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ABSTRACT

Context. The post-main-sequence evolution of massive stars remains poorly understood, particularly in the case of blue supergiants.
As key drivers of the dynamical and chemical evolution of galaxies, massive stars warrant detailed investigation during this complex
evolutionary stage. Hot supergiants exhibit pronounced photometric and spectroscopic variability, typically in the form of quasi-
periodic rather than strictly periodic variations.

Aims. We investigated the variability patterns of the evolved B-type star p Leo to determine its properties, identify the underlying
physical processes, and constrain its evolutionary stage. We combined extensive long-term datasets of spectroscopic and photometric
observations from various sources. These include data from the TESS and Kepler space telescopes, as well as observations from the
1.5 m telescope in Estonia.

Methods. We analysed the data using the generalized Lomb-Scargle periodogram, the Lomb-Scargle periodogram with pre-
whitening, and the weighted wavelet Z-transform. To determine the fundamental parameters of p Leo, we fitted synthetic line profiles
computed with the FASTWIND code to the HARPS spectrum. We used the ZPEKTR code to infer the stellar rotation inclination angle.
Results. The He16678.151 A line profile exhibits significant changes in radial velocity and, consequently, in its moment values. We
identify a set of periods and harmonics ranging from ~0.8 to ~35 days. Some periods remain nearly constant, while others appear and
disappear from one observing season to another. A comparison of spectroscopic and photometric data, along with the shape of the
phase curves, helps to constrain the nature of several periods. In particular, the ~11-day period is attributed to stellar rotation, while
the ~17-day period is associated with radial pulsations.

Conclusions. Despite their quasi-periodic nature, most periods are observable across multiple observing seasons. Based on the fairly

wide range of detected periods, p Leo is likely on the blue loop of its evolution, following the red supergiant stage.
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1. Introduction

Over the past few decades, asteroseismology has become a pow-
erful tool for probing stellar interiors. Studying the variability of
blue supergiants (BSGs) is particularly important as their pulsa-
tional behaviour provides direct clues about the internal structure
and the physical processes that shape the evolution of massive
stars (see the review by Bowman 2023). Investigating objects
such as p Leo therefore contributes to the broader effort to link
observed surface variability with the underlying physics of stel-
lar interiors.

pLeo (HD 91316) is a slowly rotating BSG of spectral
class Bl Iab (Howarth et al. 1997). It has a mass of approxi-
mately 22 M, a radius of 32 Ry, an effective temperature of
T.r = 20260K, and a projected rotational velocity of vsini=
49kms~! (Simén-Diaz & Herrero 2014). p Leo is classified as

* Corresponding author: vitalii.checha@ut.ee

an «a Cygni-type variable, exhibiting quasi-periodic photomet-
ric and spectroscopic variability on timescales of days (e.g.
Levato et al. 1988; Georgy et al. 2021). The binary nature of
this star has been extensively discussed in the literature (e.g.
de Vegt & Gehlich 1976; Tokovinin et al. 2024 and references
therein); however, no conclusive evidence has been found.

The stellar wind parameters of p Leo, including mass loss
and wind variability, have been studied by Crowther et al.
(2006). In addition, it is known to display non-radial pulsations
(Kholtygin & Sudnik 2016). The connection between the pulsa-
tion pattern and the evolutionary stage of BSGs has been estab-
lished by Saio et al. (2013), and yet detailed information on the
variability of p Leo, the existing periods, and a comprehensive
comparison of these periods is still lacking.

Long-term spectroscopic observations of hot stars such as
pLeo reveal diverse structures within their atmospheres, with
lifetimes ranging from fractions of an hour to several days. For
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OB stars, variations in line profiles are often regular or quasi-
regular, with long-term periodic variations spanning several days
to tens of days. These periodic changes are frequently associ-
ated with variations in mass loss, reflecting the dynamic nature
of stellar atmospheres (Cox 1980; Unno et al. 1989; Aerts et al.
2010). Longer periods are more likely to be associated with
radial pulsation modes. To investigate this further, Saio et al.
(2013) extended their calculations of pulsation instabilities; they
modelled pulsation patterns that follow the evolution of massive
stars from the main sequence to the red supergiant (RSG) stage
and beyond. They conducted these calculations for stars with ini-
tial masses up to 25 My, considering both non-rotating stars and
stars with initial rotation rates of 40% of their critical rotation
velocity.

As described by Kraus (2021), studying stellar pulsations
using photometry presents two main challenges, both related to
the stellar wind and its variability over time. The stellar wind
influences the observed brightness of the star, distorting the light
curve. As a result, photometry alone cannot be used to study pul-
sations and must be combined with spectroscopic time series.

A detailed variability analysis of pLeo was carried out by
Aerts et al. (2018), who combined 80 days of high-cadence K2
halo photometry with 1800 days of high-resolution HERMES
spectroscopy. All detected variability was confined to frequen-
cies below 1.5d~!. The dominant frequency, f.oe = 0.0373d~!
(period ~26.8 days), was attributed to rotational modulation at
the base of an aspherical stellar wind and interpreted as the stel-
lar rotation signature. In addition, the combined photometric and
spectroscopic data revealed low-amplitude photospheric veloc-
ity variations in the range ~0.2-0.6 d™!, which were attributed to
large-scale travelling gravity waves in the stellar envelope.

The study of variability in the line profiles of BSGs is one
of the most effective methods for exploring the structure of their
atmospheres. These stars exhibit multi-periodic photometric and
spectroscopic variations on timescales ranging from about 1 to
100 days. These variations are typically attributed to high-order
non-radial pulsations (NRPs), specifically g-modes. A review of
the available literature on line profiles in the spectra of early-
type stars has shown that reliable detection of both irregular
(stochastic) and regular (periodic, often related to NRP) pro-
file changes requires achieving a signal-to-noise ratio (S/N) of
300 or higher, particularly in the region of the lines under study
(Kholtygin et al. 2007a). In addition, a high time resolution, of
the order of ~15minutes, is necessary to Nyquist-sample the
fastest g-modes, to trace the hour-scale bumps as they sweep
across the line profile, and still reach S/N > 300 per exposure
without smearing out these rapid variations.

