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REDISCUSSION OF ECLIPSING BINARIES. PAPER VII.
DELTA SCUTI, GAMMA DORADUS AND TIDALLY-PERTURBED
PULSATIONS IN RR LYNCIS

By John Southworth

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

RR Lyn is a detached eclipsing binary with a 9.95 d orbit contain-
ing two A-stars: one metallic-lined and one possibly metal-poor. We
use the light curve from the TESS satellite and two sets of pub-
lished radial velocity measurements to determine the properties of
the system to high precision. We find masses of 1.939 + 0.007 and
1.510 £0.003 Mg, and radii of 2.564 +0.019 and 1.613 +0.013 R
After adjusting published effective temperatures upwards by 200 K
we find a good agreement with theoretical models for a solar chemi-
cal composition and an age of 1 Gyr, and a distance slightly shorter
than expected from the Gaia EDR3 parallax. The light curve of
RR Lyn shows clear evidence for pulsations. We measure 35 pul-
sation frequencies and attribute the higher frequencies to d Scuti-
type pulsations, and the intermediate frequencies to v Doradus-
type pulsations (some of which may be tidally perturbed). The
lower frequencies may be tidally excited pulsations in RR Lyn or
alternatively of instrumental origin. Most or all of these pulsations
are likely to arise in the secondary star. RR Lyn is one of the few
eclipsing binaries known to have well-established properties and to
exhibit multiple types of pulsations.

Introduction

Eclipsing binary stars are our primary source of direct measurements of the
masses and radii of normal stars!2. Detached eclipsing binaries (dEBs) are of
value as their properties can be compared to the predictions of theoretical models
of stellar evolution in order to guide the refinement of these models®4.

Another type of object well suited to probing the physical properties of stars,
in particular their interior structure, is the pulsating star®. Detected oscillation
frequencies in these objects may be compared to theoretical models to constrain
properties such as their densities, ages and rotational profiles®?.

An obvious goal is to combine these two types of analysis by studying dEBs
containing pulsating stars, in order to wield as many constraints on stellar the-
ory as possible. This has now been achieved for many types of pulsator including
d Scuti starsi®13 ~ Doradus starsi*1®, slowly-pulsating B-starsi®, 3 Cephei pul-
satorsiT 2 and red giants with solar-like oscillations2222. The binarity of these
systems may also lead to tidal perturbation or excitation of their oscillations23 26,
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Table I: Basic information on RR Lyn

Property Value Reference
Bright Star Catalogue HR 2291 38
Henry Draper designation HD 44691 39
Gaia EDR3 designation  997809280404484480 49
Gaia EDR3 parallax 12.416 £ 0.092 mas 40
TESS designation TIC 11491822 4l
Br magnitude 5.790 & 0.014 42
Vr magnitude 5.585 + 0.009 42

J magnitude 5.471 £ 0.290 43
H magnitude 5.066 + 0.020 43
K, magnitude 4.993 4+ 0.016 43
Spectral type A3/ATV/F2 + FOV 4445

The pulsation type most commonly detected in stars in dEBs is § Scuti?’ 22,

These are main-sequence or subgiant stars with masses of 1.5 to 2.5 M, and effec-
tive temperature (Tog) values of 7100 to 9000 K2°. They show low-amplitude ra-
dial and non-radial pressure-mode oscillations with periods of 0.015 to 0.33 d22:3!
that can be used to determine their density®%32,

Another class of oscillation that can occur in late-A and early-F stars is
~Doradus pulsations33. These are gravity-mode pulsations that are sensitive
to the interior properties of the stars®. The pulsation periods range from 0.3d
to 4d and the amplitudes are up to 0.1 mag3!34. §Scuti and ~ Dor oscillations
can coexist3! and such stars are called hybrid pulsators. Balona et al.33 found
that all § Scuti stars show low-frequency oscillations in high-quality data, so
hybrid pulsation may be the standard situation.

In this work we present the detection of d Scuti and v Dor pulsations in the
dEB RR Lyn. This is part of our work to systematically reanalyse dEBs in the
DEBCatl catalogue® (see Paper I of the series3").

