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ABSTRACT

Aims. We investigate the long-term evolution of the large-scale photospheric magnetic field geometry of the solar-type star
HD 190771. With fundamental parameters very close to those of the Sun except for a shorter rotation period of 8.8 d, HD 190771
provides us with a first insight into the specific impact of the rotation rate in the dynamo generation of magnetic fields in 1 M stars.
Methods. We use circularly polarized, high-resolution spectra obtained with the NARVAL spectropolarimeter (Observatoire du Pic
du Midi, France) and compute cross-correlation line profiles with high signal-to-noise ratio to detect polarized Zeeman signatures.
From three phase-resolved data sets collected during the summers of 2007, 2008, and 2009, we model the large-scale photospheric
magnetic field of the star by means of Zeeman-Doppler imaging and follow its temporal evolution.
Results. The comparison of the magnetic maps shows that a polarity reversal of the axisymmetric component of the large-scale magnetic field occurred between 2007 and 2008, this evolution being observed in both the poloidal and toroidal magnetic components.
Between 2008 and 2009, another type of global evolution occured, characterized by a sharp decrease of the fraction of magnetic
energy stored in the toroidal component. These changes were not accompanied by significant evolution in the total photospheric
magnetic energy. Using our spectra to perform radial velocity measurements, we also detect a very low-mass stellar companion to
HD 190771.
Key words. stars: activity – stars: atmospheres – stars: late-type – stars: rotation – stars: magnetic fields –
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1. Introduction
All rotating Sun-like stars exhibit spectral features indicative of
magnetic fields in their atmospheres. Chromospheric emission
(as measured for instance in the cores of CaII H & K spectral
lines) is often taken to be a good magnetic tracer, assuming that
the correlation observed locally in the Sun between photospheric
magnetic field and chromospheric flux (Schrijver et al. 1989)
holds for other stars as well. For a few tens of stars, time-series
covering several decades are now available and provide information about the existence and length of magnetic cycles that
diﬀerent types of cool stars generate (Baliunas et al. 1995; Hall
et al. 2007a). From this long-term monitoring, several trends can
be inferred. First, the chromospheric flux increases with the rotation rate, which is indicative of a more eﬃcient field generation
by dynamo action whenever fast rotation is present. Another observation is that all active stars do not undergo smooth activity
cycles, as the Sun does most of the time. Among the most active
dwarfs (which are also younger and rotate much more rapidly
than the Sun), stellar activity has a tendency to fluctuate erratically, while regular cycles are instead observed in slowly rotating, older stars such as the Sun. It also appears as if the long-term

Table 1 is only available in electronic form at
http://www.aanda.org

magnetic variability of Sun-like stars is very sensitive to fundamental stellar parameters, so that stars very similar to the Sun
can have a diﬀerent magnetic behaviour. While often being considered an excellent solar analogue, 18 Sco has been reported
to follow an activity cycle shorter than solar, with a period of
≈7 years (Hall et al. 2007b).
Since many stars experience a series of activity maxima and
minima in a similar way to the Sun, a natural step is to determine
whether these oscillations in chromospheric flux are associated
with global polarity reversals of the large-scale magnetic field,
as observed on the Sun between two successive solar minima.
For the Sun, the global component of the magnetic field displays
a strength of a few Gauss (e.g., Sanderson et al. 2003), is dominated by a dipole that is almost aligned with the spin axis when
the Sun is close to the minimum of its activity cycle, and is organized in a more complex multipolar geometry around solar
maximum. The global component of the magnetic field has been
observed on other cool active stars (Petit et al. 2005; Petit et al.
2008, hereafter P08). The observation of a preliminary sample
of 1 M stars by P08 suggests that rapid rotation has the eﬀect
of generating a large-scale toroidal field at the stellar surface,
the majority of the surface magnetic energy being concentrated
in the toroidal field whenever the rotation period is shorter than
about 2 weeks, as also found by 3-D MHD simulations of stellar
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dynamos (Brown et al. 2009). Our first study did not, however,
provide us with any information about the variety of configurations that these non-solar magnetic geometries can assume with
time.
In the present paper, we concentrate on HD 190771, the most
rapid rotator in the stellar sample first presented by P08, to investigate the temporal evolution of its large-scale magnetic field.
We first describe the new data sets obtained in 2008 and 2009,
as well as the procedure used to reconstruct magnetic maps
from the time-series of high signal-to-noise line-profiles. We
then compare the maps obtained in 2007 (see P08), 2008, and
2009 and discuss the information we obtain about the nature of
magnetic cycles in rapidly rotating solar analogues.

