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ABSTRACT

Zeeman Doppler imaging has successfully mapped the large-scale magnetic fields of stars
over a large range of spectral types, rotation periods and ages. When observed over multiple
epochs, some stars show polarity reversals in their global magnetic fields. On the Sun, polarity
reversals are a feature of its activity cycle. In this paper, we examine the magnetic properties
of stars with existing chromospherically determined cycle periods. Previous authors have sug-
gested that cycle periods lie on multiple branches, either in the cycle period-Rossby number
plane or the cycle period-rotation period plane. We find some evidence that stars along the
active branch show significant average toroidal fields that exhibit large temporal variations
while stars exclusively on the inactive branch remain dominantly poloidal throughout their
entire cycle. This lends credence to the idea that different shear layers are in operation along
each branch. There is also evidence that the short magnetic polarity switches observed on
some stars are characteristic of the inactive branch while the longer chromospherically de-
termined periods are characteristic of the active branch. This may explain the discrepancy
between the magnetic and chromospheric cycle periods found on some stars. These results
represent a first attempt at linking global magnetic field properties obtained form ZDI and
activity cycles.

Key words: techniques: polarimetric - stars: activity - stars: evolution - stars: magnetic field
- stars: rotation

1 INTRODUCTION Analogous activity cycles are also thought to exist in other stars
with outer convection zones. However, it is not possible to count
starspots on unresolved stellar discs making the determination of
stellar activity cycle periods a non-trivial task. One option is to
measure the disc integrated emission in calcium lines as a function
* E-mail: wevs@st-andrews.ac.uk of time. In this regard, the Mount Wilson Observatory has played

On the Sun, tracers of magnetic activity, such as sunspot number,
are known to vary cyclically with a period of roughly 11 years.
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an instrumental role in advancing knowledge of stellar cycles via
multi-decade chromospheric observations of solar-like stars (Wil-
son, 1978; Baliunas et al., 1995; Metcalfe et al., 2013; Egeland
et al., 2015). Further observational campaigns have also been di-
rectly inspired by the work done at the Mount Wilson Observatory
(e.g. Hall et al., 2007). Various studies into the behaviour of chro-
mospheric activity have resulted from these types of observations
including research into chromospheric and photometric variability
(Lockwood et al., 2007) and the use of activity proxies as age in-
dicators (Mamajek & Hillenbrand, 2008; Pace, 2013). Some au-
thors have also studied possible trends involving the activity cycle
duration and its relation to other stellar parameters. For example,
Brandenburg et al. (1998) and Saar & Brandenburg (1999) showed
that stars may lie on several branches when the ratio of their cy-
cle frequency to the angular rotational frequency, wey. /€2, is plotted
against inverse Rossby number, Ro™! = 7. /P,,. Here, 7. and P, are
the convective turnover time and rotation period respectively. These
authors called these branches the inactive, active and superactive
branches. It is thought that the different branches may be a man-
ifestation of changes in the underlying dynamos of these stars as
they evolve over their lifetime. For example, Bohm-Vitense (2007)
suggested that the dominant shear layer contributing to dynamo ac-
tion in active branch stars is the near surface shear layer while for
the inactive branch stars, it is the shear layer between the inner ra-
diative core and outer convective zone known as the tachocline. In
recent years, many authors have conducted further investigations
into the nature of these branches (Bohm-Vitense, 2007; Arkhypov
et al., 2015; Ferreira Lopes et al., 2015; Lehtinen et al., 2016) as
well as how activity cycles evolve over the stellar lifetime (Oldh
etal., 2016).

A second option for determining activity cycle periods is long
term monitoring of stellar magnetic fields. On the Sun, sunspots oc-
cur as a result of emerging flux and reflect the underlying magnetic
field generation mechanisms, i.e. the solar dynamo. The magnetic
field topology of a star can therefore be considered a more funda-
mental measure of activity cycles. Indeed, the Sun’s global mag-
netic field switches polarity roughly once every 11 years (DeRosa
et al., 2012), in phase with the chromospheric activity cycle. A
full magnetic cycle, i.e. two polarity switches, therefore comprises
two chromospheric cycles. Additionally, theoretical dynamo sim-
ulations have also been able to reproduce polarity switches in the
large-scale magnetic field of stars though the exact processes that
determine the time-scale of these switches is still unclear (Ghizaru
et al., 2010; Brown et al., 2011; Augustson et al., 2013; Passos &
Charbonneau, 2014; Pipin, 2015).

