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Abstract: It has been established that the acoustic mode parameters of the Sun and Sun-like stars
vary over activity cycles. Since the observed variations are not consistent with an activity-related origin,
even Sun-like stars showing out-of-phase changes of mode frequencies and amplitudes need to be carefully
studied using other observational quantities. In order to test whether the presumed relations between
the global seismic parameters are a signature of the stellar activity cycle, we analyze the photometric
light curve of HD 49933 for which the first direct detection of an asteroseismic signature for activity-
induced variations in a Sun-like star was made, using observations by the CoRoT space telescope. We
find that the amplitude of the envelope significantly anti-correlates with both the maximum frequency
of the envelope and the width of the envelope unless superflare-like events completely contaminate the
light curve. However, even though the photometric proxy for stellar magnetic activity appears to show
relations with the global asteroseismic parameters, they are statistically insignificant. Therefore, we
conclude that the global asteroseismic parameters can be utilized in cross-checking asteroseismic detections
of activity-related variations in Sun-like stars, and that it is probably less secure and effective to construct
a photometric magnetic activity proxy to indirectly correlate the global asteroseismic parameters. Finally,
we seismically estimate the mass of HD 49933 based on our determination of the large separation of HD
49933 with evolutionary tracks computed by the MESA code and find a value of about 1.2M� and a
sub-solar metallicity of Z = 0.008, which agrees with the current consensus and with asteroseismic and
non-asteroseismic data.
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1. INTRODUCTION

Turbulent flows in the convective envelopes of the
Sun and Sun-like stars, which is inevitably affected by
the stellar magnetism, generate resonant sound waves
trapped in the stellar interiors and are observed as non-
radial oscillations (Goldreich & Keeley 1977; Goldre-
ich & Kumar 1988; Goldreich et al. 1994; Balmforth
1992). Exploring the observed individual mode fre-
quencies of the oscillations allows us to improve our
knowledge on the internal structure and dynamics of
the Sun and other stars (Christensen-Dalsgaard et al.
1985; Gough 1985, 1990; Elsworth et al. 1995; Thomp-
son et al. 1996; Basu et al. 1997; Christensen-Dalsgaard
2002; Aerts et al. 2010; Appourchaux et al. 2010). Fur-
thermore, it has been established that solar acoustic
mode parameters change with the solar activity level
(Woodard & Noyes 1985; Fossat et al. 1987; Pallé et al.
1989; Elsworth et al. 1990, 1994; Libbrecht & Woodard
1990; Chaplin et al. 1998, 2001, 2004). The amplitude
(frequency and damping rate) of the acoustic mode is
(are) observed to decrease (increase) with increasing so-
lar magnetic activity (Elsworth et al. 1993; Chaplin et
al. 2000; Komm et al. 2000). Modulations with the
solar activity cycle can be understood by considering
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that the background magnetic field suppresses the tur-
bulent convection and subsequently the excitation of
sound waves, causing changes in the boundary condi-
tions of the acoustic cavity in which they propagate
(Jiménez-Reyes et al. 2003). Helioseismology has thus
provided important inputs for dynamo theories by mea-
suring such activity-related variations.

It is natural to expect from asteroseismic obser-
vations of Sun-like stars that the observed parameters
of the individual acoustic modes vary as the stellar
magnetic cycle continues, following a similar trend to
that observed in the Sun. If this is indeed the case, it
would be worthwhile to accumulate observational data
of activity-related variations over several magnetic cy-
cles in active stars other than the Sun; our knowledge of
dynamo processes can be greatly improved by providing
observational constraints for stellar dynamo models for
different evolutionary stages and under physical condi-
tions distinct from those of the Sun (e.g., Chaplin et
al. 2007; Metcalfe et al. 2007; Thomas et al. 2021). In
addition to monitoring long-term chromospheric Ca ii
H&K emission (Baliunas et al. 1995; Henry et al. 1996;
Radick et al. 1998; Ak et al. 2001; Isaacson & Fischer
2010; Meunier et al. 2019), the first direct detection
of an asteroseismic signature of activity-induced varia-
tions in a Sun-like star was achieved for HD 49933 (also

