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Abstract

We present the results of Doppler Imaging of the Ap star CU Vir in the silicon lines over
the 1985–2011 time span, as well as multi-element imaging in the 2009/2011 epoch. The
surface distribution of silicon in CU Vir exhibits stability over the approximately 26 years
studied: the number, shape, and mutual distribution of the overabundance spots have
remained unchanged. The modelling of the light curve based on the surface elemental
distribution obtained with DI did not reveal any significant changes in the shape of the light
curve that could explain the photometric phase shift observed in CU Vir. Consequently,
the phase shifts and changes in the photometric period of CU Vir are caused by the rigid
longitudinal drift of the surface-abundance structures. We performed simulations of the
Tayler instability of the background magnetic field of CU Vir, and discuss the possibility of
explaining the period variations by the drift of surface instability modes.

Keywords: Ap star; Si star; CU Vir; high-resolution spectroscopy; Doppler Imaging;
synthetic photometry; Tayler instability

1. Introduction
The star CU Vir (=HD124224) is one of the most extensively studied magnetic Ap/Bp

stars. In key properties, it is a typical representative of its class; however, a number of
unique features attract attention to this object.

CU Vir exhibits a peculiar A0p spectrum, typical of Ap/Bp stars, with a weakened
intensity of helium and an enhanced intensity of silicon lines varying in antiphase with the
period of axial rotation [1]. The star also hosts a global, large-scale magnetic field with a
dominant dipole component, Bp ∼4 kG in strength [2]. Surface imaging of CU Vir revealed
the inhomogeneous (spotty) surface distribution of Si, He, Fe, Cr, and Mg with abundance
gradients up to +2 dex in logarithmic scale relative to the Sun [2–6]. Axial rotation of
the spotted stellar surface leads to a modulation of the light variations of CU Vir, with
an amplitude of about ∆V ∼0.1 mag, in accordance with the so-called “oblique rotator
model” [3,7,8].

Meanwhile, CU Vir has one of the shortest rotational periods, P ≈ 0.52 d, among
known Ap/Bp stars1 and demonstrates extraordinary changes. A comparison between
observations obtained at different epochs allowed the detection of significant phase shifts
on the decadal timescale, both in line intensity and photometric variations [11], which can
be indicative of apparent rotational period changes. Employing the distribution of the
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surface magnetic field recovered by Zeeman–Doppler Imaging [2], MacDonald et al. [12]
showed that magnetic braking due to radiatively driven wind can lead to a spin-down time
consistent with the observed increase in the CU Vir period in ∼1960–2010. However, this
model does not resolve two contradictions. First, as Mikulášek et al. [13] noted, this spin-
down timescale is ∼2 orders of magnitude less than the age of the star. Second, braking by
the magnetised wind results in a period increase only, whereas observations show a more
complex behavior. Apparently, another mechanism is responsible for both the decreases
and increases in the CU Vir period.

Currently, published observations of CU Vir cover the interval from 1955 to 2017 and
show unambiguous evidence of such an effect. It is noteworthy that CU Vir has also been
detected as a variable radio source at 1.4 GHz [14–16]. Its radio emission also exhibits
period variations resembling so-called “glitches” in pulsars. Period changes in CU Vir can
be interpreted within the framework of two different data models. First, based on O-C
analysis of critically selected observations, a model with three discrete (discontinuous)
period changes in 1985, 1992, and 2012 was proposed [11,17–19]. Within the interval
between successive glitches, the model suggests a constant period. The first two abrupt
period changes correspond to a deceleration in the apparent stellar rotation, and the last
one corresponds to an acceleration. Although these period changes do not exceed three
seconds in magnitude, given the rapid rotation of the star, such changes lead to significant
phase shifts. In turn, Mikulášek et al. [13] proposed, and later updated [20], a model of
continuous period variations. The data were fitted by a cosine function as well as by a
5th-order polynomial, which yielded a cycle of ∼65 years. According to this model, a
slowdown of rotation was observed from 1958 to 2005. After the local maximum of the
period in 2005, the acceleration of rotation began.

It has now been established that CU Vir is not a unique object, but belongs to a small
subgroup of Ap stars with variable periods, although its behavior is the most complex
(e.g., [18,19]). The reasons for the period variations in CU Vir and other Ap stars are cur-
rently unclear. It was pointed out that the observed rates of period changes and their char-
acter are difficult to explain through evolutionary changes in angular momentum [13,21].
In non-magnetic peculiar HgMn stars, annual changes in spot structure have been
recorded [22–24], which also lead to changes in their very low-amplitude photometric
variability [25]. In Ap stars, the spot patterns are expected to be much more stable due to
the stabilising role of the magnetic field. However, the fields themselves are affected by
MHD instabilities, which can lead to internal changes or rigid longitudinal drift of magnetic
and associated chemical structures [26–29]. In such cases, variations in surface distribution
and abundance scale of elements like silicon, which grossly affect the emergent flux, may
lead to variations in the photometric period. In the context of this idea, several models
have been proposed to explain period variations in CU Vir and other Ap stars by Alfvén
waves [27,28] or the Tayler instability [29]. On the other hand, an independent mechanism
of the free-body precession of the magnetically distorted star, which affects the visibility of
the spots, was proposed even earlier [30]. In the latter case, the phase shifts arise due to
small variations in the shape of the light curve with a period of several decades. Indeed,
changes in the shape of the CU Vir light curve between the 1993–94 and 1997–98 seasons
have been suspected [19].