2. Observations and data modelling
2.1. Instrumental setup, data reduction, and multi-line
extraction of Zeeman signatures

The new data sets were obtained with the 2-m Telescope Bernard
Lyot (Observatoire du Pic du Midi, France), using the NARVAL
spectropolarimeter. The instrumental setup and data reduction
procedure are identical to those presented by P08. Observations
consist of high-resolution spectra (R = 65 000) covering the entire optical domain (from 370 to 1000 nm) and providing simultaneous recording of the stellar light as unpolarized (Stokes I)
and circularly polarized (Stokes V) spectra. In 2008, a total of
10 spectra were recorded between August 15 and September 16
(Table 1). Another set of 13 spectra were acquired in 2009,
between June 02 and July 05. The data were processed with
LibreEsprit, the automatic reduction software developed for
NARVAL (Donati et al. 1997).
For each spectrum, both Stokes I and V parameters are processed using the LSD technique (Least-Squares Deconvolution,
Donati et al. 1997). Using a line-mask defined by a solar photospheric model, we compute LSD line profiles using about
5000 spectral lines. The multiplex gain in signal-to-noise ratio
between the raw spectra and the LSD mean profiles is about 30,
reducing the noise to between 4 and 15 × 10−5 Ic , where Ic represents the intensity of the continuum. In these new data sets, the
noise is higher and also more variable than observed in our 2007
data, owing to poor transparency that significantly aﬀected part
of the 2008 and 2009 observing runs.
The sequences of Stokes V LSD line profiles are plotted
in Fig. 1, after removal of a mean radial velocity of –26.7 and
–26.5 km s−1 in 2008 and 2009, respectively. Zeeman signatures
are evident in a majority of the observations. In 2008, they display several similarities with the signatures recorded in the 2007
data set. We first note the maximum recorded amplitude of the
Stokes V signal of 7 × 10−4 Ic (of about 10 times the noise level),
against 6 × 10−4 Ic one year earlier. We also note that the shape
of the Zeeman signatures evolves with time, the signatures being sometimes mostly symmetric about the line center (rotational
phase 0.6133 in 2008, 0.0909 in 2007), sometimes almost antisymmetric (phase 0.5237 in 2008, 0.4121 in 2007), and sometimes almost flat (phases 0.2936 in 2008, 0.3199 in 2007). All
of these recognizable line-patterns are evident in 2008 with a
sign reversal in the Zeeman signatures compared to 2007 observations. No similar sign change is observed in the Stokes V
profiles of other cool active stars monitored during the same two
runs, ensuring that it is very unlikely that a possible sign switch
has been introduced by mistake during data reduction, aﬀecting
all data collected during one of the runs. In 2009, another type
of evolution was observed relative to 2008, symmetric Stokes V

Fig. 1. Normalized Stokes V profiles of HD 190771 for 2007, 2008 and
2009 (from left to right), after correction for the mean radial velocity of
the star. Black lines represent the data and red lines correspond to synthetic profiles of our magnetic model. Successive profiles are shifted
vertically for display clarity. Rotational phases of observations are indicated in the right part of the plot and error bars are illustrated on the
left of each profile.

signatures being absent in the latest data set, and antisymmetric
signatures of both polarities being observed all the time, except a
possibly symmetric (although noisy) signature at phase 0.8504.
2.2. Magnetic mapping

