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ABSTRACT

Observations for the § Scuti star AN Lyn have been made between 2008 and 2016 with the 85-
cm telescope at Xinglong station of National Astronomical Observatories of China, the 84-cm
telescope at SPM Observatory of Mexico and the Nanshan One metre Wide field Telescope
of Xinjiang Observatory of China. Data in V in 50 nights and in R in 34 nights are obtained
in total. The bi-site observations from both Xinglong Station and SPM Observatory in 2014
are analysed with Fourier Decomposition to detect pulsation frequencies. Two independent
frequencies are resolved, including one non-radial mode. A number of stellar model tracks are
constructed with the MEsa code and the fit of frequencies leads to the best-fitting model with
the stellar mass of M = 1.70 + 0.05 M, the metallicity abundance of Z = 0.020 £ 0.001, the
age of 1.33 4 0.01 billion years and the period change rate 1/P - dP/dt = 1.06 x 10~ yr ™!,
locating the star at the evolutionary stage close to the terminal age main sequence. The O—C
diagram provides the period change rate of (1/P)(dP/dt) = 4.5(8) x 10~7 yr—!. However, the
period change rate calculated from the models is smaller in two orders than the one derived
from the O—C diagram. Together with the sinusoidal function signature, the period variations
are regarded to be dominated by the light-travel time effect of the orbital motion of a three-body
system with two low-luminosity components, rather than the stellar evolutionary effect.
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5per cent (see the classification in, Rodriguez et al. 1994, 1997a).

1 INTRODUCTION As one of the medium amplitude minority, AN Lyn is an interesting

8 Scuti stars are pulsating variables located in the classical Cepheid
instability strip, on the main sequence or evolving from the main
sequence to the giant branch (Breger 2000a,b). The general con-
sensus shows that most (possibly all) § Scuti stars evolve in the
main-sequence or the immediate post-main-sequence stages (Baglin
et al. 1973; Breger 1979, 1980). The amplitudes of pulsations in §
scuti stars are from mmag up to tenths of a magnitude (see, e.g. Niu,
Fu & Zong 2013; Niu et al. 2017; Zong et al. 2015). Their pulsa-
tion frequencies from ground-based observations are believed to be
greater than 5 d~! but smaller than 50d~"! (Balonaet al. 2015), which
is a good criterion for the variable classification. § Scuti pulsators
are divided into three groups based on the amplitude. The medium
amplitude pulsators with visual amplitude between 0.”1 and 0.3
are usually multiperiodic and the percentage of them is less than
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target of investigation for the pulsations and period variations.

AN LyIl (0[20()0 = 09h14m283, 62000 = 42046/38”, 10™.58 in V,
ATIV-V) is a multiperiodic § Scuti star with the principal period of
04.09827 and the visual amplitude of ~0™.18 (Zhou 2002). It has
been observed from 1980 (Yamasaki, Okazaki & Kitamura 1981)
to 2016 with a large amount of data accumulated. The distance was
estimated as 529 parsec by Pefia et al. (2015) using the uvby —
photometry. A more convincing result was 720 £ 160 parsec, re-
ported by Gaia satellite (Gaia Collaboration et al. 2016a,b; Arenou
et al. 2017).

Rodriguez et al. (1997a) pointed out that AN Lyn is a nearly
cold and evolved § Scuti star with solar metal abundance based on
uvby — B photometry, in which the ‘nearly cold’ means that AN Lyn
is closer to the red edge of the instability strip than the blue edge.
The last report of AN Lyn’s stellar parameters is log g = 3.8 and
log Ter = 3.8 (Peiia et al. 2015). With Fourier analysis, Rodriguez
etal. (1997b) detected three independent frequencies, f; = 10.1756,
fo» =18.1309 and f; = 9.5598d~!, who denied that AN Lyn was a
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monoperiodic pulsator by earlier works. However, it is noticed that
Zhou (2002) confirmed the existence of f; and f, but not f; in his
work.

As far as the O—C analysis, it was hard for Rodriguez et al.
(1997b) to explain the unusual behaviour of AN Lyn. Since then,
the binary nature has been gradually deduced from further O—C
analysis. The O—C diagram shows a long-term increasing trend
plus a fluctuating pattern. The long-term increasing trend is ex-
plained as the period increase due to the stellar evolution effect.
Hintz, Bush & Rose (2005) reported the period change rate dP/dt as
7.9 x 10719d d~!. Li, Qian & Xiang (2010) provided the measure-
ment of 2.09( £ 0.51) x 10~'' dd~". Pefia et al. (2015) reported the
latest period change rate of 1.54 x 1071 d d~'. The dramatic incon-
sistency comes from the undersampling of the complex shape of the
O—C curve. The fluctuating pattern in the O—C diagram is believed
to be caused by the binary motion with the orbital period of ~ 20 yr.
Hintz et al. (2005) reported the radial velocities of 11.4kms™! in
2003 and 36.8 km s~! in 2004, respectively. The difference between
these two values is taken as a proof of the binary nature. At the
same time, the amplitude change of f; was detected as sine function
with nearly the same period of binary motion (Zhou 2002; Hintz
et al. 2005; Li et al. 2010; Peiia et al. 2015). However, the reason
for the amplitude variations is still an open question.

