arXiv:astro-ph/0410575v1 25 Oct 2004

Mon. Not. R. Astron. Sod00, 000-000 (0000) Printed 9 September 2007 (MITEX style file v2.2)

The Dependence of Differential Rotation on Temperature and

Rotation

J.R. Barne% A. Collier Cameroh, J.-F. Donafi, D.J. James S.C. Marsdeh P. Petit
1 School of Physics and Astronomy, University of S Andrews, Fife KY16 9SS, UK.

2 Laboratoire d' Astrophysique, Observatoire Midi-Pyrnes, F-31400 Toulouse, France

3 Department of Physics and Astronomy, VanderBilt University, Nashville TN 37235, USA

4 Ingtitute of Astronomy, ETH Zentrum, CH-8092, Zurich, Switzerland

5 Max-Planck Institut fr Aerononomie, Max-Planck-Str. 2, 37191 Katlenburg-Lindau, Germany

2004, 2004

ABSTRACT

We use Doppler imaging techniques to determine the depeerdeinstarspot rotation
rates on latitude in an homogeneous sample of young, rapidffing solar analogues. A
solar-like differential rotation law is used, where theatiin depends on sity), whered is
the stellar latitude. By including this term in the imageaestruction process, using starspots
as tracers, we are able to determine the magnitude of the shieamore than one rotation
cycle. We also consider results from matched filter starsjpeaking techniques, where indi-
vidual starspot rotation rates are determined. In additielave re-analysed published results
and present a new measurement for the K3 dwarf, Speedy Mic.

A total of 10 stars of spectral type G2 - M2 are considered. \Wd & trend towards
decreasing surface differential rotation with decreasffgctive temperature. The implied
approach to solid body rotation with increasing relativewartion zone depth implies that
the dynamo mechanism operating in low-mass stars may béastiadly different from that

in the Sun.
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1 INTRODUCTION

Carringtoh [(18€6/0) was the first to attribute the scatter tation
rates of sunspots to a differential rotation of the solafasr. It

would however be a further 50 years before _Hale (1908) would

discover the existence of magnetic fields in Sunspots. Bieito
mological studies of acoustic-wave propagation throughshlar
interior confirm that the equatorial regions rotate moredigghan
the polar regions throughout the outer convective zone|Szou
1998). Radial shear is most pronounced at the tachoclinehaibi
located at the interface between the convection zone ariatired
solar interior.

The tachocline provides a relatively stable environmemt fo

the amplification of magnetic field, being located within ttee
gion where convective cells can sink and overshoot into ther s
core. In this region of strong radial shear, teeffect stretches
poloidal (North-South field) field into toroidal (East-Wesield.
Toroidal field components entrained in convecting fluid elata
rotate under the influence of Coriolis forces as they risefalid
regenerating the poloidal field via the-effect [Parkern 1955;

combine these effects into a self-consistent physical irtbdecan
reproduce the 11-year solar activity cycle in detail.

Magnetic activity in stellar counterparts of the Sun givies r
to periodic optical variability as starspots rotate intal aut of
view. This variability is also seen in optical and UV emissio
lines from the chromosphere, and in the coronal X-ray lusino
ity. All these indicators are correlated with photospheniagnetic
field strength on the Sun, and increase with rotation rat¢airs ®f
a given mass.

Long term photometric monitoring of starspot modulation in
magnetically-active binary stars by Hall (1991) end Herirsle
(1995) (H95) has revealed secular changes in rotationgbariach
are strongly indicative of rotational shearing. As a stedletivity
cycle progresses, starspots should emerge at differénides. If
the star rotates differentially, these changes in latituidlgoroduce
long-term scatter in the photometric rotation periods mes at
single epochs. The correlation between this scatter andntan
rotation period indicates thatQ) o Q°-24%9-96 (where(} is angu-
lar velocity andAQ the corresponding scatter in radians day
and thus that\(2 is almost independent of rotation (H95).

The Mount Wilson Survey of chromospheric G & K

Krause & Raedler 1930). One goal of solar dynamo theory is to emission-line fluxes has shown that many solar-like stahsbéx
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Differential rotation x? landscape for Speedy Mic (2002 Jul/Aug)
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Figure 1. The figure here shows g2 landscape for the 2002 July 18, 19
& 23 Speedy Mic (HD 197890) timeseries, revealing that fotatate and
differential rotation are correlated. The minimum pointfiked by a cross)
gives the best fitting differential rotation and relatedoesrthrough the 1-
parameter I confidence interval (inner contour). Also shown are the 2-
parameter Ir and 2.6e (99%) confidence intervals.

