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ABSTRACT
One of the aims of the BCool programme is to search for cycles in other stars and to understand
how similar they are to the Sun. In this paper, we aim to monitor the evolution of τ Boo’s
large-scale magnetic field using high-cadence observations covering its chromospheric activity
maximum. For the first time, we detect a polarity switch that is in phase with τ Boo’s 120-day
chromospheric activity maximum and its inferred X-ray activity cycle maximum. This means
that τ Boo has a very fast magnetic cycle of only 240 days. At activity maximum τ Boo’s
large-scale field geometry is very similar to the Sun at activity maximum: it is complex and
there is a weak dipolar component. In contrast, we also see the emergence of a strong toroidal
component which has not been observed on the Sun, and a potentially overlapping butterfly
pattern where the next cycle begins before the previous one has finished.

Key words: techniques: polarimetric – stars: activity – stars: individual: (τ Boo) – stars: mag-
netic field – stars: solar-type – starspots.

1 IN T RO D U C T I O N

The Solar-butterfly diagram illustrates the Solar-cycle both in terms
of its 11-year sunspot cycle and its 22-year magnetic cycle. After
the maximum of the cycle, sunspots appear at mid-latitudes, and
then evolve closer and closer to the equator until solar minimum is
reached. The wings of the Solar butterfly are well separated meaning
theby that the new cycle starts only when the old cycle has finished.
The magnetic cycle of the Sun is aligned with its chromospheric
activity (S-index) cycle with polarity reversals of its large-scale field
every 11 years. Currently, the only other star known to show this
Solar-like behaviour is the K5 dwarf 61 Cyg A, where the polarity
cycle of its large-scale field is in phase with its 7.3 year S-index
activity cycle (Boro Saikia et al. 2016). Similar to the Sun, 61 Cyg

� E-mail: jeffers@astro.physik.uni-goettingen.de
†Based on observations made through OPTICON with Telescope Bernard
Lyot (TBL, Pic du Midi, France) of the Observatoire Midi-Pyrenees, which
is operated by the Institut National des Sciences de l’Univers of the Centre
National de la Recherche Scientifique (CNRS) of France.

A’s large-scale field is complex at activity maximum and simple
at activity minimum. In contrast, the K2 dwarf ε Eridani shows a
complex and highly variable large-scale magnetic field at its activity
minimum (Jeffers et al. 2017, paper I of this series).

Another star that shows frequent polarity switches is the planet-
hosting F7 dwarf τ Bootis (Catala et al. 2007; Donati et al. 2008;
Fares et al. 2009, 2013; Mengel et al. 2016). Surprisingly, τ Boo’s
S-index cycle is only 120 days (Mengel et al. 2016; Mittag et al.
2017) which is three times faster than the yearly polarity rever-
sal frequency derived by Fares et al. (2009), though they did find
weaker evidence for a shorter cycle (and is also discussed by See
et al. 2016). This led Mengel et al. (2016) to suggest that the dis-
crepancy between the two cycle lengths is because the observational
epochs used to reconstruct τ Boo’s large-scale magnetic field have
been taken too far apart. If τ Boo’s large-scale field changes polarity
every 120 days, or 240 days to return to the original polarity, this
would make it the fastest magnetic cycle ever observed. In addition,
this would imply that τ Boo has, similar to the sun or 61 cyg A, po-
larity reversals that are in phase with its S-index cycle. If confirmed,
this would open up a new parameter space for understanding the
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Table 1. Journal of Observations. The rotational phase is defined as HJD
2453450.984 + 3.31245E and is used for all epochs, with subsequent epochs
taking phase = 0 as an integer number of cycles from this value. The
exposure time of all observations is 4∗600s for the NARVAL Observations
(N in column 2) and 4∗90s for the ESPADONS observations (E in column
2). The Julian date shown is +2452000. The full table is in the Appendix
Table A1.