A direct method to discriminate between these two scenarios is to reconstruct the
surface distributions of elements contributing to the light variability on a reliable timescale.
CU Vir has been frequently targeted for Doppler Imaging (DI) [2,4–6]. Kochukhov et al. [2]
compared their surface maps recovered from 2009–2011 data with the previous maps by
Kuschnig et al. [6] based on 1995 observations and pointed out the fundamental similarity
of the reconstructed surface structures. The remaining minor differences could be due



Galaxies 2025, 13, 90 3 of 20

to differences in the imaging techniques, adopted stellar parameters, and spectral line
lists. Therefore, it is of interest to compare the spot structures in CU Vir reconstructed
in a uniform way over an extended time interval over which noticeable changes in the
photometric period occurred and to check its impact on the light curve. These are the aims
of the present study.

2. Observational Data
2.1. Spectroscopy

We collected archival as well as previously unpublished original phase-resolved
spectroscopic time series of CU Vir over the interval of 1985–2011. Namely, we collected
the following:

(1) Observations in the Si II 6347 Å line obtained by A. Hatzes in February–March 1985
with the 3-m Shane telescope at Lick Obsevatory equipped with a Coudé-spectrograph
and 800 × 800 px Texas Instruments CCD detector. The wavelength coverage of each
spectrogram was 6332–6362 Å with a resolving power R ≈ 50,000. In total, 12 spectrograms
were obtained with a uniform distribution over rotational phases. Surface silicon maps of
CU Vir were published based on these data [4,5].

(2) Observations in the Si II 6347 Å line were made in April 1994 and February–
June 1996 by V. Malanushenko at the Crimean Astrophysical Observatory using a Coudé-
spectrograph and CCD detector attached to the 2.6-m Shajn telescope. The wavelength
coverage of the observations was 6329–6358 Å with 0.2 Å resolution corresponding to
R ≈ 32,000. In total, 39 spectrograms were obtained. We used 16 of them, covering rota-
tional period of CU Vir with a step of ∆φ ≈ 0.1 in phase.

(3) Observations in the Si II 4128/4130 Å doublet, obtained in March 1995 with the
1.93-m telescope of Haute-Provence Observatory, equipped with the AURELLIE spec-
trograph. A total of 19 spectrograms with good phase coverage were obtained in the
wavelength range 4060–4260 Å with a nominal resolution R ≈ 20, 000. The multi-element
DI of CU Vir was published using these data [6].

(4) Echelle spectra of CU Vir observed with the 2m Bernard Lyot Telescope at Pic du
Midi Observatory were retrieved from the PolarBase archive [31]. Observations were made
in spectropolarimetric mode with the NARVAL spectrograph during several observational
runs between 2009 and 2011. The wavelength coverage was 3700–10,500 Å with a resolving
power R ≈ 65,000. This material was used by Kochukhov et al. [2] to perform Zeeman–
Doppler Imaging of CU Vir. In our study, we used 12 intensity spectra with a signal-to-noise
ratio S/N ≈ 200–300.

The complete observational log is provided in Table 1. All spectra except those
obtained with NARVAL were at our disposal in the already processed form and cover only
short spectral region around Si II 6347 Å and 4128/4130 Å lines. Post-processing of these
data involved only corrections of the continuum level. NARVAL spectra were retrieved in
ASCII format automatically processed with the Libre-ESpRIT software package [32]. Data
handling consisted of combining the individual exposures, merging the echelle orders, and
normalising the continuum in the spectral intervals of interest using low-order spline fitting.
Water-vapour telluric lines were removed from the target spectra using an appropriately
scaled spectrum of the featureless, rapidly rotating star HR 1948 observed with NARVAL
in similar instrumental setting. The heliocentric correction was applied to the wavelength
scale, and the spectra were also corrected for a radial velocity of RV = −3.7 km s−1

estimated from the phase-averaged spectrum.
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Table 1. Journal of spectroscopic observations of CU Vir used for DI. Rotational phases are given
according to the Pyper and Adelman [18] model (P20) and the Mikulášek et al. [20] cosine model (M19).

HJD Phase (P20) Phase (M19) HJD Phase (P20) Phase (M19)

1985 (Lick) 1996 (CrAO)
2446101.905 0.913 0.874 2449470.295 0.895 0.833
2446101.925 0.952 0.912 2449470.320 0.943 0.881
2446101.973 0.042 0.005 2449496.344 0.920 0.859
2446102.016 0.126 0.087 2450134.603 0.658 0.606
2446102.063 0.217 0.177 2450174.451 0.184 0.132
2446102.989 0.995 0.956 2450191.418 0.769 0.716
2446132.900 0.439 0.400 2450210.412 0.244 0.193
2446132.965 0.564 0.525 2450233.317 0.232 0.181
2446133.020 0.670 0.631 2450233.358 0.311 0.260
2446133.069 0.764 0.725 2450233.454 0.495 0.444
2446133.887 0.335 0.296 2450253.303 0.615 0.563
2446133.960 0.475 0.436 2450253.363 0.730 0.679

1995 (OHP) 2450254.311 0.551 0.499
2449798.489 0.172 0.115 2450255.275 0.402 0.351
2449798.622 0.427 0.371 2450255.289 0.428 0.377
2449799.434 0.986 0.930 2450255.305 0.459 0.408
2449799.575 0.257 0.201 2009/11 (PdM)
2449799.612 0.328 0.272 2454902.517 0.151 0.09
2449800.410 0.861 0.805 2454904.485 0.930 0.869
2449800.502 0.037 0.981 2454905.554 0.984 0.922
2449800.599 0.224 0.168 2454906.487 0.774 0.714
2449801.412 0.785 0.729 2454909.493 0.548 0.487
2449802.415 0.711 0.655 2454935.487 0.468 0.407
2449803.438 0.676 0.620 2454935.523 0.537 0.476
2449804.444 0.601 0.552 2454945.486 0.670 0.610
2449804.468 0.654 0.598 2455292.589 0.261 0.203
2449806.413 0.389 0.333 2455596.718 0.322 0.269
2449806.435 0.431 0.375 2455657.510 0.070 0.017
2449806.452 0.464 0.408 2455690.479 0.385 0.333
2449806.469 0.497 0.441
2449806.484 0.525 0.469
2449806.500 0.556 0.500

