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1 INTRODUCTION

ABSTRACT

A new time series of high-resolution Stokes 7 and V spectra of the magnetic B2V star HD
184927 has been obtained in the context of the Magnetism in Massive Stars Large Pro-
gram with an Echelle SpectroPolarimetric Device for the Observation of Stars (ESPaDOnS)
spectropolarimeter at the Canada—France—Hawaii Telescope and dimaPol liquid crystal spec-
tropolarimeter at 1.8-m telescope of Dominion Astrophysical Observatory. We model the
optical and UV spectrum obtained from the International Ultraviolet Explorer (IUE) archive
to infer the stellar physical parameters. Using magnetic field measurements, we derive an
improved rotational period of 9.53102 + 0.0007 d. We infer the longitudinal magnetic field
from lines of H, He, and various metals, revealing large differences between the apparent
field strength variations determined from different elements. Magnetic Doppler Imaging us-
ing He and O lines yields strongly non-uniform surface distributions of these elements. We
demonstrate that the diversity of longitudinal field variations can be understood as due to
the combination of element-specific surface abundance distributions in combination with a
surface magnetic field that is comprised of dipolar and quadrupolar components. We have
reanalysed IUE high-resolution spectra, confirming strong modulation of wind-sensitive C 1v
and S 1v resonance lines. However, we are unable to detect any modulation of the Ho profile
attributable to a stellar magnetosphere. We conclude that HD 184927 hosts a centrifugal mag-
netosphere (1, ~ 2.4J_r%2l x 10%), albeit one that is undetectable at optical wavelengths. The
magnetic braking time-scale of HD 184927 is computed to be t; = 0.96 or 5.8 Myr. These
values are consistent with the slow rotation and estimated age of the star.

Key words: stars: chemically peculiar — stars: individual: HD 184927 — stars: magnetic field.

B2V star o Ori E (Landstreet & Borra 1978). Following this dis-
covery, systematic surveys (e.g. Borra & Landstreet 1979; Bohlen-

Magnetic early B-type stars were first identified in the 1970s with
the detection of a strong, organized magnetic field in the peculiar
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der et al. 1987) demonstrated that the helium-strong B stars are a
class of magnetic stars, with surface magnetic field strengths of the
order of kG. More recently, surveys with modern high-resolution
spectropolarimeters have detected magnetic fields in other early B
stars, some of which are helium-peculiar stars (e.g. Neiner et al.
2003; Oksala et al. 2010; Grunhut et al. 2012), and others which
lack such signature chemical peculiarities (e.g. Petit et al. 2011;
Henrichs et al. 2013).
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Magnetism in early B stars modifies their spectroscopic and phys-
ical properties in important ways. In the cooler early B stars with
Te ~ 22-25 kK, microscopic chemical diffusion produces strong
vertical and horizontal chemical abundance gradients. The local ac-
cumulation of chemical elements can introduce important changes
in the atmospheric structure of the star, modifying the optical and ul-
traviolet (UV) continuum and profiles of Balmer lines, introducing
apparent departures from local thermodynamic equilibrium (LTE)
in the line spectra of various elements, and producing line profile
variability. The wind—magnetic field interaction alters the wind flux
and geometry, introducing emission in Balmer lines, and changing
the bulk and internal rotation of the star (e.g. Petit et al. 2013). The
diverse spectral and rotational properties of the magnetic B stars
indicate that they occupy a sensitive region of parameter space that
has much to tell us concerning diffusion, mixing, magnetic wind
confinement and rotational braking.

HD 184927 (=V 1671 Cyg=HIP 96362) is a B2V helium-
strong star. Strong lines of He were first identified by Bond (1970),
who noted a similarity to o Ori E, the prototypical He-strong star.
Walborn (1975) and Bond & Levato (1976) reported significant
variability in the strengths of the He lines, as well as photometric
variability in the Stromgren u band. The He equivalent widths (EWs)
and the photometry were found to vary with a period of 9.48 d,
interpreted as the rotational period of the star according to Stibbs’s
(1950) oblique rotator model. [This period was later refined to 9.536
+ 0.05 d by Levato & Malaroda (1970) using additional He EW
measurements. |

Wade et al. (1997) analysed the rotation and magnetic field geom-
etry of HD 184927. Using measurements of the longitudinal mag-
netic field, He line strength, and u#-band magnitude, they improved
the rotational period determination to 9.529 61 £ 0.007 31 d. When
phased with this period, their HB magnetic field measurements de-
scribed an approximately sinusoidal variation from about —0.7 to
+1.8 kG. They fit spectral absorption lines of C 11 16582.9 and de-
rived vsini = 14.5 & 2.5 km s~!. Using T, = 22.5 & 0.6 K and
log g = 3.80 & 0.05 as derived by Higginbotham & Lee (1974),
they inferred a stellar mass of 10 &= 1 My and aradius of R = 6.6 &=
0.8 R». Using the measured vsin i, rotational period and longitudi-
nal field variation, they inferred a surface magnetic field geometry
with i =25° £ 5°, B =78+ 3° and B = 9.7 — 13.7 kG.

HD 184927 is a significant object for several reasons. With a
rotational period of ~10 d, it is one of the most slowly-rotating
He-strong stars. As a consequence of its slow rotation, its spectral
lines are relatively sharp. This allows for a detailed analysis of
its line spectrum for the purpose of atmospheric parameter and
abundance determination. In addition, the combination of sharp
lines and strong magnetic field produces clear Stokes signatures
in individual spectral lines that are suitable for Magnetic Doppler
Imaging (e.g. Kochukhov & Piskunov 2002). Finally, HD 184927
exhibits significant emission and variability of its UV Civ and
Si1v resonance lines (Barker et al. 1982), which directly probes
the interaction of the stellar wind and magnetic field. Puzzlingly,
however, it shows no sign of the He emission that often accompanies
this interaction. For these reasons, HD 184927 was included in the
targeted component sample of the Magnetism in Massive Stars
(MiMeS) project (Wade et al. 2014).

In this paper, we report the data acquired and use it together with
the data retrieved from archives to analyse the object. In Section 2,
we describe observational data used in our study. In Section 3, we
describe the measurement of the longitudinal magnetic field from
an Echelle SpectroPolarimetric Device for the Observation of Stars
(ESPaDOnS) spectra, from individual lines and least-squares decon-
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volution (LSD) profiles. In Section 4, we discuss the refinement of
the period of rotation and introduce a new rotational ephemeris for
the star. In Section 5, we describe in detail the variations of spectral
lines and the magnetic field inferred from various chemical ele-
ments. Section 6 reports modelling of the spectrum of the star using
non-local thermodynamic equilibrium (NLTE) TLusTy models. Sec-
tion 7 is dedicated to Magnetic Doppler Imaging of the star based on
the He1 16678 line and the IR oxygen triplet (A7772+7774+7775).
In Section 8, we derive constraints on the magnetospheric prop-
erties of HD 184927. We summarize our results and conclude in
Section 9.

2 OBSERVATIONS

The spectra used in this study were obtained from two main sources
—the ESPaDOnS spectropolarimeter located at the Canada—France—
Hawaii Telescope (CFHT; e.g. Silvester et al. 2012) and the dimaPol
liquid crystal spectropolarimeter installed in the DAO 1.8-m tele-
scope (Monin et al. 2012).

2.1 ESPaDOnS spectra

28 Stokes V spectra of HD 184927 were obtained with the ES-
PaDOnS spectopolarimeter at the CFHT between 2008 August 20
and 2012 June 27. Each spectropolarimetric sequence consisted of
four individual subexposures, each of 500 or 600 s duration, taken in
different configurations of the polarimeter retarders. From each set
of four subexposures, we derived Stokes / and V spectra in the wave-
length range 3670-10 000 A following the double-ratio procedure
described by e.g. Bagnulo et al. (2009), ensuring that all spurious
signatures are removed to first order. Diagnostic null polarization
spectra (labelled N) were calculated by combining the four subex-
posures in such a way that polarization cancels out, allowing us to
verify that no spurious signals are present in the data (for more de-
tails on the definition of N; see e.g. Donati et al. 1997). All spectra
were reduced at CFHT using the Upena pipeline feeding the LIBRE-
EsPRIT code (Donati et al. 1997). Three poorly exposed spectra ac-
quired on the same night (HIDs 2454756.7331, 2454756.7841, and
2454756.8115) were combined to increase signal-to-noise (S/N) ra-
tio. The resulting spectra are characterized by a resolving power R
~ 65000 and peak S/N ratios from 113 to 613 per 1.8 km s~! pixel
at about 550 nm (see Table 1).

We then applied the LSD procedure (Donati et al. 1997) using the
implementation of Kochukhov, Makaganiuk & Piskunov (2010) to
obtain mean Stokes /, V, and N profiles, improving the S/N ratio of
our polarimetric measurements by approximately a factor of 3. At
the beginning our LSD mask contained lines from ‘extract stellar’
output from the Vienna Atomic Line Database (Kupka et al. 2000)
with T = 22 000 K and log g = 4.0 corresponding to our star and
intrinsic line depths greater than 5 per cent of the continuum. Then,
we removed all the lines that were blended with hydrogen and that
were too weak to be visible in the spectrum. After removing the
broadest helium lines and their blends, the resulting ‘full mask’
contains 282 lines, most of which are metal lines and weak helium
lines. The resulting S/N ratios of the LSD profiles, normalized
according to weights computed from A = 500 nm, g = 1.2, and d
= 0.2, range from 500 to 7500. Examples of final LSD profiles are
shown in Fig. 1.

