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Multi-Filter Photometric Analysis of Three  Lyrae-type Eclipsing Binary Stars
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Abstract We present light curve analysis of three variable stars, ASAS J105855+1722.2, NSVS 5066754, and NSVS 9091101.
These objects are selected from a list of  Lyrae candidates published by Hoffman ez al. (2008). Light curves are generated using
data collected at the the 31-inch NURO telescope at the Lowell Observatory in Flagstaff, Arizona, in three filters: Bessell B, V, and
R. Additional observations were made using the 14-inch Meade telescope at the Truman State Observatory in Kirksville, Missouri,
using Baader R, G, and B filters. In this paper, we present the light curves for these three objects and generate a truncated eight-
term Fourier fit to these light curves. We use the Fourier coefficients from this fit to confirm ASAS J105855+1722.2 and NSVS
5066754 as  Lyrae-type systems, and NSVS 9091101 to possibly be a RR Lyrae-type system. We measure the O’Connell effect
observed in two of these systems (ASAS J105855+1722.2 and NSVS 5066754), and quantify this effect by calculating the “Light
Curve Asymmetry” (LCA) and the “O’Connell Effect Ratio” (OER).

1. Introduction

Eclipsing binary systems are of particular importance to
astronomy since they provide a unique opportunity to determine
stellar parameters like the mass, radii, and luminosity of each
component to a high degree of accuracy. Moreover, once the
orbital period, inclination, and radial velocity of the system
are determined, the radii of the stars can be determined. Of
particular interest are B Lyrae-type systems which exhibit a
continuous variation in the light curve, believed to be due to
the tidal distortion of the individual components.

We selected three candidate B Lyrae-type systems from
Hoffman et al. (2008) to determine the exact nature of these
systems—whether they are Algols, W UMa-, or B Lyrae-type
systems. This project is part of an effort at Truman State
University (TSO) to introduce undergraduate students to
differential aperture photometry by following three to four
eclipsing binary systems per semester with the aim of generating
light curves and modeling these systems. Apart from the primary
objective of classifying these systems correctly, we are also
interested in observing and studying the O’Connell effect
(O’Connell 1951), which is the inequality in the out-of-phase
maxima in the light curve of eclipsing binaries. The origin of
this asymmetry is not well studied or understood, though the
most common explanation for this phenomenon is the presence
of star spots and/or a hot spot resulting from mass transfer
between the components of the binary system (Koju and Beaky
2015).

In the following section, we outline our observational data
acquisition and data reduction methods, followed by an analysis
of the light curves in section 3. We conclude in section 4 with
a discussion on our results and our future plans.

2. Observations
We present BVR photometry of eclipsing variable stars

ASAS J105855+1722.2 (period P=0.38 d), NSVS 5066754 (P =
0.375 d), and NSVS 9091101 (P = 0.25107 d). The data were

collected using the 2k x 2k Loral NASACam CCD attached to
the 31-inch NURO telescope at Lowell Observatory, Flagstaff,
Arizona. The filters used are Bessell BVR. Additional data
were obtained (see Table 1) using the SBIG STT-8300 CCD
camera attached to the 14-inch LX-200 Meade telescope at the
Truman State Observatory at Kirksville, Missouri. The filters
used are Baader Planetarium RGB filters. The NURO images
are processed by bias subtraction and (sky) flat fielding using the
software package maximpL (Diffraction Limited 2012). No dark
subtraction was performed since for the nitrogen-cooled camera
at NURO, the dark current is negligible. The TSO images are
processed by bias and dark subtraction, and (dome) flat fielding
using MaxiMDL. Differential photometry is then performed on the
target with a suitable comparison and check star, using MAXIMDL
and the AAVSO photometry tool veHoT (Klingenberg and
Henden 2013 ). The aperture size was adjusted to match between
3 to 4 times the full width at half maximum (FWHM) of the
brightest object on which photometry was performed for a given
target. Similarly, the inner sky annulus was adjusted to about
5 times the FWHM (Beck ef al. 2015). We searched for any
comparison stars from the Tycho (Heg et al. 2000) and APASS3
catalogues (Henden et al. 2012) that are present in the image
frame, and used these stars to determine the B and V magnitudes

Table 1. Observation dates, instrument and filters for the targets.

