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ABSTRACT

Star clusters are known as superb tools for understandeitprsevolution. In a quest for understanding the physicadio of
magnetism and chemical peculiarity in about 7% of the massigin-sequence stars, we analysed two of the ten brighteabers
of the ~10 Myr old Galactic open cluster NGC 2264, the early B-dwatis47887 and HD 47777. We find accurate rotation periods
of 1.95 and 2.64 days, respectively, from MOST photometrye &tained ESPaDONS spectropolarimetric observationsudgh
which we determined stellar parameters, detailed chemsiodhce abundances, projected rotational velocities,tla@dnclination
angles of the rotation axis. Because we found only smdilkn s*) radial velocity variations, most likely caused by spots, aan
rule out that HD 47887 and HD 47777 are close binaries. Binading the least-squares deconvolution technique, wedfthat both
stars possess a large-scale magnetic field with an averagiudinal field strength of about 400 G. From a simultanéittusf the
stellar parameters we determine the evolutionary masseief7887 and HD 47777 to be 9% M,, and 7.632 M. Interestingly,
HD 47777 shows a remarkable helium underabundance, typidelium-weak chemically peculiar stars, while the abunds of
HD 47887 are normal, which might imply thatfilision is operating in the lower mass star but not in the diighbtre massive one.
Furthermore, we argue that the rather slow rotation, as agethe lack of nitrogen enrichment in both stars, can be stamgiwith
both the fossil and the binary hypothesis for the origin ef mmagnetic field. However, the presence of two magnetic apdraptly
single stars near the top of the cluster mass-function mesisim favour of the latter.

Key words. Stars: fundamental parameters - Stars: early-type - Stars: individual: HD 47887, HD 47777 - Stars: magnetic field - open
clusters and associations: individual: NGC 2264

1. Introduction long been known to be present in some intermediate-mass and
) ) ) o massive stars.
Understanding the evolution of stars is a prerequisite fateu- It has recently been established that the incidence ofdarge

Xiv:1401.5494v1 [astro-ph.SR] 21 Jan 2014

standing galaxies and galaxy evolution. In intermediatssn gq1e magnetic fields in massive and intermediate-massistar
s and massive stars, stellar rotation and binaity (Lang&r220 of the order of 7%[(Wade etil. 2013). From the intermediate-
(C Maeder & Meyné{ 2012 _Sana efal. 2012) were identified &8s stars we know that their magnetic fields are eithergtron
playing important roles in stellar evolution, which is emtly (5100G) or very weak <1 G), that is, they show a true bi-
studied in considerable detail. The role of strong magrielids ity [Auriere et all 2007). While for intermediate-raas
is still poorly understood (Langer 2012), even though theyeh giar magnetic fields give rise to strong chemical pedtiéiar
(Ap, Bp stars), a clear-cut correlation of the presence tfcang
* Based on data from the MOST satellite, a Canadian Spacmgnetic field and abnormal chemical surface abundances in
Agency mission, jointly operated by Microsatellite Syste@anada massive stars has not been yet established (Martins etl#) 20
Inc. (MSCI), formerly part of Dynacon, Inc., the Universitg Toronto One of the most pressing questions at present is to identify
Institute for Aerospace Studies and the University of BhtColumbia the origin of the strong magnetic fields in intermediate-srersd

with the assistance of the University of Vienna. . g
*+ Based on observations obtained at the Canada-France+Tmiei MaSSIVe stars.. It has .bee.n Suggested that th_e magnetic fields
might be “fossil”, that is, inherited from the birth moleeul

scope (CFHT) which is operated by the National Research €looh !
Canada, the Institut National des Science de I'Univers ef@entre Cloud that formed the star, or produced by a pre-main-sexgien
National de la Recherche Scientifique of France, and theddsity of dynamo (e.g.._Moss 2001). Alternatively, the magnetic field
Hawaii. might be produced in the course of a strong binary interactio
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Fig. 1. Colour-magnitude diagram (CMD) of the open cluster
NGC 2264 in the JohnsdB andV filters (grey points, source: WEBDA -

database of open clusters — Mermilliod & Paunzen 2003) simpwie

positions of HD 47887 and HD 47777 (Walker 1956). Fig. 2. DSS image of a 30 x 30 arcminutesegion showing the

positions of HD 47887 and HD 47777 in the sky. The “elephamkt
visible at the bottom of the image is probably caused by tihense

fori h h lar bi \ - i radiation of the massive cluster-stars falling onto a deag®n of the
or instance, through a stellar binary merger (€.9.. Fm@r@ - interstellar medium. The geometry of the elephant trunigests that
2009] Grunhut et al. 2008). Stars that produce magneticfield yp 47887 plays an important role in its formation.

a pre-main-sequence merger will béhdiult to distinguish from

those that inherited their field from an earlier stage. Havev

main-sequence binary interaction will lead to a rejuvematf

the mass gainer (or merger product). Therefore, it may biiusdion. [Flaccomio et al.| (2000) detected HD 47777 in X-rays

to investigate magnetic stars in star clusters to test tideses. ~ with the ROSAT HRI instrument, obtaining an X-ray lumi-
NGC 2264 (o000 = 6" 41™, 62000 = +9° 53) was studied fre- nosity of logLx[erg s*]=30.69 (logLx /Lo~ —6.3), in agree-

quently in the past using various instruments iffetent wave- ment with the later measurement of Dahm etal. (2007) of

length ranges (from X-ray to radio wavelengths) from spaxt alog Lx[erg s]=30.65:0.04.

from the ground (e.g., Sung et al. 1997; Flaccomio &t al. 2006 Zwintz et al. (2009) presented light curves of both HD 47887

Sung et all 2009; Zwintz et &l. 2009). The cluster is located @nd HD 47777 obtained with the MOST satellite (Walker et al.

the Monoceros OB1 association about 30 pc above the Gala2@93) in 2006, showing a clear rotationally modulated vari-

plane and has a diameter-©89 arcmin. The age of NGC 2264ability. The observed rotational modulation, which is cadis

can only be determined with a rather large uncertainty asais by spots, lec_Zwiniz et al. (2009) to classify HD 47887 and

sequence consists only of a few massive B-type stars (no-mai 47777 as Bp stars despite of the lack of spectroscopic data

sequence O-type star is present in the cluster field of viehile Following these findings, we obtained additional photomet-

stars of later spectral types are still in their pre-maigussce ric and spectropolarimetric data to perform a detailedysisbf