129

http://jkas.kas.org
https://orcid.org/0000-0001-8638-4460
https://orcid.org/0000-0003-2015-2725


130 Kim & Chang

known as HR 2530 and CoRoT 20), an F5V star ∼20%
more massive and ∼34% larger than the Sun with a
surface rotation period of 3.5 days (Garćıa et al. 2010;
Salabert et al. 2011; Régulo et al. 2016). Garćıa et
al. (2010) reported anti-correlated temporal variations
of the mode amplitude and frequency, as observed for
the Sun. Moreover, the observed frequency shifts show
a clear dependence on the mode frequency, reaching a
maximum shift of ∼2 µHz around 2100 µHz (Salabert
et al. 2011), which is ascribed to changes in the near-
surface layers due to the local magnetic activity.

It should be kept in mind, however, that a subse-
quent study that measured temporal variations in fre-
quency shifts for 87 Sun-like stars shows that the mode
frequencies and amplitudes of at least ∼20% of the di-
agnosed stars change in phase instead of out of phase,
i.e., in opposition to what is seen for the Sun (San-
tos et al. 2018, 2019). This implies that not all of the
observed variability may be associated with the stellar
magnetism. For example, the unexpected relation be-
tween the mode amplitude and frequency shift could
arise due to stochastic fluctuations during minima of
the stellar activity cycle. Hence, even Sun-like stars
showing the out-of-phase change of mode frequencies
and amplitudes need to be confirmed with due care.

In ensemble asteroseismology, fundamental stellar
quantities, such as mass and radius, are inferred from
parameters describing the Gaussian envelope of the stel-
lar oscillation power excess (Brown & Gilliland 1994;
Kjeldsen & Bedding 1995, 2011; Belkacem et al. 2011,
2013; Chaplin & Miglio 2013; Hekker 2020). Asteroseis-
mic scaling relations have provided evidence that the
global asteroseismic parameters are functions of stellar
parameters such as evolutionary status, rotational pe-
riod, age, effective temperature, metallicity, and mag-
netic activity. For example, magnetically active stars
are apt to have a lower envelope amplitude for the stel-
lar oscillation power excess of the pressure mode (p-
mode) than less active stars (Mosser et al. 2009; Dall
et al. 2010; Chaplin et al. 2011; Huber et al. 2011; Kim
& Chang 2021a). For the frequency of the maximum
height in the acoustic power spectrum, νmax, a positive
correlation is expected with stellar activity, provided
that the stellar acoustic cutoff frequency correlating
with stellar activity is proportional to νmax (Jiménez
et al. 2011; Howe et al. 2020). One may also expect
a positive correlation between the envelope width and
stellar activity due to a synergy of (1) the differential
suppression of mode amplitudes over wide frequency
ranges (e.g., Salabert et al. 2003; Kjeldsen et al. 2008)
and (2) the proportional increase of frequency shift by
an activity-related origin in the mode frequency (e.g.,
Gelly et al. 2002; Howe et al. 2002). As a result of
these two, the envelope of the acoustic oscillation be-
comes flatter and broader as solar activity proceeds to
its maximum.

In order to uncover signatures of the stellar activ-
ity cycle in the light curve of Sun-like stars, we probe
the behavior of the relations among the global seismic
parameters. For this purpose, we analyze photometric

Table 1
Stellar parameters of HD 49933

Parameter Unit HD 49933 Reference

Spec. type — F5V Mosser et al. (2005)
mv mag 5.866±0.001 van Leeuwen (2007)

B − V mag 0.396±0.007 van Leeuwen (2007)
π mas 33.45±0.84 van Leeuwen (2007)

