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ABSTRACT

Observational and theoretical investigations provide evidence for non-uniform spot and magnetic flux distributions on rapidly rotating stars,
which have a significant impact on their angular momentum loss rate through magnetised winds. Supplementing the formalism of MacGregor
& Brenner (1991) with a latitude-dependent magnetised wind model, we analyse the effect of analytically prescribed surface distributions of
open magnetic flux with different shapes and degrees of non-uniformity on the rotational evolution of a solar-like star. The angular momentum
redistribution inside the star is treated in a qualitative way, assuming an angular momentum transfer between the rigidly-rotating radiative and
convective zones on a constant coupling timescale of 15 Myr; for the sake of simplicity we disregard interactions with circumstellar disks. We
find that non-uniform flux distributions entail rotational histories which differ significantly from those of classical approaches, with differences
cumulating up to 200% during the main sequence phase. Their impact is able to mimic deviations of the dynamo efficiency from linearity
of up to 40% and nominal dynamo saturation limits at about 35 times the solar rotation rate. Concentrations of open magnetic flux at high
latitudes thus assist in the formation of very rapidly rotating stars in young open clusters, and ease the necessity for a dynamo saturation at
small rotation rates. However, since our results show that even minor amounts of open flux at intermediate latitudes, as observed with Zeeman-
Doppler imaging techniques, are sufficient to moderate this reduction of the AM loss rate, we suggest that non-uniform flux distributions are a

complementary rather than an alternative explanation for very rapid stellar rotation.
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magnetohydrodynamics (MHD)

1. Introduction

In the presence of open magnetic fields the angular mo-
mentum (AM) loss of a star through winds and outflows is
significantly enhanced since the tension of bent field lines
effectively prolongs the lever arm of the associated torque
(Schatzman 1962). Whereas during the pre-main sequence
(PMS) phase the rotational evolution of a star is domi-
nated by its changing stellar structure and magnetic interac-
tion with a circumstellar accretion disk, its rotation during
the main sequence (MS) phase is mainly determined through
braking by magnetised winds (Belcher & MacGregor 1976).
Theoretical studies of magnetised winds go back to clas-
sical approaches of Weber & Davis (1967, hereafter WD)
and Mestel (1968). At high rotation rates the magnetic field
adds considerably to the acceleration of the outflow through
magneto-centrifugal driving (Michel 1969), which makes mag-
netised winds intrinsically latitude-dependent. The total AM
loss rate is consequently susceptible to variations of the sur-
face magnetic field (Solanki et al. 1997; Holzwarth 2005) and
atmospheric field topology (Mestel & Spruit 1987; Kawaler
1988). More recently, multi-dimensional MHD-simulations
have been accomplished to study structural and temporal
wind properties like coronal mass ejections in more detail
(e.g., Sakurai 1985; Keppens & Goedbloed 1999, 2000);

http://www.edpsciences.org/aa

the extensive computational requirements render them however
less attractive for studies concerning the rotational evolution of
stars.

1.1. Saturation limits

Skumanich (1972) analysed the rotation and chromospheric
emission of cool stars in different evolutionary stages, and
found that their rotation rate (as well as Call luminosity) is
about proportional to the inverse square-root of their age, that
is Q o /2. Presuming a constant moment of inertia and
a WD braking law, the Skumanich relation implies a linear
relationship between the rotation rate of a star and its char-
acteristic magnetic field strength, B o« Q"¢ with dynamo ef-
ficiency nge = 1. However, Saar (1991) found that the mag-
netic flux rather than the field strength is increasing linearly
with the rotation rate, which is now commonly adopted (at
slow rotation rates). The consequence of a continuously in-
creasing stellar field strength is a very efficient magnetic brak-
ing of rapidly rotating stars. In fact, too efficient, since ob-
servations of young open clusters reveal significant numbers
of stars with rotational velocities up to vsini ~ 200 kms™!
(Stauffer et al. 1997), whose existence is, with initial rota-
tion rates of young T Tauri stars being observationally well
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constrained (Bouvier et al. 1993), difficult to explain in
the framework of magnetic braking without any mechanism
which moderates the AM loss rate at higher rotation rates.
Respective studies therefore frequently presume a saturation
of the AM loss beyond a limiting rotation rate, whose value
is very susceptible to model assumptions like the internal
AM redistribution; whereas some investigations require low
(520 Q) saturation limits (Keppens et al. 1995; Barnes &
Sofia 1996; Bouvier et al. 1997; Krishnamurthi et al. 1997),
others argue for higher (240 Qy) values (Soderblom et al.
1993; Collier Cameron & Jianke 1994).

The saturation of the total AM loss rate is often ascribed
to the underlying dynamo mechanisms in the convective en-
velope, because current dynamo theories anticipate a moder-
ation and eventually saturation of the amplification process
(nge — 0) when the back-reaction of strong magnetic fields
suppresses plasma motions and inhibits its further increase
(e.g., Riidiger & Kichatinov 1993). However, the various theo-
retical models are as yet unable to provide consistent or explicit
values for the critical rotation rate or field strength at which this
occurs.

The concept of a saturation of magnetic activity is strength-
ened by empirical activity-rotation relationships, which reveal
(for rotation periods longer than a few days) close correlations
between the rotation rate and the strength of activity proxies
like magnetically induced chromospheric and coronal emis-
sion (Noyes et al. 1984; Vilhu 1984; Mathioudakis et al. 1995;
Stauffer et al. 1997; Pizzolato et al. 2003). In rapidly rotating
stars several activity signatures are found to saturate: the chro-
mospheric UV emission below rotation periods P ~ 3 d (Vilhu
1984), and the EUV and (soft) X-ray emission for P < 2d
(Stauffer et al. 1997). However, the variation of photometric
light curves, associated with the presence of dark spots in the
stellar photosphere, is found to increase for even shorter ro-
tation periods, down to P ~ 0.35-0.5 d, for which the chro-
mospheric and coronal emission are already saturated (O’Dell
et al. 1995; Messina et al. 2001); for an antithetical point of
view see Krishnamurthi et al. (1998).