(PMS) phase (e.d.. Zwintz etlal. 2013a,b)ffBient cluster ages the two stars.

have therefore been reported in the literature and range 3rtw

14 Myr (logt=6.5-7.15) (e.gl, Dambis 1999; Spassova & Beav ) )

1985). Figuré&ll shows the colour-magnitude (CMD) diagram &f Photometric analysis

the NGC 2264 open cluster in JohnddandV photometry. The - ;

stars HD 47887 FNGC 2264 178) and HD 47777 (NGC)£264 gyl MOST observations and data reduction

two of the brightest, hottest, and most massive stars inlttee ¢ The Canadian micro-satellite MOST (Walker et al. 2003)iearr

ter, indicated in Figldl as black circles, are the subjechif t a 15 cm Rumak Maksutov telescope that feeds a CCD photome-

work. Their position in the sky is shown in F[g. 2. ter through a single custom broadband filter in the 35002500
With aV magnitude of 7.14 (Walker 1956), HD 47887 is thevavelength range. The MOST space telescope was launched on

second-brightest object in the NGC 2264 open cluster and wime 30, 2003, hence is in its eleventh year of highly suecess

classified as B1.5V by Morgan etial. (1965). Flaccomio et &l operation. Three types of photometric data can be sagpli

(2000) detected HD 47887 in the X-rays with the ROSASimultaneously for multiple targets in a given field: Fabmaiy-

HRI instrument, obtaining a maximum X-ray luminosity oing, directimaging, and Guide Star Photometry data.

log Lx[erg s1]<30.26 (logLx /Lpoi< —7.1). HD 47887 and HD 47777 are included in the MOST observ-
HD 47777 ¥ = 7.93 mag Walker 1956) is a known maging runs on the young open cluster NGC 2264. Because of the

netic early B-type star (B2IV_Morgan etial. 1965), listed imagnitude range (2 V < 12 mag) and the large number of tar-

the|Renson & Manfrold (2009) catalogue of chemically pecgets, the cluster was observed in the open field of the MOST

liar stars. For this star, Bychkov et/al. (2009) reported &n aScience CCD in Guide Star Photometry mode. MOST observed

erage quadratic field modulus of 355G on the basis of thee cluster NGC 2264 twice: the first time in 2006 and the sécon

analysis of metallic lines, while, making use of the leastime in 20172012 as part of the CSI2264 (coordinated synoptic

squares deconvolution technique (LSD; Donatietal. 199Myestigation of NGC 2264) project together with the spate-t

Alecian et al. [(2009) presented a firm magnetic field detescopes CoRoT (Baglin 2006), Spitzer (Werner et al. 2004) and
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Table 1. Characteristics of the MOST observations of HD 47777 and

03T ' ' ‘ i HD 47887: data set, number of data points used for the asalysie
base, Rayleigh frequency resolutiofil}, Nyquist frequency, and noise
level of the residuals (noigg).
-10.72 I -
E dataset star points thase /T1 fyquist  NOISGes
£ ] # [dl [ [d']  [ppm]
-10.71 E 2006 HD 47777 17698 22.77 0.044 1416.73 48.5
1 HD47887 10531 22.72 0.044 1362.23 45.9
201y12 HDA47777 16688 38.77 0.026 721.34 33.9
—10,70; PRI PR S T VAT WA VO (NS T TN ST Y Y Y TN TN W
2540 2545 2550 2555 2560
hib2451:545:0 [d] tively. Note that the 20112 light curve has fewer data points
10.73F than the 2006 light curve although the time base is signifigan
¢ longer. The reason is that in 2012 HD 47777 was observed
in the part of the orbit fiected by worse stray-light conditions
than in 2006, hence more data points had to be discarded in the
-10.72 reduction.
2 Table[1 presents an overview of the properties of the MOST
; observations. Figurég 3 ahtl 4 show the MOST light curves of
£ » the two stars.
-10.71
2.2. Frequency analysis
N For the frequency analyses, we used the software package
0.0 0.5 1.0 1.5 2.0 Period04 |(Lenz & Breger 2005), which combines Fourier and

phase least-squares algorithms. Frequencies were then pravehite
. _ and considered to be significant if their amplitudes exce éoler
Fig. 3. Top panel: MOST 2006 light curve of HD 47887. Bottomtiimes the local noise level in the amplitude spectrum @G&N;
panel: light curve phased with a period of 1.949 days. Bregelf 1993; Kuschnig et/al. 1997)

We additionally verified the analysis using the SigSpec-soft

Chandral(Weisskopf et al. 2002). During both MOST observifgare (Reegen 2007). SigSpec computes significance levels fo
runs two fields of observations were chosen and observed in@Plitude spectra of time series with arbitrary time sangpli
ternating halves of each 101-minute orbit to increase tiebma 1 N€ Probability density function of a given amplitude level

of targets. In 2006 the fields were named field A and field B, §P!ved analytically and the solution includes dependeanéke
201712 the fields were named field 1 and field 2. frequency and phase of the signal.

MOST observed NGC 2264 from December 7, 2006, to Jan- We found a single intrinsic frequency for the two stars which
uary 3, 2007. On-board exposures were 1.5 seconds long-to Eaboth cases was interpreted to be due to rotational maduolat
isfy the cadence of the Guide Star ACS operations. Sequeiicegf the star. For HD 47777 we have observations from two epochs
16 consecutive exposures were stacked on board, sampletl afit were first analysed separately and the results compatted
twice per minute. HD 47887 was included in field A with a totagach other. In both data sets a frequericyof 0.3787 d'(i.e.,
time base of 22.72 days, while HD 47777 was observed in fifleB883uHz) was identified (see Tablé 2 and Hig. 5), correspond-
B with a total time base of 22.77 days. A detailed descriptbn ing to a rotation period of 2.641days. Twigeand three times
the 2006 MOST data of NGC 2264 can be found in Zwintz et df. can also be identified in each of the two data sets separately.
(2009). The diference inF obtained from the 2006 data and from the

