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Differential rotation and meridional flow of Arcturus
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The spectroscopic variability of Arcturus hints at cyclatigity cycle and differential rotation. This could proed test

of current theoretical models of solar and stellar dynarfesexamine the applicability of current models of the flux
transport dynamo to Arcturus, we compute a mean-field maatats internal rotation, meridional flow, and convective
heat transport in the convective envelope. We then comperednditions for dynamo action with those on the Sun.
We find solar-type surface rotation with about 1/10th of theas found on the solar surface. The rotation rate increases
monotonically with depth at all latitudes throughout theokghconvection zone. In the lower part of the convection zone
the horizontal shear vanishes and there is a strong radidiegit. The surface meridional flow has maximum speed of
110 m/s and is directed towards the equator at high and tevhedpoles at low latitudes. Turbulent magnetic diffugivit

is of the orden 0**-10*® cm?/s. The conditions on Arcturus are not favorable for a cirdatadominated dynamo.
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1 Introduction Flux transport by the meridional flow is only effective if
the associated magnetic Reynolds number is large, i.e.
Arcturus is a single giant star of spectral type K2 with an ef- u™d
fective temperature of 4300 K (Griffin & Lynas-Gray 1999) Rm = e > 1, 1)
\(/;erl?) >(/:|(t& Zro;/\;]no(? ?hoe(s)b];gggt%?;}thgeg;gnzzdzuga;gr;i:]nethewhereum is the meridional flow speed] a characteristic
oclty spa : . ! length scale (e.g. the stellar radius) anthe magnetic dif-
which they interpret as the rotation period of the star. Thf%sivity coefficient (Kiiker et al. 2001)
two year period has also been found in the Gamission of The solar differential rota.tion is'the result of angu-
Arcturus which has been monitored by the Mount Wilso? :
; : r momentum transport by convection and the large-scale
H+K project since 1984 (Brown .et al. 2008). The data als eridional flow in thz c0n¥/ection zone. On the onge hand
223\‘?;;?3;323'5; ; r[]a:rilc?(;lgle ; S:n _(Ie_hseczlée égzterc\?euédr(?tz_stratification causes a non-diffusive contribution to the
tion period varies with an a%plituo.le of 70 d, changing by 2 eynolds stress in addition to the diffusive part known as
diyr. A similar time dependence is found in the solanCa turbulence viscosity, on the other hand the Coriolis force

H+K emission, where it is a consequence of the diﬁerentiéfiuses a deviation of the convective heat flux from the radial

rotation. As the activity moves to lower latitudes during th Irection. The resultis a small horizontal temperaturelgra

cycle, the rotation period decreases. By analogy, the vafint that drives a meridional circulation. Mean field models

ation in the rotation period of Arcturus can be interpreteaf the solar convection zone reproduce the observed ratatio

as a variation of the active latitude on a differentially ro_pattern and surface meridional flow very well and allow pre-

tating stellar surface. Stellar butterfly diagrams are gunbi d|"chn§f§tr- otzhoeglstars (Kitchatinov & Rudiger 1995, 1999
ous, however, as a combination of anti-solar rotation andl%j _?r X h). diti for d . A
polewards drift of the active latitude will produce the same '© &Xaminé the conditions for dynamo action on Arc-

pattern as if dynamo and rotation were both solar-type. turusl, we ?_Plfly 0}” sttellar trotatlo_n n:oﬂel tod|ts convtectlve
The solar butterfly diagram can be explained as the rgnvelope. Like solar-type stars, giants have deep outer con

sult of anaf dynamo, i.e. a combination of differential ro_vectlon zones. One might therefore expect similar rotation

tation and thev effect caused by the helicity of the convec—and magnetic activity patterns. There are, however, signif
icant differences. With an equatorial rotation period of 25

tive gas motions. However, significant radial shear is onl .
9 9 ys the Sun rotates much faster than Arcturus and with

found in the subsurface layer and in the tachocline at t & froctive t t £ 5780 K it i bstantially hot
bottom of the convection zone. More recent dynamo modgf§ EMective temperature o It 1S substantiafly hot-

therefore explain the butterfly diagram with the advectio}'ﬁr' Interestingly, the radius of Arcturus is larger by abou

of magnetic flux by the large-scale meridional flow (cf. OsfE e same factor by which its rotation period is longer, yield

o . ing about the same equatorial rotation speed (1.8 km/s vs.
sendrijver 2003; Charbonneau 2005). 2 km/s). Finally, the geometrical depth of the outer convec-
* Corresponding author: mkueker@aip.de tion zone is much larger than that of the Sun, both in ab-
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solute values and relative to the stellar radius. In the hode The Reynolds stress has a diffusive (turbulence viscos-
described below it reaches down to three percent of the sty and a non-diffusive 4-effect) part:

lar radius, making the star almost fully-convective. Ay,

Qij = —Vijri 5+ AijrSp. (10)

z

2 The model Like the heat transport, the stress takes the form of standar

isotropic diffusion in case of slow rotation, i.e.
2.1 Angular momentum transport

Q <a“i Ou; ) for Q<1 (11)

i N =, . or .

