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ABSTRACT

Aims. Previous studies have related surface temperature maps, obtained with the Doppler imaging (DI) technique, of LQ Hya with
long-term photometry. Here, we compare surface magnetic field maps, obtained with the Zeeman Doppler imaging (ZDI) technique,
with contemporaneous photometry, with the aim of quantifying the star’s magnetic cycle characteristics.

Methods. We inverted Stokes IV spectropolarimetry, obtained with the HARPSpol and ESPaDOnS instruments, into magnetic field
and surface brightness maps using a tomographic inversion code that models high signal-to-noise ratio mean line profiles produced by
the least squares deconvolution (LSD) technique. The maps were compared against long-term ground-based photometry acquired with
the T3 0.40 m Automatic Photoelectric Telescope (APT) at Fairborn Observatory, which offers a proxy for the spot cycle of the star, as
well as with chromospheric Ca 11 H&K activity derived from the observed spectra.

Results. The magnetic field and surface brightness maps reveal similar patterns relative to previous DI and ZDI studies: non-
axisymmetric polar magnetic field structure, void of fields at mid-latitudes, and a complex structure in the equatorial regions. There
is a weak but clear tendency of the polar structures to be linked with a strong radial field and the equatorial ones with the azimuthal
field. We find a polarity reversal in the radial field between 2016 and 2017 that is coincident with a spot minimum seen in the long-term
photometry, although the precise relation of chromospheric activity to the spot activity remains complex and unclear. The inverted
field strengths cannot be easily related with the observed spottedness, but we find that they are partially connected to the retrieved field
complexity.

Conclusions. This field topology and the dominance of the poloidal field component, when compared to global magnetoconvection
models for rapidly rotating young suns, could be explained by a turbulent dynamo, where differential rotation does not play a major role
(so-called a*Q or @ dynamos) and axi- and non-axisymmetric modes are excited simultaneously. The complex equatorial magnetic
field structure could arise from the twisted (helical) wreaths often seen in these simulations, while the polar feature would be connected

to the mostly poloidal non-axisymmetric component that has a smooth spatial structure.
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1. Introduction

One of the outstanding features of the 11-yr solar activity cycle
is the presence of a polarity reversal in the large-scale magnetic
field, leading to the 22-yr-long magnetic Hale cycle. This mag-
netic cycle has been one of the key phenomena that has been
studies in attempts to explain the operation of the underlying
dynamo mechanism (see e.g. Ossendrijver 2003, and references
therein). For a comprehensive and general theory of stellar

* The Johnson B- and V-band differential photometry and the numer-
ical time series analysis results are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/660/A141

** Based on observations made with the HARPSpol instrument on
the ESO 3.6m telescope at La Silla (Chile), under the programme
IDs 084.D-0338, 086.D-0240 and 0100.D-0176.

Article published by EDP Sciences

dynamos, a successful dynamo model should not only repro-
duce the solar cycle, but it should also be applicable to other
active stars, whose dynamos operate in different regions of the
parameter space. Hence, studying a wide variety of active stars,
and their cycles, is crucially important for the understanding of
stellar dynamos.

For this reason, there has been a considerable effort to fol-
low the evolution of the magnetic field topology of several
active stars using the Zeeman Doppler imaging (ZDI) method
(Semel 1989; Brown et al. 1991; Piskunov & Kochukhov 2002).
The most well-known star in this regard is 7 Boo: it has
both a short magnetic cycle (Donati et al. 2008; Fares et al.
2009; Mengel et al. 2016) and a 120 days chromospheric cycle
(Mengel et al. 2016; Mittag et al. 2017), which have been linked
together (Jeffers et al. 2018). Another star with observation-
ally linked magnetic and chromospheric cycles is 61 Cyg A
(Boro Saikia et al. 2016, 2018). Other stars where magnetic
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polarity reversals have been reported are HD 190771 (Petit et al.
2009), HD 78366, HD 190771, and ¢ Boo A (Morgenthaler
et al. 2011), and HD 29615 (Waite et al. 2015; Hackman et al.
2016).

The exact nature of the field topology evolution of stars other
than the Sun remains poorly understood; in most cases, it is not
clear how the polarity reversals, seen through the limited time
windows of the imaging results, relate to the chromospheric or
spot activity cycles of the stars. For example, Berdyugina et al.
(2002) reported a regular 5.2-yr flip-flop cycle in LQ Hya from
their Doppler imaging (DI) study. Although polarity reversals
cannot be detected from DI, such an event implies a drastic
and abrupt change in the magnetic field topology. When Olspert
et al. (2015) tried to relate such flip-flop events to the long-term
analysis of photometry, revealing the stellar activity cycle, the
flip-flops appeared to be completely randomly distributed over
the cycle. Relating together the topology changes seen in the
ZDI maps is a challenging task as in many cases the cycle peri-
ods are long (see e.g. Olspert et al. 2018), the observational
windows are narrow, and the data collected are sparse. Com-
bining long-term photometry and chromospheric activity time
series with ZDI and DI inversions seems the most promising way
forwards.

Here we present four new ZDI maps of the surface mag-
netic field of the young rapidly rotating K2V dwarf LQ Hya
(HD 82558, V = 7.82, B—V = 0.933; ESA 1997) to shed light
on the evolution of its magnetic field. With a rotation period
of 1.60 days (Jetsu 1993), projected rotational velocity vsini =
26.5+0.5 kms™' (Donati 1999), and an age around 50 Myr
(Tetzlaff et al. 2011), this star can be seen to qualitatively
represent the young Sun at the start of its main-sequence evo-
lution. The atmospheric parameters T.¢ = 4934 +70 K, logg =
4.50+0.21, and [Fe/H] = —0.14+0.11 (Tsantaki et al. 2014)
are also close to the solar values, except for the lower effective
temperature, which is due to the star’s smaller mass. The star
is one of the most active solar-type stars to have been studied,
showing very high levels of activity both in chromospheric emis-
sion, log Rf—[ = —4.03 (White et al. 2007), and in coronal X-rays,
log Lx /Lyo = —3.06 (Sterzik & Schmitt 1997).

