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Peer review—in which an independent expert critiques a
research report in order to assist the author in achieving the
highest possible quality—is at the core of the scientific process.
Traditionally, the reviewer is anonymous in order to be able to
criticize the work frankly. In recent years, however, there has
arisen the practice of making the author’s identity also unknown
to the reviewer: double blinding or dual anonymization. The
goal is to help reviewers concentrate on the scientific merits of
the article rather than the merits of the authors themselves. It’s
difficult to assess the merits of individuals without bias, whether
conscious or unconscious.

For about five years (Percy 2016), JAAVSO has been
following this practice, asking authors not to include
identifying information in the initially submitted version of
their manuscripts.

Dual-anonymous review has a history going back a decade
or more. As a well-known example in the world of performance
art, musicians auditioning for a position in an orchestra now
often play behind an opaque screen, a change that has received
credit for the recent increase in the number of women who play
in symphony orchestras. In just one example of what can happen
in the absence of dual-anonymous review, Moss-Racusin (2012)
constructed two identical resumes, one bearing a male and one
a female name, and sent one or the other of them to more than
a hundred university faculty members, asking them to rate
the materials as if they were applications for a hypothetical
laboratory manager position. Both male and female professors
rated the male “applicant” significantly more highly and
suggested a significantly higher starting salary for that person.

Among North American astronomy journals, JAAVSO is the
first, to my knowledge, to institute dual-anonymous refereeing
as the default. The American Astronomical Society’s (AAS)
journals (The Astronomical Journal and The Astrophysical
Journal family) have offered it as an option for about the
same length of time, but few authors select it. The explanation
sometimes offered is that, since so few authors request it, referees
suspect a problem when they see it and a stigma is associated
with it—a vicious circle. The recently-launched Planetary
Science Journalis the first of the AAS journals to require authors
to opt out of dual-anonymous refereeing if they don’t want it.

Recently, NASA has instituted mandatory dual-anonymous
refereeing of proposals for observing time on NASA missions,
starting gradually with the Hubble Space Telescope (HST). In
proposal cycle 22 (2011), the name of the principal investigator

MS 113, The University of Toledo, 2801 W. Bancroft Street,

(PI) was removed from the front page of the proposal. Two
years later, the PI’s full name was replaced with initials in
the body of the proposal, and the following year it was made
difficult to determine which of the proposal’s authors was
the PI. Finally, in Cycle 26, all identifying information was
removed from the proposals, and authors were instructed how
to mask their identities in writing their proposals. For each
year, the success rates of men and women PIs were studied
(Johnson and Kirk 2020). In all the years studied except the
last, men had significantly higher success rates than women
(the original cause of the dual-anonymization effort); only in
Cycle 26 (2016), with full anonymization, were the rates equal.
Subsequent years’ results are still under study.

Because of the HST experience, NASA is now moving ahead
with full anonymization in its proposal process for numerous
guest observer missions. This program was summarized
in a town hall at the recent 236th meeting of the American
Astronomical Society (held virtually). NASA representatives
summarized recent results of the HST experiment; for example,
lain Reid (of the Space Telescope Science Institute) mentioned
dramatically improved success rates for first-time PIs. Daniel
Evans (of NASA Headquarters) emphasized that the biases
being addressed are not just those of gender and race but also
career stage, institutional prestige, and others. Since scientific
talent is found in all sorts of people and in a wide range of
settings, removing personal variables from consideration is
bound to improve the scientific enterprise as a whole.

The stakes are higher in proposals for observing time than
in journal articles, because successful proposals receive funding
to support the research and carry higher weight in assessment of
scientists’ careers. But it is just as important for journal authors
to enable referees to be unbiased. According to the HST results
on success rates, only full anonymization is effective in reducing
bias. Therefore, it is important for our journal to ensure the
robustness of its processes.

JAAVSO’s authors vary in their efforts to hide their identities
and in their success. Some potentially identifying details have to
be retained because they are important for evaluating the paper,
such as the setting of the observatory: mountaintop, suburban, or
light-polluted urban? Northern or southern, desert or forested?
Who took the data? The equipment that was used need to be
described. Finally, the referee needs a complete citation list,
which may need to include the authors’ previous work, in order
to evaluate the scientific content.



Still, some steps can be taken to obscure the authors’
identities without harming, and maybe even improving, the
readability of the paper. Advice from NASA includes:

* When citing your previous work, don’t claim ownership.
Rather than, “in our previous work, we found...,” just say,
for example: “previous studies (citation) demonstrated....”

* Citing your own unpublished work is not encouraged. If
you must do so, say that the information was received by
personal communication.

And in the JAAVSO context:

* Don’t name your observatory, but give the relevant scientific
details and fully describe the equipment used to make the
observations.

« [t suffices to say that the observations were made by one or
more of the authors.

After the paper is accepted, you will be asked to de-anonymize
the article and fill in all the needed details. These are just
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examples; the JAAVSO editorial office plans to issue more
detailed guidelines soon.

Despite all efforts, it is sometimes impossible to hide
the authors’ identities. Indeed, if you choose to keep your
identifying information in your submitted manuscript, I’ll still
send it out for review. But the more the reviewer’s attention can
be deflected away from the authors personally and toward the
scientific content, the more the quality and objectivity of the
review will benefit.

We thank our reviewers once again for their contributions!
In virtually all cases, they do an excellent job and are fair to the
authors, whether or not they know the authors’ identities. Still,
I am convinced that dual anonymization is helpful to them in
fulfilling this role and helpful to authors in ensuring unbiased
consideration of their articles.
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Abstract We present an updated O—C diagram of the light-time variations of the eclipsing binary (component B) in the system
QZ Carinae as it moves in the long-period orbit around the non-eclipsing pair (component A). This includes new Variable Stars
South members’ measures from 2017 to 2019, BRITE satellite observations in 2017 and 2018, and 100 previously unpublished
measures made at Auckland Observatory from 1974 to 1978. We conclude that QZ Carinae has not yet completed one orbit of the
two pairs since discovery in 1971. The duration of totality of primary eclipses was measured to be 0.295 + 0.02 day (7.08 + 0.48
hours), rather longer than earlier values from light curve models. Other observational findings include the shape of primary and
secondary eclipses and small-scale short-term brightness changes.

1. Introduction of the open cluster Collinder 228 within the Great Carina Nebula
region. Variability was first discovered by Brian Marino and
QZ Carinae (= HD 93206, HIP 52526; V = 6.24, U-B = Stan Walker at the Auckland Observatory in 1971 (Walker and

—0.84, B-V =0.13; Wenger et al. 2000) is the brightest member ~ Marino 1972).



Spectroscopy by Morrison and Conti (1979) revealed the
system to comprise at least two pairs of very massive stars.
The primary pair, non-eclipsing, has an orbital period of
~20.73 days. The less luminous eclipsing pair has a period of
5.99857 days. Leung et al. (1979) provided further details of
these four stars, giving a total mass of 93 + 12.6 solar masses.
They also derived a mutual orbital period of several decades
for the two pairs orbiting around each other.

The model arising from these early investigations is essentially
similar to that of present-day understanding. According to
Parkin et al. (2011) the brightest component of the combined
spectrum is the 09.7 I type supergiant in “Component A.” The
secondary in Component A has not been directly observed but it
is thought to be an early B-type dwarf (B2 V). “Component B” is
the eclipsing binary whose brighter member is the less massive
O8 III type star. Its eclipsing companion is presumed to be a
more massive late O-type dwarf (O9 V). Spectral signs of this
star have been mentioned in the literature, but clear evidence
has been difficult to demonstrate and indications of additional
variability in the system complicate the picture.

The “eclipse method” is well established as a source of
empirical knowledge of stellar properties (cf. e.g. Eker et al.
2018). As one of the most massive close systems known,
QZ Car has a special role in informing about these properties
at the high end of the stellar mass range. Such young hot stars
are associated with strong radiation fields and stellar winds that
interact with powerful shock fronts giving rise to significant
X-ray emission (Parkin et al. 2011). Given this context, it could
be reasonably proposed that QZ Car should be an ancestor
of a future gravitational wave source. This observationally
challenging system may be the best test-case for checking the
Roche-lobe radiative-distortion effects predicted by Drechsel
et al. (1995).

At face value, Component B’s arrangement is strongly
suggestive of Case A (hydrogen core burning mass donor)
type interactive binary evolution. Morrison and Conti
(1980) mentioned that speckle interferometry could separate
components A and B and help clarify their physical parameters.
The O—C diagram from eclipse timings should also bear on this.
If the full facts on a multiple stellar system such as QZ Car
were available, it would offer critical tests of stellar evolution
modelling, including the relationship of stars to their Galactic
environment (Andersen et al. 1993).

In a more recent review of the system, Walker et al. (2017)
suggested higher masses than Leung et al. (1979), as shown
in their Tables 9 and 10 based on a value of 49.5 years for the
long-period orbit. The exact period would constrain the total
masses of the individual binaries and thence establish more
precise parameters of the system components.

The present paper concentrates on our knowledge of the
long-period orbit.

2. Ground-based observations

Ground-based measures were compiled from a variety
of sources, some not previously published. Until about 1995
measures were single-channel differential photoelectric
photometry, usually in UBV. Since then they were almost
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entirely CCD in B and V, except for some with DSLR cameras.
Only the V magnitudes have been used in this study.

Due to the lack of uniformity of comparison stars in the
photoelectric era no attempt has been made to correct published
magnitudes. Since 1995 most measures have been linked to E
Region standards although a few used the AAVSO’s APASS
system which has some slight divergence.

A variety of comparison stars and telescopes have been
used leading to zero point offsets between the different
sets of observations. This does not affect our conclusions.
The unpublished measures were made in UBV at Auckland
Observatory as part of a project monitoring eta Carinae. Exactly
100 in number, they extend from 1974 to 1978 and allow the
determination of six new epochs which fill in the lower part of
the O—C diagram very well.

Between 2017 and 2019 time series observations were
collected from two sites to better define the duration of totality
of primary eclipses. GB observed from the west coast of
Australia (115.75833°E, 31.78917°S) through a V filter and
25-cm telescope stopped down to 8 cm. MB observed from
the east coast of Australia (152.86040°E, 30.73452° S) through
a V filter and 8-cm refractor stopped down to 5 cm. For both
setups exposure times were limited to 10 seconds or less to
avoid saturation. To reduce the effect of scintillation 5 to 7
observations were averaged to obtain the final magnitudes.

3. BRITE satellite observations

The BRIght Target Explorer (BRITE) nano-satellites (Weiss
etal. 2014; Pablo et al. 2016) provide high precision photometry
of bright stars (typically V<5 mag) for continuous periods of
up to 180 days. The un-cooled CCD cameras have an effective
field of view of 24 x 20 degrees, however only a limited number
of small sub-rasters, centered on pre-selected stars of interest,
are downloaded for each pointing of a satellite.

BRITE images are deliberately defocussed to avoid
undersampling due to the 27-arcsec/pixel resolution. In crowded
regions, such as the QZ Car field, blending of multiple star
images is unavoidable. Furthermore, radiation-induced defects
in the sensors and other instrumental issues complicate image
acquisition and analysis processes (Popowicz et al. 2017,
Pigulski et al. 2018).

Although not originally selected as a target, QZ Car was
included in the raster of the Wolf-Rayet star WR24 (HD 93131)
which was observed between 2017 Jan 29 and Jul 1 by the red-
filter BRITE-Heweliusz (BHr) satellite. Data for WR24 and
QZ Car were successfully extracted and de-trended separately.

A total of 77,7783 observations were taken in chopping
mode (Pablo et al. 2016) with exposure times of 5 seconds.
Typically about 50 images were recorded over approximately 30
minutes during each 97.0972-minute orbit of the BHr satellite.
QZ Car does not vary significantly on such short time scales so
to improve the signal-to-noise ratio we used the orbit-averaged
magnitudes (see Figure 1). The light curve phased on a period
0f 5.99857d is shown in Figure 2.

QZ Car was observed again by BRITE-Heweliusz between
2018 May 16 and Jul 1, and by the red-filter BRITE-Toronto
(BTr) satellite between 2018 Feb 16 and May 19.
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Figure 1. BRITE-Heweliusz 2017 QZ Car light curve, observations detrended
and averaged per spacecraft orbit.
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Figure 2. BRITE-Heweliusz 2017 phased light curve based on a period of
5.99857d.
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Figure 3. Ground-based light curves of QZ Car (red) and the check star
HD 93191 (blue) with their error bars (black). The check star was shifted by 2
magnitudes for display purposes. Predicted start of totality based on the Leung
et al. 1979 model is indicated by the vertical black line.

4. Determination of epochs of eclipse minima

The long-term near-continuous BRITE satellite observations
allowed precise epochs of eclipse minimum to be easily
measured. Determining epochs of eclipse minimum is also
straightforward from ground-based observations when both
ingress and egress are recorded in a single observing session.
However, the long duration of totality (~5.76 hours as modelled
by Leung ef al. 1979) and small amplitude (~0.24 in V due to
the more luminous non-eclipsing pair) make this difficult to
apply to ground-based observations of QZ Car.

At 60°S declination QZ Car is accessible only from the
southern hemisphere where experienced observers in suitable
locations are relatively few. The magnitude of the star is too
bright for most CCD observers. All recent CCD and DSLR
measures have been made with stopped down telescopes and/
or short exposures.

From latitude 30°S the system is at opposition in early
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Figure 4. BRITE mean light curve (black dotted line) with 101 individual ASAS
measures (open blue diamonds) between 2005 Oct and 2006 Jun. Filled red
circles are average values within each group of observations.
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Figure 5. Similar to Figure 4 but with only 23 measures which, when averaged,
fit the mean light curve well enough to determine a reliable epoch.

March when astronomical darkness is ~10 hours, leaving only
2 hours before and after totality to measure parts of ingress
and egress. The magnitude change over that time frame is
very small, of the order of a few hundredths of a magnitude.
Thus, second and third contact points defining the duration of
totality are hard to determine accurately. An example is shown
in Figure 3. Measured times of the second contact point, when
ingress changes to totality, have abnormally large measurement
error due to the light curve slope during totality. It was not
possible to observe the end of totality in this case.

The period of 5.99857 days is also inconvenient. Only
a narrow longitude range is suitable for observing the entire
period of totality at opposition. From a given observing location
eclipses occur 0.00143 d earlier each cycle, or 0.0817 d per year.
So the ideal longitude moves east by 31.3° per year, taking 11.5
years to complete the cycle, although due to the light curve
shape this time can be halved.

We adopted the method of fitting a mean light curve to
random measures of QZ Car during annual seasons. This
produces good annual epochs and is often used with longer
period Cepheids. Initially we employed the symmetrical mean
light curve determined by Leung ef al. (1979) from the original
observations of Walker and Marino (1972). However, Hipparcos
(Perryman et al. 1997) and later ground-based observations
indicated that the light curve is asymmetric. In particular,
maxima following primary eclipses are significantly brighter
than maxima following secondary eclipses. Unfortunately, a
reliable mean light curve could not be constructed from the
rather noisy and incomplete Hipparcos and ground-based
measures.

We resolved this by constructing a mean light curve of 2017
BRITE measures. The 0.203-magnitude range of this mean light
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curve is smaller than the 0.230-magnitude range measured in
the V band. This results from blending with nearby stars and
the non-standard red filter employed in BRITE-Heweliusz. The
mean light curve was therefore scaled to match the V magnitude
range and a zero point correction applied to account for different
comparison stars used by each observer. Epochs derived are not
affected by the zero point corrections.

The BRITE mean light curve is shown in Figure 4 along
with 101 measures from one season of the All Sky Automated
Survey (Pojmanski 1997). It can also be used with fewer
random measures as shown in Figure 5. This method provides
a visual picture of the accuracy which is very useful. Much of
the scatter in individual observations can be attributed to small-
scale brightness variations discussed in section 7. The effect of
these variations can be minimized by averaging values within
each group of observations.

5. Observed-Minus-Calculated diagram of epochs of
primary minimum

Mayer et al. (2001) presented an O—C diagram of six
published times of minimum for QZ Car from discovery in 1971
to 1994. The light-time effect (LTE) due to the mutual orbit of
the two pairs around each other was evident. Despite only a
fraction of the orbit being covered they were able to conclude
that the period is several decades.

We compiled a comprehensive set of published, historic
(but previously unpublished) and new observations of QZ Car.
Epochs of primary eclipses were derived from seasonal
measurements (Table 1) and a more complete O—C diagram
constructed in an attempt to better determine the period of the
mutual orbit of the two pairs. In Figure 6 we show the O-C
diagram covering 48 years since 1971 using the light elements
JD 2441033.033+5.99857 x E, where E is the number of epochs
since the initial epoch.

There are two related uncertainties in this area. Until the
value of the long period orbit is determined the period derived
for the eclipsing pair by Mayer et al. (1998) is uncertain at
the fifth decimal level. This does not affect seasonal epochs.
The period of the eclipsing pair will be known when one long-
period orbit is completed—but the long period (and hence the
correction to the eclipse period) cannot be determined until the
O-C curve begins to duplicate itself.

The completion of one cycle of the long-period orbit will
be seen when the O—C curve begins to run parallel to the early
cycles. The period will be uncertain until the rate of approach
begins to slow and the O—C curve becomes flatter.

The slope of the O—C diagram was 5.99818 days/cycle
between cycles 0 and 185 and 5.99833 days/cycle between
cycles 2676 and 2933. Both are shorter than the adopted period
of 5.99857 days as the eclipsing system was approaching us
in both cases. The period between cycles 185 and 433 had
lengthened to 5.998454 days, clearly showing the curvature of
the long orbit as it nears the closest point to the observer.

It is likely that the current observed trend will continue
for several more years before following the curve shown
from cycle 700 onward where it begins a change to the longer
receding period.
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6. Determining the duration of totality

6.1. Primary eclipses

For the 2019 season we organized a wider spread in longitude
in an attempt to observe the two points defining the beginning
and end of totality. These were made using aperture masks and
V filters by GB at Craigie Observatory (115.75833°E) and MB
at Congarinni Observatory (152.86040° E). Unfortunately, they
were not able to observe on the same nights. Together with
measures by MB in 2017 and 2018 we determined 8 ingress
points and 4 egress points.

Figure 7 is a composite graph of primary eclipse totality.
Measures from MB (cycle 2789) during ingress and up to
mid-totality are combined with those of GB (cycle 2925)
during totality and egress. GB’s measures were corrected for
the change in LTE between the two cycles. From these we
determined duration of totality to be 0.295 + 0.02 day. Totality
is not flat, which complicates the determination of second and
third contact times, although end of totality was generally
clearer. This illustrates why early measures from single sites
were ineffective.

Figure 8 shows the O—C values of our measured seasonal
epochs and primary eclipse second and third contact points
defining the start and end of totality. The scatter in the beginning
and ending points illustrates the difficulty in determining exact
times due to the low amplitude of eclipses.

Measures during the past three years indicate that totality
lasts 7.08 & 0.48 hours, rather longer than the 5.76 hours of the
original Leung et al. (1979) model but a better fit to the wider
eclipses of Walker et al. (2017).

6.2. Secondary eclipses

The most complete measures available of a secondary
eclipse from one site are those of Grant Christie from Auckland
Observatory in 1994 (Mayer et al. 1998) but these do not cover
totality in full (Figure 9). Also shown is a composite light curve
from ingress measures by MB in 2018 and egress measures by
GB in 2019.

The considerable curvature is due to this eclipse being an
annular transit by the smaller star. We were unable to identify
second and third contact points of these annular transits from
such light curves.

BRITE satellite data were unsuitable for determining start
and end of totality. Imaging was restricted to about 30 minutes
within each satellite orbit and individual measures had relatively
large uncertainties. Orbit-averaged magnitudes, while more
precise, had relatively poor time resolution.