In order to study the pulsations and period changes of AN Lyn
in detail and explore its evolutionary status, we made observations
for AN Lyn between 2008 to 2016 and constructed theoretical mod-
els to constrain the stellar parameters. Section 2 introduces the
observations. In Section 3, frequency analysis is performed with
Fourier Decomposition. Section 4 provides constraints from the-
oretical models, and Section 5 gives the O—C analysis. Finally,
Section 6 and 7 present discussions and conclusions, respectively.

2 OBSERVATIONS

AN Lyn had been observed with the 85-cm telescope in Xinglong
station of National Astronomical Observatories of China between
2008 January and 2016 January. During this period, a bi-site obser-
vation campaign was made with the 85-cm telescope at Xinglong
station in China and the 84-cm telescope at San Pédro Martir (SPM)
Observatory in Mexico during 2014 March 13-20. AN Lyn was also
monitored from 2016 January 21 to 24 with the Nanshan One me-
tre Wide field Telescope of Xinjiang Astronomical Observatory of
China. In total, data have been collected for AN Lyn for 50 nights
in V band and 34 nights in R band, respectively.

The data are reduced with the standard procedure of CCD pho-
tometry. After bias and flat-field correction, aperture photometry is
performed by using the paopHOT program of IRAF. Fig. 1 shows a
CCD image of AN Lyn, where a reference star (GSC 02990-00001)
and three check stars (TYC 2990-221-1, GSC 02990-00139, GSC
02990-00335) are marked. The light curves were then produced
by computing the magnitude differences between AN Lyn and the
reference star and verified by the three check stars.

Table 1 lists the observation runs and the mean photometric pre-
cisions of each run. Fig. 2 shows the detailed distribution of pho-
tometric precisions at each night and the differences among three
telescopes. One can find that the precisions in more than 90 per cent
observation nights are better than 0.01 mag and the typical pho-
tometric precision is around ~0.006 mag. There are 19 nights in
which the precisions are better than 0.004 mag. However, the pre-
cisions during four nights are worse than 0.01 mag, in which the
worst one is 0.016 mag. The precisions differ among the three tele-
scopes. The 84-cm telescope at San Pédro Martir (SPM) Observa-

Pulsations of the § Scuti star AN Lyncis 399

. (D Check 1
(®) Reference
@ AN Lyn
Check 2 (%)
Check 3 (¥)

Figure 1. A CCD image (16.5 x 16.5 arcmin?) of AN Lyn, taken with the
85-cm telescope at Xinglong station of National Astronomical Observatories
of China on 2014 March 13. Reference marks the comparison star. Three
check stars are pointed out as well.

Table 1. Observation journals of AN Lyn. XL85 means the 85-cm tele-
scope at Xinglong station of China, SPM84 is the 84-cm telescope at SPM
Observatory of Mexico and NOWT stands for the Nanshan One metre Wide
field Telescope at Xinjiang Observatory of China. Prec. stands for the mean
photometric precision in mag during each run.

Run Year Month Nights Telescope Frames  Prec.
V band

la 2008  January 3 XL85 2446 0.005
2a 2008  February 3 XL85 1777 0.01
3a 2010  December 3 XL85 1565 0.006
4a 2013 February 1 XL85 435 0.003
Sa 2013 April 1 XL8S 396 0.003
6a 2014  February 2 XL85 556 0.006
Ta 2014 March 13 XL85 SPM84 2835  0.006
8a 2014 April 1 XL85 91 0.007
9a 2015 January 6 XL8S 2053 0.004
10a 2015 December 5 XL85 1043 0.006
1la 2016  January 9 XL85 NOWT 1823 0.005
R band

Sb 2013 April 2 XL8S 841 0.006
6b 2014  February 2 XL85 543 0.007
7b 2014 March 13 XL85 SPM84 2889  0.007
8b 2014 April 1 XL85 87 0.02
9b 2015 January 6 XL85 1943 0.006
10b 2015 April 3 XL85 397 0.006
11b 2016  January 7 XL85 NOWT 1462 0.005

tory and the Nanshan One-metre Wide field Telescope of Xinjiang
Astronomical Observatory perform consistently that their mean
photometric precision for all the runs is 0.004 mag, whereas the
85-cm telescope in Xinglong station shows a little worse result with
the mean photometric precision of 0.006 mag. There is no apparent
distinction in different bands. The photometry in R shows a slightly
larger error.
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Figure 2. Top panel: distribution of photometric precision of each run.
One can find that more than 90 per cent data’s precisions are better than
0.01 mag. Bottom panel: mean photometric precision for all the runs of each
telescope. XL stands for the 85-cm telescope in Xinglong station of National
Astronomical Observatories of China. SPM stands for the 84-cm telescope
at San Pédro Martir Observatory of Mexico. XJ is the Nanshan One metre
Wide field Telescope of Xinjiang Astronomical Observatory of China.
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Figure 3. Light curves of AN Lyn in V during the bi-site observation
campaign in 2014 March.

