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It is an open question whether and how gravitational wave events involving neutron stars can be
preceded by electromagnetic counterparts. This Letter shows that the collision of two neutron stars with
magnetic fields well below magnetar-level strengths can produce millisecond fast-radio-burst-like
transients. Using global force-free electrodynamics simulations, we identify the coherent emission
mechanism that might operate in the common magnetosphere of a binary neutron star system prior to
merger. We predict that the emission show have frequencies in the range of 10-20 GHz for magnetic fields

of B* = 10'! G at the surfaces of the stars.
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Introduction.—Gravitational wave events involving the
collision of two neutron stars [1,2], are a rich playground
for multimessenger astronomy [3,4]. They a broad range
of transients in the optical and infrared [5-11], gamma-
[12,13], and x-ray [14—17], as well as radio [18—22] bands.
While at present it has only been possible to detect
gravitational waves emitted during the inspiral of two
neutron stars, the above electromagnetic transients are
thought to be sourced during the merger and post-merger
phase, respectively during and after the collision (see,
e.g., [23,24] for recent reviews). On the other hand, the
presence of potentially strong magnetic fields in neutron
stars has led several studies to propose that there might be
yet another electromagnetic counterpart, that—different
from the others—would be sourced prior to merger. Such
an event is commonly referred to as an electromagnetic
precursor. In fact, recent (indirect) observational evidence
has pointed towards the existence of such precursor
events [25], which additionally claimed the presence of
magnetar-level field strengths in the inspiraling system.
Typical models generally have predicted emission across
the entire electromagnetic spectrum involving gamma-
ray [26-28], radio [29-32], and/or x-ray transients [33].
While these models have mostly been analytical, a number
of studies have attempted to numerically model various
global scenarios producing these transients. They include
emission associated with the motion of the neutron
stars [34], flares in the magnetosphere [35,36] (see
also [33,37]), dissipation in the common magnetosphere
of the two stars [38—40], or balding of the black hole formed
in a prompt collapse scenario [41] (see also [42-46]).
Similar numerical studies have also been performed for
black hole—neutron star systems [47-49].

Different from all previous studies—analytical and
numerical—here we utilize the three-dimensional dynamics
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modeled in global simulations of the common magneto-
sphere to clearly establish which coherent emission
mechanism is likely operating, and under what conditions.
We demonstrate, for the first time, that electromagnetic
flares emitted prior to merger can interact directly with the
current sheets present in the binary’s magnetosphere,
causing large scale reconnection in the compressed orbital
current sheet. Leveraging state-of-the-art models for lin-
early polarized fast radio bursts (FRBs) [50,51], we
robustly link the interaction dynamics inside the common
binary magnetosphere to an FRB-like millisecond tran-
sient at frequencies of 10-20 GHz.

Results.—In the following, we describe a novel mecha-
nism capable of producing fast radio transients prior to the
merger of two neutron stars. This reconnection-driven
mechanism originates from the interaction of electromag-
netic flares with the common binary neutron star magneto-
sphere. We proceed in three steps. First, we utilize global
force-free electrodynamics simulations to study a binary
neutron star system featuring spinning stars with mis-
aligned magnetic moments. Such an approach is appro-
priate to capture the dynamics of the highly conducting
pair-plasma-filled binary magnetosphere [52—-54] (see the
Appendix for details). Second, based on the simulation
outcome we identify the likely candidate for a coherent
radio emission mechanism. Finally, we use insights gained
from previous kinetic simulations and analytic theory
associated with the mechanism to predict the emission
consistent with condition probed in our global simulations.

We begin by illustrating the flaring mechanism and its
interaction with the orbital current sheet. Neutron star
binaries with oppositely oriented magnetic moments can
feature connected magnetic flux tubes [55,56]. Relative
motion between the two stars, i.e., orbital motion or stellar
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spin, can lead to a twisting of those flux tubes. Once
overtwisted, the connected field lines will snap and release
a strong magnetic bubble [35]. In an earlier work [36], we
have shown that this mechanism is relatively insensitive to
the precise field geometry, strength or alignment, as long as
the overall topology (magnetic moments pointing in
opposite hemispheres) is preserved. Generically these
flares can feature bulk Poynting fluxes of >10* erg/s
for field strengths B ~ 10'! G.