7. Other brightness variations

Larger-than-normal scatter in seasonal light curves (cf.
Figure 4) indicates variation over and above that due to the
eclipsing pair. Hipparcos measures also showed considerable
scatter (Figure 1 of Walker et al. 2017). The masses and spectral
types of the four stars making up the system, in particular the O9
type supergiant, are such that slight variations in brightness are not
unexpected. Some supergiants show relatively strong variability
from surface bright spots (cf. Ramiaramanantsoa et al. 2018).
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Table 1. Derived seasonal epochs of central primary eclipse. Values in column 2 calculated using zero epoch 41033.033 and period 5.99857 days. All measures
used in this paper may be accessed at: ftp://ftp.aavso.org/public/datasets/200112_QZ Car Observations.xIsx

Cycle Calculate Derived LTE error Number of Source

(HJD—-2400000) (HJD-2400000) () (d) Observations (Observer)
0 41033.033 41033.033 0.000 0.015 41 Auckland Photoelectric Observers’ Group
21 41159.003 41159.002 -0.001 0.015 41 Auckland Photoelectric Observers’ Group
46 41308.967 41308.953 -0.014 0.019 17 Auckland Photoelectric Observers’ Group
133 41830.843 41830.793 —-0.050 0.045 12 Auckland Photoelectric Observers’ Group
185 42142.768 42142.699 -0.069 0.018 53 Auckland Photoelectric Observers’ Group
264 42616.655 42616.586 -0.070 0.034 12 Auckland Photoelectric Observers’ Group
309 42886.591 42886.512 -0.079 0.015 14 Auckland Photoelectric Observers’ Group
368 43240.507 43240.418 -0.089 0.022 5 Auckland Photoelectric Observers’ Group
432 43624.415 43624.320 —0.095 0.022 15 Auckland Photoelectric Observers’ Group
555 44362.239 44362.239 0.000 0.033 13 Auckland Photoelectric Observers’ Group
615 44722.154 44722.037 -0.116 0.025 23 Auckland Photoelectric Observers’ Group
672 45064.072 45063.962 -0.110 0.028 8 Auckland Photoelectric Observers’ Group
759 45585.948 45585.828 -0.120 0.028 8 Auckland Photoelectric Observers’ Group
1161 47997.373 47997.324 —0.049 0.025 38 Hipparcos
1201 48237.316 48237.274 —0.042 0.016 19 Hipparcos
1243 48489.256 48489.202 —0.054 0.032 46 Hipparcos
1278 48699.205 48699.147 —0.059 0.020 150 Pavel Mayer (La Silla Observatory)
1299 48825.175 48825.126 —0.049 0.018 24 Hipparcos
1331 49017.130 49017.091 —-0.039 0.056 54 Pavel Mayer (La Silla Observatory)
1350 49131.103 49131.083 -0.020 0.019 9 Auckland Photoelectric Observers’ Group
1398 49419.034 49419.022 -0.012 0.018 57 Pavel Mayer (Christie)
1398 49419.034 49419.034 0.000 0.038 20 Auckland Photoelectric Observers’ Group
1948 52718.247 52718.517 0.270 0.040 21 All Sky Automated Survey
2006 53066.164 53066.444 0.280 0.010 56 All Sky Automated Survey
2015 53120.152 53120.442 0.290 0.031 43 Pavel Mayer (SAAO)
2074 53474.067 53474.368 0.301 0.013 77 All Sky Automated Survey
2129 53803.989 53804.305 0.316 0.008 101 All Sky Automated Survey
2196 54205.893 54206.190 0.297 0.019 90 All Sky Automated Survey
2253 54547.811 54548.133 0.322 0.014 108 All Sky Automated Survey
2309 54883.731 54884.071 0.340 0.017 72 All Sky Automated Survey
2324 54973.710 54974.040 0.330 0.040 26 Variable Stars South (Bohlsen)
2376 55285.635 55285.935 0.300 0.031 45 Variable Stars South (Bohlsen)
2562 56401.369 56401.639 0.270 0.018 36 Variable Stars South (Bohlsen)
2675 57079.208 57079.483 0.275 0.023 47 AAVSO (BSM South)
2676 57085.206 57085.476 0.270 0.018 122 Variable Stars South (Blackford)
2683 57127.196 57127.476 0.280 0.020 38 AAVSO (BSM Berry)
2735 57439.122 57439.372 0.250 0.021 69 Variable Stars South (Blackford)
2796 57805.035 57805.263 0.228 0.006 1681 BRITE
2799 57823.030 57823.280 0.250 0.013 121 Variable Stars South (Bolt)
2800 57829.029 57829.279 0.250 0.022 96 Variable Stars South (Blane)
2809 57883.016 57883.266 0.250 0.015 124 Variable Stars South (Blane)
2861 58194.942 58195.172 0.230 0.014 124 Variable Stars South (Blackford)
2863 58206.939 58207.169 0.230 0.008 100 Variable Stars South (Blackford)
2859 58182.945 58183.167 0.222 0.007 1197 BRITE
2922 58560.855 58561.055 0.200 0.023 53 Variable Stars South (Blane)
2926 58584.849 58585.049 0.200 0.016 150 Variable Stars South (Blackford)
2928 58596.846 58597.066 0.220 0.012 35 Variable Stars South (Blane)
2933 58626.839 58627.059 0.220 0.010 33 Variable Stars South (Blane)

QZ Car was intensely monitored over two successive cycles
from La Silla Observatory in 1992 (Mayer 2001). The light
curve (Figure 10) shows a puzzling feature in the later cycle
which was not obvious in the preceding cycle. Similar, though
less dramatic, short-term fluctuations have been recorded by
other observers.

More recently the BRITE light curves from 2017 and 2018
showed long term oscillations of minimum and maximum
magnitudes of the order of several percent (cf. Figure 1) and the
depth of primary eclipses also varied significantly from cycle
to cycle (Figure 11).

We initially thought some of the small variations may have
been associated with aspect variations in the orbit of the 20.73-

day pair. BRITE data were searched for such a signature. There
were indications of this but at such a low level that it was not
considered significant and not a source of the observed variations.

The source of these variations is unclear but may be related
to wind-wind interactions, accretion disc/hot spots due to mass
transfer in the eclipsing pair, and/or intrinsic variability of the
bright supergiant member of the system.

8. Conclusions
Previously published and new observations combined with

unpublished measures during the interval 1974 to 1978 have
allowed a much more complete O—C diagram of the light-time
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Figure 6. O—C diagram showing light-time effects due to the long-period orbit
of the two pairs about each other.
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Figure 7. LTE and zero point corrected light curve of primary eclipse composed
from ingress measures in 2017 and egress measures in 2019. These cover
a period of ~0.57 days or 13.7 hours. The gap on egress was caused by a
permanent observing obstruction which could not be removed.
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Figure 8: O—C diagram of measured seasonal epochs (red circles) from 2015
through 2019. Also plotted are O—C values determined for the start (blue
squares) and end (blue triangles) of totality for primary eclipses. Dashed blue
lines indicate totality lasting 0.295 day.
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Figure 9. LTE and zero point corrected composite secondary eclipse light curve
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squares). Christie’s measures are plotted as empty green squares.
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Figure 10. Two consecutive eclipse cycles measured at La Silla Observatory
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model near the maximum following secondary eclipse.
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Figure 11. Three sets of primary eclipse ingress measures by MB and three
of egress by GB showing significant cycle to cycle brightness variations. The
downward slope during totality was consistently observed apart from cycle
2923 which showed an upward slope.

effects. The six additional early epochs define the LTE curve
during most of the period when the eclipsing secondary pair
was at its closest to us. This pair is presently approaching again
but as yet there is no indication that this approach is slowing
to parallel the earlier part of the O—C curve. We conclude that
the two pairs of stars in the system have not yet completed one
orbit since discovery in 1971.

BRITE satellite measures defined the true shape of the light
curve which models must be able to emulate. Combined with
our measures of primary and secondary eclipse shapes, we were
able to produce a mean light curve to which random measures in
each season could be fitted to produce reliable seasonal epochs.

Primary eclipse totality was found to last 7.08 + 0.48 hours,
which helps to explain why attempts to determine epochs from
measures at this phase have been largely unsuccessful. The
various figures above illustrate other aspects of the problems
quite well.

QZ Car in the open cluster Collinder 228 is one of the
brightest objects near the eta Carinae region and its radiation
is responsible for stimulating the emission in much of the
nebulosity in the southern part of that region. The system's mass
and complexity are still not fully understood and continued
study is extremely important.

With this in mind ingress in the 2020 season will best be
studied from South America and egress from Eastern Australia.
We should see the completion of one long period orbit within
the next few years. Until then these epochs may help other
researchers.
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Abstract ASAS-SN data and the AAVSO time-series analysis package vsTar have been used to determine the pulsation periods
of a sample of 23 bimodal pulsating red giants. The results have been combined with results from the literature to determine period
ratios and pulsation modes, and how these vary systematically with the observed pulsation period(s). The results are consistent
with previous results, and with theoretical predictions: most longer-period bimodal stars pulsate in the fundamental mode (period
P0) and the first overtone mode (period P1), with P1/P0 decreasing slightly with increasing PO; most shorter-period bimodal stars
pulsate in the first-overtone mode and the second-overtone mode (period P2), with P2/P1 decreasing slightly with increasing P1.
Stars with period 100 to 200 days show a mixture of the two behaviors.

1. Introduction

Red giants are unstable to radial pulsation. Some red
giants pulsate in two modes, usually the fundamental and first
overtone mode in longer-period stars. Such bimodal pulsating
red giants (PRGs) are useful in that they yield two observed
periods which can be compared with theoretical predictions to
provide information about the physical parameters of the star.
Conventionally, Pb/Pa is plotted against log Pa in a so-called
Petersen diagram (Petersen and Jorgensen 1972), where Pa and
Pb are the longer and shorter periods, respectively.

Previous studies of individual bimodal PRGs (as opposed
to surveys) have analyzed mostly stars with periods of 100 days
or more (Mattei et al. 1997; Kiss et al.1999; Percy and Huang
2015; Fuentes-Morales and Vogt 2014). For these stars, P1/
PO is approximately 0.5. In this case, the first overtone period
can be confused with the first harmonic period (P0)/2 which
occurs if the light curve is not sinusoidal (Percy and Huang
2015). Theoretical models (Xiong and Deng 2007) suggest
that, for shorter-period PRGs, P1/P0 increases to about 0.65
with decreasing period, and then decreases for the shortest-
period stars. Short-period PRGs, studied with photoelectric
photometry, have period ratios closer to 0.7 (Percy et al. 2008,
Table 1).

The discontinuity between longer-period (greater than
100 days) PRGs with P1/P0O ~ 0.5, and shorter-period PRGs
with P1/P0 ~ 0.7 might indicate that, for the shorter-period
stars, the modes are not PO and P1, but are P1 and P2. This
would be consistent with recent models (Xiong et al.2018)
which investigate the non-adiabatic oscillations and stability
of PRGs in the presence of turbulent convection. They find
that, for low-luminosity stars, lower-order modes are stable,
while intermediate and high-order modes are unstable. As the
luminosity increases, lower-order modes become unstable, and
intermediate and high-order modes become stable.

In addition to the “classical” studies of indivual stars,
described above, there is a large literature on Magellanic Cloud
PRGs using data from the OGLE and MACHO surveys. These
studies of multi-periodicy in PRGs have tended to interpret
their results in terms of sequences in the period-luminosity
diagram (e.g. Kiss et al. 1999; Wood 2000; Fuentes-Morales

and Vogt 2014). Different sequences presumably correspond
to stars pulsating in different modes. The horizontal spacings
between the sequences are then related to period ratios. This
is an extremely powerful way of visualizing the behavior of a
large sample of stars.

Here, we express our results for individual stars, directly
as period ratios which can be compared with theoretical values
(Xiong and Deng 2007). We present period ratios Pb/Pa for a
selection of PRGs with periods from 10 to 200 days, either
from new analyses or from the literature. These would span the
discontinuity, if indeed it was present, and choose between the
two possible explanations for it. The results are then compared
with theoretical predictions from Xiong and Deng (2007) and
Xiong et al.(2018).

2. Data and analysis

Data were taken from the All-Sky Automated Survey for
Supernovae (ASAS-SN: Jayasinghe et al. 2018, 2019) and
analyzed using the AAVSO vsTAr time-series package (Benn
2013). Stars were selected to have an ASAS-SN classification
of SR, periods between 10 and 200 days, and a sufficient
amplitude. The light curves were first inspected for signs of
bimodality; most stars were either monoperiodic or unduly
scattered.

One drawback of the ASAS-SN data is that they extend
for only about 2000 days—much less than e.g. the visual data
of the American Association of Variable Star Observers. This
limits the accuracy of any periods which are determined from
the data.

Percy and Fenaux (2019) have discussed some of the problems
with the automatic ASAS-SN analyses and classifications of
PRGs. By carrying out the analyses manually, rather than
automatically as the ASAS-SN team did, we can deal more
effectively with the challenges which are presented by these
complex stars.

A sample of stars with the properties described at the
beginning of this section was analyzed using vsTarR. Some of
the stars had many peaks of comparable height in the Fourier
spectrum, and could not be interpreted. Those in Table 1 showed
two clear peaks which appeared to be pulsation modes.
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Those results were augmented with results for bimodal
PRGs in the literature: a few shorter-period stars from Mattei
et al. (1997) and Kiss et al. (1999), non-carbon stars from
Percy and Huang (2015), and short-period PRGs observed
by the AAVSO Photoelectric Photometry Program and by an
Automated Photometric Telescope (Percy et al. 2008). For the
purpose of plotting a Petersen diagram, the ratio of the periods
and the logarithm of the longer period was calculated, and listed
in Table 1. The Petersen diagram is shown in Figure 1.

3. Results

Table 1 lists the results of our time-series analysis of ASAS-
SN bimodal PRGs. The columns give: the ASAS-SN name
(minus ASAS-SN-V J), the longer period Pa in days and its
amplitude Aa, the shorter period Pb in days and its amplitude
Ab, the ratio Pb/Pa, and log Pa. Figure 1 shows a graph of Pb/Pa
versus log Pa, including stars in Table 1, and from the sources
mentioned in section 2.

Table 1. Pulsation properties of bimodal PRG stars from ASAS-SN V
photometry.

Star Name—ASASSN-VJ  Pa Aa Pb Ab
(d)  (mag) (d)  (mag)

Pb/Pa log Pa

191142.71+474526.6 10447 031 67.69 0.15 0.648 2.02
220237.54+631351.9 100.84 0.18 52.78 0.19 0.523  2.00
080848.62-613410.2  26.70  0.07 1995 0.04 0.747 143
002626.14+501637.2 142.73  0.12 87.00 0.12 0.610 2.15
112717.23+533103.7 166.92 0.20 9834 024 0.590 2.22
201740.06+703651.6 ' 173.26  0.11 104.58 0.11  0.600 2.24
071224.39-705134.9  106.42 0.19 6041 0.14 0.568 2.03
204430.16-714817.1 9197 0.07 61.08 0.13 0.664 1.96
111558.88-720026.6 96.61 0.10 64.67 0.12 0.669 1.99
190457.78-723524.6 83.97 0.08 5523 0.07 0.658 1.92
105411.56-765436.6  119.49  0.18 74.77 0.18 0.628 2.08
035911.54+720905.5 4449 0.06 31.23 0.08 0.700 1.65
003011.09+734535.8  64.03 0.16 4533 0.09 0.708 1.87
074108.86-213820.1 16.49  0.06 9.61 0.07 0580 1.22
175048.61-305655.3 14.58 0.11 815 0.11 0559 1.16
165737.81-375858.2 18.27  0.12 9.19 0.05 0503 1.26
155730.72-752331.0 ~ 65.05 0.08 44.15 0.05 0.679 1.81
122643.81-870158.5 106.32 0.11 67.79 0.11  0.638 2.03
085542.14-830046.9 76.78 0.12 5283 0.12 0.688 1.88
225936.37-774536.8 72.76  0.07 4923 0.07 0.677 1.86
035911.54+720905.5 4449 0.06 31.23 0.08 0.702 1.65
190836.86-180124.5 3404 003 17.07 0.09 0500 1.53
180025.09-533405.9 19.15  0.05 26.76 0.05 0.715 143

1 12 14 16 18 2 2.2 2.4 2.6 28 3

0.8 0.8
0.75 ° 0.75
[ ] [ ]
0.7 LI X 0.7
0.65 ® T 00", 0.65
o 06 ° ® S 0.6
2 055 L %% qe N 0.55
® os ° > : L o® 05
0.45 0.45
L ]
0.4 0.4
0.35 0.35
0.3 r T T T T T T T T 0.3
1 12 14 16 18 2 22 24 26 28 3
log Pa (days)

Figure 1. For bimodal PRGs: the ratio Pb/Pa of the shorter period Pb in days
to the longer period Pa in days, as a function of log Pa.
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4. Discussion

For stars with log Pa > 2.3, Pb/Pa is approximately 0.5, but
decreases slightly from 0.52 to 0.50 or less. This is better seen
in Figure 3 of Percy and Huang (2015). It is consistent with
theoretical predictions if Pa and Pb are the fundamental and
first overtone modes (Xiong and Deng 2007). For stars with
log Pa <2.0, Pb/Pa increases from 0.64 to 0.72 or greater with
decreasing Pa. This is consistent with theoretical predictions
if Pa and Pb are the first and second overtone modes (Xiong
and Deng 2007). Stars with log Pa between 2.0 and 2.3 appear
to be a mixture of these two groups. In that case, Pa will be
a mixture of PO and P1. Theoretical models also predict that
longer-period stars should be unstable to lower-order modes,
and shorter-period stars should be unstable to higher-order
modes (Xiong et al. 2018), as we observe.

There are some shorter-period stars with Pb/Pa of about
0.5. For these, Pa and Pb may be fundamental and first overtone
periods, or more likely first and third overtone modes. The latter
would be more consistent with theory.

The longer-period star with a period of 350 days and Pb/Pa
= 0.4 is RU Vul. This star underwent dramatic changes in both
period (155 days to 100 days) and amplitude (0.85 to 0.10
magnitude), and is therefore anomalous.

The mode assignments that we have made give reasonable
matches to the theoretical Petersen diagram of Xiong and Deng
(2007). However, there is some ambiguity. The theoretical
period ratios are moderately uncertain, especially at higher
luminosities and periods, both because of uncertainties in the
models, and because the period ratios are mass and composition
dependent. Much depends on how well the models treat
convection.

Soszyniski et al. (2004) have plotted Petersen diagrams for
PRGs in the LMC. The highest concentration of stars occurs
when Pa is a long secondary period (LSP). The next largest
concentration occurs for stars with log Pa < 2.0, and Pb/Pa of
about 0.7. They interpret these periods as P3/P2; we interpret
them as P2/P1. There is another concentration of stars with
log Pa <2 and Pb/Pa = 0.5. They interpret these as P3/P1; we
could interpret them as P1/P0. We note that there are hardly
any bimodal stars with log Pa > 2.0, except those with LSPs;
there are no bimodal stars of the type studied by Mattei et al.
(1997), Kiss et al.(1999), and Percy and Huang (2015). This
suggests that there may be significant differences between the
PRGs in the LMC and in our galaxy, perhaps due to composition
differences.

Trabucchi et al. (2017) have calculated linear, radial, non-
adiabatic models for PRGs in the LMC. These are reasonably
successful in modeling the different sequences (corresponding to
different overtones) in the PL sequences, though the theoretical
periods of the higher-luminosity fundamental mode pulsators
are too long. In these stars, convection and convective cells are
particularly important, but difficult to treat theoretically.

A potential piece of useful information might be pulsation
amplitudes. Trabucchi ef al. (2017) showed that, in the LMC,
essentially all third-overtone pulsators have amplitudes less than
0.01 mag. Similarly, in the LMC, the second-overtone pulsators
have (I) amplitudes < 0.05 mag. In our Table 1, the amplitudes
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corresponding to fundamental, first, second, and third overtone
pulsation do not have significantly different amplitudes, but
average about 0.08 mag. However, the stars in Table 1 were
chosen to show evidence of bimodality in their light curves, so
they are not a random sample. We would not have chosen stars
with amplitudes less than 0.01 mag.

Yet another approach to pulsation modes was carried out by
Percy and Bakos (2003), who summarized results on 77 small-
amplitude PRGs for which radii and masses could be estimated;
these are stars with periods of a few tens of days, and would
lie in the left third of our Figure 1. They found that most of the
stars pulsate in the first overtone, some in the fundamental, and
a few in the second or third overtone. This is consistent with
our interpretation of Figure 1.

5. Conclusions

Analysis of individual bimodal PRGs (Figure 1) provides
detailed information about the possible pulsation modes and
period ratios of these stars, and how they vary with period.
The results are consistent with previous results, and with
theoretical predictions. They complement results from large-
scale surveys (e.g. Wood 2000) which display the results as
multiple sequences in the Petersen diagram. This study also
reminds us that useful work can be done by analyzing stars from
the vast ASAS-SN database, by students, amateur astronomers,
and others.
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Abstract A photometric study of the recently discovered classical nova V2891 Cyg has been undertaken at the urban Burleith
Observatory in Washington, DC. A total of 887 CCD observations were obtained over a time span of 70.92 days. Analysis indicates
an orbital period of 3.8755 h £ 0.0042 h, epoch (HID) of minimal light 2458752.3860, with amplitude 0.014 magnitude (Cousins I).
The long-term light curve resembles that of the F class nova DO Aql (1925).

1. Introduction

The classical nova V2891 Cyg, R.A. 21"09™25.53¢, Dec.
+48°10'52.2"(2000), was discovered by the Palomar Gattini-
IR wide-field NIR survey on UT 2019 September 17.25
(De et al. 2019). Other catalogue names are: PGIR19brv,
AT 2019qwf, ZTF 19abyukuy, 000-BNG-814, and PSO
J210925.535+481052.332. A finding chart is given as Figure 1.

The present author began an observing program that
detected a possible photometric period on 15 Oct. 2019. By
2019 Nov. 6, the observed period had stabilized sufficiently to
report it to D. Green at the Central Bureau for Astronomical
Telegrams (CBAT), who then requested “quick naming” by N.
Samus of the General Catalogue of Variable Stars (GCVS).
The GCVS assigned the name “V2891 Cyg” (Green 2019;
Kazarovets 2019). (Note that the GCVS requires reporting of
novae to the CBAT prior to assigning a GCV'S designation.)

V2891 Cyg is highly reddened, at galactic latitude 0.22°. Its
color index (V~R ) was observed as +2.26 on 2019 September
26.1185 UT (De Young 2019). Such red objects are of special
interest in light-polluted urban observatory sites, as at the
Burleith Observatory in Washington, DC, where CCD imaging
in the near infrared (700-900nm) remains feasible, unlike in U,
B, and V bands where sky brightness dominates (Schmidt 2016).
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Figure 1. 10 arc-min field of V2891 Cyg.

This nova has been remarkable for its slow rise time,
which had continued for 80 days by 2019 Dec. 5. In this
regard its light curve resembles the F class nova DO Aql
(1925) during its 70-day slow rise along the shoulder to its
flat top (Vorontsov-Velyaminov 1940; Strope et al. 2010).
Long periods of observability allow for searches for low-
amplitude periodicities indicative of the nova’s orbital period.
At discovery the brightness of V2891 Cyg was 11.531 ABMag
in J-Bessel band (De and Hankins 2019), within reach of smaller
observatory instruments; continued monitoring of V2891 Cyg
over the next year should aid in its classification.

2. Observations

At Burleith Observatory, CCD observations were obtained
with a 0.32-m PlaneWave CDK and SBIG STL-1001E CCD
camera with an Astrodon Cousins I-band filter. The KAF-1001E
sensor features 24 pixels, providing 85 dB dynamic range and
scaling on the PlaneWave at 1.95 arc-sec/pixel, optimal for the
typical 4 arc-sec seeing of my rooftop observatory (~2 pixels
FWHM). Peak absolute quantum efficiency is ~50% in I-band.

