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Abstract. Precise multi-color CCD-derived photometric data were obtained from EH Cnc at two sites
during 2010, 2014 and 2018 wherein each epoch used a different instrument. This has provided a unique
opportunity to investigate parameter uncertainty following Roche modeling of light curves optimized by
differential corrections using the Wilson–Devinney code. Furthermore, new radial velocity data from
EH Cnc presented in this study for the first time has produced absolute physical and geometric parameters
for this A-subtype W UMa-type variable. Analysis of eclipse timing data confirms the presence of sinusoidallike excursions in the eclipse timing residuals. We address whether these are due to magnetic activity cycles,
the so-called ‘‘Applegate effect’’, or related to a light-time effect (LiTE) resulting from the presence of a
third gravitationally bound cool low mass white dwarf. A model using the PAdova & TRieste Stellar
Evolution Code (PARSEC) has provided valuable insight about the evolutionary history of EH Cnc as a
trinary system.
Keywords. CCD photometry—Roche modeling—radial velocity spectroscopy—period analysis—lighttime effect—Applegate mechanism—Wilson–Devinney code.

1. Introduction
The variability of EH Cancri was first discovered in
photographic plates by Kulikovski (1934); later on,
Shakhovski (1955) suggested that this system was a
W UMa-type binary. EH Cnc was largely ignored
until Figer et al. (1985) published photoelectricallyderived (B- and V-passbands) light curves (LCs)
revealing an orbital period equal to 0:418034 
0:000004 d. Since that time, the main body of published data has included visual and CCD-derived
times-of-minimum (ToM) light which were used to
assess potential secular changes in the orbital period.
Results first reported by Yang et al. (2011) indicated
that there was a secular decrease in orbital period
(dP=dt ¼ 1:01  0:05  107 d  yr1 ) with an
underlying cyclic variation (P3 ’ 16:6 yr). Furthermore, based on V- and Rc -photometric data, Yang

et al. (2011) provided a Roche model LC solution
which suggested that EH Cnc was a W-type overcontact system. This finding was based solely upon a
photometric mass ratio (qph ¼ 2:51) derived using the
so-called ‘‘q-search’’ strategy. Pitfalls associated with
determining a photometric mass ratio from overcontact systems which do not exhibit a total eclipse have
been described in detail by Terrell and Wilson (2005).
Therein they also warn that the reliability of qph dramatically diminishes even with a near total eclipse
such as that observed for EH Cnc. New radial velocity
data acquired at the Dominion Astrophysical Observatory (DAO) were critical to producing absolute
physical and geometric parameters which markedly
contrast with the findings from Yang et al. (2011).
Parameter uncertainty (e.g. q, i, Teff and X1;2 )
derived directly from light curve modeling using the
Wilson–Devinney (WD) code (Wilson 1979, 1990;
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Wilson & Devinney 1971) has engendered much
discussion and controversy regarding measures that
should be taken to calculate realistic uncertainty
estimates. Error minimization by differential corrections (DC) is prominently featured in all Roche lobe
modeling programs based on the WD code. Alternative approaches to locate the best model fit in a multiparameter space which have gained popularity include
simplex optimization, adaptive simulated annealing
and heuristic scanning also known as Monte Carlo
simulation (Prša & Zwitter 2005). Wilson and
Van Hamme (2016) made a case that there is nothing
inherently wrong with using DC for parameter estimation and determination of standard errors. Furthermore, Abubekerov et al. (2008, 2009) argued that
for significantly nonlinear multi-parameter relationships the standard errors produced from DC or MonteCarlo simulations are nearly equivalent. None of these
strategies to best define parameter uncertainty address
the variability associated with photometric images
taken at many locations, through multiple filters with
various CCD cameras during different epochs.
EH Cnc proved to be an excellent test case to examine
inter-study variability since light curve modeling was
performed on precise CCD-derived multi-color photometric data acquired in 2010, 2014 and 2018 at two
widely separated (3750 km) observatories.

2. Observations and data reduction
2.1 Photometry
New photometric data used in this study to produce
LCs and times-of-minima were largely collected at
two sites with three different CCD cameras. In all
cases imaging was carried out through photometric B,
V and Ic filters based upon the Johnson–Cousins
Bessell prescription. Clock time was updated via the
Internet Time Server immediately prior to each session. Calibration (dark and flat correction) and registration (rotational alignment) were accomplished with
AIP4Win V2.4.0 (Berry & Burnell 2005). Aperture
derived instrumental readings were reduced to catalog-based magnitudes using the APASS star fields
(Henden et al. 2009, 2010, 2011; Smith et al. 2011)
built into MPO Canopus v10.7.1.31. In order to minimize any potential error due to differential refraction
and color extinction data from images taken below
30 altitude (air mass [2.0) were excluded.
1

http://www.minorplanetobserver.com.
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For the initial photometric campaign (19Mar2010 23Apr2010), equipment located at UnderOak Observatory (UO, USA – 40.8253 N, 74.4564 W) included
a 0.2-m catadioptric telescope (f/9) with an SBIG ST402ME CCD camera mounted at the Cassegrain focus.
The field of view (FoV) produced by this configuration was 13:2  8:8 arcmin, corresponding to an
image scale of 1.03 arcsec/pix. Image acquisition (raw
lights, darks, and flats) was performed using SBIG
CCDSoft 5. Each unbinned exposure was captured
over a 45-s period with thermoelectric cooling regulated to maintain the CCD chip 15 C below ambient
temperature. Images during the next campaign (21
March 2014–13 April 2014) at UO were acquired
using a 0.2-m Schmidt–Cassegrain telescope (f/10)
with an SBIG ST-8XME CCD camera mounted at the
Cassegrain focus. The FoV produced by this configuration was 20:7  13:8 arcmin, corresponding to an
image scale of 1.62 arcsec/pix. Each binned (2  2)
exposure was captured over a 90-s period with thermoelectric cooling regulated to maintain the CCD
chip at 15 C. Between 25 February 2018 and 19
March 2018, time-series images were acquired at
Desert Blooms Observatory (DBO, USA – 31.941 N,
110.257 W) with an SBIG STT-1603ME CCD camera
mounted at the Cassegrain focus of a telecompressed
(0.62X) 0.4-m ACFTM Schmidt–Cassegrain telescope.
This instrument generated an image scale of 1.36
arcsec/pixel (bin ¼ 2  2) and a FoV of 17:2  11:5
arcmin. Image acquisition (45-s at 25 C) was performed using MaxIm DL Version 6.13 (Diffraction
Limited) or TheSkyX Pro Version 10.5.0 (Software
Bisque). An additional ToM value was captured on 08
April 2018 at DBO and another one on 13 February
2019 at Mountain Ash Observatory (MAO, Canada –
53.9114 N, 122.7895 W) located in Prince George,
British Columbia. Specifics regarding the equipment
and image reduction procedures used at MAO can be
found elsewhere (Nelson 2018).

2.2 Ephemerides and putative changes in orbital
period
ToM values were calculated using the method of
Kwee and van Woerden (1956) as implemented in
Peranso v2.5 (Paunzen & Vanmunster 2016). Photometric data were initially period folded using Equation (1), the GCVS-5 reference ephemeris (Samus
et al. 2018):
Min  IðHJDÞ ¼ 2455628:421 þ 0:4180334E ;

ð1Þ
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until all ToMs were collected and an updated linear
ephemeris was finalized (Eq. (2)). Potential secular
changes in orbital period were evaluated by plotting
the difference between observed ToM values and
those predicted by a reference epoch against cycle
number. Analysis of all photographic – (pg), visual –
(vis), photoelectric – (pe) and CCD-based eclipse
timing differences (ETDs) vs. epoch (1902–2019) was
initially accomplished using scaled Levenberg–Marquardt algorithms featured in QtiPlot 0.9.9-rc9. These
preliminary results suggested that the orbital period
was slowly increasing over time (positive quadratic
term coefficient) with a possible underlying sinusoidal-like modulation in the orbital period. An in
depth evaluation of this light-time effect (LiTE) followed using a custom Excelâ spreadsheet designed by
coauthor R.H.N. This application employs the Solver
add-in to optimize (Generalized Reduced Gradient
Nonlinear Method) a fit to the associated model
parameters defined in the LiTE equations (Irwin
1959). Complementary LiTE analyses were also performed using the code for simplex optimization
MATLABâ (MathWorksâ ) reported by Zasche et al.
(2009).

2.3 Radial velocity determinations
A total of 14 medium resolution (mean R  10; 000)
spectra from EH Cnc were acquired at the Dominion
Astrophysical Observatory (DAO) in Victoria, British
Columbia, Canada in April 2018 and April 2019. The
instrument included a Cassegrain spectrograph with a
grating (#1800Yb; 1800 lines/mm) blazed at 5000
Å in the 21121 configuration. When installed on the
1.85-m ‘‘Plaskett’’ telescope this spectrograph yields a
reciprocal first order linear dispersion of 10 Å/mm that
approximately covers a wavelength region between
5000 and 5260 Å. A detailed description of the
spectrometer, software and procedures for data
reduction are described elsewhere (Nelson 2010a).

3. Results and discussion
3.1 Photometry
New LCs for EH Cnc were generated using an
ensemble of four non-varying comparison stars contained within each image FoV. The identities, J2000
coordinates, V-mags, and APASS color indices ðB 
VÞ for these stars are listed in Table 1. Mean
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uncertainty in single measurements of EH Cnc ranged
considerably depending upon the telescope aperture,
CCD camera model and geographic location
(Table 2). Therein the acquisition dates and number of
observations obtained during each epoch are also
summarized. Final LC data (BVIc ) collected at UO and
DBO were period folded using the updated linear
ephemeris derived in Equation (2) and plotted as
APASS-based catalog magnitudes in Fig. 1 (2010),
Fig. 2 (2014) and Figures 3 and 4 (2018).

