**\/olume Title**

ASP Conference Series, Vol. **\/olume Number**
**Author**

©**Copyright Year** Astronomical Society of the Pacific

Massive-Star Magnetospheres: The Interplay between Outflows,
Rotation and Magnetic Fields

Rich Townsend

Department of Astronomy, University of Wisconsin-Madison, 253%ii8er
Hall, 475 N Charter Street, Madison, WI 53706, USA

Abstract.  Some massive stars harbor circumstellar environmentsichwitasma is
channeled and confined by a magnetic field. Theassive-star magnetospheresre
first observed over three decades ago, but it is only in thedessde that quantitative
models have begun to emerge. This contribution presentsvéewr of these models,
highlighting how the distribution of plasma throughout agmetosphere is sculpted by
the interplay between the wind outflow, the centrifugal &édue to rotation and the
magnetic field.

1. Historical Perspective

In one of those interesting little twists of fate, the first discovery of a mastae
magnetosphere — that is, a circumstellar region where plasma is channdledran
fined by the star's magnetic field — actually predates the first field detectiamy. U
ing photographic-plate spectroscopy, Walborn (1973, 1974) fowdnly that the
Helium-strong B2p stav- Ori E shows the twin-peakedddemission signifying ro-
tating circumstellar plasma, but also that this emission is variable over a timescale of
hours. The novelty of his discovery was not lost on Walborn; his 1@&pepis titledA
New Phenomenon in the Spectrum of Sigma Orionis E

Follow-up observations by a number of authors revealeditiiat E and a number
of other He-strong stars additionally exhibit variations in absorption-lingvatent
widths (e.g., Hunger 1974; Pedersen & Thomsen 1977), Balmer shelrdésae.g.,
Groote & Hunger 1976) and photometric indices (e.g., Hesser et al. 18i0rgover,
all variations appear to be strictly periodic. Then, perhaps cementing its statis a
Rosetta Stoney Ori E finally revealed the mechanism behind the puzzling variability
of the He-strong starsmagnetic fields A ~ 10kG (polar-strength) dipole magnetic
field was detected io- Ori E by Landstreet & Borra (1978), using photopolarimetry in
the wings of K8. | believe that paper makes the first mention of a ‘magnetosphere’ in
the context of massive stars.

Subsequent photopolarimetric observations of other He-strong stamglstsug-
gested that magnetic fields are ubiquitous in the class as a whole. Out of ke sdr@p
stars, Borra & Landstreet (1979) found 6 to exhibit strogdlLkG), ordered magnetic
fields. Similarly, out of a sample of 11 He-strong stars Bohlender et a87)1found
9 to be strongly magnetic (of these 9, two were new discoveries, and théndema
follow-ups). Parallel studies of the cooler, later-B type He-weak starsravealed a
high field incidence (e.g., Borra et al. 1983), although the fields areuitetas common
— or as strong — as in the He-strong stars.
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After this initial golden decade of discovering magnetic fields in the He-peculia
stars (i.e., both He-strong and He-weak objects), further observhtimogress slowed
down considerably, perhaps due to the inherent sensitivity limitations edpalarime-
try. However, on the theoretical sidéf@ts continued to uncover the physical basis
for the magnetospheres around these stars, as revealed by twirtpéakamission
(e.g.,o Ori E; 6 Ori C — Bohlender et al. 1991) afat periodic variations in UV
(wind-formed) absorption lines (e.g., HD 37017, HD 64740 — Shore &\Brd990;
HD 5737, HD 79158 — Shore et al. 1990Vhere does the magnetospheric plasma
come from — and how does it remain supported above the stellar surfacesigy
nificant timescales?Although empirically derived cartoon models proliferated (e.g.,
Groote & Hunger 1982; Shore & Brown 1990), the real breakthromgh made by
Nakajima (1985), who presented the first quantitative treatment to adteessue of
magnetospheric support. More on this§ig.

Toward the end of the 1990s the advent of high-resolution spectrapelzrs
revived interest in magnetic massive stars by revealing fields in olg#duts than the
usual He-peculiar stars. Highlights include the discovery of a fietd @ri C, the first
magnetic O-type star (Donati et al. 2002); the mapping of the complex fieldogppo
of the enigmatic BO star Sco (Donati et al. 2006); the detection of a dipole field in the
archetypal pulsatgs Cephei (Henrichs et al. 2000); and a rapid growth in the number
of known-magnetic O- and B-type stars, due most recently to the suddabesMiMeS
project (see contributions by Gregg Wade and Evelyne Alecian, thesegutings).

