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ABSTRACT

We suggest that the near-infrared emission of many Herbig Ae/Be stars arises in surrounding dusty
envelopes, rather than circumstellar disks. Hillenbrand et al. and Lada & Adams showed that circumstellar
disk models which reproduce the ~3 um peaks in the near-infrared spectral energy distributions of Ae/Be
stars must have high accretion rates, and must either be transparent in their inner regions, or have physical
inner disk “holes.” However, we show that disks around Ae/Be stars are likely to remain optically thick at the
required accretion rates. Alternatively, the assumption of a physical hole in the disk implies either that large
amounts of material pile up at ~ 10 stellar radii or that ~90% of the accretion luminosity escapes detection.
To avoid these difficulties we propose that the infrared excesses of many Ae/Be stars originate in surrounding
dust nebulae instead of circumstellar disks. These dust envelopes could be associated with the primary star or
a nearby companion star. One picture supposes that the near-infrared emission of the envelope is enhanced by
the same processes that produce anomalously strong continuum emission at temperatures ~ 1000 K in reflec-
tion nebulae surrounding hot stars. This near-infrared emission could be due to small grains transiently
heated by ultraviolet photons. Some Ae/Be stars show evidence for the 3.3-3.6 um emission features seen in
reflection nebulae around hot stars, which lends further support to this suggestion. Given the difficulties of
applying circumstellar disk models to Ae/Be stars, dusty nebula hypotheses deserve further consideration.

Subject headings: accretion, accretion disks — circumstellar matter — stars: emission-line, Be —

stars: pre-main-sequence

1. INTRODUCTION

The Herbig Ae/Be stars are thought to be young, pre-main-
sequence stars of intermediate mass (Herbig 1960; Strom et al.
1972; Finkenzeller & Jankovics 1984; Finkenzeller & Mundt
1984). Recently, Hillenbrand et al. (1992, hereafter HSVK) and
Lada & Adams (1992, hereafter LA) have interpreted the excess
infrared emission of these young stars with circumstellar disk
models similar to those that have successfully reproduced
infrared excesses of the lower mass, pre-main-sequence T
Tauri stars (Adams, Lada, & Shu 1987; Kenyon & Hartmann
1987; Bertout, Basri, & Bouvier 1988). The HSVK and LA
studies address the important question of whether
intermediate-mass stars accrete substantial amounts of
material from circumstellar disks.

One striking feature of many Ae/Be star spectral energy dis-
tributions is a local peak in the infrared excess at a wavelength
of ~3 um. Both HSVK and LA attribute this emission to dusty
disk material heated to temperatures of ~2000 K. In their
picture, grains evaporate at temperatures exceeding ~2000 K,
so optically thin disk material inside the “dust destruction
radius” emits less radiation than optically thick, dusty
material at larger disk radii. The lack of (blackbody) emission
from inner disk regions causes model spectral energy distribu-
tions of disks to decline shortward of 4 ~ 3 um; these models
reproduce broadband 0.5-10 pm photometry if the dust
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destruction radius occurs at 5-20 stellar radii and the mass
accretion through the disk exceeds ~107¢ M, yr~* (HSVK;
LA).

While this interpretation for the 3 um peak is attractive,
stndard disk models do not naturally produce inner “holes”
(as mentioned briefly by HSVK). As we show in this paper, the
inner disks of Ae/Be stars likely remain optically thick at the
high accretion rates needed to account for the observations.
Small disk optical depths are possible for low accretion rates,
but slow accretion does not produce obvious 3 um peaks in the
spectral energy distributions no matter how large the optically
thin “ hole ” becomes.

As an alternative to dust destruction, HSVK suggest that
inner disk holes might be caused by a stellar magnetosphere,
which holds off the disk far from the stellar surface (e.g., Konigl
1991). However, this model also presents difficulties, because
the magnetospheric radius—and hence the maximum disk
temperature—should vary considerably unless all young stars
have the same magnetic field strength. More important, the
total accretion luminosity must greatly exceed that indicated
by the infrared, optical, and ultraviolet spectral energy dis-
tributions unless material piles up in the disk (see § 3.3.).

Mindful of these difficulties, we suggest that surrounding
dusty nebulae might be the source of the 3 um emission of
many Ae/Be stars. A dusty envelope in radiative equilibrium
around either the primary star or a possible companion could
explain the observations with appropriate parameters;
however, the envelope must lie close to the star, and should be
infalling, so the missing accretion luminosity problem remains.
We propose that small dust grains—transiently heated to tem-
peratures of ~1000 K by ~ 10 eV photons—produce the 3 um
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excess. Sellgren (1984; see also Sellgren et al. 1985) originally
advanced this explanation for the 1000 K continuum and line
emission from large reflection nebulae around several hot stars.

The dust envelope hypothesis seems especially applicable to
the Herbig Ae/Be stars, because prominent reflection nebulae
are a defining feature of the class and many Ae/Be stars clearly
display significant 10-100 um emission from an extended
source (HSVK). It also accounts for the apparent lack of 3 um
emission peaks in the spectral energy distributions of F-type
pre—main-sequence stars, because these stars do not emit
enough hv ~ 10 eV photons to heat a large population of small
grains to 1000 K. If this explanation is correct, then simple
radiative equilibrium calculations are insufficient for modeling
the near-infrared emission of Ae/Be stars.

We discuss the spectral energy distributions of Ae/Be stars in
§ 2, adding to the results of HSVK and LA by considering
infrared emission features in more detail and by including
ultraviolet data. Section 3 presents disk model calculations.
We discuss dusty envelope models for the Ae/Be stars in § 4
and summarize our resultsin § 5.

