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1 INTRODUCTION

ABSTRACT

We report the analysis of high temporal resolution ground and space based photometric
observations of SZ Lyncis, a large amplitude d Scuti type binary. UBVR, photometry
were obtained from Mt. Abu Infrared Observatory, Fairborn Observatory and the
Wide Angle Search for Planets program as well as continuous light curve from the
Transiting Exoplanet Survey Satellite project. The well resolved light curves reveal
the possible presence of 23 frequencies with four independent modes, 13 harmonics
of the main pulsation frequency of 8.296943 + 0.000002 cycles/day (c¢/d) and their
combinations. The frequency 8.296 ¢/d is identified as the fundamental radial mode by
amplitude ratio method and using the estimated pulsation constant. The frequencies
14.535, 32.620 and 4.584 ¢/d are newly discovered for SZ Lyn. Out of these three,
14.535 and 32.620 c¢/d are identified as non-radial lower order p-modes and 4.584 ¢/d
is identified as a g-mode which confirmed the presence of scarce pulsation spectrum
in § Scuti stars. As a result of frequency determination and mode identification, the
physical parameters of SZ Lyn were revised by optimizations of stellar pulsation models
with the observed frequencies. The best theoretical model correspond to Teg=7557 K,
log(g) = 3.86, and R=2.86 Ry. The mass of SZ Lyn was estimated to be close to
1.940.1 Mg using evolutionary models. The period-density relation estimates a mean
density p of 0.105440.0016 g cm 3.
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observations of these stars. The group of § Scuti is located
in the region where the classical instability strip intersects

The study of multi-periodic stellar pulsations represents a
unique methodology for studying the interior of a star (Bow-
man et al. 2018). The pulsation in stars could be either ra-
dial and/or non-radial in nature and is driven through ei-
ther pressure waves (p-mode) or gravity waves (g-mode). In
p-modes, pressure is the primary restoring force for a star
perturbed from equilibrium, while in g-mode, buoyancy is
the restoring force (Aerts et al. 2010). Diverse pulsation
group includes Beta Cephei (8 Cep), slowly pulsating B
(SPB) stars, gamma Doradus (y Dor), § Scuti etc. Garrido
et al. (1990), Breger (2000b), Handler et al. (2006), Han-
dler (2008) provide detailed discussion on the ground based
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to the main sequence in the Hertzsprung-Russell (HR) dia-
gram. Their spectral range is from A2 to FO corresponding
to temperatures of 7000 K < T.sr < 9300 K (Uytterhoeven
et al. 2011). Typical periods for p-mode pulsations in § Scuti
stars range from 15 min to 5 h (Uytterhoeven et al. 2011).
These stars are of intermediate mass ranging between 1.5
to 2.5 Mg (Aerts et al. 2010), hence most of them are in
the core hydrogen burning or shell hydrogen burning phase
and possess convective cores. See Breger (2000b) for a de-
tailed discussion on these stars. Furthermore, the § Scuti
type pulsations have been detected in many pre- and post-
main sequence (Antoci et al. 2019) stars while low amplitude
0 Scuti type pulsations have been detected in many metallic
A-type (Am) stars (Joshi et al. 2012, 2016, 2017). The com-
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Table 1. Physical parameters of SZ Lyn derived in literature.
The parameters were used to generate pulsation and evolutionary
models of SZ Lyn.

Parameter Value Reference

Teg (K) 7540 Langford (1976)
7235 LAMOST
7799 Gaia

log(g) 3.88 Langford (1976)
3.94 LAMOST

Mass (Mg) 1.57(40.17)  Fernley et al. (1984)

Radius (R@) 2.76 Fernley et al. (1984)
2.80 Bardin & Imbert (1981)

Parallax (mas)  2.49+£0.07 Gaia

plex interior structures of these stars can only be examined
by a study of the multi-periodic radial and non-radial pulsa-
tion modes, a technique known as asteroseismology (Aerts
et al. 2010; Joshi & Joshi 2015).

In this paper, we present a detailed analysis of SZ Lyn-
cis, HD 67390 (RA=08h 09m 35.8s, DEC=+44° 28’ 17.6")
a High Amplitude § Scuti (HADS) type binary star, m,=
9.1, with reported pulsation and orbital period 0.12053793
days and 1173.5 days, respectively (Soliman et al. 1986). SZ
Lyn is a brighter component of the binary system where
the fainter component is not observed with spectroscopic
technique; hence characterized as a single line spectroscopic
binary (Gazeas et al. 2004). The fundamental pulsation pe-
riod of this star was first determined by Binnendijk (1968)
and later refined by Gazeas et al. (2004).

SZ Lyn has been studied on a number of occasions for
the orbital and pulsation parameters. Van Genderen (1967)
reported that the linear ephemeris for the time of pulsation
maximum has not been accurately estimated. Barnes IIT &
Moffett (1975) suggested that the very long period orbital
motion of SZ Lyn affected the linear ephemeris due to the
light-travel time across the orbit. Using photometric and
spectroscopic data, Moffett et al. (1988) introduced a non-
linear ephemeris for the times of light maxima and deter-
mined improved values for the pulsation and orbital param-
eters. A similar analysis was made by Paparé et al. (1988)
and Li & Qian (2013). The observed minus calculated (O-
C) diagrams show periodic as well as secular variations, and
(Paparé et al. 1988) concluded that the main pulsation pe-
riod changes by (2.25 £ 0.42) x 107'? day per cycle. This
value was later refined as (2.9040.22) x 1072 day per cycle
by Gazeas et al. (2004).

The physical parameters (see Table 1) of SZ Lyn have
been determined by several authors. This star has nearly so-
lar abundance (Alania 1972; Langford 1976) with mean tem-
perature of 7540 K and log(g) of 3.88 (Langford 1976). The
multi-band light curves inferred radius of 2.76 R¢ and mass
1.57 M (Fernley et al. 1984). Using high time resolution
radial velocity curves, Bardin & Imbert (1981) determined
the stellar atmospheric displacement as 0.115 Re assuming
the radius to be 2.8 Rg. Further studies reported by Bardin
& Imbert (1981) determined the radial velocity of SZ Lyn
as 30 km/s. The Large Sky Area Multi-Object Fiber Spec-
troscopic Telescope (LAMOST) has observed SZ Lyn in low
resolution spectroscopic mode and determined Teg=7235 K,
and log(g)=3.94. Gaia (Gaia Collaboration et al. 2016, 2018;

Luri et al. 2018) determined a parallax of 2.49 £ 0.07 milli-
arcseconds, placing at a distance of 401.6711% pc. Most of
the previous works reported the main pulsation period and
few a attempts have also been made to search for additional
harmonics and secondary pulsation periods. Apart from the
main pulsation period, two harmonics of the fundamental
period were reported by Gazeas et al. (2004).