Corresponding theoretical progress over the past decade hadrbvezrby numer-
ical magnetohydrodynamical (MHD) simulations, pioneered originally byDodia
& Owocki (2002) and Owocki & ud-Doula (2004). These simulationsfconthe
magnetically confined wind sho8kCWS paradigm advanced by Babel & Montmerle
(1997a,b), which argues that the X-ray emission from starsgtk@ri C arises in the
shocks formed when wind streams channeled along closed magnetic |dlges wah
each other. (Note that the MCWS model was propdsefdrea field was detected in
o' Ori C — theory at its finest!). Arguably, however, the key outcome froetiork
by ud-Doula & Owocki (2002) was something else — the formulation ofsttedlar
magnetic confinement parameigr

2. Then.-W Plane

The magnetic confinement parametdas defined as the local ratio between magnetic
and wind kinetic energy densities,

_ B2/8x
= PV2/2

(here,B is the field strengthy the plasma density andthe plasma velocity). At each
point in a magnetized wind, the magnitude of this parameter determines whether the
field channels and controls the wingl & 1), or whether the wind dominates the field
and stretches it out into open, radial configuratioms< 1). ud-Doula & Owocki
(2002) demonstrated that forggpole global field topologyd = 2 for dipole,q = 3 for
guadrupole, etc.), the functional formmfar from the star can be approximated by

r\
- (Q) | @)
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Figure 1.  They.-W plane for selected magnetic massive stars, colored aceprdi
to their class. The dashed lines separate the various typesgmetosphere: no mag-
netospherer(, < 1), dynamical magnetospherg > 1, W < 7;*®) and centrifugal
magnetospherey( > 1, W > 5;¥®). Telephone directory: HD 37022 6! Ori C;
HD 37479= o Ori E; HD 37742= ¢ Ori A; HD 142184= HR 5907; HD 182180-
HR 7355. Figure courtesy of&fonique Petit.
Here,
B2R2
o = — 3
M= Ve 3

is the stellar magnetic confinement parameter, which sets the overall scalingrof
terms of the stellar field strengf., radiusR,, wind mass-loss ratt and terminal
velocity V.

At the broadest leve}. determines the global configuration of a magnetosphere.
Stars withn, < 1 (e.g.,¢ Ori A; Bouret et al. 2008) cannot maintain closed magnetic
loops because < n. < 1 everywhere, and therefore lack the typical observational
signatures (k4 emission; UV line variability; X-ray emission from MCWS; etc.) of a
magnetosphere. Stars with > 1, however, will always harbor some kind of magneto-
sphere extending from the surface out to the Affradius

Ra ~ Ry 4)

at whichnp ~ 1. InsideRa field lines (typically) remain closed, while outsiéRa the
wind opens them up.

Nevertheless, this isn’'t the whole story. A star with > 1 has answered the
first question of how a magnetosphere formvbere does the magnetospheric plasma
come from7But the second question -hew does it remain supported above the stellar
surface over significant timescales? still needs to be addressed. In some cases, a
valid answer might baot at all; even without a putative outward force suspending it
near the tops of closed magnetic loops, the plasma will typically take a wind flow time
twind ~ R«/Vw 10 fall back to the stellar surface. With afBaiently high wind mass-loss
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rate, the instantaneous mass

Mpm ~ M twing ~ I\\/I/—R* (5)
contained within thislynamical magnetosphe(®M) will be large enough to exhibit
an observational signature. Sundgvist et al. (2012) demonstrate éhaamping Hy
emission reported in the slowly rotating (538-day period) magnetic O-starHB1P
(Wade et al. 2011) is consistent with plasma trapped in a DM (see also doviSts
contribution, these proceedings); for this Sty ~ 2 x 10719M,, which is certainly
suficient material to explain the dlemission levels.

