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epted on 05.03.2012)Abstra
t. We present the behavior of the magneti
 �eld and a
tivity indi
ators of thesingle late-type giant β Ceti in the period June 19, 2010 � De
ember 14, 2010. We usedspe
tropolarimetri
 data obtained with two teles
opes � the NARVAL spe
tropolarimeterat T�eles
ope Bernard Lyot, Pi
 du Midi, Fran
e and the ESPaDOnS spe
tropolarimeter atCFHT, Hawaii. The data were pro
essed using the method of Least Square De
onvolutionwhi
h enables to derive the mean photospheri
 pro�les of Stokes I and V parameters. Wemeasured the surfa
e-averaged longitudinal magneti
 �eld Bl, whi
h varies in the interval0.1 - 8.2 G, the line a
tivity indi
ators CaII K, Hα, CaII IR (854.2 nm), and radial velo
ity.By analyzing the Bl variations, a possible rotational period P = 118 days was identi�ed. Asingle, large magneti
 spot, whi
h dominates the �eld topology, is a possible explanationfor the Bl and a
tivity indi
ator variations of β Ceti.Key words: star: β Ceti � magneti
 �eld, a
tivity, late-type giant1 Introdu
tion

β Ceti (HD 4128, HR 188, HIP 3419) is a single late-type giant star of spe
tral
lass K0 III with V = 2.04 mag and B−V = 1.02. It has started as an A-typestar on the main sequen
e (Maggio et al., 1998). The fundamental parametersof β Ceti and their referen
es are presented in Table1.There is a dis
ussion in the literature about its evolutionary status: is ita �rst-as
ent red giant or a 
lump giant star? A

ording to S
hr�oder et al.(1998) 
lump giants are not visible in the RASS (ROSAT All-Sky Survey).In this study they use data for β Ceti from RASS dete
tions. On their HRdiagram they pointed out the giant �
lump region� (Fig.1). It is obvious fromthis �gure that the evolutionary tra
k of β Ceti is far away from this regionand the star is possibly situated at the base of the red giant bran
h.A

ording to other authors β Ceti is a He-burning 
lump giant be
ause ofits photospheri
 abundan
es. Its low Li abundan
e log ǫ(Li) = 0.01 and lowvalues of the ratios C/N = 1.38 and C12/C13 = 19 ± 2 (Lu
k & Challener,1995; Tomkin et al., 1975) suggest this 
lassi�
ation. The FUV spe
tral prop-erties of β Ceti are very similar to other a
tive 
lump stars like the Hyades
⋆ Based on observations obtained at the Bernard Lyot T�eles
ope (TBL, Pi
 du Midi,Fran
e) of the Midi-Pyr�en�ees Observatory, whi
h is operated by the Institut Nationaldes S
ien
es de l'Univers of the Centre National de la Re
her
he S
ienti�que of Fran
e,and at the Canada-Fran
e-Hawaii Teles
ope (CFHT) whi
h is operated by the NationalResear
h Coun
il of Canada, the Institut National des S
ien
es de l'Univers of the CentreNational de la Re
her
he S
ienti�que of Fran
e, and the University of Hawaii.Bulgarian Astronomi
al Journal 18(1), 2012
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tivity of β Ceti 29giants θ1 Tau and γ Tau, and the Capella G8 III primary (Ayres et al., 1983;Ayres et al., 1998). Another survey of photospheri
 abundan
es of β Ceti was
arried out by S�agesser & Jordan (2005). They 
ompared the results fromdi�erent authors about the abundan
es of Fe, N, O, Mg and Si. A

ordingto these results, their suggestion is that this star has already undergone �rstdredge-up.Table 1. The fundamental parameters of β Ceti and their referen
esParameter Interval of values Referen
esMass 2.8 � 3.2 M⊙ Maggio et al., 1998; S
hr�oder etal., 1998; Gondoin, 1999; AllendePrieto & Lambert, 1999; Berio etal., 2011Radius ∼ 15 R⊙ Jordan & Montesinos, 1991; Al-lende Prieto & Lambert., 1999;S�agesser & Jordan, 2005Parallax and Distan
e 33.86 ± 0.16 mas
29.38+0.63

