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ABSTRACT

This paper presents a first observational investigatiorheffaint Of?p star NGC 1624-2,
yielding important new constraints on its spectral and plalsharacteristics, rotation, mag-
netic field strength, X-ray emission and magnetospheripgntes. Modeling the spectrum
and spectral energy distribution, we conclude that NGC 15#&la main sequence star of
massM =~ 30 Mg, and infer an #ective temperature of 352 kK and logg = 4.0+ 0.2. Based
on an extensive time series of optical spectral observatiareport significant variability of
a large number of spectral lines, and infer a unique peridcb@©9 + 0.94 d which we inter-
pret as the rotational period of the star. We report the dieteof a very strong - 85+ 0.5 kG

- longitudinal magnetic fieldB;), coupled with probable Zeeman splitting of Stokesro-
files of metal lines confirming a surface field modul®y of 14 + 1 kG, consistent with a
surface dipole of polar strength20 kG. This is the largest magnetic field ever detected in an
O-type star, and the first report of Zeeman splitting of Ssdkerofiles in such an object. We
also report the detection of reversed Sto¥egsrofiles associated with weak, high-excitation
emission lines of Qu, which we propose may form in the close magnetosphere oftéine s
We analyze archival Chandra ACIS-I X-ray data, inferringgaphard spectrum with an X-ray
efficiency logLy/Lpo = —6.4, a factor of 4 larger than the canonical value for O-typessiad
comparable to that of the young magnetic O-type gtaDri C and other Of?p stars. Finally,
we examine the probable magnetospheric properties of #ngreporting in particular very
strong magnetic confinement of the stellar wind, wijth~ 1.5x 10%, and a very large Alfven
radius,Raf = 114 R..
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1 INTRODUCTION

The detection (e.gl_Grunhut et al. 2D09), empirical charact
zation (e.g.ll) and theoretical modelling. (e.
[Sundqvist et dll_2012) of a growing sample of magnetic O-type
stars is leading to a new, refined picture of the scope anddmpa
of magnetic fields in high-mass stars.

O-type stars are unique laboratories for investigating the
physics of stellar magnetism. Magnetic fields have cleau-infl
ence on their rotation rates (rotation periods of most detec
magnetic O stars are significantly longer than those of non-
magnetic O stars of similar spectral types; et
[2009] Howarth et al. 2007; Martins etlal. 2010). Evolutignawod-
els (Maeder & Meynet 2003, 2004) and, recently, observation
(Briquet et al., MNRAS, submitted) of massive stars sugtfest
the internal rotation profile is strongly modified by the mnese of
a magnetic field, enforcing essentially solid-body rotatiorough-
out the bulk of the outer radiative zone. Magnetic fields haear
and fundamentalféects on the structure, dynamics and heating of

the powerful radiative winds of O stars (€.g. ud-Doula & Okioc
(2002 Sundqvist et #1. 2012). The lives of magnetic O-typessire

therefore expected to fiiéer significantly from those of their non-
magnetic brethren.

The subject of the present paper, NGC 16B4ig an Of?p
star O) and the main ionizing source obiben
cluster NGC 1624 (the Hi region S212). It is also one of only
eight O-type stars in which magnetic fields have been detedith
confidence. The classification Of?p was introducelbor
@) to describe spectra of early O-type stars exhibitiegores-
ence of Cm 14650 emission with a strength comparable to the
neighbouring N lines. Well-studied Of?p stars are now known
to exhibit periodic spectral variations (in Balmer, iHeC m and
Sim lines), narrow P Cygni or emission components in the Balmer
lines and Ha lines, and UV wind lines weaker than those of typ-
ical Of supergiants (sée Nazé et al. (4010) and refereheesin).
With our report of a detection of a magnetic field in NGC 1624-
2, magnetic fields have now been firmly detected in all of the 5
known Galactic members of this class - HD 191 et al
(2006),[Wade et al[ (2011); HD 108: Martins et al. (2010); HD
1489371 Hubrig et al| (2008), Wade et al. (2012); CPD -28 2561
[Hubrig et al. [(2012), Wade et al. (2012b); NGC 1624-2: Thisqra
- prompting the inference that there is a direct physicatiehship
between the magnetic field and the Of?p characteristics.

According to the recent analysis MIMOM), NGC
1624 is a young open cluster located significantly above tads
tic plane. Their analysis yields a heliocentric distance6.6f +
0.8 kpc (in agreement with that found in the pioneering study of
[Moffat et al[ 19719) and an age of no greater thehMyr. In addi-
tion to NGC 1624-2, which is by far the brightest cluster memb
3 other apparently bright optical sources are located wighar-
cmin of the cluster centre. These sources are reported to éarly

the University of Hawaii, as well as on observations obtainging the Nar-
val spectropolarimeter at the Observatoire du Pic du Midaijee), which is
operated by the INSU. The spectroscopic data were gathetiedive facil-

ities: the 9.2 m Hobby-Eberly Telescope at McDonald ObgerygMDO),

the 3.5 m Telescope at Calar Alto Observatory (CAHA), therh.Fele-

scope at the Observatorio de Sierra Nevada (OSN), the 4.2llimWHer-

schel Telescope at the Observatorio del Roque de los Muokd€RM),
and the 2 m Himalayan Chandra Telescope at Indian Astrorar@ibser-
vatory (IAO).

T E-mail: wade-g@rmc.ca

1 According to the numbering systemm. @9).

Table 1. Log of spectroscopic observations used to determine the pe-

riod. B refers to the spectral range that includesi 14471, Har 14542,
Hem 14686, and I8; V to the range that includes Ha5876; andR to the
range that includes &1 J stands for the low-resolution observations from

I.l), G for the intermediate-resolution GO8I&®rvations

Apellan

e Ilﬂl), and N for the high-resolatibloMaDS ob-

(Ma
servations| (Maiz Apellaniz_etlal. 2011).

Date B V R Date B \% R
2006-09-06 J J J 2011-11-13 N N
2006-09-08 J J J 2011-11-17 N N
2007-01-26 J J J 2011-11-18 N
2008-10-14 G G 2011-11-19 N
2009-09-28 G 2012-01-15 N N
2009-09-29 G 2012-01-20 N N
2009-09-30 G 2012-01-22 N N
2009-11-01 G G 2012-01-24 N N
2009-11-03 G G 2012-01-27 N N
2009-11-17 J J J 2012-02-11 G G G
2009-11-24 G G 2012-02-15 G G G
2011-08-22 N N N 2012-03-04 N N
2011-09-09 G G 2012-03-12 N
2011-10-02 N N N 2012-03-22 N N
2011-10-03 N N N Total N 7 13 13
2011-11-03 N Total G 9 3 7
2011-11-10 N N Total J 4 4 4

B-type main sequence star, and two probable F giants (whieh a
probably not physically associated with the cluster).

The current paper provides a first observational charaeteri
tion of NGC 1624-2, the faintest of the known Galactic Of grst
(V = 11.8). In particular we report the physical parameters of the
star, its rotational period, the detection of its magnettdfi and
a preliminary characterization of its magnetic and magspgteric
characteristics. In Sect. 2 we describe the spectroscopicpec-
tropolarimetric observations upon which we base our resuit
Sect. 3 we provide a short overview of the spectral propexfe
the star. In Sect. 4 we derive the physical properties of tdueasnd
its wind. In Sect. 5 we determine the spectral variationqeeof
the star. In Sect. 6 we describe the magnetic field diagnosi®ar
constraints on the surface magnetic field. In Sect. 7 we cteniae
its X-ray properties based on archival data. In Sect. 8 weries
the probable magnetospheric properties of the star. In. Sese
discuss our results and summarize our conclusions.

2 OBSERVATIONS
2.1 Spectroscopic observations

The optical spectroscopic observations for the periodrdeta-
tion were obtained within the context of threefdrent projects.
High resolution R = 30000) spectroscopy was obtained with
the NoMaDS project| (Maiz Apellaniz etlal. 2011) using the 9
m Hobby-Eberly Telescope (HET). Intermediate resolutiBn=(
2 500-4 000) spectroscopy was obtained within the GOSSS project
(Maiz Apellaniz et all 2011) using the 1.5 m telescope ef @b-
servatorio de Sierra Nevada (OSN), the 3.5 m telescope @l
Alto Observatory (CAHA), and the 4.2 m William Herschel Tele
scope (WHT). Finally, low resolutionR = 1500) spectroscopy
was obtained b 11) using the 2 m Himalayan-Chan
dra Telescope.