Date Ins Julian UT Phase LSD S-
2016 Date S/N index

Map 1 (2016.21)
17.03 N 464.538 00:48:35 0.65 34130 0.187
17.03 N 464.659 03:42:58 0.69 35871 0.187
18.03 N 465.570 01:35:23 0.96 33827 0.194
.....

magnetic field generation processes in the Sun and other Solar-type
stars. The aim of this paper is to determine with certainty if τ Boo
has a shorter magnetic cycle period. If this is the case, it would
make τ Boo an ideal target to compare the evolution of its large-
scale field at activity maximum to the Sun’s field at activity maxi-
mum. To achieve this, we densely monitor the evolution of τ Boo’s
large-scale magnetic field geometry and polarity over the S-index
maximum that occurred in June 2016. We reconstruct the geometry
and polarity of τ Boo’s large-scale field: (1) 2 months before S-index
maximum to get the polarity of the field before activity maximum,
(2) during and immediately after the S-index maximum, (3) 1–2
weeks after S-index maximum and (4) 3–4 weeks after S-index
maximum.

2 O BSERVATIONS AND DATA ANALYSIS

The observations of τ Boo were secured using the high-resolution
echelle spectrographs ESPADONS, located at the Canada France
Hawaii telescope, and NARVAL, located at Telescope Bernard Lyot,
France (Aurière 2003) in spectropolarimetric mode. The instrumen-
tal setup, observing, and data reduction procedure have previously
been described in detail by Mengel et al. (2016). We observed τ Boo
over a time-span of 4 months from March 2016 to July 2016. The
observations are summarized in Table 1. All Stokes I and Stokes V
reduced spectra were processed using LSD (Least-Squares Decon-
volution Donati et al. 1997). The line mask used was downloaded
from the VALD atomic database for a star with: Teff = 6250 K,
log g = 4.0, a depth threshold of 0.4 and containing an average of
3840 (ESPADONS) and 3716 lines (NARVAL). We use this mask
for consistency with Mengel et al. (2016). This line mask was ap-
plied to each spectrum with a step size of 1.8 km s−1 in the LSD
profile. More details on the data processing of τ Boo are presented
in Mengel et al. (2016). The S-index values calculated for all spec-
tra are calibrated to the values from the Mount Wilson S-index
survey. The S-index values show the highest values over a time
period of approximately seven days centred on 9 June 2016. The
S-index values obtained in this work are consistent with the values
reported by Baliunas et al. (1997); Mengel et al. (2016); Mittag et al.
(2017); Schmitt & Mittag (2017). The first observations in this work
occur immediately after the phase jump reported by Mittag et al.
(2017), though we do not notice any effect of this in our S-index
measurements.

Table 2. Stellar Parameters.

Parameter Value Reference

Effective Temperature (K) 6399 ± 45 Borsa et al. (2015)
Mass (M�) 1.39 ± 0.25 Borsa et al. (2015)
Radius (R�) 1.42 ± 0.08 Borsa et al. (2015)
v sin i (km s−1) 14.27 ± 0.06 Borsa et al. (2015)
Prot (day) 3.1 ± 0.1 Mengel et al. (2016)
Inclination (deg) 44.5 ± 1.5 Brogi et al. (2012)
Age (Gyr) 0.9 ± 0.5 Borsa et al. (2015)

Table 3. Differential Rotation.

Epoch �eq (rad d−1) d� (rad d−1)

Map 1 / 2016.21 used Map 2 values
Map 2 / 2016.44 2.00 ± 0.03 0.31 ± 0.08
Map 3 / 2016.47 1.99 ± 0.02 0.11 ± 0.08
Map 4 / 2016.54 1.95 ± 0.01 0.16 ± 0.04

