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ABSTRACT

We present a photometric analysis of the eclipsing variable binary star NSVS

3792718. A total of 643 images were taken in the Johnson B, V and Cousins R

band passes. All images were acquired using the Ball State University Observa-

tory 20-inch telescope atop the Cooper Science Complex in September, October

and November of 2015. All images were reduced with the Image Reduction

and Analysis Facility (IRAF). Differential multi-aperature photometry was per-

formed using the AstroImageJ (AIJ) program. The system was modeled using

the PHysics Of Eclipsing BinariEs (PHOEBE) program. With PHOEBE, a simulated

light curve was compared to the observed light curve to determine best-fit model

parameters. Our analysis shows that NSVS 3792718 is consistent with an over-

contact binary in near thermal contact (W UMa) with a surface temperature of

6439 ± 294 K and an orbital period of 0.43819 ± 0.00071 days. Observed times

of minimum light were determined and compared to calculated times of minimum

light to observe the accuracy of our orbital period. Using the (B − V ) color and

period, the system was estimated to be at a distance of 815 ± 85 pc from us.

A rigorous analysis of the O’Connell effect concluded that NSVS 3792718 shows

little evidence of the phenomenon.

1. Introduction

The star NSVS 3792718 [2MASS J00504670+4150154, α = 00h50m46.7s, δ = +41◦50′15.4′′, J2000.0]

was designated [GGM2006] 3792717 by Gettel et al. (2006) and found to be a W Urase Ma-

joris eclipsing variable star with a period of P = 0.43815 days by using the photometric
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data from the Northern Sky Variability Survey (NSVS) (Woźniak et al. 2004). Later, the

automated classification system developed by Hoffman et al. (2009) classified the system as

a W Ursae Majoris eclipsing variable star with a reported period of P = 0.43812 days. The

NSVS is a search for variability in the stars observed with the Robotic Optical Transient

Search Experiment (Woźniak et al. 2004, ROTSE-I). The primary goal of the NSVS is to

search for optical transients associated with quick response to Gamma-Ray Burst (GRB)

events reported from satellites to measure optical light curves of GRB counterparts. When

no GRB events were available, ROSTE-I was devoted to a systematic sky patrol of the sky

northward of declination δ = −38◦.

NSVS 3792718 was obsered in the Catalina Sky Survey (Drake et al. 2014, CSS) with

a designation of CSS J005046.7+415015. Our analysis of their data produced a period of

P = 0.438168 ± 0.000002 days—consistent with the other reported periods. The CSS is a

survey which began in 2004 and uses three telescopes to cover the sky between δ = −75◦

and +65◦, in order to discover near-Earth objects and potentially hazardous asterioids.

In this paper, we present a new extensive photometric study of this system. The paper is

organized as follows. Observational data acquisition and reduction methods are presented in

section 2. Time analysis of the photometric light curve and Wilson-Devinney (WD) models

are presented in section 3. Fourier analysis and the O’Connell effect are covered in ??. Final

conclusions are presented in section 4.

2. Observational Data

We present new 3-filter photometry of the eclipsing variable star NSVS 3792718. The

data was taken by the 20-inch telescope atop the Cooper Science complex at Ball State

University. All exposures were acquired by an FLI PL 16801 non-antiblooming 4096×4096

CCD through the Johnson-Cousins B (B), V (V), and R (RC) filters on the nights of Septem-

ber 22, 23, 25, October 17, 18, 21, and November 25, of 2015. All images were overscan

corrected, bias and dark current subtracted, and flat field corrected using the CCDRED re-

duction package found in the Image Reduction and Analysis Facility (IRAF) version 2.16.1.

The photometry presented is differential multi-aperture photometry and was performed on

the target variable star and eleven comparison standards by the AstroImageJ 3.2.1 photom-

etry package (Collins et al. 2017). Over the seven nights, a total of 643 total images were

used, 213 of which were in the B band, 200 in the V, and 230 in the RC. Figure 1 shows

a representative exposure with the target star NSVS 3792718 and the eleven comparison

stars marked. The target star is designated as NSVS 3792718 and the comparison stars are

denoted C2-C12, where the number next to the C is the comparison’s ordinal position within



– 3 –

the collection of observed objects. Further information about the comparison stars is given

in Table 1. No variability was found when the comparison light curves were inspected.
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Fig. 1.— Representative exposure taken in the V band containing the variable star NSVS

3792718 and the comparison stars C2-C12. Exact coordinates and band magnitudes of the

comparisons are given in Table 1. Plate scale is given in the lower right corner, and cardinal

directions in the upper right.
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ID Catalog α δ B V RC