−0.69 p
 from Hippar
os Catalogues - Per-ryman et al., 1997; van Leeuwen,2007E�e
tive Temperature 4750 � 5000 K Jenkins, 1952; Ayres et al., 1998;Gondoin, 1999; Lu
k et al., 1995;Eriksson et al., 1983; Ottmannet al., 1998; Gratton & Ortolani,1986
log g 2.45 � 3.05 Jenkins, 1952; Jordan & Mon-tesinos, 1991; Eriksson et al.,1983; Lu
k et al., 1995; Ottmannet al., 1998; Gratton & Ortolani,1986
[Fe/H ] -0.09 � 0.13 Lu
k et al., 1995; Gondoin, 1999;Alves, 2000; Ottmann et al., 1998;Gratton & Ortolani, 1986
v sin i 2.5 � 4 km/s Fekel, 1997; Carney et al., 2008;Smith & Dominy, 1979; Gray,1982; Ottmann et al., 1998In
lination angle i 60◦ Sanz-For
ada et al., 2002, Gray,1989Rotational period 199 days Jordan & Montesinos, 1991171 days C. Jordan, private 
omuni
ation
β Ceti is 
lassi�ed as a single giant star with the highest X-ray luminosity

logLx = 30.2 erg/s in the solar neighborhood (d ≤ 30 p
), 
al
ulated with adistan
e of d = 29.4 p
 (Maggio et al., 1998; H�uns
h et al., 1996). With thishigh a
tivity, the star is 
ompared to Capella (α Aur), a long period RS CVn-type a
tive binary, and θ1 Tau (K0 III). A model of the atmosphere of β Cetiwas performed by Eriksson et al. (1983) and they suggested the existen
e of
oronal loops. Ayres et al. (2001) reported about a series of striking 
oronal�are events observed with EUVE during a period of 34 days starting on 1Aug 2000.



30 Tsvetkova et al.
β Ceti has V −R = 0.72, whi
h pla
es it to the left of the 
oronal dividingline in the HRD. This nearly verti
al dividing line was proposed by Linsky &Hais
h (1979) near V − R = 0.80 and it separates the stars into two groups� the solar-type group (V − R < 0.80), whi
h indi
ates the existen
e ofa 
hromosphere, a transition region and a 
orona, while the non-solar-typegroup (V − R > 0.80) shows only 
hromosphere lines. The existen
e of thedividing line is 
on�rmed by the study of Simon et al. (1982) with a largersample of stars.

Fig. 1. HR diagram by S
hr�oder et al. (1998). Plus symbols are RASS dete
tions. β Ceti ispointed out as �+� and letter �e� with mass of 3.2 M⊙. The giant 
lump region is indi
atedby the re
tangle.
β Ceti has V −R = 0.72, whi
h pla
es it to the left of the 
oronal dividingline in the HRD. This nearly verti
al dividing line was proposed by Linsky &Hais
h (1979) near V − R = 0.80 and it separates the stars into two groups� the solar-type group (V − R < 0.80), whi
h indi
ates the existen
e ofa 
hromosphere, a transition region and a 
orona, while the non-solar-typegroup (V − R > 0.80) shows only 
hromosphere lines. The existen
e of thedividing line is 
on�rmed by the study of Simon et al. (1982) with a largersample of stars.Using spe
tropolarimetri
 data, one 
an dete
t the presen
e of a mag-neti
 �eld in plasma by the Zeeman e�e
t (Zeeman, 1897) and measuring
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tivity of β Ceti 31the Stokes parameters [I, Q, U, V℄. For stars with weak magneti
 �elds itis possible to dete
t magneti
 features only in Stokes V (
ir
ular polariza-tion) be
ause the signatures in Stokes Q and U (linear polarization) are mu
hweaker than these in Stokes V. In our study for β Ceti, we use Stokes I and Vparameters whi
h give information about the strength of the surfa
e-averagedlongitudinal magneti
 �eld Bl.