RR Lyncis

RR Lyn is a bright dEB containing two stars of significantly different mass
and radius in an orbit with a period of 9.95d and a small eccentricity. It was
discovered to be a spectroscopic binary from observations in early 1911 col-
lected by Adams6. A first period determination and single-lined spectroscopic
orbit was given by Harper#’, under the moniker 1149 Groombridge, based on
30 photographic spectra. Another single-lined orbit was obtained by Douglas
& Popper®® and double-lined orbits have since been published by Popper#?,
Kondo%?, Tomkin & Fekel® and Bensch et al.?2. The last two papers are of
particular interest as they present high-quality radial velocities (RVs), obtained
with échelle spectrographs, that can be included in our analysis.

The discovery of eclipses in RR Lyn was announced by Huffer?, where it was
named Boss 1607. Photoelectric light curves have subsequently been obtained

*https://wuw.astro.keele.ac.uk/jkt/debcat/
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by Magalashvili & Kumsishvili®*, Botsula®®, Linnell®¢, Lavrov et al.5” and Khal-
iullin et al.#2. Those of Linnell®® were in the UBV system and are tabulated in
that work, so may be used in future to determine the individual U BV magni-
tudes of the two stars.

The presence of a third body in the system was suggested by Khaliullin &
Khaliullina®® based on deviations of the eclipse times from a linear ephemeris.
These authors suggested a period of 39.7+4.2 yr, an extreme orbital eccentricity
of e = 0.96 + 0.02, and a minimum mass of 0.10 &+ 0.02 M. The putative
tertiary component should imprint deviations of 0.002d on eclipse times® and
2.5 km s™! on the systemic velocity! but the evidence for either is weak. The
referee has instead found evidence for a light-time effect due to a third body on
an orbit of roughly 65 yr period; a detailed eclipse timing analysis of the system
is warranted.

Another method for detecting third components is to search for third light (¢3)
when analysing light curves of eclipses®®. In the case of RR Lyn third light has
been found by Linnell®® and Budding® but was not needed in the analyses by
Botsula® and Khaliullin et al.%5.

RR Lyn has been known for a long time®2%* to also exhibit clear chemical
peculiarities of the Am type%:5¢ in its spectrum. Popper?? classified it as A3
based on the calcium K line and F0O based on the hydrogen Balmer lines. Levato
& Abt# noted its metallic-line nature and gave its spectral type as A3 based
on the Call K line, A7V based on the Balmer lines and F2 based on the metal
lines. Abt & Morrell®? classified the system as A3/A8/A6. Khaliullin et al.%5
obtained spectral types photometrically using the UBV R filter system, finding
A6V for the primary (hereafter star A) and FOV for the secondary (hereafter
star B). They furthermore obtained [Fe/H] values of +0.31 £0.08 for star A and
—0.24 + 0.06 for star B based on the manifestation of line blanketing effects in
the W BV R passbands.

Observational material

RR Lyn was observed using camera 2 of the NASA TESS satellite® in Sec-
tor 20, and no further observations are planned from this satellite. The light
curve comprises 18 954 datapoints obtained in short cadence mode®?, which were
downloaded from the MAST archivdll and converted to relative magnitude. All
datapoints whose QUALITY flag was not zero were rejected, leaving 17552 ob-
servations.

As with previous papers of this series, we used the simple aperture photometry
(SAP) version of the TESS data. This light curve contains two primary and two
secondary eclipses observed in their entirety. One further secondary eclipse was
only partially observed as it fell near the mid-sector pause for download of the
data to Earth (Fig.[I)).

tMikulski Archive for Space Telescopes,
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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Figure 1: TESS Sector 20 short-cadence SAP photometry of RR Lyn. The two panels
show data from before and after the mid-sector pause.

Analysis of the TESS light curve

The great majority of the data in the TESS light curve of RR Lyn are far
from an eclipse and contribute negligible constraints on the radii of the stars. We
therefore cut from the light curve all datapoints more than 1.25d (approximately
three times the eclipse duration) from the midpoint of the four eclipses that
were fully observed. This left a total of 3553 datapoints for detailed analysis.
We rescaled their errorbars to force a reduced x? of x2 = 1.

