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Abstract

Polstar is a proposed NASA MIDEX space telescope that will provide high-resolution, simultaneous
full-Stokes spectropolarimetry in the far ultraviolet, together with low-resolution linear polarimetry
in the near ultraviolet. This observatory offers unprecedented capabilities to obtain unique infor-
mation on the magnetic and plasma properties of the magnetospheres of hot stars. We describe
an observing program making use of the known population of magnetic hot stars to test the fun-
damental hypothesis that magnetospheres should act to rapidly drain angular momentum, thereby
spinning 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.

Keywords: Ultraviolet astronomy (1736); Ultraviolet telescopes (1743); Space telescopes (1547);
Circumstellar disks (235); Early-type emission stars (428); Stellar rotation (1629); Spectropolarimetry (1973);
Polarimeters (1277); Instruments: Polstar; UV spectropolarimetry; NASA: MIDEX

1 Introduction

Stellar structure and evolution are both pro-
foundly influenced by mass-loss and rotation.
Mass-loss during the main sequence influences the
pre-supernova mass of the star, as well as the
mass of the remnant. Rapid rotation can lead to
mixing in the convective core, replenishing the
material available for nuclear fusion and thereby
extending the main sequence lifetime. While few
in number, massive stars dominate the mass and
energy budgets of spiral galaxies, play a key role
in regulating stellar ecologies by both quenching
and triggering star formation, and are primary
drivers of galactic chemical evolution, via their
ionizing radiation, powerful stellar winds, super-
nova shockwaves, and internal nuclear furnaces.

Massive stars are also the progenitors of neutron
stars and black holes, with the precise nature of
the supernova remnant a given star leaves behind
depending upon the details of its main sequence
evolution. Understanding phenomena that mod-
ify mass-loss rates and stellar rotation at the
top of the main sequence is therefore impor-
tant in order to develop a comprehensive picture
of the big picture processes that affect galactic
structure, chemical composition, and the demo-
graphics of both main sequence and degenerate
stars. Magnetic fields decisively alter both mass-
loss and rotation, and therefore strongly affect
stellar evolution.

Approximately 10% of stars with radiative
envelopes possess magnetic fields, a fraction which
is remarkably constant from spectral type A5 to
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Fig. 1 MESA evolutionary models (Keszthelyi et al, 2020)
showing the change in the escaping wind fraction as a func-
tion of the rotation period for an O- and B-type star, each
with an initial magnetic field strength of 6 kG and an initial
critical rotation fraction of 0.5. The Hα equivalent width
is calculated following an empirically guided centrifugal
breakout formalism (Owocki et al, 2020; Shultz et al, 2020);
note that centrifugal magnetospheres are only detectable
via Hα for the first third of the main sequence; in contrast,
dynamical magnetospheres are detectable in the ultraviolet
at all ages. The escaping wind fraction initially decreases
as the centrifugal magnetosphere shrinks and centrifu-
gal breakout declines in importance, and then begins to
increase as the star’s increasing radius and luminosity drive
an increased mass-loss rate, decreasing surface magnetic
field strength (e.g. Shultz et al, 2019), and therefore the
total size of the magnetosphere decreases.

the top of the main sequence (Grunhut et al,
2017; Schöller et al, 2017; Sikora et al, 2019). The
magnetic fields of hot stars are in general strong
(ranging from hundreds of G to tens of kG; Shultz
et al, 2019), they are stable over timescales of at
least decades (Shultz et al, 2018), and they are
globally organized and, with few exceptions, geo-
metrically simple (being well-described by tilted
dipoles with most of the magnetic energy in low-
order poloidal field components; Kochukhov et al,
2019). Stellar wind plasma can be trapped by a
sufficiently strong magnetic field, leading to the
formation of a circumstellar magnetosphere (e.g.
ud-Doula and Owocki, 2002).

A detailed overview of the numerous multi-
wavelength diagnostics available to probe magne-
tospheres, with a focus on the properties of ultra-
violet diagnostics, together with the underlying
physical models applied to stellar magnetospheres,

is provided in this volume by ud-Doula et al
(2022). Briefly, hot star magnetospheres can be
divided into two classes: dynamical and centrifugal
(a taxonomy introduced by Petit et al, 2013). In a
dynamical magnetosphere, rotation plays no role,
and material trapped in the magnetosphere (i.e.
material within the Alfvén surface) falls back to
the star on dynamical timescales under the influ-
ence of gravity. In a centrifugal magnetosphere,
corotation of the trapped plasma with the stel-
lar magnetic field combines with rapid rotation
to prevent infall of material above the Kepler
corotation radius (e.g. Townsend and Owocki,
2005). Material trapped in the centrifugal magne-
tosphere is expected to build up to high density,
before eventually being expelled away from the
star by a form of magnetic reconnection referred
to as ‘centrifugal breakout’ (ud-Doula et al, 2008),
a phenomenon which has received observational
support from the characteristic of both Hα and
radio gyrosynchrotron emission (e.g. Shultz et al,
2020; Owocki et al, 2020; Leto et al, 2021; Shultz
et al, 2022; Owocki et al, 2022).

Since material trapped in a dynamical magne-
tosphere is returned to the star via graviational
infall, magnetic fields have the effect of reducing
the net mass-loss rate1 (ud-Doula and Owocki,
2002). Building on this phenomenon, Petit et al
(2017) demonstrated that magnetospheric mass-
loss quenching can reduce mass-loss rates by
amounts comparable to a reduction of metallicity
to that prevailing in the early, unenriched uni-
verse (since radiative winds are accelerated via
line driving, mass-loss rates are a strong function
of metallicity, e.g. Vink et al, 2001). Thus, mag-
netic stars are potential progenitors of the heavy
stellar-mass black holes found by gravitational
wave observations (Abbott et al, 2016; Petit et al,
2017), i.e. the formation of such objects is not
limited to the early universe or to low-metallicity
environments such as the Magellanic Clouds.