The saturation of activity signatures is not unambiguously
indicative of a saturation of the dynamo mechanisms in the con-
vective envelope, since emission processes are liable to further
rotation-dependent effects like a reduction of the X-ray emit-
ting volume through the centrifugal stripping of hot coronal
loops, or the shift of coronal loop temperatures into different
emission regimes as the effective gravitation and pressure scale
hight change with the rotation rate (Unruh & Jardine 1997;
Jardine & Unruh 1999). The conjecture that changes of the
atmospheric emission are not necessarily correlated with the
(sub-)photospheric magnetic activity is supported, for example,
by observations of the ultra-fast rotator VXR45a (P = 0.223 d),
whose X-ray emission is below the typical level of X-ray satu-
rated stars (Marino et al. 2003), whereas its brightness surface
maps are still very similar to those of more slowly rotating stars
(Marsden et al. 2004; Vrielmann & Hussain 2005).

The large range of rotation rates (~10—70 ) in which ob-
served activity signatures are found to saturate raises the ques-
tion whether these phenomena reflect the actual behaviour of
the underlying dynamo processes, in particular beyond which
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critical rotation rate their efficiency breaks down. Since the
range of observed saturation limits practically covers the one
of suggested AM loss limits, a definite justification of the latter
in terms of a dynamo saturation is rather precarious.

1.2. Surface magnetic flux distributions

Doppler imaging (DI) observations of rapidly rotating stars
yield non-uniform surface brightness distributions, where, in
contrast to the case of the Sun, dark spots are not only located in
equatorial regions, but also at intermediate and polar latitudes
(Strassmeier 2002, and references therein). Theoretical mod-
els considering the formation of magnetic features at higher
latitudes involve the pre-eruptive poleward deflection of mag-
netic flux inside the convection zone by the Coriolis force
(Schiissler & Solanki 1992), and/or its post-eruptive poleward
transport through meridional motions (Schrijver & Title 2001).
Backed by these observational and theoretical results, Solanki
et al. (1997) investigated the influence of a bi-modal magnetic
field distribution on the rotational evolution of cool stars. They
found that a concentration of magnetic flux at very high lat-
itudes reduces the total AM loss rate as efficiently as a dy-
namo saturation limit at ~20 Q. Based on their findings, they
question the concept of a dynamo saturation at low rotation
rates and argue instead for a saturation above 50 Q; a similar
though more qualitative argument has also been discussed by
Buzasi (1997).

The work of Solanki et al. was focused on flux concen-
trations around the pole, assuming that the observed bright-
ness distributions indicate likely locations of open field lines
along which a stellar wind can escape. But the bare existence of
starspots does not a priori imply information about the associ-
ated magnetic field topology, that is neither about the existence
nor about the amount of open magnetic flux. Zeeman-Doppler
imaging (ZDI) observations in contrast directly confirm the
magnetic origin of the dark features and enable a determination
of the magnetic field at the stellar surface (Donati et al. 1997).
Such field distributions serve as boundary conditions for field
extrapolation techniques (Altschuler & Newkirk 1969), which
reveal large-scale magnetic field topologies and consequently
the distribution of closed and open magnetic field lines (e.g.,
Jardine et al. 2002a,b). In the case of the rapidly rotating star
LQ Hya (P = 1.6 d) the latitudinal distributions of open flux
show that large amounts are located at intermediate and high
latitudes (Mclvor et al. 2004). A similar result is found in the
case of AB Dor (P = 0.51 d) for observations between 1995
and 2003 (Donati & Collier Cameron 1997; Donati et al. 1999,
2003): Fig. 1 shows the (normalised) cumulated open magnetic
flux, integrated from the equator to a co-latitude 6. The curves
indicate that 50% of the total open magnetic flux of a hemi-
sphere is on average located below/above ~45°, with variations
of +15° depending on the observational epoch. These results
show that the distribution of open magnetic flux can be distinc-
tively different from spot distributions determined from surface
brightness maps alone.

The present work extends the study of Solanki et al.
(1997) and investigates the impact of latitude-dependent flux
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Fig.1. Cumulative open magnetic flux distributions, @,/
(cf. Sect. 2.2), on the visible hemisphere of AB Dor (P = 0.51d),
based on ZDI observations secured between 1995-2003 (Donati
& Collier Cameron 1997; Donati et al. 1999, 2003). Thin curves:
1995 (6509, = 54°, solid); 1996 (47°, long dashed); 1997 (37°, short
dashed); 1998 (49°, dashed dotted); 1999 (60°, dotted). Thick curves:
2000 (29°, solid); 2001 (53°, long dashed); 2002 (56°, short dashed);
2003 (63°, dashed dotted).

distributions on the rotational evolution of solar-type stars in
more detail. Using the magnetic wind model described in
Holzwarth (2005), we quantify the influence of prescribed flux
distributions with different degrees of non-uniformity on the
rotational evolution of stars, and verify their importance by
comparing their impact with the influence of other magnetic
field-related model parameters.

2. Model setup

The stellar structure of the low-mass star considered here con-
sists of an outer convective envelope and an inner radiative
core, each taken to be in solid-body rotation with possibly dif-
ferent rotation rates. With J = IQ being the AM, / the moment
of inertia, and Q the rotation rate, the rotational evolution of the
star is determined by the set of coupled differential equations

dlg Q.

dlgle t /. . ,
= - + — (e + Jer +J 1
dlgs dlgs Je( i+ Jera + ) )
dlg Q. dlgle ¢ ,, .
= - + — J \/ +J P’y 2
dlgt dlgt JC( ot + o) @)

which comprise changing moments of inertia and the AM
transfer across appropriate boundaries; indices “e” and “c” de-
note quantities of the envelope and of the core, respectively.