The strength of our study lies in the combination of K2 and
TESS photometry with two seasons of high-cadence spectro-
scopic observations obtained in close temporal proximity. Such
near-simultaneous coverage enables a consistent investigation
of the photometric and spectroscopic variability of blue super-
giants, where pulsation modes are short-lived, frequencies drift
with time, and the observed signals are quasi-periodic.

For this study we used the weighted wavelet Z-transform
(WWZ) (Foster 1996) and Lomb-Scargle analysis methods
(Lomb 1976; Scargle 1982; Zechmeister & Kiirster 2009) to
identify frequencies in the light curves from the Kepler/K2' and
TESS? space telescopes, and in our spectroscopic observations.
The 2017 spectra were obtained just before the K2 campaign,

' https://science.nasa.gov/mission/kepler/
2 https://tess.mit.edu/
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while in 2022 one spectrum preceded, two coincided with, and
the rest closely followed the TESS observations.

In addition to analysing the temporal variability, we
employed detailed computational modelling to constrain the
inclination of the stellar rotation axis, a parameter that had not
been determined for this star in previous studies. Together, these
approaches provide new insights into the complex variability of
p Leo and help to distinguish stable periodic signals from those
that evolve with time.

2. Observations and data processing
2.1. TESS photometry

TESS observed p Leo from 6 November to 30 December 2021,
in sectors 45 and 46, in the short-cadence mode (2 min expo-
sures), for a total of almost 7000 measurements covering
52.44 days. We extracted the light curve of p Leo from the TESS
full-frame images downloaded from the MAST? archive. Due
to the target’s saturating magnitude, p Leo flux was distributed
over a relatively large number of TESS pixels. Therefore, the
corresponding aperture for the stellar signal and background
was carefully selected according to the guidelines provided by
Handberg et al. (2021) and Lund et al. (2021). Our custom pixel
mask (aperture) for p Leo in TESS sector 45 is shown in Fig. A.1
in Appendix A. Within this aperture (radius ~2’), there are eight
additional faint stars (G =15.4-20.3 mag, Gaia DR3) that have
no measurable effect on the p Leo light curve. The stellar signal
was measured within the aperture marked by pure-white pixels
with counts exceeding approximately four times the background
level.

We cannot rule out the possibility that the target is also vari-
able on timescales longer than the duration of a single sector
(~26 days). Hence, to better match the instrumental time series
of the two sectors, we also extracted the light curve of the com-
parison star 48 Leo, which is positioned inside the same CCD
field as p Leo. Consequently, we present the photometric TESS
time series of p Leo (Fig. A.2) as differential magnitudes against
the stable comparison star 48 Leo, which has a flux scatter of less
than ~1 ppt.

One of the most striking features of the TESS light curve is
its distinct sawtooth shape. Interestingly, the same pattern has
been observed in K2 photometry (Aerts et al. 2018, Fig. 1), fur-
ther supporting its validity.

2.2. Kepler K2 photometry

pLeo was observed with the Kepler space telescope in the
framework of the K2 Campaign 14 (K2) from 30 May to
19 August 2017, just after our spectroscopic observations in
Season 2017 (Sect. 2.3). The K2 dataset consists of long-
cadence data (29.4min) covering 79.64d. For our analysis,
we used the K2 halo photometric light curve of pLeo pub-
lished by Aertsetal. (2018). The light curve was digitized
from their Figure 1, which presents the brightness variations
extracted using the first photometric mask (upper left panel
in their Figure Al). This is the same aperture configuration
that Aerts et al. (2018) employed for their frequency analysis,
thereby ensuring that our study is based on an identical dataset
and allowing a direct comparison of the results.

3 https://archive.stsci.edu/missions-and-data/tess
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Table 1. Spectroscopic and photometric observing periods analysed in
this work in chronological order.

Season  Period of observations Data points
2017 2017-01-04 - 2017-05-16 369
K2 2017-05-30 - 2017-08-19 1879
2022 2021-11-01 - 2022-05-15 1106
TESS  2021-11-06 - 2021-12-30 6862

2.3. Spectroscopy

Archival photometric data were complemented with the spectro-
scopic observations obtained with the Tartu Observatory’s (TO)
1.5 m telescope AZT-12. The long-slit spectrograph ASP-32 in
the Cassegrain focus was used with a 1800 line mm™! diffraction
grating providing spectra in the wavelength range from 6300 A
to 6730 A with a S/N ~ 300-400 and resolution R =~ 10500. In
total, data were collected during 150 observing nights between
2014 and 2024, resulting in approximately 2700 spectra.

A typical sequence of observations covers a duration of
2-4.5hours during the night with a typical exposure time of
approximately 300 seconds (ranging from 150 to 800 seconds
depending on weather conditions). For this article we focused
on the two most important observational seasons: winter—spring
2017 (referred to as Season 2017) and autumn 2021-spring 2022
(referred to as Season 2022). The data for season 2017 were col-
lected just before the K2 photometry, between 4 January and
16 May 2017, comprising a total of 369 spectra over 20 nights.
Spectra for Season 2022 were obtained between 1 Novem-
ber 2021 and 15 May 2022, totalling 1106 spectra over 39 nights,
collected mostly shortly after the TESS photometry. We note
that one spectrum was obtained before the TESS photometry, on
1 November 2021, and two spectra during TESS observations,
on 21 November 2021 and 9 December 2021. The data were
reduced using the IRAF*> software (Tody 1986, 1993), employ-
ing standard routines from the NOAO, IMRED, and CCDRED pack-
ages. First, bias and flat-field corrections were applied to the
spectra; dark correction was not necessary because of adequate
cooling of the CCD. Next, wavelength calibration was per-
formed using the ThAr lamp frames obtained before and after
the target exposures. To further check and refine the stability
of the wavelength scale during the observing run, telluric lines
near 6570 A were used. Additionally, heliocentric correction was
applied to the spectra. Continuum normalization was achieved
by fitting a first-order (cubic spline) function. A summary of the
observing periods and the number of spectroscopic data points
for all datasets used in this work is given in Table 1, while the
full log of observations is presented in Table B.1 in Appendix B.

