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Abstract

In this study, we present analysis of TESS photometry, spectral energy distribution (SED),
high-resolution spectroscopy, and spot modeling of the a> CVn-type star AL Col (HD 46462).
The primary objective is to determine its fundamental physical parameters and investigate
its surface activity characteristics. Using TESS short-cadence (120s) SAP flux, we identified
a rotational frequency of 0.09655 d~1 (Pt = 10.35733 d). Wavelet analysis reveals that while
the amplitudes of the harmonic components vary over time, the strength of the primary
rotational frequency remains stable. A SED analysis of multi-band photometric data yields
an effective temperature (T.¢) of 11,750 K. High-resolution spectroscopic observations
covering wavelengthrange 4500-7000 A provide refined estimates of Toi = 13,814 + 400K,
logg= 4.09 + 0.08dex, and vsini = 16 + 1kms~!. Abundance analysis shows solar-like
composition of O1I, Mg 11, S11, and Ca II, while helium is under-abundant by 0.62 dex. Rare
earth elements (REEs) exhibit over-abundances of up to 5.2 dex, classifying the star as an
Ap/Bp-type star. AL Col has a radius of R = 3.74 £ 0.48R, with its H-R diagram position
estimating a mass of M = 4.2 &+ 0.2Mg and an age of 0.12 £ 0.01 Gyr, indicating that the
star has slightly evolved from the main sequence. The TESS light curves were modeled
using a three-evolving-spot configuration, suggesting the presence of differential rotation.
This star is a promising candidate for future investigations of magnetic field diagnostics
and the vertical stratification of chemical elements in its atmosphere.

Keywords: stars—chemically peculiar; He weak; techniques—TESS photometry; high
resolution spectroscopy; abundance; individual—AL Col; variable—a>CVn

1. Introduction

Chemically peculiar (CP) stars on the upper main sequence, ranging from early B
to early F spectral types, exhibit significant deviations from solar surface abundances,
with anomalies manifesting as localized chemical over- or under-abundances across their
atmospheres [1,2]. These anomalies often involve light elements such as helium (He), which
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may be strongly depleted, and heavy elements like iron-peak and rare-earth species (e.g.,
Sr, Cr, Eu), which can exceed solar abundances by several dex. The distribution of these
elements is frequently non-uniform, forming chemical spots, belts, or rings modulated by
stellar rotation.

CP stars are traditionally grouped into four major subtypes based on their spectral
characteristics and magnetic properties [3—6]: (i) CP1 stars, or Am/Fm stars, exhibit en-
hanced metallic lines but typically lack strong magnetic fields; (ii) CP2 stars, also known
as Bp/Ap stars, are magnetic and chemically peculiar with pronounced Si, Sr, and Eu
over-abundances; (iii) CP3 stars are HgMn stars, characterized by peculiar mercury and
manganese lines; and (iv) CP4 stars, or He-weak stars, are defined by strong helium
under-abundances.

The CP2 and CP4 subclasses, commonly referred to as magnetic chemically peculiar
(mCP) stars, are distinguished by the presence of strong, globally organized magnetic fields,
often with dipolar topology and field strengths ranging from a few hundred Gauss to
several tens of kiloGauss [7-9]. These fields are believed to be of fossil origin, i.e., remnants
from earlier evolutionary stages or star formation processes [10].

The surface abundance patterns observed in CP stars are explained primarily through
atomic diffusion in radiative atmospheres [11,12]. In the absence of significant turbulent
mixing or convection, and under the stabilizing influence of a magnetic field, radiative
levitation can elevate certain elements to the photosphere, while gravitational settling
pulls others downward. The efficiency of these processes depends sensitively on atomic
properties, local temperature, and magnetic field geometry. The magnetic field suppresses
convective motions and horizontal diffusion, leading to the formation of stable chemical
spots aligned with magnetic field structures [13,14].

The observational consequences of this inhomogeneity are profound. As CP stars
rotate, the chemical spots traverse the visible disk, producing rotational modulation in
brightness, spectral line strengths, and longitudinal magnetic field measurements. This
phenomenon is well explained by the oblique rotator model [15,16], wherein the magnetic
axis is inclined to the rotational axis. Stars exhibiting such periodic variability are classi-
fied as a? CanumVenaticorum (ACV) variables. These variations are typically stable over
long timescales, making ACV stars ideal targets for rotational studies and magnetic field
mapping through Doppler imaging and Zeeman Doppler imaging techniques [17,18].

In addition to the rotational modulation, a set of mCP stars pulsates in high-overtones
p-modes (624 min), offering unique asteroseismic insight into the stellar interiors [19-23].
The co-existence of rotation and pulsations allow for the investigation of various physical
process, such as transport of the angular momentum. In the past, such candidates have
been searched and studied through systematics surveys (e.g., [24]). In the context of the
present work, one of the longest such ground-based surveys is the Nainital-Cape (N-C)
Survey conducted between the Aryabhatta Research Institute of Observational Sciences
(ARIES) and South African Astronomical Observatory (SAAO), South Africa, where several
asteroseismic candidates were discovered [25-33].

Modern space-based observatories such as Kepler, Transiting Exoplanet Survey Satellite
(TESS), and BRITE have revolutionized the study of CP stars by enabling high-precision,
uninterrupted time-series photometry, uncovering new variability classes, rotational modu-
lation, and pulsation signatures in hundreds of mCP candidates [34-36]. Combined with
large-scale spectroscopic efforts and magnetic field surveys (e.g., ESPaDOnS, HARPSpol,
MiMeS, and BinaMIcS), this has greatly improved statistical constraints on the incidence
and properties of magnetic CP stars across different stellar environments and evolutionary
stages [9,37,38].