We describe the convective motions in the star with thé” "\ox; = Owi
mean-field ansatz, For fast rotationQ* > 1) the stress is not only anisotropic
=1+, (2) but actively builds up a gradient in the angular velocity as

rigid rotation is not stress-free because of teffect.

Note that the convective turnover time is depth-
pendent, which implies a depth-dependence of the Cori-
olis number. The lower parts of a stellar convection zone
p(a-V)a=-V-pQ — VP + pg, (3) withits longer time scale is thus more affected by the stella

whereQ;; = (u/u}) is the one-point correlation tensor Ofrotation that the upper part with its shorter time scale.

the velocity fluctuations. Together with the density it con- e apply the numerical scheme described in Kuker et
stitutes the Reynolds stress al. (2010). As boundary conditions we assume stress-free

and impenetrable boundaries for the gas motion and an im-
Tij = —pQij- (4) posed radial heat flux. At the lower boundary the heat flux
With the assumption of axisymmetry the azimuthals constant: corresponding to the stellar luminosity fa th
component of Eq. (3) becomes a conservation equation fagat transport,

whereuw is the average and' the fluctuating part. Assuming
that the mean gas flow to be stationary, it is governed by tla%
Reynolds equation,

angular momentum: L
r =T 12)
V-t=0, (5) 4mry
with the flux vector whereL is the stellar luminosity ang, the radius at which
) ) . ., the boundary is located. At the upper boundary the heat flux
t =rsind [prsin0Qa™ + plugu’)] | (6) s allowed to vary with latitude:
wherew™ is the large-scale mendlongl flow. I ST\ I ASs
For the heat transport the mean-field ansatz leads to the = T2 + =) ®—= — /> (13)
: T T Amrf »
equation

conv ad wherer; is the location of the upper boundary, the spe-
Vo (F +F) =0, (7)  cific heat capacity, and7 and s are the deviations of
where Feon = p(u's’), with the specific entropy, is the the temperature and entropy, respectively, from their cor-
convective heat flux anfi*2d the radiative heat flux. responding values for strictly adiabatic stratification.
Equations (3) and (7) are solved in spherical coordi- As the radiative heat flux is prescribed, we define the
nates. As the fluctuations enter only through their correl®ottom of the convection zone as the point where the ra-
tions (uju’;) and(u's’) no detailed knowledge of the small-diative heat flux equals the total heat flux. This condition
scale motions is required. Analytical expressions for thé equivalent to imposing zero convective flux there. The
correlations can be derived using the Second Order Cdeundary conditions on the rotation axis are implied by ax-
relation Approximation (Kiiker et al. 1993; Kitchatinov etisymmetry.
al. 1994; Kitchatinov & Rudiger 2005).
The convective heat flux then reads 2.2 Model star

ij;—sa (8) While the radius of Arcturus can be inferred from its in-
xj . . .
) ) o . terferometric diameter and the Hipparcos parallax (Gray &
where the dimensionless coefficiefits < 1 are functions Brown 2006), a reliable value for its mass has so far not
of the Coriolis number, been determined (Trimble & Bell 1981; Griffin & Lynas-
O = 27,9, (9) Gray1999). We thus have some freedomin the choice of our
: . ) model star. The metal abundances of Arcturus differs sub-
Wher?% is the convective turnover time arﬁdthe angular. stantially from that of the Sun (Worley et al. 2005). How-
yeloqty of _the stellar rota‘uon: For slow rqtat|on Eq. (8) eyer, a model from an evolutionary track fot & M, star
identical with the corresponding expression from standag}:d solar abundances computed with the Mesadsdea-

mixing-length theory but for fast rotatiof( not small) the onably close enough to the observations for our purposes.
efficiency of the convective heat transportis reduced aad tﬁ

corresponding flux vector tilted towards the rotation axis. ! http://mesa.sourceforge.net

FoW = —pTx:®
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Fig.1 (online colour at: www.an-journal.ord)eft: convective Fig.4 (online colour at: www.an-journal.org) Potential temper-
turnover time in seconds vs. fractional radil&ght: turbulent aturesT at the bottomlgft) and top (ight) of the convection zone.
magnetic diffusion coefficient in chfs vs. fractional radius.