The sets of profiles are used to model the large-scale magnetic
geometry of the star, using the tomographic inversion technique
of Zeeman-Doppler Imaging (Donati & Brown 1997; Donati
et al. 2006). To compute synthetic Stokes V line profiles, we
develop a model of a stellar surface divided into a grid of pixels,
each pixel being associated with a local Stokes I and V profile. For a given magnetic field strength and orientation of each
pixel, local Stokes V profiles are calculated based on the weak
field assumption, i.e., assuming that Stokes V is proportional to
g.λ20 .B .∂I/∂λ, where λ0 is the average wavelength of the LSD
profile (about 534 nm), B is the line-of-sight projection of the
local magnetic field vector, and g is the eﬀective Lande factor
of the LSD profile, which is equal to 1.2. We further assume
that there is no large-scale temperature inhomogeneities over the
stellar surface, so that Stokes I profiles are locally the same over
the whole photosphere. For each pixel, we impose a Gaussian
shape on the local synthetic Stokes I profile, which has a FWHM
equal to 10.1 km s−1 (which provides the best fit to the observed
series of Stokes I profiles). At a given rotational phase, the
amplitude of the local Stokes profiles located on the visible
hemisphere of the star are then weighted according to a linear limb-darkening coeﬃcient equal to 0.75 (see P08) and their
wavelength location is shifted according to the line-of-sight velocity of the pixel, assuming that v sin i = 4.3 km s−1 (Valenti &
Fischer 2005) and i = 50◦ (P08).
Synthetic Stokes V profiles are computed for all observed
rotation phases and compared to the data sets. The data adjustment is iterative and based on a maximum entropy algorithm
(Skilling & Bryan 1984). The surface magnetic field is projected
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Fig. 2. Magnetic maps of HD 190771, derived from 2007, 2008, and 2009 observations in the left, middle, and right columns, respectively. The
map on the left is plotted after P08. For each data set, the 3 charts illustrate the field projection onto one axis of the spherical coordinate frame with,
from top to bottom, the radial, azimuthal, and meridional field components. The magnetic field strength is expressed in Gauss and the rotational
phases of observation are indicated as vertical ticks above each epoch.
Table 2. Magnetic quantities derived from the set of magnetic maps.
vr
Bmean
Pol. en. Dipole
Quad.
Oct.
Axi.
Ωeq
dΩ
log RHK
(km s−1 )
(G)
(% tot) (% pol) (% pol) (% pol) (% tot)
(rad d−1 )
(rad d−1 )
2007.59
−26.86 ± 0.03 51 ± 6
34 ± 1
43 ± 8
20 ± 2
23 ± 4
73 ± 3
0.71 ± 0.01 0.12 ± 0.03
–4.47
2008. 67
−26.72 ± 0.04 59 ± 3
39 ± 3
36 ± 8
18 ± 2
19 ± 4
61 ± 3
0.71 ± 0.01 0.12 ± 0.03
–4.47
2009. 47
−26.48 ± 0.03 58 ± 8
81 ± 2
23 ± 7
40 ± 2
21 ± 2
36 ± 12 0.66 ± 0.01 0.12 ± 0.02
–4.48
Notes: we list the stellar radial velocity (with its associated rms), the mean unsigned magnetic field (Bmean ), the fraction of the large-scale magnetic
energy reconstructed in the poloidal field component, the fraction of the poloidal magnetic energy in the dipolar ( = 1), quadrupolar ( = 2),
and octopolar ( = 3) components, and the fraction of energy stored in the axisymmetric component (m = 0). We also list the diﬀerential rotation
parameters Ωeq and dΩ. The last column contains the log RHK values derived from our sets of Stokes I spectra. Values for 2007 are taken from P08,
except for the log RHK value which was recalculated using a new calibration of NARVAL measurements against Mount Wilson estimates (Wright
et al. 2004), involving 29 solar-type dwarfs.
Fractional year

