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Abstract

A number of low-mass millisecond pulsar (MSP) binaries in their rotation-powered state exhibit double-peaked
X-ray orbital modulation centered at inferior pulsar conjunction. This state, which has been known to persist for
years, has recently been interpreted as emission from a shock that enshrouds the pulsar. However, the pressure
balance for such a configuration is a crucial unresolved issue. We consider two scenarios for pressure balance:
a companion magnetosphere and stellar mass loss with gas dominance. It is found that the magnetospheric scenario
requires several kilogauss poloidal fields for isobaric surfaces to enshroud the MSP, as well as for the
magnetosphere to remain stable if there is significant mass loss. For the gas-dominated scenario, it is necessary that
the companion wind loses angular momentum prolifically as an advection- or heating-dominated flow. Thermal
bremsstrahlung cooling in the flow may be observable as a UV to soft X-ray component independent of orbital
phase if the mass rate is high. We formulate the general requirements for shock stability against gravitational
influences in the pulsar rotation-powered state for the gas-dominated scenario. We explore stabilizing mechanisms,
principally irradiation feedback, which anticipates correlated shock emission and companion variability and
predicts Fγ/FX14 for the ratio of pulsar magnetospheric γ-ray to total shock soft-to-hard X-ray fluxes. This
stability criterion implies an unbroken extension of X-ray power-law emission to hundreds of keV for some
systems. We explore observational discriminants between the gas-dominated and magnetospheric scenarios,
motivating contemporaneous radio through γ-ray monitoring of these systems.

Key words: accretion, accretion disks – pulsars: general – shock waves – stars: magnetic field – stars: mass-loss –
X-rays: binaries

1. Introduction

The current decade has ushered in a new era for rotation-
powered millisecond pulsars (MSPs), with radio, X-ray, and
optical follow-up of unidentified Fermi Large Area Telescope
sources yielding over 30 pulsar binaries3 in the field. Recent
population synthesis studies suggest the existence of the order
of ∼104 MSPs in the Galactic bulge and several hundred in
each nearby globular cluster (Gonthier et al. 2018). Moreover,
the known population of MSPs is expected to surge
enormously in the coming decade with the advent of the
Square Kilometer Array (Keane et al. 2015) and FAST (Smits
et al. 2009; Nan et al. 2011).

The subset of rotation-powered MSPs in detached binaries
with low-mass companions is classified based on inferred
companion mass mc, the “black widows” (BWs) with
m M0.05c   (Fruchter et al. 1988), and “redbacks” (RBs)
with m M0.1c   (Roberts 2011). For both classes, orbits are
circularized with periods Pb less than 1 day and inferred
separation a∼1011 cm. The tidally locked companions in RBs
are bloated (compared to a main-sequence star of similar mass)
close to the Roche limit and are anisotropically heated, often
with distinct day and night halves. In the standard evolutionary
scenario of recycled MSPs, a low-mass X-ray binary (LMXB)
accretion-powered spin-up phase (Alpar et al. 1982) precedes a
pulsar rotation-powered spin-down state. The LMXB state can
attain Eddington-scale X-ray luminosities L 10X

38 erg s−1,
precipitated by Roche lobe overflow (RLOF) and the formation

of an accretion disk. A subset of neutron star LMXBs are the
accreting millisecond X-ray pulsars (AMXPs; see Patruno &
Watts 2012, for a review), where the disk is truncated at the
Alfvén radius r m10 10 g s7

g
15 1 2 7

 ~ - -[ ˙ ( )] cm from the
pulsar, the point at which MSP magnetospheric magnetic
pressure balances accretion pressure of mass rate mg˙ . For these
millisecond spin periods PMSP, r is similar to the small pulsar
light cylinder radius r cP 2LC MSP p= ~( ) few 10 cm7´
∼10−4a. Propellor states mayexist if the disk inner Keplerian
speed is smaller than the MSP corotation speed inside rLC (e.g.,
Illarionov & Sunyaev 1975), i.e., when r is larger than the
corotation Keplerian radius.
Accretion-derived irradiation of the companion influencing

mass loss has been invoked in long-term gigayear evolutionary
models of LMXBs for their formation (Kluzniak et al. 1988;
Ruderman et al. 1989a, 1989b; Tavani 1991; Büning &
Ritter 2004), following the first suggestion of such “auto-
regulation” in the context of α-disks by Shakura & Sunyaev
(1973). That is, emission from the accretion disk irradiating the
companion bootstraps the mass loss and the accretion power.
Such binary evolutionary tracks make simplifying assumptions
about the poorly understood radiatively driven winds or mass
loss from the companion and the spectral energy distribution
(SED) of the accretion luminosity. More recent work focused
on BW and RB formation has found that irradiation feedback
induces mass transfer cycles between rotation- and accretion-
powered states in the late-term evolution, with periods on the
order of 106 yr, and predicts that RB companions should
slightly underfill their Roche lobe, the “quasi-Roche lobe
overflow” model (qRLOF; Benvenuto et al. 2014, 2015). The
existence of transitional systems and these models then imply
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conditions where the wind of the companion may be
evaporative and supersonic rather than the more conventional
higher-mass-rate subsonic RLOF, as well as regimes inter-
mediate between these two limits. Evaporative qRLOF would
entail a wind from the high-energy tail of the Maxwellian in the
photosphere or corona, which is sufficient to escape the low
potential barrier of a companion slightly underfilling its
Roche lobe.

Recently, some systems have been observed to transition
between accretion- and rotation-powered states (Archibald
et al. 2009; Papitto et al. 2013; Bogdanov et al. 2014b; Roy
et al. 2015), persisting for years ( 10 sp

8t ~ ) in one state
preceding or following a transition. The transition itself may
occur on a short timescale, shorter than a few weeks as sampled
by typical observational cadences (Bassa et al. 2014). In the
disk phase, these transitional systems may exhibit complex
X-ray phenomenology interpreted as propeller, subluminous, or
active/passive disk, or accretion states occasionally with
coherent MSP spin pulsations similar to an AMXP
(Linares 2014; Papitto & Torres 2015; Papitto et al. 2015;
Parfrey & Tchekhovskoy 2017). The X-ray persistent lumin-
osities of transitional systems in disk states can be relatively
low, L 10X

35 erg s−1, suggesting relatively low mass rates,
m 10c

16∣ ˙ ∣ g s−1, accreted from the low-mass companion for a
standard 10% radiative efficiency. It has been advanced by
Heinke et al. (2015) that some subset of very faint X-ray
binaries may be such transitional systems or AMXPs.

It is unknown whether the companion fills its Roche lobe
during the disk states in transitional MSPs. For many RBs in
the rotation-powered state, the companions are known to be
close but not quite filling their Roche lobe (e.g., McConnell
et al. 2015; Bellm et al. 2016). However, small changes in the
Roche filling factor or radiatively driven wind physics may
dramatically alter the mass-loss rate in the transition between
qRLOF and RLOF. The donor star need not significantly
change its radius on short timescales associated with rotation-
powered and accretion state changes if it is already nearly
filling its Roche lobe.

In the pulsar state, radio or γ-ray magnetospheric pulsations
of the MSP are often observable. We are not aware of any
optical evidence of disks in the pulsar state, in contrast to the
accretion state (e.g., Halpern et al. 2013). In this rotation-
powered pulsar state, many BWs (Huang et al. 2012; Gentile
et al. 2014) and RBs (e.g., Roberts et al. 2015) exhibit
persistent nonthermal and hard X-ray emission with photon
indices of typically 1–1.5 (see Table 1). Thermal X-ray
emission, besides that ascribed to the MSP polar caps
(Bogdanov et al. 2011), is absent. For J1023+0038 during its
rotation-powered phase, no break in the power law was
detected with NuSTAR up to at least 50 keV (Tendulkar et al.
2014). Similarly, J1723–2837 (Kong et al. 2017) and
J2129–0429 (Al Noori et al. 2018; Kong et al. 2018) also
exhibit no spectral cutoff at NuSTAR energies. Because of the
rising spectra in a Fn n representation, the highest energies of the
power laws dominate the energetics of this component.

Moreover, about nine systems exhibit orbital modulation of
the persistent X-ray emission (see Table 1 of Wadiasingh et al.
2017), with L 10 10X

32 33~ - erg s−1, including emission in
the NuSTAR band and even in some systems with inclinations
far from edge-on (e.g., J1023+0038; Archibald et al. 2010;
Bogdanov et al. 2011; Tendulkar et al. 2014). A possible 10th
system omitted in Wadiasingh et al. (2017) is J1740–5340

(Ferraro et al. 2003; Bogdanov et al. 2010). These X-ray
orbital-phase-folded light curves are often double peaked, with
a local minimum near either pulsar superior or inferior
conjunction, which we denote SCDP (companion between
pulsar and Earth) or ICDP (pulsar in front), respectively. Such
ICDP orbital modulation is especially striking in J2129–0429
(Roberts et al. 2015; Al Noori et al. 2018; Kong et al. 2018)
and J1227–4853 (de Martino et al. 2015), among others. In the
disk state of J1023+0038, Bogdanov et al. (2015) find no
evidence of orbital modulation in the low, high, or flaring
modes of the X-ray emission. Therefore, the orbital modulation
in the pulsar state is of a qualitatively different origin than
X-rays in the disk state and is, by definition, causally associated
with the stellar companion and its orbital timescale.
Some scenarios for the persistent emission can be ruled out

owing to its energetics. It may be shown that orbital energy
extraction by any mechanism would yield too short an inspiral
timescale if it is to entirely power the persistent X-ray emission, in
disagreement with much smaller known Pḃ constraints. The
nonthermal ICDP modulated component is also difficult to explain
as originating internally from the stellar companion. The minimum
putative energy output is roughly L 10X p

41t erg, of order 10−7

of the stellar gravitational binding energy. Even with 100%
conversion efficiency, this is much larger than the magnetic
reservoir R B 10 10c

3 2 37 39
*
~ - erg for kilogauss magnetic fields

attainable in convection-dominated low-mass stars. Moreover, if
the ICDP emission is powered by persistent companion-intrinsic
magnetic activity, then it is unclear why there is no evidence for it
in the disk-state low mode of J1023+0038 (Bogdanov et al. 2015),
where it may contribute ∼15%–25% of the observed flux in the
soft X-ray band (Archibald et al. 2010; Bogdanov et al. 2011). It is
also unknown how such magnetically powered activity would
naturally yield persistent nonthermal high-energy ICDP modula-
tion across many sources. Therefore, magnetic activity may only
account for more transient phenomena. Furthermore, if there is no
shock, the solid-angle fraction of the pulsar wind intercepted by
the companion is of order 10−2—this would then demand
untenably large conversion efficiency of ESD˙ at around 100%
into the hard X-rays at the companion. Such pure wind conversion
is also contradicted by relatively cool optically derived photo-
spheric temperatures T 104< K for RB companions. Therefore,
the source of the persistent nonthermal X-ray emission is not
proximate to the companion photosphere.
Phase-resolved X-ray hardness ratios of orbital modulation in

ICDP systems exhibit a harder-when-brighter phenomenology
(e.g., Archibald et al. 2010; Bogdanov et al. 2011; de Martino
et al. 2015; Hui et al. 2015). This, as well as NuSTAR power laws
beyond 30 keV, rules out absorption as an origin of the orbital
modulation (however, absorption may play a role in stability of a
shock in some scenarios, as we explore in this paper). Moreover,
absorption or obscuration of a putative disk emission by the
companion or its wind yields neither double peaks nor modulation
at the correct inferior conjunction phasing. Some RBs in the
pulsar state also exhibit large radio MSP eclipse fractions, 50%>
of the orbit at low frequencies for RBs J1023+0038 and J2215
+5135. Crucially, the pulsar is largely uneclipsed around pulsar
inferior conjunction in eclipsing RBs (e.g., Archibald et al.
2009, 2013; Broderick et al. 2016; Miraval Zanon et al. 2018).
These large orbital-phase-dependent eclipses, and the lack thereof
at pulsar inferior conjunction, are another unexpected feature if
there exists a disk outside rLC. Similar to the orbital modulation in
the persistent X-ray emission, orbital-phase-dependent eclipses are

2
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Table 1
X-ray and γ-ray Energetics of RBs with Pulsar Inferior Conjunction Double-peaked Phase Centering (ICDP)

Name Fγ
a FXs

b FXsh
c ΓXs Fγ/FXs Fγ/FXsh εmin,cut

d Elog10 SD˙ e Df Llog10 g
g Llog10 Xs

g Llog10 Xsh
g Refs.

J1023+0038h 0.50±0.09±0.05 3.8±0.1 33±4 1.19±0.03 13 1.5 L 35.1 1.37 33.1 31.9 32.9 (1)
J1227–4853h 1.79±0.16±0.17 4.6±0.1 L 1.2±0.04 39 L 35(25–48) 35.1 1.8 33.8 32.2 L (2)
J1723–2837 0.83±0.23±0.4 18.7±0.2 96±5 1.13±0.02 4 0.9 L 34.8 0.74 32.7 32.1 32.8 (3)
J2129–0429 1.10±0.08±0.03 2.1±0.23 15±2 1.13±0.08 52 7 L 34.7 1.83 33.6 31.9 32.8 (4)
J2215+5135 1.33±0.09±0.06 1±0.3 L 1.4±0.2 130 L 260(80–2700) 34.9 3.0 34.2 32.0 L (5)
J2339–0533 5.05±0.19±0.53 2.50±0.15 L 1.32±0.08 200 L 420(220–900) 34.5 1.1 33.9 31.6 L (6)

Notes.
a Phase-averaged Fermi-LAT flux, adopted from Table 1 of Torres et al. (2017), in units of 10−11 erg cm−2 s−1.
b Classical soft X-ray band fluxes in units of 10−13 erg cm−2 s−1.
c NuSTAR soft-to-hard 3–79 keV fluxes in units of 10−13 erg cm−2 s−1.
d In keV, to satisfy the inequality Equation (53). Uncertainties in Fγ, FXs, and ΓXs are accounted for in the parenthetical range. Bold values are the median of possible ranges indicated in the parentheses.
e ESD˙ in erg s−1 with a fiducial moment of inertia of 1.3×1045 g cm2.
f Distance in kpc, adopted from the ATNF catalog.
g Approximate isotropic γ-ray luminosities computed in erg s−1, neglecting uncertainties in distance and energy flux.
h All quantities quoted are for the rotation-powered radio MSP epochs.
References. ATNF Catalog: Manchester et al. 2005; (1) Archibald et al. 2010; Bogdanov et al. 2011; Deller et al. 2012; Tendulkar et al. 2014; (2) Bogdanov et al. 2014b; Roy et al. 2015; (3) Bogdanov et al. 2014a;
Kong et al. 2017; (4) Roberts et al. 2015; Al Noori et al. 2018; Kong et al. 2018; (5) Gentile et al. 2014; (6) Yatsu et al. 2015.
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causally associated with the companion. Note that radio eclipsing
BWs such as B1957+20 appear to have qualitatively different
eclipses than RBs such as J1023+0038; eclipses in BWs like
B1957+20 are much shorter in duration and more regular (and
similarly in BW J1810+1744; Polzin et al. 2018) around superior
conjunction of the MSP.

