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AB S TRACT

We present in this paper a 6-yr time series of magnetic (and brightness) surface images of the

K1 subgiant of the RS CVn system HR 1099 (�V711 Tauri) and of the young K0 dwarf

LQ Hydrae, reconstructed (with the help of a dedicated maximum entropy image reconstruc-

tion software) from Zeeman±Doppler imaging observations collected at the Anglo-Australian

Telescope.

All the stellar magnetic images that we reconstruct host at least one high-contrast feature in

which the ®eld is predominantly azimuthal, thus con®rming that such surface structures

(already detected in previous similar studies) are indeed real. We take this as strong evidence

that dynamo processes of late-type rapid rotators operate throughout the whole stellar

convective envelope, rather than being con®ned to an interface layer between the convective

and radiative zones as in the Sun. The latitudinal polarity pattern of azimuthal and radial ®elds

that we observe at the surface of both stars suggests that these magnetic regions respectively

reveal the toroidal and poloidal components of the large-scale dynamo ®eld. The spatial

structure of these two magnetic ®eld components becomes increasingly more complex (with

higher axisymmetric spherical harmonic degrees) for larger rotation rates and deeper

convective zones. The strength of the toroidal and poloidal components is typically a few

hundred G, more than two orders of magnitude stronger than in the Sun. Long-term evolution

of the toroidal and poloidal components of the large-scale ®eld is clearly detected in our time

series.

We also report the detection of small ¯uctuations in the orbital period of HR 1099, with a

peak-to-peak amplitude of about 366 1 s (i.e. 0.015 per cent) and a period of about 186 2 yr

(assuming sinusoidal variations around the nominal value). The most plausible way of

explaining such ¯uctuations is that the quadrupole moment of the K1 subgiant is varying

with time, and that this modulation is driven by the magnetic activity cycle of the primary star

itself (through a periodic exchange between kinetic andmagnetic energywithin the convective

zone). It provides in particular an independent con®rmation that a dynamo operates within the

whole convective zone, and suggests that the average azimuthal ®eld in the convective

envelope is of the order of 6 kG.

Key words: line: pro®les ± stars: activity ± binaries: general ± stars: imaging ± stars:

magnetic ®elds ± stars: rotation.

1 INTRODUCTION

The new technique of Zeeman±Doppler imaging (ZDI, Semel

1989) now offers the opportunity of studying magnetic topologies

of rapidly rotating cool active stars. As demonstrated with detailed

numerical simulations (Brown et al. 1991; Donati & Brown 1997),

ZDI allows one tomapmagnetic regions on stellar surfaces, but also

informs us about the direction of ®eld lines within these regions.

It thus represents an important step forward with respect to

conventional polarimetric methods (measuring only the line-of-

sight projected ®eld vector averaged over the whole visible hemi-

sphere, e.g. Borra & Landstreet 1980) or with the so-called

`Robinson technique' (estimating the fraction of the stellar surface

covered with magnetic ®eld and the mean ®eld strength within

them, Robinson 1980), which both turn out to contain relatively

little information about the actual ®eld topology.

ZDI thus opens a vast new ®eld of research, enabling us for

instance to study in a large sample of active stars where on the

stellar surface magnetic spots tend to form and migrate preferen-

tially, how magnetic topologies depend on stellar fundamental
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parameters such as rotation rate, and how they vary on a time-scale

of several years. This in turn should help us in testing, constraining

and generalizing on stars other than the Sun dynamo theories that

have been elaborated for the Sun only, for instance by identifying

where dynamo processes take place preferentially (e.g. in an over-

shoot layer between the radiative and convective envelopes as on

the Sun or distributed throughout the whole convective zone) or

what kind of dynamo is in operation (aQ, a2Q or a2).

Thanks to ZDI, circularly polarized Zeeman signatures have

been detected at the surface of 20 different objects already, includ-

ing three pre-main-sequence stars, four main-sequence stars (three

of which are still fairly young) and 13 more evolved stars (Donati,

Semel & Rees 1992a; Donati et al. 1997). For two of them, namely

the young dwarf AB Doradus [Donati & Cameron 1997; Donati et

al. 1999 (Paper I, this issue)] as well as the evolved K1 component

of the RS CVn system HR 1099�V711 Tauri (Donati et al. 1992b),

magnetic maps are already published in the literature. With a

rotation period of about half a day, the ®rst one belongs to the

class of ultra-fast rotators in the phase of completing their contrac-

tion towards the main sequence. Although quite far away from the

main sequence already, the K1 subgiant of HR 1099 is still a rather

fast rotator (with a rotation period of about 2.8 d) thanks to the

orbital to spin angular momentum transfer ensured through tidal

coupling. One of the most intriguing feature of these images is that

they all include magnetic regions of mainly azimuthal ®eld, the

polarity of which is roughly independent of longitude. From these

initial results, the authors speculated that these regions actually

reveal the presence of a large-scale axisymmetric azimuthal ®eld

structure distributed throughout the whole convective zone (Donati

& Cameron 1997; Donati et al. 1999).

In order to test this idea further, more magnetic maps are

obviously needed, both for one given star observed during a long

time sequence, and for a small sample of active objects selected at

different evolutionary stages. This paper ®rst presents ®ve new

magnetic maps of the evolved K1 component of HR 1099 obtained

at epochs 1991.96, 1992.94, 1993.99, 1995.94 and 1996.99. When

coupled with the image published already (corresponding to epoch

1990.9), we obtain a 6-yr time base on which long term evolution of

themagnetic topology of HR 1099 can be analysed.We also present

herein ®ve magnetic images (obtained at the same ®ve epochs as

HR 1099) for a third object, the cool dwarf LQ Hydrae. With a

rotation period of 1.6 d, this star is still fairly young (given its high

lithium content) and presumably arrived only very recently on the

main sequence. Note that the fragmentary results from a very

preliminary analysis published in conference proceedings (Donati

1996a, 1996b) are superseded by the new and ®nal ones presented

herein.

After a brief description of the spectropolarimetric data gathered

for this study and the imaging tools used to convert them into

surfacemagnetic maps of HR 1099 and LQHya (Section 2), wewill

describe the different images we obtained (Sections 3 and 4) and

discuss the implications for dynamo theories (Section 5).

2 OBSERVATIONS AND MODELLING TOOLS

2.1 Data collection and reduction

Observations were recorded at the Anglo-Australian Telescope,

with a visitor polarimeter mounted at Cassegrain focus and feeding

the UCL Echelle Spectrograph (UCLES) through a double ®bre

(Semel & Li 1995; Donati et al. 1997). All observations we use in

this paper are already reported in Donati et al. (1997), except for

those obtained in 1996 December the log for which is given in

Table 1. The slightly different setup used for this last run is

described in Donati et al. (1999). Spectral resolution ranges

between 55 000 and 75 000 depending on the epoch.

All frames were processed with ESPRIT, a dedicated package for

optimal extraction of eÂchelle spectropolarimetric observations

(Donati et al. 1997). Altogether, 251 individual subexposures on

HR 1099were collectedwith different azimuths of the quarter-wave

plate, producing 64 Stokes V (processed from groups of two or four

individual subexposures, see Donati et al. 1997 for details) and 251

Stokes I spectra of this target. Note that one Stokes I spectrum

(corresponding to the ®rst subexposure collected on 1996 Decem-

ber 25 at evening twilight) was rejected owing to strong con-

tamination by scattered sunlight. On LQ Hya, 116 and 31 Stokes

I and V spectra were obtained throughout the different runs.

For this analysis, we used least-squares deconvolution (LSD), a

new cross-correlation technique developed by Donati et al. (1997),

which extracts information from every moderate to strong spectral

features in the recorded wavelength domain. The LSD unpolarized

(Stokes I) and circularly polarized (StokesV) pro®lewe obtain with

this method can be roughly described as a weighted average of all

pro®les involved in the analysis. In particular, its relative noise level

is considerably reduced compared to that of each single line of

the original spectrum. Moreover, as demonstrated in Donati &
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Table 1. Journal of 1996December observations. For both stars, we list here the observing date (second column), the number of exposure sequences collected on

this object at this date (nexp, third column), together with the range of corresponding Julian dates (fourth column), total exposure times (texp, ®fth column) and

peak signal-to-noise (S/N) ratios per 3 km sÿ1 pixel (sixth column). The two last columns indicate respectively the range of S/N ratios in the associated least-

squares deconvolved spectra and the corresponding multiplex gains in S/N ratio.

Object Date nexp JD texp S/N S/NLSD Multiplex gain

(2,450,000+) (sec.) (pixelÿ1) (pixelÿ1)

HR 1099 1996 Dec. 24 3 441.9123/442.0951 600/1200 500/750 14100/22100 28/29

HR 1099 1996 Dec. 25 1 442.9023 800 550 14600 27

HR 1099 1996 Dec. 26 2 443.9736/444.0882 1200 410/470 12300/14700 30/31

HR 1099 1996 Dec. 27 2 444.9187/445.1064 800 330/440 8500/12100 26/28

HR 1099 1996 Dec. 29 2 446.9120/447.1115 800 440/530 12100/15500 28/29

LQ Hya 1996 Dec. 24 3 442.0615/442.2457 1200 130/220 3500/6600 26/30

LQ Hya 1996 Dec. 25 1 443.0741 800 180 4600 26

LQ Hya 1996 Dec. 26 4 444.0688/444.1911 1200 93/180 1200/4400 13/24

LQ Hya 1996 Dec. 27 2 445.0550/445.2305 800 110/210 1800/5300 16/25

LQ Hya 1996 Dec. 28 1 446.2006 1200 290 8000 28

LQ Hya 1996 Dec. 29 2 447.0593/447.2144 800 180/210 4300/5400 24/26
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Cameron (1997), LSD conserves the shape of a pure rotational

pro®le to a very good accuracy, implying that any deviation

observed in LSD pro®les from this reference level can be consid-

ered as real and, in our particular case, ready to be interpreted in

terms of surface brightness/magnetic inhomogeneities. The list of

spectral lines available for LSD (and in particular their wave-

lengths, relative central depths and LandeÂ factors) are obtained

from a full LTE spectral synthesis using Kurucz's (1993) model

atmospheres (a K1IV and a K0V atmosphere for HR 1099 and

LQ Hya respectively), and selecting only those features whose

relative central depth (prior to rotation or macroturbulence broad-

ening) exceeds 40 per cent. In our particular case, the total number

of lines used in the analysis ranged from 440 up to 2100, depending

on the epoch and spectral type (Donati et al. 1997). All LSD pro®les

shown in Sections 3 and 4 are normalized to mean weights of 0.7

and 500 nm for Stokes I and Stokes V data respectively.