Target Observation Telescope Filters
Date
ASAS J105855+1722.2  03/10/2015 NURO Bessell BVR
03/11/2015 NURO Bessell BVR
03/20/2015 TSO Baader RGB
03/21/2015 TSO Baader RGB
NSVS 5066754 04/10/2015 TSO Baader RGB
10/25/2014 TSO Baader RGB
10/28/2014 TSO Baader RGB
10/29/2014 TSO Baader RGB
NSVS 9091101 10/31/2014 TSO Baader RGB
11/01/2014 TSO Baader RGB
11/24/2014 NURO Bessell BVR
11/26/2014 NURO Bessell BVR




Gardner et al.,, JAAVSO Volume43,2015

Table 2. Target, comparison, and check star coordinates and comparison star
B and V magnitudes.

Star Position Vv B
Designation R.A.(2000) Dec. (2000)
h m s o ’ ”n

Target Stars

ASAS J105855+1722.2 1058 55.05  +172212.1 — —
NSVS 5066754 132057.77 +4729293 — —
NSVS 9091101 00224344 +085005.9 — —

Comparison Stars

TYC 1429-165-1 1058 57.953 +172535.26 1247 1230

132020.77 +4733422 12.541 13.388
— 002216.12 +084706.7 13.084 14.179
Check Stars
— 1059 01 +171839.97 — —
— 1320 51 +47 25 46 — —
— 0022459 +08 521543 — —

of each of the targets. Since we could not find the R magnitude
of any of the comparison stars, differential photometry was
performed on the R-filter data using instrumental magnitudes.
Stars of brightness comparable to the target star were chosen
as check stars. Please see Table 2 for details.

3. Analysis and results

For plotting the light curve for each object, the time axis
is phase-folded using the period provided by Hoffman et al.
(2008) and calculating the phase using the equation

T-T, T-T,
O=———Int |—|, (1)
P P

where P is the period of the system and T is an arbitrarily
chosen epoch. The resulting light curve in B and V for each
object is shown in Figures 1, 2, and 3. The color B-V is
plotted on the bottom panel of each light curve. It is clear
from the light curves that ASAS J105855+1722.2 and NSVS
5066754 show two unequal eclipses, whilst only one eclipse
is seen in NSVS 9091011. For each object we calculate the
average B and V magnitude, and hence the average value of
B-V. These values are tabulated in Table 3. Since we have
used standard Johnson filters for ASAS J105855+1722.2 and
NSVS 9091101, we use the B-V color to calculate an estimate
of the temperature using Flower (1996). Unfortunately, we do
not have the data to calculate the same for NSVS 5066754 or
the NSVS 9091101 data collected at TSO. Nevertheless, the
B-V plots for NSVS 5066754 and NSVS 9091011 appear
to be more or less flat, which might indicate that the surface
temperatures of the two components of the binary are similar.
For ASAS J105855+1722.2, a slight “bump” can be seen around
the secondary eclipse with a corresponding “dip” around the
primary eclipse, which suggests that the hotter star is being
eclipsed at primary eclipse, and the cooler component is
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Figure 1. Light curve for ASAS J105855+1722.2, along with the B-V color
versus orbital phase. The two colors denote Bessell B and V filters. Note the
difference in depth of the two eclipses and the smoothly varying light curve. Also
note the difference in the primary and secondary maxima (O’Connell effect).
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Figure 2. Light curve for NSVS 5066754 in Baader Blue and Green filters and
the B—V color versus orbital phase. Note the difference in depth of the two
eclipses and the smoothly varying light curve. Also note the difference in the
primary and secondary maxima (O’Connell effect).

Table 3. Average B and V magnitudes, B—V color and Temperature estimate.