An interpretation of the above phenomenology of ICDP
systems is that an intrabinary pulsar termination shock
accelerates electrons that rapidly cool principally via synchro-
tron radiation, similar to that surmised in the SCDP-type
system BW B1957+20 (Harding & Gaisser 1990; Arons &
Tavani 1993; Huang et al. 2012), but with a shock curving
around the MSP in ICDP systems. The shock subtends a solid
angle from the pulsar much larger than the companion, with the
total power budget constrained by the pulsar spin-down power
E 10 10SD

34 35~ -˙ erg s−1. It may naturally account for the
X-ray energetics and large orbital radio eclipses. The double-
peaked light curves are putatively generated by Doppler
boosting of the synchrotron emission in a mildly relativistic
flow along the termination shock with the X-ray double-peak
modulation phase centering providing a discriminant of the
shock orientation (Romani & Sanchez 2016; Wadiasingh et al.
2017). The Doppler beaming may arise from MHD-like fast
magnetosonic flows (e.g., Bogovalov & Khangoulyan 2002;
Bogovalov & Khangoulian 2002; Komissarov & Lyubarsky
2004), or kinetically by anisotropic particle distributions along
a shear layer (Liang et al. 2013, 2017). The level of orbital
modulation ascribed to Doppler-boosted shock emission is
related to the binary inclination, among other factors, inhibiting
identification of low-inclination systems if the MSP is not
detectable in some epochs owing to transitions to disk states.
ICDP systems may thus involve an intrabinary shock oriented
around the pulsar and well inside the pulsar Roche lobe. In this
paper, we consider the energetics and stability of this
configuration. The putative termination shock stagnation point
is past the L1 point of the companion within the MSP Roche
lobe, yet still well outside the pulsar light cylinder since the
pulsar mechanisms are operational.

We note that since the shock radiative power cannot exceed
E 10SD

35~˙ erg s−1, this limits the power-law extension to a
few or tens of MeV. Physically, the maximum photon energy
max of the power-law extension is approximately set by the
unknown maximum shock-accelerated electron/positron Lor-
entz factor e, maxg , ignoring Doppler factors of order unity.
Since the shock emission is putatively synchrotron emission,
the maximum energy is roughly m c B Be

2
max e, max

2
cr g~ ( ),

where B 4.413 10cr
13= ´ G and B is the post-shock magnetic

field, expected to be on the order of a few gauss (Equation (5)
in Wadiasingh et al. 2017). Then, 1 0.511 MeVmax  º( )
provided that 10e, max

7g . Such high Lorentz factors are
generally accepted in pulsar wind termination shocks (e.g., de
Jager et al. 1996; Kargaltsev et al. 2017; Slane 2017).

In this paper, we suggest two scenarios for pressure balance
for a putative shock curved around the pulsar. These are
delineated as asymptotic limits of the plasma parameter

n k T B8 l b l l
2b p= , where nl, Tl, and Bl are the local plasma

rest frame number density, temperature, and magnetic field in
the plasma arising from the companion, respectively. The
companion plasma will not be everywhere either magnetically
or gas dominated, but for practicality we consider these two
limits. Clearly, in the disk state β1, but it is unclear whether
gas dominance persists in the pulsar state.

We first consider a strong companion magnetosphere in
Section 2 (hereafter Scenario β=1) where β=1 everywhere
prior to the shock and the companion wind gas pressure plays
no dynamically important role for the shock. We find that a
sufficiently strong companion magnetic dipole moment will
yield a curved quasi-hemispherical termination shock around
the MSP, regardless of the orientation of the putative dipole
moment, even for anisotropic pulsar winds, provided that the
MSP spin and orbital axis are parallel. Scenario β=1 is also
stable insofar as the companion magnetosphere is stable and the
companion mass-loss rate is low.
The other limit, Scenario β?1, is examined in Section 3,

where mass loss from the companion provides the pressure
balance for the shock formation, i.e., the magnetic field plays
no dynamically important role. The formation of a shock
instead of a disk imposes constraints on the character of the
companion wind and mass loss, and energetic arguments
suggest that the wind is gravitationally captured by the MSP
in this scenario, conceivably by an advection-dominated-
accretion-flow-like solution (ADAF). The ADAF premise and
its observational consequences are examined in Section 3.4.
However, in isolation, such a shock-ADAF configuration is
inherently unstable to gravitational influences on dynamical
timescales (Burderi et al. 2001); therefore, stabilizing mechan-
isms ought to exist since observations demand metastability on
at least ∼few-year timescales for Scenario β?1. Such
potential mechanisms and their observational consequences,
explored in Section 3.5, are almost certainly predicated on self-
regulation for ICDP-state systems. For the case of irradiation
feedback, this is conceptually different from such feedback in
LMXBs, which induces mass transfer cycles; in Scenario
β?1 feedback on the self-excited wind stabilizes the shock
until another process causes the system to transition to or from
RLOF and disk states. While the irradiation flux is lower by a
few orders of magnitude than in AMXPs, so is the companion
mass-loss rate. Irradiation feedback on the shock may also
operate in SCDP-state BWs in the context of channeled particle
heating rather than by photons as noted by Sanchez & Romani
(2017), but such systems are not the focus of this work. The
issue of internal companion dynamics and its influence on
long-term stability is examined in Section 4. Finally, we
discuss potential observational discriminants of the two
scenarios in Section 5.

2. Scenario β=1: Companion Magnetosphere Dominance

We consider the curved pulsar wind termination shock
geometry as arising from a stellar companion magnetosphere.
A strong field whose poloidal component is of order several
kilogauss at the companion surface, B 1c  kG, is demanded
for isobaric surfaces curved around the MSP in this scenario,
implying a pulsar termination shock with curvature similar to
the isobars.

2.1. General Considerations

Throughout this work, we assume that the companion is
close to Roche Lobe filling and its radius Rc is approximated by
the volume-equivalent Roche radius RvL of Paczyński (1971),

R

a
q

2

3
1 , 1vL

4 3
1 3= + -( ) ( )

4
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R Rc vL» , where q M mp c= is the mass ratio. Assuming that
the companion dipolar component dominates any multipolar
components at large distances from the companion, a kilogauss
scale is readily derivable from a pressure balance condition for
the magnetopause for an isotropic pulsar wind (e.g., Harding &
Gaisser 1990),

B R

a r

S

c

E

c r8 4
, 2c

2
c

s

6
SD

s
2p p-

=
á ñ

~
⎛
⎝⎜

⎞
⎠⎟

˙
( )

where rs is the characteristic shock radius as measured from the
MSP and Sá ñ is the pulsar wind Poynting flux far outside rLC.
We define B0 as the minimum required surface polar field Bc

for r a 1 2s  from Equation (2),

B
a

R

E

c

E P

M

M

q

2 2

6 10
10 erg s 2 10 s

1.7

1 3 2

11.5
G, q 1. 3

b

0

2

c
3

SD

2 SD
35 1

1 2

4

2 3

p
1 3

º

» ´
´

´
+

-

-

-




⎜ ⎟

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

˙

˙

( ) ( )

As we demonstrate in Sections 2.2.1–2.2.2, the companion
magnetosphere scenario calls for b B B 10c 0 º (i.e., several
kilogauss surface fields) for isobaric surfaces that are
appreciably curved around the MSP in the plane of the orbit.
Note the scalings of Equation (3) with q and Pb, which
necessitate larger surface fields for lower-mass companions or
shorter orbital periods. The isobaric surfaces are relevant not
only for RBs with ICDP light curves but also possibly for BWs
and MSPs with synchronous but small quasi-degenerate
companions with magnetic fields when b<1.

There is evidence for large, perhaps localized, kilogauss
surface fields in some M dwarfs (Saar & Linsky 1985; Reiners
et al. 2009; Reiners 2012), brown dwarfs (Berger et al. 2001),
and T Tauri stars (Johns-Krull 2007), but observational
constraints of RB stellar companion fields are almost
nonexistent. The theoretical basis for large enduring poloidal
fields is also undetermined in RB companions—convective
dynamos are poorly understood even in the Sun, and in contrast
to isolated M dwarfs of similar mass, RB companions are
anisotropically irradiated, highly evolved, bloated, and opti-
cally brighter. Yet the synchronous orbital rotation is faster
than axial rotation in isolated M dwarfs; therefore, it may be
plausible for strong large-scale (rather than localized) fields to
arise. Indeed, if the convective dynamo ultimately extracts its
energy from the orbit tidally (i.e., Applegate 1992), then a 1 kG
poloidal field may be tidally replenished on timescales 10 s6
without producing a large orbital period derivative violating
observations. Note that the geometry of the putative poloidal
component—whether it is aligned or skewed with respect to the
plane formed by the orbital momentum vector and line joining
the two stars—is unknown. Due to this uncertainty, we explore
arbitrary orientations.

From first principles, there are strict upper bounds on the
putative poloidal field component, which we treat as dipolar for
practicality. First, since the RB companions are tidally locked,
their dipolar fields are rotating with respect to the system
barycenter. Analogous to pulsar spin-down, a repercussion is

“orbital dipole radiation,” which imparts a secular torque on the
companion orbit. A precise estimate is rather involved even in
the vacuum limit (e.g., Pétri 2016) and in full generality also
depends on the orientation of the dipole with respect to the
orbital axis.
Note that the companion light cylinder is much larger than

the binary separation, cP 2 10b
14p ~( ) cm?a, so the system

may be regarded as in the near zone, where a dipole field
structure is a good approximation, for the present motivation of
termination shock curvature. Moreover, orbital sweepback of
companion magnetospheric field lines in the 1b  limit may
be neglected. For a simpler order-of-magnitude estimate, we
invoke the Larmor formula T R B c6b

4
c
6

c
2 3= -W˙ ( ), where bW is

the orbital angular frequency; this is generally accurate within a
factor of a few in comparison with force-free and dissipative
MHD models (Spitkovsky 2006; Kalapotharakos et al. 2012,
2014). Then, the energy-loss rate can be shown to be
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The concomitant characteristic timescale for orbital evolution is
T T qc GaB300mag

3
c
2t ~ »∣ ˙∣ ( ), where T GM aq2p

2= ( ) is
the orbital kinetic energy. This rate may be compared to
measured P P 10b b

15~ -∣ ˙ ∣ s 11
magt-  , which is attributed to

the Applegate (1992) mechanism (which incidentally also
posits a convective dynamo for the strong companion field;
also see text following Equation (27)), to yield the upper limit
for Bc,
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In the vacuum limit, assuming that there is no wind from the
companion, there is an induced electric field v BE cind orb c~ ´∣ ∣
on the companion surface with v aq P q2 1borb p= +[ ( )],
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Analogous to the canonical pulsar case (e.g., Goldreich &
Julian 1969), this electrostatic force on ionized hydrogen
greatly exceeds the gravitational force F Gm m Rg p c c

2~ , where
mp is the mass of the proton,

q E
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. 7e
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3 4 2 3

~
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⎠

⎛
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⎞
⎠ ( )

( )

Therefore, the companion magnetosphere is plasma loaded,
possibly with active currents corresponding to a global force-
free MHD equilibrium. Moreover, complex current systems
will also arise since pulsar wind Poynting flux distorts the
companion magnetosphere, analogous to the solar wind
distorting the Earth bow shock and magnetosphere. In this
scenario, transitions between different force-free equilibria
would manifest as bursts similar to those in the Sun (e.g.,
Régnier & Canfield 2006; Thalmann et al. 2008) and also
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invoked for magnetar bursts (Thompson et al. 2002), with flare
emission powered by reconnection and topological changes of
currents and fields.

Irradiation of the companion by the pulsar γ-rays and shock
emission induces mass loss and also fills the magnetosphere
with plasma, which is contained by the magnetosphere until

1b ~ . This containment timescale must be at least as long as
the pulsar persistence time pt . Assuming that the companion
mass loss is similar to that inferred in the AMXP/disk states of
m 10c

15~∣ ˙ ∣ g s−1 and that the magnetospheric reservoir B Rc
2

c
3

is filled at a rate m vc esc
2∣ ˙ ∣ , where vesc is the isolated-star escape

speed, we find a lower limit for Bc,

B
P q

M

M

m

2 10
2 10 s 7 10 s

1.7 10 g s
G. 8

b
c

3
4

4 3 1 6
p

8

1 2

p
1 6

c
15 1

1 2

 t
´

´

´

-

-

-


⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

∣ ˙ ∣ ( )

Similarly, if mass loss exists via RLOF rather than a wind, then
for ion thermal speed c 10 cms

6~ s−1 and a higher rate
m 10c

16.5~∣ ˙ ∣ g s−1,
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Therefore, strong fields are also essential if there is significant
mass loss during the pulsar state (see Section 3.2 for
constraints) for magnetic dominance to be sustained.

