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Abstract

Several space missions and instruments for UV spectropolarimetry are in preparation, such as
the proposed NASA MIDEX Polstar project, the proposed ESA M mission Arago, and the Pol-
lux instrument on the future LUVOIR-like NASA flagship mission. In the frame of Polstar, we
have studied the capabilities these observatories would offer to gain information on the mag-
netic and plasma properties of the magnetospheres of hot stars, helping us test the fundamental
hypothesis that magnetospheres should act to rapidly drain angular momentum, thereby spin-
ning the star down, whilst simultaneously reducing the net mass-loss rate. Both effects are
expected to lead to dramatic differences in the evolution of magnetic vs. non-magnetic stars.
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1 Introduction

1.1 Background

The hot, massive stars of the upper main sequence
are dominant objects in a galaxy. While much less
numerous than cooler stars, they exert a wide-
ranging influence on galactic structure and stellar
ecology. The majority of the periodic table — all
elements up to iron (Johnson, 2019) — is forged
in their cores, with heavier elements being syn-
thesized in their deaths in Type II supernovae,
at which point the enriched material is returned
to the interstellar medium (ISM). With tens to
hundreds of thousands of times the luminosity
of the Sun, and much higher temperatures with
spectra peaking in the far ultraviolet (FUV), they
contribute most of the ISM’s ionizing radiation.

Their high luminosities launch powerful, radia-
tively driven winds with mass loss rates thousands
to billions of times the Sun’s to terminal velocities
of thousands of km /s, injecting substantial matter
and momentum into the ISM.

The combination of ionizing radiation and
powerful stellar winds hollows out star-forming
material, quenching star formation. Upon super-
nova detonation at the end of a hot star’s life, the
resulting shock wave contributes a final burst of
rapidly moving material that can trigger star for-
mation by initiating the gravitational collapse of
nearby molecular clouds. Following the supernova,
the stellar remnant begins an extended afterlife
as a neutron star or black hole, long-lived objects
that — in the deep cosmic future — will be one of the
few inhabitants of the cosmos (Renedo et al, 2010;
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Slane et al, 2016; Cosentino et al, 2022; Grudic¢
et al, 2022; Adams and Laughlin, 1997).

The structure and evolution of single stars are
largely functions of the stellar mass, therefore any
process that changes the mass will change the evo-
lution of the star. For O-type stars, which have
mass-loss rates of around 107% My yr~!, main-
sequence lifetimes on the order of 10 Myr, and
initial masses of around 50 M), mass loss via stel-
lar winds can result in considerable reductions in
mass. The evolution of such stars therefore can-
not be understood in isolation from the effects of
their wind, since differences in the terminal, pre-
supernova state of a star have consequences for the
type of supernova as well as the type of remnant
that emerges.

Many massive stars are rapid rotators, with
equatorial surface rotational velocities of hundreds
of km/s. In the most extreme cases, stars may
rotate near their critical or breakup velocities,
leading to deformation of their shape from a spher-
ical to an oblate form, bulged around the equator,
with much cooler equatorial temperatures due to
gravity darkening (von Zeipel, 1924). Even in less
extreme cases, rotation leads to mixing, replenish-
ing the nuclear-burning core with fresh material
from the envelope, and thereby having a strong
effect on the evolution of the star (e.g. Brott et al,
2011).

Due to the dominant role played by mas-
sive stars in terms of mass and energy input via
winds, ionizing radiation, and supernovae, under-
standing the evolution of galaxies requires under-
standing the evolution of massive stars, which in
turn requires that we understand their winds and
their rotation along with all phenomena that can
modify these key parameters.

It is clear that there is no such thing in nature
as a really ‘normal’ or ‘standard’ massive or hot
star. Instead, there is a diversity of special cases,
such as classical Be stars, interacting binaries, or
magnetic hot stars, which collectively comprise
the hot star population. It is only via understand-
ing of the properties of these individual groups
that the properties of the massive stars can be
properly accounted for in population synthesis
models, which in turn are key inputs for models
of galactic chemical and structural evolution.

Main focus of this paper is understanding the
properties of the special group of magnetic hot

stars. The proposed Polstar NASA MIDEX mis-
sion will greatly help us achieve this goal, as it is
equipped with a 60-cm telescope and a full-Stokes
(IQUV) spectropolarimeter divided in 2 channels
in the ultraviolet with the first one providing
spectropolarimetry at high spectral resolution of
R~33000 over the 122-200 nm far-UV bandpass
and the second one providing spectropolarimetry
over the 180-320 nm NUV band with low- to mid-
resolution (R~30 to 250) (Scowen et al, 2021).
Thus, Polstar is quite well suited for studying hot
stars and their circumstellar environment.

In the remainder of this section, general back-
ground is provided on hot star magnetic fields,
magnetospheres, magnetospheric diagnostics, and
the effects of magnetospheres on stellar evolution,
culminating with the motivation for exploring
these effects with Polstar. The known properties
of ultraviolet magnetospheric diagnostics, a com-
parison with visible and X-ray diagnostics, and an
overview of the simulations and models used to
interpret them, are given in Sect. 2. Expectations
for linear spectropolarimetry arising from scatter-
ing in the circumstellar environment, drawing on
both models and observations acquired with high-
resolution visible instrumentation, are described
in Sect. 3. Linearly polarized broadband magneto-
spheric signatures, again drawing on both models
and observations, are given in Sect. 4. Enabled
science falling under the purview of magnetic and
magnetospheric activity in hot stars is described
in Sect. 5. The paper is summarized in Sect. 6.

1.2 Massive star magnetism

Magnetic fields are a crucial factor that leads
to drastic modifications in both the mass-loss
rates and rotation of hot stars. They are found
in approximately 10% of the OBA population
(Grunhut et al, 2017; Scholler et al, 2017; Sikora
et al, 2019). The magnetic fields of stars with
radiative envelopes share similar properties from
approximately spectral type A5 to the top of the
main sequence (Donati and Landstreet, 2009).
They are strong (ranging from hundreds of G
to tens of kG; Shultz et al, 2019), they are sta-
ble over timescales of at least decades (Shultz
et al, 2018), and they are globally organized
and, with few exceptions, geometrically simple
(being well-described by tilted dipoles with most
of the magnetic energy in low-order poloidal field
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components; Kochukhov et al, 2019). Magnetohy-
drodynamic simulations have demonstrated that
such fields, once established, can remain stable
over evolutionary timescales (e.g. Braithwaite and
Spruit, 2004), leading to the hypothesis that they
are of ‘fossil’ origin i.e. remnants of some previ-
ous event in the star’s life (Donati and Landstreet,
2009).