We then modelled the 3553 datapoints using version 41 of the JKTEBOH
code™™  which is appropriate for systems with well-separated stars™. By def-
inition the primary eclipse is the deeper of the two, star A is eclipsed during
primary minimum, and star B is eclipsed during secondary minimum. JKTEBOP

is parameterised using the fractional radii of the stars (rp = RT;“ and rg = %)

*http://wuw.astro.keele.ac.uk/jkt/codes/jktebop.html
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Figure 2: The TESS light curve of RR Lyn (filled circles) around the primary (left)
and secondary (right) eclipses. The best fit is not plotted as it is indistinguishable
from the data. The lower panels show the residuals of the fit with the line of zero
residual overplotted in white for clarity.

where R5 and Rp are the true radii and a is the semimajor axis of the relative or-
bit. We included their sum (r, +rg) and ratio (k = rg/ra) as fitted parameters,
along with the orbital inclination (i), period (P), time of mid-primary-eclipse
(Tp), and the central surface brightness ratio of the two stars (/). RR Lyn shows
a small but highly significant orbital eccentricity (e) which we accounted for by
fitting for e cos w and e sin w where w is the argument of periastron. Limb darken-
ing (LD) was accounted for using the quadratic law™ with the linear coefficients
of the two stars fitted and the quadratic coefficients fixed at theoretical values
obtained from Claret™. We included third light (¢3) as a fitted parameter due
to the possible presence of a tertiary star. The final fitted parameters were the
coefficients of a straight line fit to the out-of-eclipse brightness of the system for
each eclipse.

The best fit is shown in Fig.[2 and the measured parameters are given in
Table[[ll We include solutions calculated with /5 fitted and with ¢3 = 0 for
reference. We adopt the solution with third light as it is a slightly better fit and
is less affected by any imperfections in the sky background calculation during the
reduction of the TESS data. The two solutions are consistent to within 1.4¢ for
rg, which is the most discrepant parameter. Our adopted solution has a positive
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Table II:

Parameters of the best JKXTEBOP fit to the TESS light curve of RR Lyn,

with and without third light. The adopted solution is that including third light. The
uncertainties are 1o. The primary eclipse time is given as BJD/TDB — 2400000.

Parameter

Fitted parameters:

Time of primary eclipse
Orbital period (d)

Orbital inclination (°)

Sum of the fractional radii
Ratio of the radii

Central surface brightness ratio
Third light

Linear LD coefficient star A
Quadratic LD coefficient star A
Linear LD coefficient star B
Quadratic LD coefficient star B
€Ccosw

esinw

Derived parameters:
Fractional radius of star A
Fractional radius of star B
Orbital eccentricity

Argument of periastron (°)
Light ratio

rms residual of the fit (mmag)

Third light

58851.92622 £ 0.00010
9.945120 4+ 0.000073
87.46 £0.13
0.14206 £ 0.00082
0.6292 4+ 0.0069
0.816 £0.032
0.036 £0.023
0.177 £0.062
0.25 (fixed)
0.230 +£0.077
0.22 (fixed)
—0.078061 £+ 0.000018
—0.0016 = 0.0032

0.08720 £ 0.00063
0.05486 £ 0.00045
0.078078 = 0.000076

178.8+2.3
0.3183 £ 0.0060
0.5137

No third light

58851.92622 £ 0.00007

9.945120 £ 0.00066
87.18 £ 0.07
0.14393 £ 0.00071
0.637+0.011
0.817 £0.030

0.0 (fixed)
0.240 £0.029
0.25 (fixed)
0.312 £0.096
0.22 (fixed)
—0.078043 + 0.000017
0.0019 £ 0.0034

0.08790 £ 0.00019
0.05603 £ 0.00083
0.078067 £ 0.000094

178.6 +£2.5
0.3247 £ 0.0091
0.5158

but insignificant /3, so neither proves nor disproves the possible presence of a

third body.

The uncertainties in the measured parameters were determined using Monte

Carlo and residual-permutation algorithms

75,76

, and the larger of the two un-

certainties for each parameter was retained. The pulsations were not explicitly
accounted for in the JKTEBOP analysis so have the effect of contributing red
noise to our results. In all cases the residual-permutation errorbars were signifi-
cantly larger than the Monte Carlo errorbars, by factors of typically 4 to 6. This
is likely due to the effects of the pulsations combined with having only a small
number of eclipses observed by TESS. The net result is measurement of ra to
0.7% and rg to 0.8% precision. The measured fractional radii and their uncer-
tainties are of similar size to previous values®® but likely more reliable as they
rest on data of greater number and much higher precision. The orbital phase of
mid-secondary-eclipse is 0.4504. The residuals in Fig.[2 are slightly larger dur-
ing primary eclipse, which suggests that star B is the source of the pulsational
brightness changes discussed below.