While the mechanism can in principle operate earlier, the
flaring strength will only become observationally relevant in
the final second before the collision [35,36]. Crucially, the
missing component in these studies has been the identi-
fication of a self-consistent emission mechanism applicable
to this system. To alleviate this, it is necessary to track the
subsequent evolution of the flare after it has been launched
from the two stars. For ease of demonstration, we first focus
on an idealized system consisting of two perfectly anti-
aligned magnetic dipoles, with one of them being 50x less
strong than the other. In the second step, we will focus on a
more realistic system. Starting with the left panel of Fig. 1,
we can see that the relative orbital motion induces a twist of
the connected flux tubes, leading to the emission of two
flares. Because of the unequal field strengths of the
dipoles, the flares are strongly beamed towards the orbital
plane [36]. They will ultimately hit the orbital current sheet
and enhance reconnection (right panel). We can see that the
latter leads to the appearance of plasmoids (magnetic
islands), the merger of which is associated with the
production of low-frequency radiation [57,58]. While the
properties of the emission will strongly depend on the ratio
of the magnetic field strength in the flare to the background
field in the current sheet, a similar mechanism has been
proposed to explain linearly polarized FRBs from active
magnetars [50]. In the following, we will demonstrate that
the same scenario naturally arises in generic binary con-
figurations. In the third step, we will use those to infer the
properties of the resulting emission.

We now focus on a more realistic system, where one of
the neutron stars is rapidly counter-spinning and has an

inclined magnetic field. Although most neutron star bina-
ries are thought to be nearly irrotational [59], we specifi-
cally pick this configuration as it leads to a submillisecond
periodicity, potentially relevant for FRB20201020A-type
events [60]. More specifically, in Fig. 2 we consider the
evolution in the orbital plane showing both the magnetic
field strength V/B? and the squared current density J,J*.
Since the flaring happens periodically with a combination
of the orbital and spin period of the stars [37], this will
highlight the propagation of the flares. During the time
interval shown, two flares will be emitted, although we will
largely focus on the first flare only. For clarity, we have
labeled them as flare 1/2. Tracking their evolution in time,
we can identify three different phases: pre-interaction (left
panel), interaction (middle panel) and post-interaction
phase (right panel) with the highlighted part of the orbital
current sheet. Concentrating at the magnetic field strength,
we can follow the propagation of flare 1. After its inception
it expands and approaches the orbital current sheet. We
point out that since the simulations have been performed in
the corotating frame, the flares have a counter-clockwise
outwards spiralling motion in this depiction. Once the flare
reaches the highlighted part of the current sheet, we can see
that the dissipation is locally enhanced. This is most easily
visible in the bottom row, which indicates the (complex)
current sheet structures. We can see that the interaction is
associated with a compression of the current sheet. Finally,
after the flare has propagated past the sheet, small magnetic
islands (plasmoids) begin to appear (right column). They
can be seen as local overdensities (bright spots) both in the

magnetic field strength,\/ﬁ, and in the co-moving current
density, /J /“7 #_In fact, due to the periodic emission of
flares, multiple interactions of flares with different parts of
the orbital current sheet will locally produce plasmoids
throughout the domain, as can be seen in the little bright
spots present at all three times shown in Fig. 2. Some of
those have already begun to merge, although their physical
size and full dynamics cannot be captured with the force-
free approach adopted in this work. Nonetheless, our
simulations clearly establish the viability of the current
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FIG. 1.

Representative interaction of electromagnetic precursor flares with the orbital current sheet (at z = 0 km) for counteraligned

dipoles. (Left) Launching of the flares from overtwisted flux tubes. (Right) Reconnection in the current sheet and the formation of
plasmoids. Shown in color is the out-of-plane component B? of the magnetic field, which indicates the twist in the magnetosphere. The
times are shown relative to the orbital period, #,;, and field strength values are stated relative to the value B; at the surface of the right star.
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FIG. 2. Interaction of electromagnetic precursor flares with the orbital current sheet (CS) in the orbital plane. A sequence of two flaring
events is shown. As the flares propagate outwards they interact with the orbital current sheet. For clarity, only one stripe has been marked
using a dashed cyan line. The top row shows the total magnetic field strength, VB2, rescaled by the cylindrical radius, r, and magnetic
field strength, B7,, (in units of 10'" G) at the surface of the stars. The bottom row shows the magnitude of the electric four-current, J*,
highlighting the current sheet. The interaction process triggers reconnection that leads to the formation of plasmoids (magnetic islands),
some of which are highlighted by a green box. Flare-induced reconnection x-points are highlighted by blue boxes. All times ¢ are stated

relative to the orbital period, 7,4;. A movie version of this figure is available online as supplemental material [62].