Moreover, since there is no correlation of
magnetic field strengths with rotational or stel-
lar properties, as expected and observed for the
dynamo fields of cool stars (e.g. Folsom et al,
2016; Shulyak et al, 2017), and as there is fur-
thermore no known dynamo mechanism capable
of sustaining globally organized magnetic fields
in the radiative atmospheres of hot stars, it sup-
ports further our belief that these magnetic fields
are indeed fossils arising in some earlier phase of
the star’s life (Donati and Landstreet, 2009), e.g.
due to amplification of ISM seed fields during for-
mation and/or convective phases during pre-main
sequence evolution (e.g. Villebrun et al, 2019),
or in dynamos powered by binary mergers (e.g.
Schneider et al, 2019). An improved understand-
ing of the formation mechanism of fossil fields
therefore offers the promise of advancing our gen-
eral understanding of the formation or evolution
of hot stars.

While strong fields are relatively rare in
more massive OBA stars, weak fields may be
widespread. The detection of ‘ultra-weak’ (~0.1-
10 G) magnetic fields in a number of bright A-type
stars suggests that magnetic phenomena may be
ubiquitous on the upper main sequence (Blazere
et al, 2020). Weak magnetic fields have also been
detected in numerous blue supergiants, indicating
that they may play a role in post-main sequence
evolution as well (Neiner et al, 2017; Martin
et al, 2018; Oksala et al, 2021). These weak fields
are expected to arise from small-scale dynamos
powered by embedded helium and iron opacity-
bump convection zones (Jermyn and Cantiello,
2020), which are revealed as the stellar wind strips
away the outer layers of the star (Jermyn and
Cantiello, 2021). However, in more massive OB
stars, even if weak magnetic field incidence were to
be found ubiquitous, their influence is expected to
be dynamically negligible due to a much stronger
wind or equivalently to much higher mass loss
rates.

1.3 Massive star magnetospheres

Strong magnetic fields are easily capable of trap-
ping the ionized wind of a massive star (ud-Doula
and Owocki, 2002). The surface mass flux from
opposite magnetic colatitudes is channeled by the
magnetic field and collides in the magnetic equa-
torial plane, leading to the accumulation of a
torus of high-density plasma surrounding the mag-
netic equator, with X-rays produced in the cooling
shocks (ud-Doula et al, 2014a).

Magnetic confinement extends out to the
Alfvén surface, the distance from the star at
which the magnetic energy density and the kinetic
energy density of the wind equalize, with the
Alfvén radius R defined in the magnetic equa-
torial plane. Alfvén radii commonly range from a
few stellar radii (as is typical for an O-type star,
where the powerful wind rapidly overpowers the
magnetic field) to tens of stellar radii (as is typi-
cal for a strong magnetic field trapping the much
weaker wind of a B-type star).

Beyond the Alfvén surface, the wind is mag-
netically unconfined and escapes from the star.
Below the Alfvén surface, plasma is forced into
corotation with the stellar magnetic field by the
Lorentz force. If a star is slowly rotating, grav-
ity pulls the confined dense plasma back to the
star. This can dramatically reduce the net mass-
loss rate of the star (ud-Doula and Owocki, 2002;
Petit et al, 2017). If a star is rapidly rotat-
ing, such that the Kepler corotation radius Ry
(at which gravity is balanced by the centrifu-
gal force imparted by corotation) is inside the
Alfvén radius, gravitational infall is prevented in
the part of the magnetosphere above Rk. The
former case is referred to as a Dynamical Mag-
ntosphere (DM) since mass-balancing occurs on
dynamical timescales; the latter case is referred to
as a Centrifugal Magnetosphere (CM; Petit et al,
2013). Importantly, all magnetic stars have DMs
in at least the inner part of the magnetosphere’.

Plasma inside a CM is unable to fall back to
the star, and 2D magnetohydrodynamic (MHD)
simulations indicate that it will instead build up
until it reaches a critical density beyond which

Unless the star is critically rotating, in which case Ry
becomes identical to the equatorial radius; while theoretically
possible, no such object has been found, and in any case such
a phase would be extremely short-lived due to strong magnetic
braking.
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the magnetic field is unable to confine it, at
which point it is ejected outwards — a phenomenon
referred to as centrifugal breakout (ud-Doula et al,
2008). However, more recent 3D MHD simulations
indicate such breakout events occur continuously
and on a smaller scale (ud-Doula, 2020). This
mass-balancing mechanism has been verified via
analysis of the Ha emission properties of stars
with CMs (Shultz et al, 2020; Owocki et al, 2020).
Thus, plasma accumulated in the DM is trapped
and returned to the star, whereas plasma trapped
in the CM will eventually be lost; only the CM
reduces the net mass-loss rate.

Poynting stresses in the magnetosphere lead
to rapid angular momentum loss (ud-Doula et al,
2009), as a result of which magnetic hot stars
are systematically more slowly rotating than non-
magnetic stars of comparable spectral type and
luminosity class (Shultz et al, 2018). In some
cases, the rotational period change can be directly
measured (Townsend et al, 2010). Rotational spin-
down can be so extreme that rotational periods of
up to decades in length have been identified (e.g.
Nazé et al, 2010; Shultz and Wade, 2017; Shultz
et al, 2017; Erba et al, 2021b). An important con-
sequence of this is that the CM quickly shrinks
as a star ages, and is detectable only during the
initial phase of the main sequence (Shultz et al,
2019).

1.4 Multiwavelength
magnetospheric diagnostics

In addition to their important consequences for
stellar evolution, magnetospheres have a number
of observational consequences. There are available
diagnostics across the electromagnetic spectrum,
each of which probes a different magnetospheric
component, and is detectable in a different part of
stellar and magnetospheric parameter space.
X-rays are emitted due to magnetically con-
fined wind shocks, making magnetic stars much
more luminous in X-rays than non-magnetic stars
(e.g. Nazé et al, 2014; ud-Doula et al, 2014a).
While X-rays are detectable for most magnetic OB
stars, time series data are difficult to acquire.
Velocity-resolved information from line emis-
sion is furthermore difficult to obtain for all but
the brightest X-ray sources. However, in 2031 the
launch of the Athena mission will in fact provide
velocity-resolved X-ray information (Nandra et al,

2013), which may provide a powerful complement
to the data gathered by Polstar (although the sci-
ence case presented here is independent of any
results from Athena).

Rapidly rotating magnetic AB stars? can
exhibit radio gyrosynchrotron emission originat-
ing at high magnetic latitudes (e.g. Leto et al,
2021), beamed auroral radio emission via the elec-
tron cyclotron mechanism (e.g. Das et al, 2021),
and line emission in near infrared and visible
Bracket, Paschen, and Balmer series H lines, most
prominently in Ha (e.g. Grunhut et al, 2012;
Oksala et al, 2015a).

Since the weak winds of B-type stars are
unable to fill their DMs to sufficient density to
become optically thick in Ha (Petit et al, 2013),
their magnetospheres are detectable in visible
data only around young, rapidly rotating, strongly
magnetic stars with large CMs, which due to rapid
magnetic braking disappear after less than 1/3 of
the stars’ main sequence lifetime (Shultz et al,
2019).