. . . While the horizontal shear dominates in the outer layers,
(See the comparison with the alternative model below). tlﬁe rotation rate is constant with latitude but varies gipn
has an effective temperature of 4170 K, 27 solar radii an

a radiative core of 3 % of the stellar radius. For the purpo%’veIth radius at the bottom of the convection zone. Through-

: : . . ; out the whole region, the rotation rate decreases with in-
of computing the differential rotation, the convection eon . di
is assumed to be in hydrostatic equilibrium and the stratifft coond radiis.
cation near-adiabatic. Figure 3 shows the meridional flow pattern. There are
The left panel of Fig. 1 shows the convective turnovelvo flow cells per hemisphere, a cell of slow flow at low
time as a function of the fractional radius. The large stelatitudes and a cell of much faster flow at mid-high latitudes

lar radius implies a low value of the surface gravity off he orientation of the dominant flow cell is opposite to that
log g = 1.7 and corresponding values throughout the corf the solar meridional flow, i.e. the surface flow is directed
vection zone. The resulting convective time scale of 1-fpwards the equator. The maximum flow speed of 170 m/s
months leads to a Coriolis number about unity, which it§ reached at the surface at mid-high latitudes.

half the solar value despite_a rotation period much longer The flow pattern depends on the rotation period. For
than that of the Sun. The right panel shows the turbulegjoy rotation the flow is mainly driven by differential ro-

magnetic diffusion coefficient, tation while for fast rotation the baroclinic force domiest

1 At the observed period of two years the two effects are of
e = §lmixuc’ (14) equal strength. The baroclinic force dominates at high lati
wherel,;. is the mixing length and. the convection ve- tudes, the differential rotation at the equator.
locity. The values of 6-810'° cm?/s in the bulk of the con- Figure 4 shows the horizontal variation of the temper-
vective envelope are 2-3 orders of magnitude larger than theire resulting from the tilt of the convective flux. Though
corresponding value in the solar convection zone. the difference between the polar caps and the equator is only

about 7 K, it has a profound effect on the meridional flow

and (indirectly) on the differential rotation.
3 Results (indirectly) ! ! '

Solving the equations of motion and heat transport for the

convection zone described above and a rotation period ®fL Alternative model

two years yields the rotation pattern shown in Fig. 2. The

surface rotation is solar-type, e.g. the rotation period s the mass of Arcturus is not very well determined we

shortest at the equator and longest in the polar caps. Tiepeat our computation with a model from an evolution-

surface shear, ary track for a star of one solar mass axid= 0.005. The

50 = Qo — Oy (15) resqlting rotation and mer.idional flow_ pattern§ are shown
ed pob in Figs. 5 and 6. The rotation pattern is very similar to the

amounts to 0.008 rad/d. This is only marginally less than tHe5 M, model. The surface rotation shows the same shear

rotation rate at the equator as the latter is an order of magf-~ 62 = 0.008 rad/day and the pole rotates with an an-

nitude larger than the polar rotation rate. This means thatilar frequency of 0.002 rad/d. The lower boundary rotates

while the total shear is smaller than on the solar surfaee, tfaster (0.045 rad/day vs. 0.037 rad/d) and the radial shear

relative shearj2/ .y, is close to one. Overall the surfaceis thus more pronounced than with the 1.5 Mhode. The

shear is about an order of magnitude smaller than that wferidional flow shows a similar two-cell pattern but the

the Sun, which shows a difference of 0.065 rad/d betwedow-latitude cell is even weaker. The maximum flow speed

the angular velocities at the equator and 75 degree latitudeslightly higher than for the 1.5 M model, reaching 230

(cf. Miesch 2005). m/s rather than 170 m/s.
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Fig.2 (online colour at: www.an-journal.org@)eft: colour contour plot of the internal rotation rat@enter: rotation rate as a function
of latitude at the upper boundarfight: rotation rate as function of fractional radius for 0 (equt15, 30, 45, 60, 75, and 90 (poles)
degree latitude, from top to bottom.
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Fig.3 (online colour at: www.an-journal.ord)eft: stream lines of the meridional flow. Solid red lines dendtekwise circulation,
dotted blue lines counterclockwis@enter: the meridional flow at the top (blue line) and bottom (ree@}iof the convection zon&ight:
the meridional flow speed as a function of the fractionallatebdius at 45 degree latitude. Positive values mean tieagjas flow is
towards the equator, negative values indicate gas motieartts the pole.
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Fig.6 (online colour at: www.an-journal.org) Meridional flow

