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Magnetic flux emergence in fast rotating stars
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Abstract. Fast rotating cool stars are characterised by high magaetieity levels and
frequently show dark spots up to polar latitudes. Theiriisive surface distributions of
magnetic flux are investigated in the context of the solaltastconnection by applying the
solar flux eruption and surface flux transport models to stétts different rotation rates,
mass, and evolutionary stage. The rise of magnetic flux tifseagh the convection zone is
primarily buoyancy-driven, though their evolution can b®isgly afected by the Coriolis
force. The poleward deflection of the tube’s trajectory éases with the stellar rotation rate,
which provides an explanation for magnetic flux eruptionighHatitudes. The formation
of proper polar spots likely requires the assistance ofdi@ral flows both before and after
the eruption of magnetic flux on the stellar surface. Sincallsradiative cores support the
eruption of flux tubes at high latitudes, low-mass pre-maigquence stars are predicted to
show high mean latitudes of flux emergence. In addition to éitwption at high latitudes,
main sequence components of close binary systems showispdiutions which are non-
uniform in longitude. Yet these ‘preferred longitudes’ abfleruption are expected to vanish
beyond a certain post-main sequence evolutionary stage.

Key words. stars: magnetic activity — stars: rotation — stars: prearsagjuence — binaries:
close — magnetohydrodynamics (MHD)

1. Introduction flux is only possible when the heterogeneity of

) B other cool stars is taken into account as well,
The magnetic activity of cool stars has a Crugince the large ranges of stellar rotation rates,
cial impact on their rotational evolution andste|lar masses, and evolutionary stages provide
on their appearance in fitrent wavelength the testbed required to verify (or falsify) cur-
ranges. Detailed observations of solar actiyant theories.
ity phenomena lead to models for the cyclic  ppotometric and spectro-polarimetric ob-
re-generation of magnetic fields through selfsgryations allow for the reconstruction of stel-
sustained dynamo processes inside the convegr grface brightness and surface magnetic
tion zone, which are based on the interaction fg|q distributions (e.d._Collier Camerén 2001;
convective motions and (fierential) rotation |q,,ssail 2004, and references therein). The sur-
(Ossendrijvetr 2003; Schilssler 2005, and refsqq maps frequently show distinctiveffei-
erences therein). Yet a comprehensive und&fices compared to the solar case like huge
standing of the sub-surface origin of magnetigyots at high latitudes. In the context of the
solar-stellar connection, these characteristic
Send offprint requests to: V. Holzwarth phenomena are investigated in the framework
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of solar flux transport models. The present re

view focuses on the storage, transport, an j -) 2 D
eruption of magnetic flux in the convective en 2 g
velope of fast rotating cool stars.

2. Magnetic flux of fast rotating stars Flg 1. Rise of a magnetic flux |00p inside the con-
vection zone, from the onset of the instabilitgft)
Zeeman-broadening of magnetic sensitiv{9 /S eruption at the stellar surfaceght). The flux
lines provides a measure for the surfaceu-Jbe radius is shown5Smagnified.
averaged magnetic flux (flux density times
filling factor) of cool stars, which follows

roughly a power law,® o Q"%, with a

rate of increaseny ~ 1.2 (Saar.2001)Q The magnetic field permeating the solar atmo-
is the stellar rotation rate. Excluding targetgphere is expected to originate from the bot-
which might be in the regime of saturated dyiom of the convection zone. The field is am-
namo operation, Schrijver etigl. (2003) suggeslified in the tachocline and stored in the sta-
a higher valueny =~ 2.8. In contrast, ob- )y stratified overshoot region at the interface
servations of young open stellar clusters qfy’the radiative corel (van Ballegooijén_1982;
different age indicate a spin-down of stellgfjqreno-insertls 1986). When the field strength
rotation due to magnetic braking, which i§s |arger than a critical value, perturbations
consistent with a linear increase of topen jead to the formation of rising flux loops (Fig.
magnetic flux (e.d. Holzwarth & Jardihe 2()0551), which eventually emerge at the surface
and references therein). The combination QChoudhuri & Gilmanl 1987 Fan etldl._1994;
an empirical relationship between unsignegchiissier et Al 1994). '
magnetic_flux_and coronal X-ray emission  afier the dynamical disconnection from
(Pevisov et all_2003) with empirical activity-jis sup-surface rootd_(Schrijver & Title 1999;
rotation-relations (e.g._Pizzolato ef al._2003ghissler & Rempél 2005), the surface mag-
implies an intermediate valug, ~ 2. netic flux feature follows the ¢erential

