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ABSTRACT

The B0.2 V magnetic star 7 Sco stands out from the larger population of massive OB stars
due to its high X-ray activity, peculiar wind diagnostics and highly complex magnetic field.
This Letter presents the discovery of the first two T Sco analogues — HD 66665 and HD 63425,
identified by the striking similarity of their ultraviolet (UV) spectra to that of t Sco. ESPaDOnS
spectropolarimetric observations were secured by the Magnetism in Massive Stars CFHT Large
Program, in order to characterize the stellar and magnetic properties of these stars. CMFGEN
modelling of optical ESPaDOnS spectra and archived IUE UV spectra showed that these stars
have stellar parameters similar to those of T Sco. A magnetic field of similar surface strength
is found on both stars, reinforcing the connection between the presence of a magnetic field and
wind peculiarities. However, additional phase-resolved observations will be required in order
to assess the potential complexity of the magnetic fields and verify if the wind anomalies are

linked to this property.

Key words: stars: early-type — stars: magnetic field.

1 THE MAGNETIC B-TYPE STAR t SCO

Very little is known about the magnetic fields of hot, massive OB
stars. Due at least in part to the challenges of measurement, direct
evidence of magnetic fields in massive stars is remarkably rare —
there are perhaps 30 known examples — and few have been studied
in detail.

Even as a member of the elusive class of magnetic massive stars,
the B0O.2 V star 7 Sco is recognized to be a peculiar and outstanding
object. First, T Sco is distinguished by its magnetic field, which is
unique, because it is structurally far more complex than the mostly
dipolar (multipole mode / = 1) fields usually observed in magnetic
OB stars. According to the Zeeman Doppler Imaging performed
by Donati et al. (2006), the magnetic topology of T Sco presents
significant power in multipole modes up to / = 5 with a mean surface
field strength of ~300G and the extrapolated 3D field structure
shows an intricate assortment of open field lines and closed magnetic
loops (illustrated in figs 11 and 12 of Donati et al. 2006).

*Based on observations obtained at the Canada—France—Hawaii Telescope
(CFHT) which is operated by the National Research Council of Canada,
the Institut National des Sciences de I’Univers of the Centre National de la
Recherche Scientifique of France and the University of Hawaii.

TE-mail: VPetit@wcupa.edu
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Secondly, 7 Sco also stands out from the crowd of early-B stars
because of its stellar wind anomalies, as diagnosed through its odd
ultraviolet (UV) spectrum and X-ray emission. The optical and
non-resonance UV lines of t Sco that probe the conditions of the
photosphere are typical of an early-B dwarf star. However, the UV
resonance lines arising from the stellar wind are not those typical
of such a star. Fig. 1 shows a comparison of the UV spectrum of
T Sco (second spectrum) with the spectrum of a normal BO main-
sequence star (bottom spectrum) and a BO giant (top spectrum). The
resonance wind lines of C1v (right-hand panel), and Sitv and Nv
(left-hand panel) are indicated with the dashed lines. The UV wind
line morphology of normal, early-B stars conforms to a 2D spectral
grid (Walborn, Parker & Nichols 1995). Typically, C1v strengthens
with increasing temperature and luminosity. Nv is very weak on
the main sequence at spectral type BO V but strengthens with tem-
perature and luminosity. For stars with fixed C1v and N v profiles,
Sirv is strictly luminosity-dependent and breaks the degeneracy.
7 Sco does not fit into this grid. It has strong N v indicating that
it should be well above the main sequence. However, its C1v lines
are only slightly stronger than typical and not distinctly wind-like,
suggesting a near-main-sequence luminosity. Finally, its Si1v pro-
files are unique, a bit stronger than typical class V stars, but unlike
normal, early giants. As a result, this star lies outside the normal
classification grid, suggesting a more highly ionized outflow than
typical. The hard X-ray emission of t Sco also suggests hot plasma,
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Figure 1. [UE spectra of T Sco and its analogues HD 66665 and HD 63425 (second to fifth spectra). For comparison, typical spectra of a BO dwarf and a BO
giant are shown (bottom and top, respectively). The dashed lines indicate the wind lines Nv AA1239, 1243, Si1v Ax1393, 1403 and C1v A11548, 1550. The
best-fitting synthetic spectra, from which stellar parameters were derived, for HD 66665 and HD 63425, are shown in red.