The 33 NoMaDS spectra were gathered using the high reso-
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Figure 1. Two NoMaDS spectra of NGC 1624-2 (top, obtained on 22 Aug 26igh state, phase 0.92; middle, obtained on 11 Nov 2011state, phase
0.43). The bottom spectrum represents thfedénce (high minus low). The spectra have been convolvedesodving poweR = 10 000 for display purposes.
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Figure 2. Of?p-diagnostic emission lines of € and Nmr near maximum
emission at the full ESPaDONS resolving powRr=65 000). Note the re-
markable composite emission profiles with broad and nar@wponents,
not seen in previously investigated members of the Of?moage

lution fiber-fed echelle spectrograph (HRS) at the HET. Tiiecs
tra were obtained with two fferent instrument setups (600g4739K
and 600g6302) allowing us to cover the entire wavelengteanf
~3800-7300 A. The fiber sdiamter wa&.2Ne obtained two ex-
posures of 3600 seconds in the blue-setup800-5700 A) and
two of 1800 seconds for the red-setugs@00-7300 A). The data
were reduced following the IRApackage-based procedure sug-
gested on the HET webditeCosmic rays were removed using the
L.A. Cosmic packag m_2001). The spectra were flux
normalized as well as wavelength calibrated. The typicalitang
signal-to-noise ratio (SNR, per resolution element) isvieen 150
and 250, depending on the wavelength range. For NGC 162d-2, a
ditional spectra were obtained in order to remove the neloga-

2 httpy/hydra.as.utexas.efa=help&h=29, ver. 22 Feb 2012

tribution. For these observations the fiber was positiomedial4’

NE and SW of NGC 1624-2 to avoid stellar contamination, ard th
spectra were reduced as described above and subtractedhieom
stellar observations.

The 19 GOSSS spectra were obtained with various spectro-
graphs fed by the OSN, CAHA and WHT telescopes as part of
the larger Galactic O-Star Spectroscopic Survey. The data ve-
duced using a pipeline specifically written for the projeetscribed
by[Sota et al[(2011).

A log of the 64 spectroscopic observations is presented-in Ta
ble, where we specify which regions were observed on eaeh da

2.2 Spectropolarimetric observations

Five high resolving powerR =~ 65000) spectropolarimetric
(Stokesl andV) observations of NGC 1624-2 were collected with
ESPaDONS at the Canada-France-Hawaii Telescope (CFHT) be-
tween Feb 1 and 9 2012. An additional observation was olitaine
with Narval (essentially a twin of ESPaDONS) on the BerngrotL
telescope (TBL) on Mar 24 2012. All of the spectropolariretr
observations were obtained within the context of the Magrmein
Massive Stars (MiMeS) Large Programs. Each spectropoddrien
sequence consisted of four individual subexposures, ea6b00s
duration (for ESPaDONS) or 1200 s duration (for Narval)etak
in different configurations of the polarimeter retarders. Fronh eac
set of four subexposures we derived Stokesd Stokes/ spec-
tra following the double-ratio procedure describe
), ensuring in particular that all spurious signatusere re-
moved to first order. Null polarization spectra (label)dwvere cal-
culated by combining the four subexposures in such a wayptiat
larization cancels out, allowing us to verify that no spuscig-
nals are present in the data ( 1997, for mmre d
tails on the definition oN). All frames were processed using the
automated reduction package Libre ESp).99
The peak SNRs per 2.6 kmisvelocity bin in the reduced spec-
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Figure 3. Left panel: Fit of the observed He lines (black solid line) by three CMRGEodels withTe; = 33 000 (green long-dashed line), 35000 (red
short-dashed line) and 37 000 K (blue dotted lirrRight panel:Best SED (black solid curve) from the CHORIZOS run with fixegt = 35000 K. The
triangles with error bars are the photometric magnitudesl irsthe fit UBV1JHK), the circle represents the measurement that was unBeahd the stars

are the synthetic magnitudes corresponding to the best SED.

tra range from 86-140, with the variation due principallysteing
conditions.

3 THE OPTICAL SPECTRUM OF NGC 1624-2

Fig. [ shows the blue-green spectra of NGC 1624-2 from the
HET/NoMaDS data (convolved with a Gaussian to a unifdra
10000 for classification purposes) near maximum and minimum
emission phases, together with theiffeience. The apparent spec-
tral types from the He ionization ratios are 06.5 and 08, @esp
tively, although both arefected by particular spectral features: at
maximum, longward emission filling in He14471 is clearly seen,
while at minimum, the Heand Heun profiles are very dferent due

to the stronger Stark wings in the latter, and indeed, thévakqnt
width ratio~ 1 corresponds to a type near O7.

Fig.[2 displays the N1 14640, Cii 14650 complex near max-
imum emission at the full ESPaDONS resolving power of 65 000.
NGC 1624-2 exhibits the most extreme Of?p spectrum known to
date, with the Cmr emission linesstronger than those of Nui,
and stellar Balmer emission much stronger than in any offfes.

N mr and Cm features (as well as, we suspect, 1a4686) dis-
play remarkable composite emission profiles with broad aard n
row components, not seen in previously investigated mesnber
the Of?p category. We hypothesize that the broad comporeats
photospheric as in normal Of or Ofc stakrs (Walborn ét al. 2010
while the narrow components typical of Of?p spectra are magn
tospheric. In agreement with this interpretation, it isrseeFig.[1
that only the narrow components vary with phase. However, th
narrow Cm emission does not disappear at minimum, so unlike

C mr as compared to N is largely due to the broad component, so
that the intensities of both species in the narrow systenmeme
comparable, similarly to other Of?p spectra.

This is the first case combining Ofc and Of?p emission
profiles, for which we introduce the new notation Of?cp; thus
the full classifications of these spectra are now O6.5f?ap an
08f?cp at maximum and minimum, respectively. As discusged b
Walborn et al. [(2010), the Ofc phenomenon in normal Galactic
spectra is strongly peaked toward type O5. However, thecalpti
component of the high-mass X-ray binary HD 153919 (2U 1700-
37) is 06.5 lafc (see, e.gl, _Conti & Cowley 1975, A. Sota et al.
in prep.), as is the primary of the LMC double-lined speatopsc
binary R139 1). Thus, the Ofc phenomenesn al
occurs at later spectral types in some anomalous objects.

4 STELLAR PHYSICAL AND WIND PROPERTIES

The atmospheric parameters of NGC1624-2 have been dernywed b
means of spectroscopic analysis with the code CMFGEN, dittin
the minimum-emission state spectrum (the average of NoMaDS
spectra acquired on 18 Nov 2011). A full description of CM-
FGEN is provided by Hillier & Miller (1998). In brief, it comutes
non-local thermodynamic equilibrium (non-LTE) atmospherod-

els including winds and line—blanketing. The statisticpliébrium

and radiative transfer equations are solved in the comadvaige
through an iterative scheme to compute the level populgtérd
radiation field. The temperature structure is set by the itiondof
radiative equilibrium. Our models include the followingeients;

H, He, C, N, O, Ne, Si, S, Ar, Ca, Fe, Ni. The solar abundances

most other members of the category NGC 1624-2 remains Of?p atof|Grevesse et al. (2007) are used unless statégteintly. The ve-

both extreme phases. Moreover, the apparently greatersityeof

locity structure is specified at the beginning of the compora It
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is usually a combination of a pre-computed photosphericaire
connected smoothly to a so—callg@delocity law ( o« (1 -r/R.)?
wherer is the radial coordinate anR. the stellar radius). This
structure is subsequently iterated to satisfy the momeeimguiib-
rium equation in the inner atmosphere. Once the atmosphedelm
is converged, a formal solution of the radiative transfaragipn is
performed to yield the emergent spectrum. A microturbulast
locity varying with height from 10 to 200 knt’ (beginning in the
photosphere and continuing to 1BQ) is used.

Prior to a comparison between synthetic and observed spectr
it is necessary to determine the projected rotational vigi@nd
macroturbulent broadening. We used the Fourier transfoetiod
for the former (e.g. Jankav 1995; Simon-Diaz et al. 200&)us-
ing on the Civ 45801 line. The Fourier transform did not show
any zero before reaching the noise level, implying an upipeit |
onvsini of ~ 15 km s?. Adopting this value, we convolved our
synthetic spectra with a rotational profile and a Gaussiailer
aimed at reproducing isotropic macroturbulence. We founad &
macroturbulent velocity of about 25 knt'sgave the best fit to

Table 2.Results of the CHORIZOS modelling of the spectral energtridis
bution. The first column gives the results for the run in wittod luminosity
class (LC) was allowed to vary, but in which thiéextive temperaturelg)
was fixed to 4.8, i.e. close to luminosity class 5. The secaghen gives
the results for the run in which theffective temperature was allowed to
vary, but in which the luminosity class (LC) was fixed.

Quantity Free LC Fre@qs

szed 2.03 0.86

Terr (K) 35000 31000 2800
logg (cgs) 3.891+ 0.140 3.95% 0.022
log L (solar) 5.125: 0.171  4.632:0.214
E(4405-5495) (mag) 0.802 0.015  0.794: 0.018
E(B - V) (mag) 0.802: 0.014  0.792: 0.016
Rs495 3.752+ 0.092  3.736+ 0.096
Av (mag) 3.040: 0.031  2.99k 0.046
logd (pc) 3.712+ 0.094  3.537% 0.059

Table 3. Summary of adopted stellar, wind, magnetic and magnetosphe

the observed He lines. We note based on the results of [Qect. 6properties of NGC 1624-2. Thefective temperatur@ e, surface gravity

that this additional broadening is likely to be magnetic figin,
and so isotropic macroturbulence will provide only an apprate
reproduction of its ffects. The combined line broadening (rota-
tional, turbulent, magnetic) of NGC 1624-2 is comparablensd of
the very sharp-lined magnetic O91V star HD 576M|et
2009, and Grunhut et al., MNRAS, submitted) .