In the course of its 11-year activity cy-rotation and the meridional flow in the
cle, the total spot coverage of the Sun maghotosphere. During its transport toward
reach 06% of the visible hemisphere. Inthe pole, surface magnetic flux merges
contrast, the spot coverage of rapidly rota@nd annihilates with ambient flux features
ing stars can be over two orders of magand eventually dissolves through ffdision
nitude larger [((O’Neal et all_2004). Wherea@nd through the convective turnover of
sunspots appear within an equatorial belt b&upergranular motions._(DeVore e! al. _1984;
tween about+3%°, fast rotating stars fre-van Ballegooijenetall 1998; Baumann €t al.
quently show huge spots at high and pa2004).
lar latitudes as well (e.d._Barnes ethl. 2001, The decapitated flux tube below the sur-
2004; [Olah et al.l_2002| _Kovari etlal. _2004face disintegrates in magneto-convective mo-
Jeffers et all 2007; see also_Strassmeier 200ns and may be transported by meridional
and references therein). Furthermore, spectreirculations and through convective pumping
polarimetric Zeeman-Doppler imaging obserback to the bottom of the convection zone for
vations indicate that the magnetic field patterrecurrent amplificatiori.(Tobias etlal. 2001).
of rapidly rotating stars is characterised by a Calculations based on the solar paradigm
significant mixture of polarities, which is inand carried out in the framework of the thin
contrast to the unipolar field around the solaitux tube approximation (Spruit 1981) predict
poles [(Donati et al. 2003). critical field strengths, eruption latitudes, tilt

3. The Solar Paradigm
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Fig. 2. Force balance of a magnetic flux ring in meFig. 3. Buoyancy-driven instability with a growth
chanical equilibrium in the absenchldck arrows) time of 100d for pre-main sequence stah (=
and in the presencerfay arrows) of an equatorward 1Mo, R = 1.4Ro,t = 4.7 Myr) with different ro-
meridional flow. tation periods.

angles, and proper motions of spots Whlp\?elocity (van Ballegooijen & Choudhtiri 1988;
are in agreement with observed propertigg - St 2l 2006)
of emerging bipolar spot groups on the Sun '
(D’Silva & Choudhutil 1993; Fan et Al. 1994;
Caligari et all 1995; Schissler eflal. 1996). Stability properties  In the case of the Sun,
magnetic flux tubes in the overshoot region are
(linearly) stable against perturbations for field
strengthss 10°G (Spruit & van Ballegooijen
Theoretical investigations of magnetic flux1982;|Ferriz-Mas & Schiisslér 1995). Beyond
eruption in cool stars are based on analyses thfat critical value, buoyancy-driven instabili-
the equilibrium, stability, and rise of flux tubesties [Parkei 1966) lead to the onset of rising
for different stellar rotation rates, masses, arftlix loops with characteristic growth times of
evolutionary stages. less then a few hundred days. Fast stellar rota-
tion increases the stability of a flux ring, since
its enhanced angular momentum hampers per-
turbations perpendicular to the rotation axis.

inside th hoot X tored | or otherwise unchanged equilibrium condi-
INSId€ he overshoot region, sloréd in M&g, o higher field strengths are required to ob-
chanical equilibrium parallel to the equa-

; : = in ncy-drivenin ilities with compa-
torial plane [(Spruit & van Ballegooijen 1982;'[a buoyancy-driven instabilities with compa