Fig. 2. LSD pro�les of β Ceti observed on November 20, 2010 with ESPaDOnS. From topto bottom: mean Stokes V pro�le; diagnosti
 null spe
trum; mean Stokes I pro�le. Seedetails about these pro�les in the text. Pro�les are shifted verti
ally; the Stokes V pro�leand null spe
trum are expanded by a fa
tor of 200 for 
larity.2 Observations and data redu
tionObservations were 
arried out at two teles
opes � the 2-m T�eles
ope BernardLyot (TBL) at Pi
 du Midi Observatory, Fran
e, and the 3.6-m Canada-Fran
e-Hawaii Teles
ope (CFHT) at Hawaii.TBL and CFHT use the twin new-generation �ber-fed e
helle spe
tropo-larimeters NARVAL (Auri�ere, 2003) and ESPaDOnS (Donati et al., 2006)respe
tively, whi
h in polarimetri
 mode have a spe
tral resolution of about65 000 and a spe
trum 
overage from near-ultraviolet 370 nm to near-infrared1050 nm in a single exposure. Stokes I (unpolarised light) and Stokes V (
ir-
ular polarization) parameters were obtained by four sub-exposures betweenwhi
h the retarders � Fresnel rhombs � were rotated in order to ex
hangethe beams in the instrument and to redu
e spurious polarization signatures(Semel et al., 1993).The raw data were pro
essed using the automati
 redu
tion software Li-breEsprit, developed for NARVAL and ESPaDOnS. Additional details regard-ing the observing pro
edure and data redu
tion 
an be found in Donati et al.(1997).



32 Tsvetkova et al.For further pro
essing of the data we used the Least Squares De
onvolu-tion (LSD) te
hnique (Donati et al., 1997). This te
hnique enables averagingof several thousand absorption lines taken from one spe
trum, whi
h in
reasesthe signal-to-noise ratio (S/N) and thus allows to dete
t weak magneti
 signa-tures, whi
h would not be visible in individual lines. Using the LSD te
hnique,one 
an derive mean photospheri
 pro�les of Stokes I and Stokes V from a
omplete e
helle spe
trum.Fig.2 shows the result after applying the LSD method to the spe
trum of
β Ceti obtained on November 20, 2010. From top to bottom it depi
ts: the
ir
ularly polarized mean Stokes V pro�le; a diagnosti
 null spe
trum; theunpolarized mean Stokes I pro�le. All pro�les are normalized with respe
t tothe 
ontinuum intensity. The diagnosti
 null spe
trum serves to diagnose thepresen
e of spurious 
ontributions to the Stokes V spe
trum.The dataset in
ludes observations in the period from June 19, 2010 toDe
ember 14, 2010 in whi
h we have 
olle
ted 25 spe
tra. First, spe
tra wereautomati
ally extra
ted using the LibreEsprit software and after that for theZeeman analysis we used the LSD method with a mask 
al
ulated for ane�e
tive temperature Teff = 5000 K, log g = 3.0 and a mi
roturbulen
e of 2km/s, 
onsistent with the literature data for the star (Thevenin, 1998; Hekker& Mel�endez, 2007). For ea
h spe
trum we 
al
ulated mean Stokes I and Vpro�les averaging about 12 700 lines. Then we 
omputed the longitudinalmagneti
 �eld Bl in G, using the �rst-order moment method (Donati et al.,1997; Rees & Semel, 1979; Wade et al., 2000). We also measured the radialvelo
ity (RV) on the LSD Stokes I pro�les using a Gaussian �t. The RVstability of NARVAL and ESPaDOnS is about 30 m/s (Moutou et al., 2007).For better understanding of the stellar a
tivity, we measured the a
tivityindi
ators Hα at 656.3 nm and CaII IR triplet at 854.2 nm (relative intensitieswith respe
t to the 
ontinuum) and CaII K (relative intensity of the emission
ore relative to the intensity at λ = 355 nm, I/I(395nm)).In order to determine the rotational period of the star, we applied to ourdataset a Lomb-S
argle period sear
h analysis (Lomb, N.R., 1976; S
argle,J.D., 1982) for Bl and some of the a
tivity indi
ators.3 Results and dis
ussionThe spe
tra allowed us to obtain simultaneously the longitudinal magneti
�eld Bl, the a
tivity indi
ators and the radial velo
ity so that we 
an studythe 
orrelations between them. The list of observations and measured valuesof Bl in gauss, Hα, CaII K, CaII IR and their un
ertainties, as well as theradial velo
ity measurements, are listed in Table2.The 
hanges of the Bl values are in the interval from 0.1 G to 8.2 G andBl remains of positive polarity for all of our observations. The time variationof Bl shows two types of behavior (Fig.3). A sine wave is 
learly visible inthe �rst part of our observations in the period June 19, 2010 - O
tober 20,2010. We observe a plateau after the sinusoidal 
urve, whi
h 
overs the periodNovember 12, 2010 - De
ember 14, 2010. The existen
e of this se
ond part ofthe dataset, whi
h is 
ompletely di�erent from the �rst one, is an eviden
efor a 
hange in the surfa
e magneti
 �eld 
on�guration of the star.
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tivity of β Ceti 33The behavior of the a
tivity indi
ators and their un
ertainties are pre-sented in Fig.4 and Table2. Their variations are in the intervals: 0.20 - 0.22for Hα; 0.17 - 0.23 for CaII K; 0.13 - 0.16 for CaII IR. The a
tivity indi
atorsCaII K and CaII IR vary in nearly the same way but Hα shows no signi�
antvariations with time, taking into a