2.2 Brightness and magnetic surface imaging

To convert sets of rotationally modulated Stokes V and I pro®les

into magnetic and brightness stellar surface maps, we use the

dedicated image reconstruction code of Brown et al. (1991) and

Donati & Brown (1997), which implements Skilling & Bryan's

(1984) algorithm for maximum entropy optimization problems.

The magnetic model we chose is that of Donati & Brown (1997),

which assumes that the intrinsic pro®le is Gaussian and constant

over the stellar surface, and that theweak ®eld approximation holds.

Although very simple, this model is found to be perfectly adequate

for describing LSD Stokes V pro®les averaged over several

thousand individual spectral features as demonstrated in Donati &

Cameron (1997) andDonati et al. (1997). In particular, observations

of very slowly rotating and weakly magnetized Ap stars indicate

that the weak-®eld regime holds, for LSD pro®les, up to ®eld

strengths of several kG (Donati & Cameron 1997). The quantities

we reconstruct are the three components of themagnetic ®eld vector

in spherical coordinates (i.e. radial, meridional and azimuthal ®eld),

weighted by potential surface inhomogeneities in brightness, local

magnetic ®eld occupancy and central depth of true intrinsic pro®le.

Numerical simulations by Donati & Brown (1997) demonstrate

that complex magnetic distributions (featuring in particular spots

with various ®eld orientations) can adequately be recovered from

sets of rotationally modulated Stokes V signatures. While the

trajectory of Stokes V signatures across the line pro®le (as derived

from dynamic spectra) gives access to the location of the corre-

sponding magnetic regions on the stellar surface (just as in con-

ventional Doppler imaging), the amplitude modulation of these

Zeeman signatures in their transit through the line pro®le yields (to

a certain extent) the orientation of ®eld lines within the magnetic

regions. Donati & Brown (1997) demonstrate in particular that

magnetic regions in which the ®eld is azimuthal can be well

distinguished from those in which the ®eld is either radial or

meridional; however, they ®nd that ZDI (from circular spectro-

polarimetry alone) can suffer potentially important crosstalk from

radial to meridional ®eld components (and vice versa) in the

particular case of low-latitude features (i.e. with a latitude lower

than the stellar inclination angle i), especially at low stellar

inclination angles (i < 458).

Donati & Brown (1997) also study the impact of poor rotational

phase sampling on the reconstructed magnetic image, a problem

one has to deal with when observing stars like the K1 subgiant of

HR 1099, the rotation period of which is close to a small integer

number of days (see Section 3). In that respect, they demonstrate

that phase sampling on time-scales of a few per cent of the rotation

cycle also contains very rich information for imaging, and some-

times partially compensates for the poor overall coverage of the

rotation cycle. Also worth noting is the fact that, for a given

magnetic region at the surface of the star, the associated Stokes V

signature reaches a maximum amplitude when the region crosses

the meridian, if ®eld lines within this region are radially or

meridionally oriented. For a magnetic region with azimuthally

oriented ®eld lines on the opposite, the Stokes V signature is

strongest about 0.2 rotation cycle away from the phase of meridian

crossing and very weak close to the phase of meridian crossing

(Donati & Brown 1997). It implies in particular that, in case of poor

phase coverage, ZDI should be mostly sensitive to radial/meridio-

nal ®eld features located closest to the phases of observations, and

to the azimuthal ®eld ones located about 0.2 rotation cycle away

from the phases of observations. All such properties should be kept

in mind when interpreting the reconstructed magnetic maps pre-

sented in Sections 3 and 4.

Although the present paper focuses essentially on magnetic

imaging of HR 1099 and LQ Hya from Stokes V data sets, only

modest additional effort was required to derive simultaneous

brightness images of both stars from Stokes I data sets. The imaging

model we used is the two-component model of Cameron (1992)

which aims at reconstructing for each point of the stellar surface a

quantity f describing the local fraction of the stellar surface

occupied by cool spots. This quantity, varying from 0 (no spot) to

1 (maximum spottedness), is referred to as `spot occupancy' in the

following. LSD pro®les of very slowly rotating standard stars (dEri,

Gl 176.3 and Gl 367) were used as template pro®les describing the

spectral contribution of the photosphere and spot respectively, just

as in Donati & Cameron (1997) and Donati et al. (1999). In this

context, an integrated model pro®le associated with a given stellar

image viewed at a given rotational phase can be obtained by shifting

in velocity and adding up together the spectral contributions of all

image pixels. Note that no photometric data were used to constrain

further this type of reconstruction, implying that the brightness

images we recover should only be considered as ®rst-order esti-

mates. They should be at least accurate enough for our particular

purpose, which consists in nothing more than comparing the

approximate location of brightness and magnetic inhomogeneities

(see the following sections).

Note that brightness maps were not used to correct magnetic

images for brightness inhomogeneities. As emphasized already in

Donati & Cameron (1997), a reconstructed brightness map is not

the true brightness map (given all blurring processes it is subject to

for instance) so that it is hard to knowwhether taking it into account

for the magnetic inversion degrades or improves the reconstructed

®eld image. Keeping both Stokes I and V reconstructions fully

independent has the additional advantage of avoiding any possible

crosstalk between the resulting maps.

We introduce several global parameters to characterize the

reconstructed distributions. One can ®rst de®ne the total spotted-

ness (respectively mean ®eld strength) of a brightness (respectively

magnetic ®eld) distribution by summing up over all image pixels

pi fi (respectively pi Bi) where pi and fi (respectively Bi) denote the

fractional area and local spot occupancy (respectively modulus of

local ®eld vector) at image pixel i. One can also de®ne brightness

(respectively magnetic) ®lling factors by computing thresholded

versions of the reconstructed distributions (in which all fi or Bi pixel

values below a given threshold are set to zero), thresholds being set

such as the spottedness (respectively mean ®eld strength) of the

thresholded images are half that of the original images. The ®lling

Magnetic cycles of HR 1099 and LQ Hya 459

q 1999 RAS, MNRAS 302, 457±481

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/3
0
2
/3

/4
5
7
/1

1
1
8
3
0
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



factors of the original distributions are then obtained by summing

up the fractional area of all cells in the thresholded image for which

fi (respectively Bi) pixel values are non-zero. These ®lling factors

thus represent the fractional stellar surface covered by the darkest

(respectively most magnetic) regions that enclose 50 per cent of the

total spottedness (respectively mean ®eld strength) altogether.

3 THE RS CVN SYSTEM HR 1099

3.1 Preparing the data set

3.1.1 Removing the contribution of the secondary star

In order to construct sets of rotationally modulated Stokes I and V

pro®les for the primary component of HR 1099, one ®rst needs to

derive accurate orbital parameters for the secondary star. This is

necessary for precisely removing, at conjunction phases, the spec-

tral contribution of the companion from the pro®les of the primary

star.

This correction is essential for Stokes I data. To achieve it, we

measure the radial velocity of the secondary star in each LSD

Stokes I pro®les and for each epoch (using in particular the method

of Donati et al. 1992b at conjunction phases) and solve for all orbital

elements simultaneously. As the eccentricity we ®nd is always

smaller than 0.01 (i.e. within the measurement error bars, typically

equal to 0.004 for each epoch), we assume a circular orbit, in

agreement with previous ®ndings of Fekel (1983) and Donati et al.

(1992b). The results (summarized in Table 2) indicate that, while

the system radial velocity g and semi-amplitude of secondary star

velocity curve Ks remain constant (and respectively equal to 14.9

and 63.1 km sÿ1 on average, in perfect agreement with the original

estimates of Fekel 1983) within the error bars, the orbital phase of

the ®rst conjunction f0 is slowly but very signi®cantly varying with

time (see Fig. 1). Note that the very high accuracy to which f0 is

measured essentially re¯ects the high precision radial velocities one

can obtain near conjunction phases from sequences of consecutive

exposures using the method of Donati et al. (1992b).

These ¯uctuations will be discussed in more details further in the

paper (see Section 5.3). Meanwhile, we use the results of Table 2 to

compute the radial velocity of the secondary star for each observed

phase and at each epoch, and remove the spectral contribution of the

secondary star (assumed Gaussian) from all individual LSD Stokes

I pro®les of the system.

This correction is much less important for Stokes V pro®les, as

Zeeman signatures from the secondary star are always very small

(Donati et al. 1997). We nevertheless checked whether the G5

companion exhibits a non-zero phase-averaged Zeeman signature

that we could subtract from the Stokes V pro®les of the primary star

at conjunction phases. We actually observe that the Stokes V

pro®les of the G5 star away from conjunction phases are roughly

constant in shape with rotational phase and epoch throughout the

whole observing period (see Fig. 2), with a peak-to-peak relative

amplitude of about 0.07 per cent with respect to the secondary star

continuum (or 0.03 and 0.02 per cent with respect to the primary

and system continua respectively). This mean Zeeman signature

(whose putative origin is discussed in Section 5.1) corresponds to an

average longitudinal ®eld of about 10 G. All LSD Stokes V pro®les

of the primary star at conjunction phases were corrected from this

circularly polarized contribution from the secondary star. Note that

this correction is suf®ciently small (5 to 10 times smaller than the

Stokes V signatures of the K1 subgiant) and affects a small enough

number of phases that its impact on the imaging process is

extremely small (magnetic topologies reconstructed from the

460 J.-F. Donati
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Table 2. Orbital parameters (velocity amplitude Ks,

systemic velocity g and orbital phase of ®rst conjunc-

tion f0 in the ephemeris of Fekel 1983) for the

secondary star of HR 1099, assuming a circular orbit.

The rms error bars on Ks are g are equal to 0.2 and

0.5 km sÿ1 respectively, while that on f0 is 0.0004.

Note that the 1990.9 entry corresponds to a new ®t to

the radial velocities of the secondary star listed in

Donati et al. (1992b).

Epoch Ks g f0

km sÿ1 km sÿ1

1990.9 62.8 ÿ15.4 �0.0077

1991.96 63.3 ÿ14.9 �0.0030

1992.94 63.2 ÿ15.0 ÿ0.0023

1993.99 63.1 ÿ15.0 ÿ0.0117

1995.94 63.0 ÿ14.9 ÿ0.0300

1996.99 63.1 ÿ14.3 ÿ0.0378

Figure 1. Time variation of the orbital phase of ®rst conjunction, for the

RS CVn system HR 1099 (dots), with an 18-yr period sinusoidal ®t to the

data (dashed curve). The symbol size approximately corresponds to a 3j

error bar.

Figure 2. LSD Stokes I (bottom curve) and V (top curve) pro®les of the G5

secondary star, averaged over all phases and epochs. The phase-averaged

Stokes V signatures at each epoch are depicted with different symbols (aster-

isks for 1991 December, open circles for 1992 December, crosses for 1993

December, squares for 1995 December and triangles for 1996 December).
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corrected data set are virtually identical to those derived from the

uncorrected one).