Here, we have subjected SZ Lyn for the asteroseismic
analysis. Using the higher temporal multi-band light curves
from ground and highly-precise photometric data from space
mission, we attempted to find more frequencies in SZ Lyn
and identify the pulsation modes, [. The manuscript is or-
ganised as follows: The observational data and reduction
procedures are given in Sec. 2. The frequency analysis is
performed in Sec. 3. In Sec. 4, the mode identification pro-
cedures are discussed in detail paying special attention to
the theoretical model analysis. The refinement of stellar pa-
rameters of SZ Lyn is presented in Sec. 5 followed by the evo-
lutionary and pulsation models. Finally, we have discussed
the results with a detailed consideration of the limitations
of our analysis in Sec. 6 and summarized the results under
Sec 7.

2 PHOTOMETRIC OBSERVATIONS

Imaging data from various sources (Mount Abu, APT,
WASP and TESS) are included in the current study. The
Table 2 compiles the observing log along with details of the
filter used, the cadence, number of nights, and the total num-
ber of data points. In the following subsections, the data are
further described.

2.1 Mount Abu

A series of observations were carried out from Mt. Abu In-
fraRed Observatory (MIRO). The observatory is located at
the highest peak, Gurushikhar, of Aravali range near Mount
Abu in the western state of Rajasthan, India. The observa-
tory is located at 24.65° N, 72.78° E, at an altitude of 1680
meters where one can obtain typical seeing ~1.2 arc seconds.

Observations were made with the Corrected Dall-
Kirkham (CDK) 50 cm, /6.8 equatorial mount telescope
equipped with an Andor 1024x1024 EMCCD, thermo-
electrically cooled to —80°C. Details about the setup are
provided by Ganesh et al. (2013). The higher frame rates
and negligible read out noise (<1 electron with EM gain),
characteristic of EMCCD, are ideal for the observation
of short period variable stars with high cadence. The
large EMCCD array provides a field of view of 13x13
arc minutes. The system was fully automated and the
exposures were scripted using RTS2' which allowed to
obtain repeated sequences of B, V and R single frames with
different exposure times for each filter. The filter movement
being automated, very little time is lost in this process.
After removing faulty frames, we have acquired a total
of 4328 frames in B, 4569 in V and 6836 in R during the
seven nights of observation between December 2013 and

1 RTS2 : Remote Telescope System v2 is available at http://
rts2.org/
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November 2016(see Table 2). At least one pulsation cycle of
SZ Lyn was covered in B, V and R on each night.

The basic reduction procedures of the Mount Abu data
were performed using the IRAF? software. All the frames
were brought to a common centre before extraction of in-
strumental magnitudes. The alignment was done using im-
centroid and imshift tasks in IRAF. The average deviation
of the frames after the centering is 0.52 pixels in x direc-
tion and 0.17 pixels in y direction which is equivalent to
0.50 arc seconds and 0.13 arc seconds, respectively. This ac-
curate alignment of all the images improves the signal to
noise ratio as well as eliminates any magnitude variations
due to imperfect aperture centering. The photometry was
performed by running the phot package in IRAF. The in-
strumental magnitudes were extracted for the BVR bands
using an aperture of size 3 to 4 times the FWHM of pro-
gram star for different filters. An annulus of 5 pixels width
was used for all the bands to determine the background.
Two stars of magnitudes my= 10.5 (TYC 2979-1329) and
my= 10.8 (TYC 2979-1343), in the same field of view were
used as comparison stars for differential photometry in each
band.

The colour variations (B-V) and (V-R) were determined
for the Mount Abu data. Since the time series observations
were taken in consecutive B, V and R bands, spline inter-
polation was performed on the light curves to obtain simul-
taneous values in all filter bands. The B and R band data
were fitted by means of a cubic spline interpolation and the
coefficients of the spline were calculated. Then B and R mag-
nitudes were determined for the time stamps of V band to
get the magnitudes of B and R at the same time as V. The
amplitude of the variations of SZ Lyn in the BVR bands were
AB ~ 0.7, AV ~ 0.5 and AR ~ 0.4 magnitudes. Both colour
and magnitude variations reveal that magnitude change in
B is the highest, as expected for a é Scuti star. Therefore, B
band was used as the reference filter in the UBVR system for
the calculation of observed and theoretical amplitude ratios
presented in Sec. 4.

2.2 APT

Differential time-series photoelectric data were collected
through the Johnson UBV filters with the 0.75 m Automatic
Photoelectric Telescope (APT) T6 at Fairborn Observatory
in Arizona (Strassmeier et al. 1997). Two comparison stars,
HD 67808 and HD 66113, were used. Integration times were
2 x 20 s in each filter, with the exception of the U filter for
SZ Lyn in which an integration time of 2 x 30 s was used
to collect enough photons.

The data were reduced following standard photoelec-
tric photometry schemes. First, the measurements were cor-
rected for coincidence losses. Then, sky background was
subtracted within each target/local comparison star group.
Standard extinction coefficients were employed; small errors
in their assumption would be compensated when computing

2 IRAF is distributed by the National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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differential magnitudes. Obviously, the same extinction cor-
rection was applied to each star. Some bad measurements
due to partly poor telescope tracking had to be eliminated.
Finally, differential magnitudes were computed by interpola-
tion, and the timings were converted to Heliocentric Julian
Date. During the reductions it turned out that HD 66113
could be a low-amplitude § Scuti star (f = 12.573 d~',
Ay = 2.1 mmag), hence it was rejected from the computa-
tion of the differential light curves of SZ Lyn. We obtained
a total of 701/688/672 good measurements for the U, B,
and V filters, respectively, with an estimated accuracy of
4.5/3.5/3.5 mmag per point. The time span of the combined
data set is 35.05 d, with data collected on 24 nights.

2.3 WASP

The Wide Angle Search for Planets (WASP) observatories
consist of two identical robotic telescopes, one located at
La Palma and other at South African Astronomical Obser-
vatory (Pollacco et al. 2006). The WASP program also ob-
served SZ Lyn during the period March 2007 to April 2008
in its own wide pass-band (Table 2). Two exposures of each
field with 30 seconds were obtained, and each field was sam-
pled every 9-12 minutes, totalling 2894 data points with
216 effective hours of observation. The flux were converted
to magnitudes by the WASP (Butters et al. 2010) so that
the light curve in Fig. 1 is in magnitude scale. The WASP
data are neither equally distributed nor differential, and the
differential magnitudes from the APT data were computed
with respect to a much brighter and bluer star than Mount
Abu data. Furthermore, the filter bandpasses of the three
ground based data sources are different. Due to these in-
consistencies between the ground data, we refrained from
combining all three data sources into a single light curve
and hence the analyses were performed separately.