Prior to each night’s run, the acquisition computer was
synchronized to the USNO NTP time service. Images (240-sec,
autoguided) were sky flat-fielded, dark corrected, and aligned
using SBIG CCDSOFT 5.00.12.

3. Reductions

Synthetic aperture photometry was performed using
MIRA AP 7.974 (Mirametrics 2015). Cousins I-band differential
ensemble photometry was performed using comparison stars
from AAVSO chart sequence X24800DL (Table 1).

The resulting magnitudes of V2891 Cyg were detrended by
subtracting the nightly means in order to remove the long-term
light curve (De Young and Schmidt 1994). The observing log
is presented in Table 2.

An example night’s observing run is shown in Figure 2.
Each night the individual standardized observations were
uploaded to the AAVSO International Database (AID; Kafka
2019); nightly mean magnitudes are shown in Figure 3. The
rising shoulder of the first 80 days of the DO Aql light curve
(1925) can be seen in Figure 4.
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Table 1. Comparison stars used for photometry. Table 3. Period analysis results.
AUID R.A. (2000)  Dec. (2000) C/K Label Ic Parameter Value
hom s oo
Period(h) 3.8755 (0.0042)
000-BNG-822 21090252 +480951.8 1 133 12.472(0.059) Period(d) 0.16148 (0.0001)
000-BNG-823 21093071 +4813147 2 139 13.210(0.084) Frequency(c/h) 0.25803 (0.00028)
000-BNG-833  210936.82 +480726.6 3 143 13.193 (0.090) Mean amplitude (fit) 0.014 mag.
000-BNG-834 21094630 +480914.6 4 148 13.902(0.117) Number of observations 887
000-BNG-826 210929.93 +481017.4 K 151 14.011 (0.082) Time span 70.9212 days
Epoch (HJD) of light minimum 2458752.3860
Table 2. Observing Log.
-0.63
ur HJD Nr. Mean Mean Error
2458000+ Obs. Mag. (mag.) 061 { } i
Sep. 26.1658 752.66582 41 13.106 0.011 } } { } ] H } {
Sep. 27.0835 753.58348 09 13.093 0.014 -0.59 1 I
Oct. 2.2099 758.70990 07 13.016 0.010 z { t t
Oct. 11.0486 767.54860 32 12.924 0.011 5 o5y {
Oct. 12.0979 768.59794 41 12.876 0.011 z { -
Oct. 15.0667 771.56667 50 12.827 0.010 g
Oct. 17.0619 773.56187 55 12.696 0.010 055 1] I ; 1
Oct. 18.0777 774.57765 44 12.652 0.009 1t ] { } !
Oct. 19.0789 775.57886 62 12.659 0.001 053 { 1
Oct. 24.0538 780.55384 56 12.718 0.008 : o
Oct. 25.0513 781.55132 48 12.552 0.008
Oct. 28.0513 784.55128 57 12.529 0.008 051
Nov. 2.0709 789.57086 32 11.894 0.005 0 05 1 15 2 25 3
Nov. 3.0432 790.54322 37 11.782 0.006 imelUT
Nov. 4.0576 791.55759 36 11.794 0.007 Figure 2. Observations 2019 Nov. 2.
Nov. 7.0393 794.53925 33 11.922 0.008
Nov. 12.0027 799.50445 24 11.866 0.017 o
Nov. 13.0316 800.53156 30 11.468 0.009 i 1tha
Nov. 15.0509 802.55091 16 11.233 0.008 o AN
Nov. 169962 80449626 18 11447 0.008 Y ( E _,1“'47\ e |
Nov. 23.0646 810.56463 26 11.622 0.008 115 e '
Nov. 24.9481 812.44807 39 11.546 0.003 y 1o, n \“'5“ n
Nov. 25.9566 813.51663 38 11.469 0.004 = e vAﬂ i
Dec. 04.9971 822.49708 15 11.527 0.005 £ 20 (¥ l‘u-%
Dec. 06.0005 823.50048 50 11.601 0.004 g i
E 12.33 \J 1229
g 2.55
% 123 111;-55 12.66 1258
4. AnalySIS ;;'{z.sa 1272
13.0 15:9/- 12.92
Period analysis of reduced-by-mean observations was s T

performed using PERANSO 2.60 software (Vanmunster 2006).
Using its Date-Compensated Discrete Fourier Transform (DC-
DFT) (Ferraz-Mello 1981) we derive the period 3.8755 h +
0.0042. The resulting phased plot with spline-interpolated fit
is shown in Figure 5.

The period was tested for significance using PERANSO’S
Fisher Monte Carlo randomization method which, while
keeping observation times fixed, randomized the order of the
magnitude observations over 200 permutations, searching for
spectral responses due solely to observational biases (Moir
1998). The results were zero probability that no period was
present in the data, and zero probability that any other significant
periods were present in the data. The spectral window for all
observations is shown in Figure 6. At period 6.19 cycles/day no
spurious power appears, showing that the period found is not
due to the sampling frequency. The resulting period information
is summarized in Table 3.
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Figure 3. Nightly mean I magnitudes.
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Figure 4. Light curve of DO Aql (1925; adapted from Vorontsov-Velyaminov
1940).



Schmidt, JAAVSO Volume 48,2020

-0.050+
.
o L .
- - o.\oo.:..: o e o}.o:.:o.:
@ bt ﬁ-.o' XX . el
® L 1] L] . (Y3 .
5 -0.025+ - ¥ gm° % ® SR .-q‘.o ki o
c
[
o]
E 0.000
8
=1
[=
o
£ 0.025-
5 .

0.050+

-0.5 0.0 0.5 1.0
phase
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Figure 7. Histogram of novae orbital periods (Bode and Evans 2008).
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5. Conclusion

The observed orbital period compares well with the median
orbital period of 62 novae discussed by Bode and Evans (2008).
A histogram of the orbital periods of novae from their table 2.5
in Classical Novae is shown in Figure 7. The observed period
of V2891 Cyg places it in the range of most common period.

Despite its location in one of the most light-polluted urban
American locations, the modest 12.5-inch telescope of the
Burleith Observatory, with its ideally-matched pixel size CCD
camera, is capable of quite satisfactory CCD photometry of
a 13th magnitude variable observed in the near IR. The use
of powerful period analysis software enables the detection of
periodicity with an amplitude of only 10 milli-magnitude.

6. Acknowledgements

The author wishes to thank James A. De Young for his
invaluable advice and continuing friendship since our first
joint CCD photometry at the U.S. Naval Observatory in
1988, John Percy, University of Toronto, and Dipankar P. K.
Banerjee, Physical Research Laboratory Ahmedabad, India, for
helpful advice. Special acknowledgement is due to the AAVSO
International Database for hosting photometric data from
this study.

References

Bode, M., and Evans, A. 2008, Classical Novae, 2nd ed.,
Cambridge University Press, Cambridge, 26.

De, K., and Hankins, M. 2019, Transient Name Server Astron.
Transient Report, No. 47666.

De, K., et al. 2019, Astron. Telegram, No. 13130 (http://www.
astronomerstelegram.org/?read=13130).

De Young, J. A. 2019, CCD photometry with the Norfolk
State University/University of Virginia 0.6-meter Rapid
Response Robotic Telescope, private communication.

De Young, J. A., and Schmidt, R. E. 1994, Astrophys. J., Lett.,
431, L47.

Ferraz-Mello, S. 1981, Astron. J., 86, 619.

Green, D.W.E. 2019, Cent. Bur: Electron. Telegrams, No. 4694, 1.

Kafka, S. 2019, AAVSO International Database (https://www.
aavso.org/aavso-international-database).

Kazarovets, E., Samus, N. N., Durlevich, O. V., Khruslov,
A. V., Kireeva, N., and Pastukhova, E. N. 2019, Perem.
Zvezdy, 39, No. 3, 1.

Mirametrics. 2015, MiRa AP 7 software (http://mirametrics.com).

Moir, R. 1998, Exp. Economics, 1, 87.

Schmidt, R. E. 2016, Minor Planet Bull., 43, 129.

Strope, R. J., Schaefer, B. E., and Henden, A. A. 2010, Astron.
J., 140, 34.

Vanmunster, T. 2006, PERANSO period analysis software,
version 2.60, CBA Belgium Observatory.

Vorontsov-Velyaminov, B. 1940, Astrophys. J., 92, 283.



16

Brincat et al., JAAVSO Volume 48, 2020

The Reclassification of NSV 1586 from a Suspected Cepheid Star to a

UG Class System

Stephen M. Brincat

Flarestar Observatory (MPC 171), FL5/B, George Tayar Street, San Gwann SGN 3160, Malta; stephenbrincat@gmail.com

Charles Galdies

Znith Observatory, Armonie, E. Bradford Street, Naxxar. NXR 2217, Malta; charles.galdies@um.edu.mt

Kevin Hills

Tacande Observatory, El Paso, La Palma, Spain; kevinhills@me.com

Winston Grech

Antares Observatory, 76/3 Kent Street, Fgura FGR 1555, Malta,; wingrech@gmail.com

Received November 21, 2019, revised April 20, 2020, accepted April 21, 2020

Abstract On 2018 August 9, a contribution to the VSNET mailing list suggested that due to certain photometric attributes,
NSV 1586 could possibly belong to the Dwarf Nova (DN) class. Hence, the initial classification of this star as a Cepheid variable
star was put into question. This prompted the authors to investigate NSV 1586 in detail. The data obtained through our campaign
suggest that the original classification of NSV 1586 as a Cepheid star is inconsistent with our findings. We determined the nature
of NSV 1586 as a UG-type DN that exhibits peculiar photometric features in its light curve to possibly pertain to the UGZ/IW sub-
type variable star classification. However, standstills that are indicative of this class remained undetected. The amplitude of this
star was found to be of 2.9 magnitudes in the V-band, with a primary cycle period of 13.9 days. We found the color index during
its cyclic permutations can range from an apparent CI of 0.5 to 1.0, corresponding to a temperature change of around 1300 K.

Further research is suggested to determine the nature of this star.

1. Introduction

The star NSV 1586 was discovered as a variable star on
photographic plates by C. Hoffmeister and its variable nature
was announced in volume 289 of Astronomische Nachrichten
(Hoffmeister 1966). NSV 1586 was initially designated as
SON 8560 and was listed as a short-period variable, possibly
belonging to the 6 Cepheid class with a magnitude range of
15.5 to 16.5. No reference period was then quoted for this star.
SON 8560 was included in the New Catalogue of Suspected
Variable Stars (Kukarkin ef al. 1982) and was designated as
NSV 1586.

On 2018 August 9, a contribution by Taichi Kato to VSNET
mailing list (2018) stated that data downloaded from the ASAS-
SN Survey indicate that NSV 1586 could possibly be a Dwarf
Nova (DN), as the star’s color index is compliant with this class

Table 1. Equipment and observatories details.

of objects and no definite period could be determined. Hence,
the classification of this star as a Cepheid variable star was put
into question.

This prompted the authors to investigate NSV 1586 in detail.
An observational campaign was initiated by the authors through
the observatories mentioned in Table 1. The data obtained
through our campaign suggest that the original classification
of NSV 1586 as a Cepheid star is also inconsistent with our
findings. We determined the nature of NSV 1586 as a UG-
type DN that exhibits peculiar photometric features in its light
curve to possibly pertain to the UGZ/IW sub-type variable star
classification. However, standstills that are indicative of this
class remained undetected.

NSV 1586 is also designated as UCAC4 690-030039
and has been listed in a number of catalogues under other

Observatory Location Observer Telescope Filter CCD Sensor Field-of-View Binning Pixel
(arcmin) (arcsec/pixel)  Scale
Antares Fgura, Malta W. Grech 0.279-m SCT C SBIG STL-11000/
KAI-11000M 45.9%30.6 2x2 1.37
Flarestar San Gwann, Malta  S. M. Brincat 0.254-m SCT C Moravian G2-1600/
KAF 1603ME 25.5%17.0 1x1 0.99
Tacande La Palma, Spain K. Hills 0.500-m
Optimised Dall Kirkham — V FLI ML3200/
KAF3200ME 35.7x24.1 1x1 0.98
Znith Naxxar, Malta C. Galdies 0.203-m SCT C Moravian G2-1600/
KAF 1603ME 30.0x20.0 1x1 1.17

Note: CCD cameras were operated at sensor temperature ranging from —20°to —15° C. All images were calibrated through dark frame and flat field subtraction.
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designations. The GAIA DR2 catalogue (Gaia Collaboration
et al. 2018) designated the star’s unique source identifier
as “258046621605141888.” The GAIA DR2 catalogue has
listed this star at the following coordinates (2000.0): R.A.
04" 24m 17.9677655784¢%, Dec. +47° 52' 12.620239643" with
a stellar effective temperature of 5628.54 K. The GAIA DR-2
lists the distance of this star as 573.564 pc with a higher and
lower bound of confidence interval of 595.069 and 553.534 pc,
respectively.

Brincat et al.,

2. Observations

2.1. Multiband photometric data

Most of the photometric data during our campaign were
acquired from the observatories listed in Table 1. Our dataset
was supplemented by archival photometry gathered by the “All-
Sky Automated Survey for Supernovae” (ASAS-SN; Kochanek
et al. 2017) spanning the duration of our observations campaign.
The ASAS-SN images utilized by this research were those taken
through V and g-bands. An offset for g-band photometry was
applied.

All photometric magnitudes were obtained through
differential aperture photometry with zero-points calibrated
to the APASS Catalog (Henden ef al. 2016). Observations by
ASASS-SN were usually taken in batches of two or three images
in one night and they were repeated with intervals ranging from
1 to 5 days. There have been occasions where the interval period
was longer due to unfavorable weather conditions.

In order to minimize scatter in our light curve, all of
our images had a minimum exposure of 5 minutes to enable
a good signal-to-noise ratio. In some cases when the star
was observed to be at minimum, 10-minute exposures were
utilized by Flarestar, Znith, and Antares Observatories. Tacande
Observatory employed 5-minute exposures throughout our
campaign and all of our observations were predominantly
carried out under an airmass of less than two atmospheres. We
utilized differential aperture photometry for all image analysis.
The source of comparison stars (i.e. 000-BMT-664, 000-BMT-
665, 000-BMT-666 extracted from AAVSO chart X23245AX)
used were those supplied by the AAVSO Sequence Team. These
comparison stars were used by all observatories involved except
for the ASAS-SN data that may have made use of the same
APASS source but possibly utilizing different comparison stars.
Our monitoring campaign commenced on 2018 August 8 and
was concluded on 2019 April 11, spanning a 246-day monitoring
period as acquired from the observatories listed in Table 1.

2.2. Results

In order to investigate the behavior of NSV 1586, we
commenced our research through the acquisition of the data
from the ASAS-SN survey (Kochanek ez al. 2017) that was
taken prior to our campaign. Using PERANsO (v2.60) (Paunzen
and Vanmunster 2016), we performed a period search on this
data ranging from 2014 December 16 up to 2018 October 10. A
total of 425 V-band observations derived from the ASASS-SN
Survey were analyzed for any periodicity; however, no clear
periodicity was obtained from this dataset using Lomb-Scargle,
Fourier Analysis of light curves (FALC), Phase Dispersion
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Minimization (PDM), and Phase-binned Analysis of Variance
algorithms. The light curve based on the ASAS-SN survey data
is shown in Figure 1.

A total of 411 observations were acquired in the V-band
from Tacande Observatory in addition to a small number of
B-filtered observations in the Johnson system to obtain color
photometry. A total of 101 V-band and 606 CV-band observations
were gathered from Flarestar Observatory. Znith and Antares
Observatories contributed 94 and 76 observations respectively
through a C-filter reduced to a V standard. Heliocentric
JD corrections have been applied to all observations. This
observational campaign yielded a total of 1432 observations.

Observations acquired during our observation window (HJID
2458338 to 2458585) revealed that the star underwent several
cycles during which the brightness varied from magnitude ~15.2
to ~18.1 mv. The light curve shown in Figure 2 illustrates our
contributions along those gathered from the ASASSN survey
to monitor the photometric activity of NSV 1586. During the
initial period (i.e. HID 2458338 to 2458385.4), we observed
three cycles each with a period of 12.55d, 13.8d, and 11.0d,
and with a mean cycle of 12.45 d. Despite our expecting the next
cycle to complete by reaching the minimum, the cycle did not
materialize and the star remained brighter than 16.2 mv. The
next “unsubdued” minimum occurred on HID 2458461.41 at
magnitude 17.67 mv, 30.12d later. The next deep minimum
was recorded on HID 245488.44 at ~18.0 mv, 27.03 d after the
previously-mentioned minimum. A short cycle of 10.80d was
then recorded after this minimum when the star declined in
brightness down to magnitude 17.03 mv on HJD 2458499.24.
Due to weather constraints, we could not maintain our previous
coverage density. Notwithstanding this, we managed to record
two additional short cycles that started on HID 2458530.27 and
HJD 2458543.28, with a quasi-periodic duration of 13.01 d and
12.97d, respectively.

The light curve morphology of V513 Cassiopeiae (Figure 3)
produced by Stubbings and Simonsen (2016) shows similarities
to those observed following our observational campaign. Hence,
it seems plausible that NSV 1586 belongs to the UGZ/IW class.
However, the peaks of super outbursts are not readily apparent
in our light curve and therefore we could not be certain that this
star belongs to the UGZ/IW class.

A period analysis using the ANOVA, Lomb-Scargle (Lomb
1976; Scargle 1982), and PDM methods (PERANSO) of the
lightcurve in Figure 2 yielded two combined cycle periods; PI
0f 13.944+0.19d and PII of 11.50+0.15d. The resultant Lomb-
Scargle period spectrum (periodogram) is shown in Figure 4.
The main cycle period identified for NSV 1586 is 13.9d (+0.2)
with a secondary period of 11.5d (+0.2).

In order to evaluate the nature of NSV 1586, histogram
analysis based on 1-day binned data was carried out and showed
a distribution of the magnitude regime consistent with the UGZ/
IW class.

An investigation for the presence of periodic humps was
also carried-out over four nights through high cadence data (5
or 6 minutes) when the star was near maximum light. Using
PERANSO software, a search was made from 0.1 to 25 cycles
per day during which no significant peak was detected when
using the Lomb-Scargle algorithm. The Phase Dispersion
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Figure 1. V-band data derived from the ASAS-SN Survey for the period 2014 December 16 to 2018 October 14.
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Figure 2. NSV 1586 light curve in two panels showing the light changes in V-band during the observational campaign ranging from HJD 2458338 to HJD 2458585,
spanning a period of 247 days.

15.00 R . - :
- < " - - & -
15.50 .t - Tos i T e :
: .
’ ° e s e . ) i. -
- : . :
.'.:;'_8 Depvan ] - T =l .. -_.. 2 e ;..o.f'ﬁ.' * o=
- - = -
16.00 . oof P . s "0 Y e . ':‘s_:_- i ..
.
s - "= - - -
g - . : .
£ 16.50 - .
) .
= - * -
- :
17.00 : .
-
.
17.50 -
® Bnnson v - -
- K
18.00
2,456,500 2,456,600 2,456,700 2,456,800 2,456,900 2,457,000
Time (3D)
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Brincat et al., JAAVSO Volume 48, 2020

a

+200

theta

+0

+300

+200

theta

+100

+0 VN

10 15
d

Figure 4. Lomb-Scargle periodogram of NSV 1586 showing the primary cycle
of 13.94 d and a secondary cycle of 141.46 d. Figure (a) shows the periodogram
ranging from 0 to 50 days. Figure (b) shows a zoomed part of Figure (a) centered
on the primary cycle (F = cycles/day, 0.07).
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Minimization (PDM) and ANOVA algorithms yielded identical
results.

An additional verification analysis was carried out during
February and March 2020, to ascertain any stochastic behavior
during different phases of NSV 1586 (N=403). However,
orbital brightness variations remained undetected. Instead
stochastic brightness variations (flickering) were noted that
are characteristic of many cataclysmic variable stars (Bruch
2000). These variations were observed down to a cadence of 90
seconds with amplitudes ranging from 0.02 to 0.2 magnitude.
Results acquired through the 0.5-m telescope at La Palma from
Tacande Observatory during quiescence showed stochastic
variations up to 0.7 magnitude.

2.3. Color photometry

During the period from 2019 January 4 to January 23, we
have obtained color photometry from Tacande Observatory
(Table 1). This period coincided with an interval when
NSV 1586 was at quiescence and rose to maximum light. We
have obtained photometric measurements through B and V
bands. In most cases, we acquired multiple readings per night
that were averaged to improve precision and reduce any scatter
in our data.

Figure 5a—b shows the light curve of a cycle from minimum
light that started from HJD 2458488.442 (at magnitudes 18.96
and 17.97 for B and V bands, respectively) to maximum light
that occurred on HID 2458491.391 at B magnitude 15.97 and
V magnitude 15.38.

Our Color Index (CI) results obtained through B—V bands
indicate that at quiescence the light from the star system emits
most of its light with an apparent CI of 1.0. Four days after an
outburst was recorded, the CI decreased to 0.5 d, suggesting an
increase in temperature. From the 9th day post-quiescence, the
star started to decline in brightness but despite this, CI readings
showed that the system’s B—V radiative output remained
somewhat constant. It is important to note that these CI readings
did not include compensation for galactic dust extinction as
we have observed some inconsistences with estimates of dust
concentrations in this region.

Using the methods applied by Flower (1996) and Torres
(2010), we obtained an observed CI temperature difference
between the quiescent and outburst phases of 4867 K and
6182 K, respectively. Hence, our observations suggest a
temperature change of the combined light output by the system
of around 1300 K.

