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1 INTRODUCTION

ABSTRACT

We present the first measurements of surface differentiatiom on a pre-main sequence
binary system. Using intensity (Stokes I) and circularlfapised (Stokes V) timeseries spec-
tra, taken over eleven nights at the Anglo-Australian Tedeg (AAT), we incorporate a solar-
like differential rotation law into the surface imaging pess. We find that both components
of the young, 18 Myr, HD 155555 (V824 Ara, G5IV + KO0IV) binarystem show significant
differential rotation. The equator-pole laptimes as dateed from the intensity spectra are
80 days for the primary star and 163 days for the secondanjleé8ly for the magnetic spec-
tra we obtain equator-pole laptimes of 44 and 71 days reispctshowing that the shearing
timescale of magnetic regions is approximately half thamnfbfor stellar spots. Both com-
ponents are therefore found to have rates of differenttatian similar to those of the same
spectral type main sequence single stars. The results fatFH555 are therefore in contrast
to those found in other, more evolved, binary systems whegdigible or weak differential
rotation has been discovered. We discuss two possiblematidas for this; firstly that at the
age of HD 155555 binary tidal forces have not yet had time ppsess differential rotation,
secondly that the weak differential rotation previouslgetved on evolved binaries is a con-
sequence of their large convection zone depths. We sudgedhe latter is the more likely
solution and show that both temperature and convection depth (from evolutionary mod-
els) are good predictors of differential rotation strenginally, we also examine the possible
consequences of the measured differential rotation omtieeaiction of binary star coronae.

Key words: Stars: pre-main sequence — Stars: magnetic fields — (Skamsijies: spectro-
scopic — Stars: rotation — Stars: imaging — Stars: coronae —

namo models suggest that any large-scale azimuthal field&be
restricted to the tachocline. This has led to the suggestianthe

Differential rotation is a key factor in the generation afl&r mag-
netic fields. In the Sun it is differential rotation that tsforms a
large-scale polodial field into a stronger toroidal compunin the
solar case this is thought to occur in the thin interfacerdagéween
the radiative core and the convective envelope called tietdine.
Recent Zeeman Doppler imaging (ZDI) studies of cool stawe ha
found that this may not be the case for all stars. Regionsrohgt
surface azimuthal magnetic field have been observed. Tif@csur
field of the Sun consists mainly of radial field and classioal d
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dynamo in young rapidly rotating stars may not be restritbettie
base of the convection zone as in the Sun but be distributeddh-
out (Donati & Brown| 1997). It is therefore important to measu
stellar differential rotation to see if this provides anyes to ex-
plain these observations.

Techniques for measuring the strength of differentialtiota
by tracking the cool spots or magnetic regions have beerajze
from the results of Doppler imaging and Zeeman Doppler imggi
(ZDI) studies. So far differential rotation has now been sueed
for more than 20 stars. These include stars of a range ofreliffe
surface temperatures and so convection zone depths. B20GH
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collates many of these results, finding that differentishtion rate
is strongly related to surface temperature but only weaklyez
lated with rotation rate. Near fully convective M-dwarfsgeHK
Aqr) exhibit very weak differential rotation, while early-@varfs
have strong differential rotation.

The stars considered in the Baines (2005) study were all sin-

gle young rapid rotators. Measurements of differentiadtion have
also been made for binary systems, again using Doppler ngagi
The limited published sample currently contains the ewblps-
mary star of the RS Cvn systems HR1099 (Petit &t al.'2004)dnd |
Peg|(Marsden et al. 2007) and the main-sequence secondeaof st
the pre-cataclysmic variable star V471 Tau (Hussain etG062
All three stars are found to have weak differential rotatoml in
the case of V471 Tau it was consistent with solid body rotatio
the question remains whether it is the evolved nature of tiéues s
or their membership of a binary system that is responsibi¢hie
observed decrease in differential rotation strength. latsempt to
disentangle these two effects we observed HD 155555 (V82a}, Ar
a pre-main sequence binary system consisting of two negtlgle
mass components (G5IV + KOIV).

In total eleven nights of observations were obtained of HD
155555 (as detailed ifff). A five night subset of the data was used
in an earlier publication, Dunstone et al. (2008) (heredftper |).
This work focused on presenting the first magnetic maps of HD
155555 and the longer term evolution of magnetic and brigggn
features. A binary Zeeman Doppler imaging code was devdlope
based upon the Doppler imaging code DoTS (Collier Cameron
1997) and along the lines of previous binary Doppler imaging
codes (e.gl Vincent etal. 1993, Hendry & Mochnacki 2000 and
Strassmeier & Rice 2003). In Paper | we found that both compo-
nents of HD 155555 have complex radial field magnetic togeog
with mixed polarities at all latitudes. Also present weregs of az-
imuthal field. HD 155555 therefore appears to share prasedf
both young single stars and the evolved primary stars of R8 CV
binaries.

count of the exact process. In total we obtain a dataset oS1dies
| (intensity) and Stokes V (circularly polarised) spectra.

3 COMPARING INDEPENDENT MAPS

The 1.68 d orbital period of HD 155555 allows us to obtain full
phase coverage in five nights. Given that we have a total tiseb
of eleven nights (March 30 - April 09), we can therefore cedato
entirely independent maps of both components of HD 155588. O
set of brightness and magnetic maps has already been pblish
Paper I, corresponding to the 53 spectra taken between Mirch
and April 04 (hereafter referred to as dataset/epoch one}hére-
fore use the subsequent five nights, April 05 to April 09 (héer
referred to as dataset/epoch two), to create a second sedps. m
Ten fewer spectra (43) are available for this second epodbhwh
still provides excellent phase coverage. We note that tiservh-
tions taken on March 30 are not used in this part of our aralysi
We prefer to have two equal five night datasets and therefasb-t
tain each complete map in as short a time as possible (to ns@im
the effect of differential rotation and evolution withinadmlmap).
The effective time between the mid-points of the two epostivé
nights which is almost exactly three stellar rotations.

