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Highlighting € Aurigae and Citizen Sky

John R. Percy
Department of Astronomy and Astrophysics, University of Toronto, Toronto. ON
M35S 3H4, Canada; john.percy@utoronto.ca

Welcome to this special issue of the Journal of the American Association
of Variable Star Observers, featuring papers on € Aurigae and the Citizen Sky
project (www.citizensky.org). As Price et al. explain in the opening paper,
Citizen Sky grew out of International Year of Astronomy 2009, brilliantly
piggybacking on the international campaign to observe the 2009—2011 eclipse of
a bright but mysterious star. It incorporated the “citizen astronomy” philosophy
on which the AAVSO is founded—skilled volunteers participating in and
advancing astronomical research. It was a complex multidisciplinary project
which required careful organization, facilitated by a generous grant from the
National Science Foundation. The papers in this issue represent the culmination
of the astronomical research aspects of the project but, as Price et al. explain,
there were many other positive outcomes of the project which, we hope, will
continue to bear fruit in the future. In particular, it provides an excellent model
for how to organize and manage a complex project, and evaluate the results—
something which is rarely done.

I’ve been actively involved in astronomical research for exactly half
a century, so I have experienced three eclipses of &€ Aurigae (if I include the
1955-1957 one which I read about as a graduate student). I was educated in an
astronomy department (at the University of Toronto) which had special expertise
in variable and binary stars—of which € Aurigae is a prominent example. [ have
a specific interest in the intrinsic variability of the supergiant component of the
system so, unlike many observers, I don’t have to wait for the eclipses every
twenty-seven years. What fascinates me about the papers in this issue, and in
Citizen Sky in general, is how they illustrate so many diverse and intriguing
facets of variable star astronomy.

First and foremost: € Aurigae is a genuine astronomical mystery. It consists
of a pulsating blue supergiant and a secondary component, in a 9,896-day
(27.09-year) orbit. The secondary component is surrounded by a donut-shaped
disk of gas and dust, which eclipses the primary component for almost exactly
two years each orbit. It is still not clear whether the primary is a normal massive
supergiant, in which case the secondary is most likely a pair of stars in close
orbit (the “high-mass model”), or whether the primary is a low-mass supergiant,
and the secondary is a single star (the “low-mass model”). We hope that the
papers in this special issue will help to resolve this mystery. For an excellent
overview of € Aurigae prior to the 2009-2011 eclipse, see Templeton (2008).

This is frontier astronomy. Disks of gas and dust are widely studied, because
they are ubiquitous in the universe. They are found around forming stars, in
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cataclysmic binary systems, and around supermassive black holes at the nuclei
of galaxies. Binary and multiple star evolution is poorly understood, even
though binary and multiple stars are the norm, not the exception. It is a topic
which is relevant to some of the most exciting topics in astrophysics today. The
origin of Type la supernovae, which are the most important “measuring sticks”
in modern cosmology, is one example.

€ Aurigae has an apparent V magnitude of about 3.0—not much fainter
than the stars in the Big Dipper—so it is visible even in cities such as mine.
Beginning skywatchers tend to think that all stars are the same so, at star parties,
I like to tell them about the particular characteristics of individual bright stars,
especially bizarre stars such as € Aurigae. Beginning skywatchers can then
become beginning observers; € Aurigae is easy to measure with the unaided eye
(though binoculars help). Indeed, this was the whole point of Citizen Sky; it
brings astronomy and astronomical research to anyone, of any age, anywhere.

As others have pointed out, each eclipse of € Aurigae brings a new generation
of astronomers, and a new generation of technology. The 1982-1984 eclipse
coincided with the blossoming of amateur photoelectric photometry (PEP). The
2009-2011 eclipse was observed with CCD and DSLR cameras, as well as PEP
and visual techniques.

It was also observed with spectroscopy, a technique which is increasingly
available to amateurs, and with polarimetry—a frontier technique for suitably-
equipped advanced amateurs. Very few professional observatories are carrying
out long-term spectroscopic and polarimetric observations, so this is an area
in which amateurs could take up the slack in the future. This eclipse was also
observed with an optical interferometer—Georgia State University’s CHARA
array—so, for the first time, we can “see” this mysterious system.

Finally, this eclipse campaign benefitted from modern information and
communication technology, including email, the Internet, and social media.
These made the transfer, display, and storage of information efficient and
effective. They also helped to connect the international network of amateur and
professional observers as never before.

You will notice that the authors of the papers in this issue come from many
countries. The observations which amateurs and professionals have contributed
during this eclipse campaign come from even more countries, so every
contributor is part of an international community of variable star observers.

Furthermore, the archival data on € Aurigae stretch back for over 160 years.
The data in the AAVSO International Database cover the last seven eclipses
(1847-1849, 1874-1876, 1901-1903, 1928-1930, 1955-1957, 1982—-1984, and
2009-2011), including observations by the eminent Friedrich Argelander of the
first of these. The variability of the star was first suspected by Johann Fritch
in 1821, during the 1820-1822 eclipse. The 1847—-1849 eclipse was observed
systematically by Argelander and others. Hans Ludendorff (1904) suggested
that the star was an eclipsing variable. By 1937, it had engaged the minds of
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some of the foremost astronomers of the time: Gerard Kuiper, Otto Struve,
and Bengt Stromgren (1937) stated that “the photometric and the spectroscopic
data on &€ Aur seem to lead to contradictions unparalleled in the study of other
eclipsing systems”. By the 1955-1957 eclipse, the situation was even more
critical, as stellar astrophysics had matured greatly. Various models were
proposed, including the possibility (since ruled out) that the system contained a
black hole. Today’s observers are thus connected, across time, with yesterday’s
observers and interpreters. The AAVSO centennial, the centennial history
(Williams and Saladyga 2011), and the historical papers in the centennial issue
of JAAVSO (volume 40, number 1) were timely vehicles for helping to make
these historical connections.

Citizen Sky, and this special issue, would not have been possible without
the support of many organizations and people: the National Science Foundation
for grant support (DRL-0840188); the AAVSO and its staff who provided in-
kind support; the Citizen Sky team: Aaron Price, Rebecca Turner, Robert E.
Stencel, Brian Kloppenborg, and Arne A. Henden; partner organizations and
individuals who contributed to parts of the project such as the workshops and
tutorials; the authors of the papers in this issue; and all the observers and other
volunteers who contributed to the diverse scientific and educational aspects of
the project. Special thanks, as always, to the staff of this Journal: Associate
Editor Elizabeth Waagen, Assistant Editor Matthew Templeton, and Production
Editor Michael Saladyga. We hope that you enjoy this issue!
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Citizen Sky arose as a product of the 2009 International Year of Astronomy
(IYA) project. Aaron Price was appointed to the U.S. IYA Program Committee
when it was first constituted in2006. After about a year of planning, the committee
established a Working Group for Research Experiences for Students, Teachers,
and Citizen Scientists with Aaron as the chair. The goal was to use the IYA
initiative to promote citizen science projects to the general public. The group met
for the first time at the Astronomical Society of the Pacific meeting in Chicago—
2007. At the meeting they decided to focus their efforts around one project
instead of promoting a slate of projects. Many specific ideas were discussed
during a morning meeting, but nothing caught the excitement of the entire group.

In the afternoon, Aaron had a hallway discussion with Rick Fienberg, then
editor-in-chief of Sky & Telescope magazine. Rick mentioned the upcoming
¢ Aurigae eclipse as a possible topic. He had previously co-presented a paper on
the topic with Robert Stencel (“Dr. Bob”) at the 2006 meeting of the International
Astronomical Union. It seemed like an ideal project. And as the working group
researched it more, it became more and more enticing. € Aur is bright enough to
be seen from the city, its eclipse has an amplitude that can be detected with the
naked eye, it happens very rarely, it is difficult for professionals to monitor (due
to limited large telescope time) and, above all, it was still an enigma—even
after over a century of research and speculation.

U.S. IYA funding was a constant issue. The Program Committee only had
enough funds to support a small staff and a few projects. The Working Group
knew that any project they came up with would be targeted at a narrow audience
and so would not receive the same level of support from the Program Committee
that a more generalized topic—such as the Galileoscope—received. So the
Working Group came up with two plans. One was aimed at what they would
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do with zero funding—what each member of the group could contribute gratis
and/or can do as part of their regular job. For the AAVSO, this meant issuing an
Alert Notice on the topic, making charts, and running a regular campaign, but
not much more. They also came up with a program to implement if they could
raise substantial levels of support. After these two plans were in place, they
looked for funding.

The National Science Foundation (NSF) seemed like a natural fit. They
fund citizen science, have a nice history with the AAVSO, and the working
group had some experience writing proposals for them. However, strong NSF
proposals are not easy to assemble. It took almost six months to write the Citizen
Sky proposal. Aaron wrote a draft, circulated it amongst the Working Group,
and then they held conference calls to discuss revisions. The process went very
smoothly, but took a lot of time.

AAVSO Director Arne Henden was chosen as the project’s principal
investigator (PI) because Aaron did not yet have a Ph.D. (he was in graduate
school at the time). All of the co-PIs contributed to the proposal. In addition
to Aaron, they were Lucy Fortson, Jordan Raddick, and Bob Stencel. Ryan
Wyatt also contributed to the proposal and was a member of the advisory
board along with Chris DuPree, Suzanne Jacoby, Hee-Sun Lee, and David
Anderson. The proposal itself was originally called STARS—Science Through
the Astronomical Research of Stars. It was after funding that it was changed to
Citizen Sky, a name first proposed by Rebecca Turner.

Robert Stencel served as scientific advisor from the very beginning. The
original idea to involve web cams and DSLR cameras began with him. He
provided much needed scientific advice and also a welcome sense of humor
when things got tight and deadlines loomed. He also recruited a graduate student
of his, Brian Kloppenborg, into the project.

By the time we submitted the proposal to the NSF’s Informal Science
Education (ISE) program, which funds their citizen science projects, the
budget had increased to about $796,000 for a three-year project. It was an
interdisciplinary project with funding for modeling software, workshops, a
high-end planetarium show, journal publication, Science Olympiad materials,
and much more. The scientific goal of the project was to collect data to help
researchers uncover what is causing the € Aur eclipse. The educational goal was
to involve the public in all aspects of a scientific project. Instead of focusing
solely on data collection, the project aimed to train participants to analyze data,
pose their own research questions, and write up results for a peer-reviewed
journal. This had not been done before in a large scale citizen science project,
and the AAVSO was in a unique position to do so thanks to our history of
having an engaged membership. The goal with Citizen Sky was to put it all
together in one package and make it accessible to novice amateur astronomers
with the belief that participants will get a better understanding of the scientific
method if they are more engaged with it at every step of the way.
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The proposal was submitted in June 2008. In November 2008 we received
the word that it had been favorably reviewed by the NSF. Over the next few
months we answered questions and responded to suggestions from the NSF to
strengthen the project. In mid-April 2009 we finally received official notification
that the project would be fully funded. However, we were new to the NSF so
there were substantial administrative tasks to complete before funding could
begin. This additional delay caused a problem because, as we all know, the sky
waits for no one. The eclipse was predicted to begin in the latter half of the year
and we needed pre-eclipse observations. In the original proposal we planned to
have almost a year to build the project, materials, and so on, before the eclipse
began. Now we had to do a year’s work in a few months.

Rebecca Turner was assigned the position of Project Manager, meaning
she was responsible for overall implementation of the project. Dr. Bob was
the scientific advisor. Brian Kloppenborg was hired as a staff member to assist
Rebecca. The first author was funded to conduct an evaluation of the project,
which eventually morphed into his dissertation at Tufts University. The Morrison
Planetarium at the California Academy of Sciences, acting under Ryan Wyatt,
was contracted to produce an eight-minute planetarium film for the project.
The Adler Planetarium and Astronomy Museum, acting under Mark SubbaRao,
was hired to develop an interactive eclipsing binary modeling software. Jordan
Raddick at Johns Hopkins was hired to consult on web site development, which
was mostly done by Kate Davis, the AAVSO webmaster at the time.

The first year of the project was dedicated to building infrastructure and
data collection. The web site was officially launched in June 2009. It consisted
of simplified versions of WebObs, the light curve generator, and the Quick
Look file, tutorials on observing and reading light curves, online forums, and a
blog maintained by the staff and Dr. Bob. The first Citizen Sky workshop was
held in September 2009 at the Adler Planetarium in Chicago. The focus of the
workshop was on data collection (visual, photoelectric, and spectra) and on the
science behind the system.

The second year of the project was dedicated to building teams and training
in data analysis. The non-observing aspect of Citizen Sky was designed around
the concept of teams of participants working together. It was inspired by the
success of the chart and comparison star database teams that were active in
the AAVSO in the previous decade. A second workshop was held in August
2010 at the California Academy of Sciences in San Francisco. The focus of that
workshop was on data analysis and writing scientific papers.

The third year of the project was dedicated to observing the end of the eclipse
and writing papers for the Journal of the AAVSO (JAAVSO). This was a less
publicly active period as the teams worked on their papers, most of which are
published in this edition of JA4VSO, about € Aur, Citizen Sky, and related topics.

So what is happening next with Citizen Sky? One of the lessons we learned
in this project is that teams can indeed do great work. Evidence of that is in
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this J4AVSO issue. However, some teams did not achieve their goals. There
are many reasons for this, but in our view there was one overall lesson to learn:
project staff cannot appoint leaders of teams; they have to grow organically
from among the participants. The most successful teams were mostly the ones
that had self-nominated leaders. The teams which had staff-invited leaders were
less successful, with a few notable exceptions.

At the end of the third year of the Citizen Sky Project the AAVSO received
a supplemental NSF grant to fund a third workshop. This workshop will focus
on generating a manual for DSLR Photometry. Applications will be accepted
in late 2012 and early 2013. It will take place March 22-24, 2013, at AAVSO
Headquarters in Cambridge, Massachusetts. The program will comprise a
mix of 1) talks by experienced DSLR photometrists and 2) breakout sessions
during which small groups of participants (each with a designated leader) will
develop preassigned sections of the manual. These groups will be determined
well in advance and will be based on participant interest, experience, and skills.
No prior DSLR experience is required, but there will be some pre-workshop
reading and preparation required. The workshop will produce an easy to use,
introductory manual that will help the AAVSO support observers who are
interested in giving DSLR photometry a try.

With the conclusion of the € Aur eclipse and news of the DSLR workshop,
the AAVSO has given Citizen Sky a new mission: to be the new home of the
AAVSO’s bright variable star activities. Initially, the Citizen Sky area of the
AAVSO website will host the AAVSO Binocular Observing Program and the
DSLR Photometry Program. Additional bright object programs/projects will
be added to the Citizen Sky pages as they develop. Important Citizen Sky
materials will be moved from its existing website to the Citizen Sky section of
the AAVSO website. The original Citizen Sky website will be frozen in 2013
but will stay online as an archive.

As for staff, they have also built on what they have learned as part of this
project. Dr. Brian Kloppenborg, who received his Ph.D. at Univ. of Denver in
spring 2012, is now a visiting scientist at the Max Planck Institute for Radio
Astronomy in Bonn, Germany, working on interferometry. He continues to
involve amateur astronomers in his research. Dr. Aaron Price is now Manager
of Research and Evaluation at the Museum of Science and Industry in Chicago,
where he is applying the social science research skills he learned through his
dissertation on Citizen Sky’s impact on the scientific beliefs of its participants.
Rebecca Turner has been promoted to Operations Director at the AAVSO,
where she is applying many of the project and personnel management skills
she learned as Project Manager of the Citizen Sky project. Dr. Arne Henden
continues as Director of the AAVSO, and Dr. Robert Stencel continues as a
professor at the University of Denver, and is now planning observations for the
next eclipse of ¢ Aur in 2036!
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Abstract Evidence is provided from the array of observations amassed during
the 2009-2011 eclipse, that defines the enigmatic binary € Aurigae as comprised
of an unstable FO-1 Iab star in orbit around a comparable mass upper main
sequence star (or stars) enshrouded in a disk resulting from F star mass loss.
In this picture, the F star may be undergoing rapid evolutionary changes, and
the recent 67-day primary quasi-period may make it suitable for asteroseismic
studies. The hidden star(s) may have gained mass from the F star, and the disk
itself provides opportunities for study of accretion, dust evolution, and dynamics.

1. Introduction

During the 20th century, the bright star € Aurigae confounded astronomers
because the visible member of this single-lined spectroscopic binary star
appeared to be a massive, F-type supergiant star, with an equally-massive but
invisible companion (Guinan and deWarf 2002). Unimpeachable evidence
for the eclipsing object, a disk in transit, was obtained with interferometric
imaging during the 2009-2010 eclipse (Kloppenborg et al. 2010), building on
the infrared detection of same by Backman et al. (1984). Hoard et al. (2010),
and previous authors, argued that the F star is in a volatile, reduced mass,
post-Asymptotic Giant Branch (AGB) evoutionary phase, with the companion
being a disk-enshrouded B-type main sequence star—possibly now the more
massive object in the system. Resolution of the masses and evolutionary state
of stars in this system is a primary motivator for the recent eclipse campaign,
results of which are summarized in this paper. This article is part of a group of
articles collected in the Journal of the AAVSO, intended to document results of
an international effort to collect high quality observations of the &€ Aur system
during its 2009-2011 eclipse. Those reports provide details for each facet,
but here we summarize some of the important findings, in relation to findings
recognized as a result of the studies of previous eclipses.

2. Results

As discussed by Jeff Hopkins (2012), photometric V-band timings of the
latest eclipse are as follows:
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First contact: RJD 55070 2009 August 16
“Second” contact: RJD 55250 2010 February 22
Mid-eclipse: RJD 55400 2010 July 22
“Third” contact: RJD 55620 2011 February 27
Fourth contact: RJD 55800 2011 August 26

where RID = JD-2,400,000 and the uncertainty in timings is at least one to
two weeks. The notion of contact times historically refers to tangent crossings
between objects thatappear circular in projection, but with a ellipsoidal disk shape
involved, the normal meanings of second and third contacts are changed. Also,
these timings are complicated by persistent ~0.1 magnitude light variations on a
quasi-period of 67 days (Kim 2008). Spectroscopic evidence suggests that disk
material encroached on the line of sight months prior to photometric first contact
(for example, in K T 7699A—see Leadbeater et al., this issue), or even years
prior (Ha, see Chadima ef al. 2011). Spectroscopic fourth contact was recently
announced by observer Thierry Garrell, who reported excess blue-shifted Ho
and Na D-line absorption disappeared circa RJD 55950 (2012 January 25).

The eclipsing object is a large, 550K flattened structure, based on recent
infrared photometry and imaging. Although speculated to be a “swarm of
meteors” by Hans Ludendorff early in the 20th century, the first photometric
evidence for the eclipsing object was provided by Mitchell (1964) with nine-color
photometry, who claimed a 500K excess, with a projected linear size of S0AU!
Later, Backman et al. (1984) observed & Aur entering eclipse and confirmed
the result, reporting a 500K blackbody, with an apparent size of 8x10'
ster-radians. At the reference distance of 650 pc, this translates to an area of
14 AU squared, or equivalent to a rectangular shape 1 AU tall and 14 AU long.

The eclipsing object is disk shaped as seen in the near-IR. Thanks to
remarkable progress in interferometric imaging over the past decade, it was
possible in autumn 2009, during ingress, to detect the shadow of the disk
crossing the face of the F star (Figure 1), using the MIRC beam combiner
at the Center for High Angular Resolution Astronomy (CHARA) Array of
telescopes atop Mt. Wilson, California (Kloppenborg et al. 2010). More about
this below.

The neutral potassium line at 7699A reappeared and showed velocity shifts
that associate it with the disk and its rotation. Originally reported by Lambert
and Sawyer (1986), extensive monitoring by Robin Leadbeater (reported in this
issue) showed a repeat of the phenomenon, demonstrating disk rotation and
showing stepwise changes in the added equivalent width of the line, suggestive
of disk substructure (Leadbeater and Stencel 2010). Subsequent study of
spectra reveals a number of lines with this behavior (see Leadbeater et al. 2012;
Schanne et al. 2012; Griffin and Stencel 2012).
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The only molecule detected in € Aur, so far, is transient carbon monoxide.
This was originally reported by Hinkle and Simon (1987), and shown by Stencel
etal. (2011) to reappear again after mid-eclipse, using both moderate resolution
IRTF+SpeX and high dispersion Gemini North Near-IR Spectrometer (GNIRS)
spectra. The data do not clearly confirm the low isotopic '*C/"*C ratio ~10
(compared to the solar value, 89). The overlap of a P, series line of hydrogen
atop the “CO bandhead demands post-eclipse observations where the CO
contribution is removed, allowing disentanglement of the relative contribution.
See Figures 2a and 2b. A less extreme *C/"C ratio reduces the evidence for the
F star being a lower mass, post-AGB star.

For the first time, transient Hel 10830A absorption was detected, and
it strengthened around mid-eclipse (Stencel et al. 2011), using NASA’s
IRTF+SpeX instrument; see Figure 3. This line arises from a 19.8 eV level and
suggests a high temperature central region in the disk. This is consistent with
accretion onto a BO-B5 central star (Pequette ef al. 2011).

Infrared monitoring confirmed the prediction by Takeuti (1986) that the side
of the disk facing the F star is heated to 1100K (Hoard ef al. 2012), in contrast
to the 550K side facing away from the F star. Among the implications of this
are that the binary separation might be evaluated, independent of the uncertain
distance, and this degree of heating is related to the material properties of the
dust in the disk.

A series of three in-eclipse observations of the the far-ultraviolet spectrum
of € Aur were obtained with the Cosmic Origins Spectrograph (COS) on Hubble
Space Telescope (Howell et al. 2011), and it was found that the continuum
output is somewhat eclipsed. The far-UV emission lines show evidence for a
P Cygni-like outflow (Figure 4). Both facts point to surface activity of the F
star, although contributions from the disk central regions cannot be ruled out.

Attempts to observe solid state spectral features (ices, PAHs, or 10-micron
silicates) failed to detect any. Instruments involved included SpeX and BASS
at NASA’s IRTF, plus MIRAC at Mount Hopkins (see Stencel et al. 2011). The
broadband infrared excess, combined with lack of spectral features, argues that
the dust is comprised of large particles (greater than ~1 micron size). Kopal
(1954) concluded similarly when studying the similarity of eclipse depth at
many optical wavelengths—the eclipse is “gray” due to large particle sizes,
much greater than the wavelengths involved. As noted above, eclipse depth
departure from grayness is seen at wavelengths longer than several microns
and in the ultraviolet, and these may provide useful constraints on particle size
and type.

Photometric monitoring shows persistence of ~0.1 magnitude variations
with a quasi-period of ~67 days (Kim 2008), both in and out of eclipse (Figure
5, and see Hopkins (2012)). These have been associated with F star oscillations
and perhaps wind events (see Griffin and Stencel 2012).
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3. System parameters

Among the generally agreed system parameters are the eclipse period,
9890+2 days, and the mass function in this single line spectroscopic binary,
f(M) = 2.51£0.12 (Stefanik et al. 2010). System inclination seems securely
established at very close to 90 degrees, based on interferometric images showing
the disk eclipsing the primary star (Kloppenborg 2010). Given these parameters,
possible solutions for the mass ratio (q) include the “high mass” case, q~1.1
(sum of masses, M+m~25 M, and semi-major axis, a~25AU ) and the “low
mass” case, q~0.5 (M+m~9 M, a~18AU), where M is the F star mass, and
m refers to the mass of the secondary object — assumed to be a star inside the
disk, and where a is the semi-major axis of the orbit. Astrometric solutions for
both extremes have been published (Strand 1959; van de Kamp 1978). Work
is underway to include interferometric results as a new constraint on combined
astrometric and photometric solutions (Kloppenborg 2012), which favors the
higher mass solution.

What constraints do we have on the mass (M) of the primary star?
Classically, the spectral type of the primary star has been classified as an
FO Ia star (7500K). Yellow supergiant stars have cataloged masses of 12 M
and absolute magnitude, M, =—6.6 (see, for example, Straizys and Kuriliene
1981). The historic q=1 solution for this single lined spectroscopic binary
immediately called into question how a high mass companion could remain
invisible outside of the eclipses it causes (Struve and Elvey 1930). Using the
apparent magnitude, V=3.05 and the reddening, A,=0.3, the implied distance
is 740 pc (about 20% larger than that used by Kloppenborg (2010) based on
the first Hipparcos parallax). From this, the implied luminosity is 3.7x10* L,
and the implied radius is 115 R —Ilarger than most Cepheids! At 740 pc, the
angular diameter would be 1.5 milli-arcsec (hereafter, mas), at least 0.5 mas
smaller than recent interferometric determinations (2.27 mas, K-band, Stencel
et al. 2008). This requires the star to either have unusual limb darkening, or
perhaps not be as distant as 740 pc. Formally, a 2.1 mas V-band uniform disk
diameter indicates a distance of 650 pc.

An interesting constraint on binary separation can be deduced from recent
thermal IR data, which shows that the portion of the disk nearest the F star rises
to ~1100K (Stencel et al. 2011; Hoard et al. 2012). This equilibrium temperature
for dust particles, with low albedo (0.3 to zero), implies a separation from the
7500K FO star of 9 to 12 AU. For a disk radius of 4 to SAU (see Kloppenborg
2010), the implied binary separation is 13 to 17 AU, which is more consistent
with the q=0.5 solution. The sum of masses in this case ranges from 3 to 7 M.
However, a distance of 1kpc distance, for example, requires a wider separation
(25AU) to yield the same disk temperature, in a q=1 binary where the sum of
masses would be 25 M.
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In terms of resolving the ambiguity in distance and masses, two
developments deserve mention. Dissertation work by Brian Kloppenborg, at
the University of Denver at the time of this writing, combined astrometric,
spectroscopic, and interferometric constraints on the orbit absolute
dimensions. This resulted in a solution that places the system at 737+67
pc, with a separation of 25 AU and masses of M=13 and m=11M_. The
interferometrically constrained disk diameter of 7.31+ 0.66 AU refers to the
optically thickest portions and hence a minimum disk size, relative to the
larger sizes implied by spectroscopic constraints.

What other constraints are possible on the mass (m) of the secondary star?
Disk rotation curves may be obtained from the optically thin neutral potassium
lines at 7699A (Lambert and Sawyer 1986; Leadbeater et al. 2012), seen only
during eclipse phases, and arguably arising from extreme outer portions of the
disk. Their measured disk rotation speed is ~35+—5 km/sec. Rotation curves
from optically thicker metallic lines (for example, Ti I1 4028A) indicate the disk
rotation speed is 42 +-2 km/sec (Saito et al. 1987). Then, with a disk radius value,
we can determine a Keplerian rotation period at these speeds. Interferometric
images were fitted by Kloppenborg (2010) with a 3.8 AU elliptical semi-major
axis, assuming a 625pc distance. Said rotation speeds (35,42 km/sec) have
implied circumferential rotation rates of 3.25 and 2.70 years, respectively,
implying a central mass of 5.2 to 7.5 M. Saito ef al. (1987), using eclipse
timing arguments, deduced that m < 5.3 M, whereas Lambert and Sawyer
(1986) deduced m = 3 to 6 M, from their neutral potassium line velocity as
a measure of disk rotation. These results strongly suggest the secondary star
mass, m, is close to 4 to 6 M, comparable to that of a main sequence, B-type
star. However, with a larger distance (737 pc) and using an optically thin disk
radius (10AU), these orbital speeds are consistent with a larger secondary mass
(m=11M,).

