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Epsilon Aurigae

ε Aurigae

The Light Curve of ε Aurigae suggests it is an eclipsing binary,
except:

The eclipse lasts for 15 months

The eclipse happens once every 27.1 year

The spectrum looks like a 15 M� F-Super giant star.

Until Recently, no significant evidence for the companion star.

So, what is causing the eclipse?
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Epsilon Aurigae

Largest star in the universe
(Kuiper, G. P. and Struve, O. and Strömgren, B.;
1937)

A disk
(Huang, 1965)

A black hole
(Cameron, 1971)

High mass system
(review: Webbink, 1985)

Binary or a trinary?
(Lissauer, 1984)

Low mass system
(Webbink, 1985)

Image Credit: Kuiper et. al. 1937
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Epsilon Aurigae

Scientific Relavance

Simple Binary Stars

Period
Luminosity
Radii
Temperatures

Something new or interesting?

Massive =⇒ luminous, where is the companion?
Large Obscuring Object: Dark Matter, black hole?
New Evolutionary state for stars or PN?

Brian Kloppenborg Challenges Related to Interferometric Imaging



Outline
Solving a Long Standing Problem in Astrophysics

Introduction to image reconstruction
New Insights

Epsilon Aurigae

Why do we need interferometry?

Previous observations give models, no confirmation.

Biggest telescopes lack sufficient resolution:

Keck Telescopes: 10 m, 55 mas (268 nrad)

Need direct observations to continue developing theory.
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An Interferometer: CHARA

θ

Path Difference

d

=dsin(θ)

B. Kloppenborg, U of Denver 2009 Mt. Wilson Today, Credit: Georgia State University
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Visibility

Fringes as seen by an Interferometer (Hecht, 2002)

V =
Imax − Imin

Imax + Imin
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Closure Phase

Image Credit: John D. Monnier, 2007

Φijk = φij + (φjk + φatm)

+(φki − φatm)

= φij + φjk + φki
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The Premise

A minimization problem:

C ′ = χ2 − αS
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The Engine

Image Reconstruction Engine

Model

Image DFT Mock Data

DFT Info

Hyperparmeter

Vk =
x∑
i

y∑
j

Iije
2πip uvu(k)+2πjp uvv (k)

Pij = (Vij)
2

Bijk = VijVjkVkie
i(φij+φjk+φki )
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Image Reconstruction Engine

Model

Image DFT Mock Data Compute
Chi2 Chi2

DFT Info

Hyperparmeter

χ2 =

ndata∑
i

(Di − D ′i )
2

Derr i

Brian Kloppenborg Challenges Related to Interferometric Imaging



Outline
Solving a Long Standing Problem in Astrophysics

Introduction to image reconstruction
New Insights

What is an interferometer?
Interferometric Observables
UV Coverage
Image Reconstruction

The Engine

Image Reconstruction Engine

Model

Image DFT Mock Data Compute
Chi2 Chi2

Pixel-wise
Entropy

DFT Info

Hyperparmeter

Sij = Iij −Mij − Iij ln

(
Iij
Mij

)
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C ′ = χ2 − αS
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Compute
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Data Gradient
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New Knowledge

LETTERS

Infrared images of the transiting disk in the
e Aurigae system
Brian Kloppenborg1, Robert Stencel1, John D. Monnier2, Gail Schaefer3, Ming Zhao4, Fabien Baron2, Hal McAlister3,
Theo ten Brummelaar3, Xiao Che2, Chris Farrington3, Ettore Pedretti5, P. J. Sallave-Goldfinger3, Judit Sturmann3,
Laszlo Sturmann3, Nathalie Thureau5, Nils Turner3 & Sean M. Carroll6

Epsilon Aurigae (e Aur) is a visually bright, eclipsing binary star
system with a period of 27.1 years. The cause of each 18-month-
long eclipse has been a subject of controversy for nearly 190 years1

because the companion has hitherto been undetectable. The
orbital elements imply that the opaque object has roughly the
same mass as the visible component, which for much of the last
century was thought to be an F-type supergiant star with a mass of

15M[ (M[, mass of the Sun). The high mass-to-luminosity ratio
of the hidden object was originally explained by supposing it to be
a hyperextended infrared star2 or, later, a black hole3 with an
accretion disk, although the preferred interpretation was as a disk
of opaque material4,5 at a temperature of 500 K, tilted to the line
of sight6,7 and with a central opening8. Recent work implies that
the system consists of a low-mass (2.2M[–3.3M[) visible F-type
star, with a disk at 550 K that enshrouds a single B5V-type star9.
Here we report interferometric images that show the eclipsing
body moving in front of the F star. The body is an opaque disk
and appears tilted as predicted7. Adopting a mass of 5.9M[ for the
B star, we derive a mass of (3.6 6 0.7)M[ for the F star. The disk
mass is dynamically negligible; we estimate it to contain 0.07M›

(M›, mass of the Earth) if it consists purely of dust.
We collected data using Georgia State University’s Center for High

Angular Resolution Astronomy (CHARA) interferometer10 with the
Michigan Infra-Red Combiner (MIRC)11. The CHARA Array is
located on top of Mount Wilson, California, and consists of six
1-m telescopes capable of 15 baselines ranging in length from 34 m
to 331 m. The longest baseline provides resolutions up to 0.5 mas
(28 3 1029 degrees) in the H band (l 5 1.50–1.74 mm).

