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ABSTRACT

Aims. We investigate magnetic tracers in the photosphere and the chromosphere of the ultra-rapid rotator (P ~ 0.32d) V530 Per, a
cool member of the open cluster « Persei, to characterize the short-term variability of the magnetic activity and large-scale magnetic
field of this prototypical young, rapidly rotating solar-like star.

Methods. With time-resolved spectropolarimetric observations spread over four close-by nights, we reconstructed the brightness dis-
tribution and large-scale magnetic field geometry of V530 Per through Zeeman-Doppler imaging. Simultaneously, we estimated the
short-term variability of the surface through latitudinal differential rotation. Using the same data set, we also mapped the spatial dis-
tribution of prominences through tomography of He emission.

Results. As in our previous study, a large dark spot occupies the polar region of V530 Per with smaller, dark, and bright spots at lower
latitudes. The large-scale magnetic field is dominated by a toroidal, mostly axisymmetric component. The maximal radial field strength
is equal to ~1 kG. The surface differential rotation is consistent with a smooth Sun-like shear dQ = 0.053 + 0.004 rad d=!, close to the
solar shear level. The prominence pattern displays a stable component that is confined close to the corotation radius. We also observe
rapidly evolving Ha emitting structures, over timescales ranging from minutes to days. The fast Ha evolution was not linked to any

detected photospheric changes in the spot or magnetic coverage.

Key words. stars: magnetic field — stars: solar-type — stars: rotation — starspots — stars: individual: V530 Per

1. Introduction

Stellar activity is an important aspect of the early evolution of
solar-type stars. A large fraction of young Suns rotate rapidly
(Gallet & Bouvier 2015), and the sustained rotation is the root
of strong activity, as empirically illustrated by the well-known
relationship between X-ray emission and the rotation rate (e.g.,
Wright et al. 2011). For stars at the higher end of the rotation rate
distribution, however, the activity stops increasing with the rota-
tion rate (e.g., Wright et al. 2011; Vidotto et al. 2014; See et al.
2019). This phenomenon is believed to be linked to a so-called
saturation of the stellar dynamo. There were several theoreti-
cal attempts to model this specific dynamo state (Kitchatinov
& Olemskoy 2015; Augustson 2017; Guerrero et al. 2019), but
currently we still lack a detailed knowledge of dynamo satura-
tion and few Sun-like dwarfs with a saturated large-scale field
strength have benefited from a detailed investigation of their
magnetic activity (LO Peg, Folsom et al. 2016; AB Dor, Donati
et al. 2003a; and BD-072388, Folsom et al. 2018).

One major physical ingredient responsible for the amplifi-
cation of magnetic fields through global dynamos in cool stars
is the differentially rotating stellar envelope. Zeeman-Doppler
imaging (ZDI) of stellar surfaces (Semel 1989; Donati et al.
2006a; Folsom et al. 2018) offers an efficient way to study
the spot patterns and the large-scale magnetic field geometries
of active stars, as well as the progressive modification of the
surface tracers under the influence of differential rotation. The
solar surface differential rotation measured through different

photospheric tracers displays relatively consistent and stable
shear levels (Beck 2000). ZDI investigations of young, active
stars reveal a more diverse situation, where temporal changes
of differential rotation were observed, and shear values were
reported to depend on the adopted surface tracer (brightness or
magnetic field, e.g., Donati et al. 2003b; Yu et al. 2019).

Above the photosphere, magnetic fields create local accu-
mulations of gas at chromospheric temperatures supported by
magnetic loops and extending into the stellar corona. Stellar
prominences can be used as a proxy to estimate the loss of mass
and angular momentum through the stellar wind (e.g., Villarreal
D’Angelo et al. 2019; Jardine & Collier Cameron 2019; Vidotto
2021), which is of prime importance in our understanding of
the early evolution of cool stars. Although the knowledge we
get from the Sun can provide rich information to understand
the physics of prominences in a stellar context, available obser-
vations of prominence systems in other stars remain scarce as
of today, so that the precise loss of mass and angular momen-
tum through ejected prominence material is still uncertain. For
rapidly rotating objects, the centrifugal force becomes involved
in the equilibrium and dynamics of the so-called slingshot
prominences (e.g., Collier Cameron & Robinson 1989a,b; Donati
et al. 1999). Slingshot prominences were witnessed in corota-
tion with a few, young solar-like objects (e.g., Donati et al. 2000;
Dunstone et al. 2006; Cang et al. 2020; Zaire et al. 2021), and
were shown to evolve over time scales as short as a few days.

V530 Per (also named AP 149) is a member of the young
open cluster @ Persei (Prosser 1992), with an age of around
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60 Myr (Yen et al. 2018). It is a close analogue to the young
Sun, with a mass of 1.00 + 0.05 My, a radius of 1.06 + 0.11 Ry,
and an effective temperature of 5281 + 96 K (Cang et al.
2020, C20 hereafter). As an ultra-rapid rotator with a rotational
period P ~ 0.32d (Rossby number of ~0.013), it lies in the
saturated regime of the dynamo action, and may even reach
super-saturation. The spectropolarimetric study of C20, based
on data obtained in 2006, highlighted the surface distribution
of brightness structures, as well as a complex magnetic field
geometry. The rotationally modulated Ha emission was consis-
tent with an extended prominence system, characterized by an
accumulation of hydrogen clouds near the corotation radius (in
agreement with the previous work of Barnes et al. 2001), and
variations of the prominence system within a few days. Since
this first data set was not optimized to highlight fast changes, the
purpose of the present study is to investigate in greater details
the short-term variability of the prominence pattern, as well as
the possible links of the coronal variability with the evolution of
surface magnetic features, by investigating a denser time-series
of observations.