3 LARGE-SCALE MAG NETI C FI ELD
G E O M E T RY

The large-scale magnetic field geometry of τ Boo is reconstructed
using the tomographic technique of Zeeman-Doppler imaging
(ZDI). The technique samples the stellar surface using a series
of local Stokes V profiles which are computed based on the stel-
lar parameters shown in Table 2. These profiles are then used to
compute disk-integrated synthetic Stokes V profiles, which are iter-
atively fitted to the observed Stokes V profiles using the maximum
entropy algorithm described by Skilling & Bryan (1984). The large-
scale magnetic field of τ Boo is reconstructed by assuming that the
field geometry is projected onto a spherical harmonics frame (Do-
nati et al. 2006), where the magnetic energy is decomposed into
poloidal and toroidal components. A spherical harmonics expan-
sion with a maximum value of �max = 9 was used as there was no
improvement to the fits using larger values. A reduced χ2 of 0.9 was
obtained for all of the maps when differential rotation was included
in the image reconstruction process. We determine the differential
rotation of the magnetic features using the same method as previ-
ously applied to τ Boo by Mengel et al. (2016). The resulting values
are tabulated for each epoch in Table 3, where the values for Map
2 are also used in the reconstruction of Map 1 due to its sparser
phase coverage. The values of differential rotation are consistent
with the previous measurements of Donati et al. (2008); Fares et al.
(2009); Mengel et al. (2016). For all epochs, the equatorial rotation
period, �eq, remains constant within the errors, and is consistent
with the photometric rotation period taking τ Boo’s inclination into
account. In contrast, the difference between pole and the equator,
d�, is shown to vary from 0.10 ± 0.04 rad d−1 in May 2014 to
0.5 ± 0.12 rad d−1 in June 2007.

3.1 Magnetic maps

The large-scale magnetic field geometry of τ Boo is shown in
Fig. 1 for four epochs spanning a period of four months. The fits
to the Stokes V profiles are shown in Fig. 2. The observations were
subdivided up as indicated in Table 1 to ensure that any gaps in the
observations were minimized and to ensure that the phase coverage
doesn’t exceed several stellar rotations due to the strong surface
shear. The division of the observations into the magnetic maps was
extensively tested with different combinations of observations. For
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5268 S. V. Jeffers et al.

Figure 1. Magnetic field maps of τ Boo reconstructed for (left to right) Map 1 (2016.21), Map 2 (2016.44), Map 3 (2016.47), and Map 4 (2016.54). Each
image has the same scale with Bmax = 15G and where yellow/red indicates positive polarity and cyan/blue negative polarity. The tick marks at latitude –25◦
indicate the observational phases used in the image reconstruction.

Figure 2. Fits to the Stokes V profiles for for each ZDI Maps showing the fits (red line) to the data (blue line).

example, when we reconstructed five magnetic maps instead of four,
the phase coverage was too sparse to reconstruct reliable maps. The
phase coverage of Map 1 is not optimal due to unfortunate weather
conditions and we caution a detailed interpretation of this result.
However, the global structures, e.g. the polar spot with negative
polarity, are considered to be reliable.

3.1.1 Radial field component

Over the time-span of the observations, there is significant evolution
of τ Boo’s radial magnetic field. For Map 1 (2016.21), there is a large
polar region of negative polarity. The next epoch is ∼2.5 months
later at 2016.44 (Map 2) which is near S-index maximum, where
we observe a polarity switch and the dominant radial magnetic field
at high latitudes now has a positive polarity, with a small weak
negative spot at the pole. The new positive magnetic features form
a band at high latitudes with stronger spots at phases 0.3 and 0.95.
Additionally, there are low latitude spots with negative polarity at

phases 0.25, 0.45. and 0.8. One week later, Map 3 shows that the
previously observed band of positive polarity is still present but
more concentrated into spots at 0.15, 0.45 and a weaker structure at
0.75 which had negative polarity one week earlier. These spots also
occur at slightly lower latitudes than Map 2 along with a stronger
and larger polar spot with negative polarity. In the final map, one
week later, Map 4, the negative polar region has grown in strength
and now extends to equatorial latitudes at phase 0.0. The band
of positive polarity at high latitudes now occurs at slightly lower
latitudes and the spots are concentrated at phases 0.2 and 0.7–0.95.
There are some weak negative magnetic spots at equatorial phases
and a stronger negative spot at phase 1.0.

