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ABSTRACT

Only a small fraction of massive stars seem to host a medswstthctured magnetic field, whose origin is still unknowrd avhose
implications for stellar evolution still need to be asséss®/ithin the context of the “B fields in OB stars (BOB)” collatation,
we used the HARPSpol spectropolarimeter to observe thg Batype starg3CMa (HD 44743; B1I/lll) and e CMa (HD 52089;
B1.51l) in December 2013 and April 2014. For both stars, weststently detected the signature of a weaB{ G in absolute value)
longitudinal magnetic field, approximately constant withe. We determined the physical parameters of both starslacterise
their X-ray spectrum. For theCep stag CMa, our mode identification analysis led to determiningtation period of 13.6 1.2 days
and of an inclination angle of the rotation axis of 5£.6.7°, with respect to the line of sight. On the basis of these nreasents
and assuming a dipolar field geometry, we derived a bestdittbliquity of about 22 and a dipolar magnetic field strengthgjB®f
about 100 G (6& B4 < 230 G within the r level), below what is typically found for other magnetic rsige stars. This conclusion is
strengthened further by considerations of the star’'s Xsgmctrum. Foe CMa we could only determine a lower limit on the dipolar
magnetic field strength of 13 G. For this star, we determiaéttie rotation period ranges between 1.3 and 24 days. Quitg@sply
that both stars are expected to have a dynamical magnetesgioehe magnetic field is not able to support a circumstditk. We
also conclude that both stars are most likely core hydrogenitg and that they have spent more th& & their main sequence
lifetime. A histogram of the distribution of the dipolar megic field strength for the magnetic massive stars knowrate does
not show the magnetic field “desert” observed instead farinediate-mass stars. The biases involved in the detectibmeak)
magnetic fields in massive stars with the currently avadlabstrumentation and techniques imply that weak fields triighmore
common than currently observed. Our results show that,ei§gmt, even relatively weak magnetic fields are detectatmeaissive
stars and that more observationfibet is probably still needed to properly access the magfielitincidence.

Key words. Stars: atmospheres — Stars: evolution — Stars: magnetic field — Stars: massive — Stars: individual: HD 44743, HD 52089

1. Introduction differentially rotating convective envelope (Reiners €t al. 230

o . . . As a major consequence, these stars are spun down by magnetic
Magnetic fields are an important constituent of astropraysma/raking (i.e., through the coupling of their partly ionisethd
pla_smas, and they play a \{|tal role in f.i" t.ypeslof stars. @n i their surface magnetic field), which is also resporesiok
main sequence, magnetic fields are ubiquitous in Iow-mass,stthe slow rotation of the Sun.

presumably produced by a dynamo process at the bottom of theIn intermediate-mass main sequence stars (IM;)8inter-

* Based on observations made with ESO Telescopes at the 1@ mostly toroidal magnetic fields (Spruit 2002) are thdugh

Silla Paranal Observatory under programme ID088.A-90p3¢Ad O t_)_e responsible for_ coupling core and envelope rotation
ID 191.D-0255(D,F). (Suijs et al. 2008), while only about 10% of them, the mag-

** F.R.S.-FNRS Postdoctoral Researcher, Belgium netic chemically peculiar (CP) stars (early F-, A-, and late
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B-type stars), show a large scale surface magnetic fidldve a peak signal-to-noise ratigK of about 700 fo3 CMa
(Donati & Landstreet 2009). The magnetic CP stars are aland 550 fore CMa. The HARPS spectra are described in $éct. 3
generally spun down, giving rise to a bimodal distributidn 0 The quantitative analyses were performed using the method-
rotational velocities for main sequence stars in this masge ology and tools described by Nieva & Przybilla (2012). This
(Royer et al. 2007; Zorec & Royer 2012). employs line-profile fits of synthetic to observed spectiagis

In massive stars, internal toroidal magnetic fields may alg® minimisation, aiming at a simultaneous reproduction of ion
transport angular momenturn_(Heger etlal._2005), while thésation equilibria of He/u (when available) and various metals,
subsurface convection zones may produce small scale niagr&s well as the Balmer lines in an iterative approach. Thus, at
surface spots| (Cantiello etial. 2009; Ramiaramanantsda ehaospheric parametersflective temperatur&.s, surface grav-
2014). Whereas these processes are thought to occur in-esggriogg, microturbulencevmic, macroturbulencemacro Pro-
tially all massive main sequence stars, only about 7% of thgetted rotational velocityeqsini), and elemental abundances
seem to show large scale surface magnetic fields (Wade et#é derived. The results of the analysis are given in Table 1.
2014). In analogy to what is observed for intermediatgthe models rely on hybrid non-LTE line-formation computa-
mass stars (see Royer etial. 2007; Zorec & Royer 2012), ttitnhs (Nieva & Przybillal 2007), based on hydrostaticLA9
might relate to the bimodal distribution of rotational velo LTE model atmospheres (Kurlicz 1996), non-LTE level popu-
ties in early B-type stars found by Dufton et al. (2013), alations, and synthetic spectra computed with updated messi
though the bimodality tends to vanish with earlier spediypé  of Derai/Surrace (Giddings 198/1; Butler & Giddings 1985).

(Ramirez-Agudelo et &l. 2013; Simon-Diaz & Herrero 2014). Our atmospheric parameters and CNO abundances are con-

The origin of a measurable large-scale magnetic field §istent (to within the mutual error bars) with the results of
about 7% of the upper main sequence stars has not yet bpitel et al. (2008), except for the microturbulence velesit
understood. Except for the spin-dowffeet {ud-Doula etal. which we find to be systematically lower. The atmosphere of
2009), evolutionary consequences are also practicallik-ung CMa shows a normal nitrogen abundance relative to standard
plored (Langer 2014). Clues may come from the field strengfllues in early B-type stars (Nieva & Przytilla 2012), while
distribution in these stars. The intermediate-mass stad® & ¢ CMa is N-enriched.

dichotomy, with stars being either strongly magnetic, dgo- As a further check we determined the atmospheric parame-
lar field strengths exceeding 300 G, or essentially non-re&gn (a5 ysing the stellar atmosphere coserwin (Fast Analysis
(Auriere et all 2007; Lignieres et:al. 2009; Donati & Landstr f STellar atmospheres with WINDs; Santolaya-Rey &t al 7199
2009; | Petit et &l. 2011b). In massive stars, while the daga s et al | 2005) and the technique described in_Castrd et al.
sparser, applying Occam's razor would suggest a similaasit (2017) optimised with a genetic algorithm. In this way we

tion. However, as we show below, this may notbe true.  gptained atmospheric parameters in excellerix) agreement
With the aim of characterising the magnetic field incidenggith those listed in Tablgl1.

and properties in slowly rotating O- and early B-type stars, |, aqgition to the results of the quantitative analyses|af@b
we obf[alned high-resolution §pectropolar|metrlc obs#oma of 1 -cants the information on spectral typepand magnitude,
galactic O- a”ff' B-type stars in the”frame of an ESO Large P_ pParRcos distance @np; lvan Leeuwen 2007), and luminosity.
gramme titled “B fields in OB stars (BOB) (Hubrig et/al. 201451 o |ast was derived from the stars’ magnitugeparcos dis-
Morel etal. 2014). In this context, we present here the detggnce angd holometric correction by Floler (1996), assgmin
tion of a magnetic field in the two very bright early B-typersta g inction. The use of dierent bolometric corrections (for ex-

pCMa andeCMa. We find that at leagt CMa hosts a weak 5016 1y'Nieva 2013) leads to luminosity values within df
magnetic field, while foe CMa the actual dipolar magnetic f'eldthﬁédopted ones.

strength cannot be determined yet, though we detected a wea oth stars present narrow spectral lines. therefore we
longitudinal magnetic field. We describe our stellar parimse used the hi hgr resolution HAIF:){PS S ectré resented in
determination in the next section. Sectidn 3 describeslisere Sect. [B to rgefine thevesini and v pvalues pobtained

i i 1 i . eq macro
vations collected for the magnetic field detection and ththoa from the FEROS spectra. We applied the toalos-sroap

adopted for their analysis. Sectibh 4 presents the resitteeo —— . : . .