The second important consequence of a mag-
netosphere is to rapidly spin down a star (as
revealed by MHD simulations conducted by ud-
Doula et al, 2009). Evidence for spindown is seen
in the extraordinarily long (∼ decades) rotational

1It is important to note that stars with centrifugal mag-
netospheres still possess dynamical magnetospheres below the
Kepler radius, and therefore still experience mass-loss quench-
ing, except in the extreme case of critical rotation in which the
Kepler radius is the same as the equatorial stellar radius
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periods of some stars (e.g. Shultz and Wade,
2017; Shultz et al, 2017), the systematically lower
projected rotational velocities of magnetic as com-
pared to non-magnetic stars of similar spectral
type (Shultz et al, 2018), and the systematic
increase in rotational period with fractional main
sequence age (Shultz et al, 2019).

Evolutionary models incorporating rotational
spindown and mass-loss reduction have success-
fully reproduced the qualitative evolution of mag-
netic stars (e.g. Keszthelyi et al, 2019, 2020;
Deal et al, 2021; Takahashi and Langer, 2021;
Song et al, 2022), despite systematic uncertainty
regarding factors such as the internal rotational
profile. These models firmly predict that the evo-
lutionary tracks of magnetic stars should differ
considerably from those of stars without magnetic
fields.

Keszthelyi et al (2020) demonstrated that the
evolutionary tracks of magnetic stars with initially
rapid rotation are markedly different from those
of non-magnetic stars. The expected evolution-
ary scenario for magnetic hot stars – illustrated
in Fig. 1 – is as follows: 1) young, rapid rotators
with strong magnetic fields lose the majority of
the trapped plasma from their CMs via centrifu-
gal breakout (ud-Doula et al, 2008), during which
period they evolve as stars with typical mass-loss
rates and the usual effects of rapid rotation; 2)
angular momentum loss quickly shrinks the CM,
decreasing the net mass-loss rate as the DM grows
from the inside out (ud-Doula et al, 2009), until;
3) the CM disappears, the DM slams shut on
the wind, and the star evolves as an essentially
non-rotating object with a nearly constant mass.
As can be seen in Fig. 1, centrifugal magneto-
spheres disappear early in a magnetic star’s main
sequence evolution, and become undetectable in
Hα at an even earlier phase (e.g. Shultz et al, 2019,
2020). In contrast, dynamical magnetospheres are
detectable in the ultraviolet throughout a star’s
evolution.

1.1 Polstar and motivation for this
study

Polstar is a proposed NASA MIDEX space mission
equipped with a 60-cm telescope and a full-Stokes
(IQUV) spectropolarimeter divided in 2 chan-
nels in the ultraviolet (Scowen et al, 2021). The
first channel provides spectropolarimetry at high

spectral resolution of R∼33000 over the 122-200
nm far-UV bandpass. The second channel pro-
vides spectropolarimetry over the 180-320 nm
NUV band with low- to mid-resolution (R∼30 to
250). These wavelength ranges include particu-
larly interesting resonance lines sensitive to the
winds of hot stars, such as N v 123.9, 124.3 nm,
Si iv 139.4, 140.3 nm, and C iv 154.8, 155.1 nm,
as well as a large quantity of photospheric lines.
Therefore Polstar is very well suited to study hot
stars and their circumstellar environments.

High-resolution UV spectroscopy is relatively
sparsely available for magnetic massive stars. A
handful of objects have extensive time series, pre-
dominantly acquired with the International Ultra-
violet Explorer (IUE) space telescope, with which
the rotational modulation of their resonance lines
can be examined; for other stars, only snapshot
observations with IUE or the Hubble STIS or COS
instruments are available, as the high time pres-
sure on the HST makes it impractical to obtain
high-cadence time series.

Even for stars with existing high-resolution
UV spectroscopy, Channel 1 Polstar spectroscopy
would provide several important advantages over
existing data. First, the spectral resolution is
higher than either IUE (about 8000) or HST/COS
(about 15,000). Second, Polstar will be able to
obtain a significantly higher signal-to-noise S/N :
whereas a typical IUE spectrum has a S/N ∼ 10,
Polstar spectroscopy will easily reach values on
the order of 100, and for some targets on the
order of 1000. This will enable stellar rotation to
be resolved in spectral lines, and will furthermore
enable the detection of subtle features associated
with magnetospheric activity.

While UV spectroscopy is available for some
stars, UV spectropolarimetry and polarimetry is
not. As described in detail by Folsom et al (2022)
in this volume, these capabilities will enable Pol-
star data to detect and measure circumstellar
magnetic fields, both in Stokes V via the Zeeman
effect in wind-sensitive UV resonance lines, and
via the Hanle effect in Stokes QU (which only
works in the UV). Linear spectropolarimety and
broadband polarimetry will further offer unique
information on the circumstellar geometry.

In the following, we describe how Polstar can
be used to test the fundamental hypothesis that
magnetic fields lead to angular momentum loss
in the early part of a magnetic star’s evolution,
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Fig. 2 Illustration of the data analysis flow. (A.) Polarized spectra of the target are acquired. (B.) Information from multiple
rotational phases is combined in order to obtain (C.) a model of the surface magnetic field. Magnetospheric signatures (e.g.
the Hα line at 656 nm in (A.)) are then compared to predictions from (D.) Rigidly Rotating Magnetosphere (RRM) or
Analytic Dynamical Magnetosphere (ADM) models obtained via extrapolation of the surface field into the circumstellar
environment. The data and models shown in this figure are adapted from those presented by Oksala et al (2015) for σ Ori
E (with the exception of the ADM model, which is based on the same field structure but has not previously been shown
for this star).

while trapping material and dramatically reduc-
ing stellar mass-loss rates throughout the entirety
of its main sequence lifetime. While the primary
focus of this white paper pertains to the utility of
Polstar to conduct such an experiment, the consid-
erations developed here are of relevance to other
proposed UV spectropolarimeters such as Arago
(Morin et al, 2019), Pollux on LUVOIR (Bouret

et al, 2018), or any other similar mission that may
be launched in the future.