2.1. Internal angular momentum redistribution

The stellar structure is taken to be spherically symmetric. The
temporal change of the moments of inertia is determined by an
evolutionary sequence of stellar models of a 1 M, star, which
was generated with an updated version of the stellar evolution
code of Kippenhahn et al. (1967). Figure 2 shows the evolution
of the (outer) radii, masses, and moments of inertia of both the
convective envelope and the radiative core.

As the core-envelope interface recedes outward, the dy-
namical stability properties at the base of the convection zone
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Fig.2. Evolution of the outer radii, ., (Panel a), masses, M./,

(Panel b), and moments of inertia, /.. (Panel c) of the convective enve-

lope (solid) and radiative core (dashed) of a 1 M, star. Fort < 1.5 Myr

the star is fully convective. Its MS phase starts at  ~ 40 Myr; the ver-

tical dashed line marks the age of the Sun.
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change and originally unstable mass settles down on the radia-
tive core. This mass transfer is accompanied by an AM transfer,

. 2 . .
Jowr = —grgﬂeMc =—J_ - (3)

The temporal change of the core mass, M., is determined from
the sequence of stellar models (Fig. 2b); since the mass loss of
the envelope through the stellar wind is negligibly small, it is
M, = -M..

Hydrodynamic and hydromagnetic interaction at the
boundary between the radiative and convective regions are
expected to entail a coupling between the core and the en-
velope. Different coupling mechanisms based on magneto-
viscous interaction or large-scale internal circulations have
been investigated by Pinsonneault et al. (1989); Charbonneau
& MacGregor (1993); Bouvier et al. (1997); Allain (1998)
and references therein. Here, a more qualitative core-envelope
coupling model is used, following the parametric approach of
MacGregor & Brenner (1991) and Keppens et al. (1995). Based
on the Rayleigh criterion a dynamical stable state of rotation
inside a star requires' the increase of the specific AM with in-
creasing radius, d(Qr?)/dr > 0. Given that the rotation rate of
the convective envelope is braked and smaller than the rota-
tion rate of the core, the stability condition is violated at the

! In the equatorial plane and in the absence of viscosity.
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core-envelope interface and a rotational instability sets in,
transferring AM,

. AJ .
Jer1 = — = —Jern 4)
Tec
from the core to the envelope to eliminate the differential rota-
tion between the two regions. The AM required to equalise the
two rotation rates,

Ay o Jede = Lede _

-l 0,- 0, (5)
I+ I, I+ 1.

is transferred on a timescale, 7., which is supposed to char-
acterise the various visco-magnetic coupling mechanisms. The
coupling time quantises the possibility to deposit AM in the
core during the PMS phase and its retarded transfer to the en-
velope in the course of the MS evolution. For the sake of sim-
plicity the value of 7. is taken to be constant during the entire
rotational evolution of the star.

2.2. Latitude-dependent magnetised stellar winds

The AM loss rate of the convective envelope through a latitude-
dependent magnetised wind is determined following the ap-
proach of Holzwarth (2005). The stationary, polytropic stel-
lar wind is assumed to be symmetric with regard to both the
rotation axis and the equator. The poloidal component of the
magnetic field is taken to be radial, with field lines forming
spirals around the rotation axis on coni with constant opening
angles. The whole stellar surface contributes to the wind, with-
out “dead zones” retaining mass from escaping (cf. Mestel &
Spruit 1987).

The magnetic wind properties are determined through the
radial magnetic field strength,

ro (t0)
1o (7)

2
By (t,6,Q0) = ( ) (B-+AB(Q)- f(®), (6)
given at a reference level, ry, close to the stellar surface. The
time-dependent radius ratio is to ensure that the total magnetic
flux,

2r &

By (Q0) = f f Byor2 sin0d0dé = 4xr(10)Bro (10, Q). (7)
0 0

only depends on the rotation rate of the star (Saar 1991), and
an arbitrary reference time, ty. The efficiency of the underlying
dynamo mechanism is expected to increase with the rotation
rate of the convection zone. The field strength variation, AB, is
therefore determined in a way that the surface averaged field
strength,

/2
B (19, Qe) = fB”O sin 6 dé, )
0

obeys the functional behaviour shown in Fig. 3. The non-
uniform flux distributions, superposed on a constant “back-
ground” field, B., are characterised by an enhancement of
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Fig.3. Dependence of the surface averaged radial magnetic field
strength, B,.(ty), on the rotation rate, Q., of the convective envelope.
For large rotation rates the dependencies follow approximately linear
(solid), sub-linear (long dashed), or super-linear (short dashed) power
laws, oc (Q./Qc0)", withng = 1,0.75, and 1.25, respectively. The de-
viation from the power law at small rotation rates is due to the constant
background field strength.

Fig. 4. Latitude-dependent magnetic field distributions, f(6), close to
the stellar surface. The non-uniformity of the Coronal Hole (CH) and
Latitudinal Belt (LB) model is parametrised through the co-latitude
6o. Dashed lines show the lower, B, and upper, B. = B. + AB, field
strengths of each field distribution.

magnetic flux at non-equatorial latitudes (Fig. 4):
— Coronal Hole (CH) model

_J 1 for0<60<6
f(e)‘{o for 6y < 6 < 90° ©)

— Latitudinal Belt (LB) model

£(6) = cos'® (6 - 6p) . (10)

Whereas the Latitudinal Belt model closely resembles what is
found from field extrapolations based on ZDI images (Mclvor
et al. 2004), the Coronal Hole model is motivated by numerous
DI surface brightness maps (e.g., Strassmeier 2002). Different
degrees of high-latitude flux concentrations are realised by
changing the co-latitude 6 of the analytically prescribed func-
tions f (Fig. 5). We classify non-uniform flux distributions
by the location of their 50%-open flux level, 6594, where the
cumulated open magnetic flux, ®y = 4x jf/z B,,Oré sin@’d¢’,
reaches half of the total value, @.
The total, surface integrated AM loss rate,

