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ABSTRACT

We present a general scheme for determining the circumstellar geometry of Be stars from modeling of
optical continuum spectropolarimetry. Our modeling scheme utilizes a Monte Carlo radiation transfer
code that determines the polarization due to multiple photon scattering, including the effects of contin-
uous hydrogen absorption and emission from a disklike circumstellar envelope. We show that by match-
ing the polarization level on either side of the Balmer jump, one can determine the opening angle of the
disk. In general, there are only two solutions, either a geometrically thin or a geometrically thick disk.

Applying our analysis techniques to observations of the Be star { Tauri, we find that the two solu-
tions for the disk have half-opening angles of either 2°5 or 52°. The geometricaly thick disk can be
excluded based on recent interferometric imaging of Be star disks, including { Tau. The thin disk solu-
tion is consistent with either a Keplerian or a wind-compressed disk; both models predict small disk
opening angles at small radii. In addition to matching the continuum polarization, our thin disk model
reproduces the continuum spectral energy distribution from the UV through IRAS wavelengths, provid-
ing convincing evidence that Be circumstellar disks are geometrically thin.

Subject headings: circumstellar matter — polarization — radiative transfer — stars: emission-line, Be —

stars: individual ({ Tauri)

1. INTRODUCTION

Be stars are rapidly rotating near main-sequence Be
stars of luminosity classes III-V that are characterized by
strong hydrogen Balmer emission lines, which are often
variable on a wide range of timescales (see Underhill &
Doazan 1982 for a review). Be stars possess large excess IR
emission (compared with their photospheric emission),
which is interpreted as arising from free-free emission in an
extended circumstellar envelope (Wright & Barlow 1975).
Other observational evidence pointing to the existence of an
extended circumstellar structure includes the aforemen-
tioned Ha emission-line profiles, as well as UV wind lines
(Snow 1981). Be stars also show intrinsic (often variable)
polarization with levels of up to 2%, and this polarization
indicates that the envelope must be flattened (e.g., Coyne
1976). There is now direct evidence from interferometric Ho
imaging that shows these envelopes are indeed quite flat-
tened and are consistent with some kind of equatorial disk
(Quirrenbach et al. 1994, 1997).

Determining the actual geometry of Be star disks has
been the focus of many theoretical and observational inves-
tigations. In recent years, a dynamical model of the Be cir-
cumstellar environment has been developed that predicts
the formation of a dense, geometrically thin equatorial
disk—the wind-compressed disk (WCD) model (Bjorkman
& Cassinelli 1993). In this model, the disk is formed by
equatorial compression of a rapidly rotating, radiatively
driven stellar wind. The analytic model presented by Bjork-
man & Cassinelli predicted the formation of an equatorial
disk with a half-opening angle of Af ~ 0°5. The wind com-
pression mechanism was verified by numerical hydrody-
namics simulations of rotating stellar winds (Owocki,
Cranmer, & Blondin 1994), which confirmed the basic
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geometry and velocity structure, but found larger opening
angles for the disk (A0 =~ 3°). Keplerian disks also predict
small opening angles, but if these disks are isothermal, they
flare at large radii (Hanuschik 1996). This flaring may help
explain the low-velocity, deep absorption lines that are
abundant in the so-called Be shell stars.

Recently, Owocki, Gayley, & Cranmer (1996) investi-
gated the effect of nonradial forces on the efficiency of the
wind compression mechanism when applied to radiatively
driven winds. They found that these forces, which were not
included in the original WCD investigations, may inhibit
the formation of a wind-compressed disk. These results are
dependent on the specific form of the line-driving mecha-
nism and also on the optical depth of the wind. Based on
these preliminary investigations, it is not clear whether or
not the WCD model is applicable to Be stars if their winds
are radiatively driven. However, alternate wind-driving
mechanisms (e.g., pulsation) would not be subject to the
specific nonradial forces considered by Owocki et al., poss-
ibly enabling wind compression to occur. Since we are
investigating the general circumstellar geometry and not
any particular model, our findings are observationally
driven, and we note that the means of formation of Be
circumstellar disks and whether they are Keplerian or wind-
compressed disks is still unclear.

On the observational side, Waters (1986) derived the
radial dependence of the circumstellar density from analysis
of the slopes of the free-free continuum emission. In this
analysis, he assumed that the circumstellar environment
could be modeled by a wedge of opening angle 15° with a
power-law parameterization for the radial density distribu-
tion. Although the slope of the free-free continuum deter-
mines the radial distribution of material, it provides no
information about the disk opening angle (Schmid-Burgk
1982), so Waters’ choice of 15° was somewhat arbitrary but
motivated by the fraction of Be stars that show shell
absorption features. More recently, Hanuschik (1996) has
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proposed opening angles of around 13° from shell star sta-
tistics. On the other hand, Doazan & Thomas (1982) pro-
posed that the envelopes are only mildly flattened ellipsoids.
The interferometric results (Quirrenbach et al. 1994, 1997)
show that the opening angle of { Tauri’s circumstellar
envelope is less than 20°, but since these images are only
resolved along one axis, the actual opening angle is
unknown.

Early on, it was realized that polarization data, which
samples material away from the direct line of sight to the
star, could be a powerful diagnostic tool in the modeling of
Be stars. Several spectropolarimetric modeling investiga-
tions have been conducted, with the most notable being
that of Poeckert & Marlborough (1978), who constructed a
circumstellar disk model to explain the continuum and line
(Ho and Hp) spectropolarimetric variations in y Cas.

Since scattering-induced polarization samples material
outside the direct line of sight, polarimetry provides a
potentially very powerful diagnostic tool for determining
the geometry of nonspherical circumstellar envelopes.
However, polarization measurements alone cannot be used
to constrain circumstellar geometries, since different geome-
tries can produce the same level of polarization, and since
the polarization is also sensitive to the viewing (inclination)
angle of the system (see Brown & McLean 1977 for
example). It is therefore essential to obtain additional infor-
mation on the polarized system from other methods (e.g.,
spectroscopy) when seeking a unique solution.