3.1 Brightness maps

As in Paper |, we use the Doppler imaging code ‘DoTS’
(Collier Cameron 1997) to map the surface brightness Higion
of the surfaces of both stars using the Stokes | intensitgtspelhe
process is described in detail in Paper | and referencesithdn
Paper | standard tests were performed to explore the lewbes-
talk in the maps of the two stellar components. We found thisst
minimal due to the fact that for most of the orbit (approxieiat
two thirds) the profiles of the two stars are cleanly sepdratee-

In this paper we seek further clues as to the nature of dynamo |ocity space. The DoTS code has been extensively testechanybi

processes occurring on this young binary system. We attéonpt
measure the differential rotation rates of both star§3lwe use the
subsequent five nights to produce an additional set of surfeaps
that are independent of those in Paper |. These two sets efpémd
dent maps are compared using the technique of cross-dorela
in §4. We subsequently incorporate a latitudinal dependerdarshe
into the binary imaging process it and therefore use all avail-
able data to measure the differential rotation strengtle fEisults

of our analysis are discussed{@ and we present our conclusions

in §7.

2 OBSERVATIONS

This paper is based upon spectropolarimetric observatiade at
the Anglo-Australian Telescope (AAT) using the Universiipl-
lege LondonEchelle Spectrograph (UCLES) which was fibre fed
by the SemelPol visiting polarimeter (Semel el al. 1993) med
at the Cassegrain focus. Eleven uninterrupted nights ofrebs
tions were secured on our target star HD 155555 from 2007 Marc
30 to April 09. Those observations obtained on the five nights
March 31 - April 04 were analysed in Paper I. In this paper we
combine all the observations to analyse the surface rotatiop-
erties of HD 155555. The spectral extraction and reducticthe

systems with more entangled spectra than HD 155555, for €xam
ple the contact system AE Phe was mapped by Barnes et all)(2004
The signal-to-noise (S/N) of this second five nights of sgeenge
between 95 - 210 in the peak order and are thus similar to that o
the first. For brevity we do not show the obtained fits to thek&o

| data in this paper but instead refer the reader to Paper texthe

fits to the first dataset can be examined.

Observations are phased according to the ephemeris of
Strassmeier & Rice (2000), see Table 1. Also listed in Tahéeel
the system parameters for HD 155555 which were obtained-in Pa
per | using they? minimisation technique of Barnes ef al. (2000).
These orbital and physical parameters for the two starssae in
the Doppler imaging process. In F[d. 1 we present the brigsn
(spot) maps recovered from both epochs, for both stars.

It is clear from Fig[l that both epochs produce very similar
maps for the surface brightness distribution. The featdessribed
in Paper | are present also for the second dataset. On clasere¢
tion of the primary star map, a weak low latitude spot is reced
at phasep = 0.45 in the second dataset which has no counterpart
in the first. The secondary star also has the major spot gronps
the second epoch as were described in the first dataset. The tw
mid-latitude spots at phases= 0.7 — 0.8 are not as well defined
on the second dataset as the first. In summary, the maps gtlew li
evidence of major evolution between the two datasets. Thalsm

complete dataset was the same as that done for the subsetof da differences that we do observe may be caused by one or more of

used in Paper | and we refer the reader to this paper for adull a

the following factors: a) the presence of differential tita; b) flux
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Figure 1. Spots maps for both stars (primary - left, secondary - right)plotted from the original Paper | epoch (top) and the neecle (bottom). Vertical
tick marks show the phases of observation.

Table 1. Summary of the orbital and physical parameters for the HI5555
system taken from Paper | and references therein.

Element Unit Value
Orbital:
P (days) 1.6816463
To (HJD) 2446997.9102
(o) 0.752474
e 0.0
(kms1) 3.72+0.02
q ma/mi 0.935+0.001
K (kms1) 86.4+0.1
Ko (kms1) 94.7+0.2
i (degs) 5@:5 (52 adopted)
(vsini)y (kms1) 34.9
(vsini)2 (kms™1) 313
Physical (assuming= 52°):
my (Mg) 1.054
ma (Mg) 0.986
Ri (Ro) 1.47
Ry (Ro) 1.32
Togr 1 (K) 5300+100
Tot 2 (K) 5050+100
log g1 4.05+-0.1
log g2 4.10+0.1

emergence and diffusion; c) small changes caused by diffessin
the phase sampling of the two datasets.

3.2 Magnetic maps

We use our new ZDI code, ‘ZDoTS’, that was developed in Pa-
per | (based upon the single-star ZDI code of Hussain/et 8020
to recover the magnetic maps of HD 155555 from the Stokes V

spectra. ZDoTS is capable of modelling the contributiomfeach
star to the combined Stokes V spectra and so makes use of-the en
tire dataset, including conjunction phases. As in the sistar ZDI
code of Hussain et al. (2000), we model the local Stokes Vmassu
ing the intrinsic profile is Gaussian (which is fitted to thel&s |
profile) and constant over the stellar surface. We furtheurmae that
the weak field approximation holds. This is found to be thedas
fields up to several kG from observations of very slowly riotat
and weakly magnetized Ap stars (see Donati & Collier Cameron
1997). No assumption is made about the underlying photosphe
temperature. The individual weights)( assigned to each spectral
line in the creation of the combined LSD profile is: = g\d
(whereg is the magnetic Landé factoy,is the wavelength andis

the line depth). Inverse-variance weighting is then usetover

as optimally weighted and unbiased a representation oftimpos-

ite Stokes V profile as possible. We refer the reader to Datai.
(1997) and Donati & Brown (1997) for a full discussion of tie-i
plications of this approach. In addition to the tests of ti®0ZS
code outlined in Paper I, further tests using synthetic date been
performed in_ Dunstone (2008).