By contrast, ultraviolet signatures associated
with magnetospheres have been detected across
the Hertzsprung-Russell diagram, making FUV
resonance lines the most versatile and ubiqui-
tous diagnostic by far. These lines probe both the
free, unconfined stellar wind, and the dynamical
magnetosphere (e.g. Shore and Brown, 1990; Mar-
colino et al, 2013; Petit et al, 2013; Erba et al,
2021a). However, the C IV wind lines persist to
B3 or so, and below that wind signatures disap-
pear in resonance lines (Slettebak, 1994). While
Oksala et al (2015b) showed that modelling of the
equivalent width of SilV line could plausibly be
reproduced with a photospheric model, they did
not give detailed line profile models. But, in gen-
eral, UV diagnostics provide information on that
part of the wind which is escaping, and that part
which is returned, to the star. UV resonance line
variability is almost universally detectable in mag-
netic OB stars (e.g. Henrichs, 2001; Schnerr et al,
2008; Henrichs et al, 2012, 2013; David-Uraz et al,
2019a; Erba et al, 2021b). It therefore provides the
only diagnostic that a) can be used for magnetic
stars across the full range of magnetic, rotational,

2This diagnostic is unavailable for O-type stars, since the
large radio photospheres produced by their dense winds swal-
low any gyrosynchrotron radiation produced by their magne-
tospheres (e.g. Chandra et al, 2015).
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Fig. 1 Comparison of Ha (top), the C 1v AA1548,1551
doublet (middle), and the Si 1v AX1394,1403 doublet (bot-
tom) for 3 representative stars (note that the red compo-
nent of the Si 1v is not visible for o Ori E and HD 184927).
High and low state are respectively indicated by red and
blue. For o Ori E, dashed lines indicate = Ryk. All lines have
been shifted to the stellar rest frame. For more details, see
for instance Wade et al (2012)

and stellar parameters, b) provides simultaneous
information on the wind and the magnetosphere,
and c) provides velocity-resolved information with
which the detailed magnetospheric structure can
be examined.

The application of UV spectroscopy to the
study of hot star magnetospheres is conceptually
similar to its utility in the study of the solar
magnetosphere. One recent example is the IRIS
mission, which has been obtaining high resolution
FUV spectroscopy of solar plasmas since 2013.
The FUV band of IRIS regularly observes the
same Si I'V doublet that is used to probe the winds
of hot stars. In the solar case where Si 1v line pro-
files are in pure emission, these profiles are used
to probe Doppler flows of plasmas at T ~ 80 kK
(e.g. Cheung et al, 2015).

2 UV spectroscopic
diagnostics of massive star
magnetospheres

The interest of UV observations has been well
demonstrated in the study of magnetic O stars
(e.g. Smith and Fullerton, 2005; Grunhut et al,
2009; Marcolino et al, 2012, 2013; Nazé et al, 2015;
David-Uraz et al, 2019a, 2021). As UV line pro-
files trace the density and velocity structure of the

X H . 0. 0.0
-1000-500 0 500 1000 ~ -1000-500 O 500 1000 3000 -1500 O 1500 3000

wind along the line-of-sight, line profile variations
are expected for magnetic stars as the stellar rota-
tion modifies the observer’s viewing angle of the
non-spherical magnetosphere. The available obser-
vations reveal enhanced absorption at low-velocity
where the slow, confined wind appears in front
of the star (equator-on view). In contrast, high-
velocity absorption is recorded for optically-thick
lines where the fast, polar wind enters the line-
of-sight (pole-on view). These differences between
pole-on and equator-on observations are magnified
for extremely magnetic stars (such as NGC 1624-
2), or are totally damped in the case of very weakly
magnetic stars (e.g., ¢ Ori A). However, they are
qualitatively reproduced by dedicated models that
in general assume simple dipolar magnetic field
topology (Marcolino et al, 2013; Nazé et al, 2015;
Erba et al, 2021a) indicating a smooth transition
between these two phases.

But additional observational datasets obtained
at different stellar rotational phases reveal clear
departures from such a smooth transition (David-
Uraz et al, 2021). Furthermore, for some cases, the
UV lines profiles along opposite poles exhibit sig-
nificant differences (Nazé et al, 2015), indicating a
more complex magnetospheric geometry than the
generally assumed simple dipoles. By observing a
large sample of stars with a dense phase coverage,
Polstar will reveal the magnetic topology more
accurately.

UV spectroscopy has also been crucial to
detecting and understanding the magnetospheres
of B-type stars (e.g. Smith and Groote, 2001;
Neiner et al, 2003a,b; Donati et al, 2006a; Schnerr
et al, 2008; Petit et al, 2011; Henrichs et al, 2013;
Erba et al, 2021b), including the ones lacking the
surface chemical peculiarities characterizing the
universally magnetic Bp class (e.g. Neiner et al,
2003a; Donati et al, 2006a; Petit et al, 2011;
Shultz et al, 2017). As surface chemical abundance
patches are unable to form when the stellar wind
strips the surface faster than patches can accu-
mulate, these anomalous ultraviolet lines enabled
successful identification of magnetic stars earlier
than B2, as in the case of 8 Cep (Henrichs et al,
2013), 7 Sco (Donati et al, 2006b), or the 7 Sco
analogues (Petit et al, 2011).

As with magnetic O-type stars, magnetic B-
type stars exhibit periodic variations modulated
on the rotational timescale. Observationally, the
UV lines of magnetic B stars are characterized
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by a ‘high state’ with a red-shifted emission fea-
ture and a blue-shifted absorption, similar to a
the classical P-Cygni profile originating in a spher-
ically expanding wind, but appearing at much
cooler effective temperatures than those at which
P-Cygni profiles are generally seen. At ‘low state’,
the red-shifted emission disappears and the blue-
shifted emission becomes stronger. The high state
corresponds to the maxima of (B,), the line-
of-sight magnetic field averaged over the visible
stellar hemisphere, i.e. high state is seen when the
magnetic pole is closest to the line of sight. On the
other hand, low state corresponds to (B.) nulls,
i.e. when the magnetic equator is along the line
of sight. In terms of modeling, this is generally
interpreted as a result of a plasma torus in the
magnetic equatorial plane, which either produces
emission when viewed pole-on, or absorption when
the torus eclipses the star in equator-on view.

Magnetic B-type stars frequently display vari-
ability in the N v 123.9, 124.3 nm doublet. These
lines are not easily produced in such stars since
the ionization temperature of N 1v is higher than
their photospheric effective temperature. This is
believed to be due to over-ionization from X-rays
produced in colliding wind shocks (e.g., Smith
and Groote, 2001; ud-Doula et al, 2014a), and
is entirely absent in non-magnetic B-type stars.
As such, this doublet can provide us with a clear
diagnostics for magnetism in B-type stars. NLTE
calculations, like those done in another context by
Carneiro et al (2016), will be required before a full
understanding is achieved.

2.1 Visible versus Ultraviolet
Magnetospheric Diagnostics

Fig. 1 compares the variable magnetospheric line
diagnostics available from Ha to two UV reso-
nance lines, the C 1v 154.8, 155.1 nm and Si 1v
139.4, 140.3 nm doublets.