A similar-in-magnitude constraint on Bc to Equation (5) may
be established by noting that the energy of the putative poloidal
field must be a small fraction of the gravitational binding
energy, B R Gm Rc

2
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3
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2
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B
P q M

M
10

2 10 s 7 1.7
G. 10b

c
8

4

4 3 1 3
p

1 3

´

- -



⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟ ( )

Another restriction is that gas dominance, cb =
nk T B8 1b c c

2p  , is required inside the star for the
convective dynamo to exist. Estimating the density as the
average value, n m GP3 8p b

5 2pá ñ » ( ) for a pure hydrogen
atmosphere, the temperature at the photosphere, and the
magnetic field as the surface value, we find
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Areas of the photosphere may attain 1cb ~ , as in the active
Sun and magnetically active stars. At the photosphere, the
number density is approximately n m Hpt k~ ( ), where τ is
the optical depth, H k T m gb p cc= ( ) is the pressure scale height,
κ is the continuum opacity, and g Gm Rc c c

2= is the isolated-
star surface gravity. In the Thomson electron scattering limit,
dominant for very high plasma temperatures (Clayton 1983),
we have 0.4esk k » cm2 g−1 and Bc is limited to kilogauss

fields when βc1 and τ is moderately large,
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If the mean opacity follows a Kramer law, m nTpK K
0 7 2k k= - ,

then
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For a value of 10 cm gK
0 23 2 1k » - typical of bound and free–

free absorption (Clayton 1983), apparently Bc necessary for
pressure balance are generally excluded. That is, moderately
hot companions with T few 104~ ´ K where a Kramer law
dominates ought not to be found in ICDP RBs systems in the
magnetospheric scenario for pressure balance. Pressure balance
in the magnetospheric scenario also advocates for much lower
opacities (at temperatures below where a Kramer law operates)
due to H- bound-free transitions and metals (Gray 2005)
to be the dominant sources of continuum opacity for the
temperature range of interest in RB atmospheres. We also note
that for the quiet Sun, 102b ~ –104 in the photosphere and
chromosphere (Bourdin 2017); if similar values are realized in
RB companions, then Bc cannot attain the kilogauss fields
necessary for pressure balance.
The constraints Equations (5) and (8)–(11), along with

Equation (3) for pressure balance, form an allowed region in
the P q,b and ESD˙ parameter space for this scenario’s tenability.
Far from the shock in the companion magnetosphere, β=1
for ions is fulfilled for any reasonable plasma number density
provided that the ion temperature is 109 K. This is readily
found from pressure balance Equation (2), where the magnetic
field at the shock scales as B E c r2s SD s~ ˙ , prior to any
modification by MHD jump conditions (e.g., Kennel &
Coroniti 1984). Finally, we note that the electromagnetic
forces on ions dominate any gravitational influences from the
pulsar, i.e., Gm M r q c c Bp e sp s

2
s ( ) is satisfied provided that
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which is much smaller than a. Therefore, gravitational
influences of the MSP are negligible on the local plasma
dynamics unless the ions are unjustifiably cold. Likewise, it can
be shown that Coriolis influences are negligible on the local
plasma dynamics. Gravitational influences could become
consequential on the macroscopic (i.e., fluid description)
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plasma dynamics, but it depends on the details of the MHD
equilibria and currents induced in the magnetosphere.

2.2. Isobaric Surfaces

Beyond the generic considerations above, we now explore
pressure balance of a 3D dipolar companion field by a
relativistic magnetized pulsar wind, analytically described as a
Poynting flux. On radial length scales much larger than rLC, or
time averaged over timescales much longer than the pulsar
period, the pulsar wind is asymptotically radially outflowing
and toroidal field dominated. A simpler isotropic case
considered in Section 2.2.1 offers a prelude to the more
complex anisotropic case in Section 2.2.2.

There are several caveats to our rudimentary considerations
of pressure confinement of the pulsar wind or companion
magnetosphere. The isobaric surface geometry describes where
the extended shock structure ought to exist, but does not
appraise any back-reactions on the companion magnetosphere
or pulsar wind. For instance, the companion magnetosphere
will be severely distorted away from the vacuum dipole toward
distinct nonpotential force-free MHD equilibria. The gas
pressure may also be dynamically important near the
companion surface, i.e., where βc1. Moreover, the termina-
tion shock itself is a significant region of conversion of the
magnetic wind into particle energy, which will influence the
global shock structures. Even in the hydrodynamic limit, there
is some thickness to the overall shock structure: the pulsar
termination shock, followed by an astropause and contact
discontinuity (e.g., Scherer et al. 2016). In an MHD formalism
with two or more fluid species (e.g., a pair plasma interacting
with an electron–ion plasma), many different wave modes may
be excited, leading to complex interposing shock structures
(Goedbloed et al. 2010). Such rich complexity is exhibited in
relativistic MHD simulations of pulsar winds (e.g., Bucciantini
et al. 2005; Barkov & Lyutikov 2018), yet pressure balance/
confinement of the pulsar wind remains a credible estimate of
the global structure, particularly proximate to the shock apex.
The termination shock head, where the particle acceleration
occurs, is largely what is relevant for ICDP light curves in RBs
(Wadiasingh et al. 2017), rather than peripheral regions of the
shock structures. Therefore, we focus on such pressure surfaces
and defer global MHD simulations to future studies.

Aside from pressure balance, the orientation of the
companion dipolar magnetosphere will also influence the
efficiency and locales of relativistic particle acceleration in
the termination shock. How is rather unclear and is deferred to
future kinetic studies. Large-scale dipolar fields may also
introduce peculiar orbital-phase-dependent polarization char-
acter on the synchrotron ICDP light curves.

2.2.1. Isotropic Pulsar Wind

The companion dipolar field component in spherical polar
coordinates with origin at the companion center is given by

B r
B R

a r2
2 cos sin , 15c c

3

qq q= +⎜ ⎟⎛
⎝

⎞
⎠ ( ˆ ˆ ) ( )

where r is dimensionless in units of a and θ is a polar angle.
Due to the lack of symmetry of the pressure balance condition
for an arbitrarily oriented dipole, it is more convenient to work
in Cartesian coordinates normalized to units of a. We define the
ẑ and x̂ as parallel to the orbital momentum vector and line

joining the two stars, respectively, with the pulsar at x=1 and
the companion at the origin. The implicit isobaric surface of the
companion magnetosphere and pulsar wind Poynting flux is
given by the 3D generalization of Equation (2) with scalar field
of pressure  ,

B
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where for an isotropic pulsar wind
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and r x y z1, ,p º -{ } is the outward radial vector from the
pulsar. For simplicity, we also impose the condition

r 0 18p >· ( )

that precludes multivaluedness of the pressure surface, i.e.,
physically, there is a single termination shock for the putatively
radial pulsar wind. Beyond the boundary imposed by this
condition, the interaction geometry is indeterminate, but with
the radial pulsar Poynting flux dominating far from the
boundary locale.
For concreteness, consider a dipole whose axis is ẑ. Then,

the isobaric surface of the companion magnetosphere and MSP
Poynting flux may be shown to be implicitly defined by

b x y z x y z

x y z

1 4

64 0, 19

z
2 2 2 2 2 2 2

2 2 2 4

 = - + + + +

- + + =

[( ) ]( )

( ) ( )!

where b B Bc 0º . We plot Equation (19) in Figure 1 with
color-coded values of b. For smaller values of b 1 , the
isobars are curved around the companion as expected. For
larger values of b 23 , there is clear curvature of isobars
around the MSP particularly near the magnetopause; this
depiction is analogous to Figure 1 in Wadiasingh et al. (2017).
These larger values of b 23 are required for significant
curvature of the shock head, particularly in the z=0 plane.
Such geometric curvature is central to the X-ray orbital
modulation observed in RBs, and in models of such emission
the observed double-peak phase separation couples to the
putative shock opening angle (Wadiasingh et al. 2017). Even
larger b are not shown, as they yield a total envelopment of the
pulsar and may violate Equation (11). Such envelopment,
however, could lead to prolific reconnection events and flares
behind the pulsar (i.e., x 1> ). Some X-ray flares (Cho et al.
2018) and miniature radio eclipses of the MSP at pulsar inferior
conjunction are observed in some RBs (e.g., Roy et al. 2015),
but not contemporaneously in the same system.
Note that in the peculiar case of Equation (19), there is

symmetry about the y- and z-axes. For a dipole with axis along
x̂, the surfaces (not shown) even exhibit azimuthal symmetry
about x̂. In general, there are no such symmetries for the
isobaric surface for an arbitrarily oriented dipolar field for even
an isotropic pulsar wind. One such skewed-dipole illustrative
case is depicted in Figure 2. Close to the stagnation point when
b 24 , the head of the shock region is approximately
hemispherical, a consequence of the isotropic pulsar wind
considered in this section. However, at locales of the
boundaries defined by Equation (18), there are clear
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asymmetries. Such asymmetries may account for the small
phase offset from IC in some ICDP systems, as well as
apparent asymmetries about IC in ICDP light curves.
This forms an alternative scenario to Coriolis effects of a
companion wind invoked in the past (Romani & Sanchez 2016;
Wadiasingh et al. 2017) and for Scenario β?1.

2.2.2. Anisotropic Pulsar Wind

Soon after the discovery of pulsars, the Poynting fluxes of
pulsar winds were widely recognized to be anisotropic
(Michel 1969, 1973) and plasma loaded (Goldreich &
Julian 1969). In the force-free limit of a plasma-filled
magnetosphere, the anisotropy of the pulsar wind Poynting
flux is contingent on the magnetic obliquity α of the rotator and
roughly varies between sin2J (aligned rotator) and sin4J
(orthogonal rotator) (Bogovalov 1999). Here ϑ is the polar
angle with respect to the spin axis, i.e., rzcos pJ = ∣ ∣.
Moreover, for the orbital scales of interest in BWs and RBs,
the azimuthal anisotropies on the scale of rLC may be neglected
(i.e., we restrict to the far zone). For simplicity, we consider the
pulsar spin axis aligned with orbital axis ẑ . Such alignment is
expected from the formation/evolution recycling scenario for
MSPs, as hinted for RB J2215+5135 and other MSPs
(Guillemot & Tauris 2014; Johnson et al. 2014), and as known
for other stellar contexts (Albrecht et al. 2007; Watson et al.
2011).
Using a sample of force-free MHD simulations that are

appropriate for the gross global structure of the pulsar wind,
Tchekhovskoy et al. (2016) analytically parameterized the α

Figure 1. Isobaric surfaces, to scale, for a companion star dipolar magnetosphere aligned along the ẑ-axis, defined by Equations (18) and (19). The green disk
represents the companion of typical radius R a0.3c » at the origin, while the black circle is the MSP at {1, 0, 0}. For b=Bc/B023, the isobaric surface begins to
appreciably curve around the MSP. Left: cut in x–y and x–z planes of the surface, demonstrating the curved nature of the isobaric surface for color-coded b as indicated
by the scale. The dashed black line highlights the boundary condition imposed by Equation (18) and establishes that the surface boundary is indeed tangential to the
radial pulsar outflow. Right: 3D representation of the surface, with the inset of the y–z projection highlighting this symmetrical case.

Figure 2. 3D isobaric surfaces for a companion star dipolar magnetosphere
whose dipole moment vector axis coincides with the green arrow; undistorted
field lines for a vacuum dipole are also depicted. The color coding of b is
identical to that of Figure 1. In contrast to Figure 1, there are clear asymmetries
in the surface geometry. Nevertheless, close to the stagnation point, the
geometry for large b is approximately hemispherical. Inset: orthographic
projection on the y–z plane.
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dependence of asymptotic magnetized pulsar winds far outside
rLC as a sum of the wind structure of aligned and orthogonal
rotators. Their semianalytic construction is accurate to within
∼10% to simulations for the differential Poynting flux
averaged over azimuthal angles. From their prescription, we
obtain a convenient expression of the azimuthally averaged
anisotropic differential (in solid angle) Poynting flux in terms
of the observable ESD˙ after a modicum of algebra,
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Here  is related to the radial magnetic field Br in Tchekhovskoy
et al. (2016), with 2á ñf the azimuthal angle average and γ the
magnetic colatitude, cos sin sin cos cos cosg a J f J a= + .
The constant C0 is of order unity and normalizes the total
Poynting flux integrated over solid angles,

C dsin . 230
0

2 3ò J J= á ñ
p

f ( )

Numerically, C0≈{0.834, 0.898, 1.03, 0.768} when
α={15°, 30°, 60°, 90°}, respectively.

The form of Equation (20) allows for analogous nondimen-
sionalization of the pressure balance condition Equation (16) to
Equation (19) after some algebra. The condition Equation (18)
is more involved because of spatial derivatives of numerical
integrals and is computed semianalytically. Then, computation
of implicit isobaric surfaces follows routinely. We do not
consider the α=0 case, as the neutron stars in RBs are
pulsars.