The magnetic polarity maps we recover yield only the mean
magnetic flux density per surface resolution element, weiby
the mean photospheric brightness. Due to this fact the ntiagne
polarity signals from regions of low photospheric surfaciglt-
ness (e.g. starspots) will be suppressed. The magneticshapid
therefore be considered as being representative mainhedfright
magnetic network. For the purposes of the present studystifis
pression has little influence on the differential rotatiorasure-
ments because we are simply looking for identifiable sntles
magnetic structures that can act as tracers of the locardiftial
rotation rate. In Fig.12 we show the recovered radial field snafp
HD 155555 for the two datasets. We do not show here the magneti
maps for the azimuthal field as the radial maps are sufficeeal-t
low the reader to appreciate the temporal evolution of thgrmatc
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Figure 2.
(bottom).

Radial magnetic field maps for both stars (primary - left,oselary -
Vertical tick marks show the phases of obsermatio

structures (the reader is again referred to Paper | if isteckin
examining the azimuthal field maps for the first epoch).

As with the brightness maps, the radial magnetic maps of both
components from the two epochs look very similar at first géan
On closer inspection, a number of features have changetetat
locations on the stellar surfaces, particularly on the prirstar.

As we shall determine in the following sections this is mgidiie
to the strong differential rotation for the magnetic feation the
primary star.

4 CROSS-CORRELATING MAPS

The first technique that was employed to measure stellardiff
tial rotation using Doppler imaging involved cross-coateig im-
age maps. This was done for the early differential rotati@am
surements on the KO dwarf AB Dor by Donati & Collier Cameron
(1997) and Donati et al. (1999). The technique requires tvie-
pendent maps that have been derived from observations iggann
at least two rotations of the star. This is not difficult to i@ele on
the AB Dor as the 0.51 d rotational period allows almost catgl
phase coverage in a single night. Therefore even a two niggetre-
ing run could, in theory, be used for cross-correlation. eosv,

in practise a couple of nights gap is normally left betweeocép

to allow enough time for measurable shear to occur. In compar
son, the 1.68 d rotational period of the components of HD £555
means that in 5 nights of observing we achieve complete plwse
erage. From the last section we have two independent mayeréha
effectively separated by 5 nights (3 stellar rotations).

The cross-correlation (Simkin 1974 and Tonry & DAvis 1979)
is performed on each latitude slice of the images. This isezhr
out in a way that accounts for the continuous nature of théaste
surface, i.e. that the surface maps in Figs. [ & 2 wrap arctihe.
resulting cross-correlation functions are shown in Eignd are
examined for the characteristic signature of different@htion.

radial magnetic ma

Secondan
&

200

-200

200

-200

right) are plotted from the original Paper | epodp)tand the new epoch

We find the peak of each latitude strip’s cross-correlatiorcfion
by fitting a parabola. This then allows us to obtain sub-padu-
racy in the resulting fits. Latitudes above°7€uffer from signifi-
cant longitudinal smearing due to the poorer spatial remoluat
high latitudes and so are not used. Similarly our maps comtai
significant information below a latitude of -30The peaks of the
cross-correlation functions are then themselves fittetl wisolar-
like sin® { differential rotation law (see below §B) which is over-
plotted on FiglB.

The imaging code assumes that the rotational period of each
star is equal to the binary orbital period. If this assumptaf
synchronous rotation is incorrect then the cross-coimglamages
should show an offset in phase. This would manifest itsef @sr-
tical line offset from zero phase shiftin Fid. 3, as an ineotiperiod
would not be latitude dependant. From an examination ofiid.
is obvious that all four maps show no evidence of uniform asyn
chronous rotation. The binary orbital period is the cormetiod
at a particular stellar latitude. It is also clear that inedbkes the
equator is rotating faster than the poles.

Out of the four cross-correlation images in fiy. 3 the onlg on
that we are unable to fit with a differential rotation law whstt
derived from the primary star's brightness images. An erami
tion of the primary spot images in Figl 1 shows why. Spots are
present near the pole (above°d@nd at a low latitude band be-
tween 5 and 35 but there are very few spot features at the in-
termediate latitudes. The corresponding primary magnetiges
(Fig.[2) however, have structure at all latitudes and soymred far
cleaner signal as shown in the bottom-left panel of Hig. 3ekee
find a differential rotation strength @kQ = 0.10 rad d~*, or an
equator-pole lap time of 60 days. If we now compare this fihwit
the primary brightness map we can see that at the latitudés of
20°, within the low latitude band of spots, we find evidence of a
similar phase shift.

The cross-correlation of the secondary brightness map pro-
duces a much better defined differential rotation signatbem
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Figure 3. The independent maps from the two epochs are cross-ceddiasearch for latitudinal dependant surface rotatioe. fWo panels on the left are
for the primary star, while the two on the right show the selzog star. The top plots come from cross-correlating thé isyas and the bottom plots from the
geometric average of the cross-correlation images of ttialrand azimuthal field maps. Plus symbols mark the maximbitheocross-correlation function
for each latitude strip and the solid lines are the best fitssifmple solar-like differential rotation law for all butetprimary spot cross-correlation image (see
text). Note that the x-axis plotting phase has been revessexs to present the reader with the more conventional dgregfalifferential rotation that would

have been obtained if we had adopted stellar longitude.

the primary star. Again this is because the secondary star ha version of DoTS. This is achieved by first applying the latihal

spots at a larger range of latitudes. It is well fitted by & din
law and results in a differential rotation measurement/A§? =
0.04 rad d™', or a equator-pole lap time of 157 days. The cor-
responding cross-correlation image using the secondagnetia
maps also produces a definite signature of differentiatioytavith
AQ = 0.06 rad d™*, or a near solar-like equator-pole lap time of
105 days.