In the case of the CM star o Ori E (B2 Vp;
Abt and Levato, 1977), Ha emission variability
is predominantly located outside of the Kepler
corotation radius (indicated with vertical dashed
lines), a consequence of the accumulation of cool,
dense plasma at and beyond Rk which, at high
state, is projected off of the stellar limb. By con-
trast, neither of the UV doublets demonstrate any
variable emission outside of +Ryk. Instead, there
is an emission feature shifted to the red of the line

center. At low state, the high-velocity emission
disappears in Ha, replaced by enhanced absorp-
tion in the line core; this is due to the CM eclipsing
the star (e.g., Sundqvist et al, 2012; ud-Doula
et al, 2013). Similar enhanced absorption, also
due to eclipsing, is detectable in the UV during
low state. Note that the amplitude of variation is
largest in the C 1v doublet, however as the two
components are very close to one another their
emission overlaps, whereas the Si 1v doublet has
weaker emission, but the larger separation of its
components enables the contribution of each line
to be more effectively isolated.

There is no Ha emission in the case of
HD 184927 (B2 Vp; Yakunin et al, 2015): while
this star has a similarly strong magnetic field to
that of o Ori E, it has a much longer rotational
period and, therefore, does not possess a large CM.
Its UV variability is however remarkably similar
to that of o Ori E. Together with the absence of
UV variations outside the Kepler radius in o Ori
E’s UV lines, this suggests that, amongst B-type
stars, the UV is primarily probing the dynamical
part of the magnetosphere, i.e. the region closest
to the star (e.g. Petit et al, 2013).

The O-type star NGC 1624-2 has the strongest
magnetic field of any star at the top of the main
sequence (B, ~ 20 kG; Wade et al, 2012). Its long
rotational period (~ 158 d) means that its mag-
netosphere is purely dynamical (Petit et al, 2013).
Its Ha line shows extremely strong emission at
high state, due to its large Alfvén radius and the
powerful wind that easily fills the DM. Ha emis-
sion is only slightly weaker during low state. The
emission is confined within about +200 kms~! of
line centre. The velocity broadening is expected to
be primarily thermal and turbulent, and the low
velocity of the material again reflects the fact that
Ha is probing the dense, cool plasma around the
magnetic equator (e.g., Sundqvist et al, 2012). By
contrast, NGC 1624-2’s UV profiles demonstrate
both strong emission and absorption (David-Uraz
et al, 2019a, 2021). The C 1v doublet provides a
sensitive probe of the unconfined wind, as revealed
by its P Cygni-like profile, whereas Si 1v is appar-
ently more sensitive to the magnetically confined
plasma.

Fig. 1 demonstrates two important advan-
tages of the UV: 1) unlike He, UV emission is
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detectable for essentially all magnetic stars ear-
lier than B2; 2) even when Ha is available, UV
emission probes magnetospheric regions that are
not reachable by other means. The relevance of
UV diagnostics to the characterization of hot star
magnetospheres underscores the importance of
innovative UV observatories, such as the proposed
Polstar mission.

2.2 X-ray versus Ultraviolet
Magnetospheric Diagnostics

Relatively strong magnetic fields channel wind
towards the magnetic equator where they collide.
The resultant strong shock is able to generate
hard X-ray emission, in addition to the soft X-rays
naturally generated in all magnetic stars earlier
than about B3 winds due to the Line-Deshadowing
Instability (LDI) (Babel and Montmerle, 1997;
Owocki et al, 1988; Driessen et al, 2021). For
example, in non-magnetic O-stars, LDIs generate
soft X-ray emission with a luminosity scaling with
the bolometric one (Lx/Lpor, ~ 1077, Berghoe-
fer et al 1996; Feldmeier et al 1997) while the
magnetic O-stars show a clear enhancement, (with
log[Lx/Lpor] ~ —6.2; Nazé et al 2014; Oskinova
et al 2011). For most B-stars, the X-ray luminosity
and its ratio with respect to bolometric luminos-
ity are smaller. However, as for O-stars, they agree
well with the predictions of the X-ray Analytic
Dynamical Magnetosphere (XADM) model (Nazé
et al 2014; Owocki et al 2016; Fletcher et al 2018).
However, a few discrepancies remain and require
data at other wavelengths — especially in the UV
— to understand the peculiarities of the magneto-
spheres of these targets (e.g. the complex magnetic
geometry of 7 Sco, or the potential impact of fast
rotation) and the exact temperature stratification
(to understand notably why X-rays are not as hard
as predicted see e.g. HD 191612, Nazé et al 2016,
or to understand notably the diversity in X-ray
hardness and variability behaviours (Nazé et al
2014).

In a few cases (e.g., ! Ori C, Gagné et al 2005;
HD 191612, Nazé et al 2010 ; CPD —28 2561, Nazé
et al 2015; NGC 1624-2, Petit et al 2015), sufficient
X-ray data were collected to detect variability of
the X-ray flux with the rotational period. Only the
extremely magnetic NGC 1624-2 showed a clear
increase of absorption when the confined winds
were seen magnetic equator-on, demonstrating

that the X-ray emitting source lies in the con-
fined winds, and that their cool component can be
dense enough to absorb X-rays. Other objects, in
general, are subject to occultation effects wherein
the X-ray emission directly behind the star is hid-
den as the confined winds are viewed magnetic
equator-on. In some cases, large amount of X-
ray variability suggests that the X-ray emitting
region is not symmetric, as in a ring (ud-Doula
and Nazé, 2016). However, additional information
potentially due to UV polarimetry from Polstar
will enable determination of the exact magneto-
spheric geometry and help us model them more
precisely, leading to better constraints in X-rays
as well.

Very few magnetic stars can be studied at
high-resolution in X-rays because of the low sensi-
tivity of such facilities (although this may change
when Athena becomes operative). The narrow
and symmetric X-ray lines agree with predictions
of magnetohydrodynamic (MHD) models (Mewe
et al, 2003; Gagné et al, 2005; Nazé et al, 2007,
2008, 2012; Favata et al, 2009), but a detailed,
quantitative assessment of the plasma kinematics
can only be done at other wavelengths. A careful
and systematic study of these magnetospheres in
UV with missions such as proposed Polstar repre-
sents a unique opportunity to better understand
these objects.

2.3 Numerical Modeling of Hot Star
Magnetospheres

Some characteristics of UV observations can be
predicted by numerical models of hot star mag-
netospheres. In the past two decades, extensive
observational surveys supported by theoretical
analyses provided a strong basis to develop a suc-
cessful general paradigm for characterizing the
properties of hot star magnetospheres in terms
of their rotation (setting the Kepler co-rotation
radius R ) and level of wind magnetic confine-
ment (setting the Alfvén radius R4; see figures 2
and 3).