3.1.2 Azimuthal field component

The azimuthal field component remains weak compared to the ra-
dial field at all epochs. At the start of the observations, in Map 1,
there is virtually no azimuthal field. Near to activity maximum, a

MNRAS 479, 5266–5271 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/479/4/5266/5049306
by The Open University user
on 07 August 2018



The rapid magnetic activity cycle of τ Boo 5269

Table 4. Fraction of the large-scale magnetic energy reconstructed in the toroidal and poloidal field components; the fraction of the poloidal field in the dipolar
(� = 1), quadrupolar (� = 2), and octupolar (� = 3) components; and the fraction of the energy stored in the axisymmetric component (m = 0). Caution is
advised in a detailed interpretation of the results for Map 1 due to its poor phase coverage.

Map / Epoch Bmean Bmax Toroidal Poloidal Dipolar Quad. Octupolar � >3 Axisym. Poloidal Toroidal
(G) (G) (% tot) (% tot) (% pol) (% pol) (% pol) (% pol) (% tot) (% axi) (% axi)

1 / 2016.21 2.4 12.0 15 85 50 15 12 23 51 55 28
2 / 2016.44 2.5 9.2 36 64 9 12 16 37 38 27 57
3 / 2016.47 2.8 9.4 23 77 28 9 14 51 56 53 63
4 / 2016.54 2.6 9.9 19 81 23 11 11 55 42 44 31

Figure 3. The evolution of τ Boo’s large-scale field during S-index max-
imum. The symbol shape indicates the axisymmetry of the field (non-
axisymmetric by pointed star shape and axisymmetric by decagon), the
colour of the symbol indicates the proportion of poloidal (red) and toroidal
(blue) components of the field and the symbol size indicates the magnetic
field strength. The green points are the individual S-index measurements.
The blue line indicates the S-index cycle and is a continuation of the S-index
cycle from Mengel et al. (2016).

weak positive field starts to emerge. One week later, there are ad-
ditionally a few very weak negative spots. Two weeks after activity
maximum, the azimuthal field remains weak with several weaker
spots of negative polarity. These results are in contrast to the previ-
ous results of Fares et al. (2009) where they report a polarity switch
in all three components, though they note that the azimuthal field
lags the radial field by a factor of 18 per cent (=22 days assuming
a 240-day magnetic cycle). Since there are negative regions emerg-
ing, it could indicate that the azimuthal field leads, and the radial
field follows. Additional observations over a full cycle are required
to confirm this.

3.1.3 Meridional field component

The meridional field remains weak over the time-span of the obser-
vations. As previously discussed by Donati & Brown (1997), the
cross talk between the radial and meridional fields primarily affects
magnetic features at low latitudes, which implies that the higher
latitude features are reliably reconstructed. Given that τ Boo’s in-
clination is 44.5 ± 1.5◦ (Brogi et al. 2012) the direction of the
cross-talk, e.g. meridional to radial or from radial to meridional, is
not clear.

3.2 Magnetic energy

Over the time-period of the observations, τ Boo’s large-scale mag-
netic field exhibits a polarity switch before activity maximum, and

a notable evolution in its large-scale field after activity maximum
(Maps 2, 3, and 4). In terms of the magnetic energy, the components
are summarized in Table 4 and in Fig. 3. Over the time-span of all
four maps, there is an increase in the field complexity for orders �

> 3, from 23 per cent in Map 1, though this could result from the
suboptimal phase coverage, to 55 per cent in Map 4. At the same
time, there is a notable re-emergence of the toroidal field energy af-
ter the polarity switch in Map 2 (36 per cent) which then decreases
back to the level of Map 1 by Map 4. There is also a sharp decrease
in the dipolar component of the poloidal field at activity maximum
which then increases. Finally, there is a likely increase in the toroidal
component of the axisymmetric field after the polarity switch, from
57 per cent in Map 2 to 63 per cent in Map 3, and then rapidly de-
creases to 31 per cent in Map 4. The other noteworthy change is the
fraction of energy in the axisymmetric component where there are
small fluctuations for all maps. The remaining components of the
magnetic field energy show small fluctuations, though the average
field strength remains constant over all of the maps.