3 PULSATION PROPERTIES

3.1 Frequency analysis

In this subsection, we report the frequency analysis of AN Lyn.
The frequencies in V and R band are resolved using the pErRIOD04
package (Lenz & Breger 2004) in parallel with the siGspEC package
(Reegen 2007). To be convincing enough, we accept the frequen-
cies that must appear in two bands from these two independent
packages at the same time. Finally, Two independent frequencies,
fo =10.172(2), f, = 28.311(2) c/d, as well as their harmonics and
combinations, 2fy, f> — fo, f> + fo, are resolved and confirmed.
First, the data of the bi-site observation campaign for AN Lyn
in Vin 2014 are used to perform Fourier Decomposition with the
software PERIODO4 to extract frequencies of pulsation. We correct
the zero-points of the light curves in each night. The zero-points are
set to zero by subtracting the mean value of the averaged maximum
and minimum magnitudes in each night. Fig. 3 shows the light
curves of AN Lyn in V during the bi-site observation campaign in
2014 March. Fig. 4 plots the spectral window and Fig. 5 depicts the
power spectra of the light curves and those after pre-whitenings of
frequencies. The frequencies with signal-to-noise ratio (S/N) higher

MNRAS 473, 398-411 (2018)

Frequency in c¢/d

Figure 4. Spectral window of the light curves in V during the bi-site obser-
vation campaign in 2014 March.

than 4 are taken following the criterion of Breger et al. (1993). The
light curves are then fitted with the following formula,

m=mo+ Y asin[2(fit + )], (0
where a; is the amplitude, f; is the frequency and ¢; is the corre-
sponding phase.

Table 2 lists the results of frequency analysis, while Fig. Al
depicts the fit curves and observed curves in detail. Eight fre-
quencies are resolved with four independent ones identified:
Jfo=10.1721 £ 0.0005, f; = 10.251 & 0.006, f, = 28.311 & 0.003
and f; = 7.46 £ 0.01d". f; is the most powerful signal, corre-
sponding to the fundamental mode of AN Lyn with / = 0 and
n = 0. The existence of f; causes ‘beat’ phenomenon in light
curves since its value is very close to fy. However, the frequency
of f, = 28.311 £ 0.003d~! should be an independent frequency
with higher amplitude and larger S/N than those of the frequency of
18.125 4 0.003 d~! mentioned in previous works. The latter should
be the linear combination of f, — f. Considering the frequency ratio
of the fundamental to first overtone mode of 0.778 (Breger 2000a),
the first overtone mode is not detected. The other three frequencies,
f1. /2, f3, should belong to non-radial modes of AN Lyn. As the fre-
quency F = 0.77 + 0.01d™! is located in the low frequency region
of 0 — 5d~!, we do not take it as an intrinsic frequency of pulsation
of AN Lyn. However, F is believed to be caused by the contamina-
tion from the variations of either the atmospheric transparency or
the instability of the sensitivity of the detector during the nights.

Secondly, the data in R band are collected simultaneously and
Fourier Decomposition is also performed after the zero-point cor-
rection. The power spectrum is shown in Fig. 6 and the resolved
frequencies are listed in Table 2. Fig. A2 shows the fit curves and the
observed data. In order to avoid meaningless low frequencies, we
scan the frequency in the range of 5 ¢/d to 50 ¢/d (Balona et al. 2015).
We find fo, 2o, f1. /2. f» — fo. fo + fo from the Fourier Decomposition
in R band while f; does not emerge, which is, in general, consistent
with the results in V band. The disappeared frequency f5 is worth
suspecting. Considering both the absence in R and the relatively
low S/N in V with the value of 4.1, which is close to the lower limit
of Breger’s criterion, this frequency hence is not considered as an
real frequency.

Finally, siGspec is implemented to the data in V and R in or-
der to check the frequencies extracted from previous processes.
This package is based on an analytical solution of the probabil-
ity that a discrete Fourier transform (DFT) peak of a given am-
plitude does not arise from white noise in a non-equally spaced
data set (Reegen 2007). The statistical estimator called spectral
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Figure 5. The amplitude spectrum of the light curves in V band from the bi-site observations in 2014 March and the spectra of the light curves after

pre-whitenings of frequencies.

Table 2. Results of frequency analysis of the light curves obtained with the observation campaign in 2014 March. Freq stands for the frequency, while

Ampl is the amplitude. S/N is the signal-to-noise ratio.