Another constraint on the mass of the secondary can be inferred from
observed disk dust and gas scale heights. As shown by VEGA+CHARA
observations (Mourard ef al. 2012), the eclipse in Ha is total in comparison
to the partial eclipse seen in the near-IR with the Michigan InfraRed beam
Combiner (MIRC) at CHARA—that is, the hydrogen gas extends at least a full
F star diameter above and below the disk plane. For strictly thermal dispersion
of material, the scale height (H) to disk radius (R ) ratio equals the sound speed-
to-orbital velocity ratio, which is:

[H/R,]=[(;kT/w)/(Gm/R )] "2 (1)

(see Lissauer et al. 1996), where v is the ratio of specific heats (5/3 for ideal
gases), W is the atomic mass, and m is the central star mass. Tables and Figures
in Lissauer et al. illustrate that the observed thickness is several times the scale
height. The observed ratio of the minimum VEGA-observed thickness of gas
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disk (2.1 milli-arcsec, mas) relative to the estimated optically thick disk radius
(8.92 mas — Kloppenborg 2012), is 0.24, suggesting a scale height to disk radius
ratio of 0.12 to 0.08. For the Hipparcos reference distance of 650 pc, the implied
optically thick disk radius is 5.8 AU. Given the range of disk temperatures, 550
to 1100K, the thermal speed of hydrogen atoms ranges from 2.8 to 3.9 km/sec,
and we deduce the quantity (Gm/R)" to be less than or equal to 35 km/sec, or
implying again that the secondary star mass, m, is less than or equal to 10.7 M.
For the larger distance estimate, 1 kpc, the implied disk radius becomes 8.9AU
and the disk temperatures result in a maximum mass of 16.5M,. In the absence
of dynamical stirring, these masses are an upper limit, as the disk’s hydrogen
atmosphere could be thicker. Higher gas temperatures and/or a thicker disk
scale height both point to a lower secondary mass. If the optically thin disk
radius is larger than implied by the photometric eclipse duration, the resultant
mass could be larger.

Are there any additional distance-independent discriminators? One might
be the Eddington limit on luminosity, which is classically computed to be:

L., /Lo=3.8x10°M/M,. )

For the two solutions offered, m=3 to 4 and m=15 to 25 M, the respective
Eddington luminosities are 1.1-1.5x10°L ; versus 5-9.5x 10°L . Both ranges
exceed the upper estimates for L/L. Other distance-independent means of
establishing binary star parameters are needed.

3.1. Nature of the disk

Kloppenborg et al. (2010) estimated that the disk-fitted semi-major axis is
6.10 mas, meaning the full major axis is 12.2 mas, or ~5.8 times F star diameter
(2.1 mas). Given the reported 0.62 mas E-W motion per month during ingress
(plus a N-S component 0.34 mas/month, for a net motion of 0.72 mas/month),
and a 2.1 mas uniform disk diameter star, it should take ~2.9 months for a given
point in the disk to move across the F star disk, assuming uniform motion, and
~18 months to have the entire disk move past, which is close to the observed
first to third contact eclipse duration. The ellipse model devised during ingress
was poorly constrained, dictated mainly by the expected length of eclipse.
Afterwards, we obtained the complete light curve (Figure 5) and the first to
fourth contact length in days is of order RID 5800-5060=740 days, or ~24
months, and larger still in spectroscopic terms, suggesting the disk is larger
than originally estimated and/or the relative velocities are varying (slowing,
post-periastron).

Evidence exists that the disk is structured and asymmetric. There has been
outstanding spectroscopic monitoring of Hoo by Mauclaire et al. (2012) and
of K 1 7699A by Leadbeater et al. (2012) and blue spectroscopic features by
Griffin and Stencel (2012), reported in this issue and elsewhere, indicating an
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extended, asymmetric spectroscopic signature of the disk. The Ho equivalent
width changes versus time suggest a compact ring may contribute to late phases
of ingress (RJD 55150-55250), while the disk main body is seen during totality
(with a possible mid-eclipse decline circa RJD 55450, perhaps due to ionization
related to the appearance of He I 10830A (Stencel et al. 2011)). A more diffuse
following ring associates with egress, but lasting past nominal fourth contact
(RJD 55800) with excess Ho absorption still present in early 2012, a good 150
days past fourth contact. Similarly, the neutral potassium monitoring has been
interpreted to show stepwise changes in equivalent width related to internal ring
structure (Leadbeater and Stencel 2010). These were labeled as rings A through
F. Rings D and E might contribute to the late ingress Ho behavior, while rings
D-A associate with egress phenomena. As reported elsewhere, however, the
relationship between the dust and gas components is only just being revealed
by spectro-interferometry obtained with the VEGA instrument at the CHARA
Array (Mourard et al. 2012).

Additional suggestions of an ionizing photon induced shock in the ingress
side of the disk has been made by Saito ez al. (1987). Similarly, a matter transfer
stream impacting the egress side of the disk had been advanced by Struve and
colleagues early on, and something to this effect was seen again in blue region
spectra reported by Griffin and Stencel (2012). Finally, the out-of-eclipse
photometric variations are consistent with surface phenomena-driven mass loss
episodes from the F star that contribute to a stellar wind, asymmetrically shaped
toward the center of mass and ionized by UV light scattered away from the
source internal to the disk (Figure 6).

3.2. Dust scattering

The composition of the disk is of interest because determining dust size
would provide evidence for the age of the object and the degree to which
planetessimal formation may have occurred in the disk. Kopal (1954) noted
the wavelength-independence of eclipse depths and concluded that large grains
must be present with multi-micron sizes, much greater than optical wavelengths.
However, observations to date have not detected any typical spectroscopic bands
due to solids, such as ice (3 microns), PAHs, or 10-micron silicates (Stencel
et al. 2011). An estimate for disk mass can be made, based on the far IR/sub-
mm fluxes reported by Hoard et al. (2012):

M(dust)=FvA2d*/ kT, ) 3)

where Fv (250 microns) = 57 mJy = 3x 102 W/cm?/micron. Using 650 pc as
the distance, a dust temperature of 550K and a mass absorption coefficient,
K, =3cm?/gm (Jura et al. 2001), we deduce a dust mass of 1.2x10°" gm or
nearly 6 Jupiter masses. This seems too large if the gas to dust ratio is ~100,
because the disk mass would be dynamically significant in the system.
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Disk volume (Kloppenborg et al. 2010) and deduced densities (Hinkle and
Simon 1987) argue for a lower dust mass, roughly an Earth-mass. Dust opacity
based on sub-mm disk studies suggests that mass absorption coefficients are
not well determined. Further work is needed to better characterize the material
in the € Aurigae disk (see Pearson and Stencel 2012).

Another avenue for exploring the disk content involves polarimetry.
Broadband polarimetric studies have been reported by Kemp et al. (1986) and
by Cole (2012). These show an out of eclipse baseline value in photometric
V band of 2.0 percent, presumed to be interstellar, but growing and varying
during eclipse to 2.4 percent. The substructure of V-band polarization during
eclipse does not simply correlate with photometric changes. Kemp et al. (1986)
correctly deduced the position angle of the eclipsing disk decades prior to the
interferometric imaging of it. Recently, line polarization monitoring has become
possible, greatly increasing insight into disk and star phenomena, and greatly
complicating the analysis (see Geise et al. 2012).

One more line of evidence to be explored involves a difference between
eclipse behavior among red wavelength lines like Hoo and K 1 7699A, and blue
wavelength lines like Fe 1 3920A and others. The former show equivalent width
variation due to the eclipse, but remain substantially enhanced around mid-
eclipse, while the bluer lines have equivalent width excess that nearly vanishes
at mid-eclipse and then returns strongly during late eclipse. This is to say that
the line depth changes are less in the blue regions compared to the red regions,
suggestive of particle sizes dominated by the greater-than-micron scale.

4. Archives

Table 1 lists observations that this author proposed and conducted, many
of which will appear in public data archives maintained by the institutions
involved. The AAVSO provides a comprehensive photometry archive. There
are a number of spectroscopic data sources that might not be fully reflected in
this report, but well worth the mention. In addition to the careful digitization by
Elizabeth Griftin of Mt. Wilson and DAO photographic spectra (plus new digital
observations), additional modern high dispersion digital spectra were obtained
regularly during eclipse by Hideyuki Izumiura at Okayama Observatory, by
William Ketzeback and collaborators at Apache Point Observatory (see Barentine
et al. 2012), by Nadine Manset and collaborators at CFHT (see Geise et al.
2012), by John Martin at the University of Illinois, Springfield, Observatory,
by Nancy Morrison at the University of Toledo Ritter Observatory, by Ulisse
Munari and collaborators at Asiago Observatory, by Klaus Strassmeier and
collaborators (Astronomical Institute at Potsdam) STELLA telescope at IAC
(see Schanne et al. 2012), and several others. Ideally, these data archives can
be maintained by their originators and made available to interested researchers.
This author would be happy to try to help coordinate analysis efforts.
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5. Conclusions

Clarification of the nature of the eclipsing object in € Aur will stand as one
of the major achievements of this eclipse cycle. While the eclipse has brought
attention to the study of € Aur and its mysteries, we now have entered the long
inter-eclipse period, prior to the start of the next eclipse circa 2036. Current
orbital elements (Stefanik ez al. 2010) predict key times that should be of interest
to observers: the F star reaches maximum blue shift circa autumn 2017 (and it
reached maximum redshift during autumn 2006). Eclipse of the disk by the F
star is anticipated during 2020 and this should be detectable in the infrared,
insofar as the observational capability exists then. There is merit in photometric
monitoring of out-of-eclipse behavior, although the characteristic behavior (67-
day quasi-period plus overtones and evolution) seems established (for example,
Kim (2008) and Kloppenborg (2012)). The AAVSO’s photometric data archive
(www.aavso.org) provides an excellent resource. Nonetheless, with robotic
telescopes and dedicated persons, the slow changes in this system can yet be
followed during this newest orbital cycle.
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Table 1. Selected new observations of ¢ Aur during eclipse, 2009-2011.

RJD"  Calendar Date Telescope Mode
55084 2009 Sep 10 IRTF/SpeX 1-5-micron med-res spectra
55139 2009 Nov2-4 CHARA+MIRC 1.6-micron interferometric imaging
55140 2009 Nov 3 IRTF/SpeX 1-5-micron med-res spectra
55169 2009 Dec 24 CHARA+MIRC  1.6-micron interferometric imaging
55197 2010 Jan 1 MMTO/MIRAC  10-micron photometry/spectra
55245 2010 Feb 18 CHARA+MIRC  1.6-micron interferometric imaging
55250 2010 Feb 23 IRTF/SpeX 1-5-micron med-res spectra
55428 2010 Aug 19-21 CHARA+MIRC  1.6-micron interferometric imaging
55432 2010 Aug24  IRTF/SpeX 1-5-micron med-res spectra
55441 2010 Sep 1 HST/COS far-UV spectra
55462 2010 Sep 22-23 CHARA+MIRC  1.6-micron interferometric imaging
55467 2010 Sep 27 IRTF/SpeX 1-5-micron med-res spectra
55494 2010 Oct 24 MMTO/CLIO JHKLM photometry
55495 2010 Oct 25-26 CHARA+MIRC  1.6-micron interferometric imaging
55499 2010 Oct 29 IRTF/SpeX 1-5-micron med-res spectra
55500 2010 Oct 29 Spitzer/IRAC 3.6 and 4.6-micron photometry
55513 2010 Nov 12 IRTF/SpeX 1-5-micron med-res spectra
55523 2010 Nov22  Spitzer/IRAC 3.6 and 4.6-micron photometry
55537 2010 Dec 6 IRTF/SpeX 1-5-micron med-res spectra
55540 2010 Dec 9-10 CHARA-+MIRC  1.6-micron interferometric imaging
55540 2010 Dec 9 HST/COS 2nd far-UV spectrum
55553 2010 Dec 22 MMTO/MIRAC  10-micron photometry/spectra
55559 2010 Dec 28/9 GNIRS SV 2.3-micron high-res CO spectra
55565 2011 Jan 04 GeminiN+GNIRS  2.3-micron high-res spectra
55567 2011 Jan 06 IRTF/SpeX 1-5-micron med-res spectra
55582 2011 Jan 19 CHARA+MIRCAT 1.6-micron interferometric imaging
55567 2011 Mar 3/4  IRTF+SpeX attempt, 1-5-micron med-res spectra
55637 2011 Mar 17  HST+COS 1150-1800A spectra (3rd epoch)
55637 2011 Mar 17/18 CHARA+CLIMB 3T interferometry
55649 2011 Mar29  IRTF+SpeX JTR, 1-5-micron med-res spectra

Table continued on next page
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Table 1. Selected new observations of ¢ Aur during eclipse, 2009-2011, cont.

RJID'  Calendar Date Telescope’ Mode
55650 2011 Mar30  GeminiN+GNIRS 2.3-micron high-res spectra
55651 2011 Apr 1-5 CHARA+CLIMB 3T interferometry
55663 2011 Apr 12 IRAC 3.5 and 4.5-micron photometry
55663 2011 Apr 12 GeminiN+GNIRS 2.3-micron high-res spectra
55663 2011 Apr 12 Spitzer/IRAC 3.6 and 4.6-micron photometry
55678 2011 Apr 25 IRTF+MIRSI 10-micron photometry
55680 2011 Apr 29 Spitzer/IRAC 3.6 and 4.6-micron photometry
55814 2011 Sep 10 HSO-PACS 70, 110, 160-micron photometry
55824 2011 Sep 18 CHARA+MIRC6T  1.6-micron interferometric imaging
55826 2011 Sep 21 HSO-SPIRE 250, 350, 500-micron photometry
55830 2011 Sep 24 CHARA-+MIRC6T 1.6-micron interferometric imaging
55830 2011 Sep 24 IRTF+SpeX 1-5-micron med-res spectra
55846 2011 Oct 10 CHARA-+MIRC6T 1.6-micron interferometric imaging
55869 2011 Nov03  CHARA+MIRC6T 1.6-micron interferometric imaging
55871 2011 Nov05  MMT+MIRAC4 clouded out
55884 2011 Nov 17  Spitzer/IRAC 3.6 and 4.6-micron photometry
55894 2011 Nov 27  IRTF+SpeX 1-5-micron med-res spectra
55899 2011 Dec 02 Spitzer/IRAC 3.6 and 4.6-micron photometry
55913 2011 Dec 16 CHARA+MIRC  clouded out
55915 2011 Dec 18 IRTF+SpeX 1-5-micron med-res spectra

"RJD = JD- 2400000.

milliarcseconds

-0.5

0.0 0.5 1.0

milliarcseconds

Figure 1. Historic first: the
1.6-micron wavelength
image of ¢ Aur 2009
November 2 as initially
processed by John Monnier,
based on four telescope
beam combination data
acquired by MIRC at

the CHARA Array, and
showing the shadow of
the disk crossing the face
of ¢ Aur. The scales are

in milli-arcsecond units.
Image courtesy of John
Monnier, Univ. Michigan.
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Figure 2a. A portion of the Gemini North GNIRS spectrum of € Aur spanning
the 12CO (2-0) bandhead at 4360 cm-1 region (2.293 microns) showing spectral
lines of 2CO(2-0 up) and 2CO(2-0 down), illustrating the GNIRS resolution
capable of separating these contributions. The lines show a —25 km/sec
systematic blueshift, characteristic of the disk at this epoch.
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Figure 2b. A portion of the Gemini North GNIRS spectrum of € Aur spanning
the *CO (2-0) bandhead at 4265 cm-1 region (2.344 microns) showing spectral
line positions of *CO(2-0), *CO(2-0), '*CO (3-1) lines and hydrogen P, lines.
Redshifted P, line absorption may account for some, or all, of the previously
reported *CO bandhead near 2.345 microns.
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Figure 4a. HST/COS spectra of € Aur. The strong UV Mg II doublet at 1240A
(1239.925, 1240.395) but lack of N V (1238.821, 1242.804). The line near
1243.3 could be N L.
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Figure 4b. C 1II profiles showing clear P Cygni outflow, unaffected by eclipse
phase.
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Figure 5. V magnitude record of the 2009-2011 eclipse of € Aur as recorded by
a variety of observers. See Stencel et al. (2011) for details.
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Figure 6. Schematic model of € Aur that incorporates F star wind focusing
and ionization effects due to scattering of UV photons originating inside the
dark disk. This model accounts for many of the newly observed spectroscopic
and radial velocity details reported here and in related papers, and provides
predictions for advanced high-resolution imaging in the future.
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Abstract An International Campaign and Web site were started in May
of 2006 for the 2009-2011 eclipse of the mysterious star system & Aurigae.
Photometric and spectroscopic observations of the eclipse were coordinated
and reported. The eclipse started in the summer of 2009 and lasted until the
spring of 2011. During the campaign twenty-four newsletters were published
on the web site and made available free as .pdf files to read and download.
Twenty-six observers from fourteen different countries submitted photometric
data in the UBVRI bands. Over 3,600 high-quality photometric observations
were submitted with nearly 2,000 observations in just the V band. This paper
discusses the Campaign and report the results.

1. Introduction

Prior to the eclipse, data from previous eclipses and from between eclipses
were consolidated in the form of a book (see Hopkins and Stencel 2008). A
paper was given at the Society for Astronomical Sciences 2010 Symposium
that discussed the ingress of the latest eclipse (Hopkins e al. 2010). Most of the
photometric data for the 2009-2011 eclipse were obtained in the V band. The
largest photometric changes were in the in the shorter wavelengths, however.
The U band, which was only observed with the PMT-based systems, provided
the largest changes.

Some people thought that during the late spring and early summer the
star system went behind the Sun and was not observable. This is not true. The
declination of the star system is high above the plane of the solar system and
it never goes behind the Sun.The problem is that at lower latitudes it gets very
close to the horizon during the dark hours and thus the light passes through
very high air mass. Extinction becomes a very significant problem. Those
observers at higher latitudes could observe the system at lower air masses, but
as one goes farther north the number of dark hours decreases to the point of the
midnight Sun. Some of the higher-latitude observers did heroic work during
these poor observing times. Even then the data are somewhat confusing and
noisy. The mid-eclipse brightening period was at one of these poor times. Some
data indicate the brightening and some indicate no brightening. Also, midway
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during egress was a poor time and something interesting happened then too.
There seems to be a knee in the egress photometric plots. Perhaps more and
better data during these times can be obtained during the next eclipse in 2036.

A Campaign was formed during the 1982-1984 eclipse and thirteen
newsletters published. The current Campaign’s web site has some of these
newsletters available on line. For the 2009-2011 eclipse there were twenty-four
newsletters published by the Hopkins Phoenix Observatory. All of these are
available as .pdfs on the Campaign web site along with a great deal of other
pertinent data on € Aur. In addition to the 2009 Campaign’s web site at http://
www.hposoft.com/Campaign09.html, a Campaign Yahoo forum was started
and can be accessed at: http://tech.groups.yahoo.com/EpsilonAurigae/

2. Observations summary

As of December 26, 2011, we had nearly 3,700 total observations reported
during the eclipse, with the visual band having by far the most at nearly
2,000 observations. Twenty-six observers from around the world contributed
observational data. Table 1 is a summary of the observers contributions.

3. Data quality

€ Aur is bright enough to be visually seen easily even in most light polluted
areas. One can even notice the dimming of the eclipse visually. While the use
of visual observations for plotting changes in the brightness of stars works well
with some stars, the eclipse of € Aur was not a good project for visual work.
To be of value magnitudes estimates must be of a resolution of 0.05 magnitude
or better. This is an order of magnitude less than what even experienced
visual observers can produce under the best of conditions. For this reason the
International Campaign did not use any visual magnitude estimates.

Photometric data submitted to the campaign had average standard deviations
for three or more data points of magnitude 0.01. Many observations approached
a standard deviation of magnitude 0.001. The standard deviation is used as an
indication of the quality of the data by representing a data spread of three or
more data points. The photometric plots do not have error bars because the
standard deviations, which would be used for the error bars, are too small
in relation to the plot scale. Most submitted data have been transformed and
corrected for nightly extinction. The Hopkins Phoenix Observatory (HPO) used
a high-precision UBV 1P21-based photon counting system. All HPO data were
dead time corrected, transformation coefficients determined for each band, and
nightly extinction coefficients determined for each band. Data reduction was
done using the Hardie equations. Magnitudes were determined for both A Aur
and & Aur and then differential calculations done and normalized to the standard
values for A Aur’s magnitudes. Nightly sessions consisted of three comparison
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star measurements in each band, three adjacent sky measurements in each band,
followed by the same routine for the program star. There were three sets of these
measurements made with the program star bracketed by the comparison star.
The data were all transformed and extinction corrected. Three magnitudes were
determined for each band, a standard deviation calculated, and the magnitude
average for each band reported to four places.

There has been some concern about the U and B magnitudes from the
Hopkins Phoenix Observatory. First, there are no standard U and B magnitudes
for € Aur. The star system varies significantly and randomly out-of-eclipse. The
variation is greatest in the U and B bands. If one were to suggest out-of-eclipse
magnitudes then the average of several seasons of out-of-eclipse magnitudes
could be specified, but a warning would be needed indicating that these are
averages. From data taken out-of-eclipse between March 1986 and February
2008, the following are maximum, minimum, and average magnitudes for the
UBYV bands:

Vavg = 3.04 Vmin=3.16 Vmax =2.94
Bavg =3.61 Bmin =3.53 Bmax = 3.69
Uavg =3.73 Umin = 3.60 Umax = 3.92

One of the great things about a campaign like this is that one gets a chance
to compare their photometric data taken at approximately the same time against
others. Photometric light curves for the campaign were updated and published
on the web around once a month. Observers could identify their data and see
how well they compared to others. Noisy data are obvious. If the observer was
interested, he or she could investigate the differences and improvements in
technique and data reduction.

4. Comparison star

There are a vast number of observations of € Aur covering many decades
that use A Aur as a comparison star. Because during this time A Aur has been
found to be very stable over several decades, no check star is needed. The UBV
magnitudes are those used in the previous two eclipses. The longer wavelength
magnitudes were obtained from the AAVSO.

The data used for the comparison star are:

Comparison star: A Aur

Other identification: SA040233, HR1729, HD34411

Position: R.A. (2000) 05" 19™ 08.4%, Dec. (2000) +40° 05' 57"

Magnitudes: U =5.46,B=15.34,V=4.71,1j=3.88, [c =4.00, Rj = 4.19,
Rc=4.30,=3.62, H=3.33
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5. Equipment

There were four types of instrumentation used to acquire data for the 2009
Campaign: Digital Single Lens Reflex (DSLR) cameras, CCD cameras, Pin
Diode photometers (SSP-3 and SSP-4), and photon counting photometers
(PMT-based). The photon counting provided highest quality UBV data
followed by the SSP-3 for BV data. Obtaining CCD data was more difficult
as the brightness caused problems. CCD provided BVRI data. The last and
newest equipment for photometry were the DSLR cameras. The DSLR
provided V-band data by using the green channel of the RGB images. With
the exception of a couple DSLR observers the data submitted were very noisy.
However, DSLR cameras offer an excellent introduction to photometry. Once
an observer is confident with doing photometry with a DSLR, an entry level
monochrome CCD camera with BVRI photometric filters would be a great
way to start doing professional photometry.

6. Results

6.1. Hopkins Phoenix Observatory data

The Hopkins Phoenix Observatory data were taken with a high-
precision UBV photon counting system. All data were transformed, dead
time corrected, and nightly extinction determined and corrected. Details of
the photometric work at the Hopkins Phoenix Observatory is reported in
Hopkins et al. (2007).

When out-of-eclipse the star system has presented tantalizing data
(Figure 1). The light is not constant, but varies at a pseudo-periodic rate in
all the photometric bands. The period is not stable, and varies unpredictably
between 50 and 70 days. In addition to the period variations the amplitudes vary
unpredictably. Period analysis was done using PERANSO period analysis software
(Vanmunster 2007), but no period could be determined. Details of this work are
reported in Hopkins and Stencel (2007) and Hopkins et al. (2008).

While not photometry, in an attempt to shed light on the out-of-eclipse
variations high-resolution out-of-eclipse spectroscopy of the star system’s
Ha region was done at Hopkins Phoenix. The main Ho absorption line is
bracketed by emission lines (horns) that go up and down, sometimes together
and sometimes completely independently (see Figure 2). They sometimes reach
a large peak and at other times disappear completely. This is known as the
“Hydrogen Alpha Horn Dance.” No connection was found between the out-
of eclipse Ha spectroscopic variations and the out-of-eclipse photometric
variations. The emission horns did seem to decrease and even go away for a
while during the eclipse, however. Details of the spectroscopic observations
at Hopkins Phoenix Observatory are reported in Hopkins and Stencel (2009a,
2009b) and Hopkins (2012).
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6.2. Campaign data
High data producers for the € Aur campaign were as follows:

DSLR: Des Loughney, Edinburgh, Scotland—238 V-band observations.

CCD: Gerard Samolyk, Greenfield, Wisconsin—721 BVRclc observations.

SSP: Paul J. Beckmann, Jim Beckmann Observatory, Mendota Heights,
Minnesota—~89 BVRj]j observations;

Photon counting: Jeff Hopkins, Hopkins Phoenix Observatory, Phoenix,
Arizona—565 UBV observations.

Observation techniques varied among observers. Details of each observer
are presented on the 2009 Campaign’s web site at http://www.hposoft.com/
Campaign09.html.

6.3. Campaign light curves

See Figures 3 through 7. UBVRIJH photometric data from 1982 to 2012 are
archived and available in multiple formats at http://www.hposoft.com/Eaur09/
Data/UBVRIJHData.html.

7. Analysis

There has been some concern expressed by armchair photometrists about
the contact times. The following may help understand the complexity of this
system and the methodology used to determine the contact points.

The & Aur star system is very different from most eclipsing binary systems.
For the analysis of the contact points the classical method was used. In addition
to the non-classical eclipsing body, complicating the analysis are the pseudo-
periodic out-of-eclipse (OOE) variations (see Figure 8).

Figure 9 shows the procedure for determining the current eclipse contact
points. The average ingress and egress slopes were used to find the intersection
with the average totality and out-of-eclipse magnitudes.

An archive of UBVRIJH photometric data is available to the public at
http://www.hposoft.com/EAur09/Photometry.html and http://www.hposoft.
com/EAur09/Data/UBVRIJHData.html.

A summary of the data is given in Table 2.

8. Predictions for the 2036—2038 eclipse

While I am unlikely to be around for the next eclipse in 2036 it is still
interesting to offer photometric predictions about it. Only the V-band contact
points are included. There is still controversy about the second and third contact
points. These dates were calculated by adding 9,898 days to the first contact,
mid-eclipse, and fourth contact of the 2009-2011 contact times.
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The V-band predictions are:

first contact: JD 2464964 + 12 days, September 27, 2036;
mid-eclipse: JD 2465283 + 9.5 days, August 12, 2037;
fourth contact: JD 2465601+ 7 days, June 26, 2038.

9. Conclusion

Each eclipse of ¢ Aur sees a new breed of equipment and observers. While
more was learned from this latest eclipse, the star system is not giving up its
secrets easily. It seems to be taunting us. During some of the most interesting
times, the system was extremely difficult to observe. The eclipse may be over for
another twenty-seven years, but the star system still presents some interesting
challenges. Monitoring and understanding the out-of-eclipse variations
will be a major objective. This is followed by the strange Ho horn dance. A
continued following of the star system with both photometric and spectroscopic
observations is suggested. This may provide some additional insights into these
mysteries. One of the nice things about observing out-of-eclipse is the times of
high air mass can usually be avoided. Observing can be done during favorable
times, such as in the early fall, during winter, and in early spring. As indicated
earlier, the most active regions for photometry are the shorter wavelengths.
U band is a especially important band in which to make observations. The
system also offers excellent spectroscopic learning for the hydrogen Balmer
lines as well as the sodium D lines.
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Table 1. 2009 € Aur campaign photometric observer count.

Observer! vV B U Rc Rj Ic Ij Total Equipment’
CH 143 — — — — — — 143 DSLR
CO 3 — — — — — — 3 CCD
CcQJ 100 100 — — — 95 — 295 CCD
DES 242 — — — — — — 238 DSLR
EAO 68 — — — — — — 68 CCD
EGO 81 — — — — — — 81 DSLR
EUO 1 39 9 — 40 — — 89 PMT
FIM 65 — — — — — — 65 SSP-3
GHO 165 — — — — 160 — 325 CCD
GO 22 — — 20 — — — 42 CCD
GS 179 178 — 183 — 181 — 721 CCD
GVO 13 8 — — 13 — 13 47  SSP-3
HPO 147 209 209 — — — — 565 PMT
JBO 16 41 — — 16 — 16 89  SSP-3
JESO 34 — — — — — — 34 CCD
KO 111 — — — — — — 111 CCD
LO 87 — — — — — — 87 SSP-3
MSO 3 3 — — — — — 6 CCD
NKO 38 — — — — — — 38 DSLR
NPO — — — — 18 — 18 36 SSP-3
RES 56 — — — — — — 56 DSLR
RLO 29 — — — — — — 29 DSLR
SGGO 67 17 — 59 — — — 143 CCD
TP 86 — — — — — — 86 DSLR
VO 193 — — — — — — 193 DSLR
WWC 50 42 — — — — — 92 DSLR

Total 1999 637 218 262 87 436 47 3686

Table continued on next page
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Table 1. 2009 &€ Aur campaign photometric observer count, cont.