2 Experimental design

The goal of observation of magnetic massive stars
with Polstar is to test the theoretical prediction
that magnetic confinement in the early, rapidly
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Table 1 Summary of experimental design. From left to right, the columns give: the physical property of the target star
being measured; the observational correlate of that property; the Polstar capability utilized; the requirements for the
measurement to detect the feature of interest; the post-processing method used to reach the necessary signal-to-noise
ratio; and the work in the present volume in which the relevant techniques are discussed with respect to Polstar.

Physical feature Measurement Mission Requirements Method
Capability

Folsom et al., this volume

Surface magnetic field Zeeman effect Channel 1 R ∼ 30, 000 LSD

in photospheric lines Stokes IQUV pol. precision ∼ 10−4

Circumstellar magnetic field 1) Zeeman effect 1) Channel 1 1) R ∼ 200 − 1500 1,2) Wavelength

1) & 100 G in resonance lines Stokes IV pol. precision ∼ 10−4 binning, co-addition
2) . 100 G 2) Hanle effect 2) Channel 1 2) R ∼ 200 − 1500 of spectra

in resonance lines Stokes IQU pol. precision ∼ 10−4

ud-Doula et al., this volume

Magnetospheric velocity, velocity-resolved flux Channel 1 R ∼ 30, 000 N/A
column density in resonance lines Stokes I S/N ∼ 100

Magnetospheric geometry 1) scattering in 1) Channel 1 1) R ∼ 200 − 1500, 1,2) Wavelength

resonance lines Stokes IQU pol. precision ∼ 10.−3 binning, co-addition
2) scattering in 2) Channel 2 2) pol. precision of spectra

continuum Stokes QU ∼ 10−5

rotating evolutionary phase leads to rapid angu-
lar momentum loss accompanied by mass escape
from the centrifugal magnetosphere via break-
out, switching to a mass-trapping phase when
the CM disappears and the magnetosphere locks
down on the stellar wind, as illustrated in Fig. 1
(see also e.g. ud-Doula et al, 2008, 2009). This
requires observation of magnetic hot stars across
the full range of stellar parameters, evolution-
ary phases, rotational periods, and surface mag-
netic field strengths and geometries. Moreover,
since magnetic wind confinement leads to rota-
tional modulation of all signatures associated with
the surface magnetic field, observations must be
acquired sampling the full rotational phase curve
– indeed, doing so enables magnetic and magne-
tospheric models to be inferred. Crucially, ultra-
violet polarimetry will also enable the different
components of the magnetosphere – the outflow-
ing wind, and the trapped downflow – to be
separately identified.

Uniquely amongst Polstar science objectives,
the observation of magnetic stars will utilize the
full range of the observatory’s capabilities: high-
resolution spectroscopy, circular spectropolarime-
try, linear spectropolarimetry, and broadband lin-
ear polarization. This comprehensive usage is
summarized in Table 2. Each will provide key con-
straints that can be combined to obtain detailed

models of the three-dimensional density, veloc-
ity, and magnetic structure in the circumstellar
environment, and linking this directly to the pho-
tospheric magnetic field and surface mass flux.

The initial steps of the analytic flow from
observations to models is well illustrated by the
case of the prototyoical magnetosphere host star σ
Ori E, for which a detailed magnetospheric anal-
ysis was performed by Oksala et al (2015). This
flow is illustrated in Fig. 2.
1) Polarized spectra is obtained for a target.
The S/N can be boosted with mean line profiles
extracted via least-squares deconvolution (LSD;
Donati et al, 1997). The surface magnetic field of
the star is measured via the Zeeman effect.
2) Direct analysis of the Stokes V profiles enables
detailed maps of the surface magnetic field via
Zeeman Doppler Imaging (ZDI; Piskunov and
Kochukhov, 2002).
3) The surface magnetic field is extrapolated into
the circumstellar environment via potential field
extrapolation. This is then used to guide Analytic
Dynamical and Rigidly Rotating Magnetosphere
models, providing predictions for the magneto-
spheric structure in the innermost region (where
rotation is not important) and the outermost
region (where rotation is key).

While steps 1) to 3) are possible with ground-
based data, ultraviolet polarimetry will enable the
following key steps:
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Fig. 3 Distribution of rotational periods for the sample.
The green line indicates the approximate mission duration;
complete phase coverage can be obtained for all stars below
this limit, while the small number of stars with longer
periods offer the opportunity to study intrinsic ultraviolet
variability at nearly the same rotational phase.

4) Stokes V profiles in UV resonance lines will
directy measure the circumstellar magnetic field,
testing the expected decline in magnetic field
strength with increasing distance from the star.
5) High-resolution spectroscopy and linear spec-
tropolarimetry will provide information on the
velocity and density structure in the magneto-
sphere and wind.
6) Broadband polarimetry will enable the magne-
tospheric geometry to be inferred via integrated
light.

For each target, 10 high-resolution spectropo-
larimetric sequences will be obtained with Chan-
nel 1, and 30 low-resolution Channel 2 obser-
vations, with each dataset evenly sampling the
rotational phase curve. The larger number of
Channel 2 observations is necessitated by the com-
plex behaviour of broadband linear polarimetry
phase curves.

