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ABSTRACT

We present the firstK 0-band, long-baseline interferometric observations of the northern Be stars � Cas, � Per, � Tau,
and � Dra. The measurements were made with multiple telescope pairs of the CHARA Array interferometer and in
every case the observations indicate that the circumstellar disks of the targets are resolved. We fit the interferometric
visibilities with predictions from a simple disk model that assumes an isothermal gas in Keplerian rotation. We derive
fits of the fourmodel parameters (disk base density, radial density exponent, disk normal inclination, and position angle)
for each of the targets. The resulting densities are in broad agreement with prior studies of the IR excess flux, and the
resulting orientations generally agree with those from interferometric H� and continuum polarimetric observations.We
find that the angular size of the K 0 disk emission is smaller than that determined for the H� emission, and we argue that
the difference is the result of a larger H� opacity and the relatively larger neutral hydrogen fraction with increasing disk
radius. All the targets are known binaries with faint companions, and we find that companions appear to influence the
interferometric visibilities in the cases of � Per and � Dra. We also present contemporaneous observations of the H�,
H�, and Br� emission lines. Synthetic model profiles of these lines that are based on the same disk inclination and radial
density exponent as derived from the CHARAArray observations match the observed emission line strength if the disk
base density is reduced by �1.7 dex.

Subject headinggs: stars: emission-line, Be — stars: individual (� Cas; � Per; � Tau; � Dra) —
techniques: interferometric

Online material: machine-readable table

1. INTRODUCTION

Be stars are rapidly rotating B-type stars that manage to eject
gas into a circumstellar disk (observed in H emission lines, an in-
frared [IR] excess flux, and linear polarization; Porter & Rivinius
2003). Be star disks are ephemeral and vary on timescales from

days to decades (in some cases disappearing altogether for ex-
tended periods). This inherent time variability suggests that gas
injection into the disk is only partially the result of the fast spin
and equatorial extension of the Be star (Townsend et al. 2004)
and that magnetic, pulsational, wind driving, and/or other pro-
cesses are required for mass loss into the disk (Owocki 2005).
The evolutionary status of Be stars is still a subject of considerable
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debate (McSwain & Gies 2005; Zorec et al. 2005), but there is
growing evidence that many Be stars were spun up through mass
transfer from a binary companion that has since become a neutron
star, white dwarf, or hot subdwarf (Pols et al. 1991; Gies 2000).

The direct resolution of Be star disks has come through high-
resolution radio observations ( Per; Dougherty & Taylor 1992)
and long baseline interferometry in a narrow band around the H�
emission feature (Stee et al. 2005). The first H� studies focused
on the bright, northern sky Be stars � Cas (Thom et al. 1986;
Mourard et al. 1989; Stee et al. 1995; Berio et al. 1999) and � Tau
(Vakili et al. 1998). In a seminal paper, Quirrenbach et al. (1997)
presented results for seven Be stars based on narrowband H�
observations made with the Mk III interferometer at the Mount
Wilson Observatory. They were able to resolve the disks around
all seven stars, and they found diameters in the range 2.6Y4.5 mas
(Gaussian FWHM). In most cases the visibilities indicated an
elongated shape; for example, in the case of � Tau, the major axis
was resolved (4.53 mas diameter), but the orthogonal minor axis
remained unresolved, consistent with the suggestion that we are
viewing the disk almost edge-on. The disk orientation position an-
gle on the sky inferred frompolarimetrymatched the interferomet-
ric results in every case. These results have been extended and
improved through new interferometric observations with the
Navy Prototype Optical Interferometer (NPOI) in an important
series of papers by Tycner and collaborators (Tycner et al. 2003,
2004, 2005, 2006).

The relative flux contribution from the disk becomes larger in
the IR spectral range due to bound-free and free-free emission
from the dense and ionized gas in the disk. Waters (1986) devel-
oped a disk model for the IR emission that he subsequently ap-
plied to determine the disk properties of 101 Be stars based on
their far-IR emission observed with the IRAS satellite (Coté &
Waters 1987; Waters et al. 1987), and Dougherty et al. (1994) fur-
ther extended this analysis to study the near-IR excess in 144 Be
stars. Howells et al. (2001) demonstrated that the near-IR flux
excess is correlated with the H� emission strength in Be stars as
expected for a common origin in the disk. Thus, the near- and
mid-IR ranges (Rinehart et al. 1999) offer a new opportunity
for resolving the disks of Be stars through long baseline inter-
ferometry. Stee & Bittar (2001) presented a wind model for the
IR emission from Be stars and the corresponding interferomet-
ric visibilities for the models. Their model for � Cas, for exam-
ple, predicts that the disk should appear approximately 2 times
larger in the K-band continuum and in the Br� emission line
than found by narrowband H� interferometry. Stee (2003) made
additional predictions for 16 Be stars of the expected K-band
interferometric visibilities. The first attempt to resolve the IR disk
flux was recently made by Chesneau et al. (2005), who made
N-band observations with the Very Large Telescope Interferom-
eter (VLTI)MIDI instrument of the bright southernBe star�Ara,
and their results indicate that the disk is smaller than that predicted
by Stee (2003), perhaps due to disk truncation by a faint binary
companion. K-band interferometric observations from VLTI/
VINCI of � Eri were reported by Domiciano de Souza et al.
(2003) and Kervella & Domiciano de Souza (2006), who inter-
preted the visibilities using models of a rotationally distorted
photosphere and a faint circumstellar gas envelope.

Here we present the first near-IR interferometric observations
of four bright, northern sky Be stars that we obtained with the
Georgia State University Center for High Angular Resolution
Astronomy (CHARA) Array at Mount Wilson Observatory
(McAlister et al. 2005; ten Brummelaar et al. 2005). We describe
the interferometric and complementary spectroscopic observa-
tions in x 2 and then we present a simple disk model in x 3 that we

use to predict the interferometric visibilities and spectral line pro-
files. We discuss the specific results for each of the four targets in
x 4. Our results are summarized in x 5.

2. OBSERVATIONS

2.1. Targets

We selected four well-known Be stars for this initial pro-
gram of CHARA Array interferometry: � Cas (=HR 264, HD
5394, HIP 4427), � Per (=HR 496, HD 10516, HIP 8068), � Tau
(=HR 1910, HD 37202, HIP 26451), and �Dra (=HR 4787, HD
109387, HIP 61281). All the targets except �Dra have prior nar-
rowbandH� interferometric observations (Quirrenbach et al.1997;
Tycner et al. 2003, 2004, 2006). The first three stars were targets
in speckle interferometric searches for close companions, and no
such companionswere detected (Mason et al. 1997); however, os-
cillations in the proper motion of � Cas suggest the presence of a
faint companion with a period of �60 years (Gontcharov et al.
2000). On the other hand, all four of the targets are known spec-
troscopic binarieswith periods in the range 61Y204 days. The com-
panion in the case of � Per is a hot subdwarf whose spectral
features appear in the UV spectrum (Gies et al. 1998), but for the
other three stars the nature of the low-mass companion is unknown.
We summarize the adopted parameters for the target stars in

Table 1,which lists the spectral classification, parallax (ESA1997),
radius, mass, effective temperature, and projected rotational ve-
locity (Yang et al. 1990; Abt et al. 2002) of the bright primary
star. The next three rows give the radius, mass, and effective tem-
perature of the secondary. These are only known for � Per, and
representative values are listed for the others assuming that they
also have hot subdwarf companions (see x 3.3). The next four
rows list the binary period, epochof the secondary star’smaximum
radial velocity (equal to the epoch of the secondary’s crossing of
the ascending node), the primary star to center-of-mass portion of
the semimajor axis, and the adopted Roche radius of the primary
star. The final row provides a key to the references from which
these various parameters were adopted.

2.2. K 0-Band Interferometry from the CHARA Array

The CHARA Array observations were made on various dates
during the first 2 years of operation (Table 2). The telescope,

TABLE 1

Adopted Stellar Parameters

Parameter � Cas � Per � Tau � Dra

Spectral classification.......... B0.5 Ve B0.5 IIIYVe B2 IIIpe B5YB6 IIIe

� (mas) ................................ 5.32 4.55 7.82 6.55

R1 (R�)................................ 10.0 7.0 5.5 6.4

M1 (M�) .............................. 15.5 9.3 11.2 4.8

T1 eA (K) ............................. 28840 29300 19000 14000

V sin i (km s�1) .................. 295 410 320 170

R2 (R�)
a .............................. 1.0 1.33 1.0 1.0

M2 (M�)
a............................. 1.0 1.1 1.0 0.8

T2 eA (K)a ............................ 30000 53000 30000 30000

P (days) ............................... 203.59 126.67 132.91 61.56

TSþ (HJD � 2,400,000)..... 50654.3 50155.1 46417.3 50011.0

a1 sin i (R�)......................... 15.279 24.942 27.562 10.078

Rd (R�)................................ 214 130 146 67

References ........................... 1, 2 3 4, 5, 6 7

a Example parameters for an assumed subdwarf companion for all but � Per
where the estimates are from Gies et al. (1998).

