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REDISCUSSION OF ECLIPSING BINARIES. PAPER II.
THE ECCENTRIC SOLAR-TYPE SYSTEM KX CANCRI

By John Southworth

Astrophysics Group, Keele University, Staffordshire, ST5 5BG, UK

KX Cancri is an eclipsing binary containing two G-type stars with
an orbital period of 31.2d and an eccentricity of 0.47. These qual-
ities make it a promising candidate for a benchmark solar-type
binary system. We analyse the first light curve of this system to
have complete coverage of both primary and secondary eclipses,
obtained using the Transiting Exoplanet Survey Satellite (TESS).
We augment these data with published radial velocities and mea-
sure the masses to be 1.134 4+ 0.003 M and 1.124 + 0.005 M, and
the radii to be 1.053 £ 0.006 R, and 1.059 + 0.005 R. A ratio of
the radii near unity is strongly preferred by the TESS data, in
contrast to existing ground-based light curves. The distance to the
system measured from the radii and 7,4 values of the stars agrees
well with the trigonometric parallax from the Gaia satellite. The
properties of the system are consistent with theoretical predictions
for a super-solar metallicity and an age of 1.0-1.5 Gyr. A detailed
analysis of the photospheric properties of the stars based on high-
resolution spectra is encouraged.

Introduction

Eclipsing binary stars provide our main source of direct measurements of the
physical properties (mass, radius, luminosity) of normal stars?. Their properties
can be measured using only observational data and algebra®* so are valuable in
calibrating and assessing our understanding of stellar physics®*, the chemistry
of the universe®?, and the cosmological distance scale!%!!,

Arguably the most important class of eclipsing system is that of the detached
eclipsing binaries (dEBs), because their component stars have experienced no
mass transfer so are representative of normal stars. The best benchmark system
has well-separated stars so tidal effects are negligible, and precise measurements
of the masses, radii, effective temperature (Te¢) values, luminosities, and photo-
spheric chemical abundances of the two components.

dEBs containing stars similar to our Sun are particularly useful because they
allow a direct comparison with the star by far the best-understood by humans,
and thus aid the understanding of stellar structure as a function of time and
chemical composition around the solar fiducial point. Those with an orbital
period longer than approximately 10d are negligibly affected by tides and thus
are most directly comparable to single stars such as our Sun; examples of such
systems are V1094 Tauri'?, LL Aquarii '3, Kepler-341% and KIC 7177553 S16.
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Table I: Basic information on KX Cnc

Property Value Reference
Henry Draper designation HD 74057 22
Hipparcos designation HIP 42753 23
Gaia DR2 ID 709910784966516992 24
Gaia parallax 20.282 £ 0.051 mas 24
B magnitude 7.76 £ 0.01 %
V magnitude 7.1940.01 25
J magnitude 6.509 £ 0.021 26
H magnitude 6.278 + 0.027 26
K, magnitude 6.213 +0.018 26
Spectral type GOV + G1V This work

This is the second of a series of papers aimed at providing improved measure-
ments of the physical properties of dEBs using data that have recently become
available in photometric surveys performed by space telescopes'”™ . A particu-
lar aim is curation of the DEBCat* (Detached Eclipsing Binary Catalogue) list
of dEBs with precise mass and radius measurements?’. A detailed justification
is given in the first paper of the series?', which presented a reanalysis of the
bright B-type dEB ( Phoenicis.

In this work we analyse the dEB KX Cancri (HD 74057), which contains two
solar-type stars on a relatively long-period orbit so is an excellent candidate
for becoming a benchmark system. Basic observational properties of the system
are given in TableI. KX Cnc was discovered to be eclipsing by Davies?”? and
independently by Sowell et al.?. The latter work presented extensive photometry
in the Stromgren b and y passbands plus radial velocities (RVs) for the two
stars from a total of 26 high-resolution coudé spectra. They determined the
masses and radii to precisions of 0.3% and 0.2%, respectively. Such a precision
in radius is surprising, as the system does not show total eclipses and the first
and last contact points of the secondary eclipse were not observed. However, a
space-based light curve of this system, with full coverage of both primary and
secondary eclipses, is now available. The analysis of KX Cnc using these new
data is described below.

Observational material

As with PaperI?! the new data for the target dEB come from the NASA TESS
satellite'”. KX Cnc was observed in camera 1 during Sector 21 (2020/01/21 to
2020/02/18). The light curve covers 27.4d, with a break near the midpoint for
download of data to Earth, at a cadence of 120s.