During the second MOST run on NGC 2264 in 2a12 201¥12 data is less than the individual errors on the frequency,
the on-board exposures were 3.01 s long, and the integtatien hence the frequency does not significantly change withima ti
was 51.17s as 17 consecutive images were stacked on bosipan of about five years. Thefl@irences in amplitude are also
HD 47777 was observed in field 1 with a time base of 38.77 dayglatively small and amount to 0.111mmag. In a second step
Because of a slightly ierent pointing of MOST in 2012 the two data sets were combined to determine a common solu-

compared with 2006, no second light curve of HD 47887 is avalion, obtaining the same frequengyas for the separated anal-
able. ysis. Because frequency and amplitude of the variabilityoib
For the reduction of the MOST Guide Star photometr§hange over more than five years, the structures causingthe r
of all stars in the cluster, we used the method developed tgyional modulation of the light curve must be very stablery
Hareter et dl.[(2008) (for more details dee Zwintz ét al. 300ghis period of time. Tablg]2 lists the frequency and ampétud
Consequently, the 2006 light curve of HD 47887 has 1053@lues for HD 47777 obtained separately for the two years to i
data points (see Fif] 3) with a resulting Nyquist frequenty 8istrate this stability.
1362.23d'; the 2006 data set of HD 47777 consists of 17698 For HD 47887 we found the frequenéy at 0.513d%(i.e.,
data points (top-left panel in Figl 4), and the 2@Pllight curve 5.94uHz), as can be seen in the amplitude spectrum shown in the
has 16688 data points (top-right panel in Ei. 4), corredpan upper panel of Fid.16. Its multiples, that ig2TF, 2 F, and 3F,
to Nyquist frequencies of 1416.73%nd 721.34d, respec- are also present at lower amplitudes (see bottom panel dBJig
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Fig. 4. MOST light curve and phase plot for HD 47777: the 2006 datégsey dots, top-left panel), the 2Q/1P data set (black circles, top-right
panel), phase plot with a period of 2.641 days (bottom paiae that the 201/12 data set was shifted for clarity.

Table 2. Results of the frequency analysis of HD 47777 and HD 478&guencies, amplitudes, phases, signal-to-noise valyid} #8d SigSpec
significances (sig).

star data set freq amp period /NS  sig
[d] [uHz] [mmag] [days]
HD 47777 2006 0.3786(8) 4.382(9) 8.741 2.640 8.87 3246.02
201112 0.3787(5) 4.383(5) 8.852 2.641 12.73 3027.30
HD 47887 2006 0.513(1)  5.94(1) 7.060 1.949 12.19 1857.05

Notes. The respective last-digit errors of the frequencies coegpatccording to Kallinger et al. (2008) are given in paresgise The second line
for HD 47777 shows the parameters fodetermined from the 20112 data set to illustrate its stability.

and are strong indicators for rotational modulation caused pixel atA ~5000A is 327 and 409, respectively for HD 47887
non-uniform stellar surface. and HD 47777.
The spectra of the two stars were normalised by fitting a
low-order polynomial to carefully selected continuum gsin

. . For each star, we determined the radial velocity) py fit-
3. Spectroscopic analysis and stellar parameters ting a Gaussian to the StokésLSD profile (see Secf._3.3).
From the ESPaDONS spectra we obtained?5.2+0.3km st
andv,=26.7+0.9km s* for HD 47887 and HD 47777, respec-

Spectra of HD 47887 and of HD 47777 were obtained on 20tigely. For HD 47887/ Abt|(1970) obtained a single radial ve-
January 31 (HJD: 2455957.96662) and February 3rd (HJo¢ity measurement of 21.6km's [Liu et all (1991) reported a
2455960.74013), respectively, with the ESPaDONS spewtrofdial velocity of 24.3km's' and 28.5km ' for HD 47887 and
larimeter of the Canada-France-Hawaii Telescope (CFH$). EHD 47777, respectively.

PaDOnNS consists of a table-top, cross-dispersed échelitrep Binary interaction is extremely important in the evolutiai
graph fed by a double optical fiber directly from a Cassegraimassive stard (Langér 2012; Sana et al. 2012) and it is there-
mounted polarisation analysis module. Both StokeandV fore important to determine whether HD 47887 and HD 47777
spectra were obtained throughout the 3700-10400A spects binaries. For HD 47887 we additionally obtained one high
range at a resolving power of about 65000. The spectra werenesolution (R-60 000) spectrum in January 2012 with the Robert
duced using the Libre-ESpRIT reduction pipeline (Donaslet G. Tull Coudé Spectrograph attached to the 2.7 m telescope
1997). The signal-to-noise ratio A$ per 1.8kms! spectral of Mc Donald Observatory and five high-resolution~@&5 000)

3.1. Observations and cluster membership
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spectra in September 2013 with the HERMES fiber-fed spe
trograph|(Raskin et &l. 2011) at the 1.2 m Mercator telesoope oY) 7 B R S IS B P B B B
La Palma. For HD 47777 we analysed more high-resolution E 0 L 2 3 4
PaDONS spectra, obtained in December 2007, February 20_._, frequency [c/d]

and February 2013 in polarimetric mode, which will be pre=, - .
. : ; . ' ig. 6. Top panel: original amplitude spectrum of HD 47887 whEre
sented in detail by Alecian et al. (in prep.) in the framewofk _ 8_513 dlliospmarked. qrhe twoppeaks a'? about 1.5 and 25ade one

the Magnetism in Massive Stars (MiMeS) project (Wade =t QJay aliases oF. Bottom panel: residual amplitude spectrum whege 1
2012). For all spectra we derived by fitting a Gaussian to £ 2 F, and 3F are located at lower amplitudes.

the Stoked LSD profile (see Secf.3.3). The averagevalue

(and its standard deviation) obtained from all analysedtspés

listed in TableB. For both stars we detected weakKms™) ment with the findings on macroturbulence broadening in mas-
radial velocity variations, typical of spotted stars. sive stars reported by Simén-Diaz & Herfero (2007).

