A&A, 687, A116 (2024)
https://doi.org/10.1051/0004-6361/202244066 tronomy
© The Authors 2024 Astrophysics

Absolute dimensions of solar-type eclipsing binaries

NY Hya: A test for magnetic stellar evolution models*
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ABSTRACT

Context. The binary star NY Hya is a bright, detached, double-lined eclipsing system with an orbital period of just under five days
with two components each nearly identical to the Sun and located in the solar neighbourhood.

Aims. The objective of this study is to test and confront various stellar evolution models for solar-type stars based on accurate
measurements of stellar mass and radius.

* Partially based on observations carried out with the Stromgren Automatic Telescope (SAT), the FEROS spectrograph at the 1.52 m and
Danish 1.54 m telescopes at ESO, La Silla, Chile.
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Methods. We present new ground-based spectroscopic and photometric as well as high-precision space-based photometric and astrometric data
from which we derive orbital as well as physical properties of the components via the method of least-squares minimisation based on a standard bi-
nary model valid for two detached components. Classic statistical techniques were invoked to test the significance of model parameters. Additional
empirical evidence was compiled from the public domain; the derived system properties were compared with archival broad-band photometry data
enabling a measurement of the system’s spectral energy distribution that allowed an independent estimate of stellar properties. We also utilised
semi-empirical calibration methods to derive atmospheric properties from Stromgren photometry and related colour indices.

Results. We measured (percentages are fractional uncertainties) masses, radii, and effective temperatures of the two stars in NY Hya and found
them to be M, = 1.1605 + 0.0090 M, (0.78%), Ra = 1.407 £ 0.015 R, (1.1%), Tega = 5595 = 61 K (1.09%), Mg = 1.1678 + 0.0096 M, (0.82%),
Rg = 1.406 £ 0.017R5 (1.2%), and Tegp = 5607 + 61 K (1.09%). The atmospheric properties from Stromgren photometry agree well with spec-
troscopic results. No evidence was found for nearby companions from high-resolution imaging. A detailed analysis of space-based data revealed a
small but significant eccentricity (e cos w) of the orbit. The spectroscopic and frequency analysis on photometric time series data reveal evidence
of clear photospheric activity on both components likely in the form of star spots caused by magnetic activity.

Conclusions. We confronted the observed physical properties with classic and magnetic stellar evolution models. Classic models yielded both
young pre-main-sequence and old main-sequence turn-off solutions with the two components at super-solar metallicities, in disagreement with
observations. Based on chromospheric activity and X-ray observations, we invoke magnetic models. While magnetic fields are likely to play an
important role, we still encounter problems in explaining adequately the observed properties. To reconcile the observed tensions we also consid-
ered the effects of star spots known to mimic magnetic inhibition of convection. Encouraging results were obtained, although unrealistically large
spots were required on each component. Overall we conclude that NY Hya proves to be complex in nature, and requires additional follow-up work

aiming at a more accurate determination of stellar effective temperature and metallicity.

Key words. binaries: eclipsing — binaries: spectroscopic — stars: fundamental parameters — stars: individual: HD80747 — stars: solar-type

1. Introduction

Stellar components in a detached eclipsing binary (dEB) system
provide a direct empirical measure of their physical properties
with a minimum number of assumptions. From photometric and
double-lined spectroscopic data, the masses and radii can be
determined providing an empirical test of stellar evolution mod-
els. The most strict model tests are for those systems where
elemental abundances are determined spectroscopically, reduc-
ing the number of free parameters to the fractional helium
content, age and model-internal parameters (Andersen 1991).
Secure astrophysical information about system properties is fur-
ther substantiated with recent space-based astrometric distance
measurements (Stassun & Torres 2021) allowing a reliable mea-
surement of system properties without limiting assumptions;
in pre-Gaia times nearby eclipsing binaries were used as reli-
able distance estimators. Detached systems are therefore of fun-
damental astrophysical importance and constitute the primary
source of knowledge of properties of individual stars to form the
test bed when confronting stellar evolution theory. From high-
quality photometry and spectroscopy, the stellar masses and radii
can be determined to better than 1% precision from in-depth
analyses of eclipse light curves and double-lined radial veloc-
ity (RV) curves with good phase coverage (Torres et al. 1997,
Southworth et al. 2005b). The reliable measurement of accu-
rate stellar properties is further increased for systems located
in the solar neighbourhood where interstellar reddening effects
are small.

As pointed out by Southworth & Clausen (2007), stellar evo-
lution models are generally good at predicting the physical
properties of stars (see Maxted et al. 2015) for two reasons.
First, the effects of improved input physics often result in only
small adjustments in the evolutionary phases for the two com-
ponents. Second, some model parameters that are not known
independently (or are harder to infer empirically) can be freely
adjusted in order to match the observed properties. The addi-
tional parameters are helium abundance and age, as well as
input-physics parameters describing convective core overshoot-
ing, mixing length, mass loss, and various treatments of opacity
(Cassisi 2005). While some parameters, such as stellar abun-
dances (from a careful abundance analysis) and age (in the case
of cluster membership or by other means such as chromospheric
activity, gyrochronology, or depletion of certain age-dependent
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species) can be inferred empirically, thus providing additional
constraints on the investigated model, this is not always the case.
Therefore, the second aspect is worrying, since it is hard to iden-
tify and test physical mechanisms governing stellar evolution
given the extra degrees of freedom in adjusting and tweaking
one or more parameters.

For lower-mass detached eclipsing binary stars, discrepan-
cies between the observed properties and model predictions have
been noted in the literature for stars of spectral types G to M
(Popper 1997; Torres & Ribas 2002; Ribas 2003; Clausen et al.
2009; Southworth 2022). This implies that the principles of
single-star stellar evolution do not fully apply to stars in a
detached eclipsing system; often the predicted effective temper-
ature (Teg) are too high for the observed masses or, for a fixed
age, the predicted radii are too small, whilst masses and radii are
measured with fractional uncertainties to 1% or better. Further,
in the case when no independent age constraint is available, the
models fail in placing the two components on the same isochrone
in the stellar radius-mass (R — M) plane.

In an attempt to reconcile certain stellar evolution models
with observations, the usual approach is the computation of ded-
icated model grids for which the mixing length parameter (I/H),)
is adjusted for each component and compared to observations.
Often this results in a success in matching the observed proper-
ties (Vos et al. 2012), but highlights the aforementioned worries:
input physics parameters are adjusted until a good match was
found, which concludes the analysis. However, while the obser-
vations, within observational errors, were adequately described,
the explanation was only described at a phenomenological level
without properly addressing an adequate physical mechanism.

The short-coming of solar-type evolution models to properly
describe solar-type components is to be found in the fast rota-
tion of short-period detached binaries. For short-period eclipsing
binaries tidal interactions have resulted in an increased stellar
rotation spin-up to a pseudo-synchronous state (1:1 spin-orbit
resonance; Hut 1981; Li 2018). Rotation velocities (vsini) for
single solar-type stars are of the order of 1kms~! or lower. The
rotation velocities of similar stars in an eclipsing system are
found to be 10kms™' or higher. The fast rotation is thought
to have a significant effect on the convective energy transport
(Chabrier et al. 2007). Qualitatively, in mixing-length theory,
convection is described by the mixing-length parameter and is
capable of phenomenologically addressing the often neglected
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Table 1. Photometric data for NY Hya and the comparison stars HD 82074, HD 80446, and HD 80633.

Object Phase Spec. type Vv o b-y o m o cy o N(uvby) B o N
NY Hya 0.000 8874 16 0444 4 0246 5 0353 7 69
0.250 G5 8584 16 0444 4 0245 7 0350 7 42 2598 9 54
0.500 8874 13 0445 4 0244 7 0352 8 38
HD 82074 G5 6253 6 0504 3 0287 6 0306 6 592 2557 6 28
HD 80446 G5 9.144 7 0381 5 0.199 8 0314 9 499 2596 6 24
HD 80633 F8 7388 6 0307 4 0.162 7 0424 7 472 2643 9 29

Notes. For reasons of completeness we reproduce the data from Clausen et al. (2001), but with an updated spectral type for HD 82074 from the
Henry Draper Catalog (Cannon & Pickering 1993). Johnson V apparent magnitudes and Stromgren (b — y), m, ¢y, and S colour indices are in
the standard photometric systems (not corrected for interstellar extinction or reddening). The unit is magnitudes (mag). Uncertainties (o) are
in units of milli-magnitudes (mmag). For details on the transformation we refer to Olsen (1994) and references therein. For NY Hya the uvby
measurements are taken at maximum light level outside eclipse (phase 0.25), at primary eclipse (phase 0.00), and at secondary eclipse (phase
0.50). The 8 measurement is the mean value taken for measurements outside eclipses (cf. Fig. 1 in Clausen et al. 2001). N is the total number of
observations used to form the mean and o is the root mean square (per observation) in units of mmag. We note that Fig. 1 in Clausen et al. (2001)
shows a single 8 measurement during the primary eclipse and five during the secondary.

and complicated effects of magnetic fields; for fast rotators a
strong magnetic field is generated, which triggers the Lorentz
force to act on the outer material region of the convection zone,
thereby decreasing its convective height. Thus, by adjusting I/ H,
one has the option to indirectly describe the effect of a mag-
netic field on the convective region. However, a more realistic
treatment of this problem is to directly include the effect of a
magnetic field in stellar evolution models. Magnetic fields are
often ignored and, as shown recently, are capable of providing
a viable physical mechanism to explain observed discrepancies
(Feiden & Chaboyer 2012).

In this work we present and analyse for the first time
high-quality light curves (TESS) and high-resolution spectro-
scopic (FEROS) observations of NY Hya. The bright (V
8.58 mag) stellar object HD 80747 (NY Hya, BD-06 2891,
HIP 45887) was discovered by the HIPPARCOS mission (ESA
1997) to be an eclipsing binary and subsequently named NY Hya
by Kazarovets et al. (1999). The HIPPARCOS parallax places
NY Hya at a distance of 81.8 + 8.6 pc. In the Henry Draper Cat-
alogue, Cannon & Pickering (1993) classified NY Hya as a G5
star without any remarks to its binary nature.

Dedicated photometric follow-up observations in the Strom-
gren system were reported in Clausen et al. (2001), establish-
ing the first accurate ephemeris and announcing a significant
update on the orbital period (4.77 days) compared to the period
determined from the HIPPARCOS data. The ephemeris was fur-
ther updated by Kreiner (2004) and Pojmanski (1997) with
the latter providing instrumental V-band data as part of their
All Sky Automated Survey (ASAS). The Stromgren-Crawford
uvby photometry catalogue by Paunzen (2015) provides entries
for the Stromgren indices of NY Hya. No 8 measurement was
given. The data are based on a single measurement, and are
therefore questionable. No reliable uncertainties are provided.
Therefore, we suggest that the Stromgren data should be taken
from Clausen et al. (2001; see Table 1). For a (b—y) = 0.444 mag
(without reddening correction) we determine the spectral type of
NY Hya to be G6V, or G5V (Olsen 1984, Table V) with a cor-
rection for extinction (see Sect. 6.3). The Michigan catalogue of
HD stars (Houk & Swift 1999) lists a spectral type of G5V.

The eclipsing system NY Hya belongs to the class of fast
rotators and classic stellar models (as investigated here) are not
able to describe the observed physical properties of this sys-
tem. A closer look at the X-ray emission of NY Hya indicates
a high chromospheric activity level indicating the presence of
a magnetic field. This finding is further supported by a signif-

icant intrinsic photometric variability most readily seen during
out-of-eclipse phases mostly due to the changing appearance of
star spots. However, significant progress has been made in recent
years in the development of stellar evolution models considering
the effect of a magnetic field. We therefore apply state-of-the-
art evolution models (Feiden & Chaboyer 2012) to the observed
physical properties, providing a more rigorous benchmark to test
formerly neglected input physics.

The paper is structured as follows. In Sect. 2 we present new
observations including TESS photometry and high-resolution
FEROS spectra. In Sect. 3 we analyze the spectra to derive empir-
ical spectroscopic light ratios and measure radial velocities. In
Sect. 4 we present an updated and improved ephemeris thanks to
the TESS data. A complete analysis of the light and radial veloc-
ity curves is presented in Sect. 5. Then we determine the physical
parameters of the system and its components through a rigorous
spectroscopic analysis of the spectra we disentangled in Sect. 6.
In Sect. 7 we compile intermediate- and broad-band photometry
from the literature (which we corrected for the interstellar extinc-
tion in Sect. 6.3) and present the results obtained from an analy-
sis of the spectral energy distribution (SED) considering NY Hya
as a single star. This provides a mean estimate for the T pro-
viding an independent consistency check on the spectroscopy. In
Sect. 8 we carry out a period analysis based on the out-of-eclipse
variability. We were able to independently determine the orbital
period from the presence of surface spots; this allowed us to con-
clude synchronous rotation via tidal locking of the two compo-
nents. In Sect. 9 we utilize Gaia astrometry to infer kinemati-
cal properties of NY Hya in an attempt to determine stellar age
via cluster-membership identification. In Sect. 10 we compare
the observed properties of the two components with stellar evo-
lution models. We invoke both classic and non-standard magnetic
models. We substantiate the importance of magnetic fields by pro-
viding a semi-empirical estimate of magnetic field strength from
observations of the total X-ray luminosity. Finally, we present our
conclusions in Sect. 11.

2. Observations

We present Stromgren photometry from the literature, high-
precision and high-cadence space-based observations from
the TESS telescope, high-resolution lucky-imaging, and high-
quality spectra from the FEROS spectrograph. Additional
archival photometric data are presented in Sect. 7 as part of a
SED analysis.
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2.1. Strémgren photometry

Photometric data were obtained by Clausenetal. (2001)
using the (now decommissioned) 0.5m Stromgren Auto-
matic Telescope (SAT) at the ESO/La Silla observatory
(Florentin-Nielsen et al. 1987) during two observing seasons:
Season 1, spanning from November 23, 1997 (JD 2450775.8),
to April 28, 1998 (JD 2450931.6), and Season 2, spanning
from October 12, 1998 (JD 2451098.9), to March 16, 1999
(JD 2451253.7). All comparison stars, relevant photometric
data for which are provided in Table 1, were found to be con-
stant with respect to the check star, HD 80633. In particular,
Lockwood et al. (1997) found HD 82074 to be stable in their
long-term photometric variability program of solar-type stars.

The SAT data reduction follows an equivalent procedure as
described in Clausen et al. (2001, 2008). Here we add a few more
details. To form the final photometry for the comparison stars (C1,
C2) a2.50—clipping was applied to remove 44 outliers. A total of
19 measurements were discarded by this criterion when forming
the C1-C2 magnitude level. Linear extinction coefficients were
determined from the comparison stars for each night and appar-
ent magnitudes corrected accordingly. The maximum and mini-
mum root-mean-square errors between the comparison stars was
7.6 mmag and 4.6 mmag, respectively depending on Moon illu-
mination, airmass and sky conditions. Photometric root-mean-
square errors for NY Hya SAT observations were found to be
3.7 mmag (u band) and 2.2 mmag (vby bands).

The instrumental uvbyB system at the SAT was found to
be long-term stable (Clausen et al. 2001) from observing uvbyf
standard stars. This implies that no transformation to the stan-
dard uvbyB system was needed to form differential (uvby) light
curves in the instrument system having the additional advan-
tage of avoiding additional photometric errors introduced via
transformation relations. Atmospheric extinction and detector
temperature variations were corrected for Clausen et al. (2001).
However, based on numerous bright standard stars observed
each night, standard Johnson V and standard Strémgren indices
(b — y,my,c; and B) for NY Hya were determined at all orbital
phases. See Table 1 for details. We note only minuscule colour
differences between the two components during primary and sec-
ondary eclipses indicating near-equal Tgs.

Original time stamps (HJD) of all SAT observations refer
to the midpoint of the integration time interval. We have trans-
formed the HJD times in the UTC time standard to BJD times
in the TDB time standard using the online time conversion' pro-
vided by Eastman et al. (2010). This was necessary in order to
have a consistent time standard as the SAT eclipse minimum tim-
ings were later combined with space-based photometry.

2.2. Space-based TESS observations

NY Hya was observed by the TESS (Transiting Exoplanet
Survey Satellite) space telescope (Ricker etal. 2009, 2014,
2015). NY Hya was observed at a 2min cadence in Sector
8 with Camera 1 and CCD 1. The photometric data were
retrieved from MAST? (Mikulski Archive for Space Tele-
scopes) using LIGHTKURVE (Lightkurve Collaboration 2018;
Dotson et al. 2019). Since NY Hya is a binary system the SAP
(Simple Aperture Photometry) light curve was extracted. We
discarded photometric measurements with the following data
quality flags: ‘attitude tweak’, ‘safe mode’, ‘coarse point’,

! http://astroutils.astronomy.ohio-state.edu/time/
2 https://archive.stsci.edu/
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Fig. 1. Photometric images of NY Hya from two different instruments.
Top panel: camera 1 and CCD 1 target pixel file image of the first TESS
cadence for NY Hya. The TESS target aperture mask used to generate
the SAP light curve is highlighted in red. Bottom panel: SAP aperture
superimposed on a Pan-STARRS image. North is up and east is left.
Each box is 2121 arcsec in size. Three faint companions are positioned
at around 22 arcsec from NY Hya.

‘Earth point’, ‘desat’, and ‘manual exclude’ (see TESS sci-
ence data products description®). The SAP light curve is pro-
duced by TESS SPOC (Science Processing Operations Cen-
ter; Jenkins et al. 2016) designed for producing optimal aperture
photometry.

Figure 1 shows a pixel-mosaic image of the first cadence for
NY Hya along with the target aperture mask. The data release
notes” for sector 8 describe that an instrument anomaly began at
UTC 2019-02-17 05:48:35 which ceased all data and telemetry
collection. Normal operations resumed at 2019-02-20 12:02:38.
Data collection was paused for 1.19 days during perigee passage
while downloading data. The ‘release notes’ for Sector 8 also
describe how Camera 1 was affected by scattered light from the
Earth and Moon. The background pixels were primarily affected
at the end of the two orbits by Earth and towards the start of orbit
24 by the Moon.