2. SPECTRAL ENERGY DISTRIBUTIONS

2.1. General Comments

One major problem in understanding Ae/Be stars is the het-
erogeneity of the class, which ranges from FO to BO (T, ~
7000-30,000 K) in spectral type and from ~50 L to 210° L
in bolometric luminosity. Although Herbig’s original definition
required the presence of an A-type (or earlier) absorption spec-
trum, many Ae/Be stars display mainly H 1 and He 1 emission
lines that sometimes show blueshifted P Cygni absorption
components. The low-mass T Tauri stars clearly illustrate the
danger of assigning spectral types solely from emission lines,
because many also exhibit H 1 and He 1 emission lines and hot
(~8000 K) continuous emission in addition to a late-type
absorption spectrum (see Bertout et al. 1988; Basri & Bertout
1989; Hartigan et al. 1990). In fact, the optical spectra of some
low-luminosity Ae/Be stars—such as R CrA (HSVK)—closely
resemble the “strong emission” T Tauri stars (e.g., Cohen &
Kuhl 1979), in which the underlying late-type stellar contin-
uum cannot be seen above the hot excess emission.

Even strong absorption lines do not guarantee a reliable
spectral type. For example, effective temperature estimates
often rely on the strength of He 1 15876, which may be formed
in the wind rather than in the stellar photosphere. This behav-
ior clearly occurs in MWC 1080 (Fig. 1), where He 1 absorption
is blueshifted. (Finkenzeller & Mundt’s [1984] high-resolution
spectrum of MWC 1080 shows no evidence for any He 1
absorption.) High-resolution spectra of other Ae/Be stars with
complicated spectra should be acquired to investigate the He 1
and other features used for spectral classification (e.g., Hamann
& Persson 1992b, c).

The uncertain system luminosity presents another major dif-
ficulty in understanding the spectral energy distributions of
Ae/Be stars. These stars emit most of their radiation between
1000-3000 A, so a typical extinction of A, ~ 1-2 mag results
in a factor of 10-100 correction to the observed stellar lumi-
nosity. Large extinction corrections do not affect assessments
of the near-infrared slope (LA) or the significance of the 3 um
peak (HSVK), but the ratio of the infrared excess luminsoity,
Ly, to the stellar luminosity, L,, does determine whether disk
emission requires additional accretion energy (for large L/L,)
or can be powered by reprocessed starlight (for small Lig/L,).
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F1G. 1.—He 1 A5876 and Na 1 resonance line absorption in the Ae/Be star
MWC 1080. The He 1 absorption is blueshifted from the local interstellar value
and extends to more than —300 km s~ ! from line center. This spectrum was
taken on 1988 December 1 with the echelle spectrograph and TI 3 CCD on the
KPNO 4 m telescope, with ~12 km s~ ! resolution. Further details of the
observations can be found in Hartigan et al. (1989).

All these complications limit our analysis in this paper to
Ae/Be stars with reliable spectral types and infrared excesses
smaller than the optical-ultraviolet (stellar) luminosity
(HSVK’s “Group I” objects). HSVK defined Group II objects
to be Ae/Be stars with IR excesses flat or rising between 2 and
10 um: for many of these objects, the infrared excess is larger
than the apparent luminosity of the central star. HSVK point
out that extensive dusty nebulae probably surround most
Group II objects and that scattered light produces most of the
observed optical-ultraviolet emission (see also Hamann &
Persson 1992a). HSVK support this hypothesis by showing
that many of these objects apear to be below the zero-age main
sequence and have high-polarization. We cannot correct the
scattered optial-ultraviolet flux to recover the total stellar
luminosity, and separating possible emission from dusty
envelopes and disks is difficult, so we do not consider these
objects further. However, the Group II objects do constitute
~25% of the Ae/Be star sample (HSVK), which will become
important later in our discussion.

2.2. Spectral Energy Distributions of Ae/Be Stars

Guided by The Catalog of Infrared Observations (Gezari,
Schmitz, & Mead 1987), we collected historical infrared obser-
vations of Ae/Be stars. We restricted our compilation to
“standard ” filters—J (1.25 um), H (1.65 um), K (2.22 um), L
(3.5 pm), M (4.8 um), [8.4], N (10 um), [11.1], and Q (20
um)—and averaged the data to produce mean K magnitudes
and colors (J — K, H— K, etc) for the entire sample. The central
wavelengths of the broad-band filters vary by a small amount
from one observatory to the next (see Bessell & Brett 1988), but
we compiled these measurements at a single wavelength for
simplicity. This procedure is most questionable for the 3.5 um
window, where the central wavelength varies from 3.45 ym (L)
to 3.8 um (L’; Sinton & Tittemore 1984). However, the average
K — L color for Ae/Be stars in our sample differs little from the
average K — L’ color when several measurements are available,
and the dispersion in K —L or K— L’ for a single Ae/Be star is
small compared to the range in K — L for the entire sample.
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Our infrared colors have a typical dispersion ~0.1 mag for a
single object, and differ little from HSVK’s individual measure-
ments.

We supplemented the infrared observations with optical
photometry from Herbst, Holtzman, & Phelps (1982) and
Herbst, Holtzmann, & Klasky (1983), Herbig & Bell (1988, and
references therein), and HSVK. As with the infrared data, we
averaged multiple observations to produce a mean V bright-
ness and optical colors (U—V, B—V, etc.). We then dered-
dened the combined optical and infrared data using the
average B—V color and the spectral type (Herbig & Bell 1988).

Finally, we assembled ultraviolet observations for a handful
of Ae/Be stars—BD +61°154, AB Aur, T Ori, UX Ori, BN
Ori, CO Ori, V380 Ori, BF Ori, HD 20775, HD 250550, HD
259431, CU Cha, BD +40°4124, BD +65°1637, and BD
+46°3471—observed with the International Ultraviolet
Explorer (IUE). We calibrated these spectra using standard
methods (Harris & Sonneborn 1987), extracted average fluxes
in 30 A bandpasses centered at 0.13, 0.17, 0.22, and 0.27 um,
and dereddened these fluxes using a standard interstellar
extinction curve (Savage & Mathis 1979). Although IUE fluxes
have intrinsic accuracies of ~10%, the biggest uncertainties in
the ultraviolet spectral energy distributions arise from the
extinction corrections, which can exceed 5 mag at 0.13 um for
Ay, ~ 2 mag.