2.4 TESS

SZ Lyn was observed by TESS (Ricker et al. 2015) in sector
20, ID number TIC 192939152, from 24*" December 2019
to 19" January 2020 in 120 seconds of cadence. The light
curves were generated using simple aperture photometry and
corrected by pre-search data conditioning (PDC). The PDC
pipeline module uses singular value decomposition to iden-
tify and correct for time-correlated instrumental signatures
such as, spacecraft pointing jitter, long-term pointing drifts
due to differential velocity aberration, and other stochas-
tic errors (Jenkins et al. 2016; Balona et al. 2019). The
corrected flux from TESS Asteroseismic Science Operation
Center (TASOC) were converted to magnitudes. A part of
light curve of each data source for the duration of 0.25 days
is shown in Fig. 1. The power spectra on the right side in
the same figure are a good comparison of resolving power of
frequencies of the ground and space based data.

3 FREQUENCY ANALYSIS

For seismic analysis, the light curves observed from Mount
Abu, APT WASP and TESS data were searched for frequen-
cies independently. We used the generalized Lomb-Scargle
(LS) (Zechmeister & Kiirster 2009) algorithm since ground
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Table 2. Photometric observation of SZ Lyn. The JD column shows exact date of observation at Mount Abu and the observation periods

of the other three data sources.

Observation JD (2450000) Effective nights Band Coverage (h) Cadence (s) Data points
Mount Abu 6639.104 7 B 29.2 5 4328
(India) 6640.153 v 28.9 2 4569
6664.134 R 55.3 2 6836
6684.118
6686.174
6693.097
7705.135
APT 7480.634-7515.688 24 U 50.1 60 701
(USA) B 51.4 40 688
v 52.5 40 672
WASP 4190.366-4575.408 39 (400-750) nm 216.0 60 2894
TESS 8842.503-8868.827 25 (days) (600-1000) nm 631.8 120 16550
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Figure 1. The high cadence light curves of ground and space observations for 0.25 day coverage of SZ Lyn. The phases are synchronized
at the peaks and hence the WASP and APT data do not start at 0. The power spectra in the frequency range 2 - 50 ¢/d is shown in the
right panel corresponding to each data source. V band light curves are shown for the Mount Abu and APT data. The amplitude of the
light curves are in magnitude scale where the ground based data is differential and TESS fluxes are converted to magnitudes.

based observations were highly unevenly sampled and LS
is specially designed to pick out periodic variations in such
kind of data. The LS periodogram tool is available in the
VARTOOLS software package (Hartman 2012). The high-
est frequency to search is the Nyquist frequency (fnq) and
should be derived from the data set. For TESS data this is
approximately 360 ¢/d. faq of the ground based observations
differ due to the uneven observation parameters. Although
the higher sampling rate of ground observations would re-
sult in a higher fng, their much shorter observation span
reduces the upper limit of the searching frequency to much

less than 360 c/d. Furthermore, the upper limit of the fre-
quency, 360 c/d, in TESS data cannot be achieved as the
S/N ratio drastically decrease at higher frequencies. There-
fore, we limit our search to the range 0 - 120 c¢/d where the
frequency peaks are well above the the S/N ratio, with 4o
significant criteria (Breger et al. 1993) for both space and
ground based data. In LS analysis, the frequency step size
is depending on 1/T, where T is the time span of the obser-
vation. The parameter 1/T in frequency analysis is termed
as Rayleigh criterion (Aerts et al. 2010). When T is higher
the peaks of the power spectrum are narrower. Though the

MNRAS 000, 1-15 (2020)
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ground based observation spreads over long range of time,
the desired narrowness could not be achieved due to the low
duty cycle. This drastic difference in ground and space based
power spectra is clearly seen in Fig. 1. Due to the different T
in the four data sources, the sampling frequency of LS analy-
sis are different but we ensured that the sampling frequencies
were kept more than the highest frequency we expected to
find. The light curves were whitened at each peak and ap-
plied 50 clipping in the calculation of the average and RMS
of the power spectrum when computing the SNR value of a
peak. The power in LS periodogram is normalized to unity
(Zechmeister & Kiirster 2009) so that the frequency peaks of
the four data sources can be compared graphically. Due to
the unavailability of phase information of frequencies in LS
analysis, we performed the Discrete Fourier Transformation
(DFT) using PERIOD04 (Lenz & Breger 2004) keeping the
same searching parameters as in LS method and obtained
amplitudes and phases of the frequencies. The power spec-
tra for the frequency range of 0 - 100 ¢/d were obtained by
both methods. The frequencies determined by both meth-
ods are consistent. PERIOD04 determined the error of the
frequencies, amplitudes and phases using 100 iterations of
Monte Carlo simulation. Due to the single-site observation,
the power spectra of the ground based observations were
severely affected by £1d 7! aliasing and its multiples, £2d 1,
+3d7! etc. The power spectra in the range of 0 - 100 c¢/d
for three data sources are shown in Fig. 2. For clarity we
exclude the power spectra of WASP data in Fig. 2.

The identified frequencies of both space and ground
based observations were tabulated in Table 3. With the long
time base observations of TESS, 23 frequencies are identi-
fied, while up to 10 of them are discovered in the Mount Abu
BVR bands, 8 in the APT UBYV bands and 5 in WASP data.
Though the frequency extraction from the ground based ob-
servations is more complicated due to the low observation
span and gaps, we used pre-whitening and the killharm rou-
tine in VARTOOLS to carefully remove the fundamental
frequency of fi 8.296 ¢/d and its first three harmonics (cor-
responding to frequencies of 16.590, 24.890 and 33.187 ¢/d),
as well as the +1d ! day aliasing. The first four frequencies
were removed from the Mount Abu data using their fourier
components and the residual light curve was obtained. The
residuals were again subjected to LS and DFT. The rest
of the multiples (5xfi to 8xfi) of ground based data were
found using these residual light curves. Eight common fre-
quencies were clearly identified in Mount Abu and APT
power spectra while WASP detected only up to four fre-
quencies. The main pulsation frequency fi of 8.296 ¢/d and
its seven harmonics were common in space and ground. In
addition, there are six more harmonics of f; present in TESS
data. The harmonics above f3 are newly discovered for SZ
Lyn in this work. The fi of 8.296 c/d, that we identify as
the fundamental radial mode, had previously been identified
by Gazeas et al. (2004) and is further confirmed by the as-
teroseismic technique of amplitude ratio method in the Sec.
4.