3.2 Effective temperature estimation
Throughout this paper, the primary star is defined as
the more massive member of the binary system. No
classification spectra for EH Cnc were found in the
literature so that the effective temperature (Teff ) of the
target system, which is dominated by the primary star,
has been estimated using intrinsic color, ðB  VÞ0 .
These were calculated2,3 from data acquired at UO
and DBO along with others determined from astrometric (USNO-A2.0, USNO-B1.0, Tycho) and photometric (2MASS, APASS and Terrell et al. (2012))
surveys
(Table 3).
The
reddening
value,
EðB  VÞ ¼ 0:0318  0:0004, was derived from
Galactic dust map models reported by Schlafly and
Finkbeiner (2011) whereas interstellar extinction
(AV ¼ 0:0986) was calculated from EðB  VÞ  3:1.
The median ðB  VÞ0 value (0:471  0:017) which
was adopted for Roche modeling corresponds to a
primary star with an effective temperature
(6390  208 K) that most likely ranges in spectral
class between F5V and F6V. Compared to the Gaia
DR2 release of stellar parameters our value is somewhat higher than that reported for EH Cnc
(Teff1 ¼ 6057þ385
922 K) but within the confidence intervals (Andrae et al. 2018). These differences are not
unexpected given that the Gaia DR2 values do not
take into account interstellar reddening.

3.3 Ephemerides and LiTE modeling
New LC minima (n ¼ 21) acquired during this nine
year study along with published values starting in
1902 (Table 4) were used to analyze observed minus
predicted eclipse timing differences (ETD) through
2019 when the most recent ToM was recorded. These
2

http://www.aerith.net/astro/color_conversion.html.
http://brucegary.net/dummies/method0.html.
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Table 1. Astrometric coordinates (J2000), V-mags, and color indices ðB  VÞ for EH Cnc and the four comparison stars
used in this photometric study.
R.A. (J2000)

Dec. (J2000)

Star Identification

h

m

s



GSC 1391-1299
GSC 1391-1284
GSC 1391-1383
GSC 1391-1356
EH Cncb

08
08
08
08
08

26
26
26
26
26

18.336
02.585
06.914
19.058
18.353

?20
?20
?20
?20
?20

0

00

V-maga

ðB  VÞa

52
50
51
51
52

49.512
51.689
46.152
23.796
49.728

12.246
12.945
13.344
13.289
11.741

0.821
0.626
0.662
0.900
0.497

a

V-mag and ðB  VÞ for comparison stars from APASS DR9 database described by Henden et al. (2009, 2010, 2011) and
Smith et al. (2011). b Mean V-mag at maximum light and ðB  VÞ for EH Cnc determined from 2010, 2014 and 2018
photometric campaigns.

Table 2. Epoch, observatory location, telescope aperture, CCD camera model, number of observations (n), and estimated
uncertainty (uncertainty calculations according to Everett & Howell (2001)) in the photometric measurement (B-, V-, and
Ic -passbands) of the comparison stars used to generate LCs for EH Cnc.
Epoch
19 March–23
April 2010
21 March–13
April 2014
25 February–19
March 2018

Location
(USA)

Aperture
(m)

CCD
Camera

B-mag
Error

B-mag
(n)

V-mag
Error

V-mag
(n)

Ic -mag
Error

Ic -mag
(n)

UO (NJ)

0.2

ST-402ME

0.035

332

0.025

333

0.025

333

UO (NJ)

0.2

ST-8XME

0.026

309

0.017

306

0.012

341

DBO (AZ)

0.4

STT-1603ME

0.010

517

0.005

548

0.006

539

differences are plotted against the period cycle number (epoch) to visualize any potential changes in
orbital period over time (Fig. 5). Collectively the data
were best fit by a parabolic relationship (r2 ¼ 0:81).
As shown in Fig. 5, a near-term linear ephemeris for
the primary minimum was projected from a straight
line segment covering observations from 2014 to 2019
(Eq. (2)):
Min  IðHJDÞ ¼ 2458527:4790ð8Þ þ 0:4180337ð2ÞE:
ð2Þ
A quadratic relationship (Eq. (3)) between ETD and
time takes the general form:
ETDfitted ¼ c þ b  E þ Q  E2 þ s:

ð3Þ

Assuming that the orbital period change is monotonic,
we can ignore the last term (s ¼ 0) for the moment. A
preliminary analysis using a scaled Levenberg–Marquardt algorithm led to the following quadratic
ephemeris (Eq. (4)) for the primary minimum where

HJDðMin  IÞ ¼ 2; 458; 527:4953ð16Þ
þ 0:4180358ð2Þ  E þ 1:50ð0:25Þ  1011 E2 :
Since the quadratic coefficient (Q) is greater than zero,
then according to Equation (5),
 
dP
Q
¼ 2  365:24 
;
ð5Þ
dt
P
we initially estimated that since 1902 the orbital period had been very slowly increasing at a constant rate
approaching 2:62  0:43  108 d  yr1 . This value,
but not the sign for Q, would be revised even further
as described below following LiTE modeling. Yang
et al. (2011) ignored all eclipse timings before 1983
thereby producing a very different value
(1:01  0:05  107 d  yr1 ) which corresponds to
an orbital period decrease. A secular period change
associated with an ETD diagram described by a
parabola is often attributed to mass transfer or by
angular momentum loss due to magnetic stellar wind.
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Figure 1. Period folded (P ¼ 0:4180334 d) CCD light
curves for EH Cnc produced from photometric data
obtained in 2010. The top (Ic ), middle (V) and bottom
simulations (B) shown above did not require the addition of
a spot to improve the Roche model fit. Model residuals are
offset at the bottom of the plot to keep the values on scale.

Figure 2. Period folded CCD light curves for EH Cnc
produced from photometric data obtained in 2014. Remaining caption same as Figure 1.

Ideally when the loss of angular momentum dominates, the net effect is a decreasing orbital period. If
conservative mass transfer from the primary to the
secondary star prevails, then the orbital period can
also speed up. The separation increases when the
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conservative mass transfer from the less massive to
more massive component takes place or spherically
symmetric mass loss from any component (e.g., a
wind but not magnetized) occurs. Angular momentum
loss leads always to tightening of the orbit. In mixed
situations (e.g., mass transfer from less massive star,
together with AML) the orbit evolution depends on
which process prevails.
Similar to Yang et al. (2011) we also found another
orbital period change which appears to be cyclic in
nature and embedded within the residuals remaining
after the initial quadratic fit (Eq. (4)). Cyclic changes
of eclipse timings can result from the gravitational
influence of unseen companion(s), the so-called lighttime effect (LiTE). A significant number (  60%) of
contact binaries observed from the Northern Hemisphere exist as multiple systems (Pribulla & Rucinski
2006) so there is a better than even chance EH Cnc is
a trinary system. To address this possibility LiTE
analyses were performed using the aforementioned
custom Excelâ -Solver spreadsheet and separately with
the simplex code for MATLABâ provided by Zasche
et al. (2009).
In both cases s from Equation (3) is defined as
follows:


a12 sin i
2 sinðm þ xÞ
ð1  e Þ
þ sin x :
ð6Þ
s¼
c
1 þ e  cos m
Accordingly, the associated parameters in the LiTE
equation (Irwin 1959) were derived which include
parameter values for P3 (orbital period of star 3 and
the 1–2 pair about their common barycenter), orbital
eccentricity e, argument of periastron x, true anomaly
m, time of periastron passage T0 and amplitude
A ¼ a12 sin i3 . In this case a12 is the semi-major axis
of the 1–2 pair’s orbit about the center of mass of the
three-star system, and i3 is orbital inclination of the
putative third body in a three-star system.
Despite the observational scatter, we endeavored
not to completely exclude early photographic (pg) and
visual (vis) data from the LiTE analysis. A weighting
strategy was devised using the mean variance (1/var)
of measurements from the quadratic fit of all the data
shown in the top panel of Fig. 6. Accordingly the
weights assigned to pg, early vis (1983), late vis
(1987–1996) and all CCD/PE derived ToM values
were 0.001, 0.06, 0.005 and 1, respectively. Two very
similar solutions, the first derived using the Generalized Reduced Gradient Nonlinear Method (Excelâ
Solver; LiTE-1) and a second produced using simplex
optimization (MATLABâ ; LiTE-2) are summarized in

26
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every  30 yr at a distance no farther than
10:25  0:79 A.U. from the common center of gravity. The corresponding added luminosity (L3 ) of a
third main sequence star was estimated to be  8%
according to Equation (7):
L3 ð%Þ ¼

Figure 3. Period folded CCD lightcurves for EH Cnc
produced from photometric data obtained in 2018. Remaining caption same as Figure 1.

Figure 4. Period folded CCD lightcurves for EH Cnc
produced from photometric data obtained in 2018. The top
(Ic ), middle (V) and bottom curves (B) shown above
included a hot spot on the secondary star to achieve the best
simulated fits using the WD2003 code. Model residuals are
offset at the bottom to keep the values on scale.

Table 5. Based on the derived mass function
(f ðM3 Þ ’ 0:0217M ), the minimum mass of a third
body when orbiting at i3 ¼ 90 was calculated to be
 0:5M . These results, also depicted in single representative illustration (Fig. 6), are consistent with a
putative third body orbiting elliptically (e ’ 0:29)

3:5
100  Mmin
:
3:5
L1 þ L2 þ Mmin

ð7Þ

When using the WD code, this relatively large percent
contribution of light would likely require a third light
parameter (l3 ) meaningfully greater than zero to
accurately simulate the LC model fits around minimum light. However, in no case was this necessary
(l3 ¼ 0) to successfully model any of the LC data
(Section 3.6). Instead of a main sequence star, a
hypothetical case can be made for the presence of a
stellar remnant such as a cool (Teff \8000 K) low
mass white dwarf (Leggett et al. 1998; Hansen &
Liebert 2003). A compact object this size
(R  0:01R ) would be photometrically invisible yet
sufficiently massive to detect sinusoidal-like changes
in the orbital period of the binary pair. Although
unproven, other investigators (Lee & Park 2018; Tian
et al. 2018; Hu et al. 2015) have proposed the presence of a circumbinary white dwarf in eclipsing binary
systems. A more detailed discussion about a plausible
evolutionary history for EH Cnc as a trinary system is
provided in Section 4.
Modulated changes in the orbital period can also
result from magnetic activity cycles attributed to
Applegate (1992) or apsidal motion of a binary pair.
Apsidal motion is immediately dismissed since contact binary systems are tidally locked with circular
orbits. Short-period binaries are magnetically very
active due to the formation of photospheric (starspots),
chromospheric (plages) and other high energy disturbances (Pribulla et al. 2003). The associated hydromagnetic dynamo can produce changes in the
gravitational quadrupole moment of the active star via
redistribution of the internal angular momentum with
corresponding changes in the magnetic force within
the stellar convective zone. When the gravitational
quadrupole moment of the active component increases, its companion experiences a stronger gravitational
force which then moves closer to the barycenter of the
system. According to this scenario, the orbital period
will decrease. In contrast, when the gravitational
quadrupole moment of the active star weakens, the
orbital period increases. A detailed examination of the
energetics (DE=Esec ) required to produce the ‘‘Applegate effect’’ was performed according to Völschow
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Table 3. Effective temperature (Teff1 ) estimation for EH Cnc based upon de-reddened ðB  VÞ data from six surveys and
the present study.