In addition to our own long-term spectroscopic observations,
the pipeline-reduced high-resolution spectrum, R =115 000,
obtained with the High Accuracy Radial Velocity Planet
Searcher (HARPS) attached to the 3.6m telescope at La
Silla Observatory, observed on 12 February 2006 (HJD-
2453778.618849) was downloaded from the ESO Science

4 IRAF was written at the National Optical Astronomy Observatory,
which was operated by the Association of Universities for Research
in Astronomy (AURA) under cooperative agreement with the National
Science Foundation.

5 https://iraf-community.github.io/

Archive Facility®. The spectrum has a S/N ~300 and covers a
wavelength range of 3781-6913 A.

3. Results
3.1. Stellar parameters of p Leo

To reassess the stellar parameters of p Leo, the high-resolution
HARPS spectrum observed on 12 February 2006 was used. This
particular spectrum was selected because the spectral lines of
interest appeared symmetric, indicating a period of weak stellar-
wind activity. Choosing a spectrum obtained under such calm
wind conditions minimizes the influence of wind-related distor-
tions on the line profiles, and thus ensures the most reliable deter-
mination of the atmospheric parameters.

First, we derived the parameters responsible for the broad-
ening of the spectral lines; the macroturbulent velocity, vmac;
and the projected rotational velocity, vsin i. For this purpose, we
analysed the silicon line, Silll 14552, using the IACOB-BROAD
tool’, developed within the framework of the IACOB project
(Simén-Diaz & Herrero 2014). The chosen diagnostic line is
well isolated, exhibits a symmetric photospheric profile, and
shows minimal wind interference, making it particularly suitable
for this analysis.

The TACOB-BROAD tool combines a Fourier transform and a
goodness-of-fit analysis to disentangle rotational and macrotur-
bulent broadening, and adopts a radial-tangential macroturbu-
lent profile with equal radial and tangential components, follow-
ing Sim6n-Diaz & Herrero (2014). The code provides two inde-
pendent estimates of the projected rotational velocity, vsin i(FT)
and vsin i(GOF), whose agreement serves as an internal relia-
bility check. The tool also provides uncertainties from the GOF
analysis based on the corresponding y? distributions, and these
values are reported in Table 2.

Next, we used a set of spectral lines to determine the rest of
the stellar parameters with the FASTWIND v10.6 code (Puls et al.
2005). Uncertainties in Teg, logg, M [My], and vy were esti-
mated by varying the derived parameters with FASTWIND. The
fit to the observed spectrum is shown in Fig. 1. The results of our
computations and measurements, along with previously estab-
lished parameters, are presented in Table 2.

3.2. Time series analysis

Due to uneven sampling and gaps in the analysed time series,
the following widely used techniques were employed in this
study to perform the frequency analysis: generalized Lomb—
Scargle (GLS) periodogram, generalized Lomb-Scargle peri-
odogram with pre-whitening (GLSp), and weighted wavelet Z-
transform (WW2Z).

GLS periodogram (Zechmeister & Kiirster 2009). This
approach is an extension of the classical Lomb—Scargle method
(Lomb 1976; Scargle 1982); it accounts for measurement uncer-
tainties and allows for a floating mean. In GLS the underlying
model is a full linear least-squares fit of a sinusoid plus off-
set, which provides an unbiased treatment of the data errors.
As shown by Zechmeister & Kiirster (2009), this approach
increases the statistical power of the period search and yields

¢ Based on data obtained from the ESO Science Archive Facility with
DOIhttps://doi.eso.org/10.18727/archive/33 under the ESO
programme 60.A-9036

7 https://research.iac.es/proyecto/iacob/pages/en/
useful-tools.php
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Table 2. Physical parameters of p Leo.

Parameter Value Reference
T [KK] 23 +1 This work
20.26-22 [1,2]
M [M;] 22 [1]
RI[Rs] 32 [1]
log L [Le) 5.18-5.47 [1,2]
logg 2.6 +0.1  This work
2.55 2]
M [M, yr‘l] 3.5E-7 This work
6.3E-7 [1]
Voo [kms™!] 1110 2]
B 1.0 2]
vsini [kms™'] 49 +24  This work
75 [1,2]
Umac [kms™!] 76 +2.4  This work
Umic [kms™] 20+5  This work
10 2]
Urad [kms™!] 42 This work
42 [1]
V [mag] 3.85 2]

Notes. [1] Morel et al. (2004); [2] Crowther et al. (2006).
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Fig. 1. Comparison between the observed spectrum (black line) and the
best-fitting FASTWIND model (red line).

more accurate and robust frequency estimates, especially for
uneven sampling and noisy time series. For each dataset, the
most significant frequencies were identified from the GLS power
spectrum and visually inspected to confirm that they are not arte-
facts of the time sampling. The significance was assessed via the
Lomb-Scargle false-alarm probability (FAP), using a 1% global
FAP threshold derived from both the analytic Baluev approxi-
mation and a bootstrap with 5000 resamples. In the GLS peri-
odograms, peaks above the FAP threshold are considered signif-
1cant.

GLSp. This approach refines the standard Lomb—Scargle
analysis by iteratively removing significant frequencies, thus
enabling the identification of weaker signals.