Previous ZDI inversions of LQ Hya have been published
by Donati (1999) and Donati et al. (2003b) for epochs between
1991 and 2001. These inversions have revealed average to high
strengths of the large-scale magnetic field, reaching about 100 G,
and individual field components extending as high as 900 G. The
star has also been the subject of extensive DI studies with the
aim of mapping the changing spot distribution on its surface
(Strassmeier et al. 1993; Rice & Strassmeier 1998; Berdyugina
et al. 2002; K&vari et al. 2004; Cole et al. 2015; Flores Soriano
& Strassmeier 2017; Cole-Kodikara et al. 2019). The picture
emerging from these inversions is that the star has exhibited,
to a varying extent, both high-latitude and equatorial spots
over the years with no detections of mid-latitude temperature
anomalies, indicating a possible latitudinal bimodality in their
distribution.

Even though there have been detailed studies aiming to
relate the DI temperature inversions with the long-term activ-
ity evolution of LQ Hya (Cole et al. 2015; Olspert et al. 2015;
Cole-Kodikara et al. 2019), the same has not been attempted
with the magnetic ZDI inversions. In this paper we fill in this
gap by comparing our ZDI maps with simultaneous long-term
photometry, that traces the spottedness of the stellar surface, and
chromospheric activity derived from the Ca1m H&K line core
emission. As aresult we can, for the first time, relate the observed
field evolution of LQ Hya with its activity cycle.
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Fig. 1. Johnson B- and V-band differential photometry of LQ Hya.
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Fig. 2. B-band vs. V-band differential photometry of LQ Hya with a line
denoting the empirical scaling of Eq. (1) between the two bands.

2. Observations
2.1. Photometry

As a proxy for monitoring the spot activity on LQ Hya, we used
long-term Johnson B- and V-band differential photometry, which
is shown in Fig. 1. These data were acquired using the T3 0.4 m
Automatic Photoelectric Telescope (APT) at the Fairborn Obser-
vatory in Arizona (see Henry 1995; Fekel & Henry 2005) and
span from November 1987 to February 2019. Earlier subsets of
the same time series have been studied by Lehtinen et al. (2012,
2016). All the differential photometry was measured against the
comparison star HD 82477.

To simplify the analysis, we transformed all the photomet-
ric data into a single system by scaling the differential B-band
photometry onto the differential V-band photometry using the
relation

AV = 0.52 + 0.83AB. 1

This empirical scaling relation was determined by a least squares
fit to coeval observations in the two photometric bands. It is
evident from Fig. 2 — which shows the correlation between the
coeval B- and V-band photometry, which has a high linear corre-
lation coefficient, r = 0.98 — that a linear transformation between
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Fig. 3. Mean longitudinal magnetic field (B;) of LQ Hya calculated from the Stokes V LSD profiles as a function of rotation phase ¢. The four

panels present the (B,) values in each of the observing epochs.

Table 1. Summary of spectropolarimetric observations.

Epoch (SIN); (S/N)y msp do(A) ng fp

January 2010 153 19700 7776 5094 10 0.68
February 2011 139 16600 7803 5171 14 0.86
January 2016 219 15100 7792 5291 9 0.63
December 2017 168 13300 7804 5148 9 072

Notes. Listed are the mean signal-to-noise ratios (S/N), of the Stokes
I spectra and (S/N)y of the Stokes V LSD profiles, the number of lines
nisp used for the LSD profiles, the mean wavelengths 4y of the LSD
profiles, the number of observed phases n4, and the estimated phase
coverage f, of the observations. Observations from January 2016 are
from ESPaDOnS and the rest from HARPSpol.

the two bands is sufficient. This also shows that the B — V colour
scales linearly with the photometric bands as

B -V =0.20V + const. 2)
The two bands can thus be combined together without the loss of
information beyond this scaling and may be analysed as a single
time series. The relation between the bands shows that the star
reddens as it becomes dimmer, which is consistent with the pho-
tometric variation being produced by low-temperature spots. We
further note that there are no signs of flares in the photometry
that could have affected the correlation between the two bands.

2.2. Spectropolarimetry

For our ZDI inversions, we obtained high-resolution Stokes /V
spectropolarimetry from four separate seasons. Data from three
of the epochs (January 2010, February 2011, and December
2017) were observed using the HARPSpol spectropolarimeter
located at the ESO 3.6m telescope in La Silla, Chile, while
data from January 2016 were observed using the ESPaDOnS
spectropolarimeter at the 3.6m Canada-France-Hawaii Tele-
scope on Mauna Kea, Hawaii. Both instruments provide a high
resolving power at about 110 000 for HARPSpol and 68 000 for
ESPaDOnS in their spectropolarimetric modes. The HARPSpol
data were reduced using the REDUCE package (Piskunov &
Valenti 2002), while the ESPaDOnS data were automatically
reduced by the Upena pipeline, based on the Libre-ESpRIT
reduction package (Donati et al. 1997).

A summary of each observing epoch is given in Table I,
and the individual spectropolarimetric observations are listed
in Table A.l. Since the ZDI inversions require a high signal-
to-noise ratio (S/N) of the polarised line profiles, we used the
least-squares deconvolution (LSD) technique to combine a large
number of photospheric spectral lines and boost the S/N of the
mean line profiles (Donati et al. 1997; Kochukhov et al. 2010).

Table 2. Adopted stellar parameters.

Parameter Value
Effective temperature T = S000K
(unspotted)

Surface gravity logg =4.5
Metallicity [M/H] =0
Microturbulence & =15kms™!

Rotation period
Rotational velocity
Inclination

P.ot = 1.601136 days
vsini =26.5kms™!
i =65°

Notes. Values from Cole-Kodikara et al. (2019).