3 Sample description

The initial target list consists of those OB stars
for which magnetic fields have been detected, com-
prising 84 stars in total, with most of the list
having been drawn from the O-type stars listed
by Petit et al (2013) and the B-type stars exam-
ined by Shultz et al (2018, 2019, 2020). For the
majority of these stars, rotational periods are
known (see Fig. 3) and magnetic oblique rotator

models are well characterized, with the 13 excep-
tions being either stars exhibiting no variability,
or new discoveries for which sufficient followup
data has not yet been obtained. Only 3 stars
have periods longer than the 3-year mission dura-
tion; while rotational phase coverage cannot be
completed for these targets, they are ideal for
exploration of alternate science goals (e.g. exam-
ining intrinsic rather than rotationally modulated
magnetospheric variability).

To evaluate the signal-to-noise ratio (S/N)
that can be achieved for a given target, IUE spec-
tra were acquired from the IUE archive. Where
possible low-resolution spectra were utilized, as
these more accurately preserve the true flux level
than the high-resolution IUE data; otherwise high-
resolution data were used. For each spectrum, the
mean flux was calculated at 1500 Å and 2500 Å,
as the approximate middle of the spectral ranges
of Channels 1 and 2 respectively, with windows
of ±25 Å. When multiple spectra were available
for a given target, the mean was calculated after
discarding 3σ outliers.

Since IUE data are not available for all tar-
gets, synthetic spectra calculated using non-Local
Thermodynamic Equilibrium (NLTE) TLUSTY
models were also utilized in order to estimate
the flux (Lanz and Hubeny, 2003, 2007). These
were adjusted according to the radius of the star,
the star’s Gaia parallax distance, and the red-
dening inferred for the star’s position on the
sky and heliocentric distance using the tomo-
graphic STILISM three-dimensional tomographic
dust map (Lallement et al, 2014; Capitanio et al,
2017). The left panel of Fig. 4 compares the IUE
and TLUSTY fluxes, demonstrating a generally
good agreement. The right panel shows histograms
of the fluxes. When IUE fluxes are available, these
are used; when not, we use TLUSTY fluxes.

Fig. 5 shows an important property of the sam-
ple that guides the observation strategy: there is
a close relationship between F1500 and the mea-
sured values of the surface dipole strength Bd,
such that the weakest fields are found in stars
with the highest flux, whereas stars with lower
flux have systematically stronger magnetic fields.
This is a straightforward consequence of observa-
tional bias. Weak fields are intrinsically difficult
to detect and therefore have only been measured
in very bright targets. Conversely, the absence of



Springer Nature 2021 LATEX template

Ultraviolet Spectropolarimetry With Polstar: Using Polstar to test Magnetospheric Mass-loss Quenching 7

Fig. 4 Left: fluxes measured at 1500 Å and 2500 Å as a function of fluxes predicted from TLUSTY spectra; the solid and
dashed lines show x = y and the approximate scatter. Right: histograms for 1500 and 2500 Å fluxes for the full sample,
combining both IUE fluxes (where available) and TLUSTY fluxes (where not).

Fig. 5 Ultraviolet flux at 1500 Å F1500 as a function of
surface dipole strength Bd. The weakest magnetic fields are
preferentially found in brighter stars, due to observational
bias.

very bright stars with extremely strong (∼10 kG)
magnetic fields is a result of their rarity. Since
a stronger magnetic field can be measured with
a lower S/N , rather than aiming for a uniform
S/N , we adopt a uniform 1-hour exposure time,
which as will be demonstrated below results in the
detectability of circumstellar magnetic fields in the
majority of the sample.

The S/N that can be achieved for a given tar-
get in a 3600 sec spectropolarimetric sequence was
calculated according to:

S/N =

√
Ṡ2

p∆t2

Ṡp∆t+ 216Npix(∆t/3600s) + 175Npix

,

(1)
where Ṡp is the photon count rate, Npix the num-
ber of pixels, and ∆t is the total exposure time in
seconds for all 6 sub-exposures. The second and
third terms in the denominator of Eqn. 1 origi-
nate from the dark count rate and the read noise.
Npix = 2 × 2 for Channel 1 and 2.5 × 2.5 for
Channel 2. The photon count rate was estimated
using

Ṡp =
fλ
gλ
, (2)

where fλ is the flux at a given wavelength in units
of erg s−1 cm−2 Å−1 and gλ is a factor with units
of erg cm−2 Å−1 given by

gλ =
R(λ)hc

λ2Aeff(λ)
, (3)

where R is spectral resolution, h and c are Planck’s
constant and the speed and light, and Aeff is the
wavelength-dependent effective area.

The S/N that can be achieved using a 3600
s spectropolarimetric sequence in Channel 1 is
shown in Fig. 6. The median S/N is 192. As
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Fig. 6 S/N for a 3600 s Channel 1 spectropolarimetric
sequence. The green line shows the saturation S/N .

explained below, we expect a S/N of 100 to be the
approximate lower bound for surface magnetome-
try, while a S/N of 10 is sufficient for spectroscopy
alone (this being a typical value for IUE spectra).
Only 7 stars are below the spectroscopic thresh-
old. If 10 3600 s observations are obtained for each
of the 77 targets for which at least a S/N of 10 can
be achieved, the total observing time necessary to
complete Channel 1 coverage is 770 hours.

