
ated by numerical differentiation. This implicitly takes into
account the nonlocal coupling through the radiation field.
Equations (3) and (4) are analytically equivalent to equation
(1), and equation (5) leads to a continuous T(P) structure in the
radiative zone. Numerically, the flux conservation obtained
with equation (5) is not as accurate as with equation (1) (if it
were, we would find the very same discontinuity). Convergence
of these models was judged satisfactory when the radiative
equilibrium condition, expressed by equation (1), was satisfied
to better than five parts in 10*. The main drawback of equation
(5) is that it converges much more slowly to a final T(P) struc-
ture than equation (1). This is reminiscent of the difficulties
encountered with the A-iteration procedure.

2.4. The Grid of Models

We have computed a grid of zero-metallicity model atmo-
spheres over the range 1000 < T, < 5000 K and 3.5<
log g <5.5 with a helium mass fraction of Y = 0.25. This
choice of parameters covers VLM main-sequence stars
(M < 0.2 M) and their pre-main-sequence evolution as well
as the evolution of brown dwarfs with masses down to 0.01
M . Convective energy transport is treated with the mixing-
length formalism with a mixing-length parameter of one pres-
sure scale height. The equations of hydrostatic equilibrium,
radiative transfer, and radiative equilibrium are solved in the
range —6 < log g < 2 which is divided into 50 layers. A few
low T,¢ models show a second radiative zone deep in the atmo-
sphere. We found that increasing the number of layers by
about 50% improved the convergence of these models signifi-
cantly. The radiation field is described with 96 continuum fre-
quency points. A much smoother emergent spectrum is
obtained by going to 144 frequency points and the T(P) struc-
ture of the atmosphere remains unaffected.

3. ATMOSPHERIC STRUCTURE

The opacity of a low-temperature H/He gas is about two
orders of magnitude smaller than that of a gas with a solar
admixture of metals. This high transparency of the gas causes
zero-metallicity atmospheres to reach high pressures, typically
one order of magnitude larger than in the solar metallicity case
(see Figs. 15 and 16 of Burrows et al. 1993). The heavy solid lines
in Figure 3 show the T(P) structure of a subset of our grid of
models with a surface gravity of log g = 5 and effective tem-
perature from 1000 K to 5000 K by steps of 500 K. The corre-
sponding gray atmosphere structures are shown by the thin
solid curves. All models shown can be extended to arbitrarily
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low pressures once the temperature has reached a constant
value (the boundary temperature).

The most striking feature of this figure is the dramatic differ-
ence between gray and nongray structures, particularly in the
value of the boundary temperature. On the other hand, the
T¢; = 4500 K and 5000 K gray and nongray models are nearly
identical. This is easily explained. For the latter two models,
the opacity is dominated by H™ at all depths. The frequency
dependence of the H™ opacity is nearly flat in the part of the
spectrum where most of the flux emerges and therefore, the
opacity is “naturally ” gray in these two models. The difference
between gray and nongray models increases as T is
decreased. This is caused by strong departures of the opacity
from grayness once H, CIA becomes important (Fig. 1). The
H, CIA forces the top of the convection zone to rise higher in
the atmosphere than in the gray case, leading to a lower
boundary temperature.

Deep inside the atmosphere, the nongray models are system-
atically hotter than their gray counterparts. This indicates a
higher entropy at large optical depths and that, averaged over
the whole structure, the nongray atmosphere is more opaque.

The photosphere (tx = 1) of each model is indicated by a
triangle in Figure 3. Solid dots indicate transitions between
radiative and convective regimes in the atmospheres. All
models computed in the grid become convectively unstable at
some depth. Interestingly, a few of the low T,;; models have a
second radiative zone deep in the atmosphere. The 1500 K
model shown in Figure 3 becomes convective again at even
larger depths. The second radiative zone of the 1000 K model
extends at least down to 1z = 115, and we expect that ultima-
tely it becomes convectively unstable again at a greater depth.