magpnetic field search?/which are discﬁssed in Sect. 5. Cond§imon-Diaz & Herrero 2014) on the §i4567 A line observed

sions are drawn in Se€d. 6. in each HARPS spectrum to estimate botlsini and Umacro
Similar to what was found by Aerts etial. (2014), the analg§is

spectra obtained atfiiérent epochs provides somewhdtelient

broadening values. The situation is more criticald@Ma than

for e CMa. The broadening parameters obtained for both stars

For the atmospheric parameter and chemical abundancedetefr® summarised in Tablé 1. Using the Fourier transform (FT)
nation, we used both FEROS (ESO Program ID 088.A-9003(AMgethod, fog CMa from the available 10 HARPS spectra, we ob-
and HARPS (ESO Program ID 191.D-0255(D,F)) spectra, biinedvegsini values ranging between 13.2 and 33.6 knith
cause of the larger wavelength coverage of the former a@d average and standard deviation of 20.3 kms?, which is

the higher spectral resolution of the latter. The largeravavin good agreement with what is derived from mode identifica-
length coverage of the FEROS spectra, in comparison to tkign (see Secf._4.1.1), while we obtainggacro values ranging

of HARPS, allows one to consider an extended set of strate§ietween 36.3 and 45.7 km's with an average and standard de-
spectral lines for the analysis, while the higher spectablu- Viation of 41.2:4.2kms®. Sincewegsini is not supposed to
tion of the HARPS spectra allows one to determine more aca@y with time, the largeeqsini variations have to be attributed
rately the macroscopic broadening parameters. The dath uigethe inaccurate representation of macroturbulence atsapu
for the spectroscopic analysis were obtained in Decembit 2¢ional broadening, as also concluded by Aerts et al. (208d).
using the FEROS spectrograph, attached to the MSG 2.2m €CMa we found from the available eight HARPS spectra that
telescope at La SillaR= 48 000; Kaufer et al. 1999). The specboth veqsini and vmacro are constant within the uncertainties:
tra, collected by adopting an exposure time of 15 and 10 $E;0nveqSini = 21.2:2.2km s andumacro= 46.7+2.0kms®. We re-

2. Determining stellar parameters
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results comparable to those gathered from the FT method.
We determined the stellar parameters mbksradius R,

and ager on the basis of two dlierent sets of evolutionary BCMa €CMa
tracks byl Georgy et all (2013) and Brott et al. (2011) (see Ta- Sp. type BLi BL.51I
ble[d). We constrained the star8l, R, andr on the basis V [mag] 1.97 1.50
of the tracks by Georgy etlal. (2013) using thg: and logg drie [PC] 151+5 124+2
values derived from the spectroscopic analysis. For déterm logL/Lo 4.41+0.06  4.3%0.05
ing the stars’M, R, andt on the basis of the Milky Way stel- log Lx/Lbol —7.5 —7.6
lar evolution models df Brott et Al. (2011), we used toensar Terr [K] 24700+£300  2250@-300
codd (Schneider et al. 2018, 2014) and the constraints given by logg[cgs] ) 3.780.08  3.42-:0.08
logL/Le, Ter, logg, anduvegsinisimultaneouslysonnsar com- Umic [kms™] 8+1 8+1
putes the posterior probability distribution of stellar ded pa- vegsini [kms™]  20.3:7.1  21.222
rameters given a set of observational ddig(logg, logL/Lo, Umacro[kms™] 41.2+4.2 46.%2.0
anduwegsini in this case) using Bayes’ theorem. The stellar pa- logn(C) 8.32:0.07  8.3@0.07
rameters derived from the two sets of stellar evolution nede logn(N) 7.750.09 8.160.07
agree within one sigma, except for the aggg@fMa where the logn(O) 8.73:0.11  8.7@0.12
agreement is at® Both stars match the predicted nuclear path G13
in the NC vs. NO diagram perfectlyl (Przybilla et'sl. 2010; M [Mo] 12.0%33 13139
Maeder et al. 2014). In the following, we always adopt thé ste R [Ro] 7,4t8»g 120t?-9
lar parameters obtained using the evolution tracks by Riait. 7 [Myr] 13.8*%% 13.9+%1§
(2011). 08—

As discussed below, certainyCMa, but most likely also M [Mo] 12.6'0¢ 12.0:0.4
€CMa, are evolved core hydro.gen:burning stars. 'I_'his_lis i@ lin R[R.] 82;8'2 10,107
with the spectral type and luminosity class determinativery 7 [Myr] 12.2:05 146f§:2

in Table[1 which was derived using the relationships disetiss
by[Nieva (2014 for high-resolution and high/8l spectra. Our

classification ofs CMa agrees with the one originally given byNotes. Uncertainties ared-values. Theseqsini value given fos CMa
Lesh (1968). Foe CMa we recommend adopting our refinegs that obtained from the analysis of thenS#567 A line with the FT
classification based on high-quality data, instead of thesifi- method. The last six lines list the stellar parameters nrastiys, and
cation given in SIMBAD. Both stars have never been reporteddge obtained adopting the evolutionary models by Georghl (2Gil 3)
be in a binary system. —G13 and Brott et all (2011) — B11.

2.1.pCMa mated the X-ray luminosity o8 CMa to be in the range 3.2—

The star3CMa (HD44743) is known to be ACep pulsator 3:310%°€rgs? (logLx/Lpg ~=7.5), in agreement with what is
with a primary pulsation period of 6.03098.00001hours 9'V€N bY '906.‘09 etal(2013). This compares We”.w'th the X-
(van Leeuwen 1997: Shobbrook etlal. 2006). Using EUVE ofY. luminosities of othep Cep-type variables (Oskinovaef al.
servationg, Cassinelli et/al. (1996) showed h@Ma has an ex- 2012). Llgnace etal. (2013) find that the X-ray spectrum of
treme ultraviolet excess. They suggested that this maylaede BCMa is some_what softe_r than for the magnetico-analog

to the presence of heated regions near the stellar surfaiog owt@'s- The high-resolutioXMM-Newton RGS spectrum of

to pulsations or back-warming by the shocked wind. Makirg u8 CMa is shown in the lower panel of Fig. 1. From this spectrum
of photometric and spectroscopic observatibns, Mazumtda! e we determined the ratio of fluxes between the forbidden and in

(2006) performed mode identification and fitting of the pmséercombination lines. In hot stars, this so-call@dihe ratio in-

: ; . : i he proximity of the X-ray emitting plasma to thdlate
tion frequencies obtaining the stellar parameters (mastys, 9iCatest ‘ pias
and age) and a rotational velocity of 35km s (implying a surfacel(Blumenthal 1972). FBICMa, the fi ratio for the Ovn

rotation period of 18.& 3.3days). In particular, the asteroseidin€ i~ 0.08, indicating that the hot plasma is formed relatively

mic mass and radius are systematically greater than ouregeric/0S€ to stellar surface. To measure the temperatures Xftag
values, in line with other such comparisons (e.g., Briqtietle emitting plasma, we f|t.ted the high- and low-resolution $pzec
2011). = ' (RGS and EPIC-PN) simultaneously. The spectra are deskcribe

Using X-ray ROSAT observation5, Drew ef &I, (1997) deVell by a three-temperature, optically thin plasma with fiem
fved a ?nass ?/oss rate of £2)x10° |\;|‘o yri. We rétrievgd atures of~ 1 MK, ~3.5MK, and~8MK. (The hottest plasma

the most recent X-ray observations @EMa from theXMM- component is evident in the EPIC-PN data.) The weighted av-

Newton archive. The observations, obtained 6 March 2008 wiff{a9¢ emission temperature is 2.5 MK (0.2 keV), which is some

an exposure time of 20ks (observation identifier 050350§110‘f’hat Iower than what we found fertCMa (see.Se.Z). )
were reduced using recent calibrations. The X-ray flux in the Hubrig etal. (2006, 2009) used observations conducted with

0.3-2.8keV band is 1.1%(0.01)x10 2ergs!cm2. To esti- the FORS1 low-resolution spectropolarimeter of the RED

mate the X-ray luminosity, we corrected the flux for the intefO 100k for the presence of a large-scale stellar magnetit, fie
stellar absorption. Within the 90% confidence level, we-esgut the observations led to non-detections, with an uppetdn
(B) of about 150 G, considering a detection thresholdef A

at Similar result was obtained by Silvester et al. (2009) onlthe
sis of ESPaDONS high-resolution spectropolarimetric nlase
tions: they derived an average longitudinal magnetic fieldie
of (B,)=—31+13G.