Target Average Average Average Temperature
B Vv B-V K
ASAS J105855+1722.2 12.563 12.850 -0.287 30789
NSVS 5066754 (Baader filters) 13.349 12.607  0.742 —
NSVS 9091101 (Baader filters) 13.168 12.269  0.899 —
NSVS 9091101 13.008 12.241 0.767 5360

Note: The Baader filter values are “non-standard” and are shown here for
completeness.

eclipsed at secondary eclipse. The color temperature of ASAS
J105855+1722.2 is quite high, indicating the presence of early-
type components.

We converted the differential magnitude measured in each
filter to the normalized flux (Warner 2006) by using

I(m(q))) = Imax 1004 * (m(¢)~m(max)) (2)

where m(¢) is the magnitude dependent upon phase, m(max)
is the maximum magnitude, and the I value is set to one.
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Following Wilsey and Beaky (2009), we perform a Fourier fit
analysis on the light curves for each of the objects we studied
in each filter. The Fourier coefficients are then used to classify
each system as either a § Lyrae, Algol, or WUMa system; and
to quantify the O’Connell effect. The Fourier fit is accomplished
using vsTAR (Benn 2013) provided by the American Association
of Variable Star Observers (AAVSO). The fits are generated
after the data for each object were shifted so that the primary
eclipse occurred at phase 0. The truncated Fourier fit is given by

m(p) = Z a cos(2mn(¢ —0)) +b_sin(2en(p —-0))  (3)

where a_and b are the Fourier coefficients, ¢ is the phase, and
0 is the phase offset to compensate for the unknown time of the
maximum/minimum (Hoffman ef al. 2009).

3.1. Classification of systems

The comparison of the second and fourth cosine coefficients,
a, and a,, yields an estimate on the degree of contact of
the system (Rucinski 1997). We refer to Rucinski (1973)
and Rucinski (1993) for a detailed description of the use of
the Fourier coefficients in determining the orbital elements
of contact binary stars. For our purposes it is sufficient to
appreciate that the a, coefficient attempts to quantify the tidal
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Figure 3. Light curve for NSVS 9091011 in Baader Blue and Green filters and
the BV color versus orbital phase. Note that the light curve varies smoothly,
and only one eclipse is observed.

Table 4. Classification of systems based on Fourier coefficients.

Gardner et al.,, JAAVSO Volume43,2015

proximity effect in detached systems, whilst a, attempts to
account for the symmetrical deviations from the exact double
cosine term caused by the eclipses. Thus, a, is a measure of the
global distortion of the contact structure, whilst a, represents
the more localized eclipse effects. Rucinski (1997) summarizes
these effects in terms of the two Fourier coefficients as follows:
if a, > a, (0.125 — a,) then the system can be considered a
[ Lyrae candidate. Furthermore, if a, <a, (0.125 —a)) then the
system may be considered detached eclipsing binary or Algol.
In addition, if [a,| < 0.02, the objects could be either RR Lyr or
W UMa variables with periods under 1.2 days (Hoffman et al.
2008, 2009). We evaluated these relationships for each of our
objects and the results are recorded in Table 4.

It is clear from the results in Table 4 that ASAS J105855
+1722.2 and NSVS 5066754 are § Lyrae-type systems. This is
consistent with the fact that the light curves for these objects
in each filter is continuously varying; and that the depth of the
primary and secondary minima are not similar. Note that the
third object, NSVS 9091101, does not show a secondary minima
at all and has |a,| < 0.02. Since the object cannot be classified
as a W UMa, we classify it as either a § Lyrae or an RR Lyrae
system based on the criteria outlined above.

3.2. Quantifying the O’Connell effect
The O’Connell effect is the asymmetry in the heights of the

12.0
12.2 |t g
- .
124 e N
()
g 126
‘e
g 128 ;
= + +
13,0 L e W‘”M
-
13.2 -\\ s
: 1 ettt
072 e—
0.76 [t Mt s Wt o S gt b S+
A b i S et kT T
0.84
0 0.2 0.4 06 0.8 1

Phase
Figure 4. Light curve for NSVS 9091011 in Bessell B and V filters and the B-V
color versus orbital phase. Note that the light curve varies smoothly, and only
one eclipse is observed. Note that for this set of observations we do not have
coverage over the entire phase.