We first present the new time-series of spectropolarimet-
ric observations of V530 Per (Sect. 2), the reconstruction of
brightness and magnetic field maps (Sect. 3), our estimates of
surface differential rotation from both Stokes 7 and Stokes V data
(Sect. 4), and the tomography of Ha line profiles (Sect. 5).
We then discuss our results with respect to previous works
(Sect. 6). In the final section, the main conclusions of this work
are summarized (Sect. 7).

2. Observations

We carried out spectropolarimetric observations of V530 Per
during four close nights (17, 18, 22, and 23 Oct 2018), using the
3.6-m Canada-France-Hawaii Telescope (Mauna Kea Observa-
tory, Hawaii) equipped with the ESPaDOnS spectropolarimeter
(Donati et al. 2006b). The observational set up is identical to the
one adopted by C20. ESPaDOnS is used in polarimetric mode,
in which a spectral resolution of ~65 000 is achieved over a spec-
tral range covering the whole optical domain (370-1050 nm).
Under this mode, each polarimetric sequence is obtained from
four independent subexposures with fixed 600 s exposure time,
using different angles of two half-wave, rotatable Fresnel rhombs
(Semel et al. 1993; Donati & Collier Cameron 1997). Each
sequence provides us with one circularly polarized (Stokes V)
spectrum. We also use intensity (Stokes /) spectra reduced from
the Stokes V' subexposures to improve the temporal sampling in
classical spectroscopy. We obtained in total 34 Stokes V spec-
tra, and 136 Stokes I spectra (see Table A.l1). The raw images
were automatically reduced, and normalized 1D spectra were
extracted by the Libre-ESpRIT pipeline (Donati et al. 1997).
The number of exposures was not identical for every night,
because of variable weather conditions. For most available obser-
vations, the peak signal-to-noise ration (S/N) of Stokes V spectra
reaches around 100, which is close to the level obtained with
previous observations in late 2006. The weather on 22 Oct. was
slightly worse than the other nights, with a lower S/N (mostly
below 100), while the following night was the best, with S/N lev-
els larger than 106. All reduced spectra can be accessed through
the PolarBase archive (Petit et al. 2014).

The determination of the rotational cycle (E) for every
observation is done according to the ephemeris of C20:

HJDgps = 2454072.0 + 0.3205 X E. (1)
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Following the ephemeris, we can order the spectra according
to their rotational phase and generate the dynamic spectra of
Figs. C.1 and D.1, showing that the rotation coverage in each
individual night was always over 50%, and up to 85% during the
last night. Given the adopted integration time, the phase smear-
ing during the acquisition of a Stokes V sequence is around
~10% (~2% for Stokes I), which may reduce our sensitivity to
the polarized signal generated by low latitude features, which
have faster variations of their Doppler shift.

3. Brightness and magnetic field mapping

Because of the similarity of the observational material used here
and by C20, and to allow for a better comparison between the
two studies, all modeling tools used for this work were strictly
identical to C20, unless specifically stated. A summary of the
various steps involved in the tomographic analysis is provided
below.

3.1. Least squares deconvolution

The spectral line profiles of V530 Per are heavily distorted,
because of the very inhomogeneous surface brightness (recorded
in Stokes /) and complex magnetic field geometry (in Stokes V).
It is, however, especially difficult to study the profile shape in
single lines of V530 Per, first because of the insufficient S/N,
and also because of heavy blending generated by the rotational
broadening. We take advantage, however, of the fact that all pho-
tospheric lines share a similar profile shape, with line-to-line
differences mostly related to the line depth and wavelength (in
Stokes I) or a combination of line depth, Landé factor, and wave-
length (in Stokes V). To exploit this property and turn it into a
statistical asset, we applied the so-called Least squares deconvo-
lution (LSD) method to a list of photospheric lines (Donati et al.
1997). Using this procedure, we obtain an average line profile,
with a significantly increased S/N.

The selected atomic line list was the nearest line list in the
grid computed by Marsden et al. (2014), using the effective tem-
perature T.g = 5250 K, and an logarithmic gravity log g = 4.5,
making use of the same set of atmospheric parameters as C20.
We ignored wavelength windows polluted by telluric or chromo-
spheric lines, and finally picked a total of 5726 lines. The LSD
pseudo-profiles were obtained with velocity steps of 1.8 kms™!
and are produced with an equivalent Landé factor of 1.19 and an
equivalent wavelength of 650 nm. An example of Stokes I pro-
file can be seen in Fig. B.1, and all Stokes V profiles are shown
in Fig. D.1.

The dynamic spectrum (DS hereafter) of Stokes I profiles
illustrated in Fig. C.1 highlights a complex pattern of bumps
and dips consistently repeated at different stellar rotation cycles.
These signatures, interpreted as the spectral imprint of dark and
bright spots, generate trails progressively drifting in RV accord-
ing to their rotational Doppler shifts. The thickest, positive trail
close to the line center suggests the presence of a large, dark spot
close to the visible rotational pole, but not exactly centered on
the pole (which would not produce any variable Doppler shifts
at all). A few smaller trails are visible superimposed on the main
trail and several of them are also observed at higher Doppler
velocities, which suggests the presence of smaller spots, located
at lower latitudes.

Although the patterns look almost the same for every night,
a closer look reveals subtle differences between LSD profiles
obtained during different nights, but at close-by phases (e.g., as
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shown in Fig. B.1). These differences are consistently observed
at other phases and obey to progressive radial velocity drifts of
spectral signatures. They are likely the combined product of the
surface differential rotation and any other type of intrinsic vari-
ability. As for Stokes V profiles in Fig. D.1, we can also see
structures repeatedly observed at close rotational phases. These
features can be attributed to rotationally modulated Zeeman
signatures produced by a complex magnetic field geometry.