All data presented in this Letter were collected during the start of
the 2009–2011 eclipse on 2009 November 2–4 and 2009 December
2–4 (see Supplementary Table 1 for details). Each four-telescope
configuration provides six visibilities, four closure phases and four
triple amplitudes simultaneously in each of MIRC’s eight narrow
spectral channels across the H band. There were four pre-eclipse
observations during 2008 November–December which verified that
the F star is not highly asymmetric and aided in planning the 2009
observations. These data are consistent with the results obtained
using the Palomar Testbed Interferometer12 (a uniform-disk dia-
meter of 2.27 6 0.11 mas in the K band (l 5 2.00–2.38 mm)) and
therefore are not discussed in this Letter.

We reduced and calibrated the data from MIRC against seven
calibration stars (Supplementary Table 2) using the standard reduc-
tion pipeline13, producing nightly OIFITS14 data files. Files from each
of the three consecutive nights of observation in 2009 were merged to

produce a single OIFITS file for each sequence of observations. The
resulting U–V plane, power spectrum and closure phase coverage
(see Supplementary Fig. 1 for interpolated U–V plots) is arguably
the most complete so far in optical interferometry.

The 2009 data provided ample U–V coverage for interferometric
imaging. We performed image reconstruction for the figures pre-
sented in this Letter using the Markov Chain Imager15 and
BiSpectrum Maximum Entropy Method16,17 software packages. The
theory behind image reconstruction is common to these packages,
based on the minimization of the x2 datum plus a regularization
function, but they use significantly different approaches to imple-
ment it: global stochastic minimization by simulated annealing and a
local gradient-based approach, respectively. Despite the differences
in implementation13,18, the images produced by these packages are in
remarkable agreement. This is proof of the soundness and reliability
of the reconstructed images, and because of this we present only the
MACIM images in this Letter.

Figure 1 shows the 2009 November and 2009 December observa-
tions, in which we see a single object with a circular outline that is
notably darker in the southeast quadrant. In the December image,
the overall size of the dark region has grown, but the size of the
circular object has remained nearly the same. The northern hemi-
sphere of the circular object shows variations in brightness at the 15%
level that we believe approximate our photometric errors. The
obscuration in these images was not seen or implied by our previous
data sets and we interpret the obscuring object to be the theorized
disk in the system. The compactness of the disk across the two epochs
provides direct evidence that the disk is geometrically thin but optic-
ally thick.

We attempted to model the obscuration using parabolas, ellipses
and rectangles with and without smoothed edges, using the re-
constructed images as a guide. A satisfactory fit to the visibilities
and closure phases was obtained by using a smoothed-edge obscuring
ellipse whose semimajor axis was fixed to 6.10 mas (on the basis of
eclipse timing and well-known orbital parameters9,19), combined with
a power-law limb-darkened stellar component. The nine remaining
parameters (stellar diameter, stellar limb-darkening coefficient, ellipse
semiminor axis, ellipse position angle, ellipse smoothing coefficient
and the coordinates, x and y, of the ellipse centroid for both 2009
November and 2009 December) were simultaneously fitted using a
Levenberg–Marquardt least-squares minimization algorithm. The
combined fit has a reduced x2 of 4.69 and predicts an F-star limb-
darkened diameter of 2.41 6 0.04 mas, or a uniform-disk diameter of
2.10 6 0.04 mas. The semiminor axis for the ellipse is 0.61 6 0.01 mas.

1Department of Physics and Astronomy, University of Denver, 2112 East Wesley Avenue, Denver, Colorado 80208, USA. 2Department of Astronomy, University of Michigan, 500
Church Street, Ann Arbor, Michigan 48109-1090, USA. 3Center for High Angular Resolution Astronomy, Georgia State University, PO Box 3969, Atlanta, Georgia 30302-3969, USA.
4Jet Propulsion Laboratory, 4800 Oak Grove Drive, M.S. 169-327, Pasadena, California 91101, USA. 5School of Physics and Astronomy, University of St Andrews, North Haugh, St
Andrews KY16 9SS, UK. 6Physics Department, California Institute of Technology, 1200 East California Avenue, Pasadena, California 91125, USA.
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Simple Parameters

Star Diameter: 1.51 ± 0.02 AU
Disk Semi-Major Axis: 3.81 ± 0.01 AU
Disk Semi-Minor Axis: 0.38 ± 0.01 AU
Minimum Disk Inclination: 84.30 ± 0.15 deg.
Maximum Disk Thickness: 0.76 ± 0.02 AU
Disk Tilt Position Angle: 119.80 ± 0.74 deg.

Disk Volume: 1.16 ± 0.03 1E35 m3

Disk Mass: 2.22 ± 1.57 1E-7 M0
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Orbital Parameters
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Disk Orbit Position Angle: 296.82 ± 6.85 deg.
Disk Above Orbit Tilt: 2.98 ± 6.89 deg.
Disk Motion: 0.43 ± 0.08 AU
Disk Relative Speed: 25.10 ± 4.65 km/s
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Velocities and Mass Ratios
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Ours Literature
Disk Speed: 9.66 ± 4.67 (km/sec)
Mass Ratio (Disk + B5V : F-Star): 0.62 ± 0.12
Mass Ratio (F-Star : Disk + B5V): 1.63 ± 0.30
F-Star Mass: 3.63 ± 0.68 3.15 ± 0.25 M�
Mass Function: 2.26 ± 0.32 2.51 ± 0.12

* Literature values from Stefanik et. al. 2010 and Hoard et. al. 2010.
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Data Gradient

dVk =

Npow∑
k

4 (Derr k)2 (Mk − Dk) Re
(
V ∗k

(
e2πip uvu(k)+2πjp uvv (k) − Vk

))
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Entropy Gradient

dSij = −ln

(
Iij
Mij

)
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