We also obtained 14 Stokes Q/U spectra with ESPaDOnS with
the aim of analysing the transverse field of HD 184927. We did not
perform LSD procedure to these data, instead focusing on analysis
of the linear polarization in the individual spectral lines. The log
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Table 1. ESPaDOnS Stokes V data used in the analysis. Columns
are Heliocentric Julian Date (HJD), phase according to the
new ephemeris (equation 2), the exposure time, peak SNR per
1.8 km s~ ! pixel for individual spectra, SNR per 1.8 km s~ pixel
for the LSD profiles obtained using the full mask, and integration
range used to compute magnetic field.

HID Phase  Exp. Peak SNR Int. range

(s SNR (LSD)  kms™!
2454667.9326  0.031 2000 472 5689 —47/31
2454667.9593  0.034 2000 507 5949 —47/31
2454698.9072  0.281 2000 565 6645 —39/23
2454699.8416  0.379 2000 567 6740 —37/21
2454699.9123  0.386 2000 563 6684 —37/21
2454700.8352  0.483 2000 421 4931 —37/19
2454700.9051  0.491 2000 303 3599 —37/19
24547547586  0.141 2000 351 4232 —45/29
2454754.7858  0.144 2000 487 5784 —45/29
2454756.7331  0.348 2000 95 1057 —37/19
2454756.7841  0.353 2000 61 484 —37/19
2454756.8115  0.356 2000 164 1771 —39/21
2454759.7313  0.663 2000 553 6709 —39/21
2454954.0990 0.056 2400 577 6980 —47/31
2454954.9434  0.144 2400 601 7270 —47/29
24549559478  0.250 2400 471 5619 —41/23
2454959.0524  0.576 2400 356 4326 —37/19
2454963.1008  0.000 2400 508 6070 —47/31
2455019.1256  0.879 2400 529 6237 —45/29
2455251.1717  0.225 2000 528 6350 —41/25
2455253.1548  0.433 2000 466 5638 —37/19
2455258.1328  0.955 2000 323 3821 —47/29
2455394.7707  0.291 2000 508 6216 —39/23
2455522.6867  0.712 2000 613 7142 —41/23
2455879.7358  0.174 2000 602 7461 —45/29
2456102.9978  0.599 2000 468 5772 —37/19
2456104.0072  0.705 2000 439 5563 —39/21
2456105.9222 0906 2000 518 6484 —45/29

c

105V /I

c

10%N/I

0.8

I/lc

0.6

0.4 L L .
-100 -30 0 50
Velocity (km/s)

Figure 1. Mean LSD Stokes V (top), diagnostic null (middle) and Stokes
I (bottom) of HD 184927 from 2008 August 22. The V and N profiles
are expanded by the indicated factor and shifted upwards. The error bars
represent the 1o uncertainties. The integration limits used to measure the
longitudinal field in the ESPaDOnS LSD profiles are indicated by the dotted
lines.
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Table 2. ESPaDOnS Stokes Q/U data used in the analysis.
Columns are Heliocentric Julian Date (HJD), phase according to
the new ephemeris (equation 2), the exposure time, peak SNR per
1.8 km s~! pixel for individual spectra, and Stokes parameter.

HID Phase Exp. Peak Stokes
(s) SNR
2454667.9845 0.037 2000 544 (@)
2454668.0098 0.039 2000 542 U
2454668.0373 0.042 2000 272 (0]
2454668.0624 0.044 2000 354 U
2454698.9333 0.284 2000 659 (@)
2454698.9591 0.286 2000 635 U
2454699.7896 0.374 2000 705 0
2454699.8155 0.376 2000 724 (0]
2454699.9382 0.389 2000 665 U
2454699.9641 0.392 2000 655 U
2454700.7840 0.478 2000 665 0
2454700.8096 0.481 2000 655 (0]
2454700.9305 0.493 2000 665 U
2454700.9558 0.496 2000 655 U

of Stokes Q/U observations is reported in Table 2. The analysis of
these data is briefly described at the end of the Section 7.

2.2 DAO observations

The 1.8-m Dominion Astrophysical Observatory (DAO) Plaskett
telescope and dimaPol (Monin et al. 2012) spectropolarimeter were
used to obtain 11 observations of HD 184927. Left- and right-
circularly polarized spectra with a resolution of about 10 000 cov-
ering an approximately 250 A wide spectral window centred on the
Hp line were recorded with the SITe-2 CCD. A typical 2-h observa-
tion sequence consisted of 12 subexposures of 600 s each, with 60
switches of the liquid crystal quarter-wave plate during each subex-
posure. See Table 3 for details. More detailed information about
the instrument and the observing and data reduction procedures is
provided by Monin et al. (2012).

2.3 Ultraviolet spectra

We have also downloaded 32 International Ultraviolet Explorer
(IUE) observations from the IUE archive. The spectra were
obtained with the short wavelength prime (SWP) camera in

Table 3. Data obtained from dimaPol. Columns are Heliocentric Julian
Date, phase according to the new ephemeris (equation 2), SNR for individ-
ual spectra, the exposure time, derived longitudinal field, and error from
Hp and He 1 A4922 lines.

HID Phase SNR  Exp. Hp field He1 field
(min) Be (G) Be (G)
2455699.928  0.255 289 110 838 £ 210 82 +214

2455700923 0314 309 120
2455701.935  0.366 388 110

—257+£ 137  —236 £ 239
159 +£228  —179 £ 205

2455705.902  0.614 386 120 1755 + 192 1520 + 120
2455716.805  0.276 433 120 1827 + 184 1481 £ 206
2455717.832  0.261 348 180 1630 + 214 652 + 178
2455721.890  0.420 290 120 483 £304 3294273
2455733.809  0.987 407 180 1961 + 238 976 + 171
2455761.907  0.324 387 120 1402 + 130 936 + 170
2455782.863  0.183 313 120 2141 4268 1294 4231
2455789.793 0310 458 160 786 =178 364 £ 104
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high-dispersion mode [Merged eXtracted High dispersion Im-
age (MXHI)]. The data were processed with the New Spectral
Image Processing System (NEWSIPS), providing wavelengths, ab-
solute calibrated fluxes, data quality flags, and noise estimates.
There are no significant differences between the NEWSIPS and IUE
Newly Extracted Spectra (INES) data in the case of HD 184927.
Spectra were normalized to pseudo-continuum regions close to the
resonance lines of interest; as the so-called iron forest depresses the
true continuum by a substantial amount, this procedure does not de-
rive the true continuum. However, as we are concerned here primar-
ily with the variability of the lines, rather than detailed quantitative
modelling, this normalization procedure is adequate because contin-
uum UV flux variability is usually no more than a few per cent (e.g.
Smith & Groote 2001, fig. 4).

3 MAGNETIC FIELD MEASUREMENTS

For dimaPol spectra longitudinal magnetic field values, (B,), were
obtained by measuring the Zeeman shift between the two opposite
circular polarizations in the core of the HS and He1 14922 lines
using a Fourier cross-correlation technique. The observed shift is
proportional to the longitudinal field with a scaling factor of 6.8 kG
per pixel for HB and 6.6 kG per pixel for the helium line.

The measured longitudinal field ranges from —257 to +2141 G
(Hp), and from —329 to +1520 G (He 1), with typical uncertainties
of about 180 G. The magnetic field measurements determined from
each line can be found in Table 3.

Longitudinal magnetic field measurements were obtained from
the ESPaDOnS spectra in several ways.

First, the longitudinal magnetic field was inferred from each LSD
Stokes I/ V profile set by computing the first-order moment of Stokes
V normalized to the EW of Stokes I:

/(v —vg)V(v) dv
(B,) = —2.14 x 10" 2

(D
rge /[1 —I1(v)] dv

(see Wade et al. 2000 for details). In equation (1) V(v) and I(v) are
the V/I. and I/1. LSD profiles, respectively. ¢ is the speed of light.
The wavelength A is expressed in nm and the longitudinal field (B;)
is in gauss. The wavelength and Landé factor g used to compute
the longitudinal field are the same values employed to normalize
the LSD profiles (i.e. 500 nm and 1.2, respectively). vy corresponds
to the centre of gravity of Stokes V. Uncertainties were calculated
by propagating the formal uncertainties of each LSD spectral pixel
through equation (1). A detailed description of the procedure is
provided by Silvester et al. (2009).

The integration range was automatically adapted to encompass
the observed span of the Stokes [ profile, as well as the full profile
range of the Stokes V signature. Typically, the range borders cor-
respond roughly to the first and last points where the flux is equal
to 85 per cent of continuum (see Fig. 1 and Table 1). Decreasing
the integration range has an important impact on the derived lon-
gitudinal field, since part of the line is being ignored. For larger
integration ranges, this adds continuum noise to the measurement,
increasing the error bar but no significantly changing the derived
measurements. The longitudinal field measured using this method
ranges from —216 to +1027 G with uncertainties of 15-20 G.