V band R band
Freq (d~1) Ampl (mag) S/N sig Freq (d~") Ampl (mag) S/N sig
fo 10.1721(2) 0.0868(17) 166.2 599.1 10.1720(5) 0.0681(78) 106.1 5532
2fo 20.351(3) 0.0046(16) 11.6 89.2 20.357(5) 0.0042(18) 9.5 58.4
b 28.311(2) 0.0031(14) 6.6 44.2 28.32(1) 0.0024(13) 7.4 23.6
h—f 18.125(6) 0.0028(14) 6.0 40.0 18.126(6) 0.0023(17) 5.0 24.8
HL+h 38.496(6) 0.0021(12) 5.8 243 38.85(1) 0.0018(13) 9.8 17.9

significance (sig) is used to evaluate the reliabilities of peaks.
sIGsPEC derives the frequencies by iteratively pre-whitening the most
significant frequency until the estimator ‘sig’ is less than 5. We find
that the frequencies extracted by PErRIOD04 show relatively large sig-
nificances; hence, they emerged at the first several frequencies from
sicspEc. However, the frequency f; = 10.251d~! does not appear
from the siGspec analysis. Considering that f; — fy is smaller than
the frequency resolution 1/7, where T is the observation duration,
we do not accept f; as a convincing frequency. Several frequencies
with sig > 5 are extracted from siGspEc. However, they are not be
accepted because of their absence in the results of the pEriop04
analysis.

Although there is not any apparent photometric precision differ-
ence between V and R, one can find that the frequencies resolved
from the data in V, in general, show higher S/N and lower errors than
those from the data in R. Hence, the former is used in the following
analysis. In short, based on the data in V and R, and the independent
results from PERIODO4 and SIGSPEC, five pulsation frequencies are
resolved and two frequencies are identified as independent frequen-

cies, which are fy = 10.1721 £ 0.0005 and > = 28.311 £0.003d !,
respectively.

3.2 Amplitude variations

In order to study the amplitude variations from 8-yr obser-
vations, five frequencies listed in Table 2 in V are used to
fit light curves of AN Lyn with six data sets presented in
this paper. We use the frequencies and combinations listed in
Table 2 to fit the light curves. We select the runs with enough
data and then the fitting is implemented in the runs, respectively.
The fitting curves and observed data are shown in Fig. A3 for
the light curves in V and in Fig. A4 for the light curves in R, re-
spectively. Tables 3 and 4 list the amplitudes with errors of the
five frequencies in the six data sets. Fig. 7 shows the amplitude
variations of the independent frequencies and their linear combi-
nations. One can find that only the amplitude of the main fre-
quency fy in V decreased dramatically from 0.97 mag in 2008 to
0.76 mag in 2016 while the amplitudes of the other frequencies

MNRAS 473, 398-411 (2018)
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Figure 6. Same as Fig. 5 but in R band.

Table 3. Amplitudes of the five frequencies of AN Lyn in V in six combined observation data sets listed in Table 1. Ampl stands for the amplitude of
each frequency in mag in the six data sets, Error is the uncertainty of the amplitude in mag. The run names are from the first column of Table 1.

Ampl Error Ampl Error Ampl Error Ampl Error Ampl Error Ampl Error
Run la+2a 3a Ta 9a 10a 11a
fo 0.0965 0.0021 0.0964 0.0017 0.0878 0.0017 0.0895 0.0018 0.0893 0.0026 0.0746 0.0018
2fo 0.0037 0.0018 0.0038 0.0018 0.0049 0.0016 0.0030 0.0015 0.0093 0.0029 0.0043 0.0016
hH 0.0039 0.0018 0.0026 0.0014 0.0040 0.0015 0.0030 0.0016 0.0036 0.0018 0.0028 0.0014
HL—=1o 0.0038 0.0020 0.0051 0.0018 0.0036 0.0015 0.0031 0.0015 0.0037 0.0018 0.0034 0.0016
HL+fo 0.0034 0.0017 0.0025 0.0013 0.0029 0.0014 0.0024 0.0012 0.0032 0.0018 0.0024 0.0012
Table 4. Same as Table 3 but in R band.
Ampl Error Ampl Error Ampl Error Ampl Error
Run 5b 7b 9b 11b

fo 0.0706 0.0018 0.0682 0.0014 0.0700 0.0015 0.0679 0.0015

2fo 0.0040 0.0019 0.0039 0.0013 0.0023 0.0013 0.0041 0.0017

i) 0.0026 0.0013 0.0030 0.0012 0.0028 0.0013 0.0030 0.0015

L —fo 0.0035 0.0017 0.0035 0.0013 0.0022 0.0011 0.0029 0.0014

£+ 0.0026 0.0013 0.0019 0.0011 0.0018 0.0010 0.0024 0.0012

kept relatively stable. The variations of f,’s amplitude follow the
previous prediction from Li et al. (2010), which is mentioned in
Section 6.1.