Figures 2a-2c present dereddened spectral energy distribu-
tions for 18 objects chosen to exhibit the general range of
behavior and to illustrate many points made by HSVK. The
spectral energy distributions often show a peak at 2-3 um. This
peak is quite pronounced in many objects (LkHa 234, RR Tau,
V380 Ori, and T Ori), but is relatively small (AB Aur, UX Ori,
V586 Sco or absent (HD 259431, HD 250550, HD 200775, HD
245185, CU Cha) in many others. (Our averaged photometry
for HD 250550 differs from that of HSVK, who found a more
pronounced 3 um peak). In particular, roughly one-third of the
Group I objects from HSVK show little or no evidence for a
peak at 3 um; moreover, the F-type members of the Ae/Be
class exhibit a negligible 3 um peak (Fig. 2¢).

In addition to the 2-3 um continuum excess, some Ae/Be
stars display emission features in the wavelength ranges 3.3-3.6
um and 6-11 um similar to those observed in reflection
nebulae (see § 4). In particular, CU Cha (HD 97048), XY Per,
and HD 245185 exhibit 3 um emission features in moderate-
resolution spectra (Whittet et al. 1983; Brooke & Tokunaga
1992). CU Cha and Elias 1 also show emission bands through-
out the 6—12 um region at medium resolution (see Schutte et al.
1990).

Despite the large ultraviolet extinction corrections and weak

ultraviolet fluxes, the 0.1-0.7 um observations of Ae/Be stars
often agree quite well with observed spectral energy distribu-
tions of normal main-sequence stars (see also Catala 1989). We
find in general that using standard extinction corrections pro-
duces dereddened energy distributions that match standard
A-B stars fairly well. The large R, curve listed by Mathis
(1990) for dark cloud regions tends to produce much flatter
ultraviolet spectral energy distributions and, for example, pro-
vides noticeably poorer results for HD 200775 than the stan-
dard extinction curve. Some apparent mismatches are
probably caused by either imprecise spectral types (e.g., HD
250550) or large photometric variability (e.g., UX Ori). The
available data thus demonstrate that Ae/Be stars do not
display large ultraviolet excesses over standard stars with
similar spectral types.
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3. DISK MODELS
3.1. Blackbody Disk Models

Figure 3 shows spectral energy distributions for simple opti-
cally thick blackbody disks surrounding an AQ star with a
bolometric luminosity of 50 L, (see Kenyon & Hartmann
1990 for details concerning these calculations). The models
have been calculated for both flat and “flared ” disks with and
without inner holes and assume a disk inclination of 0°; the
height of the photosphere above the disk midplane, h, is zero
everywhere for flat disks and increases with radius as h/R = 0.1
(R/R,)"/® for a flared disk (see Kenyon & Hartmann 1987),
where R, is the stellar radius. The upward curvature of the
flared disk photosphere allows it to intercept more optical light
from the central star at large radial distances; the disk then
reemits this energy at longer wavelengths, which increases the
mid- to far-infrared emission relative to that produced by a flat
disk.

HSVK and LA showed that geometrically thin disks cannot
reproduce the observed spectral energy distribution if these
disks remain optically thick at radial distances of 1-30R,,. Our
extension of HSVK’s and LA’s analyses to include flared
reprocessing disks does not change this conclusion; the obser-
vations require both types of disks to be optically thin inside
disk radii of ~10-20R, and thus to emit much less near-
infrared radiation than an optically thick disk. We also agree
with HSVK’s and LA’s conclusion that the disk accretion rate
must approach ~107° Mg yr! to produce significant 3 ym
peaks in the spectral energy distribution (top panels in Fig. 3).

Surprisingly, the F-type stars in the sample do not require
large mass accretion rates with optically thin inner disk
“holes.” Figure 4 shows that disks with large M and inner
holes exceeding 3R, produce unacceptable fits to the observa-
tions in Figure 2c.

3.2. Energy Problem

The disk model for the 3 um peaks in Ae/Be stars, which
requires a large accretion rate and a central “hole ” with radius
~ 5-20 stellar radii, raises troubling questions. The total lumi-
nosity released by a steady accretion disk with inner radius R;
is GMMJ/R,, so the accretion luminosity generated from M ~
1075-10"% M yr ! exceeds the luminosity of most Ae/Be
stars if this material reaches the stellar surface (see top panels
in Fig. 3). Thus, unless the accretion flow actually stops at
R; = 10R,, the observed IR excess emission represents only
10% of the total accretion luminosity. Where is this missing
accretion energy emitted? The UV spectra of modestly
reddened Ae/Be stars resemble the spectra of normal A-B
main-sequence stars (Fig. 2; see also Catala 1989), so these
objects show no evidence of missing energy at wavelengths
~0.1-0.3 um. Although interstellar extinction makes it impos-
sible to detect shorter wavelength continuum radiation from
these stars, a significant flux below the Lyman limit would
produce very intense, optical He 1 and He 11 emission lines,
EW 2 10-20 A (see Kenyon 1986), that are not observed in
any Ae/Be star. In addition, the missing luminosity exceeds the
apparent stellar luminosity in some cases, and it is not clear
how this energy could be “hidden” and leave the stellar photo-
sphere unchanged. As we show in the following subsection, the
requirement of large disk accretion luminosities also poses
problems in understanding the physical nature of the disk
“holes.”
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F1G. 4—Simple optically thick blackbody disk models for central stars of FO (left) and GO (right) spectral types. These plots are for flared disks—as in the right

panel of Fig. 3—and have inner holes as described in Fig. 3.

3.3. Optically Thin Disk Model

Dust grains dominate the opacity below temperatures of
~2000 K, so both HSVK and LA associated the turnover in
disk emission shortward of 3 um with the lower opacity of
gaseous material in which dust grains have been evaporated.
However, the temperature of disk material should increase as
this gas drifts toward a stellar surface with a temperature of
~10* K; the optical depth must also increase, because the gas
opacity increases significantly with increasing temperature.
Thus, even if disk material at 10-20R,, is optically thin at a
temperature of ~2000 K, hotter disk annuli closer to the
central star may become optically thick.