We also used equation (1) to measure (B,) from the cores of the
Ho and HB Balmer lines. Again, the integration range was chosen
to include the full Stokes V profile. We integrated within a region
of approximately £55 km s~! around line centre. The longitudinal

Magnetic field of HD 184927 1421

2500 L. T T T T T T T T T T T T ]
2000 iy B, -
1500E % § ¢ §
0) C o 5
= 1000F e % TR =
N [ m a @ n a
om - [ ] g | -
500 | " ¢ "
L L] Ei a2 ]
of ¢ 7S, H-alpha-
- "u = LSD 1
_500 L | I I ! I | I I I I | 1 '

0 0.5 1

Phase

Figure 2. Longitudinal magnetic field computed using H line (red) versus
that obtained from LSD profiles(black).

field measurements obtained from the H lines range from about 0 to
2000 G, with typical uncertainties of 70 G (for Ho) and 120 G (for
Hp). The range of the longitudinal field variation measured from
these lines is consistent with that obtained with dimaPol, and also
consistent with that reported in the literature (Wade et al. 1997).
However, it is significantly different from that measured from the
LSD profiles. In particular, the maximum longitudinal field mea-
sured from the H lines is over twice as large as that measured from
the LSD profiles (see Fig. 2). In addition, an examination of the LSD
Stokes V' signatures reveals that they reverse polarity, consistent with
the inferred negative values of (B;). In contrast, the ESPaDOnS H
line Stokes V signatures maintain the same sign. Such discrepancies
between the longitudinal magnetic field measured from hydrogen
versus metal/He lines are not uncommon, and have been described
in the literature by several authors (e.g. Bagnulo et al. 2006). Gen-
erally, they are understood to be a result of the modification of
the Stokes V profiles due to non-uniform weighting of the flux
contributions from different parts of the stellar surface caused by
inhomogeneous abundance distributions of different chemical ele-
ments. However, in the case of HD 184927, the effect appears to be
exceptionally strong, leading to more than a factor of 2 difference
in the maximum longitudinal field.

To allow us to explore this phenomenon in more detail later in this
paper, we have obtained additional measurements of the longitudi-
nal field. First, we used equation (1) to measure (B,) from various
individual spectral lines of He and different metals. These lines
are summarized, along with their relevant atomic data, in Table 4.
Secondly, we used the LSD line mask described in Section 2.1 to
generate new submasks including only lines of single chemical el-
ements. Sufficient lines were available to develop such masks for
the elements He — 54 lines, N — 63 lines, O — 92 lines, Si — 22 lines,
and Fe — 57 lines. These masks were then used to extract new LSD
profile sets, from which we measured the longitudinal field using
equation (1). These results will be discussed later in the paper.

All of the longitudinal field measurements derived from LSD pro-
files are summarized in Table 5. All of the measurements obtained
from individual lines are summarized in Table 6.

4 PERIOD OF ROTATION

The rotation period of HD 184927 is well known, but our new mag-
netic field and line strength measurements enable us to improve

MNRAS 447, 1418-1438 (2015)
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Table 4. Summary of wavelengths and
Landé factors of individual lines analysed
for longitudinal magnetic fields.

ITon Wavelength Landé

A) factor
Hi 6562.801 1.0
H1 4861.363 1.0
He1 6678.154 1.0
Fen 5156.111 1.25
Sim 4552.622 1.25
Cn 6578.052 1.167
Cn 6582.881 1.333
Nu 4041.310 1.5
O1 7771.942 1.5
O1 7774.161 1.2
O1 7775.388 1.5

on the period of 9.529 61 + 0.007 31 d established by Wade et al.
(1997). Making the assumption that to first order the magnetic field
of the star is approximately dipolar, we have determined periods
by fitting various subgroups of magnetic field measurements to
the equation B, = By + B sin27(¢ — ¢y). First, because of their
very high S/N ratio, the LSD (B;) values in the first column of
Table 5 alone provide a better period determination of 9.530 89 +
0.002 00 d; the reduced x?2 of the best-fitting sinusoid is 0.93. Sec-
ondly, a periodogram analysis of the combined magnetic data from
Wade et al. (1997) and the new dimaPol HB measurements from
Table 3 yield a still more accurate period of 9.53071 % 0.001 20 d,
albeit with a higher reduced x? of 2.24.

The dimaPol He1 field measurements show a clear offset from
the HB and earlier published data and so were not included in
the analysis above. There is also a very pronounced difference

Table 5. Magnetic field measurements using LSD masks.

between the amplitude of the (B,) field curve produced from our
LSD analysis of the ESPaDOnS data using metal and helium lines
and that derived from the various HB measurements as well as
Ho line measurements. Because of this we have also performed a
period analysis for only the combined HB measurements of Wade
et al. (1997), the dimaPol HB measurements, and the ESPaDOnS
magnetic field values derived from the He line given in the last
column of Table 5. These data combined give only a single possible
period: 9.53083 4 0.00090 d (x> = 2.20).

We can further improve the period by using the very long time
baseline between the He1 line intensity measurements of Bond &
Levato (1976) and measurements from our new ESPaDOnS data
discussed in the next section. We assume that the period has not
changed significantly during the last 40 yr. One can test this as-
sumption by evaluating the agreement of a constant-period model
with the data. A simple visual inspection of the relative phasing of
the two line strength curves [with the Bond & Levato (1976) data
arbitrarily scaled] yields a final best-fitting period of 9.53102 +
0.0007 d. This is a 10-fold improvement in the uncertainty in the
period provided by Wade et al. (1997). If we adopt the zero-point
of the phase curve as the positive extremum of the magnetic field
as determined by the best sinusoidal fit to the HB field curve with
this rotation period, we can then establish a new ephemeris for
HD 184927 of

JD(B) = (2455706.517 £ 0.48) + (9.53102 £ 0.0007) - E  (2)

with values of 965 & 7 G and —889 + 13 G for By and B, respec-
tively.

The magnetic field curve of HD 184927 obtained from H lines is
shown in Fig. 3. The helium line strength maximum (Fig. 4) occurs
very close to the positive magnetic field extremum.

HID Phase Full Fe Si (6] N He

(&) (&) (&) (&) (&) (&)