The average S/N of the Stokes I spectra at 4 = 5100 A and
the Stokes V LSD profiles, the number of lines used, nysp, and
their mean wavelength, Ao, are listed in Table 1, while the mean
Landé g-factor of the profiles was g = 1.212. The line mask used
for calculating the LSD profiles was extracted from the VALD
database (Piskunov et al. 1995; Kupka et al. 1999) for wave-
lengths 39007100 A using stellar parameters listed in Table 2.
We excluded lines with depths less than 5% from the continuum
as well as regions surrounding the strongest lines deviating from
the average line profile shape.

The reliability of the surface inversions in both DI and
ZDI depends on the rotational phase coverage of the observa-
tions over the stellar surface. In Table 1, we list the number of
observed phases ny and their calculated phase coverage f; for
each of the epochs. Here, f; was estimated assuming that each
observation covers a phase range [¢ — 0.05, ¢ + 0.05], follow-
ing Kochukhov et al. (2013). The calculation of the individual
rotation phases ¢ is described in Sect. 4. Hackman et al. (2019)
studied the effect of limited phase coverage in their DI study of
HD 199178. They reported that the surface spot distribution was
considerably distorted when the phase coverage was less than
50% and that some apparent artefacts appeared up to a limit
of 70%. These limits depend, however, on the actual underlying
distribution of surface spots versus the phase distribution of the
observations. In our case, we have decently high phase coverage
in each of our epochs, which should ensure the reliability of our
inversions.

We calculated the false alarm probabilities (FAPs) for the
magnetic field detection for each of our Stokes V LSD pro-
files using the reduced y? statistics (Donati et al. 1992; Rosén
et al. 2013). The values listed in Table A.1 are all extremely low,
implying a definite detection of magnetic field from each of our
observed spectra. We furthermore determined the mean signed
longitudinal magnetic field (B;) from the first moment of the
Stokes V profiles (Kochukhov et al. 2010), which are likewise
listed in Table A.1 and shown in Fig. 3 against the rotation phase
¢ defined by Eq. (3).
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Fig. 4. Can1 H&K activity index Sywo of LQ Hya as a function of rotation phase ¢. The four panels present the Sywo values in each of the
observing epochs, and the marker colours represent normalised time from the first (blue) to the last (yellow) observation within each observing

run.
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ratio, log Ry;.. Both HARPSpol and ESPaDOnS have different
calibrations determined for deriving emission indices from them
(Lovis et al. 2011; Astudillo-Defru et al. 2017; Booth et al. 2020).
We followed the calibration given by Lovis et al. (2011) for
HARPSpol and Booth et al. (2020) for ESPaDOnS. The values
of the activity indices are listed in Table 3 as averages and full
variability ranges over the stellar rotation and in Table A.2 for
each individual spectrum.

Unlike (B.), the activity level lacks a clear dependence on
the stellar rotation, as shown in Fig. 4. Often close phase pairs
show drastically different emission levels between adjacent rota-
tion phases, which points to a fast evolution of chromospheric
activity. Colour-coding the data points in Fig. 4 by normalised
time from the first to the last observation reveals that typically
one or more rotations have passed between the observations, but
in December 2017 there is even evidence for fast activity evo-
lution within a single night (around ¢ = 0.4 and ¢ = 0.7). The
seasonal variation of the activity level is included in the top panel
of Fig. 5 along the photometric mean brightness variation and is
discussed in the following section.

3. Time series analysis of photometry

The photometric time series was analysed using the Continuous
Period Search method (Lehtinen et al. 2011), which searches for
low-order hamonic fits to short subsets of the light curve data,
chosen using a sliding window. Here we used a window with the
length of Af,ax = 30 days and concentrated on only a mutually
independent sub-selection of non-overlapping fits. Moreover, all
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Fig. 5. Light curve mean magnitude M, amplitude A, period P, and
phases of the light curve minima ¢, for LQ Hya. Both M and A are
in the scale of AV. The minimum phases are shown as black squares
for the primary light curve minima and grey triangles for the secondary
minima. The vertical orange lines denote the epochs of the ZDI maps.
The average chromospheric activity levels log Ry, , corresponding to the
ZDI maps, are shown in the top panel as violet diamonds with error bars
indicating the variability ranges over the stellar rotation.

fits where the distribution of the fit residuals or the bootstrap
distributions of any of the light curve model parameters were
tested to be non-Gaussian using the Kolmogorov-Smirnov test at
a significance level of 0.01 were rejected as unreliable (Lehtinen
et al. 2011). Examples of individual light curve fits for the pho-
tometric time series of LQ Hya can be seen in Fig. 2 of Lehtinen
et al. (2012) up to the year 2011. The results of our time series
analysis are presented graphically in Fig. 5. Here M denotes the
mean level of each light curve fit in the differential V-band, A the
full V-band light curve amplitude, and P the light curve period,
corresponding to the stellar rotation.

We calculated the weighted mean photometric period of LQ
Hya to be Pphot = 1.60405 +0.00040 d and the relative + 30
range of period variability as Z = 6APpno/Pphot = 0.017, where
AP0 denotes the 1o range of the period measurements in the
light curve fits (Jetsu 1993). This quantity gives an approxima-
tion of the relative differential rotation coefficient k = AQ/Q
and so denotes nearly solid body rotation, k£ = 0.017. Such a
low differential rotation is well in line with previous estimates
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from photometry (Jetsu 1993; Berdyugina et al. 2002; Messina
& Guinan 2003; You 2007; Lehtinen et al. 2012, 2016) as well as
DI/ZDI studies (Donati et al. 2003a; Kévari et al. 2004).