Galaxies 2025, 13, 93

30f22

In this study, we investigate the photometric and spectroscopic characteristics of
AL Col. Despite limited previous attention, initial classifications suggest it may belong
to the CP2 or CP4 subclass, motivating a more detailed analysis. Using new time-series
photometry and high-resolution spectroscopy, we aim to characterize its variability, derive
its atmospheric parameters and elemental abundances, and assess its position within the
framework of mCP star phenomenology. Our goal is to contribute to the understanding of
magnetic field-driven chemical stratification and variability in upper main-sequence stars
and to place AL Col in the broader context of CP star evolution.

The structure of this paper is as follows. Section 2 outlines the selection of the target
star. In Section 3, we present the analysis of TESS photometric data, including variability
characterization through wavelet and autocorrelation methods. Section 4 details the deriva-
tion of fundamental stellar parameters and chemical abundances using high-resolution
spectral synthesis. The evolutionary status of the star is discussed in Section 5. In Section 6,
we analyze the spatial and temporal characteristics of surface chemical spots. Finally,
Section 7 summarizes our main findings and discusses future directions for this study.

2. Sample Selection

Bernhard et al. [39] determined rotational parameters for more than 300 magnetic
CP stars by utilizing ground-based archival photometry from surveys such as ASAS-3,
KELT, and MASCARA. From this compilation, we selected a southern hemisphere target
for which both the high-precision TESS light curves and high-resolution spectra with high
signal-to-noise ratio (SNR) are available. Our selected target is the a? CVn-type variable
star AL Col (HD 46462), classified as an ApSi star.

3. TESS Photometry

TESS was launched on 18 April 2018 with the primary goal of detecting exoplanets
via the transit method. The mission observes nearly the entire sky, which is divided into
26 sectors, each covering a field of 24° x 96°. Each sector is continuously monitored for
approximately 27.4 days using four wide-field cameras. Each camera hosts four 2K x 2K
CCD detectors, enabling high-precision photometry over a large field of view.

AL Col was observed by TESS during the observation of sectors 6 and 7. The Python-
based (3.13.6) 1ightkurve package [40] was employed to search, download, and analyze
the TESS time-series data for these sectors. We utilized the short-cadence data (120s)
processed by the Science Processing Operations Center (SPOC) pipeline.

Although the Pre-search Data Conditioning Simple Aperture Photometry (PDCSAP)
flux is generally preferred due to its correction for systematics and long-term instrumental
drifts, in the case of AL Col, the raw Simple Aperture Photometry (SAP) flux was found
to be of higher quality. Outliers were removed using a sigma-clipping algorithm where
necessary. The TESS flux values (in e~ s~ !) were converted to magnitudes in the T-band
using the following standard flux-to-magnitude relation:

Imag = —2.5log(FLUX) + 20.44. 1)

To investigate the rotational modulation, the time-series data were phase-folded using
the rotation period Prot = 10.35733 d, following the ephemeris:

t; —to t; —to
:27T l B \; l J)’ 2
(Pl < Prot Prot ( )

where ¢; is the Barycentric Julian Date (BJD) of each observation and ¢y = 2,458,471.6706 days
is the reference epoch. Figure 1 shows the resulting phase-folded light curve, binned into
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200 phase intervals. The observed light variation exhibits a clear non-sinusoidal shape
with a double-peaked structure, indicative of surface brightness inhomogeneities caused
by two dominant chemical spots on the stellar surface.

| 1 1 1 1 |
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

phase

Figure 1. Phase-folded light curve of AL Col using a reference epoch of ty = 2,458,471.6706 days (time
corresponding to minimum brightness) and a rotation period of 10.35733 d. The data have been
binned into 200 phase intervals to improve clarity and reveal the rotational variability.

To identify the periodic components of the photometric variability, we performed a
Discrete Fourier Transform (DFT) of the combined TESS light curve using the PERIOD04
software package [41], up to the Nyquist frequency (vayq ~ 360d1). Significant frequency
peaks were identified using the SNR threshold of >5.2, as recommended by Baran and
Koen [42]. The dominant frequencies were iteratively prewhitened, and the residuals were
reanalysed until no significant frequencies remained.

Figure 2 presents the resulting amplitude spectrum of the combined data. The most
prominent peak is found at v = 0.09655d~!, corresponding to a rotation period of
Prot = 10.35733 d—consistent with the value reported by Bernhard et al. [39]. The detection
of higher-order harmonics further supports the presence of non-uniform surface features
modulating the light curve. The identified frequencies, amplitudes, phases, and SNRs
are summarized in Table 1. To confirm the nature of the detected signals, we performed
wavelet and autocorrelation analyses of the time-series data.
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Figure 2. Amplitude spectrum of AL Col corresponding to the time-series data in Figure 1. The vertical
green lines indicate the observed rotational frequency and its second harmonic. After removing the
two dominant frequencies, the inset displays the third and fourth low-amplitude harmonics.

Table 1. Listed are the frequencies, amplitudes, phases, signal-to-noise ratios (SNRs), and identified
combination frequencies derived from the Fourier Transform of the TESS light curve, constructed by
combining time-series data from sectors 6 and 7.

Frequency (d~!) Amplitude (nmag) Phase SNR Combination Frequencies

0.09655 24.2324 09878 210.93 Vrot
0.19296 14.6962 0.4103 137.74 2Vrot
0.38499 0.8011 0.7481 8.34 4vrot

0.28611 0.6341 0.8373 6.28 3Vrot
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Wavelet and Autocorrelation Analysis

Low-amplitude variations in stellar brightness, such as those caused by eclipses or
rotational modulation, occasionally remain undetected through conventional time-series
analysis. To enhance the detection sensitivity and examine the temporal evolution of such
modulations, advanced time—frequency analysis techniques such as wavelet transforms
and autocorrelation functions (ACFs) are frequently employed. These methods are particu-
larly effective in analyzing non-stationary signals and offer robustness against temporal
evolution of active regions.