24546679326  0.031 1017 £ 19 822 £ 115 1265 428 965 £+ 76 1034 £52 1028 & 36
2454667.9593  0.034 1021 + 18 674 £ 98 1239 426 1016 =79 998 £51 1038 £+ 36
2454698.9072  0.281 298 £ 12 —300 £ 53 87+ 16 —69+£28 —115+16 526 £ 25
2454699.8416  0.379 -30x£11 —638£68 31815 —467£36 —494+ 19 258 +£22
2454699.9123  0.386 —42 £ 11 —643 £ 67 —365+15 —496 £37 —486 £ 20 243 £22
2454700.8352 0483 216+ 14 —805+£75 58521 —681 £48 —703 £26 79 £ 27
2454700.9051 0491 214+ 18 —763 £82 —603 £ 27 —692+£56 —733+32 71 £33
2454754.7586  0.141 817 £22 498 +92 889 £ 30 718 + 66 596 £ 39 884 £ 38
2454754.7858  0.144 810 £ 17 345 +£ 71 925 + 23 670 £+ 56 618 & 34 937 £ 31
2454756.7762  0.353 126 52  —6424+213 —4124+90 —4124+170 —443£70 277 £108
2454759.7313  0.663 15+13 —607£62 —473£17 —495 £38 —655+24 330 £ 25
2454954.0990  0.056 1003 £ 16 607 & 88 1257 +23 886 & 68 966 £48 1053 28
2454954.9434  0.144 812 £ 15 361 &+ 64 904 £+ 19 641 + 52 625 & 32 923 +27
2454955.9478  0.250 424 £ 15 —130£53 327 £22 95 £+ 34 12£19 644 £ 28
2454959.0524  0.576 —192 15 —836+79 —633+23 =728 £53 72628 133 +30
2454963.1008  0.000 1027 &= 17 657 =93 1228 425 998 £ 75 942 £46 1077 £ 31
2455019.1256  0.879 828 £ 16 317 £ 55 812 £23 576 + 47 554 + 31 941 +28
2455251.1717  0.225 503 &+ 14 -8+ 48 498 £ 20 214 £33 196 £ 22 692 £ 28
2455253.1548 0433 —161+12 —687+68 —512+18 —588 +£42 —652+24 145 +24
2455258.1328  0.955 992 £ 23 631 £99 1083 & 35 913 £ 77 910 £50 1086 & 41
2455394.7707  0.291 263 + 13 —327 £ 56 1£19 —165+31 —186 %17 517 +£26
2455522.6867  0.712 206 & 14 —454 £55 =231+ 17 —304 £32 508 £24 475 £ 26
2455879.7358  0.174 727 + 15 214 £+ 54 720 + 19 455 + 40 475 £ 27 833 £27
2456102.9978  0.599 —142+13 =749 £68 585+ 19 =720 £47  —746 £ 26 158 =24
2456104.0072  0.705 160 & 15 —487+60 —253 +21 —352£37 =567 £27 421 +26
2456105.9222  0.906 933 £ 15 492 £ 71 941 24 736 £ 55 612 & 32 968 & 26
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Magnetic field of HD 184927 1423
Table 6. Magnetic field measured from individual lines in gauss +10¢ error bar. Phase according to equation (2).
Phase Sim 14552 SimA4567  Sim 4574  Cua5145 Cuir6578 Cur6582 N A4041  Nuir5679 Hei1xr4471 Hei1A6678 Ho
© (6) © G (6) ©) (6) (&) © © (6)
0.000 1267 £103 1328 £92 1909 £ 174 821 +£102 12624+73 1281 £69 423 £271 1254+ 106 1548 £40 1132 £60 1664 £+ 46
0.031 1599 £ 112 12954+99 1758 £201 473 4+£102 153779 1204 +£73 1136 +283 1227 105 1482 +41 1160 £ 64 1853 + 64
0.034 1253 £108 1241+£95 1917+ 181 323+ 112 1548+75 113670 644 £285 1097 &= 101 1473 £39 1102 £61 1736 + 59
0.056 1509 =94 1188 £80 1368 £ 155 211116 1528 +61 113657 432+£218 1230£91 1532 £34 1137 £54 853 £55
0.141 829+ 143 1106+ 122 1096 £237 —198 £ 101 1141 +£96 953 £85 840+£346 897 £ 130 1357 £54 1057 £85 320+ 56
0.144 1039 £ 111 951 £98 1613 + 184 10+£99 1105£77 898 +£69 389 %260 770 £97 1280£42 874+£66 359 %55
0.144 1071 £91 965 £83 1277 £ 139 —424+£196 1124 +57 981 £54 393 £ 206 790 £83 1324 £34 1109+£54 41473
0.174 791 £ 84 781 £ 80 720 £ 132 —623 + 89 902 £53 821+£50 658 178 817 £82 1360 £35 1056 £53 138 +95
0.225 487 £95 330 £ 89 551 £ 148 —589+92 768 £66 600+ 60 1224212 272 £98 1148 £45 929 £ 72 1640 £+ 80
0.250 313 £106 2884102 —105+174 —826+99 559 £ 71 338 £ 65 —4+£236 116100 1076 £53 790 £ 77 1541 £ 63
0.281 194 £+ 89 55 £ 80 206 £ 151 =757 £ 112 250 £61 269+£56 —60+194 —514+82 1078 £46 765+ 72 236 + 255
0.291 114 £92 47 +£78 =352+ 148 —829 + 148 152 £ 63 114 £59 —376 £ 190 76 £81 920£48 795+£78 56355
0.353 —142 £209 —537+£192 —153+£350 —799 + 140 —149 £ 153 —182 +138 —321 £411 —394 + 181 448 + 135 448+ 135 1808 £ 53
0379 —178+79 —-259+74 8174133 —887+£91 —187+58 —223+53 —648+£172 —698+75 691+£54 391=£83 1472 %50
0386 —3554+84 —413+£75 —-597+133 —-860£90 —1154+56 —250+51 —456=+£172 —534+74 686=£56 596+ 88 1049 £+ 63
0433 —546+91 —617+£87 —1258 £ 150 =536+ 102 —-307+64 —-370+59 —-710£206 —734+£88 611£70 279109 204 +84
0483 —647 £ 111 —=559+£99 —-903+175 —497+£90 —-247+74 —-509+67 —338+£216 —823+£99 550+£81 380+ 126 1925 +61
0491 =752 £152 —649+ 132 —-930+225 705+118 —359+90 —614+82 —783£302 —923 £ 136 470+ 106 302+ 165 1581 £ 57
0.576 —602 £ 120 —477 £ 111 —1389 £ 192 671 +£102 —3224+85 —418+75 —484+£241 727+ 116 701 £92 384+ 140 1095 £+ 56
0.599 554483 —587+£74 —1213+145 973194 —-231+54 31650 —892+180 —861+77 636£58 537£89 258465
0.663 —181+79 —284+72 7224127 11124127 —7+£55 —247+£50 —1071£ 155 —567+75 738+52 640+ 84 1933 £93
0.705 —388 91 —73+£81 —=501+145 903 + 141 44 £ 56 2053 —186+179 —407+£83 915+52 732477 888+ 58
0.712 —27+74 —51+£68 —361+115 1227+ 136 207 £54 —-21+49 —-204+162 —205+68 914+43 667+69 776=+50
0.879 862 £ 95 729 £85 1197 £ 154 1318 £120 1048+69 87764 390+ 233 790 £86 1469 £41 1156 £ 64 1351 +47
0.906 1067 &+ 82 859+ 70 1679 £ 144 642+169 1202 +54 967 £48 1061 £ 232 759 £72 1393 £33 1102 +48 207 +51
0.955 1063 £ 164 1142+ 144 11804252 960+ 130 1345+ 105 1334+99 1168 £396 1040+ 159 1478 £62 1157 £92 664 +52
5.1 Equivalent widths
3000 We have computed EW variations of various representative spectral
lines present in the ESPaDOnS spectra. Lines were selected based
on their strength, lack of blends and clean continuum and are repre-
__ 2000 sentative of the elements He, C, N, O, Si, and Fe. Each spectral line
9o was renormalized to the local continuum before measuring EW. To
) 1000 estimate uncertainties in EW, we used the prescription of Vollmann
& Eversberg (2006).
At first we investigated the variability of helium spectral lines.
0 g Results for the lines He1 AA4713, 5047, 5876, 6678, and 7065
are shown in Fig. 4. Many He lines have broad wings that are
: blended with narrow lines of other elements; this fact complicates
—1ooop i i i i ¥ | the measurement. We have chosen five lines which are least af-

0.0 0.2 0.4 0.6 018 1.0
¢ (2455706.517 + 9.53102E)

A UWO Polarimeter + Palomar 200-inch (H3)
’UWO Polarimeter + UWO 1.2-m (HB)

'UWO Polarimeter + UH 88-inch (Hp3)

@ ESPaDONS + CFHT (Ha)

.dimaPoI + DAO 1.8-m (Hp)

Figure 3. Variation of longitudinal field measured using H lines, phased
using the new ephemeris.

5 VARIABILITY

HD 184927 is one of the most slowly-rotating He-strong stars,
leading to sharp Stokes 7 and V profiles. In this section, we examine
the EW and line profile variations of various chemical elements,
in order to understand their surface abundance distributions and
relationship to the magnetic field.

fected by blending. All the lines have similar sinusoidal variations
when phased with the adopted rotation period. Absorption of all
lines reaches its minimum at phase ~0.45-0.5 and maximum near
phase 0.0. At the bottom right of Fig. 4, we present the mean
variation computed from the normalized and averaged EWs of the
five individual lines.

In addition to helium, we investigated the EW variations of a
number of other spectral lines corresponding to different elements.
We selected strong, unblended lines of the main ions presented in
our spectra. Illustrative results are shown in Fig. 5, along with the
longitudinal magnetic field measured for each line (described in
Section 3). The EWs of lines of carbon, oxygen, iron, nitrogen, and
silicon all vary sinusoidally, in a sense opposite to that of helium
(i.e. with EW maxima at phase 0.5, and minima at phase 0.0).

Our measurements of EWs therefore suggest that HD 184927
exhibits a rather limited variety of line profile variability.

In Fig. 6, we illustrate dynamic spectra of representative spectral
lines of HD 184927. In these plots, individual spectra are presented

MNRAS 447, 1418-1438 (2015)
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Figure 4. EW variations of helium lines in the spectrum of HD 184927. The mean variation at lower right is obtained by normalizing each curve to its

maximum and averaging at each phase.

as horizontal bands stacked vertically according to phase. Intensity,
relative to the mean profile averaged over all phases, is identified
with different colours. Systematic radial velocity (—13 km s~!) has
been subtracted.

All the elements, except helium, show a similar picture on which
pseudo-absorptions and pseudo-emissions are travelling from neg-
ative to positive velocities. (The prefix ‘pseudo-’ implies that emis-
sion and absorption features only appear relative to mean profile.)
Usually, these features represent regions in which the element is
found to be overabundant (absorption) or underabundant (emission)
with respect to mean distribution in the atmosphere.

Emission features of all elements cross the point of null radial
velocity v = 0 km s~! around phase 0.0 while helium is in strong
absorption at that time. Later, the emission of metallic and CNO
lines changes to absorption which crosses v = 0 km s~! at phase
0.5, when helium shows relatively weak emission. The line profile
variations of all elements except helium (due to variability of the
broad, Stark-broadened wings of lines of this element) occur inside
the range of +10 km s~! (vertical dashed lines on Fig. 6), that is
consistent with the vsin i parameter determined in Section 6.1. Thus,
the surface distribution of helium appears to be roughly opposite
to those of the other elements of this star. In particular, behaviour
of the helium lines suggest the presence of a large region of He
overabundance visible on the stellar surface near phase 0.0.

5.2 Longitudinal magnetic fields of individual elements and
spectral lines

As described in Section 3, we measured the longitudinal magnetic
field using individual and combinations (via LSD) of spectral lines
of different chemical elements, in order to explore the dependence
of the field variation on chemical element.

The phased longitudinal field data measured from the LSD pro-
files extracted for He, N, O, Si, and Fe are illustrated in Fig. 7,
along with the variation obtained from the full mask (included for
reference). One can see that the fields measured from N, O, Si,

MNRAS 447, 1418-1438 (2015)

and Fe vary approximately sinusoidally, and range from negative to
positive values. While the negative extrema of these variations are
mostly uniform (=600 to —800 G), the positive extrema vary from
approximately +650 G for Fe to +950 G for N and O and +1200 G
for Si. The variation obtained from the He mask is very different
from those of the metals. In the case of the lower extremum, it is
similar to that of the H lines. The lower extremum occurs at approx-
imately zero, and consistent with the H lines the helium Stokes V
profiles show no inversion of their polarity. On the other hand, the
positive extremum of the He field variation is much more similar to
those of the metallic lines, with a peak value near 1 kG (i.e. approxi-
mately half that derived from the H lines). These results are roughly
consistent with the dimaPol measurements from He1 A4922.

The important systematic differences between the longitudinal
field variations of these various elements are usually interpreted as
due to different weightings of the flux contributions from differ-
ent parts of the surface of the star as a result of different surface
abundance distributions. Understanding these differences is impor-
tant, because a naive interpretation of the different curves would
lead to large systematic differences in the inferred field geometry.
Ultimately, the field geometry inferred from the LSD profiles, ei-
ther from one element or from the full mask, would be substantially
incorrect. One subsidiary goal of this paper is to demonstrate that a
unique and accurate field geometry can be derived for all elements
by careful consideration of the role of both field and abundance
distributions in the formation of line profiles.