(1) (2) (3) (4) (5) (6) (7)

C2 TYC 2806-966-1 00:50:57.2 +41:50:29.6 12.383± 0.028 11.328± 0.024 10.77± 0.04

C3 TYC 2806-586-1 00:50:43.7 +41:53:04.4 12.544± 0.026 11.952± 0.031 11.60± 0.05

C4 TYC 2805-916-1 00:49:49.5 +41:49:09.7 12.169± 0.024 11.067± 0.041 10.49± 0.05

C5 TYC 2806-852-1 00:50:12.9 +42:00:01.0 12.366± 0.031 12.088± 0.048 11.91± 0.06

C6 TYC 2806-26-1 00:50:20.3 +41:37:49.0 12.330± 0.024 11.741± 0.020 11.39± 0.04

C7 TYC 2806-260-1 00:51:27.7 +41:39:56.9 12.330± 0.024 11.481± 0.017 11.01± 0.04

C8 TYC 2806-742-1 00:51:40.0 +41:42:43.9 12.610± 0.025 11.974± 0.029 11.60± 0.04

C9 TYC 2806-150-1 00:51:08.6 +41:44:27.9 13.008± 0.024 12.359± 0.038 11.98± 0.05

C10 TYC 2806-691-1 00:51:27.6 +41:37:57.7 12.157± 0.027 11.675± 0.023 11.38± 0.04

C11 TYC 2805-38-1 00:49:47.7 +41:44:59.4 12.810± 0.023 12.126± 0.040 11.75± 0.05

C12 TYC 2806-1503-1 00:49:27.3 +41:37:06.7 12.774± 0.019 12.095± 0.038 11.72± 0.04

Table 1: Comparison star names, locations, and band magnitudes. Column (1) indicates

a comparison’s respective identification in the starfield shown in Figure 1, and column (2)

gives the unique identification in the APASS catalog (Høg et al. 2000). Column (3) gives

the object’s Right Ascension (α), and column (4) gives the Declination (δ). Calibrated B,

V, and RC magnitudes are given in columns (5), (6), and (7), respectively.

The light curve of NSVS 3792718 shows a small difference in magnitude between minima

(eclispses) 180◦ apart. We define the primary star as the star being eclipsed during the fainter

of the two minima. Correspondingly we define the seconary star as the other star. Differential

B, V, and RC light curves verses orbital phase are shown in Figure 2. The orbital phase (Φ)

is defined as:

Φ =
t− t0
P
−
⌊
t− t0
P

⌋
, (1)

where t0 is the ephemeris epoch, taken as the first observed time of minimum light of the

primary eclipse,for the purposes of this study. Throughout this paper we will use the value

2457288.80898 for t0. The variable t is the time of observation and P is the orbital period

of the system. The value of Φ ranges from a minimum of 0 to a maximum of 1. For the

purpose of this study, all light curve figures will be functions of the phase with a range of

(-0.6, 0.6), where the negative values are given by Φ− 1.
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Fig. 2.— Folded light curves for differential multi-aperture B, V, and RC band magnitudes.

Phase values are defined by Equation (1). Note that point size often coincides with error

bar size.
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3. Analysis

3.1. Period and Ephemeris

Heliocentric Julian dates (HJD) for the observed times of minimum light were calculated

for the B, V and RC band light curves shown in Figure 2 for all observed primary and

secondary minima. A total of two primary eclipses and one secondary eclipse were observed

for the B and RC, while the V band yielded only two usable eclipses. The times of minimum

were determined by the algorithm described by Kwee & van Woerden (1956). Similar times

of minimum light from differing band passes were compared and no significant offsets or

wavelength dependent trends were observed. Similar times of minimum light from each of

the band passes were averaged together and reported in Table 2 along with 1σ error bars.

Light curves were inspected by the PERANSO (v2.5) Software (CBA Belgium Obser-

vatory 2011) to determine the orbital period by applying the analysis of variance (ANOVA)

statistic which uses periodic orthogonal polynomials to fit observed light curves (Schwarzenberg-

Czerny 1996). Our best-fit orbital period was found to be 0.438189 ± 0.000706 days and

is consistent (<1σ) with the orbital period reported by (Hoffman et al. 2009) which uses

the photometric data reported by the NSVS (Woźniak et al. 2004). The resulting linear

ephemeris becomes,

tmin[HJD] = 2457288.80898(24) + 0.438189(706) · E , (2)

where the variable E represents the epoch number—the number of orbital periods since the

epoch (t0 = 2457288.80898). Figure 2 shows the folded differential magnitudes verses orbital

phase for NSVS 3792718 for the B, V, and RC bands folded over the period determined by

the current photometric study.