The monitoring of stellar magnetic field topologies can be
achieved with the Zeeman-Doppler imaging (ZDI) technique. This
is a tomographic technique capable of reconstructing large-scale
magnetic field topologies at stellar surfaces by inverting a series
of spectropolarimetric observations (Donati & Brown, 1997). ZDI
has already been used to study magnetic trends as a function of fun-
damental parameters (Petit et al., 2008; Donati et al., 2008; Morin
etal., 2008, 2010; Vidotto et al., 2014; See et al., 2015), field evolu-
tion on the pre-main sequence (Gregory et al., 2012; Folsom et al.,
2016) and the magnetic properties of stars with indirect mass-loss
measurements (Vidotto et al., 2016). Additionally, repeated obser-
vations of individual targets have revealed that some stars undergo
polarity reversals that may be indicative of activity cycles (Donati
etal., 2003, 2008; Fares et al., 2009; Petit et al., 2009; Morgenthaler
etal.,2011; Fares et al., 2013; Rosén et al., 2016; Boro Saikia et al.,
2016). When using the global magnetic field topology as an indi-
cator of activity cycles, we must be careful to distinguish between

chromospheric cycle periods and magnetic cycle periods. In the so-
lar context, the former has a value of ~11 years while the latter has
a value of ~22 years (DeRosa et al., 2012). In the rest of this pa-
per, we will refer to cycle periods determined from chromospheric
activity observations as chromospheric activity cycles and cycle pe-
riods determined from magnetic field reversals as magnetic activity
cycles. We must also be mindful of the fact that, due to the amount
of observation time required to reconstruct a single magnetic map,
the number of ZDI maps one is able to produce over an activity
cycle will be much more sparse when compared to the number of
chromospheric observations. Therefore, it is useful to study activity
cycles with chromospheric data in conjunction with the ZDI tech-
nique.

There are now numerous stars that have been characterised by
ZDI that also have a chromospherically determined cycle period
in the literature. While a number of these stars have multiple ZDI
maps available, many others have only been observed during one
epoch. For these stars, it is clearly not possible to determine the
time-scale over which they undergo polarity reversals or if rever-
sals occur at all. However, a single ZDI map still contains useful
information about the topology of the magnetic field, such as how
much magnetic energy is stored in toroidal or axisymmetric modes.
In this paper, we will analyse the magnetic properties of a sample
of stars that have at least one ZDI map as well as a chromospheric
activity cycle period determined in the literature.

In section 2, we present the sample of stars used in this study.
In section 3 we consider our sample within the context of previous
studies. A discussion of the results and their implications is pre-
sented in section 4 with conclusions following up in section 5.

2 SAMPLE SELECTION

The sample used in this study consists of stars that have both a
magnetic map reconstructed using ZDI and an activity cycle pe-
riod determination in the literature. Their physical parameters are
listed in table 1. To calculate Rossby numbers, we use the rotation
periods as listed by Vidotto et al. (2014) and convective turnover
times were calculated using the method described by Saar & Bran-
denburg (1999). Values for the X-ray luminosity normalised to the
bolometric luminosity, Rx = Lx/Ly,, are taken from Vidotto et al.
(2014) and references therein.

The large-scale surface magnetic fields, as reconstructed from
ZD], are represented by a spherical harmonic decomposition (see
Donati et al. (2006) and summary by See et al. (2015) for further
details). As well as the overall magnetic field at the stellar sur-
face, different components of the field can also be recovered by
ZDI. Typically, the parameters that are of most interest are the
magnetic energy density averaged over the stellar surface, (B?),
the toroidal energy fraction, fi,, = (B2.)/(B?) and the axisym-
metric energy fraction, fi; = <B§xi>/ (B%). It is also common to
look at the axisymmetric fraction of the poloidal component only,
Saxipol = <B§xi,pol>/<Blznol>' A large number of the stars analysed in
this paper were observed as part of the BCool program (for further
information on the work and goals of the BCool collaboration, see
Marsden et al. (2014)). The original paper that each ZDI map is
published in is listed in table 1.

Since the highest order spherical harmonic order, /.y, that
can be reconstructed by ZDI depends on the rotation rate of the
star (Fares et al., 2012), the maximum spatial resolution that can
be achieved varies from star to star. It is possible that this could
introduce a bias related to [, into our results. However, the ma-
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Figure 1. Panel a: the sample of stars used by See et al. (2015) plotted in stellar mass-rotation period space. The stars used in this study are a subset of that
sample and are labelled with a number corresponding to those found in table 1. This is a similar plot to Fig. 3 of Donati & Landstreet (2009). The symbol colour
represents the poloidal energy fraction (ranging from red for purely poloidal, i.e. fyo1 = 1 = fior = 1, to blue for purely toroidal, i.e. f,o1 = 0) and symbol shape
represents how axisymmetric the poloidal component of the field is (ranging from decagons for a purely axisymmetric poloidal field, i.e. faxi,pol = 1, to pointed
stars for a purely non-axisymmetric field, i.e. faxipot = 0.). Due to the large number of stars in the sample, symbol sizes have been kept the same for clarity
and do not scale with log(B?) as is usual with this type of plot. A dotted line indicates Ro = 1. Panel b: chromospheric activity cycle period against rotation
period for the sample of Bohm-Vitense (2007) plotted with open circles (see their Fig. 1). Dashed lines indicate the active and inactive branches. Overplotted
is the sample outlined in section 2 where symbol colour and shape have the same meaning as panel a. In this panel, symbol size does scale with log(B?) as
indicated by the key. Stars with multiple cycle periods are connected with a dashed line. As with panel a, each star is labelled with a number corresponding to
those found in table 1. On both panels the shaded region indicates the range of rotation periods where the active and inactive branches overlap.

jority of the magnetic energy in ZDI reconstructions is contained in
the lowest order modes (e.g. Petit et al., 2008; Rosén et al., 2016).
Therefore, as discussed by Vidotto et al. (2014), the fact that differ-
ent stars are reconstructed with different /;,,x does not significantly
affect the results.