onto a spherical harmonics frame (Donati et al. 2006), where
the magnetic field geometry is divided between a poloidal and
toroidal component (Chandrasekhar 1961). As in P08, we limit
the spherical harmonics expansion to  ≤ 10, after checking that
increasing even more  does not provide a superior data adjustment. We finally assume that the star is not rotating as a rigid
body, but experiences a latitudinal shear that we simply model as
Ω(θ) = Ωeq −dΩ. sin2 (θ), where θ is the stellar latitude, Ωeq is the
rotational rate of the equator and dΩ is the diﬀerence in rotation
rate between polar and equatorial regions. We use the new data
sets to obtain estimates of the diﬀerential rotation parameters
(Table 2), following the method described by Petit et al. (2002).
For 2008 and 2009, we obtain a shear level of dΩ = 0.12 rad d−1 ,
in very good agreement with the value obtained by P08. Values
derived for Ωeq are also in excellent agreement in 2007 and 2008
(with Ωeq = 0.71 ± 0.01 rad d−1 ), but the measurement for 2009
provides us with a diﬀerent estimate (Ωeq = 0.66 ± 0.01 rad d−1 ).
This apparent discrepancy may simply reflect the uncertainties
in this parameter. Errorbars listed in Table 2 are directly derived
from the χ2 map in the Ωeq –dΩ plane and might be underestimated, as suggested by Petit et al. (2002).
Using this procedure, the spectropolarimetric data are adjusted at a reduced χ2 equal to 1.1 and 0.9, in 2008 and 2009,
respectively (Fig. 1). The χ2r value for 2008 equals that obtained
one year earlier, and the slightly smaller χ2r achieved in 2009 is
partly due to the higher relative noise in the data. The reconstructed magnetic topologies are illustrated in Fig. 2, together
with the magnetic map obtained in 2007 (P08). In Table 2, we

list several numerical quantities derived from the spherical harmonics coeﬃcients defining the magnetic geometries. As in P08,
errorbars listed in Table 2 are estimated by reconstructing a set
of magnetic maps using diﬀerent input parameters for the inversion code (with individual parameters being varied over the
width of their own errorbars). We note that the largest variations
in the output quantities are generally obtained by varying the
stellar inclination, because of the relatively large uncertainty in
this specific parameter.
2.3. Temporal evolution in the large-scale magnetic field

Between 2007 and 2008, the most striking evolution in the magnetic field distribution is a polarity reversal of the large-scale
field. In the ZDI maps of Fig. 2, this change is mostly visible in
the azimuthal component of the magnetic vector. A more quantitative way of estimating the details of this sign switch consists of
tracking its origin in the evolution of the complex spherical harmonics coeﬃcients α,m , β,m , and γ,m (defined by Donati et al.
2006). Because of the uncertainty in the stellar rotation period
that prevents us from comparing, at 1-year intervals, magnetic
features that manifest themselves at specific rotation phases, we
choose to limit our comparison to axisymmetric features (defined by modes with m = 0). We observe that all coeﬃcients
α,0 , β,0 , or γ,0 with a magnetic amplitude greater than 1 Gauss
(which only concerns modes with  ≤ 4) have a diﬀerent sign in
both years, with the marginal exception of γ3,0 . Another noticeable temporal evolution concerns the fraction of magnetic energy
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stored in the axisymmetric field component (all spherical harmonics modes with m = 0), 61% of the large-scale magnetic energy being in axisymmetric modes in 2008, compared to 73% in
2007. Another diﬀerence is the fraction of magnetic energy contained in modes with  > 3 (14% and 27%, for 2007 and 2008,
respectively, if the poloidal component is considered alone; 5%
and 13% if the toroidal field is also taken into account), suggesting that the field distribution is more complex in 2008.
A similar comparison between the 2008 and 2009 maps also
reveals a striking evolution in the field geometry. The main
change in the field distribution shows up as a much higher fraction of the magnetic energy being stored in the poloidal field
component (about 80% in 2009, against less than 40% in the
two other data sets). This evolution occurs together with an increased level of non-axisymmetry in the field distribution, with
only 36% of the magnetic energy showing up in modes with
m = 0. We also note that the poloidal component of the field
is dominated by the quadrupolar terms in 2009, while the dipole
was predominant in 2007 and 2008. The polarity of the global
field is the same in 2008 and 2009 (the only spherical harmonics coeﬃcients with both m = 0 and an amplitude greater than
1 Gauss having switched sign in the meantime are α1,0 and γ3,0 ).