2.2. Calculation of Rotational Phases

To calculate the rotational phases corresponding to the moments of spectroscopic
observations, we explored both existing models of period changes in CU Vir: a model
with discrete period glitches [18] and a model with continuous period variations [13,20].
In the framework of the former model, the star is assumed to experience three period
changes: in 1985, 1993, and 2012, respectively. The following constant periods were adopted:
(1) P1 = 0.5206775 d for the interval 1958–1983; (2) P2 = 0.5206961 d for the interval
1979–1992; (3) P3 = 0.5207140 d for the interval 1993–2011; (4) P4 = 0.5206987 d for
the interval 2012–2017. As an alternative, we examined the cosine model of continuous
period changes [20]. A more detailed discussion of these models will be presented in the
forthcoming paper [33]. Here, we note that at the moments of spectroscopic observations,
both models predict very close phases (as can be seen from Table 1), with a difference not
exceeding ∆ϕ ≈ 0.06.

In our study, we adopt the model Pyper and Adelman [18] for calculating the rotational
phases, owing to the convenience of handling spectroscopic data obtained at different
epochs. It should be noted that due to the temporal remoteness of the ephemeris zero point
T0 = 2435256.755, corresponding to the light minimum from the discussed epochs, the
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determination of rotational phases requires a recalculation of T0 to the beginning of a new
epoch after each period glitch.

The spectroscopic observations analysed in the present study were obtained at epochs
(2) and (3). As demonstrated by our analysis of the line profiles and the Doppler maps
reconstructed from them, the 1995, 1996, and 2009–2011 observations are coherently phased
with the P3 period, while the 1985 observations required the use of the P2 period. Since the
period is assumed to be constant within epoch (3), the addition of selected 1994 observations
to the 1996 dataset, for better phase coverage, is justified. The same is true for the NARVAL
data distributed over 2009–2011.

3. Doppler Imaging
3.1. Technique

The surface-abundance distribution in CU Vir was inversed using the Doppler Imag-
ing technique implemented in the INVERS11 code [34], which is a non-magnetic version
of the INVERS10 code. The idea of the method is to solve the inverse problem of recon-
structing the surface distribution of element(s) based on a phase-resolved sequence of
spectral line(s) profiles containing Doppler details arising from an inhomogeneous surface
chemical composition and modulated by axial rotation [35,36]. The problem is solved by
fitting the observed line profiles by theoretical spectrum. The stellar surface is divided
into a grid where local line profiles are calculated by solving the non-magnetic radiative
transfer equation. The elemental abundance is a free parameter determined by minimising
discrepancies between the synthetic line profile integrated over the disc of the rotating star
and the observations. The uniqueness of the solution of the inverse problem is achieved by
using the Tikhonov regularisation method. As input parameters, the DI procedure requires
(1) a series of observed line profiles with reliable coverage of the stellar rotation period; (2) a
model of stellar atmosphere, an initial assumption about chemical composition, and atomic
data for the examined spectroscopic transitions; and (3) stellar rotation parameters: v sin i
and inclination angle i. The parameters that control the solution, i.e., the surface-abundance
maps, are the grid density, which have to be matched to the achievable spatial resolution,
and the regularisation parameter Λ.

As input parameters for the DI of CU Vir, we adopted the stellar atmosphere param-
eters from Kochukhov et al. [2]: an effective temperature Teff = 12,750 K, and a surface
gravity log g = 4.3. The phase-averaged abundances of He, Si, Fe, Cr, and Mg were adopted
from Kochukhov et al. [2], Kuschnig et al. [6]. Using these parameters and abundances,
the LTE model of the CU Vir atmosphere was computed with the LLMODEL code [37],
accounting for opacity distribution due to the specific chemical composition. This model
was subsequently employed in the Doppler inversion. The atomic data for the lines used in
DI were critically selected from the VALD3 database [38] and are listed in Table A1. The
wavelengths and oscillator strengths of the transitions were verified and corrected, where
necessary, using the high-resolution spectrum of the slowly rotating normal star π Cet as
a benchmark.

Given the rapid axial rotation of CU Vir with v sin i = 145 km/s, the potentially achiev-
able resolution of DI can be estimated as ∆l ≈ 2.9–9◦ at the equator, i.e., 36–120 elements,
depending on the spectral resolution of the observations. We employed two surface grids to
compute local profiles: with a total number of 1436 cells matching the moderate resolution
of historical spectroscopic time series in 1985–2011 and another with 3764 cells to fully
utilise the resolution of NARVAL data for multi-element imaging. The inclination angle of
the rotation axis to the line of sight was adopted as i = 47◦ [2].
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3.2. Silicon Spots in 1985–2011

Silicon surface maps of CU Vir at four observational seasons within the 1985–2011 time
span are presented in Figure 1. The distribution of silicon over the stellar surface is strongly
inhomogeneous. At phase ϕ = 0.0, an extended region with near-solar Si abundance
dominates. The areas of enhanced Si abundance are grouped in three patches. A highly
contrast spot with an excess [Si/H] = log(NSi/Ntot)− log(NSi/Ntot)⊙ ≈ +2 dex is located
south of the equator and is visible on the limb at phase ϕ = 0.25. At phase ϕ = 0.75,
a butterfly-like structure consisting of two Si spots with abundance [Si/H] ≈ +1.5 dex is
situated on the visible disc of the star, symmetrically relative to the equator. The difference
in abundance scale among the 1985, 1996, and 2009/11 maps, which were inversed using
Si II 6347 Å line, does not exceed 0.1 dex and is likely due to differences in data processing,
primarily uncertainties in the continuum level of the original observational data. The
Doppler map derived from the 1995 observations using the Si II 4128/4130 Å doublet
shows a larger abundance contrast; its maximum value exceeds those obtained from the
Si II 6347 Å line by ∼0.7 dex. Uncertainties in continuum placement (the silicon line is
located in the wing of Hδ) and NLTE effects are possible reasons for this discrepancy.
Nevertheless, the silicon spot pattern remains consistent across different seasons and aligns
with previous DI results [2,6].