As with X-rays, MHD simulations have been
used advantageously to reproduce the overall
variability phenomenology of UV resonance lines
(Marcolino et al, 2013; Nazé et al, 2015). As a
sample of a fully self-consistent 3D MHD sim-
ulation of a hot star magnetosphere, figure 4
(ud-Doula et al, 2013) shows how wind material
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Fig. 2 For a 2D MHD simulation of a magnetized wind with confinement parameter n. = 100, color plots of log density
(left) and log temperature (middle) in cgs units for arbitrary snapshot many dynamical times after initialization. Note that
magnetic loops extending above R4 /Ry = 100!/4 & 3.2 are drawn open by the wind, while those with an apex below R4
remain closed. The right panel plots associated X-ray emission from the magnetically confined wind shock (MCWS) near
the apex of closed loops. Figure adopted from ud-Doula et al (2014b).

trapped in closed loops over the magnetic equa-
tor in @' Ori C (left panel) leads to circumstellar
emission that is strongest during rotational phases
corresponding to pole-on views (middle panel).
For a pure dipole with the inferred magnetic tilt
[ = 45°, an observer with the inferred inclination
1 = 45° has perspectives that vary from magnetic
pole to equator, leading in the 3D model to the
rotational phase variations in the Ha equivalent
widths shown in the right panel (shaded circles).
Such models can also help us synthesize UV line
profiles that Polstar can observe.

Additionally, dynamic flows formed in the DM
as material is launched from the surface and
then falls back in complex patterns, occurring on
timescales of tens of ks (ud-Doula et al, 2008),
could lead to small-scale stochastic variability in
several diagnostics. This was tentatively detected
for ' Ori C (ud-Doula et al, 2013), in which
short-timescale variability is found in the equiva-
lent width measurements of Ha, on top of larger,
rotationally-modulated variations. However, such
short-term variability has yet to be detected in the
UV, as no magnetic star has been observed with
sufficiently closely-spaced or high-SNR, spectro-
scopic time-series. To best disentangle the various
scales of variability that might arise as a conse-
quence of dynamic flows in the DMs of magnetic
massive stars, targets with very dense DMs and
very slow rotation (such as HD 108; Martins
et al, 2010; Shultz and Wade, 2017) appear most
promising.

2.4 Analytical Models of Highly
Magnetized Hot Star Winds

Ultimately, proper self-consistent treatment of the
global mass budget, including complex cycles of
upflow and infall in DMs, and eventual cen-
trifugal breakout (CBO) of trapped plasma in
CMs, requires self-consistent MHD simulations
that account for the competition between field
and material flow. However, in the limit of arbi-
trarily strong fields (effectively with R4 — 00),
analyses based on an idealization of purely rigid
fields have led to both the Analytic Dynami-
cal Magnetosphere (ADM) and Rigidly Rotating
Magnetosphere (RRM) models that have shown
great promise for analyzing broad observational
trends in multiple diagnostics, without the com-
putational complexity and expense of full MHD
simulations.

Townsend et al (2005) have shown that the
RRM model can successfully reproduce the peri-
odic modulations observed in the light curve,
Ha emission-line profile, and longitudinal field
strength of o Ori E, a rapidly rotating, strongly
magnetized star with a large CM. In this model,
plasma accumulates at minima within the grav-
itocentrifugal potential of a rotating star, which
define a warped accumulation surface approxi-
mately in the magnetic equatorial plane, with the
densest regions at the intersections of this plane
with the rotational equatorial plane, and an inner
edge approximately defined by the Kepler coro-
tation radius Rk (with a gap between Rk and
the star). The model can be extended from a
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Fig. 3 Left: Sketch of the regimes for a dynamical vs. centrifugal magnetosphere (DM vs. CM). Upper right: Contour plot
for density at an arbitrary snapshot of an isothermal 2D MHD simulation, overlaid with illustration to define the logarithm
of radial mass distribution, Am/Ar near the equator in the unit of solar mass per stellar radius. Lower right: Color plots
for log of Am/Ar, plotted versus radius (1-5 Rs) and time (0-3 Msec), for a mosaic of 2-D MHD models with a wide range
of magnetic confinement parameters 7., and 3 orbital rotation fractions W. The horizontal solid lines indicate the Alfvén
radius R4;fven (solid) and Kepler radius Riepier (dashed). Figure adopted from ud-Doula et al (2008).

simple tilted dipole to any arbitrary magnetic
geometry, e.g. as determined via ZDI, a method
which Oksala et al (2015b) used to reproduce the
spectroscopic and photometric properties of the
prototypical magnetic star ¢ Ori E. The RRM
model has also been used to predict the broad-
band polarimetric observables of o Ori E, although
in this case there is severe tension between the
best fit achieved by polarimetry and photometry
(Carciofi et al, 2013, see also Sect. 4).

The ADM model (Owocki et al, 2016) was
developed to provide an approximate, static view
of the magnetospheric structure of a slowly-
rotating massive star. Compared to time-averaged
MHD simulations, this analytic prescription pro-
vides a satisfactory description of magnetospheres,
and can be used to synthesize various diagnostics
(e.g. Ha and optical photometric measurements;
Owocki et al 2016; Munoz et al 2020), as well as
the strong, wind-sensitive lines found in the ultra-
violet (Hennicker et al, 2018; Erba et al, 2021a).

Figure 5 shows that when coupled with appropri-
ate radiative transfer techniques, UV line profiles
synthesized using the ADM formalism generally
compare well with those produced using an MHD
magnetosphere.

The ADM model relies on a few simplifying
assumptions: rotation is not taken into account,
the dynamic flows formed by alternating episodes
of wind launching and infall back onto the stellar
surface are approximated by using an unphysical
superposition of an upflow and a downflow com-
ponent, and the magnetic field is idealized as a
pure dipole. The latter assumption can be relaxed
to take into account various values of Rp (e.g.
Erba et al 2021a), and even an arbitrary magnetic
geometry (Fletcher et al, 2017).

Given its success in reproducing a range of
observational diagnostics, the ADM model rep-
resents a computationally inexpensive alternative
to MHD simulations, especially given the wide
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Fig. 4 3D MHD model of the dynamical magnetosphere for the young, slowly rotating (15.4-day period) O7V
star ' Ori C. The left panel shows a snapshot of wind structure drawn as isodensity surface, colored to show
radial component of velocity. The middle panels shows the predicted equatorial and polar views of Ha line-center
surface brightness, along with corresponding line-flux profiles. The right panel compares the observed rotational
modulation of the Ha equivalent width (black) with 3D model predictions (red) assuming a pure-dipole surface
field tilted by 8 = 45° to the rotation axis, as viewed from the inferred observer inclination of i = 45°. Figure

adopted from ud-Doula et al (2013).

parameter space probed in UV studies of magneto-
spheres. Erba et al (2021a) developed a grid of syn-
thetic UV line profiles using the ADM formalism
coupled with a simplified radiative transfer tech-
nique (using their UV-ADM code). They reported
the first large-scale parameter study of several
factors (e.g. magnetosphere size, line strength,
observer’s viewing angle) that affect UV wind line
formation, with model parameters chosen to cor-
respond with specific magnetic massive stars (e.g.
HD 191612, NGC 1624-2).