Bjorkman & Cassinelli (1990) and Bjorkman (1992)
investigated the relation between optical polarization (at
4050 A) and 12 um IR excess emission for disk-like circum-
stellar envelopes. Using a single-scattering analytic model
of the polarization, combined with an analytic model of the
optically thick IR emission, they found that the polarization
and IR excess could be matched either by a disk of small
opening angle and large optical depth or by a wide disk of
small optical depth. The duplicity of the solutions arises
because of polarimetric cancellation properties. For geo-
metrically thin disks, the polarization (calculated in the
single-scattering limit) is proportional to the electron
number density (i.e., disk mass). As the opening angle is
increased (for a fixed density), the polarization level rises
because more electrons can contribute to the scattered
polarization. As the opening angle becomes very large,
polarization cancellation begins to occur between the posi-
tively polarized photons (polarized parallel to the rotational
symmetry axis of the star) that are scattered in the equato-
rial regions of the disk and the negatively polarized photons
(polarized perpendicular to the rotational symmetry axis)
that are scattered into the observer’s line of sight from
higher latitudes in the disk. Thus, the polarization attains a
maximum level, as a function of opening angle, and then
decreases as the opening angle of the disk becomes very
large, so that the envelope becomes spherically symmetric.
Bjorkman & Cassinelli (1990) found that the opening angles
of models required to match the observations were less than
15° for the thin disk and about 50° for the thick disk.

Bjorkman & Cassinelli (1990) used a single-scattering
model, which overestimates the polarization level, and did
not include the effects of attenuation within the envelope. In
a later study, Waters & Marlborough (1992) also investi-
gated the relation between optical polarization and IR
excess emission. Their polarization calculations used the
Poeckert & Marlborough code, which also assumes the

single-scattering approximation; however, it includes an
optical depth correction factor, e, to account for radiation
that is either scattered out of the observer’s direction or
absorbed by sources of continuous hydrogen opacity within
the envelope. They found that with this “single-scattering
plus attenuation” approximation, it was difficult to obtain
high levels of polarization (above 1.5%), and they stated
that any multiple scattering would only serve to reduce the
polarization. For this reason, Waters & Marlborough were
unable to place tight constraints on the disk geometry and
could not rule out the possibility of circumstellar disks with
opening angles in the range 10°—40°.

Our investigations into the polarization arising from
multiple scattering in circumstellar envelopes (Wood et al.
1996a) have shown, however, that multiple scattering within
the envelope actually serves to increase the polarization
above the levels predicted by “single-scattering plus
attenuation” approximations—in some instances doubling
the polarization. This is due to the multiple scattering being
biased to occur in a single plane (i.e., the disk). Multiple
Thomson scattering within a single plane reduces the com-
ponent of the electric vector parallel to the plane and leaves
the perpendicular component unaltered—thus yielding a
larger net polarization level than that from a single-
scattering event. We therefore concluded that multiple scat-
tering would allow some disk geometries to easily exceed
the polarization levels observed in Be stars, thereby exclud-
ing a range of disk opening angles. We also investigated the
polarized spectrum from envelopes that contained contin-
uous hydrogen absorptive opacity and disk emission, which
modifies the emergent polarized spectrum (Wood et al.
1996b). We found that, in addition to raising the overall
polarization level, the combined effects of multiple scat-
tering plus wavelength-dependent absorption yield larger
(almost double) polarization jumps across the Balmer edge
and give a steeper slope to the polarized continuum than
that obtained from single-scattering calculations. An addi-
tional concern with the investigations by Bjorkman & Cass-
inelli and Waters & Marlborough is that the polarization
and IR data are not simultaneous. Since Be stars are quite
variable, there is no guarantee that the disk will have the
same geometry at two different epochs.

With the wide spectropolarimetric wavelength coverage
obtained from the University of Wisconsin’s Pine Bluff
Observatory (PBO), coupled with the effects of multiple
scattering, we have found that the disk geometry can be
constrained much more tightly than before, since we now
have many more additional spectropolarimetric features to
constrain the model: the polarization Balmer and Paschen
jumps, and the slope of the polarized Paschen continuum—
all determined by electron scattering modified by hydrogen
continuous absorption and emission, as well as the IR
excess determined by the free-free disk emission.

In this paper, we present a general scheme for quantitat-
ively constraining the disk opening angle by using contin-
uum spectropolarimetric data. We find that by matching
polarization levels on either side of the Balmer jump, we
again find two possible solutions for the disk opening angle
(assuming the system inclination can be estimated). It is by
matching the polarization data across the series limits that
we can reduce the number of possible solutions.

To demonstrate our modeling technique for a specific
case, we use new and archival spectropolarimetric data to
model the circumstellar geometry of the Be star { Tau. We
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find that the optical data (from 3200 A to 1.05 um) can be
reproduced with either a geometrically thin (Af = 2°5) or a
geometrically thick (Af = 52°) circumstellar disklike
geometry. However, these two solutions differ in the IR. The
thin disk solution is found to match the IRAS fluxes, while
the thick disk produces a factor of 2 too much emission;
thus, the IR discrepancy favors the thin disk solution. In
addition, the recent results on optical interferometric
imaging of Be stars (Quirrenbach et al. 1994, 1997) have
shown that the circumstellar envelope of { Tau is flattened
with a half-opening angle of less than 20° (assuming an
inclination that is close to edge-on), which is consistent with
our thin disk solution and well below our thick disk solu-
tion. Combining our new modeling technique with the
interferometry indicates conclusively that the Be circumstel-
lar environment must be geometrically thin and necessarily
rules out any geometrically thick ellipsoidal shell models.

2. SPECTROPOLARIMETRIC MODELING

The general picture of the Be circumstellar environment
is that of a two-component wind model (see Waters &
Marlborough 1994 for a review) comprising a fast, optically
thin polar region (where the UV wind lines are formed) and
a slower, denser equatorial disk (where the polarization and
IR excess emission arises). Keeping within the framework of
this general picture, we assume that the circumstellar
density can be parameterized by

p= p0<%>"(1 + A sin™ 0). Q)

This parameterization yields a dense equatorial disklike
structure superimposed on a spherically symmetric region,
and allows for geometrically thin (large m) or geometrically
thick (small m) disks with small or large equator-to-pole
density ratios, depending on the adopted A-value. When
investigating a particular star, the radial density exponent,
n, may be derived from the slope of the free-free continuum
as in Waters (1986), with values typically in the range
2 < n < 3.5. In our investigations, we fix the equatorial-to-
polar density ratio at 1000 (4 = 999), which is the value
inferred from comparisons of the UV and IR mass-loss rates
(Lamers & Waters 1987). Note that with this large a density
contrast, essentially no scattering occurs in the polar
regions; similarly, little IR emission is produced in the polar
regions, so our model is insensitive to the value of A, when
Aislarge.