The detectability of the circumstellar magnetic
fields threading the magnetosphere is demon-
strated by Folsom et al (2022, , this volume),
based on the Analytic Dynamical Magnetosphere
(ADM; Owocki et al, 2016) model (see also ud-
Doula et al, 2022, , this volume). ADM mod-
els simultaneously consider the free (magnetic
unconfined) wind, the upflow feeding the magne-
tosphere, the stalled plasma within the magnetic
equatorial plane, the downflowing plasma return-
ing to the photosphere, and the wind shocks
produced by collision of the upflow with the
dense equatorial plasma. An extension of ADM
incorporating radiative transfer was presented by
Erba et al (2021) which enables synthesis of the
unpolarized intensity profiles of wind-sensitive UV
resonance lines. Since the ADM model naturally
includes information on the local magnetic field
strength and geometry in the circumstellar envi-
ronment, a straightforward modification of the
UV ADM model can also reproduce the circularly

polarized (Stokes V ) profiles expected from the
Zeeman effect. This is discussed in more detail by
Folsom et al (2022, , this volume), and will be
the subject of a dedicated work by Erba et al. (in
prep.). The polarized UV ADM model provides
predictions for both the amplitude and morphol-
ogy of Stokes V as a function of magnetic field
strength, wind parameters, and orientation with
respect to the line of sight.

The ability of these measurements to detect
circumstellar magnetic fields, as inferred from UV
ADM Stokes V models is demonstrated in Fig. 7.
Since B-type stars are expected to yield a larger
Stokes V amplitude in resonance lines for a given
field strength than O-type stars (see Folsom et al,
2022, , this volume), their circumstellar magnetic
fields can be detected at a slightly lower S/N .
Three of the most strongly magnetic B-type stars
can be detected without wavelength binning. For
the remainder of the sample, some degree of bin-
ning is necessary. The amount by which a given
line can be binned is proportional to its line width.
Taking the observed C iv doublets (ud-Doula et al,
2022, , this volume), B stars are expected to span
about 1000 km s−1, while O stars should span
about 6000 km s−1. In order to have a minimum
of 5 measurements across the line, a B-type star
can therefore adopt a maximum bin size of 200
km s−1, while an O-star can be binned to a max-
imum of 1200 km s−1. Such a strategy can detect
circumstellar magnetic fields in 4 O-type stars and
32 B-type stars, or almost half the full sample. If
each line in a resonance doublet can be co-added
in order increase the S/N still further, in a process
similar to LSD, the number of detectable B-stars
increases to 44. Note that many of the B stars are
detectable without applying this maximal degree
of wavelength binning.

The right panel of Fig. 7 demonstrates the
quality of the photospheric magnetometry that
can be expected (see Folsom et al, 2022, , this
volume), showing the 1500 Å S/N as a function
of the ratio of Bd to the the error bar σB in
〈Bz〉. Since the maximum value of 〈Bz〉 is approx-
imately Bd/3.5, a ratio of at least σB/Bd = 0.1
is ideal for the field to be securely detected and
modelled. However, surface magnetic fields can
often be detected with an error bar in 〈Bz〉 of
about 1/3rd of Bd, which we adopt as the mah-
netic limit. In this case, σB was determined using
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Fig. 7 Left: S/N for a 3600 s Channel 1 spectropolarimetric sequence as a function of Bd. Diagonal solid lines indicate the
S/N required to detect a circumstellar magnetic field, as determined from ADM models for O and B-type stars. Diagonal
dashed and dot-dashed lines indicate the S/N that can be achieved using bins of 200 km s−1 and 1200 km s−1, resulting in
5 wavelength bins across a resonance line for a B and an O-star, respectively. The solid horizontal line indicates the lower
bound for useful spectroscopy. Right: S/N for a 3600 s Channel 1 spectropolarimetric sequence as a function of the ratio of
Bd to the 〈Bz〉 error bar, where the error bar is inferred from UV LSD models and v sin i. In order for the magnetic field
to be measureable, the error bar must be about 1/3rd of Bd.

Fig. 8 Saturation time for Channel 2 observations. The
red line shows the maximum observation 600 s length.

the v sin i and S/N -dependent relationships given
by Wade et al (2016), with an LSD S/N gain
inferred from the UV modelling (Folsom et al,
2022, , this volume). This figure demonstrates that
the observations will be able to achieve the more
challenging goal of surface magnetometry, as com-
pared to the less challenging goal of spectroscopy,
for all but 12 of the sample stars.

Channel 2 has a much larger effective area and
a much lower spectral resolution than Channel 1,
and therefore more easily reaches the saturation
S/N of 2872. Fig. 8 shows the Channel 2 satu-
ration times estimated using 2500 Å fluxes. The

median saturation time is 775 s. Two stars reach
saturation time in less than the the minimum sub-
exposure time of 2 s, and therefore cannot be
observed in Channel 2. There are 38 observable
stars which reach saturation time in less than 600
s. If the Channel 2 dataset is limited to these stars,
and 30 observations are obtained for each target
in order to obtain the necessary dense coverage of
the QU plane, completing this component of the
observing program will require 76 hours.

As discussed by ud-Doula et al (2022, ,this
volume), the expected level of continuum polar-
ization, as inferred from observations using visible
data, ranges from on the order of 0.01% to 0.1%.
Taking the lower bound, this implies that a S/N
of at least 10,000 is necessary to obtain a precision
sufficient to obtain a 5σ measurement of the weak-
est expected signals. This can be easily achieved
by wavelength binning: while Channel 2 has a low
spectral resolution, the required high S/N is eas-
ily achievable by binning around 10 wavelength
elements.

Fig. 9 shows a histogram of the number of high-
resolution UV observations available for the target
stars. There are no data available for 28 stars. For
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Fig. 9 Histogram summary of the available high-
resolution UV spectroscopy. The sample is about evenly
divided into stars with no observations, stars with a
large number of observations, and stars with only a few
observations.