3 /2 4
Jw = J'WD—f(f—A) (’f—A)(f’—’A)sinwde, )
20 7a) \pa/\Dra
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Fig. 5. Cumulated open magnetic flux, ®y/®,, of the Coronal Hole
(solid, for 8y = 45°) and Latitudinal Belt (dotted, for 6, = 50°) model.
Respective curves for a constant (long dashed) and dipolar (short
dashed) field distribution are show for comparison; see also Fig. 1
for observational results.

is expressed in terms of the plasma density, pa, and radial flow
velocity, v, a, at the Alfvénic point, r5, where the flow velocity
of the wind equals the Alfvén velocity (cf. Holzwarth 2005).
Whereas pa, vr.a, and ra are functions of the co-latitude, 6, and
subject to the latitude-dependent field distributions, Eq. (6), the
respective quantities, pa, U4, and 7a, are determined in the
equatorial plane (6 = n/2) using the surface averaged field
strength, Eq. (8). The latter quantities determine the AM loss
rate following the approach of Weber & Davis (1967),
Jwp = %QfﬁpAvr,A,

which is based on the simplifying assumption that the equato-
rial wind structure can be generalised to all latitudes.

12)

2.3. Reference model parameters

The wind structure is determined through boundary conditions
prescribed at the reference level ry(f) = r.(f) + Ar, over the
range of co-latitudes 0 < 6 < m/2, measured from the stellar
north pole. r.(=R.) is the time-dependent outer radius of the
convective envelope (Fig. 2a), and Ar = 0.1 Ry a constant ra-
dial offset to locate the reference level of the wind at the base
of the corona.

For cool stars other than the Sun thermal wind proper-
ties are poorly constrained by observations; for possible con-
straints resulting from relationships between the temperature
and density of closed coronal loops and rotation/Rossby num-
ber see, for example, Jordan & Montesinos (1991); Ivanova &
Taam (2003). In the following, solar-like values are assumed
for the temperature, Ty = 2 X 10° K, and (particle) density,
ny = 108 cm™3. The entropy change of the wind with increas-
ing distance from the star is quantified through the polytropic
index, I' = 1.15.

The surface averaged magnetic field strength, defined in
Eq. (8), is taken to follow the quasi-linear power law shown
in Fig. 3 (solid line), that is B, = (1 + 1.5(Q/Qs)) G, with
Qo = 2.8 x 107 s7!. This is in agreement with observations of
rapidly rotating stars, which show magnetic field strengths up
to about two orders of magnitude larger than in the case of the
Sun (Donati & Collier Cameron 1997).
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Table 1. Mean deviation, (. — Q.) /€., from isorotation at solar age,
to = 4.7 Gyr, for different coupling timescales, 7.

7. [Myr] 1 5 10 15 20 50 100
AQ/Q. [%] 03 13 26 41 56 164 357
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Fig. 6. Rotational evolution of the convective (thick) and radiative
(thin) zone of stars subject to an AM loss rate according to Weber
& Davis (1967). The dashed line indicates the break-up rotation
rate, for which the co-rotation radius equals the actual stellar radius,
Qu, = \VGM., /r3. The cross marks the rotation rate of the present Sun.

Helioseismological observations show that the rotation rate
in the solar interior is roughly uniform (Thompson et al. 2003).
The rotation rate of the solar radiative core and convection zone
are within ~4% about Qg = 2.8 x 107% s~!. The present Sun
thus constrains the coupling timescale to the effect that the
value of 7. ought to achieve isorotation within a few percent
at the solar age, t, ~ 4.7 Gyr. Using the reference model pa-
rameters described above, we accomplished simulations with
different coupling timescales to determine the relative devia-
tion, (Q. — Q.)/Q., from isorotation at solar age (Table 1). For
7. =~ 15 Myr, a value similar to the one adopted by MacGregor
& Brenner (1991) or Keppens et al. (1995), the deviation is in
accord with the observational constrains given by the Sun.

3. Results

We determine the rotational evolution of 1 M, stars with initial
rotation rates Qp = 5 x 107%, 2 x 1073, and 6 x 107> s~! from
the age 1.6 Myr onward. The rotation periods, between 1.2 d
and 15 d, approximately span the observed range of rotation
periods of young (<5 Myr) T Tauri stars (Bouvier et al. 1993).
In their initial state the convective and radiative zones are taken
to be in isorotation, that is Q. = Q. = Q.

The rotational histories determined with the AM loss rate
Jw = Jwp, that is using the WD approach, Eq. (12), are used
as reference cases (Fig. 6). In the course of the PMS evolution
the rotation rate of the envelope is dominated by its decreas-
ing moment of inertia and the AM loss which goes with the
mass settling down onto the radiative core, whereas during the
MS phase only the magnetic braking and the internal coupling
are relevant.
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Fig. 7. Relative deviations of the envelope rotation rate for the Latitudinal Belt (/eft) and Coronal Hole (right) flux distributions. For 50%-open
flux levels at low latitudes (i.e., large co-latitudes 6sq, labels) the deviations are negative (dashed), and for high latitudes positive (solid).
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Fig. 8. Relative timescales (with respect to respective reference cases)
on which the rotation rate of the envelope changes due to the magnetic
braking (solid) and internal coupling (dashed), for Qy = 2 x 107> 57!
and a LB distribution with 65y, = 30 and 75°.

3.1. Non-uniform flux distributions

We determine the rotational history of stars subject to the
Latitudinal Belt (LB) and Coronal Hole (CH) flux distribu-
tions with 50%-open flux levels located at different latitudes.
At first, the non-uniform flux patterns are taken to be station-
ary (fspq, = const.) during the entire evolution, to separate their
influence from other rotation-dependent effects.