WWZ (Foster 1996). In addition to the GLS periodogram,
we also applied the time-frequency WWZ method to study the
temporal evolution of the detected frequencies. The method is a

widely used for analysing periodic signals in time series data
(e.g. Alberici Adam et al. 2023; Chen & Jiang 2024; Wu et al.
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Fig. 2. Lomb-Scargle power spectrum of the K2 photometry. The first
six most powerful frequencies are shown. The dominant frequency
(0.0405d™") refers to a period of 24.7 days.
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Fig. 3. Phase diagram of K2 photometry with a period of 24.85 days.

2025). This technique allows the identification of transient
or time-dependent periodicities by computing localized power
spectra across sliding time windows.

3.2.1. Analysis of the K2 light curve

As mentioned in Sect. 2.2, the light curve for K2 was digi-
tized from Aerts et al. (2018). However, we applied different fre-
quency analysis methods. The results are presented in Table 3.
First, we implemented a GLS for the K2 photometry. The length
of the K2 photometry was 78.64 days, and hence we can take
a range of periods for analysis of up to 39.32 days. The power
spectrum is presented in Fig. 2. We note that the vast majority of
frequencies lie in the long-wave region (periods over 1.25 days).

The clear predominance of low frequencies visible in the
Lomb-Scargle spectrum is of physical origin and correlates with
the stochastic low-frequency (SLF) variability intrinsic to mas-
sive stars (Bowman et al. 2019, 2020; Bowman 2023). SLF vari-
ability in the photometry of massive stars is currently believed to
be inherent to the stars themselves, arising from internal gravita-
tional waves and turbulent convection.

To verify the periods obtained and find the exact value of the
periods, the GLSp method was applied to the data. In Table 3
we present a set of frequencies and the sub-harmonics that we
found. We note that frequency Fs ~ F, + F4 and frequency
F¢ ~ F4 + Fs. Figure 3 shows the phase diagram for the most
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Table 3. Periods detected in the K2 light curve.

GLS GLSp WwZ
N  Frequency Period Ident. N  Frequency Period Ident. N  Frequency Period Ident.
[d™'] [d] [d”'] [d] [d™'] [d]

F;  0.0405[1] 24.7+0.6 - F,  0.0402[1] 24.85+0.61 - F; 0.0395[1] 253+54 -
F, 0.0608[2] 16.4+0.2 - F, 0.0521[3] 19.21+0.20 - F, 0.0610[2] 164=+1.8 -
F; 0.1406[3] 71+04 - F;  0.0622[2] 16.07 +0.25 - F5; 0.1000[5] 10.0+1.0 -
Fy 0.1812[5] 55+02 F,+F; Fy, 0.1410[4] 7.10+0.40 - F, 0.1408[4] 71+05 F,+F;
Fs 0.1989[4] 50+02 F,+F; Fs 0.1980[5] 5.05+020 F,+F4 Fs 0.1923[3] 52+05 Fr+F,
Fe¢ 02205[7] 45+0.0° - F¢ 0.3462[6] 290+000 Fs+Fs - - - -
F;  03459[6] 29+0.0° Fs+F, - - - - - - - -

Notes. Results of the analysis of three methods: GLS, GLSp, and WWZ, arranged by decreasing period in each column. The number in brackets
[N] denotes the rank of the period by detected power. An asterisk (*) indicates an uncertainty of less than 0.04 days. In this and the following

tables, persistent periods detected in all datasets are highlighted in bold.

200
150
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‘ } 10.05

3080 3090 3100 3110 3120 3130 3140 3150

BJD-2454833 [d]

r0.10

Frequency [d~1]

100 200

Avg. Power

Fig. 4. WWZ scalogram for K2 photometry. The wavelet power is indicated by the colour (see colour bar at left). The lower bright stripe corre-
sponds to the period of ~25 days. The black solid line in the right panel shows the time-averaged wavelet power.

significant period, 24.85 + 0.61 days, which is consistent within
the uncertainties with the 26.8-day period reported by
Aerts et al. (2018). The second-strongest peak corresponds to a
period of 16.07 +0.25 days (see discussion in Sect. 4).

In addition, we performed a WWZ analysis and obtained a
scalogram (Fig. 4) to study the change in frequency and ampli-
tude over time. The 25.3-day period is clearly visible as the
brightest stripe at the bottom of the WWZ scalogram. This
period is not stable; it increases towards the end of the obser-
vations. We also note that the power of this period is more pro-
nounced at the beginning. The 10-day period also exists, but it is
much weaker. The shorter periods appear as spots.

3.2.2. Analysis of the TESS light curve

The first results of our analysis are shown in the GLS frequency
scalogram presented in Fig. 5. This figure offers a detailed view
of the dominant frequencies present in the light curve and also
includes the FAP level. We identify the set of significant fre-
quencies, up to 0.63 d'; they are listed in Table 4. We note that
the evident SLF pattern is similar to the K2 photometry (Fig. 2).
The dominant frequency is around 0.055d~!, or the period of
P ~ 18.2 days. However, not all significant frequencies are inde-
pendent. Many signals are sub-harmonics or combinations of
the independent frequencies; we note that F4 ~ F; + F3 and
Fs~4XF,.

By constructing a phase diagram, we can illustrate how the
period aligns with our data. Moreover, it enables us to pinpoint a

F1F2 F3 F4 F5

---- FAP=1% F6 F7
0.20}
0.15}
—
<)
2
o
& 0.10f
0.05} [
0 OO U wv w -----w ----------- L h i
: 01 02 03 04 05 06 07 08

Frequency [d™1]

Fig. 5. Lomb-Scargle power spectrum of the TESS photometry. The
first seven most powerful frequencies are shown. The dominant fre-
quency of 0.055 d™! refers to a period of 18.2 days.

more accurate value for the period. Hence, the next step is GLSp.
In Table 4 we present the set of frequencies that we found. The
dominant frequency is approximately 0.054d~!, corresponding
to a period of P ~ 18.5days. The frequency Fy ~ 0.092d"!
(P4 ~ 11 days) is close to the GLS-identified F,. The analysis
was carried out using data from sectors 45 and 46 combined.
When analysed separately, sector 46 data give a slightly longer
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Table 4. Periods detected in TESS photometry.