The application of the ADM model to UV
spectral line synthesis by Erba et al (2021a)
has also provided evidence for spectral features
in the ultraviolet that appear to be unique to
magnetic massive stars, including the presence of
red-shifted absorption and a strong desaturation
of the high-velocity absorption trough, resulting
in a spectrum which appears to be of a later type
than would be assumed from other observations
(e.g. optical). Such signatures could help establish
ultraviolet spectroscopy as a means of indirectly
detecting magnetic fields in massive stars, sim-
ilarly to other rotationally-modulated variations
across the electromagnetic spectrum (e.g. optical
photometric variations, Ha emission, or gyrosyn-
chrotron radio emission David-Uraz et al, 2019b;
Shultz et al, 2020; Leto et al, 2021). Of particu-
lar interest to Polstar, the red-shifted absorption
feature is a diagnostic of infalling plasma (Erba
et al, 2021a). As can be seen in the lower panel of

Fig. 5, which compares synthetic UV line profiles
computed using an ADM (solid lines) versus an
MHD (dashed lines) magnetospheric model, red-
shifted absorption in the line profile is a subtle
feature in the total line profile (see Figures 5-6 of
Erba et al, 2021a, for a more detailed description
of the red-shifted absorption feature). Detection
of such infalling material using e.g. Polstar will
require high S/N and high spectral resoluton.

3 Linear spectropolarimetry
in the UV

The basic idea of linear spectropolarimetry is
rather straightforward: electrons in an extended
circumstellar medium scatter radiation from the
stellar surface, giving rise to a certain linear
polarization level. If the sky-projected electron
distribution is perfectly circular, the linear Stokes
@ and U vectors cancel, and linear polarization
remains absent. If the geometry is not circular,
but an asymmetry is involved, this results in some
level of continuum linear polarization of order 1%
(e.g. Harries et al, 2002).

One of the advantages of linear spectropo-
larimetry over continuum polarimetry is that it
is possible to perform differential measurements
between a line and the continuum — independent of
interstellar and /or instrumental polarization. One
example may occur across an emission line. This
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Fig. 5 Two sets of synthetic UV line profiles are com-
pared for a magnetic pole-on (upper panel) and equator-on
(lower panel) view. The first set of models (solid lines)
calculates the density and velocity structure of the mag-
netosphere using the ADM formalism (Erba et al, 2021a)
and model parameters similar to the star 6 Ori C (Rp =
2.3 Rs, Voo = 3200 kms™!) ; the second set (dashed
lines) is calculated using a snapshot of the 3D MHD
magnetosphere generated for 1 Ori C (ud-Doula et al,
2013). To produce the line profiles, both sets of models
are coupled with the same radiative transfer method that
employs the optically thin source function (OTSF). Over-
all, the line profiles from these two model sets have similar
characteristic shapes.

“line effect” relies on the expectation that recom-
bination lines arise over a much larger volume
than the continuum, and becomes depolarized
(see the left hand side of Fig.6). Depolarization
immediately indicates the presence or absence of
asphericity.

The bulk of linear spectropolarimetric stud-
ies involved these depolarization line effects, but
in some situations there is evidence for intrinsic
line polarization, such as was predicted by Wood
et al (1993) and found observationally in pre-main

sequence T Tauri and Herbig Ae/Be stars (Vink
et al, 2002, 2005b). In such cases the line photons
are assumed to originate from a more compact
source (e.g. as a result of magnetospheric phenom-
ena), and these photons are scattered off a rotating
disk, leading to a flip in the position angle (PA),
resulting in a rounded loop (rather than a linear
excursion) in the QU diagram (sketched on the
right hand side of Fig, 6).

PA
U A
Pol Y
I /\
g
=2
Wavelength Q
PA
U A
Pol v
I A
N
=2
Wavelength Q

Fig. 6 Cartoons representing line depolarization (top row)
and compact line emission scattered off a rotating disk
(bottom row) as triplots and QU diagrams. Stokes I pro-
files are plotted in the lower triplot panels, % Pol in the
middle panels, and the position angles (PAs) are shown in
the upper triplot panels. Line depolarization is as broad
as the Stokes I emission, while line polarization is narrow
by comparison. Depolarization translates into QU space
as a linear excursion, while line polarization PA flips are
associated with QU loops.

Motivated by the high incidence of QU loops
in T Tauri and Herbig Ae stars, Vink et al (2005a)
developed Monte Carlo polarization models of
scattering off rotating disks — with and without
inner holes. Figure 7 shows a pronounced differ-
ence between scattering off a disk that hits the
stellar surface (right-hand side), and one with a
sizeable inner hole (left-hand side). The single PA
flips on the left are similar to those predicted ana-
lytically (Wood et al, 1993), but the double PA
flips on the right — associated with undisrupted
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disks — have only been found numerically. They are
thought to be unique to the appropriate geomet-
ric treatment of a finite-sized star that interacts
with the velocity structure of the disk.

The numerical models demonstrate the poten-
tial of instrinsic line polarimetry to determine not
only disk inclination, but also the physical sizes of
the inner regions associated with magnetospheres.
Linear line polarimetry is so far the only method
capable of doing this on such small spatial scales,
within just a few stellar radii from the stellar
surface.
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Fig. 7 Monte Carlo line polarimetry for the case of a disk
with an inner hole (left hand side) and without an inner
hole — a result of the finite size of the star (right hand side)
(Vink et al, 2005b).

Several studies of linearly polarized Ha emis-
sion have been conducted for AGB, T Tauri, and
Herbig Ae/Be stars by Vink et al (2005a), Har-
rington and Kuhn (2007, 2009), and Ababakr
et al (2016, 2017). These have found line polariza-
tion amplitudes of order 0.1-1%, detectable at an
unbinned S/N of ~ 200—1000. This is comparable
to the S/N required for circumstellar magnetom-
etry, therefore the same data that will enable
the measurement of circumstellar magnetic fields
should also enable the detection of circumstellar
line polarization effects.

4 Continuum linear
polarimetry in the UV

The presence of an obliquely rotating magneto-
sphere is largely responsible for the periodic mod-
ulation of the observable quantities of magnetic
massive stars. As the star rotates, its own mag-
netosphere periodically occults the source star’s

light. For hot stars with winds primarily domi-
nated by the electron scattering opacity, the bulk
of their photometric and polarimetric variability
can be estimated under the single-electron scatter-
ing approximation. In this case, the photometric
variability is determined by the column density,
while the polarimetric variability is characterised
by the general shape of the magnetosphere.

Broadband linear polarimetry of stellar mag-
netospheres is observationally challenging: the
typical levels of polarization are quite low, of order
1074 —1073 (e.g. Carciofi et al, 2013; Munoz et al,
2020, , and Munoz et al. (accepted)). As a con-
sequence, accurate monitoring of magnetospheric
polarization on the relevant rotational timescales
(ranging from days to years) requires under-
standing and eliminating competing instrumental
effects.