Wavelet analysis, in particular, is a powerful tool for detecting signatures of rotation,
magnetic activity, and pulsations in stellar atmospheres [43]. For the present study, we
utilized a wavelet analysis code jointly developed by Prof. Rafael Garcia and Prof. Savita
Mathur. This code employs a Morlet wavelet, a complex sinusoidal function modulated
by a Gaussian envelope, to perform convolution with the light curve. Figure 3 presents
the resulting wavelet power spectrum alongside its corresponding Global Wavelet Power
Spectrum (GWPS).

The local wavelet power spectrum captures the distribution of signal energy in both
time and frequency domains, while the GWPS is obtained by integrating the local spectrum
over time, thereby revealing the average amplitude as a function of frequency. From the
GWPS, we identified two dominant periodicities at 10.1043 £ 1.6809 d and 5.0521 £ 0.8411 d.
These values are close to those derived from the Fourier analysis (see Table 1 and Figure 2).

To independently validate these periodicities, we also applied the autocorrelation func-
tion (ACF) technique to the TESS light curve. This method, which evaluates the correlation
of the signal with itself at varying time lags, is effective in identifying rotational modulation
from co-rotating starspots. The resulting normalized ACF displays a series of quasi-
periodic local maxima, indicative of persistent surface features. The first significant peak
beyond zero lag yields a dominant autocorrelation period of Pocp = 10.2118 £ 1.3074 d (see
Figure 3), again in agreement with the results from both the wavelet and DFT analyses.

As seen in Figure 3, the GWPS exhibits two prominent peaks that persist over the full
observation baseline. These are represented in the local wavelet power map by warm color
gradients (yellow to red), with the dark black regions indicating the strongest power. The
primary rotation period maintains a stable amplitude across the observation span, while
the secondary period shows a transient behavior—intensifying and subsequently fading
after approximately 30 days of observation.

This behavior is characteristic of surface inhomogeneities such as starspots. When two
active longitudes are positioned roughly 180° apart on opposite hemispheres, the harmonic
content of the light curve increases [44]. The dominant active region corresponds to the
fundamental rotation period (~10.1581 d), while the secondary spot gives rise to the second
harmonic, observed at ~5.1471 d in both the ACF and GWPS. These findings reinforce the
hypothesis that the photometric variability of AL Col is driven by rotational modulation
due to two major surface chemical spots, which are diametrically opposite.
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Figure 3. (Top panels): The left sub-panel displays the stellar light curve (time-series photometry),
while the right sub-panel presents the corresponding Fourier amplitude spectrum, highlighting
dominant periodicities. (Middle panels): The left sub-panel shows the wavelet power spectrum
(WPS), where black indicates the highest power and blue represents weaker signals. The red and
yellow regions trace strong periodicities, such as stellar rotation and its first harmonic. The shaded
region marked by black crosses denotes the cone of influence, where edge effects render the wavelet
results unreliable. The right sub-panel shows the Global Wavelet Power Spectrum (GWPS), derived
by averaging the WPS over the full timespan of the data. (Bottom panel): The autocorrelation
function (ACF) of the light curve is plotted for time lags between 0 and 50 days. Recurrent peaks in
the ACF suggest the presence of quasi-periodic variability, often associated with stellar rotation.

4. High-Resolution Spectroscopy

A high-resolution spectrum of AL Col was obtained using the High Accuracy Radial
Velocity Planet Searcher (HARPS), mounted on the ESO 3.6 m telescope at La Silla Observa-
tory, Chile. The wavelength-calibrated spectra were retrieved from the European Southern
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Observatory (ESO) Science Portal'. Two exposures, each with an integration time of 300,
were acquired on 8 December 2007, yielding a resolving power of R~115,000 and covering
the wavelength range 3780-6900 A.

Continuum normalization was performed using a custom Python-based routine,
which fits a Chebyshev polynomial to the local maxima representing the spectral upper
envelope. To improve the signal-to-noise ratio (SNR), the two spectra were combined using
a median-combination technique, resulting in a final SNR of 125.2 at 5500 A.

4.1. Basic Physical Parameters

Accurate determination of fundamental stellar parameters—such as effective tempera-
ture (Tef), surface gravity (log g), and global metallicity ((M/H]) —is essential for character-
izing the star’s atmospheric properties and for constraining asteroseismic and evolutionary
models. Spectroscopic techniques remain among the most reliable tools for obtaining these
parameters, though initial estimates are typically required to optimize convergence.

Preliminary estimates of the stellar parameters were derived by comparing the ob-
served SED with synthetic photometric fluxes from theoretical models.

4.2. Spectral Energy Distribution

To estimate the effective temperature, we performed an SED analysis by assembling
multi-wavelength photometric fluxes spanning the optical to infrared regimes. The obser-
vational SED was constructed using data from various photometric systems: the Strom-
gren—Crawford uovby system, Tycho-2, Johnson UBV, Hipparcos, Gaia DR3, CMC15, 2MASS,
WISE, NEOWISE, and DENIS catalogues [45-54]. Data retrieval was facilitated through
VizieR? and the Spanish Virtual Observatory (SVO)°.