in excess of 10 MK (Cassinelli et al. 1994). We suspect that this
is connected to the strange UV properties. Like its magnetic field,
the stellar wind of T Sco possesses observational characteristics that
make it unique among OB stars.

Interestingly, the wind lines of v Sco have been shown to vary
periodically with the star’s 41 d rotation period (Donati et al. 2006),
which is interpreted to mean that the wind is structured and mod-
ulated by the magnetic field. Clearly, the magnetic field exerts an
important influence on the wind dynamics. What is not clear is
whether the wind-line anomalies described above are a consequence
of the unusual complexity of v Sco’s magnetic field, a general con-
sequence of wind confinement in this class of stars, or perhaps even
unrelated to the presence of a magnetic field. Because such wind
anomalies have never been observed in any other star, magnetic or
not, this issue has remained unresolved.

The identification and analysis of additional stars with wind prop-
erties similar to T Sco would therefore represent an important step
towards understanding the origin of these peculiarities. In this Let-
ter, we present two early-B-type stars — HD 66665 and HD 63425 —
that we identified to be the first T Sco analogues based on their UV
spectra, which are strikingly similar to the UV spectrum of t Sco.
Fig. 1 shows IUE archive spectra of these two stars (third to fifth
spectra from the top). The discovery of wind anomalies naturally
led to an investigation of the magnetic properties of these stars by
the Magnetism in Massive Stars (MiMeS) collaboration (Wade et al.
2011).

2 OBSERVATIONS

Spectropolarimetric observations of HD 66665 and HD 63425 were
obtained with the ESPaDOnS at the Canada—France—Hawaii Tele-
scope (CFHT). We acquired four high-resolution (R ~ 65 000)
broad-band (370-1050 nm) intensity (Stokes /) and circular polar-
ization (Stokes V) spectra for each star, during about 10 consecutive
nights in 2010 February/March. A summary of the ESPaDOnS ob-
servations is given in Table 1. For a complete description of the ob-
servation procedure and reduction procedure with the LIBRE-ESPRIT
package provided by the CFHT, see Donati et al. (1997). In addition
to the ESPaDOnS observations, the available archival /UE spectra
are also listed in Table 1.

Table 1. Journal of ESPaDOnS observations listing the ut date, the helio-
centric Julian date (2400000+), the total exposure time and the S/N per
1.8kms~! velocity bin at 540 nm. Column 5 gives the probability that the
observed signal in Stokes V LSD profiles is due only to noise and column
6 gives the global longitudinal field component obtained from the first mo-
ment of the Stokes V profiles. The available archival /UE spectra are also
listed.

Date HID fexp SIN FAP B/°
(ut) (s) G)
HD 66665
2010/02/26 5525397 4400 728 <108 —93+4
2010/03/02  55257.98 1200 236 <1078 —3+15
2010/03/04  55259.98 1200 330 <1078 9410
2010/03/05  55260.98 1200 276 2x107° 41413
1983/12/04 454 36.77 900 IUE swp 21680
1987/03/11 468 66.49 420 IUE swp 30484
1987/03/12 468 66.58 1080 IUE swp 30486
HD 63425
2010/02/28  55255.84 1200 520 <1078 11748
2010/03/03  55258.88 1200 289 <1078 113+15
2010/03/07  55262.76 1200 435 <1078 132410
2010/03/08  55263.83 1200 361 <1078 125+12
1987/03/12  46866.53 600 IUE swp 21679
1983/12/04  45672.74 720 IUE swp 30485

“A detectable Stokes V signal can be observed with high-resolution instru-
ments even if the global longitudinal field is null (see Petit 2011).