The physics underlying the structure of these atmospheres is
illuminated by Figure 4 where the same models are plotted
along with entropy contours, or adiabats. The entropy
increases toward the lower right part of the figure, ie., with
increasing T and decreasing P. The entropy increases most
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F1G. 3.—Pressure-temperature structure for models with T, = 1000 K
(left) to 5000 K (right) by steps of 500 K. All models have log g = 5 and
Y = 0.25. The thin solid lines show the corresponding gray model atmo-
spheres. Triangles indicate the T = 1 level (the photosphere), and solid dots
indicate the transitions between radiative and convective zones in the atmo-
sphere.
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Fi1G. 4—Same models as in Fig. 3 plotted on a background of constant
specific entropy contours. The entropy increases toward the lower right, most
rapidly so in the regions of molecular dissociation (log T = 3.5) and of ioniza-
tion of hydrogen (log T =~ 4). In the convective zone, all but the two hottest
models have a nearly adiabatic structure.

rapidly in the region of molecular dissociation and in the
region of ionization of hydrogen atlog T ~ 3.5and log T ~ 4,
respectively. Strikingly, the T(P) structure of the convection
zones is nearly adiabatic for all models but the two hottest.
Adiabaticity is a clear indication that inside the convection
zone, most of the energy is transported by convection and not
by radiative losses from the rising mass elements. This is true
even though convection occurs in the optically thin part of the
atmosphere in all models. The efficiency of convection is mea-
sured as the ratio of the energy content of a convective eddy at
the time of dissolution to the energy lost by radiation during its
lifetime. Within the mixing-length formalism, it is given by

V-V
V -V’

where V is the logarithmic temperature gradient (d log T/
d log P) in the atmosphere, V' is the gradient inside the rising
eddy, and V4 is the adiabatic gradient (Mihalas 1978, p. 189).
At the top of the convection zone, y ranges from = 10? to 10°.
Due to a change in the nature of the opacity, it decreases to
y = 3 in the T, = 5000 K model. Convection is very efficient,
and the temperature gradient in the convection zone is close to
the adiabatic value in all but the hottest models of our grid. As
a consequence, the T(P) structure is insensitive to increases in
convective efficiency by raising the value of the mixing-length
parameter. However, it is affected by reducing the parameter to
uncharacteristically small values (<0.5).

As can be seen in Figure 4, the convection zone can extend
to very high regions in the atmosphere, reaching a maximum in
the 4000 K model. In this model, the T(P) profile of the convec-
tion zone follows the molecular dissociation region where V,4
is smallest, thereby favoring convective instability. This model
also shows a discontinuity of the temperature gradient at the
transition between radiative and convective regions, a feature
of all models where the convection reaches very small values of
optical depth. In all models, the temperature is nearly constant

y = (6)
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in the radiative zone as long as ty < 1. The temperature gra-
dient is therefore very small (V & 0). But as soon as a layer

(solid curves) where they are compared to blackbody energy
i distributions (dashed curves). The T, = 5000 K flux distribu-
1 becomes convectively unstable, the high convective efficiency tion is less instructive and is not shown. Standard photometric
:% (y > 1) forces V~ V,, = 0.1-0.4, causing a sharp bend in the bandpasses in the visible and near-infrared are indicated for
S T(P) profile. convenience.
&
L

4. EMERGENT FLUX DISTRIBUTION AND COLORS For the hotter models (T > 4000 K), H™ is the main
opacity source. It is relatively featureless and frequency-
independent and the emergent flux distribution is quite similar
to the blackbody function. For lower T, the part of the atmo-

The emergent Eddington flux distributions for the sequence
of models shown in Figure 3 are displayed in Figures 5a-5d
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FiG. 5—Emergent flux distributions for the models presented in Fig. 3. The corresponding blackbody emission is shown by the dashed lines. All models have
log g = 5and Y = 0.25. Standard photometric bandpasses (FWHM) are indicated at the top. (a) T,;; = 4500 K (top) to 2500 K (bottom) by steps of 500 K. (b) T, =
2500 K (top), 2000 K and 1500 K. (c) T, = 1500 K (top) and 1000 K. (d) T, = 1000 K.
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sphere where the spectrum is formed (tg < 2) is cooler and
hydrogen is mostly in molecular form. The H, CIA now
becomes an important source of opacity in the near-infrared
(v S 1.2 um™?Y), where the blackbody flux is important. This
strong absorption forces the flux to emerge at higher fre-
quencies, and dramatic deviations from a blackbody spectrum
follow (Fig. 5a).