3.1 New frequencies of SZ Lyn

Most importantly, the frequencies fo (14.535 ¢/d), f3 (32.620
c/d) and f4 (4.584 c/d), none of them harmonics of f, are
new for SZ Lyn. The truncated frequency spectrum in Fig. 3

MNRAS 000, 1-15 (2020)

shows the linear combinations present due to the frequencies
fi, fo, f3 and fi1. These linear combinations in one way sup-
port that the newly discovered frequencies, f>, f3 and fi, are
independent modes. On the other hand, it is possible these
are combinations resulted from higher order [ modes present
in SZ Lyn which cannot be detected due to geometric can-
cellation. However, the high resolution frequency spectrum
from 0 - 120 ¢/d of TESS does not show any sign of inde-
pendent frequencies in its higher frequency range so that the
possibility of low degree combinations resulting from higher
degree modes is minimum. Therefore, we further analyze fa,
f3 and f4 assuming they are base frequencies. Fig. 3 shows the
combinations made by f2, f3 with the well defined radial fun-
damental frequency fi. In fact, radial overtones are common
in § Scuti stars, and so we could consider f, as an overtone of
fundamental. Nevertheless, we estimated the first and sec-
ond overtones for the well defined period ratios of [0.772 -
0.776] range of Sudrez et al. (2006) and [0.611 - 0.632] range
of Stellingwerf (1979), respectively. Given that the funda-
mental radial mode is 8.296 ¢/d, the calculated first and sec-
ond overtones are 10.746 and 13.578 ¢/d which are not found
in the observed power spectra and f2 is too far from these
two overtones as well. Therefore, it is possible to conclude f>
is a non - radial mode. To determine the spherical degree, [
of the non - radial mode, rotational splitting is widely used
(Kurtz et al. 2014), (Breger et al. 2011). We noticed that
there is an incomplete frequency multiplets around f2, one
at 14.503 and the other 14.435 c¢/d. Assuming this can be
a product of rotational modulation and in order to confirm,
we fitted the 14.503 and 14.435 c¢/d and pre-whitened. The
residuals still show several peaks which often occur when a
signal changes its amplitude and frequency slightly during
the course of the observations. Fourier decomposition of such
a signal produces peaks that are not real, but resemble rota-
tional splitting. Another point supporting in this direction
is that the fo has combination with the main pulsation, fi,
at 22.830 ¢/d also shows similar asymmetry. This is another
clue, although not unambiguous, that we see the beating of
a time-variable pulsation signal with the main radial mode.

The frequency fs is located in the low frequency range
and less than the assumed fundamental radial mode of fi.
Kurtz et al. (2014), Aerts et al. (2010), Breger et al. (1999)
strongly state that gravity modes (g-modes) are located in
the range 0 - 5 ¢/d. Therefore, the frequency fi could be a
medium order gravity mode. Based on the observations of
Kurtz et al. (2015), Kurtz et al. (2014), f4 could be a combi-
nation of higher order p-modes or very low order g-modes.
The frequency spectrum of SZ Lyn is not crowded with lots
of complex combinations in higher frequency region as well
as lower side close to zero so that the possibility of f; being
a combination is very low. Furthermore, Kurtz et al. (2014)
shows that the availability of combinations 11 £ vy with 14
and vy being the frequencies of the highest amplitude sin-
glet p-mode and a g-mode respectively. These combinations
of frequencies produced by fundamental radial p-mode and
a g-mode can be naturally explained by non-linear effects
that occur when the p-mode and the g-modes are excited si-
multaneously. The fact that the g-mode frequency distribu-
tions are precisely reproduced in both sides of fundamental
p-mode is fully consistent with this interpretation of having
the combinations of fi +f; (12.880 c/d) and fi-fa (3.703 ¢/d)
in Fig. 3. The availability of these combinations in SZ Lyn
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supports the idea that f; is a gravity mode excitation and
indicates that both p-modes and g-modes are present in SZ
Lyn.

Due to the low S/N ratio and also to the possibility
of a merging artifact in the vicinity of strong harmonics,
ground based power spectra could not clearly detect these
three frequencies, f2, f3 and fis. However, the power spectra
of Mount Abu were able to just resolve fo peak despite the
crowded noisy field (See Fig. 2). But the amplitudes of f>
determined in BVR colour bands of ground based data are
highly unreliable; therefore, we could not include f» in Sec.
4 to determine the spherical degree | using amplitude ratio
method. In order to check the closeness of fs for a radial
overtone, the pulsation constant, () was calculated for f,
and discussed in Sec. 5.2. The amplitudes A and the phases
¢ of the frequency fi determined for UBVR colour bands
using PERIODO4 are shown in Table 3.

4 AMPLITUDE RATIOS

It is possible to determine the spherical degree [ using the
amplitude ratios and phase differences in different wave-
length bands (e.g., Balona & Evers 1999; Aerts et al. 2010).
The process is model-dependent because the amplitude and
phase variations not only depend on the spherical harmonic
degree | (Balona & Evers 1999), but also —to a lesser extent—
on the effective temperatures and gravities of the models as
shown in Dupret et al. (2003). In general, flux changes in
pulsating stars originate from the temperature and gravity
variations as a function of radius (Garrido et al. 1990). The
mode identification needs to be done through a sequence of
theoretical modeling of different combinations of parameters
of the star. Theoretical aspects of flux change of the model
star were discussed in detail with the consideration of non-
adiabatic parameters and limb darkening effect by Watson
(1988) and Heynderickx (1994).

The spherical degree can be identified by matching the
observed amplitude ratios with the theoretically predicted
amplitude ratios for the different stellar model atmospheres.
The magnitude variation of a pulsating star, Amy, at wave-
length A with a spherical harmonic degree [ at a pulsating
frequency w can be expressed as:

Amy = Aole(COS i)bM(Tl + T + Tg)ei“)t (1)

Ti=01-D1+2) _
Ty = fr(ars + Bra)e T
T3 = —fg(agA + ng)

where P, is the associated Legendre function of degree [
and azimuthal number m, Ap is related to the amplitude
of oscillations of the photosphere, and i is the inclination
angle between the stellar axis and the direction towards
the observer. For the derivation and the details of the
components in Eq. 1, refer to Watson (1988), Heynderickx
(1994), Balona & Evers (1999) and Dupret et al. (2003).
The component Ti is the contribution of the magnitude
variation due to the different pulsation modes. T» is the
temperature dependent component of the magnitude which
consists of fr, the amplitude of temperature variation
function relative to the normalized radial displacement
at the photosphere and 7, the phase difference between