The wavelength dependence of the continuous hydrogen
opacity at optical wavelengths is included, as in Bjorkman
& Bjorkman (1994) and Wood et al. (1996b), according to
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where the first term is due to free-free and the second is due
to bound-free absorption. The free-free absorption coeffi-
cient is a,_, = 3.692 x 10® cm® s~ k*/?, and the photoion-
ization cross sections are a, =14 x 10717 cm?, a; =
22x107Y7 ecm™2, and a,=32x 10717 cm? at the
Balmer, Paschen, and Brackett thresholds, respectively.

The hydrogen level populations, n;, are determined from
a simple scaling law that is fitted to the detailed non-LTE
populations calculated using a spherically symmetric
non-LTE ionization code (MacFarlane 1992) for the equa-
torial density (eq. [1] evaluated at § = 90°). The scaling law
was that chosen by Cassinelli, Nordsieck, & Murison
(1987), who observed that although the hydrogen lines are
quite optically thick, the non-LTE populations are approx-
imately determined by a simple balance between photoion-
izations and recombinations. Thus, we approximate the
level populations using

ain: .
m=47 =234, G)

where W = 0.5{1 — [1 — (R,/r)*]"/?} is the dilution factor.
The scaling coefficient, gq;, was chosen so that the approx-
imation formula (3) reproduces the same radial optical
depth as the spherically symmetric non-LTE calculation. In
other words, g is obtained from the relation

J‘1.7R* L7Rs 52
Tye OC nidrzqij —dr, 4
b-f k. k. W

where the hydrogen level populations, n;, are those from the
spherically symmetric code. The upper limit on the radius
(1.7R,) is set to the location where most of the polarization
is produced (Cassinelli et al. 1987). Note that with this
choice of g, the approximation formula (3) reproduces the
spherically symmetric non-LTE populations within a factor
of about 2 over the range 1.1R, <r < 5R,. The g-values
depend on the stellar spectral energy distribution, as well as
the temperature and density of the circumstellar envelope,
and were recalculated for each run in our model-fitting pro-
cedure (see Table 1).

In the UV and optical, the opacity is given by equation
(2), but for IR wavelengths, the bound-free opacity takes a
form similar to the free-free opacity, such that the total

TABLE 1

THERMAL EMISSION COEFFICIENTS FOR THE
CIRCUMSTELLAR DISK

'yv
(10~#° ergs cm® s~! Hz™Y)

(A) T, =20000K T, =19,000K
1500 ....... 0.427 0.365
2000....... 1.910 1.806
2600....... 5.546 5.460
3122....... 9.610 10.120
3640 ....... 14.477 16.669
3650 ....... 2,011 1.937
4000 ....... 2.494 2438
4500 ....... 3.200 3.182
569 ....... 4.870 4.970
7000 ....... 6.534 6.813
8200 ....... 7.884 8.326
8215 ....... 3.983 4.028
9000 ....... 4381 4.458
10000...... 4.840 4.959
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hydrogen absorptive opacity is given by

hv n?
pKy = ar (ges + go.)| 1 —exp | — T/ |3z (v <vg),

&)

where g;; and g, are free-free and bound-free Gaunt
factors, respectively (see Table 2). Diffuse envelope emission,
which balances the bound-free and free-free absorption, is
included according to the emissivity formula from
Osterbrock (1989):

1
Jv = H %, T)nZ, (6)

where y,(H® T) is presented in his Table 4.7 or may be
calculated using his equations (4.21) and (4.22). The values
we used for our model fitting are shown in Table 3.

Having set up the circumstellar geometry and opacity, we
then proceed with the Monte Carlo radiation transfer as
outlined in Wood et al. (1996a, 1996b). The number of
envelope photons to be released, relative to the number of
stellar photons, is obtained by taking the ratio of envelope
luminosity to stellar luminosity at each wavelength. We
assume that the circumstellar envelope is isothermal and
that its luminosity is determined by integrating equation (6)
over the volume of the envelope for the given wavelength
and temperature under investigation. For the stellar lumi-
nosity, we use the relevant Kurucz model atmospheres for
the spectral type and luminosity class of the underlying star
(Kurucz 1994). The Monte Carlo simulation then provides
us with the emergent F/F, at discrete wavelengths (see Fig.
6 below); multiplying our output by the stellar spectrum, we
obtain the emergent spectrum, corrected for the effects of
scattering, continuous absorption, and continuous reemiss-
ion by the circumstellar envelope. Since our simulation uses
fewer frequency points than the model atmosphere, we
interpolate our calculated F/F, values to the wavelength
points of the Kurucz stellar atmosphere models, and then
multiply to obtain our emergent flux spectra. Note that this

TABLE 2

FREE-FREE PLUS BOUND-FREE
GAUNT FACTORS®

(um) Iet t Gos
1200, 2.38
25 i 2.44
60.. i 2.61

* From Allen 1973

TABLE 3

COEFFICIENTS ¢; (cm®) FOR NON-LTE HYDROGEN
LEVEL APPROXIMATION

T,

*
X)

COEFFICIENT 20,000 19,000

Goooeeennennnn 1.69 x 1018 2.64 x 10718

Ggeeerennnanns 6.51 x 10721 4.67 x 102!

Gy eeeenennnnn. 2.63 x 102! 1.79 x 102!

Qaovevnrnnnnns 1.75 x 10721 1.66 x 10~21
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procedure does not include line emission or Doppler shifts
associated with the envelope rotation and expansion.

With these assumptions, we then proceed to fit the polar-
ization Balmer jump by varying the opening angle of the
disk and the equatorial electron scattering optical depth
(i.e., varying m and p, in eq. [1]). As we described above,
due to polarimetric cancellation properties, polarimetric
data at a given wavelength can be reproduced with many
different circumstellar geometries and optical depths.
However, the presence of continuous hydrogen opacity and
the resulting polarization jumps that occur across series
limits enable us to constrain the geometry to only two disk
opening angles (assuming an inclination angle and a cir-
cumstellar structure given by eq. [1]). This is demonstrated
in Figures 1 and 2, where we have plotted the ratio of the
polarization on either side of the Balmer jump (Fig. 1) and
the polarization level just longward of the Balmer jump
(Fig. 2) for various optical depths and disk half-opening
angles. In each of these figures, we have assumed that the
inclination is 82° and that the equator-to-pole density ratio
is 1000. The spectral type, disk temperature, and the various
opacity coefficients are those that we derived for the thin
disk solution for { Tau (see § 4 and Tables 1, 2, and 3). Note
that we have held the g-values constant for all optical
depths and opening angles in these figures. In reality, the
g-values are a weakly varying function of circumstellar
density, and in our model fits in § 4, we do recalculate them
for each density investigated.