The Hey/He i ionization balance was used to deriVg:. As
for the other Of?p stars, we relied on the spectrum closetiieto
minimum-emission state. It has the least contaminated lihes.
Based on the absence of significant variability of the mgjasf

logg, radiusR,, luminosity L, and massM,, as well as the reddening
E(B - V), extinctionRy and distance lod were determined based on mod-
elling of observations described in Sédt. 4. The upper limithe projected
rotational velocity - determined from the inferred radiusl geriod assum-
ing rigid rotation - is consistent with the negligible adilital line broad-
ening required to fit the magnetically-split profiles of thev@ine profiles
(Sect[®). The wind mass-loss raeand terminal velocity., are calculated
based on theoretical considerations in Sgkt. 8. The magfiekil dipole
surface strengtBy was estimated based on measurement and modelling of
Zeeman fect, described in Se€dl 6. Finally, the wind magnetic coniieret
parameter.,, the Alfven radiusRajs , the rotation parametét/ and the Ke-

the Hemn lines in our spectra, we assume these lines are principally pler radiusRep are calculated based on measured and inferred quantities in

photospheric. Fid.l3 (left panel) shows the He lines (7 liofelde,

3 lines of Her; He r 14686 was not used, as it is strongly variable)
used in our analysis together with three selected model3 BK3
35 kK and 37 kK. Overall, the 35 kK model provides the besteepr
sentation of the observed profile. The iknes are either too weak
or too strong ifTex = 37 kK or 33 kK respectively. The Helines
also appear too strong at Iolg. However, we note that the exact
shape of the Helines is uncertain (due to residual contamination
by unmodelled contributions from the non-spherical congmbrof
the wind) and consequently, a safe uncertaintyTgnis 2000 to
3000 K.

The surface gravity of NGC 1624-2 was derived from the
shape of the Balmer-line wings, as is usually done for O stles
found that a value of log = 4.0 was the best compromise to repro-
duce all lines. A slightly higher value (lag= 4.2) is indicated by
HB and H compared to K. We can safely exclude any value be-
low 3.7, the broadening being inigient to reproduce the observed
profiles in that case. We thus adopt a value ofgeg4.0 + 0.2.

We also investigated the nitrogen content of NGC 1624-2 by
means of its N lines (e.gZ). We used thenN
14195, Nm 14510-4525 and N1 14535 features, as all other ni-
trogen lines are either in emission, absent, or of very loviR$be-
low 10). Assuming the adopted microturbulence describedeb
a value of NH=(1.0 + 0.4) x 10~* (by number) gives a satisfactory
fit. .|L2_Q:l|2) tested théfect of a change of the micro-
turbulent velocity in the atmosphere model computatiow(@léas
the output synthetic spectrum) and found that a 5 khirerease
in the microturbulence resulted in a 10-20% change in thivetbr
abundance. Thisfect, while not negligible, is smaller than the ef-
fect of T uncertainties. Ultimately, while the exact value of the N
abundance is uncertain due to the turbyteagnetic and tempera-

Sect[®.

Spectral type 06.5f?cp-08f?cp

Ter (K) 35 000+ 2000
log g (cgs) 4.0+ 0.2

R, (Ro) 10+3

vsini (kms1) <3
log(L/Lo) 510+ 0.2
M$PEE (M) 34+31
M$¥! (Mo) 28]

logM (Moyrl)  -6.8

Voo (kms1) 2875
E(B-V)(mag) 0802 0.02
Ry 374+ 01
logd (pc) 3.712+ 0.1
By (kG) ~20

Nk 1.5x 10
Rair (R.) 114

w 4x10°3
Rkep (R.) > 40

Tspin (Myr) 0.24

ture uncertainties, we can conclude that the star is nohglyd\
enriched ([NH]<0.3).

In the absence of UV spectroscopy, and given the peculiar
shape of the emission in wind sensitive optical lines {H&1686,
Ha), it is not possible to derive the mass loss rate of NGC 1624-2
based on the observations. First, the terminal velocitpiknown
(it is usually derived from the blueward extension of UV PgB@y
profiles). Secondly, the optical emission lines are veryavaras
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in the other Of?p lines, and are probably the result of a cerpl
(magnetically-confined) wind geometry that cannot be répced
by our 1D models (Sundgqyvist et|al. 2012).

In order to derive the distance and extinction of NGC 1624-
2 we used the Bayesian (spectro)photometric code CHORIZOS

(Maiz ApellaniZ 2004). In the latest CHORIZOS versiore trser

can select distance to be an independent parameter by ragpaltyi
mosphere models (TLUSTY for OB stals; Lanz & Hubény 2003,
@) calibrated in luminosity with the help of Geneva steivo-
lutionary tracks (excluding rotationatfects). In such models the
intrinsic parameters ardfective temperaturel;) and photomet-
ric luminosity class (LC, defined in a similar way to its speet
scopic counterpart, with 0.0 corresponding to hypergiant 5.5
to ZAMS). The extrinsic parameters are reddeniB@@@05-5495),
the monochromatic equivalent &(B — V)), extinction law Rs4os,
the monochromatic equivalent &), and logarithmic distance
(log d). CHORIZOS uses the family of extinction laws of Maiz
Apellaniz et al. (2012, in preparation), which improve opthe
Cardelli et al.|(1989) laws by using spline interpolatioritie opti-
cal range instead of a seventh-degree polynomial and bgatorg
the extinction in theJ band.

As input photometry, we used th&BVI magnitudes
of lJose etdl. 1) and thdHK magnitudes of 2MASS
(Skrutskie et 8l. 2006). We discarded Renagnitude of Jose etlal.
(2011) due to the influence of theatemission on the stellar SED,
though we later checked that its inclusion would not havatye
changed our results. We did twofidirent runs: in the first one, we
fixed Ter to be 35000 K (the value derived from spectroscopy) and
allowed LC to vary in such a way that3< logg < 4.3 (slightly
larger than the range derived from spectroscopy). In therebin,
we leftTer as a free parameter and fixed LC to be 4.808 (i.e. close to
the spectroscopic luminosity class V), since that valueesmonds
exactly to logg = 4.00 (cgs) forTe = 35000 K and logj is ap-
proximately constant for a fixed LC for O stars near £&.0. In
the two runs we left the three extrinsic parameters (reddgrax-
tinction law, and logarithmic distances) free.

The results of the two CHORIZOS runs are shown in Thble 2
and the mean SED from the first run is shown in Elg. 3. The two
runs show good values of the reduggi indicating that the pho-
tometry is consistent with the input SED models and extamcti
laws. All of the results are consistent (withio-Rbetween the two
runs, with the values foE(4405 - 5495), E(B — V), Rssgs and
Ay practically indistinguishable. The most significanffeliences
between the two runs are Ty, logL, and logd: the first run indi-
cates a hotter, less luminous, and closer object in congravigth
the second run. The second run has a betfgrbut that can be
ascribed to a random fluctuation in the input photometry (e
tainedT¢; is within 20~ of the spectroscopic value) or a smédtieet
of the circumstellar material in the SBDThe distance obtained in
the first run (52 + 1.1 kpc) is in better agreement with the values
from the literature £ 6 kpc). The values for the extinction indi-
cate thatAy is close to 3 magnitudes and that the valudRefs is
slightly larger than the mean Galactic value of 3.1-3.2, sitiimg
that is typical for objects in i regions.

Using the CHORIZOS-derived distance, reddening and ex-

3 We did equivalent CHORIZOS runs with the Cardelli et Mpax-
tinction laws and we found the samffext as in our derivation of the new
Maiz Apellaniz extinction laws: for the fix€tey case)(rzed is larger and for
the freeT¢ case the measured value is furthéset from the spectroscopic
one.
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Figure 4. lllustration of the variation of the HeA5876 line in the NoMaDS
spectra. Numbers associated with each spectrum indicatesthe format
yymmdd, and the phase computed according to Eq. (1).

tinction, the best CMFGEN fit to the SED corresponds to
logL/L, = 5.08. With the quoted uncertainty oth the uncer-
tainty on logL/L, is about 0.15 dex. Therefore the CMFGEN
(5.08+ 0.15) and CHORIZOS (33 0.17) values of lod./L, are

in excellent agreement.

Based on the derived temperatuiieg( = 35000+ 2000 K
and luminosity (averaging the CMFGEN and CHORIZOS results,
logL./Ls = 5.1+0.2), we estimate the stellar radiBs = 10+3 R,,.
The mass of NGC 1624-2 derived from the spectroscopic aisalys
(i.e. from logg and the derived radius) . = 34+ 31 M,. The
uncertainty is very large because the error ongdagnearly a fac-
tor of 1.6 (0.2 dex). This "spectroscopic” mass can be coegbar
to the "evolutionary” mass derived simply from th&, L.) po-
sition of NGC 1624-2 on the HR diagram. Using the evolutignar
tracks of Meynet & Maedet (2005), we fifMdeyo = 2877 Mo. This
estimate implicitly assumes that the evolutionary tracksducan
represent the evolution of the star. Given the peculiar gntigs of
NGC 1624-2 (in particular its very strong magnetic field yvelow
rotation and probably modified mass loss) this is not coraplet
obvious, and thus the evolutionary mass should be regasiedlya
indicative.

The adopted parameters for NGC 1624-2 are summarized in

Table3.
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Figure 5. Left panel:Periodogram of the He 14686 equivalent width measuremerfght panel:Equivalent widths of the Ha 14686 line of NGC 1624-2,
phased according to Eq. (1). The ESPaDONS observationgso$ttr were acquired at phase0.96, while the Narval observation was acquired at phase

~0.28.

