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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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Figure 1. The sodium D lines region encompassing the 5853A line. This is a
normalized spectrum taken on February 26, 2010.
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Figure 2. Example spectra to illustrate evolution of the sodium D lines.
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Figure 3. The sodium D, line equivalent widths (in Angstroms) with upper and
lower 95% confidence limits.
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Figure 4. The sodium D, line equivalent widths (in Angstroms) with upper and
lower 95% confidence limits.
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Figure 5. The 5853A line equivalent widths (in Angstroms) with upper and
lower 95% confidence limits, and a superimposed second order polynomial
regression line.
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Figure 6. The sodium D, radial velocities (km/sec) and a superimposed second
order polynomial regression line.
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Figure 7. The sodium D, radial velocities (km/sec) and a superimposed second
order polynomial regression line.
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Figure 8. The 5853A radial velocities (km/sec) and a superimposed second
order polynomial regression line.
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Figure 9. The 5853A line radial velocities (km/sec) and a superimposed first
order polynomial regression line.



766

JN\/-\A\ /‘j i
\) ]

March 28, 2010

February 12, 2011

VAT

|

March 23, 2011

Gorodenski,

JAAVSO Volume 40, 2012

1 i

\
L

September 24, 2010

December 7, 2010

e
| U‘J

W/

January 17, 2011

January 27, 2011

WA

W

,fm
\/

March 5, 2011

March 10, 2011

e P

-

Ve
|/

April 26, 2011

May 8, 2011

oy

W h " /ﬂw

y J

May 31, 2011

September 18, 2011

Figure 10. Evolution profiles of the 5853A split line.