The hydrogen molecule absorbs in four major bands, each
corresponding to a change in the total vibrational quantum
number v of the molecule(s) of Av =0, 1, 2, and 3. Cross sec-
tions for higher overtone bands are not available. These broad
absorption bands are centered at v~ 0.16, 0.4, 0.8, and 1.2
um ™! respectively. As the temperature is lowered, the collision
time between a molecule and its neighbors (H,, H, He)
increases and the bands become narrower and more clearly
separated.

For T, < 2500 K, the peak emission occurs in the minimum
of opacity between H, CIA and Rayleigh scattering and
remains confined to 1.0 < v < 1.5 um™! (Figs. 1 and 5b-5d).
Figures 5a—5d clearly show that as T is decreased, the peak of
emission shifts to the blue! This counterintuitive result is a
direct consequence of the strong H, absorption in the infrared,
an absorption which gets stronger as T decreases, just in the
frequency range where the blackbody flux at the base of the
atmosphere (tg > 1) is maximum. At the extreme, the T, =
1000 K spectrum bears no resemblance to either a blackbody
or any known stellar spectrum. The H, molecule absorbs most
strongly in the K photometric bandpass and the emergent
spectrum peaks in the I and R bands. The dominant influence
of H, on the appearance of the spectrum of Z = 0 atmospheres

underscores the importance of using accurate cross sections for

this opacity source.
The emergent spectrum is also sensitive to gravity, as shown

by the sequence of 3000 K spectra displayed in Figure 6.

T ' T I T
ML’ K H I R \4
—
|
N 77N
/ \,
fis B VRN B
o~ i \
i
g / Y black body
Q ) \
- 1 ll _________ _—
| /
2] !
/
oo \
I i \
] - i
| \
© ! \
1 ! \
o / \
et ! \
~ | 1 \ .
3 { 3
S i \
X f \
=) ! \ a
E ) \
! \
1 \,
1 \,
! \\
! N
- N,
! ~
/ AN
l/ Sso
0 1 | 1 f iiiii
0 1 2 3

Frequency (um™)

F16. 6.—Effect of the surface gravity on the emergent flux. All models have
T4 = 3000 K and Y = 0.25. The gravity goes from log g = 3.5 (leftmost
spectrum) to 5.5 by steps of 0.5. A 3000 K blackbody is shown by the dashed
curve and standard photometric bandpasses (FWHM) are indicated at the top.
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Surface gravity increases from log g = 3.5 to 5.5 (left to right)
by steps of 0.5. The pressure in an atmosphere increases
roughly linearly with the gravity. The absorption coefficient of
the H, CIA per molecule, being a collisional process, is pro-
portional to the total pressure P. It follows that H, absorption
becomes stronger with increasing g, pushing the emergent flux
toward higher frequencies, as seen in Figure 6. The effect on the
emergent flux of an increase in g is qualitatively similar to that
of a decrease in T .

Using the filter transmission curves and absolute calibration
given in Bessell (1990) and Bessell & Brett (1988), we have
computed colors and the V bolometric correction for all
models in our grid (Table 1). A large set of color-color dia-
grams can be generated from this table: two are shown in
Figure 7. In these diagrams, each model from Table 1 is rep-
resented by a diamond. Solid lines connect models with the
same T, and an open diamond indicates the log g = 3.5
model of each sequence. A heavy dashed line shows the Z =0
main sequence (see below) from 0.092 M (open circle) to 0.2

M.