Table 4. Equivalent width of Har 14686) (in A) in emission as a function
of Julian Date. The final column indicates the origin of thedpum, as in

Tabled.
JD EW TEW
(-2450000) (&)  (A)
3985.8 0.578 0.035 J
3987.0 0.502 0.043 J
4127.6 0.549 0.026 J
4754.6 0.673 0.009 G
5133.6 0.665 0.004 G
5134.6 0.723 0.006 G
5135.5 0.658 0.007 G
5137.5 0.766 0.013 G
5139.7 0.732 0.013 G
5153.7 0.898 0.024 J
5160.5 0.950 0.010 G
5795.9 1.036 0.008 N
5836.8 0.932 0.009 N
5837.8 0.986 0.007 N
5876.7 0.531 0.011 N
5883.7 0.514 0.007 N
5884.7 0.530 0.007 N
5969.5 1.041 0.116 G
5973.5 1.034 0.058 G
5998.6 0.918 0.007 N

5 SPECTROSCOPIC VARIABILITY AND PERIOD

The first indication of variability in the spectrum of NGC ¥62
2 resulted from a comparison of thefgrent GOSSS observations

obtained in 2008 and 2009 (see TdHle 1), reported by Walkiath e

(2010) and Sota ethl. (2011). Indekd, Walborn bt al. (20iapt

at the possibility of variability on a time scale of days andgested

the need for further observations.
In order to determine the period of NGC 1624-2, we ana- weighted mean is 1.6), they are not fully independent measents of
lyzed diferent optical lines and line ratios. We settled on four the period, since the EWs and line ratios were not obtainedraipletely

lines: Hx, Her 45876, H3, and Hen 14686; and one line ratio,
He 1 14542He1 14471. Of these six lines, three remain in emis-
sion in all of our observations @ HB, and Har 14686), two
remain in absorption (He 14542 and He 14471) and the last
one (Ha A5876) changes from emission to a complex absorp-
tion/emission profile. The variation of the He15876 line is il-
lustrated in Figl 4.

We measured the emission equivalent width (EW; i.e. the in-
tegral ofsAx(flux-continuumjcontinuum)) of all the lines at every
epoch and we analyzed the variations of the first four anditiee |
ratio of the last two by means of Scargle periodograms asitlesc
bylHorne & Baliunas (1986). We examined periods in the rarige 6
400 days, using FQperiods uniformly distributed in log (period). In
all five cases the periodograms show maxima between 156 &d 15
days (Tabl€b). The periodogram for Ha4686 is shown in Fid.15
(left panel). If we phase the EW measurements of this link thié
adopted period (158 d, discussed below, and correspondititet
dominant peak of the peoriodogram), we obtained the variati
shown in Fig[® (right panel), where phase 0 has been set feb9 F
2012 at noon UT (i.e. HID 2455967.0; these same measurements
are summarized in Tablé 4). The behaviour is the same fohall t
five quantities measured, with maxima (in either the EW ollitiee
ratio) around phase 0.10-0.25 and minima around phases 766-

In addition, variations at the 0.01 magnitude level weredked in
anR-band monitoring program of NGC 1624-2 with the 0.6 m tele-
scope at the Esteve Duran Observatory that are consisténthei
changes in EW(K) detected with spectroscopy.

To obtain a "best” period we tried two ftierent approaches.
First, we combined the five measured periods weighted withr th
uncertainties to obtain the sixth entry in Table 5 (”ComUinéﬂ.

4 The uncertainty quoted there is the dispersion of the fiveiesl not
the uncertainty of the mean. Even though the five values apjpehe
compatible among them (their normalized dispersion witpeet to the
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Figure 6. Stokesl andV profiles in the co-added ESPaDONS spectrum of NGC 1624-Z¢0®6) Left: C v 115801 5812 lines, along with the Huse
Interstellar Band (DIB) feature at 5797 Middle: He1 15876.Right: He1 17066. Note the clear Stok&ssignatures present in all of the stellar lines, and the
lack of any signature in the DIB feature. NofeandN have been scaled (in the left and middle panels) and shiftedi$play purposes.

Table 6. Longitudinal field measurements obtained from individuaés$ in the ESPaDONS and Narval spectra of NGC 1624-2, d@edlussing Eq. (2).
Uncertainties are formal errors computed by propagatiath@fspectral error bars. Listed are the heliocentric Julete of the midpoint of the observation,
the instrument used, the peak signal-to-noise ratio peki2.61 velocity bin, and the evaluation of the longitudinal fieldrr StokesV. In no case is any
detection obtained in thl profiles. The first 5 rows provide the results for the indiadESPaDONS spectra. The 6th row provides the statisticahraad
standard deviation for the measurements of each spectealThe 7th row provides the longitudinal field measured ftbenmean spectrum obtained from
the co-addition of the 5 individual ESPaDONS spectra. Tha fow provides the results for the Narval spectrum.

HJD Inst SNR B¢ + o (kG)

-2455000 (bin') CivaA5801 Civa5811 Her14712 Her14921 HerA5015 Hen 5411 Her 47281  Om 45591
958.715 E 140 ®2+14 827+11 539+10 746+11 710+13 350+11 471+07 891+13
959.716 E 135 ®4+14 247+10 321+10 549+12 519+12  189+13 434:+08 851+15
960.713 E 86 #9+17 558+13 380+16 970+15 906+15  168+18 656+09 7.28+16
961.713 E 137 ®5+14 352+10 295+10 315+11 808+11 534+12 276+08 1256=+14
966.720 E 116 @7+16 406+11 892+13 784+14 396+13 585+14 667+09 163+15
By +to E - 674+19 477+23 485+25 673+25 668+21 365+19 500+16  7.78+4.0

Co-added E 300 .69+08 475+06 466+07 630+06 689+07 373+06 473+04 898+10
1011.332 N 92 /0+16 766+14 267+14 578+10 480+17 551+16 367+10 080+0.6

Table 5. Periods derived from analysis of spectra line EW variatidrise
procedures used are described in the text. The adoptedipetioat corre-
sponding to "Combined 1”. The uncertainty quoted there ésdispersion
of the five values, not the uncertainty of the mean. Even thaheg five
values appear to be compatible amongst themselves (theiratined dis-
persion with respect to the weighted mean is 1.6), they aréutlp inde-
pendent measurements of the period, since the EWs and{ias waere not
obtained at completely fierent times for the dlierent quantities (e.g.#
Hem 14686, and Ha 14542/ Her 14471 were obtained at exactly the same
times).

Quantity Period

measured (d)
Ha 15657+ 0.53
He1 15876 15838+ 1.70
HB 15897+ 0.66
Heu 14686 15852+ 0.52
Hen 14542/ Her 14471 15831+ 0.65
Combined 1 1529+ 0.94
Combined 2 1587 + 2.95

different times for the dierent quantities (e.g. theg1Hen 14686, and
Hen 14542/ Her 14471 were obtained at exactly the same times).

Secondly, before performing the period analysis we contbthe
various datasets by subtracting the mean value from eatie dif’e
quantities and dividing them by their respective dispersidhen
we calculated the periodogram from the combined datasstipg
the last entry in Tablg]5 ("Combined 2”). The uncertaintyréhe
is significantly worse than for the other five, which we atitéd
to the fact that the phased profile variations for the five mesb
guantities are not exactly the same.

We also checked that longer periods (e.g. twice the inferred
period, i.e. 158« 2 = 316 d, corresponding to a double-wave vari-
ation) were incompatible with the data (in that they gerestato
coherent variation). No other acceptable phasing is fourttis
period or any other period.

Therefore, our preferred period is the sixth entry in Téafjle 5
157.99:0.94 days, and we adopt the ephemeris of the spectroscopic
variations as follows:

JD = (24559670 + 10) + (157.99+ 0.94) - E. (1)

According to this ephemeris, the ESPaDONS spectropolari-
metric observations were acquired at phases 0.95-1.0¢ vitd
Narval data were obtained at phase 0.28.

If we assume that the adopted variability period correspond
to the period of rotation of the star (as has been confirmezlitir
the oblique rotator model for other Of?p stafs: Wade kt a1120
@), we tentatively conclude that NGC 1624-2 is a very Biow
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rotating star, with a rotational period nearly 0.5 years umadion,
and a single-wave variation of the EWs of its emission andgihs
tion lines. Such slow rotation would be consistent with tleglia
gible rotational broadening of spectral lines reportedént$4 and
Sect[®.

6 MAGNETIC FIELD

The individual reduced ESPaDONS and Narval Stokespectra
exhibit clear Zeeman signatures in profiles of various lif&@sen
the relatively low SNR+{ 100-150) of the individual observations,
this implies the presence of a very strong magnetic field.

Examination of the ESPaDONS StoKkespectra shows no sig-
nificant variability of absorption or emission lines durithg period
of observation with that instrument (Feb 1-9 2012, phases-0.0
according to Eq. (1)). This is consistent with the long (13$e-
riod of spectral variability inferred for NGC 1624-2 (Sdg}. Tak-
ing advantage of the stability of the spectrum, we co-adtiedst
ESPaDOnNS observations. Examples of Zeeman signaturesnpres
in the Civ 115801 5812, Her 15876 and Hea 17065 lines of
this mean spectrum are illustrated in Hijy. 6. According to @&
the flux-weighted phase corresponding to the co-added ESRSD
spectrum is 0.96.

