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Abstract

The current consensus is that at least half of the OB stars are formed in binary or multiple star
systems. The evolution of OB stars is greatly influenced by whether the stars begin as close binaries,
and the evolution of the binary systems depend on whether the mass transfer is conservative or
nonconservative. FUV/NUV spectropolarimetry is poised to answer the latter question. This paper
discusses how the Polstar spectropolarimetry mission can characterize the degree of nonconservative
mass transfer that occurs at various stages of binary evolution, from the initial mass reversal to
the late Algol phase, and quantify its amount. The proposed instrument combines spectroscopic and
polarimetric capabilities, where the spectroscopy can resolve Doppler shifts in UV resonance lines with
10 km/s precision, and polarimetry can resolve linear polarization with 10−3 precision or better. The
spectroscopy will identify absorption by mass streams and other plasmas seen in projection against
the stellar disk as a function of orbital phase, as well as scattering from extended splash structures,
including jets. The polarimetry tracks the light coming from material not seen against the stellar disk,
allowing the geometry of the scattering to be tracked, resolving ambiguities left by the spectroscopy
and light-curve information. For example, nonconservative mass streams ejected in the polar direction
will produce polarization of the opposite sign from conservative transfer accreting in the orbital plane.
Time domain coverage over a range of phases of the binary orbit are well supported by the Polstar
observing strategy. Special attention will be given to the epochs of enhanced systemic mass loss that
have been identified from IUE observations (pre-mass reversal and tangential gas stream impact).
We show how the history of systemic mass and angular momentum loss/gain episodes can be inferred
via ensemble evolution through the r–q diagram. Combining the above elements will significantly
improve our understanding of the mass transfer process and the amount of mass that can escape
from the system, an important channel for changing the final mass and ultimate supernova of a
large number of massive stars found in binaries at close enough separation to undergo interaction.
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1 Introduction

Most massive stars are born in multiple systems.
Spectroscopic surveys of the Tarantula Nebula
and Galaxy suggest that between half and two
thirds of massive stars undergo binary interac-
tions at some point in their lifetimes (Sana et al,
2012, 2013). Mass transfer is an important step
in the evolution of most massive binary systems:
it alters the stellar masses, resulting in stripped
stars and rejuvenation, which affects the lifetime
and death of the stars. As has been called out
in the Astro2020 decadal survey, binary interac-
tions are crucial to understand stellar evolution,
including the creation of stripped envelope super-
novae and kilonovae (Paczyński, 1971; Langer,
2012; Eldridge et al, 2013; Yoon, 2015; Tauris et al,
2017; Laplace et al, 2021), which are key contrib-
utors to the chemical evolution of the ISM and
provide an important source of feedback. Also,
mass lost by a star is not necessarily all accreted
by its companion, and escaping mass streams can
reduce the final masses of stars by a significant
amount that has not been well quantified either
observationally or theoretically. In this paper we
discuss how the Polstar spectropolarimetry mis-
sion (Scowen et al, 2022) is poised to characterize
the degree of nonconservative mass transfer that
occurs during close binary evolution, from the ini-
tial mass reversal to the late Algol stage, and
quantify its amount.

Given the high ionization of massive-star
winds, jets, and other circumstellar struc-
tures, Thomson scattering (electron scattering) is
expected to dominate the induced polarization,
producing a useful sensitivity to the geometry
of scattering regions that can be used to resolve
ambiguities in the spectroscopic observations. The
classic pioneering model by Brown et al (1978,
BME hereafter) approximates the time-varying
continuum polarization caused by the illumina-
tion of stellar winds in a binary system viewed
at an arbitrary inclination angle. In this model,
the scattering region is described as an optically
thin electron gas. The envelope pattern is assumed
to co-rotate with the illumination sources, appro-
priate for steady-state systems in circular orbit.
The illuminators consist of one point source at the
center of the scattering region and an additional
external point source representing the companion.

Brown et al (1982) extended the BME model
to consider elliptical orbits, and Fox (1994) further
extended the formalism to consider finite illumi-
nators. Fox (1994) showed that occultation is only
important in very close binary systems, where sep-
aration is less than 10 times the radius of the pri-
mary star. However, none of these enhancements
to the theory included mass streams involved in
non-conservative mass transfer. Furthermore, the
time and wavelength dependence of the polar-
ization from escaping mass, which could provide
unique constraints and help separate the intrinsic
polarization from interstellar polarization (ISP),
has not been modeled. However, hints of such
polarized signals associated with non-conservative
mass transfer have been observed in several sys-
tems (e.g.β Lyr, Hoffman et al, 1998; Lomax et al,
2012a) and extending these observations into the
UV, the domain of strongest stellar irradiation for
hot stars, will help quantify the degree of mass
loss.

The optically-thin polarization models are cru-
cial since they provide basic insights into informa-
tion that continuum polarization can provide. In
the case of an axisymetric envelope around a point
source, the observed polarization only depends on
three parameters: the optical depth τ of the enve-
lope, the shape of the envelope (described by a
single parameter γ defined below), and the incli-
nation i of the symmetry axis relative to the
observer. If the envelope is oblate, the observed
polarization is parallel to the symmetry axis. Con-
versely, the observed polarization is perpendicular
to the symmetry axis for a prolate envelope. These
results are easily understood: for a prolate enve-
lope the density is highest along the poles, and it
is these regions –for which the electric vector and
hence polarization is perpendicular to the symme-
try axis– that will contribute most to the observed
flux. This is one of the ways Polstar’s polari-
metric capability can supplement spectroscopic
information, helping to describe the mass-transfer
structure.

In optically thick envelopes, the simple behav-
ior described above is modified. The orientation
is then set not only by where the electric den-
sity is highest, it is also set by where the flux
escapes. As a consequence it is possible to have the
polarization switch sign, and, when the continuous
absorption and emissivity is important, the sign
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can also be wavelength dependent. For an axisym-
metric system, the polarization is always perpen-
dicular or parallel to the symmetry axis (since
these are the only unique directions). Thus, when
there is wavelength dependence in the polariza-
tion, a signature of switching from pole-dominated
to equator-dominated polarization is a 90 degree
rotation in the polarization position angle. By
contrast, a switch from intrinsic-dominated to
ISM-dominated polarization can be a rotation of
the polarization through any position angle.

Line emission offers another probe. For recom-
bination lines it is typically assumed that the
emission is unpolarized. Also, some resonance lines
are at least partially depolarizing. Consequently
line photons, which originate at larger distances
in the envelope, will (at least for the optically
thin case) show less polarization than the adjacent
continuum.

Our view of the mass transfer process
in OB interacting binaries was substantially
refined by the pioneering high-resolution FUV
spectroscopic observations from the IUE and
FUSE spacecraft (https://archive.stsci.edu/iue/;
https://archive.stsci.edu/fuse/). Circumstellar
(CS) material was not only in accretion disks,
but also in splash and other localized outflow
regions in the orbital plane, jets that produced
mass loss above/below the orbital plane, and
high-temperature (105 K) plasmas. But limited
phase coverage within an orbital cycle compro-
mised our ability to map these structures and it
was difficult to detect outflows above/below the
orbital plane (jets) unless the system displayed a
total eclipse. Mass loss from the system during
the mass transfer phase was difficult to quantify.