A period search of the light curve mean magnitudes M indi-
cates a spot cycle of the length P.y. = 20.5 yr. This estimate was
obtained following the method description of Horne & Baliunas
(1986) and was done in an identical way to the cycle search per-
formed by Lehtinen et al. (2016). The activity cycle estimates
for LQ Hya have not yet converged. Earlier reports indicated a
shorter cycle length increasing over time. Jetsu (1993) found a
cycle of 6.24 yr between 1984 and 1992 and Oléh et al. (2009)
found that this cycle had increased in length from 7 yr to 12.4 yr
by the end of their dataset. Using more recent data, extend-
ing to 2014, Lehtinen et al. (2016) reported longer cycle period
estimates ranging from 14.5yr to 18.0 yr, which approach our
present period estimate. There was indeed an extended increase
in the mean brightness of LQ Hya from about 2002 to 2016
that, together with a decreasing light curve amplitude, can be
attributed to a diminishing spot coverage (Cole-Kodikara et al.
2019).

Between 2016 and 2017, the mean brightness finally started
to decrease again, suggesting a resurgence of spot activity. Inter-
preting this brightness maximum as a minimum of spot activity
is justified by the observation that the brightness variation of
medium to very active stars, like LQ Hya, is spot dominated
(Lockwood et al. 2007; Radick et al. 2018). This means that their
year-to-year average brightness anticorrelates with the variability
of their chromospheric activity, preceeding the brightness max-
ima in their long-term light curves corresponding to periods of
low spottedness. This is supported by Cao & Gu (2014), who
observed that the chromospheric activity of LQ Hya decreased
from 2006 to 2012 during the extended phase of increasing
brightness. This corresponds to an anticorrelation between activ-
ity and brightness. On the other hand, our own measurements of
log Ry indicate a weak increase in activity from 2010 to 2017,
leading to the brightness maximum (see Fig. 5). As such, the
precise relation between the spot and chromospheric activity of
LQ Hya, as well as the whole nature of its chrompspheric cycle,
still remains unclear. The brightness maximum between 2016
and 2017 should thus more accurately be called a spot minimum.

In Fig. 5, we also show the phases of the light curve minima,
®min, Which track the rotational phases of the major spot features
on the star. These phases were calculated using the active longi-
tude period P, = 1.603733 days, determined by Lehtinen et al.
(2016) as the phasing period that produces the maximal phase
concentration of the light curve minima. This period tracks the
rotation of a long-lived coherent spot forming structure, that is
to say, an active longitude, seen on the star for several years from
roughly 2003 to 2008 and displaying modest migration during
that time. Both before and after this time period it has not been
possible to identify long lasting preferential longitudes of spot
formation. The current era of no long-lived active longitudes
coincides with the epochs of our ZDI inversions.

4. Zeeman Doppler imaging

We inverted the Stokes IV profiles into magnetic field and sur-
face brightness maps using the inversLSD code developed by
Kochukhov et al. (2014). The inversion treats the magnetic field
components as spherical harmonic expansions, which allows
straightforward calculation of magnetic energy spectra from the
inverted maps as well as determining the energy fraction stored
in the toroidal and poloidal field components. In this study we

restricted the angular degrees of the expansion to {p,x = 20
and found that for all of our epochs the highest angular orders
¢ = 20 contained less than 1% of the total magnetic energy of
the inverted field. It should be noted, however, that in each inver-
sion most of the magnetic field energy was contained in the low
orders (£ < 6).

We performed the inversion of both the magnetic field and
surface brightness maps simultaneously so that the brightness
inhomogenities on the star were properly taken into account in
the inversion of the magnetic field. This is a necessary proce-
dure to mitigate the effect of reduced polarisation signal from
darker surface features, which could otherwise be interpreted to
correspond to weaker field strength (Rosén & Kochukhov 2012).

The regularisation of the inversion solutions was done as
described by Rosén et al. (2016). For the field solution we sup-
pressed the high-order modes while for the brightness solution
we used Tikhonov regularisation. The strength of regularisation
was determined so that the mean deviation between the profile
fits and the LSD profiles stayed consistent with the noise level of
the profiles. This is crucial for deriving consistent magnetic field
strengths from the inversions since the amplitude of the inverted
field is sensitive to the strength of the chosen field regularisation.
The inversions furthermore included an additional penalty func-
tion for the surface brightness, which ensures that the inverted
brightness values do not stray too far from their set mean value
at 1 (see Hackman et al. 2016).

The stellar parameters adopted for our inversions are listed in
Table 2 and are the same as those used in the DI study of LQ Hya
by Cole-Kodikara et al. (2019). Furthermore, we adopted exactly
the same ephemeris, originally from Jetsu (1993), for calculating
the rotational phases of the spectropolarimetric data as in these
previous studies:

HIDg—o = 244527422 + 1.601136 X E. 3)

The rotation period Py, = 1.601136 days used in this ephemeris
is slightly different from the rotation period Ppho = 1.60405 days
determined from the current photometry. Within the duration of
our individual observing runs this difference accumulates only
minimal phase shifts for the observations and mostly results in
a different definition for the zero longitude. We chose to use the
old ephemeris specifically to guarantee an identical coordinate
frame for our ZDI maps with the temperature maps published
by Cole-Kodikara et al. (2019), allowing a direct comparison
between the two studies. This choice was validated by calculat-
ing test inversions using an ephemeris based on Ppp. In this
test we concluded that the differences between inversions using
the two periods are, indeed, primarily phase shifts related to
choosing a different coordinate frame. Remaining differences are
attributable to minor reshuffling of the observing phases in cases
where there may have been fast magnetic field evolution on the
star. In such situations, the inversions produce in any case less
reliable solutions than during epochs of more stable field.

The line profile fits to our Stokes IV LSD profiles resulting
from the inversions are shown in Fig. A.1. In general, the fits fall
close to the noise level of the profiles. In one case of close phase
pairs separated by several rotations of the star, there has been a
noticeable evolution in the Stokes V profile. The phase pair in
question is ¢ = 0.976 and ¢ = 0.980 in January 2010, which is
separated by five stellar rotations between the observations. In
this case there was some field evolution between the two observ-
ing epochs. Such rapid changes may pose uncertainties to the
inversion solutions in the form of smaller details in the derived
maps.
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Table 4. Summary of the magnetic field inversions.