6.1 Longitudinal magnetic field from individual lines

We began by measuring the longitudinal magnetic fi¢Ry)
of individual spectral lines in each of the polarized spec-

of 1.4 kG). The Narval spectrum yields a similar mean value of
(B): 4.67 kG with a standard deviation 022kG.The longitudinal
magnetic field of NGC 1624-2 is clearly remarkably strong.

Table[6 shows that most lines exhibit somewhat more scatter
in their measurements than is predicted by the formal efrershe
standard deviation in row 6 is frequently2 times larger than the
typical formal error of individual measurements). Exantior of
the measurements in greater detail revealed that the ispadtdts
primarily from measurement of the first moment\fl, i.e. the
numerator of Eq. (2). To explore the origin of the scatter,fins
inspected the Stokes profiles of a given line, which we found to
be identical within the noise. We then investigated the isgitg
of the measurements to adjustments of the integration rakigd-
nally explored diferent methods of establishing (e.g. using only
the Stokes/ profile, using Stoke¥ weighted by the Stokelsline
depth, fixingvy at a constant value). Ultimately, we concluded that
the extra fluctuations are likely due to theTdiulty of establish-
ing the position of the centre-of-gravity in the relatively noisy
profiles of the individual spectra. This is supported by theam
surements from the higher SNR co-added spectra (i.e. rowTa-of
ble[@), which display no relatively extreme values, i.esthealues
are in quite good agreement with the mean of the measurements
for each line (row 6). We therefore conclude that measurésmen
(B,) from individual lines in the individual spectra are susdapt
to relatively large fluctuations, while the averaged meas@nts
(or measurements obtained from higher SNR co-added spactra
more robust.

We also observe that some spectral lines yield significantly
lowerhigher values of the longitudinal field than the mean (e.g.

tra. We selected lines in absorption that appeared to be theHem 45411 (373+ 0.6 kG in the co-added ESPaDONS spectrum),

least contaminated by emission and which showed clear Stoke
V signatures in the co-added spectrum: rC 115801 5811,
He1 114712 4921 5015 7281, Hen 15411, and Qu 15591. We
used the first-moment method lof Rees & Sémel (1979). All lines
in the ESPaDONS and Narval spectra are observed to havé- signi
icant shifts from their rest wavelengths, corresponding tadial
velocity of about-32 kms*. We integrated thé/1. andV/I. pro-

files about their centres-of-gravityg in velocity v, in the manner

implemented by Donati et al. (1997) and corrected by Wadé et a
(2000):

f (V—Vo)V(v) dv
Azc f[l - 1(V)] dv.

In Eqg. (2)V(v) andl(v) are theV/I. andl/I. profiles, respec-
tively. The wavelengtht is expressed in nm and the longitudinal
field (B,) is in gauss. The wavelength and Landé factaorre-
spond to those of each individual spectral line. Atomic degse
obtained from the Vienna Atomic Line Database (VALD) where
available. When experimental Landé factors were unavlaijahey
were calculated assuming L-S coupling. We integrated aqppro
mately symmetrically abouty, using the observed span of the
andV profiles to establish the integration bounds. TBg) mea-
surements obtained from each of the lines in the individpatsa,
and the co-added ESPaDONS spectrum, are summarized irfglable
The relevant atomic data are contained in Table 7.

The grand mean obtained by averaging over all lines in Table 6
in the co-added ESPaDONS spectrum .B3%G, with a standard
deviation of 1.7 kG. This is consistent with the longitudifiald
obtained from averaging the measurements from all linesién t
individual ESPaDONS spectra. 8 kG with a standard deviation

(B,) = —2.14x 10" 2

vs. Om 15591 (898 + 1.0 kG)). This may result from several ef-
fects. For example, most lines in the spectrum of NGC 16242 a
variable. The origin of this variability is not understoaddetail; it
may be a result of changes in the formation environment ofra pa
ticular spectral line, or varying contributions of the pbsphere vs.
the magnetosphere. If lines andezcted diferently by these (poten-
tially various, potentially complex) contributions, thigay modify
the numerator of Eq. (2) (e.g. if the line forms in a region wehe
the magnetic field may be intrinsically weaker, e.g. the urine
stellar environment) or the denominator (e.g. if an absonpine

is infilled by unpolarised emission). A thorough investigatof
these &ects will require good-quality observations spanning the
rotational cycle of the star, coupled with a more sophistidain-
derstanding of the line formation processes and the orifjithe
variability. This star is uniquely well-suited to such awestiga-
tion.

6.2 Longitudinal magnetic field from LSD profiles

We also analyzed the mean StokeandV profiles computed by
means of Least-Squares Deconvolution (L).9
Donati's implementation of LSD was applied to the indivitlaad
co-added Stokes spectra. We took advantage of the uniquaceha
teristics of NGC 1624-2 - the detectability of Zeeman signes
in many individual lines - to develop a custom line mask fas th
star. The mask includes 8 spectral lines (not surprisirige,same
8 spectral lines analyzed above), and is summarized in [fable
Using the y? signal detection criteria described by
[Donati et al. mn, we evaluated the significance of the sig
nal in both LSD Stoked/ and inN. In no case is any signal
detected inN, while signal inV is detected definitely (false alarm
probability fap< 107°) in all of our 5 ESPaDONS observations, as
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Figure 7. LSD profiles of NGC 1624-2Left: LSD profiles from the first mask corresponding to absorptioes. The weak absorption feature at
~ —200 kms?lis due to the DIB feature at 5797 Right: LSD profiles of weak Qm emission lines. Note the inverted StoReésprofile relative to the

left panel. This phenomenon is discussed in Sect. 6.4.
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Figure 8. Left - Splitting of the Stokes profiles of the Gv 145801, 5812 lines in the Narval spectrum. Overplotted are moddilpsofor a~ 20 kG dipole
viewed at the positive magnetic pole. A solar abundance sf&sumed, and no additional broadening has been adigd.- The sametheoretical profiles
are compared to the co-added ESPaDONS spectrum. Note thenlieas and absence of resolved splitting in the ESPaD@s8ruation.

well as in the Narval observation. From each set of LSD profile
we measured the mean longitudinal magnetic field in Wo#mdN
using Eq. (2), integrating from -125 te90 km s as determined
from the radial velocity and extent of the Stokésand| LSD

would compute from combining the co-added spectrum measure
ments (equal to 0.2 kG). This is a consequence of the inhscait

ing applied to the LSD error bars in order to obtain a sattsfgc
agreement between the LSD polarized spectrum and the reat-ob

profiles. We used the mean SNR-weighted Landé factor and vations (see e.g. Wade ef al. 2000; Silvester et al.|2009.L'BD

wavelength, averaged over all lines in the mask. The lodgitu
nal field measured from Stokes is detected significantly (i.e.

|2 = |B|/o > 3) in all but one of our observations, and in the mean
ESPaDONS spectrum at.Z6- confidence (B,) = 5.35+ 0.5 kG).
The longitudinal field in the Narval spectrum,08 + 1.2 kG,

is in formal agreement with the ESPaDONS result obtained
approximately 0.3 cycles earlier. In no case is the longiaid
field significantly detected ifN. The results of the longitudinal
field analysis are summarised in Table 8. The LSD Stdk¥sand

error bars therefore take into account line-to-line systererrors
such as those described in Sect. 6.1, and therefore propatvigle

a more realistic estimation of the uncertainties. As a cgussce,
we will adopt the LSIXB,) measurements in the discussions that
follow.

The strong longitudinal field inferred from the individuades

N profiles extracted from the co-added ESPaDONS spectrum aregnq | sp profiles fully supports our initial impression thag mag-

illustrated in Fig[Y (left frame).

The longitudinal field inferred using LSD is formally consis
tent with that obtained from the individual line measuretadrom
the co-added spectrum, using the standard deviation amttes-u
tainty. We note that the formal uncertainty associated thigh_SD
(B,) measurement is substantially larger than the formal erer w

netic field of NGC 1624-2 is very strong. Assuming a limb dark-
ening codicientu = 0.3 and a centred dipolar magnetic field,
such a strong longitudinal field implies a (minimum) polarface
field strength of the dipole of nearly 20 kG according to E¢.qfL
7). Such a field is nearly 8 times stronger thainoth
any other known magnetic O-type star.
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6.3 Zeeman splitting and magnetic field modulus

As discussed in Seéil 4, metallic spectral lines of NGC 1524e
very sharp. Given the strong magnetic field inferred abosgegraf-
icant component of this broadening may result from the magne
field. In fact, while examination of the Stokésspectral lines in
the ESPaDONS spectra reveals no clear evidence of magphtic s
ting, the Civ 115801, 5812 lines in Narval spectra appear to show
splitting in the line core (Fid.18, left panel).