maximum temperature and maximum radial displacement.
T3 represents gravity variation where fy is the amplitude
of gravity variation function to the normalized radial
displacement at the photosphere (Dupret et al. 2003).
The determination of fr is highly dependent on the
non-adiabatic parameter R (Garrido 2000a). The other two
parameters, ¢ and fy; are also unknown for any stellar
model. The method of mode identification therefore depends
on the correct combination of these parameters which were
done earlier by different techniques, approximating the
observations to the theoretical models for reasonable ranges
of fr and ¥r (Balona & Evers 1999). The value of R was
estimated by Heynderickx (1994) by adjusting it for best
fit of the observed light curves, while Garrido et al. (1990)
redefined it as a range of interest keeping R and 7 as
free parameters in the range [0.25 — 1] and [ 90° — 135°]
respectively for § Scuti stars. Dupret et al. (2003) improved
the non-adiabatic treatment of the model atmosphere and
proposed a method of determination of amplitudes fr,
fg of the eigenfunctions and the phase r for different
degree [ for a range of effective temperatures Tes, log(g)
and mass of the star. In this work, we used the outputs
of non-adiabatic computations provided by M. A. Dupret
(private communication) for SZ Lyn. The input parameters
Ter=7540 K, log(g)=3.88 (Langford 1976) and M=1.57 Mg
(Fernley et al. 1984) were passed to the non-adiabatic code
to generate the pulsation models which give frequencies
close to the observed main frequency of 8.296 ¢/d. The two
resulting-models that are close to our observational results
are shown in Table 5. The output of the non-adiabatic
code also provides the amplitudes of fr, f; and phase
angle r for frequencies for different degree. Fitting
polynomials for different degree, I, as shown in Fig. 6 deter-
mined fr, fy and ¢ for the observed frequency fi. We have
shown only the [ = 0 mode in Fig. 6 for the present purpose.

For the partial derivatives of the monochromatic flux,
arx and agx (Eq. 1), we used ATLAS9 model atmospheres
and fluxes by Kurucz (1993), Castelli (2003). Due to the
complexity of lookup tables in all UBVR bands of Kurucz
grid for the computation of ary and agx, we produced a
code, AlphaTg, to readout the model fluxes from the grid for
the desired range of temperature and log(g) with a step size
of 250 K and 0.5 respectively. The partial derivatives, arx
and ayx computed within the observational error box of SZ
Lyn using AlphaTg code are shown in Fig. 4. It is clear that
the temperature contribution (arx) to the magnitude vari-
ation and hence to the theoretical amplitudes is much more
effective than the gravity component (ag»), as seen in Fig.
4. Since the non-adiabatic parameters of fr, f; and 1 were
computed for the solar metallicity of Z = 0.014, we used the
solar metal abundance of [M/H] = 0.0 model from the Ku-
rucz grid for the partial derivatives in the range of desired
temperature and log(g). All the flux models were computed
with the turbulence velocity fixed at 2 km/s and a mixing
length parameter () of 1.25. The non-adiabatic models in
Table 5 did use a metal abundance of Z = 0.014 which is in
good agreement with the metal abundance of model atmo-
spheres. Furthermore, Garrido (2000a) has shown that the
flux derivatives have no significant change with the metallic-
ity except in blue band. The variation of flux derivatives in
Fig. 4 also provides similar results as the relative variation is
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Table 3. Frequencies and amplitudes of SZ Lyn. V band data only are shown for Mount Abu and APT. The amplitude is in Lomb-Scargle

Power (LSP).

TESS Mount Abu APT WASP
ID  Frequency Amplitude Frequency  Amplitude Frequency Amplitude Frequency Amplitude
(c/d) (LSP) (c/d) (LSP) (c/d) (LSP) (c¢/d) (LSP)
f1 8.296 0.8496 8.296 0.8269 8.296 0.8668 8.296 0.6795
2f1 16.592 0.8321 16.590 0.5332 16.592 0.8330 16.593 0.2606
3f1 24.889 0.7724 24.890 0.1647 24.889 0.7148 24.890 0.0658
4f1 33.186 0.5874 33.186 0.0330 33.185 0.4110 33.185 0.0264
5f1 41.482 0.3709 41.483 0.0170 41.481 0.2099 41.567 0.0101
6f1 49.779 0.2205 49.849 0.0058 49.777 0.1444
7f1 58.075 0.0680 58.065 0.0040 58.157 0.0397
8f1 66.372 0.0478 66.365 0.0017 66.339 0.0273
f2 14.535 0.0376 14.016 0.0162
9f1 74.668 0.0153 73.120 0.0055
fo+ fi 22.830 0.0069
f3 32.620 0.0062
10f1 82.965 0.0054
fo—n 6.237 0.0040
fs+f1 40.888 0.0018
fa 4.584 0.0013
fi—fa 3.703 0.0011
fs—nN 24.308 0.0015
11f1 91.261 0.0015
12f1 99.564 0.0007
f1+ fa 12.880 0.0006
13f1 107.824
14f1 116.104

Table 4. Observed amplitudes (A in magnitude) and phases (¢ in
radians) for the main frequency f;=8.296 c/d obtained from PE-
RIODO04. Only fi is included in the table as this is the only inde-
pendent frequency available in multi-band photometry of ground
based data. The observed amplitude ratios in the middle row were
used in Sec. 4. The last row is phase differences in degrees. The
phase zero is at 2457480.63391813 HJD.

U B Vv R
A 0.275£0.003 0.2904+0.004 0.229+0.003 0.171£0.002
¢ 0.834+0.003  0.805+0.003  0.80340.003
Ay /Ap Ap/Ap Av/Ap Ap/Agp
0.95+0.02 1.00 0.79+0.02 0.59+0.02
oU — B U — PV
1.74+0.2 1.84+0.2

much higher for shorter wavelengths. Balona & Evers (1999)
pointed out that amplitude discrimination is more effective
in shorter wavelength bands because of this variation in flux
derivatives. Breger et al. (1998) showed the mixing length
parameter, a, is in between 1 and 2 for § Scuti stars and less
effective on hot stars. Therefore, mixing length parameter «
was set to 1.25 which is one of the two options available in
the ATLAS9 models for the calculations of flux derivatives.

Limb darkening effect was added to the theoretical am-
plitude by computing limb darkening integral using the sim-
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Table 5. Best-fitting theoretical models of SZ Lyn

Model 1
M/Mz=2.00 Tg=7522K log(L/Lg)=1.425
log(9)=3.77 R/Rp = 3.00 age(yr)=1.0 x 10°
X=0.72 7=0.014 a=17
Model 2
M/Mz=190 Tog=7557 K log(L/Lg)=1.322
log(g)=3.86 R/Rg = 2.68 age(yr)=1.1 x 10°
X=0.72 7=0.014 a=17

ple linear limb darkening law given by Claret & Hauschildt
(2003) in Eq. 2.

o= [t @)

=1 —u(l - p)
where u is the limb darkening coefficient.