Target Filter a, a, a,(0.125 - a,) Classification
ASAS J105855+1722.2 B —-0.15329 —-0.03029 —0.04265907 B Lyr
\Y% —-0.15191 —0.03138 —0.04206368 B Lyr
R —0.15199 —0.03246 —0.04210057 B Lyr
NSVS 5066754 B —-0.18786 —0.05218 —0.05877538 B Lyr
G —-0.19084 —0.05357 —0.06027592 B Lyr
R —0.19253 —0.05343 —0.06113507 B Lyr
NSVS 9091101 B -0.01819 0.006372 —0.0026043 B Lyr/RR Lyr
\Y% —0.0048 0.008484 —-0.00062277 B Lyr/RR Lyr
R -0.01047 0.006927 —-0.00141852 B Lyr/RR Lyr
NSVS 9091101 (TSO) B —0.038966 —0.005532 —0.0063891 B Lyr/RR Lyr
G —0.039086 —-0.00707 —0.006413465 B Lyr/RR Lyr
R —0.038606 —0.00587 —0.006316173 B Lyr/RR Lyr




Gardner et al.,, JAAVSO Volume43,2015

maxima observed in the light curves of some eclipsing binaries.
A definite explanation for this phenomenon has been somewhat
elusive, though the “starspot model” and the “hot spot model”
have been suggested as possible explanations for the observed
O’Connell effect (Koju and Beaky 2015). The simplest way
to quantify the O’Connell effect is to calculate the difference
between the primary (mp) and secondary (m ) maxima:

Am = m —m 4)

A positive Am means the peak after the primary eclipse is
brighter than the peak after the secondary eclipse. A negative
Am implies the opposite. By phase shifting our light curves such
that the primary eclipse is set to phase 6 = 0.0, we see that the
peak magnitudes align approximately at phases 6 = 0.25 and
0 =0.75, as shown in Figure 5 and Figure 6.

We use the coefficient of the first sine term in our Fourier
fit to approximate Am. The first sine term has extrema at phases
0 =0.25 and 6 = 0.75. This makes it the dominant component
accounting for the asymmetry in the peak magnitudes (Wilsey
and Beaky 2009). In Figure 5 and Figure 6, we plot the first
sine term with the light curve to show how the extremes of the
sine wave align with the out-of-eclipse peak magnitudes. The
coefficient, b, associated with the first sine term is the half-
amplitude of the sine wave. This implies that |2b | is a close
approximation to Am, and hence, a close approximation to the
magnitude of the O’Connell effect. The [2b, | values for each
of our objects are calculated from the Fourier coefficients and
recorded in Table 5.

We calculated Am in two other ways. Firstly, we found the
values of the two peak magnitudes of the Fourier fit functions.
The difference between the two maxima gives us a measure
of the O’Connell effect. These values are presented in Table 5
as “Am (Fourier).” Secondly, all of the data points within 0.05
phase of each maximum are averaged. The difference between
the two average values for the maxima is calculated, yielding
another measure of Am. These values are recorded in Table 5
as “Am (Average).”

Following Wilsey and Beaky (2009) and McCartney
(1999), we quantified the O’Connell effect using two other
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Figure 5. Differential magnitudes (“+” symbols) for ASAS J105855+1722.2.
The Fourier fit (continuous curve) and the first sin term of the fit (“x” symbols)
are plotted as well. The red, green, and blue curves correspond to RVB filters,
respectively.
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Figure 6. Differential magnitude (“+” symbols) for NSVS 5066754. The Fourier
fit (continuous curve) and the first sin term of the fit (“x” symbols) are plotted
as well. The red, green, and blue curves correspond to RGB filters, respectively.