To examine this problem more carefully, we calculated disk
optical depths for optically thick and optically thin limits in the
standard steady state o-disk approximation (Shakura &
Sunyaev 1973). For the optically thick case, we followed Calvet
et al’s (1991) methods for calculating disk model atmospheres
to account for the absorption of light from the central star by
the disk. These computations ignore viscous dissipation in the
disk atmosphere and assume a flared disk geometry, described
above, in radiative equilibrium. We divide the disk into con-
centric annuli and determine the atmospheric structure at each
radius for three input parameters: the steady mass flow rate
through the disk, M, and the energy and incidence angle of the
stellar radiation. We define the atmosphere as that portion of
each annulus where the Rosseland optical depth is <1. The
atmosphere’s mass column density is then m(tg,, ~ 1), which
we adopt as the minimum mass for an optically thick annulus.

Figure 5 shows this minimum mass column density as a
function of disk radius (continuous line). The column density
to T~ 1 varies inversely with opacity, so changes in the

minimum mass column density with radius reflect the depen-
dence of the Rosseland mean opacity with temperature. Radi-
ation from the central A0 star and viscous heating keeps disk
atmospheric temperatures close to 6000-7000 K for R ~ R, ;
the opacity then approaches 1 cm? g~! due to contributions
from H™. As the disk’s effective temperature decreases with
increasing radius, the opacity falls by several orders of magni-
tude when molecules such as H,O and CO become the domi-
nant opacity source. The opacity increases dramatically when
the disk reaches our adopted dust condensation temperature,
1500 K, so the minimum mass column density decreases as the
disk approaches T = 1500 K at R ~ 10R,,. The dust conden-
sation radius slowly increases with increasing M, because the
disk temperature increases as M'/4,

The total mass column density of a thin, steady accretion
disk with mass accretion rate M at radius R is given by

T = [(M/ac, HX1 — (R,/R)'*T, (1

(Shakura & Sunyaev 1973; see also Lynden-Bell & Pringle
1974), where c, is the sound speed, H is the midplane scale
height, and the viscosity is ac, H. Both ¢, and H depend on M
and R, so «a sets the total mass column density of a particular
annulus for an adopted M.

Figure 5 also shows X as a function of radius for « = 0.1
(dashed lines) and « = 10~ 3 (dotted lines). The innermost disk
annuli become optically thin only for low M and high «. Our
models suggest the disk is optically thick everywhere unless
M <107° My yr~! and o2 0.1. Turbulent viscosity disk
models require a < 1 (Pringle 1981), which is also consistent
with estimates based on models for pre-main-sequence objects
(Clarke, Lin, & Pringle 1990; Basri & Bertout 1989). Thus,
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log m (g cm™)

log m (g cm™)

log R/R.

log R/R.

F16. 5—Minimum mass column densities required for optically thick irradiated disks, calculated for four different accretion rates (see text). The solid line
indicates column densities at which the Rosseland mean optical depth equals unity as a function of radius. The dotted and dashed lines in each panel show the
predicted total column density as a function of radius for a disk models for « = 10~ 3 (dotted lines) and a = 10! (dashed lines).

based on this analysis, M < 10”6 M yr~! seems required to
produce an optically thin inner disk.

The optically thick disk calculation ignores viscous dissi-
pation in the atmosphere, which should increase the gas tem-
perature and the optical depth. To verify this, we computed the
atmospheric structure for an optically thin, isothermal disk (see
Carr 1989; Tylenda 1985). We modified Carr’s method by
using the E, exponentional function to calculate the flux inte-
gral and solve the radiative transfer equation. This procedure
implicitly evaluates the temperature and accounts for the tem-
perature dependence of both the scale height, H and the
opacity. Having obtained a solution assuming that the disk is
optically thin, we then compute the optical depth through the
disk to verify the assumption.

Figure 6 shows the Rosseland mean optical depths through
the disk for three different mass accretion rates and a = 1. As
expected, the inclusion of viscous dissipation raises the atmo-
spheric temperature and thus increases the calculated disk
optical depths. The assumption of small optical depth is not
valid for the models with accretion rates of 10> and 107 ° M,
yr~!, and therefore disks with accretion rates exceeding 1076
Mg yr~! must be optically thick. The M =107 Mg yr™!

disk is optically thin only between ~2-6R,. (In regions where
the computed optical depths are 21, the calculations are
inconsistent and the resulting optical depth curves are incor-
rect.) Combining results from Figures 5 and 6, we conclude
that the disks of Ae/Be stars can be optically thin only if M <
1077 Mg yr~ !, assuming « < 1.

LA suggested that disks with mass accretion rates <103
M, yr~! can be optically thin. Our calculations disagree with
this result for two reasons. First, LA assume a radial accretion
velocity, v,, comparable to the sound speed, c,, whereas the
radial velocity in an a disk varies as v, ~ (3/2)acy(H/R) (see, e.g.,
Pringle 1981). Standard thin disk models have H/R ~ 0.1 in
the inner disk, so our infall velocities are an order of magnitude
smaller than assumed by LA if « ~ 1, and thus our disk den-
sities are an order of magnitude higher for the same accretion
rate. LA further consider only one disk temperature, T = 2000
K, even though much of the inner disk exhibits temperatures
well above this estimate. Our models therefore indicate that
most of the disk remains optically thick even in regions where
dust has been destroyed.

The results suggest the inner annuli of disks surrounding
Ae/Be stars remain optically thick unless accretion has no
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F1G. 6—The optical depth calculated for disks with « = 1 and the indicated
mass accretion rates, assuming that the disk is optically thin. The results
mdlcate that the optically thin assumption is valid only for M < 1077 M,
yr~!inazone 2 < R/R, < 6. These calculations suggest disks will be optically
thick for even lower mass accretion rates than indicated in Fig. 5; the difference
results from viscous dissipation, which heats the optically thin disks to higher
temperatures than the photospheres of optically thick disks.

importance on an evolutionary time scale—that is, unless
M 51077 Mg yr~ ! Thus, if circumstellar disks must have
mass accretion rates exceeding ~107% M yr~*! to explain the
near-infrared spectral energy distributions of Ae/Be stars
(HSVK; LA; § 2.3), there must be real, physical holes in the
inner regions of these disks, with radii R ~ 10R,,.