3 STELLAR PARAMETERS

In order to determine the stellar and wind parameters of HD 66665
and HD 63425, we used non-local thermodynamic equilibrium
model atmospheres and spectrum synthesis from the cMFGEN code.
CMFGEN solves for the radiative transfer equation in a spherically
symmetric outflow together with the radiative and statistical equilib-
rium equations, taking into account effects such as line-blanketing
and X-rays (for details, see Hillier & Miller 1998).

We used optical spectra to derive the surface gravity (log g) and ef-
fective temperature (7 ), using classic line diagnostics (i.e. Balmer
line wings and He1-Heu lines). UV spectra from the IUE were
used to infer stellar wind properties. All results are summarized in

© 2011 The Authors, MNRAS 412, L45-1.49
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Table 2. Summary of stellar properties of T Sco, HD 66665 and HD 63425.

7 Sco® HD 66665 HD 63425
Spectral type B0.2V BO.5SV BO.5SV
Tetr (KK) 3141 285+ 1.0 295+ 1.0
log g (cgs) 40+£0.1 39+0.1 40+£0.1
R. RE) 56+0.8 55133 6.8735
log (L. /L) 447 +0.13 4251048 4.50104¢
M. M) 11+4 9*3 1743
v sini (kms™!) <13 <10 <15
M (10 Mg yrh 61110 <0.45 <0.75
Voo (kms™!) ~2000 ~1400 ~1700

“@Parameters from Simén-Diaz et al. (2006) and Mokiem et al. (2005) for M
and vo.
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Figure 2. Fits to the optical He -He 11 and Hp lines for HD 66665 (left-hand
frame) and HD 63425 (right-hand frame).

Table 2, along with those of T Sco for comparison. A solar chemi-
cal composition was adopted, following Asplund et al. (2009). We
postpone a detailed analysis regarding chemical abundances for a
future study.

3.1 HD 66665

The various estimates for the distance of HD 66665 range from
about 1 to 2kpc (Savage et al. 1985; Savage & Massa 1987; Diplas
& Savage 1994; van Leeuwen 2007). We adopted an intermediate
value of 1.5 kpc and assumed an uncertainty of a factor of 2.! The
stellar luminosity L, was then derived by fitting the spectral energy
distribution using the /UE spectrum and UBVJHK photometry, con-
verted to flux points. An E(B — V) = 0.02 and R = 3.1 were used to
fit the observed data (Diplas & Savage 1994). The stellar radius (R,)
and mass (M, ) follow directly from the chosen L,, Tt and log g.

A very good agreement is obtained for the optical diagnostic
lines in HD 66665. In Fig. 2 (left-hand frame), we present fits to
different He 1-He 11 lines and HB. Our model was convolved with a
v sini of 8 kms™!. We, however, note that this value is an estimate.
Values in excess of 10kms™! tend to produce profiles which are
generally broader than the ones observed, but accurate lower values
are difficult to determine. No significant variability was observed in
the optical spectra of HD 66665.

The UV spectrum of HD 66665 was first pointed out as unusual by
Grigsby (1992). The absorption shown by C 1v cannot be reproduced

! Note that the recently revised parallax for HD 66665 is very uncertain,
namely, 7 = —0.94 £ 1.05 mas (van Leeuwen 2007).

© 2011 The Authors, MNRAS 412, L45-1.49
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in detail by our models (see Fig. 1). Several tests were performed,
but the observed profile is always too deep compared to the synthetic
ones. On the other hand, we could achieve an acceptable fit for the
Sitv and N lines. The inclusion of X-rays in our cMFGEN models
was essential in producing the N v feature, since the wind structure
is not sufficiently ionized without this component.