As we did not have access to simultaneous photometry for all

epochs, we expanded all LSD Stokes I and V pro®les (as corrected

for the pollution of the secondary component) by an average factor

of 1.4, corresponding to the average brightness ratio between the

binary system and primary star (Henry et al. 1995).

All rotational phases listed in the following sections are com-

puted with Fekel's original ephemeris (1983) to allow easier

comparison of surface images with other contemporaneous studies

(e.g. Vogt et al. 1998). The small time intervals over which each

data set was collected (always shorter than 2.1 rotation cycles)

ensures in particular that potential internal phase inconsistency

caused by yearly variations in photometric period (i.e. to surface

differential rotation, e.g. Henry et al. 1995) is always smaller than

1 per cent of the rotational cycle.

3.1.2 Estimating imaging parameters

The next step for building rotationally modulated Stokes I and V

data sets is to recenter all primary star pro®les on to zero radial

velocity, i.e. to obtain an accurate estimate of the semi-amplitude of

the primary star velocity curve Kp. To achieve this, we do not

construct the velocity curve of the primary star (as we did for the

secondary); radial velocities are very dif®cult to estimate accurately

for this system component owing to the presence of large cool

surface structures that strongly distort the shape of the Stokes I line

pro®les. We prefer to use a different technique, consisting in

running several reconstructions for data sets obtained with different

values of Kp, and take the one that minimizes the information

content of the reconstructed image as the most likely (as prescribed

by Cameron&Unruh 1994 for a similar situation).We obtain forKp

a value of 50:06 0:5 km sÿ1, in good agreement with the original

estimate of Fekel (1983).

All other imaging parameters, and in particular the inclination

angle i and the projected rotational velocity v sin i, can be derived

with the same method. Averaging results from all different epochs,

we obtain most likely estimates of i � 406 58 and v sin i � 416

0:5 km sÿ1. Note that this second parameter is in perfect agreement

with that found by Donati et al. (1992b) and with the new estimate

of Vogt et al. (1998). The inclination angle is slightly larger than the

commonly used value of 336 28 proposed by Fekel (1983).

From the very new and accurate distance estimate obtained for

HR 1099 (29:06 0:7 pc) by the Hipparcos astrometry satellite

(Perryman et al. 1997), it is possible to obtain a third independent

value of the inclination angle. Given the maximum brightness

level observed for this object in the last 20 yr (mV � 5:7 for the

system at epoch 1984.8, i.e. 6:006 0:07 for the primary star

assuming a secondary component with mV � 7:26 0:2, Henry et

al. 1995) and the area of the polar spot it continually hosts (about

10 per cent of the total stellar surface, i.e. 15±20 per cent of the

visible hemisphere, Vogt et al. 1998), we conclude that the

unspotted V magnitude of the K1 subgiant is 5:806 0:10. From

the effective temperature (47506 100 K) and the associated

bolometric correction (ÿ0:506 0:05, Kurucz 1993), we then

obtain a bolometric magnitude of 3:06 0:2 and therefore a

radius of 3.3�0:5
ÿ0:4 R(. The measured v sin i (see previous para-

graph) and the rotation period of 2.83774 d imply a line-of-sight

projected radius 2:306 0:05 R( and therefore indicate that the

inclination angle should be equal to 448, with possible values

ranging from 368 up to 548.

Inclination angles larger than 408 (yielding masses smaller than

0.7 M( for the secondary component whose temperature is esti-

mated to be 5500K, Fekel 1983) are somewhat dif®cult to reconcile

with modern stellar structure models (e.g. Bressan et al. 1993;

Charbonnel et al. 1996) though, which predict that such stars should

never reach effective temperatures larger than 5000 K shortly after

leaving the main sequence. The same models also indicate that the

logarithmic gravity of the K1 subgiant we derive from the system

orbital elements (ranging from 3.3 to 3.2 for inclination angles of

358 to 508) can only be reconciled with the observed effective

temperature for masses larger than 0.9 M(, i.e. for inclination

angles lower than 408.

The value we used for the computations presented in the follow-

ing sections, 388 (in good agreement with the one obtained from our

inversion attempts, see previous paragraphs), is a compromise

between the constraints we get from both Hipparcosmeasurements

and stellar evolution models. It corresponds to primary and sec-

ondary masses of 1.0 and 0.8 M( and radii of 3.7 and 1.1 R(
respectively, and to a system separation of about 10.3 R(. Although

an accurate determination of i is a very important key for deriving

precise fundamental parameter estimates for both system com-

ponents and thus for our general understanding of the system long-

term evolution, it is not a crucial issue for the present paper as

potential errors of6108 produce only very small differences in the

reconstructed images. We therefore stick with this value of i and

leave this problem (which requires a detailed spectroscopic analysis

of both system components) for a forthcoming study.

All HR 1099 data presented in the following are ®tted to a relative

noise level of 0.2 per cent (S=N � 500) for LSD Stokes I pro®les,

and to a reduced x2 level of 1.6 for LSD Stokes V pro®les. The total

spottedness, mean ®eld strength, brightness and magnetic ®lling

factors the code reconstructs (see last paragraph of Section 2.2 for a

de®nition of these quantities) are respectively equal to 10 per cent,

175 G (except on 1991 December where the mean ®eld strength is

only 100 G), 7 per cent and 15 per cent on average.

3.2 1991 December

Fig. 3 presents the resulting spot occupancymaps (called brightness

maps in the following) and magnetic images of the K1 subgiant of

HR 1099 at epoch 1991.96, along with the associated observed and

reconstructed Stokes I and V data sets. The resulting magnetic

images are relatively featureless, with only two regions (a radial

®eld spot at phase 0.62 and an azimuthal ®eld one at phase 0.82) in

which the reconstructed ®eld strength exceeds 650 G. Although this

may partly be because of both moderate data quality and the small

number of available Stokes V observations, it probably also re¯ects

the constantly small amplitude of the detected Zeeman signatures at

that time (usually smaller than 0.2 per cent peak-to-peak and as low

as 0.1 per cent around phase 0.0). The ®rst point worth mentioning

already in these magnetic images is the fact that we detect features

in which the ®eld is essentially horizontal, very similar to what was

reported for the same object at epoch 1990.9 by Donati et al.

(1992b).1 As recalled in Section 2.2, azimuthal ®eld features (as

opposed to low latitude radial/meridional ®eld ones) are not subject

to crosstalk problems in the reconstruction (Donati & Brown 1997)

and must therefore be considered as real, even if very intriguing and

dif®cult to explain in the context of the standard solar dynamo

theory (see Section 5 for a discussion on this subject).

As expected from the rather short evolution timescales of surface

Magnetic cycles of HR 1099 and LQ Hya 461
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1 Note that azimuthal and meridional ®elds were erroneously called

`toroidal' and `poloidal' in this paper.
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Figure 3. Top panel: Maximum entropy brightness (upper left) and magnetic ®eld images of the K1 subgiant of HR 1099 at epoch 1991.96. These images are

¯attened polar projections extending down to a latitude ofÿ308 (the bold and thin circles depicting the equator and the 308 and 608 latitude parallels respectively).

The radial ticks around (and outside) each plot illustrate the phases at which the star was observed. Positive ®eld values correspond to magnetic vectors directed

outward, anticlockwise and poleward for radial, azimuthal and meridional ®eld components respectively (all labelled in G). Bottom panel: maximum entropy ®t

(dashed line) to the observed (solid line) Stokes I (left) and V (right) data sets. Rotational phases are indicated right to each pro®le.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/3
0
2
/3

/4
5
7
/1

1
1
8
3
0
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



distributions in this object (Vogt et al. 1998), there is no spatial

correspondence between the magnetic features detected at epoch

1990.9 by Donati et al. (1992b) and those we reconstruct here for

epoch 1991.96. However, it is interesting to note that the polarity of

the two azimuthal ®eld features we detect at low latitude is positive

(i.e. counterclockwise ®eld) while that of the very weak one

reconstructed close to the pole (if real) is negative, which corre-

sponds precisely to what was observed one year before. The main

difference with respect to the 1990.9 image of Donati et al. (1992b)

is that weak radial ®eld spots (of mainly positive polarity) are now

detected at intermediate latitudes. The only reconstructed meridio-

nal ®eld feature (a weak low latitude spot at phase 0.40) has an

obvious counterpart at exactly the same location in the radial ®eld

map; it is therefore impossible to know whether this feature

corresponds to truly meridional ®eld or results from the radial to

meridional ®eld crosstalk that low-latitude regions are subject

to in low-inclination stars (Donati & Brown 1997). Note that, as

predicted in Section 2.2, ZDI detects preferentially the radial/

meridional (respectively azimuthal) ®eld features located close to

(respectively between) phases of observations when only moderate

phase coverage is available.

The major feature we reconstruct in the brightness image is a

large high-contrast spot at high latitude (centred on phase 0.38),

with at least one low-latitude appendage at phase 0.35. It is in

particular quite similar in this respect to the polar spot Vogt et al.

(1998) observe for HR 1099 at epoch 1991.90 and 1992.04 (brack-

eting our observations in time). Note that such a polar feature has

constantly been observed on HR 1099 (with a time variable shape

though) for more than 15 yr now (Vogt et al. 1998). The smaller spot

we reconstruct at phase 0.72 and latitude 308 is also visible in Vogt

et al. (1998) results, almost at the same location in the 1992.04 map

and in the form of a small polar spot appendage at epoch 1991.90.

The low-latitude feature Vogt et al. (1998) reconstruct at phase

0.13 in both maps has no obvious counterpart in our image, likely

owing to the lack of observations at that particular phase in our data

set.

The main point worth mentioning for the present study is that

there seem to be no obvious spatial correlation between brightness

and magnetic ®eld inhomogeneities. While some ®eld regions (the

two negative radial ®eld spots at phase 0.35 and the positive

azimuthal ®eld one at phase 0.82 for instance) are indeed associated

with dark spots, some others (like the positive radial ®eld regions at

phase 0.62) have no obvious counterpart in the brightness image.

One should of course keep in mind that some of the original

magnetic ¯ux (that from the darkest regions of the stellar surface

in particular) is probably missing from our image (as these dark

regions emit very few photons with respect to the warmer photo-

sphere, and therefore very few circularly polarized photons as well).

Another potential source of concern is the incompleteness of the

reconstructed images when the associated data set features relatively

large gaps in rotational phase coverage; as emphasized in Section 2.2

already, brightness and radial ®eld maps may indeed easily miss low-

latitude spots that have only been observed close to the approaching

and receding stellar limbs, those very features azimuthal ®eld maps

are especially sensitive to. One must therefore be very cautious when

interpreting potential differences between brightness and magnetic

®eld maps obtained from incomplete data sets.