3.2. Zeeman-Doppler imaging

From the time-series of LSD profiles, we reconstructed the sur-
face brightness and large-scale magnetic field geometries of
V530 Per with a ZDI code developed in Python and described in
Folsom et al. (2018). The algorithm underlying this code is the
one of Donati et al. (2006a), which used the maximum entropy
fitting routine of Skilling & Bryan (1984) for this ill-posed
inverse problem, and a spherical harmonics decomposition of the
magnetic field distribution. Assuming that the variations in the
Stokes 7 and Stokes V spectra are primarily caused by the stellar
rotation, we can reconstruct a Doppler imaging (DI) map of the
stellar photosphere by using Stokes / data, or a magnetic map
with both Stokes 7 and Stokes V data (the surface brightness dis-
tribution being taken as a prior input of the Stokes V inversion).
A simplified model of surface differential rotation, described in
Sect. 4, is included in the inversion procedure. Owing to the
very fast rotation of V530 Per that leads to a ~10% difference in
radius between the pole and the equator, the code also includes a
Roche model to take into account the oblate shape of the star, as
initially implemented by C20.

The synthetic line profile produced by each surface element
is modeled by a Gaussian function and is shifted according to its
projected rotational velocity and scaled by the projection angle,
a linear limb darkening function (e.g., Gray 2005) and a gravity
darkening model (e.g., Lucy 1967). The limb darkening coeffi-
cient is interpolated from the table of Magic et al. (2015) (using
the Kepler filter) and taken to be equal to = 0.73. The grav-
ity darkening coefficient 8 = 4b = 0.32 adopted by C20 was an
average value obtained for cool stars (Lucy 1967). We applied
here a different value 8 = 0.46, which is interpolated from the
table of Claret & Bloemen (2011) according to the fundamental
parameters of V530 Per, and results in an equatorial brightness
equal to ~83% of the polar one. As already stressed in C20, the
B coefficient has little impact on the resulting map.

All other input parameters of the tomographic inversion are
equal to those discussed and adopted in C20. They include a
projected rotational velocity equal to 106 kms™', and a stellar
inclination angle equal to 40°.

3.2.1. Brightness map

The overall stability, over several rotation periods, of activity sig-
natures showing up in the Stokes / DS in individual nights, led us
opt to group all Stokes I data together in the surface brightness
reconstruction for a denser phase sampling. The inversion pro-
cess also included the differential rotation parameters obtained
in Sect. 4. The series of synthetic LSD profiles produced by the
ZDI code is illustrated in Fig. C.1, showing that the DI model is
able to fit the majority of activity features, resulting in a reduced
x? (¥? hereafter) equal to 0.76. Although the level of residuals
is negligible compared to the observed spectral signatures, there
are some small features that the model cannot fully reproduce
(e.g., the blue-shifted trail remaining at ¢ ~ 0.3—-0.4 on 23 Oct.).
Since the DI algorithm tries to reproduce corotating brightness

structures that do not evolve with time, except under the pre-
dictable shifts owing to differential rotation, the model residuals
may be linked to the intrinsic evolution of the brightness tracers
(changes in area, shape or intensity of the active regions). Given
that the residuals are not consistent from one night to the next,
the short lifetime of some surface structures may be responsible
for this modest mismatch.

We note that the y? we reached here is slightly larger than
the one obtained with the 2006 data (which was equal to 0.55).
This slightly degraded fit may be caused by a greater intrinsic
variability of the spot distribution (emergence or decay of sur-
face spots occurring faster and/or over larger areas) in the surface
structures observed in 2018, bearing in mind that the S/N of both
data sets is mostly the same, and that the time span of the new
data is slightly shorter than in 2006.

The most striking structure in the brightness map of Fig. 1
is a large, dark spot occupying the polar region. This prominent
spot contrasts with the scarcity of smaller spots reconstructed at
lower latitudes. The polar spot is centered close to a latitude of
~80°, and is slightly off-centered toward a phase between 0.3
and 0.5. Smaller and low contrast dark spots, separated from the
polar spot, also show up at high to intermediate latitudes, down
to ~45°. A predominance of bright features is observed from the
equator to a latitude of about 40°, as illustrated in Fig. 2 (see also
the polar projection of the brightness map in Fig. G.1, where
the color scale was modified to highlight better the bright fea-
tures). The same accumulation was reported by C20, although
the bright features were structured in a series of more distinct
individual spots in 2006, while they here take the shape of a
nearly continuous belt, possibly due to a denser distribution of
spatially unresolved spots. The total fraction of the surface cov-
ered by bright or dark spots S is equal to ~14%, as estimated
by the following equation:

S = 2o i = IolA;
tot = —er‘l:() A

where Iy = 1 is the unspotted brightness and /; is the brightness
of the ith pixel, of surface area A;.

@

3.2.2. Magnetic map

Similarly to the brightness inversion, the magnetic field recon-
struction benefited from the dense phase coverage of the set of
Stokes V LSD profiles (Fig. D.1), which is especially critical
here since the Zeeman signatures are barely detected in individ-
ual Stokes V LSD profiles. Owing to the large relative noise,
it is also impossible to readily notice, with the naked eye, any
changes in the profiles that could be attributed to a surface shear.
A search for signatures of differential rotation was however per-
formed (Sect. 4), and the resulting parameters were used in the
field reconstruction. The model fit the data with a reduced y? of
0.92, again slightly larger than the one achieved with the 2006
data (y* of 0.9). The magnetic field model includes spherical
harmonics modes up to £ = 15. The resulting map, shown in
Fig. 1, unveils a complex surface distribution of magnetic fields.
Similarly to C20, the small structures are also reconstructed, but
with a slightly reduced strength, if we adopt a slightly larger y? of
1. For the radial field component, the strongest and most visible
structure is a positive magnetic spot close to the polar region.
Its peak value is in excess of 1 kG, at a latitude of ~75° and
a rotation phase of ¢ ~ 0.2. The main structures visible in the
azimuthal field component is of negative polarity, and occupies
the whole region at latitudes greater than ~45°. Apart from these
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Fig. 1. Reconstructed brightness and magnetic field maps of V530 Per in 2018. Top-left: logarithmic brightness (normalized to the nonspotted
brightness). For the sake of clarity, the Hammer projection was adopted and the gravity darkening was subtracted. Top-right, bottom-left, and
bottom-right: radial, azimuthal, and meridional components of the magnetic field. The color scale illustrates the field strength, in Gauss. Meridional
ticks at the bottom of the maps mark the rotational phases of our observations. The portion of the map below —40° of latitude is set to 0, as it is
invisible to the observer. A polar view of the same maps can be found in Fig. G.1.
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Table 1. Magnetic field characteristics of V530 Per in 2018 and 2006
(2006 values taken from C20).