In Figure 1, we see that, as the equatorial electron scat-
tering optical depth is increased, the polarization Balmer
jump ratio is also increased. This occurs because the
increased optical depth yields a higher hydrogen absorptive
opacity shortward of the jump, attenuating more of the
scattered (polarized) photons and so resulting in a smaller
polarization level. Longward of the jump, where the hydro-
gen opacity is small, increasing the electron optical depth
results in more scattering, but without much attenuation of
the scattered photons, and hence increases the polarization.
The net result of both of these effects is to increase the
polarization ratio with increasing optical depth. This effect
can be seen in Figure 1 for all opening angles. Note that, for
very large opening angles, the polarization ratio becomes
very large and may even flip negative when the equatorial
regions become very optically thick shortward of the jump.
This occurs for large optical depths because most of the
scattered photons only reach the observer via scattering in
the polar regions of the circumstellar envelope, producing
negative polarization (i.e., perpendicular to the rotation
axis). Such polarization reversals are not observed in Be
stars (this implies an upper limit for the optical depth), so
we only plot positive polarization ratios.

Clearly, for any observed polarization Balmer jump ratio,
there exist many opening angles and optical depths that can
reproduce the polarization ratio. However, in Figure 2 we
demonstrate that for a given polarization ratio, there exist
only two opening angles that can reproduce the polariza-
tion level longward of the Balmer jump. This figure plots
the polarization at 3650 A as a function of disk opening
angle for various values of the polarization Balmer jump
ratio, Ry;. Note that, for a given polarization level, there are
only two solutions for the opening angle; this is the duplic-
ity of solutions that exist because of the polarimetric cancel-
lation properties discussed previously. These curves have a
similar form to those presented by Waters & Marlborough
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(1992; their Fig. 1), but note that the multiple scattering can
yield very large polarization values (in excess of 6%) com-
pared with their maximum of about 2% from the single-
scattering plus attenuation calculations. Note that since the
polarization levels observed in Be stars are at most 2%,
Figure 2 enables us to immediately discount circumstellar
envelopes with opening angles in the range 10°-40°, since
these produce too much polarization. The result of these
two figures is that, provided we have a reasonable estimate
of the disk inclination, we may determine the disk opening
angle and optical depth from analysis of the polarization
Balmer jump.

Once we have matched the polarization Balmer jump, we
then attempt to match the flux Balmer jump. We choose to
fit the flux Balmer jump rather than the slope of the optical
continuum since the size of the jump is insensitive to the
somewhat uncertain interstellar reddening. Similarly, the
size of the polarization Balmer jump is insensitive to
the interstellar polarization. Having obtained matches to
both the polarization and the flux Balmer jumps, we then
calculate the spectrum covering the entire PBO wavelength
range. In order to calculate the flux and polarization
spectra, we must adopt temperatures for the star and disk,
and these temperatures will change the size of both the flux
and the polarization Balmer jumps (as well as the slope of
the continuum spectral energy distribution). Thus, by
matching the flux Balmer jump, we may constrain the
stellar spectral type. Normally, one would not attempt to
determine the spectral type of a Be star by the size of its
Balmer jump (or the slope of its spectral energy distribution,
i.e.,, B— V) because of the uncertainty of the envelope effect,
but since we are explicitly including the envelope emission
and absorption, we are accounting for the intrinsic
reddening and filling-in of the Balmer jump. Note that we
must simultaneously fit both the polarization and the
observed flux spectrum; therefore, we must iterate the
stellar temperature and disk density and opening angle until
we obtain a consistent solution. In the following sections,
we apply the above modeling scheme to the optical spectro-
polarimetric data of { Tau.

3. { TAU: STELLAR PARAMETERS

The star { Tau (HD 37202) was classified by Slettebak
(1982) as a B1 IVe-sh star with a v sin i of 220 kms s~ 1.
However, there is a great deal of ambiguity regarding its
spectral classification, with different investigations yielding
spectral types in the range B1-B4 with luminosity classes
from II to V (Herbig & Spalding 1955; Stock 1956;
Mendoza 1956; Blaauw 1956; Bonsack & Stock 1957; Lesh
1968). More recently, Slettebak (1994) proposed a UV clas-
sification scheme that utilized the ratios of UV line equiva-
lent widths. Based on this scheme and using Slettebak’s
(1994) measurements for the equivalent widths for { Tau, we
obtained the line ratios for { Tau presented in Table 4. The
spectral type for each ratio was obtained from the corre-
lations shown in Slettebak’s (1994) Figure 3. Taking a
weighted average, we derive a spectral type for { Tau of
B2.9 + 0.4. We also adopt a luminosity class IV (the most
frequently quoted value), for which the stellar radius is
R, = 5.5 R (Straizys & Kuriliene 1981).

The largest source of error in our modeling scheme arises
from the uncertainties in the luminosity class and hence the
stellar radius. We find that the derived disk densities and
opening angles are very sensitive to the stellar radius, as is

TABLE 4
RATIO OF EWS AND DERIVED SPECTRAL TYPES FOR { TAU

Atomic Lines

A) EW Ratio®  Spectral Type®
Sim A1265/Si m 41299 ....... 0.84 25+05
Cu A1334/C m A1175........ 0.72 24+05
Al m A1671/Al m A1863 ...... 0.71 40+ 05
Fe m A12599/Fe m A1601...... 0.55 26+10

2 From Slettebak 1994.
® Based on the UV classification scheme of Slettebak 1994.

now explained. The polarization level is governed essen-
tially by the electron optical depth (e.g., Brown & McLean
1977) that scales with the stellar radius; that is, P oc
n,or R,. Similarly, the polarization Balmer jump is sensi-
tive to the hydrogen optical depth, 7, o px, R, oc nZR,,
(see egs. [2] and [3]). Substituting n, oc P/R,, then yields a
1/R, dependence to the hydrogen optical depth. Thus,
increasing the stellar radius increases the polarization and
decreases the Balmer jump. To compensate for this, we
must increase the optical depth (to restore the Balmer
jump), but this raises the polarization even further, so we
must at the same time reduce the disk opening angle to
prevent the polarization from being too large. Therefore, to
match the polarization level and polarized Balmer jumps of
stars with larger radii, we require denser, thinner disks
(Putman et al. 1996). For this reason, we feel that the uncer-
tainty in stellar radius arising from the poorly determined
luminosity class is the largest source of systematic error in
our modeling procedure.