Analysis of published radial velocities

Two works have previously obtained and analysed RVs from high-dispersion
spectra, and we have obtained these and fitted them with JKTEBOP to con-
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Figure 3: The spectroscopic orbit of RR Lyn compared to the RVs from the two
different sources. Circles show RVs from Tomkin & Fekel®! and triangles show RVs
from Bensch et al.?2. 2 km s™! has been subtracted from the RVs from Bensch et al.?2
for display purposes, to place them on the same systemic velocity as the RVs from
Tomkin & Fekel®!. Filled symbols are for star A and open symbols for star B. The
solid lines show the fitted spectroscopic orbits for the stars. The residuals are shown
on an expanded scale, and separately for the two sources of RVs, in the lower panels
(labelled). Orbital phase zero is the time of primary eclipse.

firm and combine the results. Tomkin & Fekel®! presented 21 measurements for
each component, neglecting a single zero-weight observation, with a scatter of
0.22 km s~! for star A and 0.51 km s! for star B. Bensch et al.®2 obtained
37 spectra of which 23 had resolved lines for both components. Our own fit of
these 23 pairs of RVs returned scatters of 0.70 and 0.78 km s for the two stars,
respectively.

Under the presumption that it is best to combine datasets to obtain the most
precise results, and bearing in mind that Bensch et al.®2 did not quote the
velocity amplitudes from their fit to the RVs, we fitted the two datasets si-
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Table III: Physical properties of RR Lyn defined using the nominal solar units given
by IAU 2015 Resolution B3 (Ref.”’8).

Parameter Star A Star B
Mass ratio 0.7790 + 0.0013
Semimajor axis of relative orbit (RY) 29.405 £ 0.027

Mass (./\/lg) 1.9394 £0.0065 1.5100 £ 0.0033
Radius (RY) 2.5644+0.019  1.613+0.013
Surface gravity (log[cgs]) 3.9078 £0.0063 4.2017 +0.0071
Density ( po) 0.1150 +£0.0025 0.3597 £ 0.0089
Synchronous rotational velocity (km s=1) 13.044 4+0.095 8.106 £+ 0.068
Effective temperature (K) 7770 £ 200 7180 £ 200
Luminosity log(L/LY) 1.334£0.045  0.795+0.049
My (mag) 1.40+0.11 92.7540.12
Distance (pc) 76.7£1.0

multaneously with JKTEBOP (Fig.[3]). We fitted for the velocity amplitudes (K
and Kp), ecosw, esinw and Ty. The uncertainties in the RVs were set to give
X2 = 1 for each star in each dataset and the systemic velocities of the two stars
in each dataset were fitted separately. We find K = 65.620 4= 0.045 km s~! and
Kp = 84.28 £0.13 km s~!, plus values of ecosw, esinw and Tj consistent with
those from the previous section. The uncertainties were obtained using Monte
Carlo simulations, although the formal errors of the fit are very similar (see Pa-
per VI of this series™). The values of K and Kp are consistent with those from
Tomkin & Fekel®! but have smaller errorbars.

Physical properties of RR Lyn

We have determined the physical properties of the system from the values of
the quantities 74, g, i, ¢, P, K5 and Kg measured above. This was done using
standard formulae™ and the JKTABSDIM code®, and resulted in the quantities
shown in Table[[TIl The masses of the stars are measured to precisions of 0.3%,
and their radii to 0.8%.

A determination of the distance to the system and the luminosities of the
stars needs their Tig values. These were found to be Tega) = 7570 + 120 K and
Ty = 6980 £ 100 K by Khaliullin et al. 45 using W BV R photometry and a
calibration of the T.g scale®!. To these we added the apparent magnitudes of the
system given in Tablelll and an interstellar extinction estimate of E(B — V') =
0.00220.002 mag obtained using the STILISMY online tool (Lallement et al.5233).
The resulting distance measurement is significantly shorter than that from the
Gaia EDR3 parallax of the system (80.54 4 0.59 pc; Table[l), and the T.g values
are low compared to theoretical predictions (see below). To (partially) alleviate
these discrepancies we took the simple step of adding 200 K to the T.g of both
stars, and also increased the errorbars to 200 K. The adjusted T.g of star A
is consistent with its spectral type of A7V8 and with a recent determination

Shttps://stilism.obspm.fr
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Figure 4: Hertzsprung-Russell diagram showing the components of RR Lyn (solid
crosses) and selected predictions from the PARSEC models®® (dotted lines) beginning
at the zero-age main sequence. Models for 1.4, 1.6, 1.8 and 2.0 Mg, are shown (labelled),
all for a solar chemical composition.

by Graczyk et al.8. The surface brightness ratio found in the JKXTEBOP analysis

implies that the T.g values of the stars differ by a smaller amount than this,
370 £ 70 K, suggesting that further work on this point is needed, preferably in
the form of a detailed analysis using high-resolution spectroscopy.