Moreno-Insertis et al. 1992). The flux ring is inrable growth times (Fid.I3).
pressure equilibrium with its environment and,
in the absence of meridional circulations, nonEruption properties  The eruption latitude
buoyant. The magnetic tension force pointingf magnetic flux loops is mainly determined
toward the axis of rotation is balanced by théy the ratio between magnetic buoyancy and
Coriolis force (Fig[R), which is caused by arCoriolis force. Magnetic buoyancy is sustained
internal prograde flow along the flux ring. through a net downflow of plasma inside the
A relative motion between a flux tube andlux tube from its crest into the lower segments
its environment perpendicular to the tube’s axiemaining in the overshoot region. The down-
gives rise to a hydrodynamic drag. In the predlow and the density contrast increase with the
ence of an equatorward meridional flow, the remagnetic field strength. If the rise is dominated
sulting drag is balanced by assuming a buoyahy magnetic buoyancy, the trajectory will be
flux tube with a somewhat lower internal flowradial and the eruption latitude similar to the

4. Flux tubes in fast rotating stars

Equilibrium properties  The magnetic flux
tubes are assumed to be initially situate
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Fig.4. Poleward deflection|¢ft) and tilt angle 200} b
(right) of erupting flux tubes. All flux tubes start ‘ ]
with the same initial conditions8y = 2-10° G, 1y = 5 10 15 20 25
5°,ro = 5.07- 10°cm). rotation period, P [d]

Fig. 5. Eruption times of magnetic flux tubes. The
solar-like stellar structure and initial equilibrium
conditions By = 2- 10°G, 1, = 5°r = 507-
initial latitude of the flux ring in the overshoot10'cm) are the same for all flux tubes.
region. The azimuthal flow velocity of plasma
within a rising flux loop decreases, owing to o 1
the (quasi-)conservation of angular momen- y

tum. The associated decrease of the Coriolisﬂs»:i://////\\ /
force reduces the outward directed net force*s ///
perpendicular to the rotation axis and entails..; \’// /

a deflection of the loop’s trajectory to higher /%

latitudes. The dependence of the Coriolis force"} / 02 :
on the stellar rotation rate causes the polewards—————iu—r, ot T
deflection (of flux tubes with comparable field
strength and equilibrium position) to be largeFig. 6. Flux loop trajectories in a 1 Mmain se-

in more rapidly rotating stars (Fifll 4, leff). ~ quence starléft) and a pre-main sequence star
right) of age 47 Myr. The initial field strengths are

bThe deflection m?lcha;]nls(;n apﬁlles toI eacbo ~ 22.10° G in the former case arig, = 30-10* G
tube segment as well. The downflow velocity, e |atter; the stellar rotation periodRs= 6 d.

in the leading leg (relative to the direction of
rotation) is larger than the upflow velocity in
the following leg, so that the former is Iessé = fi f ol t
deflected toward the pole than the latter. The ormation ot pofar Spots
asymmetric deflection of the two legs causesppleward deflection  In fast rotating stars,
twist of the rising loop and a tilt of the emergthe magnetic field strengths required for the
ing bipolar spot group at the surface with repnset of buoyancy-driven instabilities are sig-
spect to the East-West direction (Aig. 4, right)nificantly higher than in the solar case, which
Both the poleward deflection and the tiltwould imply a dominance of magnetic buoy-
angle of emerging bipoles depend on the ratiancy and radial trajectories. Yet higher ini-
between buoyancy and Coriolis force, i.e. erugial field strengths entail higher internal flow
tion timescale and rotation period, respectivelyelocities to achieve mechanical equilibrium,
The eruption times of magnetic flux tubes wittwhich in conjunction with the large rotation
the same initial field strength and equilibriunrate increase the Coriolis force considerably.
position increase with the rotation rate (HLly. 5)The resulting strong poleward deflection of ris-
which confirms the influence of the enhanceihg flux loops (Fig.[B, left) provides an ex-
angular momentum on the sub-surface evolgplanation for the occurrence of flux eruption
tion of magnetic flux indicated by the linearat high latitudes|(Schiissler & Solanki 1992;
stability analysis. Buzasi 1997).