[Fe/H] dex −0.29 Cenarro et al. (2007)
Teff K 6590±60 Bruntt (2009)

log g cgs 4.21±0.14 Bigot et al. (2011)
L? L� 3.47±0.18 Bruntt (2009)
M? M� 1.19±0.07 Benomar et al. (2010)
R? R� 1.385±0.031 Bruntt (2009)
Age Gyr 2.15 Kallinger et al. (2010)

vrot sin i km s−1 −12.8±0.3 Gontcharov (2006)

data of HD 49933 observed by the COnvection, ROta-
tion and planetary Transits (CoRoT) space telescope,
led by the French Space Agency in conjunction with the
European Space Agency, as a case study. In the course
of investigation, we also asteroseismically constrain the
mass of HD 49933 by comparing theoretical evolution
models constructed from the MESA code with the ob-
served location in the seismic Hertzsprung-Russell di-
agram. This paper is organized as follows. We begin
with a description of the data analyzed in the current
paper and methods used to acquire envelope parameters
for the stellar oscillation power excess in Section 2. We
present the relations deduced from temporal variations
of the global seismic parameters in Section 3. We place
HD 49933 in the seismic H–R diagram and briefly dis-
cuss its implication on mass estimation in Section 4. Fi-
nally, we summarize the results and conclude the study
in Section 5.

2. DATA

For the seismic analysis of Sun-like oscillations in the
star HD 49933, we extracted the CoRoT level-N2 light
curve with a cadence of 32 seconds, corresponding to a
Nyquist frequency of ∼ 15000 µHz, which is available in
the Instituto de Astrofisica de Canarias (IAC) CoRoT
Public Archive1 (Chaintreuil et al. 2016). HD 49933 has
been observed three times, for 60 days in 2007, 137 days
in 2008, and 60 days in 2012 (Appourchaux et al. 2008;
Benomar et al. 2009). The CoRoT satellite operated
from 2006 to 2013 and observed more than 160,000 stars
in 26 stellar fields with a field of view of 3.05◦ × 2.7◦

without Earth occultations, allowing up to 150 days of
continuous observation (Baglin et al. 2006; Michel et al.
2008). After the unfortunate failure of Data Processing
Unit No. 1 in 2009, however, observations were limited
to 3-month observing runs. Data sets are grouped into
four levels, N0, N1, N2, and N3, based on the reduction
processes. For example, invalid data are corrected with
the inpainting method at level N2 (Pires et al. 2015).

In Figure 1, we show the light curves of HD 49933
from three separate observing runs by CoRoT, in which

1http://idoc-corot.ias.u-psud.fr
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Figure 1. Light curves of HD 49933 observed by CoRoT for
three separate observing runs, which are recorded with a ca-
dence of 32 seconds for 60 days in 2007, 137 days in 2008, and
60 days in 2012 (from top to bottom, respectively). Note
two superflare-like peaks from JD 2454480 to JD 2454520
which are suspected to be comparable to the Halloween so-
lar storms in late 2003.

a quasi-periodic modulation with a period of ∼ 3.5 days
can be seen on top of a slow variation with a period of
at least 120 days which hints at the stellar activity cy-
cle. We assume that the short-term variation is due
to the rotation of HD 49933, ∼8 times faster than the
Sun, with star-spots being distributed over the visible
surface. It is useful to note that the periods of activity
cycles are known to be approximately proportional to
the stellar spin periods. Interestingly, active and inac-
tive stars appear to follow two distinct paths in that re-
lation (Saar & Brandenburg 1999; Böhm-Vitense 2007).

To derive the global seismic parameters for the stel-
lar oscillation power excess as a function of time, we
have first removed outliers in the time series which devi-
ate by more than 3σ and then detrended the data with a
third-order polynomial function spanning two days. We
computed a power spectrum for each 40-day-long time
series shifted in steps of 10 days with the Lomb-Scargle
algorithm (Lomb 1976; Scargle 1982) and smoothed it
with a Gaussian moving average with a width of 5 µHz.
Using the power spectrum for HD 49933, we fit a model
to the acoustic power spectrum over the frequency range
ν ≥ 200 µHz to extract the global seismic parameters
with the Levenberg-Marquardt least-squares method.
In the current analysis, we have only taken the second
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Figure 2. The power spectral density (PSD) of HD 49933
resulting from the first 40-day-long time series in the second
observing run. Note that the PSD is shown after removing
the background red noise with the Karoff model with n = 2.
Thus, the thick curve represents the sum of the envelope
profile of the power excess for the acoustic oscillation and
the background white noise.

run of observations because it is the longest run and
corresponds to the time series for which Garćıa et al.
(2010) demonstrated anti-correlated variations in the
mode frequency and amplitude of HD 49933, and be-
cause the light curves observed for the first and third
runs show low signal-to-noise ratios.