! The BONNSAI web-service is available
www.astro.uni-bonn.de/stars/bonnsai.
2 While the spectral class could be clearly determined, thérasity

class was inferred by slight extrapolations from thesetimiahips.
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Hubrig et al. [(2009) report a magnetic field detection

s 58532 5 = s s = : : o
z 20 godf o 3 z z S for this star on the basis of average longitudinal mag-
| alhll i \ \ \ netic field values (B,)) of —200+48G and -129+34G

- 7“““““8‘(:,\/';7 obtained from FORS1 observations conducted in November

2006 and August 2007, respectively. The re-analysis of the

HD 52089 | FORS1 data conducted by Bagnulo et al. (2012) showed in-

o% %08 stead that the first detection (2006 data) might be spurious
é 0.04 ((Bz) =-127+ 60 G), while they obtained a 5z3detection from
8 the 2007 data(B,) = —196+ 37 G), in agreement with the result
0.02 ofHubrig et al. [(2009).
B 2.3. Evolutionary status
B CMa . " .
0.04 L HD 44743 _| Figure[2 shows the position g§CMa and eCMa in the
< Hertzsprung-Russell diagram (HRD), together with that otn
7 of the magnetic massive stars published so far (Petit eD4B;2
§ooz = | Fossati et al. 2014; Alecian etlal. 2014). For reference, [Big
o also shows the evolutionary tracks for non-rotating stays b
Georgy et al.[(2013) and Brott et/al. (2011). The HRD does not
n Mm“mh Mm | 1 ) include the magnetic massive star in the Trifid nebula phbtis
000 e e 20 22 24 26 28 30 32 34 by IHubrig et al. [(2014) because the complicated nature of the
Wavelength (R) system has not yet allowed it to be determined whigéresthe

magnetic stds or the stars’ basic parameters.

According to the evolutionary tracks of Brott el al. (2011),
both sCMa ande CMa are still in their main-sequence evo-
lutionary phase. Comparing with the evolutionary tracks by
Georgy et al.[(2013) gives the same resultf@Ma, bute CMa
might already be a post-main sequence object. Howeverg sinc
2.2 ¢CMa this would pute CMa into an extremely rapid evolutionary state

~and since a slightly higher temperature or a slightly lamear-
Vallerga & Welsh ((1995) suggested the€Ma (HD 52089) is shooting parameter than used by Georgy kf al. (2013) would re
the major contributor of hydrogen-ionising photons in tiee scover it as a main sequence star, we consider it more likaly th
lar neighbourhood. Although located in tisCep instabil- ¢ CMa is still undergoing core hydrogen burning. Both staksha
ity strip, this star is not known to pulsate. We analysegien spent more than two-thirds of their main sequence time.
archival XMM-Newton observations ok CMa obtained on 19 Figure[2 covers massive magnetic stars and the upper end
March 2001 using an exposure time of 45ks (observation idef-the intermediate-mass magnetic stars. The dividing biee
tifier 0069750101). The X-ray flux in the 0.3-2.8keV banflyeen massive and intermediate-mass stars is usually caawn
is 1.31¢:0.05x10*?ergs™. To estimate the X-ray lumi- ahout 8M, on the basis of their expected fate. Figlite 2 sug-
nostity, we corrected the flux for the interstellar absampti gests instead that there is no dividing line in terms of méigne

Within the 90% confidence level, we estimated the X-ray lyyoperties (e.qg., distribution across the HR diagram).
minosity of eCMa to be in the range 2.3-XI0® ergs?

(logLx/Lpoi=—=7.6). The high-resolution X-ray spectrum is
shown in the top panel of Figl 1. The spectrum is described opservations and analysis method
well by a three-temperature, optically thin plasma with pena-
tures~ 1 MK, ~ 3 MK, and~ 6MK. The weighted average emis-We observeg CMa ande CMa with the HARPSpol polarime-
sion temperature is 3.6 MK (0.31keV), which is quite simiar ter (Snik et all. 2011; Piskunov et/al. 2011) feeding the HARPS
that of other magnetic B-type stars (Oskinova &t al. 2014)nF  spectrograph (Mayor et al. 2003) attached to the ESO 3.6em te
fitting the RGS spectra we found a nitrogen overabundancesgppe in La Silla, Chile. The observations, covering the0378
agreement with the optical analysis. The width of the X-ra§910A wavelength range with a spectral resolufei15 000,
emission lines indicates that the hot plasma is not expgndimere obtained using the circular polarisation analyser. We
faster than 400 knT3. Interestingly, the/f-line ratio fore CMa observed each star with one or more sequences of four sub-
is 0.09, which is very similar to what is found for other B-&/p exposures obtained by rotating the quarter-wave retardée p
stars with dfferent magnetic field strengths (e.g., Oskinova et &y 90° after each exposure, i.e. 4335, 225, and 315. The
2014). observations were performed in December 2013 and April 2014
Hamann et al. (priv. communication) performed non-LTEhe observing journal is given in Tallé 2. The exposure times
analysis of multi-wavelength spectra (X-ray, EUV, UV, eptiwere tuned on the basis of the seeing, which turned out to be
cal, and IR) ofe CMa using the stellar atmosphere code PoWRery variable for the 2013 run. The resulting\S of the Stokes
(Gréafener et dl. 2002; Hamann & Grafdher 2004). From fittingspectra are listed in Tallé¢ 3. The spectrg 6Ma obtained on
the UV resonance lines of C, N, and Si, they derived a maggt December 2013 were saturated and therefore not inclmded i
loss rate of Ix 10°Myyr~! and a terminal wind velocity of the analysis.
Vo =700kms?. The terminal wind velocity is in good agree- We reduced and calibrated the data with geeuce package
ment with the previous determinations (e!g., Snow & MartofPiskunov & Valenti 2002), obtaining one-dimensional gpec
1976), while the mass-loss rate is about a factor of ten lowtiat were combined using the “ratio” method in the way de-
than crudely estimated by Drew et al. (1997). scribed by Bagnulo et all (2009). We then re-normalised all

Fig. 1. High-resolution X-ray spectra @fCMa (top panel) ang CMa
(bottom panel) obtained with the RGS spectrograph on b M-

Newton X-ray observatory. The error bars correspond douBicertain-
ties. The major transitions are indicated at the top.
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Fig. 2. Position of 3CMa (cross)
ande CMa (asterisk) in the Hertzsprung-
Russell diagram in comparison with that
of other magnetic stars. The luminosi-
ties for the magnetic stars published by
Alecian et al. [(2014) have been com-
puted on the basis of the stars’ mag-
nitude and distance, the latter given
by |Alecian et al. |(2014). The evolu-
tionary tracks for Milky Way metallic-
o Petit et al. 2013 ity by Brott et al. (2011) and the evo-
. lutionary tracks for solar metallicity
A Fossati et al. 2014 by|Georgy et &l.[(2013) are overplotted.

o Alecian et al. 2014 Mﬁ/g/)'(//_: Each track is labelled with its initial
Brott et al. 2011 + SMe o © ] mass in units of the solar mass. The
4'7 ] larger cross on the bottom of the plot
- Georgy et al. 2013 ] shows the size of the median uncertainty

2 B, L e Loviey Loviey e Lo e, in logL/L, and Te, while the smaller
4.8 4.7 4.6 45 4.4 4.3 4.0 41 cross shows the size of the uncertain-

ties in logL/L, and T for s CMa and
log Teff (K) cCMa.