Because of the jagged nature of the emergent flux distribu-
tion, it is difficult to interpret physically (e.g., in terms of T,
and g) the trends seen in the colors. The J—K versus R—1
diagram offers a fairly good separation of T, and g. Inter-
estingly, both colors become independent of gravity and effec-
tive temperature at high T,. Table 1 indicates that ¥ —R and
V —1I are good temperature indicators for T, > 4000 K. The
main sequence is found in the high-g high T, part of the
diagram. All other models correspond to pre-main-sequence
evolution or brown dwarfs (see below).

By contrast, all models form a single sequence in the J—H
versus H — K diagram: it is impossible to distinguish variations
in g from variations in T. This reflects our earlier observation
that changes in g and T have a qualitatively similar effect on
the energy distribution.

Two T = 3000 K, log g = 5 models are shown in Figure 8:
Our Z = 0 model and a [M/H] = —3 (Z ~ 0.001 Z) model
from Allard (1993). The latter model uses the same H, CIA
cross sections, but also includes about 3000 atomic lines as well
as molecular absorption mainly by TiO, VO, H,0, CO, CaH,
and FeH. Even such a small amount of metals generates

numerous absorption features in the visible part of the spec-
trum. While the two spectra share a similarity in overall shape,
these new absorption features force the flux back toward the
near-infrared, resulting in a redder spectrum, somewhat closer
to the blackbody flux distribution. It is clear however, that for
Z/Z g = 0.001, the near-infrared part of the spectrum is domi-
nated by H, absorption, and not by the H,O and CO features
observed in higher metallicity stars. Without a sequence of
synthetic spectra of decreasing metallicity, it is difficult to esti-
mate the minimum metallicity which will cause a significant
departure from the Z = 0 flux distribution. Figure 8 suggests
that this value is below ~10™* Z, lower than the values
determined for the most extreme metal-poor stars known.

Nevertheless, the Z = 0 atmospheres and emergent flux dis-

tributions can be used to constrain and interpret observations

once they are coupled with interior models.

5. OF ATMOSPHERES AND INTERIORS

For most of the last decade, increasingly sensitive infrared
detectors have fueled a great interest in observational and
theoretical studies of the low-mass end of the main sequence
and of the substellar brown dwarfs. While the modeling of the
atmospheres of late M dwarfs and brown dwarfs is just gaining
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1

E: TABLE 1

1

' COLORS AND BOLOMETRIC CORRECTIONS FOR Z = 0 ATMOSPHERES™®

|,_,I

I%: Toge log g

- ) (cms™2?) V-R v-I v—J V-H V-K V-L V-M BCY)