" Observers (AAVSO observer initials are given in parentheses):

CH (HEN), Colin Henshaw, Tabuk, Saudi Arabia

CO (0SC), Steve Orlando, Custer Observatory, East Northport, NY

CQJ (CQJ), John Centala, Eastern lowa

DES (LDS), Des Loughney, Edinburgh, Scotland, UK

EAO (SIAK), Iakovos Marios Strikis, Elizabeth Observatory of Athens, Haldrf (Athens), Greece
EGO, Charles Hofferber, East Greenwood Observatory, East Grand Forks, MN

EUO, Serdar Evren, Ege University Observatory, Izmir, Turkey

FJM (MFR), Frank J. Melillo, Holtsville, NY

GHO (MXL), Richard Miles, Golden Hill Observatory, Dorset, England

GO (CLZ), Laurent Corp, Garden Observatory, Rodez, France

GS (SAH), Gerard Samolyk, Greenfield, WI

GVO (MBE), Brian E. McCandless, Grand View Observatory, Elkton, MD

HPO (HPO), Jeff Hopkins, Hopkins Phoenix Observatory, Phoenix, AZ

JBO (BPJ), Paul J. Beckmann, Jim Beckmann Observatory, Mendota Heights, MN
JESO, Dr. Mukund Kurtadikar, Jalna Education Society Observatory, Maharashtra, India
KO (LHG), Hans-Goran Lindberg, Kaerrbo Observatory, Skultuna, Sweden

LO (GSN), Snaevarr Gudmundsson, Lindarberg Observatory, Hafnarfjordur, Iceland
MSO, Arvind Paranjpye, MVS IUCAA Observatory, Ganeshkhind Pune, India

NKO, Nils Karlsen, Nils Karlsen Observatory, Umea, Sweden

NPO, Gary Frey, North Pines Observatory, Mayer, AZ

RES (SVR), Dr. Robert E. Stencel, University of Denver, Denver, CO

RLO (HHU), Hubert Hautecler, Roosbeek Lake Observatory, Boutersem Brabant, Belgium
SGGO (CTIO), Tiziano Colombo, S. Giovanni Gatano al Observatory, Pisa, Italy

TP, Tom Pearson, Virginia Beach, VA

VO (KTHA), Thomas Karlsson, Varberg Observatory, Varberg, Sweden

WWC (CDK), Donald Collins, Warren Wilson College, Ashville, NC

2 Equipment key: CCD, CCD Camera and telescope; DSLR, Digital Single Lens Reflex Camera,
unguided; SSP-3, PIN Diode photometer with telescope; PMT, Photomultiplier Tube, photon
counting with telescope.

Table 2. 2009 € Aur campaign data summary.

Parameter Observed Error Predicted'
RJD = JD-2400000 RJD = JD-2400000
U band
OOE Mag. 3.725 Mag. 3.73 Mag. (1982-1984)
A0.230 Mag.
1st Contact RJD = 55,062 + 21 days RJD = 55,065
2nd Contact RJD =55,193 + 21 days RJD =55,237
Ingress 131 days +26.5 days 120 days (1982-1984)
Mid-Eclipse RID = 55,377 + 14 days
Totality
Average Mag. 4.525 Mag. 4.57 Mag. (1982—-1984)
Average Depth 0.800 Mag.
Duration 438 days + 10 days 455 days (1982-1984)
3rd Contact RJD =55,631 + 09 days

Table continued on following pages
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Parameter Observed Error Predicted'
RJD = JD-2400000 RJD = JD-2400000
4th Contact RJID = 55,693 + 09 days
Egress 62 days + 37.5 days 55 days (1982-1984)
Eclipse
Duration 631 days + 14 days 630 days (1982-1984)
Average Depth 0.800 Mag. 0.84 Mag.
Period 9,882 days + 21 days 9,885 days
B band
OOE Mag. 3.605 Mag. 3.61 Mag. (1982-1984)
A0.150 Mag.
1st Contact RJD = 55,089 + 12 days RJD = 55,054
2nd Contact RJD = 55,202 + 12 days RIJD =55,214
Ingress 113 days + 12 days 135 days (1982-1984)
Mid-Eclipse RJID = 55,391 +19.5 days
Totality
Average Mag. 4.325 4.32 Mag. (1982-1984)
Average Depth 0.720 Mag.
Duration 432 days +09.5 days 437 days (1982-1984)
3rd Contact RID = 55,634 + 07 days
4th Contact RJID = 55,693 + 07 days
Egress 59 days + 07 days 71 days (1982-1984)
Eclipse
Duration 604 days + 19.5 days 643 days (1982-1984)
Average Depth 0.720 Mag. 0.71 Mag.
Period 9,919 days + 12 days 9,884 days
V band?
OOE Mag. 3.035 Mag. 3.03 Mag. (1982-1984)
A0.130 Mag.
1st Contact RJD = 55,066 + 12 days RJD = 55,056
2nd Contact RJD =55,199 + 12 days RJD =55,213
Ingress 133 days + 12 days 142 days (1982-1984)
Mid-Eclipse RID = 55,384.5 +09.5 days
Totality
Average Mag. 3.710 Mag. 3.73 Mag. (1982-1984)
Average Depth 0.675 Mag. 0.70 Mag. (1982—-1984)
Duration 430 days +09.5 days 447 days (1982-1984)
3rd Contact RID = 55,629 + 07 days
4th Contact RJID = 55,703 + 07 days
Egress 74 days + 07 days 65 days (1982-1984)
Eclipse
Duration 637 days +09.5 days 654 days (1982-1984)

Table continued on following pages
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Table 2. 2009 & Aur campaign data summary, cont.
Parameter Observed Error Predicted'
RJD = JD-2400000 RJD = JD-2400000

Average Depth 0.675 Mag. 0.70 Mag.

Period 9,898 days + 12 days 9,908 days
Re band
OOE Mag. 2.745 Mag.

A0.630 Mag.
1st Contact RID =55,073 + 67 days
2nd Contact RID =55,217 + 67 days
Ingress 144 days + 67 days
Mid-Eclipse RID = 55,333 +45.5 days
Totality

Average Mag. 3.415 Mag.

Average Depth 0.670 Mag.

Duration 406 days + 17.5 days
3rd Contact RID = 55,623 + 34 days
4th Contact RID = 55,695 + 34 days
Egress 72 days + 34 days
Eclipse

Duration 622 days +45.5 days

Average Depth 0.670 Mag.

Period —

Ic band
OOE Mag. 2.255 Mag.

A0.410 Mag.
1st Contact RID = 55,054 + 42 days
2nd Contact RID = 55,202 + 42 days
Ingress 148 days + 42 days
Mid-Eclipse RID = 55,414 + 32.5 days
Totality

Average Mag. 2.985 Mag.

Average Depth 0.720 Mag.

Duration 424 days + 32.5 days
3rd Contact RID = 55,626 + 23 days
4th Contact RID = 55,707 + 23 days
Egress 81 days + 23 days
Eclipse

Duration 625.3 days + 37.5 days

Average Depth 0.730 Mag.

Period —

Table continued on next page
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Table 2. 2009 ¢ Aur campaign data summary, cont.
Parameter Observed Error Predicted’
RJD = JD-2400000 RJD = JD-2400000
J band
OOE Mag. 1.840 Mag.
A0.160 Mag.
1st Contact RJD = 55,060 + 30 days
2nd Contact RJD = 55,210 + 30 days
Ingress 150 days + 30 days
Mid-Eclipse RJD = 55,391 + 18 days
Totality

Average Mag. 2.480 Mag.

Average Depth 0.640 Mag.

Duration 404 days + 18 days
3rd Contact RID = 55,614 + 14 days
4th Contact RID = 55,722 + 14 days
Egress 108 days + 14 days
Eclipse

Duration 662 days + 18 days

Average Depth 0.640 Mag.

Period —

H band
OOE Mag. 1.605 Mag.

A0.645 Mag.
1st Contact RJID = 55,057 + 15 days
2nd Contact RJID = 55,202 + 15 days
Ingress 145 days + 15 days
Mid-Eclipse RJID = 55,395 + 15.5 days
Totality

Average Mag. 2.050 Mag.

Average Depth 0.645 Mag.

Duration 388 days + 15.5 days
3rd Contact RJD = 55,590 + 14 days
4th Contact RJD = 55,733 + 14 days
Egress 143 days + 14 days
Eclipse

Duration 676 days +09.5 days

Average Depth 0.645 Mag.

Period —

! The predicted times were calculated by adding the previous eclipse times to the previous determined
periods. > There were no predictions for the longer wavelengths in the V band.
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Abstract

The lure of a 50% reduction in light has brought a multitude of observers and
researchers to € Aur every twenty-seven years, but few have paid attention to
the system outside of eclipse. As early as the late 1800s, it was clear that the
system undergoes some form of quasi-periodic variation outside of totality, but
few considered this effect in their research until the mid-1950s. In this work we
focus exclusively on the out-of-eclipse (OOE) variations seen in this system.
We have digitized twenty-seven sources of historic photometry from eighty-one
different observers. Two of these sources provide twenty-seven years of inter-
eclipse UBV photometry which we have analyzed using modern period finding
techniques. We have discovered the F-star variations are multi-periodic with at
least two periods that evolve in time at AP = —1.5 day/year. These periods are
detected when they manifest as near-sinusoidal variations at 3,200-day intervals.
We discuss our work in an evolutionary context by comparing the behavior
found in € Aur with bona-fide supergiant and post-AGB stars of similar spectral
type. Based upon our qualitative comparison, we find the photometric behavior
of the F-star in the € Aur system is more indicative of supergiant behavior.
Therefore the star is more likely to be a “traditional supergiant” than a post-
AGB object. We encourage continued photometric monitoring of this system
to test our predictions.

1. Introduction

€ Aurigae is a 27.1-year single line eclipsing spectroscopic binary that has
long been wrapped in an enigma. Ever since a dimming of the system was
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discovered by Fritsch (1824), and its periodicity established (Ludendorff 1903),
astronomers have speculated about the cause of this variation. Based upon radial
velocity measurements, € Aur was classified as a spectroscopic binary (Vogel
1903), which hinted that the dimming might be an eclipse. Later application
of Henry Norris Russel’s binary star theory (Russell 1912a, 1912b) came to a
striking revelation: the companion to the F-type supergiant was nearly equal in
mass, yet spectroscopically invisible (Shapley1915).

Over the next decade several theories were advanced to explain this startling
conclusion (for example, Ludendorff 1912; Kuiper et al. 1937; Schoenberg
and Jung 1938; Kopal 1954); however, it was Huang (1965) who proposed
that the eclipse was caused by a disk of opaque material that enshrouded
the secondary component. Although Huang’s analytic model replicated the
eclipse light curve, the disk theory remained unproven until Backman (1985)
detected an infrared excess that corresponded to a 500K blackbody source.
Recently, the disk theory was vindicated by interferometric observations of the
eclipse. These images show the F-star is partially obscured by a disk of opaque
material (Kloppenborg e al. 2010, 2011) which is responsible for the dimming
observed photometrically.

Although most research on this system concentrated on the eclipse itself, a
few works have looked at the system outside of eclipse. Since the early 1900s,
it has been known that the F-star exhibits 0.1-magnitude variations in V-band
outside of eclipse. Indeed, the earliest discussion of these out-of-eclipse (OOE)
variations were by Shapley (1915, p. 20). He comments on variations in visual
photometry with an amplitude of AVis = 0.3 magnitude. Because observational
errors were not fully characterized, Shapley treated these results with caution.
Later, Glissow (1928) spotted a AVis = 0.15-magnitude variation outside of
eclipse that was corroborated by two photoelectric photometers (Shapley
1928), thereby confirming the presence of the OOE variations. Shapley (1928)
concluded that these variations arose from a ~355-day quasi-periodic variation;
however, the exact period was poorly constrained by these data.

After the 1983-1985 eclipse, Kemp et al. (1986) proposed that a ~100-day
period may exist in polarimetry data. Later, Henson (1989) showed there was
little to no wavelength dependence in the variations, implying that the source
of polarization is Thompson scattering from free electrons. In his dissertation,
Henson found intervals where there were variations in Stokes Q, but little to
nothing in Stokes U. This was interpreted to be caused by the F-star having two
major axes for polarization, inclined at an angle of 45 degrees with respect to
each other. Like many of the other studies, a visual inspection of Henson’s data
showed that some long trends may indeed exist, but nothing was strictly periodic.
From the post-eclipse polarimetry, Henson concluded that the photometric
and polarimetric variations might be caused by non-radial pulsation in low-
order £ = 1,2 m ==+ 1 modes. This notion is supported by the recent automated
classification of € Aur as an o. Cyg variable (Dubath et al. 2011a).
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After the 1985 eclipse, many authors sought to determine periods of the
OOE variation. Using data from the first five years after the eclipse, Nha et al.
(1993) found occasional stable variational patterns would set in (in particular
around JD 2447085-2447163) with AU=0.27, AB=0.17,and AV=0.08, and a
characteristic period of 95.5 days. Later, Hopkins and Stencel (2008) analyzed
their inter-eclipse V-band photometric data using the PERANsO software package
(Husar 2006). They found two dominant peaks in the Fourier power spectra
with 65- and 90-day periods.

Perhaps the most comprehensive period analysis effort was made by Kim
(2008). They used the CLEANest Fourier transform algorithm (Foster 1995) and
the Weighted Wavelet Z-transform (WWZ; Foster 1996) on nearly 160 years of
photometry of € Aur. Using these two algorithms they identified several periods
which led them to conclude ¢ Aur may be a double or multi-periodic pulsator.

Here we extend the work of our predecessors by analyzing twenty-seven-
years worth of inter-eclipse UBV photometry. In the following sections we
discuss our sources of data, our analysis methods, and the results. We then
conclude with a discussion of our results in a stellar evolution context.

2. Data sources

2.1. Historic photometry

€ Aur has a rich history of photometric observations. We conducted a
comprehensive literature review and found twenty-seven sources of photometry
from eighty-one different observers. We digitized all of these data and intend to
submit them to the AAVSO International Database or VizieR (when copyright
allows) after the publication of this article. A full discussion of the data sources,
assumed uncertainties, and digitization methods is in Kloppenborg (2012);
however, we have summarized the important aspects of these data in Table 1.

2.2. Phoenix-10

The Phoenix-10 Automated Photoelectric telescope, designed by Louis
Boyd, obtained a total of 1,570 U-, 1,581 B-, and 1,595 V-band observations of
€ Aur between 1983 and 2005. The system consisted of a 1P21 photomultiplier
mounted on a 10-inch /4 Newtonian telescope. A detailed description of this
setup can be found in Boyd ef al. (1984b). The telescope was originally located
in downtown Phoenix, Arizona, until it was moved to Mount Hopkins during
the summer of 1986. The system was then moved to Washington Camp in
Patagonia, Arizona, in 1996 where it operated until 2005.

The earliest data on € Aur were obtained in 1983 November and covered
most of the 1983—1984 eclipse (Boyd ef al. 1984a). These data cover intervals
ID 2445646-2455699 (Breger 1982, file 131), JD 2445701-2445785 (Breger
1985, file 136), and JD 2445792-2445972 (Breger 1988, file 137) (1983
November 3-1984 September 29). Although the photometer collected data



650 Kloppenborg et al., JAAVSO Volume 40,2012

between 1984 September and 1987 September, the original data were lost due
to a hardware failure (Boyd 2010). As far as we have been able to determine,
these data were not published in subsequent issues of the IAU Archives of
Unpublished Observations of Variable Stars. In addition to these data, our
publication includes unpublished data from the APT-10 which starts on JD
2447066 (1987 September 27) and ends on 2453457 (2005 March 27).

The standard observing sequence for ¢ Aur was KSCVCVCVCSK
(K=Check, S=Sky, C=Comparison, V= Variable) iterating through the UBV
filters (see Boyd et al. 1984b, Table 1) with 10-second integrations. Information
on the target, check, and comparison stars are summarized in Table 2. These
differential measurements were corrected for extinction and transformed into
the standard UBV system. The automated reduction pipeline discarded any
observations with an internal standard error of + 20 milli-magnitudes or greater.
Typical external errors are = 0.011, + 0.014, + 0.023 magnitude in V, B, and U
filters, respectively, with mean internal errors of = 0.005, = 0.005, and + 0.009
(Strassmeier and Hall 1988). The stability of the system has been satisfactory
on decade-long timescales (Hall and Henry 1992; Hall et al. 1986).

2.3. Hopkins UBV

Co-author Jeffrey Hopkins collected 811 U, 815 B, and 993 V differential
magnitudes at the Hopkins Phoenix Observatory (HPO) in Phoenix, Arizona.
The data consist of two large blocks: the first began on 1982 September 09 and
ended on 1988 December 23, and the second series started on 2003 December 04
and ended on 2011 April 25. At this time the photometric program at HPO ended.

The HPO setup consisted of a 1P21 photomultiplier mounted to an 8-inch
Celestron C-8 telescope with standard Johnson UBV filters. Observations
of € Aur were conducted in CSVSCSVSCSVSCS format, each composed
of three 10-second integrations in one of the three filters. Nightly extinction
coefficients were determined and applied. Color correction was determined on
a monthly basis. After the 1980 observing season, A Aurigae was used as the
sole comparison star. The assumed magnitudes for A Aurigae were V' = 4.71,
(B-V)=0.63, and (U-B) = 0.12. A subset of these data have been discussed in
Chadima et al. (2011).

2.4. AAVSO Bright Star Monitor

Starting on 2009 October 16, € Aur was placed on the American Association
of Variable Star Observers’ Bright Star Monitor (BSM) observing program. The
BSM consisted of a Takahashi FS-60CB with a field flattener; 60-mm f76.2
telescope and a SBIG ST-8XME camera with Johnson/Cousins BVR I and
clear filters. Data were reduced by Arne Henden at AAVSO headquarters to the
standard photometric system. All color and extinction corrections were applied
before data were submitted to the AAVSO International Database. Ongoing
observations from this instrument can be found in the AAVSO database under
the observer code “HQA.”
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2.5. Solar mass ejection imager

For the sake of completeness, we also mention our work on data from the
Solar Mass Ejection Imager (SMEI; Simnett et al. 2003). Although SMEI’s
primary mission is to map the large-scale variations in heliospheric electron
densities by observing Thompson-scattered sunlight, it also collected precision
photometry on ~20,000 stars with < 8. Through each 102-minute orbit, most
regions in the sky were covered by a dozen or more frames through one of
SMET’s three baffled, unfiltered CCD cameras.

The instrument was designed for 0.1% photometry and, when proper
photometric extraction is performed, this precision was realized on stars
brighter than fifth magnitude. On average the uncertainty on fainter stars was
proportionally worse by the ratio of the star’s brightness to fourth magnitude,
meaning faint eighth magnitude stars still have better-than-ground photometry
precision. The instrument was operational from launch until September 2011
when it was deactivated due to budget constraints. Our work with these data
will be discussed in a future publication.

3. Analysis

The sources of photometry listed above were very inhomogeneous;
consisting of multiple filters, reduction methods, observatories, instruments,
and even reference star magnitudes. We created a script that finds overlaps
between two data sets of the same filter, bins the data, and then calculates the
coefficients required to scale/offset the data to the same quasi-system using a
weighted least-squares technique using the following equation:

Ai=a+ij+ctj (1)

Here A, is the i entry in the reference photometry set, B, is the j” entry in the
comparison photometry data set occurring at time t,a 1s a zero-point offset,
b accounts for non-Pogson magnitudes (present in only our earliest visual
photometric data), and ¢ corrects for a time-dependent drift of the comparison
photometry set. In all of the filtered photometry, only @ was required. In the
visual data, ¢ and b were required. As our work here is concerned with the
variations, rather than absolutely calibrated photometry, we selected Hopkins
U, BSM B, and BSM V as references. Offsets (a) between various photometric
sources are summarized in Table 3.

After the offsets were determined we passed the data through the Windows
implementation of WWZ, winwwz. Here we have used data from the range
JD 2446000-2455000 in 10-day steps with f, = 0.004, f, = 0.05, and Af=
0.0001. Our WWZ decay constant was 0.0125.
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4. Results

In Figure 1 we plot the twenty-seven-years worth of inter-eclipse UBV
photometry from the APT-10 and HPO observatories. The V data have been
plotted unaltered, but U have been offset by —1.3 magnitude and B by —0.8
magnitude. Internal photometric uncertainties (~ 10 milli-magnitudes) are about
the thickness of the lines. Each observing season consists of approximately
200 days of data with bi-nightly sampling followed by 165-day gaps where the
star was not visible at night. All of the data were corrected for extinction and
transformed to the standard UBV photometric system. A visual inspection of the
data reveals no single consistent period is present.

Historically, there have been several reported instances of short-term (that
is, few-day long) events which we suspect are flares. Albo and Sorgsepp (1974)
reported a AU = 0.2, AB=0.1, and AV = 0.06 brightening that lasted five days
around JD 2439968 (1968 April 21). Similarly, Nha and Lee (1983) noted a
rapid (few hour) 0.4 magnitude rise in the blue filter and 0.2 magnitude in
the yellow filter on JD 2445356 (1983 January 21). We have noticed a two-
night flare in our data set starting on JD 2446736 (1986 November 01). This
event resulted in a AU = 0.2, AB = 0.1, and AV = 0.7 photometric increase,
strangely opposite of historic records. Continued UBV photometry appears to
be a efficient way of detecting these events.

In Figure 2 we plot the current eclipse light curve in UBVRIJH filters from
the above sources and the AAVSO database. We note that the eclipse appears
to be slightly wavelength-dependent, particularly from mid-eclipse to third
contact. This can be seen from the downward slope of the U-band data and flat
trend in H-band. We suggest this is due to additional small particles coming into
the line of sight from a sublimation zone on the F-star facing side of the disk.

In Figures 3 through 5 we plot the WWZ results for the U, B, and V filters,
respectively. The color in these figures is the WWZ output with higher value
indicating stronger presence of that particular period. Because the APT-10 was
not operational during the interval JD 2449500-JD 245000, we blocked out the
WWZ result in this region.

From inspection ofthese figures, it is clear that no single period can accurately
describe the variations seen in € Aur. In Table 4 we list peaks whose WWZ
coefficient was greater than 100. In the U-band data the two most dominant
periods are centered at (8977, 102.7) and (12259, 87.9) (henceforth the “upper
track’). These peaks were spaced apart by 3,282 days with AP = —14.8 days.
When the WWZ output was high, the radial velocity (see Stefanik et al. 2010
for data) and photometric changes were in phase. The combination of these two
effects lead us to believe these events should be regarded as significant.

Operating on the assumption that these peaks provided a glimpse of period
evolution in the F-star, we intentionally sought variations following a parallel
evolutionary path. Three peaks located at (7166, 90), (10492, 82.7), and
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(13744, 68.9) (hereafter the “lower track’) followed a similar evolution. Like
the “upper track,” these peaks were separated by nearly 3,300 days.

Peaks at these locations also appeared in the B- and V-band data, although
with much lower significance. The WWZ value in winwwz was determined by
a y2-like metric that does not consider the uncertainties in the data. Therefore
the additional scatter seen in adjacent B or V photometry, although within
uncertainties, results in a lower WWZ value. The higher amplitudes and greater
night-to-night consistency causes the U data to have larger WWZ values, on
average, than the B and V data.

In the B-band WWZ, we see a few peaks in the 80- to 100-day range appearing
from time to time, although they are clearly not stable. Likewise, in the V-band
WWZ there is a single dominant peak of (6100, 90), but otherwise little hint of
a stable variational pattern. We do not suggest the WWZ <100 results should be
given much consideration; however, in the range JD 24450000-24455000 there
were several commensurate periods that appeared to evolve downward at a rate
of several days/year.

In Table 5 we used the above observations as a guide and predicted dates
when stable pulsational patterns should develop and their periods. We note
that the 118-day period around JD 2445695 (near third contact of the 1984
eclipse) did not manifest; however, near the end of the 2009-2011 eclipse a
sawtooth-like pattern with a 61- to 76-day period developed (see Figure 2).
This is tantalizingly close to the ~73-day period we predicted would develop
at this time.

To test our extrapolation, we attempted a WWZ analysis on the visual
data. The only set that spanned an entire inter-eclipse interval was collected
by Plassman (Glissow1936). Data within the interval 2422000-2428000 (see
Figure 6) clearly show the presence of the OOE variations with characteristic
periods of 330-370 days. This value was nearly 100 days longer than what we
predict for this time interval, implying our extrapolation should not be regarded
as highly predictive until further period characterization is conducted.

5. Discussion and conclusion

We have created the first long-term UBV photometric record of € Aur using
the data from the APT-10 and HPO observatories. These data show stable
variational patterns developed on 3,200-day timescales. In the U-band WWZ
output, we have identified two parallel tracks of stable variations that evolve
at a rate of AP = —1.6 day/year and AP = —1.2 day/year for the “upper” and
“lower” track, respectively. Extrapolating these results, we have identified
dates at which we anticipate stable variational patterns will manifest and
predicted the periods that they should have. Our extrapolation to JD 2455541
predicts a 73-day period should have developed; it is tantalizingly close to the
61- to 76-day period that was observed during the second-half of the 2009—
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2011 eclipse. Our interpretation below is based on this “two-track” notion and
likely underestimates the true complexity in this system. In Table 4 we provide
all peaks with a WWZ > 100 for the UBV photometry in hopes that they will be
useful to future researchers.

At the time of this writing, a consistent asteroseismic interpretation for
evolved supergiant-class stars does not exist due to the uncertainties underlying
the theoretical calculations of mixing theory and radiation pressure (Aerts et al.
2010, ch. 2). Therefore, we cannot provide a rigorous, quantitative interpretation
of the periods which we have observed. Instead, we interpret the observed
periods qualitatively by comparing them with observed supergiant and post-
AGB behavior. Regrettably, few comparative studies of F-type supergiant/post-
AGB stars exist, especially multi-decade surveys. Therefore our interpretations
are inherently biased. We have attempted to discuss these biases throughly and
indicate where our study could benefit from future research.

It had been known for some time that stars near the FOla spectral and
luminosity class show low-level variations with 0.015-0.025 magnitude
amplitudes in the V-band (Maeder 1980). An investigation by van Leeuwen
et al. (1998) of twenty-four super- and hyper-giant stars from the LMC, SMC,
and the Milky Way using HIPPARCOS photometry showed that all of these B
to late-G stars exhibited photometric changes that were not strictly periodic.
Indeed, many of these “periods” would be better described as “quasi-”
or “pseudo-periods.” Across this region of the HR diagram, stars tended to
show variations on 10- to 100-day timescales.

Indeed, in this respect € Aur could easily be regarded as a recently-evolved
supergiant. Several stars in the van Leeuwen et al. (1998) sample were a close
match for € Aur: At a slightly higher temperature, HD 269541 (HIP 25448,
AB8:la+, in the LMC) has AV, = 0.1-magnitude variations with several short
periods in the 8- to 40-day interval, and two longer periods at 146 and 182
days. The slightly cooler HD 269697 (HIP 25892, F5la, in the LMC) had
two equally significant periods at 48 and 84 days with photometric variations
between 0.01 and 0.05 magnitude in AV,. HD 74180 (HIP 42570, F2Ia, in the
Milky Way) was the closest match to € Aur in the van Leeuwen et al. (1998)
sample. This star showed quasi-periods at 53, 80, and 160 days with variations
of 0.06 magnitude. It is also worth mentioning that an automated photometric
classification scheme considered € Aur to be an o Cyg variable (Dubath et al.
2011), a class of luminous supergiants undergoing non-radial pulsation.