Despite the problem found for C 1v, we could derive an upper limit
for the mass-loss rate (M) from the emission part of the synthetic
P-Cygni profile of the same line. When M is greater than about
4.5 x 107""M@ yr~!, the model predicts a relatively strong P-
Cygni emission which is clearly absent in the observed spectrum,
as it is in the spectrum of t Sco. Furthermore, only a rough estimate
for the wind terminal velocity (vo, 2~ 1400kms~') could be made.

3.2 HD 63425

We adopted a distance to HD 63425 of 1136 pc (from m = 0.88 &
0.36 mas; van Leeuwen 2007). The stellar luminosity was then de-
rived in the same way as in HD 66665. For the reddening parameters,
we use R =3.1 and E(B — V) = 0.10 (Savage & Massa 1987). Our
fits to the He 1-He 11 diagnostic lines and Hp are presented in Fig. 2
(right-hand frame). The optical spectra of HD 63425 and HD 66665
are similar. However, our analysis indicates a slightly higher ef-
fective temperature and surface gravity for HD 63425. Moreover,
Balmer line cores in HD 63425 are shallower, especially He and
Hp. Line filling by a much higher mass-loss rate than the one in our
final model is not a reasonable explanation here, since it would pro-
duce strong UV wind profiles which are not observed. A possible
explanation for this line filling could be contamination (emission)
from material trapped by the magnetic field, distinct from the out-
flowing wind. This problem does not occur in HD 66665, where we
have good fits to entire Balmer line profiles.

The apparent rotational velocity of HD 63425 is low, but an ac-
curate value is difficult to infer from the observed spectrum. Values
above 15kms™! tend to produce profiles that are broader than the
ones observed. After various tests, we adopted v sini of 11 kms™!
for the convolution of our final model.

There are only two IUE spectra of HD 63425. Interestingly, al-
though the optical spectra of HD 63425 do not show any variation,
these UV spectra (obtained over 3 years apart) reveal large varia-
tions in the wind lines (see the two spectra shown in Fig. 1). The
SWP 21679 spectrum presents these features larger and deeper than
the ones found in SWP 30485. An interesting possibility was pro-
posed to explain a similar issue in the star T Sco. The passage of
the magnetic equator across the line of sight would reveal material
trapped by the magnetic field, providing the extra absorption ob-
served (Donati et al. 2006). Unfortunately, given the scarcity of UV
data for HD 63425, we have no means to test this idea at present
(e.g. by verifying the existence of absorption episodes).

We chose to focus on the SWP 30485 spectrum, where we have
shallower absorption profiles. Nevertheless, the mass-loss rate ob-
tained can be safely used as an upper limit. Our fit is illustrated in
Fig. 1. Again, the use of X-rays was mandatory in producing an
Nv feature comparable to the observed one. We note that the C1v
AA1548, 1550 absorptions could be partially or entirely due to the
interstellar medium. We summarize the wind parameters obtained
in Table 2, which are similar to those of HD 66665.

4 MAGNETIC FIELD

In order to increase the magnetic sensitivity of our data, we applied
the least-squares deconvolution (LSD) procedure, as described by

GTOZ ‘S 00100 Uo ARigi aunIps | 10 aba(j0D ua|(IN® "H Sawer e /610'S[eunopiojxo [selutu//:dny Wwouy papeo|umoq


http://mnrasl.oxfordjournals.org/

L48 V. Petit et al.

T T
2010-02-26 7.44

0.015 SN B
135}
€ 2010-03-02 0.61
« 90f ] ) ‘
- o 0.010 HE Y & .
~N
45} 1 >
g 2010-03-04 1.94
2 0,005 freprerterry T B S treski
1.0
o8p 1 2010-03-05

0.000 %W

PDF

1.05

0.4f 1 e
~ 1.00
0.2f ] g 095t
3 0.90F 2010-02-26
0.0 . e @ 085
0 500 1000 1500 2000 -40 -20 0 20 40
B, (G) Velocity (km,/s)

LB ()