The observed power spectrum, shown in Figure 2,
is modeled with three standard components: the enve-
lope profile of the power excess for the acoustic oscil-
lation, P (ν), the background white shot noise, W (ν),
and the background red noise representing various fea-
tures in the solar atmosphere, B(ν). Even though some
F-stars are reported to have a broad super-Gaussian
shape (Appourchaux et al. 2008; Arentoft et al. 2008;
Bedding et al. 2010), the envelope profile of the power
excess is here given by the Gaussian profile

P (ν) = A exp

[
−(νmax − ν)2

2σ2
e

]
, (1)

where νmax is the central frequency of the envelope pro-
file for the stellar oscillation power excess, A is the
height at νmax, and δνenv = 2

√
2 ln 2σe is the full width

at half maximum (FWHM) of the envelope profile. The
background red noise is caused by various effects such
as granulation, bright faculae, and chromospheric fea-
tures. Considering that granulation and bright faculae
dominate the background red-noise, we have employed
a model of the background red noise of the stellar power
spectrum proposed by Karoff (2008), the Karoff model
with n = 2,

B(ν) =
2∑

i=1

(
4σ2

i τi
1 + (2πντi)2 + (2πντi)4

)
, (2)

where σi is the i-th component of the rms intensity
and τi is the i-th characteristic time-scale of the rms



132 Kim & Chang

20 40 60 80 100
Time (JD-2454391.9)

0.5

0.0

0.5

 (
Hz

)

20 40 60 80 100
Time (JD-2454391.9)

0.45

0.50

A 
(p

pm
2 )

20 40 60 80 100
Time (JD-2454391.9)

1700

1750

1800

m
ax

 (
Hz

)

20 40 60 80 100
Time (JD-2454391.9)

900

1100

en
v (

Hz
)

Figure 3. Temporal variations in δν, A, νmax, and δνenv

(from top to bottom, respectively). Data points result from
each power spectrum of a 40-day-long time series shifted
every 10 days in the second run of CoRoT observations.

intensity, respectively. Note that we have marked the
large separation in the acoustic power spectrum, ∆ν in
Figure 2. The large separation in the acoustic power
spectrum is defined by the average frequency spacing
between modes of adjacent radial order (n) for a given
degree (l) and related to the mean density of a star (ρ)
like ∆ν ∝

√
ρ̄ (Tassoul 1980; Ulrich 1986; Christensen-

Dalsgaard 1988).

3. GLOBAL SEISMIC PARAMETERS OF HD 49933
In Figure 3, we show temporal variations in the fre-
quency shift of the acoustic mode, δν, the amplitude
of the envelope, A, the central frequency of the en-
velope profile, νmax, and the FWHM of the envelope
profile, δνenv, with error bars from top to bottom, re-
spectively. To measure δν as a function of time, in-
stead of directly analyzing individual modes from the
power spectrum and taking an average, we have cal-
culated the cross-correlation between each power spec-
trum from a 40-day-long segment of the time series and
the average of 10 power spectra obtained from 40-day-
wide windows shifted by 10 days (Régulo et al. 2016).
We have employed this approach here because the fre-
quency resolution of the power spectrum of a 40-day-
long time series is insufficient for the accurate analysis
of individual modes. We emphasize that the frequency
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Figure 4. Scatter plots of νmax (top) and δνenv (bottom)
against A. The solid and dashed lines represent the best
fits resulting from 10 points and 9 points. See the text for
details.

shift measured using cross-correlation methods is likely
to be smoother than the frequency shift obtained from
direct estimates by the analysis of individual modes,
although the two different methods return consistent
results (Garćıa et al. 2010; Santos et al. 2018). This
is because dipole modes (l = 1) are weighted more
than monopole modes (l = 0) by their intrinsic ampli-
tudes in the cross-correlation techniques. As a result,
correlation coefficients would be somewhat lower when
a linear correlation coefficient with δν measured using
cross-correlation methods and other parameters are cal-
culated. Already from visual inspection of the top two
panels of Figure 3, it is evident that δν in HD 49933
anti-correlates with A, as Garćıa et al. (2010) reported.
We note that there is a time lag by ∼20–30 days while
A appears to lead δν by ∼15–20 days at most in Garćıa
et al. (2010). Regarding the global seismic parameters
shown in the bottom three panels, A, νmax, and δνenv,
it appears that A anti-correlates with νmax and δνenv

without a significant time lag.