Even in the optical, few studies of magneto-
spheric linear polarization have been carried out.
The first such studies investigated the Centrifugal
Magnetosphere of the archetypical He-strong Bp
star o Ori E by Kemp and Herman (1977) and
Carciofi et al (2013). As shown in Fig. 8, Carciofi
et al. obtained dense polarimetric coverage of the
star’s 1.19-day rotational cycle, measuring both
the @ and U Stokes parameters with a typical
precision of 1074 (0.01%, about an order of magni-
tude better than in the pioneering study by Kemp
and Herman 1977). They attempted to reproduce
the observed polarimetric variations by feeding
the density distribution for ¢ Ori E computed
using the Rigidly Rotating Magnetosphere (RRM)
model into a radiative transfer code. They were
unable to find a model capable of simultaneously
fitting both the photometry and the polarimetry,
noting that a higher density model (solid line in
Fig. 8) that matched the depth of the photometric
eclipses predicted a polarization amplitude much
larger than observed, while a lower-density model
(dashed line in Fig. 8) that reproduced the ampli-
tude of the polarization failed to reproduce the
photometric amplitude. They were able to resolve
these descripancies using an ad hoc “dumbbell +
disc” model with a density distribution motivated
by the RRM predictions. This study serves as
an excellent illustration of the power of polariza-
tion to test theoretical models of magnetospheric
density and geometry.
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More recently, Munoz et al (2020) and Munoz
et al. (accepted) have developed a capability
to compute magnetospheric polarization in the
framework of the ADM model (Fig. 9). Under
the assumption of single electron scattering, they
examined the behaviour of Stokes @ and U
with changing magnetospheric (field strength and
geometry) and stellar (mass, radius, and wind)
properties. They demonstrated that linear polar-
ization is uniquely able to disentangle the angular
parameters ¢ and S describing the magnetic geom-
etry. They applied their model to the magnetic O
star HD 191612, obtaining a self-consistent solu-
tion to the magnetic and stellar parameters capa-
ble of simultaneously reproducing the polarimetric
measurements and Hipparcos photometry.

Today, high precision broadband polarization
measurements are available for only a handful of
magnetic stars. The potential of Polstar to collect
similar data for a significant fraction of the pop-
ulation of known magnetic objects is extremely
exciting, as it will accurate determination of their
magnetic and wind parameters, and provide a
broad parameteric basis for testing of the assump-
tions underpinning magnetospheric models. From
the models and observations that have so far been
published, polarization amplitudes of the order of
0.01% to 0.1% are expected (Carciofi et al, 2013,;
Munoz et al, 2020).

5 Enabled Science

Massive OB stars show variability both spec-
troscopically and photometrically in many wave-
length bands including the UV, optical and X-ray.
Regular variability could be related to stellar
pulsations, rotation modulation, and/or the pres-
ence of globally organized magnetic fields, while
widespread stochastic variability on hourly to
daily timescales is poorly understood. Stochas-
tic variability could be caused by the presence of
bright spots (possibly of magnetic origin), clumps,
internal gravity waves (Bowman et al, 2019, 2020),
or subsurface convection (Cantiello et al, 2021).
A well-known example of irregular variability in
UV wind-line profiles are discrete absorption com-
ponents (DACs). The formation of these wind
structures are ascribed to corotating interacting
regions (CIRs, Mullan 1984, 1986), which arise
above bright spots at the stellar surface (Cran-
mer and Owocki, 1996). The formation of bright

surface spots can be caused by magnetic fields
produced by dynamo action in the subsurface
convection layer and brought up to the surface
by buoyancy (Cantiello and Braithwaite, 2011).
The lifetime of these fields is determined by the
relatively short turnover time of the subsurface
layer. The expected strength of these fields imply
the local magnetic confinement parameter to be
around unity (ud-Doula and Owocki, 2002) i.e. the
fields are able affect the wind dynamically.

The small-scale magnetic fields that appear
at the surface as bright spots can be a driver
of many surface related phenomena observed in
OB stars. Short-lived bright spots give rise to
low-amplitude (~ 10 mmag) photometric vari-
ability, as observed by space-based high-precision
photometry (MOST, BRITE, TESS) in the light
curves of many OB stars. Ramiaramanantsoa
et al (2014) simulated the MOST light curve
of the O7.5 III(n)((f)) star £ Per with several
corotating bright spots, presumably of magnetic
origin, with random starting times and lifetimes
up to several rotations varying from one spot to
another. Analysing simultaneous photometry from
the BRITE constellation and ground-based spec-
troscopy for the O4I(n)fp star ( Pup, Ramiara-
manantsoa et al (2018) established an empirical
link between wind structures and photospheric
activity, implying a photospheric origin. Two
types of variability were found: one single-periodic
non-sinusoidal component with 1.78 d period,
superimposed on a stochastic component. The
periodic component is consistent with rotational
modulation arising from evolving bright spots that
were mapped at the surface. The signal was also
found in the He II A\4686 wind emission line, show-
ing signatures of corotating interaction regions
that turn out to be driven by the bright photo-
spheric spots observed by BRITE. The spots are
suggested to originate from small-scale magnetic
fields generated through dynamo action within
a subsurface convection zone (e.g. Cantiello and
Braithwaite, 2011; Jermyn and Cantiello, 2020).
The stochastic component observed in He IT A4686
line correlated with the amplitudes of stochas-
tic light variations. Stochastic He 11 variability
was attributed to wind clumps, while stochastic
photometric variability was proposed to be the
photospheric drivers of the clumps.

David-Uraz et al (2017) investigated whether
bright spots compatible with recent observation
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Fig. 8 Left: Modeling of the intrinsic polarization of o Ori E using the RRM model (observations are in red). The only
free parameter is the maximum number density in the magnetosphere, which was set to 1012 cm ™3 (solid lines) to reproduce
the depth of the eclipses and 2.5 x 1011 cm—3 (dotted lines) to reproduce the amplitude of the linear polarization. Right:
Geometric conception of the ”dumbbell + disk” model to scale. From Carciofi et al (2013).

could be responsible for DACs observed in the UV
line profiles of the O7.5 ITII(n)((f)) star £ Per. The
authors successfully reproduced the behaviour of
DACs with 4 equally spaced equatorial spots with
angular radius 10° and 20°. In this scenario spots
appearing and disappearing randomly over time,
with varying strengths and sizes, might explain
the cyclical nature of DACs. Semi-analytic anal-
ysis for the spot size and amplitude needed to
produce an overloaded wind that form the DAC
was done by Owocki (2018).

Unexpectedly, the signature of DACs has been
detected in the X-ray range (¢ Pup - Nazé et al
2018; Nichols et al 2021, ACep - Rauw et al
2015, ¢ Per - Massa et al 2019). Their presence
and characteristics were not predicted by current
models. UV data can however constrain in detail
the spots and wind structures, leading to bet-
ter modelling and a full understanding of these
high-energy features.