Figure 1. Silicon distribution over the surface of CU Vir during the period 1985—2011. Spherical
maps are displayed for four equally spaced rotational phases. The abundance scale is provided at the
top of the figure. Darker regions correspond to higher silicon abundances.
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A comparison of the maps in Figure 1 reveals a clear stability of the spot pattern from
season to season. The number of spots and their mutual position remained unchanged.
The geometry of the main regions and the abundance scale (considering the higher contrast
in the 1995 map due to employment of the Si II 4128/4130 Å doublet) are also preserved,
even in the fine details. A characteristic example is the low-contrast “bridge” from the
north pole to the spot at longitude l ≈ 100◦, passing through the region of near-solar silicon
abundance, which is clearly visible in the figure at phase ϕ = 0.25 in all seasons. The
maps also did not reveal any significant latitudinal changes in spot positions, which would
be expected in the case of precession of the stellar rotational axis. Thus, the DI results
demonstrate the stability of the silicon spot structure in CU Vir over the 1985–2011 interval,
including at least one abrupt period change in 1992. The consistency between the maps
derived from the 1985 dataset and those from subsequent years indicates that the period
increase of about +3.15 s detected from photometry between 1983 and 1993 was caused by
a rigid longitudinal shift of the spot pattern.

3.3. Light Curves in 1985–2011

To investigate whether the possible changes in the light curve shape reported by
Pyper and Adelman [19] were caused by seasonal variations in the surface distribution of
silicon, we calculated synthetic light curves based on the obtained Doppler images. The
methodology and technique of these calculations are described in detail in Pakhomov
et al. [39] and in a forthcoming paper by Pakhomov and et al. [33]. In general, the process
involves computing local radiation intensities across the stellar surface, taking into account
opacity due to the specific abundance distributions revealed by DI. This is followed by disc
integration of the local intensities, taking into account the limb darkening, for all rotational
phases. Convolution of the emergent flux with the passbands of the photometric filters
yields synthetic light curves suitable for comparison with observations.

To calculate the synthetic light curves of CU Vir, we employed surface silicon dis-
tributions for the 1985, 1996, and 2009/11 seasons (the 1995 map was omitted because
it was obtained from a different Si II 4128/4130 Å doublet). The distributions of helium,
iron, and chromium, elements that also contribute to the emergent flux, were taken from
multi-element imaging based on 2009/11 data. The results are shown in Figure 2 in com-
parison with the observational light curve in Strömgren v filter [17]. One can see that the
shape of the light curves, acounting for the contribution of silicon alone, is reproduced
perfectly from season to season, remaining well within the scatter in the observational data.
The synthetic curves, which incorporate the silicon distribution as well as that of other
considered elements, reproduce well both the amplitude and shape of the observed light
curve. A more detailed discussion on the modelling of the light curves of CU Vir will be
presented in a related paper [33].

3.4. Multi-Element DI

Taking advantage of the wavelength coverage and high resolution of NARVAL spectra,
we performed multi-element DI with the aim of further light-curve modelling over a broad
wavelength range. Since the lines in the spectrum of CU Vir are significantly broadened
by rotation, the challenge was to select moderately blended lines suitable for imaging. We
performed the selection procedure using the spectrum of the slowly rotating, chemically
normal star π Cet as a reference, and the results are presented in Table A1. In general, the
set of elements for which DI is feasible in CU Vir: He, Mg, Si, Fe, Cr is the same as used
by Kochukhov et al. [2], Kuschnig et al. [6]. Since the lines of these elements were most
often blended with iron lines, we made a special effort to select appropriate Fe lines. In
subsequent Doppler inversion, we also added one or two reliable iron lines to the input
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dataset and performed simultaneous imaging of the element of interest and iron. The
contribution of the variable iron blend was controlled by comparing the multi-element
maps with those obtained using Fe lines only. The results of fitting the observed line profiles
with theoretical ones are presented in Figure 3. The multi-element Doppler images are
shown in Figure 4.
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−0.02
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Figure 2. Synthetic light curves of CU Vir calculated using the surface Si maps for 1985, 1996, and
2009/11. Explanations of the line types are provided in the legend at the upper right. The light curves
resulting from the inhomogeneous distribution of silicon alone are shown separately by red curves.
Light curves calculated while also taking into account the He, Fe, and Cr are depicted by black lines.
The dots represent observations in the Strömgren v band according to Pyper et al. [17]. The vertical
scale is graded in magnitudes relative to the average brightness.

3.4.1. Helium

To reconstruct the surface helium distribution, we used two He I lines at 4471 and
5876 Å each consisting of several components. The phase-variable contribution of Fe and
Ti to the He I blend at 4471 Å was taken into account. The final abundance map is shown
in Figure 4. The average helium abundance over the surface of CU Vir appears to be
depleted by ∼1–1.5 dex with respect to the Sun. The region of lowest He abundance (up to
[He/H] ≈ −2 dex) forms a ring contribution 30◦ wide, inclined at ∼25◦ to the equator. At
phase ϕ ≈ 0 a single spot with relatively enhanced helium abundance dominates between
latitudes 0–30◦. It should be noted that this spot exhibits an internal abundance gradient
featuring a compact high-contrast centre and a more extended “penumbra” . The artificial
origin of this effect is doubtful, as the regularisation parameter was properly chosen. On
average, the He abundance within the spot is near-solar.