5 IMAGE SHEAR

Recent measurements of stellar differential rotation hbagen

dependant shear to each vertex of our surface pixel griddoh e
star and then rotating the star in the co-ordinate frame @fbih
nary orbit. This change was also made to the our new ZDI code,
ZDoTS, allowing us to obtain a separate measurement of éflarst
differential rotation from the Stokes V spectra.

The image shear method has many advantages over that of
the original cross-correlation technique that we outlifrethe last
section. It works in data space directly and can therefooelywe
formal uncertainties on the differential rotation paraenet Many
of the problems in fitting the differential rotation law toetipeaks
in the cross-correlation images also disappear. Furtherme do
not require two complete and independent surface mapsaast

made using the sheared image technique, as developed byall thatis required is for at least one phase to be re-obdetugng

M.mm. Instead of cross-correlating tworeftiinde-

pendent maps, as in the last section, a latitudinal depérsthear
is applied within the imaging code to model the effect of elifn-
tial rotation. As such each latitude strip has its own angutation
rate given by:

Q) = Qeq — AQsin’l

where(), is the equatorial rotation rate ahé the stellar latitude.
This was implemented into the DoTS code@OOl

to work for single stars. Here we implement this into the bina

a subsequent stellar rotation (preferably with both low laigth lat-
itude surface features). It is therefore possible to useeqncom-
plete datasets (poor phase coverage) and will even workidos s
with pathological periods near to a multiple of a day. Alse téch-
nique is less sensitive to non-uniform latitudinal spoterage (a
problem we encountered with the brightness images of timegoyi
star in§4) as the shear is applied to the model rather than derived
from the result.

The values of2., and AQ2 are found by running a grid of
models which sample combinations of the two variables. Wieeso
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Figure 4. The results of the image shear technique for measuringeliffe
tial rotation using the spot (Stokes 1) signatures. Diffeiad rotation rate
between the equator and pole is plotted as a function of ateseljuato-
rial rotation rate. The primary star is the upper plot andoisnid to have
stronger differential rotation than the secondary stactvis the lower plot.
Contours showing the one parametes,12.6-0 (99%) and 4s (99.99%)
confidence intervals are superimposed overih® surface.

Figure 5. The results of the image shear technique for measuringeliffe
tial rotation using the magnetic (Stokes V) signatures.sfatie as Fid.14.
Contours showing the one parameter,12.6-0 (99%) confidence intervals
are superimposed over tRevS surface. The primary star is again found to
have stronger differential rotation and is therefore thegauplot.

0.2

for each set of rotation parameters for each of the two stgra-s
rately, as there is no reason to suspect that they shouldyb#isi
cantly correlated. When obtaining the stellar parametiisplayed

in Table[1 from Paper I) we set the code to aim for a very small
value of 2 (in reality this is unobtainable) and then record the
actualy? achieved after a fixed number of maximum entropy itera-
tions. The best value is then found by interpolating the tinoeh-
sional grid of parameters and searching for the glgBahinimum.

We use a slightly different approach when obtaining theedéfiftial
rotation parameters.

The above technique does not take advantage of the im-
age entropy information. The full relative posterior prbitisy is
exp(aS — %XQ), whereS is the entropy of the final image ard
is the Lagrange multiplier. TherefoPa.S has the same units a8 Q [rad.day™']
and wheny? is fixed can be used for purposes of determining error
regions for the fitted parameter@4,,A(2). So we choose an ob- Figure 6 AII four_differential_rotation measurements are plottedhai-o
tainable value of reducee? (e.g.x>=0.7 for the Stokes | data) and uncertalnne_s. AXIS. are as_F|@. 4 ddd 5. The two squareharmeasure-
then record the value &S once the code has converged. This Ments of differential rotation using spots and the two glaa are from
is subtly different to the former technique and the proliglaiion- magngnc features. Labelled lines join toge_)ther measun_mmm each of

. the primary and secondary stars. The vertical dashed lia@sskhe rota-
tours are found to be smoother than that produced when Using t  ;iop, rate corresponding to the binary orbital period.
minimum 2. This is probably due to the fact that the recovered im-
age becomes dominated by spurious noise when pushing tige ima

AQ [rad.day™ "]
0.1 0.15
T T

0.05
T

I I I I I I I
3.72 3.74 3.76 3.78 3.8 3.82 3.84

to smally? and so is more susceptible to local minima. tightly constrained by mid-latitude features to which theppler
We apply the sheared image technique, as described above, tamaging process is inherently most sensitive.
the entire 11 nights of observations (including the so fausaud The differential rotation result from the secondary stam's

observations on March 30). In Figl 4 we show the log posterior tensity spectra oAQ = 0.0386 & 0.0061 rad d~! is very sim-
probability @a.S) surface defined by the sets of differential rotation ilar (consistent within the quoted uncertainty) to thatdwoed

parameters for each star from the intensity (Stokes | speatong from the cross-correlation technique f) = 0.04 rad d~*. This
with probability contours. As the two stars have differemesgths could have been predicted given that twe? law fit to the cross-
of differential rotation it has been possible to displaytbstars on correlation function of the secondary stars spot featimesge top-

the same plot. Similarly in Fidg.]5 we produce the same diagram right panel of Fig[B, was by far the most acceptable. The midgn
but using the magnetic (Stokes V) spectra. The numericaltees  (Stokes V) spectra produce strengths of differential rotaton-

for the strength of the differential rotatiol\(2) and the equatorial sistently 30 % stronger than was found from the cross-caticed
rotation rate Q.,) are tabulated in Tablg 2 along with the results technique for both the primary and secondary components.