Figure 3 depicts computed isobaric surfaces for α=15°,
comparable to the low magnetic obliquity inferred for RB
J2215+5135 (Johnson et al. 2014), and with an arbitrarily
skewed companion dipole moment. There are several intri-
guing features worth highlighting, in comparison to the
isotropic pulsar wind cases explored in Section 2.2.1. First,
for low values of b, the isobaric surfaces are largely similar in
form, since anisotropies are less pronounced in the plane of the
orbit where sin 12J ~ . For larger values of b 1 , there is a
dramatic shift in the topology of the surfaces principally due to
the sin2J factor in Equation (20), which guarantees a region of
very low wind pressure along the spin axis ẑ. This leads to the
pronounced “spin axis funnels,” some of which are disjointed
from the shock head and tail in the y=0 plane owing to the
condition Equation (18). Moreover, for a skewed companion
dipole moment, there are regimes of moderate b 2 3~ – where
the spin axis funnels are only partially disjointed. Clearly,
regimes may be also realized where b is critical between a

joined and unjoined topology. In this critical regime, magnetic
reconnection and transient phenomena ought to be prolific.
In Figure 4, we depict computed isobaric surfaces with

skewed companion dipole moment identical to that of Figure 3
but with α=90°. The topology of these surfaces is largely
indistinguishable from the α=15° case, particularly for the
shock head when b 23 , which putatively governs the X-ray
orbital modulation, implying an insensitivity of isobars with
large disparities of pulsar α. Indeed, there is negligible variance
in the z=0 plane of the two α cases where sin 1q ~ . Yet the
spin axis funnel for α=90° exhibits a much wider opening
angle, due to the stronger sin4J anisotropy of the pulsar wind.
This is suggestive that sporadic accretion may be easier for
more orthogonal rotators.
For lower values of b, it may be argued that these “spin axis

funnels” are entirely spurious since they are disjointed from the
principal isobaric surfaces near the companion and therefore
current closure (in the force-free limit) is inhibited. Likewise,
for larger values of b, the funnels will be disrupted by the
reflected back-flowing pulsar wind from the termination shock.
Relativistic MHD simulations, and possibly kinetic ones as
well, are required to assess the character of the funnels and
shock structures as b varies. However, relativistic MHD
simulations of anisotropic pulsar wind shock interactions
(e.g., Komissarov & Lyubarsky 2004; Barkov & Lyutikov
2018) indicate some reality to the funnel-like structures along
the pulsar spin axis, as suggested by observations of the Crab
plerion (Weisskopf et al. 2000; Kargaltsev et al. 2017; Slane
2017). Speculatively, for larger values of b, the surfaces are
connected, implying threading of the companion magneto-
sphere into the funnel, which may be paths for sporadic
accretion onto one or both poles of the MSP initiated by
transitions of different force-free field configurations of the
companion. Indeed, joined funnels may play a role in recently
observed enhanced spin-down torques on J1023+0038 in an
AMXP state (Jaodand et al. 2016), where the assumption of
β=1 breaks down close to the MSP.

3. Scenario β?1: Quasi-hemispherical Gravitational
Capture of Companion Mass Loss by the Pulsar

State transitions of some RBs to AMXP-like accretion disk
states imply efficient angular momentum transport of the
companion mass loss. Such disk states are evidently regimes of
β1 for the companion mass loss. Therefore, we are
motivated to examine whether companion mass loss without
dynamical influences of magnetic fields may yield a stable
shock curved around the pulsar rather than a disk in the
rotation-powered state. Without gravitational influences of the
MSP, it is generally accepted that the companion wind
overpowering the MSP wind is energetically untenable on
long timescales. However, we suggest that if there is sufficient
angular momentum loss of the companion wind, a shock
curved around the MSP may be attainable. The stability of such
a putative configuration is questionable, and we explore
mechanisms that may provide stability.
Here we assume that the donor is near but not entirely Roche

lobe filling in the rotation-powered state so that high mass-loss
rates m 10 10c

15 16~ -∣ ˙ ∣ g s−1 are attainable without a disk as
in conventional RLOF. The relatively high mass-loss rates
required by this scenario currently do not violate any
observational constraints (see Section 3.2).
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3.1. The Circularization Radius

In this section, we show that for evaporative winds from the
companion, the existence of a shock implies a lower bound on
the companion mass. This is a rather general result if angular
momentum loss of the companion wind occurs far from the
launching point, which is putatively near the companion
photosphere.

In the absence of a strong companion magnetosphere, a
stipulation for a shock to exist bowed around the pulsar rather
than a disk is that the wind characteristic circularization radius
rcirc be small compared to the characteristic shock radius rs, for
a companion wind with speed vw. The circularization radius is
defined by where the specific angular momentum at the
accretion radius r GM v2acc p w

2= is equal to that for a Keplerian
orbit at radius rcirc, i.e., r GM r1 4 acc

2
b p circW »( ) , where bW is

the orbital angular speed of the system and Mp is the MSP mass
(Shapiro & Lightman 1976; Frank et al. 2002). Therefore, rcirc
is the length scale within which one may expect a disk to exist.
This definition exhibits a strong scaling on the wind speed vw,

r

a

r

a

q

q

v

v

q

q

1

16

1 1
, 24circ acc

4
orb

w

8 5

»
+

»
+⎜ ⎟⎛

⎝
⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ ( )

where v GM a q q1orb p= +( ) is the orbital speed of the
secondary. The ratio v vw orb is the characteristic Rossby
number of the secondary’s wind.
Parameterizing the stellar wind as a scaling of the isolated-

star escape speed, v vw
2

esc
2l= , and casting the secondary stellar

radius as a fraction R Rc vL º of the characteristic
volumetric Roche radius from Equation (1), one arrives at
rcirc/a being a simple function of q and ratio m l= ,

r

a

q

q
3 10

1
. 25circ 3 4

3

1 3
m» ´

+
-

( )
( )

The typical thermal speed is c 10 cms
6~ s−1 for T 104~ K,

while an irradiation-induced evaporative wind speed v csw  may
be on the order of the escape speed of the companion
v Gm R2 5 10esc c c

7 ~ ´ cm cs 1
s

-  for a typical RB
secondary of mass m M0.3c »  and radius R R0.4c » »
3 1010´ cm. This vesc is an upper limit to vw, since for a star
near the Roche limit vesc may be substantially lower owing to the
low potential barrier. Coincidentally, vesc is also on the order of
the escape speed from the entire system, GM a2 p~ , or the
orbital speed of the companion.

Figure 3. Views of isobaric surfaces for an anisotropic pulsar wind with α=15° and misaligned dipolar magnetosphere of the companion. As in Figures 1 and 2, the
parameter b scales the companion poloidal field in units of B0, but with a different color scaling range for clarity. The two leftmost columns depict different views of
the isobars. The rightmost column depicts cuts in the x–y and x–z planes through the origin. Funnel-like isobaric surfaces, likely an extraneous solution regime, exist
along the pulsar spin axis. See the text for details.
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Requiring rcirc/a0.5 for μ=1, since the putative shock
exists past this point, then implies q 7 , which clearly
excludes some lower-mass RB companions; therefore, this calls
for 1m or 1l . This restriction is not very constraining
owing to the strong fourth-power dependence of μ in
Equation (25), requiring only a modest l few to render
rcirc/a=0.5. For instance, 3l » yields the constraint on the
mass ratio q 36 . Irrespective of the actual balance of ram
pressures in Equation (31) below, the circularization constraint
favors RBs (q 10 ) over more extreme mass ratio (q 20 )
BWs for the existence of a shock enshrouding the pulsar. If the
shock rs is constrained by other means, e.g., cooling breaks in
hard X-rays, then an independent upper limit on q is derivable.

3.2. Constraints on the Companion Mass-loss Rates

The mass-loss rate from the companion intrinsically couples
to rs and scenarios governing stability, as well as Equations (8)
and (9) for the magnetospheric scenario. Therefore, we briefly
summarize constraints on the companion mass-loss rates in
BWs and RBs, which are generally much lower than those of
Eddington-scale LMXBs.

The existence of isolated recycled radio MSPs above the pulsar
death line suggests that time-averaged mass-loss rates could be
substantial, of order m M0.02c-á ñ ~ ˙ Gyr−1∼1015 g s−1, in
many BWs and RBs if their evolutionary scenarios are similar. If

v v GM rw K p s~ ~ near the shock and assuming that the wind
is gravitationally captured (see Section 3.3), then the condition
r rs circ with r m c E Rs gg

2
SD

2~ ( ˙ ˙ ) and R GM c2g p
2= yields

m
E

v c
10 g s , 26g

SD

orb

17 1~ -˙
˙

( )

not an implausible bound for typical RB parameters. Here we
define mass rate participating in the shock m mcg ˙ ∣ ˙ ∣ as a non-
negligible fraction of the total companion mass-loss rate mc∣ ˙ ∣.
Alternatively, one can constrain the total mass-loss rate
energetics of evaporation, m v m v E 4g w

2
c esc

2
msp SD pW˙ ∣ ˙ ∣ ˙ ( )

(van den Heuvel & van Paradijs 1988; Stevens et al. 1992),
where R a0.5msp c

2W » ( ) is the solid-angle fraction of pulsar
wind intercepted by the companion. For typical RB parameters
this yields the upper bound m m 10g c

18< ˙ ∣ ˙ ∣ g s−1.
Additionally, from the form of the total binary angular

momentum J M m aG M mp c p c= +( ) and Kepler III, one
may show that in the no-accretion shock scenario when
M 0p »˙ ,

P

P

J

J

m

m q
3 3

1

1
27b

b

c

c
= +

-
-

+

⎛
⎝⎜

⎞
⎠⎟

˙ ˙ ( ˙ ) ( )

Figure 4. Views of isobaric surfaces with identical construction to Figure 3, but with α=90°.
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for idealized point masses (Jeans 1924). Measurements of
orbital period derivatives in BWs and RBs by timing the MSP
pulsations in the radio or γ-rays yield erratic and often negative
values of order P P 10b b

15 -∣ ˙ ∣ s−1 rather than secular changes
expected from conservative (J 0=˙ ) mass loss. The dominance
of these nonsecular changes is interpreted in the Applegate
(1992) framework, with the companion’s gravitational quadru-
pole moment changing as a result of a magnetically active
convection in the companion outer layers or activity cycles,
with a significant portion (∼10%) of the companion mass
possibly asynchronous. There is some evidence for such
changing gravitational quadruple moments in B1957+20
(Applegate & Shaham 1994), BW J2051–0827 (Stappers
et al. 1998; Doroshenko et al. 2001; Lazaridis et al. 2011;
Shaifullah et al. 2016), RB J2339–0533 (Pletsch & Clark 2015),
and other MSPs (Arzoumanian et al. 2018), suggesting that
mass loss is lower than the simple Jeans formulation
m m P P 10c b bc

17 ~∣ ˙ ∣ ∣ ˙ ∣ g s−1. Anisotropic pulsar emission,
well motivated theoretically and observationally in the frame-
work of offset dipoles (e.g., Arons 1996; Harding &
Muslimov 2011; Venter et al. 2015; Barnard et al. 2016),
may also cause quasi-cyclic wandering of P Pb b∣ ˙ ∣ residuals
(Harrison & Tademaru 1975, Equation (76)). Therefore, these
measurements constitute an upper limit for the mass-loss rate.

Likewise, utilizing Equation (1) and again imposing M 0p =˙ ,
one may show that

R

R
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J
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m q

1

2 3
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2

1

1
. 28Lv

Lv

c

c
= +

-
-

+

⎛
⎝⎜

⎞
⎠⎟

˙ ˙ ( ˙ ) ( )

If J 0<˙ and since m 0c - ˙ , there exists a critical mass-loss
rate such that R 0Lv =˙ , i.e., where the Roche potential radius
switches between expansion and contraction. For a companion
nearly filling its Roche lobe, a contracting Roche potential
R 0Lv <˙ will drive mass loss toward the critical rate.
Contrastingly, Roche radius expansion is only tenable via
irradiation or ablation-driven mass loss beyond the critical rate
when J 0<˙ . Secular gravitational wave angular momentum
loss, J J G M q c a q32 1 53

p
3 5 4 2» - +˙ ( ) ( ) (Landau & Lifshitz

1975), specifies a minimum critical mass-loss rate mc, crit
GW∣ ˙ ∣,

m
G M q

c a q q
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for q?1, similar to the time-averaged M0.02  Gyr−1

evaporative rate.
Finally, a rudimentary lower limit may be estimated from

radio eclipses of the radio MSP in BWs and RBs. After
correcting for interstellar dispersion at uneclipsed orbital
phases, excess delays near pulsar superior conjunction
consistent with plasma dispersion generally imply that the
average dispersive free electron column density rises sharply
from n d DM 10e

15á ñ ~ D ~ to 1018 cm−2, before total loss of
radio emission in the eclipse (e.g., Ryba & Taylor 1991;
Stappers et al. 2001; Archibald et al. 2009, 2013; Main et al.
2018; Miraval Zanon et al. 2018; Polzin et al. 2018), for

line-of-sight distance d through the plasma. In the absence of
any clumping, e.g.,at the shock, and for da, this implies an
isotropic mass-loss rate m R a m v4 DMc c

2 1
p w

1 p D - -∣ ˙ ∣ ( ) for
an ionization fraction  . That is,

m
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If the eclipse radius, which is a significant fraction of a, is
utilized rather than Rc, then the bound for mc∣ ˙ ∣ is larger by a
factor of a R 10c

2 ~( ) (Thompson et al. 1994). Long-term
variations of the deepness of eclipses may be used as a proxy
for variations in  or the mass-loss rate.

3.3. Gravitational Influences and Wind Angular
Momentum Loss

As we discuss below, angular momentum loss of the
companion wind is energetically essential for the ICDP shock
state. The locale of such wind angular momentum loss is
unknown. If it transpires far from the companion, the
circularization radius constraints of Section 3.1 on the wind
remain pertinent.
The stagnation point rs balancing the ram pressure of the

isotropic and supersonic two-wind interaction is given by

E

c r

m v

a r4 4
. 31SD

s
2

c w

s
2p p

=
-

˙ ∣ ˙ ∣
( )

( )

This implies the well-known stagnation point formula in terms
of the ratio of wind ram pressures (Harding & Gaisser 1990),

r

a
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A
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E c

m v1
, . 32s w

w
w

SD

c w
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+
º

˙
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( )

Anisotropic winds, as in Section 2.2.2, modify these expres-
sions but not the following general conclusions, which are
pertinent to the shock nose. Using Equation (32) at A 1w  or
r a 0.5s  , corresponding to the threshold of the shock
orientation enshrouding the pulsar rather than the secondary,
yields a lower limit on vw,

v
E

m
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10 erg s

10 g s
cm s , 33w

8.5 SD
35 1

16 1
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1
-

-
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˙
∣ ˙ ∣

( )

exceeding the typical evaporative vesc anticipated from an RB
by at least an order of magnitude. Moreover, any lower mc∣ ˙ ∣
than the high value used above yields untenably larger vw
values. There are also issues with energetics, with
Equation (33) implying E m vSD c w

2~˙ ∣ ˙ ∣ , clearly unjustifiable in
an MSP self-excited wind scenario. Therefore, the companion
wind requires an additional reservoir of energy to tap in order
for the shock to wrap around the pulsar. This contrasts the
situation of high-mass pulsar X-ray binaries where the massive
companion wind readily dominates the energetics.
In the β?1 scenario, a resolution to the apparent

contradiction of Equation (33) is the influence of gravity of
the MSP and angular momentum losses of the companion wind
near or upstream from the shock. Two effects scale the ram
pressure vw

2r in quasi-spherical radial infall: a density
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enhancement nearer to the pulsar and Keplerian scaling of the
fluid speed v GM rK p s~ for the gravitationally influenced

mass rate participating in the shock m v r v4g K s
2

K
2p r»˙ ( ) .