An accumulation of open magnetic flux at high (low) lati-
tudes causes, with respect to an uniform flux distribution, a re-
duction (enhancement) of the AM loss rate through the stellar
wind. At the age of the present Sun the resulting deviations of
the stellar rotation rate are found to cover a range of values be-
tween about —40% and 200% different than the respective ref-
erence cases (Fig. 7). The relative deviations show two distinc-
tive regimes, corresponding to the PMS and the MS phase. For
the deviations to increase (decrease) with time the net AM loss
rate of the envelope has to be smaller (larger) than in the ref-
erence case. Since we consider the difference between two ro-
tational histories, the rotation-independent mechanisms cancel
out, so that only the magnetic braking and the internal coupling
are relevant. The magnetic braking is a direct consequence of
the present stellar rotation and causes an immediate AM loss of
the envelope. The internal coupling, in contrast, is proportional
to the differential rotation and during the early evolution rather
inefficient, due to the initial isorotation (Fig. 8). In the PMS

phase the difference between the AM loss of the envelope and
its internal AM gain is consequently large and the deviations of
the rotation rate quickly increasing. After arrival on the MS the
differential rotation is adjusted to the new situation and the tap-
ping of the AM reservoir of the more rapidly rotating core now
replenishes most of the AM loss carried away by the magne-
tised wind; the further increase of the deviations is respectively
weaker.

The actual spin-down time scale of the envelope is longer
than the braking time scale, because the AM gain of the en-
velope through the internal coupling follows closely its AM
loss through the magnetic braking (Fig. 8). Note that in the
course of the evolution the latter is found to converge to-
ward the reference value. Since the magnetic field strength de-
creases with the rotation rate the relative contribution of the
(latitude-dependent) magneto-centrifugal driving to the overall
wind acceleration becomes smaller and the one of the (latitude-
independent) thermal driving larger. The difference between
the Weber & Davis and the present non-uniform wind approach
thus becomes smaller and the spin-down timescale similar.

The non-uniform flux distributions with 65y, = 60° have
nominally the same 50%-flux level as the uniform flux distri-
bution of the reference cases. The deviations of the relative ro-
tation rate of ~10% in the case of the LB model indicate that
the usage of 5p¢ only allows for a rudimentary classification
of flux patterns. By comparing the rotational histories resulting
from different flux distributions with equivalent 50%-open flux
levels, we find that over the range 6509, = 10—60° the peaked
Latitudinal Belt and the bi-modal Coronal Hole model yield
rotational evolutions which are within a tolerance of 15% con-
sistent. In the special case of a dipolar field distribution (with
f(6) = cos@ and 6599, = 45°, Fig. 5), the correspondency is
found to be good within about 10%.

Observations show that surface distributions of starspots
depend on the stellar rotation rate, with spots being prefer-
entially located at higher latitudes the faster the star rotates.
We investigate this aspect by assuming a rotation-dependent
latitude of the 50%-flux level, which follows the power law
0500 = 90° (Q/Qe)™, with ng = —0.25,-0.5, and —1; this
simple relationship is only used to examine the basic ef-
fects and not meant to reproduce any complex observed or
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Fig. 9. Relative deviations (dashed lines indicate negative values)
in the case of rotation-dependent 50%-open flux levels 65p5, =
90° (Q/Qp)"™, with nq = —0.25,-0.5, and —1 (labels). Its value is
constrained to the range 15° < 0594, < 60°.

theoretically derived relations. To avoid unrealistic high flux
concentrations in the vicinity of the poles or the equator, the
50%-flux latitudes are constrained to the range 15° < f5pq, <
60° (cf. Solanki et al. 1997). Figure 9 shows the relative de-
viations of the rotation rates from the reference values in the
case of a rotation-dependent LB distribution; for the CH model
the results are very similar. The major consequence of the
rotation-dependence is the enhanced stellar spin-up and spin-
down during the PMS and the late MS phase, respectively. The
evolutionary stage at which the rotational history is altered by
the shifting of magnetic flux to lower latitudes depends how-
ever on the actual functional dependence of 65q, ().

3.2. Comparison with dynamo efficiency
and saturation

To examine whether the impact of non-uniform flux distri-
butions is significant with respect to other magnetic field-
related model assumptions, we compare the deviations de-
scribed above with those obtained by successively changing
the functional dependence of the magnetic field strength on the
stellar rotation rate in the framework of the reference cases (i.e.,
with uniform flux distributions).

A linear dynamo efficiency is an acceptable approximation
in the case of slowly rotating stars, but it is found to fail for
fast rotators. We analyse the sensitivity of the rotational evolu-
tion on changes of the dynamo efficiency by re-calculating the
reference cases, but now subject to non-linear magnetic field-
rotation relations, AB oc Q7*, with nge # 1 (cf. Fig. 3). During
the MS phase, the resulting relative deviations cover a large
range between —50% and 150% (Fig. 10). Sub-linear (super-
linear) dynamo efficiencies imply a weaker (stronger) increase
of the magnetic field strength with rotation rate and conse-
quently a moderation (enhancement) of the magnetic braking.
Their influence is therefore qualitatively similar to rotation-
dependent concentrations of magnetic flux at high and low lat-
itude, respectively. To determine explicit relations between the
dynamo efficiency and the location of the 50%-open flux level,
we generate grids of rotational histories with different n4.- and
6509-values, and associate corresponding values by comparing
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Fig. 10. Relative deviations in the case of non-linear dynamo efficien-
cies, AB o« Q"e. For nge = 0.7,0.8, and 0.9 (solid, top down) the
deviations are positive, and for nge = 1.3,1.2, and 1.1 (dashed, top
down) negative.
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Fig. 11. Relationships between the dynamo efficiency, ng., and the lat-

itude, 6spq,, of the 50%-open flux level in the case of the Latitudinal

Belt (LB, rop) and Coronal Hole (CH, bottom) distributions. The ini-

tial stellar rotation rates are Qy = 6 x 107 (solid, crosses), 2 x 107

(long dashed, triangles), and 5 x 107° s7! (short dashed, rhombs).

the relative derivations of the rotation rate from the reference
case”. Figure 11 shows quadratic fits of the resulting grid-based
relations for the LB and CH flux distribution. The relationships
show that non-uniform flux distributions can imitate a large
range (here: between —45% and 15%) of dynamo efficiencies
and, consequently, if not taken properly into account, conceal
them from an observational determination.