Upon examination of the morphology of our light curve,
we deduce that NSV 1586 exhibits a puzzling light curve
and it is difficult to classify the variable with any degree of
certainty. From the evidence gathered above, we believe that
the star belongs to the UG type of cataclysmic variables.
Although we observed similarities to the UGZ/IW systems,
further observations are needed to determine its sub-class,
especially in the light that no clear standstill periods have been
found throughout the period of this study including the period
monitored by the ASSAS-SN survey, where observations go
back to 2014 December 16 (HID 2457007).

The absence of brighter and longer superoutbursts indicates
that this is not an SU UMa type star. The damping oscillations
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observed at maximum light are possibly similar to those
observed by Kato (2018) for other CV systems that may be due to
giant flares occurring near the secondary star surface. However,
in this case, more data are needed to confirm such hypothesis.
The dampening phenomenon has further complicated matters
as any “intrinsic” signal by this system may have been hidden
by such oscillations.

In consideration of the above, it is suggested that more
research is needed to unravel this intriguing star. Further
spectroscopic analysis may reveal the underlying mechanisms
that drive the photometric variation exhibited by NSV 1586.

3. Conclusions

We report that the original classification of NSV 1586 in
the General Catalogue of Variable Stars (GCVS; Kukarkin
et al. 1982) is inconsistent with our findings and suggest
that this star is likely to be a UG class system. Over the
course of its observational campaign, NSV 1586 did not yield
any photometric behavior that is consistent with the former
classification. The amplitude of this star was found to be of
2.9 magnitudes in the V-band, with a primary cycle period of
13.9 days and a secondary period of 11.5d. We found that the
color index during its cyclic permutations can range from an
apparent CI of 0.5 to 1.0, corresponding to a temperature change
of around 1300K. No orbital variations were detected by this
study. Further research is suggested, including spectroscopic
analysis.
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Abstract The symbiotic binary AG Draconis (AG Dra) has a well-established outburst behavior based on an extensive
observational history. Usually, the system undergoes a 9- to 15-year period of quiescence with a constant average energy emitted,
during which the system's orbital period of ~550d can be seen at shorter wavelengths (particularly in the U-band) as well as a
shorter period of ~355 d thought to be due to pulsations of the cool component. After a quiescent period, the marker of an active
period is usually a major (cool) outburst of up to V=8.4mag, followed by a series of minor (hot) outbursts repeating at a period
of approximately 1 year. However, in 2016 April after a 9-year period of quiescence, AG Dra exhibited unusual behavior: it began
an active phase with a minor outburst followed by two more minor outbursts repeating at an interval of ~1 year. We present R-band
observations of AG Dra’s 2018 April minor outburst and an analysis of the outburst mechanism and reports on the system's activity
levels following the time of its next expected outburst. By considering the brightening and cooling times, the scale of the outburst,
and its temperature evolution we have determined that this outburst was of disk instability in nature.

1. Background

1.1. Symbiotics

Symbiotic binary systems, also known as symbiotics,
are a type of cataclysmic variable star (CV) that consist of
an interacting cool giant star and a hot compact object, most
commonly a white dwarf (WD). Interaction between the cool
and hot component results from an outflow of matter from the
cool component that accretes onto the hot component. Matter
outflow can be due to stellar wind off of the cool component or
the cool component overfilling its Roche-lobe. In many cases,
the rate of mass loss off of the cool component can be sufficient
to fuel hydrogen burning in a thermonuclear shell around the hot
component (Sokoloski et al. 2006 and references therein). As
a result of mass outflow, symbiotics often exist inside of a gas
cloud that can be fully or partially ionized by the hot component
(Kenyon 1986).

Symbiotics undergo periods of quiescence and activity,
driven by the state of equilibrium between mass outflow,
accretion, and ionization of the gas cloud. In quiescence,
symbiotics emit energy at a constant average rate. During an
active phase where this equilibrium is disturbed, symbiotics
can be observed to undergo outbursts that feature an optical
brightening of the system by 2 to 3 magnitudes with amplitude
decreasing at longer wavelengths (Skopal and Baludansky
2003). This classical symbiotic outburst (or classical novae)
is the most common type of outburst and commonly recurs on
timescales of a decade (Kenyon 1986). The driving mechanism
behind a classical symbiotic outburst is the shedding of material
off of the cool component onto the hot component as it overfills
its Roche lobe, triggering thermonuclear runaway in a shell
on the surface of the hot component. Another common type
of outburst observed in CV systems containing red dwarfs
(as opposed to giants) is the dwarf nova, which is driven by
instability in accretion disks surrounding the WD that causes an
increase in mass flow through the disk, resulting in temporary

heating and brightening. These types of outbursts necessarily
have smaller peak magnitudes and timescales than those
observed in classical symbiotic outbursts.

Though these mechanisms are reasonable explanations
of some outbursts observed in symbiotics, there are many
outbursts that have been observed that, due to their the
scales and recurrence times, cannot be explained by these
mechanisms alone (Kenyon 1986; Mikolajewska et al. 1995;
Sion et al. 1979). To this end, Sokoloski et al. (2006) proposed a
combination nova model to describe outbursts in symbiotics that
exhibit qualities of both classical symbiotic outbursts and dwarf
novae. This model suggests that outbursts in symbiotics are due
to enhanced thermonuclear burning with disk instability as a
trigger event. This model can account for the peak luminosities
and short recurrence times of outbursts seen in many symbiotics,
particularly for Z Andromedae, as described in Sokoloski ef al.
(2006).

On a larger scale, studying symbiotics is important in the
context of their being a possible progenitor of Type Ia supernovae.
As such, we would like to understand the true nature of these
outbursts in order to predict their activity patterns. For most
symbiotics, we have not been able to observe state transitions from
quiescence to activity due to their irregular outburst behavior.
An interesting exception is the system known as AG Draconis
(AG Dra). This symbiotic has cyclical activity patterns,
making it possible to predict and observe its state transitions.

1.2. AG Draconis

AG Dra is one of the best-studied symbiotics, with
observations spanning the last century. Like most symbiotics,
AG Dra has been observed to alternate between phases of
quiescence and activity, undergoing a series of outbursts
during its active phases. According to Gonzalez-Riestra et al.
(1999), such outbursts can be of both hot and cool type. Cool
outbursts are caused by the expansion of the hot component’s
pseudo-atmosphere and a subsequent drop in WD temperature,
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which can be seen as an anticorrelation between optical/UV
and X-ray emission. Hot outbursts occur when the WD’s radius
remains fixed and its temperature increases or remains the
same. Outbursts of this nature show consistencies with disk
instability-driven dwarf novae outbursts, as well as with the
Sokoloski et al. (2006) combination nova model where the
thermonuclear burning pseudo-atmosphere of the WD expands
after exceeding a threshold accretion rate triggered by disk
instabilities. Evidence of the existence of an accretion disk
surrounding the WD has recently been provided in a study done
by Lee et al. (2019). Over the course of its observation, certain
periods have been discovered that characterize the system's
orbital motion and outburst behavior. With its semi-regular
state transitions, AG Dra is a useful subject to study in order
to characterize the mechanisms of symbiotic outbursts that are
generally unclear.

The system consists of a K3 III red giant (Kenyon and
Fernandez-Castro 1987) and white dwarf that are 1.5M and
0.4-0.6 M, (Mikolajewska et al. 1995), respectively. The hot
component has a luminosity of ~10°L and a temperature of
~80-150 x 10° K (Mikolajewska et al. 1995). The components
have been observed to be at an orbital separation of 400
R, (Garcia 1986) and are enveloped in a partially ionized
circumbinary nebula (Mikolajewska et al. 1995). Lee et al.
(2019) showed that the upper limit in accretion disk size is
0.3 au or ~65R ;. Radio observations of emission from the
circumbinary nebula give a rate of mass loss of 107"M yr
(Mikolajewska ef al. 1995). There is also evidence of
thermonuclear shell burning on the WD’s surface at a rate of
3.2x10°M yr' (Gonzalez-Riestra et al. 1999). From a study
of the historical UBV light curve of AG Dra done by Hric et al.
(2014), the time between active periods has been observed to be
anywhere from 12 to 16 years. Additionally, two periods for the
system have been clearly established: an orbital period of ~550d
and a period of ~355d thought to be a result of pulsations of
the cool component (Galis et al. 1999). AG Dra’s orbital period
becomes prominent at shorter wavelengths, showing itself most
clearly in the U-band during quiescence. Its pulsation period
can be seen during both quiescent and active phases and is most
visible in B and V-bands (Galis ef al. 2016).

In its observed active phases, AG Dra exhibits outbursts
with consistent peak magnitudes, but irregular multitudes
and shapes. They are spaced anywhere from 359 to 375 days
(Galis et al. 2015). Normally, after an extended period of
quiescence at V=9.8 mag, AG Dra begins its active phases
with a major cool outburst with peak magnitude of about
B=8.8mag and V=8.4mag (Galis et al. 2017), followed by
a series of minor hot outbursts. It has not been confirmed, but
the combination nova outburst model seems like a promising
explanation of the underlying mechanism for a number of these
outbursts. However, in May of 2015 AG Dra exhibited very
unusual behavior as it entered its most recent active phase. The
activity began with a minor outburst with peak magnitude of
V=9.6mag, followed (at the usual cadence of ~360d) by two
more minor outbursts with peak magnitude of B=9.1 mag and
V=9.6mag (Galis et al. 2017). This study showed that during
these minor outbursts the system exhibited signs of both hot
and cool type outbursts by examining the equivalent widths
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of certain emission lines and observing the disappearance of
the Raman scattered O VI lines, respectively. In early April of
2018, AG Dra began its fourth minor outburst of its 2015-2018
active phase. The Survey of Transiting Extrasolar Planets at the
University of Pittsburgh (STEPUP) has monitored this outburst
by conducting R-band photometric observations to examine an
understudied band-pass of the system’s outbursts. With these
measurements, we seek to characterize the nature of AG Dra’s
most recent outburst.

2. STEPUP

STEPUP (http://pitt.edu/~stepup/) has used the Meade
Instruments /8, 16" RCX400 Keeler Telescope at the Allegheny
Observatory in Pittsburgh, Pennsylvania, to conduct photometric
observations of a variety of objects since its inception in
2009 (Good 2011). The main camera is a Santa Barbara
Instruments Group (SBIG) STL-6303e and the field of view
is 29.2 arcminutes by 19.5 arcminutes. Founded by Melanie
Good, STEPUP’s original mission was to discover and study
new transiting exoplanets and has recently expanded its reach
to observing variable stars. STEPUP records their data and
processes them with an image analysis program, STEPUP
Image Analysis (SIA) (https://github.com/mwvgroup/STEPUP _
image analysis), written in the PYTHON programing language
by lead undergraduate, Helena Richie. SIA is responsible
for removing instrument signatures from STEPUP’s data,
generating WCS information for each file, and performing
differential aperture photometry to generate a light curve of the
target object. SIA uses the ASTROPY PYTHON package (Astropy
Collaboration 2018) throughout the routine as well as the
wcstooLs (Mink 1997) software package and Astrometry.net
(Lang et al. 2010) in the process of plate-solving the images.
STEPUP has contributed to several publications (Shporer et al.
2010; Fleming et al. 2012) on exoplanet transit timing variations
and discovery.

3. Observations

To monitor AG Dra’s outburst behavior, STEPUP began
conducting observations of the system in late 2018 April
and continued through 2018 July using the Cousins R filter.
Observations were made using a variety of exposure times
ranging from 5 to 30 seconds. We removed saturated data points
using a square aperture centered around each target, check, and
comparison star to ensure that no pixels had met or exceeded
the expected saturation level. If a pixel in the aperture met or
exceeded this level, the data point corresponding to the image
containing the object was removed from analysis. Subsequent
observations had shortened exposure times (15s and 5 s) to avoid
saturation. All data were recorded in the FITS file format (Wells
et al. 1981) and processed by SIA. These results can be seen in
Table 1. The full table is available through the AAVSO fip site at
ftp:/ftp.aavso.org/public/datasets/richie48 1-sia-agdra-output.txt
(if necessary, copy and paste link into the address bar of a web
browser). In addition to our own photometric measurements, we
included observations from the AAVSO International Database
(AID; Kafka 2020) in our analysis.


ftp://ftp.aavso.org/public/datasets/richie481-sia-agdra-output.txt
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Table 1. Sample first ten data points of SIA output for STEPUP AG Dra observations.

Date Date Exp Time  Target R Uncertainty Filter  Check Check R Airmass
(JD) (s) (mag) (mag) Label (mag)
2018-04-30 2458239.611990740 30 8.5960 0.0008672 R 345 11.8312 1.3478
2018-04-30 2458239.616747690 30 8.5818 0.0008344 R 345 11.6420 1.3338
2018-04-30 2458239.623541670 30 8.5725 0.0008411 R 345 11.6270 1.3148
2018-04-30 2458239.624884260 30 8.5966 0.0008593 R 345 11.6529 1.3111
2018-04-30 2458239.625578700 30 8.5749 0.0008360 R 345 11.6265 1.3093
2018-04-30 2458239.626250000 30 8.5678 0.0008362 R 345 11.6211 1.3075
2018-04-30 2458239.627615740 30 8.5854 0.0008440 R 345 11.6348 1.3038
2018-04-30 2458239.628287040 30 8.5789 0.0008348 R 345 11.6345 1.3020
2018-04-30 2458239.629641200 30 8.5690 0.0008288 R 345 11.6299 1.2985
2018-04-30 2458239.630324070 30 8.5812 0.0008463 R 345 11.6208 1.2968

Note: First ten data points from STEPUP'’s observations of AG Dra’s2018 outburst. The full table is available through the AAVSO fip site at
ftp://fftp.aavso.org/public/datasets/richie481-sia-agdra-output.ixt (if necessary, copy and paste link into the address bar of a web browser).

Table 2. Comparison stars used to process AG Dra data.

AUID Label R.A. Dec. R
hm s ° (mag)
000-BCY-347 129 16 00 08.77 66 49 20.0 12.555
000-BCY-346 123 16 00 24.08 6649 29.6 11.980
000-BJS-730 111 16 02 54.40 6641 33.9 10.708
000-BCY-344 119 16 00 11.22 6639 14.2 11.575
000-BCY-348 132 16 01 08.41 665521.4 12.900

Note: Comparison stars used for photometric analysis of AG Dra data. These
stars were given by the AAVSO Variable Star Plotter Photometry Table with
VSP code X24880AIL.

Table 3. Observations of AG Dra by STEPUP.

Date ExpTime R Uncertainty

(s) (mag) (mag)
2018-04-30 30 8.5762 0.0008
2018-05-01 30 8.4682 0.0008
2018-05-23 30 8.7039 0.0009
2018-05-24 15 8.7393 0.0018
2018-06-14 15 8.7904 0.0013
2018-06-28 5 8.8538 0.0023
2018-07-08 10 8.7884 0.0015
2018-07-12 10 8.8002 0.0016

Note: Median magnitudes of AG Dra for each night of observation by STEPUP.
An outburst depth of AR = 0.518 + 0.011 mag was observed using STEPUP
and AAVSO measurements over a period of 161 d.

4. Image processing

We used our STEPUP Image Analysis code to process the
photometric data taken by STEPUP of the 2018 outburst of
AG Dra. SIA works in three main steps: (1) instrument signature
removal (ISR); (2) astrometric calibration (ASTROM); and (3)
differential photometry (PHOT). As input, SIA takes raw science
images in the FITS file format, three types of calibration images,
a plate-solved science image (generated by Astrometry.net
(Lang et al. 2010)), and an input file that includes coordinates
of the target, check, and comparison stars and the magnitudes
of the comparison stars. We list the comparison stars used for
AG Dra’s analysis in Table 2 given by the AAVSO Variable Star
Plotter tool. All three steps of SIA were performed to process
the AG Dra data and are summarized as follows.

For ISR, SIA writes a data set of files that have been
corrected for dead pixel columns, uneven CCD illumination,
and thermal noise using flat, bias, and dark calibration images.
To generate master calibration files, SIA takes the median
across the image set of each pixel for the dark and bias. For the
master flat, the array is normalized with respect to the center
region of the image that is evenly illuminated. The raw science
images have the master bias and dark subtracted from them and
are divided by the flat. The result is an instrument-signature-
removed data set.

In the next step, ASTROM, SIA takes the instrument
signature removed files generated by ISR and a plate-solved
image generated by Astrometry.net to write a set of files with
the WCS FITS header keywords of the plate-solved image to the
headers of the rest of the dataset. Then, SIA uses the WCSTools
software package (Mink 1997) to adjust this information to
accurately represent the coordinates of each pixel in each
individual file. The result is a dataset with instrument signature-
removed, plate-solved images.

The final step of SIA is to perform differential aperture
photometry. This places apertures at the positions of the target,
check, and several comparison stars to get the sum of counts
in the aperture for each object in every image of the dataset.
A background rate per square pixel (sbkg o) for the region of the
image is determined by placing an annulus around the aperture
and dividing its count sum by its area. The aperture and annulus
sizes are as follows: r_ = 4 arcsec, r, = 25 arcsec, andr, =
27 arcsec. Subtracting the product of Sikgd and the area of the
aperture (Auper) from the aperture sum gives the net counts of
the object. A 2D-Gaussian fit is applied for aperture centroiding.
This process is used to get the net counts for all objects of
interest in each image. The uncertainty in net counts for an
object is given by

N = \/ S* + SbkgdAaper (1)

where S, is the net count value in the aperture around the object.
The net count values are then calibrated to magnitudes using
the relation,

m,=m,—2.5]log <%>, 2)

c
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Figure 1. STEPUP R observations of AG Dra 2018 outburst. Figures are shown on a 0.13183 d=3.1639 h timescale. These observations show no obvious variation
in brightness and thus put a lower limit on the brightening timescale of AG Dra during outburst.
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Figure 2. (Top) 2018 outburst of AG Dra shown by AAVSO and STEPUP R-band measurements. The system has an orbital period of T . =549.73 d and the cool

component has a pulsation period of T
where m, and S, are the magnitude and counts of the target star,
respectively, and for the comparison star the same values given
by m_and S . SIA outputs a light curve of the target and check
star as well as output files giving magnitude values and net
count values for both objects, as well as unscaled light curves of
comparison stars and a summary of aperture position corrections.

5. Analysis

We used data collected by STEPUP as well as R-band
and V-band observations available from the AID to analyze
AG Dra’s 2018 outburst behavior. SIA was used to analyze
each night of STEPUP data on the outburst and, assuming a
Gaussian distribution, the median of observed magnitudes

=355.27d (Galis et al. 1999), which are visible during quiescence. (Bottom) Light curve of check star 000-BCY-345.

was taken to be the system’s magnitude for a given night. The
measurements for all eight nights of observation can be seen
in Table 3 and a plot of STEPUP’s measurements in Figurel.
We took the uncertainty in each night's magnitude, o, to be the
standard error of the data set,

G, = >

S
where ¢ is the sample standard deviation from the median, and n
is the total number of data points. The light curve of the outburst
including AAVSO and STEPUP data can be seen in Figure 2.
We included AAVSO data to analyze the outburst depth
and start and end date. The AID points used in our analysis
are the median of all R-band observations in bins of 1 day.
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Figure 3. Color evolution of AG Dra’s 2018 outburst. The system’s behavior exhibits chromaticity of amplitude V-R=0.112+0.015mag. A slight increase in
temperature can be seen leading up to the outburst’s peak followed by a larger reddening as the system returns to quiescence.
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Figure 4. 2018 outburst of AG Dra shown by STEPUP R-band and AAVSO R and V-band measurements. This shows all measurements available in the AID, instead
of the median 1-day binned data as used in the analysis described in section 5. The R-band amplitude of the outburst was observed to be AR=0.518+0.011 mag
and the V-band amplitude was observed to be AV=0.781+0.003 mag. Below this is the V—R light curve over the course of the outburst, showing an amplitude of
0.100 mag as the system returns to quiescence. The vertical dashed line marks the peak of the outburst, which occurred on JD 2458247.448.
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We took the quiescence value of AG Dra to be the median
of these resulting magnitudes, giving a value of R = 8.853
mag. Using this value as a threshold to distinguish between
in-outburst and out-of-outburst data points, the outburst start
and end dates are JD 2458190 and JD 2458351, respectively,
giving an outburst duration of 161 d. Taking the difference of the
minimum and maximum magnitude values during this period,
we found an outburst depth of AR =0.518 + 0.011 mag. Figure
4 presents the full outburst with AAVSO V and R observations
as well as STEPUP R observations.

To determine the nature of the outburst, we next performed
a color analysis of AG Dra’s 2018 outburst. All STEPUP R and
AAVSO V and R observations were used to give V—R color
during the outburst period. To get a higher-resolution light
curve, instead of using 1-day bins as was used in the R-band
analysis, we divided the light curves into intervals of 0.3d
(~7.2h) where the median of all points in each interval was
taken to be the value of that interval's magnitude. Each value’s
associated uncertainty was propagated to give the uncertainty
in each interval’s magnitude. Then, the color light curve and
its uncertainty values were determined by subtracting the
values in each band for each interval and propagating their
uncertainties. To determine the amplitude of the color light
curve, all points in the outburst interval with SNR>20 were
considered. By taking the difference in the median of the pre-
outburst values and the post-outburst values we found a color
of V=-R=0.112+0.015mag. This result can be seen in Figure 3.

6. Results

The AG Draconis system was observed by STEPUP and
AAVSO observers to outburst by AR=0.518 mag over the
course of 161d, lasting from JD 2458190 until JD 2458351.
The outburst peaked in the R-band on JD 2458242.749 and in
the V-band on JD 2458247.448. This outburst exhibited color
change of V-R=0.112mag. This color change coincided with
the V-band outburst’s peak, so we will take JD 2458247.448
to be the date of the outburst’s peak. The V-band depth of
this outburst is similar to that of previous minor outbursts of
AG Dra, such as the system’s 2016 outburst that peaked at
around V=9.1 mag. Galis et al. (2017) studied this outburst by
examining the system’s equivalent widths of certain emission
lines and the disappearance of the Raman scattered O VI lines.
This study shows evidence of the outburst being of both hot
and cool type. Our analysis of AG Dra’s 2018 outburst may
suggest a similar temperature evolution, with the primary
feature being a large reddening (and potentially a drop in
temperature) following the outburst’s peak, as shown in Figure
4. Additionally, before AG Dra began descending back to
quiescence, a slightly bluer V—R color can be seen as the system
approaches its peak outburst value.