ount the a

ura
y of its measurements.Comparing the 
urves for Bl and the a
tivity indi
ators CaII K and CaII IRin Fig.3 and Fig.4 but only for the �rst part of the dataset, one 
an noti
ethat the variability shows some similarity. This sinusoidal 
urve for Bl 
ouldbe due to a single large spot at the stellar surfa
e but a more 
omplex topol-ogy is also possible. Moreover CaII K and CaII IR also vary in a mannersimilar to Bl whi
h 
ould support the idea of one big spot at the stellar sur-fa
e, whi
h dominates the behavior of all magneti
 a
tivity indi
ators. It isnot the same 
ase for the se
ond part of the dataset where Hα, CaII K, CaIIIR show di�erent behaviors regarding Bl. For this se
ond part, the intensityof the indi
ators de
rease whi
h means that we dete
t less emission and the
hromosphere is less heated. A smaller part of the hemisphere is o

upied bythe magneti
 �eld.Radial velo
ity variations with time are shown in Fig.5. They vary in theinterval 13.24 - 13.47 km/s.Table 2. Data for Bl, a
tivity indi
ators and their a

ura
yDate HJD CaII K σ Hα σ CaII IR σ Bl, [G℄ σ, [G℄19 Jun 10 2455368.123 0.191 0.005 0.211 0.002 0.134 0.003 4.4 0.421 Jun 10 2455370.134 0.194 0.004 0.214 0.001 0.135 0.003 3.9 0.416 Jul 10 2455395.140 0.210 0.004 0.220 0.001 0.141 0.001 7.4 0.317 Jul 10 2455396.132 0.216 0.005 0.217 0.001 0.144 0.002 8.1 0.425 Jul 10 2455404.138 0.207 0.012 0.215 0.001 0.146 0.000 8.2 0.904 Aug 10 2455414.006 0.218 0.005 0.213 0.001 0.147 0.001 7.2 0.406 Aug 10 2455415.633 0.197 0.007 0.211 0.002 0.149 0.001 7.0 0.516 Aug 10 2455425.685 0.201 0.004 0.221 0.002 0.148 0.003 4.5 0.502 Sep 10 2455442.699 0.189 0.007 0.218 0.001 0.147 0.001 2.6 0.419 Sep 10 2455459.473 0.187 0.005 0.211 0.002 0.142 0.001 1.2 0.426 Sep 10 2455466.500 0.198 0.006 0.215 0.001 0.147 0.002 0.1 0.405 O
t 10 2455475.518 0.212 0.007 0.215 0.002 0.155 0.002 1.8 0.713 O
t 10 2455483.475 0.230 0.005 0.213 0.001 0.165 0.001 3.6 0.415 O
t 10 2455485.832 0.216 0.003 0.223 0.002 0.155 0.002 3.9 0.417 O
t 10 2455486.863 0.222 0.006 0.217 0.001 0.154 0.001 3.8 0.320 O
t 10 2455490.471 0.211 0.016 0.213 0.001 0.158 0.001 5.1 0.812 Nov 10 2455513.360 0.199 0.004 0.212 0.002 0.149 0.004 4.9 0.715 Nov 10 2455516.831 0.202 0.003 0.222 0.002 0.142 0.003 4.0 0.420 Nov 10 2455521.798 0.197 0.007 0.212 0.002 0.137 0.001 4.2 0.521 Nov 10 2455522.718 0.195 0.006 0.212 0.004 0.137 0.004 3.9 0.426 Nov 10 2455527.368 0.185 0.004 0.212 0.001 0.136 0.003 4.5 0.427 Nov 10 2455528.855 0.196 0.006 0.212 0.002 0.137 0.002 3.9 0.404 De
 10 2455535.349 0.175 0.009 0.207 0.001 0.138 0.003 4.8 0.612 de
 10 2455543.383 0.175 0.010 0.211 0.001 0.139 0.002 5.0 0.814 De
 10 2455545.292 0.167 0.013 0.208 0.002 0.147 0.003 5.3 1.1Note: Relative intensity values are given for Hα and CaII IR. For CaII K emission 
oreI/I(395 nm) is measured. Bl values and their un
ertainties are given in gauss.