Post-AGB stars make up a very heterogeneous class of objects, therefore
it is difficult to discuss their properties, let alone discuss any reasons for
membership (or lack thereof) for one particular star. We have searched the
“Torun catalogue of Galactic post-AGB and related objects™ (Szczerba et al.
2007) for systems of similar spectral type and identical luminosities to & Aur.
The best-match is AR Pup (FOIab, HIP 39376) which features multi-periodic
(RVD) pulsation with AV = 0.5 and timescales of 76.4 + 4- and 1,250 + 300-
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day periods (Kiss et al. 2007). Although the timescales match, the variational
pattern (that is, highly predictable, stable) does not match what is seen in
€ Aur. Likewise the pattern seen in the cooler V340 Ser (HD 158616, F8) has
similar timescales (87.7d and 131d, Arkhipova et al. 2011), but is obviously
multi-periodic and easily predicted. To complete our view of variations seen
around the FOlIa class, long-term photometric studies of the post-AGB stars
IRAS 10197-5750 (A2lab:e, 2MASS J10213385-5805476), IRAS 16206-5956
(A3lab:e, 2MASS J16250261-6003323), IRAS 06530-0213 (FOlab, 2MASS
J06553181-0217283), HD 101584 (FOlabpe, HIP 56992), and HD 187885 (F2/
F3Iab, IRAS 19500-1709) would be beneficial.

Aggregate statistics of post-AGB stars imply systems of similar spectral
types to & Aur have significantly shorter periods than their supergiant
counterparts. For example, Hrivnak ef al. (2010) studied a series of C-rich post-
AGB stars and found a strong correlation between the effective temperature and
period. The relationship predicts that higher-temperature post-AGBs will have
shorter periods following a linear trend: AP/ AT, = —0.047 day K'. Their Figure
18 suggested € Aur should exhibit variations with a ~40-day timescale, a factor
of 1.7 less than what we have observed. Their work on O-rich stars appears
to be forthcoming (see Shaw et al. 2011). In a sample of five post-AGB stars
Arkhipova et al. (2011) found a similar trend. Their Figure 8 predicts periods of
~65 days, a factor of 1.25 to 1.5 shorter than what we have observed. A majority
of their program stars also were multiperiodic, with ratios of P,/P, ~1.03 to
1.09, whereas € Aur shows a higher ratio of 1.24 to 1.27.

Until this point we have compared the variational patterns in € Aur against
single stars. As noted above, the stable variation patterns develop at 3,200-day
intervals, which is nearly 1/3 of the 27.1-year (9,890-day) orbital period. It
would appear the companion is influencing the pulsational properties of the
F-star. As the orbit is eccentric (e ~0.227 or e ~0.249-0.256, Stefanik et al.
2010, Chadima et al. 2010, respectively) one might anticipate tidal flows to
be induced in the F-star’s tenuously-bound atmosphere (log g ~1, Sadakane
et al. 2010) during periastron passage; however, dissipation timescales would
certainly be less than the nine-year interval seen between stable variational
patterns (see Moreno et al. 2011, and references therein for a discussion of the
theoretical framework). Instead we speculate that gravitational forcing due to
orbital motion is exciting natural resonant frequencies in the F-star (this theory
is shown to be possible in main sequence objects—see Goldreich and Nicholson
1989; Rocca 1989; Witte and Savonije 1999a, 1999b; Zahn 1975, 1977). This
conjecture predicts that the excitations should repeat at the same orbital phases
and is therefore testable by continued photometric monitoring. The next dates
when such events might happen are JD ~2457000 (2014 December) and JD
~2457000 (2019 December). The development of a consistent asteroseismic
theory for supergiants may provide an earlier test of our hypothesis.

Given this information and the photometric behavior discussed above,
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we consider it unlikely that the F-star is a post-AGB object and conclude,
on a qualitative basis, that the F-star is more likely a traditional supergiant.
Implications for the evolutionary state and physical properties of the disk will
be discussed in forthcoming publications.
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Table 2. Star information for Boyd photometric data.

Object R.A. Dec. Epoch  Role* Other Names

' "

h m s

HD 34411 051908 400557 2000
HD 32655 050650 431029 2001
HD 31964 050158 434924 2002
Sky 050424 432957 2003

*Role: K = Check, S = Sky, C = Comparison, V = Variable

HR 1729, SAO 40233
HR 1644, SAO 40029
HR 1605, SAO 39955

<R

Table 3. Offsets between observers. “ref” indicates this was the reference
photometry set for the associated column.

Source U B Vv
1983 Boyd 6.944964 6.704575 5.955698
1984 Hopkins —0.02289%4 —0.056568 —0.075453
1987 Boyd —0.124972 —0.007964 —0.043503
2011 Hopkins ref —0.045311 —0.044434
2011 AAVSO BSM N/A ref ref

Table 4. Peak periods observed in the UBV WWZ transforms roughly grouped
by date. Dates have been rounded to the nearest 10. Periods and WWZ output
are rounded to integer values. MJD = JD — 2440000.

U B vV
MJD Period WWZ MJD Period WwZz MJD  Period WwWZ

6180 83 210 6210 90 224 6170 91 478
7170 90 171 7200 76 86 7180 68 44
7840 75 327 7850 78 220 7350 66 43
— — — — — — 7620 52 41

— — — — — — 7820 83 171
8320 82 112 8400 75 180 8400 85 123
8590 163 65 — — — — — —
8980 102 400 — — — — — —
9160 99 270 9060 98 171 9160 98 80
— — — 9360 85 46 9380 94 66

— — — — — — | 10150 61 158
10490 83 254 10510 85 114 — — —
10930 217 140 10920 212 158 10920 208 139
11220 122 112 11250 123 93 11390 123 92
11400 123 110 11410 123 108 — — —

Table continued on next page
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Table 4. Peak periods observed in the UBV WWZ transforms roughly grouped
by date. Dates have been rounded to the nearest 10. Periods and WWZ output
are rounded to integer values. MJD = JD — 2440000, cont.

U B vV
MJID Period WWZ MJID Period WwZz MJD  Period Wwz

11690 175 87 11670 172 86 11680 172 70
12260 88 350 12220 89 128 12240 90 81
12550 119 270 12560 121 172 12540 120 147
12960 76 98 12930 75 126 12880 77 108
13250 159 123 13320 149 99 13270 150 62
13740 69 180 13770 69 150 13750 69 71

— — — | 14260 208 69 14290 204 63
14300 139 117 14540 156 81 14540 156 71

Table 5. Predicted dates of stable pulsation features and their periods based
upon extrapolation of trends discussed in section 4.

Upper Track Lower Track
JD Period  Observed? JD Period  Observed?
2396465 340 2397831 249
2399747 325 2401120 239
2403029 310 2404409 228
2406311 295 2407698 218
2409593 280 2410987 207
2412875 266 2414276 196
2416157 251 2417565 186
2419439 236 2420854 175
2422721 221 2424143 165
2426003 206 2427432 154
2429285 192 2430721 144
2432567 177 2434010 133
2435849 162 2437299 123
2439131 147 2440588 112
2442413 132 2443877 102
2445695 118 2447166 90.0 Y
2448977 102.7 Y 2450492 82.7 Y
2452259 87.9 Y 2453744 68.9 Y
2455541 73 2457026 66
2458823 58 2460308 52
2462105 43 2463590 37
2465387 29 2466872 22
2468669 14 2470154 7
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Figure 2. 20092011 eclipse of ¢ Aur in UBVRIJH filters, JD 2454800-2456000
(2008 November 29-2012 March 13), as measured by Hopkins (UBV), the AAVSO
BSM (BVRI), and AAVSO observers Brian McCandless and Thomas Rutherford (JH
data). The V-band data are plotted as observed, all other filters have been offset by
an arbitrary amount for display purposes. The eclipse may be represented by a linear
decrease in brightness of ~0.7 magnitude, followed by a flat minimum and then a sharp
rise back to out-of-eclipse brightness. The out-of-eclipse variations are superimposed
on this profile and result in 60- to 100-day cycles with characteristic amplitudes of ~0.1
magnitude in U, decreasing in amplitude towards longer wavelengths. Notice during
the second half of the eclipse the U-band light curve slopes downward, whereas the
H-band has an upward slope. This attests to the fact that the eclipse had wavelength-
dependent extinction.
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Figure 3. U-band WWZ period analysis of € Aur (c = 1.25E-2). The color indicates
power associated with a given period at a particular time, whereas the white dot traces
the dominant period at a particular time. The region JD 2449500-2450000 has been
blocked out due to a lack of data. We caution the reader that periods within <200 days of
this region may not be trustworthy. See section 4 for a discussion of the periods present
and our interpretations.
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Figure 4. B-band WWZ period analysis of ¢ Aur (c=1.25E-2). See description in Figure 3.
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Figure 5. V-band WWZ period analysis of e Aur (c=1.25E-2). See description in Figure 3.
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Figure 6. Visual photometry of ¢ Aur by Plassman (in Giissow 1936) showing the interval
JD 2422000-2428000 (1919 February 10-1935 July 16) including the 1927 eclipse.
Uncertainties, not plotted, are +1 in the least significant digit (+ 0.01 magnitude). The
OOE variations are clearly present. Typical peak-to-peak times are difficult to judge,
except right before the 1927 eclipse, where 330- to 370-day periods appear to be present.
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Abstract Timings for the eclipse contact points and mid-eclipse, length of
ingress and egress, average magnitude during eclipse, and timings for out-
of-eclipse variations have been determined in the V band for the long period
eclipsing binary € Aurigae during the 2009-2011 eclipse. This has been done
with data from the International Epsilon Aurigae Campaign 2009 and AAVSO.
Comparison with data from previous eclipses has also been made.

1. Introduction

The extremely long-period eclipsing binary € Aurigae (period =~27.1 years)
is still not fully understood. It has been studied by many groups in different
wavelengths photometrically, spectroscopically, and interferometrically. The
~2-year eclipse that occurred 20092011 presented an opportunity to constrain
some parameters for the system. As the system is bright (V = 2.9-3.8) and the
duration of the eclipse is long, it is a suitable target for amateur astronomers
who can commit a long period of time for this type of project. An international
campaign with participants of both advanced amateur and professional
astronomers was established (see the campaign website at http://www.hposoft.
com/Campaign09.html for further details.) Photometric data from this campaign
together with two contributors from the AAVSO, who have covered the whole
eclipse, are the basis for this analysis. The campaign produced data in the U, B,
V, Re, Ic, J, and H bands but this analysis only covers the most studied V band.

2. Method

The observers in the campaign used a diversity of equipment and reduction
methods (Table 1), from photometers mounted on telescopes, to CCD-cameras
with telescopes, or camera-lenses and standard digital single-lens reflex cameras
on a tripod. The campaign has published recommended reduction methods and
comparison stars to use. But the diversity in equipment and individuality in
photometric software and methods used have introduced some differences
among the observers. To make the observations comparable to each other the
following methods were used.

Prior to the analysis all observations were divided into groups of four-day
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periods. In each group the mean of magnitude and JD were calculated. Each
observer’s individual observations were then subtracted from the corresponding
means, and the standard deviation of each observer’s differences was calculated.
Observers with too much spread in their data (SD > 0.04) were then excluded
altogether, and some outlying (> 0.08 from the mean) individual points from the
remaining observers were also removed. New four-day means and differences
were then calculated for the remaining observers. From these new differences
an offset for each observer was calculated, showing the difference for each
observer’s dataset and the mean for all data. This offset was then subtracted
from each observer’s data and new one- and four-day means were calculated.
These corrected means were then used in the further analysis. The individual
observations with the offset applied are seen in Figure 1, the 4-day means are in
Figure 2 and the 1-day means in Figure 3.

The offset is based on the assumption that each observer used a similar
reduction technique during the eclipse, but the choice of reduction techniques
and comparison stars differs among the observers, so that each dataset is to a
higher degree consistent with itself than with the other datasets. The idea is that
by using this method of reconciling the data more fine details in the light curve
should be seen.

3. Results

3.1. Eclipse timings and magnitude

The four contact points for a total eclipse between two spherical bodies are
defined as beginning of eclipse, beginning of totality, end of totality, and end
of eclipse. In the case of ¢ Aurigae the main star is partially eclipsed by what
is supposed to be a dusty disc seen almost edge on (Huang 1965; Kloppenborg
et al. 2011), giving rise to an elongated and elliptical eclipsing body from our
view. Contact 2 and 3 have therefore for this system an ambiguous definition
and not the same physical meaning as for a classical eclipsing binary. For this
system they could be interpreted as the points where the leading edge of the
elongated disc has crossed the whole face of the main star and where the trailing
edge of the disc begins to leave the face of the main star.

The contact points (Table 2) were estimated using a linear trend line applied
to the ingress/egress from Figure 2 and were decided by where the line crossed
the out-of-eclipse mean magnitude of 3.035 (Hopkins 2011) and the mean
during the eclipse of 3.728. Some further work may be done to produce a more
precise model of the curve and the means before and after the contact points to
obtain more accurate times for the contacts. At contact 2 the curve is especially
smooth, which makes the contact point hard to define. Contact 3 could have
occurred about a week later than the trend line suggests because of the very
steep beginning of the egress. Figures 4 and 5 show the graphs used to establish
the contact points.
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The totality phase after mid-eclipse is 0.027 magnitude brighter than
before mid-eclipse. The brightest part of the totality is during mid-eclipse, and
the dimmest just before mid-eclipse. On average, the dimmest part is in the
beginning and end of totality and the brightest in between:

* Mean magnitude during totality:
3.728 (mean over JD 2455208-2455616)

* Mean magnitude during 1st part of totality:
3.742 (mean over JD 2455208-2455400)

* Mean magnitude during 2nd part of totality:
3.715 (mean over JD 2455400-2455616)

*Eclipse depth: 0.693 magnitude

*Length of ingress: 142 + 10 days
mean drop of brightness: 0.0049 £ 0.0003 magnitude/day

*Length of egress: 121 + 14 days
mean increase of brightness 0.0057 + 0.0007 magnitude/day

* Mid-eclipse, mean of contact 1 and 4:
JD 2455401 + 6 (2010 July 23)

* Midpoint of totality, mean of contact 2 and 3:
JD 2455411.5 £ 6 (2010 August 03)

* Eclipse duration, contact 4—contact 1: 674 + 12 days
* Totality duration, contact 3—contact 2: 411 + 12 days

3.2. Out-of-eclipse (OOE) variations

Besides the eclipse, the system shows a smaller variation of 0.1 to 0.2
magnitude with an irregular period of ~2 months (see, for example, Hopkins
and Stencel 2006 for a recent study before start of the 2009 eclipse). The out-
of-eclipse variations during totality were calculated by applying a fourth-order
polynomial fit to the data points 24 and 27 days around each maxima and minima
using the 1-day averages from Figure 3. The mean times and magnitudes from
the two sets are shown in Table 3. The error for the specified dates is estimated
to be on average within = 2 days and the magnitude within = 0.01.

Amplitude is calculated as the difference between the maximum and the
mean of the two adjacent minima. The first minimum could be affected by the
ingress. The observations made 3—4 weeks before and after solar conjunction
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that occurred on JD 2455355 (2010 June 07) are contradictory probably because
of the difficult observing conditions and differences in extinction calculation
among the observers. This gives uncertainty to the data from minimum 2 and
maximum 2. During minimum 5 there is a flat part of about 15 days between
JD 2455510 and 2455525. The last maximum before start of egress is especially
short and low.

The slope of the OOE-variations is between 0.0012 and 0.0029 mag/day with
amean of 0.0022 mag/day, a little less than half of the slope during ingress/egress.

3.3. Ingress and egress characteristics

During ingress there are hints of two OOE variations with maxima about
JD 2455080 (2009 September 05) and JD 2455160 (2009 November 24), which
can be seen in Figure 4 in the parts of the ingress curve that lie above the linear
trend. Another OOE variation just at the end of ingress with a maximum about
JD 2455215 (2010 January 18) is also probable and can be seen as a part with
low slope at the end of ingress.

The egress started with a high rate of change in magnitude, during JD
2455620 to 2455655 (2011 February 27-2011 April 03). The change was 0.0089
magnitude/day, the highest that was seen during the whole eclipse. Further
analysis must be done to tell if a rising OOE variation interacted to generate
this high pace. As the last OOE variation just before egress was strangely short
and low it is hard to decide by just looking at the light curve if a new OOE
variation occurred during this period. During JD 2455655 to 2455670 (2011
April 03-2011 April 18) the slope was lower, at 0.0051 magnitude/day, and
then there was a strange standstill or slight decrease of brightness for about 15
days until JD 2455685 (2011 May 03). After that the egress went on at a steady
rate of 0.0055 magnitude/day, which is about the same as the mean during the
whole egress. The fluctuations that can be seen at the very end of egress are
probably caused by the difficult observation conditions during that time near
solar conjunction. The big change of slope around JD 2455655 and the later
standstill seem too big to be caused by any OOE variation.

3.4 Comparison with previous eclipses

In Figure 6 there is a combined light curve with the 4-day average data from
Figure 2 together with two prominent datasets from the previous two eclipses,
observations by Gunnar Larsson-Leander 1956-1957 (Larsson-Leander 1959)
and Stig Ingvarsson 1982-1984 (Schmidke 1985). The elements from the
General Catalogue of Variable Stars (GCVS4; Kholopov et al. 1984), epoch
JD 2435629 and period 9,892 days, were used to phase the data. Table 4 shows
data from previous eclipses together with the data from this paper.

Period analyses were made with the light curve and period analysis software
PERANSO (Vanmunster 2007) and the ANOVA (analysis of variance) method. The
periods calculated (Table 5) are 2—5 days longer than the period from GCVS4.
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The trend of decreasing duration of eclipse and egress and increasing
duration of totality that was seen during the three or four previous eclipses
is broken by the last eclipse. In fact, the 2009-2011 eclipse resembles that of
1955-1957 more than that of 1982—1984, with the more similar length of the
different phases, the deep minimum just before mid-eclipse, and the knee half
way during the egress. In 1984 the knee was not visible until the system had
reached magnitude 3.30-3.25 and the observation season was almost over. The
lack of observations at the end of the 1984 eclipse is probably the cause of the
very short egress stated, calculated from the slope seen at the first phase of egress.

Differences are the deep minimum, down to 3.85, that was seen at the very
end of totality in 1956 but not seen in the two following eclipses. The frequent
OOE variations during totality seen during 2010 seem to not occur to the same
extent either in 1956 or 1983. Maybe it can be partly explained by the more
detailed observations done during the last eclipse.

The pronounced mid-eclipse brightening that was evident in 1983 was not
seen to any higher degree in 2010. Although the brightest point during the totality
of 2010 occurred at mid-eclipse, it was only 0.02—0.04 magnitude brighter
than the two subsequent out-of-eclipse variations. It should also be stated that
the mid-eclipse of 1984 coincided with the toughest observation conditions at
solar conjunction, and no observations were made at the time of mid-eclipse.
If a careful correction for extinction is not done during this period, one could
easily obtain values too bright for € as the most used comparison stars, A Aur,
1 Aur, and HR1644, all lie south of €. This appearance was seen among several
observers during May—June 2010.

In Figure 6 one can also notice the placement of the humps from the OOE-
variations during the totality phase between the three eclipses. For most part
they are not in phase between all three eclipses, with the exception of a brighter
phase at mid-eclipse. It contradicts the idea from Ferluga (1990), that the OOE-
variations are caused by ring-like structures with Cassini-like divisions in the
obscuring disc as it passes the main star. If such a ring structure is stable one
should expect that the humps would be in phase between the eclipses.

4. Conclusions

The following conclusions can be drawn from this study:

The OOE variations occur with the same amplitude and periodicity during
the eclipse as the period before eclipse and make it much harder to see the
features of the eclipse itself.

Ingress and egress have different lengths. In this study egress is about 20
days shorter than ingress. Compared to previous eclipses this relation has varied
a great deal. The length of egress, especially, has fluctuated a lot.

The egress has a knee half ways where the slope changes abruptly, a change
that is too big to be explained by OOE variations. Further analysis has to be
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done to see if the geometry of the eclipsing disc can explain the shape of the
egress light curve or if some other process is involved.

If the eclipsing body is an homogeneous elliptical disc, then in purely
geometrical terms the biggest loss of light by a partial eclipse should occur half
ways, and the light curve during totality should be slightly convex. Instead, the
average light curve is slightly concave during totality. This means that another
mechanism may be involved to explain the shape of the curve, for example, an
optically thinner center of the disc or some sort of scattering effect.

There is also a difference in mean magnitude during the first half of
totality compared to the second half that could be a real feature if OOE
variations are omitted.
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Table 2. Timing of the eclipse contact points.
Contact JD Date
1 2455064 =5 2009 August 20
2 2455206 = 5 2010 January 09
3 2455617 +7 2011 February 24
4 2455738 7 2011 June 25
Table 3. Data for out-of-eclipse variations during the eclipse.
Minima
Nr. JD Date Length VMag.
1 2455259 2010 March 03 — 3.77
2 2455311 2010 April 24 52 3.79
3 2455367 2010 June 19 56 3.78
4 2455437 2010 August 28 70 3.72
5 2455520 2010 November 19 83 3.75
6 2455576 2011 January 14 56 3.75
7 2455610 2011 February 17 34 3.77
Avg 58.5 3.761
Maxima
Nr. JD Date Length VMag. Amplitude
1 2455283 2010 March 27 3.72 0.060
2 2455336 2010 May 19 62 3.71 0.075
3 2455407 2010 July 29 60 3.65 0.100
4 2455471 2010 October 01 63 3.67 0.065
5 2455547 2010 December 16 79 3.69 0.060
6 2455590 2011 January 28 43 3.74 0.020
7 _ _ _ _ _
Avg 614 3.697 0.063
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Table 4. Data from previous eclipses together with the data from this paper.

Mean of 1901-1903  1955-1957 1982-1984 2009-2011
1928-1930" Gyldenkerne " Schmidtke

Duration (days) 714 670 647 674
Ingress (days) 182 135 137 142
Totality (days) 330 394 446 411
Egress (days) 203 141 64 121
Depth (mag) 0.80 0.75 0.686@ 0.693

! From Hopkins, Schanne, and Stencel (2009). * Mid-eclipse brightening omitted.

Table 5. Periods calculated with PERANSO ANOVA.

Comparison Period (days)
1955-57, 1982-84, 2009-11 9897
1955-57, 2009-11 9896
1982-84, 2009-11 9894
GCVs4 9892
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Figure 1. The individual observations, with each dataset corrected with its offset.
(The observer PW made observations from two different observatories.)
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Figure 4. Detail from Figure 2 of the ingress (JD 2455060-22455216) and the
linear fit used. The dotted lines show an error of 1 sigma in magnitude.
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Abstract We report the results of the Greek campaign to observe the 2009—
2011 eclipse of € Aurigae. We present the activities organized by the Hellenic
Amateur Astronomy Association (HAAA) in order to publicize the event and to
provide the necessary information and tools to both first-time and experienced
observers. Although visual observations were the core method, we proposed
and experimented with various techniques. In total, data from 21 observers
were acquired combining different techniques: 302 visual, 95 CCD, and 11
DSLR observations, and 5 low-resolution spectra.

We were able to construct the light curve of the eclipse and extract
some interesting results, in agreement with previous studies. The system’s
V-magnitude drops from ~3.0 to ~3.8 in 131421 days. The ingress date is
estimated around the MJD 55087=+15d (August 12, 2009) and the system is
exiting eclipse after the MJD 55797+ 15d (August 23, 2011). We estimate the
duration of the 20092011 eclipse to be 71021 days. A rather possible trend
for mid-eclipse brightening exists only in the CCD/DSLR data, which show
oscillations of 0.07 magnitude amplitude.

1. Introduction
The bright (~3 V-magnitude) binary system & Aurigae (¢ Aur, R.A. 05" 01™

58.1%, Dec. +43° 49' 23.9", J2000) has been a long mystery since its discovery
in early 1800s. The binary consists of a FO Iab star and a cool, mysterious
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companion which eclipses the supergiant every 27.1 years for almost 2 years.
Although the system has been used extensively as a test bed for many theories
and observational methods (Carroll et al. 1991; Guinan and deWarf 2002, and
references therein) the data obtained so far, which extend almost two centuries,
have not been adequate to fully explain this system. Even after the last eclipse
of 1982-1984, when an international campaign was launched, the mass and
luminosity uncertainties remained strong, prohibiting the final solution (Stencel
1985). But all these data provide important constraints allowing two possible
scenarios: (i) the high-mass model, where the FO star is considered a young star
of' mass ~15 M and radius ~200 R, and the eclipsing companion a cool, proto-
stellar or proto-planetary disk with total mass of M ~13.7 M, and radius ~9.3
AU, (ii) the low-mass model, where the FO star is an old solar mass post-AGB
star and the disk is a remnant of accretion due to mass transfer with a total mass
of ~5 M and radius ~7 R,. But both models have severe problems to fully
interpret the observations, and, moreover, new data raise new questions (Hoard
et al. 2010; Kloppenborg et al. 2010).

In 2009-2010 the system would undergo another eclipse, offering a great
opportunity to acquire more information. Thus, another international campaign
has been launched in order to coordinate, collect, and provide all the necessary
material to perform scientific useful observations from both professional and
amateur astronomers: the International € Aur Campaign 2009-2011 (http://
www.hposoft.com/Campaign09.html) organized by Jeff Hopkins and Robert
Stencel, and the Citizen Sky project (http://www.citizensky.org) organized by
the American Association of Variable Star Observers (AAVSO; http:/www.
aavso.org). The contribution of amateur astronomers is considered valuable
since the system is bright enough to be observed by their equipment (even with
unaided eye).

This fact motivated us, the Hellenic Amateur Astronomy Association
(HAAA; http://www.hellas-astro.gr), to publicize this campaign in Greece. In
HAAA our main goal is to promote the amateur astronomy performed using the
necessary methodology in order to obtain scientifically valuable observations
and contributing to pro-am collaborations. Thus, the contribution to such a
project was considered as a unique opportunity to participate in and to promote
it to the Greek amateur community.

This work reports the results of this campaign in Greece, including the aims
and the activities organized, in section 2, a description of the methods used and
the observations collected, in section 3, and a small discussion on the results, in
section 4.

2. The campaign in Greece

2.1. Aims
The & Aur campaign in Greece was directed by the HAAA with the help
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of the AAVSO/Citizen Sky staff. The main goals of this campaign were to:
(1) inform the Greek community about the rarity and the importance of the
€ Aur’s eclipse, (i) provide the necessary material for observations for both
experienced and first-time observers, (iii) collect all observations by Greek
observers, (iv) forward these to the AAVSO database, (iv) construct the light
curve of the eclipse along with any interesting results.

2.2. Activities

In order to better promote the campaign, we have created the dedicated
webpage “The observational program of &€ Aur” (currently available in
Greek athttp://www.hellas-astro.gr/article.php?id=765&topic=variables&s
ubtopic=&lang=el) in which we published related material. This included
analytical guides on how to perform visual observations, maps, tips, news
and updated information on the system, and a frequently updated plot of all
observations collected.

This page has already been updated thirteen times and it will continue as
new information and results will become available. Updates were mailed to the
observers who have already submitted observations and were publicized at the two
main fora of amateur astronomers in Greece, Astrovox (under the thread “epsilon
Aur”, http://www.astrovox.gr/forum/viewtopic.php?t=10578 &highlight=\
% CT\%ED\%DF\%EF\%F7\%EF\%F5) and AstroForum (under the thread
“epsilon Aur”, http://astroforum.gr/forum/viewtopic.php?t=3862&highlight=\
%CT\%ED\%DF\%EF\%F7\%EF\%F5), with almost 5,000 reads each. At
the same time, there was also a thread active in the forum (under the thread
“Greek on-going visual observations”, http://www.citizensky.org/forum/greek-
going-visual-observations) of the Citizen Sky project, which was informing the
international campaign about the progress in Greece.

A formal call for observations was made during a talk at the 6th Panhellenic
Conference on Amateur Astronomy held in Alexandroupolis, Greece, on
September 26, 2009 (Maravelias 2009), with more than 500 participants. The
talk was also accompanied by a practical mini-workshop during the night,
in which volunteers tried the visual observing technique on the system. In
addition, two of the regular meetings of the HAAA were dedicated to € Aur,
regarding the progress of the observations and of the eclipse along with new
results obtained. Numerous informal discussions took place at the meetings
and via the mailing list.