All v, values obtained for the two stars are slightly higher .. . .
-1 Given the higher 8\, we determined the fundamental pa-
than the average clustef of 17.68:2.26kms , reported by eters and chemical abundances using the ESPaDOnSaspectr

Kharchenko et al[(2005) on the basis of 13 stars. In contrd: ; . . X
Liu et all (1991) listed 21) radial velocity measurementsgao-  © the two stars obtained in 2012, which were modelled ugieg t

: : - Fast Analysis of STellar atmospheres with WINDs;
tal of 16 stars in the field of view of NGC 2264. Except for twd>STWID ( ; :
stars, which are very likely non-cluster-members or cldsab Santolaya-Rey et al. 1997; Puls etlal. 2005) stellar atmergph

ries, the stars observed by Liu et al. (1991) indicate a etuest- code. The code enables one to perform non-LTE calculations

erage radial velocity of about 24 kri's which agrees well with 21d assumes spherical symmetry with an explicit calcuiatio
our measurements. stellar winds by #-like wind velocity law (Schaerer & Schmutz

. _ . 1994). Because the terminal wind velocity cannot be con-
Despite the possible smallfiérence between the measuregirained without high-resolution UV spectfa (Puls et al0g0
radial velocity and the cluster average, the position ofti@ \ve adopted the values obtained from the empirical calibmati

stars in the sky (see Figl 2) and the colour-magnitude diagrﬁiven in Eq. 2 of Castro et al. (2012) for both stars.
(compared with that of the other cluster stars), as well as th . ) .
proper motion [(Kharchenko etlal. 2004), strongly suggest th We char.a.cterlged the spectra on the basis of well-
both stars are members of the NGC 2264 open cluster. known transitions in the 4000-7000A wavelength range (see
Crowther et al. 2006). We determined théeetive temperature

(Ter) and surface gravity (log) by simultaneously fitting the
3.2. Fundamental parameters and abundance analysis ionisation balance of He (i.e., Her) and Si (i.e., Si—m—v),

and the shape of the htar and Hi Balmer line profiles, search-
We determined the projected rotational velocitysini) using ing for the combination of stellar parameters that bestaepr
the Fourier transform method (Simdn-Diaz & Herrero 2007uced all features taken into account. The parameter determ
Theuw sini values, listed in Tablel 3, were derived on the basis ofition was based on a large gridmfrwino stellar atmosphere
the Sim line atA ~4553A and agree well with those reportednodels and on a set of routines designed to automaticallytfed
in the literature by Balona (19775) and Vogel & Kuhi (1981). Wekest fit through a2 minimisation algorithm (see LefevVier 2007).
also searched for macroturbulence broadening, which we méddescription of the technique and stellar parameters @aver
elled as radial-tangential, but found it to be negligibteagree- by the adopted grid of stellar atmosphere models is proviged
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Table 3. Derived parameters and abundances for HD 47887 (seconchapand HD 47777 (third column).

HD 47887 HD 47777 Sun
Ter [K] 24000+£1000 22001000 5777
logg 4.1+0.1 4.2:0.1 4.438
Umic [kms™] 5+1 4+1 0.875
vy [km s 22.9+1.5(7) 24.91.3(11) -
vsini [kms™] 45 60 1.2
Rot. period [d] 1.947807 2.640426 24.47
Veq[kms™] 116 67 2.067
i[°] 23 64 -
logL/Ls 3.80+0.15 3.42:0.15 0.0
agevol [l0g t] 7.00013 6.92"938 9.66
Mevol [Mo] 9.470% 7.6 1.0
Revol [RO] 44t82 36t8[31 1.0
Rsep [Rol 4.45+0.50 3.5@:0.50 1.0
<B, > [G] 373+48 46987 -

LTE non-LTE
He [dex] -1.04:0.10 -1.74:0.10 -1.04 -1.11
C [dex] —4.35+:0.10 -4.15:0.13 -3.49 -3.61
N [dex] -4.36£0.10 -4.36:t0.13 -4.07 -4.21
O [dex] -3.28:0.10 -3.48:0.10 -3.17 -3.35
Ne* [dex] -3.62:0.08(2) -3.89:0.05(2) -3.96 -4.11
Mg [dex] -5.01+0.15 -4.81£0.19 -4.46 —4.44
Al* [dex] —6.26:0.08(3) -6.18:0.10(4) -5.57 -5.59
Si [dex] -4.83:0.10 -4.83:0.20 -4.49 -4.53
P* [dex] -5.93(1) -6.59 -6.63
S* [dex] -5.05(1) -5.38:0.11(6) -4.71 -4.92
Ar* [dex] -5.39(1) -5.30(1) -552 -5.64
Fe* [dex] —-4.52:0.32(14) -4.82:0.11(7) -4.54 —4.54

Notes. The listed radial velocity, is the average value obtained from all spectra analyseddmibrk, and the number in parenthesis indicates
the number of spectra for which we determined, aalue. The anglé, in degrees, correponds to the inclination angle of thésstatational
axis to the line of sight. R and Rsgp indicate the stellar radius obtained from the comparisaihécevolutionary tracks (see Sdgt. 4) and from
the fitting of the synthetic fluxes to the observed photometmyverted to physical units (see Séctl 3.4). For comparibenL. TE and non-LTE
solar abundance values obtained by Grevesse et al.l (1983Aspiund et al.[(2009), respectively, are given in the fownd fifth columns. The
abundances, listed in the second half of the table, are givéog(N/Nt) and the number in parenthesis indicates the number of lised to
determine the element abundance. The abundance of thergtemarked with an asterisk was determined assuming LTEehakis of the final
FasTWIND models, as described in Sdct]3.2.

Castro et dl[(2012). The determined atmospheric parasteter Table 4. Effective temperature and surface gravity derived from
the two stars are listed in Talile 3. Strémgren photometry (Hauck & Mermilliod 1997) for HD 477&id

using calibrations from_Moon & Dworetsky (1985), Balona 9249,
. Napiwotzki et al. [(1993), and Castelli et al. (1997). Thd tas lines
Geneva  [(Rufeneretal. | 1966) and  StrdmgreRt the T and logg values derived from the ESPaDONS spectrum in
(Hauck & Mermilliod [1997) photometry are available fothis work.
HD 47887 and HD 47777, respectively. Adopting the calilomati
for the Geneva photometry given by Kunzli et al. (1997), for

HD 47887 we obtained anffective temperature of 25700K Calibration Ter logg
and a surface gravity of 4.25, which agree, within the error [K]

bars, with the values we derived spectroscopically. Tabist< Moon & Dworetsky (1985) 22254 4.30
the fundamental parameters determined from Strémgren pho- Balona (1994) 21383 4.40
tometry for HD 47777, derived by adopting calibrations from Napiwotzki et al. (1993) 21847 4.55
Moon & Dworetsky ((1985), Balona (1994), Napiwotzki et al. Castelli et al. (1997) 20951 4.67
(1993), and Castelli et al. (1997). To calibrate the photoyne This work 22000 4.2
we adopted the TempLog®® tool described by Kaiser (2006). +1000 =+0.1