We have restricted ourselves to activity cycles periods de-
termined from chromospheric measurements to maintain con-
sistency across our sample (with the exception of HN Peg;
see discussion at the end of this section). For example, chro-
mospherically determined cycle periods can differ from those
determined from photometry for a number of reasons (e.g.
Messina & Guinan, 2002). A large number of the chromospheric
cycle determinations come from Baliunas et al. (1995) though some
come from other sources, the references for which are listed in ta-
ble 1. We have included a number of cycle periods that have been
classified as ‘poor’ or ‘fair’ by Baliunas et al. (1995) under their
false alarm probability (FAP) grading scheme in order to improve

MNRAS 000, 000-000 (0000)

the number of objects in this study (these are noted in table 1). Ac-
cordingly, when interpreting the results, these objects may need to
be treated more cautiously. However, they do not seem to be dis-
crepant with the rest of the sample and our conclusions are not
dependent on these less reliable chromospheric cycle periods. We
discuss some individual cases here:

61 Cyg A: This star is a K dwarf with a well known chro-
mospheric activity cycle of approximately 7 years (Baliunas et al.,
1995). From observations taken at the NARVAL spectropolarime-
ter on the Telescope Bernard Lyot, together with old archival data,
Boro Saikia et al. (2016) determine a chromospheric cycle of
7.2+1.3 years. This value is in agreement with the long cycle pe-
riod determined by Oléh et al. (2009) from Ca II data. Oléh et al.
(2009) also found a secondary chromospheric period of 3.6 years
in part of their data. However, Boro Saikia et al. (2016) find no ev-
idence of this shorter period and so we will only use the 7.2 year
period. 61 Cyg A is also known to exhibit an X-ray activity cycle
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Figure 2. (a) Toroidal energy fraction against Rossby number for the sam-
ple of stars used by See et al. (2015) (open square symbols). Stars observed
at multiple epochs are joined by solid lines. (b) The ratio of X-ray to bolo-
metric luminosity against Rossby number reproduced from Wright et al.
(2011) (grey dots; see their Fig. 2). (c) The ratio of chromospheric cy-
cle frequency to rotational frequency against Rossby number reproduced
from Saar & Brandenburg (1999) (open circle symbols; see their Fig. 1).
(d) Chromospheric cycle period against Rossby number using the sample
of Bohm-Vitense (2007). In panels ¢ and d, stars with multiple cycles are
connected by dashed lines. In every panel, the Sun is shown with the solar
symbol and our ZDI sample is plotted with blue and red circles denoting
active and inactive branch stars respectively. In panel c, cycle periods esti-
mated from polarity reversals for HD 78366 and 7 Boo are shown with star
symbols (see section 4.2). Stars are ordered by Rossby number in table 1 to
allow for easier identification of the red and blue points in this plot.

which is in phase with the chromospheric activity cycle (Robrade
etal., 2012). Long term spectropolarimetric monitoring of this star
has also revealed a solar-like magnetic cycle (Boro Saikia et al.,
2016), which makes it the first cool star apart from the Sun where
the magnetic and chromospheric activity cycles are in phase.

7 Boo: Baliunas et al. (1995) found a 11.6 year period but

assign it a poor grade in their false alarm probably classification
scheme calling into question the reliability of this period determi-
nation. However, we still include this object in our sample since it
is interesting in the context of magnetic activity cycles (see section
4.2). Additionally Baliunas et al. (1997) and Mengel et al. (2016)
both report a chromospheric cycle period of around 116 days.

HN Peg: This star was also assigned a poor grade by Baliunas
et al. (1995) who found a period of 6.2 years. Messina & Guinan
(2002) found a 5.5 year period from an analysis based on photomet-
ric data and we use this value due to the smaller false alarm proba-
bility that these authors find. However, both values are compatible
with the active branch of stars and so our results are unaffected by
the choice of one value over the other.

HD 78366: Baliunas et al. (1995) reported cycle periods of
12.2 years (good FAP grade) and 5.9 years (fair FAP grade). Re-
cently, Jeffers et al. (in prep) reconstructed the field of HD
78366 over four observational epochs. These authors found that
the variation in the star’s S-index over these four epochs are not
inconsistent with the 5.9 year period of Baliunas et al. (1995).
We will use both the 12.2 year and 5.9 year cycle in the rest of
this work but it is worth being cautious with this particular cy-
cle period given its fair grade. We note that our conclusions are
not dependent on the 5.9 year cycle.

3 RESULTS
3.1 Field properties

In this section we discuss the magnetic properties of our sample.
Due to the relatively small number of stars in our sample, we will
also draw on other studies with larger sample sizes. We discuss
these magnetic trends in relation to previous work on magnetic ac-
tivity and activity cycles.