Epoch (IB]) |Blmax Poloidal Toroidal Axisym. Non-axisym. ¢=1 Peak?
G  © (%) (%) (%) (%) (%)

January 2010 256 1182 69 31 52 48 23 1

February 2011 169 526 33 67 55 45 32 1

January 2016 163 609 75 25 47 53 26 1

December 2017 157 605 79 21 17 83 19 2

Notes. The given percentages denote the fraction of magnetic energy stored in the poloidal, toroidal, axisymmetric, and non-axisymmetric magnetic
field components and the ¢ = 1 spherical harmonic modes. The peak ¢ denotes the angular order containing most of the magnetic energy.
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Fig. 6. Top to bottom: ZDI maps of LQ Hya in equirectangular projection from the epochs January 2010, February 2011, January 2016, and
December 2017. In each epoch, separate maps are shown for the radial, meridional, and azimuthal magnetic field components as well as the surface
brightness distribution. The vertical lines in the maps denote the rotational phases of the individual observation and the horizontal line the lower
limit of visibility due to the stellar inclination.

5. Results non-axisymmetric harmonic components. The division into the
axisymmetric and non-axisymmetric parts was done following
Fares et al. (2009) so that the spherical harmonic modes with
The ZDI maps are presented in Fig. 6 and a summary of m < ¢/2 were considered axisymmetric and the remaining ones
their field topology is given in Table 4. The inversions reveal non-axisymmetric. The inverted fields have most of their energy
a predominantly poloidal magnetic field configuration with in the low angular orders, as can be seen from the peak ¢ val-
mostly equal fractions of field energy in the axisymmetric and ues listed in Table 4 and the magnetic energy spectra in Fig. 7.

5.1. Magnetic topology
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Table 5. Correlations between the field component amplitudes and surface brightness.

Global Lat. > 45° Lat. < 45°
Epoch r(|Bil,b)  r(1Bul,b)  r(IBal,b)  r(IB:l,b) r(IBul,b)  r(IBal,b)  r(IBil,b) r(I1Bul,b) r(|Bal,b)
January 2010 -0.22 0.04 -0.07 -0.04 0.03 -0.01 -0.06 0.25 0.07
February 2011 -0.22 -0.34 -0.17 -0.08 -0.26 0.19 -0.08 -0.26 -0.26
January 2016 -0.21 -0.45 -0.59 -0.04 -0.54 -0.66 -0.03 0.04 -0.47
December 2017 -0.10 -0.24 -0.41 -0.06 -0.25 0.05 -0.07 -0.07 -0.56

Notes. Correlations are given for the radial |B,|, meridional |B,,|, and azimuthal |B,| magnetic field amplitudes both over the full stellar surface and

separately for latitude bands higher and lower than 45°.

However, the maps still reveal a complex field configuration and
in none of the cases the £ = 1 mode dominates the inverted field.
One notable small-scale feature in the magnetic maps are the
low-latitude bands of small-scale fluctuations in the radial field.

The fact that most of the maps are neither strongly axisym-
metric or non-axisymmetric may be connected to the intermittent
nature of the active longitudes seen in the photometric analysis of
LQ Hya (Olspert et al. 2015; Lehtinen et al. 2016) and may be a
sign of competing axisymmetric and non-axisymmetric dynamo
modes. In the December 2017 map, the field turned strongly non-
axisymmetric, and it remains to be seen whether this change will
signify a return to a state of longer lived active longitudes on the
star.

Between the January 2016 and December 2017 maps there
was a complex shift in the magnetic field topology. Firstly, the
radial field B;, which had shown predominantly negative polar-
ity around the visible pole and positive polarity on the opposite
hemisphere, reversed its sign between these epochs. This polarity
reversal can also be seen in the mean longitudinal field, (B;) (see
Fig. 3), which changes from mainly negative to mainly positive
in the last epoch. Secondly, both the meridional and azimuthal
fields B, and B,, which had previously been strongest at the
high latitudes, lack a strong polar component in the last map.
Instead, the azimuthal field is dominated by a complex equatorial
structure in this map.

What makes these topological changes particularly interest-
ing is that they occurred exactly at the same time as the minimum
in the spot activity. The epochs of the ZDI maps are marked
in Fig. 5 with vertical lines over the photometric results. Here
it is evident that the January 2016 and December 2017 maps
flank roughly symmetrically the epoch of minimum spottedness.
The polarity reversal is thus highly likely connected with the
minimum of the spot cycle.

Comparing our maps with the ZDI inversions of Donati
(1999) and Donati et al. (2003b) is in many cases difficult since
several of their maps have poor phase coverage. But where their
maps have good phase coverage, they show predominantly neg-
ative polarity of the radial field around the visible pole. The
epochs of these maps place them mostly after the previous spot
minimum that seems to have occurred sometime between 1993
and 1995. As such, they would be consistent with the inter-
pretation that the radial field of LQ Hya retained a constant
polarity throughout the whole 20-yr spot cycle, only switching
over during the consequent minimum.

In Table 5, we present the correlations between the ampli-
tudes of each of the field components with the surface brightness
maps. These correlations have been calculated both globally and
separately for latitudes above and below 45°. We can see that in
most cases there is a lack of correlation between the field and
the spots, which is a well-known feature of ZDI inversions (see

o —— Jan 2010, |B|max = 1.18 kG
0301 Feb 2011, |B|max = 0.53 kG
2016 Jan 2016, |B|max = 0.61 kG
0.251 Dec 2017, |Blmax = 0.61 kG
2010~
0'2072017
8
Ul
~
o 0.151 ‘
0.101 \\
0.051 \\
N
o004 e
"0 1 2 3 456 7 8 910111213 14151617 18 19 20
L

Fig. 7. Magnetic energy spectra of the ZDI maps as a function of the
angular order ¢, normalised by the total magnetic energy E\. The line
colours indicate the maximum field strength | B, in each map, as given
in the legend, darker colours denoting stronger fields.

e.g. Kochukhov et al. 2013; Waite et al. 2015; Hackman et al.
2016). When we do see stronger correlation, it is anticorrelation
between the field and surface brightness, denoting magnetic field
that concentrates in the dark spots. In these cases the strongest
anticorrelation can be found with the azimuthal field. In the
December 2017 map, the azimuthal field follows the low-latitude
spots so clearly that the strongest field patches at longitudes 0°
and 140° can be visually identified with the corresponding spots.
We note, however, that even in the cases of the strongest anti-
correlation, it remains weak, pointing to a general decorrelation
between the large-scale field and the surface brightness. A dis-
crepancy between high and low latitudes may indicate that the
polar and low-latitude spots are truly distinct from each other
and have their origin in the different components of the dynamo
field.