The dfective temperatures derived photometrically and spectro-
scopically agree well while for log the photometric values are
slightly higher than the spectroscopic ones. Note that éfais
(2006) concluded that Moon & Dworetsky (1985) provided the
most reliable calibration of Stromgren photometry for Beéy value we derived for HD 47777 agrees well with that reported
main-sequence stars. In addition, we also note thatTthe bylGlagolevskiji(1994).
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We determined the microturbulence velocity) and non- 1.0 ke T
LTE abundances of C, N, O, Si, and Mg by adopting the set of N
best-fitting fundamental parameters and usiggwino models /
computed by varyingm in steps of 1 kms and the abundance °“f [ 1
of each considered element in steps of 0.2dex. A detailed de- R
scription of the lines included in the non-LTE analysis arid & os}f 1 Ed
the adopted model atoms in the 3900-5000 A wavelength rarige :
is provided by Castro et al. (2012). Note that the technicage hg

2 0.7F ¥

been substantially updated since Castro et al. (2012) msvial <
the chemical analysis was handled almost in a fully autamati :
way using a genetic algorithm approach for finding the best-co = 0.6} T
position of models fitting the analysed spectral lines. The beervation
and abundance values derived from the non-LTE analysis are i ---- og(Ne/Ng)=—1.74}
listed in TabldB. S 109(Nye/ Nige) =—1.04

To derive the abundance of the other elements presenting
measurable features in the spectra of the two stars, we used
the final adoptedastwino models to fit synthetic spectra, cal-
culated with SYNTH3I(Kochukhov 2007), to the observationgiq 7. | eft panel: comparison between the observed ki profile
For the spectral synthesis calculation with SYNTHS, we 460D a¢-4471 A (black solid line) of HD 47777 and non-LTE synthetiesp
the Vienna Atomic Line Database (VALD; Piskunov et al. 199%3 calculated with the solar (blue dotted line) and adogted dashed
Kupka et al. 1999; Ryabchikova etal. 1999) as source for th&e) He abundance. For both synthetic spectra we adopéefihid Ty
atomic line parameters. The derived LTE abundances aeellistalue of 22000 K. Right panel: as for the left panel, but fe Hg line.
in Table[3 and are marked with an asterisk (*). Beccause
SYNTH3 assumes LTE, the abundance of the elements obtained
in this way has to be taken with caution. The uncertainty anined on the basis of just one Bne for which the oscillator
the LTE abundances is the standard deviation from the agerggrength was taken from calculations/by Hibbert (1988).r&he
abundance and does not account for the uncertainties otethe $ore, at least part of the observed overabundance may beaaus
lar parameters. Following Fossati et al. (2009), the cbation by uncertainties in the calculated transition probability
of the uncertainties on loggand vmic on the abundance uncer-
tainties is almost negligible, while, depending on the elatn
the uncertainty off ¢ probably adds another 0.1-0.2 dex to th&.3. High-precision magnetic field detection

abundance uncertainties listed in Tdble 3. L .
dd To detect magnetic fields we used LSD (Donatietal. 1997),

We obtained a solar He abundance for HD 47887, Whi\'/ﬁwich combines line profiles centred at the position of the in

HD 47777 is a He-weak star. The left panel of Hi§. 7 showgyigyal lines and scaled according to the line strengthyewa
the observed HD 47777 Héine profile at~4471A_|n compart- - |ength, and sensitivity to a magnetic field. The resultingame
son with non-LTE synthetic spectra calcula_lted Wl_th the rsahal profiles (, V, andN) were obtained by combining about 200
adopted He abundance. When fitting thertilees with the solar gpacira) lines with a strong increase itNSand therefore sensi-
He abundance, we obtained &feetive temperature of 16000 Kyyity to polarisation signatures. We computed the LSD pesfi
and a surface gravity lagof 3.4, which disagrees with the pho-of Siokesl, V, and of the null profile (for a definition of null
tometric parameters and also leads to a considerably ptibrepqfile seé Bagnulo et Al. 2009) using the methodology and the
of the Sin/Sim ionisation equilibrium, even when the microtursge described v Kochukhov el al. (2010). We prepareditee li
bulence ve_Iocny is tuned. Because of the_ He underabundanggsk used by the LSD code separétely for the two stars, adopt-
we determined the stellar parameters using only the hydroggy the stellar parameters and abundances listed in Tabe3.
Balmer lines and the $jSim ionisation equilibrium. extracted the line parameters from VALD. We used all avédlab

For a more consistent comparison, Tdlle 3 lists the LTE antktallic and He lines stronger than 10% of the continuum for
non-LTE solar abundances determined by Grevesse et aBY198e two stars, avoiding hydrogen lines and removing thetsglec
and Asplund et al! (2009). For HD 47887, within the uncertaimegions &ected by telluric lines. The velocity range taken into
ties most of the abundances derived accounting for non-k€E account to calculate of the average longitudinal magnesid fi
similar to those of the Sun, except for C, Mg, and Si, whicfxB, >) is marked in Fig[B.

are underabundgint. For the elements analysed as;uming LTEFigureB shows the obtained LSD profiles, while Table 5
non-LTE corrections for early B-type stars are availabléyongiyes the results gathered from their analysis. We defined th
for Ne (see e.g., Hempel & Holweger 2003; Cunha et al. 200Bagnetic field detection making use of the false-alarm fridha
Morel & Butler|2008] Przybilla et al. 2008). Cunha et al. (BP0 it (FAP): following[Donati et al.[(1992), we considered afiie
showed that at the temperature of HD 47887, the Ne non-L{§ith an FAP< 10 as a definite detection (DD), 19 < FAP <
correction is about-0.5dex, bringing our Ne abundance intg g3 55 marginal detection (MD), and an FAPLO3 as a non-
agreement with the non-LTE solar abundance value. detection (ND). To verify that the magnetic field detectians

For the elements analysed to account for non-LTieats, not spurious, we calculated the FAP for the null profile in the
the abundance pattern we obtained for HD 47777 is remasame velocity range as used for the magnetic field, obtasring
ably similar (C, Mg, and Si are underabundant, while N aridD in both cases. We also calculated the FAP for equivalent
O are solar) to that of HD 47887, except for a He underabuelocity ranges displaced both redwards and bluewardste sa
dance of HD47777. Assuming the non-LTE correction giveple the continuum in the Stokéspectrum. The results for both
by [Cunha et al.| (2006), we obtained a Ne underabundance $tokesV and the null profile are given in column 5 of Table 5.
HD 47777. For this star, the phosphorus abundance was deldre FAP obtained in these tests are very close to 1.0, allow-

L
4465 4470 4475 4850 4860 4870 4880
wavelength [A] wavelength [A]
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Table 5. Results from the LSD analysis.