The same cannot be said of other stars, howeverofri E, Mpy ~ 2x1013M,
(using stellar parameters from Kgkia et al. 2006), which is a couple of orders of mag-
nitude smaller than the 10" M,, inferred from observations of the star’'s magneto-
sphere. In this and other He-peculiar stars, the mass-loss rate is simppnatidar
any appreciable kind of DM to form; therefore, there must be some additgeat at
work allowing wind plasma to accumulate over timescales much longetthanThis
agent is the centrifugal force arising from enforced co-rotation. ffasma situated
outside the Kepler radius

R« = W3R, (6)

whereW = V,qt/Vorp IS the ratio between the stellar equatorial rotation and orbital
velocities, the centrifugal force exceeds the inward pull of gravity asd support
plasma near the tops of closed field loops over long time periods. Of cdarsmich

a centrifugal magnetospher €M) to form it is necessary th&« exceed the Alfén
radiusR,.

To sum up, three possible scenarios can be identifie@-visthe formation of a
magnetosphere. Far. < 1, no magnetosphere is possible. kor> 1 butRy < Rk
a dynamical magnetosphere can form (although its observability depends3; and
for n. > 1 andRa > Rk a centrifugal magnetosphere can form. Fig. 1 illustrates
these three scenarios in the-W plane, placing many of the stars mentioned in the
foregoing discussion in their appropriate locations. Note in particular hevBttype
stars (being mostly He-peculiar stars) are generally located in the CM dowlaiie,
the O-type stars fall in the DM domain. This is because the B-type stars typicaiy
very large confinement parameters (due to their low mass-loss ratesamttilis more
easily satisfy th&x > R, requirement for a CM to form; whereas the O-type stars have
suficiently high mass-loss rates that a detectable DM can form.

Not surprisingly, the techniques and tools required to model massiveaatane-
tospheres depends on the host star’s location imtHé&/ plane. In the DM domain,
MHD simulation is the preferred technique (although the RFHD approadchilded in
§3.4 can also be useful). In the CM domain, foffguently strong fields, MHD be-
comes too computationally expensive due to the growingé&ifspeed and shortening
Courant timestep. However, in this same limit rigid-field models become applicable.

3. Rigid-Field Models

3.1. Background

Rigid-field models are a class of simplified magnetosphere treatments that emsume
arbitrarily strong field, corresponding to the limit — co. Within the rigid-fieldansatz
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the field topology becomes decoupled from the other MHD equations, anldecan-
posed by fiat as an internal boundary condition. Michel & Sturrock4)@eveloped
the first rigid-field model, not for a star but for the lo plasma torus in théahomagne-
tosphere. They showed that at radif, R, the interplay between centrifugal, magnetic
and gravitational forces produces loci where plasma from lo’s vatoamptions can
sit in magnetohydrostatic equilibrium.

Nakajima (1985) applied a similar approachvt®ri E, to develop the first phys-
ically realistic model of the star's magnetosphere. In brief, the equation tdbmfor
plasma flowing along a rigid field line is, in the frame co-rotating with angular fre-

guencyQ,
ov oV 16_p__dCDeff

ot Vastpos T ds (7)
Here,pis the gas pressursjs the arc coordinate along the field line, and
M 1 :
D = —GT - EQZrzsmzH (8)

is the dfective (gravitational plus centrifugal) potential expressed in a spheoca-
dinate systemr(6, ¢) aligned with the rotation axis. In static equilibrium, the equation
of motion becomes g g
1 P Degr
== ©)
pds ds
assuming an isothermal equation of stpte a?p with sound speed, solutions take
the form

p(S) = po €XP(Desr /&) (10)

wherepg is a normalizing constant proportional to the total amount of mass on the field
line. The density is sharply peaked whdrg; is at its most negative — i.e., at local
minima of the &ective potential as sampled along the field line, representing points of
stable equilibrium.

Nakajima (1985) explored the loci formed by these equilibrium points, finding
them to be warped, disk-like surfaces; however, he was constrayribe bmited com-
putational resources available at the time. With the advent of cheap compuéngs
et al. (2004) revisited the problem, mapping out the equilibrium surfacestail dising
an alternative (but entirely equivalent) force-balance approach.