For this work we used the simple aperture photometry (SAP) and not the
pre-search data conditioning (PDC) light curve®. Our experience of TESS data
is that the PDC light curves, which receive additional processing beyond that
for the SAP data, can become unreliable when there is strong variability in the

*https://wuw.astro.keele.ac.uk/jkt/debcat/
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Figure 1: TESS simple aperture photometry of KX Cnc. The upper and lower plots
show the observations either side of the mid-sector pause for data download.

target star (e.g. deep eclipses such as found in KX Cnc).

We retained only data with no flagged problems (QUALITY = 0), comprising
17327 datapoints. The data were further trimmed by removing points more than
1.5 eclipse durations from the midpoint of an eclipse, as the out-of-eclipse data
are essentially devoid of information on the masses and radii of the stars, leaving
a total of 1618 datapoints. We ignored the errorbars of the measurements, as
they are far too small.

Analysis of ground-based light curves

The stars are well-separated and almost spherical, so the system can be reliably
modelled using the JKTEBOP codef, for which we used version 403%13. Results
from the use of JKTEBOP have been found to be in good agreement with other

thttp://www.astro.keele.ac.uk/jkt/codes/jktebop.html
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Figure 2: The Strémgren b-band (crosses) and y-band (open circles) data obtained
Sowell et al.?, versus the JKTEBOP best fits from the current work (solid lines). The
full light curve is shown in the upper panel, and close-ups of the primary and secondary
eclipses in the lower panels.

codes for well-detached systems??. We follow the definition that the primary star
is the one eclipsed during the deeper eclipse; we designate this as star A and the
secondary star as star B. In the case of KX Cnc, star A has a larger mass and
higher T.¢ than star B, but not by signifciant amounts.

The radii of the stars in the JKTEBOP fits were parameterised by sum and ratio
of the fractional radii (rn = % and rg = % where Rp and Rp are the true
radii and a is the orbital semimajor axis). The orbital shape was parameterised
by the Poincaré elements (e cosw and esinw where e is the orbital eccentricity
and w is the argument of periastron). We included 5 +1g, k, € cosw, esinw, the
orbital inclination and the central surface brightness ratio as fitted parameters.
Limb darkening was represented using the quadratic law, the coefficients were
assumed to be the same for both stars, the linear coefficient was fitted, and

the nonlinear coefficient was fixed to a suitable value from Claret?33*. These
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Figure 3: The TESS light curve of KX Cnc around the primary (left) and secondary
(right) eclipses. The JKTEBOP best fit is shown using a solid line. The lower panels
show the residuals of the fit on a magnified scale.

assumptions were checked and found to have a negligible impact on the best
fits.

We began by modelling the photometry and RVs of the two stars from Sowell
et al.?®. We fitted the b-band and y-band data separately as JKTEBOP can only
deal with one passband at once. Uncertainties were computed using Monte Carlo
simulations®' after adjusting the data errors so that the reduced x? of each of
the three datasets (y-band light curve and RVs of each star) was unity. The
orbital period and reference time of minimum were included as fitted param-
eters. We found similar results to Sowell et al.?’, but with errorbars typically
slightly larger. Sowell et al.?® used the Wilson-Devinney code®33¢ and give no
information on how their errorbars were obtained. Their errorbars are likely to
be formal errors, which are known to be underestimated in many cases3” *2. Our
best fits to the y and b data are shown in Fig. 2.

Analysis of space-based light curve

We then moved to modelling the TESS photometry, using only the data near
eclipse. The orbital period and reference time of minimum were fitted, and we
included the measured time of primary minimum from the analysis of the ground-
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Figure 4: The total x? of the fit to the three available light curves of KX Cnc, for a
grid of values of the ratio of the radii. The results for each light curve are shown with
different symbols (see key). Each fit also included the RVs of the two stars from Sowell
et al.?. The results for the y and b light curves have been multiplied by a factor of
1.35 to give them approximately the same minimum y? as the TESS data.

based data above in order to increase the precision of the ephemeris. Quadratic
functions were applied to the brightness of the system through each eclipse, to
remove any remaining slow trends in brightness arising from either astrophysical
or instrumental causes. We also retained the RVs of the two stars to help define
the orbital shape of the system. Third light was checked for and found to be
negligible, so was fixed at zero. The quality of the fit (Fig.3) is good but not
perfect, and the systematics in the residuals can be attributed to the presence
of dark starspots on one or both stars (see below). The secondary eclipse occurs
at an orbital phase of 0.6431.