sheet-flare interaction mechanism outlined above. In fact,
the authors are not aware of a global simulation demon-
strating this mechanism even for an isolated star (see
Ref. [51] for a local simulation of the interaction itself).
In order to better demonstrate the flare-current sheet
interaction, Fig. 3 shows an enlarged rendering of a flare
hitting the orbital current sheet. Both the toroidal field
structure of the flare and the deformation of the current
sheet are clearly visible. Subsequently, the flare drags along
the orbital current sheet, compressing it and causing it to
reconnect on large (angular) scales. This implies that the
emission caused by the merger of plasmoids will likely
cover a large spatial volume, enhancing its detection
prospects greatly [61].

Emission process.—In the following, we want to char-
acterize the emission we expect as a result of the current
sheet-flare interaction. This entails estimating luminosity,
duration and frequency of the event. To do so, we will
combine global numerical findings, i.e., magnetic field
strengths, spatial flare extent and duration, with analytical
expression for the small-scale plasma physics processes not
captured by the simulations [50,51]. This way we are able
to model unresolved reconnection microphysics not cap-
tured by artificial dissipation in our force-free approach. We

start out by describing the luminosity and event duration.
Figure 4 shows the Poynting flux luminosity associated
with the flares, Ly, and the dissipative luminosity, L,
associated with reconnection (see Ref. [36] for details on
how to compute these quantities). We can see that periodic
flaring is present, with about four flares being emitted per
orbit. The exact periodicity can be computed based on
topological arguments [37]. We point out that this rapid
periodicity is a result of having counterspinning stars in the
binary, making it suitable to produce observable sub-ms
variability. Overall we find that Lgy =~ 10%(B?,)? erg/s
and Ly ~ —3 x 104 (B},)? erg/s, where B}, is the value
of the strength of the field at the stellar surface in units of
10'"" G. We point out that the physical Lundquist number
associated with this dissipation will be high so that
reconnection will happen in the plasmoid regime [63,64].
From Fig. 3 we read off a light-crossing time across a
flaring electromagnetic bubble of 7 ~ (0.3 ms. From Fig. 2
we infer that the magnetic field strength in the flare at the
light cylinder, By, =~ 8 X 1083’{1 G, is about 20 times
stronger than the field strength in the binary wind, B.;.q-
The Lorentz factor of the plasma in the flaring pulse can be

estimated as [50], I' = \/Bjare/Bwind/2 ~ 2.2. When the
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FIG. 3. Enlargement: selected magnetic field lines of the flare
(blue) interacting with field lines of the orbital current sheet
(yellow) at time 7=~ 1.18¢,4;. The field lines in the flare are
predominantly toroidal, which begins to get compressed during
the impact. For illustration purposes, only a subset of the
magnetic field lines is shown.

flare arrives at the current sheet, it triggers violent com-
pression and reconnection. This is different from intrinsic
tearing of the elongated sheet in the quiescent binary
magnetosphere, which alone is not energetic enough to
produce observable transients (and at lower frequencies
than in a compressed sheet). The magnetic flux in the pulse
is comparable to the flux within the stripe of the binary
wind,  Pfare/ Pwina ~ Bﬂare/Bwind(CT/RLC) ~ few, where
R; c is the light cylinder of the binary. In this case, local
kinetic simulations of pulse-current sheet interactions [51]
show that the dissipated power is of order of &y ~
PrecLEMT, Where ..~ 0.1 is the dimensionless rate of
magnetic reconnection (e.g., [65-67], see also [68,69]). For
our scenario, this results in Egg, ~ 10%(B},)? erg. The
tearing-mode instability results in the current sheets
fragmentation into a sequence of magnetic islands, and
their collisions source low-frequency fast magnetosonic
waves [57,58]. Simulations show that a fixed fraction of the
power dissipated in the reconnection, f ~2 x 1073, gets
converted into the low-frequency radiation [51,58]. For
the luminosity we then obtain L4, ~0.1fLgy~
2 x 10% (B},)? erg/s. The observed signal duration is of
order of a light-crossing time across a flaring bubble [51],
~7~ (0.3 ms, and, hence, can give rise to sub-millisecond
transients [60].