It nevertheless seems clear already that a signi®cant fraction of

the magnetic ¯ux (and in particular the radial ®eld region at phase

0.62, reasonably covered in both Stokes I and V data sets) comes

from regions at photospheric temperature, as already suggested by

Donati et al. (1997, 1999) and Donati & Cameron (1997).

3.3 1992 December

Fig. 4 displays the results corresponding to epoch 1992.94. Both

radial and azimuthal ®eld maps feature clear magnetic regions in

which the local ®eld strength often exceeds 1 kG. Note in particular

that the polarity of azimuthal ®eld regions is the same as what was

observed at epochs 1990.9 and 1991.96, i.e. positive and negative at

low and high latitudes respectively. The essential difference with

the 1990.9 and 1991.96 magnetic images is that strong radial ®eld

regions are now present at the stellar surface, concentrating

essentially at intermediate to high latitudes. As radial ®eld spots

tend to produce larger Stokes V signatures than azimuthal ®eld

ones (see Donati & Brown 1997), we believe that the absence of

such radial ®eld features at epoch 1990.9 and their progressive

appearance in the following two maps are real, and cannot be

attributed to an increased quality of the data set. Only weak

meridional features are reconstructed at that epoch, most of them

(and in particular low to intermediate latitude ones) being likely due

to crosstalk from radial to meridional ®eld orientations (Donati &

Brown 1997). Note once more that ZDI detects preferentially the

radial/meridional (respectively azimuthal) ®eld features located

close to (respectively between) phases of observations, as in all

previous and following images for which only moderate phase

coverage is available.

The brightness image reveals a large polar feature extending

down to the equator at phase 0.47 and 0.85, along with a smaller

appendage at phase 0.65. It is in good agreement with that

published by Jankov & Donati (1995) obtained from an inde-

pendent data set (involving a single spectral line and BV

photometry), but with increased spatial resolution thanks to the

higher spectral resolution (Donati et al. 1997), the S/N ratio

enhancement provided by LSD and the short term monitoring of

line pro®les (see next paragraph). Although the raw temperature

image reconstructed (from spectroscopic data only) by Vogt et al.

(1998) at the same epoch shows some differences at low latitudes,

their photometrically constrained thresholded version (which

selects in principle only the most reliable surface features) repeats

the basic features of our map quite well, with a clear elongation of

the polar spot towards phase 0.5 and a low-latitude appendage

around phase 0.85.

Note that signi®cant evolution in the shape of both Stokes I andV

pro®les is detected on time-scales as short as a few per cent of the

rotation cycle (and especially between phase 0.80 and 0.88, see

lower panel of Fig. 4). It is important to realize that this short-term

evolution of line pro®les is indeed very helpful to constrain the

imaging process further, as already emphasised by Donati & Brown

(1997) in the particular case of magnetic imaging. We observe in

particular that it can locally enhance spatial resolution at the stellar

surface (as evidenced through the ®ne structures the code recon-

structs within the low-latitude appendages of the polar spot in the

brightness map for instance) through the stereoscopic viewing of

the star it provides within each rotational phase block.

The lack of apparent spatial correlation between magnetic and

brightness features is even more obvious than at epoch 1991.96,

with some of the main magnetic features (such as the azimuthal

®eld one at phase 0.35) found to be at photospheric temperature.

Note that incomplete phase coverage cannot be invoked to explain

this discrepancy (see Sections 2.2 and 3.2) as the brightness image

derived by Jankov & Donati (1995) from a much denser data set

does not include either any major spot that can be associated

with the counterclockwise azimuthal ®eld region we reconstruct

at phase 0.35.
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Figure 4. Same as Fig. 3 for HR 1099 at epoch 1992.94.
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Figure 5. Same as Fig. 3 for HR 1099 at epoch 1993.99.
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3.4 1993 December

The magnetic topology of HR 1099 at epoch 1993.99 (see Fig. 5)

shows several new characteristics with respect to the previous

ones.2 The ®rst interesting point is that a bipolar spot pair is

reconstructed right at the rotational pole, both in the azimuthal

and meridional ®eld images. (Note that high latitude meridional

®eld features cannot be attributed to crosstalk problems, as demon-

strated in Donati & Brown 1997.) It is important to understand that

these two bipolar groups actually form a single larger elongated

magnetic region (directed and offcentred towards phase 0.53) in

which the ®eld is roughly horizontal and homogeneously oriented

(pointing towards phase 0.03); the splitting of this feature into an

azimuthal and a meridional ®eld subcomponent as well as the

bipolar aspect of these subcomponents are indeed only visual

artifacts owing to the fact that the pole is a singular point in

spherical coordinates. This single feature probably also connects

with the spot of clockwise azimuthal ®eld at phase 0.38, forming an

incomplete ring of mainly clockwise azimuthal ®eld which has

suffered some kind of off-centring (by an amount of about 10±208)

towards phase 0.25.

The remaining (counterclockwise) azimuthal ®eld regions are

distributed all the way from latitude 208 (at phase 0.25) up to

latitude 608 (at phase 0.68) rather than being con®ned at a latitude of

308 or so like at previous epochs. It also suggests that they all belong

to a parent ring of counterclockwise azimuthal ®eld, slightly tilted

towards phase 0.25 by typically 10±208. Moreover, the similar

offcentring of these two low-/high-latitude rings of counterclock-

wise/clockwise azimuthal ®eld suggests that both belong to the

same large-scale structure (see Section 5.1 for further discussion).

Strong radial ®eld features are also present at intermediate to

high latitudes in this image. It even looks as if ®eld vectors

preferentially emerge from the star at a latitude of about 608,

while they tend to penetrate the photosphere at a latitude of about

308 and close to the rotational pole. Note that it may also have been

the case at epoch 1992.94, although the correlation looks looser at

that time. Strangely enough, the radial ®eld distribution does not

seem to suffer the off-centring that both azimuthal ®eld rings clearly

exhibit. All meridional ®eld features apart from the bipolar group at

rotational pole (and especially that at phase 0.20 and latitude 308)

essentially mimic radial ®eld regions and are therefore attributable

to crosstalk problems.

Our brightness image is similar to those we reconstructed at

epochs 1991.96 and 1992.94, in the sense that it features once more

a large spot close to the rotational pole with several low-latitude

appendages, whose location on the stellar surface (at phase 0.30,

0.70 and 0.45 in this particular case) does not seem to show any

obvious spatial correlation with magnetic features. No contem-

poraneous brightness image is available in the literature for

potential comparisons with ours (as also the case for the next two

following epochs).

3.5 1995 December

The HR 1099 maps we reconstruct at epoch 1995.94 (see Fig. 6)

basically repeat the points we emphasized for epoch 1993.99.

In particular, the azimuthal ®eld image clearly demonstrates that

low-latitude spots of counterclockwise ®eld all belong to a parent

ring-like structure encircling the star at latitude 308 or so. The high-

latitude ring of clockwise ®eld (most conspicuous at epoch 1990.9)

is also very clear (and slightly off-centred towards phase 0.30, as

evidenced by the strong bipolar group of meridional ®eld spots

detected at the rotational pole, see Section 3.4) in this new map.

Strong radial ®eld spots of positive polarity are found to gather at a

latitude of about 608 while weaker negative polarity ones seem to

concentrate preferentially at a latitude of about 308, just as they used

to do in the 1993.99 magnetic image.

The brightness image we obtain shows a polar spot signi®cantly

off-centred towards phase 0.30, with at least two latitude appen-

dages at phase 0.0 and 0.8. It is interesting to note that the strong

high-latitude ring of clockwise azimuthal ®eld (de®ned by the high-

latitude features in both azimuthal and meridional ®eld maps)

closely follows the high-latitude boundary of the polar spot and

was probably doing so in previous maps (especially at epoch

1992.94 and 1993.99) already. Although it is not quite clear why

the low-latitude boundary of the polar spot shows no obvious

counterpart in the magnetic map, the above mentioned association

is probably the best evidence we can ®nd of potential spatial

correlation between brightness and magnetic features. It is none-

theless obvious that any such correlation is much weaker in

HR 1099 (where low-latitude regions of strong counterclockwise

azimuthal ®eld are very often found far away from all reconstructed

cool spots) than in the Sun. The case of the strong counterclockwise

azimuthal ®eld feature reconstructed at phase 0.27 and for which no

brightness counterpart can be identi®ed (even though the Stokes I

data set is reasonably well sampled at these rotational phases) is a

particularly good illustration of this point.

3.6 1996 December

The last image of the series (shown in Fig. 7) corresponds to epoch

1996.99. Although the azimuthal ®eld map is structurally similar to

those observed at previous epochs (with low-/high-latitude regions

of counterclockwise/clockwise ®eld respectively), its overall inten-

sity is slightly weaker. The radial ®eld component on the other hand

does not seem to undergo any noticeable change in intensity, with

strong ®elds emerging from the photosphere around latitude 608 or

so. The correlation between latitude and radial ®eld polarity

(positive at latitude 608 and negative at low and polar latitudes)

suggested from previous magnetic maps is strengthened in this new

image. A point worth noting is that relatively strong (i.e. ±800 G)

radial ®elds are detected very close to the rotational pole at this

epoch.

The brightness image exhibits a high-contrast high-latitude

feature off-centred towards phase 0.43 with respect to the rotational

pole. As for the previous epochs, the only noticeable spatial

correlation between magnetic and brightness maps is that the

high-latitude boundary of the brightness polar feature coincides

with the high-latitude off-centred ring of clockwise azimuthal ®eld

(witnessed through the azimuthal/meridional ®eld features we

detect at latitudes 608 and more).

4 THE YOUNG DWARF LQ HYA

4.1 Preparing the data set

The data set for LQHya is much easier to prepare, thanks to the fact

that this star is single. We simply recentre all line pro®les by

selecting the radial velocity that minimizes the information content

of the reconstructed image (yielding a value of 8:66 0:5 km sÿ1).

466 J.-F. Donati
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2 Note that the maps of Fig. 5 supersede the preliminary versions published

by Donati (1996a,b) for which ®eld polarities or/and ®eld strength scales

were wrong.
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Figure 6. Same as Fig. 3 for HR 1099 at epoch 1995.94.
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Figure 7. Same as Fig. 3 for HR 1099 at epoch 1996.99.
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We can obtain the inclination angle i and the projected rotational

velocity v sin i with the same method, and derive most likely

estimates (averaged over the different observing epochs) of

i � 556 58 and v sin i � 26:56 0:5 km sÿ1.