3 https://archive.stsci.edu/missions/tess/doc/
EXP-TESS-ARC-ICD-TM-0014.pdf

4 https://archive.stsci.edu/missions/tess/doc/tess_
drn/tess_sector_08_drnl®_v02.pdf
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Fig. 2. Extracted TESS SAP light curve of NY Hya from Sector 8 with a sampling of 2 min. The first eclipse is a primary eclipse. Five primary
and three secondary eclipses were observed. Some out-of-eclipse variation is clearly detected. The increase in flux at BJD 2458 536 changes
depending on the parameters used in the LIGHTKURVE detrending process. We therefore believe that this is systematic noise.

Because the available data affected by the scattered light
do not contain an eclipse we masked the data between BJD
2458530.0 and 2458 536.3, resulting in a 6.3 day data gap. We
show the resulting SAP light curve in Fig. 2.

Due to TESS having a large pixel scale (21 arcsec pixel™!), it
is important to check for faint nearby stars which may contami-
nate the point spread function (PSF) of the target star. To do this,
we follow the procedure given by Swayne et al. (2020). We over-
laid the TESS target aperture mask over an image of NY Hya
from the Pan-STARRS image server (Flewelling 2016), which
indicated that three faint objects (lower three pixels) are within
the TESS aperture mask used by SPOC. We cross-referenced
these objects with the TESS input catalogue (Stassun et al. 2018,
2019). The brightest two were found to have a TESS magnitude
of 16 and 19 (NY Hya has a TESS magnitude of 8) which trans-
lates to 1600 and 25000 times fainter than NY Hya providing
a total contribution of flux of approximately 0.01% and hence
these sources are negligible. The faintest of the three is not in
the TESS input catalogue, indicating that it is fainter than TESS
magnitude 19.

The Gaia Data Release 2 (DR2; Gaia Collaboration
2018) indicates the presence of a nearby star (Gaia
5746104876937814912) that is 6arcsec from NY Hya and
has since been confirmed to have the same parallax as NY Hya,
from the Gaia Early Data Release 3 (EDR3; Gaia Collaboration
2021). When compared with the Pan-STARRS image (Fig. 1)
the companion lies within the saturated pixels of NY Hya and
therefore, lies within the TESS target aperture. Consequently,
we crossed-referenced the companion star with the TESS input
catalogue and found the companion (TIC 876368206) to have
a TESS magnitude of 16.5, indicating a negligible (~0.01%)
contribution to the measured flux.

2.3. EMCCD lucky-imaging observations

We further obtained high-resolution imaging data with the pur-
pose to detect nearby companions that could be the source
of observed photometric signals or the dilution of such sig-
nals. NY Hya was observed on the beginning night of May
21, 2019 and May 23, 2021 with the two-colour instrument

(TCT; v and z bands) attached to the Danish 1.54 m telescope
at the ESO/La Silla Observatory, Chile. For optimal detection,
all (May 21, 2019) images were obtained at airmass 1.10 with a
seeing of <1 arcsec. The observations were conducted as part
of the 2019/2021 MiNDSTEp® campaign. Each TCI consists
of a 512 x 512 pixel electron-multiplying (Andor, iXon+897)
CCD capable of imaging simultaneously in two colours. The
field of view is about 45 X 45 arcsec yielding a pixel scale of
approximately 0.09 arcsec pixel™!. A detailed description of the
instrument and the lucky-imaging reduction pipeline is given in
Skottfelt et al. (2015).

The observations and data reduction were carried out using
the methods outlined as follows, which resemble the methods
described by Evans et al. (2016). The exposure times of the tar-
gets in the high-resolution imaging observations were selected
to detect (at 5-0) a star up to 5 mag fainter than the target in V.
Fainter stars can be safely ignored as their contamination to the
eclipse depth would be <0.1 mmag, which is less than the RMS
noise (0.382mmag) of the TESS data presented in this work.
NY Hya was observed for 120 s at a frame rate of 10 Hz, allow-
ing for near-diffraction limited images to be constructed by com-
bining only frames with the least atmospheric distortion. The
raw data were reduced by a custom pipeline that performs bias
and flat frame corrections, removal of cosmic rays, determina-
tion of the quality of each frame and frame re-centring. The end
product consists of ten sets of stacked frames ordered by quality.

We computed 5o contrast curves from image statistics for
each camera from selecting the first 20% best images (i.e.
stacked the first 240 frames) and summed flux contributions
from each pixel in concentric rings centred on the star’s loca-
tion as determined by a two dimensional Gaussian fit to the
point spread function and extending radially away from the star.
We used a cubic spline to smooth the contrast in delta magni-
tudes as a function of separation, assuming a minimum of 50
for the detection of a point source. The resulting contrast curves
are shown in Fig. 3. We detect a small brightness increase of
Amag = 7.5 at a separation of about 14 arcsec in the v-band cam-
era. At this point, we are not sure whether this is instrumental or
caused by the faint nearby companions as shown in Fig. 1.

> http://mindstep-science.org
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Fig. 3. 50 detection contrast-curves (Amag) from the TCI images using
the top 20% stacked frames. Inset images are 10 X 10 arcsec. The full
width at half maximum (seeing) was measured to be 0.97 arcsec in v and
0.85 arcsec in z.

The nearby companion at 6 arcsec that was detected in the
Gaia DR2 and EDR3 was not detected in the presented high-
resolution imaging data, which is expected considering the com-
panion is approximately 8.5 magnitudes fainter than NY Hya in
the TESS bandpass which has a similar central wavelength to the
z-band camera.

2.4. Spectroscopic observations

Ribas (1999, his Table 2.4) presented and analysed 22 unpub-
lished RV (CORAVEL scanner, decommissioned) measure-
ments (cgy = 0.5kms™' per measurement). Ribas (1999)
found NY Hya to be a double-lined spectroscopic binary and
derived preliminary spectroscopic elements. He found two com-
ponents (NY Hya A and B), near-identical in minimum mass,
orbiting each other in a circular orbit with a systemic RV of
around 40km s~!. The spectroscopic orbital period agrees with
the Clausen et al. (2001) value (0.01507). Unfortunately, a com-
plete simultaneous photometric and spectroscopic analysis of
NY Hya was never presented in the literature. Furthermore, a
check in the Detached Eclipsing Binary Catalogue (DEBCat®;
Southworth et al. 2015) revealed no information on NY Hya.

A total of 35 high-resolution spectra were obtained of
NY Hya using the ESO 1.52m telescope and the Fibre-fed
Extended Range Optical Spectrograph (FEROS;’, Kaufer et al.
1999) at the ESO/La Silla observatory, Chile. The resolving
power of FEROS is 4/A1 = 48000 (constant velocity offset of
2.2 kms~!/pix) covering an effective wavelength range of 3600—
9200 A starting from the Balmer discontinuity and spanning 39
échelle orders. The object-sky (OS) observing mode was used
for the two fibre apertures for optimal background subtraction.
The entrance aperture of each fibre is 2.6 arcsec. The minimum
and maximum standard error for the wavelength calibration (all
nights) was 0.007 A and 0.019 A, respectively.

Observations were carried out as part of the FEROS com-
missioning and guaranteed time period (commissioning II and
62.H-0319/GT I) between November 23, 1998 and January 21,
1999. All spectra obtained during the two commissioning peri-
ods are public and were retrieved from the FEROS spectro-

% https://www.astro.keele.ac.uk/jkt/debcat/

7 https://www.eso.org/sci/facilities/lasilla/
instruments/feros.html, https://www.eso.org/public/
teles-instr/lasilla/mpg22/feros/, http://www.mpia.de/
FEROS/about_feros.html, https://www.eso.org/public/teles
-instr/lasilla/mpg22/feros/
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scopic database hosted at the Landessternwarte Heidelberg®.
During observations, the spectrograph was located in a
temperature-controlled vacuum chamber. Typically, calibration
frames were obtained at the beginning, middle and end of the
night resulting in an average to account for thermal drift and
environmental changes. Wavelength scales were established on
a nightly basis from Thorium-Argon (Th-Ar) exposures. Pre-
normalisation fluxes are relative fluxes (object/flat). In Table A.1
we list details of the nightly observed FEROS spectra.

Raw spectral data reduction was performed with the
ESO MIDAS® package. The spectra are available as standard
reduced (i.e. standard, not optimal), order-extracted, flat-fielded,
bias-subtracted (from between orders), wavelength calibrated
(barycentric rather than heliocentric correction to the wavelength
scale is applied at the re-binning stage of the échelle orders) one-
dimensional flux tabulated spectra. The instrumental blaze func-
tion was removed to first order using the flat exposure. Removal
of scattered light was applied. Exposure times'® were either
420s, 600 s or 900 s with the vast majority (32) of spectra taken
with 600s resulting in a signal-to-noise (S/N) ratio in the range
174-261. We had to discard two spectra entirely (#2266 at the
orbital phase 0.31 and #2912 at 0.27) due to low quality and
wavelength calibration problems in the data. Since we have sev-
eral high-quality spectra in this orbital phase range (four others
between phases 0.24 and 0.35) the coverage of orbital phase is
still good.

2.5. Identities of the two stars

The standard definitions are that the primary eclipse is deeper
than the secondary eclipse, and that the primary star is eclipsed
at primary eclipse. We follow these conventions here, but with
caveats. The two stars are almost identical, and starspots affect
the light curve shape, so choosing which is the primary is not
trivial. We inspected the three TESS sectors and found that
one type of minimum is clearly deeper than the other in two
cases; we label this the primary eclipse. In the third TESS sector
starspot activity causes the primary and secondary eclipses to be
of almost identical depth. The greater scatter in the uvby light
curves means the eclipse depths are not significantly different in
those data.

The orbital ephemeris given below (Eq. (1) in Sect. 4)
defines our identification of the stars. Orbital phase zero in
this ephemeris corresponds to the primary eclipse and is where
the primary star is eclipsed by the secondary star. We refer to
the primary as star A in the following analysis, and its com-
panion as star B. These identifications are consistent with the
ephemeris given by Clausen et al. (2001). We ultimately find that
the masses, radii and temperatures of the two stars are so similar
as to be identical to within their uncertainties.

3. Radial velocity and light ratio determination
3.1. Continuum normalisation

All FEROS spectra were normalised to the continuum level itera-
tively and via interactive comparisons with a synthetic spectrum
computed using the SYNTH3 code (Kochukhov 2007) which

8 https://www.lsw.uni-heidelberg.de/projects/
instrumentation/Feros/ferosDB/search.html

° https://www.eso.org/sci/software/esomidas/

10 Exposure time is the half shutter open time as opposed to the time
when half the detected photons have arrived.
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is based on ATLAS/SYNTHE program suite of Kurucz (1993),
the SYNTH and SYNTHMAG codes of Piskunov (1992) and the
SME program written by Valenti & Piskunov (1996). We made
use of the Vienna Atomic Line Database (VALD; Piskunov et al.
1995) for line identification and initial estimates for the fun-
damental atmospheric parameters for both components (Teg =
5700K, logg = 4.15 (cgs), [Fe/H] =0.0dex). The T.q, logg,
and [Fe/H] were obtained from Stromgren photometry and a pre-
liminary SED analysis (see Sect. 7) to obtain composite spec-
tra for different orbital phases matching that of the observations
for continuum normalisation. We then compared these spectra
with the FEROS spectra visually by using the BINMAG6 code
(Kochukhov 2018) and continuum-normalised our observational
spectra.

We examined four different wavelength regions centred on
the Stromgren (vby) and TESS passbands to normalise the
observed spectra. Wavelength ranges of these segments corre-
spond to the Full Width at Half Maximum (FWHM) of the pass-
band response curves (Rodrigo et al. 2012; Rodrigo & Solano
2013). We made use of interactive IDL widgets XREGIS-
TER_1D.PRO and LINE_NORM.PRO in the FUSE!' package,
respectively, for cosmic-ray removal and continuum normalisa-
tion.

We measured the signal-to-noise (S/N) with relevant tools
in the GUIAPPS package of the IRAF package'’ from dif-
ferent segments of the continuum and averaged them. We
double-checked our measurements by also employing the ‘SNR
Estimator’ in the current version of the ISPEC!? software package
(Blanco-Cuaresma et al. 2014; Blanco-Cuaresma 2019).

3.2. Radial velocities

RVs were measured using i) one-dimensional cross-correlation
functions (CCFs, Tonry & Davis 1979), ii) Rucinski’s
broadening functions (Rucinski 1999), and iii) the two-
dimensional cross-correlation technique (hereafter TODCOR;
Mazeh & Zucker 1994) in 160-250 A wide spectral windows.
Similar results were obtained from all three methods lending
confidence in the accuracy of our RV measurements.

In this work, we chose to present and adopt measurements
obtained from TODCOR since this technique provides the addi-
tional option to measure a light ratio (luminosity or flux ratio) for
selected spectral windows. Estimates of the spectral light ratios
will be beneficial in the analysis of light curves (see Sect. 5.2)
as discussed later. The TODCOR technique aims to correlate an
observed binary spectrum against a combination of two template
spectra with all possible RV shifts to determine the unknown
wavelength displacements in the spectra of each individual com-
ponent at any orbital phase. Therefore, the correlation is a two-
dimensional function of the velocity shifts of the two templates.
The position of the correlation maxima corresponds to the RVs
of individual components. TODCOR has the advantage over the
traditional one-dimensional cross correlation in the determina-
tion of the correlation maxima even when blends of the correla-
tion peaks are inevitable and for the case when one companion
is significantly fainter than the other.

" https://archive.stsci.edu/fuse/analysis/idl_tools.
html

12 IRAF is distributed by the National Optical Astronomy Observato-
ries, which is operated by the Association of Universities for Research
in Astronomy, Inc. (AURA) under cooperative agreement with the
National Science Foundation.

13 https://www.blancocuaresma.com/s/iSpec

Table 2. Spectroscopic light ratio (/3//») measurements from FEROS
data.

Passband iy [A]  Acen [A] Sp. Ig/Ia
Strom-u  3350-3650 3500 n/a
Strom-v 40304190 4110  1.021 + 0.064
Strom-b  4570-4770 4670  1.007 = 0.069
Strom-y  5360-5600 5480  1.004 % 0.042

TESS 78508100 7975  1.149 +0.035

Notes. Measurements were carried out with TODCOR in the Stromgren
and TESS passbands. The u passband is partially outside the FEROS
wavelength coverage, and hence not determined. In general, the blue
end of FEROS is noise-dominated. The A., and A;, refer to the
central wavelength and wavelength interval of the filter as obtained
from the VOSA filter service (http://svo2.cab.inta-csic.es/
theory/fps/).

We applied the TODCOR technique to wavelength regions
in close agreement with the Stromgren and TESS filter'# trans-
mission profiles (Rodrigo et al. 2012; Rodrigo & Solano 2013,
2020; v: 4030-4190 A, b: 4570-4770 A, y: 5360-5600 A and
7850—8100 A for the TESS filter). We made use of synthetic
spectra as templates for each of the stars that were gener-
ated for spectral normalisation. We experimented with templates
accounting for the rotational broadening as well, but in line
with other CCF-based techniques relying on delta-functions, we
ignored stellar rotation during the synthesis of our templates
to reduce the noise in the measurements due to line blending
caused by the orbital motion exacerbated by rotational broaden-
ing. Assuming an a priori small difference between the T.g’s of
components in the computation of their synthetic spectra would
help us follow which star is which at any given orbital phase,
and their comparisons with the observed spectra without affect-
ing the RV measurements. Hence, we chose a hotter template
for one of the stars (star A) by 50K (Tega = 5750K and
Tegp = 5700K, while fixing vsini = 0.0km s7L, logg=4.16
(cgs) and [Fe/H] =0.0dex for both components). Estimates for
RV uncertainties were obtained as the FWHM of Gaussian fits
to the two-dimensional correlation functions with centres at the
RV for which the two-dimensional correlation function is algo-
rithmically maximised.

We had to discard the TESS wavelength region
(7850-8100 A) dominated by telluric lines. We therefore
determined RVs from the Stromgren passbands and adopted
velocities from a weighted mean of these TODCOR mea-
surements, which we provide in Table B.1 together with their
uncertainties.

The spectral light ratio (Ig//5) is computed from Eq. (A4) in
Mazeh & Zucker (1994). For each spectrum, we determined an
estimate of light ratio uncertainties from the scatter of ten light
ratio measurements in close proximity to the TODCOR maxima.
In Table 2, we provide a list of final measurements as adopted in
this work. We excluded the light ratio measurements at orbital
phases near primary and secondary eclipses. We provide and
adopt the weighted mean of spectroscopic light ratio measure-
ments and uncertainties for each of the wavelength region in
Table 2. The u passband is partially outside the FEROS wave-
length coverage, hence it is not suitable for light ratio estima-
tions.

4 http://svo2.cab.inta-csic.es/theory/fps/
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We verified the TODCOR light ratio measurements on the
basis of computing the relative strengths of a few isolated
absorption lines. Light ratio measurements derived from the ratio
of equivalent widths (EWs) is a well established method (Petrie
1939). We made use of three relatively isolated neutral iron lines
in the wavelength window 5360-5600 A (Strémgren y band)
for this purpose and only used spectra at orbital phases (0.07,
0.93, and 0.94) to avoid line blending as much as possible. We
then measured the EWs of the selected lines absorbed by each
of the components from the Gaussian fits with the ISPEC pack-
age for spectroscopic measurements. We averaged all the line
strength ratios, weighted by the goodness of the Gaussian fits
from all three lines recorded at all three orbital phases (nine
measurements in total) and determined a light ratio value of
Ig/lxn = 1.063 £ 0.021, which is in close agreement (1.307) with
the estimate obtained from TODCOR (1.004 + 0.042). However,
we chose to adopt the light ratios as determined from TODCOR,
which is readily available for wavelength regions we need. They
are also not affected by line blending.

4. Times of minimum light and new ephemeris

The times of minimum light from SAT and TESS data allow
a precise determination of the eclipse ephemeris due to an
extended temporal base-line coverage. For both data sets, we
applied the Kwee & van Woerden (1956) method (KvW) for
the computation of eclipse times. Realistic timing uncertain-
ties were obtained via Monte-Carlo bootstrapping (with replace-
ment) based on 100 000 bootstrap trials. Reducing this number
by half produced identical results. The 16th, 50th and 84th per-
centiles were determined from the resulting distribution provid-
ing a median and +10 uncertainty where the maximum of the
lower and upper percentile was chosen. A total of five primary
and four secondary eclipses were determined from SAT data
from y band data only due to a higher photometric precision.
Tables 3 and 4 provide an overview of measured times of mini-
mum for SAT, and TESS data, respectively.