34 Tsvetkova et al.We applied a Lomb-S
argle method for the period sear
h of the data.Be
ause of the two di�erent behaviors of the dataset, it was not possible toperform the periodogram analysis with all the data. So we used only the �rstpart of the dataset. We found possible periods for Bl, CaII K and the radialvelo
ity.We determined the following possible periods: for Bl a period of P = 118days with false alarm probability (FAP) of 5%; for CaII K a period of P = 85days with FAP of 51% and for the radial velo
ity a period of P = 78 days withFAP of 18%. These periods and FAP values are shown in Fig.6. However, oneshould be 
autious about these periods be
ause our dataset 
overs less thantwo periods.
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HJDFig. 3. Time variations of the surfa
e-averaged longitudinal magneti
 �eld Bl and its un-
ertainty in G.As it was mentioned, Bl is a surfa
e-averaged longitudinal magneti
 �eldand it originates from the star's photosphere. The a
tivity indi
ators Hα, CaIIK and CaII IR originate from the star's 
hromosphere. Our period determi-nations may suggest that the 
hromosphere of β Ceti rotates faster than thephotosphere. Another interesting result is the RV period P = 78 days, whi
halso re�e
ts the photospheri
 rotation and it is shorter than the Bl period.We will 
ontinue to obtain data for this star in order to be able to understandbetter these di�eren
es.Using these periods, we made new plots with the behavior of Bl, CaII Kand RV with respe
t to the phase � Fig.7, Fig.8 and Fig.9. The X�axis valuesfor these three �gures were 
al
ulated a

ording to the determined periodsrespe
tively for Bl, CaII K and RV. These periods �t well to our observationaldata espe
ially for CaII K and RV. But the data do not 
over 
ompletelyat least two rotations so the periods we found are possible periods. Moreobservational data and their analysis 
ould 
on�rm or reje
t these periods.
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ond rotation of the star.
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Phase ( P = 78 d )Fig. 9. Variations of the radial velo
ity with respe
t to the phase with the determinedpossible period P = 78 days. The stability of the instruments is about 30 m/s (Moutou etal., 2007). Observations are in the period June 19, 2010 - O
tober 20, 2010. Bla
k squaresindi
ate the �rst rotation of the star, blue dots indi
ate the se
ond rotation of the star.Con
lusionsWe 
olle
ted observational data for 6 months (June 19, 2010 � De
ember14, 2010) for the single late-type giant β Ceti. The Least Squares De
onvolu-tion method was applied for magneti
 �eld dete
tion and measurements. Ourresults are:- Bl remains of positive polarity for all our observations with variationsbetween 0.1 G and 8.2 G.- We found that during the last month of our observational period a 
hangein the 
on�guration of the magneti
 �eld at the stellar surfa
e might o

ur.- The behavior of the a
tivity indi
ators follows the behavior of Bl but onlyfor the �rst part of our dataset. The 
ase is not the same for the se
ondpart, where the emission de
reases be
ause the magneti
 �eld 
overs asmaller fra
tion of the stellar surfe
e.- Using the Lomb-S
argle method for the period sear
h, we found possibleperiods for Bl (P = 118 days), CaII K (P = 85 days) and for the radialvelo
ity (P = 78 days).Our next steps for studying β Ceti are:- to 
ompute a Zeeman�Doppler Imaging map of the star- to 
olle
t more observational data, whi
h will help us to analyze furtherthe magneti
 variability of β Ceti.
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