from fitting the cross-correlation functions §dl. The tilted ellipses We summarise the results of our analysis in Eig. 6 which com-
of Figs[4 &3 show that the parameteks) and(2., are correlated. bines all four of the differential rotation measurementnfrthe
This is to be expected due to the fact that the shear rate is mos sheared image technique. The primary star clearly has agero
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Table 2. Surface rotation parameters for both components of HD 15566lumns 2 and 7, labelled ‘CCF’, are the measurements &mss-correlating
the independent maps produced from the two epoclgdlirll other columns refer to measurements and associateertamties of the differential rotation
strength (€2), the corresponding equator-pole lap time (‘Lap’), equiataotation rate ) and latitude of synchronous rotatiofis§ produced from the

sheared image technique 8.

Brightness Images

Magnetic Images

CCF Image shear CCF Image shear
dQ dQ Lap Qeq 0s dQ dQ Lap Qeq [
(rad d=1) (rad d=1) d (rad d~1) ©) (rad d=1) (rad d=1) d (rad d~1) ©)
Primary - 0.078+ 0.006 80.2 3.76A 0.003 38.8 0.104 0.143 0.008 43.8 3.814-0.005 47.3
Secondary 0.040 0.0320.006 163 3.76@-0.003 51.7 0.060 0.08% 0.012 71.3 3.7830.007 47.8

surface differential rotation rate from both the spot andynagic
features. Also the results obtained from the Stokes V spdiaim
both stars reveal that the differential rotation is apprately twice
as strong from using the magnetic regions than the spots.

Fig.[8 also shows that the equators of both stars rotate con-
siderably faster than the binary orbital rate (shown as tréocal
dashed line in Figl]6). This then raises the question of wdreth
any stellar latitude is synchronously rotating with theibrim or-
der to show this graphically we plot in Figl 7 the differehtiata-
tion curves obtained for the two stars, for both the spotsraag-
netic signatures. We clearly find that the poles are rotasigr
synchronously while the equators rotate super-synchsipau all
cases. The exact synchronously rotating latitude for edtdreh-
tial rotation measurement is given in Table 2.

Curiously the primary and secondary stars share the same syn
chronously rotating latitude (4} for the magnetic differential rota-
tion. The resulting synchronously rotating latitude foe frimary
star’s spot distribution is 3%and is thus the lowest of all four mea-
surements. This may be interesting given that this latitmdeks
the upper boundary of the lower latitude band of spots sedhen
primary star.

6 DISCUSSION

We have found that both components of HD 155555 have non-
negligible surface differential rotation. This result walstained
from using the cross-correlation and the image shear tqubai
There are two reasons why the cross-correlation technigde (
should probably be carried out whenever sufficient data tdreese
available. Firstly, it provides a very literal interpretat of the data
and so was useful in validating our implementation of thegema
shear technique to binary systems. Secondly, the crosslation
technique does not assuragriori knowledge for the form of the
differential rotation law which the image shear techniqoesi Be-
yond this however, the image shear technique is superiohasd
many advantages which were outlinedds and will be touched
on again ing6.4. We note that the direct spot tracking technique of
Collier Cameron et al. (2002) is another alternative whicikes
few assumptions but requires very good phase coverage ghd hi
signal-to-noise data.

6.1 Internal velocity fields

To summarise the results §8; the primary star has stronger dif-
ferential rotation than the secondary star and the magregions
produce stronger signatures than do the spots. The lattat tras
first revealed by Donati et al. (2003) for AB Dor and HR 1099 Th

authors suggested that the spots and magnetic regionscirerad
at different depths in the convection zones of these stdrs.fact
that the strength of the shear is so much greater in the mageet
gions suggests that the dynamos of these stars may not be jasti
at the interface layer between the radiative core and theectine
envelope but instead be distributed throughout the coiorezbne.
Recent numerical simulations by Brown et al. (2007) lendosuip
to this idea by showing that global-scale toroidal and miabfields
can be generated and maintained in the convection zonepidfyra
rotating stars.

Donati et al.|(2003) attempted to quantify the nature of the i
ternal velocity fields in the rapidly rotating single sta8 Bor and
LQ Hya by examining the temporal fluctuations in the diffeiain
rotation parametergX.,,A€). They found that:

Qeg = AAQ + Qg

where) depends on the assumed internal rotation model and on the
internal stellar structure arfd;; is a constant, equal to the rotation
rate the stellar convection zone would have if spinning aslid s
body.

For HD 155555 we only have a single epoch of differential
rotation measurements however, given the binary natuteecgys-
tem, we do have a very useful zero-point. We know that in the ab
sence of differential rotation, the rotation rate of eadr stould
be equal to that of the orbital rotation rate. Therefore wero@a-
sure X directly from Fig.[6. On this plot the gradient of the lines
joining the zero point (wher@., = Qs andAQ = 0) with each
of our differential rotation measurements will be equaktd. We
obtain gradients in the range 1.6 to 2.5. Donati et al. (2@@8)
sidered two possible models for the angular velocity figkstly,
that angular rotation is constant with radius (like it is foe Sun)
then our gradient{~!) should be equal to five. Secondly that angu-
lar velocity was constant along cylinders symmetric to thtation
axis, resulting in a gradient of approximately two (for stauch as
AB Dor and the components of HD 155555). Therefore, like AB
Dor, our results show that a model of internal rotation beaing-
stant along cylinders is most appropriate for the companefitiD
155555. Given their relatively rapid rotation this is whaeavould
have expected.