A new ephemeris based on a weighted least-squares fit was
calculated based on primary and secondary eclipses. We chose
the first primary eclipse of TESS as the reference eclipse (T)
in an attempt to avoid parameter correlation between 7, and
the orbital period P. The scatter around the best-fit line could
either be of astrophysical nature or the timing uncertainties as
obtained from the KvW method (+ bootstrapping) are underes-
timated. We have no evidence for a third body that might intro-
duce eclipse-timing variations. Therefore, we chose to re-scale
(inflate) the KvW timing uncertainties with the reduced \/P in
order to obtain a reduced y? = 1.0. This assumes that we trust a
linear ephemeris with no additional astrophysics that could cause
timing variations. We found this new ephemeris to be

Tin(E) = 2458 517.59882(12) + 497740549(41) x E, (1

where E is the orbital epoch. The root cause for underestimated
timing uncertainties is not fully understood but may be stellar
surface activity. This will be discussed in a later section.

5. Light- and RV-curve analysis

Before we embark on a fully quantitative modelling of spec-
troscopic and photometric data we note the following. From a
visual inspection of the Stromgren and TESS light curves, the
two components of NY Hya are similar to each other in size: the
two eclipses are almost identical in duration and depth. The stars
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Table 3. Times of primary (P) and secondary (S) minima of NY Hya
from SAT data only (combined 97/98 and 98/99 season).

Tmin o Type O-C®

BJD(TDB)-2400000.0  (days) P/S (days)

50833.75770 0.00026 S 0.00024
50845.69227 0.00031 P —-0.00032
50857.62812 @ 0.00023 S 0.00039
50876.72498 0.00051 S 0.00103
51160.77705 0.00018 P —-0.0032
51203.74803 0.00013 P 0.0013

51227.61577 0.00045 P -0.0012
51234.77826 0.00032 S 0.00019
51246.71363 0.00018 P 0.00042

Notes. Light minima were determined as described in Sect. 2.5). Corre-
sponding uncertainties are not scaled. “Not published in Clausen et al.
(2001). @Based on the ephemeris in Eq. (1).

Table 4. Times of minimum of NY Hya determined from TESS SAP
short-cadence data.

Tnin o Type O-C@
BID(TDB)-2400000.0  (days)  P/S  (days)
58517.599300 0.000050 P 0.00048
58519.985500 0.000040 S —0.00035
58522.373050 0.000040 P 0.00017
58524.759320 0.000040 S —0.00059
58527.146730 0.000040 P —0.00020
58536.695020 0.000040 P —0.00002
58539.082630 0.000040 S 0.00056
58541.469390 0.000060 P 0.00029

Notes. We retained 30 points on each side of the minimum flux. Some
eclipses had data gaps within the 30 point span causing a slight increase
in the timing precision. Uncertainties are not scaled. “Based on the
ephemeris in Eq. (1).

appear to be grazing each other during conjunctions resulting in
partial eclipses'”. Furthermore, no interval of flat totality is seen
pointing towards a relatively low orbital inclination. Colour vari-
ations during primary and secondary eclipse are small, indicating
near-identical atmospheric properties of the components. Reflec-
tion effects are likely negligible. The long orbital period implies
this system to be well-detached and hence little deformation in
stellar shape is expected. Out-of-eclipse brightness changes dur-
ing both SAT seasons are present. This can be seen more clearly
from the continuous TESS data. Changes in brightness during
ingress—egress phases within a season are also observed. Sub-
tle changes in the depth of light minima are present. Seasonal
and inter-seasonal variability is likely due to atmospheric surface
activity in the form of spots. Finally, the two eclipses appear at
phase 0.0 and 0.5 indicating a near-circular orbit.

5.1. Strémgren photometry

We modelled the SAT data with the purpose of deriv-
ing passband-dependent light ratios. These can be used to

15 For two similar stars, the amount of light lost during a total eclipse
must be roughly a factor of 0.5. This corresponds to a change of
—2.51og(1/2) = 0.75 mag from the flux out of the eclipses. For NY Hya,
the eclipses are only about 0.30-0.40 mag deep.
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Fig. 4. Strong parameter correlation (Torres et al. 2000) between light
ratio [z /I, and radius ratio for TESS and SAT data. The horizontal lines
show the spectroscopic light ratio for the TESS passband and its uncer-
tainty.

determine Stromgren colours for each binary component. The
modelling of SAT data utilised the JKTEBOP'® (Ver. 41)
code (Southworth et al. 2004b, 2007; Southworth 2013). The
code is an extension of the EBOP code (Etzel 1975, 1981;
Popper & Etzel 1981) and is based on the Nelson-Davis-Etzel
model (NDE; Nelson & Davis 1972; Etzel 1981). The two com-
ponents are modelled as biaxial spheroids for the calculation
of the reflection and ellipsoidal effects, and as spheres dur-
ing the eclipse phases. The validity of applying this model to
NY Hya is warranted: the two components turn out to have frac-
tional radii much smaller than 0.3 (North & Zahn 2004) and the
oblateness of both components was found to be smaller than
0.04 (Popper & Etzel 1981) indicating NY Hya to be a detached
binary system. A best-fit model is determined via a Levenberg-
Marquardt (LM) least-squares minimisation (Press et al. 1992).
For NY Hya, no prior information on light curve parameters
exists and hence we apply a frequentist statistical data modelling
approach.

To investigate whether or not the two SAT data sets (97/98
and 98/99) can be merged we considered each y data set sepa-
rately and determined best-fit parameters and realistic uncertain-
ties. We considered only seven basic parameters: the reference
epoch of primary eclipse Ty, orbital period P, sum of fractional
radii ro + rg where ro = Ra/a and rg = Rg/a with a measur-
ing the orbital semi-major axis and R denoting the stellar radius,
the ratio of radii k = rg/ra, the orbital inclination i, the cen-
tral surface brightness ratio (J = Jg/Ja) and a constant light
scale (sfact) parameter (dependent on the choice of compari-
son/check stars) of the out-of-eclipse baseline magnitude. In this
work, the latter parameter is treated as a nuisance parameter and
we marginalise over it to account for its possible effect on all
other parameters. The NDE model surface integration ring size
was set to 5 degrees (a test with 1 degree resulted in no differ-
ence). The photometric mass ratio was set to force the two stars
to be spherical.

To constrain the ratio of fractional radii (k) we added a spec-
troscopic light ratio as measured from FEROS in the y band (see
Sect. 5.2 and Fig. 4). We quantitatively investigated the parame-
ter consistency between the two data sets and found differences

16 http://www.astro.keele.ac.uk/jkt/codes/jktebop.html
code, which implements the IAU 2015 Resolution B3 (Prsa et al. 2016)
for Solar values.

in the range 1.10 (rp + rg) to 2.000 (J = Jg/Ja). The largest
contribution to parameter uncertainties originates from the 97/98
data due to a larger number of incomplete eclipses. We take this
as evidence to justify a merging of the two data sets in each pass-
band for a final analysis.

In addition to the seven basic light curve model parameters,
additional parameters and their statistical significance were sys-
tematically tested for. RV data were not included at this stage.
We tested for: one- and two-parameter LD laws (with coeffi-
cients fixed / free), orbital eccentricity (e cos w and e sin w), and
third-light (/3). Model selection is based on a standard hypothesis
test invoking the Fisher-Snedecor ¥ -statistic (Lucy & Sweeney
1971) and is akin to a analysis-of-variance (ANOVA) test. At
each testing stage, when including a new parameter, we tested for
the rejection of the null-hypothesis at a 0.1% significance level.
This was done for each additional parameter sequentially. The
parameter that passed the hypothesis test while simultaneously
resulting in a maximum improvement (Ay?) to the model fit,
was then included consecutively replacing the previous model
with an extended model. The testing sequence was then repeated
for all remaining parameters.

We found that the data support the detection of limb-
darkening. The next best improvement in the y? statistic was
found by including a quadratic limb-darkening law. We do not
see any statistical evidence for the SAT data to support a detec-
tion of the e cos w eccentricity term either after the F -test based
model comparison.

An additional consideration examined whether spots during
eclipses could be accounted for with the application of a poly-
nomial trend removal (invoking the poly option in JKTEBOP),
we calculated k with and without detrending while considering
parameter uncertainties from TASK8 and TASK9. We found dif-
ferences at the 0.700 (TASKS) and 1.10- (TASK9) levels. We
conclude that imposing any attempt of detrending the eclipses
does not improve the measurement of k.

We decide to only retain a quadratic limb-darkening law with
coefficients obtained from the LIMBDARK '’ code. Uncertainties
were obtained from proper error propagation by fixing k — 6k, k
and k+ 6k in turn. We scaled data errors to force the reduced y? =
1.0. Final SAT light curve parameters are presented in Table 5.
We note that the best-fit LD coefficients are not to be trusted and
are poorly constrained by the data. Plots of best-fit models in
each SAT band are shown in Fig. 5.

The code allows the simultaneous fitting of RV data
(Southworth 2013). The five parameters are the semi-amplitudes
K, Kg, eccentricity e, argument of pericentre w and the sys-
temic velocity y. Instead of fitting for ¢ and w individually, the
code fits for ecosw and esinw to break a strong correlation
between e and w (Pavlovski et al. 2009). In the code, the parame-
ters e cos w, e sinw, Ty and P are constrained simultaneously by
photometric and spectroscopic data. The inclusion of RV data
can result in a significant improvement in the photometric mea-
surement of e sin w (Wilson 1979). As described in Southworth
(2013), JKXTEBOP allows the two stars to have different systemic
velocities, ya and yg, in order to detect any possible systematic
effects in RVs due to discrepancies between the FEROS spec-
tra and a chosen template spectrum. We fitted for y, and yg
and found a negligible difference at the 0.28¢ level. This result
is consistent with and as expected for two near-identical stars.
Therefore, we fitted for a single systemic velocity. Finally, we
did not perform a 7 -test on RV parameters and assume that the
above model is a correct description of spectroscopic data.

7 https://github.com/john-1livingston/limbdark

A116, page 9 of 34


http://www.astro.keele.ac.uk/jkt/codes/jktebop.html
https://github.com/john-livingston/limbdark

Hinse, T. C., et al.: A&A, 687, A116 (2024)

Table 5. Best-fit photometric parameters for SAT uvby bands.

Parameter u v b y

k Fixed Fixed Fixed 0.999 + 0.020
ra+ B 0.180+0.032® 0.182+0.032® 0.181+0.022®  0.180+0.013 @
i(®) 85.6+13® 855+13® 85.58 +0.89 @ 85.61 +£0.53®
Je/JA 1.003 £0.043 @  1.006 +0.041 ® 1.009 +0.034 @ 1.004 +0.014 @
quad up = ug © 09+1.8® 07+17® 06+12® 0.62 +0.64 ®
quad vy = vg © -0.1£24® 0.26+22® 03+1.7® —-0.01 £0.94 ®
ra 0.090 +0.016 ®  0.091 £0.016 ®» 0.090 £0.011 ® 0.0898 + 0.0067
B 0.090 +£0.016 ®  0.091 +0.016® 0.090 +0.011 @  0.0898 + 0.0065
Ig/la 1.001 +£0.061 @  1.004 +0.059®  1.007 +0.054 @ 1.002 + 0.042 @
RMS (mmag) 17.0 15.0 13.0 11.0

Notes. The ratio of fractional radii k for y data was constrained with an empirical spectroscopic light ratio (lg//x = 1.004 + 0.042). Consistency
checks: Differences in photometric and spectroscopic light ratios: u(n/a), v(0.200), b(0.007), and y(0.0307). We also note the decrease in RMS
scatter consistent with nightly RMS scatter for SAT observations, which further justifies the use of y band data to constrain k. The two limb-
darkening coefficients were freely varying for all four bands and associated uncertainties were found to be large producing unphysical results. The
best-fit Jg/Ja values are all larger than unity for all four bands, and contradict the results using TESS data. A potential path of reconciliation is
found by realising the existence of a strong parameter correlation between the limb-darkening and surface brightness ratio possibly throwing off
the solutions. Considering y data we therefore carried out tests by investigating fixed and varying combinations of the limb-darkening parameters
and found no differences. “From MC. ®From RP-PB. ©)Not to be trusted. For some runs the total limb-darkening was found to be unphysical.
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Fig. 5. Stromgren (SAT) uvby light curves of NY Hya. We show data from the 97/98 and the 98/99 season. The solid line shows the best-fit model
obtained from JKTEBOP. The residuals are shown below each model fit.

5.2. TESS photometry SAT 97/98 and 98/99 eclipses as an additional observational

constraint on the ephemeris. The largest difference in residu-
We also analyzed the TESS short-cadence data (13420 data als between SAT data and the ephemeris was found to be 1.20.
points) since this is the most precise data potentially provid- TESS SC data posits no danger for light curve smearing effects
ing tighter constraints on model parameters as compared to the (Southworth 2011). TESS flux units and associated uncertain-
SAT data. We included all times of minimum light from the ties were converted to magnitudes. The out-of-eclipse baseline
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magnitude was detrended and normalised with a cubic spline
function. Finally, we iteratively removed outliers that are present
in the TESS photometry by rejecting data points lying greater
than 30 from the best fit. We tested for any differences (consid-
ering ry) for a 4o clipping and found none.

We investigated the effect of various LD laws (linear, log-
arithmic, quadratic and square-root) on the fractional radii
(ra,rs). We find no evidence for any systematic errors with
a maximum difference at the 0.02¢ level. Third light was not
detected at a significant level within the TESS aperture mask.
This result is consistent with the high-resolution Lucky-Imaging
observations as well as non-detection of third-light in FEROS
spectra indicating the non-detection of stellar companions. As a
result, we found that accounting for the limb darkening through
the square-root law and the addition of geometric parameter
e cos w improved the success of the fits for a 10-parameter model
statistically significantly. The non-zero eccentricity cannot be
explained by the light-travel time effect because the mass ratio
for the two components is very close to unity. Also, no apsidal
motion is expected for a circular orbit. The RMS scatter for this
10-parameter model was found to be significantly larger than the
mean value of photometric error returned by the LIGHTKURVE
pipeline. We therefore conclude that the original TESS error bars
are underestimated and likely account only for Poisson count-
ing statistics per point. Although we tested with the geometric
parameter e sin w from the pool of parameters, TESS data do not
support the inclusion of e sin w (or any other parameter that was
tested for in the sequence) beyond what was found. Finally, we
note that the F -test is consistent with the general finding that
e sin w is less constrained than e cos w (Kallrath & Milone 2009;
Southworth 2013). Surprisingly, this is also the case for the high-
precision TESS data presented in this work.

For partial eclipses, the ratio of the radii becomes strongly
correlated with orbital inclination and surface brightness ratio
which implies that the light ratio becomes strongly corre-
lated as well with the ratio of radii. We therefore added a
spectroscopic light ratio from FEROS in the TESS passband
(Ig/ln = 1.149 + 0.035) as an additional constraint on the
light curve model (Andersen etal. 1990; Torres et al. 2000;
Southworth et al. 2007). In Fig. 4, we show the results of includ-
ing and not including a spectroscopic light ratio for TESS data.
The difference in photometric and spectroscopic light ratio was
found at a 0.410 level. However, final parameters have been
obtained by adopting and fixing k + dk from the SAT y band
constrained with a spectroscopic light ratio which is much more
accurately determined due to the narrower passband compared
to the TESS filter. The final modelling included times of mini-
mum light from TESS as an additional observational constraint
on the ephemeris.

5.3. Final solution and parameter uncertainties

We fitted clipped TESS data with RVs simultaneously. Although
TESS is a space-based observing platform we cannot rule out
instrument-related correlated noise (pixel-to-pixel variations,
temperature fluctuations, etc) or correlated noise of astrophysi-
cal nature (star spots) that are not accounted for in the modelling
process. We therefore inferred parameter uncertainties from run-
ning the classic bootstrap (TASK7), Monte Carlo (TASKS8, MC)
as well as the Residual-Permutation Prayer-Bead (TASK9, RP-
PB) algorithms within JKTEBOP. As a test we ran 5000 and
10000 trials for TASK7 and TASKS and found no difference.
For the TESS data, we found that the nominal photometric
errors as returned by LIGHTKURVE were underestimated by a

Table 6. Best-fit parameters to the TESS and FEROS data for fixed
values of k as obtained from SAT y band data with proper error propa-
gation.

Parameter Value

To (BID1pp-2458000.0) 517.598957 + 0.000081
P (days) 4.7740563 + 0.0000012 @
ra + 1 0.17789 + 0.00085 ®
i(°) 85.631 £0.035®
J=Jg/Ja 0.9732 + 0.0021 ®
sqrt ua = ug 0.201 + 0.085 ®

sqrt va = v 030+0.14®

Ka (kms™h) 83.81 +0.31 @

Kg (kms™1) 83.29 +0.29 @
eCcosw —0.000106 =+ 0.000046
va =vg (kms™) 40.79 +0.16 @

ra 0.08899 + 0.00090
s 0.0889 + 0.0011 ®
photom. Iz /Il (from k) 1.029 + 0.041 @b
esinw 0.0 (fixed)

e 0.000106 + 0.000046
w(®) 180.0

0.2461 + 0.0026
0.2461 + 0.0026
0.86
0.64, 0.52

pri. T4 (days)

sec. T4 (days)

LC RMS (mmag)

RV RMS A,B (kms™)

Notes. The lower part displays derived (calculated) with fixed quan-
tities indicated. The eclipse duration 7y, was calculated from Winn
(2010) and depends on the stellar radius among other parameters. The
reduced y? for both data sets is ~1.0. Uncertainties are 1o~ (68.3%) con-
fidence intervals chosen to be the larger from MC or RP-PB simula-
tions. The eccentricity assumes esinw = 0.0. The period agrees with
the ephemeris period in Eq. (1) at a 0.300 level. @From MC. ®From
RP-PB.

factor of roughly 1.6 based on the inherent data scatter. There-
fore, for the final uncertainty estimation the input errors were

scaled by \/)(_3 to force the reduced y> = 1.0. The scaling
relies on several assumptions (Andrae 2010): i) errors follow a
Gaussian distribution, ii) the model is linear in all parameters
and iii) the applied model is a correct description of the data. In
Fig. 6, we show the best-fit model and Table 6 lists the final best-
fit parameters. We did not detect any skewness in the resulting
parameter parent distributions for each algorithm and thus report
a symmetric 1o~ uncertainty. Parameter uncertainty covariances
and parameter parent distributions for light curve and RV data
are shown in Figs. C.1 and C.2. We found the PB-RP algorithm
to yield the largest uncertainty for most parameters and refer to
Table 6 for details. In general, we adopt and report the largest
uncertainty for a conservative estimate and refer to Turner et al.
(2016) for a discussion on realistic uncertainties.