¥ eCMa
+ BCMa

Table2. Journal of the HARPS observations. line profiles (assumed to all have the same shape) centrbd at t
position of the individual lines given in the line mask andlsd
according to the line strength and sensitivity to a magrfitid
(i.e., line wavelength and Landé factor). The resultingrage
profiles (, V, andN) were obtained by combining several lines,
yielding a strong increase in/l$ and therefore sensitivity to po-
larisation signatures. We computed the LSD profiles of Stoke

Star Date HIB Exp time

name 2456000 [s]

BCMa 2312/2013 650.8615 460
24/12/2013 651.5584 A25C*

gsﬁg//ggig ggigigg ﬁ%gd) I, V, and of the null profile using the methodology and the code
28122013 655.8087 4130 described in Kochukhqv etlal. (2010).
21/04/2014 769.4650 %40 We prepared the line mask used by the LSD code_ sepa-
21/04/2014 769.4701 %40 rately for each star, adopting the stellar parameters gimen
21/04/2014 769.4741 440 Sect.[_]?. - We extracted the _Iine parameters from the Vienna
21/04/2014 769.4777 %40 Atomic Line D_atabasev@w; Piskunov et al. 1995; Kupka etal.
21/04/2014 769.4813 %40 1999] Ryabchikova et al. 1999) and tuned the given line gtfen
21/04/2014 769.4848 %40 to the observed Stokéspectrum with the aid of synthetic spec-
eCMa 23122013 650.8659 40 tra calculated witlsyntu3 (Kochukhov 2007). For each star we
24/12/2013 651.7392 %35 used all lines stronger than 10% of the continuum (consideri
27/12/2013 654.8645 ¥55 only natural broadening), avoiding hydrogen lines andsliime
21/04/2014 769.4907 445 spectral regionsfiected by the presence ofltellurlc feature_s. For
21/04/2014 769.4943 %45 each star we performed the LSD analysis using twigedknt
21/04/2014 769.4980 345 line masks: with and without helium lines. The number ofdine
21/04/2014 769.5016 %45 adopted in each line mask and for each star is listed in Table 3
21/04/2014 769.5052 445 We defined the magnetic field detection making use of

the false alarm probability (FAR; _Donati et al. 1992), conrsi
o ering a profile with FAP< 10™° as a definite detection (DD),
Notes. The date, given in column two, corresponds to the start of tlleb—s <FAP < 1023 as a marginal detection (MD), and FAP
night of observation in format dohrmyyyyy. The heliocentric Julian date 10-3 as a non-detection (ND). To further check tha,t the magnetic

(HJID) is that of the middle of the observation. (a) Framegrsatd. (b) . X .
The first frame was taken with an exposure time of 200s. (c)given field detections are not spurious, we calculated the FAPhier t

exposure time of 130 s is an average of the actual exposues timich Null profile in the same velocity range as used for the magneti
were 75, 140, 160, and 150s. field measurement, obtaining ND in all cases but one (see Ta-

ble[3). We also calculated the FAP for both Stokéand the

null profile outside the range covered by the Stokepectral
spectra to the intensity of the continuum obtaining a spectr line and as wide as the one used for the magnetic field detec-
of Stoked (I/1¢) andV (V/I¢), plus a spectrum of the diagnosticion, again obtaining ND in all cases. In addition, we checke
null profile (N - see Bagnulo et al. 2009), with the correspondinghether both Stokeg and the null profile are consistent with the
uncertainties. expected noise properties (i.e., whether the Stdkescertain-

To detect magnetic fields, we used the least-squares ded@es are consistent with the standard deviation of the rrolfile;

volution technique (LSD;_Donati etial. 1997), which comlinewhether the integral of Stokeg and of the null profile in the
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range used for the magnetic field detection are consisteht wgynthetic lines having parameters (e.g., depth, widttdédac-
zero). As a further check, we derived the StoWelsSD profiles tor) identical to that of the LSD profiles obtained on 27 and
using a line mask that contains either lines with a low Laraé f 28 December 2013. Using the synthetic Gaussian profiles, we
tor or lines with a high Landé factor. As expected for profileconstructed the observations, inclugagluding the shifts
that carry the signature of a magnetic field, the amplituddef caused by the pulsation and an ingBt) value of 20G. The
StokesV LSD profiles reflects the changes in the average Landégnetic field was applied to the profiles using Eq. [L of Mathys
factor (see, e.g., Ligniéres et lal. 2009). (1991). We combined the synthetic lines to extract both &bk
We further analysed the HARPSpol spectra using the manadV and then measured the magnetic field in the same way as
ment techniquel (Mathys 1991, 1994) and the multi-line simvith the observed LSD profiles. We found that shifts of thesam
gular value decomposition (SVD) methad (Carroll et al. 2012magnitude as those registered on the spectra gathered onl27 a
For this analysis, the reduction and wavelength calibrattere 28 December 2013 have a negligible impact on the measured
performed using the standard HARPS data reduction pipeligB,) value.
while the continuum normalisation was performed following Nevertheless, to obtain a “cleaner” magnetic field detectio
Hubrig et al. (2013). The spectra were combined using the r@e re-observed the star on 21 April 2014. We obtained six-iden
tio method [(Donati et al. 1997; Bagnulo et al. 2009) to derivecal consecutive sequences, one sequence composed by one ob-
Stokesl andV, while the null profile was obtained following servation at each of the four position angles (i.e?, 485, 225,
llyin/(2012). The analysis of the SVD profiles led to FAPs comand 315). We used LSD to analyse each single sequence and
parable to those obtained from the LSD profiles. Using bothen weighted-averaged the LSD profiles in order to obta& on
techniques we also obtained magnetic field values that agset of Stoked, StokesV, andN parameter LSD profiles. By
well with those derived from the LSD profiles. In the followitting a Gaussian to each Stokk&SD profile, we brought all
ing, we always adopt the results obtained from the LSD pmofild, V, andN LSD profiles to the rest frame before averaging.
For e CMa, using the moment technique we also detected thach observation was performed with a rather short exposure
presence of crossover (Mathys 1995a) and of a quadratic fitlde (4x40s) to make sure stellar pulsations did nfieet the
(Mathys 1995b) at a statistically significant level o). stability of the reference frame (see the plot on the rigti¢ sif
Figld). By averaging the single profiles we greatly increaked
SN of the LSD profiles, without saturating the HARPS CCDs.
4. Results The plot on the left-hand side of Figl. 4 shows the LSD pro-
4.1. BCMa files derived from the data obtained on 21 April 20144&@Ma.
- Table[3 lists the results gathered from their analysis. Gthe
The plot on the left-hand side of Figl 3 shows the LSD prshorter exposure times compared to the 2013 observatioas, t
files derived from the data obtained f6ICMa in December noise of the individual consecutive StoRéd.SD profiles was
2013, while Tablé13 gives the results gathered from theil-an& most cases too high to lead to a field detection. However, by
ysis. From each Stokas profile we obtained either marginal oraveraging the profiles, we obtained extremely higN 8alues
definite detections withiB,) values consistently below 25 G, inthat led to a solid definite detection. F8CMa we derived an

absolute value. average longitudinal magnetic field value of abe@b G with
Because we observeggiCMa using rather long exposurean uncertainty of 3—4 G, depending on the adopted line mask.
times in relation to the stellar pulsation period (3—-4% &f i6- The HARPSpol magnetic field detection fBrCMa pre-

hour period), we checked the stability of the spectral lialesg sented here contrasts with the non-detection_by Silvestd: e
each sequence, therefore highlighting movements of the-ref(2009), though both analyses had been performed on high-
ence frame. To do this, within each night of observation, wesolution spectropolarimetric data and with the samertiecte
compared the profiles of the Gi14568 line recorded in the par-(i.e., LSD). The disagreement is nevertheless only apparen
allel beam with the retarder waveplate4at5®> and+225 (see the higher resolution of HARPS, in comparison to that of ES-
the plot on the right side of Fidl] 3). This test is similar te@ thPaDONS, allowed us to reach th&NSeeded to detect the mag-
one employed by Bagnulo etlal. (2013) to look for instalgiti netic field. For a given wavelength bin, the higher resotutid
in FORS (low resolution) and HARPSpol (high resolution)spe HARPS allowed us to collect more photons without saturating
tropolarimetric data. In the absence of instrumental lniitees the CCDs, and by rebinning the data using LSD, we obtained
(very unlikely in the case of HARPS) afut significant stellar average profiles with a higheyI%
pulsations, the two profiles should be identical within tioése.
The plot on the right-hand side of Fid. 3 shows a clear shifién
observed line profiles obtained on 27 and 28 December. Gi
the pulsating nature of the star and the adopted exposues tim
comparison to the star's pulsation period, we ascribecetites To characterise the magnetic field geometry and dipolar field
stabilities to pulsations. Furthermore, the observedsshife of strength (see Sedi_4.1.2), it is first necessary to estithate
the order of 3-6 km'$ (i.e., 0.05-0.1A), which is much greatestar’s inclination angle and rotational velocity. Givee thulsat-
than the expected HARPS instrumental instabilities of 1-s2'm ing nature of3 CMa, this can be done using mode identification
(Lovis et all 2006). We also performed a similar check foreothtechniques.
stars (both magnetic and non-magnetic) observed in the sameAn intensive multisite photometric study sCMa has been
nights, without finding any significant line shifts, except the presented by Shobbrook ei al. (2006). They observed thriee pu
pulsating stars. This supports the conclusion that thalilgéies sation frequencies and determined the degrefethe two dom-
observed fop CMa are due to pulsations alone. inant modes.|_Mazumdar et/al. (2006) then used ground-based
For high-resolution observations, these shifts do not lkeamgigh resolution high 8N spectroscopic measurements to add fur-
the magnetic field detection (Schnerr etlal. 2006; Neinellet ther constraints on thervalues of the pulsation modes and to
2012;| Alecian et dl. 2014). To instead determine the impéct deduce an equatorial rotational velocitygf = 31+ 5kms™.
these variations on the obtaindgl,) values, we used GaussiarnThe spectroscopic mode identification was performed by mean