Our models further predict no significant difterence between
the inner regions of disks having comparable M surrounding
pre-main-sequence A and F stars. We estimate a dust destruc-
tion radius of ~5SR, for an FO star with a reprocessing disk
and M = 0. and thls radius should increase to ~9R,, for high
M. Observations probably could detect a disk with a 5R inner
hole, while a 9R,, hole rivals hole sizes envisioned for Ae/Be
stars (Fig. 4). However, the data suggest that F-type pre-main-
sequence stars have no obvious 3 um peaks in their spectral
energy distributions, which contrasts sharply with the appear-
ance of Ae and Be stars (Fig. 2). In fact, the spectral energy
distributions of both F- and G-type pre-main-sequence stars
(e.g, SU Aur in Fig. 2c) more closely resemble those of the
late-type T Tauri stars—which can be fitted with relatively low
mass accretion rates < 107 Mg yr~! and small or negligible
inner holes <2-3R, (Bertout et al. 1988; Hartigan et al
1991)—than the energy distributions of Ae/Be stars. This
behavior suggests a mechanism which produces 3 um peaks in
A and B stars but not in F stars; we consider such a mechanism
in § 4.

3.4. Disk + Magnetosphere Model

HSVK suggest that the inner disk holes might be physical,
not just optically thin regions, and could be caused by a stellar
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magnetosphere that holds the inner edge of the disk away from
the stellar surface (e.g., Konigl 1991). This model requires
surface magnetic fields of ~10 kG (HSVK), which seem rather
large but not impossible. The biggest disadvantage of this
model is that it predicts a very large accretion luminosity when
freely-streaming material strikes the star (§ 3.1), and this accre-
tion luminosity is not apparent in the observations (§ 2.2),
nor is this energy likely to be emitted in the unobservable ultra-
violet (§ 3.1).

Calvet & Hartmann (1992) and Krautter, Appenzeller, &
Jankovics (1990) note that the inverse P Cygni profiles seen in
some T Tauri stars provide evidence for magnetosphere accre-
tion. In this model, material falling along magnetic field lines
develops sufficiently large radial velocities to explain the
observed line widths and velocity shifts. In general, there is
little evidence for inverse P Cygni profiles in Ae/Be stars. There
is some suggestion of redshifted absorption in R CrA (Graham
1992; Hamann & Persson 1992b, c), but the low luminosity of
this system suggests that the central star may really be a
rapidly accreting T Tauri variable rather than an A or B star.

Another disadvantage of the magnetosphere model is that
there is no obvious reason why the magnetic field should
always limit the disk to temperatures <2000 K when the field
can easily couple to the disk at far lower temperatures and
fractional ionizations (Konigl 1989). One might expect a sub-
stantial range in the magnetospheric radius since the accretion
rates vary by one to two orders of magnitude among Ae/stars,
unless the stellar magnetic fields vary to compensate.

4. ENVELOPE HYPOTHESES

All Herbig Ae/Be stars must possess reflection nebulosity
and therefore be surrounded by dusty envelopes (Herbig 1960).
A dusty envelope is a particularly attractive way to produce
excess infrared emission, because it can cover a larger fraction
of the sky (as seen from the central star) than can a thin disk. In
principle, a dusty envelope can explain the excesses of Group I
sources without any accretion energy, which eliminates the
“missing luminosity ” problem associated with accretion disks
(see § 3.2). However, simple radiative equilibrium models
require dust grains close to the central star, so the missing
luminosity problem remains if enivelope material falls onto the
central star (§ 4.1). Fortunately, near-infrared emission from
embedded companions (§ 4.2) and nonequilibrium radiative
processes in small dust grains (§ 4.3) can produce substantial 3
um emission at large distances from the central star with negli-
gible infall rates. In the following subsections, we examine
several variants of the dusty nebula hypothesis and consider
their ability to explain the observed near-infrared emission.

4.1. Infalling Envelopes

Most theories expect infalling envelopes of molecular gas
during the early stages of the star formation process (see Shu,
Lizano, & Adams 1987), while models of infall onto luminous
pre-main-sequence stars predict inner zones devoid of dust
(e.g., Larson 1969; Stahler, Shu, & Taam 1980). Dust evapo-
ration commonly occurs at temperatures of 1000-2000 K, so
envelope material just outside the dust destruction region is an
attractive location to produce a near-infrared excess.

To examine this possibility, we constructed spherically sym-
metric radiative equilibrium models of dusty envelopes around
Ae/Be stars. Our calculation employs the Unsoéld-Lucy
method, generalized to spherical symmetry, to derive the radi-
ative equilibrium temperature profile in the envelope and

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


http://adsabs.harvard.edu/abs/1993ApJ...407..219H

No. 1, 1993

IIII T

T IIHHI T

]IIIIIII T IIIIIIII LI

1000

300 |—

100

Temperature (K)
T

T

! 14
1000

10 1 II[JIIll I lIlHIIl |
1 10 100
R/Rumin
F1G. 7—The radial temperature distributions for a 10* K star surrounded
by an infalling dust envelope with two different accretion rates. The horizontal

coordinate is radial distance in units of R,,;, = 1 A.U., which is the inner edge
of the dust shell in these models.
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solves the transfer equation for the mean intensity and flux
using variable Eddington factors (Mihalas 1978). These models
use values for the dust opacity and albedo from Draine & Lee
(1984), as modified by Draine (1987). We assume the envelope
density varies with spherical radius as r~!-° and adopt inner
and outer envelope radii of 1 AU and 3000 AU, respectively.
This choice of inner radius yields maximum envelope tem-
peratures close to the expected point of dust evaporation. For
simplicity, we assume the central star radiates as a blackbody
with effective temperature of 10,000 K and a radius of 3.45 Ry
and specifically exclude radiation from a circumstellar disk.

We computed models for two accretion rates—10~¢ M
yr~ ! and 107° M yr~'—that span plausible infall rates for
molecular clouds (Adams et al. 1987). The temperature at the
inner edge of the envelope varies with the infall rate. Figure 7
shows that the two model temperature distributions are very
similar; the slightly different inner temperature results from
our fixed inner radius of 1 AU, but this difference is not impor-
tant for the discussion that follows.