In this paper, we consider how the spec-
troscopic and polarimetric diagnostics of mass
streams and circumstellar disks can reveal the
fraction of material that escapes from the sys-
tem. We begin in Section 2 with a discussion of
well-known systems, viewed through their loca-
tion in the r-q diagram. The latter is of great
importance to our objective of understanding the
evolution of mass transfer binaries that are pre-
dominantly B-type systems as they provide a
statistically significant sample. Then in Section 3
we lay out the details of the Polstar observational
scheme, establishing the required observational
requirements and connecting them to Polstar’s
projected capabilities, to build confidence in the

success of an experiment that combines polarime-
try, spectroscopy, and light curve information as
a function of orbital phase. Section 4 contin-
ues with a discussion of how polarimetry can be
used to infer the mass flow structures in inter-
acting binaries, potentially containing disks and
jets, given their importance for understanding
the conservative and nonconservative elements of
the mass transfer budget. This section concludes
with an application to the well-known B-type
binary β Lyrae from polarimetric data secured
from ground-based instrumentation and FUV
spectrophotometry from the spacecraft WUPPE.
Section 5 describes the spectroscopic signatures
of mass flow, which crucially complements the
polarimetric information because of its quantita-
tive velocity and geometrical constraints on mass
streams, splash zones, high-temperature accretion
regions, and plasma jets. Concluding remarks are
given in Section 6.

2 The Interacting Binary
Landscape

The importance of binarity on the evolution of OB
stars and where the Be stars fit into the picture has
been discussed since the mid-1970s (Kriz and Har-
manec, 1975; Plavec and Polidan, 1976; Plavec,
1976). The fate of a B star depends on how close it
is to its nearest neighbor when it reaches the main
sequence. If the separation of the binary compo-
nents is small enough, at some point during its
post main sequence (PoMS) evolution the more
massive component will have a radius that is equal
to the mean radius of its Roche surface1. Transfer
of material from the latter star to its companion
will commence during one of the major PoMS
expansion phases (Plavec, 1970) depending on the
initial binary separation: 1) during main sequence
expansion (Case A), 2) on the subgiant branch
(Case B), or 3) on the asymptotic giant branch
(Case C). Although several subgroups of early-
type interacting binaries can be associated with
the evolutionary groups mentioned above, here we
focus on the B-type near contact systems (initial
periods up to . 1.5d ) and the Algol-type binaries
(initial periods from 1.5d . P . 60d, if the mass
loser was originally about 5M� and the mass ratio

1These systems are often called close binaries.
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0.3). Typically the contact systems are associated
with Case A or slightly beyond and the Algols are
usually Case B mass transfer.

The early calculations on the evolution of close
binaries were invariably based upon conservative
mass transfer in which all the mass that was lost
from the donor star ended up being accreted by
the mass-gaining star. The consensus now is that
significant mass and angular momentum is indeed
lost from the system. The primary objective of
this investigation is to identify the stages of mass
transfer during which most mass is lost and mea-
sure it from phase-dependent FUV spectroscopy
and spectropolarimetry.

Lubow and Shu (1975, 1976) provided us with
our first basic understanding on how a local-
ized stellar wind at a binary’s inner Lagrangian
point, L1, becomes a defined gas stream that
either impacts the mass-gaining star2 or feeds an
accretion disk around it. The nature of the CS
structures in interacting binaries can be under-
stood with the aid of the r-q diagram in which the
fractional radius of the mass gainer (Rp/a) is plot-
ted versus the mass ratio, q = Mloser/Mgainer, and
compared with the theoretical computations of gas
stream hydrodynamics of Lubow and Shu (1975).
Such a display is presented in Figure 1. The upper
dashed curve, $d, delineates the fractional radius
of the dense accretion disk for systems of differ-
ent mass ratios. The lower dashed curve, $min,
shows the minimum distance that a stream parti-
cle will achieve relative to the center of the gainer.
If the system falls above the upper curve (hence-
forth called Region 1 ), the gas stream will strike
the photosphere of the gainer and any Hα emis-
sion seen from the CS material will be transient.
These binaries are often called direct-impact sys-
tems. If the system falls below the lower curve
(Region 3 ), then one will see a prominent accre-
tion disk that emits strongly in Hα. The amount
of material in the accretion disk can vary, espe-
cially for systems near the lower curve. The most
variable accretion disks are found in systems that
fall between the two curves (Region 2 ) where the
gas stream impact is nearly tangential. The inner
part of a wide gas stream will strike or graze the
photosphere of the primary while the outer edge

2In contemporary terminology the star that is losing mass
is often called simply the loser and the mass-gaining star the
gainer.

will feed an accretion disk. For the systems plot-
ted in Figure 1 above the $min line, the angle
between the impacting gas stream and the photo-
sphere of the B star varies from ∼ 50o (e.g. Z Vul)
to tangential (e.g. V393 Sco, V356 Sgr).

After its onset, mass transfer proceeds on a fast
timescale until the masses of both stars are the
same (Plavec, 1970). If mass and angular momen-
tum were to be conserved, the orbital period and
binary separation would steadily decrease, which
would cause a runaway that would likely violate
the conservative assumptions. Hence we expect
substantial mass to be lost from the system at
this stage. All or some of the systems may experi-
ence Common Envelope Evolution (Ivanova et al,
2013) during their pre-mass reversal stage, but
more studies are needed to understand this phase.

There are very few recognized examples of
pre-mass reversal objects. We consider three such
systems here: SX Aur (Linnell et al, 1988), SV Cen
(Drechsel et al, 1982; Linnell and Scheick, 1991),
and UX Mon (Sudar et al, 2011). The radius of the
primary component in the SX Aur system is quite
close to being in contact with its Roche surface,
while its companion is unevolved. This system
appears to be on the verge of beginning the mass
transfer process. Although the more massive star
did not show any obvious evidence of CS mate-
rial in the IUE spectra, an image from the WISE
spacecraft (Deschamps et al, 2015) clearly reveals
evidence of earlier mass loss.

SV Cen and UX Mon are definitely in the
pre-mass reversal phase. SV Cen is distinguished
by displaying the fastest known rate of period
decrease, (Ṗ/P ≈ −1.5 · 10−5 yr−1, Drechsel and
Lorenz, 1993). From 1894 to 1993 the period short-
ened on the average by 2.2 s yr−1, indicating a
mass transfer rate of 4 × 10−4 M� yr−1. Drechsel
et al (1982) report systemic mass loss in SV Cen
from the analysis of IUE spectra. UX Mon cur-
rently shows a decreasing orbital period of Ṗ =
−0.260 s yr−1 (Sudar et al, 2011). The primary
may be embedded in an optically-thick accretion
disk and the system seems to be related to the
W Serpentis binaries.