€ Aur was presented in all talks and workshops related to variable stars
that took place after the initialization of the campaign in March 2009. We took
advantage of every event to publicize the need for observations and the campaign
itself (that is, the Panhellenic Astroparties 0f 2009 and 2010, at Anavra-Fthiotida
and Mt. Parnonas, respectively, and the “Sun and Variable Stars Meeting” at the
University of Athens in 2010). Especially in the cases of workshops we offered
the opportunity for hands-on experience of visual and digital observations.
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Although we did not circulate any press releases about the € Aur eclipse,
there was one article, to the best of our knowledge, published in a national
circulation newspaper dedicated to this event (“Vima Science,” January 17,
2010). The author referred to both historical and new data about the system and
did not fail to refer to the Citizen Sky project and the Greek campaign.

3. Observations

The campaign in Greece was heavily based on visual photometric
observations. However, we still experiment with other kind of observations,
including DSLR photometry (GM was a member of the DSLR Documentation
and Reduction team of the CitizenSky project (http://www.citizensky.org/
teams/dslr-documentation-and-reduction, responsible to develop observational
methods and tutorials), CCD photometry (IMS was an official member of
the International Epsilon Aur Campaign 2009 (http://www.hposoft.com/
Campaign09.html)), and low-resolution spectroscopy. The observations will
be web-archived and made available through the AAVSO ftp site at ftp://
ftp.aavso.org/public/datasets/gmaraj402.txt. We present each method and
observations obtained in the following sections.

3.1. Visual

Visual observations are all observations that are obtained using the eye as a
photometer, either unaided or through an optical system (that is, binoculars or a
telescope). Since € Aur is a bright object the majority of the observations were
made using unaided eye and binoculars.

The method used for visual observations is simply based on the
comparison of the target star (¢ Aur) with two reference (comparison) stars,
usually  Aur with 3.2 V-magnitude (in visual observations all magnitudes
are rounded to the first decimal place), C Aur with 3.8 V-magnitude (actually
it is an eclipsing binary of ~3.75 V-magnitude with a drop of ~0.1 during
eclipse, every 2.7 years with eclipse duration ~40 days, but it is considered
as non-variable during the major part of the & Aur eclipse except for the
period November—December 2009 when it was in eclipse—during that time
it was avoided as a comparison star), or 58 Per with 4.3 V-magnitude. By
comparing our target with a fainter and a brighter star, we were able to place
it between the two magnitudes. Usually the error of these measurements is
not given, and an accuracy of a few tenths of magnitude is assumed with
the most experienced observers going down to 0.1, although a subject of
controversy (Price et al. 2006). In some cases we were able to go down to
0.05 magnitude error, partly due to the small difference between T Aur and
58 Per (when & Aur was in-between) and partly to the growing experience
and confidence with the field.

By applying this method we were able to collect 302 observations from
twenty-one persons, presented in Table 1.
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3.2.CCD

The CCD observations were performed by using an ATik 16 IC monochrome
camera, equipped with a Zenit 55 mm /2.8 lens, and a Johnson V photometric
filter with the whole setup mounted on an equatorial mount. The reduction
procedure followed is the standard one for CCD observations: (i) create the
master-dark, the master-bias, and the master-flat images (usually twenty-five
images were combined for each master image), (ii) subtract master-dark and
master-bias from each science image, (iii) divide each of these by the master-
flat, (iv) align and stack images of each set (usually ten sets of thirty science
images each), (v) perform photometry using the MaxIm DL software.

The comparison stars used were n Aur and T Aur. Since the latter is
an eclipsing binary the V-magnitude to use was provided each week by
Jeftf Hopkins (coordinator of the International ¢ Aur Campaign 2009). The
reduction and the photometry were performed according to the guidelines of
the International Campaign.

Using this technique we collected 95 CCD observations, all acquired by a
single observer. Details are presented in Table 2.

3.3. DSLR

DSLR photometry refers to the use of a normal Digital Single-Lens Reflex
camera (DSLR) or any digital photography camera which: (i) can produce
images in a RAW data format, (ii) can focus semi-manually, (iii) is able to
manually select a shutter speed/exposure time of several seconds, (iv) has a
wide enough field-of-view to get a variable star and a comparison star in the
image. In order to obtain the images needed, the camera is usually mounted on
a simple tripod with a typical lens of 50-90 mm and exposures of some seconds
to capture the bright stars (Kloppenborg ef al. 2012, in this volume).

The data reduction of DSLR observations follows that of the CCD. In our
case though, bias and flat fields were not available, so a slightly different process
was followed: (i) the master-dark was created as normal (from dark images),
(i1) using three science images we created the master-flat (median combine of
the images), (ii) subtract the master-dark from science images, (iii) divide each
of these by the master-flat, (iv) align and stack images of each set (usually
around eight images), (v) separate stacked images to their RGB Bayer pattern,
and keep only the Green channel (closer match to the V filter passband), (vi)
perform photometry.

The DSLR Documentation and Reduction team of the Citizen Sky
project has developed standard guides (http://www.citizensky.org/content/
dslr-documentation-and-reduction) for some widely used software packages
within the amateur astronomer community (IRIS, AIP4WIN, MAXIMDL) in order
to present easy ways to reduce data and perform photometry. In this work we
used Iris (free software) for image reduction and photometry, along with the
spreadsheets provided for this purpose at the Citizen Sky site. We used n Aur
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as a comparison star while others (that is, T Aur, A Aur, o Aur, and 58 Per)
were used for color and airmass correction. Two of the DSLR observations
were analyzed with the MaxIm DL software, where ) Aur and T Aur stars
were used as comparison stars.

Using this technique we manage to collect eleven observations from three
persons. The observers and the systems used are presented in Table 2.

3.4. Spectra
3.4.1. 80-mm refractor

As low resolution spectroscopy is available to amateur astronomers, a
sample was obtained with a Sky Watcher 80-mm Apochromatic refractor
equipped with an ATiK 16 IC camera (640x480 px) and a Baader Blaze
Grating Spectroscope (207 lines/mm grating with a dispersion of 1267 A/mm
and wavelength coverage ~ 3800-6800 A).

The spectra extraction was performed through the rspec software. Using
the standard libraries, an A7V spectral type star profile was selected for the
identification of the Balmer lines as well as for the wavelength calibration.
From the calibrated spectrum, the Balmer lines were removed, leaving only a
featureless spectrum composed of the continuum emission of the star and the
instrumental response of the system. By dividing this result by the instrumental
response we obtained the final normalized spectrum.

Using this method we collected four spectra, obtained by a single observer
(Table 3). One of these spectra is presented in Figure 1.

3.4.2. 1.3-m reflector

We were also able to use the slit spectrograph mounted on the 1.3-m
telescope at Skinakas Observatory (http://skinakas.physics.uoc.gr/en/) to
acquire one spectrum of &€ Aur during its eclipse, on 30 September, 2010. The
telescope is equipped with a slit spectrograph (1302 lines/mm with a dispersion
of 70.44 A/mm and wavelength coverage ~ 5210-7280 A) and a 2000 x 800
ISA SITe CCD.

The data reduction performed in RAF included: (i) bias subtraction, (ii) flat-
fielding, to correct pixel-to-pixel variations across the chip, and (iii) wavelength
calibration. The final correction would be to remove the continuum with the
help of a standard star. Since no standard was observed that night and no good
one was available we decided to leave the spectrum uncorrected. Although
present, the continuum does not prohibit us from identifying basic features in
the spectrum.

Only one spectrum was obtained with this setup (Table 3) and is presented
in Figure 2.
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4. Discussion

4.1. Statistics

The main aim of the campaign in Greece was to collect all the observations
made by Greek observers during the 2009-2011 eclipse (Figure 3). A total of
twenty-one individuals managed to obtain 302 visual observations. Out of the
twenty-one observers, only three were not engaged with the campaign run by the
HAAA and their observations were acquired through the AAVSO International
Database. However, the majority of the observers (~86%) were participants of
this campaign (that is, they submitted their observations directly to HAAA) and
provided almost all the observations (93%). It is interesting to point out that
thirteen participants (~72%) were first-timers in visual observations of variable
stars, but only three of them observed more than a couple of times. Although
we were expecting a larger contribution, we hope that the new observers will
continue observing other variable stars. In total the vast majority of the data (255
observations, almost 84% of the total sample) came from only four persons,
already experienced observers.

Out of the eighteen participants of the campaign, six were not members of
the HAAA, which means that actually there was a number of people outside the
HAAA interested in the campaign. In addition, seven of the participants were
already AAVSO observers (that is, they had an AAVSO observer code).

Although the campaign was heavily biased towards the visual observations
(74% of the whole sample), there had been systematic work with digital
observations (DSLR/CCD). Only three people observed using digital systems
(two DSLR users and one using both). One of our team (IMS) used a CCD
camera as part of the International € Aur Campaign 2009, producing the majority
of the digital results (almost 90% of all digital observations).

Spectroscopic observations were also attempted by two observers (ISM and
GM), but mainly as tests. Experience and time availability was limited to fully
exploit the powerful tool of spectroscopy for € Aur, but the knowledge gained
could be used in future projects.

4.2. Visual observations

In Figure 4 we present all the visual observations obtained (indicated as
the “raw data” in the figure). It is obvious that we were completely successful
in following the 2009-2011 eclipse of € Aur. The number of observations is
not sufficient to extract solid conclusions but some interesting results can
be presented.

In order to perform a basic reduction of the observations we used bins of 15
days. Bins with fewer days are close to the sampling period, as the observations
were obtained once per week or ten days. Bins with more days tend to smooth
too much the light curve, as it is not realistic for the star to be constant in a time
span of 20 to 30 days or more. For each bin the median value and the standard
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deviation (o) were calculated. In the cases where only one observation was
obtained, an error of 0.1 magnitude was assumed (corresponding to the best
case scenario—experienced observers). Then all the data which were within
the 3 x o range were kept (indicated as the “reduced data” in Figure 4). We used
these data to obtain the median value and its corresponding error for each bin
(represented as the “median” line in the same figure). By visual inspection of
the final result some interesting features of the eclipse can be identified.

The V-magnitude of the system before entering eclipse was ~3.0. The small
drop of 0.1 magnitude after the MJD 55050 (August 6, 2009) cannot identify
the beginning of the eclipse (due to the 0.1-magnitude oscillations of the system
(Carroll 1991; Hopkins et al. 2008). Only later, within MJD 55077-55097, we
have a clearer indication of the ingress, which could be placed around the MJD
55087 (August 12, 2009), with an error equivalent to the bin size (that is, £15
days). The date is within the predicted range of dates (Hopkins ef al. 2008).

Only after MJD 55218 (February 2, 2010), € Aur seems to have reached its
faint state (totality) at magnitude ~ 3.8, losing almost 0.8 magnitude in 131£15
days, in agreement with the values of 137 days for the 1982—1984 eclipse and
135 days for the 1955-1957 eclipse (Carroll et al. 1991). There was a small
trend of brightening after MJD 55261 (March 5, 2010), which could tempt us
to credit it to the mid-eclipse brightening. However, since the errors are large,
the brightening is not statistically significant. Moreover, during this period €
Aur was getting lower on the horizon and after passing behind the Sun (June
2010), it was again low on the horizon, when the observations were resumed.
This position definitely affected the observations due to the airmass.

After the MJD 55376 (June 28, 2010) we notice a scatter of values around
magnitude ~3.7-3.75. There can be no estimation when the system passed
from the third contact (start of engress) due to the data scatter. Only after MJD
55797 (August 23, 2011) we can accept that € Aur was totally out of the eclipse
with a V-magnitude ~3.1. Using the previously estimated date of ingress (MJD
55087) we calculate the duration of the 2009-2011 eclipse to be 710+21 days,
which is actually within 2-30 from the previous eclipse durations, 647 days in
1982-1984 and 670 days in 1955-1957 (although there is a trend for decreasing
duration (Carroll et al. 1991).

4.3. CCD and DSLR observations

We present the digital data (DSLR and CCD observations) in Figure 5.
All observations were obtained within MJD 55128-55545 (October 23, 2009—
December 14, 2010), when & Aur was already in eclipse, with the majority of
the data obtained during totality. Thus, there are no additional data to allow for
the determination of ingress or engress. Nevertheless, we observe modulations
of ~0.07 magnitude, in agreement with previous results (Hopkins et al. 2008;
Carroll et al. 1991). The faintest value, within errors, that ¢ Aur reached was
magnitude 3.789 £ 0.003. Moreover, the oscillations displayed in Figure 5,
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with maxima near MJD 55285, 55400, and 55470, probably reflects the 67- and
123-day periods identified by Kim (2008).

After MID 55305 (April 18, 2010) and up to MJD 55335 (May 18, 2010),
the system seems to have brightened, with a resulting change in V-magnitude
of 0.13 magnitude. It is interesting to observe that this time period coincides
with the possible trend observed in the visual data (see Figure 4). Although, the
errors are large in visual observations, preventing us from definitely identifying
the brightening, the CCD observations are more accurate and they are corrected
for the airmass. Thus, this trend in the CCD observations is more realistic and
could be attributed to the mid-eclipse brightening.

4.4. Spectra

As there have been only a few tests with spectroscopy, we present the
best spectra obtained in Figures 1 (spcA) and 2 (spcB). The observations were
obtained during the eclipse of € Aur and, as such, its spectrum would be a
composite of the main star and the disk. Thus, it is out of the scope of this work
to present a classification or any spectral results regarding with the nature of
the objects, but rather to present a sample of the observations performed and the
lines identified.

There is an overlap of the two spectra in the range 52006700 A, where the
most prominent features are the Nal Doublet AA5890,5896 lines (characteristic
feature of F- to M-type stars (Montes et al. 1999)) and the Ho. A6563 line. Both
of these lines are variable during the eclipse, revealing properties for both the
disk and the primary star (Barsony et al. 1986; Chadima et al. 2011). Outside
this region in spcA all Balmer lines are evident with some additional features
around AA4040, 4480, and 5050 but we were unable to resolve which lines
they are (though the A4480 line could be the Mgl line at A4481 A). However,
in spcB we were able to identify numerous metallic lines. The most abundant
metal is iron with lines such as Fell AA5235,5274,5316,5363,6148,6238, and
6247 lines and Fel AA5226,5325,5657, and 5780 lines. Also present are the
NilIl A5534 line and the Sill AA6347,6371 lines (Chadima et al. 2011). In this
case, the Nal Doublet is also nicely resolved to its two separate absorption lines
(AN5890,5896, see inset graph in Figure 2).

5. Conclusions

The current work is a report of the results obtained from the Greek
campaign dedicated to the observation of the 2009-2011 eclipse of € Aur. We
have been successful in informing the Greek amateur astronomical community
about the eclipse and its importance. Furthermore, we publicized the event
and the appropriate material for both experienced and first-time observers,
by using internet resources (dedicated webpage, threads in well-known fora)
and talks/workshops at major astronomical events. We managed to collect 413
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observations (302 visual estimates, 95 CCD, and 11 DSLR measurements, 5
low-resolution spectra) from 21 Greek individuals, which have been submitted
to the AAVSO International Database.

We were able to construct the light curve of the eclipse and, even under
some limitations of the data, to extract some interesting results. By visual
examination of the light curve we noticed the system’s V-magnitude dropped
from ~3.0 to ~3.8, in 131+21 days, in agreement with Carroll et al. (1991). We
estimated the ingress date around the MJD 55087+ 15 days (August 12, 2009),
within the predicted range of dates, and the exit of the eclipse after the MJD
55797+ 15 days (August 23, 2011). The duration of the 2009-2011 eclipse was
found to be 710421 days, within the error margins of previous eclipses (Carroll
et al. 1991). Although we cannot confirm the mid-eclipse brightening by the
visual observations, the CCD/DSLR data presented a rather possible indication.
Moreover, 0.07-magnitude oscillations were present in the CCD/DSLR data
in agreement with previous observations (Hopkins et al. 2008; Kim 2008). In
addition, we presented our first attempts at spectroscopic observations of € Aur,
which resulted in the identification of the Nal Doublet AA5890,5896 lines, the
Sill AA6347,6371 lines, and numerous Fel and Fell lines (Barsony et al. 1986;
Chadima et al. 2011).
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Table 1. Visual observations obtained by Greek observers during the 2009-2011
eclipse of € Aur.

Name Number of Participant! HAAA AAVSO
Observations Member’ Code’
Douvris, Athanasios 1 yes no DXA
Flemotomos, Nikos 1 yes no —
Georgalas, Byronas 1 yes yes —
Gkionis, Dimitris 5 yes yes —
Kardasis, Manos 44 yes yes KMO
Kottaridis, Panagiotis 5 yes yes KPAA
Kirikis, Manolis 1 yes no —
Manousos, Dimitris 4 yes no MUQ
Maraki, Eleni 1 yes no —
Maravelias, Grigoris 64 yes yes MGK
Ntovolos, Serafim 1 yes yes —
Panourakis, Kostas 1 no no PKO
Paschos, Dimitris 1 no no PDIA
Stefanopoulos, Giorgos 41 yes yes STF
Strikis, lakovos-Marios 106 yes yes SIAK

Takoudis, Vasilis 1 yes yes —
Tsouloucha, Andromachi 2 yes no —
Vakalopoulos, Lefteris 1 yes yes —
Vithoulkas, George 19 no no VGK
Voutiras, Giorgos 1 yes yes —
Voutiras, Orfeas 1 yes yes —

Totals (persons/observations)

21 302 18 12 10

! Defined as an observer who submitted his/her observations directly to the HAAA (in “no” cases
the data were retrieved from the AAVSO International Database). > Member of the Hellenic Amateur
Astronomy Association (HAAA). * Observer who submits his/her observations to the AAVSO has a
unique observer code—this is given when applicable.
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Figure 1. Low-resolution spectrum of € Aur obtained on August 27, 2010. A
Sky Watcher 80-mm Apochromatic refractor was used equipped with an ATiK
16 IC (mono) and a Baader Blaze grating (see section 3.4.1). Characteristic
Balmer lines are shown along with the Nal Doublet lines. Spectrum obtained
by IMS, reduced by Robin Leadbeater.
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Figure 2. Low-resolution spectrum of & Aur obtained on September 30, 2010.

Skinakas’ 1.3-m telescope was used, equipped with an ISA SITe and a slit

spectrograph (see section 3.4.2). The Ha and Nal Doublet lines are prominent

along with a series of Fel and Fell lines, and Sill lines. Spectrum obtained by

GM with the help of Pablo Reig, and reduced by MK.
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Figure 4. Plot of visual observations along with the median values of the binned
data (15 days). From the initial data (indicated as “raw data”) values outside the
3 x o were removed and we binned the remaining ones (indicated as “reduced
data”) providing the median value and its corresponding standard deviation o
(indicated as “median line”). Interesting results are presented in section 4.2.
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Figure 5. Plot of the digital (DSLR identified as triangles, and CCD identified
as crosses) observations during the 2009-2011 eclipse of ¢ Aur (see section
4.3 for details). The DSLR point just before April 1st, 2010, is a poor result

probably due to the presence of thin clouds.
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Abstract A total of 100 V-band photometric observations were made at
Holtsville Observatory for the 2009-2011 eclipse of € Aurigae. A light curve
has been plotted using data from these observations which covers the phases
before, during, and after the eclipse. The light curve shows precise timing
during the first, second, third, and fourth contacts, which mark important parts
of the eclipse. The magnitudes and duration of the eclipse in the photometric V
band are discussed.

1. Introduction

¢ Aurigae is different from other binary star systems. It has been a
mysterious star to us since 1821 when it was first noticed that it was a variable,
but it was not well known until the early1900s. This star is the longest period
eclipsing binary ever studied. What’s so mysterious about &€ Aur is that we do
not know much about its eclipsing object. Even though the eclipsing object has
been well identified as existing, it is still unclear what it is made of. With its
27.1-year period, it is a slow eclipse lasting a total of 1.75 years. Regardless
of what equipment you use to study this binary system, there is no clear clue
about the eclipsing object. Using photometry, spectroscopy, polarimetry, and
interferometry, we are beginning to get an indication of its nature. During the
time of the eclipse, ¢ Aur dims about 0.8 magnitude and then returns to a normal
brightness.

What is known about this binary star system is that the eclipsing body’s
orbit is in our line of sight. Every 27.1 years, € Aur undergoes an eclipse which
means the unknown secondary object passes in front of a star as seen from the
Earth, causing the light to dim (Hopkins ef al. 2006). The &€ Aur system is so
strange that it is unique. With such a rare binary star system, it is difficult to
study the eclipse every 27.1 years. Something is orbiting &€ Aur, but what is it?

€ Aur is known to be a FO-type star and it is a highly luminous supergiant at
V magnitude 3.00. The eclipsing object orbiting this FO-type star doesn’t exhibit
any spectrum of its own but it is most likely to be a hidden B-type star. The disk
must be dark but have transparent regions. But during the eclipse, still it is thick
enough to obscure some of the light from the FO star. The visual light can dim
about 0.8 magnitude even though the spectrum does not change. Also, the FO
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star itself is a variable and it is perhaps a semiregular type. It is a pulsating star
outside of the eclipse with a period of 60 to 65 days. The amplitude can change
as much as 0.15 magnitude in addition to the eclipse.

€ Aur has been studied substantially every 27.1 years. The 1982—1984 eclipse
was observed by many amateur astronomers, by ground-based professional
observatories, and from space. No matter what data were collected, still it
was a completely mysterious star. There is so much interest in this binary that
all observers are trying to squeeze out as much detail as possible about the
secondary. What we really see is only the light of the primary star.

The long awaited € Aur 2009-2011 eclipse is finally over. Prior to 2009,
many organizations and observing campaigns were formed (Hopkins et al.
2008). This author is participating in one organization, which is run by Jeffrey
Hopkins of Phoenix, Arizona. During the 2009-2011 eclipse, many amateur
astronomers were equipped with the most advanced technology, especially in
spectroscopy, which plays an important role for ¢ Aur where the secondary
can be detected at certain wavelengths. Also, the Center for High Angular
Resolution Astronomy (CHARA) operates an interferometer on Mount Wilson
in California (Kloppenborg et al. 2010). With up to six telescopes combined
together in infrared light, they have successfully imaged € Aur. They were
able to detect an elongated object partially obscure the primary disk. The ¢
Aur eclipse of 1982—-1984 was successful but left us many questions for the
2009-2011 season. Hopefully many amateur and professional astronomers can
shed new light on the secondary this time. This author carried out photoelectric
photometry in V light during the 2009-2011 eclipse, and it is described here.

2. Method

Photoelectric photometry was the only method this author used to monitor
the entire eclipse of € Aur. The observations provided an excellent coverage
in V band. It is a Johnson-type filter with a peak spectral response at 5400nm.
The readings were taken photometrically using a SSP3 OPTEC photo
counting photometer coupled on a Celestron 8-inch /710 telescope. A Aur was
the comparison star at V magnitude 4.71. It is located just four degrees east-
southeast of € Aur and it was an excellent choice to compare its brightness and
to minimize the atmospheric coefficient during the 2009-2011 eclipse season.

For each set, four readings were taken at ten seconds’ integration time for €
Aur, sky readings, and then the comparison star, A Aur. This author sometimes
monitored three to four sets, depending on the weather condition and time.
Once the observing night was over, the readings could be calculated. The
photometric readings of € Aur, the sky, and A Aur were averaged. Then, the
sky was subtracted from both stars’ readings. That left the ratio brightness
between € Aur and A Aur. Once the ratio was calculated, € Aur’s brightness
could be determined with the known magnitude of A Aur. Also, the Standard
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Deviation (SD) was calculated to analyze how much error was in the readings.
Most of the time, the error amount was from 0.012 magnitude to as much as
0.0427 when all the readings were calculated. The altitude was also calculated
to determine the air mass during the time of the observations. During the
observing run, the higher the stars, the better chance of getting the accurate
readings from the photometer.

Many factors had to be also considered: seeing conditions, the winds,
periodic clock drive error, polar alignment, and the stability of the photometer,
which can all affect the readings. During most nights, the seeing condition was
above average with no winds, and the periodic clock drive error was noticeable
at times. Being that a portable observatory was used, the polar axis was aligned
as close as possible to the celestial north pole. Therefore, in spite of the small
drift, the star still stayed inside the reticle circle during the length of time. For
the SSP-3 OPTEC photometer itself, the unit was turned on at least an hour
before the start of the first counts. This “warm up” routine stayed on until the
photometer dark count was stable enough for accurate readings. In fact, the
colder the outside air temperature was, the more time the photometer needed
to warm up. The unit was running on a 9-volt battery to avoid the power cord
tangle-up during the night’s run. In the photoelectric photometry method, the
accuracy can be little as 0.01 magnitude. This author’s readings were close
enough to generate the shape of the light curve (see Figure 1 and Table 1).

3. Observations

€ Aur is located in the constellation Aurigae as a third magnitude object and
passes nearly overhead most evenings, as seen from the Holtsville Observatory.
All photoelectric photometry results were taken from Holtsville Observatory,
located under a moderately light-polluted sky fifty miles east of New York City.
€ Aur is easily visible to the naked-eye and it is one of the three stars forming
the asterism “The Kids,” near o Aur (Capella).

This author was gearing up for the first eclipse of the Millennuim. Prior to
the start of the eclipse, the first contact was predicted to occur in August 2009
(Hopkins et al. 2009). The observations commenced on December 3, 2008,
during the 2008-2009 observing season to develop a baseline for the light
curve. The photometric readings were taken nightly, weather permitting, until
the star reached a conjunction with the sun in June 2009. Within this period, ¢
Aur was showing a slight variation averaging V magnitude 3.00 out-of-eclipse
(OOE). The variation had nothing to do with the eclipsing object. ¢ Aur itself
is a variable and perhaps a semiregular type with amplitude of 0.10 magnitude.
The last readings of the observing season in V band showed no indication of the
upcoming eclipse.

After the solar conjunction, the observation resumed for the 2009—
2010 observing season. The first reading was on August 14, 2009, in the
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morning sky. Even though the exact start of the eclipse was predicted to
be on August 6, 2009, everything looked normal. After several weeks, it
got very interesting. Since the start of the new observing season, € Aur had
dimmed considerably. This author didn’t know whether or not this was due
to € Aur’s variation itself or the start of the eclipse. As € Aur continued to
dim, the partial eclipse had actually begun, but it wasn’t confirmed until
after mid-September when the magnitude dropped below 3.15 V.

The excitement built up as € Aur’s brightness continued to fall. This author
took photometric readings in V band on an average of two nights per week. At
certain points of the declining phase, € Aur’s brightness reduction slowed down
a bit. This was due to the variation of the star itself. It formed a somewhat wavy
pattern as it continued to dim.

At this part of the declining stage, the author was getting ready for the second
contact. It wasn’t until the end of December 2009 when the brightness decline
slowed down a lot at 3.70 V. It still showed a slight dimming until late February
2010 when the light curve reached rock-bottom at 3.78 V—but this was not
necessarily the second contact. While & Aur itself varied within 0.10 magnitude
the whole time, this might have interfered with the actual time of the second
contact, which should be the beginning of the totality. The second contact was
predicted on December 19, 2009, and it looked like it was right on schedule, but
the OOE variability caused the light curve to dim even further. After the second
contact, ¢ Aur showed a small variation even in totality. The light curve could
be easily identified as a semiregular type with a 65-day period.

Here is the interesting part: € Aur is known to show a surge of brightness
as it nears to mid-totality, which may cause perhaps a small gap in the middle
of the eclipsing body to allow the FO star to shine through. This mystery has
not been explained yet, but hopefully it can be solved this time. The mid-
totality was scheduled to happen by early August 2010. This author tried to take
readings as much as possible while € Aur was approaching solar conjunction,
but, unfortunately, the readings were taken at low altitude in the northwest after
sunset. The accuracy of the photometric measurement was not as great, but
any attempt to take readings was worthwhile. According to the last two nights
in May 2010, this author may have caught a surge of brightness to 3.55 V.
The photometric results may not been proven yet because the author did not
know whether this was caused by atmospheric turbulence from the low altitude,
€ Aur’s variation itself, or the FO star shining through the gap. € Aur was notin a
good position to take further readings and it went through the solar conjunction
in June 2010.