GLS GLSp WwZ

N Frequency Period Ident. N Frequency Period Ident. N Frequency Period

[d'] [d] [d'] [d] [d~'] [d]
F; 0.0551[1] 182+28 - F; 0.0381[5] 262+3.0 - Fy 0.0537[1] 18.6+2.8
F, 0.0856[3] 11.7+1.7 - F, 0.0541[1] 185+28 - F, 0.0877[3] 114=+1.0
Fz 0.1294[4] 7.7+05 - Fz 0.0743[6] 135+09 2xF; F3 0.1290[4] 78=+0.5
Fy 0.1862[2] 54+02 F+F3 Fy4 00915[4] 109+09 - Fs 0.1802[2] 56+09
Fs 02305[5] 43+03 4xF; Fs 0.1258][3 80+05 F,+Fs; Fs 0.2298[5] 44+03
Fe 05263[6] 19+01 4xF3 Feg 0.1862[2] 54+09 2xF, - - -
F; 0.6250[7] 1.6+0.1 - F;  0.2841[7 3.5+0.1 — — — -

Notes. Results of the analysis using three different methods, GLS, GLSp,
in brackets [N] denotes the rank of the period by detected power.

P=12.05d H

A magnitude [mag]

Fig. 6. One of the most powerful periods from GLS pre-whitened anal-
ysis for the TESS sector 46. Pre-whitened data phased to the indicated
period.

period of 12.1 + 1.3 days, consistent within the uncertainties. For
clarity of presentation, we show the phase diagram for sector 46
using the period specific to that sector (Fig. 6), where the signal
appears more clearly. The remaining signals can be interpreted
as sub-harmonics or combinations of independent frequencies
(e.g. F3 ~2x Fyand F5s ~ F, + F3). A weak signal at the fre-
quency corresponding to the period of 26+3 days, obtained using
the GLSp method, is close to the dominant frequency reported by
Aerts et al. (2018) based on K2 photometry, and also identified
in our analysis of the same dataset.

Finally, we present the WWZ scalogram to understand the
temporal evolution of the frequencies and find quasi-periodic
events (Figure 7). We found that the most significant frequen-
cies are in the low-frequency range. Therefore, we provide here
the resulting diagram with a range from 0.038 to 0.25, which
corresponds to the period range from 4 to 26.22 days. The upper
limit of 26.2 days is linked to the time series length of TESS pho-
tometry (sectors 45 and 46 in total had an observation period of
52.44 days).

The strongest signal, with a period of 18.6days, is rela-
tively stable. Its power slowly decreases towards the end of
the observing sequence, while the frequency shows a slight
increase. Although less sharply defined, the 11.4-day period
remains consistently present throughout. The 7.8-day period is
clearly detected at the beginning of the observations, but its
power declines rapidly, becoming almost undetectable by the
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and WWZ, arranged by decreasing period in each column. The number

end of the sequence. Additional shorter periods appear intermit-
tently, mainly at the beginning or end of the observing sequence.

3.2.3. Analysis of the spectroscopic data

Our photometric analyses are complemented with the TO spec-
tra obtained close in time with TESS and K2 data, providing the
possibility to compare the results. As mentioned in Section 2.3,
we focus primarily on two observational seasons: 2017 and
2022.

The spectroscopic frequency analysis is based on the
He16678.151 A line (hereafter the HeT line). We examined the
temporal variations in the profile of this line and performed an
analysis of its first moment v; ) (called the centroid), which rep-
resents changes in the radial velocity of a star, in accordance with
Eq. (5.67) in Aerts et al. (2010). To investigate the frequency
content of the spectral line variability, we adopted an average
radial velocity of the system’s centre of mass, vy =42 km s7L,
as the zero point on the wavelength scale. The same methods
as for the light curve analyses, GLS, GLSp, and WWZ, were
exploited.

Season 2017

In Fig. A.3, we present the first-moment measurements for Sea-
son 2017 from our 369 spectra collected during 20 nights in the
period 4 January 2017 to 16 May 2017. In that season we did
not have large gaps between observational runs in the second
half of the observing period. Therefore, we can take quite a long
frequency range for analysis. The lower limit of 0.0076 d~! cor-
responds to 1/7, where T is the observing period (131.8 days).
The upper frequency limit was taken as 1.2d~! because no high
frequencies with a sufficient signal-to-noise ratio were found.

First, the GLS method was applied. The power spectrum is
presented in Fig. 8 and the corresponding periods in Table 5. We
note that the general view of the periodogram differs from the
same analysis of photometric data. In addition, several periods
close to 1 day can be seen. Most probably, these periods are con-
nected with observational selection because we had a number of
observing nights in a row.

Secondly, to derive the periods and their powers, we per-
formed the GLSp. The periods found are listed in Table 5. We
note that the fourth frequency F4 (0.1667) is roughly equal to
the sum of F; (0.0582) and F3 (0.0911), also F5 (0.3157) ~
the twofold frequency Fj. Phase-folded plots of the two per-
sistent periods (~17 and 11 days) are shown in Fig. 9. We note
that the folded velocity curve with a period of 17.21 days is not
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Table 5. Periods detected in Season 2017.