All of the Algol binaries shown in Figure 1
were observed with IUE, except the O-type system
XZ Cep. Some observational details are high-
lighted in Section 5. The mass gainers for all of
the Algol binaries plotted in Regions 2 and 3 are
rotating supersynchronously, as are about half of
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Fig. 1 The locations of targets selected for this study (cf. Section 3) in the r-q diagram. The near contact systems are
plotted with solid blue circles, while the Algol binaries are indicated by open circles and cyan labels. The objects plotted
with open gray triangles are Be +sdO systems. The error bars are from individual papers on each star. The magenta long-
dashed and short-dashed curves indicate, respectively, trajectories of predominantly nonconserved angular momentum and
nonconserved mass transfer, as discussed in the text. The evolutionary track for fully conservative mass transfer is shown
by the solid magenta curve.

the systems in Region 1. This is not a surprise
because the gas stream is impacting the gainer’s
photosphere or inner disk with a velocity of about
400 km s−1. It is thought that the systems that
are tidally-locked are experiencing a hiatus in the
flow of the gas stream. Considering the high veloc-
ity of the gas stream, if the impact is tangential
one might expect that the material in the flow will
head out of the system near phase 0.5 and be lost
to the ISM. In fact this is observed: see the discus-
sion of the UV spectropolarimetry of β Lyr from
WUPPE (Hoffman et al, 1998; Harmanec et al,
1996) discussed in Section 4.

The five longest known Be + sdO (BeS) sys-
tems, which are in a post-interaction stage, are
seen in the lower left-hand corner of the r-q dia-
gram in Figure 1. These systems are relevant to
the Polstar objective S4 as providing context for
the final stages of a nonconservative transfer pro-
cess happening earlier, but they are also relevant

to another objective, S3, which tests the hypoth-
esis that classical Be stars are a post mass trans-
fer stage that eventually produces a BeS object
(Jones et al, 2022). The sdO objects (cf., Wang
et al, 2021, and references therein) are thought
to be the stripped down, CNO processed core
of a mass loser that transferred significant mass
and angular momentum to the Be star. Consider
the following scenario. If the mass from the loser
arrives with too much angular momentum, it must
shed some of its extra angular momentum to allow
for more accretion without overloading the gainer.
Recall from discussion above that the component
separation and orbital period of mass-transferring
binary steadily decreases until the mass ratio is
1.0. After the mass reversal, the opposite happens.

There is an initial rapid and unstable mass
transfer that could have significant mass loss, and
then later once stability sets in and both stars
thermally equilibrate, we have transverse mass
streams and a second phase of mass loss during
region 2. As the system enters Region 3 the excess
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angular momentum spins up the gainer (at least
its upper envelope and photosphere) and trans-
fers it to a disk structure. The accretion disk
material loses energy due to viscosity, so it falls
to the photosphere, while the angular momen-
tum is transported outward by viscosity and may
contribute to an unstable decretion (mass loss)
disk.

This continues as the mass loser shrinks below
its Roche surface and exposes its core. Since the Be
star in the known bright BeS systems typically has
a mass> 8−9M�, and the sdO object is ≈ 1.5 M�,
if there is substantial systemic mass loss, the origi-
nal mass loser and current sdO was probably a late
O-star. More information on the sdO objects and
their associated Be stars can be found in Jones et
al. 2022 (this Topical Collection).

The spinup of the gainer requires only a small
amount of angular momentum. The lions share
is locked in the binary orbit, and our current
purpose is to understand how much of that angu-
lar momentum and total mass is lost from the
system during interaction. For this, we focus on
the nonconservative interaction phases alluded to
above, and their immediate aftermath. To focus
our attention on the possibilities, there are three
theoretical trajectories that curve from the upper
right to the lower left in Figure 1. The central
trajectory is for conservation of both mass and
angular momentum, taking as an example a ratio
of gainer radius to orbital separation at mass
reversal (q = 1) of 1/3. Note that the largest pos-
sible value of this ratio at q = 1 is 1/2, because
otherwise both stars would need to fill their Roche
lobes at mass reversal, and the assumption is that
only the mass loser is undergoing Roche lobe over-
flow. Hence the central trajectory is already a
fairly aggressive assumption about how large R/a
can be without angular momentum loss from the
system. The long-dashed trajectory assumes that
no significant mass is lost from the system, but no
angular momentum transfer occurs (simulating a
limit where the minority of the mass carries off the
majority of the angular momentum, such as for a
decretion disk). Loss of orbital angular momentum
causes the system to spiral inward toward lower
separation a, raising r/a as shown in Figure 1.
Hence the systems found at high levels of r/a are
likely to require angular momentum loss.

Conversely, the short-dashed trajectory below
the conservative one assumes the mass is com-
pletely lost from the system, but completely con-
servative angular momentum transfer is occurring
(simulating a limit of mass jets being lost that
carry little angular momentum). Loss of mass
causes the system to spiral outward toward higher
separation a, lowering r/a. Hence the systems
found at low levels of r/a are likely to have expe-
rienced significant mass loss without significant
angular momentum loss.

The figure suggests that both types of noncon-
servative evolution might be occurring in different
systems, but this is somewhat ambiguous because
we do not know the history of the systems. We do
not know the values of their r/a when q equaled
1.0. However, what is clear is that the systems
with the highest r/a must have required angular
momentum loss, because their conservative trajec-
tory would track back to r/a > 1/2 at q = 1,
which is not possible given the assumptions about
the mass transfer process as mentioned above.
Given that mass loss that carries a large amount
of angular momentum, as well as mass loss that
carries only a small amount, are both potentially
playing out in these systems, we wish to watch all
these systems carefully, both spectrally and polari-
metrically, at multiple orbital phases, to look for
signatures of either geometry of nonconservative
mass transfer in the experiment described next.

3 Proposed Observing
Program and Target List

The Polstar observing strategy, instrument
requirements, and projected performance is
described in this section, as well as the target
list (cf. Table 1) that gives sufficient coverage
of key systems to achieve the objective denoted
S4. This objective is to look for spectropolarimet-
ric evidence in currently interacting binaries that
can test the hypothesis that mass transfer is sig-
nificantly nonconservative in its early and rapid
phases prior to and shortly following mass rever-
sal. The strategy involves 20 visits (10 for the
dimmest targets), mostly spread evenly over the
phase of the binary orbit but with a few extra vis-
its over the eclipse phase for those systems that
do eclipse. The plan is to combine spectroscopic
searches to resolve absorption lines from mass
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Regions where Mass Loss is Observed during Algol Epoch     
Observed as “shell” or emission lines  – Want to detect and measure the mass and outflow 
velocity of this material. Good phase coverage will define the geometry of the mass loss region.  
Modeling will reveal the mass loss rate from the system. 

Splash zone

Hot spot & gas streamPhases 0.4-0.65 
Mass loss from
missed mass transfer
and/or jets.

The high Temperature 
Plasma (HTAR) is also
found here. 

Mass loss above/below
orbital plane.

Jet or mass loss above/below orbital plane

Spectroscopy at 20 phase points with a finer grid around primary eclipse.
Use Channel 1 if the FUV flux is > 10-12 erg cm-2 s-1 Å-1

Channel 2 polarimetry for all targets.

Fig. 2 Circumstellar gas/plasma structures observed in Algol-type binaries. All have been inferred from phase-dependent
FUV spectral lines and polarimetric signatures.

streams seen in projection against the face of the
primary gainer, with polarimetric data capable of
exposing the presence of free-electron scattering
well away from the face of the star. In this way,
both the mass transfer rate can be characterized
(spectroscopically), as well as the rate of escaping
mass (polarimetrically).