There are three main pieces of evidence that suggest that
this outburst was a disk instability: (1) the sharp increase in
brightness followed by a longer descent to quiescence; (2) the
scale of the outburst; and (3) the color evolution of the event.
The system rose to outburst in 55.1 d. After a small amount of
brightening for the first ~20 days of the outburst, the system
began to rapidly brighten, with its magnitude increasing linearly
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at arate of V=-0.018 mag per day. A constraint on the timescale
of this brightening can be seen in Figure 1, which shows no
change in magnitude on the order of ~1.5hr. Following the
outburst’s peak, the system’s brightness dropped off rapidly at
first, declining at a rate of V=0.033 mag per day for the first
~15d, followed by a slower rate of decline for the duration
of the system’s return to quiescence. This exponential fall in
brightness provides evidence against outbursts that typically
have linear rates of decline, such as classical novae (Hachisu
and Kato 2015). The system took ~105.9d to completely
return to quiescence. It is quite typical of disk instability-driven
dwarf novae to have brightening times that are shorter than the
timescale of their decline, as is seen in this outburst. This model
would suggest that the system’s brightness declines due to the
propagation of a cooling wave inward through the disk at the
local sound speed. Lee et al. (2019) provides an upper limit
on the size of the WD’s accretion disk of 65R ;. For a rate of
propagation of 0.7R per 7-10d (Sokoloski et al. 2006), this
is reasonable, though it would suggest a much smaller disk size
than the provided upper limit.

Furthermore, the amplitudes of AR=0.518 mag and
AV=0.781 mag are too small to be caused by the thermonuclear
runaways that drive classical symbiotic outbursts. Viewing the
color evolution of the system, we see that the system became
slightly bluer as the peak of the outburst occurred, followed
by sizable reddening corresponding to the V—R=0.112mag
amplitude of the light curve after the outburst’s peak. This
provides evidence against classical novae since these types of
outbursts usually show a negative color (i.e. B—V color<Omag
and U-B color<0mag, according to Hachisu and Kato
(2015)) following the peak of the event. Given our unresolved
photometric data of the entire system, it is impossible to know
which component of AG Dra was responsible for this increase
in temperature. In the disk instability-type outburst, we see
a rise in accretion disk temperature that triggers a change in
the disk’s viscosity as it reaches a critical temperature. This
change in viscosity causes an increase in mass flow through
the disk and subsequent heating and brightening, which could
be responsible for the behavior of the color light curve as the
outburst reaches its peak. Then, as the event ends, the system
cools until its normal temperature is restored by the lower rate
of mass flow supplied by the cool component's mass loss, which
could in theory be responsible for the increase in V—R color
seen in Figure 3. If it were confirmed that this temperature
change corresponds to a change in the disk temperature, then
this would provide further evidence for the disk instability
nature of this outburst.

Another model that is less suited to describe this event
is the combination nova outburst. The combination nova
outburst is also triggered by disk instabilities, but is followed
by a large decrease in temperature and increase in brightness
as the white dwarf expels a surrounding shell of material after
enhanced thermonuclear burning has commenced. This seems
less likely to have caused this event, as the peak luminosity
caused by enhanced shell burning would be much higher
than that observed in AG Dra’s outburst. Also, a combination
nova type outburst would most probably not have a linear
rise to peak luminosity, as is seen in this event. While the
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available evidence favors the disk instability model, further
data would be useful to distinguish among the temperatures
of the disk, hot component, and cool component. In the case
of a disk instability outburst, we would expect an increase in
temperature and luminosity of the accretion disk, while the
other components remain fixed in these parameters. While
the shape and timescales of this 2018 event are generally
consistent with those of typical dwarf novae, the expected
linear decline corresponding to the propagation of a cooling
wave through the disk is not visible. The system’s R-band and
V-band brightness both fall off exponentially, indicating that
there may be further activity involved in the system's cooling
and decline in brightness. Additionally, if the size of the disk
is as large as the upper limit provided by Lee et al’s (2019)
study, this cooling time would not be consistent with the cooling
rate described by Sokoloski et al. (2006). Further data that
resolves the activity of individual components of the system
may be illuminating in consideration of this cooling mechanism.

7. Discussion

Since the conclusion of this event, AG Dra has not exhibited
any further outbursts, with a notable lack of activity in 2019 May
during the time when the next outburst of AG Dra was expected.
This suggests that the 20152018 active phase of the system
has concluded. Though this active stage’s outburst frequency
has remained consistent with previous active stages, continuous
UBVR photometric monitoring of the system is still necessary
to determine if AG Dra has truly returned to quiescence or
if it will continue to exhibit abnormal outburst behavior. In
particular, monitoring the temperature evolution of the hot
component and accretion disk individually would be especially
helpful in looking for signs of combination nova-type outbursts.

Though this event was probably triggered by disk
instabilities, it remains unclear what caused the discrepancy
between this outburst’s exponential fall-off and the typical
dwarf novae’s linear decline. For the typical major outbursts
exhibited by AG Dra in its active phase the combination nova
model shows strong potential for explaining the underlying
mechanism for at least some of the outbursts, though it has not
been confirmed as conclusively as in Sokoloski et al.’s (2006)
study of Z And. What remains unclear about the system is the
connection between the minor outbursts exhibited by AG Dra
in its 2015-2018 active phase and its typical behavior during
major outbursts. Whether or not there is a connection between
this activity and previous outbursts has yet to be determined.
Knowing the temperature and individual luminosities of each
component would clarify whether this is indicative of a different
outburst mechanism (e. g., a combination nova-type outburst)
or if this behavior is due to system properties of AG Dra, such
as having a small disk size or interference of thermal pulsations
by the cool component, allowing us to connect this activity into
the grand scheme of AG Dra's outburst behavior.
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Abstract BW Vulpeculae (BW Vul) has the largest amplitude of the B Cephei stars. Over almost 80 years of observations, BW Vul
has closely followed a parabolic ephemeris and possibly a light-travel-time effect. This parabola, with excursions on either side,
also could be viewed as a sequence of straight lines (constant period) with abrupt period increases. This paradigm predicted a period
increase around 2004, which did not occur. A recent observing campaign on this star using the AAVSOnet’s Bright Star Monitor
telescopes as well as the 0.7-m Lowell Observatory telescope has been undertaken. A period analysis of our data suggests that
the period may have paradoxically decreased beginning around 2009. Further observations are necessary to confirm this analysis.

1. Introduction

B-Cephei stars ( Cep) are pulsating variables with periods
0f 0.1-0.3 day with masses 10-20 M. They exhibit large radial
velocities but small visual amplitudes with the greatest flux and
amplitude in the ultraviolet (UV). They have spectral types
BO0.5-B2. The largest amplitude B Cep star is the monoperiodic
BW Vulpeculae (BW Vul) (aliases: HR 8007 and HD 199140;
R.A. 20 54 22.4, Dec. +28 31 19). Its mass is ~I15M and it is
~10? times more luminous than the Sun. The V band amplitude
is 0.24, but almost 1 magnitude in UV (Percy 2007).

There has been extensive literature published regarding
period increases in BW Vul. Based upon spectroscopy, Petrie
(1954) first suggested a constant rate of period increase, dP/dt =
+3.7 seconds/century. Cherewick and Young (1975) confirmed
this with photometry, albeit with a rate approximately half
as large. If due to the evolution of the star, then these large
positive dP/dt would indicate that BW Vul is in the shell
hydrogen burning phase. This contradicts evidence that § Cep
stars in clusters are in the late core burning phase where the
period change is well under one clock-second per century. This
seemingly rules out the contraction phase where the period
should decrease.

Another proposed interpretation of the data was a piecewise
linear ephemeris with abrupt period changes, suggested by the
following investigations: Tunca (1978) suggested a constant
period with a dP/dt = +0.5 second/century in 1972. Chapellier
(1985) offered a similar interpretation with abrupt period
changes in 1931 and 1945 as well. Chapellier and Garrido
(1990) documented another period increase around 1980—-1981.
An international campaign to monitor BW Vul during the
1982 observing season unfortunately yielded only one timing
(Sterken et al. 1986). Chapellier and Garrido (1990) offered
no physical explanation for the period changes but suggested
that a convective process could be responsible. They posited
that both the amplitude and timings became unstable for three
years during the 1980-1981 change.

Odell (1984) noted an apparent periodic variation
superimposed on the quadratic ephemeris and attributed it to the
light-travel time effect (LTTE) of a small-mass companion, or
to two pulsation modes beating with a period of about 25 years.
Pigulski (1993) solved for this postulated binary orbit. With
reasonable assumptions for the mass of the primary and the
inclination of the orbit, the mass of the secondary should be less
than 2.5M,, and therefore not detectable in extant observations.
All this uncertainty surrounding BW Vul was mostly ignored
due to the seemingly predictive power of LTTE and the case was
considered settled (Horvath et al. 1998). Two excellent review
papers, Zhou (1999) and Sterken (2005), both used BW Vul as
the illustrative example of a star demonstrating LTTE. However,
the LTTE model predicted a dP/dt=+0.5 second/century around
2002 which did not happen and thus appears to rule out this
explanation for the period variation in this star (Odell 2012).

2. Methods

2.1. AAVSOnet

B-band and V-band images of BW Vul were obtained
using the American Association of Variable Star Observers
network (AAVSOnet) telescopes (Henden 2014) in Cambridge,
Massachusetts (BSM-HQ), New Mexico (BSM-NM), and
Hawaii (BSM-Hamren). All AAVSO images were calibrated
each observing night using twilight flat-fields as well as bias
and dark frames.

Ensemble photometry was done using comparison stars
HD 199221 and HD 335322 and check star HD 199418 obtained
from the AAVSO Comparison Star Database. Mathematical
analyses were performed using veHOT (AAVSO 2012), VSTAR
(Benn 2013), and an ExciL spreadsheet. Results were air
mass corrected, transformed, and submitted to the AAVSO
International Database (AID; Kafka 2015).

2.2. Lowell Observatory
Images of BW Vul were obtained using the 0.7-m robotic
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telescope at Lowell Observatory’s Anderson Mesa Station. The
CCD field is 15'x 15" with image-scale 0.46"/pixel. Because of
the star’s brightness, data were taken with narrowband filters
approximating the B, V, R wavelengths. These were centered at
4450 A, 5260 A, and 7128 A, and all about 60 A width. These
filters are normally used to subtract out continuum flux from
other filters used to measure emission bands in comets. They
have the additional use of allowing bright stars to be observed
with the telescope in reasonable exposure times. Twilight flat-
field and bias frames were obtained each observing night. The
CCD camera is cooled using a CryoTiger chiller to —110°C, so
dark frames are not required for calibration.

Similar frames of the B-giant HD 198820=HR 7996 (B3I1I),
4 degrees north of BW Vul, were interleaved with the variable to
serve as the sole comparison star. This procedure worked only
on bona-fide photometric (cloud-free) nights. More recently the
BW Vul field center has been adjusted to include three rather
faint on-chip comparison stars, so that useful data could be
obtained when the sky was unexpectedly “cirrus-y.”

Seasonal observations continue using the on-chip
comparisons, omitting the red filter, but substituting a narrow-
band filter in the far-red (8900 A), near the center of the Sloan
z filter passband.

The data prior to Andy Odell’s death were analyzed by
him using IRAF scripts. We do not know the details of those
reductions. However, we know that he necessarily needed to
be a finicky photometrist in order to seek the subtle effects in
the stars on which he worked.

3. Results

Observed Timings (T,) of maximum/minimum light were
determined using the parabolic method. To for the AAVSO data
represent the mean of the B-band and V-band data. Calculated
Timings (T,) are from Sterken’s (1993) equation:

T =28802.5487+(0.201038) (Cycle#) 1)

These data are included in the ephemerides of Table 1 (AAVSO)
and Table 2 (Lowell). To are reported in the columns labeled
HJD in days. Cycle numbers ending in .45 represent minima.
(O—C)s are the residuals to a linear fit of data and are in clock-
minutes.

The BW Vul B-band phase plot from the AAVSO data is
shown in Figure 1. Mean scatter on the fit is ~0.05 mag.

A residuals plot combining our data with historical results
dating back to 1982 is shown in Figure 2 showing best linear fits.

4. Discussion

Over almost 80 years of observations, BW Vul has closely
followed a parabolic ephemeris (period increasing by 2.4
seconds/century) with perhaps LTTE induced by a hypothetical
companion. This parabola with excursions on either side also
could be viewed as a sequence of straight lines (constant
period) with abrupt period increases. This paradigm predicted
a necessary period increase around 2004, which did not occur.
To the contrary, our data, as seen graphically in the Figure 2
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Table 1. BW Vul timings, AAVSO.

Cycle HJD (2450000+)  (0-C)
134114.45 5764.8898 -0.6
142048.45 7359.9608 -7.8
143727.45 7697.524 9.2
143772.45 7706.553 -16.6
144500.45 7852.927 44
144530.45 7858.954 -1.8
144535.45 7859.948 -17.9
144540.45 7860.962 =53
144644.45 7881.8682 -8.6
144659.45 7884.8877 -3
144667.45 7886.4961 2.9
144684.45 7889.9154 -0.7
144694.45 7891.9294 4.5
144704.45 7893.9389 3.1

Table 2. BW Vul timings, Lowel Observatory.

Cycle HJD (2450000+) (0-C)
142056.45 7361.5800 10.1
142948.45 7540.9025 -1.3
143028 7556.9002 4.6
143166.45 7584.7314 0
143167 7584.8436 2.3
143171.45 7585.7355 -1.6
143172 7585.8468 -0.6
143311 7613.7982 8.6
143519.45 7655.7021 35
143623.45 7676.6111 43
143624 7676.7239 7.5
143772.45 7706.5655 2.8
143773 7706.6729 -1.8
143777.45 7707.5730 6.1
143778 7707.6872 11.3
144674 7887.8166 3.9
144674.45 7887.9027 -2.5
144679 7888.8262 10.1
144679.45 7888.9116 2.8
144793.45 7911.8321 5.1
144794 7911.9437 6.6
144798.45 7912.8384 6.6
144799 7912.9480 52
145354.45 8024.6133 0.2
145355 8024.7316 10.5

residuals plot, suggest that the period may have paradoxically
decreased around 2009 by ~0.0006 %. There are insufficient
data at present to determine if this proposed period change is
real, or if this assumed change is linear plus/minus a sine wave
accounting for LTTE. Therefore, both the AAVSOnet and the
Lowell Observatory have committed to further observations of
this star.

5. Acknowledgements

The impetus for this paper comes, in large part, from the
passion that Andy Odell had for BW Vul. Unfortunately, he
passed away suddenly from a heart attack in May of 2019.
He was convinced that this star had much more to teach us
and that new surprises awaited us if we continued to observe
it. When he was asked what he thought those surprises might



30

Cowall et al., JAAVSO Volume 48,2020

6.100
6.125
6.150
6.175
6.200
6.225
6.250
6.275
6.300
6.325
6.350

'ﬂ? 6.375

=]

2 6.400

5 6.425

E’ 6.450

=

$ 6.475

o

£ 6.500

:5‘ 6.525

T

D 6.550
6.575
6.600
6.625
6.650
6.675
6.700
6.725
6.750

6.800

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.

Figure 1. BW Vul B-band phase plot from the AAVSO data.

40

00 01 02 03 04 05 06 07 08 09 10
Phase

30

20

=
o

L
o

Residual (minutes)
o

-20 i

-30 Fa

_40 1 1 1 1 1 1 1
42000 44000 46000 48000 50000 52000 54000 56000 58000

Heliocentric Julian Date (2400000+)
Figure 2. BW Vul O—C HID (2400000+). “-: 1982-2004 (historical); “+”: 2007-2017 (AAVSO and Lowell).

be he said, “Ask me again in 50 years.” Rest in peace, Andy,
amongst the stars. We acknowledge with thanks the variable
star observations from the AAVSO International Database
contributed by observers worldwide and used in this research.
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Abstract About a third of all pulsating red giants (PRGs) have long secondary periods (LSPs), an order of magnitude longer
than their pulsation periods (P). Although LSPs have been known for many decades, their nature and cause are uncertain. We
have analyzed data on 45 PRGs, from the All-Sky Automated Survey for Supernovae (ASAS-SN), and combined the results with
data from the literature to draw a few new conclusions about this phenomenon. LSPs have V amplitudes of up to 0.45 mag. The
ratio LSP/P has a peak at 10+ 1, and a broader distribution at 7+ 1. There is no obvious correlation between LSP/P and LSP itself.
Previous studies have suggested that the pulsation amplitude does not vary around the LSP cycle, but varies on longer time scales
of 20-45 P. However, we find smaller variations in pulsation amplitude around the LSP cycle, which may be partly due to the effect
of the LSP variations on the pulsation amplitude determination, but otherwise appear to be real and common.

1. Introduction

Red giant stars are unstable to pulsation, but their variability
is complex, with “wandering” periods (Eddington and Plakidis
1929), variable pulsation amplitudes (Percy and Abachi 2013),
and, in about a third of stars, “long secondary periods” (LSPs)
of unknown cause (Wood 2000). Percy and Deibert (2016)
and Percy and Leung (2017) used data from the American
Association of Variable Star Observers (AAVSO) International
Database (AID) to study the LSP phenomenon, following on the
work of Mattei et al. (1998) and Kiss ef al. (1999), and Fuentes-
Morales and Vogt (2014) who used data from the original ASAS
survey. Important studies of PRGs in the LMC have also been
carried out by Wood (2000) and others, using data from other
automated surveys.

In the present study, we supplement those studies of PRGs
with new results from the analysis of data from the All-Sky
Automated Survey for Supernovae—ASAS-SN (Jayasinghe
etal 2018,2019). We look especially at the amplitudes of both
the pulsation periods and the LSPs, since more attention has
been paid to the periods than to the amplitudes.

Percy and Fenaux (2019) have recently analyzed data on
PRGs from ASAS-SN, and pointed out some problems with
the automated analysis and classification of PRGs by the
ASAS-SN project. These arise from the complexity of PRGs’
variability, as mentioned above. Knowing of and accounting
for this complexity, it would now be possible to extract useful
information from this very large sample (175,000!) of PRGs. In
the present paper, we continue to explore the use of the ASAS-
SN data to understand more about these stars.

2. Data and analysis

We analyzed the 45 ASAS-SN stars in Table 1, all of which
were selected because their light curves showed the clear
presence of both an LSP and variability on a time scale an order
of magnitude shorter which was presumed to be pulsational
variability. For this specific project, we restricted ourselves
to stars with LSP ~500 days. Given the finite length of the

ASAS-SN database (about 2,000 days), longer LSPs cannot be
reliably identified and studied. The data were downloaded, and
analyzed using the AAVSO vsTar time-series package (Benn
2013), which includes a Fourier and a wavelet analysis routine.

3. Results

3.1. Pulsation periods and LSPs

Pulsation periods, LSPs, and their amplitudes were
determined for a sample of 45 stars which were classified
by ASAS-SN as SR, and which had LSPs of approximately
500 days as determined by a cursory inspection of their light
curves. The results are given in Table 1. The columns list: the
star name minus ASAS-SN-V-J, the pulsation amplitude, the
LSP amplitude, the pulsation period P, the LSP, the apparent
time scale for smaller pulsation amplitude variations (see
sections below), and LSP/P. Here, “amplitude” is defined as
the coefficient of the sine curve, corresponding to the period.
The peak-to-peak “range” would be twice that.

3.2. LSP amplitudes

The amplitude of the LSP and its upper limit provide
some information and constraints on possible causes for the
phenomenon. Figure 1 shows a histogram of the amplitudes of
all the LSPs in our new sample, as well as those in Percy and
Deibert (2016), Percy and Leung (2017), and Fuentes-Morales
and Vogt (2014).

3.3. Ratios of LSP to pulsation period

Figure 2 shows a histogram of values of LSP/P. The peak is at
9-10, and there is also a broad, shallower distribution around 6-7.
For the stars in Table 1, half have LSP/P =10+ 1, with the smaller
broad distribution at 7+ 1. For the stars analyzed by Fuentes-
Morales and Vogt (2014) having LSPs, the peak values of LSP/P
are 9+ 1 and 5+1, which is not inconsistent with our results.

3.4. A relation between LSP/P and LSP?
Previous studies have shown that shorter-period PRGs are
more likely to be pulsating in an overtone mode, and longer
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Table 1. Analysis of ASAS—SN observations of pulsating red giants.