References.—(1) Harmanec et al. 2000; (2) Miroshnichenko et al. 2002;
(3) Gies et al. 1998; (4) Harmanec 1984; (5) Yang et al. 1990; (6) Kaye & Gies
1997; (7) Saad et al. 2005.
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instrumentation, and data-reduction procedures are described in
detail by ten Brummelaar et al. (2005). The CHARA Array con-
sists of six 1m telescopes in aY-configurationwith pairwise base-
lines ranging from 34 to 330m in length. The Be star observations
were primarily made with intermediate to long baseline config-
urations using theK 0 filter described byMcAlister et al. (2005).
A summary of each night’s observations is given in Table 2,
which lists the target and calibrator star names, the telescope pair
(with the maximum baseline given in meters in parentheses; ten
Brummelaar et al. 2005), the UT date, and the number of sets of
measurements. We made the measurements using the ‘‘CHARA
Classic’’ beam combiner, which is a two-beam, pupil-plane (or
Michelson) combiner (Sturmann et al. 2003). The fringes were
recorded with a near-IR detector on either 1 or 2 ; 2 pixels at a
sampling rate of 100 or 150 Hz, depending on the seeing condi-

tions. The path length scans were adjusted to obtain approx-
imately five samples per fringe spacing. Each measurement set
consists of some 200 scans of the fringe pattern with photo-
metric calibration scans performed before and after. The raw
visibilities were estimated from an edited set of scans using the
lognormal power spectrum method described by ten Brummelaar
et al. (2005).

We transformed the raw visibilities into absolute visibility V
by interleaving the target observations with measurements of cali-
brator stars with small angular diameters (Berger et al. 2006).
The calibrator stars are generally close in the sky and of compa-
rable K 0 magnitude to the targets, and we list in Table 3 their
effective temperatures and gravities as derived by other investi-
gators (identified in col. [7]). We estimated the angular diameters
of the calibrator stars by comparing their observed andmodel flux
distributions. The angular diameter of the limb-darkened disk �LD
(in units of radians) is found by the inverse square law:

fk(observed)

Fk(emitted)10�0:4Ak
¼ R?

d

� �2
¼ 1

4
�2LD; ð1Þ

where the ratio of the observed and emitted fluxes (reduced by
the effects of interstellar extinction Ak) depends on the square
of the ratio of stellar radius R? to distance d. Most of the calibra-
tor stars are relatively close by and the interstellar extinction is
negligible. The one exception is HD 107193, and in this case we
adopted an extinction-curve law from Fitzpatrick (1999) that is
a function of the reddening E(B� V ) and the ratio of total to
selective extinction R ¼ AV /E(B� V ) (set at a value of 3.1).

The model fluxes were interpolated from the grid of models
fromR. L. Kurucz5 based on the values of TeA and log g in Table 3.
These model fluxes are based on solar abundance, plane-parallel,
local thermodynamic equilibrium (LTE), line-blanketed atmo-
spheres with a microturbulent velocity of 4 km s�1 that should
be adequate for these A- and F-type main-sequence stars. We
compiled data on the observed fluxes from the optical to the
near-IR.We found JohnsonUBV photometry for all the calibra-
tors, and these magnitudes were transformed to fluxes using the
calibration of Colina et al. (1996). We also included Strömgren
photometry for several calibrators using the calibration of Gray
(1998). Spectrophotometry from Kharitonov et al. (1988) was
used for HD 6210. All of the stars are included in the 2MASS
All-Sky Catalog of Point Sources (Cutri et al. 2003), and we
converted the JHK magnitudes to fluxes using the calibration
of Cohen et al. (2003). In a few cases the errors in the 2MASS
magnitudes were unacceptably large, and we relied instead on
IR fluxes from the COBE DIRBE instrument (Smith et al. 2004).
The angular diameters we derived by fitting the spectral energy

TABLE 2

CHARA Array Observations

Calibrator Name

Baseline

(m)

Date

(UT) No. of Sets

Target: � Cas

HD 6210 ................. W1/S2 (249) 2003 Oct 07 5

W1/S2 (249) 2003 Oct 10 6

W1/S2 (249) 2003 Oct 14 5

W1/S2 (249) 2003 Oct 16 6

W1/W2 (111) 2005 Oct 12 12

W1/W2 (111) 2005 Oct 13 11

W1/W2 (111) 2005 Oct 15 11

Target: � Per

HD 6961 ................. W1/S2 (249) 2003 Oct 03 5

W1/W2 (111) 2003 Oct 12 10

W1/W2 (111) 2003 Oct 13 7

W1/W2 (111) 2003 Oct 14 14

Target: � Tau

HD 43042 ............... S1/E1 (331) 2004 Dec 21 6

HD 32977 ............... S1/E1 (331) 2004 Dec 22 1

HD 43042 ............... W1/S1 (279) 2005 Apr 01 2

W1/W2 (111) 2005 Dec 04 8

W1/W2 (111) 2005 Dec 05 9

Target: � Dra

HD 107193 ............. S1/S2 (34) 2005 Apr 02 13

S1/E1 (331) 2005 Apr 06 5

S1/E1 (331) 2005 Apr 13 1

W1/W2 (111) 2005 Dec 04 3

W1/W2 (111) 2005 Dec 05 13

TABLE 3

Calibrator Star Angular Diameters

Calibrator Name

(1)

TeA
(K)

(2)

log g

(cm s�2)

(3)

Spectral Classification

(4)

E(B� V )

(mag)

(5)

�LD
(mas)

(6)

References

(7)

HD 6210 ................................ 6087 3.73 F6 V 0.00 0.523 � 0.027 1, 2, 3, 4

HD 6961 ................................ 7762 3.80 A7 V var 0.00 0.608 � 0.019 2

HD 32977 .............................. 8511 4.19 A5 V 0.00 0.344 � 0.033 2

HD 43042 .............................. 6556 4.28 F6 V 0.00 0.590 � 0.016 3

HD 107193 ............................ 8710 3.93 A0 Vn 0.04 0.308 � 0.005 2

References.—(1) Cayrel de Strobel et al. 1997; (2) Allende Prieto & Lambert 1999; (3) Lambert & Reddy 2004; (4) Nordström et al. 2004.

5 See http://kurucz.cfa.harvard.edu/.
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distributions are given in column (6) of Table 3. Most of these
calibrators have angular diameters that are small enough that their
associated errors will introduce only minor systematic errors in
our derived target angular sizes (van Belle & van Belle 2005).

It is normal practice in interferometry to estimate the actual
visibility of a calibrator by adopting a uniform disk function for
the visibility curve as a function of wavelength and baseline, but
in fact it is no more difficult to apply a visibility curve for a limb-
darkened disk, provided the form of the limb darkening is known
(Davis et al. 2000). We used the effective temperatures and grav-
ities from Table 3 to estimate the K-band limb-darkening coef-
ficients from the tables of Claret (2000), and then we calculated
the limb-darkened visibility curves for the calibrators (for the pro-
jected baseline at the time of observation and the limb-darkened
angular diameter given in Table 3) by making a weighted sum of
the predicted visibilities over the wavelength band of the K 0 filter
(to account for bandwidth smearing). We then made a simple lin-
ear interpolation in time between the target and calibrator obser-
vations to estimate the ratio of raw to absolute visibility required
to transform the results to absolute visibility.Note thatwe alsomade
a spline fit of the time evolution of calibrator visibility, and the
difference between the spline and linear interpolated visibilities
was added quadratically to the error budget for the final calibrated
visibility to help estimate the errors introduced by the time inter-
polation scheme.

The calibrated visibilities are presented in Table 4 (available
in full in the electronic version of the paper). The columns in this
table give the target name, the heliocentric Julian date of the mid-
point of the data set, the binary orbital phase determined from the
period and epoch given in Table 1, the telescope pair used for the
observation, the projected baseline and position angle of the tar-

get as viewed from the telescope pair at the midpoint time, and the
calibrated visibility. Note that the visibility errors quoted rep-
resent the internal errors from the power spectrum analysis of the
fringes plus a term introduced for the calibration process, and
these may underestimate the actual visibility errors. We find, for
example, that there are some closely spaced observations on cer-
tain nights with comparable projected baselines and position an-
gles that have a scatter that is several times larger than the formal
errors. There are 11 such subsets of 4 or moremeasurements from
within a specific night that have ranges of � (baseline) < 10m and
�(position angle) < 10�, and the average ratio of the standard de-
viation of V within a subset to the mean of the quoted internal
error in V is a factor of 2.8. Thus, the quoted errors are probably
lower limit estimates of the true error budget.