To better examine the statistical behavior of the
global asteroseismic parameters, we show scatter plots
of νmax and δνenv against A in the upper and lower
panels of Figure 4, respectively. We note that the
acoustic power spectrum of HD 49933 seriously deterio-
rates due to two superflare-like peaks from JD 2454480
to JD 2454520 shown in Figure 1. The envelope of
the solar oscillation power excess has abnormally low
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Figure 5. Frequency of the maximum height in the acoustic
power spectrum, δν, together with the photometric proxy
for stellar magnetic activity, Sph, as a function of time. The
solid and dashed curves represent δν and Sph, respectively.

νmax and broad δνenv during that period. The events
are suspected to be comparable to the Halloween so-
lar storms that occurred from mid-October to early
November 2003, peaking around October 28 and 29 in
2003, which were among the most powerful events in re-
cent decades, estimated to be of class X45. We have no-
ticed similar contamination in the parameter relations
for the Halloween solar storms in the Solar case (Jo et al.
2021, in preparation). We have thus repeated calculat-
ing the best fit with 9 points instead of 10, omitting the
data point we just mentioned. As a quantitative mea-
sure, we have calculated the Pearson linear correlation
coefficient r and the corresponding false alarm prob-
ability P for A and νmax using 9 points and obtained
r = −0.7692 with P = 0.0154. For A and δνenv, the val-
ues are r = −0.7069 and P = 0.0332, respectively. The
amplitude of the envelope significantly anti-correlates
with both the maximum frequency of the envelope and
the width of the envelope under ordinary circumstances.
Therefore, we conclude that the global asteroseismic pa-
rameters can be utilized for cross-checking asteroseis-
mic detections of activity-related variations in Sun-like
stars.

In Figure 5, for a direct comparison of δν with the
magnetic activity of HD 49933, we show δν with error
bars, together with the photometric proxy for stellar
magnetic activity, Sph, as a function of time. Since
Sph is widely used to search for magnetic-field related
trends in asteroseismology, we have produced Sph from
our time series with the dispersion of the light curve
measured on time scales of five times the rotation pe-
riod (Mathur et al. 2014). It is interesting to note that
δν is correlated with Sph while Sph leads δν by approxi-
mately 20 days. This apparent behavior agrees with the
finding by Garćıa et al. (2010) that their starspot proxy
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Figure 6. Scatter plots of A (top), νmax (center), and δνenv

(bottom) against Sph. The solid and dashed lines represent
the best fits resulting from 10 points and 9 points. See the
text for details.

is shifted ∼30–40 days relative to δν. From comparison
of Figure 5 with the plot for A in Figure 3, we con-
clude that A is likely to anti-correlate with Sph without
a time lag.

In Figure 6, we show scatter plots of A, νmax, and
δνenv against Sph from top to bottom, respectively, to-
gether with the best fits resulting from using 10 points
and 9 points, as discussed above. When omitting the
polluted data point, a pattern like that found in the
Sun emerges: the envelope amplitudes (maximum fre-
quency and envelope width) tend to anti-correlate (cor-
relate) with magnetic activity. Nonetheless, the Pear-
son linear correlation coefficients and false alarm prob-
abilities for Sph vs. A, Sph vs. νmax, and Sph vs. δνenv

are r = −0.4693 with P = 0.2025, r = 0.2320 with
P = 0.5481, and r = 0.3334 with P = 0.3806, respec-
tively, indicating that the correlations are statistically
insignificant. We suspect that the Sph from the light
curves of HD 49933 does not trace the magnetic activity
level of HD 49933 closely enough. Therefore, it appears
more secure and effective to associate the global astero-
seismic parameters than to produce a photometric mag-
netic activity proxy to correlate the global asteroseismic
parameters afterward.