multi-periodic chromospheric emission flux variations_ {34/
1978;|Baliunas et &l. 1995). The short-period modulatidro(der
days to weeks) gives the rotation period of the dominanvedait-
itude at any epoch. The longer-period modulations cormespo
the solar activity cycle. Over timescales of many yearsrakation
period is itself found to show a characteristic sinusoidaiation
in many stars of spectral type F to K. Cyclic changes in théoger
are attributed to a stellar dynamo driven by differentigbtion.
Donahue et all (19D6) (DBS96) have shown that o< Q%701 a
result which is not consistent with the findings of H95, evéthin
the quoted uncertainties. The sample of H95 comprises ynboist!
nary systems, although a correction term for filling factiiri-
cluded in their analysis. It should be emphasised here thédth
itudinal information about the starspot groups or activgiaes is
assumed in thAQ/Q proportionality. A more significant explana-
tion for the discrepancy of the results presented by H95 B8IB
is related to this issue and will be discussed@h

2 METHOD & RESULTS
The work reported here employs the Doppler imaging tectaiqu
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Table 1. Colours, temperatures and differential rotation measure-
ments. References in column 6 are: [1) _Marsdenietlal. (2002p),
Marsden et al.L (2004b), 8) Donati ei &l. (2000).4) Barnes!€24100), 5)
Collier Cameron & Dontil(2002), 6) Donati ei al. (2D03), BiF paper,
8)Barnesi(2004), 9) Barnes el al. (2004). References mérkedote re-
calculatedA(? using the sheared image method (see text for details).

Object B-V T AQ AQerr  Ref.
[K]  [rad.day—!]
R58 0.65 5859 0.02500 0.01500 1
R58 0.65 5859 0.14000 0.01000 2
(HD307938)
LQ Lup 0.69 5729 0.13000 0.02000 3
(RX J1508.6-4423)
PZTel 0.78 5448 0.10134 0.00654 4*
VXR54A 0.81 5170 0.07000 0.02000 2
ABDorl 0.82 5386 0.04620 0.00578 5
ABDor2 0.82 5386 0.09106 0.01188 5
ABDor3 0.82 5386 0.08850 0.00748 5
ABDor4 0.82 5386 0.06684 0.02027 5
ABDor5 0.82 5386 0.07140 0.00568 5
ABDor6 0.82 5386 0.05764 0.00476 5
ABDor7 0.82 5386 0.05340 0.00250 6
ABDor8 0.82 5386 0.04710 0.00250 6
ABDor9 0.82 5386 0.05840 0.00150 6
ABDor10 0.82 5386 0.04610 0.00280 6
ABDor11 0.82 5386 0.05400 0.00130 6
Speedy Mic 0.93 4989 0.03157 0.00206 7
(HD 197890)
LQHyal 0.92 5019 0.19420 0.02160 6
LQHya2 0.92 5019 0.01440 0.00290 6
LOPeg 1.08 4577 0.03550 0.00682 8
HKAQqr 1.42 3697 0.00496 0.00917 9
EYDra 1.45 3489 0.00030 0.00333 *

Speedy Mic (HD 197890) were secured on the nights of 2002 July
18, 19 & 23 and will be presented in detail in a separate patitio.

Additionally, [Collier Cameron & Donati | (2002) applied a
matched filter analysis technique, allowing the rotatidesaf in-
dividual starspots to be determined directly from the tiemes
spectra. We include those measurements for AB Dor in additio
results from the sheared image methad (Donatilét al.|2003).

This technique has been applied to an homogeneous sam-
ple of ten young, rapidly rotating stars with spectral typasg-

which offers a more direct approach than the above methods toing from G2V to M2V. The measured shear, B-V colours and

measuring stellar surface rotation rate as a function iig. This
sheared image method allows us to make an indirect imagesof th
stellar surface using a model which includes the effectsiftérel
ential rotation and has been investigated by Petitiet aQZP0rhe
image-data transformation incorporates a simplified ditardif-
ferential rotation law, where rotation is proportional ke tsquare
of the sine of the stellar latitudé, i.e. Q(0) = Qe, — AQ.SIP(H).
We determine the valuA( of the stellar surface shear that gives
the best fit to the data secured over several stellar rotatBimce
spots are present at a variety of latitudes, their indiidotation
rates trace the differential rotation pattern. Elg. 1 destiates how
the goodness of the final fit to the data is used to determineciha-
torial rotation rate. Here we present the results from dstart with
the Anglo Australian Telescope and the University Collegadon
Echelle Spectrograph. Observations of the 0.38 d periodwefd