2.3. Optical Spectroscopy

The disks of Be stars exhibit large temporal variations in their
H Balmer emission strengths that presumably reflect large struc-
tural changes in their geometry and/or density (Porter & Rivinius
2003). Thus, we obtained new spectroscopic observations of the
target Be stars in order to compare the Balmer emission levels
at times contemporaneous with the interferometric observations.
The sources and details of the spectroscopy are listed in Table 5,
which reports the observatory and telescope of origin, the spec-
troscopic instrument, spectral resolving power R ¼ k /�k, spec-
tral range recorded, UT dates, and the names of targets. Most of
the observations of the H� and H� lines were made with the Kitt
Peak National Observatory (KPNO) coudé feed telescope, and
these have moderate resolution and high signal-to-noise ratio
(S/N) properties. The H� spectra of �Dra were obtained at both
the University of Toledo Ritter Observatory and the Ondřejov

TABLE 4

Calibrated K 0
Visibilities

Target Name

Date

(HJD � 2,400,000) Orbital Phase Telescope Pair

Baseline

(m)

P.A.

(deg) Visibilitya

� Cas ....................................... 52919.721 0.127 W1/S2 247.37 345.28 0.445 � 0.016

52919.731 0.127 W1/S2 247.09 342.34 0.448 � 0.016

52919.742 0.127 W1/S2 246.71 339.22 0.490 � 0.017

52919.751 0.128 W1/S2 246.28 336.45 0.516 � 0.017

52919.759 0.128 W1/S2 245.87 334.14 0.608 � 0.019

52922.794 0.142 W1/S2 242.31 321.83 0.496 � 0.016

52922.804 0.143 W1/S2 241.12 319.06 0.522 � 0.016

52922.812 0.143 W1/S2 240.06 316.88 0.595 � 0.015

52922.819 0.143 W1/S2 239.06 315.01 0.593 � 0.018

52922.825 0.143 W1/S2 238.11 313.36 0.592 � 0.024

Note.—Table 4 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its
form and content.

a The formal visibility errors listed here may underestimate the actual errors by a factor of �2.8 (x 2.2).

TABLE 5

Spectroscopic Observations

Telescope Spectrograph Resolving Power

Range

(8)
Date

(UT) Targets

KPNO coudé feed 0.9 m............. Coude 12800 4235Y4586 2004 Aug 16Y21 � Cas, � Per

Coude 12800 4236Y4587 2005 Nov 10Y14 � Cas, � Per, � Tau, � Dra

Coude 9150 6465Y7140 2004 Oct 12Y14 � Cas, � Per, � Tau

McDonald Obs. 2.7 m................. CoolSpec 1520 20691Y22520 2004 Feb 06 � Cas, � Per, � Tau

LCS 810 3020Y5717 2005 Apr 29 � Dra

Ondřejov Obs. 2.0 m................... Coude 12800 6262Y6774 2005 Apr 11 � Dra

Ritter Obs. 1.0 m ......................... Echelle 26000 5413Y6596 2005 Apr 10 � Dra
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Observatory at the same time as the first CHARA Array obser-
vations were made, and a low-dispersion blue spectrumwas also
obtained at that time with the University of Texas McDonald
Observatory 2.7 m telescope (recording H	 through the higher
Balmer sequence). All of these spectra were reduced using stan-
dard routines in IRAF6 to create continuum-rectified versions of
each spectrum. The atmospheric telluric lines in the vicinity of
H�were removed from the KPNO coudé feed spectra (Gies et al.
2002), but these features were quite weak in the � Dra H� spec-
tra and were left in place. We describe these Balmer line profiles
in x 4 and x 5 below.

2.4. K-Band Spectroscopy

The IR excess flux from Be star disks will tend to dilute the
photospheric and emission lines in the near-IR spectral range,
and the strength of the Br� emission line in particular offers a
sensitive test of the IR excess fluxes derived from interferometry.
Thus, we also obtained low-resolutionK-band spectroscopy of all
the targets except � Dra with the University of Texas McDonald
Observatory 2.7 m telescope and CoolSpec spectrometer (Lester
et al. 2000). We used a 1.000 entrance slit and a grating with
75 grooves mm�1 in second order, yielding a spectral resolving
power of R � 1520 (Table 5). The detector was a NICMOS3
HgCdTe 256 ; 256 pixel array. The spectra were reduced using
the methods described by Likkel et al. (2006), except that in our
case the sky background was estimated from the intensity at off-
star positions along the projected slit.

We also made a number of spectra at different air masses of
the broad-lined, A0 V stars HR 567 (HD 11946) and HR 2398
(HD46553), whichwe used to remove the numerous atmospheric
features in this spectral band. The stellar spectra of these two
stars are essentially featureless with the exception of the photo-
spheric Br� line (Wallace & Hinkle 1997), and we formed pure
atmospheric spectra by dividing our observed spectra by the av-
erage stellar spectra of the similar stars HR 5793 and HR 7001
(after broadening for the lower resolution of our spectra and for
the higher projected rotational velocities of HR567 andHR2398)
that we obtained from the spectral library of Wallace & Hinkle
(1997).7 The target spectra were then divided by these atmo-
spheric spectra (after small line-depth corrections to account for
differing air masses) to obtain the final continuum-rectified ver-
sions that are presented below (x 5).

3. Be STAR DISK MODELS

The observed interferometric visibilities can be interpreted by
assuming that the Be star disks have a relatively simple spatial in-
tensity in the sky, perhaps a uniform ellipsoid, ring, or Gaussian
ellipsoid (Tycner et al. 2006). However, the quality of the inter-
ferometric data is sufficient to begin to explore more physically
motivated models for the disk appearance. Here we present a rel-
atively simple model for the near-IR emission that is derived from
the Be circumstellar disk model of Hummel & Vrancken (2000).
The advantages of this approach are that we can compare the re-
sulting disk gas densities with prior work on the near-IR spectrum
and that we can also predict the disk emission line strengths for
comparison with our observed spectra. In the following subsec-
tions we outline the basic assumptions and characteristics of the
model that we then apply to fit the CHARAArray observations of

visibility. We discuss the model predictions for spectroscopy be-
low in x 4.

3.1. Disk Geometry and Model Parameters

Hummel & Vrancken (2000) present a simple model for the
circumstellar disks of Be stars that they use to explore the emis-
sion line shapes. The basic concept is that the disk is axisymmet-
ric and begins at the stellar surface. The gas density in the disk is
given by


(R; Z ) ¼ 
0R
�n exp � 1

2

Z

H(R)

� �2( )
; ð2Þ

where R and Z are the radial and vertical cylindrical coordinates
(in units of stellar radii), 
0 is the base density at the stellar equa-
tor, n is a radial density exponent, and H(R) is the disk vertical
scale height. This gas scale height is given by

H(R) ¼ cs

VK

R3=2; ð3Þ

where cs is the sound speed and VK is the Keplerian velocity at
the stellar equator. We assume that the outer boundary of the disk
occurs at a radiusRd that is equal to the Roche radius of the Be star
for these four binary targets (Table 1). This assumption is prob-
ably more critical for the mid-IR emission spectrum than for the
K 0 emission, which is generally confined to regions well within
the Roche radii of our targets.

Hummel & Vrancken (2000) assume that the temperature is
constant throughout the disk and is given by Td ¼ 2

3
TeA, where

TeA is the stellar effective temperature. In fact, recent physical
models for Be disks by Carciofi & Bjorkman (2006) show that
the gas temperature is actually a function of bothR and Z, but their
work shows that the temperature is about 60% TeA in the outer,
optically thin parts of the disk, so we adopt this value for the iso-
thermal approximation used here.

We assume that the star itself is spherical and of uniform bright-
ness in the K 0 band. Neither of these assumptions is probably cor-
rect for a rotationally distorted and gravity darkened Be star
(Townsend et al. 2004), but the photospheres of the targets are
small enough (see Table 6 below) that these details are incon-
sequential for the baselines and wavelength of the CHARAArray
observations. We suppose that the disk is observed with the disk
normal oriented to our line of sight with an inclination angle i and
a position angle � measured east from north in the sky. Note that
this position angle convention is 90

�
different from that adopted in

the H� interferometric studies, where the position angle of the
projected major axis is usually given. Thus, the four parameters
that define a disk model are the base density 
0, the density ex-
ponent n, and the orientation angles i and �.