Table 5. Quantifying the O’Connell effect in terms of difference in maxima.
Please see the text (section 3.2) for details.

Target Filter 2B Am Am
(Fourier) (Average)

ASAS J105855+1722.2 B 0.047 0.037 0.036
\Y% 0.034 0.030 0.026

R 0.026 0.027 0.026

NSVS 5066754 B 0.072 0.086 0.083
G 0.060 0.077 0.070

R 0.052 0.058 0.059

measures: the O’Connell Effect Ratio (OER) and the Light
Curve Asymmetry (LCA). The OER and LCA provide insight
into the asymmetries of the light curve regions between the two
eclipses.

The OER is simply the ratio of the area under the curves for
phases 6 =0.0to 8 =0.5 and phases 6 =0.5to 6 = 1.0. An OER
> 1 implies that the first half of the light curve has more total
flux than the second half. There is strong correlation between
the OER and Am, as a positive Am implies that the peak after
the primary eclipse has more flux, which leads to an OER > 1.
Anegative Am then implies an OER < 1. The LCA measures the
deviance from symmetry of the two halves of the light curve.
If both halves are perfectly symmetric, then we would expect
the LCA to be zero. The LCA grows as the light curves become
less symmetric. It is important to note that the LCA and OER
quantify different aspects of the OC effect. For example, an
OER equal to 1 does not necessarily imply an LCA equal to 0.
The reason for this is that one can imagine a light curve with a
tall but narrow peak maximum and short but wide secondary
maximum. Although the areas under the curve of each region
may be equal, the curves would be very asymmetric.

The Fourier fit (Equation 3) and the calculated relative flux
(Equation 1) are used to determine the OER and LCA using

0.5

| (1(6) — 1(0.0))d0

0.0

OER = (%)

1.0

J. (1(6) ~1(0.0))d6

and,
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— 4/ A0)-1(1.0-0))
LCA \/IO.O I(e—)zde (6)

The values for these parameters are tabulated in Table 6.
4. Discussion and future work

We have successfully completed the photometric light
curve analysis of ASAS J105855+1722.2, NSVS 5066754,
and NSVS 9091101. Based on our light curves and analysis
we conclude that the first two systems are 3 Lyrae systems,
while the third system is either a B Lyrae- or RR Lyrae-
type system. None of these systems has shown any 6 Scuti
oscillations (Mkrtichian et al. 2004; Tempesti 1971) though
the data collected at the Truman Observatory may be too noisy
to ascertain any 6 Scuti oscillations (which usually are in the
millimagnitude range). Both ASAS J105855+1722.2 and NSVS
5066754 show a positive O’Connell effect.

We have tried to model these systems using photometric data
alone, but we are not in a position to calculate a unique model.
We are in the process of acquiring spectroscopic data (Powell
2015) in order to generate unique and accurate models for these
systems. We are particularly interested in understanding the
origin of the O’Connell effect based on these models in terms of
the “starspot model” and the “hot spot model.” To this end, we
are in the process of quantifying the O’Connell effect in Kepler
EBs using the Kepler Eclipsing Binary Catalogue maintained
by Villinova University (Kirk ef al. 2015). Additionally, we
are in the process of acquiring photometric and spectroscopic
data on low mass Kepler Eclipsing Binaries (Prsa ez al. 2011)
which show the O’Connell effect in order to accurately model
these systems and to determine the properties of hotspots and/
or starspots (size, lifecycle and so on) in these systems. We
believe that this information will be useful to discern the effects
of these spots in the detection of exoplanets around low mass
(single) stars.
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Table 6. Quantifying the O’Connell effect in terms of OER and LCA. Please
see text (section 3.2) for the definitions of the OER and LCA.

Gardner et al.,

Target Filter OER LCA4
ASAS J105855+1722.2 B 1.08629 0.024018
\% 1.06753 0.018802
R 1.05793 0.014743
NSVS 5066754 B 1.14588 0.054379
G 1.12555 0.044532
R 1.11302 0.040538
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