3.4.2. Magnesium

We traced the surface distribution of magnesium in CU Vir using the single strong
Mg II 4481 Å line which exhibits prominent variability. The surface map revealed an
abundance gradient [Mg/H] ranged from +0.6 to −1.7 dex. The region of depleted Mg
abundance also forms a ring resembling that observed in the helium distribution. Two
spots with slightly oversolar abundance are visible at phases ϕ ≈ 0 and 0.5.
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Figure 3. A comparison of the observed with NARVAL in 2009/11 selected Si II, He I, Cr II/Fe II blend,
Fe II, Mg II profiles (from left to right, black curves) with the theoretical profiles (red curves) predicted
by our DI. The profiles correspond to different rotational phases labelled to the right of the plot. Only
the selected transitions contributing to the blends are labelled at top of the plot.

3.4.3. Silicon

The surface distribution of silicon was reconstructed using a set of Si II 4621, 5041,
5056, 6347, 6371 Å, lines which are formed at different depths in atmosphere and affected
differently by non-LTE effects. Generally, the spot pattern obtained using these lines is
similar to that described in Section 3.2. The surface distribution of silicon is remarkably
anticorrelated with that of helium. However, the use of different silicon lines and their
combinations for DI results in different abundance scales. All lines yield a minimum
abundance of [Si/H] ≈ +0.4, slightly above the solar value. At the same time, DI using
the set of Si II 4621, 5041, 5056 Å lines with energies Elow = 10–12 eV yields maximum
abundances in the silicon spots that are ∼0.5 dex higher than those derived from the pair of
Si II 6347, 6371 Å lines with energies Elow = 8.2 eV. NLTE calculations at the given effective
temperature suggest negative corrections for these latter lines [40]. Roughly simulating
this effect by applying a correction to the oscillator strengths ∆g f = −0.3 we were able
to converge the abundance scales and obtain a resonable good profiles fit to the profiles
of various silicon lines. Previously, the line-to-line scatter and even changes in the shape
of the lines’ profiles with different excitation energies at the same phases were noted by
Kochukhov et al. [2] and attributed to the effects of vertical element stratification in the
atmosphere of CU Vir. We also admit this possibility and note a contrast difference between
the two spots at phases φ = 0.25–0.5: from the full set of Si II lines, the northern spot appears
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more contrasted, whereas from only the Si II 6347, 6371 Å the southern spot shows greater
contrast. This may either be an artificial effect or tentative indication for the different
vertical stratification profiles across the different regions of the star.

Figure 4. Surface-abundance distributions in CU Vir for different elements recovered from the 2009/11
NARVAL dataset. The abundance scales are shown to the right from the corresponding subplots.

3.4.4. Iron

For the inversion of the iron distribution, we fitted spectral regions 4512–4524,
4538–4544, and 4580–4586 Å dominated by iron blends with reliable atomic parameters
available in VALD3 database. The surface distribution of Fe is characterised by an ex-
tended region at phase φ = 0 depleted by ≈ 0.6 dex relative to the Sun, and two distinctly
separated compact spots at φ = 0.6, located between the equator and +30◦ latitude. The Fe



Galaxies 2025, 13, 90 11 of 20

overabundance in these spots is of the order of +1 dex. Although not exactly identical, the
distribution of iron resembles that of silicon.

3.4.5. Chromium

The isolation of unblended chromium lines amidst such rotational broadening of
profiles is a challenging task. We used blends containing the strongest chromium lines
Cr II 4539, 4554, 4558 Å and fitted them simultaneously with the iron lines. The resulting
chromium distribution is identical to that of iron, as expected due to the very similar energy
configurations and term structures of these elements. We found ≈0.4 dex depletion of
chromiun in a large region at phase φ = 0 and an overabundance reaching up to +1.5 dex
in a double spot near phase φ = 0.6.

4. Tayler Instability of Magnetic Field in CU Vir
Previously, we proposed an explanation for the observed linear increase in the rotation

period of another Ap star, 56 Ari, in terms of the Tayler instability of its magnetic field [29].
Here, we explore the possibility of applying this explanation to period changes in CU Vir.

The dominant component of the magnetic field in radiative stellar interiors is believed
to be an axisymmetric toroidal field [41], which may currently be understood within a
paradigm of a relic origin [42,43] and shaped by differential rotation, or as the product of
stellar merging [44,45]. As demonstrated by Tayler [46] and Pitts and Tayler [47], such a field
can be unstable to non-axisymmetric disturbances, producing longitude-dependent insta-
bility modes. These modes can shape the surface magnetic fields of Ap/Bp stars [48,49]. An
important feature of these modes, relevant to the observed change in photometric periods,
is their rigid longitudinal drift [50,51]. The magnetic field drags ions in surface chemical
spots, causing them to drift, which results in an apparent change in the photometric period.

We performed computations of the Tayler instability of the CU Vir internal magnetic
field using the model by Kitchatinov and Rüdiger [52] and Kitchatinov [53]. The basic
equations and a discussion of application of the model to an Ap star with a variable period
can be found in Potravnov and Kitchatinov [29]. We generally assume a simple toroidal
axisymmetric configuration of the internal magnetic field, B =

√
4πρ sin ϑrΩA, where r is

the radius, ϑ is the co-latitude of the standard spherical coordinates, and ΩA is the angular
Alfvén frequency. We solve numerically the eigenvalue problem of the field stability to
define the instability patterns and the corresponding eigenvalues in dependence on the
background field strength. The dominant mode of the instability has an azimuthal wave
number of m = 1 [54]. The dependence of the mode on the longitude ϕ can be combined
with its exponential time-dependence, exp(iϕ − iωt). The complex eigenvalue, ω = iγ + w,
includes the (real) growth rate γ and the frequency w. Any constant value of phase,
ϕ − wt = const, of an eigenmode drifts in longitude at a rate of ϕ̇ = w. The frequency, w,
is therefore the rate at which the eigenmode pattern drifts azimuthally. In the co-rotating
reference frame, all drift rates are negative [51], meaning counter-rotational migration of
the instability patterns.