3.2. K 0-Band Continuum Images and Interferometric Visibility

We determine the surface brightness of the disk plus star over
a projected rectilinear coordinate grid on the sky by solving the
equation of transfer along a ray through the center of each grid
position,

I ¼ Sd(1� e�� )þ I?e
�� ; ð4Þ

where I is the derived specific intensity, Sd is the source function
for the disk gas (taken as the Planck function for the disk tem-
perature Td), I? is the specific intensity for a uniform disk star
(taken as the Planck function for TeA), and � is the integrated op-
tical depth along the ray. The main shortcoming in this expression

6 IRAF is distributed by the National Optical Astronomical Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.
(AURA), under cooperative agreement with the National Science Foundation.

7 See ftp://ftp.noao.edu/catalogs/medresIR/K_band/.
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is the neglect of a scattered light term to account for Thomson
scattering of photospheric intensity (see, for example, eq. [6] in
Bjorkman & Bjorkman 1994). For the typical electron densities
that we find for our Be star targets, this termwill amount to only a
few percent of the stellar specific intensity at locations close to the
star, which is usually much less than the disk source function in
the optically thick portions, so this simplification is acceptable in
the K 0 band.

The disk optical depth in the near-IR is predominantly due to
bound-free and free-free processes, and we can express the in-
crement in optical depth with an incremental step ds along a given
ray as

d� ¼ C(k; Td)
(R; Z )
2ds; ð5Þ

where the coefficient C(k; Td) is given by equation (5) in
Dougherty et al. (1994; see also Waters 1986). This coefficient
includes terms for the Gaunt factors for bound-free and free-
free emission that we evaluated for the K 0 band using the tables
inWaters & Lamers (1984).We adopted an ionizationmodel for
the disks of the two hotter Be stars, � Cas and � Per, that as-
sumed ionized H, singly ionized He, and doubly ionized C, N,

and O atoms, while for the cooler Be stars, � Tau and � Dra, we
assumed ionized H, neutral He, and singly ionized C, N, and O.
Note that we evaluated the optical depth coefficient only at the
central wavelength of the K 0 filter since the coefficient varies
slowly with wavelength. Also note that we have accounted only
for continuum emission in this band since the Br� emission
contribution is small compared to the flux integrated over the
K 0 band (x 5).
The image of the Be star in the sky is constructed by integrat-

ing the optical depth along each ray according to equations (2)
and (5), and then populating each pixel of the image using equa-
tion (4). The pixel scale on the sky is set by the adopted angu-
lar diameter of the star (derived from the parallax and radius in
Table 1). We show an example calculation for � Cas in the left-
hand panel of Figure 1. Portions of the disk projected against
the sky include only the first term of equation (4), and the disk
intensity attains a maximum of Sd � 55% I? in the inner opti-
cally thick regions. At a radius where the optical depth is ap-
proximately unity, the disk becomes optically thin and fades
with increasing radius. Part of the background disk is occulted
by the star, while the part in foreground attenuates the photo-
spheric intensity. We also include a binary star option to add the

TABLE 6

Thick Disk Model Fits of Visibilities

� Cas � Per � Tau � Dra

Parameter Single Binary Single Binary Single Binary Single Binary

i (deg)............................... 51 � 4 127 � 4 90 � 7 69 � 5 90 � 3 89 � 2 72 � 18 26 � 9

� (deg) ............................. 116 � 4 114 � 3 46 � 4 49 � 3 38 � 2 37 � 2 114 � 4 21 � 3

log 
0 Bt (g cm�3) ............. �10.14 � 0.24 �10.18 � 0.25 �10.92 � 0.10 �10.98 � 0.08 �9.71 � 0.31 �9.73 � 0.35 �12.55 � 0.39 �12.21 � 0.32

log 
0 IRAS
a (g cm�3) ........ �10.95 � 0.35 �10.95 � 0.35 �10.85 � 0.25 �10.85 � 0.25 �11.15 � 0.25 �11.15 � 0.25 �11.35 � 0.15 �11.35 � 0.15

nBt ..................................... 2.70 � 0.31 2.65 � 0.32 1.80 � 0.09 1.76 � 0.08 3.14 � 0.38 3.19 � 0.40 0.16 � 0.43 0.67 � 0.36

nIRAS
a ................................ 3.25 3.25 3.0 3.0 3.25 3.25 3.0 3.0

�2

 ..................................... 24.3 24.0 8.0 7.1 7.9 7.9 4.0 4.0

E(V � K )Bt (mag) ............ 1.60 1.53 0.58 0.63 0.53 0.40 0.31 0.14

E(V � K )obs
b (mag) ......... 0.85 0.85 0.68 0.68 0.65 0.65 0.39 0.39

�LD (mas) ......................... 0.50 0.50 0.30 0.30 0.40 0.40 0.39 0.39

Disk FWHM (mas) .......... 1.35 1.36 0.98 0.51 1.99 1.82 3.02 1.72

a Waters et al. (1987).
b Dougherty et al. (1994).

Fig. 1.—Left: Depiction of the K 0 image of a disk model for the case of � Cas (i ¼ 51�, 
0 ¼ 7:2 ; 10�11 g cm�3, n ¼ 2:7). Right: The corresponding interferometric
visibility V as a function of projected baseline for position angles along the apparent minor axis (top line) and major axis (bottom line).
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disk of a secondary into the image at a position appropriate for
the time of observation.

The interferometric visibilities are then calculated by making
Fourier transforms of such disk images, and we did this follow-
ing the techniques described by Aufdenberg et al. (2006). The
comparison with the observed visibility is done by determining
the discrete Fourier transform of the image for the (u; v) spatial
frequency pair of the observation (see eq. [19] in Aufdenberg
et al. 2006), and this calculation is done successively and summed
over five wavelength bins according to the transmission curve of
theK 0 filter (McAlister et al. 2005). This procedure assumes that
spectral energy distributions in the K 0 band of our targets are
similar to the stellar transmission curve (Rayleigh-Jeans tail),
and this is probably acceptable in the K 0 band, where the disk
emission is just beginning to become an important component of
the total flux (Waters 1986). The Fourier transforms along the
major and minor axes of the projected disk image for the � Cas
example are illustrated in the right-hand panel of Figure 1 (here
without accounting for bandwidth smearing). The top curve shows
the slower decline inV for the smallerminor axis, while the bottom

curve illustrates the rapid decline for the better resolvedmajor axis.
Note that the star itself is so small (�LD ¼ 0:50mas) that its visibil-
ity curve in the absence of a disk would decline to only V ¼ 0:87
at a baseline of 300 m.

Figure 2 shows how the image and visibilities change by al-
tering the disk inclination angle from 51� to 80� (the dotted lines
in the right-hand panel copy the original visibility curves from
Fig. 1). The rays through the outer positions along the major axis
now traverse more optical depth because of the oblique view
through the disk, and this brightens the outer regions, making the
disk effectively larger in this dimension (so that the decline in V
with baseline is steeper). On the other hand, the minor axis now
appears more foreshortened and the visibility decline is reduced.
Thus, theV variationwith position angle in the sky (with respect to
the major axis) is very sensitive to the disk inclination angle i.

The changes resulting from a decrease in disk base density 
0
are illustrated in Figure 3. Now the density is lower throughout the
disk, and consequently the optically thick part of the disk appears
smaller in both dimensions (and the V curves decline more slowly
with baseline). Changes in the opposite sense result from a decrease

Fig. 2.—Image and visibility plots for a � Cas model as in Fig. 1 but with a larger inclination of i ¼ 80�. The dotted lines in the visibility panel repeat the curves
from the original model in Fig. 1.

Fig. 3.—Image and visibility plots for a � Cas model as in Fig. 1 but with a smaller base density of 
0 ¼ 3:6 ; 10�11 g cm�3. The dotted lines in the visibility
panel repeat the curves from the original model in Fig. 1.
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in the density exponent as shown in Figure 4 (from n ¼ 2:7 to
2.0). The radial density decline is less steep in this case so that
much more of the inner disk is optically thick, leading to a larger
appearance in the sky (steeper decline in the V curves). These ex-
amples show that the visibility curves are most sensitive to the
disk size as given by the boundary between the optically thick
and thin regions. Since the optical depth unity radius in the disk
plane depends on 
20 r

�2nþ3=2, there will be a locus of parameters
that will produce visibility curves with similar decline rates in
the main lobe, with subtle differences appearing only at interme-
diate and longer baselines. Thus, accurate determinations of both

0 and nwill require visibilitymeasurements over a broad range of
baselines.