Finally, we performed a quantitative auto-correlation test on
the residuals of photometric and RV data. This test aims to
detect any non-random structure or systematics in the resid-
uals indicating a deviation from a standard normal distribu-
tion. For this, we calculated the Durbin-Watson (9) statis-
tic (Hughes & Hase 2010) for each data set and found D =
0.95,2.47 and 1.41 for the TESS, RV (star A) and RV (star B)
data sets, respectively. We show the resulting DW lag plots
in Fig. 7. Relatively, the auto-correlation in the TESS data
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Fig. 6. Result of simultaneous JKTEBOP fitting of NY Hya. Observational data are shown in red and best-fit models as solid lines. No error bars are
plotted. Left column: TESS light curve (top) and FEROS RV curves (bottom). Right column: details of the primary (top) and secondary (bottom)
eclipse clearly showing the presence of time-correlated red noise in the residuals.

is stronger compared to the two spectroscopic data sets. This
result quantitatively confirms the presence of systematic noise
in the TESS data most prominently seen during primary and
secondary eclipses.

6. Physical properites
6.1. Spectral disentangling

In order to disentangle our spectra and obtain a single spectrum
for each of the components, we first performed a preliminary fit
to our RV measurements with TODCOR by making use of the IDL
code RVFIT.PRO (Iglesias-Marzoa et al. 2015), and derived a pre-
liminary set of orbital parameters for the system, which turned
out to be in good agreement with the results from JKTEBOP pre-
sented in Table 6 and hence support our findings from the simul-
taneous modelling of light and radial velocity curves. We made
use of the FDBINARY code (Ver. 3.0; Ilijic et al. 2004) to disen-
tangle our continuum-normalised, composite spectra of NY Hya.
We converted the wavelength axis of the spectra to logarith-
mic units and sampled each spectrum equidistantly by making
use of cubic spline interpolation. We assigned the orbital phases
computed from the linear ephemeris in Eq. (1) to each of the
processed input spectra. We made use of four of the orbital ele-
ments (eccentricity, the longitude of the periastron and semi-
amplitudes) which we derived from our preliminary RV fit. Since
we did not detect a phase shift or apsidal motion in the system,

A116, page 12 of 34

we have fixed the relevant parameters to zero. We set the num-
ber of optimisation runs to 1000 and the number of iterations to
10000.

Spectral disentangling is performed in Fourier space using
the Keplerian RVs based on five orbital parameters by
FDBINARY. Light ratios form an optional parameter set. We
experimented using the light ratios we derived from TODCOR
as well as adjusting them (fixing its value to one for each input
spectrum). We had very similar results in both attempts in terms
of the quality (expressed with the S/N) and depths of the spec-
tral lines. The code outputs the disentangled spectra as well as
the residuals (O — C) and the RVs. We compared the RVs com-
puted by FDBINARY with that from other independent methods
and assessed its results as consistent with the others.

6.2. Stellar atmospheric parameters

The SED analysis, described in more detail in Sect. 7, provides
an estimate for atmospheric parameters of the system. There-
fore, we decided to make use of the synthetic spectrum fitting
technique with these estimates (Valenti & Fischer 2005), bet-
ter suited to estimate the T,y of stars with heavy line blending,
which becomes an important problem in the spectral analysis of
stars on the cooler side of 5500 K. Since other methods heav-
ily rely on EWs of individual lines and their ratios, they are not
deemed to be optimum to extract stellar atmospheric parameters
(Tsantaki et al. 2013).
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Fig. 7. Durbin-Watson (lag) plots for the three different data sets: TESS, RVs of star A, and RVs of star B. A © = 2.0 indicates no auto-correlation
with data randomly distributed following a standard normal distribution. For the TESS data and the RV data of star B (based on two outliers) we
see a positive auto-correlation, while for the RVs of star A we see a negative auto-correlation.

Table 7. Atmospheric parameters of the components in NY Hya.

Parameter Star A Star B
Teqr (K) 5595 + 61 5607 + 61
log g (cgs) 4.2059 (fixed) 4.210 (fixed)
[M/H] (dex) 0.00 (fixed) 0.00 + 0.05
[Fe/H] (dex) -0.01 £0.06  0.02+0.07
vsini (kms™") 1577+134 1571+1.35
Umic (kms™1) 1.05 1.05
Umac (kms™) 3.62 3.66

We used the latest version of ISPEC (Blanco-Cuaresma 2019)
in order to derive the stellar atmospheric parameters of each
component. We first corrected both of our disentangled spec-
tra for the systemic velocity. We made use of the rough esti-
mates for Teg (5550 and 5500 K, for star A and B respectively),
log g (4.15 for both components), and [M/H] (solar abundance)
as initial parameters. We experimented with different amounts
of line broadening to determine an initial value for the projected
rotational velocity (v sin i) by employing the template spectra we
used in the measurement of the RVs with TODCOR for the pur-
pose and determined a value of 15kms™'. Since we expect the
components to be tidally locked we assumed the same rotational
velocity for both of the components. We used the SYNTH3 code
(Kochukhov 2007) for computation, ATLAS9 (Castelli & Kurucz
2003) for the stellar atmosphere model, solar abundances from
Asplund et al. (2009), and a modified version of the VALD line
list in the wavelength ranges of our spectra (Piskunov et al.
1995).

We combined all disentangled spectra from four different
wavelength regions to achieve a global fit consistent with all
of them for both of the spectra separately. We then selected the
entire combined spectra from four different wavelength regions
with ISPEC to fit with the least-squares minimisation method.
ISPEC also filters out the lines from its analysis for which a
Gaussian fit fails. We then ran the code and had our first fits,
which agreed mostly with the observed spectra. However, we
had very large error bars in all parameters and significantly lower
value (logga ~ 3.95 cgs) compared to that we have from the first
light curve modelling attempts (log ga = 4.183, log g = 4.188).

Surface gravity is the least dominant factor in shaping the spec-
tra of cool dwarfs. Therefore, it leads to significant degeneracies
in the fitting procedure and large error bars in all the parame-
ters. Since its effect is only marginal in synthetic spectrum fit-
ting, it will be more adequate to determine log g from light- and
RV curve analysis. Therefore, we fixed the surface gravity at
log ga = 4.2059 for star A and log g = 4.210 for star B from their
measured masses and radii. We found that fixing the parameters
to these values significantly decreased the fitting uncertainties
on other parameters. We provide the values of the atmospheric
parameters for each of the components derived from modelling
of the disentangled spectra in Table 7. In Figs. 8 and 9, we also
provide two spectra for each of the components (star A at the top,
star B at the bottom) from two different wavelength regions to
illustrate the success of our models from the synthetic spectrum
fitting.

We attempted to estimate an age for the system by employ-
ing different techniques for the purpose. We found neither
core-emission signals in the H, line nor the signs of lithium
absorption in the spectra recorded at convenient orbital phases
for the job. We also employed the chromospheric activity indica-
tors Syk and log R;{K determined as 0.37 and —4.5, respectively
by Isaacson & Fischer (2010) from three low S/N (~35 each)
spectra they acquired at the orbital phases 0.65, 0.86 and 0.28 as
a result of which they reported an age of 0.47 Gyr for NY Hya
using calibration relations from Mamajek & Hillenbrand (2008).
These measurements should only be regarded as an upper limit
because any flux velocity-shifted out of the passband will cause
this number to increase to more-active levels when the binarity
is ignored. Applying the empirical X-ray activity based on the
fractional X-ray luminosity (Rx = Lx/Lgo1) vs. age relation from
Mamajek & Hillenbrand (2008), we derived an age of 0.19 Gyr.
However, we defer the age determination to a comprehensive
analysis of the system’s evolutionary history.

6.3. Interstellar extinction and reddening

Correcting for extinction is important to infer an accurate
T estimate from broad- and intermediate-band photome-
try predominantly in the blue wavelength region. Following
Mann et al. (2015) and Aumer & Binney (2009), the effect of
extinction/reddening is essentially zero for stars within 70 pc
due to a low-density cavity defining the ‘Local Bubble’ in the
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Fig. 8. Model and disentangled observed FEROS spectrum in the 4090—
4140 A region. Top panel: disentangled spectrum of star A (plus sym-
bols) and its best model. Bottom panel: same content, but for star B.

solar neighbourhood. This finding is consistent with Reis et al.
(2011) and Bessell et al. (1998) suggesting that reddening may
be ignored for stars within 100 pc (Perry et al. 1982). Therefore,
towards the direction of NY Hya, galactic coordinates (I,b) =
(239°,29°), a small and possibly negligible amount of extinction
is expected at the measured distance of around 106 pc.

The reddening E(B — V) can be estimated from maps
of galactic dust, based on which colour indices can be de-
reddened and an interstellar extinction value (Ay) can be derived.
We made use of the dust maps provided by Schlegel et al.
(1998), Schlafly & Finkbeiner (2011), Green et al. (2014, 2018),
Lallement et al. (2014) and Capitanio et al. (2017) to estimate
the reddening value. In that regard, as pointed out by the ref-
eree, the Schlegel et al. (1998) and Schlafly & Finkbeiner (2011)
dust maps'® estimate the total reddening towards the direction of
NY Hya to infinity. When making use of the NASA/IPAC ser-
vice no distance information is provided. This approach would
overestimate the reddening for NY Hya. Reddening/extinction
at the distance of NYHya is given by the ARGONAUT!’
(Green et al. 2014, 2018) and STILISM?® (Lallement et al. 2014;
Capitanio et al. 2017) tools. Both projects yielded a reddening

18 NASA/IPAC Infrared Science Archive; https://irsa.ipac.
caltech.edu/applications/DUST/

9 http://argonaut.skymaps.info

20 https://stilism.obspm. fr
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Fig. 9. Same as Fig. 8, but for the 5202-5214 A region for star A (fop
panel) and star B (bottom panel).

consistent with zero. From ARGONAUT we found E(B — V) =
0.01f8:8% mag. From STILISM we found E(B — V) = 0.0030 +
0.015 mag. Formally, the resulting (conservative) weighted mean
for the reddening at NY Hya is E(B — V) = 0.0065 + 0.025 mag
(consistent with zero) and was adopted in subsequent calcula-
tions. Reddening values for HD 82074, HD 80446 and HD 80633
were found using STILISM.

We then de-reddened the SAT Stromgren colour indices
using the reddening relations given by Crawford (1975) and
Crawford & Mandwewala (1976). The colour excess for the
(b — y) colour is given as E(b —y) = 0.74E(B — V) (Crawford
1975). The remaining (updated) relations are found from
Crawford & Mandwewala (1976) which were also applied by
Casagrande et al. (2011) and are valid for stars covering a wide
range of spectral types including late-type F-, G- and M-dwarfs.
In particular, the relations E(m;) = (-0.3333 = 0.0051)E(b - y),
E(cy) = (0.1871+0.0071)E(b—y) were implemented in the IpL?!
routine DEREDD.PRO and applied in Southworth et al. (2004b).
In Table 8, we quote the reddening-free colour indices. Uncer-
tainties were obtained from Monte Carlo simulations assuming
Gaussian errors.

We calculated the interstellar extinction using the extinc-
tion laws Ay = (3.14 + 0.10)E(B — V) Schultz & Wiemer
(1975), Fitzpatrick (1999) and Ay = (4.273 £ 0.012)E(b - y)

2l https://www.nv5geospatialsoftware.com/Products/IDL
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Table 8. Extinction-corrected Johnson V magnitude (from extinction law) and de-reddened Stromgren colour indices for NY Hya and (constant)

check stars.

Object Vo (mag) (b = y)o (mag) my (mag) co (mag)

NY Hya 8.564 +0.057 0.439+0.019 0.247 +£0.0093  0.3491 + 0.0078
HD 82074 6.250+0.044 0.503 £0.011 0.2872 £ 0.0069 0.3059 + 0.0063
HD 80446 9.138 £0.048 0.380+0.012 0.1995 + 0.0088 0.3137 + 0.0092
HD 80633 7.385+0.047 0.306+£0.012 0.1622 + 0.0079  0.4239 + 0.0073

Notes. NY Hya is considered as a single star. The values for NY Hya are valid at orbital phase 0.25. Data for the comparison—check stars were
obtained from STILISM with the reddening E(B — V) evaluated at their respective distances (all three are within 78 pc; see text for details).

(Crawford & Mandwewala 1976). We find very good agree-
ments between the various methods at a 0.050" level. In Table 8,
we quote the extinction-free Johnson V magnitudes for NY Hya
and comparison/check stars. We quote the value obtained from
the extinction law. Uncertainties were also obtained from Monte
Carlo simulations assuming Gaussian errors.

In addition, the colour excess E can be calculated via intrin-
sic colour calibration relations based on Stromgren uvby — 8
photometry. We checked the range of validity of two cali-
bration relations (Schuster & Nissen 1989; Karatas & Schuster
2010) for the measured colour indices and 8 value measured
for NY Hya, both of which are valid for late F- to G-dwarfs.
We find good agreement (<1o) between the values we found
based on both calibrations and also with our previous estimates
presented in Table 8. In conclusion, the colour excess estimates
indicate a very small amount of reddening with E(b — y) nearly
being consistent with zero. This implies that interstellar absorp-
tion/scattering is small at the direction and distance of NY Hya.

7. Spectral energy distribution modelling

We compiled archive broad-band (reddened) photometry cover-
ing the wavelength range from far-ultraviolet to mid-infrared to
determine a SED model for NY Hya as a single star. The near-
identical nature of the two stars justifies this and provides a
unique opportunity to determine a relatively accurate estimate
of atmospheric properties. The T.g is most reliable since the
broad-band photometry aims at measuring the flux continuum
and therefore probes various slopes of the SED depending on
wavelength. We assume that the archive photometry data regards
NY Hya as a single star. The resulting T.g will be a mean value
which will be close to the true values for each star. The derived
flux will be overestimated by a factor of two. We first present
some details of photometric sky surveys relevant for NY Hya.

7.1. Broad-band photometry

We obtained broad-band magnitudes of NY Hya from different
photometric archives. Stromgren uvby magnitudes can be recon-
structed from Stromgren colour indices (b — y), my, ¢ and from
assuming Johnson V equals Stromgren y. This assumption is
valid since the two filter transmission profiles are near-identical
(with V more broader than y) and generally there are no strong
features in the V bandpass. Furthermore, the transformation from
the instrumental Stromgren y (Vins) to the standard Johnson V,
based on a large number of bright standard stars, is of the form
V =A+ B(b - Y)st + Yinser (Crawford & Barnes 1970), where the
coefficient B is around 0.02. Since (b — y)y varies from about
0.000 for an AOV star to about 0.500 for a K1V star, the differ-
ence between Johnson V and yj,s, for most of the here relevant
part of the main-sequence stars is between 0.000 and 0.010 mag

(apart from the arbitrary zero point A). On nearly all 63 nights,
the number of bright standard stars was sufficient to ensure a
correct transformation of yjng to Johnson V.

As noted earlier, Paunzen (2015) provides Stromgren data
for NY Hya in his catalogue, but we deem those measurements
not trustworthy. Standard Stromgren magnitudes are given as

y = V (assumed), 2
b=0b-y) +y, 3
v=m +2b-y)+y, 4
u=cy+2m +3b-y)+y, (5)

where the associated 1o uncertainties are found from standard
error propagation, assuming no correlations between uncertain-
ties and independent variables and are given as

oy = oy (assumed), (6)

\ /o-,zjfy +02, N
Ty = Ao, + 4a'i_y +02, (8)

\/0'3] + 4072

gp =

Oy = my

+ 90'%_}, +02. )

We have implemented the above equations and numerically
propagated errors via Monte Carlo simulations and can confirm
the validity of the expressions in uncertainties. We used the V
band estimate and Stromgren colour indices at phase 0.25 (cf.
Table 1). However, we find that the u# and v band estimates are
systematically deviating >100" in all our SED models. We have
therefore not included those points.

We also decided to discard the DENIS?? (Deep Near Infrared
Survey of the Southern Sky; Paturel et al. 2003) I, J, Ks photom-
etry, since the DENIS Johnson J (1.25um) and K (2.16 um)
magnitudes are nearly identical to the 2MASS (Skrutskie et al.
2006) photometry. Given the higher 2MASS photometric preci-
sion (indicated by good survey quality flags), we chose to only
retain the 2MASS data. 2MASS JHK observations were taken
atepoch JD 2451 199.8029. This corresponds to an orbital phase
of 0.17 for NY Hya and hence reflects an out-of-eclipse bright-
ness in each passband. We also ignored the SkyMapper data
recorded in similar passbands ((u, v, g, 1, i, 7)) to other all-sky sur-
veys because they are based on fewer images, even though they
are recorded during out-of-eclipse phases.

We have retrieved raw data from APASS (American Associ-
ation of Variable Star Observers Photometric All Sky Survey;
Henden et al. 2015) via the URAT1 (US Naval Observatory
Robotic Astrometric Telescope; Zacharias et al. 2015) cata-
logue. While the original APASS (DR9) archive does not pro-
vide a Sloan i-band magnitude and measurement uncertainties

22 http://cds.u-strasbg. fr/denis.html
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Table 9. Compiled archive photometric measurements of NY Hya.