ðB  VÞa0
b
Teff1
(K)
Spectral
classb

APASS
DR9

Tycho

USNOB1.0

USNOA2.0

2MASS

Terrell et al.
(2012)

UO
2010

UO
2014

DBO
2018

0.471
6387
F5–F6V

0.477
6368
F5–F6V

0.602
5885
G0–G1V

0.476
6369
F5–F6V

0.456
6444
F5–F6V

0.439
6506
F5–F6V

0.516
6212
F7–F8V

0.465
6411
F5–F6V

0.445
6483
F5–F6V

a

Intrinsic ðB  VÞ0 determined using reddening value, EðB  VÞ ¼ 0:0318  0:0004, from Schlafly and Finkbeiner (2011)
Teff1 interpolated and spectral class range estimated from Pecaut and Mamajek (2013). Median value,
ðB  VÞ0 ¼ 0:4712  0:0174, corresponds to an F5V–F6V primary star ðTeff1 ¼ 6390  208 K).
b

et al. (2016) and the accompanying ‘‘Eclipse Time
Variation Calculator’’ webmodule4. Therein the finite
shell two-zone model accounts for all essential physics involved with the Applegate effect from mainsequence low mass companions (0.1–0.6M ). Since
the calculated value for DE =Esec is less than unity
(0.482), EH Cnc appears to be a viable candidate for
the orbital period being affected by magnetic cycles.
Equally convincing solutions were observed from the
finite-shell constant density model (DE=Esec ¼ 11:26)
described by Völschow et al. (2016) and the thin-shell
model reported by Tian et al. (2009) where
DE=Esec ¼ 0:0257.
Notably, the apparent sinusoidal-like behavior is
largely supported by data collected over the past 35 yr
and other values sparsely populated with vis and pg
eclipse timings between 1902 and 1983. Therefore,
some caution should be exercised whereby we consider our findings a work-in-progress and not a
definitive solution. So far, it appears that the modulation period, P3 , is most likely  30 yr, a value
nearly twice that reported (16:6  0:4 yr) by Yang
et al. (2011) who only used data after 1983. Furthermore, at this time it is not possible to firmly establish
whether the gravitational effect of a third body or
variations in the quadrapole moment an active secondary star is responsible for the cyclic changes in the
orbital period of EH Cnc. Arguably many more years
of precise eclipse timing data will be necessary to
firmly establish a value for the underlying orbital
period modulation. Unfortunately without other supporting evidence such as might be derived from spacebased spectro-interferometry and/or direct imaging,
LiTE analysis still leaves us with two equally plausible but distinctly different phenomenological origins
for cyclic modulation of the dominant orbital period.
4

http://theory-starformation-group.cl/applegate/index.php.

3.4 Spectroscopic observations
A log of all spectra captured between April 9, 2018
and April 18, 2019 is provided in Table 6 while a
representative raw spectrum is illustrated in Fig. 7.
Spectral reduction was performed using the application RaVeRe (Nelson 2010b). This software, described
in detail elsewhere (Nelson 2010c), offers routines to
manually remove trace cosmic hits, produce a median
background fit for each column (or wavelength),
background subtract each column, perform aperture
summation, carry out dispersion correction and normalization of the continuum. Final extraction of the
RV data (Fig. 8) employed broadening functions
(Broad v26, Nelson 2013) to determine radial velocities directly. Smoothing by a Gaussian filter is routinely performed to establish a peak centroid for
determining the radial velocities. Additional details
regarding the advantage of using wavelength broadening functions for contact binary systems rather than
cross-correlation is described elsewhere (Ruciński
2002, 2004; Nelson et al. 2014). It is a tribute to the
effectiveness of the broadening function approach in
that, despite the noisy and somewhat weak spectrum
(Fig. 7), strong peaks with relatively low uncertainty
in velocity space ensued (Fig. 8). A custom Excel
worksheet was used to perform the necessary RV
conversions between geocentric and heliocentric values. The resulting best fit RV curve following simultaneous modeling of LCs from 2018 with WDwint56a
is shown in Fig. 9. The generalized computational
steps for determining the error terms for each velocity
are provided in Appendix A. RV values needed to be
adjusted by no more than ?2% to correct for phasesmearing associated with the relatively long exposures
required for EH Cnc. Correction was achieved by
dividing RV values by the factor f ¼ ðsin xÞ=x, where
x ¼ pt=P, and t and P are the exposure time and the

26
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Table 4. Times of minimum (ToM) and eclipse timing differences (ETD) for EH Cnc used to calculate new ephemerides
and perform LiTE analysis.
ToM
(HJD2400000)
15811.45
19366.52
19835.29
24169.42
25348.27
45385.502
45399.495
45402.429
45410.365
45438.382
45440.465
45672.6833
45675.6123
45676.6545
46800.342
48310.451
48332.392
49393.422
49394.441
49429.372
50097.401
50151.533
50152.346
50153.416
50157.386
50163.448
50895.4231
50899.3922
50927.4049
51193.4883
51241.3499
51270.402
51284.4064
51596.4714
51943.4467
51957.4505
52029.3523
52279.5445
52299.6094
52320.5125
52324.6922
52383.6357
52396.5938
52624.8422
52722.4539
52730.3969
52999.8204
53462.7957

Error
a
a
a
a
a
b
b
b
b
b
b
c,e
c,e
c,e
b
b
b

0.004
0.009
0.006
0.007
0.008
0.004
0.003
0.004
0.009
0.0022
0.0035
0.0026
0.0024
0.003
0.0026
0.0023
b
d
d
d

0.0041
0.0002
0.002
0.0002
0.0002
0.0001
0.0002
0.0012
0.0052
0.0001
0.0002

ToM

Cycle
No.

ETD

References

(HJD2400000)

Error

Cycle
No.

ETD

References

-95248
-86744
-85622.5
-75254.5
-72434.5
-24502.5
-24469
-24462
-24443
-24376
-24371
-23815.5
-23808.5
-23806
-21118
-17505.5
-17453
-14915
-14912.5
-14829
-13231
-13101.5
-13099.5
-13097
-13087.5
-13073
-11322
-11312.5
-11245.5
-10609
-10494.5
-10425
-10391.5
-9645
-8815
-8781.5
-8609.5
-8011
-7963
-7913
-7903
-7762
-7731
-7185
-6951.5
-6932.5
-6288
-5180.5

0.13901
0.22981
0.17229
0.10376
0.09189
0.01638
0.00517
0.01292
0.00623
0.01481
0.00763
0.00686
0.00961
0.00672
0.01312
-0.03338
-0.03928
0.01504
-0.01105
0.01393
0.02121
0.01753
-0.00554
0.01937
0.01802
0.01850
0.01235
0.01010
0.01438
0.01779
0.01425
0.01284
0.01303
0.01407
0.01938
0.01897
0.01856
0.01614
0.01530
0.01658
0.01594
0.01634
0.01532
0.01600
0.01627
0.01658
0.01580
0.01609

[1]
[1]
[1]
[1]
[1]
[2]
[2]
[2]
[2]
[2]
[2]
[3]
[3]
[3]
[4]
[5]
[5]
[6]
[6]
[6]
[7]
[7]
[7]
[7]
[7]
[7]
[8]
[8]
[8]
[9]
[9]
[9]
[9]
[10]
[11]
[11]
[11]
[12]
[13]
[11]
[13]
[13]
[13]
[13]
[14]
[12]
[15]
[16]

54509.3443
54509.5535
54831.8571
54833.3206
54835.2024
54835.4109
54857.3580
54882.8580
54892.2636
54936.3660
55232.3334
55249.0576
55259.2970
55264.3139
55274.3459
55274.3463
55274.5553
55275.6000
55278.3175
55288.5595
55289.6043
55292.5315
55293.5753
55297.5472
55569.2678
55620.2688
55622.5675
55628.4206
55628.4209
55629.2576
55656.6356
55887.5995
55958.4558
55969.3244
56000.6766
56629.6066
56691.6848
56739.5489
56740.5942
56741.6383
56743.5210
56753.5538
56760.6600
57071.2579
57353.8460
57364.5075
57730.9149
57843.3654

0.0006
0.0006
0.0003
0.0001e
0.0001e
0.0002e
0.0003
0.0002
0.0002
0.0002e
0.0002
0.0009
0.0001
0.0002
0.0002
0.0002
0.0011
0.0012
0.0002
0.0013
0.0014
0.0015
0.0016
0.0017
0.0003
0.0004
0.0029
0.0003
0.0008
0.0008
0.0016
0.0002
0.0002
0.0002
0.0002
0.0003
0.0003
0.002
0.0021
0.0022
0.0013
0.0023
0.0024
0.0002
0.001
0.0003
0.0001
0.0002

-2677
-2676.5
-1905.5
-1902
-1897.5
-1897
-1844.5
-1783.5
-1761
-1655.5
-947.5
-907.5
-883
-871
-847
-847
-846.5
-844
-837.5
-813
-810.5
-803.5
-801
-791.5
-141.5
-19.5
-14
0
0
2
67.5
620
789.5
815.5
890.5
2395
2543.5
2658
2660.5
2663
2667.5
2691.5
2708.5
3451.5
4127.5
4153
5029.5
5298.5

0.01125
0.01143
0.00918
0.00956
0.01019
0.00968
0.00988
0.00968
0.00946
0.00903
0.00688
0.00963
0.00715
0.00761
0.00678
0.00718
0.00713
0.00674
0.00700
0.00712
0.00683
0.00777
0.00648
0.00704
0.00416
0.00475
0.00425
0.00482
0.00512
0.00578
0.00241
0.00135
0.00057
0.00019
-0.00032
-0.00567
-0.00583
-0.00687
-0.00666
-0.00765
-0.00611
-0.00618
-0.00659
-0.00953
-0.01385
-0.01228
-0.01354
-0.01476

[21]
[21]
[22]
[23]
[23]
[23]
[24]
[25]
[18]
[26]
[27]
[23]
[28]
[27]
[29]
[29]
[30]
[30]
[27]
[30]
[30]
[30]
[30]
[30]
[23]
[27]
[28]
[29]
[29]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[30]
[30]
[30]
[39]
[30]
[30]
[37]
[40]
[41]
[42]
[43]
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Table 4. Continued.
ToM
(HJD2400000)
53801.4042
53815.4071
53824.3956
54150.249
54167.3931
54171.3650
54213.3775
54217.3498
54441.8327
54499.5207

Error
d
d,e

0.0002e
0.004
0.0003
0.0003e
0.0001e
0.0005
0.0003
0.0001e

ToM

Cycle
No.