3.3. Model Fitting Results

We found best-fit solutions for the four disk parameters by
fitting the model and observed K 0 visibilities using a numerical
grid search technique. We used an iterative search on each of the
individual parameters to find the set that provided the lowest over-
all �2


 statistic. The results are listed in Table 6 for both single-star
and binary star models (see below). The seventh row of Table 6
reports theminimum�2


 values, and these are all much larger than
the expected value of unity for acceptable fits. Recall that the in-
ternal errors on V may underestimate the actual errors by a factor
of 2.8 for these measurements (x 2.2), so we might instead expect
to find best fits with �2


 � 2:82 ¼ 7:84. This is more or less con-
sistent with the fitting results for all but � Cas, where the residuals
are still larger than expected. We estimated the errors in the fitting
parameters by renormalizing the minimum �2


 to unity and then
finding the excursion in the parameter that increased �2


 to a
value of 1þ 1/(Nv � 4) (for Nv visibility measurements and 4 fit-
ting parameters). Since the disk parameters 
0 and n are so
closely coupled in the fits (x 3.2), we searched the locus of the
pairwise fits for the same increase in �2


 , and we quote the half-
range in these parameters for their errors.

The first two rows of Table 6 give the orientation parameters:
the disk-plane normal inclination i and position angle� (east from
north). Note that there is a 180� ambiguity in the value of � (i.e.,
whether the disk north pole is in the eastern or western half of the
sky), so we assume the range 0 � � < 180�. The third and fifth
rows list the logarithm (base 10) of the disk base density log 
0
and the disk density exponent n, respectively (base electron den-

sity is log Ne ¼ log 
0 þ 23:6). These are compared with the
same parameters in rows four and six, respectively, estimated
frommodel fits of the IR flux excess from IRAS observations that
were computed byWaters et al. (1987). Waters et al. (1987) make
a number of simplifying assumptions about the disk geometry that
make a direct comparison of results unreliable, but in general there
is reasonable agreement, except in the two cases where a binary
companionmay influence the results:� Per and�Dra (see below).
The eighth row gives a derived model quantity related to the IR
flux excess, E(V � K ) ¼ 2:5 log (1þ Fd/F?), where Fd and F?
are the integrated disk and stellar flux, respectively. If we assume
that the disk flux is relatively small in the optical, then this quantity
can be directly compared to the observed IR flux excess mea-
surements by Dougherty et al. (1994) that are listed in the ninth
row. The model and observed values of E(V � K ) are compara-
ble, but not always a good match. We suspect the differences may
relate to the temporal variations in the disk emission (from�1990
for the IR magnitudes to�2005 for the CHARA Array measure-
ments). The tenth and eleventh rows compare the adopted stellar
angular diameter �LD with the model disk emission FWHMdiam-
eter along the projected major axis. The disk emission FWHM
was estimated from the width at 50% of the emission intensity in
the optically thick part just above the photosphere.
We know that all four targets are close binaries with faint, low-

mass companions, but the nature of the companion is only known
in the case of � Per (Gies et al. 1998). The secondary of � Per is a
hot helium star, the stripped down remains of what was once the
more massive star before mass transfer began. If we assume that
all our Be star targets are likewise the mass gainers that have been
spun up by the angularmomentumcarriedwithmass transfer, then
they may also have helium star companions (or possibly white
dwarf or neutron star companions). We present here a sample cal-
culation of how such a binary companion would affect theK 0 vis-
ibilities. For the purpose of this demonstration, we assume that
the companion is a hot (TeA ¼ 30;000 K) and small (R ¼ 1 R�)
helium star (except in the case of � Per where we have better
estimates for these parameters; see Table 1). According to the in-
teracting binary scenario, the angular momentum vector of the
mass gainer Be star should be parallel with the orbital angular
momentum vector, so the disk plane corresponds to the orbital
plane. Consequently, we can apply the orientation parameters for
the disk, i and �, also to the orbit of the secondary. We know the

Fig. 4.—Image and visibility plots for a � Cas model as in Fig. 1 but with a smaller radial density exponent of n ¼ 2:0. The dotted lines in the visibility panel
repeat the curves from the original model in Fig. 1.
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epoch of the secondary’s ascending node passage from the spec-
troscopic radial velocity curves (Table 1), so the only remaining
unknown for the secondary’s astrometric orbit is the sense of
motion on the sky (increasing or decreasing position angle with
time). We follow the normal convention of assigning an inclina-
tion in the range 0� � i < 90� for counterclockwise apparent
motion and 90

� < i � 180
�
for clockwise motion (so that the lon-

gitude of the node is� ¼ �þ 270� for i < 90� and� ¼ �þ 90�

for i > 90�).Wemade fits of the visibility for these two binary or-
bit cases, and we show in Table 6 the results for the best-fit sense
ofmotion. Theminimum�2


 was significantly reduced only for the
case of� Per (where the properties of the secondary are known; the
estimatedmagnitude difference is�K 0 ¼ 2:9 mag). The inclusion
of the binary companion also resulted in a significant change in the
fitted disk properties for � Dra (discussed further in x 5.4).

It is valuable to compare the K 0 angular diameters with those
derived from narrowband H� interferometry, and to do so we
need to fit the visibilities with a simpleGaussian ellipsoidal model
as done for the H� results. We also made these fits by a numerical
grid search of the four parameters that describe the Gaussian ellip-
soidal model: the angular FWHM of the major axis �GD, the ratio
of theminor tomajor axes r (�cos i), the position angle of thema-
jor axis� (=� � 90�), and the fraction of the total flux contributed
by the photosphere of the Be star cp. The best-fit results are listed
in Table 7 for these single-star models. Our results are com-
pared with those from Quirrenbach et al. (1997) and Tycner et al.
(2004, 2006) based on interferometric observations of the H�
emission, and the orientation parameters appear to be in reason-
able agreement. We find, however, that the K 0 disk diameters are
somewhat smaller than the H� diameters (�64% as large), con-
trary to the wind model predictions of Stee &Bittar (2001). Note
that the�2


 residuals of the Gaussian elliptical fits are comparable
to those from the physical model fits (Table 6), and additional
longer baseline observations will be required to distinguish be-
tween them.

4. MODEL EMISSION LINES AND SPECTROSCOPY

We can also use the simple disk model to estimate the line pro-
files of the disk emission lines (Hummel & Vrancken 2000).
However, the problem is nowmore complex because of the wave-
length dependence of the emission, and a number of key assump-
tions about the atomic populations must be made. Despite these
difficulties, it is nevertheless interesting to check whether or not
the disk density parameters derived from interferometry lead to
predicted line profiles that are consistent with the observed ones.

Here we discuss the line synthesis predictions for the disk mod-
els and their comparison with our spectroscopic observations.

4.1. Disk Emission Line Models

The line synthesis procedure has many similarities with the
disk image calculations present above. We assume the same ba-
sic density law (eq. [2]), the same creation of a rectilinear grid of
points covering the projected positions of the star and disk in the
sky, and the solution of the equation of transfer (eq. [4]) along a
ray through the center of each grid point. However, for the line
synthesis the expression for the optical depth (eq. [5]) becomes
(Hummel & Vrancken 2000)

d�k ¼
�e2

mc
f k0N (Hi)Pk(Vr;Ne) ds; ð6Þ

and now we consider a wavelength-dependent optical depth �k
for the region surrounding an emission line (we adopt an equiv-
alent radial velocity grid in 10 km s�1 increments from �2000
to +2000 km s�1). The first term in the expression is the scat-
tering coefficient for a classical oscillator that is multiplied by
the oscillator strength f and the rest wavelength k0 for the spe-
cific transition (H�, H�, and Br�).

The next term N (Hi) is the local number density of neutral
H atoms in energy level i. This can be set approximately by bal-
ancing the recombination rate with the photoionization rate (for
the case when all the bound-bound transitions are very optically
thick; Cassinelli et al. 1987)

�(T )NeNp ¼ Ni

Z 1


0

4�

h

a
 J
 d
; ð7Þ

where �(T ) is the recombination coefficient, Ne and Np are the
electron and proton number densities, Ni is the number density
of hydrogen in energy level i, a
 is the photoionization cross
section, and J
 is the mean radiation field. If we assume that the
latter results only from unattenuated starlight, then the mean field
at a distance r from the star can be written

J
 ¼ W (r)I ?
 ; ð8Þ

where W (r) is the dilution factor given by

W (r) ¼ 0:5 1� 1� r�2
� �1=2h i

; ð9Þ

TABLE 7

Gaussian Elliptical Fits of Visibilities

Parameter � Cas � Per � Tau � Dra

�GD Bt (mas) ............................ 1.95 � 0.07 2.30 � 0.08 1.79 � 0.07 1.83 � 0.11

�GD H�
a (mas) ......................... 3.47 � 0.02 2.67 � 0.20 4.53 � 0.52 . . .