4 D ISCUSSION

Our results, together with previous observations, show with cer-
tainty that the polarity of τ Boo’s large-scale magnetic field changes
on a time-scale of 120 days and is co-incident with its S-index cycle.
The frequency of the polarity switch is compatible with the polarity
of previous ZDI maps as shown in Fig. 4. τ Boo is only the second
star, apart from the Sun, known to have a polarity switch that is
coincident with its S-index cycle. The 120-day S-index cycle of τ

Boo is much faster than the 7.3-yr cycle of 61 Cyg A and the 11-yr
cycle of the Sun.

Over the short time-span of our observations, τ Boo’s large-scale
magnetic field shows large variations including a negative to positive
polarity switch that happened before its S-index maximum. The
radial field evolves significantly over a time-scale of a few weeks
following the polarity switch, where there is a surprising emergence
of a polar spot of negative polarity. In contrast, the azimuthal field
shows a complex, though weak, field structure which is dominated
by regions of positive polarity, though regions of negative polarity
start to emerge by Map 4. These results are comparable to epochs
May 2014 and January 2015, which were also observed after activity
maximum (Mengel et al. 2016).

Our results show that there are important characteristics of τ

Boo’s large-scale magnetic field that are both comparable and, at
the same time, different to the large-scale magnetic field of the Sun.
The first similarity is the large increase in the field complexity with
more energy in modes � > 3 which ranges from 37 per cent at activ-
ity maximum (Map 2) and then up to 55 per cent over the time-span
of 1.5 months. An increase in the complexity of the large-scale field
at activity maximum has previously been observed on the Sun and
the K dwarf 61 Cyg A (DeRosa, Brun & Hoeksema 2012; Boro
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5270 S. V. Jeffers et al.

Figure 4. Schematic illustration of the correlation of the polarity of the reconstructed ZDI maps (bottom row) with the 1 year (top row) and 118 day (middle
row) magnetic cycle periods. Note that all the observed polarities match the schematic polarity only for the 120-day cycle. References: Catala et al. (2007);
Donati et al. (2008); Fares et al. (2009, 2013); Mengel et al. (2016).

Saikia et al. 2016). The second similarity is that there is a strong
decrease in the dipolar component after the polarity switch, which
then rises again over the following 1.5 months after activity maxi-
mum. The Sun shows a similar trend as reported in fig. 1 of DeRosa
et al. (2012), though over a longer time period than that for τ Boo.
Interestingly, after the polarity switch, there is an emergence of
a significant toroidal field which decreases during the 1.5 months
after activity maximum. Currently, there are no comparable obser-
vations of the Sun’s toroidal field but if the Sun’s large-scale field
is similar to τ Boo’s large-scale field, it should exhibit similar field
characteristics. An analysis using vector synoptic maps of the Sun
would be very insightful (Vidotto 2016). In the case of the Sun, the
quadrupolar field is an order of magnitude larger than the dipolar
field, which is in contrast to what we observe on τ Boo. The main
polarity switch that we have observed is from negative to positive
polarity field that occurs just before activity maximum. The emer-
gence of an additional magnetic spot with negative polarity after
activity maximum (e.g.at polar regions in Maps 2–4) resembles an
overlapping butterfly diagram, where one cycle starts before the
previous one has finished, in contrast to the well-separated butter-
fly diagram observed on the Sun. More observations of τ Boo are
needed to confirm this.