In Fig. 1a, we plot the magnetic properties of the sample of
stars used by See et al. (2015) in stellar mass-rotation period space
similarly to Fig. 3 of Donati & Landstreet (2009). The symbol
colour scales with the poloidal energy fraction, fpo = 1 = fior,
and the symbol shape scales with the axisymmetry of the poloidal
component, fiipoi. Numerous authors have used this method of
representing magnetic field characteristics in various different pa-
rameter spaces (Donati et al., 2008; Morin et al., 2008; Donati &
Landstreet, 2009; Morin et al., 2010; Vidotto et al., 2016; Folsom
et al., 2016). Usually, the symbol size scales with log(B?) on this
type of plot. However, due to the density of points in this plot,
we have chosen not to do so here for clarity. For stars with mul-
tiple ZDI maps, we have only plotted the epoch with the largest
fior value as this highlights the difference between stars that are al-
ways dominantly poloidal and those that show large fluctuations in
their toroidal energy fractions. Additionally, we have restricted the
parameter space to stars more massive than 0.5M, since less mas-
sive stars likely have different dynamo mechanisms to the stars we
analyse in this study (Donati et al., 2008; Morin et al., 2008, 2010;
Gregory et al., 2012; Yadav et al., 2015). As outlined by Donati &
Landstreet (2009), the Rossby number is important in the context
of magnetic field topologies. A clear transition at a Rossby number
of ~1 (dotted line) can be seen in the field topologies. Stars with
Ro > 1 (top right of plot) mostly show dominantly poloidal and
axisymmetric fields whereas Ro < 1 stars (bottom left of plot) are
capable of generating significant or even dominantly toroidal fields
that are non-axisymmetric.

In the context of stellar activity, the preference of Rossby num-
ber over rotation period is motivated from both empirical (Wright
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et al., 2011) and theoretical considerations (Noyes et al., 1984).
However, it is worth noting that some authors have argued that ro-
tation period is the more fundamental parameter (Reiners et al.,
2014). In Fig. 2a, we plot the toroidal energy fraction, fi,, directly
against Rossby number with red and blue circles (these colours cor-
respond to inactive and active branch stars respectively; see section
3.3). Stars that have been observed at multiple epochs are con-
nected by solid lines. Additionally, we plot the stars in the sam-
ple used by See et al. (2015) with open square markers and the
Sun during Carrington Rotation CR2109 (shortly after solar mini-
mum) with a solar symbol' (Vidotto, 2016). This plot is similar to
Fig. 6 of Petit et al. (2008). These authors studied four stars that
were roughly one solar mass each and showed that the poloidal
energy fraction, f,., increases with rotation period. We see a simi-
lar behaviour here whereby the stars with the longest rotation peri-
ods (largest Ro) display dominantly poloidal fields. Conversely, the
most rapidly rotating stars (smallest Ro) show large fi,, variations
and are capable of developing dominantly toroidal fields. As in Fig.
la, the transition between these two regimes occurs at Ro ~ 1.0.
This behaviour has also been noted by Donati & Landstreet (2009)
and Folsom et al. (2016). Comparing with the expanded sample in
Fig. 2a, we see that the four stars of Petit et al. (2008) trace the up-
per envelope of points shown here. On a plot of f,,, against rota-
tion period (not shown), we find that the transition from dom-
inantly poloidal stars to stars that are able to generate domi-
nantly toroidal fields occurs at a rotation of ~12 days. This is in
agreement with Fig. 1b and is consistent with the analysis of Pe-
tit et al. (2008). We also find that this rotation period separates
the inactive and active branch stars in our sample.

3.2 Activity-rotation relation

Coronal X-ray emission is a reliable indicator of stellar mag-
netic activity. Other than heating from magnetic sources, there
are few plausible mechanisms that can easily induce it. The
relationship between the ratio of X-ray to bolometric luminosity,
Rx = Lx /Ly and Rossby number is known as the activity-rotation
relation and is well studied (Noyes et al., 1984; Pizzolato et al.,
2003; Wright et al., 2011). In the so-called unsaturated regime,
stars show increasing Ly /Ly, values with decreasing Rossby num-
ber until a critical Rossby number of Ro ~ 0.1. At smaller Rossby
numbers, in the so called saturated regime, X-ray emissions sat-
urate at roughly Lx /Ly, ~ 1073, Recent studies have shown that
the energy stored in large-scale magnetic fields also display the
same behaviour as Lx /Ly, separating into the saturated and un-
saturated regimes (Vidotto et al., 2014; See et al., 2015; Folsom
etal., 2016). In Fig. 2b, we plot Lx /Ly, against Rossby number for
both our sample (red and blue markers) and the sample of Wright
etal. (2011) (grey dots) for context. It is worth noting that Wright
et al. (2011) and Saar & Brandenburg (1999) use different
methods to derive their convective turnover times. This might
result in a small systematic difference between our sample and
the sample of Wright et al. (2011). Figure 2b clearly shows that

I The solar value of fior used in Fig. 2a (fior = 0.05) is obtained for a
synoptic map truncated to Imax = 5. As discussed by Vidotto et al. (2016),
this provides a fairer comparison to ZDI maps that only capture the large
scale field structures. We note that our choice of /ynax does not drastically
affect the toroidal energy fraction. Indeed fior remains below 0.1 for any
choice of Imax (see Fig. 5 of Vidotto et al. (2016)).

MNRAS 000, 000-000 (0000)
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our sample lies in the unsaturated regime of the activity-rotation re-
lation. It is interesting to note that the activity-rotation relation
is continuous at Ro ~ 1.0 while there appears to be a segrega-
tion of activity branches (red and blue points) at this Rossby
number. Given that activity cycles and coronal X-ray emission are
both a result of dynamo activity, this is perhaps surprising.