?‘: 3.50 1.21 1.49 1.00 1.04 —1.90 5.14 5.14 -0.71
4.00 1.10 0.96 0.27 0.35 —2.81 4.59 4.57 -0.30
4.50 1.00 0.53 -0.39 —0.32 —3.76 4.10 407 0.00
5.00 0.85 —0.02 —1.04 —0.95 —4.63 3.64 3.60 0.29
5.50 0.92 —0.26 —1.34 —1.23 —5.07 347 342 0.36
3.50 1.44 2.20 1.65 1.45 -0.14 4.55 4.61 -0.93
4.00 1.30 1.72 0.96 0.78 —1.00 4.01 4.06 —0.53
4.50 1.13 1.12 0.15 0.00 —-1.99 3.41 3.46 -0.10
5.00 0.96 0.54 —-0.50 —0.62 —2.81 2.96 2.99 0.21
5.50 0.78 —0.06 —1.18 —1.26 —3.72 2.49 2.51 0.49
3.50 1.46 2.54 227 1.92 1.06 424 4.32 —-1.15
4.00 1.32 2.15 1.58 1.24 0.27 3.70 3.78 —0.74
4.50 1.18 1.74 093 0.61 —048 321 3.29 —-0.39
5.00 1.05 1.31 0.34 0.03 —1.18 2.79 2.86 -0.09
5.50 091 0.88 -0.22 —0.49 —1.84 2.39 2.46 0.17
3.50 1.33 247 2.73 242 1.95 4.01 4.11 —-1.22
4.00 1.22 222 2.18 1.82 1.29 3.55 3.65 —0.88
4.50 1.12 1.97 1.66 1.27 0.68 3.13 3.23 —0.60
5.00 1.02 1.72 1.18 0.78 0.13 2.71 2.87 -0.35
5.50 0.93 1.47 0.75 0.35 —0.36 2.46 2.55 -0.15
3.50 1.14 2.17 291 2.86 2.73 3.89 3.99 —-1.19
4.00 1.05 2.02 2.56 242 2.20 3.52 3.61 —-0.94
4.50 0.98 1.88 2.22 1.99 1.70 3.18 327 -0.73
5.00 0.92 1.76 1.89 1.59 1.24 2.87 297 —0.55
5.50 0.87 1.64 1.57 1.21 0.82 2.60 2.70 —0.40
3.50 092 1.79 2.74 297 3.08 3.67 3.78 —-1.02
4.00 0.88 1.72 2.60 2.74 2.82 347 3.58 —0.90
4.50 0.84 1.66 244 2.50 2.52 3.26 3.36 —0.78
5.00 0.81 1.60 2.27 225 2.20 3.04 3.14 —-0.67
5.50 0.78 1.54 2.09 1.98 1.85 2.81 291 -0.56
3.50 0.74 1.48 2.35 2.82 2.99 3.32 341 —0.78
4.00 0.72 1.45 2.30 2.72 2.84 3.22 3.31 —-0.73
4.50 0.71 1.42 2.25 2.60 2.70 3.12 3.21 —0.68
5.00 0.70 1.40 2.20 248 2.55 3.01 3.10 —0.63
5.50 0.68 1.37 2.14 2.34 2.39 2.88 2.98 —0.58
3.50 0.58 1.18 191 242 2.58 2.74 2.79 —0.50
4.00 0.59 1.19 1.92 241 2.57 2.75 2.81 —-0.51
4.50 0.59 1.19 191 2.36 2.53 2.73 2.79 —0.49
5.00 0.59 1.19 1.90 233 2.49 2.71 2.78 —0.48
5.50 0.59 1.19 1.88 227 2.41 2.67 2.74 —0.47

2 We adopted the filter transmission curves and the absolute calibration of Bessell & Brett 1988 and Bessell 1990.
by =025

momentum, their evolution has been studied by several groups
(see the reviews by Stevenson 1991, and Burrows & Liebert
1993).

The lives of VLM stars and brown dwarfs present a rela-
tively simple problem of stellar evolution. All of these objects
have fully convective interiors and are essentially adiabatic.
The evolutionary timescale is almost exclusively controlled by
the atmosphere which constitutes a very thin, insulating
surface layer. The ability of the atmosphere to let energy escape
to space depends strongly on the opacity of the gas, which is a
steep function of metallicity. The atmosphere, seen as a surface
boundary condition (BC) to the equations of stellar structure
and evolution, therefore plays a very important role in this
type of object. Nevertheless, nearly all evolutionary calcu-
lations rely on a crude description of the atmosphere as a
boundary condition. The most common approach is to
perform some form of integration of the equation of hydro-
static equilibrium:

dP g

s
dig Ky

™

assuming a gray T(zg) structure, down to the level where the
atmosphere becomes convectively unstable. The crudest
approach is to do a one-step integration of equation (7) and
solve for T and P such that

—=Z ®

at the “surface” of the star. Even for gray atmospheres, such
approaches are very approximate because they do not consider
the problem of radiative transfer.