By adopting this model of internal rotation, we can follove th
example of Donati et al. (2003) and calculate the range dfiples
latitudinal shears. At a given latitude the rotation raté depend
upon how deep the tracers of differential rotation are areghn
the stellar convection zone. The total depth of the coneactbne
of each star can be expressed as the fractional radius aatlee b
of the convection zone;./R (where a star withr./R=0 is fully
convective and a star with./R=1 has no convection zone). Then
the maximum expected ratio between the shears we measure fro
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Figure 7. The differential rotation curves are plotted from the sft#ft) and magnetic regions (right). The solid line is thenary star and the dashed line
is the secondary star. The dot-dash vertical line corredpém the orbital rotation period and thus shows that bots stee synchronously rotating with the
binary orbit.

the Stokes V and | data should b1/ R)?. So if the observed V471 Tau (Hussain et al. 2006) is also plotted as a filled cir-
value were to equal this maximum ratio then this would sugges cle on Fig.[8. All three systems show weak differential riotat
that the magnetic regions are anchored near to the stelifacsu (AQ < 0.02 rad d'). We note however that there is only a sin-
while the spot features were anchored near the base of tkecon  gle epoch measurement for V471 Tau and this is consisteht wit
tion zone. The value af./R can be obtained using the evolution-  zero (AQ = 0.0016 =+ 0.006 rad d~') differential rotation. The
ary models of Siess etlal. (2000). The components of HD 155555 recovered Doppler images suffer from a lack of spot coveagd

haver./R = 0.68 for the primary and-./R = 0.63 for the sec- latitudes which may make them unreliable. We therefore @nco
ondary star. This corresponds to a maximum ratio of 2.16Hert  age future observations to confirm this measurement, bubwat
primary star and 2.52 for the secondary star. Using our te ol consider V471 Tau further here.

HD 155555, we find that the observed ratio between the sheams f
Stokes V and | is 1.8 for the primary star and 2.25 for the sec-
ondary star. We therefore find that HD 155555 is consistetit wi 5.3 Tidal forces or internal structure?

the adopted model of internal rotation.
The RS CVn systems HR1099 and IM Peg have been repeatedly

observed, so many measurements of differential rotatieraeail-
able. When compared to single main-sequence stars of simélss
HR 1099 and IM Peg have greatly reduced differential rotatio
It is now possible to compare our results with those of both si  For example, HR 1099 has a mass ofM; and yet exhibits a
gle rapidly rotating stars and binary systems. In the leftgbaf differential rotation rate approximately a third that o&tBun (or
Fig.[8 we plot differential rotation rate versus effectiemipera- approximately an eighth that of the power-law fit shown on. Fig
ture. A similar plot was first produced for single G, K and M dfsa [). |Petit et al.|(2004) suggested that the reduced diffedertdta-
by|Barnes|(2005). The authors discovered that for singls site tion was due to binary tidal forces. Over time these havedaitte

6.2 Comparison with other systems

strength of differential rotation increases with incregsstellar sur- enforce synchronous rotation at all latitudes (i.e. tobrthdifferen-

face temperature. More recently Reiners (2006) combineskthe- tial rotation). The relatively strong differential rotati that we find
sults with differential rotation measurements on F dwadswed on both components of the young HD 155555 system adds further
from a Fourier analysis of the rotational broadening profiie ex- complexity to the argument. We have shown that the merelfiatt t
trapolation of the Barnes (2005) power-law fit showed thattito a star is a member of a close binary system does not necgssaril
techniques were in good agreement. The latest version ©fithi sultin a reduced differential rotation rate. We are thenefeft with
gram was made by Cameran (2008) who performed a re-analysistwo possibilities; that the timescale for tidal forces tpgress the

of the power law fit using all latest available differentiatation differential rotation is long compared to the age of the HB3%b
measurements. This is plotted as the solid line on [Hig. 8."Whe system, or that binarity is unimportant and evolutionaatests the

we plot the differential rotation parameters for both comgrts of dominant factor. We now examine the first of these possimslit

HD 155555 we find that they effectively straddle this linghkre- Our results for the young (18 Myr, Strassmeier & Rice 2000)
fore appears that the strength of differential rotation othistars HD 155555 system show that tidal forces have indeed enforced
is consistent with single stars of the same temperature. synchronous rotation of both components, as shown il Flgo®:-

In addition to the single stars, collated lin_Barnes (2005) ever, they have been unable to suppress the differentiafiont
and|Cameron| (2008), we also consider the results from previ- i.e. tides have not yet been able to synchronise rotatiofi tia
ous Doppler imaging studies of binary star systems. [Hig.oBspl  tudes of the convective zone. Both components of HD 155585 ar
(as solid triangles) the differential rotation measurerpesf the still contracting on to the main sequence. One may naivehkth
evolved primary stars of the RS CVn binaries HR 1099 and IM that this would result in the stars rapidly spinning up ananéght
Peg (from Petit et al. 2004 and Marsden et al. 2007 respégtive  explain why the tidal forces are unable to effectively inhitif-
The main-sequence component of the pre-cataclysmic Veaursadr ferential rotation. Given that HD 155555 is a close binargtsyn
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Figure 8. Left: Differential rotation is plotted as a function of dteltemperature. The solid line shows the power law fit of Qame&2003). Right: The
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IM Peg. The filled circle is the pre-cataclysmic system V4au.TOpen squares are single G, K and M dwarfs, the ‘star’ sigrdre F stars and the circled
dot represents the Sun. The two large filled squares are thparents of HD 155555. Error bars are plotted when the uaiogytsignificantly exceeds the

symbol size.