The 20102011 observing season began when &€ Aur was just past the mid-
eclipse stage. The observations resumed on August 13,2010, early in the morning
sky. There was no surge of brightness at mid-eclipse that was expected just shortly
before the solar conjunction. At this time, the expected surge of brightness may
or may not have occurred at exactly mid-eclipse. This is yet to be determined.
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The brightness of € Aur varied within 0.10 magnitude throughout the whole
second half of the eclipse, with the magnitude averaging at 3.71 V. Even at
totality, € Aur clearly demonstrated a 65-day variation unrelated to the eclipsing
body. The star was monitored on an average of once per week, and the author
prepared for the third contact, which was predicted for March 19, 2011. During
that month, the star’s brightness became a little strange. According to the
irregular 65-day pattern, ¢ Aur was expected to get a little brighter. Instead,
it went off track a bit. As this time, we don’t know if this was related to the
eclipsing body or the result of the star’s irregular-type behavior. After March
19, 2011, the brightness began to rise quite rapidly, which indicated the third
contact had passed. The total eclipse was over and this was the beginning of
the partial phase. It had risen at a faster pace than during the declining stage.
The fourth contact was scheduled for May 19, 2011. Earlier that month, the
brightness leveled off at 3.25 V. Again, this could be &€ Aur’s variation itself,
but at the same time, the photometric readings were getting difficult to obtain
due to the lower altitude in the northwest. The fourth contact, which marks the
end of the partial phase, was probably not caught. In late May 2011, € Aur was
approaching solar conjunction and therefore no more readings were taken.

More observations of € Aur began in September 2011, after solar
conjunction. Even though the eclipse ended after the fourth contact around
late May or June, this author continued to monitor this star just to confirm that
the eclipse was over. The star returned to a normal brightness at an average of
3.00 V, just as before the eclipse. After monitoring the entire eclipse of € Aur,
the photometric observations ceased after two years and nine months.

4. Conclusion

Only the V band at a peak spectral response 5400 nm was used to determine
the accurate shape of the light curve. The result may be similar to the 1982—
1984 eclipse but a closer look might detect some differences, especially in
spectroscopy. However, the mid-eclipse brightening is still a mystery and it
wasn’t well observed due to the time of the solar conjunction. It is still premature
to draw any conclusion whether the mid-eclipse brightness took place in this
cycle.

The contact points need further analysis in order to draw any conclusion.
It is quite difficult to obtain the data of the contact time just by one person.
There are gaps between the observations and probably the actual contact time
may be missed even by one day. But the author’s light curve was constructed
(see Figure 1) and we see two different types of variations. While ¢ Aur is
a semiregular type variable star, the 65-day cycle 0.10 magnitude is clearly
seen in the light curve. Secondly, the eclipsing object of a 27.1-year period is
obvious—seen at 0.70 magnitude amplitude. With 100 data points, one can
show that the eclipse took place but not clearly mark the contact points. The
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actual time of the contact points may be confused by ¢ Aur’s 65-day cycle,
and the 0.10-magnitude variation is enough to bury the actual contact times.
Using only the author’s data, it would be premature to draw more specific
conclusions about the contact times. Data from other observers may fill in the
gaps and therefore the contact times may be determined. Also, the results may
be compared with eclipses of the past to see whether there is any significant
difference. While the photometric data gathered by participants is much
more sophisticated than for the past eclipses, the truly new type of data is the
spectroscopy. With today’s advanced technology, this collective photometric
and spectroscopic data set is the best ever obtained. The ¢ Aur 2009-2011
eclipse is behind us and the results will be studied for many years to come.
Still, there will be more questions than answers. Hopefully, we will have more
answers by the next eclipse in 2036-2038.
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Table 1. Differential photometry of ¢ Aurigae.

UT Date JD V Filter
Magnitude Standard Deviation

2008 Dec 03 2454803.73611 2.97 0.02569
2008 Dec 13 2454813.7222 3.04 0.01987
2008 Dec 26 2454826.6875 2.99 0.02654
2009 Jan 04 2454835.70833 2.98 0.02987
2009 Jan 22 2454853.59722 2.98 0.02226
2009 Jan 30 2454861.70833 2.99 0.02321
2009 Feb 09 2454871.625 3.02 0.00754
2009 Feb 21 2454883.70833 3.07 0.01987
2009 Mar 18 2454908.64583 3.08 0.01402
2009 Apr 06 2454927.58333 3.07 0.01954
2009 Apr 13 2454934.61806 3.0 0.01563
2009 May 21 2454972.5625 2.92 0.04598
2009 Aug 15 2455058 + 2.97 0.01548
2009 Aug 23 2455066.79167 3.01 0.02112
2009 Aug 31 2455074.76389 3.02 0.01548
2009 Sep 06 2455080.76042 3.04 0.01289
2009 Sep 14 2455088.73611 3.1 0.01985
2009 Sep 18 2455092.73611 3.13 0.00874
2009 Sep 20 2455094.75 3.16 0.01482
2009 Sep 26 2455100.72625 3.2 0.01365
2009 Sep 28 2455102.72625 3.21 0.01759
2009 Oct 02 2455106.71139 3.25 0.02236
2009 Oct 06 2455110.69819 3.28 0.02
2009 Oct 12 2455116.71146 3.32 0.01913
2009 Oct 20 2455124.66993 3.33 0.01775
2009 Oct 26 2455130.69507 3.37 0.0188
2009 Oct 30 2455134.6559 3.38 0.01999
2009 Nov 04 2455139.70882 3.4 0.02198
2009 Nov 09 2455144.65146 341 0.01559
2009 Nov 18 2455153.71319 3.44 0.02646
2009 Nov 21 2455156.70903 3.44 0.02429
2009 Nov 29 2455164.75347 3.48 0.03114
2009 Dec 04 2455169.71424 3.53 0.01975
2009 Dec 11 2455176.71243 3.57 0.0204
2009 Dec 17 2455182.63146 3.62 0.0173
2009 Dec 22 2455187.72181 3.66 0.0124
2009 Dec 28 2455193.6325 3.67 0.01215
2010 Jan 11 2455207.63194 3.68 0.01614
2010 Jan 15 2455211.52264 3.68 0.02811

table continued on following pages
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Table 1. Differential photometry of ¢ Aurigae, cont.

UT Date JD V Filter
Magnitude Standard Deviation

2010 Jan 19 2455215.52937 3.68 0.0363

2010 Jan 23 2455219.75847 3.69 0.02937
2010 Jan 28 2455224.51042 3.7 0.01443
2010 Feb 01 2455228.70486 3.7 0.02712
2010 Feb 08 2455235.62917 3.72 0.01923
2010 Feb 13 2455240.71597 3.73 0.02232
2010 Feb 20 2455247.71347 3.77 0.01564
2010 Mar 03 2455256.63194 3.76 0.02179
2010 Mar 07 2455262.52986 3.76 0.0174

2010 Mar 17 2455272.64306 3.74 0.01712
2010 Mar 25 2455280.64938 3.73 0.02301
2010 Apr 02 2455288.65486 3.74 0.02851
2010 Apr 15 2455301.56736 3.78 0.01706
2010 Apr 20 2455306.62931 3.76 0.02374
2010 Apr 24 2455310.62778 3.76 0.03999
2010 Apr 29 2455315.60361 3.76 0.04549
2010 May 06 2455322.56451 3.78 0.02002
2010 May 16 2455332.5711 3.71 0.03709
2010 May 17 2455333.57111 3.69 0.03997
2010 May 27 2455343.55278 3.56 0.02828
2010 Aug 14 2455422.82389 3.68 0.01155
2010 Aug 21 2455429.81597 3.68 0.02243
2010 Aug 28 2455436.79354 3.7 0.01768
2010 Sep 05 2455444.77292 3.7 0.02137
2010 Sep 15 2455454.73403 3.67 0.02348
2010 Sep 21 2455460.73056 3.65 0.03312
2010 Oct 03 2455472.72431 3.65 0.01199
2010 Oct 09 2455478.71007 3.68 0.03198
2010 Oct 18 2455487.65347 3.67 0.0159

2010 Oct 23 2455492.68597 3.7 0.0128

2010 Nov 01 2455501.64625 3.73 0.02182
2010 Nov 06 2455506.68056 3.73 0.02324
2010 Nov 13 2455513.72514 3.75 0.0194

2010 Nov 20 2455520.72222 3.74 0.01928
2010 Nov 29 2455529.64236 3.72 0.03263
2010 Dec 08 2455538.71181 3.7 0.01633
2010 Dec 18 2455548.71042 3.68 0.01852
2010 Dec 30 2455560.63889 3.71 0.03079
2011 Jan 06 2455567.52431 3.75 0.03577

table continued on next page
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Table 1. Differential photometry of ¢ Aurigae, cont.

703

UT Date JD V Filter
Magnitude Standard Deviation

2011 Jan 14 2455575.52694 3.75 0.01603
2011 Jan 31 2455592.63472 3.74 0.02098
2011 Feb 04 2455596.52847 3.76 0.02623
2011 Feb 11 2455603.53104 3.75 0.01365
2011 Feb 23 2455615.52639 3.76 0.02029
2011 Mar 02 2455622.69104 3.73 0.03067
2011 Mar 09 2455629.69313 3.71 0.03032
2011 Mar 14 2455634.59722 3.67 0.02517
2011 Mar 20 2455640.69722 3.59 0.04129
2011 Mar 25 2455645.69604 3.55 0.02363
2011 Mar 29 2455649.70271 3.5 0.03054
2011 Apr 06 2455657.65646 3.42 0.02266
2011 Apr 22 2455673.65542 3.31 0.03364
2011 May 01 2455682.58889 3.35 0.3777

2011 May 06 2455687.57313 3.32 0.03628
2011 May 11 2455692.57201 33 0.01258
2011 May 12 2455693.56646 3.26 0.02463
2011 May 26 2455707.55549 33 0.05566
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Figure 1. Light curve of € Aur, 2008-2011. V magnitude is with respect to A Aur
comparison star at V magnitude 4.71.
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Abstract Near-infrared photometry of € Aurigae, in the H- and J-bands, was
undertaken during the 2009-2011 eclipse using telescopes of moderate size
(8-inch and 14-inch diameter). Instruments of this size successfully collected
scientific data in the H- and J-bands. Observations were made from the campus
of East Tennessee State University (ETSU), Johnson City, Tennessee, the campus
of King College, Bristol, Tennessee, and from the author’s home. Signal/Noise
ratios of approximately 45 were obtained during times of maximum eclipse.
Higher S/N ratios could have been obtained by extending the length of time on
target. S/N ratios of almost 100 were obtained outside of eclipse. The infrared
light curves produced closely parallel the light curve in the visual range (V),
being about 0.5 magnitude brighter in H and 0.7 magnitude brighter in J. The
eclipse was easily detected and followed throughout its duration. The rate of
ingress was shallower than the rate of egress in both the H- and J-bands. The
background variations of the primary star were readily detected.

1. Introduction

The variable star € Aur has been of interest to astronomers for almost two
centuries due to its long period (27.1 years) and the long duration (approximately
two years) of its eclipses. With such a long eclipse, the occulting object can not
be another star, but must be some other type of object. The exact nature of
the eclipsing object has been a mystery, although more information becomes
available each time an eclipse occurs. This is due to both an increase in the
number of observers and also collection of data in additional wavelengths not
utilized in previous eclipses. The current model of the occulting object is that of
a large, cool disk which contains a central B-type star (Stencel 2011).

Infrared photometry has, until recently, been the province of professional
astronomers, using large telescopes, sophisticated infrared detectors, and high-
altitude observing sites. UKIRT, SOFIA, IRTF, and Spitzer are a few of the
professional instruments that come to mind. It is now possible for the average
variable star observer, using a common telescope of modest size, to work in the
near-infrared part of the electromagnetic spectrum and to produce high quality,
scientifically useful results. The recent eclipse of € Aur provided an excellent
opportunity to demonstrate these capabilities; during previous eclipses, infrared
studies were restricted to professional observatories since amateur observers
did not have the capabilty.
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There are numerous advantages (and some disadvantages) for the observer
who works in the near-infrared when compared to visual-band photometry
(Templeton 2011a):

1) The sky is very dark in the infrared; there is little infrared light pollution.
An infrared observer can work under conditions that would make visual-
band photometry difficult.

2) Atmospheric extinction, while present, is low compared to the visual
wavelengths. As the eclipse neared its end, some data were collected at the
very high airmass of 5; this high airmass did cause an increase in noise, but
the S/N ratio was still adequate.

3) Many variable stars are brighter in the infrared than at visual wavelengths
(some are much brighter). € Aur was no exception to this; throughout the
eclipse, the J-band readings were about 0.5 magnitude brighter than in V,
while the H-band readings ran close to 0.7 magnitude brighter than in V.
This can be seen in Figure 1.

4) There are few infrared observers. While for some stars, visual-band
observers (V in particular) will find their data lost in the crowd and so
contribute little, this is not the case in the infrared. For the duration of this
project (November 2008—present) there were only two observers submitting
H- and J-band data to the AAVSO.

5) Water is an absorber of infrared radiation. Even though the sky may look
clear, therewill sometimesbetoomuch water vaporintheair. Some ofthenoisy
data collected early in the eclipse were due to attempts made on poor nights.

2. Equipment

The equipment used during the eclipse consisted of an Optec SSP-4
photoelectric photometer with a manual filter slide holding H- and J-band filters.
The H- and J-band filter band-passes are closest to the Mauna Kea Observatory
(MKO) and Caltech/Tololo (CIT) systems (Henden 2002). The gallium-arsenide
(GaAs) detector in the SSP-4 is one millimeter across (about 100 arc seconds at
the focal plane of an 8-inch SCT operating at //10). A version of the photometer
is available with a smaller, 0.3-mm detector, but the smaller detector gives less
satisfactory results (Hopkins 2006a).

The SSP-4 photometer is the result of a collaborative program between the
AAVSO and Optec, Inc. (West 2007). It contains an eyepiece for centering the
target and comparison stars, a flip mirror for sending the image to the detector
after centering, and a filter slide containing the H- and J-band filters; the filter
slide and flip mirror are operated manually.

The software which Optec provided for use with the photometer was
utilized for most of the observations, although an alternate software package,
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written by Brian Kloppenborg at the University of Denver, was used on
occasion (Kloppenborg 2011). This software gave greater control over the
photometer, but the Optec software made a better match with the particular
spreadsheet that was in use. Both software packages ran without issue on an
older laptop computer running Windows XP Pro. This computer was used for
both telescope and photometer control. The computer had 1 GB of RAM and a
single-core Celeron processor; it had no problems controlling both instruments
at the same time.

Three different telescopes were utilized during the eclipse: an 8-inch Meade
LX200, a Celestron C14, and a Meade 8-inch LX90. The two Meade SCTs were
fork-mounted on equatorial wedges, while the C14 was mounted on a German-
equatorial mount (GEM). All of the telescopes proved adequate to the task,
although the C14, due to its larger aperture, gave the best results in the shortest
period of time.

3. Observations

When preparations began for the upcoming eclipse during the summer of
2008, an 8-inch Meade LX200 located at ETSU’s Powell Observatory was
utilized. It is reported that a 10-inch telescope is the minimum useful size for
infrared photometry of € Aur due to the faintness of the traditional comparison
star, A Aur (Lucas et al. 2006). A Aur is faint in the infrared (mag, = 3.33, mag,
= 3.62), making it difficult to use with a smaller telescope. The solution was to
use a brighter comparison star—the AAVSO recommendations for telescopes
under 0.25 meter (10 inches) are to use Capella as the comparison star and
[ Tau (el Nath) as the check star (Templeton 2011b).

The two Meade telescopes were controlled with Meade’s AUTOSTAR software.
Although other control software was tested, the Meade software proved to be
very capable and worked well. The C14 was controlled using STARRY NIGHT
PrO 5, which also worked well. The goals initially were: 1) collect pre-eclipse
data on € Aur, 2) take measurements of standard stars to be used for calibrating
the photometer/telescope combination, and 3) measure other variable stars on
the AAVSO’s IR photometry list.

The first observations of € Aur occurred on November 2, 2008. The star
was kept under observation (from the ETSU observatory) from that date until
it was lost to the sun in late May 2009. ¢ Aur was re-acquired on the morning
of July 24, 2009, and at that point, it became obvious that there would soon be
a problem. The author’s “day job” is that of a high school chemistry teacher—
once school began after the summer break, it would not be possible to make the
forty-five-minute drive to ETSU early in the morning, get set up, collect the data,
get everything put away, and then get to school in time for the start of classes.

A search for a suitable telescope to use from the author’s home was started
and a used Meade 8-inch LX90 (UHTC coatings) with an equatorial wedge
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was found. It was purchased and set up on a concrete pier at the author’s home.
The LX90 was not as accurate as the LX200, but its tracking and pointing
abilities were more than adequate for use with the I-mm detector of the
photometer. The onset of the eclipse in August 2009 was easily detected.

As the eclipse deepened, it became apparent that a larger telescope would
give better results, as the brightness of € Aur was decreasing. A discussion with
AAVSO Director Arne Henden, while he was on a speaking engagement at
ETSU, led to the advice that longer time on target was one solution (Henden
2009). This worked, but the time involved increased as well.

At this point, about 1.5 hours of collecting data were required for the two
data points (one each in H and J). The infrared sky is not transparent over long
periods of time (Henden 2002), especially in the Southeastern United States.
A larger telescope would allow shortened observation times. King College,
in Bristol, Tennessee, offered the use of their Celestron C14 located at the
college’s Burke Observatory. The college’s physics department allowed use of
the telescope when it was not being otherwise utilized.

The C14 made a large difference in the S/N ratio. It was used for the
remainder of that observing season, although a move back to the ETSU
telescope was required in late May (trees became an issue). During the last year
of the eclipse, the C14 began to be utilized more often by King College and so
observations moved back to the LX90 and the LX200. Currently, the LX90 is
the primary instrument used for post-eclipse monitoring.

4. Data collection

Prior to a night’s observations, the photometer was powered up and hooked
to the laptop computer. The photometer drew from its own external power
supply, but was controlled by software on the laptop through a USB cable. The
photometer’s temperature control was set to —40° Celsius (below ambient).

When first turned on, the photometer typically produced high dark counts—
these decreased as the instrument stabilized (30-60 minutes after power-up).
The dark counts would normally drop slowly during the run, but not so far that
they became a problem. While the photometer was stabilizing, the telescope
was set up, polar-aligned, and placed under control of the laptop (the C14 was
permanently mounted, the other two telescopes were not). Prior to starting
the data run, the photometer’s dark counts were checked and the gain control
adjusted to bring them into the range recommended by Hopkins (2006b). The
photometer was then set to a gain of 100, with a 10-second exposure.

The comparison star, oo Aur (Capella), was measured with both H and J
filters. The telescope was then off-set slightly and a reading on the sky was
made, once again in both filters; the pattern used was “comp H, comp J, sky
J, sky H.” The telescope would then be pointed at the variable star (¢ Aur) and
the same pattern repeated “variable H, variable J, sky J, sky H.” Then back to
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o Aur where the pattern was repeated once again. The last measurement of
the night was of the check star (§ Tau) since it had lowest priority (Schmidke
and Hopkins 1990). This procedure produced one data point in each filter. A
minimum of three such observations were required so that meaningful statistics
could be calculated; more than three observations were necessary due to the
small size of the telescopes used.

The photometer software, provided by Optec, allowed the photometer to
take one exposure, three sequential exposures, or four sequential exposures.
When the project first began, three exposures of ten seconds each were taken,
followed by three exposures on the sky and then back to the comparison star
where three more exposures were made (according to the above description).
These three observations were then averaged. This was repeated at least three
times (or five or seven, and so on.). Each group of three readings was averaged
down to one reading and then the three (or five or seven, and so on) single
readings were averaged to give a single number for the star’s brightness for
that night’s observations. This was then repeated using the other filter. The time
involved for this was significant, especially in the beginning.

This method worked well, except when the sky was rapidly changing or for
observations made at high airmass—the sky would simply change too quickly
between one measurment and the next. It was realized that averaging the data
twice did not help in terms of S/N and added a great deal of time to the operation.
As the eclipse neared its end, “single shot” readings began to be taken—comp,
sky, var, sky, comp, sky—one reading each, not grouped into threes. This
produced data that were generally better, if the stars were under changing sky
conditions, than the “group of three” method mentioned above. Because of the
speed at which the readings could be taken, data could be collected at high
airmass and still not be too noisy.

Originally this pattern was repeated three times, but it was found that the
total counts were low, (except when using the C14), so it was increased to five
sets, then to seven, and finally to nine sets. Nine repetitions were not practical,
so eventually seven sets were settled upon—this gave the best trade-off between
time involved and S/N ratio.

5. Data reduction

A Microsoft ExcEL spread sheet was developed, using a format that allowed
the observer to simply cut and past the data from the photometer’s native output
file directly into the spreadsheet.

The data output of the photometer contained columns of data,
representing such things as date, time, filters used, gain settings, length of
exposure, and numbers which represent the photons detected during the run.
It was in an ExcEL-readable format. Several quantities must be calculated
from this information:
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1) The telescope’s location—this information, along with the sidereal time,
was needed to calculate the local hour angle and from that, atmospheric
extinction,

2) Time and date of the observation converted into Julian Days—the data
run consisted of several readings so the timestamp of the central value of
the set was used as the time of observation.

3) Filters used—the ExceL sheet did not utilize these data, but it allowed
sorting of the data prior to pasting them into the spreadsheet.

4) Gain and exposure times—this information was used to reduce the total
counts down to “counts per second” so the brightness of the star at the time
of the observation could be determined.

The averaged photometer readings mentioned previously represented the
number of photons that arrived from the target star during each exposure.
Several additional corrections to these raw counts were necessary in order to
get the star’s true magnitude in each filter. A summary of the procedures are
listed below. The full procedures and equations used may be found in Henden
and Kaitchuck (1982), Hall (1988), and Schmidke and Hopkins (1990):

1) Convert the raw counts into instrumental magnitudes.

2) Calculate the difference in brightness between the target star (¢ Aur) and
the comparison star (o0 Aur). The value used for oo Aur was the average of
the readings taken just before and just after the reading on ¢ Aur.

3) Apply an extinction correction to the differential magnitude of the
target star. This extinction correction is necessary due to the difference in
airmasses between the comp and target stars. In the case of the o Aur-¢ Aur
pair, the difference was slight while the stars were rising in the east (late
summer), but increased as they traveled westward, reaching a maximum in
late spring.

4) Apply a correction for the instrumental color response for the system—
this final correction adjusts the magnitudes to the standard system.

There are other, additional corrections that could have been performed on
the data. However, the impact of those corrections is very slight in the infrared
(Henden 1982) and so those corrections were not made.

6. Results

Although this project was primarily instrumental in nature and not analytical,
some conclusions about the eclipse can be drawn from the data:
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1) € Aur is fainter in the J band than in the H band, both in and out of
eclipse (see Figure 1).

2) The background variations of the primary are evident, both in and out
of eclipse (Figure 1).

3) The second half of the eclipse is not as deep as the first half—perhaps
the trailing side of the disk is thinner than the leading side or it might not
cover the primary to as great an extent.

4) A comparison of the rates of change during ingress and egress in both
filters show that the eclipse ended at a greater rate than it began. This can
be seen in Figures 2 and 3. The slopes of the ingress stages were 0.0045
mag./JD in H and 0.0048 mag./JD in J, while those of the egress portions
were 0.0060 mag./JD in H and 0.0067 mag./JD in J.

These slopes are very shallow due to the long duration of the eclipse. Data
points for making slope determinations were chosen from when both the
ingress and egress stages were well underway.

5) By taking the slopes of the pre- and post-eclipse stages and overlaying
them on the slopes of the ingress and egress stages, it is possible to determine
the dates of the eclipse’s onset and ending in the H and J bands.

An examination of Figure 2 and Figure 3 shows that the eclipse began
around JD 2455046 in H and JD 2455057 in J (3 August 2009 in H and 14
August 2009 in J). There is a large amount of scatter in the pre-eclipse J band
data points and this might explain the variation in the starting dates between
the two filters. The eclipse appeared to end on JD 2455707 in both the H and J
bands (26 May 2011).

7. Conclusions

Near-infrared photometry in the H and J bands can be successfully
undertaken using a telescope of modest size, such as an 8-inch Schmidt-
Cassegrain. Care should be taken in the choice of comparison, target, and
check stars in order to keep signal/noise ratios as high as possible. The € Aur
eclipse did fall within the reach of this type of setup, but at its deepest, the
drop in the S/N ratio was very apparent. Target stars for such a setup should
be brighter than about magnitude 2 in the chosen filters, if possible. Fainter
stars can be monitored, but require long data collection times in order to keep
the signal at acceptable levels.
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Figure 1. The € Aur eclipse (2009-2011) in V, H, and J. € Aur is brighter in both
the H and J bands than in the V band in both the in- and out-of-eclipse phases.
The background variations of the primary star can also be seen. (Data courtesy
AAVSO).
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Figure 2. The € Aur eclipse (H). Once the ingress stage was well underway, the
eclipse proceeded at the rate of 0.0045 mag./JD in H. Once egress had begun,
€ Aur began to brighten at the rate of 0.0060 mag./Julian Day in H. The dates
of eclipse onset and eclipse end can be seen by determining where the pre-and
post-eclipse slopes cross the ingress and egress slopes.
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Figure 3. The € Aur eclipse (J). The ingress phase (J band) of € Aur proceeded
at the rate of 0.0048 mag./JD. As egress occurred, it proceeded at the rate of
0.0067 mag./JD. The dates of eclipse onset and eclipse end can be seen by

determining where the pre-and post-eclipse slopes cross the ingress and egress
slopes.
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Abstract While there are numerous “new spectroscopic studies” of € Aurigae
reported in this special edition of JAAVSO, the one summarized here is believed
to be unique on two counts: it concentrates on the blue and near-UV spectral
regions, and it incorporates historical spectra from the previous eclipses of
1983 and 1956. The more data that can be collated, across all wavelength and
time base-lines, the more conclusive the final model of this baffling object is
likely to be. A more lengthy paper that includes illustrations of the spectra is
being prepared for publication elsewhere. This short contribution summarizes
the effort that has so far gone into data acquisition and preparation, and the
principal results that are now emerging.

1. Data: recent CCD spectra

We have observed and analysed ~150 new CCD spectra of € Aurigae at
blue and near-UV wavelengths, recorded during the 2010 eclipse with the
coudé spectrograph of the Dominion Astrophysical Observatory (DAO) 1.2-m
telescope. The wavelength span observable in one exposure is about 145 A, so
we targetted spectral regions of specific interest, and monitored just those as
opportunity permitted. The great majority was centred near A3950 A so as to
include the Can H and K lines and the nearby strong ground-state Fer lines;
somewhat less frequent monitoring was centred on HY and spanned the strong
low-excitation Fe1 lines between A4045-4071 A, and a comparable number of
spectra were centered near the Mg doublet at A4481 A, where a useful mixture
of low- and high-excitation lines occurs. Some observations were also made in
the red spectral region, near Ha.. All the spectra were reduced in the world co-
ordinate system by a semi-automatic pipeline, and were then extracted in steps
of 0.01 A and linearized to an apparent continuum height of 100%. If original
S/N ratios were rather low, sequential spectra were co-added.
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2. Data: historic photographic spectra

We digitized over 130 historic spectra of € Aur from Mount Wilson (dating
back to the 1930s) and from the DAO (dating from 1971) using the DAO’s
PDS microphotometer, resurrecting and adopting procedures that have stood
the test of time. Spectrophotometric calibrations were determined by means
of special exposures to a light source through apertures of known geometrical
characteristics. Those spectra were also extracted in regular steps of 0.01 A and
linearized to the local stellar continuum. Many had very acceptable S/N ratios,
though none quite as high as can be achieved with a modern CCD detector on
a bright star. Nevertheless, these heritage data contribute uniquely to this study,
by revealing which of the many line-profile changes have repeated at identical
phases of past eclipses, thereby furnishing important constraints for a model of
the structure and formation of the occulting disk. They could then be merged
with the recent CCD ones so as to provide a more complete dataset, which we
examined by ranging each spectral region with phase, within the wavelength
spans defined by the CCD spectra.