ETD

References

(HJD2400000)

Error

Cycle
No.

ETD

References

-4370.5
-4337
-4315.5
-3536
-3495
-3485.5
-3385
-3375.5
-2838.5
-2700.5

0.01537
0.01403
0.01477
0.00898
0.01360
0.01413
0.01401
0.01501
0.01249
0.01145

[11]
[11]
[11]
[17]
[18]
[11]
[11]
[11]
[19]
[20]

57844.4123
58174.6586
58174.8685
58181.7649
58182.6006
58182.8111
58184.6907
58196.6052
58216.6716
58527.6891

0.0004
0.0025
0.0026
0.0027
0.0028
0.0029
0.003
0.0031
0.0002
0.0003

5301
6091
6091.5
6108
6110
6110.5
6115
6143.5
6191.5
6935.5

-0.01295
-0.01518
-0.01430
-0.01550
-0.01587
-0.01439
-0.01595
-0.01548
-0.01482
-0.01619

[43]
[30]
[30]
[30]
[30]
[30]
[30]
[30]
[30]
[30]

a

Photographic – no error reported; b visual – no error reported; c photoelectric – no error reported; d CCD – no error reported;
mean from same LC minimum taken trhough multiple filters with the same CCD camera. [1] Kulikovski (1934); [2] Figer
(1983); [3] Figer et al. (1985); [4] Maraziti (1987); [5] Zejda (1995); [6] Martignoni (1994); [7] Vandenbroere and Dedoch
(1996); [8] Šafř and Zejda (2000); [9] Šafř and Zejda (2002); [10] Šafř (2002); [11] Brát et al. (2007); [12] Zejda (2004);
[13] Samolyk (2011); [14] Diethelm (2003); [15] Nelson (2004); [16] Nelson (2006); [17] Hübscher (2007) ; [18]
Parimucha et al. (2009); [19] Nelson (2008); [20] Brát et al. (2008); [21] Hübscher et al. (2009); [22] Diethelm (2009);
[23] Yang et al. (2011); [24] Nelson (2010a); [25] Brát et al. (2009); [26] Parimucha et al. (2011); [27] Hübscher et al.
(2012); [28] Nelson (2015); [29] Brát et al. (2011); [30] This study; [31] Parimucha et al. (2013); [32] Diethelm (2011);
[33] Hübscher and Lehmann (2012); [34] Hoňková et al. (2013); [35] Hübscher and Lehmann (2013); [36] Diethelm
(2012); [37] Parimucha et al. (2016); [38] Nelson (2015); [39] Hübscher and Lehmann (2015); [40] Nelson (2016); [41]
Hübscher (2017) [42] Nelson (2017); [43] Pagel (2018).

e

orbital period, respectively. A derivation for the
phase-smearing correction is provided in Appendix B.
This correction is exact for circular orbits also out of
eclipse; in other cases, it can be shown to be close
enough for any deviation to fall below observational
errors. Note that this represents small corrections to
K1 and K2 only, and cannot change their ratio.

3.5 Roche modeling approach
Roche modeling of LC data from EH Cnc was primarily accomplished using the programs PHOEBE 0.31a (Prša & Zwitter 2005) and WDwint56a
(Nelson 2009). Both feature a graphical user interface
to the Wilson-Devinney WD2003 code (Wilson
1979, 1990; Wilson & Devinney 1971). WDwint56a
invokes Kurucz’s atmosphere models (Kurucz 2002)
which are integrated over BVRc Ic optical passbands.
SIGMA was assigned according to the procedure
described by (Wilson & Van Hamme 2016). Photometric data (B-, V- and Ic -mag) were ultimately
weighted according to observational scatter from the
best-fit curves. In all cases, the final selected model

was Mode 3 for an over contact binary. Other modes
(detached and semi-detached) were attempted but
never approached the best fits achieved with Mode 3.
Initially, a W-type solution was considered based on
Yang et al. (2011), however, a proper simultaneous fit
of LC and RV data could not be achieved indicating
that EH Cnc is an A-subtype system. Since the
internal energy transfer to the surface of both stars is
driven by convective (\7500 K) rather than radiative
processes, the value for bolometric albedo
(A1;2 ¼ 0:5) was assigned according to Ruciński
(1969) while the gravity darkening coefficient
(g1;2 ¼ 0:32) was adopted from Lucy (1967). Logarithmic limb darkening coefficients (x1 , x2 , y1 , y2 )
were interpolated (van Hamme 1993) following each
change in the effective temperature (Teff2 ) of the
secondary star during model fit optimization using
differential corrections (DC). According to the putative classification of EH Cnc as spectral type F5V to
F6V the effective temperature of the more massive
star was fixed (Teff1 = 6390 K). Least-squares curve
fitting of the RV data alone was performed with an
Excelâ spreadsheet using a custom macro and the
Solver add-in. This produced an initial estimate for the
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mass ratio (q ¼ 0:476) which was subsequently used
when RV and LC (BVIc ) data were simultaneously
modeled using WDwint56a. Analyses were conducted
using the RV data and all LCs simultaneously as
recommended by Wilson (1979). All but the temperature of the more massive star (Teff1 ), orbital period
(P ¼ 0:4180334 d), A1;2 and g1;2 were allowed to vary
during DC iterations. In general, the best fits for Teff2 ,
i, and Roche potentials (X1 ¼ X2 ) were collectively
refined (method of multiple subsets) by DC before
attempts were made to optimize solutions for X1;2 , i,
Teff2 , q, the systemic velocity (Vc ) and the semi-major
axis (SMA). Once the Roche model-fit was optimized
using the monochromatic LC data, the other LCs (B
and Ic ) were added to the model. Thereafter Teff1
remained fixed while varying Teff2 , i, q, Vc , SMA and
the Roche potential (X1 ¼ X2 ) to obtain a best-fit for
the multicolor data. Third light contribution (l3 ) during DC optimization did not lead to any value significantly different from zero.
This system does not exhibit a total eclipse, therefore Roche model convergence to a unique value for q
proved fruitless without the RV-derived mass ratio
(qsp ) to constrain possible solutions. To make this
point a grid search was performed on EH Cnc by
fixing the mass ratio at various intervals and finding a
best-fit by adjusting (Teff2 , i and X1 ¼ X2 ) during DC.
These results (Fig. 10) clearly indicate that without a

J. Astrophys. Astr.

known value for the mass ratio, LC solutions for this
system are degenerate. We are mindful that complete
Roche model solutions for overcontact systems that
only exhibit a partial eclipse still regularly appear in
the literature. Hopefully in the future our results will
discourage those attempting to publish largely
unsupportable evidence for a unique mass ratio on a
binary system without, at a minimum, the benefit of a
total eclipse.

3.6 Roche modeling: Physical and geometrical
parameters
LC parameters and geometric elements derived from
the WD2003 code are summarized by year in Table 7
(2010), Table 8 (2014) and Tables 9 and 10 (2018).
Only LCs acquired in 2018 required the addition of a
hot spot on the secondary star to obtain a best model
fit around Min II (Table 10, Fig. 4). This resulted in
lower residual mean square (RMS) values compared
to the unspotted fit (Table 9). A 3-D image rendered
(Fig. 11) using Binary Maker 3 (BM3: Bradstreet &
Steelman 2002) demonstrates the partial eclipse
observed during Min I (/ ¼ 0) and the hot spot
location on the secondary star (/ ¼ 0:68). The fill-out
parameter (f) which corresponds to the outer surface
shared by each star was calculated according to
Equation (8) (Kallrath & Milone 1999; Bradstreet
2005) where
f ¼

Figure 5. Linear and quadratic fits of ETD values for
EH Cnc between 1902 and 2019 along with near-term
straight-line fit (inset with dashed line) from 2014–2019
used to produce the updated linear ephemeris (Eq. (2)).

(2020) 41:26

ðXinner  X1;2 Þ
:
ðXinner  Xouter Þ

ð8Þ

Xouter is the outer critical Roche equipotential, Xinner is
the value for the inner critical Roche equipotential and
X ¼ X1;2 denotes the common envelope surface
potential for the binary pair. EH Cnc is considered an
overcontact system since 0\f \1.
Simultaneous modeling of our RV data along with
LCs from each epoch produced a definitive value
(q ¼ 0:499  0:002) for the mass ratio (Table 11)
when Teff1 ¼ 6390 K and firmly establishes this system as an A-type (Binnendijk 1970) overcontact system in which the hotter and larger star is transited by
the cooler less massive member of the binary system.
This is in stark contrast to the findings of Yang et al.
(2011) who prematurely classified this system as a Wsubtype strictly based on a much less reliable photometric mass ratio value where qph ¼ 2:51  0:02 or
m2 =m1 ¼ 0:398  0:003.
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Figure 6. LiTE-2 fit (Table 5) of eclipse timing differences (ETD) for EH Cnc between 1902 and 2018. The solid red
line in the top panel describes the fit for an elliptical orbit (P3 =30.04 yr) of a putative third body while the dashed blue line
defines the quadratic fit from the eclipse timing residuals. The middle panel illustrates the LiTE model fit following
subtraction of the quadratic component. The bottom panel illustrates the total residuals remaining after LiTE analysis.
Large solid circles ( ) represent times CCD/PE at Min I, circles () indicate CCD/PE times at Min II while small dots ()
are photographic or visual times.