To characterize the magnetic properties of NGC 1624-2 in
more detail, to infer the surface field modulus (i.e. the disc
integrated modulus of the magnetic field, to which the Stdkes
Zeeman splitting is most straightforwardly related) arst tee re-
ality of the large longitudinal field discussed above, werattted
to reproduce the StokésandV profiles of Civ 115801 5811 using
spectrum synthesis, taking into account the influence ofibg-
netic field. We used the Zeeman code (Landstreet| 1988; Waale et
[2001), which computes profiles of spectral lines in LTE, aki
into account Zeeman splitting and solving the equationsaef r
diative transfer in all four Stokes parameters. We assumsd- a
lar abundance ATLAS9 model atmosphere with = 35 kK and
logg = 4.0. The assumption of LTE is probably rather poor in the

Table 7. Atomic data of lines used for magnetic analysis, includimgcon-
struction of line masks used for Least-Squares Decongoluti

Wavelength ~ Species  yjow Landé
A (eV) factor
Absorption lines
4713.139 He 20.964  1.250
4713.156 He 20.964  1.750
4921.931 He 21.218  1.000
5015.678 He 20.616  1.200
5592.252 Qn 33.858  1.000
5801.312 Gv 37.549  1.167
5811.968 Gv 37.549  1.333
7281.349 He 21.218  1.200
Emission lines
7306.847 Qu 44230 1.200
7307.117 Qn 44.243 1750
7455.356 Qu 44277  1.200
7515.987 Qn 44277  2.250
8172.149 Qu 44.470  1.000

case of such a hot star as NGC 1624-2, and likely questionable Table 8. Longitudinal field measurements of NGC 1624-2 obtained from

for inferring detailed abundances. Nevertheless, we éxpatthe
splitting properties of spectral lines are not likely to béuenced
in any significant way.

To begin we adopted a dipole magnetic field oriented such that

our line-of-sight is aligned with the positive magnetic gaoAd-
justing the local polar field strength to that predicted by @¢ of
IPrestoh[(1967), the Zeeman code reports a longitudinal etagn
field of 5.2 kG, in agreement with the measured field. The rteplor
surface field modulus is 15 kG. As shown in Hif. 8 (left pariel),
the absence of any other line broadenitigis model does a rea-
sonable job of reproducing the observed splitting and lifdtiwin

the Narval spectrum. (We find in fact that while the best-fildfie
modulus to thel5801 line is 15 kG, for th@5812 line it is closer

to 13 kG). This implies that the bulk of the rotational andotu
lent broadening assumed in Sédt. 4 is likely magnetic. Th&est

V profiles predicted by the model are in agreement with the ob-
served circular polarization, although the Narval obsgona are
suficiently noisy that this agreement lacks any real meaningmFr
this comparison we conclude that the Stokesplitting observed

in the Narval spectrum is consistent with the surface fieftbeted
from a nearly 20 kG magnetic dipole, and that in the presefice o
such a field other contributions to the broadening of the lthes
(e.g. rotation, turbulence) are negligible (at least afpthase of the
Narval observation).

Performing the same comparison with the co-added ES-
PaDONS spectrum (Fifl 8, right panel) we see that the i®es
are weaker than in the Narval spectrum, and that no spliisiog-
vious. We find that this can be achieved in the models by reduci
the field modulus and adding a small additional broadeniata{r
tional, turbulent or magnetic) to reproduce the wings of lihe
profile. This corresponds to a total equivalent broadenfrapout
30 kms?. We find that the largest field moduli corresponding to
dipoles that we are able to accommodate in this manner arg abo
12 kG fora5812, and 14 kG for5801. Thus it appears that the field
modulus inferred from the ESPaDONS spectrum (at phase 3.96)
at least slightly weaker (upper limit of 231 kG) than that inferred
from the Narval spectrum (14 1 kG, at phase 0.28).

LSD absorption line profiles. The final row provides the resdbr the
mean spectrum obtained from coaddition of the 5 independbsérva-
tions. In the "Inst” column, EESPaDONS, NNarval. In the "Det?” col-
umn, DD=Definite Detection.

HJD Inst  SNR  Det? LSB, LSD N,
-2455000 pixt (kG) (kG)
958.715 E 140 DD ®5+10 -1.61+09
959.716 E 135 DD 83+10 -048+10
960.713 E 86 DD ®1+18 -1.30+18
961.713 E 137 DD #6+09 -003+10
966.720 E 116 DD 34+13 +225+13
Co-added E 300 DD B85+05 -033+05
ESPaDONS

1011.332 N 92 DD ®7+12 +137+12

6.4 Inverted StokesV profiles of weak emission lines

The Stoked andV spectra of NGC 1624-2 are quite complex. For
example, Figd6 shows 5 absorptiemission features. Of the three
absorption features, one is unpolarised (the (intersjelllB), and
two display Stoked/ profiles consistent with a positive longitu-
dinal field (i.e. with positive circularly-polarised flux ithe blue
wing). The two emission lines (He15876 and Ha 17065) show
StokesV profiles similar to those of the absorption lines. However,
because these lines are in emission (i.e. they have negativea-
lent widths), the longitudinal field that would be inferredrh these
lines would in fact benegativ.

During our exploration of the Stok&s spectrum, we noticed
that a number of weak emission lines of multiply-ionisedhtigle-
ments, primarily Qu, also exhibited Zeeman signatures. However,
these signatures appeared to be inverted relative to thssved

5 This complex behaviour underscored the value of high spleeisolving
power for investigating magnetic fields of objects like NG&24-2.
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in the absorption lines. We constructed a second LSD massien  rapje 9. Single-temperature APEC plasma models, absorbed by aghbl |
ing only of those lines (see Tall¢ 7), and extracted the m&d L model.

profile. As shown in Fid.17 (right panel), our initial suspins were
verified. These weak emission lines do exhibit inverted &gk

signatures relative to the absorption lines and other gtepnission Nﬁ’\" N{'?Ca' KT Abs. flux? Lx P

lines such as He15876. (10%%c (10%cm?)  (kev)  (10'%ergstcm?)  (10%2ergs?)
According to our CMFGEN models, these lines should form 0.48 0 23+0.9 5,020 2 4+20

very close to the photosphere in normal O-type stars. In ee-s 0.48 19°97 07i§§ 43£§ 1 Bﬁé

trum of NGC 1624-2, the width and radial velocity of thesesfin -

are consistent with those derived from thevCabsorption lines, a|nthe 0.5 - 7.0 keV band.

suggesting that this is probably true is the present case. b The absorbed flux was corrected for M only.

The reversed signatures in these lines can be naturally ex-
plained if theV profiles are formed in emission. This is in contrast
to the other emission lines - "wind lines” - which exhibit sig-
natures with signs that are consistent with those of therptisn We modelled the ACIS-1 CCD spectrumispec 12. 7
lines. We interpret this to indicate that these latter sigresdo not 11996) with a single-temperature, solar abundafgce S
form in emission (i.e. in the emitting region). Rather, tiveguld 2009) APEC plasma (withromps 2.0. 1 Imlml) and
form primarily in the photosphere in absorption lines (venéne the cold ISM absorption model bf Wilms et &l. (2000). Givee th
source function is decreasing with height). The emissiontréuu- low number of counts, we binned the spectrum from 0.5 to N0 ke

tion of the magnetosphere and wind - dominating the obsdivesit 1N Such a way as to obtain at least one count per bin (se€Fig. 9)
-would presumably form at relatively large distances fromstar, We therefore used the C-statistic to determine the besfieiand

where the dipole field has decreased significantly in streratd place corllsshzraints on thez mogel parameters. We used an |Sivhool
would therefore contribute only weakly to the observedrofiles. densityN;;" = 0.48x10? cmr?, determined fronE(B-V) = 0.802
Measuring the longitudinal field from the @ LSD profiles andR, = 3.74. For such a low column dgnsny, the resuoltglng best fit
yields(B,) = 2.58+0.7 kG. The longitudinal field from these emis-  Value for the plasma temperature is quite high & 2.37;; keV),
sion lines is therefore consistent in sign with that meabtna@m the although the fitis rather poor. _
absorption lines, but more than a factor of 2 smaller. Howes We then allowed for the possibility of exttacal absorption of
discussed above the emission lines are not predicted tematy ~ the X-rays (from the ‘{‘;‘Sd or from a mzagnt_aztospﬁrm addition
stantially diferent spatial regions from the absorption lines, at least © the ISM value of N = 0.48 x 10?2cmr2. The resulting fit,
as estimated from a spherical wind model. An intriguing jinks shown mﬂli:gl]]) is marglnally better. The temperature veeio—
ity that potentially explains the weaker longitudinal fieflength KT = 0.775; keV — arl‘o‘zalthe ne+%e7$sary2 ext_r? column density would
has these lines forming primarily in the low-velocity plasicon- be surprisingly higN° = 1.9"9/x 1072 cmr 2 compared to typical
fined in closed magnetic loops, around3®/2.58)"3 — 1~ 0.3 R, O-type stars (e. 11). Eig. 10 shows the @tital,
above the stellar surface. Such a scenario is qualitato@igistent 2 and 3o~ contours for the plasma temperature and local absorbing
with the expected region of formation, the measured cheriatics column, to illustrate the possible range in parametershéfiGNR
of the Stokes profiles (width and radial velocity), and the weaker data are therefore needed to obtain robust constraintsequidbma

measured longitudinal field of consistent sign. On the oltzerd, temperature and absorbing column. _

given the uncertainties related to the detailed formatibfines The absorbed fluxes for the two models described above range
in the photosphefmagnetosphereind discussed in Sect. 6.1, we oM 3-6x10"**ergs™ cm2. Correcting for the ISM column den-
reserve further speculation until the line formation istésetinder- sity only and using a distance o2 1.1 kpc, the X-ray luminosity
stood. is 1-4x10°2 erg s*. With a luminosity of logl/L,) = 5.1, the X-

ray diiciency is therefore lodix/Lyno) ~ —6.4, a factor of about
4 higher than the canonical value for O stars-of7 I.