The AlphaTg code was used with linear model in Eq. 2
for the computation of limb darkening integrals and hence
obtained the partial derivatives of S and 4 shown in Fig.
5. The limb darkening integral b;» depends on the mode of
the oscillation I From the grids of limb darkening coefficients
provided by Claret & Hauschildt (2003), the limb darkening
integrals were computed for UBVR bands and hence ob-
tained derivatives, Sra and fBga, for three spherical degrees
of [ (1=0,1,2) in the range of effective temperatures and grav-
ity of the two proposed models of SZ Lyn. The results are
shown in Fig. 5. The limb darkening derivatives of temper-
ature in upper panel of Fig. 5 are more sensitive to | = 0
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Figure 2. The comparison of LS power spectra of space and ground base observation. The low amplitude frequencies were recovered by
whitening the previously determined frequencies f1, 2f;, 3f; etc. The horizontal red line in the last row indicates the 4o threshold line

for cut off.

degree as well as for lower wavelengths while derivatives are
less effective for | = 2. Besides, the gravity counterpart of
limb darkening derivative (lower panel, Fig. 5) compared to
the temperature is very much less particularly in the range of
log(g) of SZ Lyn. The effect of gravity change is less effective
for mode discrimination than that of temperature, suggest-
ing that the effect of gravity on limb darkening is negligible

compared to the effect of temperature. This effect is previ-
ously shown by Garrido (2000a). This was clearly pointed
out by Dupret et al. (2003) introducing the non-adiabatic
treatment, the dimensionless frequency K is smaller for low
order p-mode so that the difference between fr and fy is
smaller and hence the impact of variation in gravity is mini-
mum. However, we consider limb darkening integrals due to
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Figure 3. New set of frequencies and their combinations with the fundamental frequency f; detected in SZ Lyn using TESS data. The
blue lines indicate the location of the whitened frequencies of fi and the first four harmonics. The discontinuity at the frequency f; is
due to the removal of strong side-lobes created by fi. The horizontal red line is the 40 threshold line for cut off.

gravity, even though negligible, in our calculations of the-
oretical amplitudes because of the model parameters of SZ
Lyn in Table 5 are very close to each other. The theoreti-
cal amplitude ratios of /= 0, 1 and 2 calculated for Model
1 and Model 2 in Table 5 and observed amplitude ratios
taken from Table 4 for frequency fi are compared in Fig.
7 and Fig. 8. Since observations are scattered and the two
model parameters are very close to each other, in order to
better assess the appropriateness of the different values for [
as well as to converge for the best model, we computed the
x? function in Eq. 3 for different degree ! which is shown in
Fig. 9

filters
2 Aj th/Aref th — Aj obs/Aref obs
l — ) 3 ) ) 3
=3 ( — ) (3)

The x? minimization resulted in the conclusion that the
frequency fi is better fitted to I = 0 degree of Model 2
and therefore Model 2 is more appropriate to represent the
physical properties of SZ Lyn.

5 PHYSICAL PARAMETERS OF SZ LYN

We try to redefine the physical parameters of SZ lyn in this
asteroseismic investigation of SZ Lyn. Although the funda-
mental radial mode, fi, is clearly defined in early literature,
we fit two modes of SZ Lyn using amplitude ratio method in
Sec. 4 not only confirming f; is a radial fundamental mode
but also finding that the physical parameters of SZ Lyn are
close to Model 2. However, these two models parameters are
very close to each other resulting the difference of the min-
imum x? of the two models for I = 0 is about 3 (See Fig.
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9). Therefore, we look at other possibilities to confirm which
model is more appropriate for SZ Lyn.

5.1 Evolutionary status of SZ Lyn

The physical parameters of the star can be refined by
using observations to constrain the appropriate stellar
models. We have computed evolutionary sequences using
version 11701 of the MESA stellar evolution code (Paxton
et al. 2011, 2013, 2015, 2018, 2019) for stars with masses
ranging from 1.80 Mg to 2.0 Mg in steps of 0.05 M. The
evolutionary models were computed for the standard solar
composition of Z = 0.014 (Asplund et al. (2009), hereinafter
AGSS09). In all the computed sequences the opacities are
from OPAL (Rogers & Iglesias 1996). The models have
been computed using mixing length parameter a=1.25 or
1.7 and overshooting of 0.2Hp at all convective boundaries.
The sequences for these two values of the mixing-length
parameter are very close, and then have no impact on our
analysis for the likely physical parameters of SZ Lyn. The
nuclear network is pp_and_cno_extras.net, that includes 25
isotopes ranging from 'H to **Mg. We have not considered
mass-loss nor rotation for the evolutionary sequences.

Fig. 10 shows the HR diagram of the evolutionary mod-
els computed with a@ = 1.25 and using the AGSS09 chemical
composition. Model 1 and 2 both placed reasonably well
in the standard position of § Scuti stars in the evolutionary
models (Pamyatnykh 1999). Both models can be beyond the
Termination Age Main Sequence (TAMS) for evolutionary
sequences with M=1.80Mg and 1.90Mg or, in the case of
the Model 2, could be passing the Main Sequence (MS) for
models with M=1.85Mg or M=1.90Mg. Clearly, the evolu-
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Figure 4. Flux derivative as a function of temperature (upper
panel) and as a function of gravity (lower panel) generated by
AlphaTg code. The two dashed line indicates the two models
proposed for SZ Lyn in Table 5. The derivatives taken at these two
models were used for the calculation of theoretical amplitudes.

tionary sequences show that SZ Lyn might have a mass in
the range 1.80-1.90 Mg, but we can not decide from the
tracks which is the correct value.

5.2 Pulsation constant

The pulsation constant (@) can be determined for the fre-
quency fi using the Eq. 4 given by Breger (1990) for the
two models mentioned in Table 5.

1 1
log(Q) = log(P)+ 5 log(g)+ 0 Myo1+1og(Tes) —6.454 (4)

The bolometric magnitude My, of SZ Lyn is estimated
for two models using the values found in Table 5. We take
for the solar bolometric absolute magnitude the standard
value of Mgbo1=4.74 (Bessell et al. 1998; Torres 2010) and
solar luminosity Lo = 3.85 x 10%® erg s~!. The pulsation
constant () is then found to be 0.032 for Model 1 and 0.038
for Model 2. The stellar parallax of SZ Lyn obtained by Gaia
mission provides an absolute magnitude My of +1.14. and
the bolometric correction (BC) is -0.094 as given by Cox
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Figure 5. Limb darkening derivatives. The upper panel shows
the variation of limb darkening derivative with temperature for
all three modes of ! and for UBVR colour bands for log(g) = 4.
The colours, Violet, Blue, Green and Red represent the UBVR
bands respectively. Lower panel shows limb darkening derivatives
with gravity for [ and UBVR for Teg = 7500 K.