The observed fluxes were plotted as a function of their respective effective wavelengths,
and a synthetic SED was generated by fitting theoretical flux distributions to the multi-band
data using an iterative x> minimization technique. The best-fitting model yields an effective
temperature of Teg = 11,750 £ 125K (see Figure 4). The derived T, serves as initial inputs
for the detailed spectroscopic analysis discussed in the next section.
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Figure 4. Spectral energy distribution (SED) spanning the optical to infrared wavelengths. Colored
dots represent observed fluxes in different photometric bands, as indicated in the legend. The solid
gray line corresponds to the best-fitting theoretical model (T =11,750 4125 K). Both the axes are
plotted in logarithmic scale.
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4.3. Spectral Synthesis with pySME

The atmospheric parameters derived from the SED analysis were used as initial in-
puts to compute synthetic spectra for detailed spectroscopic modeling. The estimated
(Tege) from SED, along with log ¢ = 4.0 dex (assuming the target to be a main-sequence
star), were adopted to extract the atomic and molecular line data from the VALD3
database [55], which includes isotopic and hyperfine structure components essential for
high-resolution modeling.

To align the synthetic spectra with the observed HARPS data, a Doppler correction
was applied, yielding a measured radial velocity of v,,qg = 28 kms~!. Grids of synthetic
spectra were generated using the Python-based package pySME [56], which implements
the Spectroscopy Made Easy (SME) framework. This code adopts plane-parallel model
atmospheres from ATLAS9 [57] under the assumption of local thermodynamic equilibrium
(LTE). SME determines atmospheric parameters and chemical abundances by fitting syn-
thetic spectra to selected regions of the observed spectrum. A x? minimization approach is
employed to iteratively adjust the parameters until the best match is achieved.

A line mask was constructed by selecting diagnostic lines that are sensitive to vari-
ations in different atmospheric parameters. The fitting process searched for the optimal
combination of T, log g, and projected rotational velocity (v sin i) by minimizing residuals
between the synthetic and observed spectra.

For the iterative fitting procedure, the initial parameters were set as follows: T,¢ from
the SED analysis, log ¢ was fixed at 4.0 (typical of main-sequence stars), solar metallicity
(IM/H] = 0), v,ic = 2kms~!, and vsini was estimated by visually matching the width of
metal lines. Since Balmer lines are particularly sensitive to To¢ and log g, we refined these
parameters by fitting synthetic profiles to the observed HB (4861 A) and Ha (6563 A) line
profiles. The projected rotational velocity v sini was determined by fitting the Mg I triplet
region (5160-5187 A). Figure 5 shows the comparison between the observed and best-fit
synthetic spectra in the regions around the Hf and Ha lines.

Parameter uncertainties were estimated from the standard deviation of the residuals
between the observed and synthetic spectra within each fitted region. The final atmospheric
parameters are Tog = 13,814 + 400 K, log g =4.09 £ 0.08 dex, and vsini=16 £ 1km s L.
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Figure 5. Comparison between the observed (black) and synthetic (red) spectra in three key regions:
the HP (top panel), the Mg triplet region (middle panel), and the Ha (bottom panel). The synthetic
spectra were computed using the best-fitting atmospheric parameters.

4.4. Photospheric Chemical Abundance Analysis

Chemical abundances provide valuable insights into the patterns of elemental en-
hancement and depletion in stellar atmospheres, which in turn inform our understanding
of stellar structure, evolution, and diffusion processes. We performed a detailed analysis
of the photospheric composition of AL Col under the assumption of local thermodynamic
equilibrium (LTE). Individual elemental abundances were derived by fitting synthetic line
profiles to the observed HARPS spectrum using the BinMag6 visualization tool* [58]. The
atmospheric parameters determined in Section 4.3 (T, log g, and v sini) were held fixed
throughout the abundance analysis.

A total of 25 chemical elements, ranging from helium (He) to europium (Eu), were
investigated. Both neutral and ionized species (first and second ions) were considered
based on the presence of unblended or mildly blended absorption lines in the optical
spectral range. The synthetic spectra used for fitting were interpolated from the model grid
developed by Tkachenko [59], which includes 41,888 LTE models spanning a metallicity
range of [M/H] = —0.8 to 4-0.8 dex (in steps of 0.1 dex) and assumes a fixed microturbulent
velocity of vmic = 2kms~!. The grid offers high resolution in Teg (100K steps between
4500-10,000 K and 250 K steps between 10,000-22,000 K) and in log g (2.5-5.0 dex for low
Teogt, 3.0-5.0 dex for high Teg).

For AL Col, we selected the model atmosphere closest to the spectroscopically de-
termined parameters. Atomic line data were extracted from the VALD3 database, and
relevant absorption features were identified in the 4500-6850 A wavelength range. For each
element, spectral sub-regions containing suitable diagnostic lines were selected for abun-
dance determination. Each sub-region yielded an independent abundance measurement,
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and the final elemental abundance was computed as the mean of the values derived from
multiple segments.

The interface of BinMagé is displayed in Figure 6, illustrating the spectral window
spanning approximately 4947-4953 A. The shaded region indicates the active fitting area,
where spectral lines corresponding to the elements present have been modeled. In this anal-
ysis, emphasis was placed on the strongest lines, particularly three Fe II transitions. Spectral
features associated with NiII and a weaker Fe II line within this interval exhibited an insuffi-
cient signal-to-noise ratio and were therefore excluded from the analysis. A notable feature
is the presence of a central bump in the cores of the FeII lines, a phenomenon commonly
observed in metallic lines (Cr, Ni, Nd, Pr, Eu, etc.) of magnetic chemically peculiar (mCP)
stars. Additionally, asymmetries—particularly bumps on line cores—are attributed to line
profile variations induced by chemical spots on the stellar surface. Accurate modeling of
such line profile variations necessitates time-series spectroscopic observations [60].