references are listed in Tadé 1. The model-atmospheréiamela
given byl Bessell et all (1998) was used to obtain the effectiv-
face temperature from the observed B-V colours. In two gases
we have re-determined\() using the sheared image method.
For PZ Tel (Barnes et Al. 2000) we initially used image cross-
correlation which yielded a slightly higher value for thdida
tude dependent shear. We have also re-analysed the rasuits f
Barnes & Collier Cameron! (2001) for the M1-2V EY Dra (RE
1816+541). In this latter instance, we initially used seérto in-
terpolate the grid search akQ) vs Q2 which gave a very non-
uniform x? landscape with more than one minimum. We now fit
a quadratic function in both dimensions eliminating locatfua-
tions and yielding a single global minimum. The combinediitss
from all studies are plotted in Fifl 2, and reveal a markeddre
towards lower differential rotation with decreasing siekffective
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Figure 2. Differential rotation A2) as a function of stellar temperature. The circled dot regmés the Sun. Independent measurements, made in different
years, are shown for three of the stars in our sample: AB DQrHya and R58. A dashed line connects pairs of points for LQ &hyR58.

temperature. We find a power-law dependence of the surfaze sh
on stellar surface temperature:

AQ o T8.92:l:0A31 (1)

Those stars with more than one measurement of the surface

shear show that the magnitude of the scatter is greater hizaot
the uncertainty on a single measurement, indicating sevald
ability (Collier Cameron & Dongli 2002; Donati et al. 2008)ei-
ther the differential pattern itself or in the depths at viige fields
giving rise to the tracers are anchoréd (Donati £t al. [2088yer-
theless LQ Hya poses the most problematic point in the medsur
relation. Careful analysis suggests that the measured shkes
are reliable. We note that LQ Hya is the slowest rotator instma-
ple, yielding relatively poor spatial resolutior {6°) at the stellar
equator. Short-term evolution of unresolved spot groupyg Iead
to a systematic mis-determination of the differential tiota We
discuss this issue and secular variationg\éf further in 3.

Fig. @ shows the dependence of differential rotatid{),
on equatorial rotation rate, for the stars in our sample, along
with available data from other studies. We discuss the t&sul
of Reiners & Schmitt|(2003) (RS03) ifd. The unweighted least
squares fit (i.e. neglecting errors or limits) yields a slomkcating
that AQ o« Q0-15%0-19 The values forAQ2 derived from Doppler
imaging studies and the solar value (circled dot) reprethentull
difference in rotational frequency between the pole andetinga-
tor, while the values forAQ2 derived from DSB96 and the H95 are
lower limits. In other words, they represent the spread tation
rates only over the range of latitudes where active regiounsteur-
ing the stellar cycle. The scatter i) at any given rotation rate is
significantly greater than the trend in meA2 over the range of
Q plotted.

Despite the limitations of an unweighted fit, the power law

relationship betwee\Q) and(2 is consistent with the findings of
H95. Here we can see that the slope in the DSB96 data alone is
greater. A possible explanation is that there is a spectpa te-
pendency on the range of latitudes at which magnetic fluxpésru
The faster rotators in the DSB96 sample tend to be later igdect
type, while the slower rotators are of earlier spectral tylfree lat-
ter results are in agreement with RS03 who obtained significa
measures of differential rotation for early G dwarfs and Fadw
only. Despite the high degree of scatter, there is some evafor
spectral type dependence in Hi§). 3 when we compare thesesult
RS03 (highA) with those presented for the M dwarf stars using
Doppler imaging studies (Iow (). It is this dependence which we
have discerned for the first time in FIg. 2 for a narrow rang@ of

3 DISCUSSION

RSO3 found recently that main-sequence stars of specpasti
and G exhibit significantly greater differential rotatidvah we find
in the sample of lower-mass stars presented here. The high ro
tional shear of the F and G stars manifests itself in the Eotnéns-
forms of their rotationally broadened line profiles, allogiprecise
measurements of shear from line profiles alone for starsintién-
mediate rotation rates. We have discussed the enhanceidmata
shear (Fig[B) in the thin convective zones of these stai.in
Kitchatinov & Riidiger (1999) have modelled internal fluid
motions to obtain the surface differential rotation in va stel-
lar types. Their model predicts that the surface diffesdmnbta-
tion rate should vary only weakly with axial rotation periadd
spectral type in the G2 - K5 range. A K5 star is predicted taxsho
approximately 2/3 the surface shear of a G2 star. This is &i-qu
tative if not quantitative agreement with our finding thaftetien-
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Figure 3. Differential rotation (log10(€?)) as a function of log1@2). Results from various studies: Doppler imaging (see Tapl®SB96, H95 and RS03.

The Sun is represented by the circled dot. The dashed lineuswaeighted fit to

tial rotation is an order of magnitude lower at K5 than at GRBe T
stars in our sample rotate more rapidly that the fastess stahe
models of Kitchatinov & Rudiger, and it is not clear whatesffs
such rapid rotation would impose on model solutions. These a
thors however found thahQ «x Q°!° on average for a G2 star
andAQ « Q729 for a K5 star, in reasonable agreement with the
unweighted fit AQ o Q°-15%0-10) shown in Fig[B.