Using the new Hipparcos (Perryman et al. 1997) parallax yield-

ing a distance of 18:356 0:35 pc for LQ Hya, we can obtain a

second independent estimate of the inclination angle (just as we did

for HR 1099, see Section 3.1.2). Using mV � 7:66 0:1 as the

unspotted visual brightness, and 50006 100 K as the effective

temperature (implying a bolometric correction of ÿ0:406 0:05,

Kurucz 1993), we obtain a bolometric magnitude of 5:96 0:2 and a

radius of 0:86 0:1 R(. Independently, the measured period

(1.606 d, Strassmeier et al. 1993) and v sin i (see previous para-

graph) yield a line-of-sight projected radius of 0:846 0:02 R(.

Both estimates can only be made compatible for inclination angles

larger than 658.

The value we ®nally chose (608) represents a compromise

between the two constraints above. Note that, as for HR 1099,

potential errors of6108 on the inclination angle produce only very

small differences in the reconstructed images.

All LQ Hya images presented below correspond to ®ts at relative

noise levels of 0.12 per cent to 0.17 per cent (S/N ratio ranging from

600 to 800 depending on the epoch) for Stokes I pro®les, and to unit

reduced x2 levels for Stokes V pro®les. While the total spottedness

and mean ®eld strength the code reconstructs are respectively equal

to 5 per cent and 90G on average (i.e. about twice smaller than those

we ®nd for HR 1099), the brightness and magnetic ®lling factors

however are respectively equal to 8 and 16 per cent respectively (i.e.

very similar to those obtained for HR 1099).

All rotational phases listed below are computed with the

ephemeris of Strassmeier et al. (1993). The small time intervals

over which each data set was collected ensures that potential

internal phase inconsistency due to yearly variations in photometric

period (i.e. to surface differential rotation, e.g. Strassmeier et al.

1997) is always smaller than 1 per cent of the rotational cycle.

4.2 1991 December

The LQ Hya data set for epoch 1991.96 is very fragmentary, with

observations gathering essentially in two main phase groups. The

associated maps (see Fig. 8) must therefore be taken with caution.

Note in particular that most points on the stellar surface located

between phase 0.86 and 0.97 have not been observed at all.

As no additional crosstalk from radial/meridional to azimuthal

®eld is expected when inverting sparse data sets (Donati & Brown

1997), the maps of Fig. 8 suggest at least that clockwise azimuthal

®elds stronger than 200 G must be present at the surface of LQ Hya

to explain the observed rotational modulation of Stokes V pro®les.

Although very rough, the corresponding brightness map also

indicates the presence of at least two groups of dark features (at

phase 0.28 and 0.70) whose signatures in Stokes I pro®les are

obvious.

4.3 1992 December

Although still fragmentary, observations collected at epoch 1992.94

are numerous enough to ensure that all points on the stellar surface

located above the equator were observed at least once. The

corresponding magnetic map (shown in Fig. 9) con®rms in par-

ticular what the previous section suggested, i.e. that clockwise

azimuthal ®eld regions are present at the surface of LQ Hya. It also

indicates that all features in the azimuthal ®eld map have the same

polarity, conversely to what was reported for HR 1099 where low

and high latitudes are associated with different azimuthal ®eld

polarities (see Section 3). Several radial ®eld regions (and in

particular a major negative polarity one in which the ®eld reaches

about 350 G) are also reconstructed at this epoch. Note that this

image is a good illustration of the fact that ZDI detects preferen-

tially radial (respectively azimuthal) ®eld regions located close to

(respectively between) phases of observation when only moderate

phase coverage is available, as predicted in Section 2.2 and

observed on HR 1099.

The brightness image features several obvious low-latitude spots

(at phase 0.0, 0.49, 0.60 and 0.75 in particular) whose impact on the

recorded Stokes I pro®les is quite clear. Worth noting is the fact that

radial/azimuthal ®eld features at phase 0.50, 0.60 and 0.80 are

found to coincide rather well with (or at least to be located very

close to) dark counterparts in the brightness image. This may

suggest that the spatial correlation between magnetic and bright-

ness features is slightly stronger for LQ Hya than for HR 1099,

although de®nitely not as tight as for the Sun.

4.4 1993 December

At epoch 1993.99, observations are signi®cantly more numerous

and evenly spread throughout the rotational cycle compared to the

previous two runs. The corresponding magnetic map is shown in

Fig. 10.3 It demonstrates in particular that the ®eld is preferentially

clockwise oriented within all azimuthal ®eld regions of LQ Hya, as

already suggested from the previous two maps. It also establishes

that radial ®eld preferentially points towards the star (rather than

away from it), and was probably doing so at epoch 1992.94 already.

There is not much to conclude from the fact that the reconstructed

magnetic map does not show any low-latitude meridional ®eld

regions, since stars with high inclination angles are not sensitive to

this kind of magnetic features (Donati & Brown 1997). The very

weak meridional ®eld feature reconstructed close to the rotational

pole suggests however that most magnetic ®eld concentrates in the

two other (i.e. radial and azimuthal) ®eld components on LQ Hya.

The corresponding brightness map is reasonably well con-

strained. It features in particular a dark region close to the rotational

pole and extending all the way down to the equator towards phase

0.40, as well as a few distinct and isolated low-latitude spots (at

phase 0.24, 0.57, 0.87 and 0.99) whose potential association with

magnetic spots is not obvious.

4.5 1995 December

Most LQ Hya observations collected at epoch 1995.94 gather

around two main rotational phases shifted by about half a rotation

cycle. The reconstructed maps (see Fig. 11) must therefore be

considered with caution, even though all points on the stellar

surface above the equator have been observed at least once.

The azimuthal ®eld map features several spots of rather intense

clockwise ®eld at both low and high latitudes. Similarly, the radial

®eld map essentially shows regions of downward pointing ®eld,

whose intensity reaches up to 900 G. Although LQ Hya also hosts a

few regions of weaker counterclockwise azimuthal and outward

pointing radial ®eld close to the equator, negative polarity regions

clearly dominate both maps at all latitudes, further strengthening

the conclusions reached at previous epochs.
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3 Note that the maps of Fig. 10 supersede the preliminary ones of Donati

(1996b) for which the ®eld strength scale was wrong.
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Figure 8. Same as Fig. 3 for LQ Hya at epoch 1991.96. Note that the grey-scale table only ranges from ÿ600 G to 600 G now.
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Figure 9. Same as Fig. 8 for LQ Hya at epoch 1992.94.
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Figure 10. Same as Fig. 8 for LQ Hya at epoch 1993.99.
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Figure 11. Same as Fig. 8 for LQ Hya at epoch 1995.94.
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Figure 12. Same as Fig. 8 for LQ Hya at epoch 1996.99.
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The brightness map features a dark region passing through the

rotational pole and extending all the way down to the equator at

phases 0.23 and 0.65±0.70. Its elongated shape is mostly a result of

the sparse rotational phase sampling of the corresponding data set.

Another low-latitude dark spot is also present at the surface of

LQ Hya at this epoch at phase 0.80 (generating the depressions

observed in the red/blue wings of Stokes I pro®les at rotational

phases 0.12/0.65 respectively).

4.6 1996 December

The 1996.99 LQHya data set is the most complete one of the whole

series, making the corresponding maps (see Fig. 12) very well

constrained and reliable. The azimuthal ®eld image features

essentially two high-latitude spots of counterclockwise ®eld,

plus several other weak low-latitude ones. Being now dominated

by positive polarity ®eld regions, this new map is noticeably

different from the previous one and indicates that the magnetic

topology of LQ Hya has undergone some structural modi®cation

between epochs 1995.94 and 1996.99. On the other hand, the

radial ®eld map shares obvious similarities with that at epoch

1995.94, featuring essentially several negative polarity regions (in

which the ®eld reaches about 800 G), with a few much weaker

positive polarity spots. No discernible meridional ®eld feature is

detected.

The brightness image is quite complex, including a dark asym-

metric region located close to the rotational pole, as well as several

(up to eight) low-latitude regions unevenly distributed around the

star. It is worth noting that one magnetic spot at least (the negative

polarity radial ®eld feature at phase 0.68) has no obvious counter-

part in the brightness image even though observations are quite

dense at this particular phase; it strengthens the conclusion that

magnetic features do not necessarily coincide with brightness ones,

even for LQ Hya. Note that this image is very reminiscent of those

obtained for the other similarly young dwarf AB Dor (Donati &

Cameron 1997; Donati et al. 1999), if we keep in mind that the

lower rotation rate of LQ Hya (about 3.1 times smaller than that of

AB Dor) implies lower spatial resolution for the corresponding

Doppler image.

5 D ISCUSS ION

5.1 Topologies of non-solar dynamo magnetic ®eld structures

As pointed out throughout Sections 3 and 4, all magnetic images we

reconstruct for HR 1099 and LQ Hya show that a signi®cant (and

even sometimes dominant) fraction of the overall magnetic ®eld of

HR 1099 and LQ Hya is stored in azimuthal ®eld regions. We

stress once more that these azimuthal ®eld regions are not artifacts

of the reconstruction process. Simulations do indeed demonstrate

that no crosstalk is expected between radial/meridional ®eld and

azimuthal ®eld maps even when only moderate to poor phase

coverage is available (Donati & Brown 1997), implying that the

presence of the azimuthal ®eld regions we detected is de®nitely

required at the surface of both stars for explaining the observed

rotational modulation of Stokes V pro®les down to photon noise

level. Similar conclusions were also reached in the case of another

cool active star, the young ultra-fast rotator AB Dor for which

extremely dense Stokes V data sets could be recorded (Donati &

Cameron 1997; Donati et al. 1999). The fact that these azimuthal

®eld regions are often reconstructed between (rather than in con-

junction with) phases of observations (especially when phase

coverage is moderate) is perfectly normal and only illustrates that

ZDI is mostly sensitive to such features when they are about 0.2

rotation cycle away from their phase of meridian crossing (see

Section 2.2).

Although the actual distribution of these magnetic regions

changes beyond recognition from epoch to epoch, we observe

that their polarities are essentially longitude independent at a

given latitude (e.g. counterclockwise and clockwise ®eld at low

and high latitudes respectively for HR 1099). Moreover, this

latitudinal pattern of azimuthal ®eld polarities is roughly constant

on time-scales of a few years (e.g. all azimuthal ®eld maps of

HR 1099 available to date show counterclockwise and clockwise

®eld rings at low and high latitudes respectively). Our observations

therefore suggest that these regions are not due to random mani-

festations of magnetoconvection within the stellar photosphere, but

actually witness the presence of a large-scale roughly axisymmetric

toroidal ®eld structure, stable on time-scales of several years. We

speculate that this large-scale structure is that generated by dynamo

mechanisms, like that of the Sun for instance except for the fact that

the one we detect in HR 1099 and LQ Hya is directly visible at

photospheric level. The results of Sections 3.4 and 3.5 suggest that

this large scale toroidal structure can sometimes be slightly tilted

with respect to the rotational pole, by angles of 108±208 typically.

This tilt of the toroidal structure is also re¯ected in the brightness

distribution.