3.3 Activity cycle branches

Many studies have examined the possibility that activity cycle pe-
riods may lie on multiple branches. Brandenburg et al. (1998) and
Saar & Brandenburg (1999) investigated this phenomenon in the
Weye/Q vs Ro™! parameter space®. These authors suggested that a
given star can lie on one of two branches, or on both if it has two
cycle periods, and labelled these branches as ‘active’ or ‘inactive’.
In Fig. 2¢, we reproduce Fig. 1 of Saar & Brandenburg (1999) with
open circle markers. Stars with two cycle period determinations are
joined with a dashed line. We note that our plot is reversed com-
pared with the plot of Saar & Brandenburg (1999) because we plot
against Rossby number rather than inverse Rossby number. Addi-
tionally, there is a range of reliability in the cycle period values used
by these authors (the reliability of the cycle periods is extensively
discussed in their section 2.1). We over plot our sample of stars us-
ing red and blue circles to represent stars on the inactive and active
branches respectively. This colour scheme is also used for Figs. 2a
and 2b. The decision of which branch a given star is assigned to is
made by eye based on their position in wey./Q vs Ro™! parameter
space. We have coloured a star blue if it appears to have cycles on
both branches. Saar & Brandenburg (1999) also discuss the possi-
bility of a third branch of very rapid rotators (Ro < 0.1). Since our
sample lacks Ro < 0.1 stars, we will not consider this branch in our
analysis.

Bohm-Vitense (2007) also considered the possibility that ac-
tivity cycle periods may lie on multiple branches. This author stud-
ied the stars from Baliunas et al. (1995) with the most reliable chro-
mospheric cycle period determinations. We reproduce their plot of
cycle period against rotation period with open circles in Fig. 1b (c.f.
with Fig. 1 of Bohm-Vitense (2007)) with our sample overplotted.
The symbol colour and shape for our sample have the same format
as Fig. 1a. Additionally the symbol sizes scale with log(B?) unlike
in Fig. la. Interestingly, the Sun appears to be an outlier in this
parameter space since it does not lie on either branch. However,
when plotted in w,./Q vs Ro™! space, the Sun clearly lies on
the inactive branch (see Fig. 2c).

Bohm-Vitense (2007) deliberately chose to avoid special num-
bers from dynamo theory, including the Rossby number in her
study. However, given the importance of this parameter to magnetic
topologies and activity, we also wanted to investigate how it affects
activity cycle periods. Fig. 2d shows the sample of Bohm-Vitense
(2007) plotted in activity cycle period-Rossby number space (open
circles). Additionally our sample is also plotted in red and blue cir-
cles. These colours have the same meaning as in the rest of Fig. 2.
The inactive branch can be seen as a sequence extending down
the right hand side of the plot (most easily seen by following the

2 Saar & Brandenburg (1999) use an alternative Rossby number definition
to the one given here; Rosg = Pyot/4717. = Ro/4n. In this paper, we will
use the definition outlined in the main body of text, i.e. Pro/7c, and con-
vert values quoted by Saar & Brandenburg (1999) to this definition when
necessary.
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Table 1. Parameters for the stars used in this study, ordered by Rossby number: label used to identify each star in Fig. 1, spectral type, mass,
rotation period, convective turnover time, Rossby number, primary and secondary cycle period (if one exists), X-ray to bolometric luminosity
ratio, toroidal energy fraction and the epoch of the observations from which each ZDI map was reconstructed. Each star is categorised as an
active (A) or inactive (I) branch star corresponding to the blue and red points in Fig. 2. The paper from which cycle periods are taken are
referenced with a superscript on each cycle period value. Similarly, the paper where each magnetic map was originally published is referenced
with a superscript in the observation epoch column. Cycle periods listed as fair or poor under the false alarm probability scheme of Baliunas
et al. (1995) are shown in brackets. Convective turnover times are from Saar & Brandenburg (1999). For the remaining parameters, references
can be found in Vidotto et al. (2014).

Star Figure  Spec. M, Prot Te Ro Peye Peye log Lx /Lol Jror 7ZDI obs Branch
ID Label ~ Type [Mo] [d] [d] [yr] [yr] epoch
Sun - G2v 1 26.09 119 2.19 100 - -6.24 0.05 2011 Apr® I
HD 3651 1 KOV 088 434 203 214 138D - -6.07 0.03 -3 I
18 Sco 2 G2v 098 227 119 191 7.1® - -6.81 0.01 2007 Aug® I
HD 10476 3 KIV 082 352 20 176 9.6 - -6.07 0.08 -3 I
61 Cyg A 4 K5V 066 342 25 137 720 -4.53 0.04 - I

0.07 2007 Jul®

0.08 2008 Aug®

0.13 2010 Jun©®

0.01 2013 Jul®©®

0.07 2014 Jul®
0.13 2015 Jun®
HD 78366 5 FOV 134 114 95 120 1220 (5.9M -4.74 0.04 -3 A
HD 76151 6 G3V 124 15 138 1.09 (2.52)1 - -5.23 0.09 2007 Feb® I
« Ceti 7 G5V 1.03 9.3 133 070 (5.6)WM - -4.71 0.62 2012 Oct? A
7 Boo 8 F7V 134 3 45 067 (116D  0.32® -5.12 0.63 2008 Jan® A

0.08 2008 Jun®

0.13 2008 Jul®

0.12 2009 May'?