Figure 8 presents emergent fluxes for these spherically sym-
metric envelope calculations. The 10~% My yr~! model shows
the 3 um near-infrared peak required by observations. Some
systems (e.g., AB Aur) also display the predicted 10 um silicate
emission feature, while other objects (such as MWC 1080) have
featureless 10 um spectra (Cohen 1980). The 10 ° My yr~*
model fails to agree with observations; it produces too little
near-infrared emission, because the extinction through the
envelope is too large. In both models, the optical extinction to
the central star far exceeds that estimated from the observa-
tions (HSVK).

These optically thick envelope models can be reconciled
with observations of most Ae/Be stars only if there is a clear
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F1G. 8.—Spectral energy distributions for dust envelope models surrounding a 10,000 K central star and the radial temperature distributions displa){ed in Fig. 7.
The envelope material falls at the indicated mass accretion rates, as described in the text. The solid lines show spectra calculated for spherically symmetric envelopes,
while the other lines present results for envelopes with conical holes along the line of sight to the star. The holes subtend angles from the polar axis of 30° (dashed

lines) and 60° (dotted lines). Left: 107% M, yr~*. Right: 1075 Mg yr ™'
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line of sight to the central star. The bipolar outflows associated
with many of the youngest stars naturally create large cavities
in the collapsing cloud (see Lada 1985; Edwards, Mundt, &
Ray 1992), so an observer viewing the system down the outflow
has a fairly clear view of the central star. This geometry guar-
antees the observer a good line of sight to the hot inner regions
of the envelope that produce the near-infrared peak in the
spectral energy distribution. In effect, this infalling model
envelope with cavities is roughly equivalent to a “thick disk ”
with a dust destruction zone. Kenyon & Hartmann (1991)
recently applied a similar model to the FU Orionis variable
V1057 Cyg, which can account for the observed 10-100 um
excess with modest extinction toward the central star and inner
accretion disk.

A complete calculation for the spectral energy distribution of
an envelope with a bipolar cavity requires a time consuming
radiative transfer solution in three dimensions. Instead, we
employ an approximate method that retains the essential fea-
tures of the problem. We adopt the temperature distribution
from the spherically symmetric calculation and assume that
the envelope has a conical hole with a fixed opening angle from
the axis of symmetry. We then calculate the emergent spectrum
for an observer viewing the system pole-on (see Kenyon &
Hartmann 1991). This procedure overestimates the
temperature—and hence the near-infrared emission—of the
inner envelope, because a spherical envelope traps stellar radi-
ation that would escape out of a bipolar cavity. Given the
uncertainty in the exact temperature of dust sublimation, this
simple model should be adequate to illustrate the basic situ-
ation.

Figure 8 shows spectral energy distributions for two basic
envelope models assuming conical holes of 30° and 60° from
the line of sight. These results agree reasonably well with
observations: the infrared excess peaks at 2-3 um and the
spectral slope from 3.5 um to 10 um follows d log F,/d log
v= —0.05 to 0.32 (HSVK). However, most of the observed
spectral energy distributions (HSVK ; Fig. 2) do not show evi-
dence for the strong silicate emission peak shown by our low
accretion rate model and are more consistent with the 10~°
Mg yr~! model. Accretion rates higher than 107¢ Mg yr™!
may be required to accrete sufficient mass during the pre—
main-sequence time scale of <10° yr predicted by standard
evolutionary tracks for stars more massive than 3 M (see
Cohen & Kuhi 1979).

The infalling envelope model demands that we view a signifi-
cant fraction of Ae/Be stars through their dusty envelopes and
not along an evacuated cavity or hole. HSVK’s sample
included 11 Group II sources compared with 30 Group I
sources, which suggests that envelopes covering ~25% of solid
angle are consistent with the observations. The covering factor
could be larger than 25% if we are biased against detecting
heavily extincted sources, which seems likely.

The infalling envelope can emit large amounts of near-
infrared radiation without requiring direct dissipation of accre-
tion energy. However, this envelope model possesses
essentially the same luminosity problem as the disk models,
because the infall rates are similar. The luminosity problem can
be delayed if envelope material has sufficient angular momen-
tum to avoid falling directly onto the star and instead falls at
much larger radii onto a circumstellar disk (Cassen &
Moosman 1981; Terebey, Shu, & Cassen 1984). We feel this
solution requires too much fine tuning to be generally applic-
able to Ae/Be stars. If the dusty material has too much angular
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momentum, it falls at large disk radii and never gets hot
enough to emit near-infrared radiation; if the material has too
little angular momentum, then it falls too close to (and
obscures) the central star. Even if material does generally fall
onto the disk at 1 AU, the disk either accretes this material
onto the central star and produces an unacceptably large acc-
retion luminosity or stores the material, grows to an unstable
mass on short time scale ($10° yr), and rapidly accretes
material onto the central star.

To summarize, we find that infalling envelopes with plaus-
ible accretion rates can explain the near-infrared emission of
some Ae/Be stars if bipolar flows evacuate cavities along which
the central star and inner envelope can be observed. That
several Ae/Be stars are heavily extincted adds some support to
this interpretation (see also Berrilli et al. 1992). On the other
hand, this model requires a limited range of envelope param-
eters to explain observations. In particular, the model requires
infall to distances of ~1 AU without concurrent disk accretion
onto the central star at similar rates. The restrictive nature of
these assumptions suggests that infalling envelopes cannot
account for the infrared excesses of most Ae/Be stars.

4.2. Companion + Envelope Hypothesis

Recent observations have revealed several infrared compan-
ions to optically visible T Tauri stars (e.g., Dyck, Simon, &
Zuckerman 1982; Leinert & Haas 1989; Haas, Leinert, & Zin-
necker 1990). The spectral energy distributions for some of
these companions—such as T Tau, XZ Tau, and GV Tau
(Haro 6-10)—resemble energy distributions of the youngest,
most heavily embedded young stars in molecular clouds (see,
for example, Leinert & Haas 1989) and presumably emit most
of their radiation at near-infrared or far-infrared wavelengths
because they are surrounded by opaque, dusty envelopes (e.g.,
Adams et al. 1987; Myers et al. 1987). Several Ae/Be stars—
such as XY Per (Herbig & Bell 1988)—possess optical compan-
ions at distances of several arcseconds, so other Ae/Be stars
with more opaque reflection nebulosities might have embed-
ded companions visible only at near-infrared wavelengths.