Although slightly less obvious from individual images, similar

conclusions apply for the radial ®eld maps of HR 1099 (showing a

tendency for positive radial ®elds at intermediate to high latitudes

and negative radial ®elds at low and circumpolar latitudes) and

LQ Hya (for which radial ®eld are essentially negative at all

latitudes). Note in particular that these radial ®eld topologies are

clearly different from that of the young dwarf AB Dor (Donati &

Cameron 1997; Donati et al. 1999), for which the polarities of major

radial ®eld features does not seem to correlate well with latitude nor

to repeat from one year to the next. Following the idea of the

previous paragraph, we speculate that the latitudinal polarity

pattern of radial ®elds we observe for HR 1099 and LQ Hya

witnesses the poloidal component of the dynamo-induced large-

scale ®eld structure, also visible at photospheric level. For some yet

unknown reason, this structure does not seem to re¯ect the angular

tilt visible in both large-scale toroidal structure and brightness

distribution.

The time-averaged latitudinal dependence of the observed azi-

muthal and radial ®eld distributions is shown in Fig. 13. Note that it

is not possible to recover azimuthal and radial ®eld distributions in

the other hemisphere, as Stokes V pro®les are only very weakly

sensitive to features located at negative latitudes. The observed

polarity pattern nevertheless suggests that the axisymmetric com-

ponent of the radial ®eld distribution (and therefore presumably the

parent large-scale poloidal ®eld structure as well) resembles a

spherical harmonic mode with a , degree equal to 5 or more,

while that of LQ Hya is closer to a simple dipole. The amplitude of

these harmonic modes are several hundred G, i.e. at least two orders

of magnitude stronger than in the Sun.

The Stokes V signatures we detect within the lines of the

secondary star of HR 1099 may be an independent suggestion

that poloidal ®elds at the surface of the K1 subgiant are rather

strong. The relatively simple (i.e. roughly antisymmetric) shape of

the Zeeman signature associated with the spectral lines of the G5

star (see Fig. 2), as well as its weak dependence on rotational phase

and epoch (see Section 3.1.1) are indeed indications that the

associated magnetic ®eld must be grossly homogeneous, like for
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instance the large-scale poloidal structure of the K1 subgiant at the

level of the orbit of the secondary star. On the other hand, the ®eld

topology the G5 star likely hosts (as a rapidly rotating solar-type

star) is probably too complex to explain the Stokes V pro®le of

Fig. 2, as it would generate Zeeman signatures featuring several (i.e.

at least two) sign switches throughout the pro®le width and

exhibiting strong rotational modulation, even for a v sin i as low

as 12 km sÿ1. In this context, the 10-G longitudinal ®eld associated

with this Zeeman signature translates into a polar ®eld of 200 G (for

a dipolar structure) or more (for higher orders of the spherical

harmonics expansion), in good agreement with what we obtain from

the magnetic images of the K1 subgiant (see Fig. 13).

We already have some evidence that the large-scale azimuthal

and radial ®eld structures vary slowly with time. Radial ®eld

regions (absent at epoch 1990.9, Donati et al. 1992b) have progres-

sively appeared at the surface of HR 1099 while azimuthal ®elds

remained fairly strong until 1996.99, when theymay have started to

decline (although this needs con®rmation from future observa-

tions). Similarly, regions of counterclockwise azimuthal ®eld

have recently appeared at high latitudes on LQ Hya at epoch

1996.99 (see Figs 12 and 13), while radial ®eld features remained

roughly as strong. We speculate that these variations are linked to

the long-term evolution of the parent large-scale poloidal and

toroidal structures with time.

The only spatial correlation between magnetic and brightness

regions we can report is that high-latitude azimuthal ®elds seem to

coincide with the high-latitude boundary of the dark polar spot in

HR 1099. Even though a weak correlation between low-latitude

brightness and magnetic features may be present for LQ Hya, it is

de®nitely far weaker than for the Sun, with strongmagnetic features

being clearly detected at photospheric temperature. This is in

agreement with results previously reported for various RS CVn

systems (from a colour analysis of Stokes V Zeeman signatures,

Donati et al. 1997) and for the young dwarf AB Dor (Donati &

Cameron 1997; Donati et al. 1999), but contradicts an earlier claim

by Donati et al. (1992b) that magnetic regions on HR 1099 do

coincide with dark features.

5.2 Implications for dynamo theories

The simple fact that stable azimuthal ®eld regions are detected at

photospheric level strongly indicates that the parent large-scale

toroidal structure is not generated at the base of the convective zone,

as in the Sun. It is very unlikely that these features represent the

emergence of magnetic ¯ux loops carried upwards either by

granular convection or magnetic buoyancy (like those we see on

the Sun, Lites et al. 1996), as theywould only be stable onvery short

time-scales and would therefore not be observed repeatedly on

successive rotational cycles (e.g. Donati & Cameron 1997; Donati

et al. 1999). The obvious conclusion is thus that the parent toroidal

magnetic ®eld must be generated close to the stellar surface, and

thus within the convective envelope itself. Another strong argument

in favour of this conclusion is that rising ¯ux tubes from a deep-

seated magnetic structure located at the base of the convective zone

are expected to emerge at high latitudes in rapidly rotating late-type

stars (SchuÈssler 1996; DeLuca, Fan& Saar 1997). For instance, on a

K1 subgiant like HR 1099 (with a convective zone as deep as

0.85 R,), ¯ux tubes should all appear at latitudes larger than 608, in

strong contradiction with the ®eld maps we reconstruct which very

often show surface features at latitude 308 or so. Note that this

second argument also applies for the reconstructed radial ®eld

maps, implying that some of the large-scale poloidal ®eld at least

is also generated close to the surface. Altogether, we consider that

our observations provide strong evidence that poloidal and toroidal

magnetic structures in these rapidly rotating active stars are gener-

ated within the convective zone, and therefore not throughout a

solar-like overshoot-layer dynamo.

One of the arguments in favour of the solar overshoot-layer

dynamo comes from the interpretation of helioseismological obser-

vations, which demonstrates that the radial gradient in angular

velocity is roughly zero throughout the whole convective zone,

except in a thin interface layer of convective overshoot between the

radiative interior and convective envelope. This overshoot layer is

therefore the only place that can turn poloidal ®elds into toroidal

ones through large-scale rotational shear (theQ process). Moreover,
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Figure 13. Latitudinal pattern of radial (solid line) and azimuthal (dashed line) magnetic ®eld distributions of HR 1099 (left panel) and LQ Hya (right panel),

once averaged over longitude and time. Note that the LQHya 1996 December latitudinal pattern of azimuthal ®elds (dot±dash line) was not included in the time

average. Meridional ®elds at latitudes higher than about 508 as well as azimuthal ®eld at latitudes higher than 708were counted as clockwise azimuthal ®eld for

HR 1099, according to the conclusions of Section 3.4. Meridional ®elds at latitudes lower than about 508 was counted as radial ®eld for both stars, according to

the conclusions of Donati & Brown (1997).
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it is probably the only place where magnetic ®elds can be retained

on periods of time much longer than the duration of a solar cycle.

However, it is not necessarily the place where poloidal magnetic

®elds are regenerated from toroidal ones by cyclonic turbulence or

other non-mirror symmetric velocity ®elds (the a process). Obser-

vations of bipolar magnetic regions and calculations on rising

buoyant magnetic ¯ux from this overshoot layer actually suggest

that the toroidal ®eld it stores is much too strong (of the order of

105 G) to allow local convective turbulence and therefore ef®cienta

process action (Parker 1993). The most recent dynamo models tend

to concentrate the a effect (and the production of the poloidal ®eld)

somewhere else, either just above the overshoot layer (Parker 1993;

MacGregor & Charbonneau 1997), or throughout the whole con-

vective zone, or even very close to the stellar surface (e.g. Durney,

De Young & Roxburgh 1993; Choudhuri, SchuÈssler & Dikpati

1995). Mechanisms such as magnetic diffusivity, turbulent pump-

ing or large-scale meridional circulation are then invoked to couple

a and Q processes together and allow dynamo to operate in a

cyclical manner. In particular, it is being increasingly realized that

small-scale solar magnetic ®elds (and especially the intranetwork

®elds presumably generated within the bulk of the convective zone,

Lin 1995) may contribute signi®cantly to the large-scale solar

dynamo ®eld (Sten¯o 1994; Lites et al. 1996).

In rapidly rotating stars like those we have observed to date

(HR 1099, LQ Hya and AB Dor, rotating respectively 9, 16 and 51

times faster than the Sun), the situation is probably very different.

As no internal differential rotation laws have been obtained yet

through asteroseismology, we have to rely essentially on hydro-

dynamical models of the convective zone, like those of Kitchatinov

& RuÈdiger (1995) or RuÈdiger et al. (1998). These papers show that

for stars cooler or rotating faster than the Sun, the internal

differential rotation pattern is very different from solar, with

rotation rate being almost constant in cylindrical shells parallel to

the rotation axis. It implies in particular that radial gradients of

angular rotation should no longer be con®ned to the base of the

convective zone as in the Sun, but distributed throughout the whole

convective zone. Although such models (which predict that the

difference in surface angular rotation between the equator and poles

dQ should decrease with rotation rate Q as Qÿ0:4) do not exactly

reproduce direct surface differential rotation measurements in rapid

rotators (which suggest that dQ is essentially constant with Q,

Donati & Cameron 1997), they indicate at least that dynamos in

rapidly rotating late-type stars are likely structurally different from

solar, and bring some theoretical support to our conclusions that

large toroidal ®eld topologies must be generated within the con-

vective envelope.

It therefore seems very likely that a signi®cant fraction of the

global ®eld of rapidly rotating late-type stars is generated by a

distributed dynamo (with both a and Q effects located within the

convective zone proper). Independent con®rmation of this conclu-

sion comes from the observation that poloidal and toroidal ®eld

components have similar strengths (see Fig. 13, in agreement with

theoretical distributed dynamo models, e.g. Brandenburg et al.

1994), as opposed to the Sun where the observed poloidal ®eld is

several orders of magnitude smaller that the inferred toroidal

component. Moreover, the strength of the large-scale poloidal

®eld is of the order of a few hundred G, indicating that such

distributed dynamos are very ef®cient, more ef®cient in particular

than any potential solar equivalent (like that associated with the

production of solar intranetwork ®elds for instance, if the suspicion

that such small-scale features are generated through a distributed

solar dynamo is con®rmed). An obvious explanation for this

enhanced ef®ciency is the larger rotation rates. It indicates in

particular that distributed dynamos like those we observed (but

also those of fully convective stars) are therefore not purely

turbulent dynamos (as proposed in particular by Durney et al.

1993) as such dynamos are not expected to depend on rotation

nor to contribute signi®cantly to the large-scale ®eld structure.