PDF

T T T
2010-02- 28 1.93

Ty v{;x 22

0.010[ 1

2010- os;}z%\ 176
lrpriily SiE 71 I 3%
0.005} 2010— os% 233

253

135

@

Stokes V / Ic

zoio—oi;lo{a{}\ 2.14
0.000 FEtigriiy Vi‘ ity

o 1.02
< 1.00 - ==
~ 0.98 he
= 0.96
© 0.94
< 0.92
o 2010-02-28
» §88
] 500 1000 1500 2000 —40 -20 ] 20 40
B, () Velocity (km/s)

Figure 3. Magnetic modelling of HD 66665 (left-hand panel) and HD 63425 (right-hand panel). For each star, the left-hand panel shows the posterior probability
density marginalized for the dipole strength B, (bottom), and for the 2D By—i (solid red) and B,—f (dashed blue) planes (top). The credible regions containing
68.3,95.4, 99 and 99.7 per cent of the probability are shaded, from dark to light colours, respectively. The right-hand panel shows the LSD Stokes / profile for
one observation (bottom) and all LSD Stokes V profiles (top). The synthetic profiles produced by the (By, i, 8) configuration correspond to the peak of the joint
posterior probability density, the best phase being extracted for each observation. The corresponding X?ed is indicated.

Donati et al. (1997). This procedure enables the simultaneous use
of many lines present in a spectrum to detect a magnetic field
Stokes V signature. Assumptions, limitations and numerical tests of
this method are presented by Kochukhov, Makaganiuk & Piskunov
(2010).

We adopted lists of metallic spectral lines suitable for early-B
stars from the Vienna Atomic Line Data base (Kupka et al. 2000).
The depth of each line was adjusted to match the observed spectra of
each star. In total, around 300 and 260 lines were used for HD 66665
and HD 63425, respectively. All LSD profiles were computed on a
spectral grid with a velocity bin of 2.6 kms™'.

In order to assess the presence of a magnetic signature in our LSD
profiles, we computed the x 2 probability that the observed deviation
of the signal, with respect to V = 0, is only due to noise (the false
alarm probability or FAP). We consider a signal to be detected
when this probability is less than 107>, as prescribed by Donati
et al. (1997). As shown in column 5 of Table 1, all observations
led to the detection of a magnetic signal. The same analysis was
performed on the diagnostic null (V) profiles, where no signals were
detected.

The global longitudinal component of the magnetic field was
inferred from the first moment of each Stokes V LSD profile, as
described by Wade et al. (2000). The integration range on each side
of the Stokes I centre of gravity was set to 222 and £25kms~! for
HD 66665 and HD 63425, respectively. While the longitudinal field
provides a useful statistical measure of the line-of-sight component
of the field, we stress that we do not use it as the primary diagnostic
of the presence of a magnetic field. This is because a large variety of
magnetic configurations can produce a null longitudinal field while
still generating a detectable Stokes V profile in the velocity-resolved
line profiles (see Petit 2011).

Fig. 3 (left-hand panel, right-hand frame) shows the LSD profiles
of HD 66665. The Stokes V profiles vary on a time-scale of at
most a few days, although a period determination is not possible at
this point. As the exact rotation phases of our observations are not
known, we used the method described by Petit et al. (2008), which
compares the observed Stokes V profiles to a large grid of synthetic
profiles, described by a dipole oblique rotator model. The model
is parametrized by the dipole field strength B, the rotation axis
inclination i with respect to the line of sight, the positive magnetic

axis obliquity B and the rotational phase ¢. Assuming that only
¢ may change between different observations of a given star, the
goodness-of-fit of a given rotation-independent (B,, i, #) magnetic
configuration can be computed to determine configurations that
provide good posterior probabilities for all the observed Stokes V
profiles, in a Bayesian statistic framework.