Based on spectroscopic analysis of the He II
4686 line for the O6I(n)fp star A Cep, it was pro-
posed that cyclical variations are caused by the
presence of multiple, transient, short-lived, coro-
tating magnetic loops — so-called stellar promi-
nences — likely associated with bright surface spots
(Sudnik and Henrichs, 2016). The prominences
are represented as corotating spherical blobs of
emitting gas attached to the surface of the star.
Depending on its location, the blob contributes

to the line profile as an emission or absorption
feature.

An example of the model fit of subsequent quo-
tient spectra i.e., the following spectrum divided
by the previous one, is shown in Fig. 10. The pro-
posed model applied to the HeIl 4686 line can
be fitted with 2-5 equatorial blobs with lifetimes
between ~1 and 24 h. The action of the subsurface
convection zone would be the most likely driving
mechanism that generates short-lived magnetic
bright spots as the source of prominences.

Local small scale magnetic fields tied to stellar
prominences can be viewed as an off-center small
(tiny) dipole with its center located close to the
stellar surface. Such small scale fields can cause
variability at the stellar surface that can propa-
gate outwards affecting what is observed in these
winds. As a proof-of-concept, we have carried out
some preliminary 3D MHD simulations of hot star
winds wherein we assumed that the location of the
strong local field coincides with bright spots using
the approach of Owocki (2018). Fig. 11 shows the
logarithmic density of two such sample models for
a typical hot star viewed along ZX-plane. The left
panel shows a case where the small scale dipole
field is aligned with rotation axis, and the right
panel has an inclination angle of 90° with respect
to the rotational axis. We assumed rotation of 0.5
critical, and a field strength of order kG at the stel-
lar surface that falls off steeply with distance from
the photosphere. As seen in Fig. 11, despite being
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Fig. 9 Left: Illustration of the density field of the Analytic Dynamical Magnetosphere (ADM) model at 6 rotational
phases. Right: Photometric and polarimetric phase variations predicted for ADM models having two different geometries
(i =15°, B = 45° (top), ¢ = 75°, B = 45° (bottom)). From Munoz et al (2020).

localized, this field can substantially influence the
wind dynamics globally.

While such small-scale fields cannot be
detected with existing ground-based facilities,
ultraviolet spectropolarimetry may provide an
avenue for direct detection, for instance via the
Hanle effect (if they are relatively weak), or even
via the Zeeman effect (if the spots are large,
the field strong, with an advantage being gained
by the greater brightness of the spots in the
UV). Linear spectropolarimetry will further pro-
vide important geometrical data that may help
distinguish between CIR models with and without
magnetic fields.

6 Summary

In this paper we have described how the unique
capabilities offered by Polstar will lead to fun-
damental advances in our understanding of the
magnetospheres of hot stars. While the focus of
this paper has been on the capabilities of the
Polstar mission, this work is of relevance to any
ultraviolet spectropolarimetric mission, such as
Arago.

The high-resolution ultraviolet spectra
obtained by Polstar will enable much more
precise spectroscopic evaluation of stellar magne-
tospheres, as compared to the lower-resolution,
lower-S/N data available for most stars via the
Interstellar Ultraviolet Explorer. Importantly,
over half of the non-magnetic stars proposed to
be observed by Polstar do not have a single UV
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Fig. 10 Model fits (black thick lines) for subsequent quo-
tient spectra of He II A\4686 line for the star A Cep (gray
thin lines) of the 2013 dataset, spectra 15-21. The top label
gives the sequence numbers of the two spectra of the quo-
tient, followed by their time interval in hours. The geometry
which is depicted at the beginning of the series, is used for
all figures in the sequence and shown for the epoch of the
first spectrum in the series. The star rotates but the blobs
keep their same relative position. The first and last figure
of the series contains intentionally failed fits, to signify the
extend over which the fitted configuration, carried around
by the rotation, survives (Sudnik and Henrichs, 2016).

observation; of those that do, only a small frac-
tion have time-series data adequate for evaluation
of the projected magnetospheric geometry and
column density across a rotational cycle.

While surface magnetic field measurements
obtained via ground-based visible spectropo-
larimetry are already available for all stars in
the sample, the large number of spectral lines
available for multi-line analysis in high-resolution
ultraviolet spectra more than compensates for
the weaker Zeeman effect at shorter wavelengths,
in principle enabling higher-precision magnetic
meeasurements to be obtained in the UV as com-
pared to the visible. The full-Stokes capability of
Polstar, and expected advantages in the UV over

the visible in the amplitude of Stokes QU sig-
nals associated with the transverse Zeeman effect,
mean that many of the datasets will be optimal for
magnetic mapping via full-Stokes Zeeman Doppler
Imaging (ZDI). Importantly, the availability of
all four Stokes parameters for magnetic inversion
breaks degeneracies that can affect maps obtained
only in Stokes I'V.

Polstar will enable measurement of circumstel-
lar magnetic fields, with the projected capabilities
of the instrument capable of detecting magnetic
signatures originating in the circumstellar envi-
ronment in a large fraction of known magnetic
stars. Strong fields should be detectable via the
Zeeman effect (as evaluated using state of the art
magnetospheric models).

Both high- and low- resolution linear spec-
tropolarimetry will provide crucial and sensi-
tive constraints on the magnetospheric geome-
try, enabling degeneracies between rotational axis
inclinations and magnetic axis tilt angles to be
broken. Importantly, the information available via
linear polarization provides geometrical data that
cannot be obtained via spectroscopy or photome-
try alone, as already revealed by the insufficiency
of current magnetospheric models to simultane-
ously reproduce the light curve and polarimetric
variation of o Ori E.

By combining the rich spectroscopic and
polarimetric datasets available with Polstar obser-
vations, detailed 3D models of the circumstellar
environments of a large number of magnetic hot
stars can be compared against constraints on
the circumstellar magnetic field, column density,
velocity structure, and geometry. This will enable
measurement of the escaping and magnetically
trapped wind fraction of these stars across a full
range of stellar, evolutionary, magnetic, and rota-
tional parameters, thereby providing a crucial test
of the expectation that magnetic fields rapidly
drain angular momentum and drastically reduce
the net mass-loss rates of massive stars. This
will provide empirical calibration for evolutionary
models incorporating rotation and magnetic fields,
which will in turn provide important information
for the stellar population synthesis models used
to infer the mass and energy budget for the inter-
stellar medium, expectations for the properties of
post-main sequence supergiants and supernovae,
and the population statistics of stellar remnants.
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Fig. 11 Logarithm of density of ZX-plane of 3D MHD simulations of a sample O-star wind with a small scale off-center
magnetic dipole field to mimic small scale strong magnetic field that can perturb the wind at the base. The angle between
rotation (W = 0.5 half critical) and magnetic axes 8 = 0° (left panel) and 8 = 90° (right panel). The color code represents
the logarithm of density in a range 107'% to 10~ ! g/cm3. Blue lines represent time-evolved magnetic field lines which are
strong only over limited area on the stellar surface and fall of steeply with distance away from the star.
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