(2000), thus resulting in a bolometric absolute magnitude
for SZ Lyn of Mpo1 +1.05. This results in an alternative set
of @ values of 0.031 and 0.035 for Model 1 and Model 2
respectively. The pulsation constant for fundamental radial
p-modes in ¢ Scuti stars is in the range of 0.022 < @ < 0.033
(Breger 1975) and an even narrower range of 0.0327 < @ <
0.0332 fundamental radial mode pulsation (Fitch 1981). The
calculations show that the @ value for Model 1 is within the
allowed range given by Breger (1975) and close to the lower
limit of the range given by Fitch (1981), and this gives us
confidence that the frequency fi is the radial fundamental
mode of stellar pulsation. On the other hand, the @ value of
radial fundamental mode of Model 2 parameters is slightly
deviated from the standard intervals.

The frequency fo was identified as non-radial mode in
the frequency analysis based on the period ratio method
given that fi as the fundamental radial mode. We checked
the pulsation constant, ), assuming the frequency f> as a ra-
dial overtone. The stellar parameters of Model 1 and Model
2 were passed to the Eq. 4 with the corresponding period of
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Figure 6. fr, ¢r and fy as a function of the pulsation frequency (c/d) for the mode of degree (=0 for Model 1. The dashed line indicates
the observed frequency fi. Since f2, f3 and fi4 are not identified in multi-band observation these three frequencies are not included.
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Figure 7. The observed amplitude ratios and the computed am-
plitude ratios for the Model 1 for the frequency fi. Dots with
error bars are the observed amplitude ratios and the lines are the
theoretical predictions for degree, .

f2 and obtained @=0.018 and Q=0.022 respectively. Fitch
(1981) modeled the pulsation constants of 15 and 2°¢ har-
monics as 0.025 and 0.020 for § Scuti stars of 2M . Although
the pulsation constant of fo with the Model 2 parameters is
close to the 2"¢ harmonic, Breger (2000b) pointed out that
the calculation of @ values from photometric parameters is
subjected to systematic errors as large as ~ 25%. Therefore,
we could not specifically say even the pulsation constant of
f2 is 0.022 for Model 2, nor whether the frequency fo is an
overtone of fundamental.

5.3 HELAS model oscillations

Furthermore, we considered HELAS oscillation models to
confirm the parameters of SZ Lyn. The pulsation models
produced by using OPAL opacities Rogers & Iglesias (1996)
and AGSS09 chemical composition Asplund et al. (2009)
from ZAMS to TAMS for radial and non-radial oscillations
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Figure 8. The observed amplitude ratios and the computed am-
plitude ratios for the Model 2 for the frequency f.

were searched in the HELAS? set of models. In this database,
three pulsation models of masses M=1.8 My, M=2.0 Mg
and M=2.2 Mg were found with the oscillation frequency
close to fi, 8.296 c/d, of radial mode. The frequency dis-
tribution of radial (I=0) and non-radial (I=1, [=2) pulsa-
tions with the physical parameters for the three models are
shown in Fig. 11. The model of mass M=2.0 M has a ra-
dial fundamental frequency which is closest to the observed
fundamental radial mode of fi. The other two frequencies,
f2, f3 are also overlapping with the model frequencies of =2
mode of the same model of mass M=2.0 M. Therefore, our
judgement of non-radial mode of f5 and f5 in both frequency
analysis and pulsation constant strengthen by these mod-
els of having non-radial modes close to the observed fo and
f3. Although it is not sufficient for a solid conclusion of the
spherical degree of fo and f3 as [=2 but can be conclude
they likely are non-radial modes. Through this convergence
of the HELAS’s three models, the physical parameters of
M=2.0 Mg pulsation model is in line with Model 1 in Table

3 http://helas.astro.uni.wroc.pl/deliverables.php?
active=opalmodel&lang=en
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Figure 9. Chi square minimization of frequency f; to the degree
[ for the Model 1 and Model 2.

5, except for the low effective temperature of 7396 K. The
radial fundamental frequencies of the models, M=1.8 Mg
and M=2.2 Mg, are far from the observed f; and also does
not support to have fo and f3. Neither the physical param-
eters of M=1.8 Mg and M=2.2 Mg are close to our Model
1. Therefore, HELAS models also provide evidence a star
of mass M~2.0 Mg which oscillates in radial fundamental
mode of 8.296 c¢/d as well as having some non-radial modes
close to the observed frequencies.

Hence, considering all the results of this section,
we infer that the mass of SZ Lyn should be within
1.8Mp<M<2.0Me.

5.4 Mean density

As we have only determined a single radial mode without
any strongly confirmed overtones, we cannot use the period
ratios to determine the average density of the star. Never-
theless, we could estimate the average density of SZ Lyn
using the @Q values, calculated in Sec. 5.2, using the relation:

P=Q(p/ps)"? (5)

where P is the period of the fundamental oscillation in days
and @ is the pulsation constant. The average density of the
Sun is pe= 1.4103 g cm ™2 and our stellar pulsation models
in Sec. 4 predicted the @ values of 0.035 for the Model 2
result in an average density of p=0.1189 gcm™>.

Furthermore, with the fundamental period of SZ Lyn,
P = 0.1205299 d and for more narrow range of @ values
0.0327 < @ < 0.0332 (Fitch 1981), we find the average
density p = 0.1054 & 0.0016 gem™>. Sudrez et al. (2014)
computed the mean densities of § Scuti stars using their
virtual observatory tool, TOUCAN, found that the funda-
mental frequency range of 95 - 113 pHz (0.121832 - 0.102425
d) has relative densities (p/pe) less than 0.11. Hence we can
conclude that the density of p = 0.1054 & 0.0016 gem™ is
an appropriate value for SZ Lyn.

1.60
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1.40

log (L/Le)

1.30

1.20

Figure 10. Main and post-main sequence evolutionary tracks of
stars in the range 1.8-2.0 M for an AGSS09 chemical composi-
tion (Z=0.014) for o = 1.25; the tracks for a = 1.7 are very close
to the ones shown in the figure and have not been included. The
two models in Table 5 are shown as a square (Model 1) and a
circle (Model 2). Dashed lines show the limits of the instability
strip

6 DISCUSSION

SZ Lyn has been extensively studied by several authors who
have analysed their results considering both its binary na-
ture as well as its pulsating nature. Though its binary orbital
characteristics have been studied in detail, the comprehen-
sive asteroseismic studies of SZ Lyn are few. We reconsider
SZ Lyn giving special attention to recovering more frequen-
cies apart from the main frequency, and determining the de-
gree of the oscillation. With this information, we have tried
to refine its stellar parameters.