�GD H�
b (mas) ......................... 3.59 � 0.04 2.89 � 0.09 3.14 � 0.21 . . .

rBt ........................................... 0.59 � 0.04 0.00 � 0.22 0.09 � 0.22 0.00 � 0.67

rH�
a ........................................ 0.70 � 0.02 0.46 � 0.04 0.28 � 0.02 . . .

rH�
b ........................................ 0.58 � 0.03 0.27 � 0.01 0.31 � 0.07 . . .

�Bt (deg)................................. 25 � 4 �44 � 3 �52.2 � 1.7 �8 � 9

�H�
a (deg).............................. 19 � 2 �62 � 5 �58 � 4 . . .

�H�
b (deg).............................. 31.2 � 1.2 �61.5 � 0.6 �62.3 � 4.4 . . .

cp Bt ......................................... 0.395 � 0.018 0.538 � 0.015 0.414 � 0.029 0.628 � 0.030

�2

 ........................................... 23.6 7.9 7.7 8.6

a Quirrenbach et al. (1997).
b Tycner et al. (2004, 2006).
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r is the radial distance from the star r ¼ R2 þ Z 2ð Þ1/2, and I?
 is
the stellar specific intensity. Cassinelli et al. (1987) rewrite the
photoionization/recombination equilibrium to express the level
population Ni in terms of a variable qi,

Ni ¼ NeNp�(T )=

Z 1


0

4�

h

a
W (r)I ?
 d
 	 NeNpqi: ð10Þ

In the stellar photosphere, W (r) ¼ 1, I ?
 ¼ B
(TeA) (the Planck
function), and the gas will be in LTE, so that qLTE

i ¼ Ni/(NeNp)
will be given by the Boltzmann-Saha equation. In the circum-
stellar disk, the photoionization rate will vary withW (r) and the
recombination rate will depend on�(T ) / T�1/2, so level popu-
lations will be given by

Ni ¼ qLTE
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TeA=Td

p
NeNp=W (r): ð11Þ

The actual populations probably have a more complex depen-
dence on position in the disk (Carciofi & Bjorkman 2006).

The final term in optical depth equation is the normalized line
profile Pk(Vr;Ne), which depends on the local radial velocity Vr ,
electron density, and the adopted temperature of the isothermal
disk Td . We adopted the convolved thermal and Stark broadened
profiles calculated by T. Schöning andK. Butler8 for H� andH�,
but we used only a simple thermal profile for Br�. These profiles
were collected into a matrix of 401 wavelength points (corre-
sponding to our radial velocity grid), 60 positive Doppler shifts
(in increments of 10 km s�1), and four electron number densities
( log Ne ¼ ½10:5; 12; 13; 14
).

The line synthesis calculation proceeds by solving for the in-
tensity spectrum from each pixel in the projected image and then
summing these to create a predicted flux profile. At each position
along a ray through a pixel, we determine the Keplerian velocity
and Doppler shift, gas density, H population, and profile shape
(simply adopting the closest match in the grid), and then we in-
tegrate the optical depth for each wavelength point. The summed
spectral intensity is then found through equation (4), but in this
calculation I? is replaced with a specific intensity corresponding
to a photospheric absorption line with the corresponding value
of surface normal orientation and Doppler shift for the projected
position. These intensity profiles were calculated by first creat-
ing line-blanketed LTE model atmospheres using the ATLAS9
program written by R. Kurucz. These models assume a stellar
temperature and gravity derived from the parameters in Table 1,
solar abundances, and amicroturbulent velocity of 2 km s�1. Then
a series of specific intensity spectra were calculated using the code
SYNSPEC (Hubeny & Lanz 1995) for each of these models and
H lines. These profiles include the effects of limb darkening for the
stellar photosphere. Because our model assumes axial symmetry,

we complete the calculation for only the half of the projected
image with positive radial velocity and then we add a mirror-
symmetric version of the flux profile to account for the other
half with negative radial velocity. The resulting profiles are then
rectified to unit continuum flux and smoothed by convolution
with a Gaussian function to match the instrumental broadening
of our spectroscopic observations (Table 5). We also need to ac-
count for the disk IR continuum excess in the case of Br�, so we
renormalize the continuum flux Fk to

F 0
k ¼ (Fk þ �)=(1þ �); ð12Þ

where � ¼ 100:4E(V�K ) � 1 [E(V � K ) given in Table 6].

4.2. Emission Line Fitting Results

The model emission profiles depend on three parameters, the
disk base density 
0, the density exponent n, and the disk incli-
nation i. Since our main interest is in checking the consistency of
the interferometric and spectroscopic results, we set the values of
n and i from the fits of the CHARA Array visibilities and then
varied 
0 to find the best match with the observed line profiles.
Our results are gathered in Table 8 for each of the four targets.
The first three rows give the measured equivalent widths (where
a negative sign indicates a net line flux above the continuum) for
H�, H�, and Br�, respectively. The next three rows give the
corresponding disk base density 
0 that yields synthetic profiles
with the observed equivalent width (or that best match the profile
structure in the case of H�, where the equivalent width is com-
plicated by the presence of line blends). The final row lists for
comparison the value of 
0 as derived from the interferometric
data (single-star results for � Cas and � Tau; binary star results for
� Per and � Dra). We see that there is relatively good agreement
between the densities derived from the three different H lines, and
specifically the near agreement of the results from Br� with
those from the Balmer lines supports the flux renormalization
near Br� (eq. [12]) set by the interferometric determination of
the IR excess. The emission line and interferometric densities vary
in tandem among the analyses of the four stars, but wefind that the
emission line densities are systematically lower by approximately
1.7 dex. We suspect that the problem lies in the simplified as-
sumptions made in the model concerning the isothermal disk
temperature and H populations, which both probably lead to over-
estimates of the line emission from the outer parts of the disk.
The synthetic model profiles are directly compared with the

observed ones in x 5, and we find that all the strong emission lines
(formed in optically thick regions) appear to bemuch broader than
predicted. We show one example of this difference in Figure 5 for
the H� line in � Cas. The basic synthetic model that matches
the observed equivalent width shows the strong double peaks
associated with Keplerian motion in the disk. The observed
profile, on the other hand, lacks well-defined peaks and shows
much broader line wings. We also show in Figure 5 a smoothed8 See http://nova.astro.umd.edu/Synspec43/data/hydprf.dat.

TABLE 8

Emission Line Equivalent Widths and Density Fits

Parameter � Cas � Per � Tau � Dra

Wk(H�) (8) ........................... �31.2 �42.6 �19.5 �20.3

Wk(H�) (8)............................ +1.0 +2.1 +4.0 +5.9

Wk(Br�) (8)........................... �5.8 �9.2 �2.8 . . .

log 
0 Bt(H�) ( g cm�3) .......... �11.7 �12.5 �11.2 �13.4

log 
0 Bt(H�) (g cm�3)........... �11.7 �12.8 �11.2 �13.7

log 
0 Bt(Br�) ( g cm�3).......... �12.0 �12.9 �11.7 . . .

log 
0 Bt(K
0) ( g cm�3) ............ �10.1 � 0.2 �11.0 � 0.1 �9.7 � 0.3 �12.2 � 0.3
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version of the synthetic profile formed by convolution with a
Voigt function fit using a damping parameter � ¼ 934 km s�1,
and this broadened versionmatches the observed profile quite well.
Thus, it appears that the line broadening due to Keplerian motion
in the disk is insufficient to explain the shapes of the strong lines
(although the weaker H� profiles are in better agreement; see x 5).
There are a number of possible explanations for the discrepancy:

1. We have assumed that the H� source function is constant
with radius in the disk, but more detailed models by Carciofi &
Bjorkman (2006) show that the temperature and presumably the
source function decrease with radius. This suggests that the H�
emission is probably stronger in the inner disk than portrayed in
our model, and since large orbital motions in the inner disk pro-
duce the line wings, the model almost certainly underestimates
the wing emission.

2. Macroscopic motions such as stellar wind outflow (Stee
et al. 1995) and turbulence may be important (especially close to
the star where the emission is particularly strong).