0.38 2010 Jan"?
0.31 2011 Jan1®
€ Eri 9 K2V 086 103 213 048 2954D  1270D -4.78 0.08 2007 Jan? A

0.06 2008 Jan(!2

0.59 2010 Jan"?

026 2011 Oct!?

045 2012 Oct(1?
0.22 2013 Sep!?
£Boo B 10 K4V 072 103 25 041 4309 - 4.6 0.32 Q) A
HN Peg 11 GOV 1.1 455 133 034 5509 - -4.65 0.5 -3 A

0.51 2008 Aug!™

0.11 2009 Jun>

0.35 2010 Juld>

0.39 2011 Jul">
0.38 2013 Juld®
£Boo A 12 G8V 085 556 169 033 4719 1143 -4.44 0.81 -® A

0.4 2008 Feb®

0.61 2009 July®

0.66 2010 Jan®

0.33 -®

0.81 2010 Aug®

0.8 2011 Feb®

M: Baliunas et al. (1995); @: Vidotto (2016); ®: Petit et al. (in prep); ®: Hall et al. (2007); ©: Petit et al. (2008); ©: Boro Saikia et al.
(2016); M: do Nascimento et al. (2014); ®: Baliunas et al. (1997); ©: Fares et al. (2009); 19 Fares et al. (2013); 11: Metcalfe et al. (2013);
(2): Jeffers et al. (2014); 1): Oldh et al. (2009); (9 Messina & Guinan (2002); 15 Boro Saikia et al. (2015)

red points). The active branch is less obvious but can still be
seen in this plot.

4 DISCUSSION
4.1 Large-scale field geometry along activity branches

Fig. 1b shows that all the inactive branch stars are strongly poloidal
while the active branch stars can have strong toroidal fields. This is

also evident from Fig. 2a where the inactive stars (red points) are
all dominantly poloidal while the active branch stars (blue points)
show large fi. variations. We therefore propose the hypothesis that
stars on the two branches have distinct magnetic field topologies
- dominantly poloidal fields on the inactive branch while active
branch stars display significant toroidal fields with large temporal
variations in the toroidal energy fraction. We will discuss a poten-
tial problem with this hypothesis caused by an idiosyncrasy in our
sample in section 4.3. Before moving on, it is worth discussing the
active branch star, HD 78366. In Fig. 1b (labelled 5), it looks as if
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it might be discrepant due to its strongly poloidal fields. However,
this star has not been observed over its full activity cycle. With-
out further observations, it is not possible to tell whether it is truly
discrepant or whether it was just coincidentally observed during a
part of its cycle when it was in a poloidal state. It is also worth not-
ing that HD 78366 has a relatively high Rossby number despite its
short rotation period due to its early spectral type.

Given that there are only five inactive stars, four of which have
only been observed during one epoch each, one might question
whether these stars would display large f,,, variations over a cycle.
However, 61 Cyg A has been observed at six epochs over the course
of its seven year cycle (Boro Saikia et al., 2016). These authors
showed that this star remained almost entirely poloidal throughout
their observations. This suggests that inactive branch stars remain
largely poloidal even after considering activity cycle variations.

An explanation for the differing magnetic topologies on each
branch may lie in the dynamos of these stars. It is thought that
strong shearing, i.e. an Q effect, can generate toroidal field from a
poloidal field (though this is not the only manner in which toroidal
fields can be generated). Bohm-Vitense (2007) propose that the
dominant shear layer for inactive branch stars is the interface be-
tween the radiative core and the outer convective layer, i.e. the
tachocline, while for active branch stars, the dominant shear layer
is the near surface shear layers. For stars with periods on both
branches, both shear layers would contribute significantly. Since
the tachocline lies at a greater fractional depth, flux generated there
takes longer to rise and emerge at the stellar surface. In contrast,
flux generated in near surface shear layers takes less time emerge
and may be more likely to emerge in a stressed or toroidal state.
This may explain why it is only the active branch stars that are
able to possess dominantly toroidal fields. Under this interpreta-
tion, one would expect stars with cycle periods on both branches to
display large fi, variations throughout their cycles since the near
surface shear layer and the tachocline would both be contributing
to dynamo action. This is the behaviour shown by € Eri and 7 Boo,
which are the only stars that we have ZDI maps for that have cycle
periods on both branches. However, Broomhall et al. (2012) find
some evidence that the short quasi-biennial variations of the sun
may originate in the near surface shear layers. This appears to be
a contradiction to the suggestion that the dominant shear layer for
short cycle period (inactive branch) stars is the tachocline while for
long cycle period (active branch) stars, it is the near surface shear
layers. Metcalfe et al. (2013) speculates that the rotational history
of the Sun makes it an outlier while the preliminary analysis of do
Nascimento et al. (2015) suggests that the Sun might be part of a
previously unrecognised branch.