4. HD 49933 IN SEISMIC H–R DIAGRAM

In Figure 7, we show the seismic Hertzsprung–Russell
diagram showing the large separation, ∆ν, as a func-
tion of the effective temperature, Teff . Evolutionary
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Figure 7. Seismic Hertzsprung–Russell diagram showing the
large separation, ∆ν, as a function of the effective tem-
perature, Teff , with evolutionary tracks. The dotted gray
lines connect the positions where the star is ∼ 2.25 Gyr old,
respectively. The locations of HD 49933 and the Sun are
marked with an asterisk and its common sign (�), respec-
tively. The solid and dashed curves result from two chemical
compositions of Z = 0.008 and Z = 0.014 for a given mass
denoted in the bottom of individual curves, respectively.

tracks from main sequence to sub-giants, computed
with the Modules for Experiments in Stellar Astro-
physics (MESA) code (Paxton et al. 2019 and refer-
ences therein), are shown for masses of 1.0M�, 1.2M�,
and 1.4M� from right to left. MESA is capable of
not only including the physics governing the stellar
evolution but also of coupling with two oscillations
codes: ADIPLS (Christensen-Dalsgaard 2008) and the
non-adiabatic code GYRE (Townsend & Teitler 2013).
Nonetheless, we have not taken into account rotation
and diffusion in these particular calculations. The solid
and dashed curves result from two different metallicities
of Z = 0.008 and Z = 0.014 for a given stellar mass,
respectively. The corresponding ∆ν in the model calcu-
lations is estimated using the scaling relation (Kjeldsen
& Bedding 2011; Huber et al. 2011; Stello et al. 2011)

∆ν =

(
M

M�

)1/2(
Teff

Teff,�

)3(
L

L�

)3/4

∆ν�, (3)

where ∆ν� = 135.1 µHz was derived from the anal-
ysis of level-2 data taken by the GREEN channel of
the Variability of solar Irradiance and Gravity Oscilla-
tions/Sun PhotoMeters (VIRGO/SPM) (Kim & Chang
2021b). Errors in use of the scaling relation owing to
Teff and metallicity are known to be only about a few
percent (White et al. 2011; Miglio et al. 2013; Mosser et
al. 2013; Guggenberger et al. 2016; Sharma et al. 2016;
Rodrigues et al. 2017; Ong & Basu 2019).

Now, to locate HD 49933 in the seismic H–R di-
agram, we have first determined ∆ν by using a power
spectrum method (Hekker et al. 2010; Mathur et al.
2010; Viani et al. 2019). The ∆ν found from the power
spectrum of entire time series for HD 49933 is 86.69
µHz, which is compatible with reported values (Ap-
pourchaux et al. 2008; Benomar et al. 2009). The stellar
parameters of HD 49933 are summarized in Table 1. For
the effective temperature of HD 49933 we have adopted
the value of 6590 K from Bruntt (2009), which is derived
from Strömgren photometry. We note that, depending
on the spectroscopic and photometric methodology, val-
ues for the effective temperature range from 6450 K to
6780 K (Bruntt et al. 2004, 2008; Gillon & Magain 2006;
Kallinger et al. 2010). The position of HD 49933 in the
seismic H–R diagram suggests the mass of HD 49933
around 1.2M� and a metallicity lower than that of the
Sun; actually, mass estimates for HD 49933 span the
range 1.08–1.34M�, depending on how physical effects
such as rotation, microscopic diffusion, and overshoot-
ing of the convective core is dealt with (e.g., Liu et al.
2014). We note that, together with asteroseismic and
non-asteroseismic data, the reported mass of HD 49933
seems to converge to a value slightly above 1.2M� with
Z = 0.008 in any case (Piau et al. 2009; Benomar et al.
2010; Kallinger et al. 2010; Bigot et al. 2011), which is
close to our estimated value.