Figure 2 shows the locations of the most com-
monly observed CS structures in mass transfer
binaries of the Algol type. The disk parameters
are usually determined from modeling hydrogen
emission lines (mostly Hα). But all of the other
structures have been identified from modeling
FUV absorption spectra from IUE, FUSE, or
HST. These structures include the gas stream, a
hot spot at the impact site, a splash plasma, mass
outflow near phase 0.5 (superior conjunction of
the mass-losing star), jets, and a high-temperature
plasma in the equatorial region downstream from
the impact location.

To carry out the S4 objective, the spectroscopy
must be of high enough resolution to pick out
mass streams at speeds of a few hundred km s−1,
given that the projection toward our line of sight
might be smaller. Many data points are needed
across the profiles to study their shape. Opacity

in key resonance lines such as C IV at 155 nm
and N V at 124 nm is high, as the strength of
the resonance compensates for low abundance.
Hence if about 10 data points can be placed
across a transient absorption profile that appears
cyclically with orbital phase, with a resolution of
about R ∼= 30, 000 one can find the nature of a
mass transfer flow from spectroscopy. Since the
mass transfer rate is high and the infalling veloc-
ity gradient weak, strong UV resonance lines in
the stream will be optically thick. But since the
Roche lobe overflow region is expected to be rather
compact, the stream may not cover a large frac-
tion of the face of the mass gainer, as Figure 1
shows, so that the gainer may fill a significant
fraction of the interbinary separation. Relatively
high SNR (> 50 − 100) is therefore expected to
be required to quantify the highly unsaturated
depth of the absorption by the mass stream in
each ∼= 10 km s−1 resolution element, when it is
caught in projection against the stellar disk. To
assist with this desired geometry, high inclination
(often eclipsing) systems are chosen in the target
list. In all, the instrument requirements to carry
out the spectroscopy of objective S4 are set at
R = 30,000 and S/N = 50-100.
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The required polarization precision is set at
1 × 10−3, with the expectation that nonconserva-
tive mass transfer will be indicated by a highly
asymmetric geometry of escaping mass. Systems
shown in Figure 1 that exhibit surprisingly wide
separations may require an excess of mass loss over
angular momentum loss to achieve such wide sep-
arations (as suggested by the short-dashed curve).
These systems could be expected to exhibit mass
loss from the system in polar directions, as shown
in Figure 2. Polarization with a position angle
aligned with the orbital plane can be anticipated
from these systems if the S4 hypothesis is correct.

Conversely, systems from Figure 1 that exhibit
surprisingly small separations may require high
angular momentum loss relative to mass loss, to
cause the orbit to spiral inward suitably to explain
their position in the r-q diagram. These latter sys-
tems could be expected to exhibit mass loss from
the system in the equatorial plane, seen spectro-
scopically as blueshifted “shell” lines at orbital
phases where they cross the stellar disk, and asso-
ciated with a polarization position angle that is
perpendicular to the plane of the orbit.

Since the optical depth of the free-electron
scattering responsible for this continuum polariza-
tion is significantly less than the optical depth in
strong UV resonance lines, yet the mass flux of
significantly nonconservative transfer would rival
that of the mass transfer rate, the free-electron
optical depth is expected to be substantial, per-
haps comparable to free-electron optical depths
(∼ 0.1) in the strongest O-star winds. Such highly
aspherical free electron structures would induce
polarized scattering, but at a significantly reduced
level from their optical depths, so we set the
required polarization precision necessary to detect
these escaping mass streams at 1 × 10−3. This
strategy takes advantage of the fact that Ch2 has
a roughly factor 3 advantage in effective area over
Ch1, such that a factor 2.5 increase in photon
count is achieved by only a factor 1.5 increase in
total exposure time per visit. It also allows us to
monitor in real time the consistency between the
channels.

To establish that the projected performance of
the Polstar experiment can meet these require-
ments, the target list in Table 1 shows the required
exposure times in Ch1 needed to achieve the listed
S/N and the precision in Ch2 for each visit and the

number of phase points to be covered. The strat-
egy for determining the indicated polarization
precision involves combining each Ch1 exposure
with a Ch2 exposure of half the Ch1 exposure
time. This takes advantage of the fact that Ch2
has an effective area that is about a factor of three
over Ch1, such that a factor 2.5 increase in pho-
ton count is achieved by only a factor 1.5 increase
in total exposure time per visit. This is deemed a
useful strategy for helping to build the stringent
polarization precision desired, and is included in
the calculation of the indicated polarization preci-
sion in the final column. We see from Table 1 that
the instrument requirements are met with mar-
gin by these projected performance benchmarks.
The total observing time implicit in the observing
strategy is 27 days, an acceptable resource allo-
cation for one of twelve objectives of Polstar in a
3-year mission timeline, while still accounting for a
50% duty cycle, as well as potential time set aside
for a guest observing program.

4 Polarimetry of Interacting
Binaries with Disks

4.1 Basics of polarimetric behavior

There is a suite of modeling tools, such as Monte
Carlo radiative transfer (Whitney et al, 2017;
Carciofi et al, 2017; Shrestha et al, 2018), for eval-
uating polarization from binaries in optically thin
or thick regimes. It is however useful to explore
the thin scattering regime, particularly the the-
ory advanced by Brown et al (1978). While thin
scattering can be limited in providing quantita-
tively accurate results Wood et al (e.g., 1996),
it can often provide appropriate order of magni-
tude results and especially insights into qualitative
behavior. Moreover, owing to the low value of the
Thomson scattering cross-section, there are many
applications in which thin scattering applies at
the densities representative of some circumstellar
media.

Here we review the Brown et al (1978)
approach for a binary system using somewhat
modified notation and presentation that draws
partly on Brown et al (1978) and partly on Brown
et al (1982). The Brown et al (1978) approaches
makes several simplifying assumptions such as
point source illumination, neglect of occultation
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Table 1 Target List

HD Star Spectral System Period UV Flux in Exposure Number SNR Precision

Number Name Types Type* in erg cm−2 s−1 Å−1 Time in Ch1 of in in Ch2

days (channel) (s) phases Ch1 (10−3)