Figure 9 shows the potential for explaining the 3 um peaks
of Ae/Be stars with an embedded companion. This figure plots
the sum of fluxes from a typical A star and the embedded
companion to T Tau (Ghez et al. 1991). The results resemble
observations of several Ae/Be stars, such as LkHa 234 and RR
Tau (Fig. 2). Although Figure 9 suggests that embedded com-
panions might account for several of the observed energy dis-
tributions, we agree with HSVK that embedded companions
seem an unlikely solution to the general phenomenon of 3 yum
excesses. As we explained in § 2, 17 out of 24 Group I objects
display 3 pum peaks in their spectral energy distributions. If
roughly half of main-sequence A & B stars are binaries (Abt
1983), then all Ae/Be stars would need a companion embedded
in an envelope with 4, ~ 10 mag to explain the frequency of
observed 3 um peaks. In reality, we expect a range in envelope
extinctions from roughly zero (as in the XY Per binary) to > 10
(as in a typical embedded protostar), so we might anticipate
2-3 near-infrared companions in a sample of 24 objects.

4.3. Transiently Heated (Small) Grain Hypothesis

As noted in § 2.2, medium-resolution near-infrared spectra
of Ae/Be stars such as CU Cha, Elias 1, TY CrA, XY Per, and
HD 245185 show evidence of emission features also seen in
reflection nebulae near hot stars (Whittet et al. 1983; Brooke &
Tokunaga 1992). These observations constitute direct evidence
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FIG. 9—Top, bottom left: Spectral energy distributions of an A0 star and the infrared companion of T Tauri (Ghez et al. 1991), plotted separately (top left) and
added together (bottom left) to illustrate the combined spectrum of an Ae/Be star and an infrared companion. Top, bottom right: Broad-band colors of the reflection
nebula of NGC 7023 at a position 30” W and 20" north of the Ae/Be star HD 200775, taken from the measurements of Sellgren (1984) and Sellgren et al. (1985). The
upper right panel shows the spectral energy distribution of the nebula relative to an A0 star, the bottom right panel shows the sum of the two arbitrarily scaled (see

text).

that a mechanism (or mechanisms) other than blackbody disk
emission contributes to the near-infrared spectrum of at least
these objects. We therefore consider whether processes similar
to those observed in reflection nebulae can produce the 3 um
peaks seen in other Ae/Be stars.

Sellgren (1984) and Sellgren et al. (1985) have extensively
studied the reflection nebula NGC 7023, which surrounds a
cluster of pre-main-sequence stars dominated by the Herbig
Be star HD 200775. They found a strong near-infrared contin-
uum with an approximate color temperature of 1000 K and
3.3-3.6 um emission features at angular distances of 230"
from HD 200775, which corresponds to a linear distance of
nearly 0.1 pc. This infrared emission closely follows the optical
scattered light distribution and totals ~ 1% of the stellar lumi-
nosity. A thermal equilibrium model cannot explain the pres-
ence of 1000 K grains at such large distances from the central
star given the luminosity of HD 200775 (~10* L ; HSVK).
Instead, Sellgren (1984) suggested that transient heating of
small grains by ~ 10 eV photons causes this high-temperature
emission (see also Leger & Puget 1984; Allamandola, Tielens,
& Barker 1985, 1989; Puget & Leger 1989).

Figure 9 plots the broadband colors of NGC 7023 using
surface brightnesses given by Sellgren (1984) and Sellgren et al.
(1984), along with a standard AO star. (The nebula has nearly
uniform surface brightness in apertures of 5—30"). The under-
lying 1000 K continuum and the very large 3.3-3.6 ym emis-
sion feature are quite prominent. There are additional emission
features, including one at 11.3 ym. The continuum emission
compares favorably with the spectral energy distributions of
several Ae/Be stars (Fig. 2). Figure 10 shows this for the near-

infrared region by comparing the J— H, H — K colors of Ae/Be
stars (open circles) with Sellgren’s (1984) colors for various
positions in NGC 7023 (outlined area). Sellgren noted that the
near-IR colors for NGC 7023 did not vary significantly with
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F1G. 10—J —H vs. H—K colors of T Tauri stars (filled circles) and Ae/Be
stars (open circles), compared with the range of colors observed by Sellgren et
al. (1984) in reflection nebulae. The arrow indicates the reddening vector for
A, = 10 mag.
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position across the nebula and found similar colors for the
reflection nebulae NGC 2023 and NGC 2068 (see also Sellgren,
Werner, & Dinerstein 1983). Figure 10 clearly demonstrates
that nebular emission—modified appropriately for different
reddenings—can explain the near-infrared colors of the
majority of Ae/Be stars.

However, the 3.3-3.6 um emission features in NGC 7023
produce a larger peak than observed in some Ae/Be stars,
which would require the relative strength of the 3.3-3.6 um
features generally be reduced or suppressed. It is difficult to
prove that this can be accomplished, because the physical
mechanisms responsible for emission features at 3.3-3.6, 6.2,
7.7, 8.6, and 11.3 um (possibly PAH molecules; see Puget &
Leger 1989), not to mention the near-infrared continuum, are
not very well understood. The emission features vary substan-
tially among the Ae/Be stars in which they have been detected
(Whittet et al. 1983; Brooke & Tokunaga 1992). It appears
possible the molecules responsible for the emission features
might be destroyed close to the hot central star (although there
may need to be an absence of dust close to the star to suppress
the 3.43 and 3.53 um features; Schutte et al. 1990).

The geometry and physical properties of the required dusty
envelope are difficult to predict or constrain given the uncer-
tainties in emissivities, dust properties, etc. (Allamandola et al.
1989; Guhathakurta & Draine 1989). Observationally, the
excesses are observed with typical apertures of 5—10", corre-
sponding to typical projected size scales of several thousand
A.U. As pointed out above, Sellgren (1984) found that the
near-infrared emission of NGC 7023 is ~ 1% of the total lumi-
nosity of HD 200775. For some Ae/Be stars, the required near-
infrared luminosities are of the order of a few percent (e.g.,
LkHa 234, HD 259431, HD 200775, HD 245185, CU Cha; Fig.
2), suggesting that the required efficiency of conversion from
ultraviolet to near-infrared emission is consistent with the
reflection nebula hypothesis. On the other hand, some objects
have much larger near-infrared excess emission, of order tens
of percent of the total (e.g., RR Tau, HD 250550, AB Aur, UX
Ori, T Ori, V380 Ori), and this may require unreasonably large
conversion efficiencies (i.e., most of the light from the central
star would have to be absorbed by small grains). Objects with
large excesses may be more reasonably explained by infrared
companions.