Accordingly by pressure balance, the shock stand-off scales
as r R m c E 1s g g

2
SD

2~ ( ˙ ˙ ) .
Viscosity and heating of the companion wind somewhere

within the pulsar Roche lobe (with rcirc=rs) is a critical
requirement for angular momentum losses in the flow. As in
accretion disks, turbulent viscosity is a possible dissipative
mechanism. The viscous timescale then ought to be comparable
to the freefall dynamical timescale P 10 sbff

4t ~ ~ . This
implies a kinematic viscosity kinn of order a2

ff kin t n~
10 1016 18- cm2 s−1, a rather high value that mandates hot ions
with c vs K~ . As we confirm in Section 3.4, cooling of the flow
is inefficient assuming such heating, which also is consistent
with the β?1 assumption. Therefore, the requisite accretion
flow solution must take the form of a quasi-radial heating- and
advection-dominated accretion flow.

3.3.1. Instability

Quasi-spherical radial infall on a pulsar is unstable on
dynamical timescales for rs outside rLC, as demonstrated below
and also touched on by Burderi et al. (2001) in the context of
accretion. One may regard the highly dissipative region near
the termination shock and stagnation point as a fiducial volume
subjected to the wind ram pressures (or momentum fluxes)
originating far from this fiducial region. The MHD pressure 
from the pulsar scales as r n µ - with n 6» or n 2» inside
or far outside the light cylinder, respectively, while the
companion wind ram pressure v r k

K
2r µ - with the Keplerian

speed v GM rK p= and k 5 2 with the equality for zero
angular momentum radial flows, and rising to k 2.6» for
Keplerian α disks (Shakura & Sunyaev 1973). That is, the
momentum flux of the wind is

v
m v

r
r 34K

2 g K

2
5 2r ~ µ -˙

( )

when mg˙ is independent of r. Although straightforward
generalization to regimes of Keplerian disks is attainable, for
simplicity we assume quasi-spherical radial infall with k 5 2»
the remainder of the β?1 scenario. Up to an irrelevant
overall normalization, the pseudo-potential j associated with
momentum fluxes on the dissipative fiducial volume, with
some constant A 0> , fulfills

r r
r

r Ar r . 35n kj
j

- ~ -
¶
¶

~ -- -( ) ˆ ( ) ˆ ( )

From the routine integration of Equation (35), rj ( ) may be
obtained. Flux balance r r Ar r 0n k

s s sj-¶ ¶ = - º- -( ) , which
defines the stagnation point rs local equilibrium, is dynamically
stable if and only if r r 02 2

sj¶ ¶ >( ) . This is satisfied when
n k 0- > , implying stability only near the light cylinder
where the near-zone MSP magnetic pressure may contribute if
k 2 (see Burderi et al. 2001), unless the matter infall
momentum flux is self-regulated (see Section 3.5.1).

Local anisotropy of the pulsar wind in the intermediate
radiative zone for nearly aligned rotators may raise stable radii
rs to several tens of rLC (EkşI & Alpar 2005), a result derived
for a vacuum Deutsch solution (Deutsch 1955) but which
probably also holds for force-free and dissipative MHD winds.

This is expected from the transition region between near-zone
and far-zone expansion of the fields at the light cylinder. But
such a situation so close to the pulsar still likely results in a disk
rather than a shock due to nonzero angular momentum of the
infalling matter if rcirc∼rLC. Consequently, the shock likely
exists on orbital scales rather than near rLC, a proposition also
supported by the lack of cooling breaks observed by NuSTAR
(Tendulkar et al. 2014; Wadiasingh et al. 2017) owing to
regions closer to the MSP (higher toroidal magnetic field)
stipulating shorter synchrotron electron cooling timescales.
Hence, mechanisms are required to stabilize the shock against
perturbations on the dynamical timescales.

3.3.2. Summary

To summarize, for the 1b  scenario:

(a) The circularization radius for the evaporative or qRLOF
wind launched from the companion must initially be
small, rcirc/a0.5, suggesting that the mass loss is
supersonic with the wind Rossby number inertia rather
than Coriolis dominated ( 1> ). This constraint is less
demanding for mass ratios closer to unity and yields an
upper limit for q.

(b) The companion wind must convert to an ADAF some-
where within the pulsar Roche lobe prior to the shock.
The more dense the wind plasma, the more naturally such
viscosity/dissipative influences arise, especially near the
shock. However, higher mass-loss rates are more
demanding to sustain for an evaporative or qRLOF
scenario with rcirc/a<0.5, in contrast to a subsonic
RLOF. Therefore, some fine-tuning is obligatory but
poorly understood, particularly since qRLOF may be
anisotropic with clumping or density enhancements in the
vicinity of the line joining the two stars. Such regimes
ought to exist owing to the observed rotation–accretion
power state transitions.

(c) Self-regulatory mechanisms (Section 3.5) must exist to
stabilize the shock, so that it persists for a timescale of at
least a few years. This also suggests that all ICDP
redback systems may be transitional binaries.

3.4. Advection-dominated Accretion Flow In ICDP Systems

In Section 3.3 we deduced that wind angular momentum loss
is crucial under the hypothesis that the shock bows around the
MSP in ICDP systems. Prior to assessing stability mechanisms
for the shock in Section 3.5, we examine an ADAF-like
scenario and its observational consequences.
In this ADAF-like scenario, the inflow is quasi-spherical, has

an infall speed of order the freefall speed, is radiatively
inefficient, is optically thin, and is sub-Eddington in mass rate
(Narayan & Yi 1994, 1995). The tenability of an ADAF-like
scenario requires high plasma kinematic viscosity to furnish a
heating-dominated flow (for reviews, see Narayan et al. 1998;
Frank et al. 2002); this is a critical assumption but not
unconventional in the context of low-luminosity accre-
tion flows.
Ions are preferentially heated in the ADAF regime (Rees

et al. 1982). A two-temperature plasma results if (weak)
Coulomb collisions are the only electron–ion equilibration
mechanism operating far from the shock (Narayan & Yi 1995)
since electrons cool more efficiently than ions. As in α disks,
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turbulent viscosity is presumed to be the source of viscous
dissipation and angular momentum transport. The microphy-
sical mechanism to produce such turbulent viscosity is more
speculative but plausibly results from an Alfvénic cascade or
kinetic phenomena (e.g., Quataert 1998). Longer-wavelength
Alfvénic MHD waves, corresponding to length scales rLC of
the MSP striped wind, may exist in the heating-dominated flow
conditional on how prolific dissipative and reconnection
processes are in the plasma near the shock and how they
influence the turbulence cascade.

The Eddington mass rate scale is

m
GM

c

4

0.1
2 10 g s , 36edd

p

es

18 1p
k

º ~ ´ -˙ ( )

where σT/mp=κes=0.4 cm2 g−1 is the opacity and we have
assumed the customary efficiency of 0.1 (Frank et al. 2002).
From constraints in Section 3.2, the mass rates in the rotation-
powered state are sub-Eddington by one to three orders of
magnitude.

We may consider whether m 10 10c
15 16~ -˙ g s−1 required

for pressure balance at the shock is inconsistent with the
assumption of an ADAF-like solution possessing high
viscosity. We note that in ADAFs there exists a critical mass
rate mcrit˙ where cooling terms begin to dominate heating terms
and the self-similar ADAF approximation no longer holds.
Mass capture rates higher than this critical rate result in a thin
disk or luminous hot accretion flow (Yuan 2001, 2003) rather
than quasi-spherical infall. Mahadevan (1997) derives
m m0.3crit

2
edda»˙ ˙ in their Equation (52), which suggests that

m 10crit
16˙ g s−1 when 0.13a . For the large radii of interest

here, i.e., r R10s
3

g> , bremsstrahlung cooling is dominant and
the plasma probably has a single temperature (Narayan &
Yi 1995). In this simpler limiting case, i.e., Equation (4.1) of
Narayan & Yi (1995), the critical rate scales as r Rs g

1 2-( ) and
is approximately m r R m50crit

2
s g

1 2
edda~ -˙ ( ) ˙ . This yields

m m10 3 10crit
1.8

edd
16 ~ ´-˙ ˙ g s−1 when r R 10s g

5 and
α=0.3. Smaller radii further increase the critical rate limit.
Therefore, we surmise that a disk does not necessarily result
even at these higher mass rates provided that α0.2.

In the following, we consider the ADAF scenario for RBs in
a simplified approach, omitting a detailed balance analysis for
the two-temperature plasma and neglecting factors of order
unity. We assume a plasma number density set by radial infall
(modulo a factor of ∼2),
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The ADAF is optically thin to Thomson scattering when
r n r1 e Ts [ ( ) ], where n ntot e» . This is satisfied when
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which implies that the ADAF is always optically thin beyond
rLC. Therefore, in the context of the ADAF hypothesis, the
system is in the optically thin sub-Eddington regime.

In the ADAF scenario, ions are heated and virialized by an
underlying plasma kinematic viscosity a 10kin

2
ff

16n t~ -
1018 cm2 s−1. In the standard α description c akin sn a~ , which
implies a virialized ion thermal speed c as ffat~ ( ). The
requisite virialized temperature of ions k T m vb vir p K

2~ ~

Gm M rp p is

T
r

10
2 10 cm
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⎛
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⎞
⎠⎟ ( )

For the purposes of this rudimentary analysis, we assume
electrons that are at a fraction t<1 of the ion virial
temperature T tTe vir= .
Several potential electron energy-loss mechanisms operate.

Synchrotron cooling, even under the presumption of equiparti-
tion (i.e., 1b ~ ), does not contribute significantly until
T 109 K or small shock radii r a 0.2s  (Narayan &
Yi 1995, Figure 6(c)) and therefore is not considered. Compton
cooling and electron–ion bremsstrahlung are two additional
electron cooling channels. The thermal Compton volumetric
energy-loss rate in the Thomson regime is

n c u , 40comp e T rad e s~ Q ( )

where k T m c 1be e e
2Q = ( ) (Böttcher et al. 1999). We

assume the photon energy density fractionally reprocessing the
pulsar spin-down, u E cr4rad SD

2h p~ ˙ ( ) with 10 4h ~ --

10 2- . Likewise, the thermal electron–ion bremsstrahlung volu-
metric cooling rate is n T1.7 10 eff

27
e
2 1 2 » ´ - erg cm−3 s−1

(Rybicki & Lightman 1979). Electron–ion bremsstrahlung is the
dominant electron energy-loss mechanism provided that
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Therefore, Compton cooling is negligible for shock radii
r 10s

10~ cm when m 10g
15˙ g s−1 or t 101 2h a- - .

The local thermal bremsstrahlung cooling timescale
n k Tbe vir ff is greater than the local dynamical timescale
r vK when

r
m

t10
10 g s

cm. 4215
16 1

g

2

2 a
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⎞
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Therefore, the accretion flow is radiatively inefficient on orbital
scales provided that t 102 4a- - or m 10g

18˙ g s−1 when
t 12a ~- .

The physical volume the ADAF occupies is uncertain and
depends on the locales of heating and spatial dependence of α.
There are two limiting cases: a thin shell around the shock or
the full spherical volume between the shock and companion L1
point. In the latter, we may estimate the electron–ion
bremsstrahlung spectrum L ff,n for a virialized ADAF as the
volume integral L r dr2

r

a
ff, ff,

2

s
òp~n n . Here 8ff, » ´n

n T h k T10 expe b e
38

e
2 1 2 n-- [ ( )] erg cm−3 s−1 Hz−1 is the stan-

dard electron–ion bremsstrahlung volume emissivity (Rybicki
& Lightman 1979), and we assume that tα−2 is weakly
spatially dependent. Then, the cumulative spectrum is

L
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10 g s

erf a erf r erg s Hz , 43

ff,
20 1 2 g

16 1

2

s
1 1 

n~ ´

´ -

n

n n

-
-

- -

⎛
⎝⎜

⎞
⎠⎟

˙

( [ ( )] [ ( )]) ( )

14

The Astrophysical Journal, 869:120 (25pp), 2018 December 20 Wadiasingh et al.



where erf is the error function and
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At low energies, the spectrum is independent of tα−2 and flat in
ν. The spectrum breaks when a 1 ~n( ) , corresponding to a
break energy

GM m

a
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a
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A measurement of the break energy Equation (45) allows for an
estimate of tα−2.

The total electron–ion bremsstrahlung luminosity L ff for a
virialized ADAF is estimated by the volume integral
L r dr2
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The luminosity is below observational sensitivity for typical
kiloparsec sources unless m 10g

16˙ g s−1 or r a 1s  when
t 11a ~- . A schematic SED for a typical ICDP system (see

Table 1), spanning the infrared to MeV energies, is depicted in
Figure 5. Red curves render idealized blackbody spectra for a
companion of radius R 3 10c

10= ´ cm and uniform temper-
ature T=5000 K (dashed) and T=6000 K (dotted). Like-
wise, the nonthermal power law with photon index 1.1XsG =
attributed to synchrotron emission from the intrabinary shock is
depicted by the blue curves—these are normalized in the
0.3–10 keV band to 1031 erg s−1 (dashed) and 1032 erg s−1

(dotted). One may loosely interpret the dotted and dashed lines
as bracketing pulsar inferior and superior conjunction phased-
resolved luminosities, respectively. The orbitally unmodulated

thermal bremsstrahlung component, via Equation (43) with
t 12a =- , a=1011 cm, rs/a=0.2, and Mp=1.7Me, is
depicted with solid lines for a range of mg˙ values in g s−1.
For untenably large m 10g

16.5˙ g s−1, the bremsstrahlung
emission may dominate the synchrotron power law at low
energies and orbital phases near pulsar superior conjunction.
Yet, lower mass-loss rates may also produce a detectable signal
if there is significant clumping of matter in the infall (since the
above rudimentary estimates assume isotropy), as suggested by
the frequency dependence of radio eclipses. This bremsstrah-
lung emission component, due to its turbulent nature, may
exhibit stochastic time variability, but such variations should be
uncorrelated with orbital phase. Since such variability arises
from the hydrodynamic nature of the flow, a red-noise
character of variability is expected. Contrastingly, the synchro-
tron intrabinary shock emission ought to modulate with orbital
phase, enabling discrimination between these components.
Spectropolarimetry measurements offer additional discrimina-
tory power. Even if tα−2 is much less than unity, which
impacts the cutoff energy Equation (45), the bremsstrahlung
emission may be influential in the UV band. Indications of UV
excess have been reported by Rivera Sandoval et al. (2017) in
J1227–4853 in its MSP rotation-powered state, but its origin is
unclear. Future studies, particularly orbital-phase-resolved UV
to soft X-ray studies, are necessary to discern whether any
ADAF-mediated emission component exists.