In order to gain a theoretical perspective of RR Lyn, the masses, radii and T.g
values of the stars were compared to the predictions of the PARSEC models®
assuming a solar chemical composition. The models match the observed masses
and radii for this composition and an age of 950 £ 20 Myr, where the errorbar
is a fitting uncertainty which does not take into account any imperfections in
the models. The higher T,z values given in Tablelll agree very well with the
theoretical predictions for this age. We also performed a comparison on the
Hertzsprung-Russell diagram (Fig.d]), finding that star B is close to the zero-age
main sequence but that star A has evolved roughly half-way to the terminal-age
main sequence.
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Figure 5: Residuals of the best fit to the full TESS light curve of RR Lyn, plotted so
as to make the pulsations clear.

Pulsation analysis

The light curve in Fig.[ll shows evidence for short-period variability, which
can be investigated using the residuals from the JKTEBOP fit. We therefore
performed a fit to the full TESS data using JKTEBOP in order to remove the
effects of binarity from the light curve. The residuals of this fit are shown in
Fig.[Bl where the details have been brought out by stretching the time axis over
several panels. A short-period variation is obvious, and several longer-period
variations are also present in these data.

To measure pulsation frequencies from the residuals we used version 1.2.0 of
the PERIOD04 code® to calculate a frequency spectrum from 0 to the Nyquist
frequency of 360 d—!. No significant periodicities above 19 d=! were detected.
We then selected significant frequencies in the spectrum and fitted sinusoids
simultaneously to all of them. We included only those frequencies for which the
signal-to-noise (S/N) is more than 10. This is much higher than the widely-used
criterion of S/N > 4 (Refs.®® 82) but is sufficient to illustrate the general nature
of the star. For reference the orbital frequency is 0.1006 d~! and the Loumos &
Deeming® frequency resolution is 2.5 / AT = 0.095 d~! where AT is the time
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interval covered by the data.

We measured a total of 35 frequencies from the data and calculated the am-
plitude and phase of each one (Table[[V]). Some of these are close to multiples of
the orbital frequency (fo,) and are labelled in Table[[V]l The detected frequen-
cies fall into three categories. Frequency spectra of the data before and after
subtraction of the 35 frequencies are shown in Fig.[6l

The lowest three frequencies (fi, f2, f3) are close to fom, 1.5fom and 2 fop.
These either arise from imperfections in the light curve model or the normal-
isation of the TESS data, or are pulsations induced by the orbital motion of
the system?23:22, Because these frequencies are similar to the length of the time
intervals over which RR Lyn was continuously monitored by TESS, we cannot
be sure they arise from the target. More detailed analysis is necessary before
claiming the reality of these signals.

Frequencies fy to fio are within the realm of v Doradus pulsations3:2, which
are found between approximately 0.3 and 3 d~!. Several of the detected fre-
quencies are multiples of f,.,, which suggests that they are tidally perturbed or
excited pulsation modes?2. The last set of oscillations detected (fi3 to f35) have
frequencies consistent with ¢ Scuti pulsations223L,

We have therefore detected pulsations in RR Lyn arising from tidal effects,
and from the v Dor and § Sct mechanisms. Some of them are integer multiples of
forb and some adjacent frequencies in the list are separated by f.1,. Both stars
have physical properties (Tor and log g) consistent with the v Dor and § Sct in-
stability strips3t3493.94 o we are not able to assign specific pulsation frequencies
to individual stars. Fig.[2 shows a slight increase in pulsation amplitude during
primary eclipse, and the opposite during secondary eclipse, implying that the
secondary star is the source of most of the pulsations, but our data are not
sufficient to allow definitive conclusions.

Summary

RR Lyn is a dEB with several interesting features. The primary component is
a slightly-evolved 1.9 M, star and shows chemical peculiarities of the Am type.
The secondary component is an unevolved 1.5 My star and may be metal-poor.
There may be a third body in the system causing changes in the eclipse times
due to the light-time effect. We have used the TESS light curve and published
RVs to determine the masses and radii of the stars to high precision (0.3% in
mass and 0.8% in radius). These properties, plus their Tig values, match the
predictions of theoretical models for a solar chemical composition and an age in
the region of 1 Gyr.