Since ESPaDOnS spectra provide us with high S/N ratio profiles
in both Stokes V and / parameters, we can also measure the longi-
tudinal field from individual spectral lines of various elements, as
described in Section 3. This will allow a better evaluation of the
significance of the differences between the longitudinal field curves
of different elements. The results of these measurements are pre-
sented in the bottom frames of the subplots shown in Fig. 5. One
can see that for all investigated lines the longitudinal field curves
are sinusoidal with extrema at phases 0.0 and 0.5 when phased ac-
cording to the new ephemeris. However, in agreement with the LSD
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Figure 5. Phased EW measurements (top panels) and longitudinal magnetic field measurements (bottom panels) for selected spectral lines. Note that while
maximum absorption of helium corresponds to magnetic field minimum, EWs of other lines varies opposite way.

measurements, the extreme values for lines of individual elements

differ systematically.

Nevertheless, as is apparent in Fig. 5, the longitudinal field curves
measured from different lines of the same element can sometimes

also differ significantly. For example, for the three lines of the
neutral O triplet at 777 nm, the longitudinal field of the 17774 line
varies from —1.2 to 1.5 kG, whereas the remaining two lines of
the triplet exhibit smaller variations: O1 A7772 varies from —680

MNRAS 447, 1418-1438 (2015)
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to +1000 G, and O1 A7775 from —940 to 870 G. Comparable
differences can be observed in the lines of some other elements. In
Fig. 8, we illustrate the magnetic curves obtained from selected lines
of Si, C, N, and He. Some dispersion is again evident in each subplot.
This is likely explained by differential saturation of the lines. For
example, a strong line would exhibit a smaller relative variation
of its EW due to abundance spots in comparison to a weak line.
Consequently, the longitudinal field derived from weak lines should
be more significantly distorted by abundance inhomogeneities. We
examined the relative EW variations of the lines used to create this
figure, and indeed found such a general relationship.

Notwithstanding these differences, considering that the apparent
systematic differences are clearly enhanced when averaging many
lines of the same element (Fig. 7), and that systematic differences
are observed in the shapes of Stokes V profiles observed at the
extrema of the variation, we conclude that the observed systematic
differences between the longitudinal field variations are real and
significant.

The magnetic field measurements illustrated in Fig. 8 are reported
in Table 6.
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Figure 8. Magnetic field from different lines of an element. Top left: black
dots — Siu & 4552, red squares — Si1 A 4567, blue diamonds — Sim A 4574;
top right: black dots — C 11 A 6582, red squares — C 11 A 6578, blue diamonds
—C1 A 5145; bottom left: black dots — N 11 A 4041, red squares — N 11 . 5679;
bottom right: black dots — He1 1 4713, red squares — He1 A 6678.
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6 SPECTRUM SYNTHESIS AND
FUNDAMENTAL PARAMETERS

6.1 Atmosphere

We used an extensive TLUSTY grid of atmosphere models to analyse
the observed spectra of HD 184927. The tLusTY code (Hubeny &
Lanz 1995) incorporates the non-local thermodynamic equilibrium
description (NLTE), including metal line-blanketing. It assumes a
plane-parallel geometry and hydrostatic equilibrium. The physical
parameters interval explored in the grid and the atomic data consid-
ered are appropriate for early B-type stars (see more details in Lanz
& Hubeny 2007).

The spectrum of HD 184927 presents variability of various lines.
To perform the analysis, we thus chose two (extreme) optical data
sets: helium lines at maximum/minimum absorption (phases 0.000
and 0.491). Accordingly, we inferred a range of values for certain
parameters (e.g. log g). Our best fits are presented in Figs 9 and 10
and the methodology used is described below.

The effective temperature (7.) was derived from the balance of
Siu-m lines (e.g. Sin A4124-31, Sim AA4553, 4568). A simultane-
ous fit to these profiles for a specific temperature was only possible
assuming a lower abundance of silicon (by ~50 per cent), compared
to the solar value (Grevesse 2009). Both spectra (He max/min) could
be matched with a T.¢ of 22 000 K. The surface gravity log g was

!

! !
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Figure 9. tLUsTY model fit (red) to the spectrum of HD 184927 at He maximum (black). Note that the peculiar, intense helium profiles cannot be reproduced

(see however Section 5.2).
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Figure 10. TLUSTY model fit (red) to the spectrum of HD 184927 at He minimum (black). Note that a higher surface gravity compared to the case where He is

at maximum was needed to fit the Balmer lines.

derived directly from the Balmer line wings. A log g =4.0 (3.75) is
determined for the helium minimum (maximum) absorption spec-
trum.

The luminosity was estimated from fits to /UE data plus UBV
photometry (Reed 2003). A simultaneous, perfect match for both
spectral regions could not be obtained. The best fit to the observed
continuum was achieved with 4000 L) and an E(B — V) = 0.15
(see Fig. 11), considering a compromise between the UV and optical
continuum level. The distance was kept fixed at 543 pc, correspond-
ing to the revised Hipparcos parallax of HD 184927 by van Leeuwen
(2007; w = 1.84 £ 0.55). A luminosity of ~10 000 L, as previ-
ously inferred by Wade et al. (1997), corresponds to a theoretical
continuum much higher than the one observed.

The stellar radius was computed directly from the Stefan—
Boltzmann equation:

L 0.5

We placed HD 184927 on a Hertzsprung—Russell (HR) diagram
along with model evolutionary tracks from Georgy et al. (2013),
specific for B stars. We investigated tracks with and without rotation;
ultimately, the differences are not significant. The position indicates
amass of 8.3 = 0.7 Mg (see Fig. 12).

Using log g =4.0 £ 0.2, Toir =22 000 % 1000 K (error bars were
obtained from optical fits) and the formal error of the Hipparcos

MNRAS 447, 1418-1438 (2015)
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Figure 11. TLUSTY model (red) fit to the SED of HD 184927. IUE data
(SWP+LWR) and UBYV flux points are represented in black.

parallax, we computed log L /L = 3.607939 and derived a radius
R/R@ = 4.47 7. With this value we infer M /Mg = 7.0752.

If, on the other hand, we use the other log g = 3.75, we obtain
M /Mg = 4.015. That is, in either case the spectroscopic mass is
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Figure 12. Position of HD 184927 in the HR diagram. The evolutionary
tracks (solid lines) and isochrones (dotted lines) are from Georgy et al.
2013, appropriate for B stars. The isochrones from the main sequence to

later stages are (log(age[yr])): 6.0, 6.5, 7.0, 7.25, and 7.5 (left to right). The
estimate age for HD 184927 is 7.25 (about 18 Myr).

very uncertain, but in agreement with the evolutionary mass within
the errors.

In order to estimate projected rotational velocity, we used a grid
of NLTE TrLusTy models with fixed Te, log g, microturbulence and
the combination of different [Si/H] and vsini parameters to cal-
culate several synthetic spectra for nine Siu-m lines. We used an
atmosphere with fixed parameters T, = 22 000 K, log g = 4.0, Vpic
= 1kms™! and changed both [Si/H] from 1.0 to 0.3 (relative to
solar abundance) and vsin i from 6 to 14 km s~!. The phase 0.281
where Si field is about null was chosen. Then, we used the code
SYN_ABUND! to fit lines. It allows us to fit two parameters (abundance
of selected element and vsin i). For each spectrum, it computes the
EW and compares it to the EW determined from the observed spec-
trum. It also computes x?2 for each fit, and finds, for each line, a
model that yields the lowest x2, as well as that which yields the
closest EW to the observed one. Fig. 13 shows the best-fitting vsin i
and vsin i & 4 km s~ for Si m A4567. For the following calculations,
we adopted a projected rotational velocity vsini = 10 =2 km s™'.

The final list of the stellar parameters is presented in Table 7.

In this section, we have not estimated the impact of the strong
magnetic field presented in HD 184927 on the formation of its
spectrum. Magnetic splitting produced by the field can strongly
affect the width of the line and lead to incorrect vsin i and turbulence
determination, especially in the case of sharp lines (e.g. Neiner et al.
2012). Unfortunately, no NLTE magnetic synthesis code exists.
Przybilla, Nieva & Butler (2011) showed that in fact LTE analysis
can be used to determine parameters of stars up to T = 22 000 K
if lines are carefully selected. Note that HD 184927 has T about
22 000 K, so it is difficult to judge which approach is more suitable
in this case. In this paper, we used full NLTE modelling to estimate
the physical parameters of HD 184927 but in Section 7, dedicated to
Magnetic Doppler Imaging, we make an attempt to estimate vsin
taking into account the presence of a magnetic field.

We obtain good agreement between synthetic profiles and the
main observed log g and T, diagnostics (i.e. Balmer and Siu-m

!http://aegis.as.arizona.edu/ hubeny/pub/synplot2.1.tar.gz
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Figure 13. Comparison between the observed Sin A4567 line (black) and

models with different projected rotational velocities. The adopted vsini =
10+ 2kms™ L.

Table 7. Summary of stellar pa-
rameters of HD 184927. Numbers in
brackets correspond to the He maxi-
mum phase (see text in Section 6.1).

Spectral type
Tegr (K)

log g (cgs)

log L*/LQ
R*/RQ
M,/M@ (evol)
M*/M@ (spec)
vsini (kms™!)

B2V
22 000 £ 1000
4.0040.2 (3.75)
0.30

3-605%22
4475
8.34+0.7

9.4 54
70135 (40555
10+2

transitions). However, we note that the helium lines present an im-
portant discrepancy: the observed wings are much broader than in
the models.> Moreover, we need an appropriate interpretation for
the variations in the physical parameters needed to fit the different
phases. This problem is addressed below, along with a possible solu-
tion based on an inhomogeneous atmosphere (i.e. lateral variations
of the He abundance).