Tayler instability can develop fine spatial structure in latitude [55]. Our model em-
ploys series expansion in the (associated) Legendre polynomials Pm

l (cos ϑ) for latitudinal
dependence of the eigenmodes. The expansion with maximum l = 100 ensured sufficient
numerical resolution for sometimes emerging small-scale latitudinal structure.

The key parameter of the model is the background (internal) field strength normalized
to the energy equipartition value, ΩA/Ω. ΩA/Ω < 1 means a relatively weak (sub-
equipartition) field, where the magnetic energy density is smaller than the rotational kinetic
energy; Ω is the angular velocity of the star. A reversed inequality, ΩA/Ω > 1, indicates a
strong (superequipartition) field. Another governing parameter is the normalized radial
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wavelength, λ̂ = N/Ωkr, where N is the Brunt–Väisälä frequency and k is the radial wave
number. The model also accounts for finite diffusion. A stellar structure model is needed
to specify these parameters. For this purpose, we used the MESA evolutionary model of
stellar internal structure [56]. For a star with M = 3.06M⊙ and metallicity Z = 0.015 at
the age of 1.64 × 107 y, MESA yields a radius R = 1.974R⊙ and an effective temperature
Teff = 12,747 K close to the observed parameters of CU Vir. This model of internal structure
is therefore was used in the computations for CU Vir.

Given the similarity of the 56 Ari and CU Vir parameters, we expectedly obtained quite
similar results. Figure 5 shows the radial profiles of the N/Ω ratio and equipartition field
strength Beq =

√
πρrΩ. Since the largest growth rate of the Tayler instability corresponds

to λ̂ ≃ 0.1 [52], we took the stellar parameters at r/R = 0.93, which is approximately one
radial wavelength below the surface. The computed growth and drift rates are shown in
Figure 6 as a function of the background field strength.

Figure 5. The frequency ratio N/Ω (left panel) and the equipartition field strength (right panel) as a
function of radius.

Figure 6. The growth rates (panel (a)) and drift rates (panel (b)) of the instability in the reference frame
rotating with the star. The full and dashed lines correspond to modes symmetric and antisymmetric
about the equator, respectively.
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Our instability model is global in horizontal dimensions. It allows for two types of
solution: symmetric and antisymmetric about the equator. The symmetric modes have
somewhat larger growth rates, as can be seen in Figure 6a. The following discussion refers
to this type of symmetry. The family of equator-symmetric modes also consists of a set
of modes with different growth rates and spatial structures. The growth and drift rates
of Figure 6 belong to the so-called dominant modes, which grow most rapidly. However,
which particular mode is dominant depends on the background field strength. This is why
the plot of Figure 6a for ΩA > 0.1 Ω is wavy. The kinks in the plot occur at field strengths
where the maximum growth rate changes between eigenmodes of different shapes (cf.
Figure 7). The growth rates depend continuously on the field strength. However, the drift
rates differ between the modes that are dominant at different strengths of the background
field. This explains the saw-like section of the plot of the Figure 6b.

Since oscillations in growth and drift rates are associated with changes in dominant
(fastest growing) modes of instability, an important consequence is also a change in the
spatial structure of the surface magnetic field. Figure 7 shows the patterns of the different
dominant modes for several strengths of the background field. For ΩA/Ω ≲ 0.7 the
equatorial dipole with obliquity β ≈ 90◦ dominates, which is consistent with observed in
CU Vir β = 76◦ [2]. As the field strength increases, new structures appear at high latitudes
and, for ΩA/Ω > 1, the dominant mode shifts to the poles.

Figure 7. The structure of the magnetic field of the most rapidly growing mode of the instability for
different values of ΩA/Ω (labeled at the top of the plot panels). The color scale shows the normalized
strength of the radial field. The solid (dashed) lines show the force lines of toroidal-field perturbations
with clockwise (counterclockwise) circulation. The color scale is given in arbitrary units.

A comparison of Figure 5 with the observed strength of the surface magnetic field of
CU Vir suggests that ΩA/Ω ≈ 10−2. This indicates that CU Vir lies in the sub-equipartition
region, where w ∝ Ω2

A in the plot of Figure 6b. Variations in the strength of the background
field will produce smooth changes in drift velocity (and photometric period), like in the
case of 56 Ari. However, a much stronger background field (ΩA/Ω ∼0.1–1) is required
for a transition to a regime in which abrupt changes in the drift velocity of the dominant
instability mode occur.

5. Discussion
5.1. Surface-Abundance Distributions in CU Vir and Their Stability

With the DI technique we reconstructed the surface distribution of elements in the
chemically peculiar star CU Vir. We obtained surface-abundance maps for five elements: Si,
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He, Fe, Cr, and Mg using the 2009/11 observations. For the first time, we reconstructed the
silicon distribution in a uniform manner across four observing seasons spanning from 1985
to 2011, when the star exhibited notable changes in its photometric period.

Comparison of our DI results with previous studies allows us to validate abundance
maps of CU Vir obtained using slightly different approaches and updated atomic data. In
terms of spot geometry, the results show very good agreement with earlier imaging [2,5,6].
The abundance scales may differ to some extent depending on the line lists and the atomic
data employed. A comparison of the maps (Figure 4) reveals very similar distribution
patterns for silicon, iron, and chromium featuring a double spot near the negative magnetic
pole (as inferred from the magnetic curve in Figure 6 by Kochukhov et al. [2]) and an
extended region of decreased abundance near the positive pole. On the contrary, helium
and magnesium in this latter region exhibit large overabundant spots, while areas of
elemental deficiency form rings tilted relative to the equator of rotation.