5679 U Cep B8Ve + A 2.493 1.00x10−11 (1) 5000 20 100

G8IV 1.20x10−11 (2) 0.5

10516 φ Per B1.5e + BeS 126.673 1.50x10−09 (1) 600 20 400

sdO 1.50x10−09 (2) 0.3

17034 RY Per B3Ve + A 6.864 4.00x10−12 (1) 6000 10 70

F7II-III 3.00x10−12 (2) 0.7

19356 Algol B8V + A 2.867 3.00x10−09 (1) 600 20 600

K2IV 3.00x10−09 (2) 0.2

33088 TT Aur B2V + EC 1.333 1.00x10−11 (1) 3000 20 80

B4IV 5.00x10−12 (2) 0.9

33357 SX Aur B1.5V + EC 1.210 2.00x10−11 (1) 2500 20 100

B3V 6.00x10−12 (2) 0.9

41335 HR 2142 B1.5Ve + BeS 80.913 4.00x10−10 (1) 200 20 120

sdO 2.00x10−10 (2) 0.6

50846 AU Mon B3Ve + A 11.113 1.50x10−11 (1) 3600 20 100

F8III 4.00x10−12 (2) 0.8

58978 FY CMa B0.5Ve + BeS 37.257 6.00x10−10 (1) 600 20 250

sdO 6.00x10−10 (2) 0.3

65607 UX Mon A5Ve + A 5.904 1.00x10−12 (1) 30000 10 80

G2III 1.00x10−12 (2) 0.6

74307 S Cnc B9.5V + A 9.485 4.00x10−12 (1) 6000 10 70

G8IV 4.00x10−12 (2) 0.6

97528 TT Hya B9.5Ve + A 6.953 9.00x10−12 (1) 4000 10 80

K3IV 4.00x10−12 (2) 0.7

102552 SV Cen B1V + EC 1.658 6.00x10−12 (1) 6000 10 80

B6.5III 4.00x10−12 (2) 0.7

136175 U CrB B6V + A 3.452 2.00x10−11 (1) 2500 20 100

F8III-IV 4.00x10−12 (2) 0.7

155550 FV Sco B4IV + A 5.727 1.50x10−11 (1) 4000 10 100

F-G: 5.00x10−12 (2) 0.6

161741 V393 Sco B3V + A 7.713 1.50x10−11 (1) 4000 10 100

A: 8.00x10−12 (2) 0.7

173787 V356 Sgr B3V + A 8.896 4.00x10−12 (1) 6000 10 70

A2II 7.00x10−12 (2) 0.5

174237 CX Dra B2.5Ve + A 6.696 2.00x10−10 (1) 900 20 200

F5III 8.00x10−11 (2) 0.5

180939 RS Vul B5V + A 4.478 3.00x10−11 (1) 2000 20 100

G1III 1.30x10−11 (2) 0.6

181987 Z Vul B3V + A 2.455 2.00x10−11 (1) 2500 20 100

AIII 3.10x10−11 (2) 0.4

200120 59 Cyg B1Ve + BeS 28.187 1.10x10−09 (1) 600 20 350

sdO 1.10x10−09 (1) 0.3

200310 60 Cyg B1Ve + BeS 146.6 5.00x10−10 (1) 600 20 200

sdO 1.70x10−10 (2) 0.5
XZ Cep O9.5V + O 5.1 3600 20 100

B1III 1

232121 SX Cas B5Ve + W 36.561 4.00x10−13 (1) 30000 10 50

K3III 1.00x10−13 (2) 1

*A=Algol, BeS=Be+sdO, EC = Early-Type Contact,O=O-type system, W=W Ser.

effects, no reflections off either star, and thin scat-
tering as already noted. The authors then proceed
to define distributions of the scattering envelope
as weighted essentially by lower-term spherical
harmonics (e.g., Simmons, 1982, 1983). There are
three broad classifications of these moments: over-
all asphericity, left-right asymmetry, and front-
back asymmetry. Overall asphericity is in relation
to the orbital plane of the binary; left-right is
respect to the line-of-centers (LOC) joining the

two stellar components; and back-front is with
respect to each star.

As an example, consider the representative
schematics of Figure 3. Top shows a single
isotropic point source with a circumstellar disk.
This is aspherical and yields a net polarization
when the disk is spatially unresolved. As long
as the disk is steady-state (i.e., no change of
the axisymmetric structure or optical depth), the
polarization is constant. The disk is viewed at
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some inclination, certainly not pole-on but neither
edge-on, and the net polarization would be nega-
tive by convention: the net polarization would be
oriented with the symmetry axis of the disk.

Allowing for finite stellar size of the star (2nd
schematic from top) leads to occultation, which
can alter the level of net polarization. Although
occultation is not treated by Brown et al (1978),
the topic has been considered by several authors
(e.g., Fox, 1991). The effect of a finite sized star
induces no time variable polarization as long as
the disk is steady. Indeed, even if the star itself
is variable, the polarization will remain constant
being a ratio of polarized flux to total flux.

In the next schematic (3rd from top), a binary
companion is added (referring to it as the sec-
ondary, whereas the star with disk is the primary),
and the polarization becomes time-dependent and
cyclical with orbital phase. Even if the disk is
steady-state, both the polarization and position
angle (PA) can change as the secondary orbits
the primary, owing to the changing orientation
of how starlight is scattered into the observer
sightline. Relative to the secondary, the disk rep-
resents a front-back asymmetry for the scattering
distribution, but not left-right asymmetry.

The bottom schematic in Figure 3 is another
scenario not treated by Brown et al (1978). In this
case the system’s inclination is large enough for
secondary star to eclipse both the primary and the
disk. This is shown for two reasons. First, several
targets for Polstar are close eclipsing binaries and
eclipses contain a wealth of diagnostic material
involving both spectral line and continuum polar-
ization for extracting the geometry of the binary
system. Although Brown et al (1978) only deals
with point sources, this last schematic also high-
light how in a close binary, one expects accretion
and thus an accretion stream. Indeed one may
even expect a hot spot on the disk where mass
from the stream enters the disk (e.g., Lomax et al,
2012b). Although the schematic does not include
a stream or hot spot, these have two main effects.

First, one can easily imagine that the stream
creates a break in left-right symmetry about the
LOC between the stars. This introduces a lead-
lag effect in the polarized light curve relative to
eclipsing light curve. Second, a hot spot will have a

spectrum, representing a third source of illumina-
tion for scattering by electrons in the ionized enve-
lope. The approach of Brown et al (1978) allows
for any number of illuminating sources to explore
such effects, especially wavelength-dependence.
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Fig. 3 Schematic representation for four scenarios pro-
ducing constant or time variable linear polarization, as
discussed in text. Top is an axisymmetric disk around
a point star. Next down is the same disk with a finite
sized star. Third is the addition of an orbiting companion
star. Bottom is a higher inclination scenario of relevance
for many close binary targets of Polstar involving eclipse
effects.
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Note that orbital eccentricity can also intro-
duce new effects (e.g., Brown et al, 1982; Manset
and Bastien, 2000), but for relatively close and
typically interacting binaries, we shall assume
circular orbits in presenting heuristic models to
illustrate (a) how geometry is extracted from vari-
able continuum polarimetry and (b) chromatic
effects in the UV that may improve defining the
geometry based on the data.