5.2. Comparison with temperature maps

In Cole-Kodikara et al. (2019), two nearly coeval (their
December 2009 and December 2017) and two nearly simultane-
ous (their December 2010 and December 2015) DI temperature
maps were presented. Their 2009 and 2010 data were obtained
with the SOFIN instrument, and the 2015 and 2017 data with
FIES at the Nordic Optical Telescope.

In December 2009, Cole-Kodikara et al. (2019) recovered
strong high-latitude spots around the phase ¢ = 0.75, forming
an asymmetric polar cap. As their phase axis is mirrored with
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respect to our longitude axis, this would corresponds to longitude
90° in our scale. We see a good correspondence of this feature
with the strongest location of the radial field in our January 2010
ZDI map. Due to the poor phase coverage, the equatorial struc-
tures recovered in the DI maps were judged to be artefacts, but
in our ZDI brightness maps they appear again and seem to have
a weak preferential association to the azimuthal magnetic field.

In December 2010, the phase coverage of Cole-Kodikara
et al. (2019) was poor again and perhaps for that reason they saw
no high-latitude activity. The correspondence of their DI map
with the magnetic field configuration in our ZDI map of Febru-
ary 2011 is therefore poor. On the other hand, it is interesting to
note that they detected strong line-profile variability during this
season. This is an indication of rapid changes in the spot config-
uration. The DI and ZDI maps were, furthermore, derived from
data observed almost 1.5 months apart, which are also likely to
contribute to the mismatch.

In December 2015, the phase coverage of Cole-Kodikara
et al. (2019) was decent, and they recovered strong activity at
high latitudes, while the equatorial spots appeared as artefacts
in the DI map. Due to the large gap in phases around ¢ = 0.5,
it was difficult to determine the longitudinal extent of the spot
structure. In comparison to our January 2016 ZDI map, the best
coincidence of the temperature minima in the DI and ZDI maps
occurred for the meridional field component.

In December 2017, the best quality observing season of
Cole-Kodikara et al. (2019), only high-latitude spot activity was
recovered. The maximal spot activity concentrated near phase
¢ = 0.4 in their DI map. This, again, matches with the strongest
radial field component in our December 2017 ZDI map, but not
with the equatorial structures seen in the brightness map and
azimuthal component of the field.

In summary, the comparison of the DI maps of
Cole-Kodikara et al. (2019) and our ZDI maps indicate the
following picture: The high-latitude spot structures that are the
most pronounced features in the DI maps are related to the
radial/meridional magnetic field components in the ZDI maps.
The deviation between the DI and ZDI maps is largest in the
equatorial regions, where detectable magnetic fields are mostly
related to the azimuthal component of the magnetic field. The
equatorial structures are prominent in the ZDI brightness maps,
but the corresponding temperature features are either uncertain
or absent from the DI maps.

5.3. Field strength and complexity

Although the high mean and maximum field strengths (|B|) and
|Blmax of the ZDI maps, as listed in Table 4, are of similar mag-
nitude as what was seen by Donati (1999) and Donati et al.
(2003b), the variability shown by |B|y.x is considerable. It seems
unlikely that such high actual variability could happen at the
length scales of the inverted field within the short time intervals
between the observed epochs.

One possible explanation for the apparent peak field variabil-
ity is that it does not represent actual field strength variability but
rather results from us retrieving a variable fraction of the total
surface field in the different maps. In this case it is reasonable to
assume that there would be a relation between field complexity
and the peak field strength as the more complex inverted field
structures would capture more of the small to intermediate scale
field energy.

This hypothesis is investigated in Fig. 7 by comparing the
energy spectra over the angular order ¢ of the four ZDI maps with
their peak field strengths. In the three maps from February 2011
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to December 2017, there is a possible, although weak, connection
between the field complexity and |B|ax. The stronger peak fields
in the January 2016 and December 2017 maps correspond to sig-
nificant peaks of magnetic energy in the energy spectra at orders
¢ =2 and ¢ = 3. Similar peaks of magnetic energy at higher £
orders are absent in the weaker field map of February 2011. This
suggests that the apparent variability of the peak field is at least
partly governed by the field complexity of the inversion solution.

On the other hand, the January 2010 map breaks this pat-
tern by having most of its field energy in the low orders £ = 1
and ¢ = 2 despite also having the highest |B|,ax of all the maps.
Here we have to conclude that we are dealing with a genuinely
stronger underlying field. This interpretation fits well with the
fact that this epoch is also the one furthest in time from the
spot minimum in 2016-2017 and also has higher amplitude spot
modulation in the light curve than the rest of the epochs. In the
test inversions, calculated using the photometric period Ppho,
the peak field strength of the January 2010 map was somewhat
lower than the peak field in the corresponding inversion calcu-
lated using Pt (1.04kG as opposed to 1.18 kG), but was still
significantly stronger than in the later maps. This difference may
be symptomatic of the fast changing field configuration during
this epoch (see Sect. 4), introducing uncertainty in the inversion
solution.