3.5. Stability Mechanisms

3.5.1. General Criteria

Radial infall in Equation (34) does not satisfy n k 0- > for
stability that follows from Equation (35) far from the pulsar
light cylinder. However, if the captured mass rate mg˙ is
coupled to rs, defined by where the momentum fluxes
balance r r 0sj-¶ ¶ =( ) , then stability may be attained in
the MSP radiation zone where n 2» . Contrastingly, when
d m d rlog log 5 2g s ˙ , the assumptions of Equation (34) and
what follows in Section 3.3.1 are no longer valid, since
gravitational influences of the MSP are negated. Then, in the
scenario pertaining to where the shock enshrouds the MSP, we
demand the a priori constraint

d m

d r

1

2

log

log

5

2
47

g

s
< <

˙
( )

such that the gravitationally influenced self-regulatory wind
ram pressure scales as v r k

K
2

sr µ - ¢ with 0<k′<n=2 in the
MSP radiation far zone.
We also stipulate the persistence timescale r rp s st = ~˙

10 s8 for metastability of the shock stand-off against much
shorter timescale dynamical perturbations. For such metast-
ability, the response or relaxation time of any stabilizing
process must be shorter than the dynamical perturbation
timescale. In the stable regime when n k 0- > , the frequency
of such perturbations is proportional to n k- . Therefore,
stability may be realized for arbitrarily long mechanism-
dependent response times as n k 0-  . We may also safely
assume that the pulsar wind flux E cSD˙ is unchanged on
timescales pt .
We express m mg cz=˙ ∣ ˙ ∣ for 0 1z< < , parameterizing the

mass fraction captured gravitationally and participating in the

Figure 5. Schematic SED from IR to 1 MeV of a representative ICDP system.
Red and dark-blue curves are illustrative of the thermal blackbody companion
emission and shock power-law emission, respectively. The dotted and dashed
curves bracket plausible extremes of orbital variation. The orbitally
unmodulated thermal bremsstrahlung component is depicted with solid lines.
See text for details.
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shock. Then
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The two terms in Equation (48) correspond to two disparate
routes for self-regulation between the shock radius and mg˙ :
wind angular momentum capture ( r 0sz¶ ¶ ¹ ) that modulates
ζ independent of the mass-loss rate of the companion, and
irradiation feedback ( m r 0c s¶ ¶ ¹˙ ) that influences the compa-
nion mass loss. These regulatory mechanisms may operate
concurrently; nonetheless, it may be plausible that one may
dominate. For simplicity, we now consider the terms of
Equation (48) in isolation for the remainder of this section.
Note that for plausible values of mass loss from the companion
to attain pressure balance at the putative shock, we anticipate ζ
to be not appreciably smaller than unity.

3.5.2. Fractional Capture of the Wind, r m r0, 0s c sz¶ ¶ ¹ ¶ ¶ =∣ ˙ ∣

For a wind that fulfills rcirc=rs, the locale where the
plasma momentum exchange and heating occur between the
companion and shock is uncertain. Clearly, the fluid viscosity
and heating will be higher near the shock. We may speculate
that the relative size of the shock as seen by the companion
wind may regulate r 0sz¶ ¶ ¹ such that shock stability is
attained. Heating necessary to form an ADAF may be sharply
peaked in a thin-shell locale near the shock. Under these
assumptions, the ADAF-mediated emission component may be
lower in total luminosity with uncorrelated shock X-ray
synchrotron and companion optical variability. However, such
fractional capture stability is difficult to quantify satisfactorily
at this stage, and therefore we defer it to future work.

3.5.3. Irradiation Feedback on the Companion,
m r 0c s¶ ¶ ¹∣ ∣˙ , r 0sz¶ ¶ =

Another natural mechanism for self-regulation is irradiation
feedback on the companion from the shock and vice versa. A
dynamical equilibrium is established where shock irradiation
modulates mass loss from the companion dependent on the
shock location or radius rs, with larger (smaller) values of rs
corresponding to higher (lower) qRLOF mass loss from the
companion. Systems close to the Roche limit in qRLOF may
readily modulate their quasi-evaporative mass-loss character-
istics depending on a variety of influences, on a short timescale
associated with perturbations in the pressure scale height
of the outer atmosphere. Stability through irradiation
feedback necessitates fast relaxation of the pressure scale
height. The short timescale of interest associated with
such perturbations is c g 10 100 ss c ~ – Pb , where gc 
10 cm5 s−2 is the isolated-star surface gravitational acceleration
and c 10 cms

6~ s−1 is the relevant photospheric sound speed.
Moreover, the induced wind information propagation timescale
to the shock ought to be small compared to dynamical
gravitational timescale that scales as (n− k)−1/2.

We note that although γ-ray emission from the MSP
magnetosphere may be the dominant secular irradiating flux
on the companion, the shock-mediated radiation (photons or
particles) is assumed be the determinative nonsecular forcing
that modulates mass loss on the companion. That is, secular
γ-ray irradiation may result in a metastable companion state

(at least on timescales ∼τp; see Section 4), which is then further
influenced by the shock irradiation.
As illustrated in Figure 6, the dominant contribution of

optically thin shock emission that may influence the companion
must originate from near the shock apex, owing to being the
most radiatively efficient region of the shock and Doppler
deboosting of emission in the wings away from the companion.
From double-peaked X-ray light curves of such systems, this
apex emission may be interpreted as the orbitally unmodulated
X-ray background component of L 10 10X

31 33 - erg s−1.
We now quantify the limit to the relative magnetospheric to

shock radiative efficiencies permitted by stability. We assume that
the companion mass-loss rate scales linearly with impinging flux
from the shock or MSP, parameterized by Xh and ηγ, the energetic
efficiencies from the shock emission and MSP magnetospheric
emission, respectively. This convenient parameterization may also
subsume particle heating contributions from the shock or MSP
magnetosphere transported to the companion, but we emphasize
the likely more dominant shock X-ray and MSP magnetospheric
γ-ray emission with the subscript notation. The mass-loss rate
driven in irradiated stellar atmospheres is known to depend on the
impinging power-law differential SED and is particularly sensitive
to the soft X-rays relevant to atomic line heating/cooling (Basko
et al. 1977; London et al. 1981; London & Flannery 1982; Dyda
et al. 2017). Therefore, emission from the shock apex may be
particularly pivotal on a metastable companion. Nonetheless, the
gross linear form persists in the more sophisticated analyses. The
accurate normalization of this linear ESD˙ dependence is not
essential in the ensuing stability analysis and may be scaled by a
dimensionless constant  to satisfy the pressure balance
condition r r 0sj-¶ ¶ =( ) . Such an expedient linear form has
also been employed in the past, for instance, Equation (3.30) in
Ruderman et al. (1989b). We stress that this scaling is highly
uncertain and model dependent. For instance, variation of the
heating/cooling factor in Tavani & London (1993) may modulate
the mass-loss rate by two orders of magnitude for a fixed
irradiation flux. Moreover, the mass-loss rate in these 1D models
(e.g., Tavani & London 1993) may also vary by orders of
magnitude when scaling the Roche filling factor that essentially
controls surface gravity and consequently the local escape speed.
Model assumptions also need modification for companions close
to Roche filling 0.8 1 ~ - as in RBs, e.g., by Equation (34) of

Figure 6. Schematic face-on cross-sectional view of an RB system in the
corotating frame in a state where the shock at rs is bowed around the MSP with
q=4 chosen for clarity.
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London & Flannery (1982) for deviations from inverse square law
gravity near the companion surface. Without such modifications,
the mass loss is likely significantly underestimated for near Roche
filling companions. Such nuances are beyond the scope of this
paper. We consequently encapsulate this complexity into
dimensionless scalings , hg and Xh ,

m m
v

r E
4

0 , 49g c
esc
2 c X c s SD


z

p
h h= ~ W + Wg˙ ∣ ˙ ∣ [ ( ) ( )] ˙ ( )
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with R R qc vL» ( ) and cW the approximate solid-angle fraction of
the companion from the emission point, either the shock nose
r rs= or the MSP position r=0. For typical RBs where q 7~ ,
the solid-angle fraction may attain relatively large 4c pW »( )
0.01 0.2- values depending on the shock location. The stability
condition Equation (47) with ηγ=0 and r r 0s X sz h¶ ¶ = ¶ ¶ =
then yields a minimum stable value of rs,

r

a
0.2, 51s  ( )

depicted as the crossing of the black dotted curve at
d m d rlog log 1 2g s =˙ in the bottom panels of Figures 7–9.
This corresponds to the limit where γ-ray irradiation does not
drive mass loss but may render a metastable companion
qRLOF state. Larger nonzero values of ηγ increase this lower
limit, and other effects such as photoelectric absorption may
lower it (see Section 3.5.3.0). For the limiting case where

r0c X c sh hW Wg ( ) ( ), q?1, and rs/a=0.2,
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This estimate is plausible and consistent with constraints in
Section 3.2 even if scaling constants are adjusted by one to two
orders of magnitude. In qRLOF, the surface gravitational
potential vesc

2F ~ may plunge dramatically when the compa-
nion is nearly Roche filling. Such uncertainty here is
encapsulated by scaling  ; therefore, it is not difficult for
the irradiated wind to be rather intense.

Imposing r a0.5s  or r a Ls 1- , the limiting ratio of
pulsar γ-ray to shock X-ray efficiencies permitting stability,
may be obtained from the logarithmic derivative Equation (49)
and associating that to the lower bound of stability 1/2 in
Equation (47),

q q
r a

q
r a L
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The mass ratio q dependence above arises from L q1( ) and the
construction of Equation (50) with R R qc vL» ( ) expanded in
leading order of q1 . Intuitively, the upper bounds on Xh hg

in Equation (53) merely convey that the MSP’s magneto-
spheric γ-ray and particle emission dilutes the stabilizing
ability of the shock in this model.

Figure 7. (a) Computation of the fixed-point optical depth a L r,eff r 1 st t= -( )
as a function of shock stagnation point rs. (b) Spatially dependent optical depth

a L r,r 1 st -( ) at r 10s
10= cm. (c) Spatial dependence of ionization fraction

with r 10s
10= cm. (d) Fixed-point mass-loss rate from self-regulation.

(e) Stability region. Parameters: ηγ=0, R R qc vL= ( ), E 10X SD
32.5h =˙

erg s−1, q=7, 0.5 = , M M1.7p = , a 1011= cm, T 6000c = K.
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Since the outer magnetosphere γ-ray beam from the MSP is
wide, the assumption of quasi-isotropic emission couples

Xh hg to the observable F FXg . This estimate is robust up to
beaming factors of order unity in both the numerator and
denominator, where FX and Fγ are the phase-averaged shock
and pulsed γ-ray fluxes from the system. That is, when particle

heating of the companion is not dominant,

F

F
. 54

X X

h

h
~g g ( )

The limit Equation (53) is an absolute demarcation in the phase
space of stability. That is, when rs attains the upper bounds in

Figure 8. Identical ηγ=0 construction to Figure 7, except with σbf,eff=
10−20 cm2

fixed with varying EX SDh ˙ .
Figure 9. Nonzero ηγ cases with E 10SD

35=˙ erg s−1, 10X
2.5h = - , σbf,eff=

10−20 cm2, and otherwise the same parameters as in Figure 7.
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Equation (53) and when d m d rlog log 1 2g s =˙ , we obtain a
robust upper limit to Xh hg if r 0X sh¶ ¶ » since stable rs are
likely well below these upper bounds (see panel (e) of
Figure 9). Consequently, we anticipate F FXg to also be well
below F F 14 160X X h h~g g  for q 10~ from
Equation (53) even if the unknown beaming of order unity
conspires against the association Equation (54).

Observe that 10 10X
3 1h ~ -- - embodies the energetic

efficiency of the total nonthermal shock emission, which may
extend well into the hard X-rays where its energetics may
dominate. A value 10X

1h ~ - is similar to the Crab pulsar wind
nebula total synchrotron efficiency. Remarkably allICDP RBs
exhibit γ-ray efficiencies well below unity 10 102 1h ~ -g

- -

with E 10 10SD
33 34h ~ -g

˙ erg s−1 (Torres et al. 2017), even
though ηγ approaches unity for many other MSPs. In particular,
RBs J1023+0038 in its rotation-powered epoch (Stappers et al.
2014; Tendulkar et al. 2014), J1723–2837 (Bogdanov et al.
2014a; Hui et al. 2014; Kong et al. 2017), and J2129–0429
(Noori et al. 2016; Al Noori et al. 2018; Kong et al. 2018)
satisfy Equation (53). We are not aware of other published
NuSTAR observations of RBs, but if Equation (53) is satisfied
universally for RBs exhibiting ICDP X-ray light curves, then
this aspect is compelling evidence for stability by irradiation
feedback. Conversely, a BW or RB violating Equation (53)
contemporaneously with ICDP-state X-ray orbital modulation
would prove challenging to the irradiation feedback β?1
paradigm.