3. Properties of the disk

We adopted the parameters of the radial-velocity orbit of Stefanik et al.
(2010) (P=9896.0 + 1.6 days, K=13.84 £ 0.23 kms™', 7= HJD 2434723 + 80),
and aligned the spectra in the velocity rest-frame of the F star. The zero phase
of that orbit solution corresponds to periastron, so photometric eclipse began
close to phase 0.056 and ended close to phase 0.130. Mid-eclipse (secondary
conjunction) was at phase 0.091.

Many authors—e.g., Struve (1956), Wright (1958), Hack (1962), Lambert
and Sawyer (1986), and Ferluga and Mangiacapra (1991)—have drawn attention
to curious line-profile changes, particularly during early ingress and late egress,
often referring to them as “line doubling.”

(a) The principal line-profile changes are the extra absorption components
that become superimposed on ground-state and low-excitation lines. The new
features are red-shifted during ingress and blue-shifted during egress, and are
best seen in lines of Fe1 on account of the latter’s strength and number. The lines
themselves do not actually “split,” since the two distinct components originate
in quite different regions of the system.

(b) Comparisons of the Fe1 profiles at different times furnish limits to the
phases (and hence on the geometry) when that “doubling” commenced and
ceased. It is apparent that the occulting disk has a “tail” which trails much
more extensively than does any material at its leading edge. Our spectra also
demonstrated the existence of more rarefied material in the extremes of the
“tail,” not unlike that in a cool-star chromosphere.

(c) Comparisons of spectra of the same phases but different orbital cycles
indicate that the structure of the disk is stable, at least on a time-scale of a century
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or so: the same “line-doubling” recurs at identical phases and its characteristics
repeat quite precisely.

(d) Extra-narrow disk features in both ingress and egress suggest regions
of exchange of material (between the disk and the supergiant) that are highly
confined in both direction and velocity.

4. Instabilities in the F star

At all orbital phases the spectra of the system reveal more subtle line-
profile changes: the absorption lines which presumably originate in the F-star
photosphere (since they show no phase-related velocity changes) can weaken,
or broaden, or strengthen a little. Dividing all spectra of a given region by one
recorded far from eclipse accentuates the changes, and shows broad emission
features that grow and fade at all phases on time-scales of days or weeks, with
associated narrowing (or deepening) of the K-line wings resembling a rise
(or fall) in 7. For the recent eclipse, there was some evidence of correlation
between the growth of emission and the Cepheid-like pulsations of ~67 days’
period (Kim 2008), but the recorded photometry had not been sufficiently
plentiful in the past to investigate such correspondences in earlier years, nor are
the available spectra adequate for a thorough investigation: a quarter-phase is
only 17 days, and spectra must correspond to null or maximum—a requirement
that is unlikely to be fulfilled given the eclectic nature of the archival data for a
system of such long period.

5. The spectrum of the disk

The absorption of the disk itself can be isolated by dividing eclipse-
phase spectra by one of the system far from eclipse. The procedure cannot
be fully precise or absolute because of the small intrinsic variations in the
system’s spectrum referred to above; the disk spectrum also contributes to the
system’s one at all phases, though those contributions are small compared to
the substantial absorption which the edges of the disk create during eclipse
phases. The prime features that we thus isolate are the red-shifted (ingress)
and blue-shifted (egress) absorption lines; they vanish during the phases of
central eclipse. Their respective velocity displacements are surprisingly
constant, and while both are considerably sharp the blue-shifted ones appear
broader at phases which are actually beyond the end of photometric eclipse.
It is therefore only at the leading and trailing edges of the disk that optically
thin material is sufficiently concentrated to give rise to detectable absorption
features. However, the presence of variable emission also in the system requires
modelling before a quantitative assessment of the properties of that absorbing
material can be made.

Qualitatively, the disk features are very similar to the absorption lines which
arise in a cool-star chromosphere and which can be isolated during ingress or
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egress phases of an “atmospheric” eclipse in a L Aur system. The lines in ¢ Aur
are ground-state or low-excitation transitions of easily-ionized elements like
Ti1 and Fe1, whereas there are no corresponding features in Mgu L4481 A, for
example. As with a stellar chromosphere, the total absence of line wings, even
for hydrogen lines, indicates a surface gravity, log g, < 1.

A comparison between the ingress and egress features of the disk shows that
the disk is not symmetrical: its leading edge is more compressed than its trailing
edge. Although the velocity shifts are largely constant, during the extreme end
of the egress phases (phase ~0.125 onward) the blue-shift in velocity begins
to decrease. Around the same time the sharpness of the features is particularly
accentuated. Those observations suggest that we are seeing material which is
flowing along a very confined path from the F star to the disk.

6. Transient absorption lines during egress

A few weak, narrow absorption lines appear only between phases 0.111 and
0.123 (or possibly later). They have a constant velocity offset that matches what
is shown by the sharp egress features, and their appearances were repeated at
identical phases in earlier orbital cycles. Most appear to be low-level lines of
Fe1, though not all have yet been identified. The curiously tight restriction in
phase suggests an enhanced absorbing mechanism which comes into play only
during the second stage of egress; there is no counterpart during ingress. Their
remarkable sharpness is probably limited by the resolution of the observations
and is therefore only an upper limit; a measured half-width suggests an upper
limit of ~9 kms.
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Abstract We present and analyze &€ Aurigae data concerning the evolution
of the Hat line on the occasion of the 2009 International observation campaign
launched to cover the eclipse of this object. We visually inspect the dynamical
spectrum constructed from the data and analyze the evolution with time of the
EW (Equivalent Width) and of the radial velocity. The spectroscopic data reveal
many details which confirm the complexity of the ¢ Aur system. The object
is far from being understood. In particular, according to our measurements,
the eclipse duration has been underestimated. A complete analysis of details
revealed by our data would require much time and effort. Observers are
encouraged to continue monitoring the Ha line out of eclipse in the hope that it
will provide further important information.

1. Introduction

¢ Aurigae is one of the most intriguing eclipsing star systems which has
puzzled astronomers for nearly 200 years. The main eclipsing period is close
to 27.1 years and the first spectroscopic surveys were undertaken during the
1929 and 1956 eclipses. A large campaign was also organized for 1982—1984.
For a review of literature prior to the 2009-2011 eclipse, see Guinan and De
Warf (2008). There are also numerous papers being prepared as a result of the
20092011 eclipse. Despite the concentrated efforts, some aspects of € Aur
remain a mystery.
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¢ Aur is classified as an A8lab star in an Algol type eclipsing binary system
(stMBAD database 2011). The prevailing model is of an F-type star with a hot
clumpy Hydrogen disc and an object of unknown nature which produces an
eclipse phenomenon lasting almost 2 years every 27.1 years. There may be
a mid-eclipse brightening but solar proximity makes the photometry suspect
at those times. Recently, it has been suggested that the eclipsing object is a
550K dusty disk seen edge on, heated on the side facing the F star to 1100K.
This disk may contain a B5V star (Hopkins ef al. 2011) that could contribute
to emission wings surrounding Ha line. Light curves feature 0.1 magnitude
variations both inside and outside eclipse. Variations have also been observed in
the Equivalent Width (EW) and Radial velocity of spectral lines outside eclipse.
These variations might be F star oscillations and wind.

During the 1982—-1984 eclipse, this star was studied by amateur observers
using multiband photometric methods. The &€ Aur system was not clearly
described despite all the acquired data.

Twenty-seven years later, an international campaign was organized to
manage both spectroscopic and photometric observations by amateur observers
with the aim of producing data with improved time resolution compared with
that achieved during previous eclipses. In this article, we present amateur
spectroscopic Ha line monitoring from February 12,2008, to November 12,2011.

2. Observations

In 2008, Jeff Hopkins (http://www.hposoft.com/Campaign09.html)
organized the international observation compaign of the 2009 ¢ Aur eclipse.
We acquired more than 250 high resolution spectra of the Ha line covering the
three years around eclipse. These show significant variability throughout this
period. The effect of the eclipse is clearly seen in this line from the end of April
2010 to end of April 2011. The spectra used for this study were recorded by
five observers in Europe.

Most observations were made using LHIRES3 spectrographs (LHIRES3
and eShell are products from Shelyak Instrument, Grenoble, France: http://www.
shelyak.com). C. Buil used an eShell spectrograph that covers wavelengths
from 4500 A to 7000 A. Telescope diameters were between 0.2m and 0.3m.
Spectral resolution is above 10,000 and most of the time around 15,000. Mean
exposure time was 2,000 s. All setups are reported in Table 1.

3. Reduction and analysis method

The raw observations are available from Robin Leadbeater’s € Aur survey
web page (http://www.threehillsobservatory.co.uk/). The spectra were reduced
using standard procedures to produce calibrated and normalized line profiles.
Most of the reduction was done using SpcAudace (http://bmauclaire.free.
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fr/spcaudace/) pipelines. The reduction steps were: preprocessing, geometric
corrections, and registration. Then line profiles were extracted with sky
background subtraction. Wavelength calibration was done using calibration
lamp spectra before and after each acquisition series to minimise the effects
of calibration drifts. The instrumental response was then removed. An offset
was computed using telluric lines to achieve a final wavelength calibration
RMS uncertainty of 0.03A. Finally a heliocentric velocity correction was
applied depending on the observation date. All wavelengths A are given
in A (Angstrom).

Equivalent Width (EW) measurements were computed between
A6550 and A6577 using linear integration and an extracted continuum
obtained from a fit to the local star continuum (about EW’s computation:
http://bmauclaire.free.fr/astronomie/spectro/experiences/ew/ewconvention/).
The Chalabaev algorithm (Chalabaev 1983) was used to estimate the
uncertainty, which is mostly dependent on the signal-to-noise ratio, and appears
to overestimate the uncertainty compared with the actual scatter observed
around the long term trend.

Radial velocity is computed in two steps because the Ho line is
asymmetric:

* The Gaussian flank of the line was reproduced on the opposite side of
the symmetry axis (theoretical wavelength of the line) and shifted to fit the
line’s opposite flank;

* A Gaussian fit of these two flanks gave a measure of the line center.

A dynamical spectrum was computed using 177 spectra corrected to
heliocentric velocity and cropped to A6550—-A6575. A linear interpolation was
used to produce an image with a 1-day sampling interval. Such interpolation
doesn’t introduce bias for our analysis as the purpose of Figure 6 is to show
global behavior of the eclipse spread over several hundred days. Dates are
logged in MJD (that is, JD-2400000). All computations were performed
in SpcAudace. The monitoring covers a period of 720 days. Most of the
information generated by our monitoring of the Hat line is contained in this
dynamical spectrum.

Analyzing this complex image turns out to be cumbersome, however.
This is the reason why we have simplified the analysis by concentrating on
the evolution with time of the EW that can be compared to V magnitude,
and of the radial velocity that can be used to study eclipsing phenomena. Of
course we have to keep in mind that EW loses its physical meaning when
applied to complex line profiles lines, as it is the case for ¢ Aur, are likely
to result from a combination of several sources. But before analyzing these
quantities, let us first examine the spectral line profiles at dates that show
important transitions.



Mauclaire et al., JAAVSO Volume40,2012 721

4. Behavior of the wings

Outside eclipse, the Ha line profile comprises a central absorption core
flanked by emission features on the red and blue wings (see Figure 1). These
features are highly variable as described by Golovin (2007).

In the region of the Ha line are absorption lines identified as telluric lines
at A6543.91, M6547.71, M6548.32, N6552.63, N6557.17, M6568.81, L6572.09,
M6574.85, and M6586.68.

As we can see in Figures 2 and 6, from MJD 55250 onwards there was
additional absorption in the core which broadened rapidly, engulfing first the
red emission and by MJD 55340 also the blue emission component. Note this is
in contrast to the KI A7699 line absorption which started decreasing in intensity
during this phase (Leadbeater ez al. 2011).

During ingress and into totality (see spectra at MJD 55390.44 and MJD
55496.42) through the mid-eclipse point, the absorption core deepened and
broadened slightly on the red side. The additional absorption moved to the blue
and, at MJD 55520, the red emission feature reappeared.

At the beginning of the decreasing phase (see spectrum at MJD 55627.46),
the Ha line became narrower, with an emission component at the red side.
Then, from MJD 55853.42, the blue edge emission component returned as just
before eclipse. After the main eclipse phase (see spectrum at MJD 55878.39),
the blue and red wings were both present but small, starting to resemble the pre-
eclipse profile (Figure 1).

At the end of the survey period there still appears to be an excess absorption
onthe blue side of the central absorption region compared with typical pre-eclipse
spectra, possibly due to the continued presence of the eclipsing disc. However,
the inherent variability of this at all phases makes the statement uncertain.

Today’s understanding (Stencel 2011) is that the F star is semi-stable and
capable of producing variability in lines in and out of eclipse. The disk is only
modifying the optical spectrum during its passage.

5. EW evolution with time

EW measurements were computed between A6550 and A6577. Although
the signal-to-noise ratio varies between observations and includes telluric lines
which impact on EW, the effect most of the time is rather small. The data quality
allows a reliable estimation of the EW. As mentioned earlier, the single quantity
EW is a gross simplification of the complex nature of the line.

However, this quantity is the integral of the distribution of luminosity
versus wavelength. It can thus be compared to similar integrals such as the
V magnitude. As shown in Figures 3 and 4, equivalent width (EW) and V
magnitude (V mag.) are anti-correlated. Given that EW > 0 for absorption lines,
the eclipsing object occults the F star Hydrogen disk as first minimum in EW
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and in V mag. evolution are both close to MJD 55250, and as second minimum
and V magnitude evolution are also both close to MJD 55630. These dates
define totality inner limits (see Table 2).

While second and third contacts (and mid-eclipse) times are well-defined
by our EW as a function of Date trend (Figure 3), the definition of first and
fourth contact times are less obvious here and do not correspond to photometric
contacts: these dates (second and third contacts) are likely to be linked with
the densest ends of the eclipsing object.

During the eclipse phase and outside it too, there are many small variations
in EW and V mag. This suggests that the occulting object and F star Hydrogen
disk may be clumpy. The F star may have also an intrinsic pulsating activity
(Kemp et al. 1986; Stencel 2011) that produces such variations.

Ho EW has irregular variations like small steps during its increasing
and decreasing phases. Similar behavior has been observed on the KI A7699
asborption line. It has been interpreted as an indication of structures (possibly
ring-like) within the disc (Leadbeater and Stencel 2010). Continued observation
during egress may help to clarify this.

6. Radial velocity evolution with time

Figures 2 and 6 show how shapes are shifted in radial velocity.
During the beginning phase of the eclipse (see spectra at MJD
55390.44 and MJD 55496.42), the absorption line became red shifted
(+14.79+1.37km/s). During the end phase of the eclipse (see spectrum
at MJD 55627.46), the Ha line first returned to the position seen at
MIJD 55390.44 and then the absorption line still remained blue shifted
(-31.59+1.54km/s at MJD 55853.42). See Table 3 for measurements at
key dates.

An emission component (Figure 5) appeared in the core of the Ha line close
to the rest wavelength from MJD 55150 onward as the absorption increased
in this region. This became more clearly defined as the surrounding flux level
dropped further and moved across the region from red to blue. The shape of the
emission component is revealed as the absorption region broadened and swept
across it through mid eclipse. It is clear that the constant emission component is
only revealed as the surrounding flux level drops.

During our survey, the emission component measured by gaussian fitting
remained centered on 6562.71+0.03 A, which, in terms of radial velocity,
amounts to —4.97+1.54km/s. This does not account for the ¢ Aur systemic
radial velocity estimated at —2.26+0.15km/s (Stefanik et al. 2010), leading
to a correction of +0.049 A (that is, +2.26 km/s). Note that Figure 6 is not
well enough resolved to see such a small shift. Computations were done on
the line profiles.
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7. In quest of new models

The light variations of € Aur in and out of eclipse have been the object of
many studies.

During 1983 eclipse Kemp ef al. (1986) analyzed polarization data. They
suggested that the F star is a non-radial pulsator and that its surrounding disk is
tilted with respect to the orbit.

In 1991, Ferluga and Mangiacapra (1991) suggested that to explain the
shape of the light curve, the disk is not a continuous aggregate of dust, but
instead a series of rings with a Cassini-like division. This model was more or
less validated by observations.

During this eclipse, a wide variety of observations have been undertaken:
infrared, ultraviolet, interferometry, photometry, and high resolution spectral
monitoring. Thus, a considerable amount of information is now available (see
Stencel 2010; Hopkins et al. 2011 for an overview). It now remains to develop
a model that fits all the data at hand. Undoubtedly, the high resolution spectral
monitoring data will be very important for constraining theses models.

8. Conclusions

Our Ha monitoring of € Aur shows that, contrary to what was forecast,
the effects of the eclipse extended beyond December 2011. Post-eclipse
observations are needed. R. Stencel welcomes any outside eclipse spectroscopic
contributions to the campaign over the coming months and years, especially
those covering the Na D lines.

We have observed similarities and discrepancies between the EW and V
magnitude evolution with time. The discrepancies remain to be explained,
but that is beyond the scope of this article. We also were able to define key
dates in the eclipsing phenomenon. However, much remains to be analyzed.
Obviously the Ho. monitoring brings a lot of information which should place
many constraints on the models conceived by scientists about &€ Aur.

Amateur spectroscopists are now able to monitor bright targets with a
spectral resolution of about 15,000. Suitably equipped amateurs constitute a
team with long term monitoring capacity which is widely distributed over
the planet.

In any case, we hope that this information will help scientists to solve the
mysteries hidden behind this fascinating object.
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Table 1. Equipment information for observation of € Aur.

Observer Telescope Spectro-  Resolution — Mean Spectral Number
name graph” SNR range (4)  of spectra
C. Buil SCT 0.28m 1 10,000 164 4500-7000 96
T. Garrel SCT02Im 2 15,000 108 6500-6630 87

B. Mauclaire  SCT 0.30m 2 15,000 224 6520-6690 34
R. Leadbeater SCT 0.20m 2 15,000 98 6500-6700 25
A. Lopez SCT0.28m 2 15,000 164 6500-6700 5

“Spectrograph: 1) eShell; 2) Lhires3 2400 1/mm.
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Table 2. Contact dates during &€ Aur eclipse.

Main contact MJD (day)
first 55070+ 3
second 55250+ 2
third 55630+2
fourth 55800 + 3

Table 3. Radial velocity measurements of € Aur at key dates.

MJID (day) Radial velocity (km/s)
55199.24 +19.46 £ 1.54
55390.44 +14.79 = 1.37
55436.49 —38.10+ 1.54
55521.46 -60.36 = 1.54
55819.46 -31.59+1.54

Relative intensity

0.2 L L L L
6550 6555 6560 6565 6570 6575

Wavelength (A)

Figure 1. ¢ Aur spectrum showing Ha wings out of eclipse phase. Observations
of 12.881/12/2008, SCT 0.3m, Lhires3 2400 g/mm, 0.115 A/pixel, B.
Mauclaire, 4 x 600 s.
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Spectra shifted by 1 unit along intensity axis
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Figure 2. Time evolution of € Aur from 2455250.403 to 2455878.39. Ho. wings

are shown at key dates.
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Figure 3. Plot showing evolution with time of Equivalent Width computed
between A6550 and A6577. Note the two minima at MJD 55250 + 2 and 55630

+ 2 corresponding to second and third contacts dates.
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Figure 4. Light curve of ¢ Aur using data from the AAVSO International
Database showing V magnitude evolution within time. Light curve courtesy of
AAVSO.
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Figure 5. Spectrum of € Aur showing emission component at bottom of Ha
absorption line. Observations of 12.939/7/2010, R. Leadbeater, TN 0.25m,
Lhires3 2400 g/mm, 0.107 A/pixel.
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Figure 6. Dynamical spectrum of Ho line from JD 2455120.605 to JD
2455840.48. Interpolation between spectra was used to get a smooth image.
Sinusoidal lines at both Ha line edges are telluric lines lying in line profiles that
are corrected from heliocentric velocity. The black dashes along the right axis
show the actual observation dates.
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Abstract The results of a spectroscopic survey of € Aurigae during eclipse
using a network of small telescopes are presented. The spectra have a resolution
0f0.35 t0 0.65A and cover the period 2008 to 2012 with a typical interval of four
days during eclipse. This paper specifically covers variations in the KI 76994,
Na D, and Mg II 4481A lines. Absorption started increasing in the KI 7699A
line three months before the eclipse began in optical photometry and had not
returned to pre-eclipse levels by the end of the survey in March 2012, seven
months after the broadband brightness had returned to normal outside eclipse
levels. The contribution of the eclipsing object to the KI 7699A line has been
isolated and shows the excess absorption increasing and decreasing in a series
of steps during eclipse ingress and egress. This is interpreted as an indication
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of structure within the eclipsing object. The F star is totally obscured by the
eclipsing object at the Na D wavelength during eclipse. The radial velocity of
the F star and the mean and maximum radial velocity of the eclipsing material in
front of the F star at any given time have been isolated and tracked throughout
the eclipse. The quasi-periodic variations seen in the F star radial velocity (RV)
outside eclipse continued during the eclipse. It is hoped that these results can be
used to constrain proposed models of the system and its components.

1. Background

€ Aurigae is a naked eye eclipsing binary system with a period of 27.1
years and a primary eclipse of about two years. Despite having been studied for
almost two centuries, our understanding of the exact nature of the system, the
primary star, and its largely unseen companion, is still incomplete.

At each eclipse, a new generation of astronomers equipped with the latest
technology tackles the problem. A recent multiwavelength study of the system
proposed that the spectral class F primary star is most likely an evolved post-
AGB star and that a B5V class star is embedded in the cool (~1000 K) opaque
material which causes the eclipse (Hoard et al. 2010, hereafter referred to as
the HHS model). Interferometric measurements made during the 2009-2011
eclipse have established that the eclipsing object is an elongated opaque cigar
shaped object, most likely a disc seen almost edge on, which covers the southern
half of the star during eclipse (Kloppenborg et al. 2010).

Advances in sensor technology and the availability of affordable high
resolution spectrographs allowed a network of advanced amateurs using small
aperture telescopes to contribute during the 2009-2011 eclipse. The objective
was to study the evolution of the optical spectrum of the system throughout
the eclipse with improved time resolution compared with that achieved during
previous eclipses. Over 800 spectra were collected and these are available
online (http://www.threehillsobservatory.co.uk/epsaur_spectra.htm).

2. Observations

This paper specifically covers:

+ 275 observations of the neutral potassium line at 7699 A (hereafter referred
to as K 7699) at a mean interval of 4.3 days throughout the eclipse.

* 199 observations of the neutral sodium D lines at 5890/5896 A (hereafter
referred to as Na D) at a mean interval of 4 days during the eclipse, excluding
the periods around solar conjunction.

+ 137 observations of the singly ionized magnesium line at 4481 A (hereafter
referred to as Mg 4481).



Leadbeater et al., JAAVSO Volume 40,2012 731

The observations are summarized in Table 1. The K 7699 line observations
were made by Leadbeater and Schanne at a resolution of 0.35A using
Lhires IIT Littrow spectrographs, modified to reach this wavelength. Various
spectrograph designs with resolutions from 0.35-0.65 A were used for the Na D
line observations. The Mg 4481 line measurements were made with the eShel
echelle spectrographs of Buil, Thizy, and Garrel at typically 0.5 A resolution.

2.1. Choice of lines

Outside eclipse, the € Aur spectrum shows an interstellar K 7699 line
(Welty and Hobbs 2001). There is no detectable contribution from the F
star spectrum. This was confirmed by examining spectra outside eclipse
(Lambert and Sawyer 1986; Welty and Hobbs 2001) recorded at different
phases which showed no variation in RV above the level of the measurement
uncertainty. If a stellar component was present it would be detectable due to
the change in RV of that component. After removal of the constant interstellar
component, the remaining K 7699 line uniquely describes the absorption due
to the eclipsing component. Spectra of this line had also been taken during
the previous eclipse, though at less frequent intervals (Lambert and Sawyer
1986).

The Na D lines also show strong additional absorption during eclipse
(Barsony et al. 1986); however, the analysis of these lines is more
complex due to the presence of components from both the F star and the
interstellar medium.

The Mg 4481 line arises from the F-star photosphere and is absent from the
cool eclipsing object spectrum due to the high excitation level of the former
(Ferluga and Hack 1985), so acts as a reference for changes in the F star RV.

2.2. Reduction of spectra

The spectra were initially individually reduced by each observer (dark,
flat, geometric corrections, cosmetics removal, background subtraction, and
binning). Except for Stober, whose spectra were normalised using a fit to the
continuum, the spectra were also corrected for instrument response using a
standard star. No atmospheric extinction correction was applied. Flux is relative
to the continuum. The software used by each observer is listed in Table 1.

The spectra were then further reduced and line parameters measured by RL
using VISUAL sPEC software. The pre-reduced spectra for each line of interest
were first normalized using a fit to the local continuum. To maximize the global
precision of the Na D and K7699 line wavelength calibration, the original
calibrations were checked using telluric lines visible in the spectra and small
offsets applied as required. There are no tellurics in the Mg 4481 line region
so the observers’ original ThAr lamp calibrations were used for this line. The
estimated residual uncertainty in wavelength is 0.02 A. The telluric lines were
then removed, by dividing by hot line-free star spectra taken with the same
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equipment in the case of the K 7699 line spectra or by scaling a standard telluric
line template in the case of the Na D lines. Finally the wavelengths of all spectra
were corrected to the heliocentric velocity reference frame.

3. Analysis

For this paper, eclipse start and end dates of JD 2455070 and 2455800
have been adopted based on V-band photometric data submitted to AAVSO
(Mauclaire et al. 2012). The parameters used for calculating the properties of
the system are listed in Table 2.

3.1. KI 7699A line

Figure 1 shows the evolution of the K 7699 line throughout the eclipse.
Each row represents an interval of 2 days. The dates of the spectroscopic
measurements are marked on the time axis. Intermediate rows between measured
spectra are interpolated. Note that the interstellar component (measured from
pre-eclipse spectra) has been removed so the plot shows just the contribution
from the eclipsing object. Figures 2 and 3 show typical profiles for the K 7699
line with the interstellar component present and removed, respectively.

Figure 4 shows the variation in the strength (equivalent width, EW) of the
K 7699 line including the interstellar component, with measurements from the
previous eclipse (Lambert and Sawyer 1986) superimposed for comparison.
Figure 5 shows the same EWs for the K 7699 line with the interstellar
component removed. The estimated uncertainty in EW is 15mA, based on
repeat measurements and comparison with coincident observations made by
other observers during eclipse ingress (Ketzeback 2009).

The RV trend for the K 7699 line after removal of the interstellar component
is shown in Figure 6. The maximum velocity component in the material in front
of the F star at any given time during ingress (line profile red edge) and egress
(line profile blue edge) is also plotted.

3.2. Na D lines

Figure 7 shows the evolution of the Na D lines throughout the eclipse. Each
row represents an interval of 2 days. To produce a consistent set of spectra,
higher resolution spectra were filtered to give a common resolution of 0.65 A.
The dates of the spectroscopic measurements are marked on the time axis.
Intermediate rows between measured spectra are interpolated. Figure 8 shows
typical Na D2-line profiles throughout the eclipse, while Figure 9 shows a
selection of full NaD-line profiles at a higher resolution of 0.35A obtained
during the second half of the eclipse. The total EW of the NaD line (sum of D1
and D2) as a function of time before and during the eclipse is plotted in Figure 10.

The RVs of the Na D lines (mean of D1 and D2) and of the Mg 4481 line
as a function of time before and during the eclipse are plotted in Figure 11.
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Also shown is a linear fit to the Mg 4481 line data and, for comparison, the
radial component of the orbital velocity of the F star (Stefanik et al. 2010).

4. Discussion

4.1. The extent of the eclipsing object

Interferometric imaging has shown the drop in brightness during eclipse
to be due to an elongated opaque object (a thin rotating disc seen almost edge
on) which covers the southern half of the F star (Kloppenborg et al. 2010). The
changes we see in the spectrum during eclipse arise from absorption within a
gaseous region surrounding this opaque object. Increased absorption was first
detected in the K7699 line 95 days before photometric first contact and was
still detectable at the end of the survey, 215 days after fourth contact. Adopting
a scale of 3.8 AU for the radius of the disc as per the HHS model, we estimate
that this gaseous region extends beyond the outer edges of the opaque region by
1.2 AU on the ingress side and at least 2.6 AU on the egress side.