In Fig. 3 (left-hand panel, right-hand frame), we show the syn-
thetic profiles (in solid red) produced by the (B,, i, 8) configuration
that produces the peak of the joint posterior probability. The inclined
dipole model can reproduce the current observations in a satisfac-
tory fashion, although 2, remains high for two observations [those
with the highest signal-to-noise ratio (S/N)]. Whether these devi-
ations from the model come from artefacts of the LSD procedure,
systematics introduced by our simple line-profile modelling or a
more complex field remains to be investigated, once phase-resolved
observations are obtained and a more detailed analysis can be per-
formed.

By treating any features that cannot be explained by the inclined
dipole model as additional Gaussian noise, we can obtain a con-
servative estimate of the model parameters. For HD 66665, the
posterior probability density marginalized for B, (Fig. 3, left-hand
panel, left-hand frame) peaks at 670 G and provides a strong con-
straint on the dipole field lower limits (606 G at 99.7 per cent).
However, the probability density function (PDF) extends to high B,
(1.6kG at 99.7 per cent), as the exact field strength depends strongly
on the geometry, as illustrated by the 2D PDFs, marginalized for
the By—i and B,—f planes.

The LSD profiles obtained for HD 63425 are shown in Fig. 3
(right-hand panel, right-hand frame). No significant variations are
observed between the profiles. The red curves show the synthetic
profiles produced by the (B, i, 8) configuration that produces the
peak of the joint posterior probability. The inclined dipole model
can once again reproduce the current observations in a satisfactory
fashion, although some details are not reproduced, as shown by
the x2, values. Note that our simple modelling of the Stokes /
profile was not able to reproduce the broad wings of the intensity
line profile. The posterior probability density marginalized for B,
(right-hand panel, left-hand frame) peaks at 460 G, and the 99.7 per
cent credible region extends from 406 G to 1.8 kG, depending on
the exact geometry. As no assumptions are made about the phases

© 2011 The Authors, MNRAS 412, L45-1.49
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of each observation, the model prefers a dipole field that is roughly
aligned with the rotation axis (8 ~ 0°), as this configuration is
more likely to occur with observations taken at random rotational
phases. However, given the low v sini and the short time-span
of our observations, it is possible that all our observations were
taken at roughly the same rotational phase. This would suggest that
the stellar rotation period is much longer than the period of the
observations. Given the resemblance of this star with t Sco, and
the observed variability of the UV line profiles, this hypothesis is
likely. More observations shall therefore be necessary to constrain
the exact geometry of the field.

5 CONCLUSION

We have presented the characteristics of two stars — HD 66665
and HD 63425 — which we believe are analogues to the magnetic
massive star T Sco for two main reasons: (i) the UV spectra of these
stars are similar to the once-unique spectrum of 7 Sco; and (ii) we
have shown that these two stars host magnetic fields.

We have shown that all three of these stars have similar fun-
damental properties. However, the mass-loss rates we estimate for
HD 66665 and HD 63425 are lower than the value adopted for T Sco
by Donati et al. (2006, 6 x 107 M yr™") in their analysis of that
star. However, that mass-loss rate (Mokiem et al. 2005) is deter-
mined from the optical spectrum of T Sco and could differ system-
atically from that determined from UV line profiles — in particular
in the presence of a magnetic field.

The derived mass-loss rates for HD 66665 and HD 63425 are
sufficiently low that they should be considered as stars presenting
the weak wind problem (Martins et al. 2005; Marcolino et al. 2009),
since the expected mass-loss rate is about 1078 M yr~' — about 20
times larger than the inferred rates (following the recipe provided
by Vink, de Koter & Lamers 2000).

Our modelling of the LSD Stokes V profiles, assuming an inclined
dipole model, results in surface field strengths? that are comparable
to, or perharps slightly larger than, the mean surface field strength
of 7 Sco. The current observations can be acceptably reproduced
by the dipole model, although more phase-resolved observations

2 The surface averaged modulus of a dipolar magnetic field is equal to 0.77
times the dipole polar field strength.

© 2011 The Authors, MNRAS 412, L45-1.49
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are required in order to assess the potential complexity of their
magnetic fields and verify if the wind anomalies are linked to the
field complexity.
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