Hinse, T. C., et al.: A&A, 687, A116 (2024)

Photometry SED
fuv (mag) 19.989 + 0.128 GALEX Yes
nuv (mag)  14.146 + 0.006 GALEX Yes
gp (mag)  8.9321 +£0.0140 Pan-STARRS1  Yes
rp; (mag)  8.2799 £0.1136 Pan-STARRS1  Yes
ip; (mag)  8.1992 +0.0010 Pan-STARRS1 No
yp; (mag)  8.5613 +0.0650 Pan-STARRS1  Yes
Gpp (mag) 8.764 +0.0031 Gaia (DR2) Yes
G (mag) 8.396 + 0.0013 Gaia (DR2) Yes
Ggrp (mag) 7.898 = 0.0046 Guaia (DR2) Yes
Br (mag) 9.543 + 0.026 Tycho-2 Yes
Vr (mag) 8.723 £ 0.018 Tycho-2 Yes
B, (mag) 9.30 +0.12 APASS Yes
g’ (mag) 9.38 +0.40 APASS Yes
V; (mag) 8.80+0.24 APASS Yes
r’ (mag) 8.68 +0.23 APASS Yes
i’ (mag) 8.08 +0.02 APASS Yes
u (mag) 10.756 + 0.025 This work No
v (mag) 9.717 £ 0.019 This work No
b (mag) 9.028 +0.017 This work Yes
y (mag) 8.584 +0.016 This work Yes
J (mag) 7.330 = 0.020 2MASS Yes
H (mag) 7.016 +0.033 2MASS Yes
K (mag) 6.961 + 0.023 2MASS Yes
W1 (mag) 6.868 + 0.0580 WISE Yes
W2 (mag) 6.924 + 0.019 WISE Yes
W3 (mag) 6.923 +0.016 WISE Yes
W4 (mag) 6.828 + 0.078 WISE Yes

Notes. Notes on various missions and surveys: GALEX (Galaxy Evo-
Iution Explorer, Bianchi et al. 2011) measures near-UV (nuv) and far-
UV (fuv) fluxes. Tycho-2 (Hgg et al. 2000) measures By and V7
fluxes. Gaia (Global Astrometric Interferometer for Astrophysics,
Gaia Collaboration 2018). Pan-STARRS (Panoramic Survey Telescope
and Rapid Response System, Chambers et al. 2016; Flewelling et al.
2020). WISE (Wide-field Infrared Survey Explorer; Wright et al.
2010). Data points that were included in Fig. 10C are indicated
with ‘yes’.

in all five APASS passbands, the URAT1 catalogue does. How-
ever, the data reported in the URAT1 catalogue does not match
the APASS (DRY) catalogue listings. We therefore obtained
unpublished photometry, which were acquired at times outside
eclipses, following a conversation with A. Henden, and calcu-
lated their average values and standard deviations for each filter.
Comparing APASS V; with Stromgren y and Tycho-2 Vy, we
find good agreement and use them in the SED modelling as pro-
vided in Table 9.

All Pan-STARRS (Chambers et al. 2016; Flewelling et al.
2020) data have been included in our analysis except for the ip;
point which we found to deviate by >100 for all our SED models
and hence seem unreliable.

The recently published Gaia DR2 data (Ggp, G, Grp,
Gaia Collaboration 2018) were included in our SED analysis
too. We converted the calibrated flux into magnitudes using the
revised zero-points for each pass-band. Uncertainties were prop-
agated via Monte Carlo simulations. The resulting distribution
in magnitude-space was found to be near-Gaussian. The median
value and 68% confidence interval (x1o0°) was determined to
infer uncertainties in the three magnitudes.
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7.2. SED modelling

We utilised the Virtual Observatory SED Analysis (VOSA?® Ver.
6.0) online tool (Bayo et al. 2008). VOSA derives stellar proper-
ties using theoretical atmosphere models from which synthetic
fluxes are calculated to fit observations of NY Hya. All archival
photometry has been compiled in Table 9. Astrophysical con-
stants follow the IAU 2015 Resolution B3 recommendation for
Solar values (Prsa et al. 2016). All archival photometry is cor-
rected for extinction using R = 3.14 and E(B - V) = 0.0065 mag
(see the previous section), thus avoiding a possible underestima-
tion of the T.s. We also provided a Gaia DR2 parallax to VOSA
allowing a semi-empirical estimate of the total flux emitted and
derived stellar radius.

The five SED model parameters are T.g, surface grav-
ity (logg), metallicity ([m/H]), extinction (Ay; by providing
R = 3.14 and E(B — V) = 0.0065mag) and a flux den-
sity proportionality factor (M) to scale the theoretical spec-
trum to observed fluxes. The surface gravity and metallicity
are generally poorly constrained from broad-band photometry
and are therefore the least accurate quantities. The reduced
x° statistic (y2) is used to assess the quality of the fit. As
a rule of thumb (C. Rodriges, priv. comm.) reasonable accu-
rate SED models have y?> < 50. Errors were found from a
Monte Carlo bootstrapping algorithm and are mainly limited
by the parameter grid mesh for a given atmosphere model.
We searched for best-fit models from the following atmo-
sphere models: KURUCZ (Castelli & Kurucz 2003), COELHO
(Coelho 2014) and a suite of PHOENIX** (Allard et al. 1994,
2012) models: BT-NEXTGEN-GNS93, BT-NEXTGEN-AGSS20009,
BT-SETTL BT-COND, BT-DUSTY: (Allard et al. 2012), BT-SETTL-
CIFIST (Baraffe et al. 2015), NEXTGEN (Hauschildt et al. 1999).
No parameter limits were chosen a priori.

In Table 10 we list the first few best-fit models in order
of increasing x2; the first model is shown in Fig. 10C. We
note that SED models with an outdated solar composition
(Grevesse & Noels 1993; Grevesse & Sauval 1998) tend to sys-
tematically yield lower T.g by about 200 K compared to atmo-
sphere models adopting more recent (Grevesse etal. 2007;
Asplund et al. 2009; Caffau et al. 2009) solar abundances. Con-
sidering the formal uncertainties in 7., this difference between
the competing models is significant. In Fig. 10, we show four
different SED models considering various data sets. Formally,
the best-fit model yields a temperature of T.g = 5700K,
which agrees with the Gaia (Gaia Collaboration 2018) mean
estimate to within 1.70 although the SED uncertainties of 50 K
is generally judged to be likely too optimistic by commu-
nity members. To obtain an idea of a realistic uncertainty, we
refer to the VOSA documentation where the modelling perfor-
mance was investigated by comparing model estimates with
high-quality 7.z estimates of FGK stars from the ELODIE
V3.1 (Prugniel et al. 2007) catalogue. The catalogue was cross-
matched with the Gaia EDR3 catalogue retaining stars with a
parallax >10mas to avoid extinction. For a statistically large
sample and considering the BT-SETTL-AGSS2007 and KURUCZ
models, mean differences in the range 6-50K were deter-
mined. From this, we conclude that the uncertainties in Teg in
Table 10 seem to be realistic given that NY Hya has a parallax
of 1 = 9.4 mas.

2 http://svo2.cab.inta-csic.es/theory/vosa/
% http://phoenix.astro.physik.uni-goettingen.de
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Table 10. Results of the first few best-fit (extinction corrected) SED models for the data in Table 9.

SEDmodel  x3  Ter(K)  logg(cgs)  [m/H](dex) Fio (10%ergem™2s™)  Lya(Lo)
Solar abundances from Grevesse & Noels (1993) or Grevesse & Sauval (1998)
1 153 570050 550+£0.25 -0.50+0.25 10.6232 + 0.0024 3.728 + 0.050
8 20.7 5600 +100 5.00+0.18 -0.50+0.25 10.6481 + 0.0057 3.741 £ 0.051
10 21.2 5600 +100 4.00+0.25 -0.50+0.20 10.6482 + 0.0057 3.742 + 0.051
11 22.5 5600 +100 450+020 -0.50+0.25 10.6632 + 0.0053 3.748 = 0.051
12 234  5600+50 4.00+£0.25 -0.50+0.25 10.7421 + 0.0022 3.775 £ 0.050
13 2377 5600 +50 3.00+0.25 -0.50+0.25 10.7233 + 0.0022 3.769 + 0.050
14 242 5750 125 3.00 +£0.25 0.00 +£0.18 10.5041 + 0.0020 3.690 + 0.049
15 252 5750 +£125 4.50+0.25 0.000 +0.075 10.6022 + 0.0057 3.728 £ 0.051
Solar abundances from Grevesse et al. (2007) or Asplund et al. (2009) or Caffau et al. (2009)

2 193 5800+50 4.00+0.25 0.0+0.20 10.6244 + 0.0023 3.706 = 0.049
3 19.4 5800+50 4.00+0.25 0.0+0.20 10.5432 + 0.0023 3.705 = 0.049
4 194 580050 4.00+0.25 0.0+0.20 10.5467 + 0.0024 3.705 + 0.049
5 19.4 5800+50 5.50+0.26 0.0+0.0 10.567 = 0.022 3.711 £ 0.056
6 19.4 5800+50 4.00+0.25 0.0+0.20 10.5432 + 0.0024 3.704 + 0.049
7 20.2 5700 +50 4.00+0.26 0.0+£0.0 10.632 £ 0.022 3.737 £ 0.057
9 21.0 5800+50 4.00+0.25 0.0+0.20 10.5463 + 0.0023 3.705 + 0.049

Notes. The first model is shown in Fig. 10, panel C. From T and Ly, we calculate the stellar radius to be R = 1.93 + 0.12 R, resulting in a mean
of 0.97 £0.06 R, for each component in NY Hya. Some uncertainties are too optimistic. Models: BT-NEXTGEN-GNS93 (1,11,12,13), KURUCZ (14),

BT-NEXTGEN-AGSS2009 (2,9), BT-DUSTY (3), BT-COND (4), BT-SETTL-

AGSS2009 (6), BT-SETTL-CIFIST (5,7), NEXTGEN (8,10,11), and COELHO

(15) with [a@/Fe] = 0.4 dex. Formal weighted means for old estimates of solar abundances: Ty = 5636 + 25 K, logg = 4.286 + 0.081 (cgs),
[m/H] = —0.167 + 0.056 dex and for recent solar abundances: T.x = 5788 + 18K, logg = 4.202 + 0.096 (cgs), [m/H] = 0.0 + 0.0dex. For a

reference to each model, see text for details.

7.3. Physical properties and photometric distance

Final physical properties of NY Hya were calculated using
JKTABSDIM> (Southworth et al. 2005a, Ver. 15) from the mea-
sured values P, ra, g, i, ¢, Ka and Kg. Consistency is ensured by
implementing the IAU 2012/2015 Resolution B2/B3 (Prsa et al.
2016) for Solar values. Proper error propagation is performed
and we list final values in Table 11.

Tidal interactions in binary star systems will have effects
on both stellar rotation and orbital (mainly eccentricity) evo-
lution (Torres et al. 2010). For the measured orbital period and
mass-ratio the turbulent dissipation and radiative damping for-
malism by Zahn (1977, 1989) predicts a (e-folding) synchroni-
sation timescale of 5.2 Myr and a (e-folding) timescale for orbit
circularisation of 1.3 Gyr. We found the orbit of NY Hya to be
near-circular. However, an indication of system age is obtained
only if the initial orbital eccentricity is known. A circular orbit
does not necessarily imply an old system. As an example, the
V615 Per system has a circular orbit even though the period
is relatively long (13.7 d) and the system is only ~20 Myr old
(Southworth et al. 2004a).

From the measured radii and orbital period, we find the stel-
lar equatorial rotation velocities to be 14.91 + 0.16kms~' and
14.90 + 0.18kms™! for star A and star B, respectively. The
spectroscopic rotational velocities were found to be 15.77 +
1.34kms™" and 15.71 + 1.35kms™' and agree with the syn-
chronous speeds to within 0.640. From this, we conclude that
the system is tidally locked in a 1:1 spin-orbit resonance. This
finding is in agreement with the period analysis of the TESS flux
variation out of the eclipses from which we independently con-
cluded that the system is rotationally synchronised.

Finally, we carried out a consistency check and calculated a
semi-empirical distance from photometry and 7. The photo-

% https://www.astro.keele.ac.uk/jkt/codes/jktabsdim.
html

metric distance to NY Hya is computed from the surface bright-
ness relations (Southworth et al. 2005a) adopting the empiri-
cal calibrations from Kervella et al. (2004) valid for dwarf stars
between spectral types AO and M2. We adopt the spectro-
scopic T.g measurements presented in Sect. 6.2 along with the
2MASS (Skrutskie et al. 2006) standard JHKg magnitudes and
the Stromgren (SAT) derived Johnson V magnitude. We adopted
the interstellar reddening E(B — V) = 0.0065 + 0.025 mag
from Sect. 6.3 to align the distances found in the various pass-
bands. Having experimented with different passband magni-
tudes, which disagreed with each other slightly but provided
photometric distances between 100 and 104 pc, we report a final
photometric distance of 104.1+ 1.5 pc from the 2MASS K band
(Kervella et al. 2004) since this measurement is affected least
from uncertainties in interstellar reddening effects. This Kg-band
distance agrees with the astrometric Gaia DR2 measurement
(106.10 + 0.70 pc) to within 1.3

7.4. Atmospheric properties from empirical relations

The SAT data provide an opportunity for consistency checks
on the atmospheric properties from empirical calibration rela-
tions based on Stromgren colours. For a short review, we
refer to Arnaddttir et al. (2010). We have made use of the
UVBYSPLIT?® code with proper error propagation. The light
ratios in the uvby passbands allow the derivation of Stromgren
colours for each component star. Several calibration relations
for Tes,logg and [Fe/H] exist. In all cases, we checked the
validity of each calibration relation. Uncertainties in the colour
indices were propagated via Monte Carlo simulations assum-
ing Gaussian errors. The uncertainty from the calibration rela-
tion was added in quadrature to obtain the final uncertainty.
This assumes no correlations between uncertainties. Important

% https://www.astro.keele.ac.uk/jkt/codes.html
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Fig. 10. VOSA SED model fits (corrected for extinction) for various data sets of flux measurements for NY Hya. The horizontal lines in the

residual plots mark +3c deviation from the model. Panel A: WISE and 2MASS flux measurements (y>
6.0). Panel C: almost all available archive data with <100 deviations (y?

GALEX fluxes (y?

1.2). Panel B: WISE, 2MASS, and
15.3; see Table 9 for details). Panel D: only

retaining flux measurements around 7000 A (x? = 17.6). The APASS Sloan i measurement deviates at a 8—9¢ level (see text for details). Some
error bars are smaller than the symbol size. In all cases, no infrared excess was detected eventually pointing towards a circumstellar disc and/or a
cool companion. We also note that data for each model has been thinned to reduce data size.

to note is that all calibration relations are based on FGK
dwarfs (more or less). The work in Arnadéttir et al. (2010)
offers some methodology to distinguish between dwarf and
(sub-)giant stars. Based on the measured surface gravities, the
two components in NY Hya are likely dwarf stars still on the
main-sequence.

Olsen (1984) provides a calibration relation (Eq. (14)) for
the metallicity based on standard relations for de-reddened
colour indices (Arnadéttir et al. 2010; Torres et al. 2014). We
find [Fe/H]4 0.17 = 0.18dex and [Fe/H]g 0.15 =
0.18 dex. These estimates, albeit low precision, are consistent
with solar metallicity. Metallicity estimates with high frac-
tional uncertainties are obtained from Casagrande et al. (2011)
and Holmberg et al. (2007) using calibration relations with de-
reddened Stromgren colour indices. We find [Fe/H], = 0.06
0.39 dex and [Fe/H]g = 0.14 + 0.38 dex (Holmberg et al. 2007)
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and [Fe/H], = 0.17 + 0.40dex and [Fe/H]g = 0.23 + 0.39 dex
(Casagrande et al. 2011). Again, these estimates are consistent
with a solar metallicity as was also determined from disentan-
gled FEROS spectra.

Tess are obtained from various sources and some rela-
tions (Holmberg et al. 2007; Casagrande et al. 2011) depend on
metallicity. For solar metallicity, we find Tega = 5561 = 196
K and Tegp = 5591 + 193 K (Alonso et al. 1996, Eq. (9)),
Tera = 5637+179 K and Tegr g = 5669+172 K (Holmberg et al.
2007, Eq. (2), p. 522 considering 0.33 < (b —y) < 0.50), Tega =
5672 + 181 K and Tegp = 5705 + 175K (Casagrande et al.
2011) where we have added 20K in quadrature as an additional
uncertainty in the zero-point of the temperature scale (see their
Table 4). For all these relations, we find an increase/decrease in
Teq of 30—40 K when [Fe/H] is increased/decreased by 0.10 dex.
An unpublished T.g—(b—y), calibration relation is obtained from
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Table 11. Physical properties of the two components in NY Hya as
derived from TESS photometry and FEROS spectral data.

Star A Star B

1.1605 £ 0.0090 1.1678 + 0.0096
15.814 £ 0.040

Parameter

Mass (M)
Semi-major axis (Rg)

Radius (Ry) 1.407 £ 0.015 1.406 + 0.017
logg (cms™2) 4.2059 £0.0089  4.210+£0.011
Usynch (Km s7h 1491 +£0.16 14.90 + 0.18
T (K) 5595 + 61 5607 + 61
log(Lgoi/Lo) 0.243 +0.021 0.246 + 0.022
V (mag) 9.247 + 0.043 9.244 + 0.043
(b —y)o (mag) 0.425 + 0.026 0.420 + 0.025
my (mag) 0.249 + 0.047 0.256 + 0.047
c1po (mag) 0.346 + 0.054 0.346 + 0.054
Mgy @ (mag) 4.133 £ 0.053 4.126 + 0.054
My ® (mag) 4.241 + 0.063 4.231 + 0.064
My ® (mag) 3.483 +£0.045

My © (mag) 3.365 £ 0.022

K dist. (pc) 104.1 £ 1.5

Gaia DR2 dist. (pc) 106.10 £ 0.70

Notes. The systemic absolute V-band magnitude agrees with the fully
empirical measurement obtained from the Gaia parallax to within 1.90.
All magnitudes are extinction—reddening corrected. “Using Mgy o =
4.74 (derived from IAU 2015 Res. B3). ®Derived using bolometric
corrections from Girardi et al. (2002) and adopting a weighted mean of
[Fe/H] = 0.003 +0.046 dex. ©Fully empirical: derived from Strémgren
photometry and Gaia parallax.