8 stars, only a single snapshot is available, there-
fore variability cannot be assessed. Between 2 and
10 observations are available for 18 stars; in these
cases, some limited evaluation of variability is pos-
sible, but coverage of the rotational period is poor.
For 23 stars more than 10 observations are avail-
able; in these cases detailed studies have generally
been possible (e.g. Neiner et al, 2003a,b; Henrichs
et al, 2013). A key program goal is to obtain suf-
ficient observations to characterize the ultraviolet
variability across the full rotational period of the
entire sample. A particular point of interest is
the red-shifted absorption dip identified by ADM
models (ud-Doula et al., this volume; see also Erba
et al, 2021), which is diagnostic of the infalling
plasma. Detecting this feature will require both
a high spectral resolution (as it has an expected
velocity width of about 100 km s−1), and high
S/N .

The left panel of Fig. 10 shows the full sample
on the rotation-magnetic confinement diagram,
the ‘fundamental plane’ of stellar magnetospheres
(Petit et al, 2013). This diagram shows the Kepler
corotation radius RK as a function of the Alfvén
radius RA. As a star rotates more rapidly, RK

withdraws towards the stellar surface, becoming
identical with the equatorial radius of the star
at critical rotation. The Alfvén radius is a mea-
sure of the extent of magnetic confinement in
the magnetic equatorial plane, and increases with
increasing surface magnetic field and declining
wind strength. As a star rotates more rapidly,

the Kepler radius moves closer to the stellar sur-
face. The right panel of Fig. 10 shows the sample
stars on the logRA/RK − logLbol diagram. The
ratio logRA/RK serves as a dimensionless proxy
to the size of the CM. As can be seen in these
diagrams, the majority of the O-type stars have
dynamical magnetospheres, as they have power-
ful winds leading to small RA and rapid spindown
timescales, meaning slow rotation and therefore
large RK. Conversely, the majority of B-type stars
have centrifugal magnetospheres.

As indicated in Fig. 10, while at least one UV
observation is available for all magnetic O-type
stars, a considerable fraction of magnetic B-type
stars have not been observed in the UV. Variable
UV emission are seen at essentially all points in
the two diagrams, raising the obvious question of
why some stars that have been observed do not
show obvious magnetospheric signatures (coded
in the diagram as UV absorption). As suggested
by the symbol size (proportional to the number
of spectra), this may simply be the result of a
small number of observations, which make it dif-
ficult or impossible to evaluate variability in the
wind-sensitive doublets.

3.1 Threshold Targets

A subset of the sample were selected as threshold
targets, i.e. high-priority targets. The first crite-
rion regarding these targets is that they be bright
enough for Polstar to obtain a high signal-to-noise
ratio (S/N). Beyond this, it is important to sam-
ple parameter space whilst also observing the most
interesting targets. As can be seen in Fig. 10, the
critical targets were chosen in such a fashion as to
cover the various key parts of parameter space: B
stars with large CMs, B stars with DMs, O stars
with CMs, and O stars with DMs. The threshold
targets are:
θ1 Ori C: HD 37022 is the most massive O-type
star in the Orion Nebula Cluster and was the first
O-type star in which a magnetic field was discov-
ered (Donati et al, 2002). It exhibits phase-locked
ultraviolet variability consistent with a magne-
tospheric origin (Stahl et al, 1996), although
the observed variability is contrary to expecta-
tions, being anti-correlated in phase (ud-Doula,
2008). This points to an important discrepancy
between models and observations, which may be
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Fig. 10 Left: survey sample on the rotation-magnetic confinement diagram. As indicated by the slanted line, stars with
Alfvén radii RA greater than Kepler corotation radii RK have centrifugal magnetospheres, while those with RA < RK

have dynamical magnetospheres. Symbol size is proportional to the number of available high-resolution UV spectra. Colour
indicates whether magnetospheric emission is detected, not detected, or if no data are available. Threshold targets are
highlighted in magenta and labelled. Right: as left, in the bolometric luminosity-logRA/RK plane.

resolved by the structural and magnetic informa-
tion obtained via circumstellar polarimetry.
σ Ori E: HD 37479 was the first star in which
a magnetosphere was detected (Landstreet and
Borra, 1978) and is the prototype of the σ Ori
E variable class (i.e. stars with Hα emission and
photometric eclipses from a CM). It has by far
the strongest magnetospheric emission of any CM
star (Shultz et al, 2020). It has a large IUE
dataset (e.g. Smith and Groote, 2001), and as
the benchmark CM star has also been extensively
studied at radio and X-ray wavelengths (e.g. Rein-
ers et al, 2000; Leto et al, 2012). Furthermore,
its surface magnetic field has been mapped via
Zeeman Doppler Imaging, and a magnetospheric
model extrapolated from this map used to repro-
duce its Hα emission and photometric eclipses
(Oksala et al, 2015). It is also the only CM star
with published broadband polarimetry (Carciofi
et al, 2013). Adding Polstar spectropolarimetry
to the large multiwavelength datasets and exten-
sive modeling already performed for this star will
be a key step in calibrating the next generation
of magnetospheric models that will be enabled by
Polstar.