The TESS light curve of RR Lyn shows clear evidence for pulsations. We have
measured 35 pulsation frequencies from these data, and find that they are con-
sistent with being tidally perturbed « Dor and ¢ Sct pulsations. We tentatively
assign the pulsations (or at least the majority of them) to star B, in agreement
with past observations that the incidence of pulsations in Am stars is lower
than for normal A-stars® 27, The photospheric abundances of the stars should
be carefully measured to investigate the metallic-line nature of star A and to
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Table IV: Significant pulsation frequencies found in the TESS light curve of RR Lyn
after subtraction of the effects of binarity. Frequencies that are close to a multiple of
the orbital frequency fon are labelled with the multiple in the Notes colummn.

Label Frequency (d~') Amplitude (mmag) Phase Note
fi 0.1064 +£ 0.0005 0.250 £ 0.004 0.912 £ 0.003 = forb
fa 0.1558 £ 0.0009 0.164 + 0.004 0.249 + 0.004

f3 0.2071 +£ 0.0003 0.383 £ 0.004 0.882 £+ 0.002 ~2 forb
fa 0.2983 £ 0.0007 0.139 + 0.004 0.681 £ 0.005 ~3 forb
5 0.3990 + 0.0008 0.096 £ 0.004 0.565 £ 0.006 ~4 forb
f6 0.5016 £ 0.0007 0.114 + 0.004 0.733 £ 0.006 ~5 forb
fr 0.5548 + 0.0003 0.272 £ 0.004 0.559 £ 0.002

fs 0.7106 £ 0.0009 0.095 + 0.004 0.348 + 0.007 ~T forb
fo 0.7884 £ 0.0007 0.111 £ 0.004 0.320 £ 0.005

J10 0.9062 £ 0.0009 0.089 £ 0.004 0.829 £+ 0.007 ~9 forb
Ji1 1.6206 £ 0.0005 0.156 + 0.004 0.711 + 0.004

f12 1.7137 £+ 0.0009 0.093 £ 0.004 0.552 £ 0.006 ~17 forb
f13 3.5072 £ 0.0011 0.071 £ 0.004 0.467 + 0.009

f14 5.0973 £ 0.0015 0.050 £ 0.004 0.674 £ 0.012

J15 5.2227 £0.0013 0.061 + 0.004 0.327 £ 0.010

f16 5.7965 £ 0.0016 0.050 £ 0.004 0.807 £ 0.012

fi7 5.4925 £ 0.0017 0.045 + 0.004 0.788 + 0.013

f1s 5.6198 £ 0.0012 0.069 £ 0.004 0.754 £ 0.009

J19 6.1746 £ 0.0013 0.056 + 0.004 0.362 £0.010

f20 6.2468 +£ 0.0008 0.092 £ 0.004 0.277 £ 0.006

fo1 6.3988 £ 0.0007 0.106 £ 0.004 0.861 £ 0.005

J22 6.5374 £ 0.0012 0.067 + 0.004 0.189 £ 0.009

fo3 6.5811 £ 0.0011 0.072 £ 0.004 0.063 £ 0.009

foa 6.7768 £ 0.0008 0.088 + 0.004 0.221 £ 0.006

Jas 6.9022 + 0.0004 0.186 £ 0.004 0.906 £ 0.003

fa6 6.9630 £ 0.0008 0.103 + 0.004 0.536 £ 0.006

Jor 7.0827 + 0.0007 0.114 £ 0.004 0.669 £ 0.005

fos 7.1872 £ 0.0008 0.102 + 0.004 0.273 + 0.006

f29 7.3696 + 0.0003 0.244 £+ 0.004 0.435 £+ 0.002

30 7.5615 £ 0.0014 0.050 + 0.004 0.461 + 0.011

f31 7.6983 + 0.0009 0.086 £ 0.004 0.704 £ 0.007

f32 7.8237 £+ 0.0014 0.055 £ 0.004 0.267 £ 0.011

f33 10.8958 £ 0.0010 0.078 + 0.004 0.019 £ 0.008

f34 11.1864 £ 0.0009 0.091 £ 0.004 0.892 £ 0.007

35 18.8836 £ 0.0007 0.108 + 0.004 0.641 + 0.006
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determine the chemical composition of the system from star B. When combined
with the precisely-known masses, radii and oscillation frequencies, it may be
possible to place stringent constraints on the stellar physics incorporated into
the current generation of theoretical evolutionary models.
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