Parameter Value (2018)  Value (2006)

a (B) 222 G 177 G

b |Bpeakl 1616 G 1088 G

¢ Toroidal 68% (tot) 64% (tot)

d  Axisymmetric 65%(tot) 53% (tot)

e pol axisymmetric 36% (pol) 16% (pol)

f  tor axisymmetric  79%(tor) 74% (tor)

g Dipole 6.3% (pol) 1.2% (pol)

h  Quadrupole 6.6% (pol) 3.3% (pol)

i Octopole 7.3% (pol) 5.4% (pol)

] pol £ >3 79.3% (pol)  90.1% (pol)

k torf{=1 2.6% (tor) 8% (tor)

1 tor{=2 8.6%(tor) 21% (tor)

m tor{=3 13.7% (tor) 20% (tor)

n tor{>3 75.1% (tor) 51% (tor)
Notes. The quantities listed include (a) the average magnetic field

strength (B), (b) the unsigned peak magnetic field strength |Bpcal,
(c) the ratio of toroidal field energy with respect to the total mag-
netic energy, (d) the ratio of magnetic energy in axisymmetric modes
(m = 0) over the total energy, the same quantity but limited to the
poloidal (e) and toroidal (f) magnetic component, the ratio of the dipole,
quadrupole, octopole, and € > 3 (g, h, i, j) as a fraction of the poloidal
component, and (£ = 1,2,3,> 3) subcomponents of the toroidal field
energy, as a fraction of the toroidal field energy (k, 1, m, and n).
Abbreviations: tot = total, pol = poloidal, tor = toroidal.

two distinctive magnetic features, at lower latitudes a complex
distribution of spots is reconstructed in the radial, azimuthal, and
meridional field components, with no obvious counterpart in the
brightness map.

We estimated a series of magnetic energy parameters
from the modeled spherical harmonics coefficients, detailed in
Table 1. There is a large difference between the unsigned aver-
age magnetic field strength (B), and the unsigned peak magnetic
field strength |Bycak|, which is a consequence of the complex field
structure, exhibiting strong magnetic fields in localized spots.
Simply considering that the magnetic energy is proportional
to B, the toroidal field component stores most of the energy
(~68%) and has a mostly axisymmetric structure (~79% of its
energy shows up in modes with m = 0). The poloidal field com-
ponent displays a lower axisymmetry (~36% of the energy with
m = 0). For both the toroidal and poloidal field, most of the
energy is stored in the high order spherical harmonics compo-
nents (£ > 3), which is another way to illustrate the complexity
of the large-scale magnetic field. As a rough estimate of the
uncertainty on these values, we varied the input stellar param-
eters (v sini, the inclination angle, the equatorial rotation period,
and the surface shear) over their confidence interval, as well as
the target y>. We conclude that the stellar parameters have lit-
tle effect on the estimated magnetic energy (~2%), except v sini
that is able to modify the magnetic values by up to 10%. Chang-
ing the y* within a reasonable range can also modify the derived
magnetic characteristics by ~10%.

4. Differential rotation

The subtle changes seen in the intensity line profiles, at nearby
phases repeatedly observed over the course of our observing run
(Fig. B.1), suggest that the brightness distribution is changing

Latitude

-0.3 -0.2 -0.1 0.0 0.1
Phase shift

T T T T
0.9825 0.9850 0.9875 0.9900 0.9925 0.9950 0.9975 1.0000

Latitude

-0.3 -0.2 -0.1 0.0 0.1
Phase shift

0.9800 0.9825 0.9850 0.9875 0.9900 0.9925 0.9950 0.9975 1.0000

Fig. 3. Top: cross-correlation map obtained by comparing two bright-
ness maps obtained using 2018 data from 18 Oct., versus 23 Oct. (with
a gap of 15.6 rotation periods between the two maps). Botfom: same,
but for the two observing nights of our 2006 data (18.7 rotation peri-
ods apart). The blue lines show the differential rotational law derived
using the sheared imaged method in Sect. 4 (fop panel), and in C20
(bottom panel). The black, dashed line marks a null phase shift (which
is equivalent to a solid-body rotation).

with time. In this section, we investigate whether a fraction of its
variability can be modeled under the assumption of a differen-
tially rotating surface. As an initial test of this idea, we compare
two brightness maps (not shown here) reconstructed from data
obtained on Oct. 18 and 23, respectively. This specific choice of
dates is a compromise between a sufficiently large temporal lever
arm, and a good phase coverage. The comparison is performed
as a cross-correlation of the two maps (Fig. 3), following Donati
& Collier Cameron (1997). We observe that the surface struc-
tures are systematically shifted in phase between the two dates,
and that the shift increases with the latitude. Most of the usable
cross-correlation signal is seen at latitudes greater than about
40°, because of a lack of surface brightness tracers closer to the
equator. In the same figure, we show the same approach applied
to the data of C20, leading to very similar conclusions. The blue
lines display a simple solar-like surface shear law (see below),
showing that this simple description of the shear is consistent
with our observations.

As a second step, we used the built-in sheared image ZDI
method (Donati et al. 2000; Petit et al. 2002), where a solar-like
differential rotation is implemented as part of the ZDI model,
following a simple solar-like prescription:

Q6) = Qeq — dQsin* 0 3)

where 4 is the rotation rate of the equator, dQ the pole to
equator gradient in rotation rate, and 6 the latitude.