Following Fu et al. (2013), the ‘pulsation power’ of AN Lyn can
be calculated in mmag” s~! by

E=)fix A} )

in which f; is the resolved frequency, including the independent
one and the linear combination and A; is the amplitude. Fig. 8
plots the variations of ‘pulsation power’, showing that AN Lyn’s
pulsation power in V band had been changing from 2008 to 2016,
synchronizing with the changes of the amplitude of the dominant
frequency as shown in Fig. 7.

MNRAS 473, 398-411 (2018)

4 CONSTRAINTS FROM THEORETICAL
MODELS

We use Modules of Experiments in Stellar Astrophysics (MESA)
to calculate stellar models. MESA is a group of source-open, pow-
erful, efficient, thread-safe libraries for a wide range of applications
in computational stellar astrophysics (Paxton et al. 2011, 2013).
MESA can simulate 1D stellar evolution with a wide range of pa-
rameters from very low mass to massive stars.

The parameters we adjusted are the stellar mass M and the metal
abundances Z. The mass range is from 1.30 to 2.50 M, with the
step of 0.05M¢. The range of metal abundances is Z € [0.015,
0.025] with the step of 0.001. 275 evolutional tracks with differ-
ent M and Z are calculated. The simulations are made from the
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Figure 7. Amplitude variations of five frequencies of AN Lyn listed in Table 2. The circle stands for the amplitude in V band, while the square is the amplitude
in R band. Note that the amplitudes of f; in V band changed dramatically, especially in 2016.
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pre-main-sequence to the moment when log 7. is smaller than 3.7,
where the star is after the end of post-main sequence. Then 275 evo-
lutional tracks are calculated and the frequencies of the eigen modes
are computed. The frequencies in a small range of £°° 4 0.1d~!
of different modes with degree [ < 3 are calculated, since the ob-
servable modes are believed to have / < 3. The coefficients n = 0
and / = 0 are set for f; since it should be the fundamental frequency
of AN Lyn. The best-fitting model is determined by the minimum
value of x?

1 e ,
X2 — E (fical _ f;)b&)z 3)
i=0

i

in which £ is the theoretically calculated frequency, while £ is
the observed one. Fig. 9 shows the relation among |x ~°|, M and
Z. Finally, a model with M of 1.70 M and Z of 0.020 is taken as
the best-fitting model due to the minimum 2 value.

Fig. 10 shows the theoretical evolutionary tracks where the
best-fitting model is marked with the cross in the Hertzsprung—
Russell (H-R) diagram. The best-fitting model has the pa-
rameters as Z = 0.020 + 0.001, M = 1.70 £ 0.05Mg,
logTyr = 3.8201 £ 0.0002, logg = 3.890 =+ 0.005,
logL = 1.0126 £ 0.0003, age = (1.33 £ 0.01) x 10°yr and
(1/P)(dP/df) =2.142 x 1072 yr~! with x2 of 0.00005 d°. Table 5
lists the observed and corresponding theoretical frequencies of the

best-fitting model. The typical difference between the theoretical
and the observed frequency is 0.001d~".
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Figure 9. Schematic relation among the value of x, the stellar mass M
and the metal abundance Z. The colour stands for the value of |x ~*|. The
lighter the colour is, the better the calculated frequencies of the model fit
the observed frequencies.
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Figure 10. Match between theoretical models and observations with Z of
0.020. Solid lines show the evolutional tracks in different initial masses. The
thick areas mean that the star satisfies log 7 € [3.7, 3.9] and logg € [3.7,
3.9]. The squares show the models with fo € [10.0721, 10.2721]. The cross
indicates the best-fitting model with the minimum value of x2.
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Figure 11. O—C diagram of AN Lyn. (a) Fitted by equation (5). The dashed line is the parabola function, while the solid line concerns both the parabola and
the sine function. (b): Fitted by equation (6). The dashed line shows the trend of long-period orbital motion, while the solid line plots the whole motion caused

by the two components.

Table 5. Frequencies observed and calculated with the MESA code for the
best-fitting model of AN Lyn. §f = f&l — fobs (d=1).

thS(d—l) fcal(d—l) n 1 Sf(d—l)
fo 10.1721 10.1727 0 0 0.0006
)il 28.311 28.304 7 1 —0.007

Pefia et al. (2015) gave the parameters of AN Lyn as
logg = 3.8 £ 0.1 and log Teir = 3.8 £ 0.1, which are consistent
with the corresponding values of the best-fitting model within the
range of three times of the uncertainties. As for the period change
rate, there is an apparent conflict between the theoretical and the
observed value. One can find that the prediction from the model
is (1/P) (dP/df) =1.06 x 10~° yr~!, while the measurement from
the O—C diagram mentioned in next Section is 4.5(8) x 1077 yr~!,
much larger by a factor of 424.