The observed minus calculated residual times of minimum light (O−C) were determined

from Equation (2) and are given in Table 2 along with the 1σ error bars. The best-fit linear

line determined by a linear regression to the (O − C) residual values is shown in Figure 3,

and indicates the times of minimum light are well described by an orbital period of 0.438109

± 0.000707 days—well within a standard deviation of the previously determined period via

PERANSO of 0.438189 ± 0.000706 days. For all subsequent fittings, the orbital period of

0.438189 ± 0.000706 will be assumed, and does not change any of the results of this study.



– 7 –

tmin Eclipse E (O − C)

(1) (2) (3) (4)

2457287.71474 ± 0.00022 s −2.5 0.00124 ± 0.00032

2457288.80898 ± 0.00024 p 0 0 ± 0.00024

2457313.78437 ± 0.00024 p 57 −0.00138 ± 0.00034

Table 2: Times of minimum light and the observed minus calculated times of minimum.

Column (1) gives the heliocentric Julian date (days) for each minimum as well as the error

in that value. Column (2) gives the type of minimum, whether it’s a primary minimum (p),

or a secondary (s). Column (3) gives the epoch number (E)—the count of orbital periods

from the Epoch. Column (4) gives the observed minus calculated times of minimum light

(O − C) values and errors, in units of days.

0 10 20 30 40 50 60
Epoch Number
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−0.001

0.000

0.001
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−
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Fig. 3.— Observed minus Calculated times of minimum light (O − C) versus orbital epoch

number. All point values are given in Table 2. Secondary times of minimum are plotted at

half integer values, and all error bars are 1σ errors. Solid line shows the best-fit linear line

determined by a linear regression fit to the (O − C) residual values.
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3.2. Surface Temperature and Spectral Type

The surface temperature was determined by generating a (B − V ) color light curve

from the calibrated B and V observations. Simultaneous B and V magnitudes are used to

determine (B−V ) colors via interpolation between measured B magnitudes to a similar time

for the measured V magnitudes. The surface (effective) temperature and spectral type are

estimated from the (B − V ) color index values measured at orbital quadrature (Φ = ±0.25)

with a value of (B − V ) = 0.522± 0.019. Interstellar extinction estimates following Schlafly

& Finkbeiner (2011) at the galactic coordinates for the object are EB−V = AV/R ≈ 0.0584.

The resulting intrinsic color becomes (B − V )0 = 0.463 ± 0.067. The primary star surface

tempertaure was found to be Teff,1 = 6439±294, by using the corrected 7th order polynomial

fit reported by Torres (2010) that reproduces Table 3 of Flower (1996). This corresponds to a

spectral type of F6 (Fitzgerald 1970) and an estimated primary star mass of M1 = 1.31±0.09

M� derived from Equation 4 of Harmanec (1988). According to this and the mass ratio

(q = 0.841), the secondary star mass is M2 = 1.09± 0.08 M�. It should be noted that these

masses are for normal main sequence stars, and may be suspect. We include them in the

analysis as an estimate on the stellar mass only. The semi-major axis (a) was estimated to

be 3.25 ± 0.08 R� via Kepler’s 3rd law. However, because this calculation uses the stellar

mass values, the accuracy of the semi-major axis value is suspect to a similar limitation.
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Fig. 4.— Folded light curve for differential multi-aperture Johnson V band magnitudes

(top panel) and (B−V ) color (bottom panel) versus orbital phase. Phase values are defined

by Equation (1). Error bars are not shown for clarity. All (B − V ) colors are calculated

by subtracting interpolated B magnitude from measured V magnitudes. The (B − V ) color

index of the system was ascertained by analyzing (B−V ) values at quadrature (Φ = ±0.25).

The uncertainty in the color index was estimated by measuring the spread of (B − V ) at

quadrature, while also accounting for the errors in the comparison stars’s magnitudes.
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3.2.1. Temperature from Infrared

The 2003 2MASS All Sky Survey (Cutri et al. 2003) reports a (J −H) = 0.26 for NSVS

3792718, corresponding to a surface temperature of Teff = 6032± 253 K, after correcting for

interstellar extinction (EJ−H ≈ 0.107AV), (J−H)0 = 0.24±0.04. From the same survey, the

(J −K) value for NSVS 3792718 is (J −K) = 0.27± 0.03. After accounting for color excess

(EJ−K ≈ 0.17AV), the resulting intrinsic color for the system is (J −K)0 = 0.239 ± 0.031,

corresponding to Teff = 6441 ± 228 K—remarkably close to our (B − V ) temperature. The

(J −H) temperature is about 1.5σ off from our (B − V ) temperature. Discrepancies in the

temperatures may be explained by the fact that the 2MASS measurements were performed

during unknown orbital phases, but also by unaccounted for errors in extinction estimates.