Another characteristic feature of the Solar-cycle is that the X-ray
magnetic cycle is aligned with its S-index cycle. Previous X-ray
observations of τ Boo by Poppenhaeger, Günther & Schmitt (2012)
did not detect a coronal magnetic cycle. The reason why a cycle
was not detected is likely because the X-ray measurements were
secured at very sparsely sampled epochs. An alternative explanation
could be that magnetic cycles are not always observable in X-rays
(McIvor et al. 2006). Additional X-ray detections of τ Boo, recently
reported by Mittag et al. (2017), could be in phase with τ Boo’s S-
index cycle, though further higher cadence X-ray observations are
required to confirm this indicative coronal cycle. Our results show
that a polarity switch in τ Boo’s large-scale magnetic geometry field
coincides with its 120-day S-index and inferred coronal activity
maximum and opens up a new parameter space in the quest for
understanding the magnetic field generation mechanisms in the Sun
and other Solar-like stars.
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A P P E N D I X A : J O U R NA L O F O B S E RVAT I O N S

Table A1. Journal of Observations. The rotational phase is defined as HJD
2453450.984 + 3.31245E and is used for all epochs, with subsequent epochs
taking phase = 0 as an integer number of cycles from this value. The
exposure time of all observations is 4∗600s for the NARVAL Observations
(N in column 2) and 4∗360s for the ESPADONS observations (E in column
2). The Julian date shown is +2452000.

Date Ins Julian UT Phase LSD S
2016 Date S/N index

Map 1 (2016.21)
17.03 N 464.538 00:48:35 0.65 34130 0.187
17.03 N 464.659 03:42:58 0.69 35871 0.187
18.03 N 465.570 01:35:23 0.96 33827 0.194
18.03 N 465.618 02:44:17 0.98 36018 0.193
21.03 N 468.522 00:25:47 1.86 46888 0.189

Map 2 (2016.44)
03.06 N 543.422 22:02:33 24.47 36728 0.194
04.06 N 543.524 00:28:55 24.50 39730 0.194
04.06 N 544.424 22:05:54 24.77 46105 0.194
05.06 N 544.525 00:30:31 24.80 43656 0.195
05.06 N 545.437 22:24:50 25.08 40260 0.200
07.06 N 547.418 21:57:11 25.68 48636 0.192
08.06 N 548.421 22:01:27 25.98 52629 0.196
08.06 N 548.514 24:15:47 26.00 51456 0.197
09.06 E 548.81 07:28:33 26.10 50810 0.201
10.06 E 549.78 06:45:02 26.39 50991 0.199
11.06 E 550.80 07:03:26 26.69 46764 0.197
12.06 E 551.82 07:35:31 27.00 49895 0.201

Map 3 (2016.47)
17.06 E 556.76 06:16:00 28.49 36576 0.197
17.06 E 556.78 06:42:15 28.50 29335 0.197
18.06 E 557.75 05:49:39 28.79 38711 0.201
19.06 E 558.76 06:07:30 29.10 51118 0.198
20.06 E 559.75 05:56:51 29.40 51637 0.195
21.06 E 560.79 06:55:25 29.71 51681 0.196
22.06 E 561.79 06:55:57 30.01 43092 0.198
23.06 E 562.75 05:57:46 30.30 50764 0.191
24.06 E 563.75 06:00:11 30.60 50815 0.196
22.06 N 562.385 21:11:18 30.19 33442 0.188
22.06 N 562.486 23:36:57 30.22 27658 0.189
27.06 N 567.381 21:06:22 31.70 47415 0.193
27.06 N 567.484 23:34:15 31.73 33571 0.195
28.06 N 568.398 21:31:07 32.01 44240 0.192

Map 4 (2016.54)
02.07 N 572.404 21:40:15 33.22 43145 0.191
03.07 N 573.399 21:32:19 33.52 54490 0.190
05.07 N 575.447 22:41:46 34.14 43655 0.189
06.07 N 576.385 21:12:21 34.42 26389 0.189
08.07 N 578.394 21:26:08 35.03 53673 0.191
09.07 N 579.427 22:13:34 35.34 45543 0.190
14.07 N 584.449 22:45:55 36.85 36385 0.190
15.07 N 585.440 22:32:28 37.15 42005 0.189
19.07 N 589.372 20:54:58 38.34 43063 0.188
25.07 N 595.366 20:47:27 40.15 49559 0.187
26.07 N 596.385 21:15:28 40.46 42596 0.187
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