Star <B,> (V) FAP (V) Detection FAPY) SN SN  #lines
Name [G] line \/ blue contired cont. I,sp Visp
HD 47887 37348 <101 DD 7.8x10Y7.3x101 820 5652 256
HD 47777 46987 2.810°12 DD 4.7x10°Y9.2x<101 1247 7734 141
Star <B,>(N) FAP(N) Detection FAP ) SN SN #lines
Name [G] line N blue contiredcont. I .sp Visp

HD 47887 4-46 7.7%101 ND 4.0x10%/9.7x101 820 5652 256
HD 47777 1186 2.5¢101 ND 8.6x107Y/2.2x102 1247 7734 141

Notes. The SN Stokesl andV is that of the LSD profile. Columns two and three list the agerbongitudinal magnetic field<B, >) and the
FAP for both Stoke¥ and theN profile. Column four expresses a magnetic field detectiorherbasis of the FAP, where DD indicates a definite
detection (FAR: 10°%), MD indicates a marginal detection (P0< FAP < 10°%), and ND incicates a non-detection (FAP10-%). Column five
lists the FAP calculated in the continuum region bluewardsr@dwards of the spectral line, over a range as broad aadbpted to deriveB, >.
The last column lists the number of lines used in the line mask

HD 47887 HD 47777

T IRRRRRRARE IRRARRRERE IRRARRRARE T

Fig. 8. 1,V, andN LSD profiles (from bottom to top)
obtained for HD 47887 (left panel) and HD 47777 (right
panel). TheV andN profiles were expanded by a factor

: : : : of 20 for HD 47887 and 50 for HD 47777, and were
0.95 Fl il i 1] 0.95 Ml el Shifted upwards for visualisation purposes. All profiles
were shifted to the rest frame. The vertical dotted lines
indicate the ranges adopted to calculate the magnetic
field.

-200 -100 o] 100 200 -200-100 O 100 200
velocity [km/s] velocity [km/s]

ing us to conclude that our detections are most likely gemuir8.4. Spectral energy distribution
In addition, we verified that both Stok&sand the null profile
are consistent with the expected noise properties (e gkeSV
uncertainties consistent with the standard deviation efrtall
profile; zero-order moment of Stok&s consistent with zero).
Finally, even in rather extreme cases (de la Chevrotierk et
2013), crosstalk between linear and circular polarisationld
not be able to lead to the observed StoWesignatures, because
it would require a strong linear polarisation of the photoeic
spectral lines, which is not expected for main-sequencly e
B-type stars. Moreover, the measured crosstalk of ESPaD
(performed periodically since 2010) is negliglhle

To examine the quality of the derived atmospheric pararaeter
in more detail and determine the radii of the two stars we
compared the synthetic fluxes, calculated withrwinp, with
flux-calibrated photometry. Figurés 9 and 10 show the com-
parison of therasTwinp synthetic fluxes, calculated by adopt-
ing the fundamental parameters (and abundances) derived fo
HD 47887 and HD 47777 with the available ultraviolet (UV),
gptical, and infrared (IR) photometry. We show the John-

(Mermilliod 1991), 2MASS (Zacharias etlal. 2005), Sgitz
(IRACISung et al. 2009), and WISE (Cutri eflal. 2012) photome-
try, converted to physical units for the two stars. For theven-

For HD 47887 the double-reversal shape of the Stokession we used the calibrations provided|by Bessellet al. (1998
LSD profile suggests that the observed stellar surface pi®s&an der Bliek et dl.[(1996), Sung et al. (2009), and Wright =t a
two magnetic poles. On the other hand, for HD 47777 the sha@©10). For HD 47777 we also show the available TD1
of the Stokes/ LSD profile indicates that the observed stellaiThompson et al. 1978) photometry and the Spitzer MIPS pho-
surface presents one magnetic pole. tometric value at 2dm from|(Sung et al.[ (2009), adopting the
calibration given by the Spitzer MIPS Instrument handifook

2 lhttp://irsa.ipac.caltech.edu/data/SPITZER/docs/mips/
1 http://www.cfht.hawaii.edu/Instruments/Spectroscopy/Espetosisystrumenthandbook/
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Fig. 9. Comparison betweemstwino (full
black line) and LlvmopeLs (dashed red line)
theoretical fluxes, calculated with the funda-
mental parameters derived for HD 47887, with
Johnson (red pluses), 2MASS (blue diamonds),
Spitzer-IRAC (black crosses), and WISE (pur-
ple squares) photometry converted into physi-
cal units. The optical and IR spectral regions
are shown in the right and left panel, respec-
tively. The synthetic fluxes take into account
the cluster distance and reddening given in the
text and a stellar radius of 4.4%5. The hor-
izontal bars show the full width at half maxi-
mum of the photometric filters.

Fig. 10. Comparison betweemstwmp (full
black line) and LImopeLs (dashed red line) the-
oretical fluxes, calculated with the fundamen-
tal parameters derived for HD 47777, with TD1
(green triangles), Johnson (red pluses), 2MASS
(blue diamonds), Spitzer-IRAC (black crosses),
WISE (purple squares), and Spitzer-MIPS (yel-
low asterisk) photometry converted into physi-
cal units. The UV and optical spectral regions
are shown in the left panel, while the right panel
shows the IR band. The synthetic fluxes take
into account the cluster distance and reddening
given in the text and a stellar radius of 380
The horizontal bars show the full width at half
maximum of the photometric filters.