GLS GLSp WwZ
N  Frequency Period Ident. N  Frequency Period Ident. N Frequency Period
[d'] [d] [d'] [d] [d'] [d]

F; 0.0578[2] 17.3+2.1 - F; 0.0581[1] 17.21+1.19 - F; 0.0344[4] 29.1+£7.0
F, 0.1672[3] 6.0+0.3 - F, 0.0866[6] 11.55+0.96 - F, 0.0455[3] 22.0+28
F3 0.2500[7] 4.0+0.2 - Fs; 0.0911[4] 1098 +0.95 - Fs 0.0575[1] 174+2.7
Fy 0.8360[4] 1.2+0.1 - Fy 0.1667[2] 6.00+£022 F;+F; F,4 0.0714[6] 140=x1.5
Fs 09424[1] 1.1+0.0 - Fs 0.3157[5] 320+£0.70 2xF4 Fs 0.0855[7] 11.7+0.8
Fe 1.0640[5] 09=+0.0 - Fs 07828 [3] 1.28 £0.01 - Fe 0.1429[2] 7.0+0.3
F; 1.1704[6] 0.8+0.0 - F; 1.1765[7] 0.85+0.01 — F; 0.1667[5] 6.0+0.3

Notes. Results of the analysis using three different methods, GLS, GLSp, and WWZ, arranged by decreasing period in each column. The number

in brackets [N] denotes the rank of the period by detected power.
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Fig. 8. GLS power spectrum for Season 2017.

sinusoidal but has a sawtooth-like shape, whereas the curve with
a period of 10.98 days can be well approximated by a sine wave.

It is difficult to determine the best-fit curve by eye. To quan-
tify the asymmetry of the phase curve, we compared two simple
models: a pure sinusoid and a piecewise linear (sawtooth) func-
tion with the same period. Both models were fitted to the phase-
folded velocity data using least-squares minimization. The good-
ness of each fit was evaluated using the root mean square (RMS)

of the residuals, as well as the Akaike information criterion
(AIC) Akaike (1974) and the Bayesian information criterion
(BIC) Schwarz (1978), consistent with a small but measurable
asymmetry between the rising and declining branches. The dif-
ferences for the two fits for the phase curve with a period of
17.21 days are AAIC ~ 48 and ARMS ~ 0.16, which means
that sawtooth fitting better describes the behaviour of the phase
curve.

Lastly, we performed the WWZ analysis to understand the
behaviour of the frequencies and find the quasi-periodic events
(Fig. 10). The range of periods was taken from 4 to 61.4 days
because this range appeared to be the most informative for this
type of analysis. In addition to several long periods in the lower
part of the plot, one short period is also visible in the form of
a fuzzy spot in the upper left part. The results obtained from
the time-averaged power spectrum are given in Table 5. As this
method gives only rough frequency estimates, the uncertainties
are much higher than for the GLSp method. It is clearly vis-
ible on the scalogram that two periods, ~6days and ~7 days
that presented as a yellow spot on the right side near 1870
HID, do not exist all the time, but only at the end of the sea-
son. Several long periods are at the bottom, and the strongest
of them is 17.4 days. The period of ~11.7 days, already identi-
fied in other analyses, is also present in this dataset. We note
that while most of the results obtained by the WWZ analysis
agree well with the GLS results (see Table 5), the two longest
periods, 22 and ~29 days, are not detected by any of the GLS
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Fig. 10. Result of the WWZ analysis for Season 2017. The black solid line in the right panel shows the time-averaged wavelet power.

analyses. These two periods on the scalogram have an unclear
shape and are not constant in time. This suggests that they are
likely false. Consequently, we do not consider them further in
our analysis.

Season 2022

Spectroscopic observations in Season 2022 were made mostly
right after the TESS photometry. However, one observing night
was just before TESS, 1 November 2021, and two during the
TESS observations, 21 November 2021 and 09 December 2021.
In Fig. A.4, we present the first-moment measurements for that
season. As shown in the figure, we obtained a large number
of spectra during Season 2022 (1106 over 39 nights), which
enabled us to perform a frequency analysis over a broad range
with high confidence. The lower limit 0.005d~! corresponds to
1/T, where T is the observing period (194.7 days), and the upper
limit is 1.2d7".

As with other analyses, we started with the simple GLS
periodogram without pre-whitening. The corresponding power
spectrum is presented in Fig. 11a. We determined that all the
significant frequencies lie below 1.2 d!. As in the previous anal-
ysis, we determined the first seven frequencies (see Table 6).
A period of ~10days is also observed, taking into account the
uncertainties in this season. The most powerful period of the
spectroscopic data is ~16.2 days. It should be noted that a gen-
eral view of the periodogram is different from the power spec-
trum of the TESS photometry (Fig. 5).
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To derive the periods and build the phase-folded diagrams,
we performed the GLSp; the resulting periods are listed in
Table 6. We note that F's ~ F, + F3. In Fig. 11b, we present
a phase plot with the first most powerful period we found. The
curve exhibits a pronounced sawtooth shape.

Lastly, we obtained a very interesting result using the WWZ
analysis (Fig. 12 and Table 6). The frequency range was taken
from 0.01 to 0.25d'. The lowest and strongest frequency on
the scalogram corresponds to the period ~16.4 days. According
to the scalogram, this period was very pronounced and existed
throughout the entire observation season and slightly increases
by the end of the season. The period of ~11 days also exists in
the scalogram of Season 2022, and here the value is equal to
10 + 1 days, although this period does not exist all the time and
increases towards the end, according to the scalogram.

3.3. Inference of the inclination angle

Assuming the star to be a rigid rotator and that the stellar
radiative flux in the outer atmospheric layers is anti-parallel
to the effective gravity to preserve the flux/gravity ratio for
all latitudes on the stellar surface, we used the ZPEKTR code
(Levenhagen 2014; Levenhagen et al. 2024) to build a grid of
~40000 gravity-darkened model spectra using the Espinosa-
Lara gravity-darkening prescription (Espinosa Lara & Rieutord
2011). The input plane-parallel model spectra to the code
ZPEKTR are a hybrid LTE/NLTE set of model spectra that
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Table 6. Periods detected in Season 2022.