2011).

7 X-RAYS High X-ray luminosity is a common feature among mag-

NGC 1624-2 was observed for 10 ks with the ACIS-I CCD array on netic O-type stars with confined winds. The Of?p stars HD 108,

theChandraX-ray Observatory in 2006 (ObsID 7473, Pl Garmire, lHDi91IE_312 ?nd HD6151'8t937é gs well as O7.Vu£90r[|c, havel
phase 0.12 according to Eq. 1), in which NGC 1624-2 was dadect 0g(Ly/Lsq) from —6.0 to ~6:2 (Chlebowski al

. . . 4 € " . € . .
with 38 counts. The source is located on-axis, but very close 2004; Gagné et al. 2005: Nazé etial. 2007. 2008). Howehieset

gap between the 12 and 13 CCDs. According to the exposure map ét?)rs sthowtr;l] W'?e range gf pllasrpaétsmperatlures. For thte ptr[??ne
provided by theChandraSource CataloguOlO), the °p stars the plasma IS dominated by a cool component sitaia

unfortunate positioning of the source on the detector teduh a n?hr mali O-(;yptﬁ st)a(trs, ever; LLSO(T? hotteétf)(l)a.sga IS %resqnﬂ:é)d
loss of 35-40% in fective area. other hand, the A-rays of the L-lype s nt are dominate

We extracted the source spectrum withecextract in by the hard component. At first glance, NGC 1624-2 seems te hav
. . . . . . hotter plasma than normal O-type stars. However, a fulkibet
CIAO 4.4, using a circular source region with a radius of Sefsx modelling of NGC1624-2 must await hiaher SNR X-ray observa-
(~ 2.5arcsec), which encircles more than 95% of the energy at an g ust await hig Y v

off-axis angle of 0.09 arcmin. The background was extracted fro tions
a larger, source-free region nearby, straddling the saantidn of

the two chips. Despite the poor data quality, it is nonesgetdear

that the spectrum is very hard, with only one count below 1 keV

This suggests either very hot plasma, or a highly absortmedes 6 Note that the local absorbing material may havedént absorblng prop-
what cooler plasma. erties than assumed here (see for example
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Figure 9. ACIS-I spectra of NGC 1624-2, binned to obtain at least onmto
per bin (black dots, error bars and shaded area). The twolmddscribed
in Table[® are shown in red (solid) and blue (dotted) linese Thstatistics
for the fits are 13.7 and 21.4, respectively.
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Figure 10.C-statistic 1, 2 and 3 contours for the plasma temperatuké
and local absorbing cqumrNﬁC). The best fit is indicated by a cross.

8 THE GIANT MAGNETOSPHERE OF NGC 1624-2

Magnetospheres of O and early B stars form through the
channelling and confinement of an outflowing wind by the
star's magnetic field. This magnetic control breaks the sym-
metry of radiatively-driven winds, and therefore will indluce
observable wind diagnostics, such as Balmer line emission
(Landstreet & Borlla 1978) and wind resonance lines in the UV
(Shore & Browh 1990). Furthermore, material forced to floangj

the field lines will collide near the tops of closed loops,daroing a
shock-heated volume of plasma that will eventually coaljatng
X-rays (Babel & Montmerle 199ﬁa,b). Given the large mass-lo
rate expected for a 35 kK O-type star, and the observed sinagg
netic field, it is highly probably that such a structure exiatound
NGC 1624-2.

As presented by ud-Doula & Owocki (2002), the global com-

petition between the magnetic field and stellar wind can lz-ch

acterized by the so-called wind magnetic confinement paeme
ne = B qRi/Mvm, which depends on the star’s equatorial sur-
face field strength Reg), stellar radius R,), and wind momen-
tum (Mv,.). For a dipolar field, one can identify an Alfvén radius
Ra =~ 7%/*R,, representing the extent of strong magnetic confine-
ment of the wind. Abov&,, the wind dominates and stretches open
all field lines. But belowRa, the wind material is trapped by closed
field line loops, and in the absence of significant stellaatioh
is pulled by gravity back onto the star on a dynamical (fralé-f
time-scale.

To estimate the wind momentum of NGC 1624-2, we deter-
mined the theoretical wind terminal velocity given by:

2GM( - T9)
R )

I@S) wherg, = «.L/4rGMcis the standard Ed-
dington parameter for electron scattering opacity in ayfidin-
ized windk, = 0.34cn? g . Using the adopted parameters given
in Table[3, we obtainv, = 2875kms!. We used the mass-
loss rate recipe df Vink et all (2000, 2001) and we obtisin=
1.6 x 10" M, yr1, roughly consistent with the other Of?p stars.
Using a dipolar field strength of 20 Hothis leads to a magnetic
confinement;, = 1.5 x 10*. The closed loop region of the mag-
netosphere therefore extends ulRg = 11+ 4R, (assuming a
conservative 40% uncertainty iBq (i.e. £5 kG) and a factor of
two uncertainty in wind momentum). Therefore, even takim i
account the uncertainties, the magnetosphere of NGC 1622
trinsically large, and substantially larger than that of ather mag-
netic O-type star (for all of whicRs < 4R,).

In the presence of significant stellar rotation, centrifdgeces
can support any trapped material above a Kepler co-rotaidins
Reep = (GM/w?)3. This requires that the magnetic confinement
extend beyond this Kepler radius, in which case materiabcan-
mulate to form a centrifugal magnetosphere e
M). In the case of NGC 1624-2, the slow rotational perioid p
the Kepler radius much farther out (4Q)Rand no long-term accu-
mulation of wind plasma is possible. However, the transiespen-
sion of circumstellar material still results in a global oaensity
in the closed loops. For O-type stars withffstient mass-loss
rates, the resulting dynamical magnetosphere can therefdmblt
strong emission in Balmer recombination lin
Sundgqvist et &l. 2012). For the huge volume of the magne&mph
of NGC 1624-2, we would expect particularly strong Balmeisem
sion. In fact, as illustrated in Fig. 2 bf Walborn et al. (2p=hd
Fig.[1d, NGC 1624 has - by a large margin - the strongest Balmer
line emission of all known magnetic O-type stars.

In the prototypical magnetic O-stat Ori C, the hard and lu-
minous X-rays are seen to be rotationally modulated (Gagiad
[1997). | Gagné et al.| (2005) used 2D magnetohydrodynamical
(MHD) simulations to show that the high temperature plasara c
be well explained by shocks extending up to 1,5 Bomparable to
its inferred Alvén radius of 2 R Therefore, the trapped wind has
only been accelerated to a fraction of its potential teriniebocity
before reaching the top of the closed loops.

In a larger magnetosphere such as NGC 1624-2, the wind
speed could in principle get higher before crossing thelsfront

Voo = 2.6Vesc= 2.6

7 While the maximum measured field modulus isf14kG, to remain con-
sistent withn, inferred for other magnetic O stars we employ for this pur-
pose the equatorial field of a dipole of polar strength 20 kiéried from
the longitudinal field.
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Figure 11. Peak Hr emission of NGC 1624-2 (solid black line) compared

to peak emission of HD 191612 (dashed blue line) @n@ri C (dot-dashed
red line).

Indeed, the spectrum of NGC 1624-2 exhibits a number of
peculiarities that distinguish this star from other Of?g@rst First,
we have observed unprecedented composite profiles of the C
14650 complex, with narrow and broad components. We hypoth-
esize that the broad components are photospheric as in h&fma
or Ofc stars|(Walborn et al. 2010), while the narrow compésien
typical of Of?p spectra are magnetospheric. Consisterit this
interpretation, we observe that only the narrow componappear
to vary with phase. Moreover, the narrownCemission does not
disappear at minimum, so unlike most other members of thisscl
NGC 1624-2 remains Of?p at both extreme phases. We have also
found that the absorption lines of NGC 1624-2 are very narama
that the widths of Gv 115801, 5811 can be reproduced essentially
by magnetic broadening. This is in stark contrast to oth&pQfars
for which the profiles of these lines are clearly dominatediiolpu-
lent broadening at the level of several 10s of kin.sThe origin of
this difference is currently unknown.

We have also used the strong variations of various spectral
absorption and emission lines to infer a unique and unarobigu
spectral variation period of 130+ 0.94 d. Based on the observed
behaviour of all other known magnetic O-type stars, it isog@ble

and one could expect harder X-ray emission than in other mag- to assume this to be the stellar rotation period (an assomfiiat

netic O-type stars. Furthermore, if a larger fraction ofitlied gets

shock-heated, the overall emission level could be highewever,

the current X-ray observations do not providéfigient constraints
on the plasma temperature distribution, the total X-ray fund

the column density to be meaningfully modelled with sopbiged

magnetosphere models.