The limiting field strength beyond which dynamo satura-
tion occurs is referred to in terms of a critical rotation rate, Oy,
that is AB(Q. > Qq) = AB(Qga). We repeat our calculations
of the reference cases under the assumption of saturation rota-
tion rates in the range of Qg,, = 2—80 Q, (see Fig. 12 for exam-
ples). The saturated magnetic braking causes an enhanced spin-
up during the PMS phase, higher rotation rates on the ZAMS,
and a weaker spin-down during the MS phase until the rota-
tion rate descends into the regime of the non-saturated dynamo.

2 Since the variations of the rotational histories over the entire evo-
lutionary time range are qualitatively different, we constrain the com-
parison to the early MS phase between 50 Myr < ¢ < 800 Myr.
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Fig. 12. Relative deviations of the envelope rotation rate in the case of
a dynamo saturation beyond Qg, = 10 (solid), 20 (long dashed), 30
(short dashed), 40 (dashed-dotted), and 50 Q, (dotted).
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Fig. 13. Relationships between the nominal saturation rotation rate,
Qg and the latitude, 594, of the 50%-open flux level for stars with
initial rotation rates Qo = 6 x 107 (solid), 2 x 107 (long dashed),
and 5 x 107 s7!. In contrast to the Coronal Hole model (thin lines),
Latitudinal Belt distributions (thick lines) with 650 > 53° have no
corresponding dynamo saturation. The shaded stripes indicate the ro-
tational regimes where the chromospheric and coronal emission (dark
grey) and the variation of the photometric light curve (light grey) are
observationally found to saturate.

We compare the rotational histories resulting from a saturated
magnetic braking with those resulting from non-uniform flux
distributions to associate 50%-open flux level with correspond-
ing dynamo saturation rates (Fig. 13). For given initial stellar
rotation rates and flux distributions, the curves® describe nom-
inal dynamo saturations which cause similar rotational histo-
ries like a non-uniform flux distribution with a 50%-open flux
level at the respective co-latitude. If the actual dynamo satu-
ration rate is larger than the nominal one, the rotational evolu-
tion is likely to be dominated by the impact of the non-uniform
flux distribution. If, in contrast, the actual dynamo saturation
rate is smaller than the nominal one, then the behaviour of

3 Note that this comparison considers exclusive mechanisms only,
that is how a saturated dynamo with a uniform flux distribution
corresponds to an unconstrained dynamo with non-uniform flux
distribution.
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the magnetic dynamo is expected to dominate the evolution.
A concentration of magnetic flux at high latitudes of rapidly
rotating stars can therefore imitate a rotational evolution like
a dynamo saturation limit of about 30—40 Q. In case a con-
siderable amount of open flux is located at intermediate or low
latitudes, as indicated by recent field reconstructions based on
ZDI observations, the nominal saturation level would be rather
high (360 Q) and therefore probably beyond the actual dy-
namo saturation limit. In this case non-uniform flux distribu-
tions alone could not account for the very high rotation rates of
young stars.

4. Discussion

Our results show that a concentration of open magnetic flux at
high latitudes of active stars yields rotational histories which
deviate up to about 100% (early MS phase) to 200% (late
MS phase) from the rotation rates obtained in the case of uni-
form surface fields. The reduction of the AM loss rate entails
a quicker increase of the stellar rotation rate during the PMS
spin-up and a moderated spin-down during the MS evolution.
The higher the (initial) rotation rate, the larger the AM loss
due to magnetised winds, and the larger the susceptibility to
variations in the open flux distribution. The influence on the
rotational history is a cumulative effect, which depends on the
evolutionary stage of the star but eventually also on the applied
model assumptions.

4.1. Model considerations

In our wind model the poloidal magnetic field component is
prescribed to be radial (cf. Holzwarth 2005), whereas a fully
consistent treatment of the multi-dimensional problem, includ-
ing the trans-field component of the equation of motion, is
found to show a collimation of open field lines toward the ro-
tation axis with increasing distance from the star (e.g., Sakurai
1985). The influence of this effect on our results is difficult to
quantify, because investigations focused on this phenomenon
are usually limited to particular and illustrative cases. Another
approach to include a non-uniform magnetic field topology is
the stellar wind model of Mestel & Spruit (1987), which incor-
porates in the vicinity of the stellar surface polar “wind” and
equatorial “dead zones”, the latter preventing plasma escaping
from the star and thus reducing both the mass and AM loss rate.
Whereas in this model the extent of the dead zone depends on
the rotation rate of the star, the magnetic field distribution at
the surface is prescribed to be dipolar. Based on the formal-
ism of Mestel (1968) and Mestel & Spruit (1987), Kawaler
(1988) derived a parametrised description of stellar AM loss
rates through stellar winds, which also comprises qualitative
variations of the magnetic field topology; a definite association
of non-uniform magnetic flux distributions with the respec-
tive model parameter is however missing. Although it remains
to be investigated how more complex flux distributions alter
the magnetic field topology of stellar winds including effects
like collimation or dead zones, we deem these aspects to be
less crucial since our analyses are based on relative deviations
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between two rotational histories. However, more detailed stud-
ies concerning this hypothesis are required.

The surface averaged magnetic field strengths, covering
here roughly two orders of magnitude over the range of rel-
evant rotation rates, are consistent with observations both in
the case of the Sun and rapidly rotating stars (e.g., Donati
& Collier Cameron 1997). The localised peak field strengths
are, depending on the location of the 50%-open flux level and
the non-uniformity of the flux distribution, even larger (up
to the order of kilo-Gauss), which is also in agreement with
observations.