Table 1 lists the energetics of RBs with extant Fermi
constraints and computes the minimum energy min,cute for
extension of an unbroken X-ray intrabinary shock synchrotron
power law to satisfy F F 14X X h h~g g (three sources with
NuSTAR observations currently satisfy the bound).

In the following, we consider several nuances of irradiation
feedback and their observational signatures. In particular,
irradiation feedback implies correlated optical and X-ray
variability, which may also be evident to a greater extent
when F F 1Xg  . If flaring states or epochs of the companion
modulate the mass-loss rate, then these may be correlated with
X-ray variability on similar timescales. In the optical, such
variability may manifest in subtle changes of line ratios or
widths, transient emission or absorption lines, or more dramatic
variability in color temperature or optical orbital modulation.
Cross-correlating X-ray flux with such optical signatures is
therefore crucial to uncovering timescales associated with the
modes of the irradiation feedback mechanism. In fact, as
recently suggested by Sanchez & Romani (2017), such
correlated X-ray–optical variability may also be exhibited in
SCDP BWs if ducted particle heating regulates the shock
position or integrity. There are indications of correlated X-ray–
optical flux variability in at least one or two likely RBs
(Halpern et al. 2017; Cho et al. 2018). This strongly motivates
further multiwavelength scrutiny of rotation-powered RBs to
discern whether such variability is consistent with the
irradiation feedback model.

Intrinsic Shock Particle Acceleration and Beaming.—The
shock energetic efficiency may depend on rs, i.e.,

r 0X sh¶ ¶ ¹ in Equation (49). If this is a dominant effect
over simple solid-angle elements in Equation (49), then the
bound Equation (53) should be amended. Relativistic shock
acceleration in oblique shocks and the coupled companion

mass loss is a poorly understood and highly nontrivial
problem; therefore, simple quantitative predictions are not
feasible for Equation (47). However, some qualitative
predictions may be discriminated.
Foremost, the toroidal magnetic field of the pulsar wind

drops as 1/rs influencing the energy-loss rate of electrons, the
maximum electron Lorentz factor, and the transport of any
particle heating. It is unclear how this aspect affects the total
efficiency of shock synchrotron emission, since although the
energy-loss rate rises with smaller rs, the maximum Lorentz
factor and power-law index likely change. The efficiency rX sh ( )
may not strongly depend on rs owing to the remarkably narrow
range of nonthermal X-ray power-law indices in rotation-
powered RBs (Table 1). That is, even though Xh may be vastly
disparate across the population of ICDP RBs, particle
acceleration that predicates the nonthermal synchrotron emis-
sion is similar across putatively different toroidal magnetic
fields or rs values in the population of systems. We remark that
in a simple radiation-reaction-limited acceleration scenario for
the maximum Lorentz factor of leptons, the radiative power
remains unchanged with magnetic field if Compton losses are
neglected.
The total energetics of acceleration may also become less

efficient at smaller rs, notwithstanding the radial dependence of
the toroidal magnetic field, possibly a consequence of the
higher particle losses in a smaller volume or unfavorable shock
obliquity (e.g., Summerlin & Baring 2012). If the shock
narrows with smaller rs, a total phase-averaged X-ray dimming
with decreased X-ray peak separation may be evident with
unchanged or steepening X-ray photon power-law index. In
contrast, if shock acceleration is more efficient at smaller rs and
biases total energetics toward harder X-rays above efficient
atomic line excitations, then a flattening of the power-law index
should be correlated with decreased X-ray peak separation.
Such spectral changes of the shock emission would be
correlated with variability in photospheric line ratios on the
day side of the companion
Additionally, the shock emissivity may be more beamed for

smaller distances from the pulsar, a consequence of either the
geometric narrowing of the shock or higher local bulk Lorentz
factors along the shock tangent, which produces the double-
peak modulation. This scenario would imply higher pulsed
fractions and narrower peaks in the double-peak X-ray orbital
modulation, irrespective of intrinsic acceleration or dimming of
phase-averaged flux.
Photoelectric Absorption in the Stellar Wind.—Photoelectric

absorption of soft X-rays in a partially ionized wind may also
influence stability of the shock since it is the dominant
absorption process for soft X-rays produced at the shock apex.
Such absorption reduces the lowest stable rs to well below that
of Equation (51), as will be apparent in due course. This
necessitates a mean free path of photoionization of order the
binary separation a and relatively cool dayside companion
temperatures 104< K found in many RBs. This may be in
tension with the ADAF hypothesis of Section 3.4; however,
spatial regions close to the companion and L1 point are
necessarily cooler with T∼5000–7000 K at the companion
photosphere. A working hypothesis here is that only the region
near the shock is highly ionized, with cooler locales prevailing
near the companion that moderate absorption and the mass-loss
rate. The ADAF may operate only at locales close to the shock.
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The physics of the mechanism we propose here is encapsulated
in the optical depth τeff, and where it arises is not a critical
aspect of the model if it moderates the mass-loss rate. Since
absorption proceeds between the shock and companion, it does
not influence inferior conjunction phase-centered Doppler-
boosted X-ray light curves from the shock, especially for
geometries far from edge-on (see Figure 6). We assume here
that the intrinsic shock X-ray emission does not scale with rs
for simplicity.

Energy-dependent anisotropic radiative transport in an
optically thick medium is a highly nontrivial and nonlinear
problem; therefore, we adopt a simple 1D model based on
scaling laws to capture the essential quantitative behavior of
feedback. We assume that the companion is in a metastable
state due to secular γ-ray irradiation, with X-ray irradiation
from the shock principally modulating the mass-loss rate at
qRLOF.

Since the cross section for bound-free transitions possesses a
strong energy dependence σbf,ò∝ò−7/2 (Rybicki & Light-
man 1979), only the lowest energies contribute significantly in
the optical depth integral at an effective optical depth and
energy 1 keVeff  , L e d L eX, X

1

2
eff






ò »t t- - . For our pre-

sent purposes, we take both EX SDh ˙ and σbf,eff as constrained
parameters and consider absorption only along the line joining
the shock apex and companion L1 point.

Assuming σbf,eff10−20 cm2 corresponding to the absorp-
tion cross section at 0.15 keVeff ~ , the photoionization
timescale r L4 10 sion eff s

2
X bf,eff

1t p s~ ~( ) is much less than
the dynamical timescale, satisfying a necessary condition for
stability, i.e., fast relaxation. The recombination timescale is
large; therefore, the steady-state ionization fraction  is unity
near rs, forming an ionization front. To quantify the influence
of such absorption, we introduce an e efft- factor for the shock
term in Equation (49) for the radiative transport,
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The photoionization and radiative recombination equilibrium
ionization fraction  are spatially dependent for a given rs,

F n n1 , 56ion bf,eff tot H tot
2 2 s a- »( ) ( )

where 4 10H
12a » ´ - cm3 s−1 is an assumed spatially inde-

pendent radiative recombination coefficient for T=104 K
(Rybicki & Lightman 1979); nH is the total number density
assumed purely hydrogenic for simplicity,
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where m r ,g s efft˙ ( ) is given by Equation (55); and Fion is the
ionization flux along the line joining the shock nose and
companion L1 point attenuated by e rt- ,
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The optical depth r r,r st ( ) encapsulates the attenuation from the
shock apex to an intervening point r. We define

a L r,eff r 1 st tº -( ), the cumulative or fixed-point optical
depth to the L1 point of the companion that enters in
Equations (55)–(57). The second term in Equation (58)
corresponds to photoionization flux from the companion with
R Lc 1< . The optical depth r r,r st ( ) takes the form

r r dr n r r

r r

, , ,

1 , , , , 59
r

r
r s bf,eff tot s eff

s eff r

s



òt s t

t t

» ¢ ¢

´ - ¢

( ) ( )

[ ( )] ( )

which contains dependences on both τeff and r r,r st ( ) on the
right-hand side of Equations (55)–(58). Taking the derivative
of Equation (59) with respect to r results in a nonlinear delayed
differential equation for r r,r st ( ) at each rs with initial condition

r0, 0r st =( ) and constraint a L r,eff r 1 st t= -( ). We solve the
equation adopting a τeff guess and iterating by root solving
until a L r,eff r 1 st t= -( ) to yield a self-consistent fixed-point
solution. This in turn may be substituted back into
Equations (55) and (56) to yield the spatial dependence of mg˙
or the self-regulated equilibrium ionization front r r, s( ). The
examination of the stability criterion Equation (47) routinely
follows. The result of this computation for typical RB
parameters, for various values of σbf,eff and EX SDh ˙ , is depicted
in Figures 7–9. In all three figures, the minimum stable
attainable rs can be substantially below that of Equation (51),
which does not include any attenuation ( 0efft = ).
In Figure 7, ηγ=0 and E 10X SD

32.5h =˙ erg s−1 are fixed
while σbf,eff is varied over four decades. Panel (a), depicting the
fixed-point optical depth, clearly exhibits a strong dependence
on the choice of σbf,eff, with lower values of the cross section
corresponding to lower attenuation. This may be compared
with the r r,r st ( ) calculation in panel (b), which increases
monotonically with r with endpoint τeff. Panel (c) depicts the
ionization fraction, which manifests a sharp (on a linear scale)
ionization front near rs=r=1010 cm and a relatively weak
dependence on r thereafter except near the L1 point, where a
rise in ionization fraction occurs owing to the companion term
in Equation (58). For the mass rate mg˙ in panel (d), higher
values of σbf,eff attenuate shock emission, so irradiation-
induced mass loss is low. Conversely, low values of σbf,eff
result in high mg˙ with a relatively weak dependence on rs
corresponding to d m d rlog log 0g s »˙ for r 10s

10 cm; this is
a weakly self-regulated regime of Equations (49)–(51). Also in
panel (d), the curves converge to the same value of mg˙ at
r a Ls 1= - set by Equation (55). Panel(e) depicts the stability
regime, governed by Equation (47). Stability is realized with

r a0.02 0.5s  for the entire suite of σbf,eff values, although
larger and smaller values of σbf,eff are bounded at larger and
smaller rs, respectively.
Figure 8, which varies EX SDh ˙ while keeping σbf,eff fixed,

showcases similar characteristics to Figure 7 for τeff and the
range of allowed rs by stability. The former is principally due to
the construction Equation (59) when efft few. The dissim-
ilarity principally arises since EX SDh ˙ directly scales mg˙ in panel
(d) and actually results in lower ionization fraction for larger

EX SDh ˙ in panel (c) owing to larger ntot. As in Figure 7, the
allowed stability range for lower rs corresponds to the
parameter choice that minimizes  along the intervening
medium. This is a general feature of the model, even though
there are clearly many free parameters. Therefore, in this
scenario, a transient boost in ionization fraction, such as from a
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strong companion magnetic flare, may precipitate a state
transition to an AMXP if r a 0.2s  prior to such a flare.

We consider the effect of nonzero Xh hg in Figure 9. The
additional mass loss driven by γ-ray irradiation saturates the
mass-loss rate and diminishes the stabilizing influence of
photoelectric absorption. This is clearly evident with the flat
mass-loss rate in panel (d) and smaller phase space of stability
in panel (e), with higher values of Xh hg shifting the stability
curves to the right and higher minimum rs. This is in good
agreement with the simpler zero-absorption geometric deriva-
tion Equation (53) owing to larger γ-ray-irradiation-induced
mass loss sapping the self-regulatory influence of absorption.

If parameters such as the X-ray shock efficiency, mass-loss
rate, and rs can be constrained observationally, an indepen-
dent, albeit crude, constraint of the neutron star mass can be
ascertained in this scenario from stability considerations
alone. This arises owing to the gravitational term in
Equation (57).

Observational signatures of such photoelectric regulation
include orbital-phase-dependent IR/optical emission line
features and cross-correlations of these with nonthermal
X-ray variability. Absorption lines from the companion may
exhibit at inferior conjunction of the pulsar. Photoelectric
absorption of the weak polar cap thermal emission of the MSP
may be evident in a phase-dependent manner for systems near
edge-on. If a system with ICDP X-ray light curves is found
with very high dayside companion temperatures corresponding
to high ionization fractions, such as for some BWs, then the
stabilizing influence of this scenario may be low.

3.6. Summary of the β?1 Scenario

In the gas-dominance scenario, the circularization radius rcirc
of the companion wind must initially be small so that a shock
exists rather than a disk (since there is no evidence of disks in
the rotation-powered ICDP state). This rcirc constraint generally
favors less extreme binary mass ratios of RBs. If the shock
enshrouds the MSP from pressure balance, then by energetic
arguments prolific viscous heating and angular momentum loss
of the companion wind are mandated at some point upstream of
the shock. We hypothesize that this necessitates an ADAF-like
solution.

The shock and ADAF-like configuration is unstable on
dynamical timescales Pb unless a self-regulatory mechanism
operates in the system. Violation of the stability condition
Equation (47) is tantamount to a system transition to a disk or
ejector state. Stability of the shock in the β?1 scenario may
be realized via two channels, either fractional capture of the
wind or irradiation feedback on the companion. Mechanisms in
each mode have distinct testable observational signatures,
although they may operate concurrently:

1. Fractional capture of the companion wind generally
makes no predictions for correlated variability between
the X-ray shock emission characteristics and companion
activity. Moreover, there is no bound on the γ-ray to
shock X-ray emission ratio Fγ/FX.

2. Irradiation feedback anticipates such correlated variability
and operates with different channels that couple the
companion mass-loss rate to the shock stagnation point
location rs. The γ-ray efficiency of the MSP cannot be so
large as to dilute the stabilizing ability of the irradiation

feedback mechanism, with Xh hg satisfying the bound of
Equation (53). This motivates soft and hard X-ray
observations of ICDP-type BWs and RBs to ascertain
whether this limit is universal.
(a) The intrinsic shock acceleration and emissivity may

strongly depend on distance from the MSP. This
scenario may be discriminated by correlated X-ray
spectral and companion variability, e.g., line ratios on
the day side of the companion cross-correlated with
nonthermal X-ray spectral changes.

(b) The relative beaming of irradiation and associated
bulk Lorentz factor in the shock may depend on rs.
This may be exhibited by interdependence between
properties of the double-peaked X-ray light-curve
morphology and companion variability.