A comparison of the surface distribution of silicon in 1985, 1995, 1996, and 2009/11
revealed them to be exactly identical. Over ≈26 years, within the accuracy of our maps,
neither the shape nor the mutual location and the abundance scale of silicon spots has
changed. Previously, we obtained the same result based on ∼30 years observations of
another Ap star with a variable period-56 Ari [57]. In contrast to 56 Ari, which is observed
equator-on, CU Vir is viewed at an intermediate inclination angle. This means that the DI
solution is not affected by the mirror degeneration, and the latitudinal distribution of spots
can be reconstructed reliably. Nevertheless, as in the case of 56 Ari, we could not detect
latitudinal variations in spots distribution in CU Vir over the examined time span that
might indicate a precession of its rotation axis. Synthetic light curves computed from our
Doppler maps for different seasons did not show variations exceeding the dispersion of
photometric observations. Thus, there are no decadal variations in the surface distribution
of silicon, and these do not account for the previously reported changes in light-curve shape
between different seasons. Since we traced the secular behavior of silicon only, it is possible
that light-curve changes could be caused by variations in the surface distribution of other
elements. Indeed, the model of atomic diffusion in Ap/Bp stars in the presence of electric
currents [26] predicts the possibility of slow variations in the relative surface abundances of
different elements. Therefore, it is of interest to obtain follow-up spectroscopic observations
of CU Vir and to perform multi-element DI for comparison with the 2009/11 images.

However, the conventional treatment of selective atomic diffusion suggests a similar
character for silicon and iron-peak elements. This is supported by our multi-element
DI results for CU Vir using the 2009/11 observations. Therefore, based on the currently
available data, we conclude that the spot pattern in CU Vir remained stable between 1985
and 2011. At the same time, variations in the photometric period of the star imply a rigid
longitudinal drift of this pattern. Below, we discuss one of the possible explanations for
such a drift.

5.2. Period Changes and Longitudinal Drift of Magnetic and Abundance Structures

We modelled the Tayler instability of the background magnetic field of CU Vir, which
results in a longitudinal drift of surface magnetic patterns. We also propose that such
a drift could be responsible for the observed change in the star’s rotation period. A
comparison between the global magnetic field strength (measured at the stellar surface)
and our calculations shows that the instability operates in the sub-Alfvénic regime, leading
to only a linear change in drift velocity. However, this is inconsistent with observations.
A much stronger magnetic field is required for the instability to switch to the dominant
mode, which leads oscillating changes in drift velocity.



Galaxies 2025, 13, 90 15 of 20

Regarding this issue, we have two remarks. Firstly, the background field is the star’s
internal magnetic field, which can be much stronger than the field observed at the surface.
Secondly, in our model, we normalise the field strength to Beq. In turn, the equipartition
field strength Beq depends on depth and decreases towards the stellar surface. Therefore, an
increase in the normalised field can occur when the magnetic field rises without a change
in the strength of the magnetic structure under consideration.

Let us suppose that we have overcome the difficulties associated with the amplitude
of the background magnetic field and deal with Tayler instability in a regime of changing
dominant modes. Is it possible to explain the observed change in CU Vir rotation period
with such a mechanism? The necessary changes in drift velocity also require temporal
variations in the background field strengths. Moreover, the character of these changes
depends on the interpretation of the observational data. Recall that two models—one with
abrupt period changes [11,17–19] and another with quasi-sinusoidal variations [13,20]—
have been considered for CU Vir. Within the framework of our model, it can be assumed
that the abrupt changes in drift velocity are caused by a change of the instability mode when
the normalised background field strength is ΩA/Ω ≈ 0.4–0.5. In this case, to reconcile
with the observed direction of period change, it is necessary to assume a decrease in the
normalised field over a historical period of CU Vir observations. Then, at the start of
observations in 1950s, the star would be located somewhere on the second or third wave of
the plot for drift velocity (Figure 6a), moving leftward. A step-like change in drift velocity
corresponds to an increase in period (deceleration of the star) between 1983 and 2012, and
a subsequent gradual acceleration after 2012 would return the background field value (and
drift velocity) close to those at the beginning of the previous cycle.

The model with continuous period change permits a smaller field strength
ΩA/Ω ≈ 0.1–0.2, but implies an increase in the field strength. Period changes occur near
the first switching of the instability mode. Initially, an increase in the drift velocity took
place, corresponding to a slowing of the apparent rotation until 2005; subsequently, the drift
rate decreased, corresponding to an acceleration of the rotation. We can estimate the value
of the period change ∆P predicted by the model as ∆P = P · (∆w/Ω). From the figure
Figure 6a ∆w/Ω ≈ 0.007 near ΩA/Ω ≈ 0.2 (the first change in the dominant instability
mode). This corresponds to a period increase by ∆P ≈ 300 s, while the observed increase in
the CU Vir period from 1958 to 2012 was much smaller, about ∆Pobs ≈ 3 s. The reason for
this discrepancy may lie in the utilisation of a simplified magnetic field structure within our
linear instability model. Additionally, the quasi-sinusoidal model of period change implies
smooth variations over decadal timescales, whereas our model predicts abrupt changes in
the dominant mode of the Tayler instability within a few (∼10–20) rotational cycles.

Can the different directions of field changes, decrease and increase, have a physical
interpretation? If we assume that the field consists of small-scale flux tubes undergoing
double-diffusive rise [58,59], then both increases and decreases in the background field can
be observed. It depends on where the field changes are monitored. If we are tracking an
uplifting tube, then its normalised field strength decreases as B/Beq ∝

√
ρ. However, if

we observe the field strength at a fixed location, then both scenarios are possible. If at this
location the field was weak or simply absent, then the arrival of a flux tube can increase the
local field. Conversely, flux tubes with weaker fields can also rise.