Elemental abundances are reported in the standard logarithmic notation:

loge = log < ;\\I[el ) +12.04,

tot

where N, and Nt represent the number densities of the element and the total number
of atoms, respectively. The final abundances are summarized in Table 2 and visualized in

Figure?7.
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Figure 6. A selected piece of the spectrum in a narrow range if the wavelength range is 4943 A—4953 A
for the clear visibility. Lines of various ions are marked using BinMag6 interface. The observed and
synthetic spectra are shown with black and red colors, respectively. The shaded region is the active
region; i.e., only lines under that region are fitted (e.g., fitted Fe II lines).
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Table 2. Chemical elements analyzed in AL Col, along with their atomic numbers, number of spectral
lines used, and mean photospheric abundances. The standard errors of the mean abundances, calcu-
lated as the standard deviation of individual line measurements, are provided. Solar photospheric
abundances adopted from Asplund et al. [61] are listed for comparison.

Element Atomic No.Z No. of Lines Used logearco (dex) Error (dex) log e (dex)

He1 2 6 —-1.71 0.39 —1.09
Cnu 6 5 —2.72 0.62 —3.54
NI 7 1 —3.04 - —4.17
N1 7 5 —2.52 0.54 —4.17
O1 8 1 —2.46 - -3.31
on 8 3 -3.11 0.24 -3.31
Nel 10 10 —-3.23 0.30 —3.94
Na1l 11 2 —3.80 0.21 -5.78
Mgl 12 1 -3.69 - —4.45
Mg11 12 5 —4.63 0.91 —4.45
Al 13 3 —4.47 0.60 -5.57
Sin 14 29 -3.78 0.63 —4.49
Simn 14 2 —2.55 0.45 —4.49
Pu 15 6 -5.78 0.48 —6.59
SI 16 1 —3.48 - —4.88
Su 16 20 —4.68 0.86 —4.88
Cli 17 3 —4.14 0.90 —6.69
Can 20 2 —5.36 0.09 —5.70
Tin 22 9 —5.89 0.62 —7.03
Vi 23 1 —6.16 - —-8.10
Cro 24 12 —5.53 0.78 —6.38
Mn11 25 2 —4.73 1.11 —6.58
Fel 26 1 —-1.77 - —4.54
Fell 26 133 —3.86 0.44 —4.54
Nin 28 10 —4.77 0.42 —5.80
Zn1 30 1 —4.84 - —7.44
Y11 39 4 —6.81 0.71 —9.79
Cell 58 15 -5.27 0.55 —-10.42
Ce1ll 58 1 —6.32 - —10.42
Pru 59 3 —6.36 0.36 —11.25
Prix 59 26 —7.08 0.64 —11.25
Nd 1 60 4 —5.38 0.76 —10.58
Nd 111 60 28 —7.37 0.39 —10.58
Eun 63 3 —6.35 0.45 —11.48

CIl NIl Ol Nall Mgll Sill Pl Sl Call VIl Mnll Fell Znl Cell Prll Ndll Eulll
I I I

—@—
1

109(Nei/N¢ot)-109(Ne/Niot) o

|
=
T
= @

Elements

Figure 7. Graphical representation of the elemental abundances listed in Table2. The horizontal
green line indicates the solar abundances from Asplund et al. [61]. Black dots represent the mean
abundances of elements for which multiple spectral lines were measured; the associated red error
bars denote the standard deviation of these measurements. Gray dots indicate elements for which
only a single line was available, and these values should be interpreted with caution.
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The large discrepancies between abundances derived from successive ionization stages,
in particular the 1.23 dex offset between SiII and Si1lI and the 2.09 dex offset between FeT
and Fe1I, strongly point to departures from a simple LTE, homogeneous atmospheric
model. In A- and B-type chemically peculiar stars, overionization of minority species under
non-LTE conditions leads to weakened neutral-stage lines and hence to underestimated LTE
abundances [62,63]. At the same time, vertical stratification of elements, observationally
demonstrated in Ap stars, can concentrate both Fe and Si at different optical depths where
Fe1, Fe11, Sill, and SiIll lines form, amplifying ionization imbalances [64]. Indeed, Ro-
manovskaya et al. (2024) find a ~1.5 dex abundance jump between the layers where Fe II-111
and SiII-111 lines form in the Ap star BD +00° 1659, further underscoring the combined role
of stratification and non-LTE effects [65]. Depth-dependent micro- and macro-turbulences
further distort line profiles in opposite senses for neutral versus ionized species [66]. To
reconcile these offsets and to derive a physically consistent abundance profile for AL Col,
full non-LTE spectrum synthesis with a stratified abundance model is required (e.g., using
TLUSTY/SYNSPEC [67] or DETAIL/SURFACE [68]), which will also shed light on the
operation of diffusion and weak stellar winds in its atmosphere.

5. Evolutionary Status

Determining the evolutionary status of the target star is crucial for placing its physical
and chemical properties in the broader context of stellar structure and evolution. It provides
insight into the star’s internal processes, surface composition, and variability mechanisms
and is essential for accurately modeling its pulsations and rotational behavior.

To assess the evolutionary status of AL Col, we utilized the PAdova and TRieste Stellar
Evolution Code (PARSEC; Bressan et al. [69]) to compute stellar evolutionary tracks and
isochrones. The models were generated assuming a solar metallicity of Z = 0.0152 [70].
A grid of evolutionary tracks was computed for a range of stellar masses, and isochrones
corresponding to various ages were overlaid on the T.g-log g diagram.