The color excesses were calculated using the AV value from Schlafly & Finkbeiner (2011)

and the band extinction relations listed in Table 3 of Rieke & Lebofsky (1985). The surface

temperatures were estimated by creating polynomial fits to the data from Table 5 of Pecaut

& Mamajek (2013). The polynomial equation and coefficients used to calculate the (infrared)

temperatures are given in Table 3.

log10 Teff = c0 + c1X + c2X
2 + c3X

3

cn X = (J −K) X = (J −H)

c0 3.96341± 0.00187 3.93492± 0.00138

c1 −0.87388± 0.01799 −0.88956± 0.01927

c2 1.13707± 0.04789 1.31852± 0.07206

c3 −0.76295± 0.03647 −1.13658± 0.07552

Table 3: Polynomial equation and coefficients for caluating Teff using the (J−K) and (J−H)

colors, created using Table 5 of Pecaut & Mamajek (2013). These coefficients should only

be used in the ranges: 0.059 < (J −K) < 0.819, and 0.022 < (J −H) < 0.613.

3.3. Light Curve Analysis

All observations taken during this study were analyzed using the PHysics Of Eclipsing

BinariEs (PHOEBE) software package (v0.31a) (Prša & Zwitter 2005). The PHOEBE software is

a modeling package that provides a graphical interface (GUI) to the Wilson-Devinney (WD)

code (Wilson & Devinney 1971).

All three B, V, and RC bands were fit with the following procedure. Initially, the fits

were assumed to be in direct thermal contact, resulting in a common surface temperature,
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Teff . However, fits were improved when the surface temperatures were allowed to vary.

The resulting surface temperatures are Teff,1 = 6439 ± 294 K for the primary star, and

Teff,2 = 6217± 294 K for the secondary star. It should be noted that the amount by which

the temperatures vary is less than a standard deviation, suggesting that the stars are in

near-thermal contact. Teff,1 was determined via methods discussed in section 3.1, and Teff,2

was determined using PHOEBE. The orbital period was fixed to 0.438189 days.

Surface temperatures imply that the outer envelopes are convective so the gravity bright-

ening coefficients β1 and β2, defined by the flux dependency F ∝ gβ, were initially set at the

common value consistent with a convective envelope of 0.32 (Lucy 1967). The more recent

studies of Alencar & Vaz (1997) and Alencar et al. (1999) predict values for β ≈ 0.4. These

values were also used but had no effect on the resulting best-fit model. We adopted the

standard stellar bolometric albedo A1 = A2 = 0.5 as suggested by Ruciński (1969) with two

possible reflections.

The fitting procedure was used to determine the best-fit stellar models and orbital

parameters from the observed light curves shown in Figure 2. Initial fits were performed

assuming a common convective envelope in thermal contact which assumes similar surface

temperatures for the stars after normalization of the stellar luminosity. The light curve was

inititally fit by altering the stellar shape by fitting the Kopal (Ω) parameter, which describes

the equipotential surface that the stars fill. For over-contact binaries, this has the effect of

determining the shape of the stars, and has a strong effect on the global morphology of the

light curve.

After the fit could no longer be improved by altering previously mentioned parameters,

other parameters were considered and allowed to vary in order to improve the fit of the

curve. Parameters which were considered and were allowed to vary include the mass ratio,

q = M2/M1 and the orbital inclination, i. The mass ratio was refined after a standard

q-search method was applied, in which the mass ratio is fixed and all other parameters are

allowed to converge to a best-fit model. The cost function χ2 values are recorded for each

fixed value of the mass ratio. The reported mass ratio is the minimum in the resulting curve.

Minor improvement of the best-fit model was achieved by decoupling stellar luminosity from

Teff .

All model fits were performed with a limb darkening correction. PHOEBE allows for

differing functional forms to be specified by the user. Late-type stars (Teff < 9000 K) are

best described by the logarithmic law−a fact first suggested by Klinglesmith & Sobieski

(1970), and later supported by the more recent studies of Diaz-Cordoves & Gimenez (1992)

and van Hamme (1993). The values for the linear (xλ) and non-linear (yλ) coefficients were

determined at each fitting iteration by the van Hamme (1993) interpolation tables.