Burrows et al. (1993) presented the evolution of VLM stars
and brown dwarfs of both zero and solar metallicities where
the surface BC was obtained with gray atmospheres. These
atmospheres treated the problem of radiative transfer explicitly
and self-consistently with energy transport by convection. The
BC is then expressed as a relation between the entropy of the
interior adiabat S (obtained at a level where the atmospheric
structure becomes adiabatic) and the atmospheric parameters:
S(Te, g, Y, Z). The grid of nongray model atmospheres of
zero-metallicity presented here provides us with a new and
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F1G. 7—Color-color diagrams for all the models of Table 1. Solid lines connect models with the same T, but with different surface gravities. Each model is
indicated by a diamond; the log g = 3.5 models of each T sequence is shown by an open diamond. The heavy dashed line marks the locus of the Z = 0 main
sequence for masses below 0.2 M ;. The minimum main-sequence mass (0.092 M ;) is shown by an open circle. (a) In the (J — K) vs. (R—1I) diagram, the upper curve

corresponds to T, = 1000 K. (b) In the (J — H) vs. (H — K) diagram, the T,;; = 1000 K model sequence is at the left.

accurate surface BC for zero-metallicity stars. Figure 9 com-
pares the gray and the nongray surface BC S(T.y, g) with

Y = 0.25 and Z = 0. Note that the entropies indicated for the
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F1G. 8—Comparison between T, = 3000 K, log g = 5 synthetic spectra of
zero metallicity and with a small but finite metallicity of [M/H] = —3 (Allard
1993). The flux distribution of a 3000 K blackbody is represented by the
dashed curve. Standard photometric bandpasses (FWHM) are indicated at the

top.

1000 K nongray models are strictly upper values because the
integration of the atmosphere ends in the second radiative
zone (which is not adiabatic), as discussed in § 3. The largest
differences are found at high gravity and for effective tem-
peratures in the ~2000 K to 3500 K range, parameters charac-
teristic of relatively young and massive brown dwarfs. The
effect on the location of the Z = 0 main-sequence stars, which
are hotter, should be more modest but still significant.

We have recomputed the evolution of Z = 0 objects in the
0.01 to 0.2 M ;, range (model Z of Burrows et al. 1993) using the
new, nongray surface boundary condition. Moderate quanti-
tative differences result from this new calculation, although it is
qualitatively identical to model Z. The results are summarized
in Figure 10 which shows evolutionary tracks in the (T ¢, log g)

plane. Open circles show the grid of nongray model atmo-
spheres. The evolution proceeds from the upper left toward the
lower right part of the diagram, in a fashion similar to the
evolution in an Hertzsprung-Russell diagram. Diamonds
along each track indicate ages of 10°, 107, 108, 10°, and 10*° yr,
respectively. From left to right, the tracks correspond to

masses of 0.2, 0.15, 0.1, 0.092, 0.09, 0.08, 0.07, 0.06, 0.05, 0.04,

0.03, 0.02, and 0.01 M. The first four stabilize on the main

sequence after & 10° yr. The other objects are brown dwarfs.

Physical and photometric characteristics of the low-mass
end of the Z = 0 main sequence are given in Table 2 and
displayed in Figure 7. The minimum mass for the Z = 0 main
sequence obtained here, 0.092 M, is the lowest reported so
far. It can be demonstrated analytically that the minimum
main-sequence mass decreases when the atmospheric opacity is
increased (Burrows & Liebert 1993). Using opacities which did
not include the H, CIA and an approximate gray surface BC,
D’Antona (1987) obtained a value of 0.115 M. With updated
opacities which include the H, CIA, Burrows et al. (1993)
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F16. 9.—The surface boundary condition used for evolutionary calcu-
lations shown as S(T, g), where S is the entropy at the base of the atmosphere.
Each pair of curves corresponds to a value of the surface gravity, ranging from
log g = 3.5 (top) to 5.5 by steps of 0.5. The S(T,, g) relation for both gray and
nongray model atmospheres is shown.

revised this value downward to 0.094 M. This arises from the
substantial increase in opacity due to H, absorption. By using
nongray atmospheres as a surface BC, which effectively
increases the average atmospheric opacity compared to the
otherwise identical gray case (see § 3), the value is further
reduced to 0.092 M. As expected, the properties of the low-
mass end of the main sequence computed with a nongray
surface boundary condition are close to the gray case.