3. Discussion
From new observations of HD 190771 completed in 2008 and
2009, we have obtained information about the magnetic properties of rapidly rotating 1 M stars, and provided fresh insight into
the temporal changes aﬀecting their magnetic geometries. As already outlined by P08, HD 190771 exhibits a large-scale toroidal
component in its photospheric magnetic field, an element that is
absent on the solar surface but whose incidence appears to be
common among solar analogues with suﬃciently high rotation
rates. Analyses of the new data sets show that the toroidal field
can experience dramatic changes over a period of a few months.
At least two types of evolution are evident, with the possibility of polarity switches (between 2007 and 2008), as well as the
possible conversion of magnetic energy from the toroidal to the
poloidal field component (from 2008 to 2009). These changes
occur with a total magnetic energy that remains approximately
constant, as can be seen from the mean (unsigned) magnetic field
or from the stellar chromospheric emission (Table 2).
Similarly rapid evolution of a photospheric magnetic field
was reported for τ Bootis (Fares et al. 2009), where a close-by
planet orbiting the star was associated with a significant tidal
coupling between the star and the planet. While no low-mass
companion has been reported for HD 190771, radial velocity (vr )
measurements listed in Table 2 show that HD 190771 is not a
single star, since the observed variations in vr , of the order of
400 m s−1 , are much larger than the radial velocity accuracy of
NARVAL (about 30 m s−1 , Moutou et al. 2007). Older radial
velocity estimates by Nidever et al. (2005), dating back to 2000,

confirm the existence of a long-term trend, with a mean radial
velocity of 25.063 km s−1 at that time. Despite the poorly sampled time-series at our disposal, a preliminary estimate of the
companion mass can be performed, assuming for simplicity a
single companion, a circular orbit, and an orbital plane orthogonal to the stellar rotation axis. By doing so, the best fit is obtained
for an orbital period of 14.2 yr, an orbital radius of 5.9 AU, and
a companion mass of 0.1 M . We note that a short orbital period
(of a few days) can be ruled out by our data, since no significant variations in vr are observed within the timespan of our
individual data sets, apart from weaker activity-induced fluctuations. Although rough, this first estimate suggests that tidal effects generated by the presence of the companion remain weak
(due to the absence of synchronized orbital and rotation periods)
and are unlikely to aﬀect significantly the dynamics of the outer
convective layers of HD 190771. In this context, the fast magnetic field evolution of the star is probably controlled by other
fundamental parameters, the rapid rotation being the most obvious deviation from a strict solar situation. In turn, and although
τ Bootis also diﬀers from the Sun in terms of its higher mass
(1.33 ± 0.11 M is proposed by Valenti & Fischer 2005), we
note that this star is also characterized by a short rotation period,
which might help to explain the shortness of its activity cycle
(with a length of 2 years only, Fares et al. 2009).
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Table 1. Journal of observations for 2008 and 2009 (2007 observations
are described in P08).
Julian date
Exp. time
σLSD
Rot. phase
(2 450 000+)
s
10−5 Ic
2008
4696.49
1600.0
6.7268
0.6133
4701.41
1600.0
9.2876
0.1726
4702.48
1600.0
3.8056
0.2936
4703.45
1600.0
3.8787
0.4040
4704.50
1600.0
4.0409
0.5237
4725.39
960.0
5.0916
0.8975
4725.41
960.0
5.1507
0.8991
4725.42
960.0
5.1279
0.9006
4725.43
960.0
5.1300
0.9021
4726.38
1600.0
4.3341
0.0093
2009
4984.61
1600.0
4.9114
0.3538
4985.61
1600.0
4.8112
0.4673
4986.57
1600.0
4.8541
0.5763
4995.55
1600.0
11.8554
0.5970
5002.59
1600.0
4.4350
0.3965
5002.61
1600.0
9.0171
0.3988
5005.58
2400.0
4.4490
0.7373
5006.58
2400.0
14.8898
0.8504
5010.54
2400.0
4.5288
0.3001
5011.53
2400.0
4.8640
0.4129
5013.57
1600.0
4.9603
0.6446
5017.61
2400.0
5.1851
0.1043
5018.62
2400.0
4.8179
0.2188
Notes: from left to right, we list the year of observation, the Julian date,
the exposure time, the error-bar in Stokes V LSD profiles, and the phase
of the rotational cycle at which the observation was made, taking the
same rotation period and phase origin as P08.
Year