To summarise, explaining the period changes in CU Vir via the Tayler instability of its
magnetic field requires extensive speculation arising from the simplifying assumptions of
our model and the lack of direct information on the structure and dynamics of the internal
magnetic field. Currently, our model offers no clear advantages over other models that
propose the effect of standing Alfvén waves on the azimuthal distribution of the magnetic
field and chemical spots [27,28]. While the aforementioned models, with prescribed pa-
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rameters for the radial field distribution, can reproduce quasi-sinusoidal oscillations of
CU Vir period with a timescale of ∼65 yr, our model is more consistent with the abrupt
period changes. While recent observations seem to support the gradual period variations,
a definitive way to distinguish between these models will only become possible through
further photometric monitoring of the star [33].

Our model has the potential for independent observational verification to justify its
further development. Note that the change in the dominant mode is associated with
a change in the spatial structure of the instability pattern and the emergence of high-
latitude magnetic structures. This does not contradict observations, since results from
ZDI [2] revealed deviations of the CU Vir magnetic field from a simple dipole structure (a
combination of dipole plus quadrupole also does not fully describe the observed Stokes
profiles). In our model, changes in the high-latitude structures occur rapidly, while the
equatorial dipole remains the dominant structure, with its longitudinal drift responsible
for the period changes. Therefore, ZDI monitoring of CU Vir may serve as a valuable test
to search for rapid changes in the magnetic field structure associated with a shift in the
dominant mode of Tayler instability.

6. Conclusions
We have analysed a unique series of spectroscopic observations of the Ap star CU Vir,

spanning between 1985 and 2011, which includes both archival and original data. Over
these 26 years, noticeable changes in the photometric period were observed, raising the
question of whether these period variations were caused by changes in surface-abundance
spots. Using DI technique, we reconstructed the surface distribution of silicon in CU Vir,
which is one of the major contributors to photometric variability, at four epochs more or less
evenly distributed across this timeframe. A comparison of silicon distribution in different
seasons revealed the stability of the spot pattern: both the geometry and abundance scale
remained unchanged from season to season, like in case of another recently studied Ap
star with a variable period—56 Ari. Hence, the period changes in these stars may originate
from the rigid longitudinal drift of the spot pattern. Such drift of surface inhomogeneous
modes is a specific feature of Tayler instability of magnetic field.

To explore the relation of Tayler instability to period changes in CU Vir, we performed
simulations of the instability of internal magnetic field of CU Vir. Our modelling indicates
that the drift of surface azimuthally inhomogeneous instability modes can influence the
photometric period on observable timescales. However, the observed surface magnetic
field strength of CU Vir appears to be insufficient for the instability regime that would
produce oscillating period variations. While there are possibilities to address this issue,
they remain highly speculative, given the limitations of our simplified representation of
the internal magnetic field and the lack of direct observational data on its characteristics.
Currently, the proposed model does not offer clear advantages over other models discussed
in the literature for explaining period variations of CU Vir, but it holds potential for further
development. One of its predictions—rapid changes in surface magnetic field structure
caused by a shift in the dominant instability mode—could be directly tested through
spectropolarimetric monitoring.
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Appendix A. List of Elements and Lines Used for DI

Table A1. Spectral lines and their parameters used for DI.

Element Line, Å Elow, eV log g f log Γ4 Comment

Si II 4621.4182 12.525 −0.540 −3.860 bl. Fe II, Cr II
4621.6960 12.525 −1.680 −3.860
4621.7216 12.525 −0.380 −3.860
5041.0240 10.0664 0.150 −5.170 bl. Fe II, Ni II
5055.9841 10.0739 0.512 −5.170 bl. Fe II, Ni II, atm. H2O
5056.3165 10.0739 −0.679 −5.170
6347.1087 8.1210 0.000 −5.680 bl. Fe II, Mg II, g f : −0.17 dex
6347.1329 13.9351 −1.721 −2.810 g f : −0.3 dex
6347.1973 13.9351 −1.567 −2.810 g f : −0.3 dex
6371.3714 8.1210 −0.320 −5.680 bl. Fe II, g f : −0.3 dex

He I 4471.4690 20.9641 −2.198 −3.690 bl. Fe II, Ti II
4471.4730 20.9641 −1.028 −3.690
4471.4730 20.9641 −0.278 −3.690
4471.4850 20.9641 −1.028 −3.690
4471.4880 20.9641 −0.548 −3.690
4471.6820 20.9642 −0.898 −3.690
5875.5990 20.9641 −1.511 −4.720 w.bl.atm. H2O
5875.6140 20.9641 −0.341 −4.720
5875.6150 20.9641 0.409 −4.720
5875.6250 20.9641 −0.341 −4.720
5875.6400 20.9641 0.139 −4.720
5875.9660 20.9642 −0.211 −4.720

Fe II 4515.3330 2.8441 −2.537 −6.530 bl. Ca II
4520.2180 2.8067 −2.600 −6.530 bl. Mn II
4522.6276 2.8441 −2.189 −6.530 bl. S II
4541.5156 2.8555 −2.927 −6.530
4582.8296 2.8441 −3.130 −6.530
4583.8292 2.8067 −1.940 −6.530
4583.9912 2.7043 −3.840 −6.540

Cr II 4554.9880 4.0712 −1.282 −6.540 bl. Fe II, Ba II
4558.6500 4.0734 −0.449 −6.540 bl. Fe II
4558.7830 4.0735 −2.530 −6.540
4588.1990 4.0712 −0.826 −6.560
4589.9010 4.0722 −2.660 −6.560

Mg II 4481.1260 8.8637 0.740 −4.70 bl. Fe II, Mn II, Al III
4481.1500 8.8637 −0.560 −4.70
4481.3250 8.8637 0.590 −4.70
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Note
1 A couple of faster rotators among Ap/Bp stars were recently reported in Mikulášek et al. [9], Semenko et al. [10].
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