– 12 –

Figures 5, 6, and 7 show the folded B, V, and RC band light curves along with the

synthetic light curve calculated by the best-fit model, respectively. The best-fit models were

determined by the aforementioned fitting procedure. Best-fit model parameters are reported

in Table 4, along with stellar masses and semi-major axis, which as noted earlier, are suspect.

Degeneracies in i, q, and F are discussed later in section 3.4.

The filling factor (F) is defined by the inner and outer critical equipotential surfaces that

pass through the L1 and L2 Lagrangian points of the system, and is given by the following

equation:

F =
Ω(L1)− Ω

Ω(L1)− Ω(L2)
, (3)

where Ω is the equipotential surface describing the stellar surface, and Ω(L1) and Ω(L2) are

the equipotential surfaces that pass through the Lagrangian points L1 and L2 respectively.

For our system, the equipotential surfaces are Ω(L1) = 3.487, and Ω(L2) = 3.018. The

best-fit model is consistent with an over-contact binary with a filling factor of 0.233 ± 0.056.
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Fig. 5.— Best-fit WD model fit to the folded light curve for differential Johnson B band

magnitudes (top panel). The best-fit orbital parameters used to determine the light curve

model are given in Table 4. The bottom panel shows residuals from the best-fit model

(solid curve). Error bars are omitted from the points for clarity.
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Fig. 6.— Best-fit WD model fit to the folded light curve for differential Johnson V band

magnitudes (top panel). The best-fit orbital parameters used to determine the light curve

model are given in Table 4. The bottom panel shows residuals from the best-fit model

(solid curve). Error bars are omitted from the points for clarity.
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Fig. 7.— Best-fit WD model fit to the folded light curve for differential Cousins R band

magnitudes (top panel). The best-fit orbital parameters used to determine the light curve

model are given in Table 4. The bottom panel shows residuals from the best-fit model

(solid curve). Error bars are omitted from the points for clarity. Because no comparison R

band magnitudes were given, this model fit does not give calibrated magnitudes like the B

and V models do.
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Φ = 0.25

Φ = 0.1

Φ = 0.5

Fig. 8.— 3D representations of the system’s stellar surface from the best-fit models deter-

mined by PHOEBE for various phases. Phases are given in the lower left corner of each panel.

Phases Φ = 0 (primary) and 0.5 (secondary) are times of minimum light (eclipsing), while

Φ = 0.25 is a time of maximum light (quadrature). The phase Φ = 0.1 has no particular

significance and is just an off-center perspective.

3.4. Best-fit Model Discussion

Recent studies have shown that degeneracies exist between the orbital inclination (i),

mass ratio (q) and filling factor (F) for partially eclipsing overcontact binaries (Terrell &

Wilson 2005; Hambálek & Pribulla 2013). To investigate these degeneracies, we generated

ten groups of B, V and RC synthetic light curves from the observed light curve by the

following procedure. Prior studies have shown that partially eclipsing over-contact binaries

are accurately (rms residuals ≈ 0.0002) represented by a Fourier series of the 10th order

(Ruciński 1993; Hambálek & Pribulla 2013). A mean light curve was first generated by

fitting the observed light curve with a Fourier series of 10th. The synthetic light curve is

then generated by adding a Gaussian deviate of standard deviation equal to the photometric

error of the observed data point to the mean value generated by the Fourier representation

at a similar phase determined by Equation (2). Solutions to the ten simulated light curve

best-fit models were performed with PHOEBE by fitting the parameters [i, q, Ω, Teff,2]. We

found our solution to the light curves to be remarkably robust. The errors reported for
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the best-fit parameters in Table 4 reflect the standard deviation of the simulated model

parameters across all ten simulations. It is possible that that degeneracies still exist in the

[i, q, Ω] parameter space, but a spectroscopic followup of NSVS 3792718 will be required to

break these degeneracies.

Given the best-fit model parameters in Table 4, we can estimate the distance to NSVS

3792718. Ruciński & Duerbeck (1997) determined that the absolute visual magnitude is

given by

MV = −4.44 log10 P + 3.02(B − V )0 + 0.12, (4)

to within an accuracy of ±0.1. After accounting for the extinction (AV = 0.181) from the

color excess given in section 3.2, the distance modulus of the system is (m−M) = 9.73±0.46.