Outside eclipse the Na D lines, a combination of contributions from the F
star and the interstellar medium, are not fully saturated. During eclipse, however,
the lines saturate and the residual flux in the core of the lines falls close to
zero. This is seen particularly clearly in the higher resolution spectra shown
in Figure 9 taken during the second half of the eclipse, in which the eclipsing
disc component of the line, blue-shifted during this half of the eclipse, shows
a distinctly flattened bottom at just 0.03 of the flux relative to the continuum.
Given that the opaque region eclipses only the southern half of the F star (as
seen in the interferometric images) this suggests that the Na-absorbing region
extends at least the F-star radius (0.6 AU) above the opaque region, completely
covering the F star.

A small peak is visible, ~10 km/s bluewards of the rest wavelength, in the
high resolution NaD absorption lines during the second half of the eclipse
(Figure 9). This was also observed during the previous eclipse (Barsony ef al.
1986). It is likely that this is due to a partial separation of the eclipsing disc/
F-star components (both blue-shifted during this half of the eclipse) and the
interstellar component. The same effect is seen in the K7699 line where the
separation of the two components is clear (Figure 2).

The EW of the Na D lines at the end of the campaign period was still
significantly higher than pre-eclipse values (p << 0.001, mean 2.20 A range
2.18-2.24, 8 values RID 5595456005 as opposed to mean 1.79 A range 1.67—
1.86, 6 values RJD 54455-54779); however, this could be due at least in part to
the relative separation of the components. (Because the line is saturated, the EW
will depend on the overlap between the components which, in turn, depends on
the relative RV). Extended post-eclipse monitoring could help clarify this.

The EW of both the K7699 and Na D lines dropped around mid-eclipse.
In the case of the saturated NaD line this could be caused, for example, by a
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narrowing of the already saturated line profile rather than a net reduction in the
amount of absorbing material. This would not be the case for the unsaturated
K 7699 line, however, and suggests that either there is less absorbing material
in these inner regions of the disc or that the conditions closer to the central star
do not allow the particular transition (due to radiation from the central star, for
example). The interval between the leading and trailing EW maxima for the
K 7699 line is 265 days, which corresponds to a region 2.1 AU in diameter.

There is significant asymmetry in the K 7699 line excess absorption between
the leading and trailing regions of the disc. The trailing maximum is 70% higher
than the leading maximum (780mA as opposed to 460mA, see Figure 5). As
already mentioned, the tail of the absorption extends significantly further on
the egress side. The lateral extent of the main region of absorption, however,
is similar for both halves (200 days from 30% to maximum absorption during
ingress compared with 220 days during egress).

The minimum flux in the K 7699 line profile remained significantly above
zero during the eclipse (the minimum level was 0.18 relative to the continuum)
so, provided that the material producing this line extends above the disc to the
same extent as that for the NaD line, covering the F star completely, we can
conclude that when we look at the K 7699 line we are seeing through the full
thickness of the material and, therefore, the line profile includes contributions
from all depths within the absorbing region in front of the F star at the time.

4.2. Comparison with the previous eclipse

There is good overall agreement between the total K 7699 line EW trend
during this eclipse and measurements made by Lambert and Sawyer on this
line during the previous eclipse, offset by 9,896 days. The largest differences
occur at RJID 55340 and 55615 but Lambert and Sawyer plotted a smooth curve
through their more sparse data and attributed the residual scatter to measurement
error, so it is not clear if these differences are significant.

4.3. Structure within the disc

The trend of excess K 7699 absorption during eclipse (Figure 5) did not
progress smoothly during ingress and egress but proceeded in a series of steps.
The steps during ingress have been interpreted as an indication of structure within
the disc material (Leadbeater and Stencel 2010). There is no obvious symmetry
in these features between ingress and egress, as might be expected for a simple
system of concentric circular rings, though more complex structures such as an
elliptical system or spiral density waves produced by the tidal influence of the
F star, as seen in other circumstellar discs (for example, Muto et al. 2012), are
not ruled out. (Note that features are also seen in the NaD line total EW trend
but these do not correspond with the steps seen in the K 7699 EW and may be
caused by interactions between the various components which make up the line.
These interactions are discussed in section 4.5.)
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4.4. The disc rotation

The trend of the K 7699 line RV after removal of the interstellar component
(Figure 6) is smooth throughout the eclipse with little scatter (except at the
start and end of eclipse when the line is weak) and no obvious short timescale
features. Given the known quasi-periodic variability seen in the RV of the F-
star lines (Stefanik ez al. 2010), this is additional confirmation that the K 7699
line is not significantly contaminated by any contribution from the F star. Since
we are seeing through the full depth of the disc at this wavelength, the RV
values plotted here are a measure of the mean velocity along our line of sight
of all the vectors of the orbiting components of the absorbing material in front
of the F star at a particular phase of the eclipse. While it may prove possible
to model such a parameter given a detailed description of the properties and
distribution of the material surrounding the disc, a perhaps simpler parameter,
the maximum velocity component in the line, has also been plotted in Figure 6.
This is somewhat more difficult to measure as it involves estimating the
wavelength of the edge of the line where it meets the continuum, and this is
reflected in the increased scatter. It has the potential, however, to be used to
calculate an orbital velocity curve for the disc since, for material in Keplerian
orbits, the maximum radial velocity at a given time will be due to the innermost
material in front of the F star at that time viewed tangentially and, hence, gives
a direct measurement of the orbital speed of that material. This has already
been attempted using the data from the first half of the eclipse (Leadbeater and
Stencel 2010) where a figure of 5.3 solar masses was estimated for the disc
component. However, this value is sensitive to the RV adopted for the eclipsing
component as a whole due to its orbital motion, which is not known currently.
We speculate that this orbital motion is, at least in part, responsible for the
asymmetry seen in the RV curve from ingress to egress, (higher values of RV
seen on egress and a declining RV in the later part of the eclipse compared with
the level RV during ingress); however, a full orbital solution for the system will
be needed to clarify this.

4.5. The radial velocity of the Na D and Mg 4481 lines

The Na D lines are a combination of components from the eclipsing disc,
the interstellar medium, and the F star. The interstellar component will be
constant as for the K 7699 line but the F star RV will have an orbital component
and quasi-periodic variations (Stefanik et al. 2010). The net result (Figure 11),
although broadly showing the same swing from red to blue during eclipse, is
quite different in detail from that of the disc component extracted from the
K 7699 line.

Not enough is known currently about the interstellar or F-star components
to allow the net effect of the eclipsing disc to be isolated in the NaD line.
This might be possible in the future using more data obtained outside of
eclipse. (Throughout the orbit, the NaD line F-star component will move
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independently of the interstellar component so it should be possible to isolate
the two components.) The NaD line also becomes saturated during the eclipse
so the line profile is not a simple linear combination of the three components.
Nonetheless, we can make some qualitative observations.

The Mg 4481 line is produced by the F star only (Ferluga and Hack 1985)
so the RV of this line can be used as a reference for the F-star NaD component
RV during eclipse. The Mg 4481 line data clearly show that the quasi-periodic
variations in F star RV seen outside eclipse continued during the eclipse. Note
in Figure 11 that the NaD-line RV follows these variations in the interval RID
55080-55150. The disc component then starts to dominate, rapidly increasing
the RV to approximately +16 km/s before reversing through mid eclipse
to approximately —23 km/s. There is again some correlation between Na D
and Mg 4481 RV in the interval RJD 55570-55700, but the disc absorption
strongly saturates the NaD lines during this period so the sensitivity to the F-
star variations is expected to be low. By about RJD 55800 the RV had returned
close to the F star RV as measured by the Mg 4481 line.

5. Further work

Additional spectra taken outside eclipse are needed to determine the extent
of the absorption due to the eclipsing disc on the egress side and to separate the
interstellar, F-star, and eclipsing disc components in the Na D lines.

The echelle spectra used here to study the NaD and Mg 4481 lines also
cover many other lines known to show changes during eclipse (Ferluga and
Hack 1985). A similar analysis of these lines may reveal more information
about the structure and conditions within the eclipsing disc.
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Table 1. Summary of observations.

Observer Aperture  Spectrograph  Reduction Number of
(mm) Software* Observations
K7699  NaD Mg4481

Buil 280 eShel** 4 — 96 94
Garrel 280 Lhires IIT*** 1,2 4

eShel 4 — 24 24
Gorodenski 405 Lhires III 1,2 26 —
Hansen 280 Lhires III 1,2 — 4 —
Leadbeater ~ 200/280  Lhires III 1,2 259 12 —
Schanne 355 Lhires III 3 16 6 —
Stober 300 custom echelle 3 — 8 —
Thizy 280 eShel 4 — 19 19
TOTAL 275 199 137

*Reduction Software: (1) IRIS (www.astrosurf.com/buil/us/iris/iris.htm); (2) Visual Spec (www.
astrosurf.com/vdesnoux/); (3) ESO-MIDAS (www.eso.org/sci/software/esomidas/); (4) AudeLA-
ReShel (http://www.audela.org).

**eShel (www.shelyak.com/dossierphp?id_dossier=47).
***Lhires III (www.shelyak.com/dossier.php?id_dossier=46).

Table 2. Adopted system parameters.

Parameter Value Reference
disc radius 3.8 AU Hoard et al. 2010
F star radius 135 R, Hoard et al. 2010

mean eclipse duration 710 days Parthasarathy and Frueh 1986
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Figure 4. K7699-line total equivalent width (including the interstellar
component) compared with 1983 eclipse data shifted in time by +9,896 days.
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Figure 6. Radial velocity of the K 7699 line (heliocentric). The red (ingress) and
blue (egress) edge values are the maximum absolute RV in the line profile.
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Figure 10. NaD-line equivalent width (sum of both line components) as a
function of time before and during eclipse.
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Abstract The purpose of this paper is to report spectroscopic results of
€ Aurigae during the 2009-2011 eclipse. Spectra of the sodium D lines and an
absorption line occurring at approximately 5853A were taken from February
13, 2010, to October 10, 2011, with an LHIRES III spectrograph and a 16-inch
Meade telescope at Blue Hills Observatory in Dewey, Arizona. Equivalent width
and radial velocity data support the presence of a void or ring structure within
the eclipsing disk, and they support a central disk clearing around an unseen
primary central object. The results also indicate the disk does not end at fourth
contact but continues for a significant distance. Analysis of radial velocities
demonstrated the profile of the 5853A line has a disk component in addition to
the primary FO star component. A split line at this location was observed. From
the equivalent width profile of the 5853A line the duration of the split line event
was estimated to be 101 days. Other lesser results are presented and discussed.

1. Introduction

€ Aurigae is an eclipsing binary system with a period of 27.1 years and an
eclipse that lasts almost two years. The primary star is an FO star although recent
work indicates it may be a highly evolved object (Leadbeater 2011). The eclipse
is thought to be caused by a disk of dust rotating around an unseen central object
which is in orbit around the primary FO0 star. The last eclipse and campaign was
1982—-1984. For the 2009-2011 eclipse an international campaign was organized
by Dr. Robert E. Stencel and Jeffrey L. Hopkins. There is a major difference
between this campaign and the previous one. A lot of the amateur contribution
to the previous campaign was in the form of electronic photometry. Since then a
range of high performance CCD cameras have become available to the amateur,
as well as relatively inexpensive high resolution spectrographs such as SBIG’s
SGS spectrograph and Shelyak’s LHIRES III and eShel spectrographs. The
author owns an LHIRES III spectrograph with a resolution greater than 18,000.
At the encouragement of Jeff Hopkins, the author worked on the sodium D
absorption lines for this campaign.

This paper consists primarily of observations and analyses with some
discussion and interpretation. Although the sodium D absorption lines from the
disk are confounded with absorption lines from the primary FO star, no attempt
was made to subtract the FO contribution from the spectra. Doing so requires an
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out-of-eclipse estimate of the FO absorption lines. This can be done, but using
it requires one to assume the FO radial velocities and equivalent widths do not
change during the eclipse. The author prefers not to make this assumption and
so an out-of-eclipse component was not subtracted. Because such a subtraction
would have involved a constant component in any event, it is felt one can
still obtain meaningful results and interpretations. In addition to the sodium
D lines, this paper also includes a line located at approximately 5853A. An
evaluation of an out-of-eclipse spectrum taken in July 2008 by Olivier Thizy
has not been successful in identifying this line. One possibility is Barium II.
(The profile is 20080727-031309-epsAur-5x300s_P 1C_FULL.fit and is found
at the € Aur spectral database maintained by Robin Leadbeater at http://www.
threchillsobservatory.co.uk/astro/epsaur campaign/epsaur _campaign_spectra
table.htm.) In lieu of a definite identification, it will be referred to as the 5853A
line in this paper. It exhibits an unexpected line split which will be discussed.

The sodium doublet consists of two lines, D, (A = 5889.95A) and D, (A=
5895.924A). Figure 1 is a typical spectrum, normalized, of the sodium D lines
region, about 175 Angstroms wide, taken on February 26, 2010. Figure 2
contains profile examples to illustrate the evolution of the D lines. It also
illustrates the resolution capabilities of the LHIRES III spectrograph.

The data contained in Tables 1, 2, 3, and 4, are available for download
from the AAVSO ftp site at ftp://ftp.aavso.org/public/datasets/jgoros402a.txt,
jgoros402b.txt, jgoros402c.txt, and jgoros402d.txt.

2. Instrumentation and methods

The work was conducted at the author’s personal observatory, Blue Hills
Observatory (http://users.commspeed.net/stanlep/homepagens.html), located in
Dewey, Arizona. The equipment consisted ofa Meade 16-inch LX200R telescope
(vintage 2006), the LHIRES III spectrograph, an ST8-XME camera for imaging
the spectra, and a Meade DSI I camera for guiding. The spectrograph’s slit
width was set at 22-microns, which enabled the spectrograph to obtain higher
resolution spectra than possible with the wider width, usually around 30 to 35
microns, normally used by owners of the LHIRES. Various guiding software
was tried and tested. The major ones used were Meade’s ENVISAGE and PHD.
ccpsoFT captured the images, 1ris (version 5.57) was used to reduce the spectra,
and vspec and AUDELA were used to calibrate and do additional processing.
Great care was taken to obtain very good calibrations using telluric lines. After
calibration the telluric lines were removed (using vspec) and the spectra were
then heliocentric corrected. After all this processing, the reduced spectra were
analyzed using spss, a statistical software package. The graphs and tables in this
paper were produced with spss.

Table 1 gives the dates the spectra were taken. Because of the short integration
time—only ten minutes—many times more than one spectrum per night were
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obtained. The result was a total of seventy spectra over the time period the
author participated in the campaign. The data points of these additional spectra
per night can be seen in the graphs in this paper.

3. Equivalent width

Equivalent width (EW) was estimated using the method described by
Gorodenski (2011). With this method a continuum is estimated with a least
squares polynomial regression model. The beginning and end points of a line
for the purpose of computing an EW are defined where the line is judged to
come in contact with, or cross through, the estimated continuum. At times
during the evolution of the Na D lines, the midpoint between the D, and D,
lines drops below the estimated continuum. When this happened the crossover
points for estimating the equivalent widths were taken to be midway between
the D lines.

Table 1 has the equivalent widths (in Angstroms) and 95% upper and lower
confidence limits for the Na D lines and the 5853A line. Figures 3 and 4 are
plots of the equivalent widths of the Na D, and Na D, lines, respectively.

The estimated contact dates of the eclipse in B band from Hopkins (2012) are:

Ist Contact August 11, 2009 JD 2455054
2nd Contact December 19, 2009 JD 2455184
Mid-Eclipse August 4, 2010 JD 2455412
3rd Contact March 19, 2011 JD 2455639
4th Contact May 13, 2011 JD 2455694

The applicable dates (the last three) are shown in all the graphs in this paper.

The disk inclination has been reported to be nearly edge on (Hopkins and
Stencel 2008) and at most 90° + 2° (Kloppenborg 2012). As the disk moves
across (eclipses) the star, the amount of disk material contributing to a spectrum
should be at a minimum at mid-eclipse, gradually increase to a maximum
at third contact, and after third contact it should decline. One would expect
equivalent widths to conform to these changing amounts of disk material. The
profile of the equivalent widths in Figures 3 and 4 generally agrees with these
expectations. The equivalent widths are at a low point (although not the lowest
as will be shortly discussed) at mid-eclipse, and they gradually increase after
mid-eclipse until they reach a high point at third contact. After third contact
they exhibit a decline as expected. However, the decline appears to continue
well after fourth contact (150 days beyond fourth contact) when the primary FO
star should be far clear of the disk. The relatively constant slope of the decline
for 150 days after the star reached fourth contact indicates the disk material
does not abruptly end at this point, but gradually disappears.

There are a few irregularities in the graphs that appear to be real, that
is, they are not a sampling error or a problem with the data. One is a dip at
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approximately January 16, 2011. The author interprets this as a variation in the
amount of disk material, meaning the disk material is not distributed uniformly
across the disk and may be patchy or clumpy. This agrees with Leadbeater ef al.
(2011) who interpret structure within the disk as being responsible for the rate
of increase of EW during ingress.

The other anomaly, a major one, is at the beginning of the series. The series
(profile) of equivalent widths start at a significantly lower level than at mid-
eclipse. There is a definite increasing trend that starts from the beginning of
the series and peaks on March 28, 2010. (Based on the author’s experience
with regression analysis, a statistically significant polynomial regression model
would fit this part of the series. It should be obvious to the reader that this trend
is not random error.) This anomaly over the same time period is also seen in
the radial velocity graphs of D, and D, in Figures 6 and 7, respectively, in the
section to follow on radial velocities.

The EW and radial velocity data together are evidence of a ring structure to
the disk (Leadbeater and Stencel 2010; Seebode ef al. 2011), or a large void in
the disk (the author’s hypothesis). If a ring gap or void exists, there would be less
material contributing to a line strength and, hence, the equivalent width would
be smaller in value. As the disk moves from first contact to the point where the
primary FO star just clears the inner boundary of the disk, radial velocities should
increase, not drop, according to Kepler’s Law of Planetary Motion. A large
void or ring gap explains the drop in radial velocities for the following reason.
Because there would be no disk material in this space there would be no disk
material moving in a radial direction away from the observer (the radial velocity
values are positive and so the movement would be away from the observer).
The contribution to the observed radial velocities then can only come from the
parts of the disk on either side of the void. What the observer sees is the radial
component (the other component is the proper motion component) of the disk
as it rotates. This radial component has a smaller velocity value than material
moving directly away from the observer would have at the location of the
hypothesized void or ring gap. As the void or gap moves across the primary FO
star, radial velocities start increasing as dust material moves into the line of sight.

Figure 5 is a graph of the 5853A line equivalent widths. It can be seen that
the EW profile is much more variable. However, a second order polynomial
regression model, shown in the graph, was statistically significant at the 0.001
level, indicating the 5853A line profile generally follows the same trend as the
Na D lines. (A second order polynomial was statistically significant for both D
lines and in the same direction as the 5853A polynomial but is not displayed in
the graphs because of a concern of too much graph clutter.) The large drop that
bottoms out between third and fourth contact can be explained by a split line
which will be discussed later.
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4. Radial velocity and the 5853A split line

An estimate of radial velocity requires an estimate of the center of a
spectral line. Four different kinds of estimates were made with the assistance
of vspec. They fall into two major categories: EW versus Visual. EW means
that the beginning and end points of a line for line center estimation were
the same beginning and end points that were used for estimating the line’s
equivalent width (using the method described in Gorodenski 2011). Because
of the frequent occurrence of a long wing on the blue side of the D, line, it
was felt this method might not give good line center estimates. Therefore, a
separate set of estimates was made based on a visual “guess” of the beginning
and end points of the lines in vspEc. An attempt was made to minimize
inclusion of asymmetric long wings. Although this Visual estimate is difficult
to define, an attempt was made to be as consistent from spectrum to spectrum
as much as possible.

Within each of these two categories, that is, EW and Visual, two kinds of
line estimates were performed in vspEc. One was a barycenter line estimate,
which will be called “Barycenter,” produced by checking a box in vspec called
“Line Center.” The other is a “Gaussian fit” estimate. However, vsPEC uses the
line location of the barycenter of the Gaussian fitted line as the line center,
that is, the line center estimate is not the estimated parameter of the Gaussian
function. However, it will still be called the “Gaussian” estimate.

The line center estimates of each of the sodium D lines consisted of the four
types just described. However, the 5853A line is much weaker than the D lines.
Because of this it was felt getting a “Visual” estimate for the 5853 A line would
have been very difficult, maybe impossible to consistently estimate. As a result,
the beginning and end points for estimating a line were the beginning and end
points that were used to estimate the equivalent widths. Consequently, there
were only two estimates (in contrast to the four for the D lines), the Barycenter
and the Gaussian estimates.

A decision had to be made as to which of the four estimates for sodium and
the two for the 5853A line are the best for computing radial velocities. To do
this a standard deviation was computed for each of the line estimation methods
for each element line. Table 2 contains these standard deviations. For the 5853A
line the Barycenter estimates have a lower standard deviation than the Gaussian
estimates. Hence, the Barycenter estimates were used for computing the 5853A
radial velocities. For both sodium D lines the “Visual” estimates have smaller
standard deviations than the “EW” estimates. Within “Visual,” the Barycenter
estimates have smaller standard deviations. Hence, for the D lines the Visual-
Barycenter estimates were used to compute radial velocities. Table 3 contains
the line center estimates for all three lines. Table 3 also contains a VsPEC
estimate of the line centers of the 5853 A split line, the split line mentioned in
the introduction of this paper.
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Table 4 contains the radial Velocities (km/sec) forNaD,,NaD , 58534, and
the 5853A split line. By convention, a positive value indicates a red Doppler
shift, that is, the object is moving away from the observer. A negative value
means a blue Doppler shift, or an object moving toward the observer.

Figures 6 and 7 are plots of the radial velocities for Na D, and Na D,
respectively, with a statistically significant (0.001) 2nd order polynomial
regression line for each. There are a number of things to notice. First, at mid-
eclipse it is expected that the radial velocity should be equal to zero. The
horizontal solid line is the zero radial velocity line. The estimated points where
the interpolated Na D, and Na D, lines cross the horizontal zero radial velocity
line are August 8, 2010, and August 4, 2010, respectively.

However, these are not mid-eclipse estimates because the € Aur system is
moving toward Earth at about 2.5 km/sec, + 0.9 km/sec. Consequently, what
might be a red shift radial velocity of 2.5 km/sec with &€ Aur as the frame of
reference will appear as a zero km/sec radial velocity from Earth, that is, with
Earth as the frame of reference. Therefore, 2.5 km/sec has to be added to the
radial velocities in this paper to convert to the ¢ Aur frame of reference. When
this is done, the author’s data suggest the mid-eclipse dates for Na D, and Na
D, are August 18, 2010, and August 16, 2010, respectively. Because there is no
quantum explanation that could allow the D line to have different mid-eclipse
dates, these dates can be taken as independent estimates of the actual mid-
eclipse date. Averaging the two gives an estimated mid-eclipse date of August
17,2010.

The increasing radial velocities from the beginning of the series to March
28, 2010, have already been explained as being due to a possible ring gap, or a
possible void in the disk.

The radial velocity curve from about May 6, 2010, to about November 1,
2010, in both Figures 6 and 7 supports the hypothesis that the disk has a central
clear area around an unseen central object. In other words, the disk has an outer
and inner edge, or boundary. Based on this hypothesis, one would expect a
decreasing radial velocity from March 28, 2010 (assuming this part of the curve
is at or near the inner boundary on the ingress side of the disk) to mid-eclipse
and then an increasing one from mid-eclipse to November 1, 2010 (assuming
this part of the curve is at or near the inner boundary on the egress side of
the disk) and this is what is observed. The explanation for this expectation is
the same as the one given to explain the drop in radial velocities in the above
section on equivalent width. Essentially, without central dust, the observer is
seeing the disk on both sides of the void. As a result, what is being observed is
the radial component (the other component being the proper motion component)
to the rotational motion of the disk. As the mid-eclipse is approached this radial
component becomes smaller, eventually going to zero. The reverse occurs on
the other side of mid-eclipse. This explains the shape and direction of the line
between these dates.
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As can be seen in Figures 6 and 7, the radial velocities still have not reached
the zero radial velocity level after 4th contact. The last data point in the graph is
October 10, 2011. This is 150 days past fourth contact. By this time the primary
FO star should be well clear of the disk. Yet, radial velocities on this date are
over 8 km/sec (see Table 4). This is additional evidence in support of the EW
data that the disk continues well beyond fourth contact.

Figure 8 is the radial velocity plot for the 5853A line. It is of interest to
determine whether this line is undergoing the same radial velocity change as
the Na D lines. If it is, then this would be evidence there is a disk component
to the 5853 A absorption line. The second order polynomials in Figures 6 and 7
for the D lines are statistically significant (0.001). Although the 5853A radial
velocities exhibit more variability than those of the Na D lines, a statistically
significant (0.001) second order polynomial model also fits the data and is in
the same direction as the D lines polynomials. This is evidence that there is a
disk component to the 5853A absorption line. However, this is not certain. It
could all still be from the primary FO star.

There is one big difference in the 5853A line profile compared to the D
lines. Starting just after January 27, 2011, the 5853A radial velocities undergo
a large blue shift drop and reach a high of 28.866 km/sec on April 13, 2011
(spectrum number 1 in Table 4). The Na D lines do not exhibit such a drop. The
largest blue shift for the D, and D, lines were 23.842 km/sec and 23.843 km/sec,
respectively, on January 17, 2011 (spectrum number 1 in Table 4).

The large drop in the 5853A radial velocities is caused by the confounding
effect of the 5853 A split line. Figure 9 is a graph of the split line radial velocities
with a superimposed statistically significant (0.001) first order polynomial
regression line. It can be seen the split line radial velocities had already started
dropping on January 17, 2011, and reached a high blue shift of 27.954 km/sec
on April 26, 2011 (spectrum number 1 in Table 4). These dates do not exactly
match those for the 5853A line but are close. There are two reasons for the
inexact match: the split line data is very incomplete, and the line centers could
only be roughly estimated in vspec. Figure 10 shows the evolution of the split
line and illustrates some of the difficulties of getting line center estimates. The
profile on December 25, 2010, was included to demonstrate the latter. This
profile exhibits what might be called a plateau, not a well defined line such as
the one on March 28, 2010.

Such a plateau makes it impossible to estimate a split line center. In addition,
there were undoubtedly 5853A spectra that contained the effects of a split line
on EW and radial velocity, but the effect was too small to be noticeable in a line
profile.

The start and end dates of the split line phenomenon cannot be determined
from the split line data itself, but it appears a reasonable estimate might be
obtained from Figure 5, the graph of the 5853A equivalent widths. A visual
inspection of the graph places the start and end of the split line at January 27,
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2011, and May 8, 2011, respectively, which gives a duration of 101 days. Kim
(2008) reports a 67-day and a 123-day period, although it is not clear what these
periods represent, that is, what they are periods of.

5. Conclusion

This paper has demonstrated the high resolution spectroscopic work that
can be done with the LHIRES III spectrograph. The paper also demonstrated
the following:

1. The profile of the equivalent widths for the Na D lines generally agree
with expectations prior to mid-eclipse, at mid-eclipse, and at third contact.

2. The equivalent width data for the D lines support the hypothesis that
some of the variation in EW are the result of a non-homogeneous disk, that
is, a disk that is patchy or clumpy.

3. The EW data support the hypothesis that the disk does not abruptly end
at fourth contact, but gradually trails off.

4. The estimated mid-eclipse date based on the sodium D lines is August
17, 2010. This estimate does not differ substantially from the projected
mid-eclipse date (made prior to mid-eclipse) of August 4, 2010.

5. TheNaD, and D, radial velocities reached their highest value, a blue
shift, of 23.842 km/sec and 23.843 km/sec, respectively, on January 17,
2011.

6. The EW and radial velocity data support the hypotheses of a ring structure
to the disk as others have proposed. The author proposes as an alternative a
large void within the disk.

7. The 5853A line radial velocity profile supports the hypothesis that the
5853 A absorption line has a disk component.

8. The radial velocity data supports the existence of a central clearing
around the unseen primary object of the disk, that is, the disk has an
inner boundary.

9. The 5853A absorption profile contains a split line. The estimated
duration of the split line event was estimated to be 101 days.
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