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ABSTRACT

We report new and archival K-band interferometric uniform disk diameters obtained with the Palomar Testbed
Interferometer for the eclipsing binary star e Aurigae, in advance of the start of its eclipse in 2009. The observations
were intended to test whether low-amplitude variations in the system are connected with the F supergiant star
(primary), or with the intersystem material connecting the star with the enormous dark disk (secondary) inferred
to cause the eclipses. Cepheid-like radial pulsations of the F star are not detected, nor do we find evidence for
proposed 6A per decade shrinkage of the F star. The measured mas K-band diameter is consistent2.27 � 0.11
with a 300 solar radius F supergiant star at the Hipparcos distance of 625 pc. These results provide an improved
context for observations during the 2009–2011 eclipse.

Subject headings: binaries: eclipsing— stars: atmospheres— stars: fundamental parameters—
techniques: interferometric

1. INTRODUCTION

The prevailing hypothesis concerning the nature of the long-
period eclipsing binary FK5 183 (HD 31964, e Aurigae) fea-
tures an F-type supergiant star and a putative B star binary,
deeply embedded in a dark, massive, 20 AU diameter cold disk
(475 K; Carroll et al. 1991). In the high-mass model, the total
system mass is inferred to be approximately 29 M,, with an
orbital separation of 27.6 AU and eclipse period of 27.1 yr (cf.
Stencel 1985).
Flat-bottomed eclipses of 2 yr duration and 0.75 mag depth

optically suggest that the cold disk covers half the surface area
of the F star (Huang 1965). The next eclipse is predicted to
start in 2009 August. Kemp et al. (1986) analyzed polarimetry
of the 1984 eclipse and argued that the disk is inclined 2�–5�

from its orbital plane. Taken together with a central eclipse
brightening, which has varied over the past three eclipse events,
disk tilt could signal precession of the disk orientation. How-
ever, the F star outshines the cold disk by an enormous factor,
adding to the mystery of the secondary itself. Low-amplitude,
67 day quasi-periodic light variations mask the relative con-
tributions of the F star and the disk in the pre-eclipse light
curve (Hopkins & Stencel 2007), and these light variations
appear to have sped up from 89 days over the past few decades
(Hopkins et al. 2008). Concurrently, the length of eclipse phases
has been changing, eclipse to eclipse.

1.1. Goals

The key question to be addressed with new observations is
whether the quasi-periodic 0.1 mag variations in V-band light
outside of eclipse are due to F supergiant pulsation, or to com-

ponents associated with the disk and mass transfer (Stencel
2007).
The V-band �0.1 mag quasi-periodic variations indicate

�10A luminosity changes in the system. If these originate in
F star changes in temperature or radius, they would amount to
of the order of 5A in radius, and half that amount or less in
temperature terms. Asteroseismic observations, such as those
possible with MOST or COROT, along with high-dispersion
spectroscopic monitoring of line-profile variations, should be
pursued to explore which parameters are in play. Interferometry
provides a potentially more direct test of diameter variations,
given the success of interferometric diameter variation mea-
surements with Cepheids like z Gem with PTI (Lane et al.
2000, 2002) and d Cep and h Aql with NPOI (Armstrong et
al. 2001), in which radial variations of up to 6A (a range of

milliarcsecond [mas]) were reported. If physical0.20 � 0.03
variations of the F star in the e Aur system can be demonstrated
to be the cause of, or excluded from causing, out-of-eclipse
light variations, study of the disk-shaped companion can be
more precisely pursued. This includes interferometric imaging
that could determine whether the dark disk in the Huang model
actually will be seen against the F star disk.
Adopting the Hipparcos parallax distance of 625 pc for

e Aur, the maximum apparent orbital separation is 44 mas, and
the F supergiant itself, if 200 R,, should subtend �1.5 mas.
The reported NPOI diameter of 2.18 mas (Nordgren et al. 2001)
for e Aur implies a diameter of 290 R, at 625 pc. This is
significantly larger than the Cepheid diameters mentioned
above and the VLTI/AMBER diameter, 142 R,, for the F0
supergiant Canopus, reported by Dominicano de Souza et al.
(2008). In any event, a 5A or larger radial change in e Aur
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CHARA

Mt. Wilson Today, (Georgia State University)

Operated by Georgia State
University and collaborators.

Six 1-meter Telescopes

15 possible baselines from
31 to 331 meters

One of two operating
ranges: 2.0 - 2.5 µm

0.6 mas resolution
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IRTF

IRTF, (NASA IRTF)

SPEX, (NASA IRTF)

IRTF

Operated and managed for NASA
by the University of Hawaii
3.0 m infrared optimized
Telescope
Located atop Mauna Kea Hawaii

SPEX

0.8 - 5.4 µm cross-dispersed
spectrograph.
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1 Determine if Bow Shock Fronts (BSFs) are worth studying.

2 Identify BSFs in surveys.

3 Plan and apply for follow up observations.
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Motivation to Study Bow Shocks

High resolution probe for the density and composition of the
Interstellar Medium (ISM).

Given the proper motion of the star, we can determine the 3D
motion of the ISM.

The SPITZER MIPSGAL I and II survey is avaliable.