The even flux distribution of the Coronal Hole model and
the peaked distribution of the Latitudinal Belt model simu-
late complementary non-uniformities and allow us to assess the
sensitivity of the results beyond our 50%-open flux classifica-
tion. Whereas both cases are consistent within <15%, we ex-
pect this tolerance level to be larger for more complex flux dis-
tributions. But in view of the current observational and model
limitations a more sophisticated classification scheme appears
yet to be inappropriate.

The thermal wind properties are described by solar-like val-
ues, which are taken to be independent of the rotation rate, the
stellar latitude, and the evolutionary stage of the star. Although
there are indications for a rotation-dependence of the coro-
nal temperature and density (e.g., Jordan & Montesinos 1991;
Ivanova & Taam 2003), it is difficult to derive accurate wind pa-
rameters, since observational wind signatures are veiled by the
outshining coronal emission. The polytropic index of I' = 1.15
implies an efficient heating and thermal driving of the stellar
wind; its value lies well in between those of similar studies
(e.g., Sakurai 1985; Keppens & Goedbloed 2000). It has been
chosen to ensure stationary wind solutions at all latitudes even
for small rotation rates, when the magneto-centrifugal driving
is inherently small. This implies that the contribution of the
latitude-independent thermal driving is relatively large com-
pared with the latitude-dependent magneto-centrifugal driving.
In case of a weaker thermal driving, either because of cooler
coronae or a smaller energy flux in the wind, the impact of
non-uniform flux distributions is expected to be even stronger
than described above. If, in turn, magnetised winds turn out to
be hotter, latitude-dependent effects may be diminished (given
that the thermal wind properties themselves are not latitude-
dependent).

The rapidly rotating stellar core represents an AM reservoir
which is tapped by the envelope during the MS evolution. The
efficiency of the internal coupling, quantified through a char-
acteristic timescale (here determined to be 7. = 15 Myr), is
under debate, with previous studies investigating values over
a very large range, from very short (solid-body rotation; e.g.,
Bouvier et al. 1997) to very long (essentially decoupled differ-
ential rotation; Jianke & Collier Cameron 1993; Allain 1998)
timescales. The results are typically not fully consistent with
all observational constraints given by the rotational distribu-
tions of stars in young open clusters of different age, which
may point out possible deficiencies of previous models. In this
respect the non-uniformity of surface magnetic fields presents
an additional and so far rather ignored “degree of freedom”,
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which may help to match theoretical and observed rotational
histories of stars.

4.2. Relevance to dynamo efficiency and saturation

Our comparison of the impact of non-uniform flux distribu-
tions with the influence of other magnetic model parameters
underlines its importance. The dynamo efficiency, that is the
dependence of the (here, open) flux generation on stellar ro-
tation, is generally accepted to increase with the rotation rate.
Analytical relations based on the theory of @Q-dynamos (e.g.,
between the dynamo number and the Rossby number; Noyes
et al. 1984; Montesinos et al. 2001) as well as empirical rela-
tionships between the rotation rate and magnetic activity signa-
tures like the coronal EUV and X-ray emission (Mathioudakis
et al. 1995; Hempelmann et al. 1995; Pizzolato et al. 2003)
imply power law-dependencies over a large range of rotation
rates. Skumanich (1972) found the evolution of chromospheric
activity to decrease with time following Q o ¢~!/2. This rela-
tion implies a linear increase of the characteristic stellar mag-
netic field strength with rotation rate; an example for the com-
monly agreed concept that the decrease of magnetic activity
with age reflects the evolution of the stellar AM and rotation
rate. According to Saar (1991), it is however more the mag-
netic flux which increases linearly, instead of the field strength.
The linear dynamo efficiency is widely used in studies about
the rotational evolution of stars (e.g., Keppens et al. 1995;
Krishnamurthi et al. 1997). Here, for deviations from the linear-
ity between +30% the rotation rates on the early MS are found
to differ between 150% and —50%. Our analysis has shown that
non-uniform flux distributions can easily produce similar devi-
ations. A large fraction of open flux in the vicinity of the stellar
poles can therefore compensate the influence of a super-linear
dynamo efficiency, feigning a less efficient (e.g., linear) depen-
dence on the rotation rate.

A concentration of magnetic flux at high latitudes has qual-
itatively a similar influence on the rotational history as a dy-
namo saturation. Since both effects entail a reduction of the
AM loss rate, their synergistic action is expected to enable even
higher rotation rates. Figure 13 allows for estimates (based
on the comparison of exclusive effects) of the principal con-
tribution to the overall reduction of the AM loss. If the sat-
uration limit of the chromospheric and/or coronal emission
(Psa,uv/x ~ 3...1.5 d) is representative of dynamo saturation,
then we expect non-uniform flux distributions to contribute
only marginally to the reduction of the AM loss. If, however,
the photometric saturation limit (Psaypnoc < 12 h) reflects the
saturation of the dynamo mechanism, then the rotational evo-
lution of most stars is dominated by the actual non-uniformity
of the surface flux distribution. But the saturation of indirect
activity signatures does not a priori indicate a saturation of the
underlying dynamo processes in the convective envelope, since
the former also depend on, for example, atmospheric proper-
ties and radiation processes which follow different functional
behaviours (e.g., Unruh & Jardine 1997).