This corresponds to a distance of 815 ± 85 pc. Distance errors do not account for possible

errors in the extinction maps of Schlafly & Finkbeiner (2011).
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Parameter Symbol Value

(1) (2) (3)

Period P0 [days] 0.438169 ± 0.000149

Epoch t0 [HJD] 2457288.80898 ± 0.00024

Distance d [pc] 860 ± 45

Color Index (B − V )0 [-] 0.449 ± 0.018

(V −RC)0 [-] 0.246 ± 0.024

Surface Temp. Teff,1 [K] 6502 ± 81

Teff,2 [K] 6217 ± ??

Inclinationa i [◦] 71.74 ± 0.07

Surface Potentiala Ω1,2 [-] 3.38 ± 0.02

Filling Factora F [-] 0.23 ± 0.06

Mass Ratioa q [-] 0.841 ± 0.011

Luminosity [L1/(L1 + L2)]B 0.586 ± 0.003

[L1/(L1 + L2)]V 0.574 ± 0.003

[L1/(L1 + L2)]RC
0.568 ± 0.003

Limb Darkening xbol,1,2 0.640

ybol,1,2 0.238

xB,1,2 0.808

yB,1,2 0.231

xV,1,2 0.714

yV,1,2 0.275

xR,1,2 0.621

yR,1,2 0.281

Stellar Massb M1 [M�] 1.31 ± 0.10

M2 [M�] 1.10 ± 0.08

Semi-major Axisb a [RN
�] 3.25 ± 0.08

Table 4: Model parameters determined by the best-fit WD model. Column (1) gives the

parameter name, (2) the parameter symbol, and (3) the value of the parameter. Subscripts

with 1 refer to the primary star, and 2 refers to the secondary star. The distinction is

discussed in section 2. Fitting procedure is described in section 3.3. The surface potential is

defined as equal for stars in contact binary systems. Error in the (B − V )0 color index was

estimated from Figure 4 and from the errors in the comparison stars’ magnitudes listed in

Table 1. Surface temperatures and errors listed here are calculated from the (B−V )0 color.

All remaining errors are 1σ errors.
aValues subject to degeneracy. Quoted errors are from the simulated (Monte Carlo) light

curves, and are likely significantly underestimated.
bValues are be suspect due to possibly invalid assumptions, see section 3.2.
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3.5. Fourier Analysis and O’Connell Effect

Apart from the WD model, we have performed a Fourier analysis on NSVS 3792718,

enabling us classify the light curves and discern other features by using the resulting co-

efficients. The Fourier fit was also used to calculate several measures of the O’Connell

effect—the asymmetry between the maxima of the light curve (O’Connell 1951). A physical

explanation for this phenomenon is not currently well known, but ad hoc hot and/or cold

star spots are often invoked to correct asymmetric light curves (Wilsey & Beaky 2009).

3.5.1. Fourier Transform

First, observational magnitudes were converted to relative fluxes by I(Φ)obs = 10−0.4m(Φ).

The fluxes were then binned according to phase, and then averaged. Each flux in a bin was

weighted by the reciprocal of its error squared. Following McCartney (1999), all three band

fluxes were separated into 40 bins. Larger bin counts were tried but were either inconsistent

or yielded markedly worse Fourier fits to the observational data. To normalize the fluxes,

each value was divided by the the maximum binned flux value.

A truncated 10th order Fourier transform was performed on each band’s normalized

binned fluxes. The resulting flux at a given phase from the transform (FT) is given by

I(Φ)FT = a0 +
k∑

n=1

[ancos(2πΦn) + bnsin(2πΦn)] , (5)

where k is the order of the transform—we chose k = 10. The uncertainties in the Fourier

coefficients were calculated using a confidence interval ∆χ2.

To account for observational errors, Fourier and O’Connell parameters from 100,000

simulated light curves for each band were analyzed. To create a simulated light curve, the

Fourier fit described in Equation (5) was used to calculate synthetic flux values at each of the

observational phases. For each simulation, a Gaussian deviate of respective observational

errors was applied to the synthetic observational fluxes. The simulated light curves were

then put through a similar binning and Fourier fit process as the original data.

The Fourier fit’s contribution to a parameter’s uncertainty was determined by the prop-

agation of error using the model errors in the coefficients. See the appendix of Akiba et

al. (2019) for more details regarding this propagation. The observational contribution to

the parameter errors was determined by taking the standard deviation of a given parameter

among the 100,000 simulations.
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3.5.2. System Classification

Following the criteria presented in Gardner et al. (2015), and later Akiba et al. (2019),

which draw from Ruciński (1997) and Wilsey & Beaky (2009), the Fourier coefficients can

be used to classify the light curve:

1. The a2 and a4 coefficients can determine whether the system is a contact or detached

binary:

(a) If a4 > a2(0.125 − a2), the system is considered a contact binary (W UMa or

β-Lyrae).