5.1. Luminosity Estimate

The stellar luminosity was calculated using the following relation:

L
log <Lo) = —0.4(My + BC — My 0), ®)

where My, o, = 4.74 is the solar bolometric magnitude, and BC is the bolometric correction
derived using the empirical relation from Torres [71]. The absolute magnitude My in the V
band was computed using

Mv:mv+5—510g(d)—Av, (4)

where my = 7.56 is the apparent visual magnitude, d = 243 pc is the distance estimated
from Gaia DR3 parallax [72], and Ay = 1.61 is the extinction in the V band, derived using
the reddening value E(B — V) = 0.52 [73] and adopting Ry = 3.1.

Substituting the derived values into Equations (3) and (4) yields log (L/Ls ) = 2.69 £ 0.09,
which corresponds to a mid-late B-type to early A-type main-sequence star, in excellent
agreement with the spectroscopic classification presented in Section 4.3.

5.2. Radius, Mass, and Age

The stellar radius was estimated using the following relation:

log<If®> = 0.5log(]i> —210g(£>, ®)
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yielding a value of R = 3.74 + 0.48 R, that is approximately a solar radius larger than
the published value (2.44Ry) by Glagolevskij [74]. The underestimated stellar radius in
previous studies can primarily be attributed to the use of Hipparcos-based parallaxes and
the adoption of luminosities uncorrected for interstellar extinction [74]. By combining
the stellar radius (R) and vsini derived in our analysis, we infer an inclination angle of
approximately 60°.

The location of the star in the Hertzsprung—Russell (H-R) diagram is illustrated in
Figure 8, where evolutionary tracks corresponding to stellar masses ranging from 3.2
to 4.8Mg, in increments of 0.4 M, are overplotted. The position of the target aligns
closely with the evolutionary track of 4.2 + 0.2 M, consistent with the mass estimate of
M, = 3.9Mg, reported by Glagolevskij [74].

3.2 ~3= ==

=
—_———
B

\
22 AR \ 1081Yrs
i Nyt 8.2
MR --- 1082Yrs
i Wl 8.3
_ W --- 10°°Yrs
20 |||||||||||||||||\|\|\|\||||||||||||||||
"~ 4.25 4.20 4.15 4.10 4.05 4.00 3.95 3.90
l0g(Ter)

Figure 8. Location of AL Col in the Hertzsprung—Russell (H-R) diagram is marked with a filled black
circle. Vertical and horizontal red lines are representing the errors in luminosity and temperature,
respectively. Solid lines represent PARSEC evolutionary tracks for stellar masses ranging from 3.6 to
4.6 My, while dashed lines show PARSEC isochrones of different ages, as indicated in the legend.

By comparing the position of the star on the H-R diagram with theoretical isochrones,
we estimate its age to be 0.120 £ 0.01 Gyr. This value is approximately twice that reported
by Glagolevskij [74] (~0.055 Gyr), likely due to an underestimation of stellar luminosity in
their study. The diagram suggests that the star is situated at the middle of ZAMS and TAMS,
slowly approaching the turn-off point, consistent with its derived physical parameters.

A summary of the fundamental parameters of HD 46462, including values obtained in
this study and from the literature, is presented in Table 3.
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Table 3. Basic parameters of AL Col compiled from both the literature and this study. The refer-
ence numbers correspond to the following sources: L (Borisov et al. [75]), 2 (Bernhard et al. [39]),
3 (Glagolevskij [74]), 4 (SIMBAD astronomical Database), > (McEvoy et al. [73]), 6 (Gaia Collaboration
etal. [72]), 7 (van Leeuwen [76]).

Literature Present Study
Parameter Value Parameter Value
Teie (K) T 12,600 + 126 Tett (K) (Spectroscopy) 13,814 + 400
Teit (K) (SED) 11,750 £+ 125

log g (dex) 1 3.99 4+ 0.03 log g (dex) 4.09 + 0.08
vsini (kms™1) ! 19.49 4 0.74 vsini (kms™1) 16 £1
Prot (d) 2 10.363 Prot (d) 10.35733
log(L/Ly) 3 2.336 log(L/Le) 2.69 + 0.09
R/Rp 3 2.44 R/Rg 3.74 +0.48
M/Mg 3 3.9 M/Mg 42402
Age (Gyrs) 3 0.055 Age (Gyrs) 0.12 +£0.01
my (mag) 4 7.56
B-v* -0.1
E(B—V)° 0.52
plx(mas) &7 4.11 4 0.38 (d = 243 pc)

2.93 4+ 0.52 (d = 341 pc)

6. Spot Modeling

Modeling a stellar surface provides crucial insights into surface dynamics and mag-
netic activity, as starspots co-rotate with the stellar surface and induce brightness modula-
tions modulated by stellar rotation. We reconstructed the TESS light curves from sectors
6 and 7 using the BestrAndom StarSpots Model cAlculatioN (BASSMAN; [77])° program
to perform inverse modeling of starspots and generate stellar surface maps. The required
input parameters for BASSMAN include the star’s rotation period, Teg, radius, and inclina-
tion angle (or vsini). Using a Markov Chain Monte Carlo (MCMC) approach, the program
determines spot parameters such as amplitude, size, latitude, and longitude. A three-spot
model was adopted, as it provided a better fit to the data than a two-spot configuration.

Once the input parameters are provided, BASSMAN proceeds by positioning the
spots on the stellar surface and fitting a model light curve to the observed data. This is
accomplished using optimization routines from the scipy library, which iteratively adjust
the spot parameters to improve the match between the modeled and observed light curves.
The fitting performance is evaluated using correlation coefficients or a reduced x? statistic to
determine the model’s reliability. If the fit does not converge or yield satisfactory agreement,
the algorithm samples a new set of spot parameters and restarts the fitting process. This
approach allows BASSMAN to successfully model light curves affected by both magnetic
and chemical spots, ultimately providing best-fit parameters that describe the observed
brightness variations with high fidelity.