Solanki et al. (1997) applied a bi-modal flux distribu-
tion, characterised through polar flux concentrations, to the
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rotational evolution of stars. For somewhat different model
parameters than ours they found a resemblance between the
rotational histories subject to their coronal hole model and a
dynamo saturation limit of 20 Q, respectively. Since this sat-
uration limit is of the order required to explain the presence
of rapidly rotating stars (~10-20 ), they question the ne-
cessity of a dynamo saturation at low rotation rates and argue
in favour for values >50 Qg. Whereas our investigation con-
firms their results in principle, we find that reductions of the
AM loss rate resulting from high-latitude flux concentrations
are smaller; according to our model a flux distribution with,
for example, 6504, ~ 15° is equivalent to a dynamo satura-
tion limit of about 40 Q. The difference with respect to the
Solanki et al. value (~20 Qg) may be due to different model as-
sumptions and parameters. Since our value is still below their
supposed dynamo saturation limit of ~50 Q, a strict concen-
tration of magnetic flux around the poles would be able to
dominate the rotational evolution of stars. Observations indi-
cate, however, that the 50%-open flux level is likely located
at somewhat lower latitudes. Surface brightness maps occa-
sionally show dark elongated features reaching down to inter-
mediate latitudes (Strassmeier 2002, and references therein),
which shift the mean 50%-flux level (averaged over longitude
and evolutionary timescales) equatorwards. But the presence
of magnetic flux in the form of dark spots is a priori not equiv-
alent with the presence of open magnetic field lines. A more
striking constraint arises from ZDI observations, which in com-
bination with field extrapolation techniques allow for the re-
construction of the magnetic field topology and the determina-
tion of the actual surface and latitudinal distribution of open
magnetic fields. Although the number of detailed observations
is yet rather small, first results show that the principal part of
(detectable) open flux is apparently located at intermediate lat-
itudes (Mclvor et al. 2004), which motivated our Latitudinal
Belt model. The cumulated flux distributions of AB Dor (cf.
Fig. 1) show that the average 50%-flux level is indeed located
between 30° < 0509, < 60°. In this range of values our equiva-
lent saturation limit for rapid rotators is 260 Q and the impact
of the non-uniform flux distribution consequently smaller than
the influence of the dynamo saturation at ~50 Q, supposed by
Solanki et al. (1997). In this sense, we consider the effect of
non-uniform flux distributions more as a complementary rather
than an alternative mechanism for the formation of rapid ro-
tators, which is however based on observationally verifiable
principles.

4.3. Observational constraints

Compared to the large number of observed surface brightness
distributions of rapidly rotating stars (Strassmeier 2002), ZDI
observations of actual magnetic flux distributions are yet rather
sparse. A larger database in this field is required to put tighter
constraints on possible open flux distributions, that is the quali-
tative and quantitative description of its non-uniformity and de-
pendence on the stellar rotation rate and the evolutionary phase
of the star (including its dependence on stellar mass). Whereas,
for example, brightness distributions indicate a clear poleward
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displacement of starspots with increasing rotation rate, for open
flux a similar relationship is yet not available. ZDI observations
are handicapped through insufficient signal levels from dark
surface regions, so that an unambiguous determination of the
flux topology inside dark polar caps (i.e., whether it is mainly
unipolar and open or more multi-polar and closed) is yet hardly
possible (Donati & Brown 1997; Mclvor et al. 2003). If the
field reconstructions in the case of AB Dor and LQ Hya prove
to be representative and characteristic for rapid rotators, then
we consider the contributions from high-latitude regions to the
total AM loss rate to be of minor importance for the rotational
evolution of rapid rotators.

Owing to their qualitatively similar behaviour it is question-
able whether the impact of non-uniform flux distributions can
be observationally separated from the influence of a dynamo
saturation. This potentially limits the usefulness of rotation rate
distributions as tests of dynamo theories, unless they are sup-
plemented by more detailed information about the structure of
stellar magnetic fields. A larger observational database is re-
quired to refine the rotation rate beyond which the location of
the 50%-open flux level is high enough to cause a discernible
impact on rotational distributions of cluster stars. Supposed that
the limiting rotation rates for high-latitude 50%-flux levels and
dynamo saturation are sufficiently low and high, respectively,
it may be possible to distinguish characteristic signatures of
non-uniform flux distributions in the (differential) distribution
of intermediate rotators with rotation rates in the domain con-
strained by the two limiting values.

An important role may fall to theoretical models concern-
ing the pre-eruptive evolution and post-eruptive transport of
magnetic flux to high latitudes in rapidly rotating young stars
(e.g., Granzer et al. 2000; Mackay et al. 2004), since they allow
for a verification of our insight into stellar magnetic properties
by means of activity proxies like (the rotational modulation of)
coronal X-ray and chromospheric UV emission (Vilhu et al.
1993). Observations in the UV/EUV spectral range may also
be used to refine our assumptions about the thermal wind prop-
erties, comprising its latitudinal and rotational dependence, be-
cause the total AM strongly relies on the stellar mass loss rate
and on the acceleration of the wind through thermal driving.

5. Conclusion

Non-uniform magnetic flux distributions have a significant im-
pact on the rotational evolution of stars, mimicking the effect
of a large range of dynamo efficiencies and saturation limits.
They present an additional degree of freedom in the modelling
of stellar rotational histories, which can generate differences
cumulating up to 200%. Neglecting their effect implies consid-
erable uncertainties in other magnetic field-related model pa-
rameters such as the dynamo efficiency of up to about 40%.
Although our results are, in principle, in agreement with those
of Solanki et al. (1997), we find the effect of non-uniform
flux distributions to be less efficient than in their investigation;
whereas they find that a concentration of magnetic flux at polar
latitudes imitates a nominal dynamo saturation limit at 20 Qg,
we find values of about 35 Q.
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Non-uniformities in the form of strong flux concentra-
tions at high latitudes efficiently reduce the AM loss through
magnetised winds, entailing high stellar rotation rates. Since
magnetic field distributions reconstructed on the basis of ZDI
observations however indicate a considerable amount of open
flux at intermediate latitudes, the anticipated reduction of the
AM loss is expected to be smaller than implied by frequent DI
observations of high-latitude starspots and polar caps. The in-
fluence of non-uniform flux distributions alone thus appears to
be insufficient to explain the existence of very rapid rotators,
but their significant moderation of the AM loss rate makes the
requirements for a dynamo saturation less stringent, enabling
saturation limits =40 Q.
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