Name (ASAS-SN—V) ~ A(P) A(LSP) P(d) LSP(d) tA (d) LSP/P

191616.35+475823.7 021 0.08 54 506 428 9.4
200906.21-360621.9 0.27  0.08 50 502 460  10.0
102404.50-424432.1 0.07  0.04 43 534 600 124
092133.94-302421.6 041  0.11 53 500 — 9.4
073356.87-761029.5 0.19  0.08 50 537 453 10.7
101642.40-324246.4 0.09  0.05 47 497 500  10.6
221339.54+250026.2 0.18  0.06 70 510 550 73
175204.29-505333.5 0.06  0.04 51 530 458 104
201618.11-514426.6 029  0.08 63 449 680 7.1
181621.36-624528.8 0.15  0.07 67 408 437 6.1

072611.52-051112.8 021 017 120 526 — 44
165443.03-674130.3 022  0.11 52 521 — 100
061244.28-494217.4 0.06  0.04 52 511 — 9.8

071807.32-580600.5 032 0.06 60 485 406 8.1
223902.01+210756.5 020  0.10 84 511 1060 6.1
041209.77-581525.7 0.06  0.04 49 497 660  10.1
190736.39-283252.1 0.17  0.10 51 513 1010 10.1
200517.75+152705.5 029 0.14 87 494 — 5.7
043744.566+535304.7 0.28  0.09 67 667 — 100
183140.63-342342.4 0.17  0.09 54 530 580 9.8

185021.64-372919.3 0.07  0.04 55 504 — 9.2
050943.86+072725.6  0.09  0.05 50 530 — 10.6
073046.65-642648.2 024  0.09 55 523 — 9.5

195637.80+073255.0  0.28  0.10 84 537 650 6.4
042558.31+224004.7 033  0.08 63 511 530 8.1
024353.42+383555.7 024  0.08 62 510 — 8.2
060912.35-142851.3 0.10  0.06 52 538 — 103
202651.30+192639.8 0.17  0.06 62 493 460 8.0

202346.72+230928.2 020  0.10 65 486 — 7.5
173343.90-491900.9 0.10  0.05 60 489 — 8.2
202507.66+131360.0  0.26  0.09 55 520 — 9.5

075229.72-065927.9 034  0.10 66 506 — 7.7
065430.46-024530.5 0.16  0.08 69 507 400 73
180342.74-541714.9 020  0.09 56 527 940 9.4
160247.19-262523.7 0.09 0.19 54 547 — 101
120733.34-572501.6 0.14  0.20 56 377 430 6.7
192322.36+132404.5 0.15  0.17 47 349 — 7.4
200830.55-024558.2 021  0.14 44 700 750 159
165027.59-670623.6 0.16 0.18 42 512 440 122
190727.12-115432.9 0.07  0.19 25 346 — 138
184135.31-074400.7 0.10  0.15 27 415 — 154
201749.96+101629.5 0.15  0.15 50 374 367 7.5
085241.14-390810.0 020  0.11 29 290 290  10.0
143922.74-622255.9 020  0.18 30 365 265 122
042659.04-705401.3 0.10  0.08 35 344 920 9.8

period PRGs (such as Mira stars) are more likely to pulsate
in the fundamental mode. If the LSP was correlated with, for
example, the radius of the star, then LSP/P might be expected
to be larger in short-period, first-overtone stars, and smaller
in longer-period, fundamental-mode stars. Figure 3 shows the
relation between LSP/P and LSP. No such trend is obvious.

3.5. Does pulsation amplitude vary around the LSP cycle?

If the LSP produces significant changes in the physical
properties of the pulsating star, then it is possible that these
produce changes in the pulsation amplitude around the LSP
cycle. The time scales of amplitude variation in PRGs tend to
be 2045 times the pulsation period (Percy and Abachi 2013;
Percy and Deibert 2016), whereas the LSPs tend to be 5-10
times the pulsation period. This suggests that the pulsation
amplitude does not vary significantly on the LSP time scale.
Percy and Di (2018), using AAVSO data, also found this to be
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Figure 1. Histogram of the amplitudes, in magnitudes, of LSPs for PRGs in
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Figure 2. Histogram of ratios of LSP/P for PRGs in our sample, and PRGs in
the sources given in section 3.2. There is a strong peak at 10+ 1, a small number
at 7+1, and a very few larger than 12. The horizontal bars are the results for
the ASAS-SN stars listed in Table 1.

the case in four stars, for which there was sufficiently dense
coverage in the AID.

These studies, however, used decay parameters of 0.001
in VSTAR to average out the scatter in the AAVSO visual data.
ASAS-SN data do not have this scatter, and are reasonably
dense, so we have used them, with a decay parameter of 0.01,
to investigate this question in more detail. The significance of
the decay parameter is discussed by Templeton (2004) and in
more detail by Foster (1996), who created the wwz wavelet
analysis tool. The decay parameter sets the width of the
Gaussian window function. To quote Templeton (2004): “The
algorithm fits a sinusoidal wavelet to the data, but as it does
so, it weights the data points by applying the sliding window
function to the data; points near the center of the window have
the heaviest weights in the fit, while those near the edges have
smaller weights. The window slides along the data set, giving
us a representation of the spectral content of the signal at times
corresponding to the center of that window.” A slow decay
averages the spectral properties over a longer time span. A fast
decay averages them over a shorter time span, and therefore
gives finer detail, though based on fewer data points, and
therefore with potentially lower accuracy.

We found the situation to be somewhat more complicated.
Smaller amplitude variations are found on a shorter time scale.
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The second-last column in Table 1 lists the time scales
(tA in days) of these variations, as determined by wavelet
analysis. This will be discussed in more detail in section 4.

4. Discussion

4.1. Periods and LSPs

The stars were chosen to have LSPs of approximately 500
days, but the derived values range between 300 and 700 days,
though the statistical uncertainty of these is obviously large,
since the lengths of the datasets are only about 2,000 days.
Most of the pulsation periods are about 50 days. In this sense,
our star sample is not an unbiased one.

4.2. LSP amplitudes

There are several biases in the histogram of LSP amplitudes
(Figure 1). The ASAS-SN stars in Table 1 were chosen to have
a conspicuous LSP, as well as visible shorter-period variations
which were presumed to be due to pulsation. Stars with LSPs
from Percy and Deibert (2016), Percy and Leung (2017), and
Fuentes-Morales and Vogt (2014) are less biased, but LSPs
with amplitudes below 0.10 are still less likely to be detected.
So the true shape of Figure 1 is more likely to be a smooth
drop-off from 0.00 to the apparent upper limit of 0.45. This
upper limit provides some constraint on the possible LSP
mechanism, which remains uncertain. Figure 1, when compared
with Figure 3 in Percy and Deibert (2016), confirms that there
is no shortage of large-amplitude (~0.3-0.4 mag) LSPs, even
for LSPs as low as 500 days.

We note that Trabucchi ez al. (2017) found that, in the Large
Magellanic Cloud, LSPs seem to have an upper limit to their
amplitude of 0.4 mag, or slightly higher, shown in their Figure 7.

It is possible that some stars have a large LSP amplitude and
a small pulsation amplitude, so that the LSP is then interpreted
as a pulsation period. Percy and Fenaux (2019) identified a few
such stars.

It is also possible that all PRGs—even including Mira
stars—have LSPs, but that most of them have amplitudes which
are too small to be detected. This is a possibility that is worth
investigating—if it is practically possible.

4.3. Ratios of LSPs to pulsation period

One possible interpretation is that the larger values of LSP/P
occur when P is a first-overtone pulsation mode (P1), and the
smaller values occur when P is the fundamental mode (P0). In
that case, the large number of LSP/P values around 10 suggests
that about half of the stars are pulsating in the first overtone,
whereas the stars with LSP/P around 7 are pulsating in the
fundamental mode. The ratio P1/P0 varies between 0.45 and
0.65 for these stars (Xiong and Deng 2007; Percy 2020).

4.4. A relation between LSP/P and LSP?

Since shorter-period PRGs are known to pulsate in the
first overtone, whereas longer-period ones pulsate in the
fundamental, there might be a trend between LSP/P and LSP.
Figure 3, which includes data from Percy and Deibert (2016)
and Morales-Fuentes and Vogt (2014), shows no evidence for
that. Figure 5 in Percy and Deibert (2016), which includes LSPs
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up to 3,000 days, confirms this lack of a trend. Our result is also
consistent with Fuentes-Morales and Vogt (2014), Figure 4.

4.5. Does pulsation amplitude vary around the LSP cycle?

The a priori reasons for believing that the pulsation
amplitude does not vary significantly around the pulsation
cycle are: (1) the dominant time scale for pulsation amplitude
is 20-45 pulsation periods, whereas the time scale of the LSP
is 5-10 pulsation periods; and (2) Percy and Di (2018) did not
find any significant variation in pulsation amplitude during the
LSP cycles of four stars.

We have re-examined this question. In particular: we have
reduced the decay parameter in the vsTar wavelet analysis. This
gives finer resolution for study of the period and amplitude
variation though, because it determines these over shorter
intervals—typically one pulsation cycle—it does not have
the advantage of averaging out the scatter over more than one
pulsation cycle. We find that the individual pulsation cycles are
affected (sometimes significantly) by the LSP variability, so this
effect may be partly due to the method of analysis. The longer-
time-scale variations are still present. Figures 4 and 5 show two
examples. Table 1, column 6 gives the time scale TA, in days,
of the smaller, shorter-period variations in pulsation amplitude.
These shorter-period variations may have been averaged out in
our previous studies. In this column, a blank entry indicates that
there were no detectable amplitude variations.

A detailed comparison of the LSP light curve and the
pulsation amplitude variability as determined by wavelet
analysis with a short decay parameter shows clearly that the
two are not in phase; they indeed have similar but unequal time
scales. This can be seen in the AAVSO data for U Del and Y Lyn,
which are especially densely covered. There is no consistent
relation between the times of maximum pulsation amplitude
and the phase in the LSP cycle.

5. Conclusions

This study provides an example of how data from the ASAS-
SN survey, because of their accuracy and density, can provide
useful information about the behavior of PRGs, including the
poorly-understood LSP phenomenon. Specifically, we have
derived information about the amplitudes of the LSPs, and their
upper limit, and about the relationship between LSP/P and LSP
(assuming it to be related to radius). We have also been able to
study variations in pulsation amplitude on time scales of the
LSP to tens of pulsation periods.

One limitation of the ASAS-SN survey is that the datasets
are only about 2,000 days long. This limits the precision of the
derived periods, and limits the extent to which we can study
very long time scale phenomena in these stars. There are also the
inevitable seasonal gaps in the data, which can lead to confusing
aliases in the Fourier spectrum.

Percy and Wallace, JAAVSO Volume 48, 2020

This project is also an example of the kind of project which
can be carried out by an undergraduate student, who can develop
and integrate their science and math skills, motivated by doing
real science with real data.
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Abstract During a study of the 6 Scuti star V1393 Centauri by digital single lens reflex photometry, it was found that two of the
chosen comparison stars were variable. This paper reports the subsequent investigation of one of them, HD 121620, which revealed
irregular light variations of 0.8 magnitude in V within a time frame of approximately 24 hours. Photometry in the Hipparcos and
Tycho databases from December 1989 to February 1993 revealed an average VT magnitude of 7.25 and little scatter in the data,
indicating that the star was then either constant or only slightly variable. Photometry in the ASAS-3 V database between January
2001 and September 2009 showed a similar pattern, with an average magnitude of 7.1. Variability is documented in the ASAS-SN
V database from February 2016 to September 2019, and in the ASAS-SN g database from June 2018 to September 2019. Inspection
of the author’s light curves and Fourier analysis of the author’s data show a time frame of one day, but no regular periodicity. Since
HD 121620 has a spectral type of G6/8I11, it belongs to a population of stars which are least likely to be variable. The nature of

its variability has not been determined.

1. Introduction

During a digital single lens reflex (DSLR) photometric study
of the & Scuti star V1393 Cen, the light curves of the variable and
check stars were found to have anomalous features, indicating
that the comparison star is variable. Photometry of several stars
in the field of view revealed that two of them, HD121191 and
HD121620, are variable. HD121191 is a previously unreported
S Scuti star (Axelsen 2019). HD121620, a 7th magnitude
Go6/8I1I high proper-motion star at R.A. 13 57 56.44, Dec. —53
42 15.34 (ICRS, J2000 from SIMBAD) (Wenger et al. 2000)
was found to have unusual features of variability, which are
reported herein.

2. Methods

Time series photometry was performed on 12 nights from
26 May to 23 June 2019. RAW format images were captured
with a Canon EOS 500D DSLR camera through an 80-mm /7.5
refractor on an equatorial mount. Autoguided exposures of 180
seconds were taken at ISO 400, with a 5-second gap between
consecutive exposures.

Images were converted to the FITS format and pre-
processed in IRIS (Buil 1999-2018) using dark, bias, and
flat frames. Images from the blue and green channels were
extracted and imported into ASTROIMAGEJ (Collins et al. 2017)
for aligning and aperture photometry. Comparison and check
stars were HD 120858 and HD 121277, respectively. Data listed
in SIMBAD for the variable, comparison, and check stars are
shown in Table 1.

Table 1. Data from SIMBAD for the variable, comparison, and check stars.

Flux values from ASTROIMAGEJ were imported into an
EXCEL spreadsheet. Instrumental magnitudes and transformed
magnitudes in B and V were calculated using transformation
coefficients derived from photometry of images of standard
stars from the E regions (Menzies et al. 1989). Atmospheric
extinction corrections were not applied. The data were analyzed
in vSTAR (Benn 2012).

Position searches in SIMBAD (http://simbad.u-strasbg.fr/
simbad/sim-fid), the SAO/NASA ADS Custom Query Form
(http://adsabs.harvard.edu/abstract _service.html), and the
General Catalogue of Variable Stars (GCVS; Samus et al.
2017, http://www.sai.msu.su/gcvs/cgi-bin/search.htm) failed
to find any specific report of variability in HD 121620.

Evidence for variability of HD 121620 was also sought in
The Hipparcos and Tychco Catalogues (Perryman et al. 1997)
via the 1/239/hip_main table in Vizier (http://vizier.u-strasbg.fr/
viz-bin/VizieR-3), in the All Sky Automated Survey (ASAS-3
V) database (Pojmanski 2002), and in the All-Sky Automated
Survey for Supernovae (ASAS-SN, http://www.astronomy.
ohio-state.edu/~assassin/index.shtml) (Shappee et al. 2014;
Kochanek ef al. 2017).

3. Results

3.1. New photometry of HD 121620

The transformed V magnitude of HD 121620 from the
author’s data was determined for 1,439 time points over the
12 nights of observation, during a total observing time of 78 hr
50min. The shortest duration of observation during one night
was 3hr 16 min and the longest 8 hr 38 min. The magnitudes

Star Component R.A. Dec. 14 B BV
hm s "
HD 121620 Variable star 1357 56.44 53421534 7.088 (0.010) 8.043 (0.015) 0.955
HD 120858 Comparison star 135321.11 -531429.96 8.71 (0.01) 10.00 (0.03) 1.29
HD 121277 Check star 135555.68 5314 58.72 9.16 (0.02) 10.04 (0.04) 1.24
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ranged from 7.05 to 7.83, but were not distributed uniformly
across the observing nights. During the first six nights, the
magnitude ranged from 7.05 to 7.37, whereas the range during
the last six nights was 7.34 to 7.83.

Light curves are shown in Figures 1 and 2. Figure | includes
all observations in B and V and shows their distribution in time
across the twelve nights. When the star was brighter, during
the first six nights, B-V was greater than it was during the last
six nights. Figure 2 illustrates in more detail the light curves
for each of the twelve nights. It should be noted that the check
star light curves in Figure 2 are shifted so that in each panel
the variable and check star light curves are both optimally
visualized. HD 121620 brightened during the five nights from
26-27 May to 30-31 May. The observations for the night of
11-12 June exhibit a pattern suggesting the light curve may have
been approaching a peak. On the nights of 12—13 and 13-14
June the light curves are descending. Troughs are present for
the nights of 17-18 and 18—19 June. The light curve is again
descending for the short period of observation before midnight
on 19 June. A pronounced trough is seen in observations from
22-23 June. Thus, although no regular periodicity is evident
from inspection of the light curves, there is variability with a
time frame of about 24 hours.

Another feature is the presence of short, low amplitude
flares, seen on 27-28 May just after the beginning of the light
curve, and on 30-31 May, possibly at the beginning of the light
curve, and again about two thirds of the way along its length.
At least two and probably more flares are seen on 13—14 June.

3.2. Photometry of HD 121620 in published databases

The light curve of all data on HD 121620, from the author’s
observations and from professional sky surveys, is plotted in
Figure 3. The sources of the data are: The Hipparcos and Tycho
Database (VT magnitudes); ASAS-3 V; ASAS-SN V and g; and
the author’s V data.

The Hipparacos and Tycho Database contains 129
observations of the VT magnitude of HD 121620 between
December 1989 and February 1993. The magnitude varies
between 7.21 and 7.28, with 87% of the observations lying in
the range 7.23 to 7.26. Thus, the star was either constant, or
varied only slightly during this time.

Observations were sourced from the ASAS-3 V database
between December 2000 and September 2009. Saturation in
survey images between December 2000 and September 2001
resulted in large scatter. These observations are unreliable
and were not used. From 2002 onwards exposure times
were reduced, thereby avoiding saturation. From these, 615
observations between January 2001 and September 2009 were
extracted for analysis in this paper. These observations had little
scatter and a mean magnitude of 7.1.

ASAS-SN yielded data in the V and g photometric systems.
At the time the data were accessed on 12 December 2019,
813 V-band observations were found from February 2016 to
September 2018 and 776 g-band observations were found from
June 2018 to September 2019. Thus, only ASAS-SN g-band
data are available for the time the personal observations were
made. ASAS-SN V magnitudes range from 7.066 to 8.170, with
80% of the observations lying in the range 7.4 to 7.7, whereas
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the g magnitudes vary from 7.487 to 9.219 (excluding two
11th magnitude outliers), with only 5% of observations being
brighter than magnitude 7.9. In comparison with the ASAS-SN
V data, the g magnitude range is greater, since the g passband is
roughly equivalent to the combined Johnson B and V passbands.
There is also a larger scatter in the data, particularly for the
fainter magnitudes.

A note of caution is needed concerning ASAS-SN data
for bright stars, because the sensors usually saturate between
magnitudes 10 and 11 in V. ASAS-SN uses a procedure
that improves the data for saturated stars and enables useful
photometric information to be obtained, although the degree of
improvement is conditional. The best improvement occurs when
the charge bleeding from saturated pixels is conservative, and
the saturated star is relatively isolated (Kochanek et al. 2017).
We consider that the improvement in the ASAS-SN photometry
for HD 121620 does yield valid data, because inspection of
Figure 3 herein reveals that the amplitude of the author’s V
data is similar to that of the ASAS-SN V data.

3.3. Period analysis

Inspection of Figure 1 suggests a time scale of approximately
24 hours, since light curves taken on consecutive nights are in
several instances approximately parallel. Period analysis using
Date Compensated Discrete Fourier Transform (DC DFT) in
VStar for the period range 0 to 10 days and a resolution of
0.01 reveals the most prominent period to be 1 day with semi-
amplitude of 0.35 magnitude (Figure 4).

Analysis of the ASAS-SN V data within a period range of 0
to 50d and a resolution of 0.01 reveals that the most prominent
period is 29.66d, with a low amplitude of 0.042 magnitude
(Figure 5). Analysis of the same data but for the period range 0
to 6d and a higher resolution (0.001) reveals a prominent peak
representing a period of 0.997 d with a low amplitude of 0.053
magnitude (Figure 6).

A similar analysis of the ASAS-SN g observations reveals
three peaks close to the noise level of the data. They represent
periods 0f 0.99d, 6.44 d, and 0.2 d, respectively, with amplitudes
of 0.073, 0.071, and 0.064 magnitude (Figure 7). Their
significance is uncertain, and they are not considered further
in this paper.
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Figure 1. Light curve of HD 121620 from the author’s DSLR photometric
data obtained during 12 observing nights from 26 May to 23 June 2019. Green
and blue represent Johnson V and B data, respectively. This illustration gives
an overall view of the entire dataset, showing the magnitude range and the
distribution of data across time.
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HD121620 & Check Star-1.67, 26-27 May 2019
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Figure 2. V Light curves of HD 121620 and the check star from the author’s data for each of the 12 observing nights. The check star magnitude is offset by various
values to allow optimal visualization of the data. The value of the offset is shown in the title of each panel.
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Figure 5. Amplitude versus period plot from 0 to 50 days at a resolution of 0.01
day for HD 121620 from vsTAR using the Johnson V data from ASAS-SN. The
amplitude of the data is small. The most prominent peak, 29.66d, is close to the
synodic period of the Moon, and is likely to be spurious (see text).
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Figure 6. Amplitude versus period plot from 0 to 6 days at a resolution of 0.001
day for HD 121620 from vstar using the Johnson V data from ASAS-SN.
The amplitude is small. The most prominent peak represents a period 0.997d.
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Figure 7. Amplitude versus period plot from 0 to 10 days at a resolution of 0.01
day for HD 121620 from vsTar using the Sloan g data from ASAS-SN. The three
most prominent peaks, numbered 1 to 3 in the above, are not far above the noise
level of the data. They represent periods of 0.99d, 6.44d, and 0.2d respectively,
with amplitudes of 0.073, 0.071, and 0.064 magnitude, respectively.

4. Discussion

Photometry of HD 121620 is available in five datasets:
The Hipparcos and Tycho Database from December 1989 to
September 1993; the ASAS-V data from December 2000 to
September 2009; the ASAS-SN V band data from January 2017
to September 2018; the ASAS-SN g band data from June 2018
to September 2019; and the author’s V data, from 26 May to
23 June 2019.

Perhaps the most remarkable thing about this star is that
it was either constant or variable with a very low amplitude
when the Hipparcos observations were made, and for most of
the time during which ASAS-3 V data is available. Seven years
and four months after the last ASAS-3 observations, at the time
of the earliest ASAS-SN data in January 2017, variability of
HD 121620 was evident, with an amplitude of several tenths of
a magnitude in V. This behavior has continued through to the
most recent data, with the author’s data showing similar overall
amplitude to that seen in the ASAS-SN V data. The amplitude of
the ASAS-SN g data is greater, and the mean magnitude fainter.
These differences would be expected, since the ASAS-SN g
passband approximates the combined passbands of Johnson V
and B filters, and since the B-V color index varied from 1 to 0
approximately in the author’s data.

The cadences of the ASAS-SN V and g data vary from one
to several days, with three closely spaced observations about
105 to 110 seconds apart on each day that observations are
made. The cadence of the author’s data is about 185 seconds
for time series photometry over several hours each observing
night. Thus, the latter data captures properties of variability that
are not revealed by the professional surveys.