Monte Carlo radiative transfer approaches are
capable of taking into account the many realistic
factors that influence variable polarization from
interacting binaries: the effects of finite stellar size
for eclipses and occultation, the effects of multiple
scattering, the effects multiple components such
as a hot spot or accretion stream. However, for
purposes of illustrating the essentials of modeling
polarimetric variability from hot star binaries, and
in particular the expectation of chromatic effects
in the UV band observable with Polstar, an exam-
ple is developed using the approach of Brown et al
(1978). Following that paper, adopting some nota-
tion from Brown et al (1982), and modifying it
slightly, the linear polarization in Stokes-Q and
Stokes-U for a binary with a circular orbit is given
by

q = τ̄ − 3τ0 sin2 i+G sin 2i cos(φ+ φG)

−H(1 + cos2 i) cos[2(φ+ φH)] (1)

u = 2G sin i sin(φ+ φG)

−2H cos i sin[2(φ+ φH)], (2)

where i is the viewing inclination (such that i = 0◦

is a top-down view of the orbit) and φ is the
azimuth of the LOC in the orbit plane, relative
to the viewer sightline. The coefficients G and H
are given in Brown et al (1982), where G contains
terms that are left-right asymmetric, but also top-
down asymmetric, whileH contains terms that are
left-right asymmetric and back-front asymmetric.
We will assume that the scattering distribution
is top-down symmetric, so G = 0. As a result
q has a constant term and time or phase depen-
dent term with pattern variation of twice per orbit
and potential phase lag signified by φH . Then u
is similar but with no constant term. The polari-
metric variation in a q−u diagram is an elliptical
figure based on the variable terms, with two cir-
cuits about the ellipse in one orbit, and a constant

offset in the direction of q. The eccentricity of the
ellipse relates to the viewing inclination, with cir-
cular for i = 0◦ and degenerating to a line for
i = 90◦ (since u would be zero).

Definitions for the remaining parameters are:

H2 = τ2
3 + τ2

4 (3)

tan 2φH = τ4/τ3 (4)

τ̄ = f1(λ)τ̄1 + f2(λ)τ̄2 (5)

τ0 = f1(λ)τ01 + f2(λ)τ02 (6)

τ3 = f1(λ)τ31 + f2(λ)τ32 (7)

τ4 = f1(λ)τ41 + f2(λ)τ42. (8)

where f1 and f2 are the relative monochromatic
luminosities of the respective stars (1 for primary
and 2 for secondary) as fractions of the total:
f1 = L1/(L1 + L2) and f2 = L2/(L1 + L2). As
will be addressed shortly, it is these terms that
can allow for chromatic effects despite electron
scattering being a gray opacity. For the various τ
parameters at left, the additional subscript of 1
or 2 for terms on the right signify moment cal-
culations of the scattering distribution relative to
the respective stars. Note that symbol “τ” is cho-
sen because those factors scale as optical depths.
Each one scales as the product n0σTL, for n0

a characteristic number density of electrons, σT
the Thomson cross-section, and L a characteris-
tic length. And this holds for the various defined
components in the system, such as a disk, an accre-
tion stream, a jet, or a wind. The definitions of
the τ terms can be found in BME in terms of the
integral relations (although those authors refer to
shape factors γ, but the integrals are the same).

The offset term involving τ̄ and τ0 does not
contribute to variable polarization. It is an off-
set, and without additional information, might not
be easily disentangled from the ISP, unless the
Serkowski fit (e.g., Taylor et al, 1991; Clayton
et al, 1992) is quite well determined. Note that the
offset can show chromatic effects in the UV, to be
addressed later. It is however the variable polar-
ization that can be straightforwardly attributed
to the binary as distinct from the interstellar con-
tribution. Consequently, we ignore the offset in
the discussion that follows, although the offset
contains additional useful information about the
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geometry of the stellar system if it can be disen-
tangled from the ISM polarization (e.g., Nordsieck
et al, 2001).

Now to address chromatic effects that have
been mentioned several times. The two fractions
f1 and f2 are wavelength dependent. Since the
focus is on hot massive stars, in the optical and IR
band, the continua spectra of both stars will be
approximately Rayleigh-Jeans. As a result, both
f1 and f2 become constant, as the λ−4 factor can-
cels. Consequently, the polarization is flat across
those spectral bands. (The polarization is also
flat if one star dominates the luminosity at every
wavelength of observation.)

However, in the UV, the two stars will gen-
erally have different temperatures and therefore
different Wien peaks. The different temperatures
and different radii of the stars mean that f1

and f2 also become wavelength-dependent, such
that the luminosity weighted terms contribute to
q and u to produce polarization with chromatic
effects (i.e., not flat polarized spectra). The chro-
matic effects emphasize certain moment terms
that better define the geometry of the system in
relation to model fitting. In particular, the phase
lead-lag (φH) is itself chromatic, a strong con-
straint on geometrical components in the spatially
unresolved system. Note that the moment terms
expressed as the τ parameters are not chromatic
but are fixed by the geometry of the system;
it is only the weighted sums that are chromatic
by virtue of the two different stellar spectral
distributions.

For a simple illustration, Figure 4 shows results
using the preceding expressions for a binary
involving a primary star surrounded by an axisym-
metric disk; see schematic to scale at top. The
primary is hotter and smaller; the secondary is
cooler and larger, with parameter values speci-
fied in the schematic. The inclination is about 72◦

(cos i = 0.3). Polarimetric variability is displayed
in the middle panel with colors as specified in the
label for q, u, and p =

√
q2 + u2. Finally at bot-

tom is shown the position angle (PA) variation.
Both middle and bottom are plotted with orbital
phase, ranging from 0 to 1. At phase zero, the
secondary would be forefront if seen edge-on.

Several key points are noted. First the vari-
ous curves in the middle panel are for different
wavelengths of 100 nm to 400 nm in equal steps.
For sake of illustration, the stellar spectra of the

Fig. 4 Three panels as illustration of polarimetric vari-
ability for a binary system. Top: A cartoon to depict a
primary surrounded by an axisymmetric disk orbited by
a secondary star with temperatures and sizes indicated.
Middle: Variation of q, u, and p =

√
q2 + u2 with colors

indicated in the label. Note that the different curves are
for different wavelength, from 100nm (smallest p) to 400nm
(highest p). The variation arises entirely from scattered
light by the secondary star, since the disk is axisymmet-
ric about the primary. Bottom: The position angle (PA)
changes with orbital phase. Note that in this model there
is no phase lag, for any wavelength, because the system is
left-right symmetric; the presence of an accretion stream
could change that.

two stars are taken as Planckian at the indicated
temperatures. For the selected parameters, the
lowest polarization is for 100 nm, and highest for
400 nm. Note how the curves get closer together
with increasing wavelength as the individual stars
begin to approach their respective Rayleigh-Jeans
spectral distributions, just as expected.

Also, the middle panel has no scale provided.
The polarization from thin scattering scales with
the optical depth of the medium. We can expect
amplitude levels for p at 10−4 to 10−3 fractional
polarizations. But p is positive definite, whereas q
and u are signed. For edge-on systems we expect
u = 0, and q varies between ±p, implying a factor



Springer Nature 2021 LATEX template

Ultraviolet Spectropolarimetry: Conservative and Nonconservative Mass Transfer in OB Interacting Binaries 13

of 2 gain in relative change of polarization, a gain
for detection and monitoring purposes.

For the bottom panel, the PA indeed shows
cyclic variations at twice the rate of the orbital
period. This occurs because the geometry is left-
right symmetric. However, whereas the polariza-
tion curves in the middle panel show chromatic
effects, such effects are absent from the PA vari-
ation. This is because there is no left-right asym-
metry in the geometry – no accretion stream
is included in the model. The accretion stream
could introduce a phase lag that is wavelength-
dependent. What would that look like? At each
wavelength the polarization would trace out an
ellipse in the q − u diagram. Each ellipse would
be of different sizes for different wavelengths,
although the eccentricity would remain constant
(since the viewing inclination is constant). The
effect of different phase would produce relative
rotation shifts between the ellipses.