We can also gain further insight from the observations by com-
paring Figs. 1a and 1b. These figures are split into three regions as
indicated by the shaded background. To the left and right of the
shaded region, we find only active and inactive branch stars respec-
tively corresponding roughly to P, < 10 days and P, > 22 days.
Within the shaded region, the active and inactive branches overlap.
Looking at Fig. 1a, we see that the shape of the Ro = 1 curve in
stellar mass-rotation period space dictates the magnetic geometry
along each of the branches. To the right of the shaded region, most
of the stars have Ro > 1 and, hence, are dominantly poloidal ex-
plaining why we find poloidal stars on the inactive branch. Con-
versely, to the left of the shaded region, most of the stars have
Ro < 1 and, hence, are capable of generating strong toroidal fields
explaining the toroidal stars we find on the inactive branch. In the
intermediate region, we find a mix of Ro > 1 and Ro < 1 stars and,
hence, a mix of poloidal and toroidal stars. These may correspond
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to stars on the inactive and active branches respectively though cur-
rently, it is not possible to tell due to the very small number of stars
with both a ZDI map and a chromospheric activity cycle period
determination in this intermediate region.

4.2 Magnetic vs chromospheric cycles

Long term ZDI observations have shown that stellar magnetic fields
are inherently variable (e.g. Donati et al., 2003; Petit et al., 2009).
Of particular interest are stars that show polarity reversals anal-
ogous to the ~22 year magnetic cycle of the Sun. Based on two
polarity reversals, Morgenthaler et al. (2011) suggested that HD
78366 could have a magnetic cycle of ~3 years while several au-
thors have studied 7 Boo determining that the most probably value
for its magnetic cycle period is 2 years or 8 months (Donati et al.,
2008; Fares et al., 2009, 2013; Mengel et al., 2016). Poppenhaeger
et al. (2012) were unable to find indications of this short activity
cycle in X-ray observations of 7 Boo though this may be due to the
sparse sampling of their data or the fact that X-ray cycles can be
difficult to detect (Mclvor et al., 2006). Three dimensional magne-
tohydrodynamic simulations of 7 Boo also suggest that the X-ray
cycle would be difficult to detect (Vidotto et al., 2012; Nicholson
et al., 2016).

The short magnetic cycle of HD 78366 appears to be at odds
with the much longer cycle period determined from chromospheric
activity observations (Baliunas et al., 1995). However, there may
be no discrepancy between the two sets of values. In the solar case,
the chromospheric cycle period is half the length of the magnetic
cycle period. If we assume that this is also the case for the short
magnetic cycle period of HD 78366, we can predict 10g wey./Q =
log Pt /Peye = log ﬁ';‘ijf: = —1.68. We plot this value with a star
symbol in Fig. 2¢c and see that it roughly coincides with the inactive
branch. It seems that the magnetic cycle period determined from
ZDI for HD 78366 may be characteristic of the inactive branch
while the chromospherically determined period is characteristic of
the active branch. If this is true, then one would expect chromo-
spheric observations with a time sampling of sufficient density to
find an additional chromospheric cycle period of roughly 1.5 years
for HD 78366. The data for 7 Boo, which has a similar spectral type
to HD 78366, would also seem to favour such an interpretation. Just
like HD 78366, T Boo also has a long chromospheric cycle (11.6
years; Baliunas et al., 1995) and a short magnetic cycle (2 years
or 8 months). However, in this case a shorter chromospheric cycle
that is associated with the magnetic cycle has also been detected
(116 days; Baliunas et al., 1997; Mengel et al., 2016). Similarly
to HD 78366, we predict a cycle length for 7 Boo from the two
most likely time-scales (2 years or 8§ months) for the magnetic po-
larity flips and plot these with stars on Fig. 2c. If this scenario is
true, HD 78366 finds itself in a curious position of having three
cycle periods (two chromospherically determined cycles (Baliunas
etal., 1995) and a short magnetic cycle (Morgenthaler et al., 2011))
that cannot be explained by two dynamo modes as Bohm-Vitense
(2007) suggests. We do note that the shorter chromospherically de-
termined cycle period is only assigned a false alarm probability of
‘fair’ by Baliunas et al. (1995). Additional, we also note that Bal-
iunas et al. (1995) assigned a false alarm probability of ‘poor’ to
the 11.6 year chromospheric cycle period that they determined for
7 Boo. Correspondingly, the discussion in this section should be
treated with caution.

Currently, there are very few stars on which regular polarity
reversals have been observed. Looking at the sample of Saar &
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Table 2. Our results suggest that inactive branch stars are dominantly poloidal
while active branch stars are able to generate strong toroidal fields. However, it
is currently unclear if this result is due to a degeneracy in our sample (see sec-
tion 4.3 for further discussion). In this table, we present a list of ZDI targets
that would help break the degeneracy in the sample. For each star, the stel-
lar mass, rotation period, primary and secondary cycle period (if one exists),
Rossby number, apparent magnitude and average S index are listed. Unless
noted below, stellar masses are obtained from Takeda et al. (2007), rotation
periods, cycle periods and magnitudes from Bohm-Vitense (2007), convec-
tive turnover times (to calculate Rossby numbers) from Saar & Brandenburg
(1999) and average S index from Baliunas et al. (1995). Additionally, these
stars would fill in the gap at Ro ~ 1 in Fig. 2a as stars transition from
dominantly poloidal to being able to generate significant toroidal energy
fractions.