We used the same ZDI model parameters as those discussed
in Sect. 3, and carried out a grid search by varying Q.q and dQ.
We choose here to fix the entropy of the model, so that the output
is a xy? landscape, over a range of parameter values (Fig. 4).
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Fig. 4. Reduced y* maps for the equatorial rotational period Qg and
differential rotation d< for Stokes I (bottom panel) & Stokes V data (top
panel). The three, red solid lines illustrate the 1, 2, and 30 confidence
intervals. Middle panel: a comparison of 30 regions for Stokes / in 2018
(blue), Stokes 7 in 2006 (black), and Stokes V (red). Crosses mark the
location of peak values.

For Stokes I, the peak value is located at an equatorial
period P; = 0.32042 + 0.00005 d, and a shear dQ; = 0.053+
0.004radd™!, in overall agreement with C20. While a previous
search for differential rotation using Stokes V was inconclusive
with the 2006 observations, the much denser phase coverage
in 2018 led to a detection, with the best parameters equal to
Py = 0.32045 + 0.0001 d, and dQy = 0.15 + 0.01 radd~'. The
dQ value derived from the large-scale magnetic field is, there-
fore, ~3 times larger than the value estimated from surface
brightness. The shear search in Stokes V was performed using
the brightness map as a prior, implying that the brightness was
sheared by the same differential rotation parameters as Stokes
V. We repeated the differential rotation search for Stokes V but
assumed a constant surface brightness (as done in most previous
ZDI measurements), and found a shear value within error bars of
our first Stokes V estimate.

5. Prominences

The Ha line is observed in emission in all of our observations.
In this section, we investigate the short-term evolution of this
spectral feature within individual nights and over the full dura-
tion of our observing run.
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When all observations of a single night are averaged together,
a triple-peaked profile is observed (Fig. 5), as opposed to the
2006 data where a double peak was repeatedly reported. Both
side peaks show up at around +150kms~! from the line center
(in 2006 and 2018), while the central peak is close to the line
center. The Ha profile of Oct. 22 stands out, with a distinctly
larger amplitude of the central and blue-shifted peaks. The other
nights display similar profiles, and the amplitude of their red and
blue peaks tend also to agree with the 2006 observations.

The evolution of He within individual nights is illustrated as
a set of dynamic spectra in Fig. 6. A fraction of the observed
variability is consistent with the rotational modulation of hydro-
gen clouds trapped in corotation with the star, since part of
the observed emission is stable over more than one day, when
phased according to stellar rotation cycles given by Eq. (1). This
is shown by, for example, similarities in the emission patterns
observed on 17 and 18 Oct. (three rotation cycles away from each
other), especially at rotational phases smaller than 0.4. Accord-
ing to the estimate of C20, the coronal large-scale magnetic field
of V530 Per is able to trap and support large prominences, which
we assumed to be responsible for this rotationally modulated
He emission.

The relatively stable Ha configuration observed during the
first two nights is, however, considerably different from the one
observed on 22 Oct. After three nights without observations, sev-
eral additional emission components are observed, resulting in
an overall increase of the emission for this specific night. We
first note a broad emission peak around phase 0.5 and at nega-
tive velocities (between roughly —200 kms~! and 0 kms™!). This
line bump was not so prominent during the two previous nights
(if it was present at all), and it becomes much weaker again dur-
ing the last observing night. Another emission component takes
the shape of a trail close to line center and extending from phase
¢ ~ 0.4 to phase ¢ ~ 0.9. It is not easy to decide whether this
trail was already there in the previous observing nights, owing
to the incomplete phase sampling. It is, however, present in the
fourth night, although with a much reduced brightness. This
trail (which is responsible for the central peak seen in Fig. 5) is
confined within a range of velocities going from approximately
—-50 to 30 kms™'. The repeated observation over consecutive
nights, at similar phases, definitely shows that this spectral fea-
ture is rotationally modulated. It is visible during only a fraction
of the rotation period, suggesting that it is eclipsed behind the
star during part of the rotation cycle. This is consistent with a
hot chromospheric spot located at intermediate latitudes (since a
prominence would more likely be seen as an absorption feature
when transiting in front of the stellar disk). Finally, a burst-like
event takes place at phase ¢ ~ 0.18 on 22 Oct. and with a blue
shift of approximately 230 kms~!, with a lifetime shorter that
our temporal resolution (i.e. <600 s).

Using this material, we followed the tomographic procedure
described by C20 to reconstruct the velocity distribution of the
prominences, using individual nights data. The Doppler tomog-
raphy inversion uses the code of Donati et al. (2000), inspired
from the tomographic approach developed by Marsh & Horne
(1988) or Steeghs et al. (1996). In this simplified model, we
assume that the Ha emitting material is optically thin, and coro-
tates with the star. A description of this simple model can be
found in Donati et al. (2000) and C20.

The modeled DS are shown in the middle panels of Fig. F.1,
illustrating that the tomographic inversion is able to fit a majority
of the observed features. We reached, however, a larger Xz (~ 9.5,
with values ranging from 9 on 17 Oct. to 10 on 22 Oct.) than the
one obtained from the 2006 data (y* ~ 8). This slightly degraded
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2018. Rotational phases are computed according to Eq. (1). Vertical dashed lines show +v sini.

fit suggests that our simple model is challenged by these obser-
vations, either because some level of non-rotational variability
affects our data over individual nights, or because some basic
assumptions of the model are not consistent with the data (e.g.,
the fact that the emitting clouds are not supposed to be eclipsed
by the star). The model residuals shown in the lower panels
of Fig. F.1 are generally an order of magnitude lower than the
observed emission, which suggests that most of the periodic pat-
terns were successfully reconstructed by the tomographic code.
Some of the phases and velocities displaying a significant mis-
match with the model correspond to burst-like events described
above (structures that are too short-lived to follow a rotationally-
modulated pattern). For instance, at ¢ ~ 0.18 on 22 Oct., the
peak on the right of the line profile cannot be reproduced due to
its very brief appearance in our data. Another example of mis-
match is the trail seen close to the line core on 22 and 23 Oct. In
this second case, where rotational modulation seems at play, the
poor fit is likely owing to the intermittent visibility of the cloud,

that spends part of the rotation cycle hidden behind the stellar
disk.