6.2 Interpretation of He profiles with stratification and spots

Because the helium line profiles of HD 184927 at any particular
rotational phase are not reproduced very well by LTE models with
a uniform helium abundance and they also show a pronounced
variation in strength, we have carried out a relatively simple NLTE
investigation of some of these lines to see if a better fit to the profiles
can be obtained with a patchy surface abundance of the element.
Again using the TLUSTY model atmosphere code, we generated a
grid of pure hydrogen and helium NLTE model atmospheres with
T = 22000 K, log g = 4.0 and 4.25, and a range of N(He/H) from
0.01t02.0. The published line-blanketed TLUSTY model atmospheres
BG22000g400v2 and BG22000g425v2 with T = 22000 K, log g
= 4.0 and 4.25, and N(He/H)=0.1 were used as the input starting
atmospheres for the program. The companion spectral line synthesis
program sYNsPEC was then used to produce corresponding line and

2 This fact confirms the status of HD 184927 as a He-strong star (e.g.
Higginbotham & Lee 1974).

MNRAS 447, 1418-1438 (2015)
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Figure 14. Fits to He lines with the spotted model (red dashed line). See
description in text.

continuum specific intensities for a spectral window containing
the weak and strong He1 AA4437 and 4471 lines for each helium
abundance.

The specific intensities were then used in a disc integration pro-
gram that permits the placement of circular zones of different helium
abundances anywhere on the disc to define a simple helium surface
abundance distribution. Each zone is defined by an angular radius,
R, and its colatitude and longitude relative to a point that crosses
the line of sight to the observer at ¢ = 0. Bands of different abun-
dances can also be modelled with the appropriate superposition of
two circular patches with different radii. At each point of the disc
integration the local helium abundance is determined from the spot
locations and specific intensities for the appropriate local model
atmosphere are used to construct the spectrum for that point.

Using the stellar radius, vsini and period determined earlier in
the paper, we employ the relation

R Pvsini

— = )
Rp 50.6sini

to compute a rotation axis inclination i = 25° & 5°. We adopt this
value of i, and begin by assuming a magnetic obliquity of g = 70°.
We generated spectra for vsin i between 0 and 20 km s~!.

From the behaviour of the helium EW variations shown in Fig. 4,
it is not surprising that we find that the best model is one with a
helium-rich spot centred at the positive magnetic pole of the star. In
fact, for our best model one entire hemisphere of HD 184927 appears
to have a very enhanced helium abundance with N(He/H)~1.5 while
the remainder of the surface is helium deficient with N(He/H)~0.02.
Fig. 14 shows a comparison of the synthetic spectra produced by
this simple model to some of our ESPaDOnS spectra for a sample
of rotational phases. A vsini of 8 km s~! (consistent with our
determination from Si lines) provides the best fits to the metal lines
in the spectral window. We also note that the model spectra shown
in the figure were produced with log g = 4.25; the wings of the He 1
24471 line are too weak with log ¢ = 4.0 model atmospheres.

We have investigated similar models for different values of i and 8
and can reproduce the star’s line profiles quite well for inclinations
between 20° and 35° and value of B8 between 50° and 90°. The
helium abundances in the enriched and deficient regions range from
N(He/H)=1.5t02.0and 0.01 to 0.05, respectively, while the helium-
rich ‘patch’ covers an angular area of between 140° and 200° for
the various model fits. This gives a sense of the uncertainties in the
parameters for our simple NLTE surface abundance model.

MNRAS 447, 1418-1438 (2015)

These models support the values of i derived above. If the as-
sumption that the star’s field is approximately dipolar is valid, then
i + B must not be substantially larger than 90° since we do not see
large negative values for (B,). We also conclude that the origin of
the discrepancy of the helium line profiles in our earlier spectrum
synthesis is a strong lateral variation of the abundance of the ele-
ment across the stellar surface. In particular, we infer the presence
of a large region strongly overabundant in helium that is visible near
phase 0.0. This is consistent with our expectations based on the EW
variation examined earlier in the paper.

7 MAGNETIC DOPPLER IMAGING

Through the modelling carried out in the previous section, as well
as line profile and EW variations, we infer that He has a strongly
non-uniform distribution on the stellar surface, and other elements
are distributed in a manner significantly different from He. We
also observe important differences in the longitudinal magnetic
field curves for different elements, which we speculate to be a
consequence of these non-uniform distributions. To test these ideas
and to derive a definitive magnetic field topology of HD 184927, we
employ the Magnetic Doppler Imaging method to map the magnetic
field and abundance distributions for two elements, He and O. Our
primary aim is to see if the magnetic field distributions derived
independently from O and He lines are mutually compatible, and
if a single field distribution is able to explain the diverse magnetic
field curves that we observed. A secondary aim is to examine the
distributions of these elements, and in particular compare to the
parametric model developed in the last section for He.

A non-solar He abundance and the presence of significant devi-
ations from LTE in both He and O lines represent a major prob-
lem for the standard MDI approach (e.g. Kochukhov & Piskunov
2002), which assumes a fixed model atmosphere structure and fits
the Stokes parameter spectra by varying local magnetic field pa-
rameters and individual abundances. Therefore, for this study we
performed MDI inversions with a specially modified INVERs13 code
(Kochukhov et al. 2013), originally developed for MDI of cool
active stars. This code enables magnetic mapping of stellar sur-
faces with individual local atmospheres, fully accounting for the
influence of the local abundance/temperature on the atmospheric
structure, continuum fluxes, and absorption line profiles. For both
He and O, we computed grids of LLmodels atmospheres (Shulyak
et al. 2004) for T = 22000, logg = 4.0, and a range of abun-
dance values. For both elements, the models were tabulated with a
0.25 dex step spanning a range from —2.0 to +1.5 dex relative to
the solar abundances.

The polarized radiative transfer module of INVERs 13 was modified
to account for the departures from LTE in both the source function
and the line absorption coefficient according to the NLTE departure
coefficients computed for LLmodels grids for the lines of interest.
Only one chemical element at a time can be modelled in this way.
Therefore, the modelling of He and O was carried out separately.

For the He1 A 6678 line, we performed NLTE calculations with
TLUSTY, using a wrapper code developed by one of us (VT). These
calculations employed the standard He model atom and other com-
putational parameters as used for the B star grid of Lanz & Hubeny
(2007). For the oxygen triplet at Ax 7772, 7774, and 7775, we
derived the NLTE departure coefficients using the following pro-
cedure. An extensive model atom including 51 levels of O1 and
the ground state of O 11 was taken from Przybilla et al. (2000) and
was updated as described by Sitnova, Mashonkina & Ryabchikova
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(2013) by implementing the electron collisional data from Barklem
(2007). NLTE level populations were calculated using a revised
version of the DETAIL code developed by Butler & Griddings (1985).

Sitnova et al. (2014) showed that NLTE abundances determined
from different lines of O 1in reference A-B type stars give consistent
NLTE abundances within the error bars, while the difference in LTE
abundance from the IR (7771-5 A) lines and other OT lines from
the visible spectral range was from 0.6 to 1.5 dex.

The departures from LTE lead to strengthening of the O 11R lines,
and the magnitude of the effect depends on oxygen abundance. In
the case of a chemically uniform atmosphere, the NLTE abundance
correction (Anp e = log enpre — log erg) for O 1A 7771 line ranges
between —0.4 and —0.9 dex.

All magnetic inversions adopted i = 25° and vsini = 10 km s~!.
As discussed by Kochukhov et al. (2013), iINvERs13 can parametrize
the surface magnetic field distribution with a spherical harmonic
expansion, similar to the approach applied by Donati et al. (2006).
In this methodology, the free magnetic mapping parameters are the
spherical harmonic coefficients corresponding to the strength of the
radial poloidal, horizontal poloidal, and horizontal toroidal field for
each pair of the angular degree ¢ and azimuthal order m. Given the
low vsin i and unfavourable inclination, we do not expect to be able
to map fine details of the surface magnetic field structure. Thus, we
limited inversions to a purely poloidal dipolar configuration (£,,x
= 1) and a general quadrupolar field (£,,,x = 2), which included
both poloidal and toroidal components. It turns out that only the
latter parametrization is capable of providing an adequate fit to the
observed Stokes IV profiles.

The top half of Fig. 15 illustrates the abundance distribution of
He, and the local orientation and strength of the magnetic field on
the surface of HD 184927. The abundance map shows that almost
all visible part of the star is overabundant with helium. In the same
time, there is a large area near the equator which is best visible at
phase 0.4—0.5 where the abundance of helium is about three times
lower than on the remaining part of the surface. The zone of lack of
helium lies in the area that is partly hidden due to low inclination,
so we cannot predict the real scale of this area (note that we can
see only ~60 per cent of the stellar surface). Correlations between
the surface magnetic field and abundance distribution of helium are
pretty well seen. The area with the strongest surface magnetic field
(roughly 9 kG) corresponds to the region where the abundance of
helium is the highest.

The results of the MDI procedure applied to O 1lines are presented
in the bottom half of Fig. 15. The abundance map of oxygen features
a large area of lower abundance of the element which roughly
covers a zone coincident with the region of He overabundance.
However, the spot where oxygen is lacking is less than the area
of He overabundance. The other part of visible surface also shows
deficit of the oxygen (relative to the Sun) but not so striking.