3. Noncoherent scattering of photons into the wings of strong
emission lines may extend their widths by as much as a few
hundred km s�1 (Hummel & Dachs 1992; Hummel & Vrancken
1995), but this may be insufficient to explain the extreme broad-
ening observed in H�.

4. Thomson scattering by free electrons in the inner disk may
create extended line wings (Poeckert & Marlborough 1979).

5. Collisional Stark broadening will produce similar extended
wings, but tests with our model suggest that the base density
would need to be increased by about 2 orders of magnitude for
the Stark wings to become prominent. This might be possible if
disk gas consists of dense clumps.

6. Raman scattering of photons from the vicinity of the ultra-
violet Ly	 line could lead to broad wings in H� (Yoo et al. 2002)
if there is a sufficient column density of neutral hydrogen in the
disk [N (H i) � 1020Y1023 cm�2]. This process might be espe-
cially applicable to edge-on and/or cooler disks.

5. INDIVIDUAL TARGETS

5.1. � Cas

The star � Cas is perhaps the best documented Be star in the
sky, and it has displayed Be, Be shell, and normal B-type spectra

Fig. 6.—Diskmodel for � Cas. Left: The appearance of the model star and disk in the sky (with the spin axis rotated east from north by angle�). Right: The associated
Fourier transform of the spatial image, which is directly related to the predicted interferometric visibility. The plus signs in the upper half of the panel are scaled
representations of the observed visibility squared at the (u; v)-coordinate of observation, while the mirror-symmetric, thick line segments in the lower half show the
scaled residuals from the fit (vertical for a positive residual and horizontal for a negative residual).

Fig. 5.—Observed H� line in � Cas (thick line) compared with the synthetic
profile for a Keplerian disk (double-peaked thin line), and the same convolved
with a Voigt profile (broader thin line).
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over the course of the last century (Doazan 1982). It currently
displays strong H� emission, and the H� disk size was recently
determined through observations fromNPOI (Tycner et al. 2006).
Our best-fit disk (Table 6) andGaussian elliptical models (Table 7)
are generally consistent with the H� interferometric results and

indicate that we view this Be star disk at an intermediate inclina-
tion. The disk density exponentwe derive, n ¼ 2:7 � 0:3,matches
within errors the value n ¼ 2:8 � 0:1 found byHony et al. (2000)
based on an analysis of the 2.4Y45 �m spectrum from ISO SWS.
We show the model K 0 image of � Cas in the left-hand panel of
Figure 6 and the corresponding visibility image (without the ef-
fects of bandwidth smearing) is shown in the right-hand panel. Both
images are scaled logarithmic representations made to accentuate
the low-level features. The (u; v)-frequencies of the CHARAArray
observations are shown in the upper half of the visibility image,
with symbol sizes proportional to the observed visibility. They also
appear in point-symmetric locations in the lower half, where they
represent the residual-to-error ratio (vertical segment for Vobs >
Vcal and horizontal for Vobs < Vcal). The residuals from the fit are
large for our observations of � Cas, but they do not appear to in-
dicate any systematic deviation from the model, since we find
some of the largest positive and negative deviations in the same
part of the (u; v)-diagram.We suspect that the high value of �2


 re-
flects an incomplete accounting of the full error budget.
Harmanec et al. (2000) discovered that � Cas is a single-lined

spectroscopic binary, and their orbit was confirmed in subsequent
Doppler shift measurements byMiroshnichenko et al. (2002). We
made a fit of the visibilities by including a possible hot subdwarf
companion that was placed in the model images using the spec-
troscopic ephemeris fromMiroshnichenko et al. (2002) (Table 1).
This modification made a slight improvement in the residuals
of the fit, and models with a secondary hotter than TeA ¼ 30 kK
showed somewhat better agreement.
The profiles of the H�, H�, and Br� emission lines are plotted

as thick lines in Figure 7. We also plot the synthetic model pro-
files as thin lines for each feature. Themodel profiles of theweaker
H� andBr� featuresmake a reasonablematch of the observed pro-
files, but, as noted above, the H� profile is much broader and
smoother than predicted. Robinson et al. (2002) suggest that there
may be significant turbulence in the inner disk of � Cas that is as-
sociatedwithmagnetic dynamoprocesses, and such turbulentmo-
tions could help to explain the wings observed in H�.

5.2. � Per

The binary system � Per is the only one of the four targets
where we know the nature of the secondary and can reliably

Fig. 7.—Hydrogen line profiles in the spectrumof � Cas plotted as a function of
heliocentric radial velocity. The solid thick lines indicate spectra made in 2004while
the dashed thick lines correspond to 2005 observations. The thin lines represent the
model synthetic spectra. The continuum levels for H� (top) and H� (middle) are
offset in rectified flux by +2 and +1, respectively, for clarity of presentation.

Fig. 8.—Model image and visibilities for the binary star fit of the interferometric data of � Per in the same format as Fig. 6. The secondary appears as the bright
dot in the lower part of the spatial image.
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predict its flux contribution in the near-IR (Gies et al. 1998). The
companion is a hot subdwarf whose spectrum appears clearly in
UV spectroscopy fromHST, and from the relative strengths of its
spectral lines, we can estimate with confidence its temperature,
radius, and hence its near-IR flux contribution. Indeed the fit of
the CHARA Array visibilities is better for the binary model than
the single-star model (Table 6). Here the inclusion of the binary
flux leads to a downwards revision of the disk size. We show in

left-hand panel of Figure 8 the image of the entire binary for the
observation made on HJD 2,453,656.9 (orbital phase 0.644),
which is similar to the binary orientation for most of the ob-
servations (Table 4). The right-hand panel shows the visibility
image that is now modulated with the interference pattern in-
troduced by the binary companion. Since the presence of the sec-
ondary does affect the visibility pattern, additional interferometric
data should lead to an astrometric orbit that will allow us to test
whether or not the disk and orbit are coplanar (Clarke&Bjorkman
1998).

The position angle of the disk that we find is about 20� differ-
ent from that of the recent narrowband H� measurements from
Tycner et al. (2006; Table 7). Our solution is somewhat influ-
enced by our assumptions about the properties of the secondary’s
orbit, and additional observations at other binary phases will be
required to settle the issue of the disk and orbit orientations. We
also find amuch lower density exponent n ¼ 1:8 than the value of
n ¼ 3:0 found by Waters et al. (1987) based on fitting the IR
excess from IRAS data, but their result is sensitive to the adopted
disk radius. For example, Waters (1986) demonstrated that a den-
sity exponent of n ¼ 2:4 also fit the IR excess provided the disk
radius was limited toRd ¼ 6:5 R�, so the difference in our results
probably hinges on differences in the model assumptions.

Figure 9 shows the H�, H�, and Br� profiles for � Per. The
peaks in the H� profile reversed in strength between our obser-
vations in 2004 and 2005. This is an important reminder that the
disk is time variable and is also probably somewhat asymmet-
rical in appearance (Hummel & Vrancken 1995; Hummel & Štefl
2001), properties that are beyond the scope of our simple disk
models. Both the H� and Br� line are observed to be broader than
predicted by the disk model.

5.3. � Tau

Harmanec (1984) derived the best radial velocity curve to date
for this single-lined binary, and we adopt his period here but we
took the epoch from the more recent spectroscopic study by Kaye
& Gies (1997). A comparison of the single-star and binary fits to
the interferometry shows essentially no differences in the resulting
�2

 values, so we will discuss the single-star results here. The spa-

tial and visibility images resulting from the fit are shown in Fig-
ure 10. Our results indicate that we are viewing this system close
to edge-on, and the decline in visibility is especially marked along

Fig. 9.—Hydrogen line profiles in the spectrum of � Per plotted in the same
format as Fig. 7.

Fig. 10.—Model image and visibilities for the single-star fit of the interferometric data of � Tau in the same format as Fig. 6.
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the direction of the projected major axis of the disk. Our derived
orientation in the sky is in reasonable agreement with the H� re-
sults from Tycner et al. (2004) and the density law agrees within
errors with that obtained from fitting the IR excess flux (Waters
et al. 1987).

The spectral line profiles of � Tau are illustrated in Figure 11.
Again we find that the observed H� line is much broader than the

model profile, and here we see evidence of a significant asym-
metry in the disk in the differing heights of the blue and red emis-
sion peaks. The long term variations in these asymmetries are
documented by Guo et al. (1995). Vakili et al. (1998) made H�
interferometric observations in narrow bands matching the blue
and red peaks, and their results support the idea that the disk den-
sity is modulated by a prograde one-armed oscillation. The H�
line shows a deep central ‘‘shell’’ feature that is consistent with
the formation of such shell lines in Be stars observed near i ¼ 90

�

(Hanuschik 1996). The fact that our model H� line depth is shal-
lower than the observed depth probably indicates that the outer
parts of the disk are cooler than assumed in our isothermal model.