v%r]rl' Constraints on the stellar inclination angle and
equatorial rotational velocity
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Fig. 3. Left plot: LSD profiles of Stokes (black solid line),V (red solid line), andN parameter (blue solid line) obtained ®CMa between 23
and 28 December 2013. The left panel shows the profiles @utaising a line mask containing He lines, while the right pahews the profiles
obtained with a line mask that does not contain He lines. Tdtet iof observation is given in the top left corner of eachfiigpand the FAP-based
field detection is given in the top right corner of each Stokgwofile. The bar at-50 km s shows the average uncertainty for each Stokes
profile. The vertical dotted lines indicate the velocitygaradopted for determining the detection probability andmetic field value. All profiles
have been rigidly shifted upwarn®wnwards by arbitrary values and the StokeasndN profiles have been expanded 250 times. Right plot - top
panel: comparison between the profiles of ther2i568 A line recorded in the four nights of observation in theafiel beam with the retarder
waveplate at-45° (black solid line) and-225 (red dashed line). One km'scorresponds to about 0.015 A. Right plot - bottom panetedince
between the profiles shown in the top panel in each night afreltion. For reference, the blue dashed lines indicatsttredard deviation of
each dfference spectrum. In both panels, the number given in thesfopdrner of each profile indicates the night of observaiioBecember
2013.

of the moment method described lin_Briquet & Aerits (20033nd phase across the line profile is obtained forrs) = (2,1),
which could limit the range of values for the combinatiothough one cannot rule out the solution with, fnz) = (1,1).
(vegsini, i), but not forvegsinior the stellar inclination angle
i, separately.
Another mode identification method based on spectroscopy By fitting the three modes simultaneously, we derived es-
is the Fourier parameter fit (FPF) method that is implememtectimates forveq andi. The solution with {3, mg) = (2,1) gives
the software package FAMIASZima 2008). This method in- Veq = 303 + 0.9kms!andi = 582 + 0.8°. Histograms
cludes first-orderféects of the Coriolis force in the modelling offgr Veq andi for this solution are shown in Fi] 5. The so-
the displacement field, and it was successfully appliedtersé |ytion with (£3, mg) = (1,1) leads to very similar valueseq =
B Cep stars, such as 12 Lac (Desmet &t al. 2009) and V2052 Qply + 09kms? andi = 553 + 1.5°. We point out that the
(Briquet et al. 2012). As illustrated in these studies, iifa-  oment method and the FPF method lead to fully compatible
neous fitting of a couple of non-radial modes constrains #te vy a|yes for the equatorial rotational velocity of the stahich
ues ofveqandi separately. Therefore, we applied it to the Spectf@yes ys confidence in the deduced value. Here we adopted the
presented in Mazumdar et al. (2006) by following the same prg/erage of the results obtained with the FPF method on thg bas
cedure as explained in Briquet et al. (2012). of the two solutions for s, mg). From the equatorial rotational
The wavenumberg(m) obtained by the moment method argelocityveq = 30.6 + 0.9 km s* we derived a rotation period of
confirmed for the two dominant modes with = 3.9793cd! 13.6+1.2days. The dierence between this value and the one
andf, = 39995cd?, i.e., (f1.m)=(2,2) and ¢2.m;) =(0,0). derived by Mazumdar et al. (2006) is due to the use edi
In Mazumdar et l. L(2006), the only constraint fé§ = ent values of the stellar radius. The value of the stellaiusad
4.1832cd* is mg > 0. The FPF method excludés > 3, and adopted by Mazumdar etlal. (2006) was obtained from the best
the best match between the observed and theoretical ad®litfitting seismic model, but, as discussed in detail in Sedi.24.
the seismic modelling should be redone taking into accdatt t
3 FAMIAS was developed in the framework of the FP6 European Cthe star is magnetic which would most likely lead to &etfient
ordination Action HELAS -http://www.helas-eu.org/ best fitting model.
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Table 3. Results from the LSD analysis of the HARPSpol data obtairs#agua line mask that includes (wHe) or excludes (woHe) helines.

Star & Date Mask <B;> (V) FAP (V) Detection FAPKN) Detecton $N SN  #lines
month'Year [G] \Y N | Visp

BCMa 23 wHe -8.4+6.8 5.6<10°% MD 1.0x101 ND 664 26712 204
December 26  wHe -3.3t5.6 9.%10* MD 2.7x101 ND 681 31809

2013 27 wHe -22.4+6.1 1.7%10°% DD 6.3x1071 ND 628 29191

28 wHe  -5.8+5.9 2.%10° DD 1.8x10* MD 710 30536
23 woHe -9.4+84 1.1x10% MD 4.8x1072 ND 664 21436 161
26 woHe -1.3t6.9 8.0x10°8 DD 1.5x1072 ND 681 25355
27 woHe -19.4+7.5 5.1x10° DD 5.3x101 ND 628 23319
28 woHe -16.1+7.2 2.1x10 DD 1.1x101 ND 710 24270

BCMa 21 wHe -29.0:8.0 4.%10* MD 2.0x101 ND 554 21488 204
April 21 wHe -27.8:7.9 3.%10°3 ND 4.9x1071 ND 607 22821
2014 21 wHe -28.8:7.7 9.X%10°* MD 8.3x10? ND 589 23610

21  wHe -21.9+7.5 1.3%10° MD 3.7x101t ND 611 23930

21  wHe -24.0:79 1.1x1072 ND 8.4x10! ND 506 22413

21 wHe -26.4:7.9 3.6¢101 ND 1.7x10°2 ND 572 22674
Average 21 wHe -26.0:3.2 2.%104 DD 9.6x10°1 ND - 55602

21 woHe -40.4:10.1 3.610°3 ND 1.3x10t ND 554 17110 161

21 woHe -15.6t9.7 3.410°3 ND 2.6x1072 ND 607 18202

21 woHe -27.3:94 1.410°3 ND 3.4x101 ND 589 18863

21 woHe -18.8:9.2 3.610°8 DD 6.9x10°t ND 611 19124

21 woHe -22.9+9.7 1.410° MD 7.0x101 ND 596 17934

21 woHe -15.8:9.6 7.%10°3 ND 5.0x10°2 ND 572 18112

Average 21 woHe -23.2:3.9 3.310716 DD 9.7x101 ND - 44703
eCMa 23 wHe -18.44.7 5.%10° MD 4.4x101 ND 634 30733 153
December 24  wHe -15+59 5.6¢10°2 ND 6.3x1072 ND 590 24345
2013 27 wHe 0.84.3 5.410%4 MD 5.7x101 ND 679 33806

23  woHe -11.0¢5.8 1.5¢10° DD 4.1x101 ND 634 21268 119
24  woHe 9.37.3 3.%10°° DD 2.9x101 ND 590 16789
27 woHe 4.65.3 3.x101! DD 3.7x101 ND 679 23398

eCMa 21 wHe  -6.6+4.6 2.410°2 ND 4.6x10°7 ND 648 31485 153
April 21 wHe -8.6+4.6 2.8¢10°2 ND 3.7x101 ND 631 31261
2014 21 wHe  -1.4+4.6 1.3«101 ND 6.2x1073 ND 646 31766

21 wHe -8.6:4.6 1.6<101 ND 7.9x10t ND 645 31630

21  wHe 3.64.6 4. 710 MD 2.8x1072 ND 606 31571
Average 21 wHe -4.5+2.1 9.4¢10°6 DD 1.5x1071 ND - 69580

21 woHe -9.3+5.6  7.&107° MD 1.4x1071 ND 648 21705 119

21  woHe 3.%45.7 1.410°3 ND 5.5x10°! ND 631 21533

21  woHe 3.95.6 4.7%10°° DD 5.2x1073 ND 646 21831

21 woHe 15.25.6 7.8¢10°3 ND 6.3x107? ND 645 21726

21  woHe 4.25.6 2.8¢10°2 ND 3.5x101 ND 606 21756
Average 21 woHe -4.1+25 <1016 DD 6.4x1071 ND - 48535