Apart from the fast changing component of Ha emission that
escapes our modeling attempts, most of the prominence pattern
is correctly fit for all four nights. In the resulting maps, the emit-
ting material accumulates around the corotation radius (~1.9 R,.),
and forms an extended ring-like structure. The reconstructed pat-
tern inside the v sini limit is confined within a relatively small
phase interval, centered around phase ¢ ~ 0.4 during the first
two nights, then showing up around phase ¢ ~ 0.7 during the
last two nights, with a prominent emission peak on Oct. 22 in
relation to the emission trail observed close to the line center.

We varied the rotation period in our tomographic model, and
identified a preferred period of 0.37 d on 17 Oct. This estimate is
consistent with previous findings of C20, who reported that their
inversion was optimized with a 0.36-0.39 d period (depending
on the night), possibly owing to a less effective corotational lock-
ing of prominences at large distances from the star. The period
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search was inconclusive for all other nights in 2018, possibly
because of the fast variability hiding the rotational modulation.

6. Discussion
6.1. Surface brightness and magnetic field

Large-scale brightness and magnetic field geometries derived in
this work show some clear similarities with the maps presented
by C20. At both epochs, the brightness distribution was domi-
nated by a dark spot anchored at high latitude. The second feature
recognizable in both maps is an accumulation of bright spots
at intermediate latitudes. Both maps display a spot coverage
slightly larger than 10%. This consistent latitudinal dependence
of the brightness is illustrated in the upper-left panel of Fig. 2.
Beside the global consistency of the two maps, a clear evolution
is seen regarding the high latitude spot, which is much darker at
the new epoch, with a minimum normalized brightness decreas-
ing from ~0.7 in 2006 to ~0.25 in 2018. The shape and location
of this giant spot varied as well, from a location that did not cover
the pole in the Doppler map of Barnes et al. (2001) and in our
2006 data, to a nearly centered spot in 2018. Such a clear evolu-
tion in the axisymmetry of the main polar spot was not reported
in other young solar-type stars with long-term monitoring (e.g.,
AB Dor, Donati & Collier Cameron 1997; Donati et al. 2003b).
We also note that the latitude of maximum brightness was shifted
by approximately 10° towards lower latitudes in 2018.

Similarly to the larger spot coverage observed close to the
pole, we reconstructed stronger magnetic fields at high latitudes,
for both the radial and azimuthal field components (Fig. 2). The
latitude where the radial field strength is maximal is roughly the
same in 2006 and 2018, while the latitude of maximal (unsigned)
azimuthal field has been shifted by about 20° towards the pole.
While the unsigned azimuthal field was maximal close to the
limit of the polar spot in 2006, in 2018 the azimuthal compo-
nent was strong well inside the dark polar structure (Fig. G.1).
The field strengths of the latitudinal maxima of the radial and
azimuthal field components roughly doubled from 2006 to 2018,
with no observed polarity reversal.

The 2006 and 2018 magnetic geometries translate into rel-
atively similar distributions of the magnetic energy (Table 1).
More than half of the energy was contained in the high order
components (£ > 3) for both poloidal and toroidal field. We note
that the reconstructed magnetic field is more axisymmetric in
2018 (~65% of the energy in modes with m = 0) than in 2006
(~53%), and the majority of this variation can be attributed to the
poloidal axisymmetric component (with an increase from ~16%
to ~36%). The average magnetic field strength obtained in 2018
((B) ~ 222 G) and the unsigned peak magnetic field strength
(IBpeak| ~ 1616 G) are both larger than in 2006 (where 177 G and
1088 G were measured, respectively). The overall increased mag-
netism observed in 2018 suggests a variable activity level, but
the very scarce available monitoring makes it impossible to con-
clude about the long-term nature of this variability, which may
be mostly chaotic as reported for other young, rapidly-rotating
dwarfs like AB Dor or LQ Hya (Donati et al. 2003a).

6.2. Differential rotation

The progressive, latitude-dependent phase shift of brightness
spots can be convincingly approximated by a solar-like dif-
ferential rotation law, as illustrated in Fig. 3 where a simple
cross-correlation of latitudinal strips is calculated, without any
prior on the shear law. Using the same methodology, a solar-like
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shear pattern was also found consistent with successive Doppler
maps of other young, rapidly rotating stars, e.g., the K dwarfs AB
Dor (Donati & Collier Cameron 1997) and LO Peg (Barnes et al.
2005), the young G dwarf HD 141943 (Marsden et al. 2011), and
the post T Tauri star LQ Lup (Donati et al. 2000). Recent reports
on GJ791.2A and GJ 65 AB (Barnes et al. 2017), again based on
the cross-correlation approach, suggest that very active M dwarfs
can also follow a solar-like differential rotation law. A more com-
plex latitudinal rotational dependence, similar to a Jupiter-like
pattern, was suggested by numerical simulations at very fast rota-
tion rates (Brun et al. 2017). The smoother dependence observed
for V530 Per may suggest that zonal flows would require even
shorter rotation periods (which, in practice, would make this
phenomenon fairly marginal among young Sun-like stars), or
that any departures from a simple solar law are sufficiently subtle
to remain hidden in the noise.