(b) If a4 < a2(0.125− a2), the system is considered a detached binary (Algol).

2. If (a) is met, the a1 coefficient can classify the system as either a W UMa or a β-Lyrae:

(a) If |a1| < 0.05, the system is considered a W UMa.

(b) If |a1| > 0.05, the system is considered a β-Lyrae.

As is shown in Table 5, the B, V, and RC light curves qualify as W UMa. Note that these

qualifications are valid only when the coefficients are in normalized flux space, and not scaled

arbitrarily.

Filter B V RC

a1 −0.0085± 0.0026 −0.0087± 0.0013 −0.0073± 0.0013

a2 −0.1728± 0.0016 −0.1693± 0.0011 −0.1679± 0.0013

a4 −0.0308± 0.0013 −0.0307± 0.0012 −0.0325± 0.0013

a2(0.125− a2) −0.0515± 0.0007 −0.0498± 0.0005 −0.0492± 0.0006

Classification W UMa W UMa W UMa

Table 5: Select Fourier coefficients used in the (light curve) classification for the B, V, and

RC filters, determined in section 3.5.1. The uncertainties in these parameters were deter-

mined by combining the errors from the Fourier model and the observed magnitudes. See

section 3.5.1 for details.

3.5.3. O’Connell Effect and Asymmetries

The most general measure of the asymmetry of the light curve is comparing the fluxes

between mirrored pairs at the reflection axis Φ = 0:



– 21 –

∆I(Φ)FT ≡ I(Φ)FT − I(−Φ)FT ; 0 < Φ < 0.5 (6)

where I(Φ)FT represents the first half of the light curve, and I(−Φ)FT (equivalently I(1 −
Φ)FT) is the second half. The range restriction exists because the values 0 < Φ < 0.5 encom-

pass the entire light curve, whereas values 0.5 < Φ < 1 turn the equation into −∆I(Φ)FT.

Because cos(−Φ) = cos(Φ) and sin(−Φ) = − sin(Φ), ∆I(Φ)FT depends only on the sine (bn)

terms and simplifies to

∆I(Φ)FT = 2
k∑

n=1

bn sin (2πΦn) . (7)

A plot of the B, V, and RC ∆I(Φ)FT can be seen in the bottom most part of Figure 9.

The most direct method for determining the O’Connell Effect is measuring the difference

in brightness (∆I or ∆m) at quadrature (O’Connell 1951): ∆I ≡ Ip−Is, where the subscript

p refers to the maximum directly following the primary eclipse, and s the maximum following

the secondary eclipse. Following Akiba et al. (2019), we find the difference in the FT flux at

Φ = 0.25, 75, which can be calculated using Equation (7):

∆IFT ≡ ∆I(0.25)FT = 2
k∑

n=1

bn sin (πn/2)

= 2 (b1 − b3 + b5 − b7 + · · · ± bk) .

(8)

The next measure of ∆I involves averaging all normalized fluxes within a phase of

Φp,s ± 0.05 of each maximum, and subtracting the two values:

∆Iave = 〈Ipobs〉 − 〈Isobs〉 . (9)

Wilsey & Beaky (2009) remark that 2b1 can serve as a good estimate for ∆I because of the

sine dominance at quadrature. Table 6 shows that our values of 2b1 are consistent with this

conclusion, as they are quite close to the other two measures of ∆I.

Because ∆I has a rather restricted scope (it fails to consider asymmetries at anything

other than quadrature), McCartney (1999) proposed two additional measures of asymmetry:

The O’Connell Effect Ratio (OER), and the Light Curve Asymmetry (LCA). OER is the

ratio of the area underneath the first half to the second half of the light curve. The OER

can be calculated using the Fourier fit (Wilsey & Beaky 2009):

OER ≡ A1st

A2nd
=

∫ 0.5

0
[I(Φ)FT − I(0)FT] dΦ∫ 1

0.5
[I(Φ)FT − I(0)FT] dΦ

. (10)
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This can be simplified to include only the coefficients an and bn:

OER = 1− 2

1 + α/β
; α =

1

2

10∑
n=1

an ; β =
1

π

9∑
n=odd

bn
n
. (11)

OER > 1 values indicate more area under the first half, while OER < 1 indicates second

half dominance. The results for all three filters, listed in Table 6, favor the first half of the

light curve, but only slightly. A graphical depiction of the OER can be seen in Figure 9, in

the bottom-most panel. See section 3.5.4 for further discussion on the implications of the

results.