3.2. The Rigidly-Rotating Magnetosphere Model

A fundamental limitation of the Nakajima (1985) and Preuss et al. (2004) tre&tnse
their inability to predict the distribution of plasma across the equilibrium susfagke
though these indicate where plasma will tend to settle, they cannot applyL8yqu@n-
titatively because they lack a prescription for the normalizing depsgityownsend &
Owocki (2005) addressed this problem in thegidly rotating magnetospherRRM)
model, which augments the Nakajima (1985) model with an expression for tlte win
mass flux onto each footpoint of a closed magnetic loop:

M

= — g,
47TRg’uB

(11)
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Figure 2. Dynamical k| spectrum ofo- Ori E, as observed using the FEROS
echelle spectrograph (left) and as predicted by the RRM inogdét). White indi-
cates~ 15% emission, and black 5% absorption, relative to the mean photospheric
profile. Adapted from Townsend et al. (2005).

whereM should now be interpreted as the mass-loss rate of the star if it had no field
(e.g., as predicted by the Castor et al. 1975, formalism)uanid the projection cosine
between the field vector and the stellar surface normal at the footpointeXjiession

is based on the scalings found in full MHD simulations by Owocki & ud-Dogz04);

with the ansatz thgbg o« m, the magnitude opp on each field line is determined
(modulo some overall normalization which sets th&l magnetospheric mass). Then,
egn. (10) gives the relative distribution of mass throughout the entire-ttireensional
magnetosphere. Fig. 2 illustrates results from an application of the RRM nmdel

o Ori E, in order to predict (quite successfully) the time variation of the stdw's
emission.

3.3. Arbitrary-Field RRM Models

A strength of rigid-field approaches is their applicability to arbitrary magnegiolte

gies — not just to the simple case of an oblique dipole. Fig. 3 illustrates the mag-
netospheric plasma distribution of HD 37776 (Landstreet’s star) prediste new
arbitrary-field RRM (A-RRM) code. The circumstellar magnetic field is exdtayed

from the surface field maps measured using magnetic Doppler imaging (MBBdhukhov
etal. (2011). The basis of the extrapolation process is the recognititiméagid field
ansatzs equivalent to assuming a ‘force-free’ field — one in which the Loreoted

Jx B completely dominates the other terms in the fluid momentum equation, and there-
fore must itself be very close to zero if the equation is to be satisfied. This intp&es

the current density is either everywhere parallel 8, or vanishes completely. The
latter scenario is the simplest case to treat, becq¥us® = J = 0 and so the field is
derived from a scalar potential,

B = -Vg. (12)
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Figure 3. Rendering of an A-RRM simulation of the complex metgsphere of

HD 37776. The plasma density is shown in/@dnge, with darker colors corre-
sponding to more-density regions. Selected field lines kriégol in green, and the
central star is shown in blue.

BecauseV - B = 0, the field potentiatbg must satisfy Laplace’s equation. With the
boundary condition that the radial fielRl matches the MDI measurements at the stellar
surface ®g is completely determined, and so thereforBis

This potential-based approach is used to construct the field shown in.Fidne3
field extrapolation is the computationally expensive part of an A-RRM modesuib-
sequent calculation of the magnetospheric plasma distribution is relativalyhsétoa-
ward, in that exactly the same formalism (cf. egns. 10 and 11) as in the RRMImo
applies.

3.4. The Rigid-Field Hydrodynamics Approach

The focus of the RRM and A-RRM models is on the cool, dense, near-safiplasma
in the magnetosphere — the end product of the MCWS processes in whighritie
streams from opposing footpoints collide, are shock-heated to millions ofrKeld

then return to photospheric temperatures via radiative losses. To thedgbrocesses,
it is necessary to solve the time-dependent equation of motion (7) simultdyaatis

appropriate equations describing mass and energy conservationnidus® to simu-
lating ‘quasi-1D’ hydrodynamical flow along rigid magnetic flux tubes, withdhess-

sectional area of the tubes varying in inverse proportion to the field $kreng
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Figure 4. Renderings of an RFHD simulation of the magnetespbfos Ori E,
showing the distribution of plasma which radiates in théagdy UV (T < 10°K),
soft X-rays (16 K < T < 10’ K) and hard X-raysT > 10’ K). The right-hand panel
plots the corresponding fiierential emission measure for thredteient assumed
mass-loss rates (labeled by |gd/1). Note how the X-ray emission becomes softer

and rapidly weaker a¥l is reduced.