The presence of 3.3-3.6 um features in several Ae/Be stars
suggests that the dusty nebula hypothesis deserves further con-
sideration, especially for objects whose membership in the
Ae/Be class requires the presence of a reflection nebula. More-
over, it offers a solution to the energy problem discussed
above. As long as the nebula subtends a reasonably large frac-
tion of solid angle, it can account for the magnitude of the
infrared excess. If the nebula is sufficiently distant from the
star, there is no reason to suppose it is falling into a disk, and
the issue of missing large accretion energies does not arise.

Observational tests of this picture can be made. Other Ae/Be
stars should display extended near-infrared (2-4 um) emission
that follows the optical scattered light distribution and emits
substantially more radiation than predicted by simple thermal
equilibrium models. The nearest Ae/Be stars may exhibit
spatially-resolved nebular emission in the near-infrared, which
would not be expected in the disk model with its thermal emis-
sion confined to distances ~ 10R,,. Finally, 3.3-3.6 um bands
should only be observed in stars with sufficiently strong ultra-
violet radiation. We showed in § 2 that several pre-main-
sequence F stars with infrared excess emission do not show any
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evidence of 3 um peaks in their spectral energy distributions;
high-resolution spectroscopic observations of these and other
F- and G-type pre-main-sequence stars should not display 3.3—
3.6 um bands if our model is correct.

4.4. Disks, Emission Activity, and Evolution

We have argued that the infrared excess emission of many
Ae/Be stars arises primarily from a surrounding dusty
envelope (or from an envelope surrounding a companion)
rather than from a disk. This does not rule out the presence of
modest- to low-accretion rate disks around Ae/Be stars, which
would have lower infrared emission than the nebulae. It may
be necessary to have such accretion to power the emission-line
activity and mass loss, as has been argued for T Tauri stars by
Cabrit et al. (1990). Catala, Kunasz, & Praderie (1984), and
Catala & Kunasz (1987) derived a mass-loss rate for AB Aur of
~1078 M, yr~*, which is typical of values derived for T Tauri
stars (Edwards et al. 1987) with disk accretion rates typically
~10"7 M yr~ ! (Hartmann & Kenyon 1990).

On the other hand, the excess line emission is generally a
much smaller fraction of the stellar luminosity for Ae/Be stars
than it is for T Tauri stars, making it more difficult to rule out
direct stellar activity. Some Be stars show emission-line activity
without apparently requiring pre-main-sequence disk accre-
tion. Finally, Finkenzeller (1985) found no evidence for system-
atic blueshifted [O 1] emission, as observed for T Tauri stars
and interpreted as evidence for disk occultation (Edwards et al.
1987).

The absence of high-accretion rate disks around Ae stars
does not imply that they could not have formed from disks.
Many of these objects have ages ~1-3 x 10® yr (HSVK), and
it is conceivable that their disks evolve somewhat faster than
the 3 x 10® — 107 yr evolutionary times estimated for T Tauri
disks (Strom et al. 1990). In support of this picture, standard
evolutionary tracks predict that the T Tau primary will evolve
into an early A star, given its spectral type and estimated lumi-
nosity (Ghez et al. 1990). Note that the current accretion rate
for the T Tauri primary is estimated to be ~1077 Mg yr~!
(Kenyon & Hartmann 1987), well below the estimates of
HSVK and LA for Ae/Be stars.

5. CONCLUSIONS

We have evaluated several circumstellar disk and envelope
models developed to explain the infrared excesses of the pre-
main-sequence Ae/Be stars. Despite uncertainties concerning
spectral types and system luminosities, we draw several general
conclusions.

1. By analogy with the low-mass T Tauri stars, circumstellar
disks are an attractive way to produce infrared excesses in the
intermediate-mass Ae/Be stars. We agree with HSVK and LA
that this model is viable only for high accretion rates—M ~
107%-10"3 M yr '—and disks with inner holes—R; ~
10-20R,,. However, our results suggest that disks surrounding
massive young stars remain optically thick at high accretion
rates; small optically thin regions occur for the lowest accre-
tion rates (1077 Mg yr~!), and these produce spectral
energy distributions that disagree with observations. Thus, we
conclude that circumstellar disks are unlikely to be responsible
for the observed infrared excesses of most Ae/Be stars.

2. Dusty nebulae offer an appealing alternative to circum-
stellar disks. One model involves small grains at large distances
from the central star. Ultraviolet photons heat these grains to
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temperatures of ~1000 K, and the grains then emit near-
infrared continuum and line emission as they cool to their
equilibrium temperatures of 10-50 K. Observations of the 3.3—
3.6 um emission bands in several Ae/Be stars lend some
support to this idea. This model explains the absence of 3 um
peaks in the spectral energy distributions of late-type pre-
main-sequence stars, because these stars do not emit enough
hv ~ 10 eV photons to heat a sufficiently large population of
small dust grains to 1000 K.

3. Embedded companions may provide an additional
source of 3 ym emission in some Ae/Be stars. The companion
could be embedded in its own envelope or an envelope sur-
rounding the Ae/Be primary star; in either case, this explana-
tion requires a relatively clear line of sight to the primary star
and an extinction to the companion of 4, ~ 10 mag. Signifi-
cantly less opaque envelopes produce optical binaries, while
more opaque nebulae obscure the companion completely.

4. Our preferred models can be tested by observations. If
small dust grains transiently heated to ~ 1000 K produce the 3
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um excesses, then A- and B-type pre-main-sequence stars
should exhibit extended 3 um emission similar to that observed
in the reflection nebula NGC 7023, while F- and later-type
pre-main-sequence stars should not be extended. High-
resolution near-infrared images could verify if any Ae/Be stars
have nearby infrared companions.
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