Moreover, if we look at the mean field strengths (| B[), we see
that in January 2010 they were elevated from the more modest
values they had during the later epochs. It seems thus that the
high peak field strength during January 2010 had more to do with
a higher physical field strength on the star while the variability
seen during the later epochs is, to a larger extent, related to the
level of detail that was resolvable in the inversions. Thus, we
do not find the inverted field strength in the later epochs to be
indicative of intrinsic field strength variations.

6. Conclusions

The four new ZDI inversions of LQ Hya provide a number of
interesting results concerning the magnetic field evolution and
spot structure. The central observation from these maps is a
marked change in the magnetic field topology between 2016 and
2017, occurring at the same time as a spot minimum. During this
time we can see both a polarity reversal of the radial field and
a shift of the strongest azimuthal field from high latitudes to the
equatorial region. This change is a fairly complex one and can-
not currently be fully understood. If our assumption is correct
that at least the polarity reversal of the radial field is connected
with the spot minimum seen in the photometry, we would expect
not to see another similar change in quick succession due to the
extended length of the star’s activity cycle. Comparing our maps
with those of Donati (1999) and Donati et al. (2003b) suggests
that this may have been the case for the recently ended cycle,
which seems to have preserved the radial field polarity all the
way from its beginning.

The magnetic field strengths retrieved by the inversions vary
significantly between the maps and cannot easily be related to the
level of spottedness or the chromospheric activity. We are left to
conclude that this is likely partly an effect of varying complex-
ity of the inverted field that leads to a different fraction of the
true physical field strength being retrieved in the maps. Regard-
less, the field strengths in our inversions are consistent with those
observed by Donati (1999) and Donati et al. (2003b).

Comparison between our ZDI surface brightness maps and
the simultaneous or nearly simultaneous DI temperature maps of
Cole-Kodikara et al. (2019) builds a tentatively optimistic picture



J. J. Lehtinen et al.: LQ Hya magnetic field topology

of the reliability of the equatorial spots seen in the inversions.
These features have not always been taken to represent real phys-
ical spots on the star since with poorer quality datasets they can
often be explained as artefacts of the inversion procedure. In our
case we often see equatorial spots appearing in both the DI and
ZDI maps, and in our ZDI inversions we also see a weak con-
nection between the azimuthal magnetic field and the equatorial
spots, which both raise the likelihood that these features repre-
sent real physical features on the stellar surface. If this is the
case, we are left to conclude that the spot structure of LQ Hya
is bimodal in latitude, consisting of strong high-latitude to polar
spots and a weaker band of equatorial spots. The polar spots are
mostly connected with the radial and meridional field while the
equatorial spots seem to have an association with the azimuthal
field. This may indicate a difference in the originating processes
between the spots.

The magnetic field structures retrieved in the ZDI maps
match reasonably well the recent global magnetoconvection
models for stars. For example, in the works of Gastine et al.
(2012) and Viviani et al. (2018), the radial and meridional com-
ponents of the magnetic field are seen to concentrate mostly near
the poles in a non-axisymmetric configuration, while ‘wreaths’
of azimuthal magnetic field are generated near the equatorial
regions. Especially in the models of Gastine et al. (2012) the
equatorial azimuthal field was exhibiting a high degree of twist-
ing, which would be seen as a complicated multi-polar structure
of the surface magnetic field if these fields emerged to the surface
to form spots. Such solutions are mainly retrieved for models
where the rotational influence is moderate. Polarity reversals,
however, are very rare, while azimuthal dynamo waves occur
nearly always, but are not so pronounced in LQ Hya according
to the observations (Olspert et al. 2015; Lehtinen et al. 2016).
One must bear in mind, however, that these models are still far
removed from the parameter ranges of real stars.

In more general terms of dynamo theory, the poloidal mag-
netic field component being almost always dominant to the
toroidal one, gives a clear indication that the dynamo in this star
is not of @€ type as in the Sun. Whereas differential rotation is
known to play a crucial role for the solar dynamo, observational
indications for surface differential rotation in LQ Hya are weak.
This also agrees with the results from global magnetoconvection
models (e.g. Viviani et al. 2018), where the absolute differen-
tial rotation becomes small in the rapid rotation regime. In this
case, the generation of both poloidal and toroidal magnetic fields
occurs by the action of turbulent-convection-produced « effect
(either a aQ or a? dynamo).
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Appendix A: Additional data

Table A.1. List of individual spectropolarimetric observations.