Notes. The first two columns indicate the star name and the date @redtson. Column three indicate the adopted line mask. @oltour lists
the(B,) values obtained from each StoRé4$.SD profile, for which the FAP is given in column five. Columm shows the detection flag obtained
for each Stoke¥ LSD profile, where marginal (MD) and definite (DD) detecti@ms marked in bold face (ND stays for non-detection). Column
seven and eight give the FAP obtained from each LSD profilaehull spectrum and the relative detection flag, respdgti@lumn nine gives
the SN (per-pixel) of Stokes, calculated over an 8 A region a4990 A. Column ten lists the/S of the LSD Stoke&/ profile. The last column
lists the number of lines used in the line mask. B@Ma ande CMa, respectively, we adopted a range of 140 kir(se., +70 km s from the
line center) and 120 knt&(i.e., +60 km s from the line center) for the calculation of the magneticdiel

4.1.2. Magnetic field geometry and strength B CMa using the two adopted line masks (i.e., with and without
helium lines). It is also interesting to notice that thera smi-

A comparison of the Stokeg LSD profiles obtained in 2013 larity between the shape of the StokékSD profile obtained by

and 2014 (about 3.5 months apart) shows that the configuSilvester et al. (2009) and those presented herg @via. This

tion of the magnetic field facing Earth did not seem to changgreflected by the fact that we obtaing@}) values for3 CMa in

much over that period of time. To illustrate this, the top glan agreement with those of Silvester et al. (2009) (see thedfip |

of Fig.[d show the time series of th®,) values obtained for panel of Fig[®).
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Fig. 4. Left plot: from bottom to top: weighted average StokdsSD profile (black solid line), weighted average LSD profifetme diagnostic
N parameter (blue solid line), weighted average StakéSD profile (red solid line), and six Stok&LSD profiles obtained from the six single
observations g8 CMa obtained on 21 April 2014. The left panel shows the prefiletained using a line mask containing He lines, while tietri
panel shows the profiles obtained with a line mask that doesamtain He lines. The FAP-based field detection for Stakésee Seck]3) is given
in the top right corner of each Stokesprofile. The two bars at40 km s show the average uncertainty of the last single Stakpsofile and of
the average Stokas profile. The vertical dotted lines indicate the velocitygaradopted for determining the detection probability andmeétic
field value. All profiles have been rigidly shifted upwaidisvnwards by arbitrary values, and the StokeandN profiles have been expanded
250 times. Right plot: same as the plot on the right side offBidput for the sequence of observations obtained on 21 2pfi#, in sequential
order from top to bottom.

where the zero point ZP, the amplitude A, the period P, and

ol o ] ;‘2 L~ " ¢ ] the phasep are the variables to fit simultaneously. We con-
35 b 1 30} 4 strained the period to vary only within 13t6l.2 days. Using

Z’g i 1 25F 4 the(B,) values obtained from the mask containing He lines, we
20 F ] 20F 4 obtained the best fit for 2R-16.0G, A=10.0G, -13.77 days,

15 | {4 BF 1 andp=92, with ay? of 7.263 and 6 degrees of freedom. We then
10 | 1 °r 1 determined the best fitting obliqui/and dipolar magnetic field

g i i g [ . ., | strength B assuming an inclination angle of 56.a@nd a limb-

40 45 50 55 60 65 70 75 80 10 15 20 25 30 35 40 45 50 darkening cofficient of 0.6, obtainingg=22.3 and Ed=9_6.9 G.
i (degrees) Veg (km 57 At the 1o level, 8 ranges between about 5 and°9Wh|Ie Ba
ranges between about 60 and 230G. It is important to notice
Fig.5. Histograms for the inclination and equatorial rotatiorelbeity  that the available data points did not allow us to constraé t
of 3 CMa derived from the spectroscopic mode identificationgrened  period better than the pulsational analysis because akiqs-
with the FPF method assuming(me) = 2,1. riods within the adopted 13:61.2 days range would fit the data
within 1o

Figurel T shows the possibeBy combinations, while Fid.]8
Neverthele_ss, variations_, atthe level ofare indeed prt_esent,showg chDphase plot o?the Eﬁip‘%@@ values using ephemié]ris
and the pulsational constraints on the rotation periodadltha- aseq on the best fitting set of parameters and the time of the
tion angle allowed us to attempt a preliminary modellingl® t it HARPS observation. Figufé 7 shows that at thel@vel,
star's magnetic field, despite the small number of measunesne e gipolar magnetic field strength is below 300 G. As a check,
assuming a perfect dlp(2)|e (Preston 1967 Borra & Landstregl 5150 did the fit using théB,) values obtained with the mask
1979). We performed g* minimisation of a sinusoidal wave that does not contain He lines, arriving at a very similar re-
function: sult: ZP=—19.0G, A=16.0G, P-13.44days¢=112, f=28.9,
and B;=121.7 G with ay? of 6.179 and 6 degrees of freedom.
. 2wt Even including the measurement by Silvester etlal. (2009) in
<B:> () = Asin(—-+¢) + ZP, (1) the fit does not significantly modify the results: ZP16.5G,
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els) or excludes (right panels) helium lines. The blackraste show as in the top left panel of Fifll 6.

the (B,) values derived from the observations carried out in Decembe
2013. The red rhombs show tkB,) values obtained from each consec-
utive observation carried out in April 2014. The blue triksgindicate The dipolar magnetic field strength obtained @EMa
the (B,) value extracted from the average LSD profiles obtained on ?Sl below what is typically found for other magnetic massive
April 2014. The green dot on the left side of the top left patews the stars (see, e Petit ef al. 2013; Alecian et al. 2014)ugho
(B,) value obtained by Silvester et al. (2009) (S09) from the B8RS » .0, . e e et
observation of CMa carried out in 2008. it is not Cpmpletely unusual_(Donati et/al. 2006; Bouret. et _al
2008;| Petit et al. 2013). The weakness of the magnetic field
is strengthened further by the results| of Ignace etal. (013

0.0 They compared the X-ray and UV properties of the magnetic
stars HD 63425 and HD 66665, believed to be analogues of
. 7Sco (Petit et dl. 2011a), t8CMa, £ CMa, andr Sco itself,

whereB CMa was used as the non-magnetic reference star. They
find that the X-ray spectrum ¢gf CMa is softer than the mag-
netict Sco-analogue stars. Following the results of Ignacelet al.
(2013), if 3CMa hosted a field of the same strength as that of
TSco and its analogues, theffdrences in the X-ray spectral
characteristics observed by Ignace etal. (2013) would eot b
27.3 present.

Briguet et al. [(2012) present the results of an asteroseismi

48.7

AN
4 > 38.0

16.7 analysis and modelling of the magnefi€ep star V2052 Oph
] (Ba ~400G). They conclude that V2052 Oph'’s pulsational prop-
o solJ erties are best fit by an evolutionary model with no or mild
A overshooting between 0.0 and 0.15 pressure scale heigpits (H

Briquet et al. I(2012) conclude that the absence of core over-
Fig. 7. x2 map of dipole field strength Brersus obliquitys permitted Shooting is probably due to the magnetic field, which inisibit
by the longitudinal field measurementspEMa, assuming an inclina- Mixing in the core. They also conclude that a fossil (i.eesent
tion angle of 56.7 and a limb darkening cdicient of 0.6. The black at least on the zero-age main-sequence; ZAMS) surface mag-
dot indicates the best fit. netic field strength of 2 G would be enough to inhibifeiential