GLS GLSp wWwzZ

N  Frequency Period Ident. N  Frequency Period Ident. N  Frequency Period

[d'] [d] [d'] [d] [d™'] [d]
F, 00617[1] 162=*19 - F, 0.0617[1] 16.21+1.85 - Fy 0.0292[3] 343+70
F, 0.0976[6] 10.2+0.6 - F, 0.3033[7] 3.30+0.01 - F, 0.0610[1] 164+1.8
Fs 03135[4] 32+00 3xF, Fz 0.5294[6] 1.89+0.07 - Fz 0.1000[2] 10.0=+1.1
F, 0.8995([7] 1.1+0.1 - F, 05859([3] 1.71+0.01 - Fy 0.1389[4] 72+05
Fs 09406[2] 1.1+00 3xF; Fs 0.8327][2] 1.2+0.07 Fy,+F; Fs 0.1818[5] 55+02
Fe 1.0639[3] 09=+0.0 - Fe 0.8584[5] 1.17+0.07 - Fe¢ 02128([3] 4.7+02
F; - - - F; 1.1205[4] 0.89+0.01 - - - -

Notes. Results of the analysis using three different methods, GLS, GLSp,
in brackets [N] denotes the rank of the period by detected power.

and WWZ, arranged by decreasing period in each column. The number
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Fig. 12. Result of the WWZ analysis for Season 2022. The wavelet power
the right panel shows the time-averaged wavelet power.

were built with the TLUSTY and SYNSPEC codes (Hubeny 1988;
Hubeny & Lanz 1995) in NLTE regime (for models hotter than
15000K) and LTE Kurucz atmosphere models (Kurucz 1979)
with SYNSPEC (for models cooler than 15000 K). The helium
abundance was set to that of the star (0.2 dex), and the wave-
length range was set to match that of the He 14026 A.

Figure 13 shows the results of the fittings of the observed
He14026 A, line profile with the ZPEKTR models using
a Hamiltonian Monte Carlo (HMC) inference with STAN
(Carpenter et al. 2017; Duane et al. 1987). For this, the HARPS

is indicated by the colour (see colour bar at left). The black solid line in

spectrum observed on 12 February 2006 was used. The his-
tograms and correlation plots, showing the joint probability den-
sity contours, reflect the correlations of each pair of parameters
in the simulations. The best angle of inclination obtained in this
analysis is 21.7°703.

4. Discussion

In this study, we have obtained a wide range of periods, from
less than one day to ~18 days repeating in all datasets (Tables in
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Fig. 13. Posterior distributions of the gravity-darkened physical param-
eters based on He14026 A line profile modelling with ZPEKTR using
Hamiltonian Monte Carlo inference with STAN (HMC). The mean and
the 16th and 84th percentile values for each parameter are shown in the
histograms, where the blue curves indicate the joint probability density
contours for the correlation between the pairs of parameters. The incli-

nation angle that best matches the data on average is 21.7°05.
Table 7. Summary table of detected periods.
Average [d] 2017 K2 TESS 2022
period
25.5 - 25+3.0 26«3 -
16.8 162+1.1 163+0.2 184+1.6 163+1.1
10.8 11.6 £0.6 10.0+0.8 11.3+£0.6 10.1+04
7.3 69+02 71+02 78+03 72x0.1
5.6 6.0+01 52+£0.1 55+06 55+02
34 32+£07 29+£0.0° 43+02 33+0.0
1.2 0.9 +0.0" — 1.6+0.0 1.1+0.0"

Notes. Table of repeating periods detected in the spectroscopic and pho-
tometric datasets. For the spectral periods, the averaged values of three
methods (GLS, GLSp, and WWZ) are stated. An asterisk (*) indicates
an uncertainty of less than 0.04 days.

Section 3 and Table 7). The revealed pulsation pattern is more
consistent with the theoretical predictions by Saio et al. (2013)
for post-RSG blue supergiants, suggesting that p Leo is on the
blue loop of its evolution after the RSG stage.

Several periods identified from the TESS and K2 photom-
etry, when considering the associated uncertainties, coincide
with those found in the corresponding spectroscopic data. More
importantly, a number of periods repeat in all four datasets, as
illustrated in Table 7. Among them, the ~17-day period con-
sistently exhibits the strongest power, as shown in the tables in
Section 3. Also notable is the recurring ~11-day period, even
though its power is typically weaker. Both of these periods are
independent and are not the result of combinations of other peri-
ods. We explore these findings in more detail below.
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Fig. 14. Season 2017 first-moment values (above) and K2 light curve
(below) are phase-folded with a period of 17.212 days. The sinusoidal
fit to the photometric data is presented in red.

First, we focused on the period of ~17 days. Figure 14 shows
the K2 light curve and the first moment (v;) of the 2017 spec-
troscopic data, both folded with a period of 17.212days. As
the observations were taken close in time, we analysed them
together. This period gives a visually good fit to both curves,
although they are slightly offset from each other. It is also only
slightly shorter than the average period derived from the two
datasets, 16.29 days.

An interesting feature is the shape of the spectroscopic
phase curve; instead of a sinusoid, it has a sawtooth-like shape.
This could have several possible interpretations. One is that
it indicates radial pulsation. Alternatively, the sawtooth shape
might suggest the presence of a close binary companion, with
periodic mass exchange and possibly a circumbinary disk.
These phenomena are consistent with the theoretical models
and observational findings reported by Honeycutt & Robertson
(1998) and Pietrukowicz & Latour (2025). Another possibil-
ity is that the sawtooth-like shape reflects mass loss modu-
lated by some as-yet-unknown process within the binary system
(Mennickent et al. 2008).

Secondly, we turn our attention to the period of ~11 days,
which we propose reflects stellar rotation. We estimated the
inclination angle of the star to be 21.7°*03 (Sect. 3.3). By incor-
porating the stellar radius and the projected rotational velocity
from Table 2 into the calculations, we estimate a rotation period
of 12.5 + 0.7 days, which aligns well with the repeating period
of 10.8 + 0.3 days found in all our observational datasets (taking
into account the strong dependence of the period on the stellar
radius).