Plaskett’s Star: HD 47129 is a magnetic collid-
ing wind binary historically considered to consist
of two O-type stars, one of which is the only O-
type star with a CM (Grunhut et al, 2013, 2021).
The star’s rapid rotation is believed to be a result
of recent binary interactions. Polstar data will
enable evaluation of the effects of rapid rotation on
the circumstellar environment in an O-type star’s
magnetosphere, together with examination of the
effects of a strong magnetic field on the colliding
wind shock.
τ Sco: HD 149438 is the hottest B-type star with
a detected magnetic field, and in sharp contrast
to the usual dipolar morphology has an extraor-
dinarily complex surface field structure (Donati
et al, 2006; Kochukhov and Wade, 2016). Its dis-
tinctive ultraviolet resonance line profiles were the
crucial clue leading to the detection of its mag-
netic field (Donati et al, 2006); similar ultraviolet
signatures have successfully enabled the identifi-
cation of other magnetic stars in the same mass
range (Petit et al, 2011). It has been suggested to
be a blue straggler and a possible binary merger
product, with its complex surface field being the
remnant of a merger-powered dynamo (Schnei-
der et al, 2019), although its properties may also
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be consistent with single-star evolutionary mod-
els incorporating magnetic fields (Keszthelyi et al,
2021). As the surface magnetic field of this bright
star is relatively weak, it is an excellent target for
utilization of the Hanle effect.
β Cep: HD 205021 is a magnetic β Cep pulsator.
It features by far the largest IUE time series of any
magnetic star, and exhibits clear and strong rota-
tional modulation in all wind-sensitive resonance
lines; indeed, it was precisely this modulation that
led to the detection of its magnetic field (Henrichs
et al, 2013), with comparable ultraviolet signa-
tures in other β Cep stars leading to the detection
of further magnetic stars in this class (Schnerr
et al, 2008; Shultz et al, 2017). While this star is
a spectroscopic binary with a Be companion star
that contributes Hα emission, the companion is
otherwise undetectable in visible light aside from
radial velocity variations and will therefore cer-
tainly be almost undetectable at UV wavelengths
(Henrichs et al, 2013).

4 Synergies with other
science objectives

Hot star winds: Gayley et al (2021) describe
the utility of Polstar for calibrating the mass-
loss rates of hot stars via their radiative winds in
light of wind structures such as clumping and the
corotating interaction regions (CIRs) thought to
underlie discrete absorption components (DACs).
The calibrated mass-loss rates obtained via this
project for single stars stars without large-scale
magnetic fields will inform the surface mass-flux
for magnetospheric models described here. This
will enable it to be determined whether strong
surface magnetic fields directly modify the surface
mass-flux via radiative winds. In addition, CIRs
are thought to be driven by bright spots, which
are believed to be associated with small-scale
magnetic fields. Magnetospheric models developed
from the study of magnetic hot stars may prove
to be an important component of modelling CIRs.
Weak magnetic fields in the launch regions of CIRs
may also be detectable via the Hanle effect.
The origin of rapidly rotating B-type stars:
Jones et al (2021) will use Polstar to search for
hot subdwarf companions around apparently sin-
gle classical Be stars and Bn stars, for which
binary interactions are a leading origin scenario

for the spin-up of Be stars to near-critical rota-
tion. Binary mergers are a leading scenario for
the origin of fossil magnetic fields, presenting an
intriguing dichotomy in that no magnetic field
has ever been detected in a Be star, and indeed
magnetic fields should destroy their Keplerian
disks. Techniques developed from binary searches
for subdwarf companions around Be/n stars can
be applied to magnetic hot stars in a similar
fashion, enabling sensitive comparison of their
respective binary fractions; at this point, it is
already known that most, albeit not all, mag-
netic stars are apparently single, whereas Be stars
when in binary systems are typically paired with
post-main sequence companions). Jones et al also
describe the use of limb polarization to determine
the critical rotation fraction of rapid rotators.
While most magnetic stars are relatively slowly
rotating, there are a handful of relatively rapidly
rotating objects for which similar techniques will
provide important constraints. Since the surface
mass flux is sensitive to the effective temperature,
gravity darkening due to rapid rotation may need
to be incorporated in magnetospheric models of
rapidly rotating objects. Finally, while magnetic
fields are neither detected nor expected in Be/n
stars, the Hanle effect may enable detection of
weak magnetic fields in the near-star environment
if present, and sensitive upper limits if not.
Mass transfer and loss in B-type interacting
binaries: Peters et al (2021) describe Polstar’s
application to interacting binary systems, which
can be used to constrain the geometry, mass trans-
fer, and mass loss rates of interaction regions and
circumbinary disks in interacting binaries. While
magnetic binaries are rare, there are a handful
of systems (e.g. ε Lupi, HD 149277) which are
close enough for wind interactions to play a role,
and which therefore hold the promise of determin-
ing whether and to what degree surface magnetic
fields modify these interactions.
Massive star binary colliding winds: St-Louis
et al (2021) describe the utility of Polstar to con-
strain the geometry of colliding wind binaries.
Weak magnetic fields are required to reproduce
the gyrosynchrotron radiation detected from col-
liding wind binaries; while these magnetic fields
are too weak to be detected via the Zeeman
effect, they may be detectable via the Hanle effect.
Furthermore, the rapidly rotating magnetic O-
type system Plaskett’s Star is a colliding wind
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binary; a complete understanding of the circum-
stellar geometry of this system is almost certain
to require insights obtained from the study of
magnetic stars and non-magnetic colliding wind
binaries.
Interstellar medium science: Andersson et al
(2021) describe several experiments that will
investigate the dust polarization properties of the
interstellar medium (ISM). Constraints from the
ISM project will be a critical element for inter-
pretation of the linear polarization signatures
obtained from magnetic stars. Conversely, detailed
understanding of the variable intrinsic polariza-
tion of magnetic stars will enable these targets to
be added to the ISM project.
Protoplanetary disks: Wisniewski et al (2021)
describe the use of Polstar to probe the circumstel-
lar geometry of the protoplanetary disks surround-
ing Herbig Ae/Be stars in order to determine the
nature of the accretion mechanism. Accretion is
believed to be magnetospheric in low-mass Herbig
stars, but the mechanism unknown for stars more
massive than 4 M�. Comparing accretion signa-
tures of Herbig stars with and without magnetic
fields may furthermore provide important insights
into the origin of fossil fields, and the reason for
the magnetic dichotomy between main sequence
stars with and without magnetic fields.