Finally, we assume that the circumstellar geometry can
be parameterized by equation (1)and set the equator-to-
pole density ratio to be 1000. The radial exponent of the
density parameterization is taken to be n =3 following
Waters (1986), who derived this value for { Tau from
analysis of the slope of its IR continuum.

3.1. { Tau: Observations

The star { Tau has been studied polarimetrically by many
authors, first with optical broadband polarimetry (e.g.,
Capps, Coyne, & Dyck 1973) and later with optical and UV
spectropolarimetry (Bjorkman et al. 1991). The optical
polarization spectrum clearly exhibits the characteristic
shape caused by Thomson scattering modified by contin-
uous hydrogen absorptive opacity. For the purposes of the
present study, we have used new, moderate-resolution
optical spectropolarimetry of { Tau using the half-wave
plate spectropolarimeter (HPOL) on the 0.9 m telescope of
the University of Wisconsin’s PBO, combined with new
data from the Wisconsin Ultraviolet Photopolarimeter
Experiment (WUPPE), obtained during the Astro-2 space
shuttle mission.

In its new configuration (Nordsieck & Harris 1996),
HPOL provides polarimetric spectral coverage from about
3200 A out to 1.05 ym. A thick CCD detector is used with
two separate gratings to provide this coverage in two pieces,
one covering 3200-6200 A and the other covering 6000
10500 A. The observations were made through a 6” x 12"
aperture, providing polarimetric spectral resolution (based
on 3 pixels per resolution element) of about 9 A in the blue
and 12 A in the red. For details on the instrument design
and capabilities, see Nordsieck & Harris (1996). The data
were reduced using standard calibration and reduction
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techniques developed specifically for HPOL (see Wolff,
Nordsieck, & Nook 1996).

The optical data presented here is a combination of two
PBO observations from 1995, bracketing the time of the
Astro-2 mission. The first observation was made on 1995
March 3, and the second was made on 1995 March 18. The
polarimetric differences between the two observations were
small (less than 0.1% change in the overall level of
polarization), so we have combined them to improve the
signal-to-noise ratio and to average out any small variabil-
ity around the time of the UV observation.

The UV data shown here were obtained by WUPPE on
Astro-2 on 1995 March 8. WUPPE provides spectro-
polarimetric data from about 1450 to about 3200 A, with a
resolution of about 16 A. The data were calibrated using a
combination of pre- and post-flight laboratory measure-
ments, plus in-flight observations of flux standards and
polarization standard stars. Instrumental effects, including
instrumental polarization, have been removed in the data
reduction process. For further details on the instrument, see
Nordsieck et al. (1994).

Figure 3 presents the UV and optical spectropolarimetric
data on { Tau obtained from WUPPE and PBO, prior to
any removal of interstellar contamination. The top panel
shows the flux, and the bottom panel shows the polariza-
tion in percent, all as a function of wavelength. Note the
presence of large discontinuities at the Balmer and Paschen
edges in the polarization spectrum—this is characteristic of
electron scattering modified by continuous hydrogen
absorptive opacity. In the UV, the polarization spectrum is
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dominated by the effects of metal line blanketing, as first
noted by Bjorkman et al. (1991), which causes the depres-
sions observed in the polarization spectrum around 1700
and 1900 A.

In addition to the optical and UV data, we have included
archival infrared observations at 12, 25, and 60 um, taken
from the IRAS Point Source Catalog (Beichman et al.
1988). The inclusion of the IRAS data provides a very broad
wavelength range over which to fit the models, which in
turn provides better constraints to the determination of
acceptable models.

3.2. { Tau: Dereddening and Removal of Interstellar
Polarization

Since Be stars have extended circumstellar environments,
any reddening will consist of both an intrinsic component
(due to the circumstellar envelope) and an interstellar com-
ponent. Therefore, we cannot attribute the measured
E(B—7) to interstellar dust entirely when dereddening flux
observations. To independently estimate the relative contri-
butions of intrinsic and interstellar reddening, we apply the
correlation, Ny, = 4.8 x 102! cm~2 E(B— V), between H 1
column density, Ny, and E(B—V), derived by Bohlin,
Savage, & Drake (1978). They measured the interstellar H 1
column density towards { Tau to be Ny;= 1.1 x 10%°
cm ™2, which gives an estimated E(B—V) = 0.02 for the
interstellar reddening contribution.

In addition to reddening, the interstellar medium (ISM)
also polarizes light passing through it. This contamination
due to interstellar polarization is removed using the scheme
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outlined in Quirrenbach et al. (1997). The polarization
change across the Balmer jump enables the determination
of the intrinsic polarization position angle, which is found
to be y,, = 32° for { Tau. The component of the ISM polar-
ization perpendicular to the intrinsic direction has its
maximum value P%_ = 0.04%, at a wavelength 1, = 7100
A. The interstellar position angle, from measurements of
field stars, is Y = 11° + 5°, which implies that the paral-
lel component of the interstellar polarization is P, =
0.04%, yielding a total interstellar P,,, = 0.06% + 0.02%.
The value obtained for P,,, allows us to perform a consis-
tency check on the E(B— V) value, since interstellar polar-
ization is at most 9% per E(B— V) (Serkowski, Mathewson,
& Ford 1974), implying that P,,, < 0.2. Our estimate is
about one-third of this maximum value—perhaps a bit
lower than average, but certainly not unreasonable. We
then estimate the ratio of selective-to-total extinction from
the relation R, = 5.5 um~1 /., (Serkowski et al. 1974), and
find that R, = 3.9 for { Tau’s sight line. Having obtained
E(B—V), Ry, Anaxs Puaxs and Vg, we then deredden the
observations using the Cardelli, Clayton, & Mathis (1989)
formulae and remove the interstellar polarization using the
Wilking et al. (1980) modification to the Serkowski et al.
(1974) 1aw for the interstellar polarization.