(c) The presence of photoelectric absorption of shock
emission within the companion wind flow may be
tested by orbital-phase-dependent emission and
absorption-line features. Additionally, hard X-ray
cooling breaks in ICDP systems that indicate a shock
at r a0.2s  may suggest the need for photoelectric
absorption for stability.

4. Internal Companion Dynamics, the Irradiation Blanket
Effect, and Long-term Instability

Instability, and therefore transitions to AMXPs, may also be
driven on much longer timescales by the internal dynamics of
the companion, which may precipitate changes in the mass-loss
rate, and therefore stability mechanisms in the β?1 scenario,
or obviate the β=1 assumption for the magnetospheric
scenario (see Equations (8) and (9)).
Low-mass nondegenerate stars such as those in RBs are highly

convection dominated rather than radiation dominated in their
internal energy transport. From entropy considerations for
convective stellar structure, irradiation on such stars may inhibit
internal energy transport on the day side (Vaz & Nordlund 1985;
Nordlund & Vaz 1990), the so-called blanket effect. Such an
irradiation effect causes bloating of a convection-dominated
companion. In convective stars, mixing is the most efficient
energy transport mechanism with subsonic mixing speeds
v L R m 10 10 cmmix c c c

1 3 2 4~ D ~ -( ) s−1 and associated
timescales of order R v 10 10 smix c mix

5 8t ~ D ~ - for layer
thickness ΔRc and intrinsic stellar luminosity Lc.
This τmix is the associated timescale of the convective

dynamo, and in the β=1 scenario it links to variability and
stability of the magnetosphere between force-free equilibria,
provided that the mass-loss rate is low. In the β?1 scenario,
if irradiation feedback is a stabilizing mechanism, then deep
mixing is uninvolved owing to being much longer than the
dynamical timescale fft . Equilibration to impulsive changes in
the irradiation flux, e.g., state transitions between rotation-
powered or accretion states, then occurs on the order of τmix

assuming that such states persist for at least that long. This is
particularly interesting in the case of an AMXP transitioning to
a rotation-powered state, where the lingering irradiation-
induced mass loss may endure as qRLOF.
For convective stars, anisotropic irradiation and the blanket

effect alter the global scaling among metastable equilibrium
luminosity Le,c, radius Rc, and photospheric temperature Te,c.
From the model of Ritter et al. (2000, Equations (16)–(19)), we
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Since β?1 in the interior, the influence of a dynamo is
inconsequential for these relations. Therefore, the effective
temperature is very weakly dependent, while luminosity is
strongly (and inversely) dependent, on changes in the
equilibrium radius, in contrast to simple Steffan–Boltzmann
scaling L R T4e,c c

2
B e,c

4p s» . The model of Ritter et al. (2000)
attempts to account for the anisotropic irradiation and energy
loss from the unirradiated stellar night side. The predictions are
qualitatively different from simpler isotropic irradiation models
where no such energy-loss mechanism is allowed. For instance,
the companion bloating in anisotropic irradiation models is
much weaker than in isotropic models (see discussion in Ritter
et al. 2000, and references therein).

If the long-term optical dimming in J2129–0429 of
L L 8 10e,c e,c

4- » ´ -˙ yr 4 101 10 1» ´- -( ) s−1 (Bellm et al.
2016) is attributed to such outer convective envelope physics,
then T T 10e,c e,c

13» -˙ s−1. This small temperature change is
consistent with no temperature change observed in J2129–0429
spectroscopically by Bellm et al. (2016). Moreover, this implies
an increasing stellar radius R R 3 10c c

12» ´ -˙ s−1 or
R R 10c c

3D ~ - over a decade. Intriguingly, Al Noori et al.
(2018) reported that J2129–0429 recently transitioned to bright-
ening at a rate of about L L 3 10e,c e,c

3» ´ -˙ yr 101 10»- - s−1,
corresponding to a contraction rate R R 10c c

11» - -˙ s−1, an
order of magnitude larger than in the dimming phase. The
limited cadence of the observations restricts the utility of any
assessments of the brightening transition or second derivatives at
this stage. If the Roche lobe fraction 0.95 » for J2129–0429,
then the transition time for a radius change of 5% is of order
10 109 10- s (i.e., to RLOF in the expansionary phase). This is
much shorter than the thermal relaxation (Kelvin–Helmholtz)
timescale due to irradiation by ESD˙ with R Rc vL» ,

Gm q aE20 1 10 10therm c
2

SD
14 15t ~ + ~ -( ) ( ˙ ) s for typical

RB parameters. Therefore, a long-term secular dimming, if
sustained, may augur transitions to an AMXP in some RBs as
mass loss or rcirc secularly increases. Observe that the timescale
1010s is an upper limit since Equations (8) and (9) or the
stability criterion Equation (47) may be violated well before the
onset of RLOF. Likewise, internal variability associated with
convective mixing or irradiation feedback from the shock also
operates on shorter timescales.

5. Discussion and Observational Discriminants

For intrabinary shocks in low-mass MSP binaries where the
putative shock configuration bows around the pulsar, the
mechanism yielding pressure balance for such a configuration
in the rotation-powered state is a crucial unresolved issue. We
have examined two scenarios, intimately connected with the
nature of the companion and its mass loss. We suggest that in
either scenario, all ICDP RBs may be transitional systems. To
overpower the pulsar wind, any scenario requires somewhat

extreme assumptions. We now compare the two scenarios and
their distinguishing observables.
In the β=1 scenario, a robust companion magnetosphere

exists with poloidal surface fields of several kilogauss. This
magnetospheric scenario’s immediate stability is coupled to the
global magnetospheric stability, i.e., the MHD force-free
equilibria, which ought to persist at least as long as

10 sp
8t . The companion mass-loss rate must be relatively

low, m 10c
15∣ ˙ ∣ g s−1, for magnetic dominance to be sustained

for pt . The relatively low mass-loss rate and intrinsic stability
of this scenario offer several virtues over the β?1 scenario.
Yet there are a number of unresolved issues. Although RB
companions are not isolated main-sequence stars, it appears
difficult to generate more than a few kilogauss fields in even
rapidly rotating M dwarfs (Reiners et al. 2009). Such large
fields imply that much of photosphere attains 1cb ~ ,
suggesting large starspots. Yet there is no definitive evidence
of large starspots in most RB companions (except perhaps
J1723–2837; van Staden & Antoniadis 2016), although there is
some evidence of flares (Deneva et al. 2016; Cho et al. 2018),
albeit not as extreme as in some BWs in the optical. Moreover,
the orientation of the companion dipole moment is unknown,
but certain orientations ought to strongly influence the
magnetic obliquity of the shock, possibly suppressing conven-
tional diffusive shock acceleration. Finally, it is unclear how
gas dominance is acquired in the AMXP disk state for a
sustained time of months or more, as well as how the transition
from the rotation-powered β=1 state to accretion transpires.
Two possibilities are that the mass-loss rate via RLOF
overwhelms the magnetosphere, or the companion dynamo is
substantially weakened by an unknown mechanism. The
former scenario, however, then requires mass-loss rates much
higher than those inferred in disk states of J1227–4859 (Papitto
et al. 2015) and J1023–0038 (Papitto & Torres 2015). One
could propose that there is strong spatial stratification of β such
that β=1 near the companion but which transitions to β?1
in the pulsar Roche lobe. However, such a scenario is difficult
to justify since for the magnetospheric field required for shock
pressure balance, β=1 everywhere for reasonable plasma
densities and temperatures. Therefore, we surmise that
companion internal dynamics and the intrinsic dynamo
mechanism play a crucial role in state transitions between
pulsar and AMXP states in the magnetospheric scenario. The
spin axis funnels in Section 2.2.2, and whether they are
connected with the main shock surface, may also be influential
in state transitions and sporadic accretion and require future
study with MHD simulations. The topological changes
associated with a time-varying companion dynamo ought to
manifest in strong reconnection flares with fluence bounded by
B R 10c

2
c
3 37 erg, e.g., when the spin axis funnels join or

separate from the principal bow shock surface, or reconnection
events occur behind the pulsar.
Contrastingly, it is conceptually simpler in the β?1

scenario to recognize why transitions to AMXP states may
transpire since this scenario is inherently unstable without
stability mechanisms. Substantial mass-loss rates may be
realized in the qRLOF regime, aided by strong irradiation
from the pulsar and shock. RB companions observed to be
close to Roche lobe filling and exhibiting substantial radio
eclipses of the MSP, indicating the presence of plasma in the
system, are supportive of this picture. However, the mass-loss
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rates required are substantial, m 10 10c
15 16~ -∣ ˙ ∣ g s−1, per-

haps exceeding those rates in the low-luminosity disk states
where disk truncation is inferred near the conventional Alfvén
radius r m10 10 g s7

g
15 1 2 7

 ~ - -[ ˙ ( )] cm proximate to rLC. The
high mass-loss rates pose a conceptual obstacle but are not
ruled out by any observational constraints in Section 3.2. A
related issue is that for the shock enshrouding the MSP, prolific
viscous heating and angular momentum loss of the companion
wind are mandated at some point upstream of the shock. We
hypothesize that this necessitates an ADAF-like solution, but
the feasibility of the high requisite viscosity is questionable.
Fortunately, as we established in Section 3.4, bremsstrahlung
emission from the ADAF flow does not result in a new SED
component, which would be in tension with any current
observations. Finally, the question of stability is a serious issue
for the β?1 scenario and demands stability mechanisms that
may be diagnosed with monitoring observations.

How might one distinguish between the magnetosphere- and
gas-dominance scenarios? A direct measurement of a kilogauss
magnetic field of the companion, for instance, by Zeeman line
splitting (i.e., Reiners 2012), would be highly suggestive of the
β=1 scenario but not conclusive since such fields may be
localized to spots and do not constrain the mass loss. Moreover,
for the magnetospheric scenario no ICDP RBs ought to be
found with hot companion atmospheres where the dominant
source of continuum opacity is bound/free–free emission (see
Equation (13)). Likewise, the β?1 scenario may be
immediately falsified if systems are found exhibiting ICDP
X-ray orbital modulation with companions that cannot support
high mass-loss rates, for instance, by a companion that is
significantly Roche lobe underfilling or unusually hot and
compact. However, for transitional systems with Roche filling
companions like J1023+0038 and J1227–4859, discrimination
requires further investigation. A direct diagnostic is by careful
study of radio eclipses of the pulsar, particularly for MSPs,
which have intrinsically strong polarization at inferior con-
junction. Such a radio spectropolarimetric study of eclipses
proximate to ingress and egress directly probes the plasma in
the system and proximate to the shock. Imaging radio studies of
RBs suggest absorption rather than scattering for the nature of
the eclipses (Roy et al. 2015; Broderick et al. 2016), with
cyclotron absorption in a strong magnetic field being often
referenced, seemingly favoring the magnetospheric scenario.
However, relativistic electrons mandated by the recent
discoveries of the nonthermal orbitally modulated X-ray
emission also enable synchrotron absorption (Eichler 1991;
Thompson et al. 1994) as a potentially viable mechanism.
Indeed, as detailed by Appendix C in Thompson et al. (1994),
synchrotron absorption can be particularly sensitive to the
nature of the electron distribution function, particularly its
nonthermal tail. Note that in the linear plasma limit, for the
magnetospheric scenario, there ought to be a rotation measure
near the peripheries of an eclipse (where the medium is
optically thin) of order

B
RM 2.6 10

100 G

DM

10 cm
rad m , 624

15 2
2D ~ ´

á ñ D
-
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⎛
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where ΔRM is an orbital-phase-dependent rotation measure
after interstellar corrections. Compelling evidence for the
magnetospheric scenario would then be orbital phase depend-
ence of such large ΔRM, with perhaps even changes in sign if

the companion magnetic moment is skewed as in Figures 3
and 4 or multipolar. This may be challenging, as the large
Faraday rotation combined with dispersive delays may
effectively lead to depolarization over longer integration times.
Moreover, nonlinear plasma processes and lensing may be
operating. Indeed, the RMD∣ ∣ is similar to that observed in
some FRBs. As noted by Thompson et al. (1994), an even more
effective probe is the polarization of individual pulses near
eclipses, for instance, for diagnosing the mode propagation and
pulse splitting (Suresh & Cordes 2018). Recent radio studies
similar to that of eclipsing BWs such as Polzin et al. (2018) and
Main et al. (2018) applied to ICDP RBs would be particularly
useful, not only as a diagnostic of the eclipse medium and
magnetic field but also as the eclipse mechanism.
Indirect evidence may also distinguish between the magneto-

sphere- and gas-dominance scenarios. If the mass-loss rate is
high, the ADAF in the β?1 scenario offers the prospect of
stochastic (red-noise-type) orbitally unmodulated thermal
bremsstrahlung emission components in the UV and soft
X-rays, which may dominate the shock synchrotron emission at
orbital phases near pulsar superior conjunction (see Figure 5).
Stability mechanisms such as irradiation feedback in the β?1
scenario may also exhibit signatures, such as correlated X-ray–
optical variability. Likewise, irradiation feedback mechanism’s
stability criterion implies Fγ/FX14, which may be tested on
the current and future population of ICDP systems by probing
for spectral cutoffs in the hard X-ray band. Finally, we note that
an intriguing probe on the population of ICDP systems is the
asymmetry of the double peaks in X-ray orbital modulation.
The magnetospheric scenario has no strongly preferential
asymmetry since the companion dipole moment may be
oriented in any direction relative to the orbital plane, while in
the β?1 scenario Coriolis influences impart asymmetry of
the leading and trailing peaks in the shock shape and thereby
model light curves (Romani & Sanchez 2016; Wadiasingh
et al. 2017). Therefore, future population studies of asymme-
tries in X-ray light curves may be insightful.
Contemporaneous X-ray, IR/optical, and radio observations

and long-term monitoring in the MSP state of RBs are therefore
crucial to disentangle different modes and mechanisms for
shock pressure balance and stability and to elucidate the nature
of transitional MSP binaries.
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