Star My Prot Pcyc 1:)cyc,2 Ro my ()
ID Mo [d] [yr] [yr]

HD 114710  1.147 1235 166 9.6 144 426 0.201
HD 190406 1.069 1394 169 26 139 58  0.194
HD 115404 0.86® 1847 124 - 0.81 6.52 0.535

HD 149661  0.892 21.07 162 4 1.05 575 0.339
HD 165341 0.89® 199 155 5.1 097 4.03 0.392

@: Marsden et al. (2014), ®): Fernandes et al. (1998)

Brandenburg (1999), HD 190406 has a relatively short chromo-
spheric cycle period (2.6 years). If the magnetic fields of this star
does undergo regular polarity reversals, its relatively short period
makes it an attractive target.

4.3 Breaking the degeneracy in rotation period/Rossby
number

The sample of stars with measured magnetic field geometries and
chromospheric activity cycles is currently relatively small. Within
this sample, all the stars on the inactive branch (marked red in Fig.
2) have Ro > 1, while, with the exception of HD 78366, all those on
the active branch (marked blue) have Ro < 1. As shown in Fig la,
the value of Ro ~ 1 also seems to separate stars with little toroidal
field (Ro > 1) and those that can generate significant toroidal fields
(Ro < 1). It is therefore tempting to associate the active branch
with toroidal fields and the inactive branch with poloidal fields.
This would be a very powerful result as it would allow some in-
formation about the length of the magnetic cycle to be deduced
from a measurement of the field geometry. However, we must be
cautious not to over interpret the data at this stage.

Currently, with the exception of HD 78366 (Ro = 1.2), no ac-
tive branch stars with Ro > 1 have been mapped with ZDI and
hence we have little information about their field topologies. If
these stars are able to generate significant toroidal fields, this would
be strong evidence in favour of our hypothesis. However, if these
stars turn out to be dominantly poloidal, we would need to recon-
sider the interpretation of the data. It is therefore important to map
the surface fields of active branch stars with Ro > 1 using ZDI over
their entire cycle. Within the sample of Saar & Brandenburg (1999),
there are a number of stars with Ro > 1 that possess cycle periods
on the active branch, e.g. HD 165341A & HD 190406. Under our
proposed interpretation, we would expect these stars to show large
Jior variations over their activity cycle despite having Ro > 1. As
discussed in section 4.2, HD 190406 also has a relatively short cy-
cle period making it even more attractive as an observational target.

Similarly, in Fig. 1b, we see that, for our sample, the two

branches are almost entirely segregated by rotation period with the
transition occurring at a rotation period of roughly 15 days. Petit
et al. (2008) have already shown that rotation period is an important
parameter determining the toroidal energy fraction. This raises the
question - do stars capable of generating large fi,, values only ap-
pear on the active branch because these are the fastest rotators or is
there something physically significant about the dynamos of active
branch stars such that they are capable of generating large toroidal
energy fractions in their surface fields? A method of breaking this
degeneracy would be to map the fields of stars in the intermedi-
ate shaded regime where the branches overlap. If our hypothesis
is correct, one would expect active branch stars in this region to
display large toroidal energy fractions while inactive branch stars
with similar rotation periods would display only poloidal fields. In
table 2, we list a set of ZDI targets that would be help break the de-
generacy discussed in this section. These stars all lie on the active
branch in the intermediate region of Fig. 1b. Under our interpreta-
tion, we would therefore expect them to be capable of generating
strong toroidal fields. Looking at their masses and rotation periods,
we find that, with the exception of HD 114710, they all lie close to,
or below the Ro = 1 curve in Fig. 1a. This suggests that they should
indeed be able to generate strong toroidal fields. It is clear that more
ZDI maps and activity cycle period determinations, especially de-
terminations of true magnetic cycle periods, will be needed before
our hypothesis can be confirmed or rejected.

5 CONCLUSIONS

Progress can be made in understanding stellar activity cycles by
studying them in tandem with large-scale stellar magnetic field
characteristics. In this paper, we have studied a sample of stars
that have both (a) their large-scale magnetic fields reconstructed
with Zeeman-Doppler imaging and (b) a chromospheric cycle pe-
riod determination in the literature. We propose that active branch
stars are able to maintain significant toroidal energy fractions with
large epoch to epoch variations over the course of their activity cy-
cle while stars that lie solely on the inactive branch remain domi-
nantly poloidal. The reason for this behaviour may be due to differ-
ent dynamo modes operating along the active and inactive branches
as proposed by Bohm-Vitense (2007). If this is indeed the case, it
could provide a way to determine which branch a cycling star lies
on, and hence a method of estimating a cycle period, before a cycle
period determination is made.

Despite the progress made, there are still outstanding ques-
tions. For example, why are discontinuous branches observed in
the context of cycle periods but not in the activity-rotation relation?
Both are manifestations of the underlying dynamo so one might
naively expect them to follow similar behaviours. Possible expla-
nations include the presence of an additional intermediate branch
between the active and inactive branches (do Nascimento et al.,
2015) or that the gap between the branches is not as distinct as cur-
rently thought (Boro-Saikia et al., in prep). Any forthcoming an-
swers will most likely be found via theoretical simulation informed
by observable constraints.
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