Townsend et al. (2007) applied suchgid-field hydrodynamicéRFHD) approach
to model the temporal evolution of the magnetosphere around a star simitaDioE.
Piecing together simulations along 1,140 field lines (run in parallel on a compuger
ter, since they are independent of each other), these authors buid:Dpécture of the
star’s circumstellar environment, spanning 20 Msec, at a fraction of §t@€an equiv-
alent MHD calculation. Key findings are that the distribution of cooled, stdéisma
predicted by the RRM and A-RRM model is correct; and that the X-ray enm$simn
the wind-collision shocks appears to béfsuent to explain the X-rays observed from
some helium-strong stars (note that in the specific cage ©fi E, more than half of
the X-ray flux in fact originates from a low-mass companion; see the caotitsibfrom
Véronique Petit, these proceedings).

More-recent work based on the RFHD approach has explored hoay Xmis-
sion depends on the assumed mass loss rate. Using a revised RFHD doleénwh
cludes field-parallel heat conduction and improved coupling betweerdydamical
and thermal processes, Hill et al. (2011) demonstrated that both thedsarend the
overall flux of the emission isxtremelysensitive toM (see Fig. 4). This suggests that
X-ray observations can be leveraged to constrain mass-loss ratesmétiods)stars —
something quite diicult to achieve using other diagnostics.

4. Open Questions

Rigid-field models have proven extremely useful in enriching our undwiitg of
massive-star magnetospheres. However, a number of open questitais r It's still
not clear what mechanism is responsible for emptying plasma from ceiatirifugg-
netospheres, in order to balance the every-present filling by the windnsend &
Owocki (2005) originally proposed that a CM accumulates plasma until thigifte
gal force on field lines overwhelms magnetic tension; at this point, the stiréiste
reconnects, spilling plasma out of the magnetosphere. The appeal ottiigugal
breakouthypothesis was that the consequent sudden release of magnetic emeldyy
explain the X-ray flaring seen im Ori E (Groote & Schmitt 2004; Sanz-Forcada et al.
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2004). However, although MHD simulations provide support for the masha(see
ud-Doula et al. 2006), it now seems more likely that the flaring i@ri E comes from
the star’s X-ray bright companion (see above).

Even more telling, the analysis in the appendix of Townsend & Owocki (005
argues that the total mass contained in a CM moderated by centrifugabbtesould
approach the asymptotic value

B2R2 \W4/3
M ~ 1078 MQ%, (13)
4

whereBs is the stellar surface field strength in units of &) Ry, the stellar radius in
10'2cm, andg, the surface gravity in fcms? (note the absence of the mass-loss
rate from this expression). For the parameters of the stars plotted in theo@isliral of
Fig. 1, the fractional term in this expression is of order unity, antlso~ 108 M.
This value, however, is orders of magnitude larger than the magnetasphasses

< 10711 M, inferred from observations, meaning that centrifugal breakoutatgriay
any important role in magnetospheric mass loss.

Havnes & Goertz (1984) explored whether cross-fielffudion processes can
serve as an alternative mass-loss channel. Their general finding atdkdhe are too
slow to be relevant; revisiting their calculations with more up-to-date magnegasph
parameters does not change this conclusion. Thus, a complete undegtaihmag-
netospheric mass budgets still needs to be developed.

A related open question concerns what processes madlstributeplasma within
a magnetosphere, leading to departures from the distribution predicted: BYRN
and A-RRM models. Time-series observations of high-order Balmer ptisoiines
(Smith & Bohlender 2007) and linear polarization (see the contribution by Skex
ciofi) in o Ori E, and of Hr emission (Leone et al. 2010) éOri C, are suggestive of
such departures.

5. Summary

Whether a magnetic massive star harbors a magnetosphere — and if soemthe
magnetosphere is dynamical or centrifugal — depends on its locationsp-tveplane.
Dynamical magnetospheres are typically found in O-type stars becausdaosasates
are high; whereas centrifugal magnetospheres are more often fouBwdyjpe stars
because, with the lower mass-loss rates, the&ifiadius lies outside the Kepler radius.
MHD simulation remains the best tool for simulating DMs, but rigid field models are
proving very successful in modeling CMs.
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