Our results indicate the presence of three cool surface regions. For Sectors 6 and 7, the
model yielded a reduced x? of 4.42 and 5.89, along with spot coverage of 1.49 + 1.99 + 1.00
=4.48% and 1.00 + 2.49 + 1.39 =4.88% which are consistent with analytically derived spot
sizes 5.77% and 5.68%, respectively, using equations [78-80]:

Topot = 0.751 Tegs — 3.58 x 107°T%; + 808 (6)
and )
A T, -
2 100% x AFF - ( SP‘“)J . @)
star F Teff

The spot configurations, including locations, sizes, and temperature contrasts, are
shown in Aitoff projections in Figure 9, and the corresponding parameters are summarized
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in Table 4. The latitudes of the spots remain almost unchanged, indicating that the spot
locations on the stellar surface do not vary significantly. The longitudes differ, as expected,
due to the rotation of the object and mapping them at different rotational phases. Even
the longitudinal distance between the spots changes noticeably from one sector to another,
suggesting differential surface rotation. However, Figure 9 shows that spots 1 and 2 shift
slightly towards lower latitudes, while spot 3 shifts towards higher latitudes (<7°). The
contrast of spot 1 changes from sector 6 to sector 7, while the contrasts of spots 2 and 3
remain nearly constant, as indicated by the color bar. These results support the findings
from our wavelet analysis. The ~10-d periodicity and associated harmonics observed in
the wavelet maps primarily originate from spots 1 and 2. In contrast, the polar location
of spot 3 has little impact on the light curve morphology. Although the individual spot
sizes vary between the two sectors, the total spot coverage does not change significantly
(approximately ~0.4%). This signifies that spot modulation might be present. The value
of x2 > 1 suggests the presence of small-scale variations with timescales shorter than the
stellar rotation period, resulting in features in the light curve that the model light curves do
not fully capture. Nevertheless, the high signal-to-noise ratio (SNR) values confirm that the
modeled light curve is robust and reliable, which is consistent with the quality of the TESS
light curves.

In the wavelet diagram, persistent horizontal bands correspond to stable periodic
signals, indicative of coherent stellar rotation. Variations in dominant periodicities or light
curve morphology over time may reflect evolving spot distributions, longitudinal migration
of active regions, or differential rotation. In this case, the light curve morphology remains
relatively unchanged across sectors, consistent with modest changes in spot configuration
and coverage, particularly in longitudinal positions.

In this modeling, BASSMAN assumes spots are spherical on the stellar surface.
During the modeling of a single sector of TESS observations, spots are assumed to be
static, i.e., they do not evolve in size, position, or contrast within that time frame. The
only parameter that changes over time is the longitude, due to stellar rotation. Due to
the degeneracy between spot contrast and size in single-band photometry, the model uses
spot amplitude, i.e., the amount of flux blocked, rather than contrast. Spot amplitude is
defined based on the range of flux variation; size is estimated based on the ingress and
egress duration. Markov Chain Monte Carlo (MCMC) sampling is used to optimize the fit
of the spot model to the observed light curve. So, small spot size with proper amplitude can
generate significant variability in the light curve. Although this modeling approach does
not convincingly establish that the small spots alone are responsible for the photometric
modulation, and CP stars have been known to have larger spots, we have conducted a
preliminary analysis of spot location on the stellar surface here. For example, if the contrast
were lower for the spots, their size would increase, which could be the case for these CP
stars. The ‘size’ in our tables refers to the area needed to reproduce the observed light
curve modulation under a reasonable assumed contrast derived from empirical relations.
We emphasize that while the individual spots may be relatively small, the total spotted
area on the visible hemisphere, combined with high contrast and favorable geometries (i.e.,
near-equatorial spots and favorable inclination), is sufficient to produce the observed light
curve modulations. Our modeling also reproduces the phase and shape of the modulation
across multiple TESS sectors, reinforcing the credibility of the fit. We acknowledge that,
due to the degeneracy between spot size and contrast in single-color data, alternative
models with slightly larger, lower-contrast spots cannot be fully ruled out. However,
the solutions presented represent the best-fit results of a Bayesian sampling process (via
MCMC) within a physically motivated parameter space, constrained by the theoretical
values (Equations (6) and (7)), observed flux variations, and stellar parameters.



Galaxies 2025, 13, 93

16 of 22

It is important to note that modeling stellar surface features is inherently degener-
ate [81], as multiple spot configurations can produce light curves that are nearly indis-
tinguishable. Therefore, any derived solution must be interpreted cautiously, with due
consideration for uncertainties and degeneracies. While a single spot configuration may
not fully capture the true surface geometry, consistent modeling across multiple light
curves can reveal meaningful trends and correlations that reflect real physical processes
on the stellar surface. Lastly, the BASSMAN code is typically employed for investigating
surface spot distributions in late-type stars. In the present study, we extend its application
to AL Col, a massive star. Given the fundamental differences in a spot’s origin between
late-type and massive stars, the results derived from this approach should be interpreted
with due caution.

Table 4. Comprehensive spot model parameters and associated diagnostics for AL Col.

Sec. No. SpotNo. Lat. (deg) Long.(deg) SpotSize (%) Analytical Spot Size (%) x> SNR
1 49.09 —120.05 1.49

6 2 20.86 106.53 1.99 5.77 4.42 1657.84
3 —65.32 —85.27 1.00
1 42.98 —2491 1.00

7 2 23.92 —157.87 2.49 5.68 5.89 1455.62
3 —61.24 149.79 1.39

TIC119491567 1 TIC119491567
TBJD = 1478.1207 TBJD = 1491.6346

Latitude [deg]
Latitude [deg]

75 75
Longitude [deg] N Longitude [deg]

Figure 9. Spot locations, sizes, and contrasts are illustrated using Aitoff projections for sectors 6
(left panel) and 7 (right panel). Dark regions indicate the presence of spots, and the strength of the
spots has been scaled by the color map shown in the figures.