In the literature, two other periods are proposed as being
associated with stellar rotation. Kholtygin et al. (2007b) report a
period of 7.3 days. Our analysis of all datasets confirms the exis-
tence of this period. However, this period is not independent,
but is a combination of other frequencies. Aerts et al. (2018)
reported a period of 26.8 days based on the combined K2 light
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curve and high-resolution HERMES spectroscopy, which was
mostly obtained well before the K2 observations.

We recovered a similar period of approximately 25 days
in the K2 data, consistent within the uncertainties with their
result, and our WWZ analysis confirms that this signal undergoes
amplitude and phase modulation. However, we did not detect it
in any of our spectroscopic datasets, and in the TESS photometry
it appears only with very low amplitude, below the FAP thresh-
old. This indicates that the reported 26.8-day signal is likely a
transient feature rather than the true stellar rotation period.

A periodicity of about 5.5days, detected across all our
datasets, is close to the f5 = 0.1956d~!' (P = 5.11d) frequency
reported by Aerts et al. (2018) and is likely a harmonic of the
11-day mode. We do not confirm the presence of another fre-
quency, f3 = 0.4588d~! (P = 2.18d), which Aerts et al. (2018)
attributed to gravity waves. In the K2 data, the corresponding
peak lies below the FAP threshold; a similar feature in the TESS
photometry is likewise below FAP; and our GLSp analysis of
the spectroscopic data from both 2017 and 2022 shows no sig-
nificant power at this frequency.

5. Conclusions

The main outcome of this study is the identification of a set of
periods using various methods of frequency analysis. The peri-
ods obtained through different techniques are in good agreement
and complement each other. Furthermore, there is a clear sim-
ilarity between the results derived from photometry and spec-
troscopy. The main findings of our study are summarized as fol-
lows:

1. We identified a set of repeating (quasi-)periods and their har-
monics. The recurrence of most of these periods in differ-
ent seasons supports their authenticity. Several of these peri-
ods were detected using multiple methods (GLS, GLSp, and
WWZ) and most appear in both photometric and spectro-
scopic data, further reinforcing their significance.

2. Certain periods appear to be persistent over time, such as
those near ~17 days, ~11 days, and ~7 days, suggesting that
they may be linked to stable physical processes in the system.
We propose that the period of ~17 days is related to radial
pulsations.

3. We provide strong theoretical and observational evidence
that the true rotation period of p Leo is 12.5 + 0.7 days.

4. The wide range of periods obtained may indicate that this
star is on the blue loop of evolution, that is, after the RSG
stage.

Data availability

Tables A.2, A.3, and A.4 are available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/706/A200
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Appendix A: Photometric and spectroscopic time
series

Fig. A.1. Pure-white pixels mark the customized aperture that we use to
measure the TESS flux for p Leo, observed from 6 November 2021 to
30 December 2021.

A magnitude [mag]
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Fig. A.2. TESS photometry of p Leo, observed from 6 November 2021
to 30 December 2021. Short- and long-term variability in brightness
are clearly visible. The photometry was obtained just before the 2022
spectroscopic observations. The data are available at CDS.
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Fig. A.3. First-moment (radial velocity) variations of the Hel
6678.151 A line profile during Season 2017 (4 January 2017 —
16 May 2017). Each point corresponds to one separate spectrum. A
typical error bar is shown in the top left corner. The 2017 spectra were
obtained just before the K2 campaign. The data are available at CDS.
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Fig. A.4. Spectroscopic data in the period 1 November 2021 to
15 May 2022 (Season 2022). Each point corresponds to one separate
spectrum. In total there are 1106 spectra, 39 nights: one preceding, two
coinciding with, and the rest closely following the TESS photometry.
The data are available at CDS.
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Appendix B: Log of spectroscopic observations

Table B.1. Spectroscopic data for Seasons 2017 and 2022.

Season 2017 Season 2022
Night N S/N  Exp.[s] Night N S/N  Exp.[s]
2017-01-04 11 330 350 2021-11-01 5 440 640
2017-02-07 25 410 600 2021-11-21 8 530 790
2017-02-09 21 390 460 2021-12-09 3 310 500
2017-03-23 21 450 640 2022-01-01 26 400 620
2017-03-27 18 450 660 2022-01-11 9 460 390
2017-04-04 13 520 760 2022-01-17 18 500 580
2017-04-18 12 530 640 2022-01-25 30 340 240
2017-04-19 12 440 690 2022-02-26 50 360 220
2017-04-23 30 320 200 2022-02-27 20 390 185
2017-04-27 13 260 250 2022-03-01 29 390 165
2017-05-02 35 220 180 2022-03-04 29 390 250
2017-05-03 10 230 180 2022-03-09 17 340 170
2017-05-04 36 270 160 2022-03-12 50 340 150
2017-05-06 24 260 170 2022-03-15 40 350 190
2017-05-07 9 330 230 2022-03-16 67 270 150
2017-05-08 18 370 210 2022-03-17 76 350 160
2017-05-10 7 300 300 2022-03-19 42 360 160
2017-05-12 18 350 200 2022-03-20 74 350 160
2017-05-13 18 260 190 2022-03-21 60 340 180
2017-05-16 19 250 160 2022-03-22 36 270 190
2022-03-30 49 330 170
2022-03-31 37 350 150
2022-04-01 2 250 275
2022-04-02 36 350 180
2022-04-03 24 350 160
2022-04-09 16 310 170
2022-04-10 34 360 210
2022-04-11 25 330 160
2022-04-12 38 360 190
2022-04-16 6 330 250
2022-04-18 32 340 160
2022-04-19 30 330 200
2022-04-21 20 340 160
2022-05-04 25 260 200
2022-05-06 9 330 185
2022-05-08 10 360 250
2022-05-09 6 340 165
2022-05-13 9 340 210
2022-05-15 10 270 220

Notes. 1477 spectra in total. The S/N was measured near the He I line at 6678.151 A. S/N and the exposure time values are averaged per night.
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