9 DISCUSSION AND CONCLUSION

We have discovered an extraordinarily strong magnetic (rakaki-

mum mean longitudinal magnetic fig{8,) = 5.35+ 0.5 kG, corre-
sponding to a dipole of surface polar strengtB0 kG) in the Of?cp
star NGC 1624-2 that distinguishes it qualitatively frormhent
known magnetic O-type stars. Of particular interest is tles@nce
of clear Zeeman signatures in individual spectral lines, the ap-
parent detection of resolved Zeeman splitting (correspantb a
maximum mean magnetic field modulus(@&) = 14+ 1 kG). The
detectability of Zeeman splitting should in principle al@a much
stronger constraint on the geometry and topology of thésstaag-

will be tested by acquisition of additional magnetic fieldasere-
ments). This implies that NGC 1624-2 rotates very slowlynsp
ning once in approximately one-half year. Such a conclugidn
good agreement with the negligibleini inferred from modelling

the magnetically-split line profiles. It has been estalglisthat all
known magnetic O-type stars have diverse but relatively lpe-
riods of rotation, from about a week (HD 148937;_Nazeé ét al.
2008) to perhaps more than 50 years (HD 108; Nazélet all 2001)
The most common mechanism invoked to produce such slow ro-
tation is magnetic braking, i.e. the shedding of rotaticarajular
momentum via the stellar wind and enhanced lever arm prdvide
by the magnetic field. If we employ the braking model desctibe
bylUd-Doula et al.[(2009) (Eq. 25 of that paper), we can royghl
compute the braking timescatg,in as a function of the magnetic
field strength, stellar mass and radius, mass loss rate amd te
nal velocity. Using the physical parameters reported iné[@mand
moment of inertia ca@cientk ~ 0.1 t), we obtain

a spin-down time for NGC 1624-2 of 0.24 Myr. As discussed in
Sect. 1, the estimated maximum age of the cluster NGC 1624 is
no greater than 4 Myr, i.e. no more than17rg,,. Such an age

netic field as compared to any other magnetic O-type stag onc is, however, easily dficient for the star to have braked from an

additional observations are acquired. We also suggestNGaE
1624-2 may be a good target for future transverse Zeerfiante

(StokesQ andU) observations. With its sharp, magnetically-split

initial short rotation period to its current very long petio(For
example, if we assume the star was initially rotating aticait
(Perit = 1.1 d), the time required to slow the rotation to 158 d would

lines, theQU signatures could potentially have amplitudes compa- be just In(1581.1) = 4.96rs,n = 1.2 Myr.) On the other hand,

rable to Stoke¥.

if the cluster age is significantly younger than 4 Myr this \ebu

Using an extensive spectroscopic data set, we performed aplace constraints on the initial rotational speed of the @&quir-

first determination of the physical properties of the stae &n-

ing a slower initial rotation) or a reconsideration of thegor of the

firm that it is a main sequence object with a mass comparable to current slow rotation. These conclusions are subject tagsemp-

those of the other Of?p stars. While the models used to ihter t

stellar properties included non-LTHfects, they did not directly
include dfects of the magnetic field. Suchfects may include
desaturation of profiles of spectral lines (modifying linariket-
ing), and introduction of Lorentz forces, both of which maad
to modification of the hydrostatic structure of the atmospl{e.g.
I,?). While the intrinsic uncertaintissaziated
with the derived quantities are probablyfistiently large to domi-
nate the observable consequences of these phenomenalecongi
the remarkable strength of the magnetic field of NGC 1624ef th
potential importance should be explored in more detail.

tions and limitations of the braking model (e.g. aligned metg
and rotation axes computed in 2D) and the uncertaintieseoirth
put parametersgy, M., R,, M, Vo, andk).

In our analysis of the optical spectrum of NGC 1624-2, we de-
rived a upper limit on the photospheric N abundance/H{NO.3).
We consider this upper limit to be uncertain due to our presen
ability to directly include the influence of the strong matinéeld
on the line formation in our NLTE spectrum synthesis modek A
curate knowledge of the surface N abundance representspamn-im
tant constraint on the interior rotation profile of a magoetarly-

type star. As reported al. (2011), when magheik-
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ing occurs in a massive star characterized by intern@eintial
rotation, a strong and rapid mixing occurs in layers nearstire
face. This results in enhanced mixing, resulting in entichierface
abundances of nitrogen relative to similar models with ngmedic
braking. However, when solid-body rotation is imposed ie it
terior, the star is slowed so rapidly that surface enrichimeane
in fact smaller than in similar models with no magnetic bnaki
Therefore magnetic braking can enhance the surface N abcada
or, in contrast, have littleféect on it, depending on the internal ro-
tation profile of the stat. Martins etlal. (2012) investightae N
surface enrichment of 6 known magnetic O-type stars, imct8
Of?p stars. Depending on the assumed initial rotation tylad
the Of?p stars, they found that that they display surfaceggn
abundances consistent with those of non-magnetic O state|i
rotation was initially rapidy,; ~ 300 kms?), or enhanced rela-
tive no non-magnetic O stars (if their rotation was inigiathodest,
Vior ~ a few times 10 km3). Assuming NGC 1624-2 has a main
sequence age no greater than 4 Myr, comparison of our prelimi
N abundance with the figures presented@)ﬁmz
dicates that (1) NGC 1624-2 has a N abundance slightly |omaar t
non-magnetic O stars with similar positions on the HR diagra
(2) that the abundance is low relative to that expected faaaas
this age and mass if it was rotating initially at high velgci3) but
consistent with the expected abundance if the star wasigtizi-
tially at lower velocity. However, as discussed above threselts
are quite tentative, and require more detailed modellirdyaamore
robust determination of the age of the star before firm caichs
can be drawn.

stars (e.g6" Ori C, HD 191612, HD 57682) show that a clear rela-
tionship exists between the EW variations of optical eriséines
diagnostic of the wind (e.g. & He1 15876, Hen 14686) and the
longitudinal field variation. In particular, the emissioxtrema of
these stars all correspond to extrema of the (sinusoidallying)
longitudinal field, with the emission maximum corresporgdio

the maximum unsigned longitudinal field. If we assume that th
magnetic topology of NGC 1624-2 is roughly dipolar, we can ex
pect with reasonable confidence that the ESPaDONS obseryati
acquired at phase 0.96 near emission maximum, corresponds t
the approximate maximum of the longitudinal field. The lengi
tudinal field measured from the Narval observation, acguae
phase 0.28, is not very fiierent from that of the ESPaDONS mea-
surement, suggesting that the variation of the longitudietd is

not very large, and moreover that it does not change signes th
star rotates. This implies that we view essentially only orey-
netic hemisphere during the rotation of the star, and caresgty

i + B < 90°. This conclusion is supported by the single-wave na-
ture of the EW variations. When both magnetic hemispheres ar
visible during the stellar rotation (i.e+ 8 > 90, as in the case of
HD 57682;[ Grunhut et &l. 2009, and MNRAS, submitted), the EW
variations of the emission lines exhibit a double-waveat#oh. In
contrast, smaller values of the sum 3 produce single-wave vari-

ations (e.g#* Ori C, HD 191612;| Stahl et &l. 2008; Howarth et al.

2007).

Clearly, NGC 1624-2 holds a special place amongst the known
magnetic O-type stars. Its extreme magnetic field and pugzli
spectral peculiarities have much to teach us, and demanceimm

As a consequence of its intense magnetic field, NGC 1624-2 is diate attention. Plans for observational follow-up - irthg op-

expected to host a magnetospheric volume substantiagjgianan
any other magnetic O-type star. The inferred magnetic word ¢
finement parameten, = 1.5x 10*, is 300 times larger than that of
the Of?p star with the next-strongest field, HD 191612. Tédsls

to a predicted Alfven radius of 11R, (versus 2., in the case of
HD 191612). This much larger volume of confined plasma should
result in much stronger magnetospheric emission (e.g.rdicgp

to the mechanisms discussed by Sundqvistlet al|2012). dntre

Ha emission of NGC 1624-2 is found to be substantially stronger
than that observed in any other magnetic O-type star. Fopaom
ison, and as illustrated in Fig. 111, the maximum EW of i the
spectrum of HD 191612 is about 4 A (011),ewhil
that of6* Ori C is about 2 Al(Stahl et #1. 2008). The peak EW of the
He line of NGC 1624-2 is 26 A6.5 times greater than HD 191612
and 13 times greater than that 6f Ori C. Modeling of this re-
markable k emission is an urgent priority, and first attempts are
underway by Sundqyvist, ud Doula et al. (priv. comm.).

It is expected that such strong magnetic wind confinement
in the presence of such a powerful wind should lead to intense
X-ray emitting shocks. Analysis of archiv&@lhandraACIS-I X-
ray observations indicates a hard and luminous X-ray spectr
(log(Lx/Lpo) ~ —6.4), qualitatively consistent with theoretical ex-
pectations as well as the behaviourgdfOri C. However, the cur-
rent observations are more or less equally consistent witaa
tively hard, weakly extinguished source, or a relativelft,daghly
extinguished source. New higher-quality X-ray observetiovill
be required to draw useful quantitative conclusions abdwiXray
properties of NGC 1624-2.

Due to the paucity of magnetic data, the magnetic topology
and geometry of NGC 1624-2 are at present only weakly con-
strained. Although the geometry (i.e. the inclination a&nghnd
the magnetic obliquity) is normally inferred from the variation of
the longitudinal magnetic field, observations of other n&ignO

tical spectroscopy, spectropolarimetry, and photomeiiy;spec-
troscopy; and X-ray spectroscopy - are already underwagres
theoretical investigations of itsddand X-ray properties to better
understand the magnetospheric geometry, structure amgetios.
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