The distance can be calculated based on the predicted log L. The
result, 453 pc, is not consistent with the photometry estimation and
the parallax measurement mentioned in Section 1. The discussion
is made in Section 6.2 in which the reason will be attributed to the
components in the three-body system.
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5 O-C ANALYSIS

O—C stands for O[bserved]minus C[alculated] and is a widely used
method when investigating the cyclic phenomena (Sterken 2005).
We collect 238 times of maximum light of AN Lyn from literature,
including 127 ones from Hintz et al. (2005), 108 from Li et al. (2010)
and 3 from Pena et al. (2015). We derive 124 times of maximum
light from our observations, in which 64 ones in the V band and 35
in the R band determined from the data with the 85-cm telescope
of the Xinglong station of China, 9 in the V band and 9 in the R
band determined with the 84-cm telescope of the SPM observatory
of Mexico, and 4 in the V band and 3 in the R band determined
with the Nanshan One meter Wide field Telescope of the Xinjiang
Observatory of China. The times of maximum light are determined
with the three-order polynomial fitting of the light curves. The errors
are estimated with the Monte Carlo simulation. Table A1l lists the
newly determined times of maximum light. Fig. 11 displays the
O—C diagram. The ephemeris was calculated following Pefia et al.
(2015):

HIDpax = 2444291.02077 4- 0.09827447d x E. “)
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Table 6. Coefficients of equation (5).

§To (d) 5P (d) PdP/dt(d)  A(@d) I (d) )

0.012(4) —7(2) x 1077 1.2(2) x 10~'" 0.0120(4) 8.4(1) x 10> 0.72(2)

A parabolic fit is made for the O—C data in order to deduce the
period variation rate [(1/P) (dP/d¢)]. An undulatory shape of distri-
bution of the residual emerges after removing the parabolic trend.
Hence, it is reasonable to fit the O—C data by including both the
parabolic and the sinusoidal function as follows:

1dP , E
0~ C=5Ty+8PE+ 5 PE* + Asin 21 ( =+ 0] |. (5

where O—C means the value calculated by equation (4). §T) means
the correction of the first time of maximum light, while § P means
the correction of the pulsation period. A, IT and ¢ stand for the
amplitude, the period and the phase of the sinusoidal function,
respectively. The fit is shown in Fig. 11 (a). Three groups of
points are not used in the fit because of their apparent deviations,
marked with the black cross in Fig. 11. Table 6 lists the coeffi-
cients of equation (5). One can deduce that the period change rate
(1/P)(dP/df)=4.5(8) x 1077 yr~! and the orbital period of binary
is23.0 £ 03 yr.

Concerning the theoretical prediction from the model in Sec-
tion 4, the observation-determined period change rate is around
424 times larger than the theoretical value. Such a dramatic contra-
diction indicates an unusual cause of period change, other than the
evolutionary effect. We guess that it could be caused by the light-
travel time effect in a three-body system. The undulatory shape in
the O—C diagram could be the evidence of a short-axis component
(the second component, M;), while the parabola trend reflects a
long-axis massive component (the third component, M3). We try to
do Fourier Decomposition of the O—C data and fit it by using the
two orbital frequencies,

0-C=2Z+)» A sin{Zn(E—H/))] (6)
i=2,3 l I P2

in which A4, is the amplitude of the orbital motion in days, I1; is the

period and Z is the zero-point. The result shows that there are two

periods in the O—C data: I1, = 24 £ 2 yr and I1; = 66 &= 5Syr. The

fit is shown in Fig. 11 (b).

The three groups of discarded data points marked with cross in
Fig. 11 show an unexpectable discrepancy with the fitted trend,
which is the reason for them to be moved out in our analysis.
Hubscher (2005); Hubscher, Paschke & Walter (2005, 2006) and
Klingenberg et al. (2006) reported the data, and Li et al. (2010)
used them for O—C analysis first. However, by collecting more data,
Pefia et al. (2015) presented a more convincing result, showing a
systematic deviation of these three groups of data points from the
fitted curve on the O—C diagram. Our observations provide six
years of extension of data point distribution, supporting the fit of
Peiia et al. (2015) rather than that of Li et al. (2010).

6 DISCUSSION

6.1 Amplitude variations

Amplitude variations have been detected for almost all types of pul-
sating variable stars, such as the high-amplitude § Scuti stars (Zhou
et al. 2002; Zhou & Jiang 2011), y Dor stars (Rostopchina, Breger
& Hansen 2013) and pulsating white dwarfs (Handler et al. 2003;
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Figure 12. Amplitude and period deviation of fy and O—C fluctuation.
Top panel: Circle points stand for the amplitude data collected from Li
et al. (2010), while the triangles stand for the data from our observations.
The period of amplitude variation is 22.4 & 1.1 yr. Middle panel: Period
deviation of fy defined as AP = P — 0.09827447d with periodicity of
22.9 £ 1.5yr. Bottom panel: O—C fluctuation with the parabola function
extracted from equation (5) with the period of 23.0 £ 0.3 yr.

Fu et al. 2013; Bell et al. 2015). The mechanisms that are responsi-
ble for the amplitude variations may be attributed to either intrinsic
or external reasons. The latter includes the tidal effect due to a
component star, like an interesting example given by Bear & Soker
(2014). In this assumption, amplitude variations should be synchro-
nized with the orbital motion.