4. OPTICAL CONTINUUM SPECTROPOLARIMETRY AND
IRAS FLUX MODELING OF { TAU

Throughout the data-modeling process, we assume that
the circumstellar envelope is isothermal with a temperature
of 0.8T,, (Klein & Castor 1978). The stellar temperature is
determined by iteration, using our scheme described in § 2,
until we obtain a good match for the continuum flux
Balmer jump and polarization Balmer jump. This involves
recalculating the values of g in equation (3) and y in
equation (5) for each stellar temperature and disk density
that we investigate. We have also assumed that { Tau is
observed close to edge-on. This is a reasonable assumption,
since { Tau is a shell star and also because it lies near the
top of Cote & Waters’ “triangle diagram” (Cote & Waters
1987), which plots the correlation between polarization and
IR excess; stars near the top are thought to be edge-on,
while stars near the bottom are pole-on; this is supported
by the results from the optical interferometry (Quirrenbach
et al. 1997). Proceeding with the scheme outlined above, we
found the two solutions (geometrically thick and thin equa-
torial circumstellar disks) that reproduced the polarization
Balmer jump in { Tau. We then computed the continuum
polarization and flux over the entire WUPPE plus PBO
wavelength range, as well as the IRAS wavelengths for each
of these geometries. The results are shown in Figures 4 and
5 and summarized in Table 5. We found that the best fit to
the continuum flux spectrum of { Tau was obtained for

TABLE 5

SuMMARY OF MoODEL FiTs*

AO T

Model m (deg) (elec;;on)
Thin disk ....... 700 2.5 3.0
Thick disk...... 14 52 0.5

2 For the circumstellar geometry of { Tau for an
inclination i = 82°, equator-to-pole density ratio of
1000, and 1/r3 radial dependence for the density.
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stellar temperatures of 19,000 and 20,000 K for the geo-
metrically thin and thick disk solutions, respectively.

In Figure 6, we show our calculated F/F, values as a
function of wavelength for both the thin and the thick disk
solutions. Note that the thick disk increases the size of the
flux Balmer jump, while the thin disk solution decreases
slightly the size of the Balmer jump. Therefore, compared
with the thin disk solution, the thick disk solution requires
an earlier spectral type (reducing the photospheric Balmer
jump) for the underlying star in order to match the observed
size of the Balmer jump. Also note that at long wavelengths,
the slope of the thick disk solution is steeper than that of the
thin disk, yielding a small discrepancy in the near-IR that
grows to a factor of 2 disparity between the two solutions at
IRAS wavelengths.

Since the Kurucz model atmospheres modified by the
circumstellar disk provide the emergent flux, we must multi-
ply our calculated fluxes by (R,/D)* = 462 to match the
observations, where 0, is the angular diameter. We find that
the angular diameter required to match the model and data
is 6, = 0.48 + 0.06 mas. This value is a bit larger than pre-
vious estimates of 0.4 mas (Wesselink, Paranya, & De
Vorkin 1972) and 0.43 mas (Underhill et al. 1979), but it
agrees within the errors. The reason for our slightly larger
angular diameter is that our model has accounted for the
effects of disk absorption and emission that are non-
isotropic. Using our assumed stellar radius of R, = 5.5 R,
we find an Earth-star distance of D = 110 pc, which corre-
sponds to a parallax of 9 mas. This is remarkably close to
the 8 mas listed in Lang (1991), but other observations of
the parallax yield values ranging from 3 + 5 mas (van
Altena, Truen-liang Lee, & Hoffleit 1991, as cited in Kuin et
al. 1995) to 13 mas (Rimmer 1930). In principle, these paral-
lax and angular diameter measurements can be used to
determine the radius and hence luminosity class of { Tau.
Of course, the large errors on the parallax measurements
render it almost impossible to constrain the stellar radius
accurately. Improved observational data, such as that
which will come from Hipparcos and new interferometry,
may help constrain the models further.

In Figure 4a, we see that the simulated thin disk spectrum
(thick line) matches the optical data (thin line) and IRAS
data very closely, with the size of the Balmer jump and
the slope of the Paschen and IRAS continua agreeing with
the observations. (In our model-fitting scheme, we match the
polarization and flux Balmer jumps; therefore, the Paschen
slope, Paschen jump, and IRAS fluxes provide an indepen-
dent check for our model) On closer inspection, we find
that the hydrogen absorption lines are deeper in the model
than in the data (Ha is in emission in the data, and in
absorption in the model), but this can be interpreted as
filling-in of the photospheric absorption lines by disk line
emission. Also note that the observed polarization Balmer
jump is rounded, whereas the model jump is sharp. Again,
this is due to the absence of line effects in our model; the
confluence of the Balmer lines yields a rounding-off of the
polarization Balmer jump. Similarly, the wavelength of
the observed flux Balmer jump is shorter than that of the
model atmosphere. Since the observed wavelength of the
Balmer jump can be used as a measure of the surface gravity
(pressure broadening or density) of a stellar atmosphere
(Barbier & Chalonge 1939, 1941; see also Stromgren 1963,
pp. 151-154), this difference indicates that the disk density is
lower than that of the stellar atmosphere—quantitative
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Fi1c. 6.—Effect of circumstellar envelope on the emergent stellar flux for the thin and thick disk solutions

modeling of this effect may provide additional information
on the density within the disk. However, since we have
included only continuum absorption and emission from the
disk, we are not attempting to fit the line profiles (that effort
is underway but is beyond the scope of the present paper),
and these discrepancies between the model and the
observed line profiles are to be expected. In particular, the
model shows large departures from the data in the UV at
the wavelengths where the metal line complexes are strong-
est.

The thin disk solution for the optical spectropolarimetry
(Fig. 4a) has an opening angle of 2°5 (m = 700) and an
equatorial electron scattering optical depth of 7., = 3, while
the thick disk solution (Fig. 5a) has an opening angle of 52°
(m =14) and an equatorial electron scattering optical
depth of 7., = 0.5, both for an inclination of i = 82°. Based
on these optical spectropolarimetric modeling results alone,
we cannot distinguish between a thick or a thin circumstel-
lar geometry. At this point, we must appeal to other obser-
vations.