V. Holzwarth: Magnetic flux emergence in fast rotating stars 5

0.8 s

—HS
7 W
0.6F \\
< \ \ \\\\
Fig. 7. Surface distributions of the radial magnetic 0.4 \

field, assuming solar-like surface transport proper-
ties. The assumption of a 30 times solar flux erup-

tion rate (eft) yields a unipolar field at high lati- 02} 19 ms ‘
tudes, whereas the additional assumption of a larger I 100 m/s \ ’ 7

latitudinal range of flux eruption and a fast pole- ool ‘ ‘ N
ward meridional flow yields a mixture of polarities 00 o0z o4 06  os 10
(right). From Mackay et all (2004). x/R.

Fig. 8. Trajectories of rising flux loops with ini-
Meridional circulation Since the poleward tial field strength 15 1O4.G and. initjal tube radiu;
deflection decreases for larger initial latitudest00 km. The stellar rotation period is 6 d. The merid-
the formation of polar spots through bona fig&nal flow is poleward at the surface and equator-
flux eruption would require the presence (an\gard at the bottom of the convection zone. From

; : olzwarth et al.|(2006).

possibly generation) of large amounts of mag-
netic flux at very high latitudes in the lower
part of the convection zone. Although this pos: &=
sibility can a priori not be ruled out, itis more  f
likely that the formation of polar spots is sup-
ported by an additional poleward transport o
magnetic flux through meridional flows.

The attempt to simulate the formation of § -k
polar spots on the basis of a solar surface flu
transport model with a 30 larger flux emer-
gence rate generates unipolar magnetic flux i ,
the poles (Fidd7, left), which disagrees with the 0 10
mixture of polarities observed on rapidly rotat-
ing stars|(Schrijver & Title 2001; Donati etlal.Fig. 9. Stellar butterfly diagram in the presence of
20038). The additional assumption of a large® meridional circulation with 100 pis flow velocity.
latitudinal range of flux emergence and &romiHolzwarth et &1(2006).
fast poleward meridional flow yields an inter-
mingling of polarities (Fig[d7, right), Whiché)
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is in gualitative agreement with observation mfl?gzyer?rg%rcaergs ril_S;IrrLl]CttIX/eely OCIZCV\;?)(; ngclge'c_
(Mackay et all 2004). The assumed meridiongt’ P prvep

- P ion explains the required larger range of flux

2%;??;?%1& ;(())Igrrr(}:/s)seagls;ﬁnlflcantly emergence latitudes (Holzwarth etlal. 2006).
Strong meridional circulations increase the

pre-eruptive poleward deflection of rising fluxinfluence of stellar structure ~ The marginal
tubes (Fig[B). The deflection is strongest focase of poleward deflection corresponds to the
flux tubes originating from mid latitudes withrise of a flux ring parallel to the stellar ro-
low field strengths and small cross sectiongation axis (e.gl_Buzasi 1997), which enables
which renders the wings of predicted stellaflux emergence at high latitudes, depending on



6 V. Holzwarth: Magnetic flux emergence in fast rotating star

i “ .‘ *41 T 6 |

g 338

10"E 710°

H
<
|
[y
<,
Latitude
g &

o4
mone
1Mo
m12M,

1
[
o

IS

025 & a0,

1

vallbldy

-

1
oy
Q
&
3 %338

Latitude A
s 8 8

.
<

pressure scale height H, [cm] (solid)
=
<
I
=
<

superadiabaticity |d| (dashed)

W7V,
S 0,

o

=
<,

410

0.‘6 018 1.0 1‘,2 1.‘4
radus TR Fig. 11. Latitudinal probability distributions of flux
eruption in stars of dierent stellar mass on the
zero-age main sequencey) and shortly after the

Hayashi phasebpttom). Fromi Granzer (2000).

Fig. 10. Pressure scale heighep(id) and superadi-
abaticity,6 = V — V44, in the convection zone of a
4.7 Myr old pre-main sequence stahick lines) and
a solar-like main sequence stahifi lines); to the

left of the verticaldotted lines the stratification is
subadiabatic (i.ef < 0). flux tubes show that for lower mass stars the

mean flux eruption latitude is very high al-

ready for rotation periods of a week, whereas
the relative size of the radiative core. This defor higher mass stars flux emergence can be ex-
pendence on the stellar structure makes rapiddgcted to proceed at low and intermediate lati-
rotating pre-main sequence stars optimal catides for rotation rates in the saturated regime
didates for polar spotd_(Granzer et al._JoodFig. [I1, top). For even earlier evolutionary
Granze[ 2002). stages, magnetic flux emergence can still occur