For the fit performed to determine the stellar radii, we took

ses in the UV domain and the region across the Balmer jurimpo account therastwino synthetic fluxes and the TD1 (for
was calculated without accounting for the high order BalmétD 47777), Johnson, and 2MASS photometry (note that we
lines, we used the Lkopers stellar model atmosphere codalid not consider the TD1 flux value a2800A, which is af-
(Shulyak et al. 2004) for the two stars to compute LTE syithefected by systematics; see e.g., Morel et al. 2013). We drdu
fluxes from the far-UV to the far-infrared wavelength regiorthe far-IR photometry from the fit to highlight infrared exse
LLmopELs assumes LTE and plane-parallel geometry and takee adopted cluster distance (248® pc) and reddening (E(B-
into account the individualised abundance pattern for itypacv)=0.061+-0.011mag) were derived by averaging the results ob-
calculations. The LlopEeLs synthetic fluxes are also shown intained by various photometric studies of this cluster, iaBray
(1965), Spassova & Beav (1985), Lyhga (11985), Battineldlet
(1994), Malysheva (1997), Sung et al. (1997), Dambis (1999)

Figs.[9 and 10
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Fig. 11. Comparison betweenstwinp (full black line) and LlmopeLs ~ Fig. 12.  Position of HD 47887 (diamond) and HD 47777 (asterisk)

(dashed red line) theoretical fluxes, calculated with timel&umental pa- in the Hertzsprung—Russell (HR) diagram in comparison \Witky

rameters derived for HD 47777, with the available flux-aatbd FUSE Way composition evolutionary tracks forVI, (black solid line), M,

spectrum (blue long-dashed line). The synthetic fluxesitakeaccount (red dotted line), and 18, (blue dash-dotted line) stars computed by

the cluster distance and reddening given in the text andlarstedius |Brott et al. (2011). The black short-dashed line shows the-age

of 3.50R,. main sequence (ZAMS), while the black long-dashed line shtive
isochrone calculated with the adopted cluster age of46¢39.

Loktin (2001), Latal(2002), and Kharchenko et al. (2005)r Fo

HD 47887 we derived a stellar radius of 4#4550R,, while 67 kms? and an inclination angle of 840ur results show that

for HD 47777 we derived a radius of 350.50R,. Note also HD 47887 is viewed close to the rotational pole, while HD 4777

the infrared excess shown by the WISE and MIPS photometggn be considered as viewed almost equator-on. As a conse-

which might be due to a problem in the background subtractigyuence, assuming a dipolar magnetic field configuratiorfaitte

We corrected the fluxes for the interstellar reddening uglieg thatthe Stoke¥ LSD profile of HD 47887 suggests we observed

parametrisation by Fitzpatrick (1999) and assuming a-total two poles of the magnetic field implies that the rotation argym

selective extinction R() of 3.1. netic axis have dierent inclination angles, as found for most
Figure[I1 shows a comparison between thewino and Mmagnetic stars. Nevertheless, it is possible that HD 47887ah

LL mopeLs synthetic fluxes of HD 47777 and the available far-U\¢omplex magnetic field geometry, as shown by other magnetic

FUSE spectrum, which we retrieved (reduced and calibrateyrly B-type stars, such asSco (Donati et al. 2006), HD 37776

from the MAST archivié. The synthetic fluxes shown in FigJ11(Kochukhov et al. 2011).

account for the cluster distance and reddening given alpive,

the derived stellar radius of 3. We did not include the

FUSE spectrum in the fit of the spectral energy distributiven,

cause it allows one to check the adopted interstellar redden Figure[I2 shows the position of HD 47887 and HD 47777 in the

Note that in contrast to the other works in which we analyseqkrtzsprung—Russell (HR) diagram in comparison with Milky

members of the NGC 2264 open cluster (Zwintz et al. 2013a,lyay composition evolutionary tracks fo,, 9 M., and 10Mg

we decided to adopt afiierent cluster distance and reddeningstars [(Brott et al. 2011). We calculated the luminositieshef

Our decision was based on the fact that adopting the reddgate stars on the basis of the Johna6ivand magnitude (WalKer

ing of E(B-V)=0.071mag, given by Sung et al. (1997) and used56) and of the distance and reddening adopted in[Seci\@.4.

bylZwintz et al. (20134,b), we were not able to fit the observeded the bolometric correction provided by therwixo model,

far-UV fluxes, which are instead well reproduced with thedow which agrees well with that obtained with the calibratioveg

adopted value of E(B-\0.061 mag. Because the stars belongy Balona [(1994). Luminosities are listed in Table 3 andrthei

to a young open cluster, we cannot exclude that the resultimgcertainties take into account the uncertainty in theadis¢

difference in reddening is caused by deviations from the us@t the bolometric correction, the latter assumed to be Agl m

extinction law, which would be particularly noticeable retfar- We determined the masses, radii, and ages of the two stars

UV. using the BONNSAI code (Schneider etlal. 2013a, Schneider et
From the rotational periods derived from the MOST lighdl., in prep.) and the Milky Way stellar evolution models of

curves (Sect[]2), thessini values derived from the high-[Brott et al. (2011). BONNSAI computes the posterior probabi

resolution spectra (Se€t._8.2), and the stellar radii éerivom ity distribution, p(m|d), of stellar model parameters), given

the fit of the spectral energy distribution, we determinegl tlobservational datal, using Bayes’ theorem:

equatorial rotational velocity and the stellar inclinatiangle.

For HD 47887 we obtained an equatorial rotational veloaigy)(  p(m|d) « p(djm)p(m), (1)

of 116 kms?, leading to an inclination angle of 23the an-

gle between the star’s rotation axis and the line of sight, wherep(dim) is the likelihood angy(m) the prior. We adopted a

For HD 47777 we derived an equatorial rotational velocity dbaussian likelihood, used a standard Salpeter initial hass

tion (Salpeter 1955) as prior of the initial mass as well as fla

8 http://archive.stsci.edu/ priors for the two remaining stellar model parameters,|atel

3.5. Hertzsprung—Russell diagram
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age, and initial equatorial rotational velocity (the ialtchem- haps similar tor Sco (Donati et al. 2006). Furthermore, our
ical composition of stars is not a free parameter becausesae uatmosphere analysis indicates that the surface abundafices
stellar models with a fixed chemical composition). AdoptinglD 47887 and HD 47777 are rather similar, but HD 47777 shows
flat priors means that all stellar ages and initial equaltooi@- a strong He underabundance. Because the two stars are nsember
tional velocities are a priori equally probable. The adeges of the same cluster, such af@irence is probably not caused by
of this method for our application are that (i) all available- different initial conditions, but by evolutionary processe®- B
servables are simultaneously matched to stellar modddsgta cause the low helium abundance of He-weak chemically pecu-
the observed uncertainties and a priori knowledge into @ut;o liar stars is understood to be affext of difusion in the stellar
and (ii) robust uncertainties for the stellar parametezsiarived envelope (see e.g., Michaud 1970; Michaud &t al. 1979),eur r
from the posterior probability distribution. sults imply that this ffect can occur in stars ef7.6 M, but not