We collect the amplitude and period variation data of f; from
Li et al. (2010) and added the data mentioned in Section 3.2.
The period in each epoch is calculated from the O—C’s slopes
extracted parabolic part. Fig. 12 shows the amplitude, period de-
viation (AP = P — 0.09827447d) and O—C fluctuations of AN
Lyn. The period of f; amplitude variation is 22.4 £ 1.1 yr and the
one of AP is 22.9 £ 1.5yr, while the period of the O—C data is
23.0 £ 0.3 yr. The accordance of these three values of period is a
strong indication that the companion star can change the pulsation
amplitude of AN Lyn. The maximum value of orbital radial velocity
is only 2.4km s~! calculated with Doppler effect AP, /P = v/c.
Nevertheless, two radial velocities provided by Hintz et al. (2005)
varied very much (11.4kms~! in 2003 and 36.8kms~' in 2004),
which might be due to the zero-point shift of the instrument, rather
than the motion of AN Lyn due to binarity.

6.2 Three-body Hypothesis

As illustrated in Sections 4 and 5, the contradiction of period change
rate from the O—C observations and the theoretical predictions
implied the possibility of the existence of three components of the
AN Lyn system. Based on the orbital period and the lower limit of
semi-axis deduced by the O—C’s amplitudes, the lower limit of the
two components’ masses can be estimated by the Kepler third law
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Table 7. Parameters of the three-body system. Freq stands for the frequency
of the O—C diagram; P correspond period of frequency; Amp for the am-
plitude; @min the lower limit of the semi-major axis while My, the lower
limit of the component’s mass.

Freq(x 107°E™")  P(yr)  Amp(d)  amin(au)  Mmin M@)
F 4.1(3) 66(5)  0.025(3) 4.3(5) 0.51(8)
F 11(1) 24(2)  0.012(3) 2.1(5) 0.4(1)
12 ¢
)]
®10t l
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Figure 13. Relation between the lower limit of the third component’s mass
and the initial period value in the ephemeris equation.

as follows:
PRCL T B %
T} (m) +my)*
3 3
a8 g "M 8)

T32 (ml +WZ2 +m3)2’

where m;, m, and ms are the masses of AN Lyn, and the two
companions a, 3 and T 3 are the semi-axes and the periods of the
two orbits, respectively. Due to the stability of this system, the axis
of the orbit of the third component should be long enough so that
the gravity force on the third component equals approximately to
the synthesized force of gravity from both AN Lyn and the second
component. To be quantitative, the ratio of a3 and a, should be larger
than or equal to 3 (Harrington 1972). The parameters of the three-
body system are listed in Table 7. The existence of two components
with minimum masses of ~0.4 and ~0.5 M, respectively, implies
that the evolutionary history of the AN Lyn system is mysterious.
Hintz et al. (2005) displayed a high resolution spectrum of AN Lyn
in the region of HB. It seems that there is not any spectral line
from other stars, which indicates that the luminosities of the two
components should be much lower than that of AN Lyn, implying
that they are compact stars or red dwarf.

However, the axis of the third component’s orbit a; depends on
the initial value of period in equation (4). A wrong period value
would enlarge variations in the O—C diagram, and increase as,
making the parameters of the third component uncertain. We fit
the O—C data calculated by different initial linear ephemerides and
deduce the lower limit of the third component’s mass displayed in
Fig. 13. One can find that the minimum value of mass of the third
component is ~0.5M¢,), corresponding to the initial ephemeris in
equation (4).

The stellar model given in Section 4 reveals the luminosity of
AN Lyn, and the distance can be calculated based on the luminosity
and the visual magnitude. The result is 453 pc, which is narrowly
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consistent with Gaia’s observation within the range of three times
of uncertainty. The huge discrepancy may be posed by the influence
of the light emitted from other two components in the three-body
system. The asteroseismic analysis only gives the luminosity of AN
Lyn. However, the visual magnitude from the photometry is the sum
of three components’ brightnesses. The visual magnitude and the
absolute magnitude are mismatched so that the system is brighter
than that AN Lyn should be. Finally, the distance is shorter than that
from the parallax observation.

7 CONCLUSIONS

After 8-yr observations, the § Scuti star AN Lyn are investigated and
analysed further. Two independent frequencies are resolved from
a one-week bi-site observation campaign, including one non-radial
mode. Amplitude variations of the three frequencies and their linear
combinations are detected. The amplitude of the main frequency in
V has been changing with time while the other frequencies keep
their amplitudes stable.

Stellar models are constructed and the theoretical frequencies are
fitted with the two observed frequencies. The minimum value of
x? gives the best-fitting model, showing that AN Lyn locates near
the terminal age main sequence on the H-R diagram with M of
1.70 = 0.05 M@, Z of 0.020 £ 0.001 and age of 1.33 £ 0.01 billion
years.