The MDI fits to the Stokes / and V profiles are illustrated in
Fig. 16. In addition to the adopted dipole + arbitrary quadrupo-
lar field distribution (shown in Fig. 15), we also show the profiles
computed by restricting the field distribution to a purely poloidal
dipolar configuration. It is evident that the dipolar field fit does not
reproduce all details of the Stokes V profile variation. For instance,
for the He1line the circular polarization amplitude is overestimated
in the phase interval 0.35-0.6; for the O1 triplet the Stokes V am-
plitude is somewhat underestimated around phase 0.05. We com-
puted the reduced yx? for Stokes V fits assuming pure dipole and
dipole+quadrupole topologies. For He, we obtained x> = 1.96 for
the dipole+quadrupole topology versus x> = 5.54 for the pure
dipole; for O, we obtained x> = 3.70 (dipole+quadrupole) and x>
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= 9.30 (pure dipole). So, allowing only a dipolar field geometry
increases the reduced x? by a factor of 2.5-5. Therefore, we con-
clude that despite the sinusoidal appearance of the longitudinal field
variations, the surface field topology of HD 184927 includes a non-
negligible quadrupolar component. At the same time, the field is
predominantly poloidal. The relative magnetic energies of different
harmonic terms are given in Table 8.

The two magnetic maps derived independently from He and O
lines agree qualitatively. But some important local discrepancies are
present. In particular, the amplitude of the field modulus is larger
in the helium map (0.7-10 kG versus 0.4-8.3 kG for oxygen). In
Fig. 17, we compare rectangular plots of the three magnetic field
components for the He (upper) and O (lower) magnetic maps. The
rectangular maps are plotted using the same colour table and ranges.
One can see that the He magnetic map is on average stronger. How-
ever, considering the rather extreme differences in the longitudinal
field curves obtained for these two elements (see Fig. 7) and the
stellar parameters that are not optimal for MDI, the agreement of
the two magnetic maps is deemed to be satisfactory.

As a final step in modelling the magnetic field of HD 184927, we
have used our MDI model to compute linear polarization profiles of
individual spectral lines and compare them with the available Stokes
Q/U spectra. For this procedure, we used the same lines as were used
for computing the MDI maps — He1 X 6678 and the oxygen triplet
O1AXT7772,7774,7775. We detected no sign of linear polarization
in the observed profiles. The observations are reasonably consistent
with the spectrum synthesis of the He line (except for phase 0.39
where the amplitude of the calculated profile is somewhat higher
than the noise level). But for the O triplet, the predicted signatures
have a higher amplitude than the observational noise for phases
0.28 and 0.37 (See Fig. 18). This may indicate a more complex field
topology than inferred from the Stokes V analysis. Several authors
previously reported a similar phenomenon occurring in some Ap
stars (Bagnulo et al. 2001; Kochukhov et al. 2004).

The determination of vsini described in Section 6.1 ignored the
broadening introduced by the magnetic field. To test this assump-
tion, we can use the magnetic field model derived from MDI to de-
termine the magnetic broadening. We analysed the phase-averaged
Sim A 4567 and Fe 1 A 5156 lines using the code synmast. We find
a best-fitting vsini of 6.0-6.5 km s~!, i.e. the impact of taking the
magnetic field into account in the spectrum synthesis appears to be
non-negligible, amounting to a reduction of vsini by 3—4 km s~'.
However, we doubt that the vsini obtained with this analysis is
definitive. Due to the strong line profile variability, the average
spectrum is not well reproduced with a simple spectrum synthesis
assuming a homogeneous stellar surface. For example, fitting the
phase-averaged synthetic profiles of the O triplet derived from the
MDI modelling, we are unable to recover the vsini = 10 km s~
with which profiles were computed. It appears that variability due
to abundance spots introduces additional smoothing of mean line
profiles.

It therefore seems likely that vsini is in fact somewhat lower
than that derived in Section 6.1, although the exact value is rather
uncertain. However, we note that a reduction of vsini by several
km s~! does not influence the MDI results significantly because
even with vsini = 10 km s~ we are already in the regime where
Doppler broadening does not dominate the line profiles. There is a
marginal evidence that the Stokes / variations of the O triplet are
best reproduced with vsini ~ 7 km s~!. On the other hand, the He1
A 6678 line seems to favour vsini ~ 9—10 km s~'. In both cases, the
change of the fit quality and resulting maps achieved by reducing
vsin i is marginal.

MNRAS 447, 1418-1438 (2015)

GT0Z ‘€ Afenuer uo »e101|qIosiBisBAIUN eesddn e /H10'Sjeulno piojxo'seluw//:dny wody papeojumoq


http://mnras.oxfordjournals.org/

1432 I Yakunin et al.

9=0.00

—

&5
\ NN
S\

!
IES

!
PRt

SN
) N
OO

Figure 15. Results of Magnetic Doppler Imaging analysis of HD 184927. Top half: chemical abundance and surface magnetic field distribution derived from
the He1 A 6678 line. Bottom half: the same for the O1 AA 7772, 7774, 7775 triplet. In each panel, the top row shows spherical chemical abundance map, with
scale given in logarithmic units relative to the Sun. The three rows below show (a) field modulus, (b) radial field component, and (c) field vector plot.

8 MAGNETOSPHERE

In the presence of a sufficiently strong magnetic field, the interac-
tion between the radiative winds of early-type stars and the magnetic
field can lead to the formation of a magnetosphere (Babel & Mont-
merle 1997; ud-Doula & Owocki 2002). Wind plasma from op-
posite hemispheres is channelled along closed magnetic field lines

MNRAS 447, 1418-1438 (2015)

to collide at the magnetic equator, producing X-rays at the wind
shocks, along with relatively dense, cool clouds of stalled plasma.
Magnetospheres can often be detected as emission in Balmer lines
(e.g. Oksala et al. 2012), Paschen lines (e.g. Grunhut et al. 2012;
Eikenberry et al. 2014), and wind-sensitive UV resonance lines
(e.g. Smith & Groote 2001; Henrichs, Schnerr & ten Kulve 2005;
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Figure 16. Left — comparison between the observed (black lines) and synthetic (red lines) 7 and V Stokes spectra of the He1 A 6678 line. Right — comparison
between the observed and synthetic 7 and V Stokes spectra of O1 AX 7772, 7774, 7775. Blue (thin) line — synthetic profiles computed under pure dipole
assumption. Spectra for the consecutive rotational phases are shifted in the vertical direction. Rotational phases are indicated in the column to the right of the
Stokes V panel. The bars at the lower right of each panel show the horizontal (1 A) and vertical (5 per cent) scale.

Table 8. Relative energies of different harmonic
components of stellar magnetic field.

£ All Poloidal Toroidal
He magnetic map
1 38.4 percent  36.5 percent 1.9 per cent
2 61.6 percent  53.0 percent 8.5 percent
All 89.6 percent  10.4 per cent
O magnetic map
1 38.8 percent  32.6 percent 6.2 percent

61.2 percent 454 percent  15.8 percent
All 78.0 percent  22.0 per cent

Oskinova et al. 2011); X-ray overluminosity (e.g. Oskinova et al.
2011; Petit et al. 2013); and photometric and broad-band lin-
ear polarization variations (Townsend 2008; Carciofi et al. 2013;
Townsend et al. 2013). Due to corotation of the confined plasma
with the magnetic field, these diagnostics are often (although not

always) variable, with variations synchronized with the rotational
period.

The wind is considered to be magnetically confined if the ratio
of magnetic to kinetic energy density in the wind, given by the
magnetic wind confinement parameter 7+, is greater than unity (ud-
Doula & Owocki 2002):

_ BuRs (5)
T Mus

UE

In calculating equation (5), the equatorial magnetic field B, is
used, as this is where the wind and the magnetic field most directly
oppose one another; R« is the stellar radius; M is the mass-loss rate;
and v is the wind terminal velocity.

Following Petit et al. (2013), we use the theoretical recipe of
Vink, de Koter & Lamers (2000) to calculate the wind parameters.
With M =3.5 x 107° Mo yr" and v, =894 kms~!, we find n, ~
2422 % 10*, where the uncertainty is obtained by propagating
uncertainties in R,,, T, and log L through the calculations of M, v,

MNRAS 447, 1418-1438 (2015)
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Figure 17. Comparison between the He magnetic map (upper plot) and O magnetic map (lower plot). The hatched area corresponds to the invisible part of

the stellar surface.

and equation (5). Since n,. > 1, the wind is very likely magnetically
confined.

The Alfvén radius R, (defined as the maximum extent of closed
magnetic loops and thus defining the outer boundary of the magneto-
sphere; ud-Doula & Owocki 2002) can be determined heuristically
from 7, via

R
A~ 03+ (. +0.25) (6)

%

in this case yielding Ry ~ 12.71’{94 R..

Krticka (2014) provides calculations of mass-loss rates and wind
terminal velocities specifically for chemically peculiar B-type stars.
However, if we adopt the tables of Krticka (2014) instead of extrap-
olating the recipe of Vink et al., the wind-momentum is largely
unchanged: while M is smaller (5.327'°Mq yr™!), v is larger
(4020 km s~!). This then yields Ry ~13R, and 5, ~ 2.5 x 10*:
within the already existing uncertainties.

Animportant consequence of magnetic wind confinement is rapid
angular momentum loss via the extended moment arm of the corotat-
ing plasma (Weber & Davis 1967; Ud-Doula, Owocki & Townsend
2009). The angular momentum loss time-scale t; is given by (Petit
et al. 2013)

3 R\’
= EftM (FA) s @)

where oy = M,/ M is the time-scale over which angular momentum
is lost due to an unmagnetized wind, and fis the moment of inertia
factor, which can be evaluated from the star’s radius of gyration 8
as f = B2. From the internal structure models of Claret (2004), f ~
0.0625 for an 8 M, star of ~7 Myr age, with little variation during
its previous evolution. Taking 7y to be constant, this then yields
75 = 0.96 or 5.8 Myr, depending on whether the Vink, de Koter &
Lamers or Krticka mass-loss rates are used.