That scatter is seen for some stars with more than a single
measurement requires further comment. Being the brightest-
ber of its class, AB Dor is the most studied single rapid rota-
tor. While there is a slight offset betweek() as measured us-
ing starspot tracking and the sheared image techniquesyviire
all seasonal variations show that the equator-pole lap tianes
from 70 d to 140 d. An analogue of the torsional oscillatioesrs
at the stellar surfacé (Howard & | abadnte 1980) and withincite-
vection zonel(Kosavichev & Schou 1997) may be responsihie, b
the variation in shear is between one and two orders of madmit
greater than the solar variations which amount to Sdeviations
from fixed differential rotation. It has been shown (ApplEga99?)
that the transport of angular momentum may change in resgons
changes in the magnetic flux threading the convection zohis. T
behaviour may be expected to be periodic if magnetic agtoxit
cles are present._Collier Cameron & Donati (2002) discusseh
possibilities and show that the observations of AB Dor armsts
tent with the mechanism put forward by Applegate. Altenlj,
Donati et al. (2003) have suggested that the starspots wizich
differential rotation may be anchored at different depthghie
convection zone. This implies that the magnetic field is gateel
through the action of a distributed dynamo in rapid rotators

In the case of the more slowly rotating LQ Hya however,
we see more than an order of magnitude variatiomAit. We
have briefly suggestedf)) a possible cause of mis-determination

all points with slopg&15 =+ 0.10.

of differential rotation shear in more slowly rotating stabut
note this argument does not apply to the rapidly rotating R58
(vsini= 92 km s') which shows considerable variation in shear.
Clearly multi-epoch measurements of differential rotatare re-
quired for each star if this phenomenon is to be investigaied
ther. Our confidence in thAQ vs temperature trend is affirmed
by the observation that a statistical sample of both M dwanfd
mid-late K dwarfs all exhibit a smal\Q while the findings of
Reiners & Schmittl(2003) for F dwarfs indicate greatef2 than

for those stars in our sample.

The decrease in differential rotation that we observe tdwar
later spectral types suggests that the importance af tbffect rel-
ative to theQ-effect should increase strongly toward lower-mass
stars. Thex-effect should also increase with increasing rotation
rate, since it arises from the action of Coriolis forces onoa-c
vecting fluid (Krause & Raedler 1980). The rotational shbawy-
ever, appears to be weakly dependent on rotation rate, aeedn
decreases strongly towards lower stellar masses. We amntihat
the a-effect is therefore likely to dominate stellar magnetilefi
generation in low-mass stars, and in rapidly rotating yostags
with an even wider range of stellar masses (e.q. Kilker &ifgiid
1999)

Whether a change in the dynamo mechanism occurs as the
a-effect becomes dominant remains unclear. With no sheardou
ary, the nature of the dynamo must change in fully convectiaes
so that are? mechanism with a dynamo distributed throughout the
convection zone would then be expected to generate andaimaint
magnetic activityl(Kilker & Rildigar 1999). Nevertheletbe mass
at which stars become fully convective is unclear, sinceangh
in the nature of dynamo is reasonably expected to lead toakbre
in activity-rotation indicators. Only recently has suchiacdnti-
nuity been discovered_(Mohanty & Basri 2003), albeit at a Imuc



later spectral type (M9) than stellar structure models radisnpre-

dict. These authors suggest that an increasingly neutralsgthere
could result in a drop of magnetic activity at this spectyakt Ad-

ditionally,IMullan & MacDonald|(2001) have shown that théein

nal strength of the magnetic field can modify stellar strretsig-

nificantly such that stars become fully convective at lapecsral

type than is predicted by standard evolution models.

While there is no evidence for a discontinuity in activity- in
dicators at early M spectral types, other observations neainb
dicative of a change in the nature of dynamo activity. Altijou
coronal X-rays tend to be saturated in the rapidly rotategime,
decreasing optical lightcurve amplitude for late K throtgkarly-
mid-M (Messina et al. 2003) could be suggestive of unifordit¢
tributed spots. This may be explained by distributed dynato
tivity. Also, the model of [(Kilker & Riidiger 1999) indicatahat
the magnetic field isteady, and has a bipolar geometry, but with
the axis inclined at 90to the rotation axis. While magnetic Zee-
man imaging may be required to test the prediction of an in-
clined field, uniformly distributed spots and a steady stagin-
dicated by similar distributions of starspots on the dM1d& 1K
Agr (Barnes & Collier Cameron 200[L; Barnes etlal. 2004) atehr
epochs over a period of 11 years.
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