5. SUMMARY AND CONCLUSIONS

Thanks to long and accurate helioseismic observations,
it has been known for more than 30 years that solar
acoustic mode parameters change with the solar activity
level. It is thus reasonable to expect that the observed
parameters of the stellar acoustic mode also vary ac-
cordingly as the stellar magnetic cycle proceeds. How-
ever, it is necessary to make use of additional observ-
ables to ensure that the observed variability is indeed
activity-induced, since not all observed variations may
be consistent with an activity-related origin. Using en-
semble asteroseismology, we statistically analyzed the
photometric light curve of HD 49933 recorded by the
CoRoT satellite, calculating the acoustic power spec-
trum with the Lomb-Scargle algorithm and then fitting
a model to the observed power spectrum.

Our main findings are as follows:
(1) The amplitude of the envelope significantly

anti-correlates with both the maximum frequency of
the envelope profile and the width of the envelope un-
less superflare-like events strongly contaminate the light
curves. We conclude that the global asteroseismic pa-
rameters can be utilized for cross-checking asteroseis-
mic detections of activity-related variations in Sun-like
stars.

(2) Even though the photometric proxy for stellar
magnetic activity apparently shows the expected scal-
ings with the global asteroseismic parameters, they are
statistically insignificant. We suspect that it is more
secure and effective to associate the global asteroseis-
mic parameters than to produce a photometric mag-
netic activity proxy to indirectly correlate the global
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asteroseismic parameters.
(3) Based on our determination of ∆ν with evolu-

tionary tracks computed by the MESA code, the mass
of HD 49933 is found to be around 1.2 M� with a
sub-solar metallicity of Z = 0.008, which agrees with
the current consensus from with asteroseismic and non-
asteroseismic data.

Unlike the observed parameters of the individual
acoustic modes of Sun-like stars, which have been shown
to follow trends similar to that observed in the Sun,
the statistical behavior of the global asteroseismic pa-
rameters in magnetically active Sun-like stars is only
partially understood. Here, we have probed whether
the relations among the global seismic parameters can
be utilized for cross-checking asteroseismic detections
of activity-related variations in Sun-like stars. Indeed,
we find that the envelope amplitude and activity of
the Sun are negatively correlated and that the enve-
lope width shows a correlation with the solar activity
(Kim & Chang 2021b).
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Mathur, S., Garćıa, R. A., Ballot, J., et al. 2014, Magnetic
Activity of F Stars Observed by Kepler, A&A, 562, A124

Metcalfe, T. S., Dziembowski, W. A., Judge, P. G., et al.
2007, Asteroseismic Signatures of Stellar Magnetic Activ-
ity Cycles, MNRAS, 379, L16

Meunier, N., Lagrange, A.-M., & Cuzacq, S. 2019, Activity
Time Series of Old Stars from Late F to Early K. IV.



Variations of Global Seismic Parameters of HD 49933 137

Limits of the Correction of Radial Velocities Using Chro-
mospheric Emission, A&A, 632, A81

Michel, E., Baglin, A., Weiss, W. W., et al. 2008, First As-
teroseismic Results from CoRoT, Commun. Asteroseis-
mol. 156, 73

Miglio, A., Chiappini, C., Morel, T., et al. 2013, Galactic
Archaeology: Mapping and Dating Stellar Populations
with Asteroseismology of Red-giant Stars, MNRAS, 429,
423

Mosser, B., Bouchy, F., Catala, C., et al. 2005, Seismology
and Activity of the F Type Star HD 49933, A&A, 431,
L13

Mosser, B., Baudin, F., Lanza, A. F., et al. 2009, Short-lived
Spots in Solar-like Stars as Observed by CoRoT, A&A,
506, 245

Mosser, B., Michel, E., Belkacem, K., et al. 2013, Asymp-
totic and Measured Large Frequency Separations, A&A,
550, A126

Ong, J. M. J., & Basu, S. 2019, Explaining Deviations from
the Scaling Relationship of the Large Frequency Separa-
tion, ApJ, 870, 41

Paxton, B., Smolec, R., Schwab, J., et al. 2019, Modules
for Experiments in Stellar Astrophysics (MESA): Pulsat-
ing Variable Stars, Rotation, Convective Boundaries, and
Energy Conservation, ApJS, 243, 10
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