Visual inspection and period analysis of the author’s and
ASAS-SN light curves did not find a consistent regular period;
hence a phased light curve could not be constructed. There
is, however, a time frame of variation of approximately 24
hours, clearly evident in Figure 1, where several light curves
are approximately parallel. Period analysis of the author’s
data also shows a period of 1 day (Figure 4). This could be
an artefact imposed on the data by the time frame inherent in
the nightly observing schedule, but the results of the Fourier
analysis are supported by the visual evidence from the light
curves themselves.
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A period of 29.66 d was revealed by Fourier analysis of the
ASAS-SN Johnson V data (Figure 5). This duration is very close
to the synodic period of the Moon. Percy (2015) has shown that
a period of this length is likely to be spurious, representing an
alias of much shorter periods. A similar period was also found
on analysis of the ASAS-SN g data, but has not been illustrated
in this paper.

A period of 0.997d was found in the ASAS-SN V data, but
with low amplitude of 0.053 magnitude (Figure 6). The period
very close to one day supports a similar value found on visual
inspection of the author’s light curves, and by Fourier analysis
of the author’s data. However, as the ASAS-SN observation
schedule has an inherent time frame of one day and as the
amplitude of the 0.997d period is very low, it may not reflect
a true period.

Analysis of the ASAS-SN g data reveals three peaks
representing periods 0f 0.99d, 6.44 d, and 0.2 d respectively, all
with low amplitudes (0.064 to 0.073 magnitude) and all close to
the noise level of the data (Figure 7). The comments applied to
the low amplitude period of 0.997d from the ASAS-SN V data
in the previous paragraph also apply to the 0.99d period in the
ASAS-SN g data. The other periods, 6.44d and 0.2 d, have not
been found in any other analysis. Because of this and because
of their low amplitudes they are not considered to be significant.
The type of variability exhibited by HD 121620 has not been
determined. Henry et al. (2000) found variability in only 19%
of G6 to G9 giants, the least variable spectral classes. In contrast
he found that 100% of K5 and later type giants in a large sample
were variable. From Table 1 of Henry et al. (2000), the shortest
time scale of variability of a G type star was 25 days, and the
periods of variable rotating G6/8 stars from Kepler data are
reported to be about 9 to 15 days (from Figure 2 of Nielsen
et al. 2013). These periods are much longer than the time frame
of about one day found in the author’s data.

Flares seen in the author’s data from three of the twelve
nights that HD 161620 was observed would be expected in G
type stars (Maehara et al. 2012; Shibayama et al. 2013).

5. Conclusion

The variability of HD 121620 is unusual. First, Hipparcos
observations between December 1989 and February 1993 and
ASAS-3V observations between January 2001 and September
2009 indicate the star was either constant or variable with
very low amplitude at those times. Second, despite the fact
that this is a bright star of 7th magnitude, its variability is not
recorded in either the GCVS or SIMBAD, nor does it appear
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to receive any specific mention in the searchable publications
of the NASA Astrophysics Data System. Third, a time frame
of about 1d, without regular periodicity, is strongly suggested
by the author’s data, both from inspection of the light curves
and from period analysis. However, a period as short as this
would not be expected in variable G type stars. The nature of
variability of HD 121620 is therefore not defined.
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Abstract Precise time-series multi-color (B, V, and 1) light curve data were acquired at UnderOak Observatory (UO) from
NSVS 7245866 (2017) and V685 Peg (2016). Prior to this investigation only monochromatic CCD data for both variables were
available from automated surveys which employ sparse sampling strategies. Each target produced new times-of-minimum from
data acquired at UO as well as values extrapolated from the SuperWASP survey. These results along with other eclipse timings
from the literature were used to generate new ephemerides. Roche modeling of the observed light curve data was accomplished
using the Wilson-Devinney code. Each system exhibits a total eclipse, therefore a reliable photometrically derived value for the
mass ratio (qmm) was determined which consequently provided initial estimates for the physical and geometric elements of both

variable systems.

1. Introduction

Overcontact binaries (OCs), also known as eclipsing
W UMa-type (EW) variables, have stellar components that
are in varying degrees of physical contact and therefore share
a common atmosphere. They represent at least 25% of all
eclipsing binaries found in photometric surveys conducted
in both Northern and Southern hemispheres (Kepler (Prsa
et al. 2011); ASAS (Paczynski et al. 2006); New South Wales
Survey (Christiansen et al. 2008)). Despite their relatively high
abundance, many questions about energy and mass transfer
within and between stars remain unanswered. Since OCs have
short orbital periods (0.25—-1d) they are attractive targets for
photometric study using modestly sized telescopes equipped
with CCD cameras. Their corresponding light curves (LCs)
typically exhibit eclipse minima of nearly equal depth that show
little color change, thereby suggesting that surface temperatures
are similar. Radial velocity studies reveal that the majority of
OCs have mass ratios (q=m,/m) that diverge considerably
from unity and have been observed as low as 0.065—0.08
(Sriram et al. 2016; Mochnacki and Doughty 1972; Paczynski
et al. 2007; Arbutina 2009). Overcontact binaries spend most of
their evolutionary lifetimes in physical contact (Stgpien 2006;
Gazeas and Stegpien 2008; Stgpien and Kiraga 2015). Depending
on many factors, including rate of angular momentum loss, mass
ratio, total mass, orbital period and metallicity, OCs are destined
to merge into fast rotating stars or to alternatively produce exotic
objects such as blue stragglers (Qian et al. 2006; Stegpien and
Kiraga 2015), double degenerate binaries, supernovae, or even
double black holes (Almeida et al. 2015).

Monochromatic CCD-derived photometric data for
NSVS 7245866 were first acquired from the ROTSE-I survey
between 1999 and 2000 (Akerlof et al. 2000; Wozniak et al.
2004; Gettel et al. 2006). Later on this system was also captured
by the Catalina Sky (Drake ef al. 2014), and SuperWASP
(Butters et al. 2010) surveys. Similarly, sparsely sampled
photometric data for V685 Pegasi (TYC 2258-1489-1) had
been acquired from the ROTSE-I, ASAS (Pojmanski et al.
2005), Catalina, and SuperWASP surveys. The SuperWASP
findings for both systems proved to be a rich source of time

(HJD) vs. magnitude data and were further examined to extract
out new times-of-minimum (ToM) light and generate period-
folded light curves. Although other ToM values have been
sporadically reported, this paper marks the first detailed period
analyses leading to new ephemerides. Data gathered from the
Gaia DR2 release of stellar parameters (Andrae et al. 2018) and
LAMOST DRS5 (Zhao et al. 2012; Wang et al. 2019) improved
the reliability of an effective temperature (T ) assigned to each
primary star. These refined values were subsequently used for
Roche modeling of LCs for NSVS 7245866 and V685 Peg using
newly acquired multi-color photometric data. As a result, this
investigation also provides the first published photometric mass
ratio estimates along with preliminary physical and geometric
characteristics for each system.

2. Observations and data reduction

Precise time-series photometric data were acquired at
UnderOak Observatory (UO; 74.456217 W,40.825229 N) with
a 0.28-m Schmidt-Cassegrain telescope and an ST-8XME
CCD camera installed at the Cassegrain focus. Automated
imaging was performed with photometric B-, V-, and I
filters manufactured to match the Johnson-Cousins Bessell
prescription. Computer time was updated immediately prior to
each session and exposure time for all images adjusted to 60s
(NSVS 7245866) or 755 (V685 Peg). Details regarding image
acquisition (science frames, darks, and flats), calibration, and
registration can be found elsewhere (Alton 2016). Only data
from images taken above 30° altitude (airmass<2.0) were
used, consequently, error due to differential refraction and
color extinction was minimized and not corrected. Instrumental
readings were reduced to MPOSC3 catalog-based magnitudes
(Warner 2007) built into mpo canopus v10.7.1.3 (Minor Planet
Observer 2011).

3. Results and discussion
Further photometric reduction to LCs was accomplished

using an ensemble of at least three non-varying comparison
stars in the same field of view (FOV). The identities, J2000
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coordinates, V-mags, and MPOSC3 color indices (B—V)
for these stars are listed in Table 1. CCD images annotated
with the location of target and comparison stars are shown
for NSVS 7245866 (Figure 1) and V685 Peg (Figure 2).
Uncertainty in comparison star measurements made in the same
FOV with NSVS 7245866 or V685 Peg typically stayed within
+£0.007 mag for V-and I - and +£0.010 mag for B-passbands. All
photometric data from both systems can be downloaded from
the AAVSO archives (https://www.aavso.org/data-download).

3.1. Photometry and ephemerides

Times of minimum (ToM) were calculated using the method
of Kwee and van Woerden (1956) as implemented in PERANSO
v2.6 (Paunzen and Vanmunster 2016). Curve fitting all eclipse
timing differences (ETD) was accomplished using scaled
Levenberg-Marquardt algorithms (QtiPlot 2013). The results
from these analyses are separately discussed for each binary
system in the subsections below.

3.1.1. NSVS 7245866

A total of 333 photometric values in B-, 339 in V-, and
337in1 -passbands were acquired at UO from NSVS 7245866
between February 18, 2017, and March 6, 2017. Included in
these determinations were four new ToM measurements which
are summarized in Table 2. The SuperWASP survey (Butters
et al. 2010) provided a wealth of photometric data taken (30-s
exposures) at modest cadence that repeats every 9 to 12 min.
Unfiltered data acquired in 2004 and broadband (400—-700 nm)
measurements made between 2006 and 2008 were offset relative
to V-mag data produced at UO (2017) and then folded together
(Figure 3; P=0.406543d) by applying periodic orthogonals
(Schwarzenberg-Czerny 1996) to fit observations and analysis
of variance to assess fit quality (PERANSO v2.6). In some cases
(n=41) the SuperWASP data were amenable to further analysis
using the method of Kwee and van Woerden (1956) to estimate
ToM values. These results (2006-2008), along with other
eclipse timings acquired at UO in 2017 (Table 2), were used to
calculate a linear ephemeris (Equation 1):

Min.I (HID) =2457818.5685(8) + 0.4065432(1)E. (1)

When all ToM data were included (2004-2017), plotting
(Figure 4) the difference between the observed eclipse times
and those predicted by the linear ephemeris against epoch (cycle
number) reveals what appears to be a quadratic relationship
(Equation 2) where:

ETD =-1.47-10%+2.03 - 10°E + 2.13 - 10°E2.  (2)

In this case the ETD residuals vs. epoch can be described by an
expression with a positive quadratic coefficient (+2.13-10°'7),
suggesting that the orbital period may have been slowly
increasing over time at the rate of 0.033 (7) s-y .

It would be remiss, however, not to note that eclipse timing
data for NSVS 7245866 are only available since 2004, with a
large time gap between 2008 and 2017. Despite the apparent
quadratic fit of the ETD residuals illustrated in Figure 4, the
best fit simultaneous LC solution (Figure 3) using Super WASP
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(2004-2008) and UO (2017) ToM values had very small
uncertainty (P=0.406543+0.000004 d). Arguably, if there
is a secular change in the orbital period, the rate would be
similar to many other contact systems reported in the literature
(Giménez et al. 2006). Furthermore, given the paucity of
data, it is not surprising that no other underlying variations
in the orbital period stand out, such as those that might be
caused by magnetic cycles (Applegate 1992) or the presence
of an additional gravitationally bound stellar-size body. At a
minimum, another decade of precise times of minimum will
be needed to reveal whether the orbital period of this system is
changing in a predictable fashion.

3.1.2. V685 Peg

A total of 304 photometric values in B-, 303 in V-, and 313
in I -passbands were acquired from V685 Peg between October
18,2016, and November 8, 2016. Included with the ToM data
summarized in Table 3 are five new values acquired at UO, 24
times estimated from the SuperWASP survey, as well as three
other published times that were used to calculate a new linear
ephemeris (Equation 3):

Min.I (HID) =2457700.6725 (4) + 0.3172596 (4)E. (3)

These data, shown in Figure 5, suggest that the orbital
period of V685 Peg has not meaningfully changed since
2004. Furthermore, as can be seen (Figure 6), TAMMAG?2
values from SuperWASP, which were offset to match the
mean V-mag observed in 2016, produced the best fit LC when
P=0.317260+0.000004 d.

3.2. Effective temperature estimation

The primary star is defined as the more massive member
of each binary system throughout this paper. The effective
temperature of the primary star (T ) was derived from a
composite of astrometric (USNO-A2.0, USNO-B1.0, and
UCAC4) and photometric (2MASS, SDSS-DR8, and APASS)
survey measurements (B—V), low resolution spectra obtained
from LAMOST-DRS (Zhao et al. 2012; Wang et al. 2019), the
Gaia DR2 release of stellar parameters (Andrae ef al. 2018), and
color index (B—V) data acquired at UO. Interstellar extinction
(A,) was calculated using the reddening value (E(B-V))
estimated from the median of six Galactic dust map models
(Amores et al. 2011) reproduced within the GALExtin VO-
service (http://www.galextin.org/v1p0/).

Intrinsic color, (B-V),, for NSVS 7245866 calculated from
measurements made at UO and those determined from five other
sources are listed in Table 4. The median value (0.505+0.093)
indicates a primary star with an effective temperature
(6260+333 K) that probably ranges in spectral class between
F6V and F7V. Houdashelt ez al. (2000) reported an improved
color-temperature relation for cool dwarf stars (0.32<(B-V)
<1.35) wherein T, was calculated to be 6204+380K. These
results, when combined with other T estimates from Gaia
DR2 (6066 15 K) and LAMOST DR5 (6254 +14), produced a
median value of 6230+267 K which was used for subsequent
Roche modeling. Notably, this determination is consistent with
the spectral type assigned (F5V) to NSVS 7245866 based on
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Table 1. Astrometric coordinates (J2000), V-mags and color indices (B-V)
for NSVS 7245866 (Figure 1), V685Peg (Figure 2), and their corresponding
comparison stars used in this photometric study.
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Table 2. NSVS 7245866 times-of-minimum (September 29, 2004—March 6,
2017), cycle number and residuals (ETD) between observed and predicted times
derived from the updated linear ephemeris (Equation 1).

Star Identification R. A. (J2000) Dec. (J2000)  V-mag® (B-V)*
h m s e

(T) NSVS 7245866 073653.06 +344020.60 11.253 0.443
(1) GSC 02461-02062 0736 57.76 +344158.03 11.230  0.478
(2) GSC 02461-02214 0736 43.07 +343932.47 12271 0.482
(3) GSC 02461-01637 0736 23.34 +343656.22 10.379  0.258
(4) GSC 02461-01381 0736 41.69 +344237.69 11.999  0.442
(5) GSC 02461-01073  073701.50 +344448.88 12.188  0.569
(T) V685 Peg 235319.50 +282349.68 11.707 0.685
(1) GSC 02258-01111 2353 59.13 +282657.01 10.116  0.653
(2) GSC 02258-01840 2353 01.00 +281839.27 11.690  0.738
(3) GSC 02258-01581 23 5341.07 +281921.59 11.977 1.005

“V-mag and (B-V) for comparison stars derived from MPOSC3 database
described by Warner (2007).

. ;
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Figure 1. CCD image (V-mag) of NSVS 7245866 (T) showing the location of
comparison stars (1-5) used to generate MPOSC3-derived magnitude estimates.

;T .2 .

Figure 2. CCD image (V-mag) of V685 Peg (T) showing the location of
comparison stars (1-3) used to generate MPOSC3-derived magnitude estimates.

low-resolution spectra taken in 2017 and reported in LAMOST
DRS (http://dr5.1amost.org/spectrum/view?obsid=535813088).

Similarly, dereddened color indices from UO and five
other sources are summarized for V685 Peg in Table 5. The
median value (0.718+0.047) corresponds to a primary star
with an effective temperature (55204 186 K) that likely ranges
in spectral class between G7V and G8YV. As above, this result,

HJD HJD Cycle Eclipse Time  Reference

(2400000 +) Error Number Difference

53277.68797  0.0005  -11169.5 0.00349 1
53278.70647  0.0007 11167 0.00564 1
54056.62331  0.0007 -9253.5 0.00206 1
54057.63575  0.0009 -9251 —0.00186 1
54067.59702  0.0003 -9226.5 —0.00090 1
54070.64627  0.0003 -9219 —-0.00072 1
54083.65866  0.0006 -9187 0.00229 1
54084.67078  0.0004 -9184.5 —-0.00196 1
54085.68981  0.0002 -9182 0.00072 1
54092.6018 0.0008 -9165 0.00148 1
54098.70019  0.0005 -9150 0.00171 1
54099.51119  0.0003 -9148 —0.00037 1
54099.71531  0.0005 -9147.5 0.00048 1
54100.52696  0.0004 -9145.5 —0.00096 1
54101.54608  0.0004 -9143 0.00181 1
54111.50419  0.0002 -9118.5 —0.00040 1
54115.57181  0.0006 -9108.5 0.00180 1
54118.61771  0.0007 -9101 —-0.00138 1
54120.65221  0.0003 -9096 0.00040 1
54122.47948  0.0004 -9091.5 -0.00177 1
54135.48954  0.0006 -9059.5 —-0.00109 1
54139.55809  0.0007 -9049.5 0.00202 1
54140.57325  0.0008 -9047 0.00083 1
54141.38471  0.0004 -9045 —0.00080 1
54141.58998  0.0010 -9044.5 0.00120 1
54142.40159  0.0005 -9042.5 —-0.00028 1
54142.60458  0.0009 -9042 —0.00056 1
54145.45119  0.0003 -9035 0.00025 1
54146.4653 0.0009 -9032.5 —-0.00200 1
54150.53261  0.0005 -9022.5 —-0.00012 1
54153.37728  0.0005 -9015.5 -0.00125 1
54153.58513  0.0005 -9015 0.00333 1
54154.39456  0.0005 -9013 —0.00033 1
54155.40972  0.0004 -9010.5 —-0.00153 1
54156.42874  0.0005 -9008 0.00113 1
54162.52576  0.0003 -8993 0.00001 1
54163.53846  0.0007 -8990.5 —0.00366 1
54168.41671  0.0009 -8978.5 —0.00392 1
54170.45072  0.0009 -8973.5 —-0.00263 1
54171.46803  0.0007 -8971 -0.00167 1
54539.38955  0.0001 -8066 —-0.00176 1
57804.54332  0.0001 -34.5 0.00028 2
57805.55905  0.0001 =32 —0.00035 2
57815.51906  0.0001 -1.5 —0.00065 2
57818.56878  0.0001 0 0.00000 2

References: 1. SuperWASP (Butters et al. 2010); 2. This study at UO.

when combined with the value (T ;, =5521+270K) calculated
according to Houdashelt ef al. (2000), the Gaia DR2 estimate
(5355749 K), and that reported (5582 =23 K) in LAMOST DR35,
yielded a median of 5521 + 168 K which was adopted for ensuant
Roche modeling. Based on a low resolution spectrum (http://
dr5.lamost.org/spectrum/view?0bsid=490308235) reported in
LAMOST DRS3, the spectral classification of the primary star
is G7V, aresult consistent with the V685 Peg color-temperature
data presented herein.

3.3. Roche modeling approach
Roche modeling of LC data from NSVS 7245866 and
V685 Peg was performed with pHOEBE 0.3 1a (PrSa and Zwitter
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Figure 3. Period folded (P=0.4065434+0.000004 d) light curve data (TAMMAG2
vs. HID) for NSVS 7245866 acquired from the SuperWASP Survey (2004—
2008) and V-mag measurements made at UO in 2017.
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Figure 4. Eclipse timing differences (ETD) vs. epoch for NSVS 7245866
calculated using the updated linear (Equation 1) and quadratic ephemerides
(Equation 2). Measurement uncertainty is denoted by the hatched vertical lines.
The dashed red line represents the quadratic fit while the solid red line within
the figure insert indicates the linear fit.

2005) and wpwinT56A (Nelson 2009). Both programs feature a
MswiNDOoWs-compatible GUI interface to the Wilson-Devinney
wb 2003 code (Wilson and Devinney 1971; Wilson 1979; Wilson
1990). wpwiINT56A incorporates Kurucz’s atmosphere models
(Kurucz 2002) that are integrated over BVR I passbands. In
both cases, the selected model was Mode 3 for an overcontact
binary. Other modes (detached and semi-detached) were
explored but never approached the goodness of fit achieved with
Mode 3. Since the internal energy transfer to the surface of both
variable systems is driven by convective (<7500 K) rather than
radiative processes, the value for bolometric albedo (A ,=0.5)
was assigned according to Rucinski (1969) while the gravity
darkening coefficient (g, ,=0.32) was adopted from Lucy
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Figure 5. Eclipse timing differences (ETD) vs. epoch for V685 Peg calculated
using the updated linear (Equation 3). Measurement uncertainty is denoted
by the hatched vertical lines. The solid red line within the figure indicates the
Levenberg-Marquardt derived linear fit.
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Figure 6. Period folded (P=0.317260+0.000004 d) light curve data (TAMMAG2
vs. HID) for V685 Peg acquired from the SuperWASP Survey in 2006 and 2008
and V-mag measurements made at UO in 2016.

(1967). Logarithmic limb darkening coefficients (x,, X,, y,, y,)
were interpolated (Van Hamme 1993) following each change
in the effective temperature (T ) of the secondary star during
model fit optimization using differential corrections (DC). All
but the temperature of the more massive star T, A ,,and g, ,
were allowed to vary during DC iterations. In general, the best
fits for T ., i, q, and Roche potentials (€2, =€,) were collectively
refined (method of multiple subsets) by DC using the multicolor
LC data until a simultaneous solution was found. LCs from
NSVS 7245866 (Figures 7 and 8) and V685 Peg (Figures 9
and 10) exhibit asymmetry during quadrature (Max I # Max II)
which is often called the O’Connell effect (O’Connell 1951).
Both systems required the addition of spots to obtain the
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Table 3. V685 Peg times-of-minimum (July 17,2004—November 8, 2016), cycle
number and residuals (ETD) between observed and predicted times derived
from the updated linear ephemeris (Equation 3).