Mamajek (2014)%. This relation is independent of metallicity.
However, the median and 68.3% confidence interval for the
metallicity of stars in the sample was found to be 0.0 + 0.2 dex.
We find Tegga = 5648+197 Kand Tegp = 5675+ 194 K. Finally,
Alonso et al. (1996) provide a calibration relation in the infrared
based on TCS J — K colour and thus less affected by interstellar
reddening. We find a mean temperature of (T.g) = 5673 +235K.
In general, we find good agreement with measurements obtained
from FEROS data.

Several survey studies included NY Hya in their spectro-
scopic monitoring programs providing estimates of atmospheric
properties. However, all these studies assumed NY Hya to
be a single star. Measurements of stellar metallicity, surface
gravity, and rotational velocity are all highly likely to be in
error. The only quantity with some accuracy from these sur-
veys is the T.y. As will later be argued, the two compo-
nents in NY Hya are almost identical. Hence various measure-
ments of T.g would represent a mean value not far from the
actual value for each star. The works (no uncertainties were
quoted) in Nordstrom et al. (2004), Holmberg et al. (2007) and
Holmberg et al. (2009) report the same T = 5458 K and
Robinson et al. (2007), McDonald et al. (2012) report 5678 K
and 5719 K, respectively. We find a literature mean value of
5618 K for NY Hya as a single star. Assuming an uncertainty of
100 K this estimate is in good agreement (1.307) with a detailed
spectroscopic analysis presented later in this work and also
agrees (0.2307) well with the Gaia (Gaia Collaboration 2018)
estimate of 5647 + 76 K. Gaspar et al. (2016) reports a stellar
metallicity of [Fe/H]=0.16 + 0.06 dex, but this measurement

27 https://figshare.com/articles/figure/Stromgren_b_
y_colour_Versus_Effective_Temperature_for_AFGK_Main_
Sequence_Stars/949735/1

does not account for binarity as well. Analysing double stars as
single stars can introduce a significant bias in the metallicity esti-
mate.

8. Stellar activity

We performed a period analysis on the three data sets,
(SAT 97/98, SAT 98/99 and TESS). We applied PERIOD04%®
(Lenz & Breger 2005). This package implements the Discrete
Fourier Transform (DFT) algorithm (Press et al. 1992) and is
suitable for the detection of periods in unevenly sampled time
series data. In all three data sets, we removed all eclipses from
the original data.

For the SAT 97/98 season, we show the results in Fig. 11
based on the Stromgren y-band light curve. The first panel shows
the out-of-eclipse variability when all eclipses are removed. The
second panel shows the spectral power for frequencies up to
50 cycles per day (c/d). No significant spectral power is found
beyond this limit. Because of irregular sampling the Nyquist fre-
quency of vny = 123 c¢/d was computed iteratively as the expec-
tation value by means of a histogram analysis, based on recursive
nested intervals (see p. 11 in Lenz 2005).

In Fig. 11B the power spectrum of the recorded data shows
several significant frequencies. We quantify the significance of
a given frequency by calculating the lo, 20 and 30 noise
levels as implemented within PERIOD04. We used the recom-
mended (see p. 14 in Lenz 2005) stepping rate of 1/20T where
T is the observational baseline time period (approximately 150
days). We determined a frequency with maximum power at
f1 =0.21381 + 0.00018 c/d corresponding to a period of around
4.68 days. The best-fit amplitude and phase is of no interest and
was omitted here. The uncertainty in frequency was obtained
using the PERIOD04 built-in bootstrapping error estimation func-
tion. We chose 5000 Monte Carlo simulations. This result indi-
cates that at least one component in NY Hya is contributing to
a periodic modulation of the flux at the orbital phases out of
the eclipses. To determine whether the remaining detected fre-
quencies are real or spurious we pre-whitened the original power
spectrum, as a result of which we ended up with one that resem-
bles the noise level of the original power spectrum indicating
that no further frequencies are to be found within the original
data set.

The power spectrum of the out-of-eclipse fluxes for the
SAT 98/99 data contains more information since the observa-
tion cadence was increased. We applied the same Fourier anal-
ysis methodology as for the 97/98 data set. The mean Nyquist
frequency vny was found to be around 199 c/d. A frequency
of fi = 0.20414 + 0.00031 c/d was found at the 30 noise
level. This corresponds to a period of around 4.89 days and
differs from the SAT 97/98 f; frequency by 27¢. This result
indicates that the out-of-eclipse variability is not constant sug-
gesting a complex variation. The pre-whitened power spectrum
still shows a number of frequencies although at a smaller sig-
nificance (around 2.50°) level. The highest frequency was found
at f, = 0.42824 + 0.00018 c/d and corresponds to a period of
around 2.35 days. This period is close to half the orbital period
of NY Hya. This result suggests that the SAT 97/98 data set now
contains a flux modulation out of eclipses at a period compara-
ble to 1/1 and 1/2 of the binary period. The decrease in power
for the f, frequency corresponds roughly to around 0.50 and
hence the significance of f; and f, are somewhat comparable.
Pre-whitening the original power spectrum with both f and f,

8 http://period0®4.net/
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Fig. 11. Results of the period analysis for the SAT 97/98 y-band data set. Panel A: 404 y out-of-eclipse photometry showing magnitude vs. time
where the primary and secondary eclipses have been removed. The horizontal line is the mean flux out of the eclipses as determined by PERIOD04
and was subtracted prior to the computation of the Fourier spectrum. Panel B: power spectrum and 1,2, and 30 noise levels. A frequency at
fi = 0.2138 c/d is detected corresponding to a period of 4.68 days. Frequencies near 1 c/d are likely daily/nightly alias frequencies. Panel C:
power spectrum of the spectral (data gap structure) window. Panel D: power spectrum after removing the f; frequency component with the highest

power. Panels B and D have the same scale along the y-axis.

results in a power spectrum with no significant (beyond 20) fre-
quency content (between 0.1 and 5 c¢/d).

The TESS data offer the potential for the most detailed
period analysis due to the relatively high sampling cadence and
photometric precision. We first phase folded the complete TESS
data with the orbital period of NY Hya (4.77 days). The result is
shown in Fig. 12. The observations clearly show photospheric
flux changes at phases around 0.30-0.35 and 0.80-0.85 and
hence are separated in time by approximately half an orbital
period. The flux changes at phase 0.30-0.35 seem to change
from orbit to orbit while the flux change at phase 0.80-0.85
are more or less constant. If these changes are caused by photo-
spheric spot evolution, then the TESS data provides strong evi-
dence for the presence of at least two spot features (during the
TESS sector 8 time window) on either one or both components.
Qualitatively, the spot at phase 0.30-0.35 changes in both flux
(low temperature) and longitude/latitude position as the phase
of minimum flux is changing. The spot feature at phase 0.80—
0.85 is clearly larger spanning a longer phase period and also
significantly hotter compared to the previous spot feature. We
also see TESS systematics as discussed earlier, but their pres-
ence does not alter the spot evolution interpretation. Assuming
synchronous rotation (see Sect. 7.3 for an argument to render this
assumption true), the flux feature at phase 0.30-0.35 could be a
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spot located on the inward-facing hemisphere of one component
or a spot located on the outward-facing hemisphere of the other
component rotating into the line of sight of the observer after pri-
mary eclipse at phase 0.0. A similar chain of reasoning applies
for the flux feature at phase 0.80-0.85. Without additional evi-
dence it is impossible to decide whether both features belong to
a single component.

We then computed a power spectrum from PERIOD04 using
the complete flux data with TESS eclipses removed. The mean
Nyquist frequency vny was found to be around 359 c/d. As
before, we have computed 1o, 20~ and 30 noise levels. As a ‘san-
ity check’, we have also computed a power spectrum using a
PYTHON implementation of the LOMBSCARGLE algorithm (part
of the ASTROPY? package). The results were identical. We
omitted the calculation of the False-Alarm-Probabilities (FAPs)
from the LOMBSCARGLE algorithm as FAPs become less reli-
able for time series data with long data gaps (Reegen 2007).
Following successive pre-whitening stages, the first five frequen-
cies were found at f; = 0.2029 + 0.0014, £, = 0.071 + 0.011,
f3=0.4180 +0.0012, f4 = 0.1055 +£0.013 and f5 = 0.64 + 0.31
c¢/d corresponding to periods of around 4.9, 14.1,2.4,9.5 and 1.6
days.

2 https://docs.astropy.org/en/stable/timeseries/
lombscargle.html
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We conclude this section as follows. From the out-of-eclipse
variability in TESS light curves, we have identified two clear
increases in brightness after the 2nd and 4th eclipses. Assuming
that these are the same feature seen twice, we get a rotational
period of about 4.7 days. This was also inferred quantitatively
from a period analysis where we detected a 4.7 and 4.9 day
period when considering SAT 97/98 and TESS out-of-eclipse
data, respectively. This is approximately the orbital period, but
has been estimated from the stellar rotational modulation and not
from orbital eclipses. We can interpret this as being indicative of
at least one of the stars showing star-spot activity at the time of
the TESS observations and that its rotation period is the same
as the orbital period, i.e. the star has synchronous rotation. The
synchronisation between the rotation of the components and the
orbital period points towards a not very young system, with an
age of at least few million years (see Sect. 7.3). Unless the stel-
lar rotational velocities (v sin i) are significantly different (which
they are not) it is not possible to work out which of the stars
shows this spot activity. Evidence for photospheric activity via
star-spot(s) is supported from spectroscopic observations. Sev-
eral FEROS spectra exhibit clear Ca II K and H core emission
lines (see Fig. 13) for each component which usually indicates
photospheric activity.

From catalogue data, NY Hya appears to be active. This
is supported by photometric data (Clausen et al. 2001) which
shows out-of-eclipse variations in the Stromgren bands with an
approximate 0.04 magnitude variability.

Smoking-gun evidence for stellar activity is found via the
detection of significant X-ray emission with ROSAT and XMM-
Newton. Szczygiet et al. (2008) used the ROSAT X-ray fluxes
to determine a hardness ratio of 0.48 and estimate the system’s
bolometric and X-ray luminosities. They found log(Lx/Lpo1) =
—4.26 indicating a strong X-ray emission often associated with
stellar youth as a first interpretation. They estimate a Rossby
number of 10g(P;ot/Tcony) = —0.51 assuming NY Hya to be a sin-
gle star. Stellar activity was also reported by Isaacson & Fischer
(2010) and Pace (2013) from spectroscopic observations mea-
suring the core-emission component in the Ca II K and H lines.
They reported logR’HK = —4.463 and Sx = 0.375, respec-
tively, indicating a high level of chromospheric activity. How-
ever, these values should be treated with some caution since
the binary nature of NY Hya might have shifted the Ca II lines

away from their respective spectral windows used to define the
Ry index. No observational time stamps were provided by the
authors to determine an orbital phase.

9. New Gaia astrometry and stellar kinematics

From the Gaia satellite (Gaia Collaboration 2018; DR2), the
stellar parallax of NY Hya was measured to be 7 = 9.429 +
0.062 mas (fractional uncertainty of o,/m =~ 0.0066). From
d = 1/m and Monte Carlo error propagation, the median dis-
tance to NY Hya is found to be d = 106.10 + 0.70 pc. The
new Gaia parallax measurement is a significant improvement
on the revised HIPPARCOS (Hgg et al. 2000) measurement of
= 1222 + 1.16 mas (van Leeuwen 2007).

NY Hya has Gaia DR2 proper motion in RA and Dec mea-
sured to be y, cos § = —60.06 + 0.14 mas yr~! and u; = 48.16 +
0.23 mas yr~!, respectively. The total on-sky proper motion is
found to be 77 mas yr~!. This can be used to identify any unre-
lated background source. We compared the sky region towards
NY Hya as observed by the Palomar Observatory Sky Survey
(POSS I and II)** providing archive imaging data from the
1950s. Since then around 70 yr have elapsed implying NY Hya
to have moved around 5 arcsec on the sky. This is too small a
displacement in order to be able to ‘look behind’ NY Hya, in an
attempt to detect any unrelated background sources.

Combining the Gaia proper motion and distance results in
a tangential velocity of 38.7 + 0.27kms~!. From modelling
spectroscopic observations (see Sect. 3) the systemic RV to
the binary barycentre was measured to be 40.79 + 0.16 kms™".
By combining the total proper motion, distance and RV of
NY Hya we find the galactic (J2000.0) 3D space position
(X,Y,Z) = (-48.19 + 0.32,-79.24 + 0.52,51.44 + 0.34)pc
and space velocity (U,V,W);sg = (—41.90 = 0.25,-3.01 %
0.15,18.21 + 0.11)kms™! relative to the local standard of rest
(LSR), assuming a solar motion of (11.10,12.24,7.25)kms™!
from Schoénrich et al. (2010).

The position and kinematics can be used to make infer-
ences of the galactic population of NY Hya (Bensby et al. 2003;
Soubiran et al. 2003) including an estimate of the system life-
time if identified with a stellar association. We applied GALPY"!
and qualitatively searched the neighbourhood of NY Hya for any
obvious cluster membership. A search out to a distance of 80 pc
from NY Hya did not result in any obvious cluster membership.
In the U — V space we found a small over-density of stars, but
it is located more than ~10pc from NY Hya. We also applied
the BANYAN-Z (Gagné et al. 2018) code®? and found no cluster
membership to any of the 27 known young associations within
150 pc. A probability of 99.9% of NY Hya being a field star was
returned. Therefore, no obvious relationship to any star asso-
ciation was found, significantly diminishing the possibility of
age determination via main-sequence fitting. We also calculated
the membership probability of NY Hya belonging to the thin,
thick or halo population (Reddy et al. 2006; Bensby et al. 2014).
From Bensby et al. (2014), we find percentage probabilities of
(Pthin» Pihick> Phato) = (97.7,2.3,<0.1)% indicating that NY Hya
belongs to the galactic thin disc population. Stellar ages for this
population are in the range from 0 to 10 Gyr and thus the lifetime
of NY Hya is unconstrained from 6D kinematical considerations.

30 http://skyserver.sdss.org
3 https://docs.galpy.org/en/v1.6.0/
32 http://www.exoplanetes.umontreal.ca/banyan/
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10. Comparison with stellar evolution models

NY Hya is among a small number of bright detached eclipsing
binary systems for which most relevant physical properties for
the component stars are constrained by observations (masses,
radii, temperatures, luminosities, metallicity; Torres et al. 2021).
This allows for stringent tests of stellar structure and evolu-
tion model predictions, including models that incorporate non-
standard physical ingredients (e.g. star spots, magnetic fields).

Comparisons with stellar structure and evolution models were
performed using models from the Dartmouth series (Dotter et al.
2008; Feiden 2016). Models used in this analysis deviate
from the original Dartmouth Stellar Evolution Program release
(Dotter et al. 2008, DSEP) with changes that make them more
suitable for studying M-dwarfs and pre-main-sequence (PMS)
stars (see, e.g. Feiden 2016). There is also a difference in
the adopted solar composition, with Feiden (2016) adopting a
more recent solar Z/X value (Grevesse et al. 2007) compared to
Dotter et al. (2008). Differences in fundamental stellar properties
in the solar-mass regime are small owing to both model sets cali-
brating to the Sun. This calibration mitigates differences in model
predictions owing to variations in the adopted physics and solar
composition. The primary reason for choosing this model set was
the ability to perform controlled numerical experiments by calcu-
lating standard and non-standard (e.g. magnetic, reduced amrr)
evolution models with otherwise consistent physics.

We used a grid of stellar model mass tracks and isochrones
that are described in Feiden et al. (2021). For this work, the grid
was extended to include masses between 0.8 My and 2.0 M,
with a grid spacing of 0.05 M, above 1.0 M. Metallicity values
in the grid ranged between —0.7 < [Fe/H] < +0.5 with a spacing
of 0.1 dex. Simple isochrones were computed for ages between
0.1 Myr and 10 Gyr with an age spacing approximately equal to
10% of the isochronal age (e.g. 0.1 Gyr for ages >1 Gyr).

10.1. Model inference procedure

Testing the validity of stellar model predictions was done using
three procedures: (1) an initial by-eye comparison, (2) estimat-
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ing the most probable model properties for each component in
NY Hya using a Markov Chain Monte Carlo (MCMC) method,
and (3) individual modelling of the two components based on
measured properties (cf. Table 11). The latter approach was only
used for conducting controlled experiments using non-standard
model physics (cf. Sect. 10.3).

By-eye relied on comparing a number of stellar model
isochrones to the properties of NY Hya to establish an approx-
imate model age and metallicity. The intention was to provide
a check on the MCMC analysis and provide a baseline for
performing controlled experiments with non-standard models,
should they be needed. Results of the by-eye comparison were
also used to set initial conditions in the MCMC algorithm (see
below), though testing revealed the results were insensitive to
this choice.

Posterior probability distributions (PPDs) for the inferred
stellar evolution model properties were integrated using an
MCMC method. We used emcee (Foreman-Mackey et al. 2013)
to implement an affine-invariant ensemble sampling algorithm.
Our likelihood function is the same as that used by Mann et al.
(2015). This included a uniform prior distribution for the com-
ponent ages, a choice that could be improved in the future to
disfavour phases of rapid stellar evolution. The set of unknown
parameters was taken to include the system age, system metallic-
ity, and the two component masses. Each of these parameters has
an associated prior probability distribution that helps constrain
the permitted model results. These four parameters are required
to specify a unique set of model properties (radius, luminosity,
and temperature) for each component that are constrained by
observations.

Our analysis used 100 walkers taking 1000 steps yielding a
total of 100 000 random samples of the joint posterior probabil-
ity distribution. We experimented with larger simulations con-
taining 1000 walkers with 100000 steps, but found the results
were nearly identical to the smaller simulation. Each walker was
seeded using a value for each unknown parameter drawn from
a Gaussian distribution centred on the results of our initial by-
eye comparison. Simulations seeding the walker with random
values for each unknown parameter did not affect our results,
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but did require more steps for convergence. For each random
realisation of the unknown system properties, a corresponding
set of individual component properties were found by linearly
interpolating within our grid of stellar model isochrones (see e.g.
Mann et al. 2015; Feiden et al. 2021). The age sampling in our
isochrone grid was fine enough that linear interpolation provided
reliable results as long as the model stars were not ascending the
red giant branch. Given the estimated logg for each star was
greater than 4.0, our lack of resolution on the red giant branch
was not a problem.