3.7 Roche modeling error analysis
Uncertainty reported in Tables 7–10 are computed
from the DC covariance matrix and reflect the model
fit to the observations which assume exact values for
three fixed parameters (Teff1 , A and g). Many have
argued that these errors are unrealistically small considering the estimated uncertainties associated with
the mean adopted Teff1 values along with basic
assumptions about A1;2 , g1;2 and the influence of spots
added to the Roche model. Herein the availability of
multi-color photometric data for EH Cnc from two
different sites, collected during three epochs using

three different CCD cameras offered a unique
opportunity to evaluate both intra-study and interstudy error using DC. We offer an alternate empirical
approach that has proven useful in estimating
parameter uncertainty using Roche modeling data
independently generated with three different values
for Teff1 . One normally fixes the value for Teff1 during
modeling with the WD code despite measurement
uncertainty which can easily approach ±400 K without the benefit of a high resolution classification
spectrum. To address this potential deficiency, we
explored the effect that changing Teff 1 would have on
all parameter estimates (Tables 7–10). In order to
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Table 5. Orbital period modulation (P3 ) and putative third-body solution to the light-time effect (LiTE)
observed from changes in EH Cnc eclipse timings.
Parameter

LiTE-1a

Units

HJD0  2400000
T0
P3
A (semi-ampl.)
x
e3
a012 sin i0
f ðM3 Þ (mass func.)
M3 (i ¼ 90 )
M3 (i ¼ 60 )
M3 (i ¼ 30 )
c2 (quad. coeff.)
dP/dt
Sum of squared residuals

55628.4158 ±
32457 ±
30.30 ±
0.0153 ±
253 ±
0.282 ±
2.65 ±
0.0217 ±
0.490 ±
0.580 ±
1.153 ±
0.1938 ±
0.339 ±
0.0001351

(yr)
(d)
ð Þ
(a.u.)
(M )
(M )
(M )
(M )
(1010 )
(107 d/yr)

LiTE-2b
0.0008
1040
0.55
0.0007
12
0.052
0.12
0.0057
0.001
0.001
0.002
0.0164
0.029

55628:4157 ±
33149 ±
30.04 ±
0.0155 ±
257 ±
0.292 ±
2.69 ±
0.0216 ±
0.499 ±
0.590 ±
1.178 ±
0.1991 ±
0.348 ±
0.0001365

0.0015
33149
0.56
0.0012
32
0.115
0.21
0.0001
0.001
0.001
0.001
0.0001
0.001

Excelâ Solver – generalized reduced gradient nonlinear method; b Zasche et al. (2009) – simplex
optimization.

a

Table 6. A log of spectral observations for EH Cnc taken at the DAO in April 2018 and April 2019.
DAO Image #
2018-5366
2018-5405
2019-5676
2019-5768
2019-5802
2019-5685
2019-5716

Mid-time (HJD=2400000?)

Exposure (s)

Phase at Mid-exp.

58234.7514
58235.7749
58589.8339
58597.7946
58598.8128
58593.8219
58594.6947

3600
3600
1124
2724
2400
1324
3600

0.750
0.198
0.158
0.202
0.637
0.698
0.786

improve the possibility of observing a meaningful
difference, the Teff1 uncertainty for EH Cnc
(6390  208 K) reported in Table 3 was tripled
(±624 K). This corresponds to a fairly wide range of
spectral types (F1V to G2V) typically observed for Asubtype overcontact binaries. Accordingly Roche
modeling proceeded with Teff1 fixed at 5766, 6390 and
7014 K which needless to say led to corresponding
new values for Teff2 . Otherwise, fixing Teff1 at these
three different values resulted in an estimated relative
standard deviation (RSD) for each parameter when
pooled across all epochs which were with the exception of the fill-out factor never greater than 2.2%
(Tables 7–11). These findings are consistent with
similar results reported for other overcontact systems
such as AR CrB (Alton & Nelson 2018), V984 Mon
(Alton 2019) and V647 Vir (Alton 2019).
A direct comparison between LC modeling of
photometric data acquired at UO in 2010 and those

V1r (km  s1 )

V2r (km  s1 )

106.7
-125.1
-116.3
-111.7
55.6
87.8
104.9

-252.7
213.6
184.3
208.6
-199.5
-236.0
-247.0

±
±
±
±
±
±
±

6.5
4.2
6.0
3.6
1.3
5.0
3.5

±
±
±
±
±
±
±

4.5
5.3
4.5
2.8
2.7
2.3
1.8

collected in 2018 at DBO (Table 11) proved to be
particularly enlightening. Despite the 3.5- to 5-fold
difference in measurement uncertainty (Table 2), largely due to equipment upgrades and Bortle Class 3
skies at DBO, comparison of each derived parameter
value shows only marginal differences (RSD\2.2%).
As would be expected from data acquired at UO
(Bortle Class 7), parameter uncertainty and the root
mean square residuals from the model fit were nearly
two-fold greater.

3.8 Absolute parameters
Apart from a spectroscopic mass ratio (qsp ), the other
critical values provided by RV data are the orbital
speeds (v1r þ v2r ). Subsequently, the total mass was
calculated according to Equation (9) since the orbital
inclination (i) is known. Thus
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mass of the system was calculated to be
ð1:92  0:03ÞM . It follows since q ¼ 0:499  0:002,
then the secondary mass is ð0:64  0:01ÞM and the
primary ð1:28  0:02ÞM . The semi-major axis,
a ¼ ð2:92  0:01ÞR , was calculated from Kepler’s
third law (Equation (10)):
a3 ¼

GP2 ðM1 þ M2 Þ
:
4p2

ð10Þ

These values were used for subsequent determinations
of the binary volume–radius rL , bolometric magnitude
Mbol and distance d[pc] to EH Cnc. The effective
radius of each Roche lobe can be calculated using
Equation (11) derived by Eggleton (1983) which only
requires a value for the mass ratio:
rL ¼
Figure 7. Representative spectrum obtained at DAO to
determine radial velocities for EH Cnc at / ¼ 0:750 (Image
#5366).

0:49q2=3
;
0:6q2=3 þ lnð1 þ q1=3 Þ

ð11Þ

where values for r1 (0:4402  0:0003) and r2
(0:3206  0:0002) were respectively determined for
the primary and secondary stars. Since the semi-major
axis and the volume radii are known, one can calculate
the solar radii for both binary constituents, where
R1 ¼ a  r1 ¼ ð1:29  0:01ÞR and R2 ¼ a  r2 ¼
ð0:94  0:01ÞR . The bolometric magnitudes (Mbol1;2 )
were calculated from the well known relationship
(Equation (12)), where


 
R1;2
T1;2
 10 log
:
ð12Þ
Mbol1;2 ¼ 4:75  5 log
R
T
Luminosity in solar units (L ) for the primary (L1 )
and secondary stars (L2 ) was calculated from the
following expression (Equation (13)), where

  
R1;2 2 T1;2 4
L1;2 ¼

:
ð13Þ
R
T

Figure 8. Representative broadening function for EH Cnc
at / ¼ 0:750 (Image #5366).

3

ðm1 þ m2 Þ sin i ¼




P
ðv1r þ v2r Þ3 :
2pG

ð9Þ

Mean results from all the models fits where
Teff1 ¼ 6390 K reveal that K2 ¼ 235:9  3:6 km  s1 ,
K1 ¼ 113:6  4:3 km  s1 and Vc ¼ 13:73  0:95
km  s1 . Since the mean orbital inclination of the
binary pair was observed to be 81:25  0:18 , the total

Assuming that Teff1 ¼ 6390 K, Teff2 ¼ 6269  7 K
and T ¼ 5772 K, then the luminosities (L ) for the
primary and secondary in solar units are L1 ¼ 2:48 
0:02 and L2 ¼ 1:22  0:01, respectively. Based on the
Bailer-Jones (2015) correction for parallax data in
Gaia DR2 (Brown et al. 2018) this system can be
found at a distance of 497:6þ14:3
13:5 pc. By comparison,
our determination derived using the distance modulus
equation (Equation (14))
dðpcÞ ¼ 10ððmMV AV þ5Þ=5Þ

ð14Þ

corrected for interstellar extinction (AV ¼ 0:099
 0:001) places EH Cnc about 10% closer (452  10
pc) (Table 12).
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Figure 9. Best-fit RV curves from simultaneous WD2003
modeling of 2018 LC data with data presented in Table 6.
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preceding the merger of the components or formation
of a common envelope.
The basic equations of the model are Kepler’s third
law, the approximate expressions for inner Roche-lobe
sizes (Section 3.8) and the standard expression for
binary angular momentum (Stȩpień et al. 2017).
The model assumes that both components rotate
synchronously with the orbital period and possess
subphotospheric convection layers causing the magnetic activity which, in turn, drives magnetized winds
from them. We neglect any possible interaction
between the winds, i.e., we assume that each component behaves in this respect as a single star. In
addition, we assume that the whole system (a close
binary and its tertiary companion) has been isolated
from any dynamical interactions with other objects
throughout its evolution. As a consequence, winds
from the two components and the mass transfer
between them, are the dominating mechanisms of the
close binary orbit evolution. The winds carry away
mass and angular momentum (AM) according to the
formulae
ð15Þ
M_ d;a ¼ 1011 R2d;a ;
dHtot
¼ 4:9  1041 ðR2d Md þ R2a Ma Þ=P:
dt

Figure 10. Roche model fit error minimization (v2 ) from
PHOEBE 0.31a using the ‘‘q-search’’ approach illustrating
the lack of a unique value for the mass ratio of EH Cnc.