We identified a higher shear level using Stokes V profiles
(~0.15radd™!, ~3 times larger than the Stokes I estimate). Simi-
lar results were repeatedly obtained for the young dwarfs AB Dor
and LQ Hya (Donati et al. 2003a), and the T-Tauri stars Par 2244
(Hill et al. 2017) and V410 Tau (Yu et al. 2019). Assuming that
this observation is not an artifact of the inversion procedure, it
has been suggested by Donati et al. (2003a) that such differences
may be linked to Stokes / and V tracing different depths within
the star (depending on how deep the surface brightness and mag-
netic regions are actually generated), which is an interpretation
also proposed for the Sun (Beck 2000). We also note that the
Stokes I shear measurement obtained in 2018 is consistent within
30 with the one obtained in 2006, while temporal changes in this
value were previously reported for AB Dor (Collier Cameron &
Donati 2002).

6.3. Short-term variability of the prominence distribution

Similarly to the previous observations of C20, the Ha emission
of V530 Per in 2018 shows signatures of rotational modulation
(Fig. 6), suggesting that most of the prominence system is forced
to corotate with the star. Two emission peaks show up at a similar
velocity of about £150km s~ at both epochs (Fig. 5), with sim-
ilar flux levels. We attributed them to the large hydrogen clouds
accumulated around the corotational radius and trapped by coro-
nal magnetic loops, as already proposed in other fast-rotating
stars (Collier Cameron & Robinson 1989a,b; Steeghs et al. 1996;
Donati et al. 2000).

The central emission peak was not observed in 2006. In 2018,
it is linked to a trail in the DS that shows evidence of rotational
modulation, and remains confined at relative radial velocities
smaller than about 50 kms~!. This peak is responsible for the
features inside the v sini limit in Fig. 7. The small Doppler shift,
combined with the eclipse of this signal during about 30% of
the rotation, suggests that it is produced by a hot chromospheric
point anchored at intermediate latitudes.

In the DS of 22 and 23 Oct., this central trail in Ha evolves in
phase with the main, positive trail in the Stokes / DS. This phase
correlation suggests that this bright, short lived chromospheric
feature is lined up with the phase of the off-centered polar spot.
A similar observation was reported for the K dwarf RE 1816+541
(Eibe 1998), and the weak line T Tauri star TWA 6 (Skelly et al.
2008).

The observed differences in the shape and intensity of the Ha
line between successive nights suggest a day-to-day variation of
the prominence arrangement. The emission recorded at the coro-
tating radial velocity is less dramatically affected by these fast
changes than the central emission peak. Surface activity tracers
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Fig. 7. Prominences Map of V530 Per in 17 (upper-left),18 (upper-right), 22 (lower-left), 23 (lower-right) Oct. The inner, filled blue circle represents
the stellar surface. Radial ticks inside this circle give the rotational phases of Ha observations. The outer dashed circle is the corotation radius. The
color scale depicts the local Ha equivalent width, in units of picometers per 8 km s~! square pixel.

do not obviously reflect this rapid evolution, as illustrated by the
Stokes 7 data of Fig. C.1, or by the Stokes V profiles of Fig. D.1.
The reconstruction of a series of brightness maps using data of
individual nights (not shown here) does not unveil any notice-
able changes in the spot pattern, or at least not at a level that can
be safely trusted as a genuine evolution (versus spurious differ-
ences owing to the different phase coverage, for instance). The
reconstruction of magnetic maps for individual nights increases
the noise contribution, which has the effect of hiding even more
efficiently any possible variability. The only measured source
of surface evolution is the latitudinal differential rotation, which
effect remains fairly limited over the time span of our observa-
tions, and which is at a level similar to the one measured in 2006.
We note, however, a systematically larger y? in 2018 compared to
2006 (for all mapping inversions presented here, and in spite of a
slightly shorter time span in the 2018 time series), which may
suggest a globally higher intrinsic surface variability in 2018.
The absence of a clearly correlated evolution between the pho-
tosphere and the corona suggests that major reconnexion events

can be triggered in the corona without any substantial reorga-
nization of the magnetic field at the surface. It is also possible
that very localized surface changes (occuring at spatial scales
unresolved through ZDI) are enough to globally alter the stabil-
ity of the prominence system. This disconnected evolution of the
surface and the corona is reminiscent of recent observations of
€ Eridani, where a sudden drop in Call H and K emission was
observed within a few days, with no simultaneous changes in the
large-scale magnetic field (Petit et al. 2021).

We estimated the mass of the prominence system by using a
method very similar to the one presented by Steeghs et al. (1996),
and later used by Donati et al. (2000) or Zaire et al. (2021).
We first calculated the equivalent width (EW) of the emission
component of Ha by subtracting from the measured EW a ref-
erence EW estimated from a PolarBase spectrum of HD 225261,
a quiet star chosen for its low S-index and effective temperature
close to the one of V530 Per (Marsden et al. 2014). By repeating
this procedure with HB (which DS, showing marginally detected
emission signatures consistent with He, is displayed in Fig. E.1),

A42, page 9 of 16



A&A 654, A42 (2021)

we estimated the Balmer decrement to be equal to ~2.49, consis-
tent with optically thin material. We make the rough assumption
that the hydrogen clouds are contained within a sphere of radius
[, taken equal to the radius of the source surface proposed by
C20 (I = 2.5R,). The number density of hydrogen atoms is
estimated to be ~1.1 x 10'® m™ and the total mass stored as
prominences is ~4.6 x 10'7 kg (x2.3 x 10~'*M). The promi-
nence system mass of V530 Per is, therefore, mostly consisten
with the range of masses obtained for other rapidly rotating stars
(107'4-10"""M,, Collier Cameron & Robinson 1989a; Donati
et al. 2000; Dunstone et al. 2006; Zaire et al. 2021), and close to
the largest reported value (=5 X 10~'*M,,, Donati et al. 2000).