5.4. � Dra

Juza et al. (1991) and Saad et al. (2005) show that � Dra is a
low-amplitude, single-lined spectroscopic binary with a period
of 65.6 days. Saad et al. (2004) describe a long-term cyclic vari-
ation of about 22 years that is present in the emission lines, and
they suggest that this period may correspond to the disk’s mod-
ulation due to an interaction with a third star in an eccentric orbit.
The semimajor axis of the third star would be on the order of
100 mas for the adopted distance, but we find no obvious evi-
dence (separated fringe packets) for such a companion even at
the shortest baselines. Thus, we have confined our test fits here
to the single-star and binary star (P ¼ 65 days) cases.
The fit for the single-star case is odd in several respects. The

density exponent is unusually small and the inclination of i ¼ 90�

is at odds with estimates from spectroscopy (i ¼ 35�Y45�; Juza
et al. 1991). The binary fit has similar residuals, but it brings the
density exponent and inclination into better accord with expec-
tations. Thus, we will adopt the binary model that is based on a
hot, subdwarf companion, but we caution that additional interfer-
ometric observations are required to make reliable estimates for
the companion’s orbit and flux contribution.
The model spatial and visibility images are shown in Fig-

ure 12, and we see in this case that the binary modulation is equal
to or greater than the disk variation in importance. The CHARA
Array measurements presented here are the first interferometric
observations of this target, so there are no H� results for compar-
ison. Quirrenbach et al. (1997) found that the intrinsic continuum
polarization angle is generally perpendicular to the projected disk

Fig. 11.—Hydrogen line profiles in the spectrum of � Tau plotted in the same
format as Fig. 7, except that the Br� profile is offset by �0.5 in flux for clarity.

Fig. 12.—Model image and visibilities for the binary star fit of the interferometric data of � Dra in the same format as Fig. 6. The secondary appears as the bright
dot in the upper left part of the spatial image.

GIES ET AL.540 Vol. 654



major axis in the sky. Clarke (1990) estimated the intrinsic po-
larization angle for � Dra as 23� east from north (in agreement
with the estimate of 27� from a recent polarization analysis by
K. Bjorkman 2006, private communication), and this agrees
within errors with the position angle of� ¼ 21

� � 3
�
from the fit

of the interferometric visibilities.
The line profiles are shown in Figure 13. We find that the H�

emission strength is approximately that expected for the epoch
of our observations and the long term variation (see Fig. 4 of
Saad et al. 2004). Once again the H� profile (and perhaps the H�
profile) appear to be broader than predicted by the Keplerian
model.

6. CONCLUSIONS

The CHARA Array observations represent the first K 0 inter-
ferometric measurements of northern Be stars, and we find that
the disks of all four targets are at least partially resolved. The de-
rived disk inclination angle and position angle in the sky generally
agree with similar estimates from narrowband H� interferometry,
where available. We find, for example, that the disk of � Tau ap-
pears with a nearly edge-on orientation, which is consistent with
the prediction for Be stars with shell spectral features (Hanuschik
1996). All four of the targets are close binaries with faint compan-
ions, and these companions appear to influence the K 0 visibilities
of � Per and � Dra, an interesting but complicating factor for the
interpretation of the disk properties. We find, for example, that the
radial gradient in disk density (density exponent n in Table 6) is

smaller in binaries with smaller semimajor axes, which suggests
that binary companions do influence the disk properties.

We developed a simple Keplerian disk model to create syn-
thetic angular images of the disks, and we used these models to
create model interferometric visibility patterns and spectral emis-
sion line profiles for comparison with our observations. These
models assume isothermal disks and ignore scattering in the ra-
diative transfer process, two significant limitations that should be
addressed in a more complete model. The disks are characterized
by two physical parameters, the base density and density expo-
nent, and two observational parameters, the disk normal inclina-
tion and position angle. We fit the CHARA Array visibilities for
all four parameters for both single and binary star models, and
our results are in good agreement with prior studies of the IR
excess in these stars. The parameters derived from the interfer-
ometry lead to model emission lines that match the observed
ones if the base densities are reduced by a factor of about 1.7 dex.
This mismatch is not unexpected considering the many simpli-
fying assumptions made in the model.

We find that the angular diameters of the Be disks in the
K 0-band are consistently smaller than those found fromH� inter-
ferometry. We think that this difference results from the larger
H� opacity and the hydrogen ionization structure in the disk. The
K 0 disk emission comes primarily from free-free processes in the
mainly ionized gas, and the free-free optical depth will vary with
disk radius according to the square of the density. In the thin disk
approximation, the optical depth at radial distance R will vary as
� / 
20R

�2nþ3/2/cos i (see eqs. [2] and [3]). On the other hand, the
H� emission depends on the relatively low neutral hydrogen num-
ber density, and we assumed above that this varies inversely with
the stellar dilution factor (eq. [9];W (r) / R�2 at large radius and
Z ¼ 0). Thus, we expect the H� optical depth to vary approxi-
mately as � / 
20R

�2nþ3/2þ2/cos i, i.e., with a shallower effective
density exponent of n� 1. Consequently, the H� optical depth
reduction with increasing disk radius will be less pronounced than
in the case of the IR optical depth, resulting in a larger spatial ex-
tension in the H� emission compared to that for the K 0 emission.

This expectation is borne out in the predicted spatial images.
We show an example of the derived spatial structure in Figure 14
for our single-star model of � Cas. The solid line shows the
summed K 0-band intensity of the image projected onto the major

Fig. 13.—Hydrogen line profiles in the spectrum of �Dra plotted in the same
format as Fig. 7. We lack observations of Br� for this star, but we include our
low-resolution spectrum of H	 instead (without a synthetic comparison). The
continuum levels for H� (top) and H	 (middle) are offset in rectified flux by +2
and +1, respectively, for clarity of presentation.

Fig. 14.—Summed spatial intensities projected onto the major axis for our
single-star model of � Cas. The solid line shows the K 0-band summed intensity
while the dashed line shows the summed intensity for an H� image integrated over
a 2.8 nm bandwidth. Both are renormalized for convenience to their respective
summed intensity at R ¼ 1:14R?.
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axis of the disk and measured in stellar radii from the center of the
star. We used our model to create an H� image adopting the base
density from the fit of the observed emission line (Table 8). The
intensity was formed by summing across a 2.8 nm wavelength
band centered on H� in order to match the H� interferometric ob-
servations of Tycner et al. (2006). Note that changing the adopted
bandwidthwill simply result in a rescaling of the contrast between
the central star and the surrounding disk emission. The disk image
appears darker along the line of nodes and along the line of sight
because of the minimal shear broadening that occurs at those disk
azimuthal angles and the subsequent reduction in the range of
wavelength over which H� is optically thick. The dashed line in
Figure 14 shows the summedH� image intensity projected onto
the major axis. We see that H� emission is indeed more ex-
tended along the major axis and that the half maximum intensity
radii are located at 2:6 and 7:4 R? for the K 0-band and H�
summed intensities, respectively. The ratio of these half maxi-
mum intensity radii is 0.35, which is comparable to the observed
ratio of 0.55 of the FWHM of the major axes of theK 0-band and
H� emission in the Gaussian elliptical fits (Table 7). Thus, the
difference in the radial density exponent and the increase in the neu-
tral hydrogen fraction with radius may partially explain the larger
appearance of the H� disks.

The CHARA Array observations demonstrate the promise of
these kinds of measurements for our understanding of Be stars.
Many Be stars were probably spun up by mass transfer in a past
close interaction, and future observations over a range in (u; v)

and orbital phase coverage will reveal the nature of their com-
panions. The disks of Be stars are driven by dynamic processes
and evolve over timescales of months to years, so long-term
observations will help elucidate the physics of disk formation
and dispersal. There is ample evidence that the disks are struc-
tured and prone to the formation of spiral arm features (Okazaki
et al. 2002). Furthermore, in Be binaries like � Per, the portion of
the disk closest to the hot companion may appear brighter due
to local heating by the companion’s radiation (Gies et al. 1998;
Hummel & Štefl 2001). The techniques of phase closure using
multiple telescopes in long baseline interferometry (Kraus et al.
2005) will soon give us the means to study these disk processes
directly among the nearby Be stars.
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