It is important that the approach of BME can
be expanded further to include orbital eccentricity
(e.g., colliding wind systems, St-Louis et al, 2022;
Ignace et al, 2022) and even a hot spot on the
disk. The latter would involve inserting another
source of illumination, thus expanding the diver-
sity of chromatic responses. The hot spot will not
lie on the LOC of the binary stars, and so would
introduce yet an additional phase lag.

The use of BME shows that the UV spectral
band is ideal for extracting important information
about the geometry of the system, such as symme-
try of the disk, or presence of an accretion stream.
When used in conjunction with line profile vari-
ability, plus the system light curve (most of our
targets are eclipsing variables), the scope of the
dataset is rich indeed for extracting densities and
kinematics of flows, particularly accretion rates, in
the system, and additional component represent-
ing non-conservative mass-transfer. While BME
neglects radiative transfer effects (such as multi-
ple scattering), our team possesses the expertise to
model such effects, guided by BME for qualitative
behavior and as benchmarks for the detailed codes
in the optically thin limit. For example, Hoffman
et al (2003) applied MCRT methods to explore
the effects of multiple scattering in binary sys-
tems that include both interior and exterior disk
illumination.

While many of the targets are eclipsing bina-
ries, some are not, and polarimetry can provide a

Fig. 5 Eccentricity, e, for the elliptical variations in a q−u
diagram for a binary in a circular orbit plotted against
viewing inclination, i.

measure (or an additional constraint) to the view-
ing inclination of the binary orbit. This is impor-
tant since inclination can often be the greatest
ambiguity in the determination of the individual
stellar masses. For elliptical variations, the major
and minor axes are set by the extrema ∆q and
∆u, with e = 1 − (∆u2/∆q2). In relation to the
viewing inclination:

e =

(
1 − cos2 i

1 + cos2 i

)2

. (9)

This relationship is plotted in Figure 5. Note that
the error on the measured eccentricity will depend
on ∆q/σq and ∆u/σu, for σq and σu the polariza-
tion precision. At high inclination near edge-on,
the effort is aided by the fact that the system
will be eclipsing. At low inclination, the challenge
is the curve is relatively flat below i ≈ 30◦. For
fixed measurement uncertainty, the polarimetric
variations must be relatively large to distinguish
between a q − u loop that is strictly circular (cor-
responding to pole-on) and one that is only mildly
eccentric. Between about 30◦ to 80◦, the relation
is more linear.

4.2 Observable signatures of mass
loss

UV polarimetry has proven instrumental in
detecting the signatures of mass loss from massive
interacting binary systems. In the canonical Algol
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system β Lyr, Hoffman et al (1998) showed that
the near-UV continuum is polarized at 90◦ to the
optical continuum, indicating that two orthogo-
nal scattering regions exist in the system. These
authors hypothesized that the PA rotation across
the Balmer jump occurs because UV light is pref-
erentially absorbed by the thick disk, so is only
seen when it scatters in a perpendicular bipo-
lar flow (Figure 6). This picture was confirmed
by interferometric observations (Harmanec et al,
1996; Zhao et al, 2008). By contrast, the similar
interacting binary V356 Sgr showed no signifi-
cant PA difference between the optical and the
near-UV (Lomax et al, 2017). This suggests that
these Roche-lobe filling binary systems can take
on a diversity of geometrical structures, and that
using an instrument such as Polstar to character-
ize a broader sample of these objects will allow
deeper insights into their physical nature and
evolutionary history.

Lomax et al (2012a) used multiwavelength
polarimetry to constrain the location and extent of
the hot spot on the disk edge in β Lyr; extending
this analysis into the UV would provide additional
3-dimensional information about the location of
hot gas in this and similar systems. In partic-
ular, the light curve of β Lyr is known to be
strongly wavelength-dependent, with significant
eclipse reversals at shorter wavelengths (Kondo
et al, 1994; Ignace et al, 2008), suggesting that
time-dependent polarimetric monitoring will open
a new, heretofore unexplored window into this and
similar systems.

Several of the emission lines in β Lyr show
polarization position angles that agree with the
UV continuum, suggesting that they scatter pri-
marily from the jet or outflow (Hoffman et al,
1998). In the colliding-wind binary system V444
Cyg, the polarized emission lines probe the strat-
ified layers of the WN star’s wind and correlate
strongly with the wind geometry as inferred from
X-ray emission (Lomax et al, 2015). These findings
suggest that the time-dependent line polarization
data obtained by Polstar will provide detailed
information about the structure of the winds in
our massive binary targets.

5 Spectroscopic Signatures of
Circumstellar Plasma
Structures in the FUV

Circumstellar and photospheric structures that
have been identified from FUV spectra are shown
in Figure 2 and include the gas stream, hot accre-
tion spot, splash plasma, mass loss at phase 0.5
(superior conjunction of the mass loser), jets (mass
loss above/below the orbital plane), and a high-
temperature plasma (Peters, 2001; Peters and
Polidan, 2004).

The gas streams in Algol systems are usually
detected from additional red-shifted absorption in
the moderate-ionization species (e.g. Si ii, iii, S ii,
iii, A` ii, iii, Mg ii) in the orbital phase interval
0.70 < φo < 0.95, while enhancements in the mass
loss are generally seen from violet-shifted absorp-
tion in the Si iv wind lines. An example of gas
stream absorption is given in Figure 7. Gas stream
signatures can appear either as discrete absorption
or an inverse wind feature.

Recall that if the system is located in Region 1
of the r-q diagram, the mass gainer will present a
large enough cross-section that the gas stream will
directly impact its photosphere. Since the impact
velocity is ∼ 400 km s−1, one expects some degree
of shock heating at the impact site. Observations
of the direct impact system U Cep (P=2.d49) dur-
ing the lifetime of the FUSE spacecraft present
convincing evidence for an accretion hot spot
(Peters, 2007). In Figure 8 we show an apparent
hot spot rotating into, then out of our line-of-
sight. Photometric timing allows one to determine
the longitude and size of the hot spot. We esti-
mate that the hot spot is located at the substellar
point associated with 0 .p90, covers about 2% of
the facing photosphere, and has a temperature of
∼30000 K which is about three times the Teff of
the mass gainer. We plan to look for an elevated
FUV flux versus phase in the other Polstar tar-
gets listed in Table 1 to identify/map hot impact
regions in other Algols. The role of hot accretion
spots in binary star evolution is discussed by van
Rensbergen et al (2008, 2010) who concluded that
such spots can help drive mass out of the system
and significantly affect the final products of the
mass transfer. A likely place to find this type of
mass loss would be above/below the orbital plane.



Springer Nature 2021 LATEX template

Ultraviolet Spectropolarimetry: Conservative and Nonconservative Mass Transfer in OB Interacting Binaries 15

Position 
angle (°)

Wavelength (Å)

0

100

5000 10000

PA ~75°

PA ~ –15°

What we observe Inferred scattering geometry

� Lyrae
UV and
visible

UV light 
scatters in jet

Visible light
scatters in disk

Fig. 6 Polarized spectrum (left) of β Lyr and interpretive picture (right), based on the study by Hoffman et al (1998).
The 90◦ position angle flip between the near-UV and optical continuum provided key evidence for a jet or outflow in the
system oriented orthogonal to the thick accretion disk.