Large Survey: 278 square degrees.
High Resolution: 5 mas

pixel at 24 µm, 15 mas
pixel at 70 µm.

Strong support for this type of research inside the department.
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Interstellar Bow Shocks

imparted to the shell by the stellar wind. For this axisymmetric
problem we may consider a wedge of small, constant width in
the azimuthal angle Df about the symmetry axis (Fig. 1). The
surface integral of the wind’s vector momentum flux onto the
shell does not depend on the detailed shape of the shell,
because the coasting wind is momentum conserving. Thus, we
may perform the integral over a spherical surface. Writing the

unit vector êr in terms of its cylindrical polar components, we
have

FwDf 5 E
wedge

raVwVw z ên dA

5
ṁwVw
4p

Df E
0

u

~êÃ sin u9 1 êz cos u9! sin u9 du9

5
ṁwVw
8p

@~u 2 sin u cos u!êÃ 1 ~sin2 u!êz#Df. (4)

The momentum deposited by the ambient medium is in the
2êz-direction and depends only upon the circular cross sec-
tion:

FaDf 5 2 1
2 Ã2raV*

2 êzDf. (5)

The total momentum flux onto the Df wedge of the shell is the
sum of the wind and ambient contributions. To conserve
momentum in steady state, the (tangential) momentum flux
FtêtDf traversing a Df azimuthal width of an annulus of the
shell must equal the momentum flux (Fw 1 Fa)Df received by
the shell surfaces between the standoff point and the annulus:

Ft 5
ṁwVw
8p

[(u 2 sin u cos u )êÃ 1 ~sin2 u )êz# 2
Ã2

2
raV*

2 êz ,

(6)

where Ft 5 Ftêt is the vector momentum flux in the shell and
êt is a tangential unit vector at constant f. The tangential
momentum flux has magnitude

2p Ft 5 pR02raV*
2 Î~u 2 sin u cos u )2 1 (Ã̃2 2 sin2 u )2 , (7)

where a tilde indicates a length in units of R0.
We now know the vector momentum flux at any point in the

shell, so we know the direction of flow is parallel to this
momentum flux. We conclude that the shell’s shape is de-
scribed by the differential equation

dz̃
dÃ̃

5
vz
vÃ

5
Ft, z

Ft,Ã
5

2Ã̃2 1 sin2 u

u 2 sin u cos u
. (8)

It is instructive to examine the stellar and ambient momen-
tum contributions separately (eqs. [4], [5]). Figure 3 shows the
vectors Fw and Fa due to the wind and ambient momentum
fluxes onto the shell, integrated in area between the standoff
point and the angle of interest u. The ambient medium
contributes momentum purely in the 2êz-direction, while the
wind contribution is not radial because the momentum flux
onto the area of the head of the shell includes contributions
from points where the wind velocity is more in the forward
direction. The momentum leaving the shell must be the vector
sum of these two contributions, which is precisely tangent to
the shell at this point. The shell’s shape is not determined by
ram pressures forcing the radius to have a certain value at a
given angle, nor a certain slope, but rather by the requirement
that the fluid travel in the natural direction—that of the
momentum deposited onto the shell, integrated over shell
area.

FIG. 1.—Thin-shell bow shock model. The bottom panel shows the wind,
ambient, and tangential flows in the frame of the star while the top panel
defines the spherical coordinate system with star at the origin.

FIG. 2.—Bow shock shape of BKK and analytic solution (eq. [9]), compared
to the approximate tail solution and the solution of Dyson (1975), which
assumes that the shape is determined by normal ram-pressure balance.

L32 WILKIN Vol. 459

Diagram of a wind-driven Bow Shock
(Wilkin, 1996)

Equation for shape of a isotropic
axisymmetric wind-driven bow shock
(Wilkin, 1996)

R(θ) = R0 csc θ
√

3(1 − θ cot θ) (1)

where R0, the standoff distance, is:

R0 =

√
ṁwVW

4πρaV 2
∗

(2)
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Hough Transforms

Hough Transform

Feature extraction technique
that finds objects based
upon a voting algorithm.

Candidate objects are local
maximia in the voting
parameter space.

Developed for machine
analysis of bubble-chamber
photographs.
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Hough Transform for Parabolas

Parameterized Parabola:

x(t) = ±2at + h y(t) = at2 + k

Offsets to potential Apex Locations:

h
′
± = ∓2at cos(θ) + at2 sin(θ)

k
′
± = ∓2at sin(θ) − at2 cos(θ)

(h+, k+) (h−, k−)

(x , y)

(h−, k−) (h−, k−)

(x , y)
(x , y)

(x , y)
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Results

Positive Detection in all test
cases

Positive Detection in 10%
Random Noise image

Positive Detection in Real
Image
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Next Steps

Improve the algorithm’s speed.

Apply the method the remainder of the µm MIPSGAL catalog.

Identify the parent star to which a bow shock candidate
belongs.

Attempt to determine the 3D space motion of the ISM if the
parent star’s proper motion has been previously determined.

Apply for follow-up spectroscopic observations of shock region.

Cross correlate the above information with known information
about the ISM.
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