If we neglect the minute amounts of elements heavier than
helium produced during the primordial nucleosynthesis, zero-
metallicity models describe the very first generation of stars,
the so-called Population III stars. The mass function of this
stellar population could extend down to the VLM range since
collapsing clouds can fragment into low mass stars even in the
absence of heavy elements (Palla, Salpeter, & Stahler 1983).
Model Z of Burrows et al. (1993) shows that Z = 0 brown
dwarfs are all extremely faint and essentially undetectable after
10*° yr of cooling, with L/Ls, < 1075, This is a consequence of
their transparent atmospheres which allow energy to escape
more freely. On the other hand, if VLM stars of zero metallicity
formed in the distant past, they have remained virtually

5000 4000 3000

Teﬂ (K)

F1G. 10.—Evolution of VLM stars and brown dwarfs of zero metallicity in
the (log g, T,;) plane. Starting from the upper right, the mass for each evolu-
tionary track is 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.092, 0.1, 0.15,
and 0.2 M, respectively. The evolution proceeds from the upper left toward
the lower right part of the diagram, with diamonds indicating ages of 10°, 107,
10%, 10°, and 10'° yr, respectively. Open circles show the grid of computed
nongray model atmospheres.

2000 1000 0

unchanged to this day. Figures 6 and 18 of Burrows et al.
(1993) show that the Z = 0 main sequence is slightly more
luminous than its Z = Z; counterpart, for which numerous
examples have been discovered in the solar neighborhood.
Table 2 shows that they are not especially faint and Figure 5a
indicates that they would be brightest in the I, J, and H band-
passes.

This is the first accurate calculation of the low-mass end of
the Z = 0 main-sequence properties. Since it represents the
extreme case of low metallicity, it provides a rigid boundary in
the Hertzsprung-Russell diagram which can assist in the inter-
pretation of data, as we now show.

Figure 11 shows a sample of 354 low-luminosity stars from
the US Naval Observatory stellar parallax program, as com-
piled by Monet et al. (1992). Besides illustrating the low-mass
end of the main sequence beautifully, this figure also shows a

TABLE 2
PHOTOMETRIC PROPERTIES OF THE Low-MAss END OF THE Z = 0 MAIN SEQUENCE™®

M T log g
Mg) (K) (cms™?) My M, V—-R V-I V—-J V—-H V-K V—-L V-M
0.200......... 4298 512 9.46 10.01 0.63 1.27 2.02 241 2.53 2.85 293
0.150......... 4155 5.19 10.10 10.68 0.66 1.33 2.10 243 2.51 291 2.99
0.125......... 4041 5.25 10.58 11.18 0.68 1.37 215 241 248 293 3.02
0.100......... 3796 5.38 11.38 11.99 0.73 1.46 220 230 232 293 3.03
0.095......... 3643 543 11.75 12.35 0.76 1.51 217 217 213 2.89 299
0.092......... 3410 5.49 1222 12.76 0.80 1.57 2.03 1.87 1.69 278 2.87

» We adopted the filter transmission curves and the absolute calibration of Bessell & Brett 1988 and Bessell 1990.

by =025
¢ Using M, ,(©) = 4.72.
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F1G. 11.—Hertzsprung-Russell diagram comparing the observations reported in Monet et al. (1992) with our calculations. Members of the observed extreme
subdwarf sequence are indicated by triangles. The solid curve on the left shows the Z = 0 main sequence computed with the nongray surface boundary condition of
Fig. 8. The Z = Z;, main sequence computed with a gray surface boundary condition by Burrows et al. (1993) is shown to the right. Thin lines connect models of

equal masses in each sequence (see text). Adapted from Fig. 14 of Monet et al. (1992).

well-defined subdwarf sequence to the left of the main sequence
(triangles). All of these subdwarfs have very large space velo-
cities which clearly identify them as part of the halo popu-
lation. Further details are given in Monet et al. (1992).
Superposed on the data are the Z = Z, main sequence of
Burrows et al. (1993), which uses a gray surface boundary con-
dition, and the present Z = 0 main-sequence calculation. Thin
solid lines connect models of equal masses. The low-mass end
of the Z=Z, main sequence is outside the figure, at
M = 0.077 My, log T, = 3.24,and M, = 15.25.