The best fit of the TESS data occurs for a noticably larger ratio of the radii
than for the b- and y-band ground-based data. To investigate this we ran a
default solution, and used this to scale the errorbars of each individual dataset
(TESS light curve and the RVs of each star) to force a reduced x? of unity. We
then performed fits to these data with the ratio of the radii fixed at values from
0.9 to 1.1 in intervals of 0.002, and repeated this process for the b and y data.
Fig. 4 shows the x? of the fits versus the ratio of the radii in all three cases. For
the TESS data there is a clear minimum around k& = 1, whereas the b and y
light curves have a much broader minimum around k£ = 0.96. The TESS data
clearly provide a more tightly constrained solution, and we attribute this to the
complete coverage of all eclipse phases (the ground-based data miss the first
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Table II: Best fit to the TESS light curve and ground-based RVs of KX Cnc obtained
with JKTEBOP. The 1o uncertainties have been calculated using Monte Carlo and
residual-permutation algorithms. The same limb darkening coefficients were used for
both stars. The uncertainties in the systemic velocities do not account for any trans-
formations onto a standard system, which are likely much larger than the quoted er-
rorbars.

Parameter Value

Fitted parameters:

Primary eclipse time (BJD/TDB) 2458876.93684 £ 0.00002
Orbital period (d) 31.2198786 £ 0.0000006
Orbital inclination (°) 89.829+0.001
Sum of the fractional radii 0.038580 4+ 0.000014
Ratio of the radii 1.0060 £ 0.0039
Central surface brightness ratio 0.9641 4+ 0.0015
Linear limb darkening coefficient 0.2946 4+ 0.0047
Quadratic limb darkening coefficient 0.21 (fixed)
€Ccosw 0.20548 £ 0.00004
esinw 0.42267 4+ 0.00042
Velocity amplitude of star A (kms™!) 50.021 +0.095
Velocity amplitude of star B (kms™!) 50.485 4 0.053
Systemic velocity of star A (kms™!) 4.97540.005
Systemic velocity of star B (kms™1!) 5.032 £0.004
Derived parameters:

Fractional radius of star A 0.01923 £0.00010
Fractional radius of star B 0.01935 £ 0.00009
Orbital eccentricity 0.46997 £ 0.00036
Argument of periastron (°) 64.074 +£0.027
Light ratio 0.9756 £+ 0.0061

and last contact points of secondary eclipse). Out of curiosity we repeated this
process without the RVs, and found a negligible difference. We conclude that e
and w are well defined by the photometry alone in this case.

With the results from the previous paragraph in mind, we proceeded to de-
termine the physical parameters of KX Cnc using the TESS data and Sowell et
al.?® RVs, with errorbars scaled so each dataset yielded a reduced x? of unity.
The systemic velocity was fitted separately for the two stars, but the values
were found to be in good agreement. Uncertainties in the fitted parameters were
calculated using Monte Carlo and residual-permutation algorithms®!. The final
best fit and uncertainties are given in Table II. Whilst the ratio of the radii is
formally greater than unity, it is so by only an insignificant amount. The light
ratio found in this solution agrees well with the spectroscopic value of 0.9685
found by Sowell et al.?.

Physical properties and distance

For a full picture of the properties of KCCnc we required estimates of the
T.g values of the stars. We obtained these from Sowell et al.??, and confirmed
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Table III: Physical properties of KX Cnc. The Tug values are from Sowell et al.?®.
Units superscripted with an ‘N’ are defined by TAU 2015 Resolution B34°.

Parameter Star A Star B
Mass ratio 0.9908 £+ 0.0021
Semimajor axis (RY) 54.744 £ 0.060

Mass (Mg) 1.1345+£0.0032 1.1241 4+0.0045
Radius (RY) 1.0527 £0.0056  1.0593 +0.0051
Surface gravity (log[cgs|) 4.4825+0.0045 4.4388 +0.0041
Density (pc) 0.972+£0.015  0.94640.013
Synchronous rotational velocity (kms™!)  1.706 4 0.009 1.717+£0.008
Ter (K) 5900 + 100 5843 + 100
Luminosity log(L/LY) 0.083£0.030  0.07140.030
Mo (mag) 4.53£0.07 4.57+£0.08

that their ratio was in good agreement with the central surface brightness ratio
determined from the JKTEBOP solution of the TESS light curve. The T,g values,
and the surface gravities, of the stars are consistent with spectral types of GOV
and G1V using the calibration by Pecaut & Mamajek*3.