10.2. Standard models

Results from our initial by-eye comparison of NY Hya’s
observed component properties to standard stellar models are
shown in Figs. 14 and 15. Each figure plots three stellar model
isochrones with different metallicities and ages that were found
to best reproduce the observed data (filled points). Figure 14a
demonstrates that finding agreement in the mass-radius plane
can be accomplished using models of almost any metallicity.
Predictions for the system age differ, with lower metallicity mod-
els producing younger ages. We find a predicted age of about
4.4 Gyr at solar metallicity, 5.7 Gyr when [Fe/H] = +0.20, and
7.3 Gyr with [Fe/H] = +0.40.

To discriminate between models with different metallicities,
we need information from the mass-T.g plane. Figure 14b shows
that only super-solar metallicity models with [Fe/H] ~ +0.40 are
able to reproduce the observed T.gs from spectral synthesis
(Ter =~ 5600K). This result disagrees significantly with esti-
mates that the system has a near-solar metallicity. However,
results from SED fitting did suggest a higher metallicity and high
Terr (Terr, sep ~ 5800 K) was plausible. In this case, super-solar
metallicity models are still required to find agreement with the
observed T.gs, with [Fe/H] ~ +0.20.

To estimate uncertainties associated with our by-eye analy-
sis and more rigorously explore the age-metallicity parameter
space, we ran a series of MCMC simulations to estimate the
joint posterior probability distribution for the model-predicted
NY Hya properties. To constrain the system’s age, we first per-
formed a comparison with standard stellar evolution models at
a fixed metallicity, [Fe/H] = +0.00. Resulting PPDs for the sys-
tem parameters were bimodal, suggesting NY Hya could either
be a young, PMS system (7,ee ~ 10Myr) or an older main-
sequence system (7yge ~ 5 Gyr). PPDs for the component masses
and component radii were consistent within the 1o~ uncertainty
of the observations. However, model T.gs were inconsistent with
the measured values in each case, similar to what was found in
the by-eye analysis. Assuming a young 10 Myr age implied that
model T.gs were about 700 K cooler than our measured 7egs.
Conversely, assuming a main-sequence age implied model Tegs
were about 700 K warmer than the measured values.

A second series of simulations relaxed the fixed-metallicity
assumption to allow for any metallicity values available in the
model grid. We applied a Gaussian prior probability distribution
centred on the estimated value ([Fe/H] = 0.07+0.1), but that only
weakly constrained the simulation results. We did enforce that
both stars should have the same age and metallicity, assuming
that a single system age and metallicity should apply. The result-
ing PPDs for the system parameters were again bimodal, but
with strong correlations between metallicity and age. Younger
solutions (~10 Myr) were predicted to be sub-solar in metallic-
ity, while older ages (~6 Gyr) were decidedly super-solar.

This result is not surprising given the results of our fixed-
metallicity simulations. Solutions suggesting the system has a
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Fig. 14. Mass-radius (fop panel) and mass-T g (bottom panel) diagrams
showing the components of NY Hya (solid points) against three stan-
dard Dartmouth stellar evolution models. The age-metallicity combina-
tions of the isochrones are ([Fe/H], 7,4.) = (+0.0, 4.4 Gyr; solid line),
(+0.2, 5.7 Gyr; dashed line), and (+0.4, 7.3 Gyr; dash-dotted line).

young age were found to be too cool compared to the observa-
tions, and the opposite was true for older age solutions. Lowering
the metallicity increases stellar T.gs, while increasing the metal-
licity has a cooling effect. The joint PPDs from the variable-
metallicity runs highlight this effect as the simulations attempt
to balance the T offsets by offsetting the system metallicity.

The young sub-solar solution suggests the system has an age
Tage = 12 Myr with [Fe/H] = —0.35 £ 0.09 dex. The measured
properties of the individual components are largely reproduced
within the 1o observational uncertainties (see Table 11). How-
ever, the radius of star A is not well reproduced. The model solu-
tion predicts that NY Hya A is smaller than observed by about
2.7% (2.50). Despite this, the solution could be viable.

There are two main difficulties with a young, metal-poor
solution. The first issue is that the PMS phase is rapid com-
pared to the overall lifetime of the star. NY Hya is not defini-
tively associated with a young group. Thus, the prior probability
of NY Hya (a random field star system) being this young is rel-
atively small. The second problem is that models predict a sig-
nificant abundance of lithium for a star of this mass at 12 Myr,
with A(Li) =~ 3.3. This is a testable prediction. However, there
are no clear Li absorption lines present in the spectra of NY Hya
(cf. Sect. 6.2). With no observational evidence of youth, a PMS
solution is unlikely.

Alternatively, the older, super-solar metallicity solution sug-
gests the system has an age T,ee = 6.5Gyr with [Fe/Hl]iy;
= +0.30 = 0.07 dex. The measured masses and radii of the
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tion model isochrones (solid lines) and a single stellar evolution model
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to provide contrast with the individual mass track. From left to right
(warmer to cooler), the isochrones are ([Fe/H], Tye) = (+0.0, 4.4 Gyr),
(+0.2, 5.7 Gyr), and (+0.4, 7.3 Gyr). The stellar evolution mass track is
showing an M = 1.160 M, model with [Fe/H] = +0.4.

individual components are reproduced within 1o of the mea-
sured values. T.gs predicted by models are too warm by about
100 K, placing them within about 1.50 of the measured Tegs.
While the initial metallicity is significantly higher than the solar
metallicity estimate, gravitational settling and diffusion acting
over the lifetime of the model star suggest the metallicity at
the main-sequence turn-off is about 0.1 dex lower than the ini-
tial value. This appears to be a viable solution. While encourag-
ing, the difficulty with an older super-solar metallicity solution is
that both stars must be at or just older than their respective core
hydrogen exhaustion ages. This solution is a priori unlikely.

The problem with the old age, super-solar metallicity solu-
tions predicted from by-eye fitting and the MCMC integration is
that the resulting models are found to be just at the start of a rapid
phase of stellar evolution. This is illustrated in Fig. 15, where
an individual model mass track for an M = 1.160 M, star with
[Fe/H] = +0.40 is shown as a dotted line. The stars in NY Hya are
right at the nexus of the core hydrogen burning phase and a pro-
ceeding period of core contraction prior to the establishment of
hydrogen shell burning, where the mass track increases in lumi-
nosity and Teg. This phase of evolution is brief (r ~ 0.26 Gyr)
compared to the overall lifetime of the star (7 = 8.5 Gyr). While
it is not unfathomable that both stars would be near the end of the
core hydrogen burning phase, the a priori probability of finding
a star at this critical phase is small. Further evidence is needed
to definitively establish the evolutionary stage of NY Hya.

10.3. Non-standard models

A standard model solution that finds both stars on the main-
sequence does not appear to exist without modifying the phys-
ical ingredients of the models. PMS and main-sequence turn-
off solutions exist, but should be viewed with scepticism in the
absence of further observational evidence. Instead, we inves-
tigate the possibility that non-standard physics are required
to reproduce the observed properties of NY Hya. We make
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the explicit assumption that the stars should be on the main-
sequence to avoid them existing at rapid phases of stellar evo-
lution. Non-standard physics for this study include a modified
convective mixing length, inhibition of convection due to mag-
netic fields, and the influence of star spots on stellar properties.

10.3.1. Convective mixing length

Convection in one-dimensional stellar evolution models is pre-
scribed using a phenomenological approach known as mixing
length theory (MLT). In MLT, a convective flow is described by
means of a buoyant adiabatic fluid parcel traversing a distance
¢ = amurH, before mixing with its surroundings. Here, H), is
a local pressure scale height and apr is a free parameter often
chosen so that a 1 M, stellar model reproduces the solar prop-
erties at the solar age (4.56 Gyr). However, there is no strong
a priori justification for this parameter remaining constant with
model mass, or through a single stellar model’s evolution. As
a first approach to exploring whether main-sequence solutions
exist for NY Hya, we investigate the impact of the convective
mixing length parameter ar.

Results from a series of models with a reduced ayit are
shown in Fig. 16. Stellar evolution models were computed with
the measured masses My = 1.160 M and Mg = 1.168 M, at
solar metallicity and [Fe/H] = +0.2. We attempted to keep the
metallicity as close to solar as possible while still finding a solu-
tion. For each mass and metallicity combination, a series of mod-
els were calculated with apgt = 0.75, 1.00, 1.25, 1.50 for com-
parison with our solar-calibrated apir,o = 2.04.

Figures 16a—d illustrate how the model radii and T.g evolve
with time for the standard case (solid line) and adjusted mixing
length models (dashed lines) at solar metallicity. As is expected
for inefficient convection, the stellar radius increases and the 7.
decreases at a given age as the mixing length decreases. The
inferred age of NY Hya is reduced to 2—4 Gyr based on radius
measurements for the two components. However, an ayir <
0.75 is required to produce agreement with the T (as deter-
mined from spectral synthesis) at an age consistent with stellar
radii assuming a solar metallicity. To match the T ¢ determined
from SED fitting (dot dashed line), the mixing length parameter
needs to be apgr = 1.00.

Models computed with a super-solar metallicity
[Fe/H] =+0.2 require 1.00 < apmpr < 1.25, as is shown in
Figs. 16e—h. One would infer an age for NY Hya of 3.1-4.5 Gyr.
Increasing the metallicity further allows for main-sequence
model solutions with higher values of ayyr. This is the result
of higher metallicity models having naturally lower Tegs prior
to amrr adjustments. It appears that artificially lowering the
convective mixing length through modifications to appr can
produce the intended results: agreement between models and
observations at a main-sequence age. Unfortunately, changing
ayrr carries no immediate physical meaning. It is not possible
to immediately diagnose why a reduced apr is required.

10.3.2. Magnetic inhibition of convection

Reducing the efficiency of convection by tuning the convective
mixing length parameter (ayr) can bring model predictions into
agreement with the measured properties of NY Hya A and B.
This is particularly true if the two stars have a slightly super-solar
metallicity, with [Fe/H] = +0.20. However, this approach is phe-
nomenological in nature and does not lend physical insight as to
why convection may be inefficient in these stars. One testable
explanation for inefficient convection is that strong magnetic
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Fig. 16. Stellar evolution mass tracks for NY Hya A and B computed with different values of the convective mixing length parameter, ayr =
0.75, 1.00, 1.25, 1.50, 2.04. Panels a, c, e, g show model radii and T.gs as a function of age, respectively, for mass tracks with M = 1.160 M,
(NY Hya A). Decreasing ayyr leads to larger radii and cooler temperatures at a given age. Panels b, d, f, h are the same, but computed with
a model mass M = 1.168 M, (NY Hya B). Solar metallicity models are shown in panels a—d and super-solar metallicity models are shown in
panels e—h. The horizontal short-dashed lines indicate the measured values from Table 11; the horizontal solid lines indicate the corresponding
1o uncertainty. The horizontal dot-dashed lines in the 7. panels represent the 7.y measured from SED fitting. The grey shaded regions indicate a

model-inferred age range.

fields are inhibiting convective flows thereby suppressing con-
vective energy transport. Magnetic inhibition of convection has
been previously shown to explain differences between model
predictions and observations of the properties (radii and Tegs)
for the solar-type detached eclipsing binary EF Aqr (Vos et al.
2012; Feiden & Chaboyer 2012).

The hypothesis that magnetic inhibition of convection is
responsible for the noted disagreements between main-sequence
stellar models and the measured properties of NY Hya A and
B is tested using magnetic Dartmouth stellar evolution mod-
els (Feiden & Chaboyer 2012). Individual mass tracks were
computed for each NY Hya component assuming multiple ini-
tial metallicity values ([Fe/H]=[0.0, 0.2]dex) and a range
of surface-averaged magnetic field strengths ((Bf)=1[0.3, 0.6,
0.9, 1.0, 1.1, 1.2]1kG). The surface-averaged magnetic field is
assumed to be constant throughout the model’s evolution. While

not necessarily realistic, the impact of magnetic inhibition of
convection on the predictions of main-sequence stellar proper-
ties at a given age were found to be insensitive to the magnetic
field strength evolution (Feiden & Chaboyer 2012). Masses for
the individual components were taken to be the most probable
values from Table 11. Deviations from the most probable value
of the order of the observed uncertainty are not large enough to
affect the overall conclusions of our magnetic model analysis.
Results from our magnetic stellar model analysis for a solar
and super-solar metallicity are shown in Fig. 17. We find that
with magnetic models, model radii are consistent with the mea-
sured radii during the model’s main-sequence lifetime. Esti-
mated ages are between 4 and 5 Gyr for solar metallicity models
(Fig. 17a—d), and between 5 and 6 Gyr for super-solar metal-
lictiy models (Fig. 17e-h). However, assuming an initial solar
metallicity produces models with Tgs higher than the measured
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Fig. 17. Stellar evolution mass tracks for NY Hya A and B showing the temporal evolution of model radii and T.ts between 1 and 7 Gyr
that include magnetic inhibition of convection. Mass tracks are computed with different values of the surface magnetic field strength, Bg,s =
900, 1000, 1100, 1200 G. Increasing surface magnetic field strengths leads to larger model radii and cooler T, values at a given age. Panels a,
¢, e, and g are computed with M = 1.160 M, for NY Hya A, while panels b, d, f, and h are computed with M = 1.168 M, for NY Hya B. Solar
metallicity models are shown in panels a—d and super-solar metallicity models are shown in panels e—h.

values by 300 K-400K at the age where models reproduce the
measured stellar radii. Adopting a super-solar initial metallicity,
[Fe/H] = 0.2 dex, yields model T.gs that are about 200 K higher
than the measured values. In the latter case, magnetic mod-
els agree with Tgs estimated from SED fitting (~5800 K), but
they are nevertheless discrepant with estimates from the detailed
spectroscopic analysis.

Assuming the components NY Hya A and B have T.gs more
consistent with the SED fitting analysis (Teg ~ 5800 K)*3, mod-
els suggest a super-solar metallicity for the system. An initial
metallicity of [Fe/H] = 0.2 dex provides a viable main-sequence
solution, which after diffusion has a final metallicity of [Fe/H]
= 0.1 dex. Magnetic stellar models suggest that the best-fit
surfaced-averaged magnetic field is (Bf) = 1.0 + 0.2 kG to
provide a main-sequence solution for both stars at the same
age. Given the similarities in stellar mass, the two components

33 This assumes a more modern solar composition for the SED fitting
consistent with the adopted stellar model solar composition.
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have approximately the same surface-averaged magnetic field
strength. This restricts the age of the NY Hya system to Tage =
5.3+ 0.3 Gyr.

10.3.3. Star spots

Star spots can potentially affect stars in multiple ways depend-
ing on the timescale over which the star spots exist on the stellar
surface. If star spots are transient features that appear and disap-
pear rapidly relative to the star’s thermal timescale, spots should
have a limited effect on the star’s thermal structure. Transient star
spots will cause the star’s average surface temperature to appear
cooler than the ambient photosphere and will cause a temporary
decrease in the star’s observed luminosity. However, if star spots
are not transient features, they may cause the star to restructure to
maintain thermal equilibrium (e.g. Spruit 1982; Spruit & Weiss
1986; Somers et al. 2020).

We evaluate whether transient spots can produce the
observed temperature disagreements between observational
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measurements (Table 11) and standard models (see Sect. 10.2)
using a simple phenomenological model. Transient spots would
leave the stellar radius unaffected and cause a decrease in bolo-
metric luminosity due to a cooler average surface temperature.
Mathematically,

() = 1-o(1-o)

Tetr,0

where Teg is the Ter of a spotted star, Teg, ¢ 1S the Teg of a similar
unspotted star, o is the areal surface coverage of star spots, and
@ is the temperature ratio between the spots and ambient photo-
sphere. Assuming that star spots on NY Hya A and B have sim-
ilar characteristics to sunspots, @ = 0.65 (Solanki 2003), each
star requires an areal surface coverage of star spots o = 0.40
to produce the observed 5600 K T compared to solar metallic-
ity model predictions of 6200 K. This surface coverage trans-
lates to an approximate mean surface magnetic field strength
by assuming star spots are formed by equipartition strength
magnetic fields (Torres et al. 2021). This yields an estimate of
(Bf) = 760 G, which is roughly consistent with magnetic model
predictions (see Sect. 10.3.2) and further supported from a semi-
empirical estimate based on the observed X-ray luminosity (see
Sect. 10.4).

If star spots affect a stars’ internal structure, they pro-
duce effects similar to magnetic inhibition of convection
(Somers et al. 2020). We test whether long-lived star spots can
explain the observed properties of the NY Hya stars using
SPOTS models (Somers et al. 2020). These models assume a
solar metallicity and are calculated with a fixed temperature ratio
of w = 0.8 between spots and the stellar photosphere. SPOTS
models are computed on a fixed-mass grid, so we adopt a mass
M = 1.15 M, for our comparisons. Spotted models reproduce
the radii of NYHya A and B at ages between 1.75 Gyr and
4.75 Gyr, depending on the surface coverage of spots. High cov-
erage fractions produce the observed radii at younger ages. How-
ever, only SPOTS models with a surface coverage f > 0.80 are
able to reproduce the measured T.q ~ 5600 K. In this case, the
inferred age for NY Hya is 7,5 = 2.0 = 0.3 Gyr. By contrast, a
surface coverage of f ~ 0.55 is required to produce models with
Ter ~ 5800 K, leading to T,e = 3.0 + 0.5 Gyr.

There are a couple reasons to be sceptical of these results.
First, the assumed temperature ratio @ = 0.8 is not necessar-
ily representative of spot temperatures on the stars of NY Hya,
which could be as low as @ = 0.65. Cooler spots would lead
to a lower surface coverage required to reproduce the observed
properties of NY Hya. Assuming luminosity is conserved dur-
ing spot-driven inflation, the required surface coverages would
decrease to f ~ 0.55 and 0.40 for T.g ~ 5600 K and 5800K,
respectively. A second reason is rooted in the assumptions built
into the SPOTS models, which prescribe surface boundary con-
ditions for stellar models based on the temperature structure for
the ambient photosphere. This works well for lower surface cov-
erages, but is a questionable assumption when spots cover over
half of the stellar surface, at which point the temperature struc-
ture for the spotted surface may be more appropriate (similar
to a cool star with hot spots). However, this scepticism cannot
be used to rule out the possibility that star spots are responsible
for difference between standard stellar models and the measured
properties of NY Hya A and B.