4. Evolutionary history of EH Cnc
4.1 Contact binary
In this section, parameters for the most probable
progenitor of the contact binary EH Cnc and its evolutionary history are obtained, based on a model
developed by one of us (Stȩpień 2006a; Gazeas &
Stȩpień 2008; Stȩpień & Kiraga 2013, 2015). The
model describes evolution of a cool close binary from
the zero-age main sequence (ZAMS) until a stage

ð16Þ

Here Md;a and Rd;a are the mass and radius of each
component, Htot is the total (orbital and rotational)
AM in cgs units, M_ is in solar masses per year and
dHtot =dt is in g  cm2  s1 per year. The formulae are
calibrated by observational data for the rotation from
single, magnetically active stars of different age, and
empirically determined mass-loss rates of single, solar
type stars. Note that they do not contain any freely
adjustable parameters. The constant in Equation (15)
is uncertain within a factor of 2 and that in Equation (16) is uncertain to ±30% (Stȩpień 2006a, b)5.
The evolutionary calculations are divided into three
phases: a binary is detached throughout the first phase
and the more massive component (henceforth donor)
evolves from ZAMS until Roche lobe overflow
(RLOF). Thereafter rapid, conservative mass
exchange takes place in the second phase from donor
to the less massive component (henceforth accretor),
and in the third phase a slow mass transfer to the
accretor proceeds as a result of nuclear evolution of
the donor. Single star evolutionary models PARSEC
(Bressan et al. 2012) are used to approximate the
5

An unnecessary factor x appears in the formula for AML

rate in the latter paper. Equation (16) gives the correct
expression.
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Table 7. LC and RV parameters evaluated by Roche modeling with the WD2003 code along with the
geometric elements derived from photometric data acquired at UO during 2010. Modeling estimates also
include simulated fittings when Teff1 equals 5766 and 7014 K, values which presume that the adopted Teff1
(6390 ± 208 K) has even greater (± 624 K) uncertainty.
Parameter
Teff1 ðKÞa
Teff2 (K)
q (m2 =m1 )
Aa
ga
X1 ¼ X2
i
aðR Þ
Vc (km  s1 )
L1 =ðL1 þ L2 ÞcB
L1 =ðL1 þ L2 ÞV
L1 =ðL1 þ L2 ÞIc
r1 (pole)
r1 (side)
r1 (back)
r2 (pole)
r2 (side)
r2 (back)
Fill-out factor (%)
RMS ðBÞd
RMS ðVÞd
RMS ðIc Þd

Mean±S.D.
5766
5666 (7)b
0.491 (1)
0.5
0.32
2.794 (6)
80.9 (2)
2.91 (5)
13:6 ð1:1Þ
0.6766 (5)
0.6707 (3)
0.6660 (3)
0.4271 (7)
0.4564 (9)
0.4890 (11)
0.3102 (22)
0.3256 (27)
0.3665 (49)
22.4
0.02081
0.01435
0.01428

6390
6259 (5)
0.500 (1)
0.5
0.32
2.785 (4)
81.3 (2)
2.92 (5)
13:5 ð1:1Þ
0.6736 (5)
0.6673 (3)
0.6614 (3)
0.4294 (7)
0.4596 (9)
0.4938 (13)
0.3143 (8)
0.3304 (9)
0.3741 (16)
30.5
0.02053
0.01432
0.01408

7014
6901 (8)
0.494 (1)
0.5
0.32
2.802 (4)
81.8 (2)
2.95 (5)
11:6 ð1:1Þ
0.6704 (13)
0.6667 (6)
0.6621 (6)
0.4260 (4)
0.4551 (5)
0.4875 (6)
0.3100 (12)
0.3252 (15)
0.3656 (27)
21.1
0.02041
0.01436
0.01418

6390 ±
6275 ±
0.495 ±
0.5
0.32
2.794 ±
81.35 ±
2.92 ±
-12.9 ±
0.6735 ±
0.6682 ±
0.6632 ±
0.4275 ±
0.4570 ±
0.4901 ±
0.3115 ±
0.3271 ±
0.3687 ±
24.7 ±
-

624
618
0.004

0.009
0.46
0.02
1.1
0.0031
0.0022
0.0025
0.0017
0.0023
0.0033
0.0024
0.0029
0.0047
5.1

a

Fixed during DC. b Uncertainty estimates for least significant figure(s) included in parentheses () are from
WDwint56a (Nelson 2009). c L1 and L2 refer to scaled luminosities of the primary and secondary stars,
respectively. d Monochromatic root mean square residual fit of the simulated LC from the observed values.

evolution of both components during each step in
time. Note that after the rapid mass transfer phase the
accretor becomes the more massive component and
thereby corresponds to the presently observed
primary.
The initial donor and accretor masses (Md;i and Ma;i ,
respectively) together with the initial orbital period Pi
fully describe the model for the first phase. Starting
with the initial parameters, Equations (15) and (16) are
integrated in time, component masses and AM computed at each time step and all other stellar parameters
(radii, temperatures and luminosities) interpolated
from the PARSEC grid. In the second phase when the
size of the donor exceeds its Roche lobe, rapid mass
transfer takes place at an assumed constant rate of
5  109 M /yr so that a half solar mass is transferred
in 108 yr which is within the thermal time scale order
for the considered stars. This process is described in
more detail by Stȩpień and Kiraga (2013). Precise

stellar parameter values are not possible during this
phase because in reality both components are out of
thermal equilibrium. Nonetheless, this phase always
takes a very short time compared to the evolutionary
time scale and, as long as the process is conservative,
its ultimate outcome is uniquely determined when the
accretor dives below its Roche lobe and both stars
regain equilibrium. We assume conservative mass
transfer to avoid introducing two adjustable parameters
which describe, respectively, a fraction of mass and
AM lost from the system. During the third phase the
donor expands at the evolutionary time scale and
transfers mass to the accretor at a rate proportional to
the excess of the donor’s size above the Roche lobe.,
i.e. M_ tr  ðR1  r1 Þa =r1 . As numerical experiments
showed, a ¼ 5 assured the necessary stability of calculations after each time step. During all evolutionary
phases AML takes place according to Equation (16),
i.e., at the rate inversely proportional to the period
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Table 8. LC and RV parameters evaluated by Roche modeling with the WD2003 code along with the
geometric elements derived from photometric data acquired at UO during 2014. Modeling estimates also
include simulated fittings when Teff 1 equals 5766 and 7014 K, values which presume that the adopted
Teff1 ð6390  208 K) has even greater (± 624 K) uncertainty.
Parameter
a

Teff1 (K)
Teff2 (K)
q ðm2 =m1 Þ
Aa
ga
X1 ¼ X2
i
aðR Þ
Vc (km  s1 )
L1 =ðL1 þ L2 ÞcB
L1 =ðL1 þ L2 ÞV
L1 =ðL1 þ L2 ÞIc
r1 (pole)
r1 (side)
r1 (back)
r2 (pole)
r2 (side)
r2 (back)
Fill-out factor (%)
RMS ðBÞd
RMS ðVÞd
RMS ðIc Þd

Mean ± S.D.
5766
5665 (5)b
0.494 (1)
0.5
0.32
2.78 (1)
80.7 (2)
2.91 (5)
-12.7 (0.4)
0.6745 (5)
0.6685 (3)
0.6637 (3)
0.4297 (8)
0.4599 (11)
0.4940 (14)
0.3138 (15)
0.3300 (19)
0.3736 (35)
28.1
0.01712
0.01368
0.01269

6390
6273 (4)
0.497 (1)
0.5
0.32
2.78 (3)
81.0 (2)
2.91 (5)
-13.0 (1.3)
0.6718 (4)
0.6662 (3)
0.6610 (3)
0.4310 (6)
0.4617 (8)
0.4966 (11)
0.3157 (6)
0.3322 (8)
0.3773 (13)
31.7
0.01677
0.01347
0.01228

7014
6922 (6)
0.495 (1)
0.5
0.32
2.781 (7)
81.7 (2)
2.93 (5)
-12.0 (0.2)
0.6664 (6)
0.6632 (4)
0.6592 (3)
0.4265 (6)
0.4558 (8)
0.4885 (10)
0.3109 (14)
0.3263 (17)
0.3673 (31)
32.6
0.01717
0.01483
0.01404

6390 ±
6287 ±
0.495 ±
0.5
0.32
2.779 ±
81.10 ±
2.92 ±
-12.57 ±
0.6709 ±
0.6660 ±
0.6613 ±
0.4291 ±
0.4591 ±
0.4930 ±
0.3135 ±
0.3295 ±
0.3727 ±
30.8 ±
-

624
629
0.001

0.003
0.52
0.01
0.51
0.0041
0.0027
0.0023
0.0023
0.0030
0.0041
0.0024
0.0030
0.0051
2.4

a

Fixed during DC. b Uncertainty estimates for least significant figure(s) included in parentheses () are from
WDwint56a (Nelson 2009). c L1 and L2 refer to scaled luminosities of the primary and secondary stars,
respectively. d Monochromatic root mean square residual fit of the simulated LC from the observed values.

length. The so-called activity supersaturation effect
(Randich et al. 1996) is allowed by leveling off the
AML rate when P 0:d 4. Mass transfer and AML
influence the orbital period in opposite directions and
their balance dictates whether the period increases or
decreases.
A unique progenitor of a given binary can be
determined (within the adopted evolutionary model)
only if the binary age is known in addition to basic
parameters, like masses, radii, temperatures, orbital
period and metallicity. Otherwise a number of possible progenitors can be found with different ages and
distinct evolutionary histories (Stȩpień 2011; Stȩpień
et al. 2017). We do not know the age of the considered binary but, fortunately, the present-day parameter
values severely restrict a possible range of acceptable progenitors. As the donor is significantly oversized given its mass, this indicates that it has depleted

hydrogen in its center (see Fig. 1 of Stȩpień 2006a).
For this reason its initial mass must have been high
enough to complete or nearly complete the MS evolution. A coarse search in the initial parameter space
(see a detailed discussion of this procedure in Stȩpień
et al. (2017)) showed that the initial donor mass must
be between 1.1–1.3M assuming solar metallicity
(Z ¼ 0:014). A donor mass automatically determines
the accretor mass because the total initial binary mass
must be equal to the present mass plus the amount lost
by the winds which is typically less than 10% of the
initial mass (see below).
During the fine search for the progenitor parameters, the following procedure was applied:
1. The present-day orbital period must be reproduced
exactly within three decimal digits. This is because
this value is known with essentially zero error
(requirement to reproduce further digits would need
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Table 9. LC and RV parameters evaluated by Roche modeling (no spots) with the WD2003 code along
with the geometric elements derived from photometric data acquired at DBO during 2018. Modeling
estimates also include simulated fittings when Teff1 equals 5766 and 7014 K, values which presume that
the adopted Teff1 (6390  208 K) has even greater (±624 K) uncertainty.
Parameter
Teff1 (K)a
Teff2 (K)
q ðm2 =m1 Þ
Aa
ga
X1 ¼ X2
i
aðR Þ
Vc (km  s1 )
L1 =ðL1 þ L2 ÞcB
L1 =ðL1 þ L2 ÞV
L1 =ðL1 þ L2 ÞIc
r1 (pole)
r1 (side)
r1 (back)
r2 (pole)
r2 (side)
r2 (back)
Fill-out factor (%)
RMS ðBÞd
RMS ðVÞd
RMS ðIc Þd