Instrument  Date HID @¢ (S/N),> (SIN)y© FAP? (B;)
(UTC) (2450 000+) [G]
HARPSpol 2010 Jan 5 5201.808  0.340  99.8 12775 <1071 —754+6.6
2010 Jan 6 5202.826 0976 1689 21982 <107 -119+39
2010 Jan 7 5203.791  0.579 1433 18337 <1071 -384+46
2010 Jan 8 5204.870 0253  156.5 20156 <1071 —55.1+42
2010 Jan 9 5205.838  0.857 188.5 24264 <107 -53.6+3.5
2010 Jan 10 5206.846  0.487 1613 20723 <107 -16.8+4.1
2010 Jan 13 5209.852 0364 122.6 15522 <107 —60.6+5.4
2010 Jan 14 5210.838  0.980 138.5 17543 <107 -20.6+4.8
2010 Jan 15 5211.815  0.590 186.0 23814 <1071 —247+35
2010 Jan 16 5212770  0.187 1674 21421 <1071 -53+40
HARPSpol 2011 Feb 8 5600.662  0.447 1369 16468 <107 —12.0+4.7
2011 Feb 8 5600.789  0.526 1532 18060 <1071 -115+43
2011 Feb 9 5601.632  0.053 1269 15068 <107 21.0+5.1
2011 Feb 9 5601.826  0.174 1522 17974 <107 —6.1+43
2011 Feb 10  5602.634  0.679  142.0 17160 <1071 224445
2011 Feb 10 5602.813  0.791  143.1 17043 <1071  —42+45
2011 Feb 12 5604.678  0.955 120.0 14376 <107 509+54
2011 Feb 12 5604.843  0.058 106.8 12827 <107'®  212+6.0
2011 Feb 13 5605.627  0.548 146.6 17658 <107 -—9.0+44
2011 Feb 13 5605.838  0.680  148.3 17670 <1076 _313+44
2011 Feb 14  5606.580  0.143 1284 15375 <107  -69+5.0
2011 Feb 14 5606.739  0.243 1442 17101 <1071 -26.7+45
2011 Feb 15 5607.627  0.797  134.1 16178 <107 -73+438
2011 Feb 15 5607.745  0.871 166.5 19834 <107 17.6+3.9
ESPaDOnS 2016 Jan 14 7402.061 0523 2166 14996 3.1x10°0 -256+7.6
2016 Jan 15 7403.016  0.119 2235 15286 1.7x107'® -423+74
2016 Jan 16 7404.051  0.766  219.7 15271  49x107'0 2.8+74
2016 Jan 17 7405.048 0388 2337 16416 <107 -39.6+7.0
2016 Jan 18 7406.044  0.010 2303 15829 <107 -13.6+7.0
2016 Jan 19 7407.076  0.655  231.8 15851  7.7x107"  —19.1+7.1
2016 Jan 21 7409.038  0.880  177.9 12077 <1071 329+92
2016 Jan 22 7410.042  0.507 1962 13353 5.1x107° -443+8.6
2016 Jan 23 7411.006  0.109  245.1 16931 <107 —41.8+6.6
HARPSpol 2017 Dec 13 8100.823  0.939 1989 15661 <107 332+32
2017 Dec 14 8101.835  0.571 2039 16221 <107 -329+3.1
2017 Dec 15 8102.833  0.194  218.0 17400 <1071 -33.0+29
2017 Dec 16  8103.833  0.819 2020 15892 <107 56.0+3.1
2017 Dec 17 8104.701  0.361  184.1 14539 <1071 1.0+£3.5
2017 Dec 17 8104.822 0437 1819 14485 <1071 50+3.5
2017 Dec 17 8104.852  0.455 141.9 11214 < 10716 44+45
2017 Dec 19 8106.827  0.689  95.7 7532 <107 -0.1x6.7
2017 Dec 19  8106.857  0.708  85.5 6886 <107 25672

Notes. @Phases ¢ calculated using the ephemeris of Eq. (3); ”’S/N of the Stokes I spectrum; ’S/N of the Stokes V LSD profile; “”FAP of the
magnetic field detection in the Stokes V LSD profile
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Table A.2. List of chromospheric activity indices for individual observations.

J. J. Lehtinen et al.: LQ Hya magnetic field topology

Instrument  Date HID ¢ Smwo  log Ry
(UTC) (2450 000+)

HARPSpol 2010 Jan 5 5201.808 0.340 2262 -3.836
2010 Jan 6 5202.826 0976 2.014 -3.887
2010 Jan 7 5203.791 0.579 1920 -3.908
2010 Jan 8 5204.870 0.253 1970 -3.897
2010 Jan 9 5205.838 0.857 2.104  -3.868
2010 Jan 10 5206.846 0.487 2.051 -3.879
2010 Jan 13 5209.852 0.364 1930 -3.906
2010 Jan 14 5210.838 0.980 1.911 -3.911
2010 Jan 15 5211.815 0.590 2.074 -3.874
2010 Jan 16 5212.770 0.187 2.016  -3.887

HARPSpol 2011 Feb 8 5600.662 0.447 2.093 -3.870
2011 Feb 8 5600.789 0.526 1997 -3.891
2011 Feb 9 5601.632 0.053 2.037 -3.882
2011 Feb 9 5601.826 0.174 1958  -3.900
2011 Feb 10 5602.634 0.679 2.108  -3.867
2011 Feb 10 5602.813 0.791 2267 -3.835
2011 Feb 12 5604.678 0.955 2.115 -3.866
2011 Feb 12 5604.843 0.058 1.921 -3.908
2011 Feb 13 5605.627 0.548 1.910 -3.911
2011 Feb 13 5605.838 0.680 2.123  -3.864
2011 Feb 14 5606.580 0.143  2.185 -3.851
2011 Feb 14 5606.739 0.243 2079 -3.873
2011 Feb 15 5607.627 0.797 2.061 -3.877
2011 Feb 15 5607.745 0.871 2.004 -3.889

ESPaDOnS 2016 Jan 14 7402.061 0.523 2.120  -3.865
2016 Jan 15 7403.016 0.119 2232 -3.842
2016 Jan 16 7404.051 0.766 2335  -3.822
2016 Jan 17 7405.048 0.388 1945 -3.903
2016 Jan 18 7406.044 0.010 2.298 -3.829
2016 Jan 19 7407.076 0.655 2.131 -3.862
2016 Jan 21 7409.038 0.880 2.182  -3.852
2016 Jan 22 7410.042 0.507 1797 -3.938
2016 Jan 23 7411.006 0.109 2.070  -3.875

HARPSpol 2017 Dec 13 8100.823 0.939 2.080 -3.873
2017 Dec 14 8101.835 0.571 2.106  -3.867
2017 Dec 15 8102.833 0.194 2.025 -3.885
2017 Dec 16 8103.833 0.819 2.248  -3.838
2017 Dec 17 8104.701 0.361 2133  -3.862
2017 Dec 17 8104.822 0.437 2197 -3.849
2017 Dec 17 8104.852 0.455 2.117 -3.865
2017 Dec 19 8106.827 0.689 2.105  -3.868
2017 Dec 19 8106.857 0.708 2208  -3.846

Notes. @Phases ¢ calculated using the ephemeris of Eq. (3);
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Fig. A.1. Stokes I and V LSD profiles (black) and the
line profile fits (red) for the epochs January 2010 (fop
left), February 2011 (top right), January 2016 (bottom
left), and December 2017 (bottom right). The observed
profiles are shifted vertically for clarity and their rota-
tional phases, ¢, are given next to each profile.
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