We can use t; and the rotation parameter W (the ratio of the
rotation speed V; to the orbital speed V,, at the equatorial surface
radius R,) to infer the star’s spin-down age ts (Petit et al. 2013):

W,
ts = 7yln (WO) s (®)
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where W, is the initial rotation parameter. Assuming the star to
have been rotating at critical velocity, the maximum spin-down age
t;. max can be estimated: 3 or 18 Myr, again depending on the adopted
mass-loss rate. The former estimate is easily accommodated within
the 7 Myr age of the star.

Petit et al. (2013) classified magnetospheres as either dynamical
magnetospheres (DMs) or centrifugal magnetospheres (CMs).

A CM is expected when Ry > Rg, where Rk is the Kepler ra-
dius, the radius at which gravitational and centrifugal forces are in
balance (Townsend, Owocki & Groote 2005; ud-Doula, Owocki &
Townsend 2008). Rk is defined as

GM\ '
Rx = (7) , ©
w

where G is the gravitational constant, M is the stellar mass, and w
is the angular rotational velocity, which can be determined from
R~ and vsini if the inclination from the line of sight i is known.
Adopting the inclination, radius, and mass derived in Section 6, we
find Rx = 7.5 £ 3.3R..

Since Ra/Rx> 1, HD 184927 possesses a thin CM. However, un-
less Ra > Rx (typically, logjoRa/Rx > 1), emission is not typically
observed in the optical part of the spectrum (Petit et al. 2013, fig. 8;
also Shultz et al., in preparation) In this case log;oRs/Rx ~ 0.2, so
optical emission is not expected.

Note that a star with a CM will still possess a DM, in the region
r < Rk. So the star probably possess both a CM and DM.

X-ray and radio observations of HD 184927 are not yet available,
so the magnetosphere can only be examined via optical and UV
emission.

The Balmer lines are variable at about 2 per cent of the continuum
(see first two panels of Fig. 19). The magnitude of variability is
similar for all Balmer photospheric lines (compare Hy to Hw),
whereas for circumstellar emission the variability in Ho should be
much more pronounced than in other H lines. The variability is not
bounded by R4, as expected for a magnetosphere. Finally, Balmer
line variability is almost a mirror image of the variability in He
lines (e.g. He1 667.8 nm, right-hand panel of Fig. 19). All of this
suggests that this variability is photospheric in origin, possibly a
consequence of displacement of H by He. We conclude that there is
no signature of HD 184927’s magnetosphere detected in the Balmer
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Figure 18. Comparison between observed (black lines) and synthetic Stokes I and Q/U parameters (red lines) of the oxygen triplet O1 A% 7772, 7774, 7775.

Phases are indicated in blue.

lines of the ESPaDOnS spectra. The variability in the Paschen series
resembles that in the Balmer series. Just as with the Balmer series,
there’s every reason to suspect this to be photospheric in origin.
UV spectra are more useful in this regard. The variability of the
IUE UV spectra of HD 184927 is well known (e.g. Barker et al.
1982; Brown et al. 1987). Variability is present in numerous lines;
examples are shown for Al C1v, Sitv, and N v in Figs 19 and 20.
This is especially significant in the case of N v, as the high ionization
potential (92 eV) of this doublet requires a higher temperature than
is available in the photosphere. The presence of this line is a direct
consequence of ‘superionization’ due to X-ray production in the
magnetically confined wind shock (e.g. Oskinova et al. 2011).
Essentially, the same variability pattern is present in all four
doublets, as is demonstrated in both the dynamic spectra (Fig. 19,
bottom panels) and the composite EW measurements (i.e. combined
measurements for both lines in the doublet, Fig. 20). There are

telling differences between the UV lines and the H and He lines.
The variability of the latter is entirely symmetrical about the v
= 0 km s™' while the former (especially C1v and Alm) are not
symmetrical. UV line variability is essentially bounded by Ra (see
Fig. 19), as expected for emission formed within a magnetosphere
corotating with the stellar surface.

Smith & Groote (2001) modelled absorption and emission in a
variety of low- and high-excitation UV lines, determining the tem-
perature, turbulence, and column density for each line. Comparing
results for lines with the lowest and highest excitation potentials,
they found temperatures varying from ~ 15 kK to ~45 kK, turbu-
lent velocities from 20 to 50 km s~', and column densities from
10?* to 10?2 cm™2: that is, the higher energy lines were best fitted
using lower column densities, greater turbulence, and higher tem-
peratures. Turbulence may account for the presence of variability at
velocities greater than those accounted for by R, (see Fig. 19).
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Rk, while variability within the He and UV lines is approximately bounded by £R4.

: : The presence of significant turbulence, together with the strong
| EE%E E; }%i i Eiifi Ié }%i redshifted emission peaks at low velocities (interpreted by Smith
= 5 i 5 i | & Groote as downflows), suggest that the UV resonance lines ex-
3 ih ih amined here are formed relatively close to the star within the DM,
AL H&%i H%%i : rather than within its very thin CM. Assuming the EW increases
can be fully explained by occultations of the star by the circum-
stellar plasma torus, their duration can be used to infer the distance
of the cloud from the photosphere under the assumption of strict
corotation. The occultations are quite long (lasting approximately
0.5 of a rotational cycle, see Fig. 20), suggesting that the clouds
are located very close to the photosphere. As this is well within
Ry, this supports the argument that the UV variations are produced
primarily within the DM.
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9 DISCUSSION AND CONCLUSIONS

T T I = ST

In this paper, we have examined an extensive collection of spec-
tropolarimetric and spectroscopic observations of the He-strong
star HD 184927. We used previously published magnetic field mea-
surements together with our own measurements of the longitudinal
I i magnetic field and EW to improve the rotation period of the star to
P =9.53102 £ 0.0007 d — a value 10 times more precise than that

0.0 0.5 1.0 previously published by Wade et al. (1997).
Phase (P = 9.531020 d) We also examined the spectral line EW and profile variations.
We find that lines of many elements are variable. However, whereas
most elements show maximum EW near rotational phase 0.5, lines
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Figure 20. EW variations of wind-sensitive UV doublets.
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of He vary in the opposite sense, with maximum strength near phase
0.0. The line variations, completed by NLTE spectrum synthesis
assuming a patchy surface distribution of He, supports the view that
many elements are distributed non-uniformly across the surface of
the star.

We performed an extensive analysis of the spectrum and fluxes
of HD 184927, modelled using the TLusTy NLTE model atmosphere
code. This allowed us to improve the precision and accuracy of the
physical characteristics of the star. Some of these properties — most
notably the luminosity — are substantially revised relative to those
presented in earlier investigations of this star.

Motivated by important differences between the observed char-
acteristics of the longitudinal field curves derived from H lines and
from LSD profiles, we performed a detailed examination of the de-
pendence of the longitudinal field curve on chemical species. We
find large differences between the variations of different elements.
While the field curve measured from H lines varies from ~0-2 kG,
that of He varies from only O to 1 kG, and those of N, O, Si, and Fe
vary from about ~—700 G to 1 kG.

These large differences in the longitudinal field variations — which
we interpret as a consequence of the different distributions of these
elements on the stellar surface — could potentially have important
implications for the determination of the magnetic field geometry.
In our analysis, we derive a rotation axis inclination i = 25° using
the stellar radius, rotational period, and vsin . It is not uncommon
to assume a dipole field and to compute the best combination of
the magnetic obliquity 8 and dipole polar strength By by fitting the
field curve (e.g. Wade et al. 1997).

For example, if we fit the H longitudinal field curve, we obtain
B ~ 65° and By ~ 8.5 kG. On the other hand, fitting the field
curve measured from the He lines gives the same obliquity but a
polar field strength about half as large. Finally, fitting the field curve
from O lines yields an intermediate polar field (By >~ 7 kG) and a
substantially greater obliquity (8 ~ 87°).

Wade et al. (1997) proposed two difference models of the mag-
netic field geometry depending on the adopted rotational velocity
(B4 ~9.7KG, Byt =~ 2.0kG, i =29°, B =76° for vsini=17kms™!
and By ~ 13.7 kG, By >~ —9.0 kG, Byt = 12.0kG, i = 20°, 8 =
81° for vsini = 12 km s~!). They added quadrupolar and octupolar
magnetic moments in their calculations, but noted that this modifi-
cation does not change the computed longitudinal field significantly.
However, they were unable to distinguish between the two models
based on the data they had and concluded that the magnetic field
configuration of HD 184927 lies somewhere between these two
extremes.

In our investigation, we used Magnetic Doppler Imaging to si-
multaneously model the magnetic field and chemical abundance
distributions of the elements He and O. In Fig. 21, we once again
illustrate the longitudinal field variations measured from the He1
16678 and O1 A7774 lines. Overplotted are the calculated vari-
ations obtained from the synthetic Stokes / and V profiles char-
acterizing the MDI model fit to the data. Given that the mag-
netic field maps derived from these two lines are nearly identi-
cal, the excellent agreement illustrated in Fig. 21 implies that the
large differences in their longitudinal field curves can be fully ex-
plained as the consequence of a single, unique magnetic field dis-
tribution in combination with element-specific chemical abundance
distributions.

Our investigation of HD 184927 represents the first complete,
modern analysis of one of the most slowly rotating He-strong stars.
Analyses such as this represent important contributions to a system-
atic understanding of the physics of magnetic massive stars.
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