An obvious concern for distributed dynamos is of course to

understand how such strong large-scale ®elds can be retained within

the convective zone for time-scales longer than the duration of a

typical activity cycle. This non-trivial point is still a matter of

intense debate. One can imagine that part of the azimuthal ®eld

generated close to the surface is pumped down by convective

downdrafts (e.g. Nordlund et al. 1992) or simply transported by

meridional circulation (Choudhuri et al. 1995) and stored below the

convection zone. Alternatively (or simultaneously), one can ima-

gine that the large-scale ®eld (or at least a signi®cant fraction) is

continuously regenerated over time-scales of about one month, as is

probably the case for the Sun for instance (e.g. Sten¯o 1994).

If the above interpretation is correct, sequences of magnetic

images such as that presented here (but spanning a complete

magnetic cycle) should inform us on how the large-scale poloidal

and toroidal ®eld components evolve with time. From the present

data set, we can already see that the ®eld structure of HR 1099 has

progressively evolved from an almost purely azimuthal ®eld topol-

ogy at epoch 1990.9 to a mixed ®eld distribution at following

epochs, indicating that the underlying activity cycle is probably in

the phase of regenerating the poloidal component of the large-scale

dynamo ®eld. Similarly, the appearance of a counterclockwise

azimuthal ®eld region at high latitudes on LQ Hya at epoch

1996.99 (if con®rmed in future observations) may announce a

global polarity switch, just as it does for radial ®elds on the Sun

(Sten¯o 1991) for instance. Assuming these large-scale toroidal

®eld structures we detect do indeed reverse their polarity, the fact

that no complete polarity switch has yet been observed indicate that

our data do not span more than half of a magnetic cycle, implying

cycle periods of at least 10 and 12 yr for LQ Hya and HR 1099

respectively.

Our observations also suggest that the axisymmetric spherical

harmonic degree of the large-scale magnetic ®eld varies with

rotation rate and convective depth. Going from LQ Hya to

AB Dor, the large-scale toroidal ®eld component evolves from a

primarily dipolar con®guration to one with a dominant axisym-

metric spherical harmonic component of (presumably odd) degree

,$ 5 (Donati et al. 1998), whereas the essential difference in stellar

fundamental parameters is the rotation rate (3.2 times larger in

AB Dor). Note that this behaviour is in qualitative agreement with

the conclusions of Schatzmann (1991). It also strengthens the idea

outlined above that the distributed dynamos we observed do depend

on rotation and are therefore not purely turbulent dynamos. Going

from LQ Hya to HR 1099, a similar evolution is observed for both

poloidal and toroidal ®eld structures, which suggests that the

increase in convective depth between a K0V and a K1IV structure

more than compensates the decrease in rotation rate (by a factor of

about 1.8). This is very reminiscent of the results obtained by

Kitchatinov&RuÈdiger (1995) or SchuÈssler (1996) on the respective

effects of rotation and effective temperature on radial differential

rotation or magnetic ¯ux rising trajectories within the convective

zone of late-type stars.

Finally, it is interesting to note (although perhaps totally mean-

ingless) that the parallel drawn above between the stellar magnetic

features we detected and solar intranetwork ®elds can be extended

somewhat further. In addition to the fact that both types of features
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are produced within the convective zone proper, we observe that

they do not correlate (or only very weakly) with surface brightness

inhomogeneities (Lites et al. 1996) and are not con®ned to a

restricted range of latitudes. Although the most recent results on

intranetwork ®elds tend to indicate that they do not signi®cantly

vary with local activity at the surface of the Sun at a given epoch,

there is actually no systematic study of their actual dependencewith

the solar activity cycle yet (Lin 1995). If it turns out that these small-

scale solar features do vary with the activity cycle, it would then

strongly suggest that the stellar magnetic ®elds we observed are

scaled-up versions of solar intranetwork ®elds. It may in turn

strengthen Sten¯o's (1994) proposition that these intranetwork

®elds (and therefore the underlying distributed dynamo) are not

due to a pure turbulent dynamo, and do signi®cantly contribute to

the large-scale ®eld of the Sun just as they do on other rapidly

rotating late-type stars.

5.3 Orbital period variations in HR 1099

As described in Section 3.1.1, our spectropolarimetric data on the

RS CVn system HR 1099 demonstrate that, while the system radial

velocity and velocity amplitudes remain constant (within better

than 0.5 km sÿ1), the orbital phase of the ®rst (and second) con-

junction is slowly varying with time (see Fig. 1). It is already clear

from this plot that this variation is not linear with time and is

therefore not simply the result of an error in the assumed orbital

period. (This error would need to be of the order of 2 ´ 10ÿ4 d, and

would be incompatible with the error bar published by Fekel and

also with Mt Wilson observations obtained more than 70 yr ago.) A

function with non-zero second derivatives (like a sine curve with a

period of 186 2 yr, see Fig. 1) can reproduce the observed

¯uctuation much better (i.e. within the error bars).

The ®rst natural idea that comes to mind is that HR 1099 (as a

system) orbits around a third object in a period of about 18 yr, and

that the apparent ¯uctuations in conjunction time are actually

caused by the variation in distance (and therefore in light travel

time) between the Earth and HR 1099 as the binary orbits the third

body. In this context, the peak-to-peak amplitude of the conjunction

time variations (5.460.4 per cent) translates into peak-to-peak

distance variations of 26:66 2:0 au. Assuming a circular orbit,

the observed period of 186 2 yr implies that the systemic radial

velocity of HR 1099 should vary with a peak to peak amplitude of

about 44 km sÿ1, totally incompatible with our observations (indi-

cating that the systemic velocity is constant with time up to an

accuracy of about 0.5 km sÿ1) as well as with earlier ones (Fekel

1983). Of course, some of the above estimates (and in particular the

orbit period) may be inaccurate, especially if the orbit of HR 1099

around the third body is strongly eccentric and not circular (as

implicitly assumed through the sinusoidal ®t). However, the dis-

crepancy between predicted and observed systemic radial velocity

curves is so large that it makes this scenario extremely unlikely.

Note that it also suffers from other severe problems. In particular,

the orbit period also implies a minimum mass of 7.3 M( for the

third body, which would then need to be some kind of low-mass

black hole to explain the fact that it is simply not seen within about

0.5 arcsec of HR 1099 itself.

We therefore have to look for an explanation within the close

binary system itself. As ¶f0=¶t is directly proportional (for a

circular orbit) to the deviation of the system orbital period from

its nominal value, our ®ndings that f0 is a function with non-zero

second derivatives suggests that the orbital period is truly time

variable (by an amount of about 0.015 per cent peak-to-peak), on a

time-scale of just a few years. They already indicate that the orbital

period was nominal (i.e. equal to 2.83774 d) sometime in 1990 (i.e.

when the conjunction phase peaks at about 0.8 per cent) and reached

a minimum value of about 2.83753 d at the end of 1994 (when the

curvature of the conjunction phase variations switched from nega-

tive to positive).

It is of course too early to conclude about the exact shape of long-

term time dependence of these ¯uctuations in orbital period.

Assuming the observed variation in the orbital phase of both

conjunctions is indeed periodic (as suggested by the sinusoidal ®t

of Fig. 1), the orbital period would then also be modulated with the

same period. Note that such a periodic behaviour of the system

orbital period could reconcile in particular the variations we just

detected with the fact that this period is constant on average on a

time-scale of at least 70 yr (Fekel 1983). If we further assume that

the observed modulation in conjunction phase obeys a sine law

(with a period of 1862 yr and a peak-to-peak amplitude of 5.460.4

per cent), the orbital period should also vary sinusoidally (in phase

quadrature and with an amplitude of about 4:26 0:1 ´ 10ÿ4 d or

366 1 s peak-to-peak), with 1994.860.2 as the epoch of orbital

period minimum (see Fig. 14). Our observations therefore suggest

that the system undergoes periodic phases of contraction (like that

up to epoch 1994.8, associated with a decrease in orbital period),

followed by phases of expansion (from epoch 1994.8 on, associated

with an increase in orbital period).

Similar orbital period ¯uctuations have already been detected in

various RS CVn systems, as well as in several other types of objects

such as Algol systems, cataclysmic variables and contact binaries

(Hall 1990). These orbital period ¯uctuations usually have a relative

semi-amplitude of a few times 10ÿ5 and occur on time-scales from

less than one decade up to more than one century. Our observations

demonstrate for the ®rst time that HR 1099 now belongs to the class

of binary systems that show such orbital period ¯uctuations. To our

knowledge, this is the ®rst time that such ¯uctuations have been

detected in a RS CVn system through spectroscopic (rather than

photometric) observations. The period of these ¯uctuations

(Pmod � 186 2 yr) is one of the shortest known to date, while

their peak-to-peak relative amplitude (0.015 per cent) is also one the

largest ever detected.

Formost of these objects, the third body scenario can be excluded

for very similar reasons to those mentioned above. Similarly, all
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Figure 14. Fluctuations in the orbital period of the RS CVn systemHR 1099

(dots). The dashed curve depict the oscillations about the nominal period of

2.83774 d (dotted line) that correspond to the sinusoidal ®t of Fig. 1.
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mechanisms invoking mass transfer and/or mass loss proposed to

date (e.g. Biermann&Hall 1973; DeCampli &Baliunas 1979) have

been dismissed on either theoretical or observational arguments (or

both). Tidal or magnetic coupling between system components do

not seem to be a likely explanation either. Stellar structure models

from Charbonnel et al. (1996) indicate that a K1 subgiant with

fundamental parameters such as those derived in Section 3.1.2

should be close to entirely convective, with a convective envelope

occupying about 75 and 85 per cent of the total stellar mass and

radius respectively, a squared gyration radius of 0.13 and an apsidal

motion constant k2 of about 0.06. As departures from synchroniza-

tion remain always very small in the case of HR 1099, the tidal

period is much longer than both tidal friction time and convective

turnover time, implying that a rather accurate synchronisation

timescale can be derived for HR 1099 from equations (7), (15)

and (20) of Zahn (1989). The value we obtain (190 yr) is still about

one to two orders of magnitude too large to explain the orbital

period ¯uctuations we observe for HR 1099. Similarly, the large-

scale poloidal ®eld of the primary system component, although two

orders of magnitude stronger than solar, is still far too weak to

produce an ef®cient magnetic torque. The magnetic energy

associated with the ®eld lines of the primary star at the distance

of the secondary component (where the ®eld strength is of the order

of 10 G, see Section 5.1) is indeed about 10 orders of magnitude

smaller than the amount of energy apparently associated with the

observed orbital period variations (1:5 ´ 1043 erg every half-cycle).