Associated with the accretion spot in U Cep
is a localized circumstellar plasma that hovers
over the impact region. It is identified from the
phase-dependence of the strengths of shell lines
of moderate-ionization species. The behavior is
shown in Figure 9 in which spectra centered on
the Fe iii (UV1) resonance multiplet are com-
pared. Shell-type absorption features formed in
this plasma are observed at phases 0.66, 0.78, and
0.83 but not at phases 0.12, 0.13, and 0.16 even
though the hot accretion spot is still visible on
the receding limb and the FUV flux elevated. Only
photospheric lines are observed. When the hot
spot is not visible, a pure photospheric spectrum
is observed. The localized circumstellar plasma is
probably formed as the result of a splash associ-
ated with the impacting gas stream. The measured
velocities of the Fe iii shell lines are blue-shifted
relative to the photosphere before phase 0.66 but
red-shifted in the interval 0.78-0.83. The shell
lines from the latter phase interval are apparently
formed in the gas stream. Since Fe iii and similar

Fig. 7 The Si ii resonance lines at 126 nm observed
at phases 0.91 & 0.29. Note the red-shifted gas stream
component at phase 0.91.

Fig. 8 Evidence for a hot accretion spot in U Cep from
FUSE data. The summed flux from the SiC 2A detector
for each exposure obtained on 2004 February 09 and 2007
March 10 is plotted versus phase. In the upper panel note
that an apparent hot spot rotates into our line-of-sight at
phase 0.625 and is fully visible at phase 0.68. In the lower
panel we observe this hot spot rotating out of our view a
half phase later.

species appear to be dominant, the temperature
in the plasma is in the range of 20-40 kK. A
splash plasma has also been identified in RY Per
(Barai et al, 2004). Hot accretion spots and splash
plasmas may be commonplace in Algol binaries.
Now that we have observational confirmation of
their existence, Polstar is poised to yield the data
that will allow us to map out the angular extent
of such structures and determine how much of
the splashed material actually escapes from the
system.
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Fig. 9 FUSE spectra of U Cep. Note the elevated flux at
phases 0.63, 0.67, 0.78, 0.83, 0.12, 0.13, and 0.16. Obvi-
ous ”shell” structure is observed at phases 0.66, 0.78, and
0.83, but none at the post-conjunction phases even though
the hot spot is still visible. The former suggest outflowing
plasma from a splash, region while the latter one reveals
infall of material from the gas stream.

Fig. 10 The Si iv resonance lines at 140 nm observed at
phases 0.91 & 0.29. Evidence for extensive mass loss at
phase 0.60 is seen from a comparison of the Si iv resonance
doublet observed at this phase with a similar observation
near quadrature.

Optical and UV studies of Algols have revealed
that mass loss near φo ∼ 0.5 is commonplace
Peters (1989, 2001). Often times it is obvious that
the flow is a collimated structure caused by the
deflection of the gas stream as it impacts the mass
gainer’s photosphere (cf. Figure 10) at a shal-
low angle. The mass and angular momentum loss
from an Algol system is important for theoretical
modeling of its evolution, but this quantity, which
remains one of the least known, can be modeled

from Polstar spectroscopic data through spec-
trum synthesis techniques. Evolution models with
nonconservative mass transfer appear to produce
better matches to the observed stellar parameters
(e.g., van Rensbergen et al, 2008, 2010; Nelson
and Eggleton, 2001). But this is not a new con-
clusion. About 40 years ago statistical evidence
for extensive mass loss during the mass trans-
fer was presented by Giuricin and Mardirossian
(1981) and Giuricin et al (1983). These authors
considered several conservative and nonconserva-
tive studies and concluded that mass and angular
momentum loss occurred in 20% of their sample.

Jets, or more generally regions of mass loss
above/below the orbital plane, may be common-
place in Algol binaries, but they are difficult to
detect because most of their material is not along
our line-of-sight to the mass gainer. There are
both polarimetric (e.g., Hoffman et al, 1998) and
FUV spectroscopic (e.g., Peters and Polidan, 2004;
Plavec, 1980) signatures. Emission lines are often
observed during a total eclipse of the mass gainer.
These (usually broad) features are from species
of moderate-high ionization. Noteworthy are the
O vi and N v resonance doublets that indicate
plasma temperatures of 300–100 kK.

The discovery of prominent absorption and
emission lines of N v, C iv, and Si iv in the UV
spectra of Algol-type binaries in the early 1980s
with IUE revealed the presence of a high tem-
perature component to the circumstellar material
(Peters and Polidan, 1984; Plavec, 1980, 1983).
Peters and Polidan called this circumstellar struc-
ture the High Temperature Accretion Region
(HTAR). They concluded that the HTAR (absorp-
tion) lines are formed by resonance scattering in
a region of Te ∼ 105 K, Ne ∼ 109 cm−3, and
extreme carbon depletion, C ∼ 10−3 C�. The
radial velocity behavior of the UV absorption lines
provide compelling evidence that the high temper-
ature plasma is associated with the mass gainer.
Since the high temperature plasma appears to be
mostly detected on the trailing hemisphere of the
primary, it was concluded that the plasma pro-
ducing the HTAR absorption lines is most likely
heated by a shock that occurs as the gas stream
impacts either the primary’s photosphere or inner
accretion disk. In some of the systems the material
currently being transferred appears to have been
processed through the CNO-cycle in the core of
the mass loser. Phase-resolved FUV spectroscopy
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with Polstar will allow us to map the HTAR with
more precision and determine if it is an important
source of systemic mass loss.

6 Concluding Remarks

In this paper we have discussed how we can quan-
tify the amount of systemic mass loss in OB
close binaries from FUV polarimetry and high-
resolution spectroscopy with Polstar. Since 50-
100% of the OB stars are formed with one or more
companions, stellar evolution calculations for the
upper main sequence must consider mass trans-
fer in close binary systems. We have identified
two stages in interacting binary evolution that are
important epochs of systemic mass and angular
momentum loss: prior to mass reversal and when
the system passes through Region 2 in the r-q dia-
gram after reversal. We have identified 24 targets
that represent all three regions in the r-q dia-
gram and also have known parameters for their
mass gainers and losers as well as the geometry,
sizes, and approximate physical conditions in one
or more circumstellar structures. With 20 obser-
vation pairs (spectroscopy and polarimetry) we
will achieve complete phase-coverage with more
observations taking place around the eclipse of the
mass gainer where mapping of the asymmetrical
circumstellar structures will be of high precision.
In Section 3 we discussed the observing program
in detail and show how we can measure the mass
flow and loss in an OB interacting binary with
Polstar with the necessary signal-to-noise and pre-
cision that is needed to quantify the amount of
nonconservative mass transfer. Combined with the
objectives in S3 (Jones et al 2022, this Topical
Collection) which will address the binary frac-
tion and angular momentum issues, this project
will lead to improved evolutionary tracks for OB
stars and a more realistic view of their post-main
sequence evolution.
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