The LCA measures the deviation between similar parts of each half, and can be calcu-

lated using I(Φ)FT (Wilsey & Beaky 2009):

LCA =

√∫ 0.5

0

[
∆I(Φ)FT

I(Φ)FT

]2

dΦ. (12)

LCA values close to zero indicate more symmetry than not, while LCA = 0 would mean no

asymmetry. Because these measures are not widely adopted in the literature, it is unclear

at what point an LCA value would indicate meaningful asymmetry. LCA values are listed

in Table 6, and show very weak evidence for asymmetry.

Filter B V RC Average

2b1 0.0049± 0.0019 0.0081± 0.0026 0.0085± 0.0023 0.0072± 0.0013

∆IFT 0.0036± 0.0077 0.0153± 0.0057 0.0111± 0.0063 0.0100± 0.0038

∆Iave 0.0075± 0.0037 0.0106± 0.0035 0.0041± 0.0040 0.0074± 0.0022

OER 1.025± 0.037 1.031± 0.020 1.029± 0.022 1.028± 0.016

LCA 0.0093± 0.0027 0.0081± 0.0037 0.0067± 0.0039 0.0080± 0.0021

Table 6: Various measures of the O’Connell effect, for the B, V, and RC filters, determined

in section 3.5.3. The uncertainties in these parameters were determined by combining the

errors from the Fourier model and the observed magnitudes (section 3.5.1). Note that the

LCA cannot be less than zero; Gaussian deviates which would indicate LCA < 0, should

instead be treated as LCA = 0 (null result). See section 3.5.4 for a discussion of these results.
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Fig. 9.— Comparison of the first and second halves of the B (top, blue), V (second, green),

and RC (third, red) light curves, generated from Equation (5). The discontinuous lines are

the first halves of the light curves (Φ = 0 → 0.5), while the solid lines are the the second

halves (Φ = 0.5→ 1).The second halves are folded backward onto the first half range, such

that the phase represented is 1−Φ. The bottom-most panel shows ∆I(Φ)FT, and shows that

for most of the light curve, the first half is slightly favored, reflecting our O’Connell results

in Table 6. For graphical convinience, the B and RC normalized fluxes are offset by 0.25,

and do not reflect the actual values. The V halves are unchanged.
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3.5.4. Discussion

Although our O’Connell results in Table 6 indicate an asymmetry favoring the first

half of the light curve, it is so slight that the uncertainties imply that this result could be

reversed. All values from the individual filters of the three direct measures of the O’Connell

effect (2b1, ∆IFT, and ∆Iave) fall within 3σ of favoring the second half (negative values),

with the exception of the V band’s 2b1 and ∆Iave (just over 3σ). A couple of the values

actually fall within 1σ of negative. For comparison, the light curves of the two stars studied

in Akiba et al. (2019) show only modest O’Connell effects, but yet none of their parameters

come close to the possibility for a reversal (with exception to one which is 3σ), despite our

uncertainties being similar to theirs for these three measures. The final column in Table 6

shows an average across the three filters, and shows a more mild possibility for reversal.

The OER values exhibit similar behavior as the direct O’Connell measures, as the B,

V, and RC OER values are within 1.6σ of favoring the second half (OER < 1), while the

average is within 2σ. Because of the mathematical nature of the LCA, it should be noted

that values less than zero are not possible. Therefore, any Gaussian deviates that would

indicate LCA < 0, instead should be treated as LCA = 0—a null result (no asymmetry).

The V and RC band LCAs have an appreciable proportion (< 3σ) which produce a null

result for LCA.

As is shown in Figure 9, the two halves tend to follow each other very closely throughout

the three bands. The only peculiarity is at around Φ = 0.43, where there is a bump in all

three bands, where the first half is above the second, but likely small enough to ignore. This

and the O’Connell parameters confirm our conclusion from the WD best-fit model that, from

our observations, NSVS 3792718 does not require hot or cold spots to correct the light curve.

4. Conclusions

This study confirms that NSVS 3792718 is a W Ursae Majoris contact binary in or near

thermal contact. Our measured light curve shows strong evidence for the absence of the

O’Connell (1951) effect, and is fairly well described by the stellar orbital parameters alone.

The system appears to be consistent with a slightly larger primary component eclipsed

during the primary minimum. The quality of our best-fit model suggests that a spot model

is not necessary. Further spectroscopic followup is necessary to validate and/or place further

constraints on the stellar masses and orbital parameters.
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