The only solution we are left with is that these ¯uctuations are a

result of changes in the quadrupole moment of the primary star, and

therefore in its gravitational ®eld itself (Matese & Whitmire 1983;

Applegate & Patterson 1987; Applegate 1992). In this scenario,

there is no coupling of any sort between system components,

implying that the orbital angular momentum is conserved, just as

the spin angular momentum of both components are. The attractive

point is that quadrupole moment changes of the primary star have

instant consequences on the motion of the companion (through the

modi®cation of the gravitational ®eld itself), with no additional

delays for the effect to settle like in the case of tidal interaction for

instance. According to Applegate & Patterson (1987) and Apple-

gate (1992), these quadrupole moment changes are a direct con-

sequence of magnetic activity. There is indeed empirical evidence

for that, as demonstrated by Hall (1990) who discovered that all

systems subject to such orbital period ¯uctuations do indeed involve

one active star with a deep convective zone. Another piece of

evidence in this direction in the particular case of HR 1099 is that

the period of 186 2 yr we obtain for the orbital period ¯uctuations

is in good agreement with an activity cycle period estimate of

166 1 yr derived by Henry et al. (1995) from long-term photo-

metry, as well as with the lower limit derived in Section 5.2.

The problem however is to explain how magnetic activity can

generate such quadrupole moment changes. The initial suggestion

of Applegate & Patterson (1987) is that a magnetic ®eld at the base

of the convective zone induces an additional anisotropic magnetic

pressure, thus deforming the equipotential surfaces and the shape of

the star. However, Marsh & Pringle (1990) argued that the energy

required to drive these changes is larger than what the star can

provide given the short time-scale on which they occur, ruling out

this simple idea. A few years later, Applegate (1992) proposed

another scenario, in which magnetic activity affects the distribution

of angular momentumwithin the active star, and thus its quadrupole

moment. Although the original picture by Applegate (in which the

magnetic ®eld provides a torque that makes the rotationmore or less

rigid) does not seem particularly appropriate in the particular case

of RS CVn systems (Applegate 1992), a new and apparently more

successful scheme has been recently proposed by Lanza, RodonoÁ &

Rosner (1998). The idea is to invoke periodic exchange between

magnetic and kinetic energy within the convective zone (as part of

the magnetic cycle) as a possible source for modifying the distribu-

tion of angular momentum within the star (at constant total spin

angular momentum).

De®ne the quadrupole moment of the star as in Applegate (1992),

i.e. by

Q � ÿ
2R,

3

3G
F2�R,�;

where F2 denotes the radial part of the second term in the spherical

harmonics expansion of the gravitational potential of the active star

(R, being the radius of the active star and G the universal gravita-

tional constant). The amount of change dQ the quadrupole moment

needs to undergo to account for the observed orbital period

¯uctuations is given by equation (7) of Applegate (1992), yielding

a value of 1:7 ´ 1052 g cm2 peak-to-peak in the particular case of

HR 1099. One then needs to work out how much angular rotation

rates need to be affected to produce such quadrupole moment

changes. In practice, Q depends in a very complex way of how

mass, magnetic ®elds and angular rotation velocity are distributed

within the star (through the Poisson equation and that describing

hydrostatic support in rotating magnetized stars, e.g. Lanza et al.

1998). However, it is possible to derive a rough estimate for the

required relative change in angular rotation rate dQ=Q, through the

very simplifying assumption of a rigidly rotating star with constant

total (i.e. kinetic and magnetic) energy (see equation 16 of Lanza

et al. 1998).

The ®rst result is that the changes in angular rotation rates are

very likely not restricted to an interface layer at the base of the

convective zone. Using equation (25) of Applegate (1992), we

estimate that the maximum quadrupole moment change that a thin

layer of mean radius 0.15 R,, thickness 0.015 R, (i.e. about 20 per

cent of the pressure scaleheight at the base of the convective zone,

e.g. SchuÈssler 1996) and mass 0.01M, can generate in the gravita-

tional potential of a 0.25M, radiative core is about 10
49 g cm2 for an

angular rotation rate equal to that at the surface, i.e. more than three

orders of magnitude smaller than what we observe. This result is in

perfect agreement with those of Section 5.2, concluding that

dynamo processes in the K1 subgiant of HR 1099 (and therefore

the angular rotation velocity changes that are presumably asso-

ciated) are distributed throughout the whole convective zone, rather

than being con®ned in an overshoot interface layer with the

radiative interior. If we now assume that the whole convective

zone is responsible for the observed quadrupole moment changes,

we obtain from equation (16) of Lanza et al. (1998) that dQ=Q is

equal to 61:4 per cent in the particular case of HR 1099.

Photometric observations (measuring temporal variations in

photometric period, possibly caused by starspot migration in the

presence of differential rotation, and/or to surface changes in

angular rotation rate) actually suggest an upper limit of only 0.6

per cent peak-to-peak for dQ=Q (Henry et al. 1995), between four

and ®ve times smaller than the above estimate. We nevertheless

conclude that the agreement with observations is reasonable. One

should indeed keep in mind that the above estimate of dQ=Q is still

fairly rough (as it relies on the assumption of solid rotation for

instance, which is strictly speaking incompatible with conservation

of total spin angular momentum); if more accurate ones (computed

from detailed stellar structure models) would certainly bewelcome,

they would still be rather uncertain (by at least a factor of two)
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unless complete information is available on both magnetic ®elds

and angular rotation rate within the star (e.g. PaternoÁ, So®a &

Di Mauro 1996 in the case of the Sun). In any case, the agreement

we obtain with this scenario is far better than with any others, and

we thus conclude that it is the less unlikely option to explain our

observations.

If we assume that the actual relative changes in angular rotation

velocity are about 60:3 per cent in the particular case of HR 1099

(i.e. the upper limit that photometric observations allow), the

associated variation in kinetic energy (of the order of IdQ2 if we

assume spin angular momentum conservation, where I is the

moment of inertia of the primary star) is 1041 erg. The average

azimuthal ®eld strength associated with this variation in kinetic

energy is equal to 6 kG. As radial gradients in ®eld intensity

certainly exist throughout the convective zone, the expected ®eld

at photospheric level is probably of the order of one kG, in good

agreement with what we actually measure on this star (see

Section 3). The maximum power associated with these kinetic

to magnetic energy transfers is about 5 per cent of the total

stellar luminosity (peak-to-peak), which veri®es a posteriori that

Marsh & Pringle's (1990) argument does not apply in our particular

case.

6 CONCLUSIONS AND PROSPECTS

We presented in this paper a 6-yr time-series of magnetic (and

brightness) surface images of the K1 subgiant of the RS CVn

system HR 1099 and of the young K0 dwarf LQ Hya, reconstructed

(with the help of a dedicated maximum entropy image recon-

struction software) from Zeeman±Doppler imaging observations

collected at the Anglo-Australian Telescope (Donati et al. 1997).

The ®rst important result we obtain is that all stellar magnetic

images we reconstruct host at least one high-contrast feature in

which the ®eld is predominantly azimuthal, thus con®rming that

such surface structures (already detected by Donati et al. 1992b;

Donati & Cameron 1997 and Donati et al. 1999) are indeed real.

We take this as strong evidence that the associated dynamo

processes operate throughout the whole stellar convective

envelope, and not only in an interface layer between the convective

and radiative zones as in the Sun. Moreover, the magnetic regions

that we detect show very weak spatial correlation with surface

brightness inhomogeneities and do not seem to be con®ned to a

restricted latitude range, suggesting that they could be scaled up

analogues of solar intranetwork ®elds (rather than active

regions).

The latitudinal polarity pattern of azimuthal and radial ®elds that

we observe at the surface of both stars suggest that these magnetic

regions respectively witness the toroidal and poloidal components

of the large-scale dynamo ®eld. The spatial structure of these two

magnetic ®eld components gets increasingly more complex (with

higher axisymmetric spherical harmonic degrees) for larger rotation

rates and deeper convective zones. The strength of these toroidal

and poloidal components is typically a few hundred G, more than

two orders of magnitude stronger than in the Sun. Long-term

evolution of the large-scale ®eld structure (and of the toroidal and

poloidal components in particular) is clearly detected.

We also report the detection of small ¯uctuations in the orbital

period of HR 1099, with a peak-to-peak amplitude of about 366 1 s

(i.e. 0.015 per cent) and a period of about 186 2 yr (assuming

sinusoidal variations around the nominal value). Themost plausible

way of explaining such ¯uctuations is that the quadrupole moment

of the K1 subgiant is varying with time, and that this modulation is

driven by the magnetic activity cycle of the primary star itself. Our

observations thus give further support to the model of Applegate

(1992) in its most recent adaptation (Lanza et al. 1998), which

proposes that periodic exchange between kinetic and magnetic

energy within the convective zone and throughout the activity

cycle is responsible for changes in the internal angular rotation

rate and thus in the quadrupolemoment of the active star. It provides

in particular an independent con®rmation that dynamo operates

within the whole convective zone, and suggests that the average

azimuthal ®eld in this convective envelope is of the order of 6 kG.

This study is of course the beginning of a longer term one, aimed

at monitoring cyclic evolution of the large-scale dynamo ®eld

structures of a few selected active stars throughout the HR diagram.

The obvious goal is to follow the time distortion of both poloidal

and toroidal components of the large-scale magnetic ®eld over at

least one complete activity cycle (and possibly more), focusing for

instance on potential sign switches of these two components,

equatorward/poleward migration patterns at the stellar surface, or

variable angular tilt between the magnetic and rotation axes.

Another interesting possibility would be to perform harmonic

analyses on time series of the axially symmetric component of

stellar magnetic topologies, just as Sten¯o (1992) did in the

particular case of the Sun. More generally, we plan to collect

solar-like observations of dynamo magnetic structures for various

objects throughout the Hertzsprung±Russell diagram (sampling in

particular a wide range of ages, effective temperatures and rotation

rates), with the ultimate goal of obtaining a uni®ed theory for solar

and stellar dynamo processes.

Monitoring surface differential rotation patterns (Donati &

Cameron 1997) and in particular possible modulation of this

differential rotation with the activity cycle should also help, not

only in trying to test in further details the model Lanza et al. (1998)

proposed for explaining orbital period ¯uctuations of binary sys-

tems, but also in identifying the essential physical ingredients at the

origin of differential rotation within stellar convective zones. A

modulation with stellar activity would con®rm at least that mag-

netic ®eld has a de®nite impact on the internal angular rotation rate

of active stars, and that differential rotation is therefore not a purely

hydrodynamical process as originally assumed by Kitchatinov &

RuÈdiger (1995) or RuÈdiger et al. (1998). This is precisely the kind of

information one needs to collect in order to construct, ultimately, a

self-consistent dynamo theory that reproduces all observational

constraints (e.g. topology of toroidal and poloidal components of

large-scale ®eld structure, differential rotation, quadrupole moment

changes) at the same time.
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