7. Discussion and Conclusions

This study presents a comprehensive photometric and high-resolution spectroscopic
analysis of the Ap/Bp star AL Col (HD46462). Frequency analysis of the TESS light
curve revealed a dominant peak at v = 0.09655d !, corresponding to a rotational period
of Prot = 10.35733 d, in close agreement with the value of Pot = 10.363 d reported by
Bernhard et al. [39]. The phase-folded light curve exhibits a clear quasi-sinusoidal shape,
characteristic of a> CVn-type variability commonly seen in Ap/Bp stars. Assuming rigid-
body rotation and adopting a spectroscopically derived vsini of 16kms~!, we estimate an
inclination angle of the stellar rotation axis of i =~ 60°.

A notable discrepancy was noticed between the effective temperature derived from
SED fitting (Te¢s = 11,750 K) and that obtained from high-resolution spectroscopic analysis
using the SME tool (Teg = 13,814 4+ 400 K). This is common in CP stars because of flux
redistribution in the presence of chemical spots. Flux are being absorbed (maximum in
ultraviolet) by chemical elements present in the photosphere and getting emitted in a longer
wavelength (generally in IR), which changes the shape of the SED [82]. This highlights the
importance of detailed spectral synthesis for accurate atmospheric parameter determination
in CP stars. The core of the strong lines like the Balmer regions and the Fe line in the Mg
triplet region are not properly fitted. NLTE analysis is one of the possible solutions for
fitting the core region of Balmer lines. Also, in the Ha region, the presence of telluric lines



Galaxies 2025, 13, 93

17 of 22

in the wings occasionally leads to poor agreement between the observed and synthetic
spectra. However, for metal lines (e.g., Fe I in Figure 6), the line profile of the core region
varies (spikes at the center) due to chemical spots. To model these line profile variations,
time-series spectroscopy is essential.

Using synthetic spectrum fitting, we derived abundances for 25 chemical elements
across various ionization stages. Our results show that O11, Mg 11, S11, and CaII have abun-
dances close to solar, while He I is significantly underabundant by about 0.5 dex, possibly
due to diffusion processes [83]. Rare earth elements (REEs), on the other hand, exhibit
substantial overabundances up to 6 dex, consistent with the typical chemical peculiarities
observed in Ap/Bp stars.

At Togs = 13,814 £ 400K and log g = 4.09 & 0.08 dex, the atmosphere lies in a regime
where departures from the LTE are expected. Nevertheless, all abundances reported here
were derived strictly under LTE, and the formal uncertainties quoted in Table 2 do not
include any allowance for NLTE offsets. Literature grids predict downward corrections of
~0.10-0.15 dex for He I triplet lines and up to —0.20 dex for C11/N11/O 11 lines [84,85]. Mg II
and SiII/1II resonance lines are expected to shift upward by +0.05-0.10 dex, whereas Fe 11
and Cr 11 remain within |Aloge| < 0.05 dex thanks to efficient collisional coupling [86-88].
For the observed rare-earth ions, Y11, Cel1/111, Pri1/111, Nd 11/111, and Eu1ll, published
NLTE studies suggest mainly negative corrections of 0.05-0.15dex [89,90]. These po-
tential systematic offsets will be explored in a future re-analysis employing full NLTE
spectrum synthesis; until then, the LTE abundances and their errors should be regarded as
lower-limit uncertainties.

Although magnetic measurements were not obtained in the present study; it is well
established that magnetic fields in Ap/Bp stars suppress convective and turbulent motions,
enabling the radiative accumulation of heavy elements like REEs in the photosphere. Future
spectropolarimetric observations are essential to constrain the magnetic field geometry and
understand its role in shaping the observed abundance anomalies.

A significant discrepancy was also noted between the abundances derived from Si11
and Silll lines, consistent with the expected vertical stratification of chemical elements in
magnetic atmospheres. In particular, SiIll lines yield a considerably higher abundance
than Si1I, a common feature in magnetic chemically peculiar stars (e.g., [91]). This under-
scores the need for future non-LTE analyses and stratified atmospheric modeling to better
understand the vertical abundance gradients.

By locating our target in the H-R diagram, we estimate the stellar mass to be
M = 4.0+ 0.4Mg and the radius to be R = 3.74 & 0.48 Ry, indicating that the star has
evolved slightly beyond the main sequence. The isochrone fitting suggests an age of
0.124+0.01 Gyr.

To probe surface activity, we modeled starspots using TESS time-series photometry
from sectors 6 and 7 via the BASSMAN code. The best-fit three-spot model revealed the
presence of cool surface features at different longitudes and latitudes. Temporal evolution
in spot sizes and contrasts, most notably an increase in the strength of one spot, suggests
the presence of differential rotation and evolving surface magnetic activity. These findings
are tentative though corroborated with our wavelet analysis, which detected persistent
periodicities consistent with rotational modulation by surface spots.

Collectively, these results provide a coherent picture of AL Col as a moderately evolved
magnetic Ap/Bp star exhibiting strong chemical peculiarities, rotational modulation due to
starspots, and potential surface differential rotation. Follow-up spectropolarimetric and
non-LTE spectroscopic analyses will be instrumental in refining our understanding of its
magnetic topology and atmospheric structure.
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