The poleward deflection is supported bylown to low latitudes through affiérent erup-

the stratification of the convection zone ofion mechanism (Fig_11, bottom). When the
young stars, which is characterised by |argé'f:‘|atlve size of the radiative core is very small,
pressure scales heights and lower superadigistable magnetic flux rings slip at the bottom
baticities than in a main sequence star (Fi@f the convection zone to the pole and detach
m]) The smaller magnetic buoyancy enhancd®m the overshoot region. If the |nstab|I|ty IS
the influence of the Coriolis force, so that théXxial symmetric, the flux ring can rise along the
poleward deflection is increased (HIy. 6, rightyotation axis and erupt at the pole; if the insta-
The larger stellar radii and deeper convectiofility is non-axisymmetric, the flux tube drifts
zones of pre-main sequence stars also impigward the equator and eventually emerges at
longer rise times, during which the polewardower latitudesl(Granzer etlal. 2000). The pre-
deflection cumulates to higher eruption latidicted eruption of magnetic flux down to low
tudes. latitudes even in the case of rapid rotation is in

agreement with observations.

6. Distributions of flux eruption _ L :
P Binary stars  Close binaries with cool stel-

Young stars  Given the influence of the stel-lar components like RS CVn- or BY Dra-
lar structure and stratification on the formasystems show strong magnetic activity, since
tion of polar spots, the mean latitude of magtidal interactions maintain high rotation rates
netic flux eruption is predicted to increase foagainst magnetic braking. The presence of the
stars of lower mass and of earlier evolutioneompanion star gives rise to tidal forces and
ary stagel(Granzer etlal. 2000; Grahzer 2002.deformation of the stellar structure, which in
Comparing pre-main sequence stars of simikhe lowest order of approximationsisperiodic

lar evolutionary stage, latitudinal probabilityin longitude. The tidal #ects modify the equi-
distributions based on simulations of eruptingjbrium, stability, and eruption properties of
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tion and tilt of emerging spot groups is mainly
determined through the ratio between mag-
netic buoyancy and Coriolis force, which de-
pend on the stellar structure and rotation rate,
respectively. Since the deflection typically in-
creases with increasing stellar rotation rate and
decreasing size of the radiative core, rapidly
=xo0e  FOtating pre-main sequence stars are expected
_ o _ to have high mean latitudes of flux eruption,
Flg. 12. Surface distributions of erupting flux tUbeSthough low latitude spots are still possible.
in a main sequence componenéf() and a post-  The jgentification of characteristic activ-
main sequence componemig) of a binary sys- v teatyres on fast rotating stars may provide
tem with two 1 M,-stars and a 2d rotation period; . .
the cross marks the direction to the companion stépe key for our understandlln.g of essential dy-
From[Holzwarth[(2004). namo processes. Solar activity models describ-
ing the pre-eruptive and post-eruptive transport
of magnetic flux have demonstrated their ap-
magnetic flux tubes| (Holzwarth & Schiissleplicability in the investigations of stellar activ-
2003H,b). Albeit the tidal perturbations aréty signatures and their dependence on stellar
rather small, their resonant interaction wittstructure and rotation rate. Yet there are ac-
double-looped (i.e. roughlyr-periodic) flux tivity phenomena unaccounted for by the cur-
tubes result in considerable non-uniformitiegent flux eruption model, for example, regard-
in the surface probability distributions of mag4ing the high activity levels of fully convec-
netic flux eruption (FigZl12, left). The orienta-tive low-mass stars (e.g._Donati etlal. 2006) or
tion of the resultingr-periodic ‘preferred lon- the tentative signs for preferred longitudes on
gitudes’ of flux eruption depends on the initiakome single stars including the ‘flip-flop’ phe-
field strength and latitude of the original fluxnomenon [(Jetsu etlal. 1994; Korhonen et al.
ring in the overshoot region. 2001; Berdyuginia 2004).

Beyond a certain post-main sequence evy. :
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