F|g 5 (On”ne colour at: Www_an_journaLorg) Differential reta of the one solar mass stageft: stream |ineS; the solid red line indi-
tion of the 1 My, model.Left: rotation rate vs. latitudeRight: ro- ~ cates clockwise circulation, the doted blue lines counteckwise

tation rate vs. radius for the same latitudes as in Fig. 2. circulation.Right: horizontal flow speed at the top (solid blue line)
and bottom (dashed red line) of the convection zone.

4 Discussion of 0.4. Except for the layer around that radius the Coriolis
number is less than one, making Arcturus a slow rotator in
Despite the great geometrical depth, the properties of tk#s context.
convection zone of Arcturus are closer to those of the so- The rotation pattern shows a strong variation with depth.
lar granulation and supergranulation layers than the dee®r fractional radii greater than 0.2 there is a moderate de-
parts of the solar convection zone because of the lomgease of the rotation rate with increasing radius and fsola
rotation period. With two years the latter is an order ofype” horizontal shear, i.e. the rotation rate is largerhat t
magnitude longer than the convective turnover time, whiackguator than at the poles. While the latter difference gdar
reaches a maximum value of 85 days at a fractional radiirsrelative terms it is only about 1/10th of the solar surface

(© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Www.an-journal.org
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differential rotation in absolute terms. The most strikieg-  Kichatinov 1992) naturally produces a solar type butter-
ture is the steep decline of the rotation rate with incregsirfly diagram through a classical2 dynamo without the
radius at the lower boundary. Such a rotation profile wouldeed for a meridional circulation (Yoshimura 1975). This
imply a core that rotates much faster than the convectiypygompts us to have a look at the conditions for dynamo ac-
envelope. tion.

A rotation rate that decreases with increasing radius is As the star is almost fully convective and has no hori-
the natural consequence of angular momentum transportgntal shear at the bottom of the convection zone, there is
Reynolds stress. For slow rotation the radial transport-domo tachocline. Moreover, the turbulent magnetic diffusiv-
inates and creates a negative gradient in the rotationasitejty computed from the mean field model is 2—-3 orders of
is observed in the outermost layers of the solar convectiomagnitude larger than the corresponding value for the solar
zone. convection zone, as shown in Fig. 1. With meridional flow

The meridional flow is much different from that foundSPeeds of the order 100 m/s and a length scate«d'* cm

for the Sun. Both observations and mean field models fite find Rm ~ 2. For the Sun a similar estimate yields a
a surface flow of about 20 m/s amplitude towards the poleglue of about 20, assuming a magnetic diffusivity coeffi-
The return flow has not been observed yet but is predictéint of 10'*> cm?/s. Hence, conditions for a flux-transport
by theory to occur at the bottom of the convection zone witlynamo are probably less favorable on Arcturus than on the
about half the amplitude of the surface flow. Our model fopun.
Arcturus shows two flow-cells per hemisphere rather than a There is some uncertainty about the turbulent mag-
solar-like one-cell pattern. There is a large cell of faswflo netic diffusivity in mean field dynamos. Current models of
at high latitudes and a smaller cell with lower flow speed&e solar dynamo use smaller values than predicted by the
at low latitudes. The high-latitude flow is anti-solar, ide. SOCA. Dikpati & Charbonneau (1999) assufirg’-10"!
rected towards the equator at the surface while the slow&f’/s. Chatterjee et al. (2004) use similar values for the
flow at low latitude is solar-type. toroidal field but larger values of the orden'2 cm?/s for
The situation for giant stars such as Arcturus is mudipe poloidal field. To create s_imilarly favorable conditson
different from that for main-sequence stars as for therattPr the flux transport dynamo in Arcturus we have to lower
the mass is fixed by the effective temperature. For single ¢f€ magnetic diffusivity by as much as three orders of mag-
ants there is a much larger uncertainty. Our alternative,1 Mitude to10' cm?/s to reach magnetic Reynolds numbers
model shows, however, that the differential rotation dagts n©f the order 1000, as required for this type of dynamo.
depend very strongly on the stellar mass provided tempelgunowiedgements. This work was supported by Deutsche
ture and radius are kept constant. Forschungsgemeinschatt.
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