While the prominence mass is mostly the same on 17 and
18 Oct., we observe a 7% increase in the mass measured on
22 Oct. During the last observing night (23 Oct.), the promi-
nence mass is back to a value close to the one obtained at the start
of the run. This suggests that as much as 3.5 x 10'¢ kg of mate-
rial has been removed from the system within one day, although
it is not possible to determine whether a fraction of this material
was sent back to the star, or if it was entirely ejected towards the
interstellar medium. Mass estimates from 2006 are consistently
below the values reported in 2018, by about 5%, which may be
linked to the globally weaker surface magnetic field measured at
this earlier epoch.

7. Conclusions

We confirmed the main conclusions of C20 regarding the surface
distribution of brightness spots and magnetic regions. A dark
spot is again reported at high latitudes, and the magnetic geome-
try is characterized by a field strength in excess of 1 kG (locally),
with a dominant toroidal component. The surface differential
rotation is shown to follow a simple solar-like law. Using bright-
ness tracers, its intensity is solar-like, while the measured shear
is roughly three times larger using magnetic tracers.

Two components compose the prominence system accom-
panying V530 Per. The first component is confined around the
corotation radius and has been observed in 2006 and 2018. We
also observed a second, rapidly evolving He component, which
was much closer to the stellar surface. This second compo-
nent was absent from our 2006 observations, and was especially
intense during the third night of the new run. It was possibly
linked to a hot chromospheric point, as its emission source was
close to the stellar surface, and not seen in absorption. It was
anchored at intermediate to low latitudes, and at the phase of
the main extension of the polar spot. An isolated event was
also recorded with an extremely short lifetime <10 min. These
short term events at coronal level do not have any noticeable
photospheric counterparts in the spot or magnetic coverage.
These observations suggest that prominence systems hovering
above the most active stars have a complex structure, spanning a
range of spatial scales and lifetimes, and with a possible sep-
aration between a near-surface, short lived system coexisting
with a dynamically stable ring of material in the vicinity of the
corotation radius.
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Appendix A: Observation log

Table A.l. Observation log of V530 Per

T.-Q. Cang et al.: Short-term variations of V530 Per

in 17, 18, 22, 23 Oct

2018).

Date (Oct 2018) HID (2458400+) Phase  Peak S/N
17 8.99494 0.9655 105
17 9.02392 0.0559 106
17 9.05458 0.1516 105
17 9.08355 0.2420 106
17 9.11393 0.3368 98
17 9.14289 0.4271 97
18 9.90980 0.8200 100
18 9.93932 0.9121 100
18 9.96921 0.0053 99
18 9.99874 0.0975 98
18 10.02863 0.1907 99
18 10.05815 0.2828 103
18 10.08808 0.3762 100
18 10.11764 0.4685 98
22 13.85090 0.1167 108
22 13.88046 0.2089 102
22 13.91070 0.3033 100
22 13.94026 0.3955 88
22 13.97037 0.4895 94
22 13.99993 0.5817 91
22 14.03189 0.6814 91
22 14.06144 0.7736 95
22 14.09169 0.8680 97
22 14.12124 0.9602 97
23 14.83713 0.1939 106
23 14.86665 0.2860 108
23 14.89699 0.3806 110
23 14.92654 0.4728 107
23 14.95677 0.5671 109
23 14.98633 0.6594 110
23 15.01713 0.7555 107
23 15.04668 0.8477 107
23 15.07681 0.9417 108
23 15.10637 0.0339 103

Note: Every Stokes V spectra consisted of 4 individual unpolarized
subexposures with fixed exposure time equal to 600s. From left to right,
we list the date, the Julian date, the rotational phases calculated with

Eq.1, and the peak S/N.

Appendix B: Example Stokes | LSD profiles

. 005

T T
——¢ =0.9768 (17 Oct)
——¢ =0.9763 (23 Oot)

POXA 4

N o N A

Radi al Velocity (knfs)

Fig. B.1. Top panel: example of LSD profiles for 17 Oct. (blue),
and 23 Oct. (red) at close rotational phases (¢ = 0.9768 and
0.9763). The small differences between the two profiles (e.g.,
at RV= —30 kms™!) are consistently observed in other couples
and are mainly caused by latitudinal differential rotation. Bottom
panel: difference between the two profiles.
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Appendix C: Dynamic spectrum of Stokes / for
each night
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Fig. C.1. Dynamic spectra for V530 Per. From left to right:
17, 18, 22, 23 Oct. 2018. Upper panels: Stokes I profiles for
each night Middle panels: ZDI brightness model. Bottom panels:
model residuals.
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Appendix D: Dynamic spectrum of Stokes V

3<10'3

18

[y
o
T

[e¢)
T

Nor mal i zed Fl ux

Radi al Vel ocity (knis) Radi al Vel ocity (knis) Radi al Vel ocity (knis) Radi al Vel ocity (knis)

Fig. D.1. Observed (black) and synthetic (red) Stokes V profiles.
The subpanels from left to right show data of the 17, 18, 22, and
23 Oct, respectively. Blue vertical lines mark the + v sini limit.
Rotational phases are indicated on the right side of each panel,
next to the corresponding profile.
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Appendix E: Dynamic spectrum of HB
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Fig. E.1. Dynamic spectra of HB, with the same conventions as
in Fig. F.1.
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Appendix F: Dynamic spectrum of Ha
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Fig. F.1. Dynamic spectra for He, including the observations
(Top), the tomography models (Middle), the residuals between
observation and model (Bottom). From left to right, the figure
shows the data of 17, 18, 22, 23 Oct 2018, with color scale
according to the normalized flux. Rotational phases are com-
puted according to Eq. 1. Vertical dashed lines show the position
of + v sini.
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Appendix G: Polar view of reconstructed
brightness and magnetic field maps
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Fig. G.1. Same as Figure 1, but with a polar view. The color

scale of the brightness map (upper left panel) is asymmetric to
highlight the low-contrast bright spots.
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