Mean ± S.D.
5766
5673 (3)b
0.495 (1)
0.5
0.32
2.801 (3)
81.0 (1)
2.91 (5)
-13.1 (3)
0.6736 (3)
0.6680 (2)
0.6636 (1)
0.4264 (3)
0.4556 (4)
0.4883 (5)
0.3108 (10)
0.3262 (12)
0.3670 (21)
22.2
0.01198
0.00877
0.00839

6390
6269 (2)
0.500 (1)
0.5
0.32
2.799 (2)
81.4 (1)
2.92 (5)
-13.5 (8)
0.6728 (2)
0.6670 (1)
0.6616 (2)
0.4275 (4)
0.4571 (5)
0.4908 (6)
0.3134 (4)
0.3293 (5)
0.3717 (8)
25.6
0.01162
0.00858
0.00813

7014
6906 (4)
0.503 (1)
0.5
0.32
2.814 (3)
81.9 (1)
2.92 (5)
-12.6 (2)
0.6641 (3)
0.6609 (2)
0.6569 (2)
0.4254 (3)
0.4544 (4)
0.4873 (5)
0.3122 (8)
0.3277 (11)
0.3687 (19)
22.5
0.01160
0.00897
0.00864

6390 ±
6283 ±
0.499 ±
0.5
0.32
2.805 ±
81.44 ±
2.92 ±
-13.1 ±
0.6702 ±
0.6653 ±
0.6607 ±
0.4264 ±
0.4557 ±
0.4888 ±
0.3121 ±
0.3277 ±
0.3691 ±
23.4 ±
-

624
617
0.004

0.008
0.45
0.01
0.5
0.0053
0.0038
0.0034
0.0011
0.0014
0.0018
0.0013
0.0016
0.0024
.9

a

Fixed during DC. b Uncertainty estimates for least significant figure(s) included in parentheses () are from
WDwint56a (Nelson 2009). c L1 and L2 refer to scaled luminosities of the primary and secondary stars,
respectively. d Monochromatic root mean square residual fit of the simulated LC from the observed values.

adjusting initial masses even to one thousandth of a
solar mass which is much less than the observed
mass errors).
2. The present-day masses should be reproduced as
closely as possible.
3. Because the mass ratio q is determined from the
spectroscopy, i.e., independently from the light
curve, it is treated as an additional parameter to be
reproduced as closely as possible.
The progenitor best-fitting the present parameters of
EH Cnc has the following initial parameters:
Md;i ¼ 1:23M , Ma;i ¼ 0:75M and Pi ¼ 1:80 d. The
end of the first phase takes place at the age t ¼ 3:72
Gyr when the period shortens to 0.617 d and the donor
fills its critical Roche lobe. Its radius reaches 86% of
the TAMS radius so it is still a MS object when Roche
lobe overflow (RLOF) begins. At t = 3.83 Gyr the
component masses are equal Md ¼ Ma ¼ 0:960M
and the period assumes a value of 0.469 d. The mass

transfer rate drops at this time from an initial value of
5  109 M /yr to 2  109 M /yr. The present-day
values are reached at T = 4.28 Gyr. Their detailed
comparison with the observed values are given in
Table 13 and the time evolution of four basic
parameters is shown in Fig. 12. As can be seen, the
agreement between the model predictions and observations is excellent. The binary has lost about 4% of
its initial mass but about 46% of the initial total AM.
The main uncertainty of the progenitor parameters
comes from the uncertainty of the numerical coefficients in Equations (15) and (16). A change in the
mass loss rate by a factor of 2 would result in a total
mass loss by the same ratio. To reach the observed
parameters the initial masses would have to be
increased/decreased by about 0.05 M . More significant consequences ensue from a 30% change in the
AML rate. The increase/decrease of the total AML by
this quantity requires a corresponding adjustment of
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Table 10. LC and RV parameters evaluated by Roche modeling with the WD2003 code along with the
geometric elements derived from photometric data acquired at DBO during 2018. Modeling estimates also
include simulated fittings when Teff1 equals 5766 and 7014 K, values which presume that the adopted Teff1
(6390  208 K) has even greater (±624 K) uncertainty. In this case LC modeling of EH Cnc required the
addition of a hot spot on the secondary star to improve the simulated fits.
Parameter
Teff1 (K)a
Teff2 (K)
q ðm2 =m1 Þ
Aa
ga
X1 ¼ X2
i
aðR Þ
Vc (km  s1 )
AS ¼ TS =THc
HS (spot co-latitude)c
/S (spot longitude)c
rS (angular radius)c
L1 =ðL1 þ L2 ÞdB
L1 =ðL1 þ L2 ÞV
L1 =ðL1 þ L2 ÞIc
r1 (pole)
r1 (side)
r1 (back)
r2 (pole)
r2 (side)
r2 (back)
Fill-out factor (%)
RMS ðBÞe
RMS ðVÞe
RMS ðIc Þe

Mean ± S.D.
5766
5673 (3)b
0.492 (1)
0.5
0.32
2.797 (2)
80.7 (1)
2.93 (5)
-14.9 (3)
1.12 (1)
95.6 (1.5)
353 (1)
24.6 (2)
0.6749 (2)
0.6694 (1)
0.6650 (1)
0.4266 (3)
0.4558 (4)
0.4883 (5)
0.3100 (8)
0.3253 (10)
0.3659 (18)
21.7
0.01058
0.00705
0.00706

6390
6274 (2)
0.500 (1)
0.5
0.32
2.818 (1)
81.3 (1)
2.94 (5)
-14.9 (1)
1.13 (1)
91.1 (1.7)
346 (1)
18.2 (3)
0.6732 (3)
0.6677 (2)
0.6625 (2)
0.4240 (3)
0.4526 (3)
0.4846 (4)
0.3098 (3)
0.3249 (3)
0.3644 (5)
19.1
0.00991
0.00799
0.00882

7014
6916 (4)
0.503 (1)
0.5
0.32
2.822 (2)
81.6 (1)
2.95 (5)
-14.7 (1)
1.14 (1)
96.2 (1.3)
348 (1)
17.0 (2)
0.6684 (2)
0.6643 (2)
0.6595 (2)
0.4239 (3)
0.4525 (4)
0.4847 (5)
0.3107 (7)
0.3259 (8)
0.3657 (15)
19.7
0.00926
0.00687
0.00746

6390 ±
6288 ±
0.498 ±
0.5
0.32
2.812 ±
81.21 ±
2.94 ±
-14.83 ±
1.13 ±
94.3 ±
349 ±
19.9 ±
0.6722 ±
0.6671 ±
0.6623 ±
0.4248 ±
0.4536 ±
0.4859 ±
0.3102 ±
0.3254 ±
0.3653 ±
20.2 ±
-

624
622
0.006

0.013
0.47
0.01
0.12
0.01
2.8
3.5
4.1
0.0034
0.0026
0.0028
0.0015
0.0019
0.0021
0.0005
0.0005
0.0008
1.4

a

Fixed during DC. b Uncertainty estimates for least significant figure(s) included in parentheses () are from
WDwint56a (Nelson 2009). c Secondary star temperature factor (AS ); location (HS ; /S ) and size (rS )
parameters in degrees. d L1 and L2 refer to scaled luminosities of the primary and secondary stars,
respectively. e Monochromatic root mean square residual fit of the simulated LC from the observed values.

the initial AM hence the initial period. Its value would
be 1.1 d for a decreased AML rate or 2.7 d for an
increased AML rate change of 30%. Summing up, the
component masses of the progenitor of the close
binary EH Cnc are uncertain by 2–3% and its period
by 40%. The discussion of other errors, resulting e.g.,
from uncertainties of the stellar models is beyond the
scope of the present paper.

4.2 Third companion
The age of EH Cnc (t ¼ 4:28 Gyr) results in a low
mass limit for the tertiary body which appears to be a
white dwarf. Its initial mass must have been equal to

at least 1:3M , assuming again solar metallicity. The
maximum mass can be estimated from the dynamic
stability requirements of the system. When mass loss
from the close binary and the progenitor tertiary
component (red giant phase and on the asymptotic
branch) are spherically symmetric the specific angular
momentum related to the wide orbit is preserved. It
follows when the tertiary component initial mass is
equal to Md þ Ma þ 1M or more, the system is
unstable and is torn apart when the star loses Md þ
Ma þ 0:5M over the course of evolution with 0:5 M
remaining, as observed. However, as the mass of the
progenitor third companion climbs, the more massive
will be its evolved white dwarf. These observations
only give the lower limit for the mass of the third body
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originally wider, with a period of 1–2 weeks, before
forming a tight close system. The tightening of the
orbit takes place typically about 106–107 years (Eggleton & Kisseleva-Eggleton 2006) which is very
short compared to the stellar evolutionary time scale
so when the stars land on ZAMS, the period reached
the value considered by us as initial.