HJD HJD Cycle Eclipse Time  Reference

(2400000 +) Error Number Difference

53203.6776 0.0018  -14174.5 0.00144 1
53207.6417 0.0011 -14162 —0.00020 1
53220.6492 0.0016  -14121 —-0.00042 1
53228.5817 0.0004  —14096 0.00068 1
53229.5328 0.0008  —-14093 —0.00007 1
53232.5471 0.0004  -14083.5 0.00031 1
53235.5596 0.0013  -14074 —-0.00119 1
53238.5748 0.0007  -14064.5 0.00011 1
53239.5277 0.0004  -14061.5 0.00115 1
53242.5410 0.0020  —14052 0.00054 1
53253.4866 0.0012  -14017.5 0.00068 1
53259.5138 0.0008  -13998.5 —0.00007 1
53263.6387 0.0009  -13985.5 0.00047 1
53944.6337 0.0007  -11839 —0.00230 1
53947.6501 0.0012  -11829.5 0.00011 1
53952.5665 0.0019  -11814 -0.00101 1
53953.6768 0.0010  -11810.5 -0.00114 1
53954.6295 0.0020  -11807.5 —0.00016 1
53961.6091 0.0010  -11785.5 —-0.00027 1
53967.6355 0.0011 -11766.5 —-0.00179 1
53968.5883 0.0019  -11763.5 —0.00075 1
53970.6512 0.0004  -11757 —0.00012 1
53973.6647 0.0004  -11747.5 —0.00051 1
54003.4887 0.0015  -11653.5 0.00104 1
55158.6320 0.0002 -8012.5 0.00211 2
55503.6511 0.0002 —6925 0.00138 3
56947.9765 a -2372.5 0.00241 4
57679.5754 0.0002 —66.5 0.00064 5
57690.5193 0.0001 -32 —0.00091 5
57693.5339 0.0002 -22.5 —0.00028 5
57697.4986 0.0002 -10 —-0.00132 5
57700.6719 0.0002 0 —0.00062 5

“ Not reported. References: 1. SuperWASP, 2. Diethelm (2010); 3. Diethelm
(2011); 4. Nagai (2015), 5. This study at UQO.

best fit LC simulations. A hot spot on the secondary star
was incorporated during Roche modeling of NSVS 7245866
(Figure 11), while a cool spot on each component was necessary
to achieve the best fit of LC data for V685 Peg (Figure 12).
A statistically meaningful (1,>0) third light contribution
was evident in all bandpasses during DC optimization for
NSVS 7245866. Since each system clearly undergoes a total
eclipse, Roche model convergence to a unique value for q is
self-evident, thereby obviating the need for any “q-search”
exercise. These general findings are described in more detail
within the subsections for each variable that follow.

3.4. Roche modeling results

In general, it is not possible to unambiguously determine
the mass ratio, subtype (A or W), or total mass without radial
velocity (RV) data. Nonetheless, since a total eclipse is observed
in the LCs from both systems, a unique mass ratio value
for each system could be found (Terrell and Wilson 2005).
Standard errors reported in Tables 6 and 7 are computed from
the DC covariance matrix and only reflect the model fit to
the observations which assumes exact values for any fixed
parameter. These errors are generally regarded as unrealistically
small, considering the estimated uncertainties associated with
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the mean adopted T, values along with basic assumptions
about A, g , and the influence of spots added to the Roche
model. Normally, the value for T , is fixed with no error during
modeling with the wp code desplte measurement uncertainty
which can arguably approach 10% relative standard deviation
(R.S.D.) without supporting spectral data. The effect that such
uncertainty in T . would have on modeling estimates for q,
L,Q , and T, has been investigated with other overcontact
binaries including A- (Alton 2019) and W-subtypes (Alton and
Nelson 2018). As might be expected, any change in the fixed
value for T, results in a corresponding change in the T,
These results are notably consistent whereby the uncertainty
in the model fit for T, would be essentially the same as that
established for T . For example, with NSVS 7245866, the
expected uncertainty for T, would be £267K. Furthermore,
varying T . by as much as 10% did not appreciably affect the
uncertamty estlmates (R.S.D.<2%) for1i, q, or , 2 (Alton 2019;
Alton and Nelson 2018). Assuming that the actual T, values for
NSVS 7245866 and V685 Peg fall within 10% of the adopted
values used for Roche modeling (a reasonable presumption
according to results presented in section 3.2), then uncertainty
estimates for i, g, or €, , along with spot size, temperature, and
location would likely not exceed 2% R.S.D.

The fill-out parameter (f) which corresponds to the outer
surface shared by each star was calculated according to
Equation 4 (Kallrath and Milone 1999; Bradstreet 2005) where:

£=(Q,, - Q)@ -9, @
wherein Q_ is the outer critical Roche equipotential, Q. is
the value for the inner critical Roche equipotential, and Q= Q
denotes the common envelope surface potential for the b1nary
system. In both cases the systems are considered overcontact
since 0<f<1.

3.4.1. NSVS 7245866

LC parameters and geometric elements derived from
WDWINT56A are summarized in Table 6. According to Binnendijk
(1970) the deepest minimum (Min I) of an A-type overcontact
system occurs when the cooler and less massive constituent
transits across the face of the hotter and more massive star.
Therefore, the flat-bottomed dip in brightness at Min II is
indicative of a total eclipse of the secondary. It was evident
that NSVS 7245866 is most likely an A-type overcontact binary
given other diagnostic clues such as its spectral class (F5V) and
orbital period (P>0.4d). Consequently, wb modeling proceeded
under this assumption. It became immediately apparent that
model-simulated LCs at Min I and Min II were consistently
deeper than the observed values in all three bandpasses.
This result was remediated by allowing the third light parameter
(1,) to freely vary during DC optimization. These findings
(Table 6) suggest the presence of a blue-rich (I, (B)>1, (V) or
1,(1,)) field star in the distant background that has contaminated
the light from NSVS 7245866. Analysis of potential secular
changes in the orbital period that might arise from the influence
of a third gravitational body is not possible at this time due to
the limited availability of precise eclipse timing data. Despite
the lack of supporting evidence for a stellar body in close
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Table 4. Estimation of effective temperature (T,

) of NSVS 7245866 based upon dereddened (B—V) data from five surveys and the present study.

USNO-B1.0 USNO-A42.0 2MASS APASS DR9Y UCAC4 Present Study
B-V);! 0.651 0.628 0.399 0.505 0.505 0.425
T,° (K) 5766 5824 6684 6260 6260 6574
Spectral Class® G2V-G3V G1V-G2v F3V-F4V F6V-F7V F6V-F7V F4V-F5V

“Intrinsic (B-V) , determined using reddening value E(B—V) = 0.027 + 0.004.

"T i interpolated and spectral class range estimated from Pecaut and Mamajek (2013). Median value, (B-V), = 0.505 + 0.093, corresponds to an F6V-F7V
primary star (T, = 6260 + 333 K).

Table 5. Estimation of effective temperature (T,

) of V685 Peg based upon dereddened (B—V) data from five surveys and the present study.

USNO-A42.0 2MASS SDSS-DRS UCAC4 APASS DR9Y Present Study
B-V);! 0.808 0.657 0.708 0.728 0.826 0.687
T,° (K) 5293 5740 5562 5505 5244 5641
Spectral Class® GIV-KOV G2V-G3V G6V-G7V G7V-G8V KOV-K1V G5V-GoV

“Intrinsic (B-V) , determined using reddening value E(B—V) = 0.028 + 0.001.

'T i interpolated and spectral class range estimated from Pecaut and Mamajek (2013). Median value, (B-V),= 0.718 +0.047, corresponds to a G7V-GS8V primary
star (T, = 5520 + 186 K).

Table 6. Light curve parameters evaluated by Roche modeling and the geometric Table 7. Lightcurve parameters evaluated by Roche modeling and the geometric
elements derived for NSVS 7245866 assuming it is an A-type W UMa variable. elements derived for V685 Peg assuming it is a W-type W UMa variable.

Parameter No spot Hot spot Parameter No spot Cool spots
T, P 6230 (267) 6230 (267) T, (K)P 5521 (168) 5521 (168)
i (K 6366 (3) 6351 (3) T, (K) 5842 (5) 5774 (2)
q(m,/m,) 0.359 (1) 0.350 (1) q(m,/m) 0.386 (1) 0.404 (1)
AP 0.5 0.5 AP 0.5 0.5
a° 0.32 0.32 ° 0.32 0.32
Q=0 2.526 (2) 2.504 (2) Q=9 2.620 (2) 2.643 (3)
i° 87.1(3) 87.2(3) i° 89.8(2) 87.0 (4)
A=T/T,* — 1.08 (1) A, =T /T, — 0.79 (1)
O (spot co-latitude)® — 90 (7) 0, (spot co-latitude) — 90 (1)
@ (spot longitude)® — 351 (1) ¢, (spot longitude) — 189 (1)
r, (angular radius)® — 23 (1) r, (angular radius) — 12.0 (1)
L /(L +L)¢ 0.6855 (3) 0.6925 (2) A =T /T — 0.78 (1)
L /(L ,+L), 0.6923 (1) 0.6986 (1) O, (spot co-latitude) — 90 (1)
L /(@ +L), 0.6985 (1) 0.7040 (1) ¢ (spot longitude) — 103 (1)
1, (B) 0.7372 (64) 0.8820 (56) r, (angular radius) — 19.9 (1)
L (V) 0.5357 (27) 0.5400 (27) L /(L ,+L)s 0.6260 (4) 0.6317 (2)
L) 0.2702 (17) 0.2677 (17) L /(@ +L), 0.6468 (3) 0.6482 (1)
r, (pole) 0.4548 (3) 0.4578 (2) L /(L +L), 0.6627 (2) 0.6609 (1)
r, (side) 0.4902 (4) 0.4941 (3) r, (pole) 0.4413 (6) 0.4398 (4)
r, (back) 0.5215 (5) 0.5255 (5) r, (side) 0.4727 (7) 0.4712 (5)
r, (pole) 0.2886 (8) 0.2874 (2) r, (back) 0.5014 (8) 0.5011 (5)
r, (side) 0.3028 (10) 0.3017 (3) r, (pole) 0.2859 (17) 0.2915 (9)
r, (back) 0.3474 (19) 0.3474 (5) r, (side) 0.2988 (20) 0.3051 (11)
Fill-out factor (%) 30.6 32.6 r, (back) 0.3359 (36) 0.3439 (20)
RMS (B)f 0.00781 0.00755 Fill-out factor (%) 12.9 17.3
RMS (V) 0.00561 0.00511 RMS (B)f 0.01622 0.00943
RMS (1) 0.00451 0.00432 RMS (V) 0.01520 0.00735
RMS (1) 0.01249 0.00590

“All uncertainty estimates for T, o 42,50, and L, from wowintsea (Nelson

2009). “All uncertainty estimates for T, q, 2, ,, i, r, ,, and L, from wpwintssa (Nelson
b Fixed with no error during DC. 2009).
¢ Secondary star spot parameters in degrees (O, ¢ and ry) or A in fractional b Fixed with no error during DC.
degrees (K). ¢ Primary star spot parameters in degrees (6),, ¢, and r,) or A, in fractional
‘L, and L, refer to scaled luminosities of the primary and secondary stars, degrees (K).
respectively.  Fractional percent luminosity of third light parameter (1) at “Secondary star spot parameters in degrees (O, ¢ and ry) or A in fractional
o =0.25. degrees (K).
/Monochromatic residual mean square error from observed values. L, and L, refer to scaled luminosities of the primary and secondary stars,
respectively.

' Monochromatic residual mean square error from observed values.
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Figure 7. Folded CCD light curves for NSVS 7245866 produced from
photometric data obtained between February 18, 2017, and March 6, 2017.
The top (1), middle (V), and bottom curve (B) shown above were reduced to
MPOSC3-based catalog magnitudes using Mpocanopus. In this case, the Roche
model assumed an A-type overcontact binary with a third light contribution
and no spots; residuals from the model fits are offset at the bottom of the plot
to keep the values on scale.
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Figure 8. CCD light curves for NSVS 7245866 as shown in Figure 7 except
that this case, the Roche model assumed an A-type overcontact binary with a
hot spot on the secondary star.

proximity, the presence of a hot main sequence star in the same
neighborhood as NSVS 7245866 would likely overwhelm any
photometric measurement, thereby discounting this possibility.
However unlikely, a nearby faint blue object such as a white
dwarf could satisfactorily explain the blue-rich third light.

In order to address the slight asymmetry observed during
maximum light (Max I<Max II), a hot spot was added near the
neck of the secondary star. This provided a modest improvement
to the light curve fits during Min II (Figure 8) as reflected in
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Figure 9. Folded CCD light curves for V685 Peg produced from photometric
data obtained between October 18, 2016, and November 8, 2016. The top (I ),
middle (V), and bottom curve (B) shown above were reduced to MPOSC3-based
catalog magnitudes using Mpo caNoPUS. In this case, the Roche model assumed
a W-type overcontact binary with no spots; residuals from the model fits are
offset at the bottom of the plot to keep the values on scale.
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Figure 10. CCD light curves for V685 Peg as in Figure 9, however in this
case, the Roche model assumed a W-type overcontact binary with a cool spot
on both stars.

the lower residual mean square error compared to that obtained
from the unspotted fit (Table 6). A three-dimensional image
rendered (Figure 11) using BINARY MAKER 3 (BM3; Bradstreet
and Steelman 2004) illustrates the secondary star transit across
the primary face during Min I (¢ =0) and the hot spot location
on the secondary star (p=0.68). Also, it should be noted that
contrary to expectations for an A-type system, the best fit of
the LC data occurred when the effective temperature of the
secondary star (T ) was higher (121-136K) than the primary



Alton, JAAVSO Volume48, 2020

Table 8. Fundamental stellar parameters for NSVS 7245866 using the mean
photometric mass ratio (q,,, =m,/m,) from the spotted Roche model fits of LC
data (2017) and the estimated mass based on empirically derived M-PRs for
overcontact binary systems.

Parameter Primary Secondary
Mass (M) 1.38 +£0.08 0.48 £0.03
Radius (R,) 1.34+0.02 0.83+£0.01
a(Ry) 2.84+£0.04 2.84 £0.04
Luminosity (L) 2.43+0.42 1.01+0.03
M, 3.79 +0.03 4.74£0.03
Log (g) 4.32+0.03 428+0.03

Table 9. Fundamental stellar parameters for V685 Peg using the mean
photometric mass ratio (9 =M, /m,) from the spotted Roche model fits of
LC data (2016) and the estimated mass based on empirically derived M-PRs
for W UMa type variable stars.

Parameter Primary Secondary
Mass (M) 1.17+0.07 0.47 £ 0.03
Radius (R.) 1.06 +0.02 0.70 +0.01
a(Ry) 2.31+0.03 2.31+0.03
Luminosity (L) 0.94+0.12 0.49 +0.01
M,, 4.81+0.03 5.52+0.03
Log (g) 4.46+0.03 4.42+0.03

(T,;,) component (Table 6). Not without precedence, this
phenomenon has also been observed for EK Com (Deb et al.
2010), HV Aqr (Gazeas et al. 2007), BO CVn (Zola et al. 2012),

and TYC 1664-0110-1 (Alton and Stgpien 2016).

3.4.2. V685 Peg

V685 Peg would appear to be a W-subtype overcontact
binary system based on its spectral classification (G7V), orbital
period (P<0.4d), and LC behavior. As shown in Figures 9 and
10, the flattened bottom at the deepest minimum (Min I) results
from the occultation of the hotter secondary by the larger, but
cooler primary star. Since according to the convention used
herein where the primary star is the most massive (m,/m <1),
a phase shift (0.5) was introduced to properly align the LC for
subsequent Roche modeling. LC parameters and geometric
elements with their associated uncertainty were derived using
wDWINT56A (Table 7). The best LC fits were obtained by the
addition of a single cool spot on each star. A three-dimensional
rendering produced using Bm3 (Figure 12) shows a transit of
the hotter secondary across the face of the primary star during
Min II (¢=0.5) and the location of each spot on the binary pair
(9p=0.83).

3.5. Absolute parameters

Fundamental stellar parameters were estimated for each
binary system using results from the best fit spotted LC
simulations. However, without the benefit of RV data which
define the orbital motion, mass ratio, and total mass of the
binary pair, these results should be more accurately described
as “relative” rather than “absolute” parameters and considered
preliminary in that regard.

3.5.1. NSVS 7245866
Three empirically derived mass-period relationships (M-PR)
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Figure 11. Three-dimensional spatial model of NSVS 7245866 illustrating the
transit of the secondary star across the primary star face at Min I (¢ = 0) and hot
spot location (¢ = 0.68) near the neck region of the secondary star.

o

Figure 12. Three-dimensional spatial model of V685 Peg showing a transit of the
hotter secondary across the face of the cooler primary star at Min II (¢ = 0.5) and
the locations of a single cool spot on each of the binary constituents (¢ = 0.83).

for W UMa-binaries have been published. The first M-PR was
reported by Qian (2003) while two others followed from Gazeas
and Stgpien (2008) and then Gazeas (2009). According to Qian
(2003) when the primary star is less than 1.35 M, or the system
is W-type its mass can be determined from Equation 5:

log(M,)=0.391(59) - log(P)+1.96(17), (5)
or alternatively when M, >1.35 M or A-type then Equation 6:
log(M )=0.761(150)-log (P)+1.82(28), (6)

where P is the orbital period in days. Using the most appropriate
relationship (Equation 6) leads to M, =1.50+=0.19 M, for the
primary. The M-PR (Equation 7) derived by Gazeas and Stgpien
(2008):

log(M,)=0.755(59) - log (P) +0.416 (24), (7)

corresponds to a W UMa system where M, =1.32+£0.10M ;.
Gazeas (2009) reported another empirical relationship
(Equation 8) for the more massive (M,) star of a contact binary
such that:

log(M,)=0.725(59) - log (P)~0.076 (32) - log (q) + 0.365 (32), (8)

from which M, =1.3040.13 M. The mean of three values
(M,=1.38+0.08 M) estimated from empirical models
(Equations 6, 7, and 8) was used for subsequent determinations
of M,, semi-major axis a, volume-radii r,, and bolometric
magnitudes (M, ) for NSVS 7245866.

The secondary mass=0.48=0.03 M and total mass
(1.86+0.09 M) of the system were consequently determined
using the mean photometric mass ratio (0.350+0.001) from the
spotted Roche model. By comparison, a single MS star with
a mass similar to the secondary (late K-type) would likely be
much smaller (R;~0.54), cooler (T ~3900K), and far less
luminous (L, ~0.06). The semi-major axis, a(R ;) =2.84+0.04,
was calculated from Newton’s version (Equation 9) of Kepler’s
third law where:
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2=(G-P* (M, +M,))/(4n?). 9)

The effective radius of each Roche lobe (r,) can be calculated
over the entire range of mass ratios (0 <q<o) according to an
expression (Equation 10) derived by Eggleton (1983):

1, =(0.499*%)/(0.6q”* +In(1+q'"?)), (10)

from which values forr, (0.4917+0.0002) andr, (0.2928+-0.0002)
were determined for the primary and secondary stars,
respectively. Since the semi-major axis and the volume radii
are known, the radii in solar units for both binary components
can be calculated where R, =a-r =1.34+0.02R jandR,=a"r,
=0.83+£0.01R,.

Luminosity in solar units (L) for the primary (L) and
secondary stars (L,) was calculated from the well-known
relationship derived from the Stefan-Boltzmann law (Equation 11)
where:

Ll,z = (RI,Z / Ro)2 (T1,2 / To)4' (11)

Assuming that T, =6230K, T ,=6351K, and T =5772K,
then the solar luminosities (L) for the primary and secondary
are L, =2.43+£0.42 and L ,=1.01+0.03, respectively. According
to the Gaia DR2 release of stellar parameters (Andrae et al.
2018), the reported T (6066 ‘75 K) is probably not meaningfully
different from the adopted T, (6230+136K) value.
However, the predicted size (R, =1.64 1) and luminosity
(L,=3.30%8:10) for the primary star in NSVS 7245866 are
greater than the corresponding values generated by the study
herein. Based on the Bailer-Jones (2015) correction for parallax
data in Gaia DR2 this system can be found at a distance of
391.2*%] pc. By comparison, using values (V__, A, and M,)
independently derived herein, the distance modulus equation
corrected for interstellar extinction places NSVS 7245866
about 13% closer (341 +31 pc) to the Gaia DR2 determination
which is presently regarded as the “gold-standard” for Galactic
distances.

3.5.2. V685 Peg

To estimate the primary star mass for V685 Peg (Table 9)
the same approach described for NSVS 7245866 was used. In
this case, the M-PRs (Equations 5, 7, 8) lead to a mean value
of 1.17+0.07M,, for the primary star. The secondary mass
(0.47+0.03M,,) and total mass (1.65+0.07M,) of the system
were derived from the spotted model photometric mass ratio
(0.404+0.001). Assuming solar-like metallicity, a solitary
main sequence star with a similar mass (late K-type to early
M-type) would probably be much smaller (R ~0.52), cooler
(T ;~3600K), and much less luminous (L <0.06). The semi-
major axis (a(R)), the effective radius of each Roche lobe
(r,), the radii in solar units (R ), and the luminosities in solar
units (L) were calculated as described for NSVS 7245866.
According to the Gaia DR2 release of stellar parameters (Andrae
et al. 2018), the reported Teft (5355”5 K) is not meaningfully
different from the adopted value (T, =5521+168K) used
herein. Likewise, the Gaia DR2 reported size (R,=1.12"3{%)
and luminosity (L,=0.925"i§) of the primary star are
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comparable to values estimated by the study herein (Table 9).
According to the Bailer-Jones (2015) correction for parallax-
derived d