In summary, a surface coverage of approximately 40% for
each star is required for short-lived star spots to reproduce the
properties of NY Hya. However, a surface coverage of 55%—-80%
is required if star spots are long-lived and affect stellar structure.

(10)

10.4. Semi-empirical estimate of magnetic field strength and
total X-ray luminosity

We performed a consistency check on the best-fit magnetic field
strength required by the non-standard stellar evolution models.
An independent estimate of the surface averaged mean mag-
netic field strength (Bf) and total X-ray luminosity log Lx can be
obtained by following the methodology described in Torres et al.
(2014).

The method is semi-empirical partially relying on theory. A
power-law relationship between (Bf) and the Rossby number
R, = Piot/7. was given in Saar (2001) where Py is the stel-
lar rotation period and 7. is the convection turnover time. For
NY Hya, the measured rotation velocities and stellar radii for
the two components are consistent with a derived stellar rota-
tion period equal to the orbital period within uncertainties. This
implies that the stars are tidally locked and rotate synchronously
as noted earlier. We therefore set P, = Pop. The convection
turnover time is estimated from theory using the relationship**
in Gilliland (1986) for a given measured effective temperature.

For star A we found 7, = 20.9 + 1.2 days, and for star B 7, =
20.6 = 1.3 days, resulting in Rossby numbers of R, = 0.229 +
0.012 and R, = 0.231 + 0.012 for stars A and B, respectively.
The Saar (2001) calibration relation then yields a mean magnetic
field strength for star A of (Bf)s = 327 = 209 G and star B
(Bf)s = 323 + 206 G confirming a near-identical mean field
strength of the two components. The total uncertainty was found
from MC error propagation added in quadrature to the scatter of
the relationship as provided by Saar (2001).

Another estimate of the magnetic field strength may be
obtained from applying a scaling relation using the core
emission feature in the Ca II K line (Schrijver etal. 1989;
Feiden & Chaboyer 2012). The relation was obtained from
solar observations correlating magnetic field measurements with
Ca Il K core emissions of local photospheric active regions. The
scaling relation is independent of any Doppler-shift that might
occur as a result of the binary motion. We applied the relation
given by Feiden & Chaboyer (2012) assuming its validity to the
components of NY Hya. Rough estimates of the intensities of
the core emission feature (/) and at the Ca II K wing (/,; 7.4 A
to the red) were determined. We found these intensities from a
normalised FEROS spectrum at phase 0.5 that allowed us to esti-
mate the mean magnetic field strength of (Bf) = 959 + 431 G
of star A. This estimate is about a factor of 3 larger than the esti-
mate obtained from Saar (2001), while in closer agreement with
the 1.0 kG field strength derived from the non-standard stellar
evolution model.

As a final consistency check, the mean magnetic field
strength of (Bf) = 959 G can be transformed to an X-ray
luminosity using the empirical scaling relations provided in
Pevtsov et al. (2003) and Feiden & Chaboyer (2013). This pro-
vides a consistency check allowing us to compare the X-ray
luminosities obtained from the mean magnetic field of each com-
ponent with the total X-ray emission detected by the ROSAT
satellite. Pevtsov et al. (2003) found a tightly correlated power-
law relationship between the X-ray luminosity Lx and the mag-
netic flux at the stellar surface ® = 4xR%(Bf) with R denot-
ing the stellar radius. Feiden & Chaboyer (2013) expanded the
Pevtsov et al. (2003) data set and provide an updated scaling
relation valid over 12 orders of magnitude in both @ and Lx.
For NY Hya, we found logLx = 29.7 + 2.1dex (with Lx in
ergs™!) for star A and log Lx = 29.9 + 2.0 dex for star B. These

3 Gilliland (1986) Fig. 7 was digitised and a cubic spline was deter-
mined for increased accuracy and proper error propagation.
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estimates are consistent with the near-identical properties of the
two components. The total X-ray luminosity was found to be
log Lx o+ = 30.1 £ 1.7 dex. This estimate can now be compared
with the ROSAT measurement.

NY Hya has a confirmed X-ray counterpart and is included
in the second ROSAT all-sky survey (2RXS ID: J092121.7-
064018) source catalogue by Boller et al. (2016) listing a count
rate of 0.055 + 0.016 countss™! (in the 0.1-2.0 keV range) and
a hardness ratio of HR1 = 0.39 + 0.38. These measurements
were obtained from a 294 s exposure (about 20 s longer than the
first all-sky catalogue). The total X-ray luminosity for NY Hya
is calculated from Szczygiet et al. (2008) using the Gaia (DR2)
parallax and we find log Lx(ROSAT) = 29.89 + 0.18 dex.

Comparing the ROSAT measurement with the semi-
empirical derived total X-ray luminosity, we find an agreement at
the 0.620 level. We conclude that the observed X-ray flux is con-
sistent with the expected flux for a magnetically active star with
(Bf) = 1KG. As for the case studied in Torres et al. (2014) this
good agreement may be interpreted as an indication of the accu-
racy of the (Bf)a s values obtained above although their formal
1o uncertainties are large. We conclude this section by stating
that a mean magnetic field of 1 kG is plausible for each stellar
component lending further credibility to non-standard magnetic
stellar evolution models.

11. Discussion and conclusions

We have presented a complete analysis of astrometric, photo-
metric, and spectroscopic data for the NY Hya eclipsing binary
system. The analysis is based on the assumption that the data are
correctly interpreted as being caused by the binary nature of two
orbiting stars and that measurement errors follow normal statis-
tics.

The eclipsing nature of NY Hya was discovered from
HIPPARCOS photometry. The two stars were found to be identical
to within the measurement errors. The classic differentiation of
a primary and secondary component is therefore limited by sur-
face activity via star spots. The combination of joint properties
of two solar-twin stars and a long orbital period renders this sys-
tem ideal for studying stellar evolution of solar-type stars based
on the assumption that complicated tidal effects are small.

We measured the physical properties of NY Hya to high pre-
cision based on high-quality spectroscopic and light curve data.
Recent astrometric measurements from Gaia provide a direct
empirical, and accurate distance measurement to a high preci-
sion, enabling a reliable estimate of distance-dependent system
properties, thus replacing previous semi-empirical distance esti-
mates from photometry. We utilised the latest version of the
JKTEBOP code and obtained model-independent maximum frac-
tional uncertainties of 0.8% and 1.2% in the stellar masses and
radii, respectively.

We confronted the physical properties with standard and
recently developed non-standard stellar evolution models. A
standard model solution that describes both stars on the main-
sequence consistently for all observed properties does not appear
to exist. NY Hya belongs to the group of dEB with a short
orbital period. Those binaries usually fail to reproduce predic-
tions from classic stellar evolution theories (Feiden & Chaboyer
2012; Vosetal. 2012). The resulting parameter distributions
were found to be bimodal: both PMS (young age) and main-
sequence turn-off (old age) solutions exist. Their validity should
be viewed with scepticism due to lack of further observational
evidence, in order to avoid the possibility of declaring the two
components to be in a rapid phase of stellar evolution. For
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example, while standard models with an old age and super-
solar metallicity are encouraging, they seem unlikely because
i) the likelihood that both stars currently are observed just at the
main-sequence turn-off (sub-giant) phase is low; ii) because the
model T.gs were about 700 K cooler than the measured tem-
peratures; iii) because observational data suggest a solar metal-
licity for the two components, which is in discrepancy with the
super-solar metallicity as suggested by the model; and, finally,
iv) standard models pointing towards a pre-main-sequence solu-
tion seem unlikely without further evidence of stellar youth. We
attempted to constrain stellar age from kinematical considera-
tion, but were not able to show NY Hya to be associated with any
known nearby stellar cluster of known age. Age determination
from spectral indicators requires a careful in-depth analysis. The
preliminary results presented here point towards a young stel-
lar age, but are deemed not trustworthy at the moment. Lithium
absorption features were absent from the FEROS spectra.

Under the assumption that the two components are observed
in their main-sequence evolutionary phase and invoking mag-
netic non-standard models (assuming a constant surface-
averaged magnetic field throughout the simulated stellar evolu-
tion) seems to reconcile the observed tensions in Tegs. The best-
fit theoretical model, however, reproduces observed properties
at a super-solar metallicity and an age of approximately 5.3 Gyr.
This age is consistent with the derived synchronisation and cir-
cularisation timescale. However, the required super-solar metal-
licity is still in conflict with the metallicity derived from our
spectral synthesis analysis pointing towards solar metallicity for
both components. We recall that a solar metallicity for both com-
ponents is supported by Stromgren photometry, although with
large uncertainties, via calibration relations.

From visual inspection of the Ca II K and H lines, we
found chromospheric activity in both components. This is fur-
ther substantiated with a measured X-ray excess emission by
ROSAT and indicates enhanced stellar magnetic activity. The
best-fit theoretical model was found at a mean magnetic field
of approximately 1 kG and is found to be consistent with a semi-
empirical estimate of a mean magnetic field from the detected
X-ray flux.

Some tension and shortcomings are still present. First, the
detailed spectroscopic analysis resulted in T4 values that are too
cool compared to the mean temperature obtained from the SED
analysis. The difference is significant and cannot be explained by
the inferred uncertainties. Temperatures obtained from Strom-
gren photometry are not precise enough to provide a reliable ver-
dict in pointing in one (5600 K) or the other direction (5800 K).
The SED models also pointed towards a higher metallicity for
each component, as were inferred from a direct spectral analysis.
Second, the present analysis did not carry out a detailed chemi-
cal abundance study for a direct empirical estimate of metallicity
for each component. Such an analysis would be advantageous to
place further constraints on stellar evolution models. Although
the FEROS spectra are of relatively high quality, we did expe-
rience complications when working with them in detail in an
attempt to measure individual abundances. Finally, an estimate
of age would be useful for the establishment of the current evo-
lutionary stage of NY Hya. On that account age accuracy (relia-
bility) is more important than precision to differentiate between
the young and old dichotomy.

We encourage future work in an attempt to further constrain
the nature (i.e. age and abundances) of this eclipsing binary. We
also encourage a proper treatment of surface activity via mod-
elling star spots directly or by removing star spot activity from
the original observations.
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During the final stage of analysis, we learned about the exis-
tence of additional high-quality photometric TESS and spectro-
scopic (ESO/HARPS) data, and will leave their analysis to a
future follow-up study. The HARPS data, of likely higher qual-
ity, might be able to decide on the true T for each component.
Furthermore, the Gaia DR2 and EDR3 point to a close (6 arcsec)
companion star (Gaia DR2/EDR3 5746104876937814912), 8.5
magnitudes fainter than NY Hya, which is not visible in the
Pan-STARRS images (situated within the Pan-STARRS NY Hya
PSF). The contaminating flux contribution to the TESS target
aperture is negligible, and is slightly fainter than the bright-
est of the three contaminating stars found in the Pan-STARRS
images. In addition, due to the companion star being 8.5 magni-
tudes fainter, it was not detected in the contrast curve obtained
from the TCI images, which have a sky-background contrast of
8 magnitudes fainter than NY Hya. An interesting note is that
the object 5746104876937814912 seems to be a bound compan-
ion to NY Hya. The measured parallaxes agree at a 0.410 level,
consistent with the stars being at the same distance. The proper
motions are different by ~4.7masyr~!, which is statistically
significant. This gives a projected separation of approximately
500 AU and a projected velocity difference of ~0.5 AUyr ™!,
while using the masses and separation would give an expected
orbital velocity of ~0.4 AU yr~!. Thus, NY Hya seems to be part
of a triple system.
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Appendix A: Spectroscopic observations of NY Hya

Hinse, T. C., et al.: A&A, 687, A116 (2024)

Table A.1. Log notes on spectroscopic (FEROS) observations of NY Hya.

BJID(TDB) ID Obs Orb. fep S/N
+2,450,000.0 [fero*] phase  [s]
1141.83831 1334 1 0.03 900 195
1142.81181 1372 1 0.24 900 221
1143.78362 1423 1 0.44 600 210
1144.76583 1467 1 0.64 600 213
1145.78391 1515 1 0.86 600 214
1146.80692 1559 1 0.07 600 225
1147.78716 1603 1 0.28 600 253
1148.73485 1638 2 0.48 600 220
1149.75746 1678 2 0.69 600 187
1150.72278 1719 2 0.89 600 206
1151.75561 1764 2 0.11 600 261
1155.73697 1954 2 094 600 245
1171.83471 2266 2 0.31 600 disc.
1173.79548 2346 2 0.73 600 219
1174.75602 2385 2 0.93 600 203
1175.87387 2436 2 0.16 600 216
1176.79909 2452 2 0.35 600 230
1177.79159 2478 2 0.56 600 194
1178.76368 2501 2 0.77 600 220
1180.81055 2558 2 0.20 420 192
1181.81465 2591 2 041 600 228
1182.80487 2621 2 0.61 600 221
1183.79834 2663 2 0.82 600 218
1185.82246 2738 2 0.24 600 232
1186.68894 2765 2 043 600 206
1187.80567 2810 2 0.66 600 213
1188.70072 2838 2 0.85 600 185
1190.69662 2912 2 0.27 600 disc.
1191.81861 2962 2 0.50 600 196
1192.73725 2998 2 0.69 600 182
1193.72282 3038 2 0.90 600 203
1194.88422 3077 2 0.14 600 174
1197.77888 3154 2 0.75 600 207
1199.81885 3225 2 0.18 600 215
1200.80023 3267 2 0.38 600 190

Notes. The BJD(TDB) time stamps are the exposure mid-time and were converted from original HID(UTC) time stamps. ID refers to the filename
as returned by the FEROS Heidelberg database. Observers: Obs=1 (Kaufer), Obs=2 (Kaufer/Tubbesing/Wolf/Szeifert/Rivinius). f, is the exposure

time. The S /N was measured from narrow bands at continuum between 5360 A and 5600 A and averaged. Two spectra were discarded. See main

text for details.
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Appendix B: RV measurements from TODCOR

Table B.1. RV measurements from TODCOR.

Notes. We excluded the spectrum at orbital phase 0.50 (# 2962) since it is deemed unreliable due to line blending. The inclusion of this spectrum

Hinse, T. C., et al.: A&A, 687, A116 (2024)

BID(TDB) - ID Orb. RV, RVg
2,450,000.0  [fero*] phase [km/s] [km/s]
1141.8383 1334 0.03 23.20 £ 0.76 58.05 £ 0.75
1142.8118 1372 024 -4244+1.92 123.54+1.80
1143.7836 1423 0.44 10.05 = 1.64 70.69 + 1.54
1144.7658 1467 0.64 108.32+£3.38 -2531+341
1145.7839 1515 0.86 10558 +£3.02 —-24.37+2.85
1146.8069 1559 0.07 3.95+1.90 78.11 = 1.81
1147.7872 1603 0.28 —-40.78 +£1.96 122.52 +5.31
1148.7349 1638 0.48 29.10 + 0.63 52.32 £ 0.63
1149.7575 1678 0.69 11996+4.70 -36.81+1.99
1150.7228 1719 0.89 9094 +£2.15 -11.57£2.09
1151.7556 1764 0.11 -12.28+242 93.61+248
1155.7370 1954 0.94 69.88 +1.83 12.51 +1.78
1173.7955 2346 0.73 12341 +£5.62 -41.93+1.67
1174.7560 2385 0.93 77.00 + 1.80 3.95+1.80
1175.8739 2436 0.16 -30.06+3.55 112.51 +£3.61
1176.7991 2452 0.35 -2534+3.00 106.56+3.05
1177.7916 2478 0.56 73.78 + 1.63 7.89 £+ 1.66
1178.7637 2501 0.77 12333 +1.88 —-42.44+1.67
1180.8105 2558 0.20 -38.09+4.36 119.71 £4.25
1181.8147 2591 0.41 -5.89 +2.00 87.23 £2.04
1182.8049 2621 0.61 9648 +2.59 —13.61 +2.50
1183.7983 2663 0.82 11641 +4.46 -33.96+2.14
1185.8225 2738 024 -4324+1.62 123.92+1.51
1186.6889 2765 0.43 3.93 +1.77 76.88 +1.71
1187.8057 2810 0.66 112.71 £3.68 -30.07 = 3.55
1188.7007 2838 0.85 109.53 +3.23 -26.39 +3.13
1191.8186 2962 0.50 41.11 £0.79 41.11 £0.98
1192.7372 2998 0.69 12095+1.83 -36.41=+1.71
1193.7228 3038 0.90 89.29 +2.43 -7.69 +2.36
1194.8842 3077 0.14 2498 +3.37 107.02+3.45
1197.7789 3154 0.75 125.02+1.67 -42.55+1.56
1199.8189 3225 0.18 -3455+1.80 116.22+1.74
1200.8002 3267 038 —1420+2.85 95.70+2.94

would have the effect to add scatter and thus make the RVs look slightly worse than they actually are.
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Appendix C: Corner plots of parameter uncertainty covariances and parent distribution
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Fig. C.1. Parameter uncertainty covariances and parameter parent distributions of light curve parameter based on TESS data analysis. We show
the results from JKTEBOP task8 (MC, 5000 samples). We plot 16%, 50% and 84% quantiles for each histogram and 1o, 20" and 30 confidence
regions as contours. A strong negative correlation is found between the inclination (i) and sum of fractional radii (r4 + rg). We omit the explicit
calculation of the correlation coefficients. The orbital period (P) and reference epoch (7)) have been omitted since their covariance has been
minimized by construction already. We do not show the results from PB-RP due to a low number of samples resulting in technical complications in
rendering correct confidence limits. However, parameter covariances between MC and PB-RP are similar. The plots were generated with CORNER
(Foreman-Mackey 2016).
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Fig. C.2. Same as Fig. C.1 but this time we consider parameters extracted from FEROS RV data.
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