rotation and therefore rotational mixing in early B-typarst

Following|Briguet et al.|(2012) we determined the criticagn
A=10.0G, P-13.66 days¢=92, B=21.7, and B;=99.5G with netic field (Byi;) for 8 CMa above which mixing might be sup-
ay? of 7.577 and 7 degrees of freedom. Because the spectropi@ssed. According to the formulation of Mathis & Zahn (2005
larimetric observations g CMa have been obtained at randorhich is applicable only in the case gt 0°, we found that the
times and led to rather lovB,) values, the presence of a dipolafverage magnetic field strength in the radiative zone nagess
magnetic field with a large amplitude (hence a large ZP in al§r suppressing dierential rotation irg CMa is Byir ~43 G, cor-
solute value) is unlikely. Figurfd 6 might also be suggestiva responding to a critical surface field of about 1 G.
constant magnetic field, in which case the only possible ganfi Following this, we expect rigid interior rotation and no
ration would be one in which the magnetic field axis and rotati core overshooting foB CMa. This contradicts the results of
axis are aligned, i.e=0°. FigurelT shows that this possibilityMazumdar et &l.| (2006) who found instead a best fitting value
is excluded at the@ level. Future spectropolarimetric observaef the overshooting parameter of 0£20.05H,. Neverthe-
tions will allow us to further constrain the magnetic fieldbge less,| Mazumdar et al._(2006) used the first overtone as radial
etry and strength, as well as to look for the possible presefhc mode, while a comparison with the stellar atmospheric param
variations in the magnetic field in phase with the pulsation. eters given in Sedt] 2 shows that the radial mode should le@tak
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as the fundamental mode. This clearly shows that the madelli with He without He
of this star needs to account for the presence of the magnetic |~ """ T ”é!m”””“”“3”“””
field. As a consequence, it might well be that a model with J\ﬁ/&/“‘ v\,f\f,gwﬁvw\%ﬂ\jm, ot A
no overshooting would best fit the observables. For furtmer i . 1-4[7 1V 00T RISy
provement in the stellar modelling, we will need to colleanen = | °*
pulsation modes. These may be extracted from the light sur\@ ’f, W
that will be obtained by the BRITE satellites (\Weiss et all£0 Lsb % T | A
In the context of the classification of massive stars magne- A AN
tospheres presented by Petit €tial. (2013), we obtained eKep 03 T wo
rian corotation radius of 6.8 stellar rdH&nd, considering the W\MW W‘WAL\,JMW%
By values obtained within thecilevel, an Alfvén radius rang- 121/ "V /W] e

I |
A aMARAL A all ﬂ/ﬁ |
+\M¥v,\wh\r Vﬂwl\ﬂ/‘ ARSI

Vi o

ing between 2.1 and 3.1 stellar radii. With these resglGMa < Y ; ND

has a dynamical magnetosphere, meaning that no circuarste} JWUWVW%#/WN AJ\AHV

disk can be supported by the magnetic field. This conclusiond , , | V Y il '
observationally supported by the fact that the HARPS daa# an 27
ysed here do not show any spectral variability (includinghie WWM ‘
Ha line) beyond what is expected for a pulsating star. To the 5
best of our knowledge there is also no mention in the litegatu 1.0 ‘
of spectral variations that could be due to the presence ka d <

T wp
*/k K/WWMW

23

4.2. e CMa 0.9

Figure[® shows the LSD profiles derived from the data obtained
for e CMa in December 2013, while Tahlé 3 gives the results
gathered from their analysis. From almost every Stokgso-

file, we obtained either marginal or definite detections Wigh —-100-50 0 50 100 —-100-50 0 50 100
values consistently below 20 G in absolute value. Also fis th velocity [km/s] velocity [km/s]
star we performed the same stability checks agfoMa, with-
out detecting any significant shift (see Hig] 10).

To increase the significance of the detection we re-obser
the star on 21 April 2014, using the same strategy ag €ivia:
five identical consecutive sequences, one sequence being co
posed of one observation at each of the four position angées ( . i - .

4%, 135, 225, and 315). We then analysed the data in th?h The line profile variations we detected might be caused by
same way as fgf CMa. FigurdIll shows the LSD profiles de: € presence of elthe_r surfa}ge spots or pulsat!or), smceta1_|e
rived from the data obtained on 21April 2014, and Table 3 list located in thes Cep instability strip. The star is in the region
the results gathered from their analysis. of th_e sky and magnitude range coyered by the BRITE satellite
. : \Weiss et all 2014), whose data will have the precision nede

As expected, given the shorter exposure times compared 0 th - d iodicity of the ob 4 lindik
the December 2013 observations, the noise of the indivichual 0 access the orgin and periodicily ot the observed linetjgro
secutive Stoke¥ LSD profiles was in most cases too strong gganations.
lead to a field detection. By averaging the profiles, we oletin
an extremely high 8l (see Tabl&l3) which led to a solid definite,
detection. Foe CMa we derived an average longitudinal mag-’

netic field strength of about4 G with uncertainties of 2-2.5G, a|sg ¢ CMa shows little variations of the Stokas LSD pro-
depending on the adopted line mask. _files. This is highlighted by théB,) values we obtained for this
In light of the magnetic field detection presented here, it &ar appearing to be rather constant, with a small scatemar
important to notice that the HARPS data show small line pras5 G (See F|gEB) For this star, we foundj@qsini value of
file variations, in particular for silicon and nitrogen. Bi@[13 7 7. 2 2 kms? that, combined with the stellar radius, leads to
shows a comparison between representative line profilesunf 5 maximum rotation period of about 24 days. The star's criti-

elements observed on 23 December 2013 and on 21 April 2044, velocity of 389 km st leads to a lower limit on the rotation
last exposure. Variations of similar magnitude are alsibhds period of 1.3 days.

for the other lines of the elements shown in Fig. 13. Line feofi

variations of similar amplitude are also visible using thkeo . ; .
; FORSL1 observations in 2006 and 2007 (see Qect.1; Hubrig et al
collected spectra, except when comparing only the speta 2009;| Bagnulo et al. 20[12) also have to be taken into account

tained on 21 April 2014, so that the period of the line profil&™ 5 . .
tg infer the star’s geometry. Following the conclusions of

variations should be much longer than one hour. Though smaft ; .

the line profile variations shown in Fig. 113 seem to be signi'u-agnUIO e aI_. (2012) .and the terminology used for LSD prsfile

cant: for example, the lines observed on 21 April 2014 apgear '€ ¥ detection obtained from the 2007 FORS1 data could be

be systematically shallower that those obtained on 23 DbeemtOnsidered as a “marginal detection”. Since the FORS1 tesul

2013. are at the limit of being considered significant and becatise o
the known impact of the data reduction procedure on(By

4 We used the terminal wind velocity of 700 kmismeasured for Mmeasurements (Bagnulo et al. 2012, 2013), we re-reduced and

eCMa. This is justified by the similarities in the stellar pmeters of analysed both FORS1 datasets using twitedént and indepen-

the two stars. dent routines and codes (Bonn and Potsdam).

0.8

Fig. 9. Same as the plot on the left side of Hig. 3, but é&Ma.
The Stoked/ andN profiles have been expanded 300 times. The bar at
‘@fim s shows the average uncertainty for each Stokesofile.

2.1. Magnetic field geometry and strength

The magnetic field measurements conducted on the basis of
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) ) left), and Her 5015 A (bottom right) lines on the nights of 23 Decem-
Fig. 11. ~ Same as Fid.14, but farCMa. The Stoke&/ andN pro-  per 2013 and 21 April 2014, last exposure. Both profiles haenb
files have been expanded 300 times. The two bars at 50ksh®W  ghifted using the radial velocity determined from the speutobtained
the average uncertainty for the last single Stokesrofile and for the on 23 December 2013. The blue dash-dotted line shows freratice
weighted average Stok#sprofile. between the two profiles, rigidly shifted upwards by 0.8.

For the first reduction (Bonn), we used a suite of IRARhis, there is a large fierence between the magnetic field mea-
(Tody 11993) and IDL routines that follow the technique angured with FORS1 and HARPS. In this case, the discrepancy
the recipes presented by Bagnulo etlal. (2002, #12he re- s significant because a purely dipolar magnetic field condigu
sults obtained using the whole spectrum, as done by Hubay ettion with a rotation period ranging between 1.3 and 24 dayls wi
(2009) and Bagnulo et al. (2012) are listed in Table 4. hardly be able to fit both HARPS and FORS1 measurements. In

this respect, one has to consider that systemafieréinces in the
Table4. Summary of the results obtained from fouffdrent reductions (B,) measurements obtained with twdferent instruments are
of the FORS1 data of CMa. common, as reported by Landstreet ét/al. (2014). In thig,ligh
further measurements of the magnetic field @Ma are clearly
- needed in order to constrain the magnetic field geometry and
Analysis 20068 G 2007 strength. To be conservative and to allow fdfelient interpreta-
(B) [C] tions of the results, we only used the HARES) measurements

Hubrig etal. (2009) ~-200+48 -129+34 to derive the lower limit of the di ic fi
: polar magnetic field strémg
Bagnulo et al. (2012) -127+60 -196+37 obtaining B 213 G.