we should examine the efficiency of tidal forces. The syneisia
tion timescale (s,..) can be approximated as,..~q~*(a/R)°
(Zahm 1977), where is the mass ratio. Using the parameters for
HD 155555, we find a timescale of ordg,.. ~ 10* yrs for both
components. Given that this is very much shorter than eeolut
ary timescales, it appears that tidal forces have amplerappty

to suppress differential rotation. Indeed, as the startotgpin up,
they will rapidly become resynchronised, with angular mataen
being transferred from the stars’ rotation to the binarytofithe net
result is that the stars will spin down rather than up. The tiaat
differential rotation is apparently uninhibited on the qmments

of HD 155555 then places doubt on this mechanism also being re
sponsible for the low differential rotation observed on ¢velved
HR 1099 and IM Peg systems. We futher note that theoreticet wo
(Scharlemann 1932) predicts that tides should not inhiBrén-

tial rotation on RS CVn systems.

If binarity is unimportant then the strength of differemtiata-
tion is governed primarily by the stars evolutionary stadie.1099
and IM Peg are both evolved giants and so have large radia(®17
13.3 R respectively) and correspondingly cool surface temper-
atures. Therefore when we plot HR 1099 and IM Peg on the left
panel of Fig[8 (solid triangles) we find that they show sttbag
of differential rotation very close to (possibly slightlelow but
within the scatter) that of a main sequence single star wihma
ilar surface temperature. This would seem to be a major clue a
to the source of the low differential rotation. If tidal fes were
solely responsible then there would be no reason to expehtesu
agreement with single stars. These giant stars have deepatmm
zones, like those of the cool K and M dwarfs, and thereforé the
internal structure may determine their differential rmtatrates.
In an attempt to quantify this we use the evolutionary modéls
Siess et al. (2000) which quote the fractional radius at teeof
the convection#. / R). This constant was discussed earlieffall.

We use the evolutionary models to estimate the value oR
for all stars that were plotted on the temperature plot of Big
We then plot differential rotation as a functionsf/ R in the right-
hand panel of Fid.]8. Where the models of Siess et al. (20a0)ati

follow the stellar evolution far enough the models of Cl42€04)
were used. The models are spaced in 8} intervals and so we
use the nearest one appropriate to each stars mass whichiiseab
from the literature. We only use F-stars from Reiners (2G06)
were defined as cluster members so that the cluster age ceuld b
used as a constraint to determine the stars position in thaten-

ary models. The single M dwarfs are particularly difficulofotain
values forr./R. This is because their evolutionary timescales are
longer and so the depth of the convection zone continuesatogeh
for a longer time. Therefore we show approximate rangesher t
value ofr./R where appropriate.

In Fig.[8 we cover the entire range of convection zone depths.
A strong trend of increasing differential rotation strémgtith de-
creasing convection zone depth is found. This is very simtda
the surface temperature plot which is not surprising as fainm
sequence objects temperature essentially defines the defith
convection zone. The position of the components of HD 155555
therefore match well with the other single main-sequeneesst
The RS CVn binaries HR 1099 and IM Peg move over to the left
of the plot with values of./R = 0.16 andr./R = 0.059 re-
spectively. This illustrates their huge convection zonpthe At
a specific temperature the convective depth is larger fovaived
star than for a main-sequence star. This would certainingeex-
plain the observed weak differential rotation. In fact HRQ@nd
IM Peg have stronger differential rotation than would beestpd
for main sequence stars of similar fractional convectiamezaepth.

We note that for consistency we have only considered the
differential rotation results from stellar brightness mgPoppler
imaging). As found in§g the shear strength is often higher for
magnetic regions than for star spots. Previous studies $taaen
that it is often easier to measure differential rotatiomgsinag-
netic maps because there is hormally structure present stebl
lar latitudes. It would therefore be interesting to extenel $cope
of this analysis and consider results from ZDI also. For gxam
Morin et al. (2008) found very weak differential rotatioAQ =
0.0063 £ 0.0004) on the fully convective M4 dwarf V374 Peg.
In another recent study Donati (2008) found that the plapétast
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starr Boo has very strong differential rotatioA(2 = 0.50+0.12).
This measurement is plotted on Hig). 8 (solid diamond) anchipas
sition appropriate for its F7V spectral type. This is despiite fact
that the stellar surface has apparently been forced toerstat-
chronously with the planetary orbital periad (Catala e28107).
Sor Boo lends further support to the argument that tidal foreces a
unable to suppress differential rotation.

6.4 Final maps

The differential rotational parameters for both stars ocam he in-
corporated into the imaging process. We use the entire 11t nig
(106 spectra) dataset with the respective differenticdtion pa-
rameters for spots and magnetic features on each star toqa dlde
brightness and radial magnetic maps shown in [Eigs. 9ahd #0. W
note that they? achieved for these reconstructed image$=0.7

for Stokes | andy?=1.0 for Stokes V) are essentially the same as the
x? for the individual images presented 4. This would indicate
that there has been little evolution in the spots or magmetions
(other than the effect of differential rotation) over thewdn days.

In order to show the effect of the differential rotation wsaplot

the primary radial field map obtained if we do not apply théedif
ential rotation law (top panel of Fig.1L0). By including thiéeet of
differential rotation the middle panel of F[g.]10 shows aisiglevel

of detail. This is especially true at low latitudes where #fiects

of differential rotation are most noticeable.