The T, values were augmented by the fractional radii, orbital inclination and
eccentricity, period and velocity amplitude determined in the previous section,
and provided to the JKTABSDIM code?*2!. This yielded the physical properties
of the system, with uncertainties propagated using a perturbation approach,
given in TableIII. The masses and radii are determined to precisions of 0.5% or
better. The measured properties exhibit an inverted mass-radius relation — star
B is less massive but larger than star A — which is not expected from stellar
theory. However, this result is measured to only the 1.50 level (see the ratio of
the radii in TableII) so is not significant. The two stars are both physically very
similar to our Sun.

The distance to KX Cnc was determined using the apparent magnitudes of the
system in the BV and JH K bands (see TableI) and the physical properties.
This was done in two ways: the surface brightness method** with the empirical
surface brightness calibration from Kervella et al.%%, and the bolometric correc-
tion method with the theoretical bolometric corrections from Girardi et al.*.
The distances found for the BV bands are in good agreement with, but less
precise than, the parallax distance of 49.30 & 0.12pc from Gaia DR22*. This
agreement is evidence that the T.g values of the stars are reliable, but it would
be worthwhile in future to perform a detailed spectroscopic analysis in order to
determine photospheric abundances and more precise T,g values.

The distances obtained in the JH K, bands should be more reliable because
of the tighter empirical calibration and lesser effect of interstellar extinction,
but are anomalously large. On investigating this we found that the 2MASS
observations of KX Cnc?® were taken at an orbital phase of 0.6410, which is
during secondary eclipse (see Fig.3) when the light from the system is fainter
than the combined light of the two stars.
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Figure 5: The TESS light curve of KX Cnc, with the y-axis limits chosen to show the
out-of-eclipse variability due to starspots.

Starspot activity and tidal effects

KX Cnc contains two solar-type stars so photometric variability due to starspots
is a possibility 4%, Fig. 5 shows the TESS light curve of KX Cnc with a mag-
nified y-axis to make the out-of-eclipse variability easier to see. There are clear
signatures of rotational variability in the light curve, but evolution of the spots
means that consecutive rotational periods of the star(s) do not repeat the same
pattern of variability. A rotation period of 9.04+0.2 d provides a plausible solution
to the rotational modulation seen in the TESS light curve of KX Cnc

Sowell et al.?® measured a rotational period of 8.49d from photometric mon-
itoring of the system over two observing seasons. This value is slightly shorter
than suggested by the TESS light curve, and is based on data that are sparser
but with a much better temporal baseline. Sowell et al.?? measured rotational
velocities vsini of 6.4 £ 1.0kms™! and 6.5 £ 1.0kms~" for star A and star B,
respectively, from their spectral line widths. With the radii measured in the pre-
vious section, these correspond to rotation periods of 8.3+0.1d and 8.2+0.1d,
respectively. The rotation of the stars is thus approximately consistent with the
observed rotation periods, and is also greater than the synchronous and pseu-
dosynchronous rotational velocities.

The system is therefore tidally unevolved: the orbit is not circularised and the
stars are not rotating either synchronously or pseudosynchronously. This is not
surprising due to the weakness of tidal effects at this orbital period. The theory
of Zahn®® gives the timescales of orbital circularisation and rotational synchroni-
sation to be approximately 10 Gyr and 30 Tyr, respectively (Zahn’s equations 6.1
and 6.2 for convective-envelope stars). These are both significantly longer than
the age of KX Cnc, in agreement with its eccentric orbit and supersynchronous
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stellar rotation®!.

Conclusion

The eclipsing binary system KX Cnc contains two stars similar to the Sun
on an eccentric 31-d orbit. We have determined the physical properties of the
system based on published RVs? and the TESS light curve, measuring masses
and radii to precisions of 0.5% or better. The TESS light curve is the first to have
complete coverage of both eclipses, and leads to a ratio of the radii that is close
to unity. It also shows clear brightness modulation due to starspots, and this
modulation is consistent with the rotation period determined from ground-based
light curves? and the spectroscopic rotational velocities of the stars?.

We have compared the masses, radii and T.g values of the two stars to the
predictions of several theoretical models®? 4. This is relatively uninformative
because the two stars are very similar, but does allow an age and chemical
composition to be inferred. All properties of the stars can be matched for an
age of 1.0-1.5 Gyr and a metal abundance 1.5 times the solar value. This metal
abundance matches the slightly super-solar metallicity inferred by Sowell et al.?’
from comparison between the spectra of KX Cnc and of standard stars.

Our understanding of KX Cnc would be improved by a detailed analysis of
high-resolution spectra to obtain the 7T,g values and photospheric chemical abun-
dances of the stars. With this information, it will become a benchmark system
capable of providing an important test of theoretical models of the evolution of
solar-type stars.
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