This work (Bonn) -138+40 -149+32
This work (Potsdam) —-212+42 -133+43

In the context of the classification of massive star magneto-
spheres presentedlby Petit etlal. (2013) and assuming a orimim
dipolar magnetic field strength of 13 G and a maximum rotation
) _period of 24 days, we obtained a lower limit on the Alfvén ra-

For the second reduction (Potsdam), we used the suitegis of about 1.8 stellar radii and an upper limit on the Keiple
tools described in_Stken etal. (2014). The results are giveRgrotation radius of about 7.9 stellar radii. The star isefare
in Table[4. Keeping in mind that fierent data reduction Pro-jikely to have a dynamical magnetosphere.
cedures can lead toftierent results (Bagnulo etlal. 2012, 2013),
the values reported in Table 4 are in rough agreement. Respit _

5. Discussion

5 Image Reduction and Analysis Facility (IRAF —

http://iraf.noao.edu/) is distributed by the National Optical 5.1. Mixing and nitrogen abundances
Astronomy Observatory, which is operated by the Assoadiatih . . . . .
Universities for Research in Astronomy (AURA) under coaise The signature of nitrogen enhancement in magnetic stars is
agreement with the National Science Foundation. not clear-cut. There are magnetic stars that are not entdance
6 More details about the applied data reduction and analysispure @nd non-magnetic stars that show enhanced nitrogen (gge, e.
of FORS spectropolarimetric data will be given in a sepanatek; Fos- [Morel et al: 2012). In this respect, our two targets are noepx

sati et al., in prep. tional. While the nitrogen abundance®€Ma agrees perfectly
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with the one derived from unmixed early B-type stars in th&e cannot exclude that a “magnetic desert” is indeed prekent

solar neighbourhood (Nieva & Przybllla 2012), thate@€Ma less extended than for intermediate-mass stars. Deepernvabs

appears slightly enhanced (0.2-0.3dex). In addition, tN®C tions of massive stars are needed, in order to place firmer con

abundances derived for both stars follow the nuclear pathen straints on the extent of the “magnetic desert” in massiesst

N/C vs. NO diagram perfectly. (Przybilla etal. 2010; Langer The use of a low-resolution spectropolarimeter (e.g., FORS

2012; Maeder et al. 2014). removes the bias towards slow rotators and alleviates Heetbi
Unfortunately, there is no clear implication from these rawards brighter stars somewhat, but it allows magnetic fiedds

sults in terms of magnetic field origin. If the fields were ftsss be unambiguously detected in massive stars only forB00 G

some of the magnetic stars could have been born rapidlymgtat (Fig.[14), where we assumed an average uncertaintBgnof

with the consequence of mixing up some nitrogen before sp#0 G, a detection threshold ot5and By »3.3<B; >pax. This

ning down (Meynet et al. 2011). In addition, if the fields weramplies that the histograms may be essentially bias-frexab

formed in binary mergers, then according to the merger simukay, 1000 G. This value corresponds roughly to the peak of the

tions of Glebbeek et al. (2013), a ubiquitous nitrogen eshan distribution, suggesting again that the strong drop in then

ment is expected only for merger products that are more resdier of magnetic stars with fields below 1000 G might be at least

than 20M,, while they find that lower mass objects may or magartly due to incompleteness.

not show some nitrogen enhancement. On the basis of these considerations, it appears cleatthat t

distribution below about 1 kG shown in FIg.J14 might be incom-

plete, while the distribution above 1 kG is likely to repnestne

true distribution. As a consequence, the number of magnetic

To different degrees of certainty, the magnetic field of the twbassive stars might possibly be quite large and may be com-
target stars appears to be weak. This is seen in a broader d¢#fable to the- 30% of slow rotators found in the LMC early
text in Fig.[13, which shows the number of magnetic massifetype single stars by Dufton etlal. (2013). To prove or diser
stars as a function of the logarithm of their dipolar magnfi¢id this conclusion, it will be necessary in future surveys to éor
strength. In addition to the two magnetic stars analysee liee higher $N observations to decrease the uncertainties on the field
histogram includes the sample of stars presented by Palit efneasurements.
(2013), Fossati et al. (2014), and Alecian etlal. (2014). Wa-h
light the position of the four stars that present the weakes]- 6. Conclusion
netic fields. The stae CMa seems to hold the weakest dipo-"
lar magnetic field strength, but the value we derived is only\ithin the context of the BOB collaboration, whose primary
lower limit. The star with the second weakest magnetic fieldim is to characterise the incidence of magnetic fields iwlglo
HD 37742 ¢ OriAa), was included in the study hy Petit ef alrotating massive stars, we obtained HARPSpol high-reswiut
(2013), though Bouret et al. (2008) did not obtain a definiégm spectropolarimetric observations of the early B-typesg&@Ma
netic field detection. Nevertheless, subsequent ESPaD@ats s(HD 44743 - B1 1}Ill) and e CMa (HD 52089 - B1.511) on two
tropolarimetric observations confirmed the presence of akwalifferent runs, the firstin December 2013 and the second in April
magnetic field and also revealed tig@ri A is a long-period bi- 2014. For both stars, we repeatedly detected the signatae o
nary system/(Hummel et al. 2013) where only the primary staeak 30 G in absolute value) longitudinal magnetic field.
appears to be magnetic (Blazere et al. 2014). With incrgasin  We used a combination of FEROS and HARPS data to con-
magnetic field strength, we encoun@CMa, for which we strain the atmospheric parameters and chemical abunddrares
adopted B=99.5G (see Secl._4.1.2), andSco. Also/Cas pCMa we obtainedlor =24700:300K and logy=3.78:0.08,
(B21V, V = 3.66 mag), not included in Fig. 114, presents a weakhile for eCMa we obtained T =22500:300K and
magnetic field with a dipolar field strength below 100G (Brilogg=3.40:t0.08.  These results agree well with those
guet et al., in prep). These detections of weak fields migfit in previously obtained by other authors. We also confirm the
cate that magnetic fields in massive stars could be more ubicqurevious finding that, of the two stars, onéCMa presents
tous than derived from the current number statistics, itipdar a surface overabundance of nitrogen. For both stars, we also
when one accounts for observational biases. derived the stellar parameters on the basis of two sets kdrste
As a matter of fact, the histograms shown in Figl 14 coevolutionary tracks | (Brottetal. 2011; Georgy et al. 2013),
tain biases that we qualitatively discuss here. The most ifinding that the two stars have a similar mass of about ¥2.5
portant bias fiecting the distributions shown in Fi§. 114 isWe also concluded that both stars are most likely core hyairog
that weak fields are more fticult to detect than strong fields.burning and that they have already spent more than twosthird
The use of LSD or similar techniques, on the basis of higbftheir main sequence life.
resolution spectropolarimetric data (e.g., from ESPaD O For 3 CMa, we performed a mode identification of the data
val, HARPSpol), implies that it will be more likely to detectpresented by Mazumdar et al. (2006) and obtained an equato-
a weak magnetic field for bright, lowggsini stars. It is thus rial rotational velocity ofveq=30.6+0.9kms* and an incli-
not surprising that the stars with the weakest fields, with tmation anglei=56.7+1.7°. This led to a rotation period of
exception off OriAa, are visually bright slow rotators. Thel3.6+ 1.2 days. On the basis of these results we attempted a pre-
implication is that many more massive stars can be expectiminary fit of a perfectly dipolar magnetic field in order terive
to host weak fields. We note that this is a markedlffedi the magnetic field geometry and strength. At thelével, we
ent situation than for the intermediate-mass stars, whtars sobtained an obliquity ranging between about and 90, and a
seem to either have rather strong magnetic fields0£B00G dipolar magnetic field strengthyBanging between about 60 and
(magnetic chemically peculiar ApBp stars) or fields below 1 &30 G. We obtained a best fittiffgof 5=22.3 and B, of 96.9G.
(Auriére et all 2007; Lignieres etlal. 2009; Donati & Landstr The derived B value is below what is typically found for other
2009; | Petit et al. 2011b; Lignieres et al. 2014). In conttast magnetic massive stars (see, e.g., Petitlet al. 2013; Aletial.
the situation determined for intermediate-mass starsetiseno 12014). | Ignace et all (2013) showed that the X-ray spectrum of
clear evidence of a “magnetic desert” for massive starsjgho g CMa is softer than that of the magneti&co-analogue stars.

5.2. Lack of a “magnetic desert” in massive stars
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This further strengthens the conclusion ta&Ma hosts a weak fields in massive stars are indeed detectable and that make wo
magnetic field. still has to be done in order to characterise the real incid@amd
The vegsini value and stellar parameters we derived fdvolution of magnetic fields in massive stars.
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