The strongest observational evidence that will enable us
to discriminate between the thick and the thin disk solu-
tions is the recent optical interferometric images of Be stars
(Quirrenbach et al. 1994, 1997). Images of { Tau in the light
of Ha emission show it is elongated, with its short axis
aligned with the intrinsic polarization position angle—
indicating a disklike geometry. Since the image is unre-
solved along its short axis, only an upper limit of A§ < 20°
can be placed on the half-opening angle of the disk. This
limit is much smaller than our thick disk solution, which
indicates that the thin disk solution is the appropriate one
for { Tau.

Additional supporting evidence for the thin disk solution

is obtained from the flux data. Although the thick disk flux
spectrum shows a good match to the Balmer jump and UV
continuum, we find that, on close inspection in the near-IR,
the thick disk model is starting to diverge from the data and
produces too much emission. This is especially evident at
the IRAS wavelengths (Fig. 5b) where the thick disk model
produces a factor of 2 too much flux—the thick disk has a
large volume, so it produces too much free-free IRAS flux. If
the temperature of the thick disk were reduced to around
9000 K, then the model IRAS emission might be able to
match the data. However, preliminary investigations into
the UV line-blanketed polarization (Bjorkman & Wood
1996) indicate that such a cool disk would not be able to
reproduce the UV metal line-blanketed depolarizations
that are present in { Tau, and that higher disk temperatures
are required to match the UV data (see below). On the other
hand, the thin disk solution matches both the near-IR and
the IRAS data (Fig. 4b) very well. (As a caveat, however, we
must note that the IRAS data are not contemporaneous
with the spectropolarimetry.) Combining the disk tem-
perature constraint for the UV depolarization with the
results of optical interferometry and IRAS flux modeling,
we infer that the thin disk is the more likely solution.

We have also calculated the polarization at IRAS wave-
lengths (Figs. 4b and 5b and find that the polarization levels
are a few tenths of a percent at these wavelengths. This
result is in contrast to previous calculations that predicted
zero polarization at long wavelengths (e.g, Waters &
Marlborough 1992). At IRAS wavelengths, the emission
from the circumstellar envelope dominates the stellar flux,
and previous models assumed that this envelope emission
would escape without scattering and therefore yield zero
polarization. In contrast, our models show that this IR
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emission is scattered and yields significant (potentially
measurable) IR polarization levels.

On the other end of the spectrum, our results also esti-
mate the UV continuum spectropolarimetry (shown in Figs.
4a and S5a) from the same electron scattering plus hydrogen
opacity model used to calculate the optical and IR spectra.
Clearly, this model is inadequate for the UV wavelength
regime where additional depolarizing effects are important.
Bjorkman & Bjorkman (1994) investigated the role that
gravity darkening may play on the UV depolarization but
concluded that this was unlikely to be the dominant depo-
larizing effect. In the UV region observed by WUPPE, there
are many metal line blends that provide additional absorp-
tive opacity, and this line blanketing is the crucial missing
ingredient from our model. Our preliminary efforts at mod-
eling the UV polarization while including the effects of
metal line blanketing (Bjorkman & Wood 1996) indicate
that, by matching the UV line depolarization, we may be
able to determine the disk temperature. This is possible
because the dominant ionization stages of the metal lines
are sensitive to the disk temperature and density, with dif-
ferent line blends, and hence UV depolarization patterns,
appearing at different wavelengths depending on the cir-
cumstellar temperature. These initial calculations indicate
that the disk temperature must be greater than 10,000 K
and less than about 20,000 K to reproduce the strong Fe m
depolarization seen around 1900 A in the spectrum of {
Tau. Such a high circumstellar temperature would produce
too much IRAS flux for the thick disk solution (which
requires a cooler temperature of around 9000 K to match
the observations), again favoring the thin disk solution.
Finally, we anticipate that detailed modeling of the UV
spectropolarimetry, including the metal line blanketing, will
enable us to further constrain the disk temperature and
density structure.

5. DISCUSSION

In the previous section, we conducted a spectro-
polarimetric investigation into the circumstellar geometry
of { Tau, using a Monte Carlo radiation transfer code that
calculates the emergent flux and polarization, including the
effects of multiple scattering, absorption, and emission from
within an extended circumstellar envelope (this code also
includes the scattering of disk emission, which we have
found to be especially important for calculating the IR
polarization). By fitting the continuum polarimetry and the
continuous spectral energy distribution over the entire
wavelength range from the UV through far-IR, we have
been able to constrain the circumstellar geometry quantitat-
ively.

5.1. Circumstellar Geometry

We found that the polarization Balmer jump can be
reproduced using either a geometrically thick (half-opening
angle A6 = 52° with an equatorial Thomson scattering
optical depth 7., = 0.5) or a geometrically thin (A0 = 275,
T.q = 3) circumstellar disk. The duplicity of the solutions
arises because of the polarimetric cancellation properties
discussed in § 1. We were able to further constrain the disk
geometry by modeling the IR excess emission, and we found
that the thin disk produces free-free fluxes that agree well
with the IRAS data, while the thick disk produces a factor
of 2 too much emission at these wavelengths. Recent optical
interferometry provides supporting confirmation that rules
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out the thick disk option provided by our optical spectro-
polarimetric modeling.

The implications of this model fitting are that either
Keplerian or wind-compressed disks may exist around Be
stars, whereas geometrically thick ellipsoidal shell models
are necessarily excluded. The opening angles predicted by
the WCD model are typically 3° (Owocki et al. 1994), while
Keplerian disks also have opening angles close to the star of
around 3°, but Keplerian disks flare at large radii. Such
flaring could possibly explain the low-velocity, low ioniza-
tion state shell absorption features present in some Be stars.
However, since the scattered polarization is governed by the
disk shape close to the star, any flaring of a Keplerian disk
at large radii would not be detected in the polarized spec-
trum. Therefore, our modeling of the continuum polariza-
tion data does not distinguish between Keplerian and
wind-compressed disks. We conclude that the overall
geometry of the circumstellar environment (i.e., the disk
opening angle) is consistent with either a Keplerian or a
wind-compressed disk, and is inconsistent with moderately
flattened ellipsoids.