5 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 white paper has been on the capabilities of
the Polstar mission, this work is of relevance to
any ultraviolet spectropolarimetric mission, such
as e.g. 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 none magnetic stars have not a
single UV observation; of those that do, less than
a third have time-series data adequate for evalu-
ation 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. Importantly, the availability of all four
Stokes parameters for magnetic inversion breaks
degeneracies that can affect maps obtained only
in Stokes IV .

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), while weak magnetic
fields should be detectable via the Hanle effect.

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 the key target σ Ori E.

By combining the rich spectroscopic and
polarimetric datasets available with Polstar obser-
vations, detailed 3D models of 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
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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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(2021) Ultraviolet Spectropolarimetry with
Polstar: on the origin of rapidly rotat-
ing B stars. arXiv e-prints arXiv:2111.07926.
https://arxiv.org/abs/arXiv:2111.07926 [astro-
ph.IM]

Keszthelyi Z, Meynet G, Georgy C, et al
(2019) The effects of surface fossil magnetic
fields on massive star evolution: I. Mag-
netic field evolution, mass-loss quenching,
and magnetic braking. MNRAS485(4):5843–
5860. https://doi.org/10.1093/mnras/stz772,
https://arxiv.org/abs/arXiv:1902.09333
[astro-ph.SR]

Keszthelyi Z, Meynet G, Shultz ME, et al
(2020) The effects of surface fossil magnetic
fields on massive star evolution - II. Imple-
mentation of magnetic braking in MESA
and implications for the evolution of surface
rotation in OB stars. MNRAS493(1):518–
535. https://doi.org/10.1093/mnras/staa237,
https://arxiv.org/abs/arXiv:2001.06239

[astro-ph.SR]

Keszthelyi Z, Meynet G, Martins F, et al
(2021) The effects of surface fossil mag-
netic fields on massive star evolution - III.
The case of τ Sco. MNRAS504(2):2474–
2492. https://doi.org/10.1093/mnras/stab893,
https://arxiv.org/abs/arXiv:2103.13465 [astro-
ph.SR]

Kochukhov O, Wade GA (2016) Magnetic field
topology of τ Scorpii. The uniqueness prob-
lem of Stokes V ZDI inversions. A&A586:A30.
https://doi.org/10.1051/0004-6361/201527454,
https://arxiv.org/abs/arXiv:1511.07881
[astro-ph.SR]

Kochukhov O, Shultz M, Neiner C (2019)
Magnetic field topologies of the bright,
weak-field Ap stars θ Aurigae and ε
Ursae Majoris. A&A621:A47. https:
//doi.org/10.1051/0004-6361/201834279,
https://arxiv.org/abs/arXiv:1811.04928
[astro-ph.SR]

Lallement R, Vergely JL, Valette B,
et al (2014) 3D maps of the local
ISM from inversion of individual color
excess measurements. A&A561:A91.
https://doi.org/10.1051/0004-6361/201322032,
https://arxiv.org/abs/arXiv:1309.6100
[astro-ph.GA]

Landstreet JD, Borra EF (1978) The magnetic
field of Sigma Orionis E. ApJL224:L5–L8.
https://doi.org/10.1086/182746

Lanz T, Hubeny I (2003) A Grid of Non-
LTE Line-blanketed Model Atmospheres
of O-Type Stars. ApJS146(2):417–
441. https://doi.org/10.1086/374373,
https://arxiv.org/abs/arXiv:astro-ph/0210157
[astro-ph]

Lanz T, Hubeny I (2007) A Grid of NLTE
Line-blanketed Model Atmospheres of
Early B-Type Stars. ApJS169(1):83–
104. https://doi.org/10.1086/511270,
https://arxiv.org/abs/arXiv:astro-ph/0611891
[astro-ph]

https://doi.org/10.1093/mnras/sts153
https://arxiv.org/abs/1209.6326
https://doi.org/10.1093/mnras/stw2743
https://arxiv.org/abs/1610.07895
https://arxiv.org/abs/2111.06251
https://doi.org/10.1051/0004-6361/201321584
https://arxiv.org/abs/1305.2601
https://arxiv.org/abs/2111.07926
https://doi.org/10.1093/mnras/stz772
https://arxiv.org/abs/1902.09333
https://doi.org/10.1093/mnras/staa237
https://arxiv.org/abs/2001.06239
https://doi.org/10.1093/mnras/stab893
https://arxiv.org/abs/2103.13465
https://doi.org/10.1051/0004-6361/201527454
https://arxiv.org/abs/1511.07881
https://doi.org/10.1051/0004-6361/201834279
https://doi.org/10.1051/0004-6361/201834279
https://arxiv.org/abs/1811.04928
https://doi.org/10.1051/0004-6361/201322032
https://arxiv.org/abs/1309.6100
https://doi.org/10.1086/182746
https://doi.org/10.1086/374373
https://arxiv.org/abs/astro-ph/0210157
https://doi.org/10.1086/511270
https://arxiv.org/abs/astro-ph/0611891


Springer Nature 2021 LATEX template

16 Ultraviolet Spectropolarimetry With Polstar: Using Polstar to test Magnetospheric Mass-loss Quenching

Leto P, Trigilio C, Buemi CS, et al (2012) Search-
ing for a CU Virginis-type cyclotron maser from
σ Orionis E: the role of the magnetic quadrupole
component. MNRAS423:1766–1774. https:
//doi.org/10.1111/j.1365-2966.2012.20997.x,
https://arxiv.org/abs/arXiv:1203.6475
[astro-ph.SR]

Leto P, Trigilio C, Krtička J, et al (2021)
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