5. Conclusions

Figure 11. 3-D spatial model of EH Cnc illustrating the
partial eclipse of the primary star at Min I (/ ¼ 0) and hot
spot location (/ ¼ 0:68) near the neck of the secondary star.

so a higher initial mass cannot be á priori excluded.
The measurement of the temperature of the white
dwarf would uniquely determine its age hence the
mass of the progenitor. Even without a temperature
estimate we can assume that the true mass of the white
dwarf is not far from the lower limit (  0:5M )
estimated from the LiTE analysis. As a consequence,
the initial mass of the third body is assumed to be
1:3M from which the time evolution of the wide
orbital period can be calculated. During the period of
mass loss from the evolved tertiary, potential mass
gain of the close binary is neglected. Calculations
show that the initial long period was equal to 5.36 yr
which slowly lengthened to 5.48 yr as the close binary
lost mass due to magnetic winds. Then, after the tertiary evolved into a white dwarf, the period increased
to the present value of 30.4 years. If the wide orbit is
inclined to the inner orbit by more than about 39 the
mechanism of so called Kozai cycles together with the
tidal friction will cause the inner binary orbit to shrink
producing a close binary (Eggleton & Kisseleva-Eggleton 2006). So, the inner binary could have been

Twenty-one new times-of-minimum were observed
for EH Cnc based on CCD-derived LC data collected
with B, V and Ic filters. These along with other published values led to an updated linear ephemeris.
Potential changes in orbital period were assessed
using differences between observed and predicted
eclipse timings; the results suggested that the orbital
period has been slightly increasing since at least 1902.
An underlying sinusoidal-like modulation of the binary orbital period was also detected; complementary
LiTE analyses using two different optimization
approaches converged on a common period solution
(  30 yr). However, it was not possible to distinguish
between the putative existence of a third gravitationally bound body or whether the variations result from
magnetic activity cycles attributed to Applegate
(1992). Future studies on EH Cnc would be well
served by the addition of a spectral investigation to
unequivocally define the stellar classification of this
system. LCs from EH Cnc clearly illustrate that this
binary system does not exhibit a total eclipse, therefore the acquisition of RV data was of paramount
importance to proper modeling using the Wilson–
Devinney code. Optimization of Roche model fits in
multi-parameter space using differential corrections
has provided highly reliable parameter estimates
within and between studies undertaken at two very
dissimilar sites with three different instruments. If the
adopted value for Teff1 is within ±10% of a ‘‘true’’
value, there is little meaningful difference in the
pooled uncertainty results (RSD\2:2%) for q, Teff2 ,
X1;2 , L1;2 , r1;2 and i all of which are ultimately used to
calculate the absolute stellar parameters. As expected,
model residuals (RMS) are related to the precision of
instrument measurements (Table 2) made during each
epoch; greater precision leads to smaller residuals.
PARSEC evolutionary modeling provided results that
were well matched to the observed mass, radius, mass
ratio, luminosity and effective temperature on the
binary components. Furthermore, the putative
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Table 11. Mean (Teff1 ¼ 6390 K) physical parameters for EH Cnc along with the geometric elements derived from
Roche modeling of RV data with photometric data acquired in 2010, 2014 and 2018.
2010
No spot

2014
No spot

2018
No spot

2018
Hot spot

6390
6259 (5)b
0.500 (1)
0.5
0.32
2.785 (4)
81.3 (2)
2.918 (5)
-13.5 (1.1)
0.6736 (5)
0.6673 (3)
0.6614 (3)
0.4294 (7)
0.4596 (9)
0.4938 (13)
0.3143 (8)
0.3304 (9)
0.3741 (16)
30.5
0.02053
0.01432
0.01408

6390
6273 (4)
0.497 (1)
0.5
0.32
2.775 (3)
81.0 (2)
2.911 (5)
-13.0 (1.3)
0.6718 (4)
0.6662 (3)
0.6610 (3)
0.4310 (6)
0.4617 (8)
0.4966 (11)
0.3157 (6)
0.3322 (8)
0.3773 (13)
31.7
0.01677
0.01347
0.01228

6390
6269 (2)
0.500 (1)
0.5
0.32
2.799 (2)
81.4 (1)
2.918 (5)
-13.5 (8)
0.6728 (2)
0.6670 (1)
0.6616 (2)
0.4275 (4)
0.4571 (5)
0.4908 (6)
0.3134 (4)
0.3293 (5)
0.3717 (8)
25.6
0.01162
0.00858
0.00813

6390
6274 (2)
0.500 (1)
0.5
0.32
2.818 (2)
81.3 (1)
2.941 (5)
-14.9 (3)
1.13 (1)
91.1 (1.7)
346 (1)
18.2 (3)
0.6732 (3)
0.6677 (2)
0.6625 (2)
0.4240 (3)
0.4526 (3)
0.4846 (4)
0.3098 (3)
0.3249 (3)
0.3644 (5)
19.1
0.00991
0.00799
0.00882

Parameter
Teff1 (K)a
Teff2 (K)
qðm2 =m1 Þ
Aa
ga
X1 ¼ X2
i
aðR Þ
Vc (km  s1 )
AS ¼ TS =THc
HS (spot co-latitude)c
/S (spot longitude)c
rS (angular radius)c
L1 =ðL1 þ L2 ÞdB
L1 =ðL1 þ L2 ÞV
L1 =ðL1 þ L2 ÞIc
r1 (pole)
r1 (side)
r1 (back)
r2 (pole)
r2 (side)
r2 (back)
Fill-out factor (%)
RMS ðBÞe
RMS ðVÞe
RMS ðIc Þe

Mean ± S.D.
6269 ±
0.499 ±
2.794 ±
81.25 ±
2.922 ±
13.7 ±
0.6729 ±
0.6671 ±
0.6616 ±
0.4280 ±
0.4578 ±
0.4915 ±
0.3133 ±
0.3292 ±
0.3719 ±
26.7 ±
-

7
0.002

0.019
0.18
0.13
0.8

0.0008
0.0006
0.0006
0.0030
0.0039
0.0051
0.0025
0.0031
0.0055
5.7

a

Fixed during DC. b Uncertainty estimates for least significant figure(s) included in parentheses () are from WDwint56a
(Nelson 2009). c Secondary star temperature factor (AS ); location (HS ; /S ) and size (rS ) parameters in degrees. d L1 and L2
refer to scaled luminosities of the primary and secondary stars, respectively. e Monochromatic root mean square residual fit
of the simulated LC from the observed values.

Table 12. Fundamental stellar parameters using the mean
RV-derived mass ratio (qsp ¼ m2 =m1 ) and the total mass for
EH Cnc.
Parameter
Mass (M )
Radius (R )
Luminosity (L )
Mbol
logðgÞ

Primary
1:28
1:29
2:48
3:71
4:33







0:02
0:01
0:02
0:07
0:01

Secondary
0:64
0:94
1:22
4:46
4:30







0:01
0:01
0:01
0:10
0:01

presence and dynamical stability of a tertiary white
dwarf can be rationalized from evolutionary
modeling.
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Table 13. Comparison of the observed parameters of binary EH Cnc with the best-fitting model. Subscripts ‘‘a’’ and ‘‘d’’
correspond to the present primary and secondary, respectively.
Name

P (d)

aðR Þ

Ma ðM Þ

Md ðM Þ

q

Ra ðR Þ

Rd ðR Þ

Ltot ðL Þ

Te (K)

EH Cnc
Model

0.418
0.418

2.922
2.916

1.278
1.280

0.638
0.631

0.499
0.493

1.286
1.260

0.937
0.945

3.706
3.085

6390
6157

determined as follows: Let Q ¼ f ðy1 ; y2 ; . . .; yn ),
where Q ¼ K1 ; K2 ; . . .; yi are the individual RV points,
and f is a function not known explicitly but recoverable from the Solver fit. If we increase quantity yi by
its estimated error dyi and reapply Solver we obtain a
new value, Q0i ¼ f ðy1 ; y2 ; . . .; yi þ dyi ; . . .; yn Þ. The
resulting difference, j Q0i  Q j may be taken as dQi , a
value due to error in point yi . Then, assuming statistical independence, the error in Q is given by the
standard formula:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðA1Þ
dQ ¼ dQ21 þ dQ22 þ    þ dQ2n :
Figure 12. Time evolution of component masses (broken
lines: blue – donor, red – accretor), mass ratio (broken green
line) and orbital period (solid line) of the model best fitting
the observed parameters of EH Cnc. Observed values of
masses are shown as diamonds, mass ratio as an ‘‘x’’ and of
the orbital period as an open circle.
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Appendices
Appendix A: RV error analyses
The error estimate for a given fitted quantity (such as
K1 , K2 , or a derived quantity such as mass) was

In this case, the number of data points was sufficiently small so that values for all the dQi were
computed. This procedure has been used in other
circumstances where the number of points, n, was too
many for all values dQi to be evaluated. In this case,
a random sample of points, yi , was taken and results
scaled up.

Appendix B: Derivation of phase-smearing correction
(R. H. Nelson)
Let Iðk; tÞ equal the instantaneous spectrum, and
compute the RVs by a broadening function routine
such that
VðtÞ ¼ B  ½Iðk; tÞ ;

ðB1Þ

where B is some undefined function. (If the procedures and parameters of the broadening function
process are fixed, B will return a unique value for a
given input, and is therefore a function.) But, since
instantaneous spectra cannot be taken, we need to
integrate over some time interval:
Dt ¼ t2  t1 ¼ T:
At the mid-time, tm , we compute
" Z
#
tm þT2
1
~ mÞ ¼ B 
Vðt
Iðk; tÞ dt :
T tm T2

ðB2Þ

ðB3Þ
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It follows that since function B is linear (Ruciński
1992; Nelson 2010c),
Z tm þT
Z
T
2
1 tm þ 2
~ mÞ ¼ 1
B  ½Iðk; tÞ dt ¼
VðtÞ dt:
Vðt
T tm T2
T tm T2
ðB4Þ
If the orbit is circular, and outside of eclipse then
VðtÞ ¼ K sinðxtÞ;

ðB5Þ

where x ¼ 2p=P, K is the amplitude, and P is the
period. Then
 



K
xT
xT
~
cos xtm þ
 cos xtm 
Vðtm Þ ¼
xT  
2
2
2K
xT
¼
sin
 sinðxtm Þ:
xT
2
ðB6Þ
Set
x¼

xT pT pðt2  t1 Þ
¼
¼
:
2
P
P

ðB7Þ

Then
VðtÞ ¼

sinðxÞ
 K sinðxtm Þ ¼ f  Vm ;
x

ðB8Þ

where f ¼ sinðxÞ
x . Typical values of f are 0.95, 0.97, etc.
Note that this correction affects only the scale of the
RV plots, and cannot change the computed mass ratio.
Therefore, the ‘‘true’’ value
Vm ¼

~ mÞ
Vðt
:
f

ðB9Þ
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Kocián, R., Lomoz, F., Urbančok, L., Svoboda, P.,
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Hübscher J., Lehmann P. B. 2013, Inf. Bull. Variable Stars
6070
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