We confirmed 23 frequencies, 14 of which are multiples
of the fundamental frequency fi. Gazeas et al. (2004) also
confirmed the frequency fi and its first two harmonics, and
we discovered 11 new harmonics in SZ Lyn. Therefore to
confirm the radial mode, we adopted the amplitude ratio
method as it provides a consistent result with the observed
amplitudes. In addition to the amplitudes, § Scuti stars show
wavelength dependence on the phase. A method proposed by
Garrido et al. (1990) showed that mode can be determined
by plotting amplitude ratio versus phase difference for two
colors. This method was performed for Strémgren photo-
metric system taking two bands each time and plotting the
so-called area of interest for a broad range of parameters of
Y1 and non-adiabaticity R. Although the phase difference

MNRAS 000, 1-15 (2020)



Asteroseismology of SZ Lyn using Multi-Band High Time Resolution Photometry 13

M=1.8Mg M=2.0Mg M=2.2Mg
T=6964 K T=7398K T=7885K
log (g) =3.84 log(g)=3.79 log(g)=3.7
g _I T .I T ‘P__I T T T I__I T T T I_
[ f3 " r3 . r3
=2 =] - 4 F " 4k & |
o« s - " -
— 0 * - * - : n *
= . -
o o | * " || . “ . o
s S, Y |
3 f slloe, " s, .
il o - [ ] 1L 1L L -
o Pre b el 2 _ REN I
. u " . : . " :
o | | | :__. ] -, : 1_
— [+ « [ fi 4 fy . N
- 1 = i||T ¢ i
w b L] + || ] & (| t_
0 1 2 0 1 2 0 1
Degree |

Figure 11. Radial and non-radial frequencies of HELAS pul-
sation models of masses M=1.8Mg, M=2.0Mg and M=2.2Mg.
Vrot=0. Red, Black and Blue symbols represent (=0, [=1 and [=2
respectively. The horizontal lines represent the observed frequen-
cies of SZ Lyn. The error bars of the observed frequencies are too
small to visualise. 0 - 5 ¢/d range is omitted for clarity.

method is more appropriate for § Scuti stars to determine
the degree of the modes, we did not represent it graphically
because of the availability of one frequency (fi) in multi-
band photometry and there are no other frequencies to com-
pare. But the phase difference of the frequency fi shown in
Table 4, ¢u — ¢B and ¢u — ¢v both are greater than zero
(Breger 2000a; Garrido 2000b), thus further confirming that
f1 corresponds to a radial mode of [=0. Furthermore, the
TESS observations clearly revealed the presence of indepen-
dent frequencies f2=14.535 ¢/d, f3=32.620 ¢/d and fs=4.584
c/d. Unfortunately these frequencies do not recover in the
multi-band ground based data, therefore, we could not per-
form the amplitude ratio method to determine the spherical
degree I. However we were able to conclude that fa and f3
are non-radial modes through the period ratio method and
pulsation constant calculations. In addition, the HELAS pul-
sation models give some evidences that fo and f3 are close
to /=2 mode but we refrain from confirming the mode of fo
and f3 as further investigations are needed. The discovery of
frequency fi is remarkable because it is identified as medium-
order g-mode pulsation which is rare in § Scuti stars.

As a consequence of the determination of independent
frequencies and their modes, this investigation is used to
refine the stellar parameters of SZ Lyn. In the process of de-
termining the degree of the mode [ of the frequency fi using
amplitude ratio method, it is possible to compare SZ Lyn
to an appropriate set of evolution sequences with different
stellar parameters. With the availability of global parame-
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Table 6. Physical parameters of SZ Lyn

Physical Property Value Remarks
T 7557 K This paper
7540 K Langford(1976)
7235 K LAMOST
7799 K Gaia
log(g) 3.86 This paper
3.88 Langford(1976)
3.94 LAMOST
Mass (M) 1.9£0.1 Mgp This Paper
1.57(4+0.17)Mg Fernley(1983)
Radius (R) 2.68Ro This paper
2.76Rp Fernley(1983)
2.80R@ Bardin(1981)
Mean density (p)  0.105440.0016 g cm 3 This paper

ters of SZ Lyn which were determined earlier, we searched
the best model for SZ Lyn out of two models. We explored
parameters of the model, basically Teg (+250K) and log(g)
(£0.5). Although the flux and limb darkening derivatives
are available for any Teg and log(g), the limitation of the
eigenvalues, fr, fy and ¢, computed using a non-adiabatic
code restricted the evaluation only for the two valid mod-
els detailed in Table 5. The two models, with Teg=7522 K,
log(g)= 3.77 and Teaq=T7557 K, log(g)=3.86, which do not
differ much from each other, were evaluated with the ob-
served fundamental frequency of SZ Lyn by means of differ-
ent techniques in order to identify the best model. We found
that the amplitude ratio method was consistent with Model
2.

The evolutionary sequences of MESA were determined
to get a better approximation of the mass of SZ Lyn. The
placement of Model 1 and Model 2 in H-R diagram showed
slightly differences with the tracks that result in an un-
certainty in terms of mass roughly equivalent to +0.1Mg.
Therefore, we accepted the mass of Model 2, 1.9My with
an error of £0.1Mg. This error is in good agreement with
HELAS’s models which converged to 2M¢. In addition, the
two models were tested using the pulsation constant Q. In
this attempt of convergence between theoretical models and
observed data, Model 1 is closer to the observations. Further-
more, we compared the parameters of Model 1 and 2 with
HELAS pulsation models to see the consistency of our anal-
ysis. Within the uncertainties, it is possible to conclude that
Model 2 is more appropriate to represent the parameters of
SZ Lyn. Finally, the stellar parameters determined through
this analysis and the previous observations were tabulated
in Table 6.

The uncertainties of the parameters cannot be deter-
mined with the help of evolutionary models. Since the deter-
mination of parameters sensitively depends on these models,
it is reasonable to take the step sizes of the models as the
standard error as a rough, first approximation. In such a way
the temperature can be deviated by +35 K.
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7 CONCLUSION

The well resolved TESS data recovered 23 frequencies in
SZ Lyn. Apart from the fundamental radial mode of 8.296
¢/d and its two harmonics, we found 3 independent modes
and 10 harmonics of the fundamental frequency. Though the
ground based data is not up to the standard of TESS, most
of the harmonics and one independent mode are present in
the Mount Abu light curve also. The presence of the domi-
nant p-mode of radial fundamental at 8.296 ¢/d, non-radial
p-modes at 14. 535 c¢/d, 32.620 c¢/d and a g-mode at 4.584
c¢/d indicates all possible oscillations can be simultaneously
occurred at a same star. Finally, the UBVR ground based
observation made important over space based data as the
ground based data can be used to approximate a theoretical
model to SZ Lyn and hence determine stellar parameters
mentioned in Table 6.
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