The large discrepancy between the location of the observed
and theoretical main sequences was noticed several years ago.
This disagreement, where the observed main sequence is cooler
than predicted from the models, is found in almost every such
comparison, regardless of the source of data or of the models
used in the comparison (Burrows & Liebert 1993 and refer-
ences therein). It has now become clear that the conversions
between photometric colors and T, which until recently were
all based on some form of blackbody fitting, systematically
underestimate T, for VLM stars. In the first attempt to
resolve this unsatisfactory situation, Kirkpatrick et al. (1993)
determined T by fitting near-infrared spectra with the syn-
thetic spectra of Allard (1990). They obtained luminosities and
temperatures which agree very well with theoretical predic-
tions, confirming the suspicion that color temperatures under-
estimate T,¢. Jones et al. (1994) reached the same conclusion in
a complementary study.

In view of the previous remarks, if we slide the data points of
Figure 11 along the T, axis to match the observed and the

computed Z = Z, main sequences, we find that the computed
Z = 0 main sequence nicely delimits the extent of the extreme
subdwarf sequence. We have implicitly assumed that the
degree to which the effective temperature of the observed stars
is underestimated does not depend on their metallicity. This is
very difficult to verify since Monet et al. (1992) use different T,
versus (V' —I) calibrations for the dwarf and subdwarf
sequences. Only T, and My, based on fits of observed spectra
will resolve this issue. This exercise of fitting theory and obser-
vations suggests that some of the stars in this sequence have
metallicities much lower than the 0.02 Z, value adopted by
Monet et al. (1992). The survey of Population II stars in the
spheroid of the Galaxy by Richer & Fahlman (1992) also sup-
ports this contention. Moreover spotty spectroscopic data for
some of the extreme subdwarfs of Figure 11 show a near
absence of TiO absorption bands (Monet et al. 1992). The
[M/H] = —3 synthetic spectrum displayed in Figure 8,
however, shows TiO absorption near v = 1.27 and 1.4 ym™!,
providing additional evidence that there are extremely low
metallicity stars among this sequence. We can firmly state that
regardless of the method used to obtain T, and M, no star
should lie to the left of the Z = 0 main sequence shown in
Figure 11 (with an allowance for a weak dependence on Y).

6. CONCLUSIONS

This is the first set of detailed zero-metallicity atmosphere
models for cool stars. The substantial improvement in the H,
CIA cross sections has been crucial for this work as it is the
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least well understood of the three important opacity sources
relevant for VLM stars and brown dwarfs of extremely low
metallicity. The Z = 0 atmospheres are dense and all become
convective in the optically thin layers. The emergent spectrum
deviates strongly from a blackbody and in the more extreme
case of low effective temperature, it does not resemble any
known stellar spectrum. It follows that effective temperatures
based on blackbody fits to broad-band photometry of
extremely low-metallicity stars are unreliable. Only spectro-
scopic data fitted with synthetic spectra can provide the accu-
racy required to understand these objects.

The evolution of Z = 0 VLM stars and brown dwarfs was
recomputed using the nongray atmosphere as a surface bound-
ary condition. The minimum mass for hydrogen burning is
now established at 0.092 M and the computed photometric
properties of the main sequence up to 0.2 M, provide a reli-
able basis to compare theoretical models directly with observa-
tions. The Z = 0 main sequence represents the extreme limit of
low-metallicity and as such, it forms a boundary in the
Hertzsprung-Russell diagram which is useful to interpret data

on low-metallicity stars. VLM stars spend more than a Hubble
time on the main sequence. If the first generation of stars
included VLM stars, they should still be visible with today’s
instrumentation. Population III brown dwarfs, on the other
hand, would have cooled to luminosities well below the current
detectability limit.
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2606), and by NASA grant HF-1051.01-93A from the Space
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