O—C diagram of AN Lyn is made with the new observation data
together with those in the literature. Since the determined period
change rate is much larger than the theoretical prediction due to the
evolutionary effect, the variations in the O—C diagram show the
evidence of the light-travel time effect in a three-body system with
two low-luminosity components, with masses larger than 0.4 and
0.5 M@, respectively.

Future observation is needed to confirm this hypothesis, includ-
ing both high-quality time series photometry and radial velocity
observations. Spectroscopic observations in the ultraviolet and in-
frared bands are also necessary in order to confirm the type of the
components.
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APPENDIX A: LIGHT CURVES AND NEW MAXIMUM TIMES OF AN LYN
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Figure A1. Light curves and fitted results in V during the bi-site observation campaign in 2014 March. The solid lines stand for the fitting curves with the five
frequencies listed in Table 2. XL is the 85-cm telescope at Xinglong station of National Astronomical Observatories of China. SPM is the 84-cm telescope at
San Pédro Martir Observatory of Mexico and XJ stands for the Nanshan One metre Wide field Telescope of Xinjiang Observatory of China.
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Figure A2. Same as Fig. Al but in R band.
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Figure A3. All the light curves collected for AN Lyn in V band. The solid lines stand for the fitting curves with the five frequencies listed in Table 2.
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Figure A4. Same as Fig. A3 but in R band.
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Pulsations of the § Scuti star AN Lyncis 411

Table A1. Newly determined times of maximum light of AN Lyn. Tp,x is the times of maximum light in Helio-centric Date-2450000.

Tinax Error Band Tinax Error Band Tinax Error Band Timax Error Band

4480.2155 0.0011
4484.1509 0.0010
4515.9911 0.0020
5541.4004 0.0003
6384.2182 0.0018
6385.1041 0.0010

4480.3131 0.0005
4484.2486 0.0010
4516.0900 0.0016
6325.3515 0.0004
6385.0037 0.0015
6385.1991 0.0010

4480.4121 0.0007
4484.3476 0.0006
5538.3554 0.0011
6384.0227 0.0015
6385.0042 0.0024
6700.2722 0.0014

4481.394 61 0.00027
4512.16174 0.00005
5541.3018 0.0003
6384.1204 0.0016
6385.1038 0.0008
6700.2723 0.0012

6700.3683 0.0015 6700.373 0.004 6708.2293 0.0021 6708.2303 0.0018
6721.7932 0.0027 6721.7939 0.0020 6721.8912 0.0025 6721.8913 0.0017
6729.654 0.003 6729.655 0.003 6729.7519 0.0027 6729.752 0.003
6730.1455 0.0016 6730.1461 0.0016 6730.2452 0.0017 6730.246 0.003
6730.736 0.0021 6730.738 0.003 6731.0304 0.0014 6731.0317 0.0009
6731.1275 0.0014 6731.1285 0.0013 6731.225 0.003 6731.2268 0.0008
6732.0131 0.0012 6732.014 0.004 6732.1115 0.0016 6732.113 0.005
6733.685 0.004 6733.6877 0.0018 6733.9796 0.0008 6733.9800 0.0013
6734.0782 0.0010 6734.0793 0.0006 6735.058 0.005 6735.059 0.004

6735.648 0.004
6736.7316 0.0005
6737.1243 0.0008
6761.1033 0.0009
7046.3928 0.0019
7052.2948 0.0014
7053.2751 0.0010
7054.357 0.0004
7120.1026 0.0013
7371.1975 0.0004
7372.3772 0.0022
7409.425 0.015
7410.4087 0.0012
7412.3722 0.0015
7413.3549 0.0010
7414.3387 0.0009
7416.2059 0.0004

6735.6513 0.0016
6736.7321 0.0005
6737.125 0.0005
6761.104 0.0005
7046.39897 0.00005
7052.2950 0.0004
7053.2767 0.0011
7054.3574 0.0009
7368.3477 0.0006
7371.297 0.0003
7373.1630 0.0019
7410.3105 0.0022
7410.4099 0.0018
7412.3728 0.0025
7413.3551 0.0009
7414.3390 0.0028
7416.3049 0.0006

6735.7495 0.0004
6737.0262 0.0010
6737.2223 0.0020
7046.2917 0.0008
7049.3454 0.0009
7052.3925 0.0008
7053.3741 0.0005
7119.0230 0.0010
7369.2311 0.0017
7372.181 0.0023
7373.2603 0.0008
7410.3105 0.0007
7411.3903 0.0020
7413.2578 0.0004
7414.2405 0.0009
7415.2235 0.0023

6735.7501 0.0004
6737.0263 0.0008
6737.2224 0.0004
7046.2930 0.0004
7049.3458 0.0004
7052.3925 0.0008
7053.3756 0.0006
7119.0231 0.0010
7369.3315 0.0011
7372.2787 0.0019
7373.3595 0.0011
7410.3109 0.0010
7411.3905 0.0008
7413.2584 0.0010
7414.2416 0.0017
7415.2236 0.0012
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