Looking back to Fig. R, which shows magnetic maps produced
from each five night subset of the data, we find that they contai
more low latitude information than the top panel of Hig] 1@ (n
differential rotation) but less than the middle panel Eif.(tvith
differential rotation). This is what we would expect becaulke
effect of differential rotation on only five nights is lessathover
eleven. Following the same argument we can now explain wéy th
cross-correlation functions (shown in Hig. 3) of the magnetaps
gave poor fits at low latitudes. Due to the relatively stroiféed
ential rotation, even five nights is sufficient to smear thaator
of the primary star byA¢ = 0.11 and that of the secondary by
A¢ = 0.07. Given that these are both larger than a whole reso-
lution element (approximatelA¢ = 0.06) it is unsurprising that
the cross-correlation function fails to follow tikim? law at low lati-
tudes. This once again illustrates the advantage of usegitbared
image technique.

Despite the improvement in the reconstruction of low lakitu

Figure 11. A cartoon sketch to show the effect of differential rotatiom
connecting field lines. The two components (primary - leficandary -
right) of HD 155555 and their separation are plotted to soaléeld line

connects the equators of both stars. Initially at ‘1’ thedfifdotpoints are
directly facing each other. At ‘2’ we show the location of fleetpoints 50
days later when the combined angle swept out by the two fmigpis 27.

limit of the lifetimes of such binary field lines and so the eye
released from the rate of re-connection of the field. Let us co
sider a field line that is connected from a point on the equafor
the facing hemisphere of one star to another on the equatbeof
facing hemisphere of the other star, a situation as sketchE).
[I1. Given that the two stars will be rotating in the same diioeg
but 180 out of phase, the two equatorial points will start to move
away from each other due to differential rotation. The poimthe
primary star will sweep out a greater angle in the same tinestdu
the stronger differential rotation (as shown in gl 11).

An interesting timescale often quoted for single stars & th
equator-pole laptime. On this timescale a field line thatneots
the pole to the equator will have become wound around the star
by a full circle @7 rads) and so stores significant magnetic energy.
Similarly we can also ask; how long would it take the field psin
of our connecting field line to sweep out a combined anglerof
rads? The answer is 50 days (illustrated in Eig. 11) which ote n
is comparable to the equator-pole lap-times of the primtay (44
days) and the secondary star (71 days). Just like the egpealir
laptimes on a single star, the equator-equator field linagecting
the two stars gives us the maximum amount of stress on the field
lines. We also note however that in the absence of any foree co
fining such field lines to the equatorial plane the connediagp
will “balloon” up and over the stellar poles above a critieaigle
(Lynden-Bell & Boily|1994). This would further increase thate

features, the maps presented in Kigl 10 do not change the con-of field reconnection events.

clusions of Paper I. It may be interesting to note howeveat th
the small regions of flux, now well reconstructed betweerspha
¢ = 0.3 — 0.5 and latitudes 20 and 3Qare in the same location
as the gap in the ring of spots seen for primary star in[Bighés T
apparent anti-correlation between the strengths of smadjnatic
regions and spot features may be an example of how the cquier s
temperatures suppress the contribution to the Stokes \rapec

6.5 Consequences for connecting field lines

In Paper | we discussed the likelihood of field lines from ota s
connecting with the other. It was found from extrapolating ¢oro-
nal field of each star separately (using the radial field midyad)the
field complexity of the surface radial maps persists out tigyaifs
icant fraction of the binary separation (7Bgor ~ 5.5 R., see
Table[1) and so the interaction between the two fields isylikel
be complex also. Now that we know the strength of the differen
tial rotation on both stars, it is possible to speculate @upper

The strong differential rotation provides extra stress loa t
field that would not be present on evolved binaries such as®9R 1
and IM Peg with their weak differential rotation. We can t#aer
fore speculate that the reconnection of these long bindd/lbeps
could significantly contribute to the X-ray luminosity ofettHD
155555 system and also to the frequency of large flares. Tée sc
nario outlined above caused by differential rotation islegaus to
the mechanism thought to produce the so called ‘superflares’
classical T Tauri stars. In this case field lines that contteetstar
with its surrounding disk become stretched due to the fatttie
disk is rotating slower than the star (e.g. Montmerle et@0® Fig.
2).

7 CONCLUSIONS

We have measured the surface rotation properties of both ista
the HD 155555 system. A cross-correlation of the latitudipsof
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Figure 9. Final brightness maps of the primary and secondary statkpeal from all eleven nights and using the obtained valuekffefential rotation.

both brightness and magnetic images, produced from twgare
dent datasets, revealed the characteristic signatureffefeatitial
rotation and confirmed that this can be modelled by a simp&-so
like sin? law. In order to better quantify the strengths of the differ-
ential rotation we adapted the sheared image techniquentmybi
systems. The rotational periods of both stars are found ®yhe
chronously rotating with the binary orbital period. Thisnfioms
the fact that the system is tidally locked.

Considering only the results from the brightness maps of the
surface spot distributions, the primary has an equatce-fagl time
of 80 d and the secondary sta62 d. These results show that
the strength of differential rotation on both stars is nolyaron-
negligible but are of similar magnitude to that found on &ng
rapidly rotating stars of the same effective temperature.uséed
these findings to explore the relative effects of binaritd &wo-
lutionary stage on the strength of differential rotatiomeTlarge
convection zone depths of the evolved giants in RS CVn system
is more likely to be the cause of their low differential radatrates
than the effects of tidal forces.

Future measurements of differential rotation on the compo-
nents HD 155555 are strongly encouraged. It would be very in-
teresting to examine whether temporal changes in the diffe
rotation rate of the components of HD 155555 are correldthis
may indicate evidence of a joint activity cycle.
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