5.2. Consistency Checks

As part of determining the circumstellar geometry, we
require seven parameters to completely specify a model: p,
A, n, and m, in the density law (eq. [1]); T, and R, to specify
the stellar parameters; and Ty, to specify the disk emission
and absorption. As we discussed, the model is insensitive to
the value of 4 (when A is large, as indicated by the UV vs.
IR mass-loss rates), n is determined by the slope of the IR
excess emission, R, is determined from the (somewhat
uncertain) luminosity class, and Ty, is set equal to 0.8T,.
The remaining three free parameters (p,, m, and T,) are
determined by fitting the polarization levels on both sides of
the Balmer jump, and the size of the flux Balmer jump.
Finally, the flux level determines the angular diameter, 0.
In addition to the model parameters, we also require the
levels of interstellar reddening and polarization, in order to
compare the observations with our emergent flux and
intrinsic polarization calculations. Since many of these
parameters are poorly determined, it is desirable to make as
many consistency checks as possible when fitting the data.

5.2.1. Spectral Type

The simplest check that we can perform is to verify that
our effective temperature, T, (determined by the size of the
flux Balmer jump), agrees with other spectral classification
methods. We find that for the thin disk solution, a stellar
temperature of 19,000 K best reproduces { Tau’s spectro-
polarimetry, while a temperature of 20,000 K gives the best
fit for the thick disk solution. These stellar temperatures
correspond to a spectral type a bit earlier than B3, which
agrees with that obtained independently using Slettebak’s
(1994) UV line ratio classification scheme.

5.2.2. Polarization Continuum Slope

In our model, we have made a number of simplifying
assumptions. For example, we have assumed that the
hydrogen level populations can be represented by a
non-LTE approximation obtained from a spherically sym-
metric model. We fitted the polarization Balmer jump, and
the model then predicts the polarization Paschen jump and
slope of the polarized Paschen continuum. These latter two
quantities depend primarily on the value of n;, while the
first depends on n,. Since the model successfully reproduces



938 WOOD, BJORKMAN, & BJORKMAN

all three of these polarimetric features, this provides evi-
dence that our non-LTE approximations successfully
reproduce the ratio of n; to n,. Note, however, that if one
carefully examines Figures 4a and 4b, the Paschen slope is a
little too steep, indicating that n, is underpopulated relative
to n;. This could be a consequence of using a spherically
symmetric non-LTE model. Using the correct geometry will
redirect some of the photoionizing radiation away from the
equator. Reducing the equatorial photoionization rates will
increase all the level populations. However, these non-LTE
effects have a stronger influence on the lower levels, so the
ratio n,/n; will be enhanced.

5.2.3. IR Excess

Another assumption that we made was that the disk was
isothermal with T}, = 0.8T . Although this was motivated
by theoretical considerations, the actual value is somewhat
arbitrary. Since the thermal free-free emission depends on
the disk temperature, fitting the IRAS flux level shows that
our choice is appropriate for the thin disk solution. On the
other hand, the thick disk solution does not agree with the
IRAS data (Fig. 5b). We could lower the disk temperature
until the model and data agree, but this would require a
disk temperature below the lower limit indicated by the UV
line depolarization features. Finally, we note that the model
slope agrees with the data, which verifies our value for the
radial density exponent, n.

5.2.4. Reddening

The excess IR emission arises from an extended circum-
stellar envelope. This envelope emission and absorption
also contaminates the optical region of the stellar spectrum.
This intrinsic reddening poses difficulties for estimating
interstellar reddening as well as estimating spectral types
from the stellar colors. Our modeling technique enables us
to determine quantitatively the envelope contribution to the
reddening. We find from Figure 6 that the disk contami-
nation in { Tau yields an intrinsic E(B—V) = —2.5 log
(FgF,y/F, g Fy) =0.04, which, using (B—V), = —0.21
(Fitzgerald 1970) for the spectral type of { Tau, implies that
(B—V) would be —0.17 in the absence of any interstellar
reddening. Using Figure 3, we calculated synthetic photo-
metry for { Tau (using the Bessel 1990 B and V' passbands)
and find that the observed (B—V) = —0.16, yielding an
interstellar E(B— V) = 0.01, which is consistent with our
estimate of E(B— V) = 0.02 from the interstellar Ny;.

5.2.5. Flux Continuum Slope

The reddening changes the slope of the flux continuum,
which also depends on several other factors. These include
the stellar temperature, the disk absorption and reemission,
the interstellar reddening, and the color calibration of the
observations. The slope of our model flux predictions agrees
with the observations, which implies that our dereddening,
stellar spectral type, and disk temperature are all compat-
ible.

5.2.6. Angular Diameter

Finally, our angular diameter agrees with previous esti-
mates. This checks the absolute flux calibration and also
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provides a minimal check of the stellar radius. Using the
angular diameter, 0, = (0.48 + 0.06) mas, with our adopted
stellar radius of R,, = 5.5 R, yields a distance of D = 110 pc
and a parallax of 9 mas, which is consistent with the pre-
vious measurements in the literature, but these values
cannot constrain the stellar radius to better than a factor of
about 3.

6. CONCLUSION

This paper has addressed the problem of quantitatively
determining the circumstellar structure of Be stars. We have
used a detailed optically thick, multiple scattering model to
fit the observed continuum spectropolarimetry of { Tau. In
reproducing its continuous spectral energy distribution
from the UV through IRAS wavelengths, and combining
this with recent interferometric imaging, we have shown
that the circumstellar environment comprises a geometri-
cally thin disk and that geometrically thick disks or ellip-
soidal shells are not acceptable solutions. Furthermore, the
quantitative estimate of the disk opening angle, A§ = 2°5, is
consistent with either a Keplerian disk or a wind-
compressed disk. We also suggest that refining this tech-
nique to include the effects of line blanketing will ultimately
provide a means of constraining the physical parameters of
the circumstellar envelope.

The Be star spectropolarimetric database now spans the
range 1450 A to 1.05 um for over a dozen stars (Bjorkman et
al. 1996), with optical spectropolarimetry (from PBO) exist-
ing for over 40 additional stars. Further spectropolarimetric
modeling, as described in this paper, as well as extensions to
include metal line blanketing in the UV are already under-
way and promise to provide a powerful diagnostic tool in
determining both the density and the temperature structure
of the Be circumstellar environment. Our preliminary esti-
mates (Putman et al. 1996) indicate that at least three addi-
tional Be star disks have opening angles less than about 3°,
and future modeling efforts will be required to determine
whether this is a common feature of most Be star disks.
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