We simultaneously match the observational ddta= at the slightly higher mass of 9M,. This could either be due
(logL/Le, Tes, l0gg, veg (see Tabld]3) to stellar models toto stronger subsurface convection at higher mass (Canéetl.
compute the posterior probability distribution of the ktepa- 2009), or a strengthening of stellar-wind-induced mass (o6,
rameters. We adoptedrluncertainties of A5dex on lod-/Ly, [Vick et al.|2010). (Note that the slightly higher equatoriata-
1000K onTes, 0.1 dex on logy and 20km st on veq- The stel- tional velocity and weaker magnetic field of the more massive
lar models reproduce the set of observables well, thatih el- star might also play arole.) In either case, the two stark/aed
servable is not farther away from the best-matching steltzdel here are ideal candidates to test these conjectures.
than~ 0.20. The two stars we analysed may also shed light on the

For HD47887 and HD 47777 we obtained initial stelquestion of the origin of magnetic fields. One variant of
lar masses of 94%M, and 7.652M,, and stellar radii the fossil-field hypothesis proposes that the magneticsfigid

.5 . N ) .
of 4.4'05R, and 3.604R., respectively. The most likely intermediate-mass and massive main-sequence stars are sur

initial equatorial rotational velocities are 1g@km s and ViVing stable remnants of the interstellar magnetic fielast t

70"9km st velv. The ai e p thread the molecular clouds from which the stars formed
"5, km s, respectively. The given uncertainties acedonfi- (Donati & Landstreet 2009). Since then the field has no other
dence intervals. Mass loss can be considered to be neglioghl

. consequences than lowering the angular momentum of the form
m 10
g;urze we obtained a mass loss of about@ ™ Mo/yr for both ing stars, none of the derived properties of the two stargraen

Th I dii obtained using th luti - dicts a fossil origin of the magnetic field.
well wi?hs':ﬁozfrerv%elzjcéri%rﬁrolrfltﬂgetsglg\:a?];};/os?sgetrea;@)a% Alternatively, the magnetic fields of the two stars couldénav
Note that the use of the stellar radii obtained from the e\/ol|Oeen produced during a strong binary interaction, for msta

) X . X By a stellar mergef (Langér 2013). While a merger product is
tionary tracks changes the equatorial rotational veldmjtpnly eipected to rota?e répidlj at first (Le Mink et/al. 2813)? arsyr

=1 .
abo;JtZII:mfs fo:rl]aoth g}t:rs.tHoP:Ihe ef ‘?"32(,[]10).useg]evomn()@agnetic field generated during this process may induce sub-
;"_‘%Af???? r?;:: rebe . r%n authors (o elerml?zggélrpﬂass antial angular momentum loss and consequently slowioatat
hich. ai ' ﬂ?y 0 tallne an aver[a_g(i value o ith o iLanger 2012). Furthermorg, Glebbeek etial. (2013) predict
w Itcd given .t?].very arge uncNer alnt%/, Iagre?r? WII' r?tlljr-"es hat while massive merger stars in general often show airfa
mated mass within one sigma. Neverineless, the slightly 0V\ﬁitrogen enrichment, their results also imply that in thessna
value is most likely due to the lowerfective temperature of onqa considered here merger stars may retain their aboesian
tlh87gg\‘§ adoR[te(IJl t?y H.(f)_hlet.et al.(2010), which was based UPQRaltered. Consequently, while the observed spin and cirfa
eWe aslgc()acdfte?rﬁisrila:dc?r:gnége for the two stars obtainiﬁgt;)eundances of HD 47887 and HD 47777 do not clearly support
! binary hypothesis, neither do they dispute it.
— 0.15 — 0.28
logt=7.00'4;5and logi=6.92"y 55 for HD 47887 and HD 47777, A merging during main-sequence evolution leads to a rejuve-

respectively. These values agree well with the cluster dgen%tion of the merger product and transforms it into a blusgstr

Iog_t=6.89i0.26, which we_derived in the same way (i.e., ave jler, whereas a pre-main-sequence merger caused byflieiztse
aging) as for the cluster distance and reddening (see[Sépt. rom circumbinary material (Korntfget al 2012) would lead to

This agreement is also evident in the positions of the twrsst main-sequence star of normal age. Blue stragglers wotdd na

on the HR diagram with an isochrone calculated for the adbptgra”y populate the high-mass end of the mass distribution o

cluster age (see Fig.112). cluster stars (Schneider et lal. 2011 3b). While [Eigs 1[ahd &&sh
no clear evidence for HD 47887 and HD 47777 to be blue strag-
gler stars, the upper main-sequence of NGC 2264 is populated
only very sparsely. The fact that at least two of the ten legh
We have derived the physical properties of HD 47887 astirs of NGC 2264 are magnetic, whereas the incidence of mag-
HD 47777. The two stars are found to be core-hydrogen burninegtic fields in early B-type stars in general is about 7%, rnigh
stars with evolutionary masses of 94, and 7.6V and possess interpreted as support of the binary hypothesis.
strong magnetic fields of several hundred Gauss. Our pha¢tome We conclude that it is highly worthwhile to investigate the
ric results imply that both stars show brightness inhomeg@es remaining massive stars in the NGC 2264 open cluster in some
at their surfaces, which allowed us to derive their rotapien- detail. Their stellar parameters may allow us to deterniiree t
ods of 1.9d and 2.6 d, with high accuracy. We conclude thdtt batge of this cluster more accurately, and to identify the biveg-
stars are rather slow rotators, with equatorial rotatioelicities gler nature of any of the cluster stars. On the other hand, any
of 116 kmst and 67 kms!. detection of a magnetic field in the remaining about ten most
Despite their similarity, there are distinctfidirences be- massive cluster members would be spectacular, becausald wo
tween the two stars. Our results are consistent with a simplender NGC 2264 the cluster with the highest concentratfon o
dipolar magnetic field structure for HD 47777, while HD 4788magnetic main-sequence massive stars, together with tlba Or
appears to show two magnetic poles at its visible surfacgsipo Nebula Cluster, where three out of nine main-sequence weassi
bly suggesting a more complex magnetic field geometry, pstars are magnetic.

4. Discussion and conclusions
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