In the next step, we need to establish that this recon-
nection-powered transient indeed occurs in the radio band.
In the reference frame of the pulse, the characteristic
frequency of the emission associated with the merger of
plasmoids, v/ = ¢/(228d},n0iq)s 18 determined by the
sizes of typical plasmoids in the chain, d;,q5q = €7,

/
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FIG. 4. Electromagnetic power, Lgy, of the outgoing flare
(top), and (approximately) dissipated power, L, in the current
sheet (bottom). These have been normalized for a B* ~ 10'! G
magnetic field at the surface of the stars. All times are stated
relative to the orbital period, #y;.-

particles heated by reconnection up to averaged Lorentz
factor (y), and { ~ 1, £~ 10-100 are numerical factors.
These length scales cannot be resolved in our global
force-free simulations, and would, in fact, require full
kinetic simulations. However, local small-scale simula-
tions performed in the regime of very fast synchrotron
losses, applicable to the binary magnetosphere, find a
balance between particle energization by reconnection
and synchrotron cooling. This results in (y) & y,q =
V/3€PrecBloe/ (2r2BE ) (e.g., [51]). Following results
of kinetic simulations [51], we adopt &= 90.
Transforming into the lab frame, this implies a frequency
of the transient [50,51],

1 2r,
v =—
KB 078l \ 3freceT

wy~16 (B1,)? GHz, (1)

where wg = eBjjue/m.C is the electron gyrofrequency in
the pulse frame, for the emission of fast radio transients
from the late inspiral of neutron star binaries. For varying
parameters of the binary, this frequency may decrease by a
factor of a few, if the collision of the pulse and current
sheet happens closer to distance of 2R;c. As the pulse
propagates outwards and its magnetic field drops as ~1/r,
the emission frequency decreases, leading to the down-
ward frequency drift similar to a “sad trombone” effect
observed in FRBs [70-72]. This is different from a
“trombone” effect caused by orbital decay which will
push the flares to higher strengths of the magnetic field on
collision with the orbital current sheet, causing the
frequency to drift upwards between individual flaring
events. We point out that this radio emission is distinct
from x-ray transients produced in current sheets behind
the flaring bubble with higher field strengths [33]. These
would be produced earlier, but would propagate together
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with the bubble escaping at relativistic speed and, thus,
arrive later to the observer with a delay of ~R; /¢ ~ 1 ms.
Using the dissipated power in Fig. 4 as an upper limit, we
find X-ray luminosity is expected to be Ly <4 x
10" erg/s. Last, we have also verified that fast magneto-
sonic waves excited during the pulse-current sheet inter-
action can escape the binary magnetosphere and wind as
electromagnetic waves. An estimate of these propagation
effects is presented in the Appendix.

Discussion.—In this Letter, we have described a novel
mechanism to produce FRB-like transients from the late
inspiral of neutron star binaries. More specifically, we have
shown that the presence of magnetic fields in excess of
10" G, will lead to the production of millisecond radio
transients in the frequency range of 10-20 GHz. This is
based on identifying large scale interactions of electro-
magnetic flares with the orbital current sheet of the binary,
akin to FRB production mechanisms for active magnet-
ars [50,51]. On the basis of our earlier findings [35,36], we
believe this mechanism to be generically applicable to
many binary neutron star gravitational wave events pro-
vided that the magnetic field orientations of the stellar
fields are loosely anti-aligned. For such configurations,
electromagnetic flares are being launched periodically from
the system (see Ref. [37] for a detailed computation of the
period), where flaring to first order will depend on the
relative spin rate in the system [56], which can be enhanced
for counterspinning neutron stars. Hence, rapidly spinning
binaries can produce sub-millisecond pulsations, similar to
those observed in transients such as FRB20201020A [60].
Since most FRBs feature emission firmly <8 GHz (see,
e.g., [73] for a recent review), the mechanism proposed
here would lead to an undiscovered subpopulation of FRB-
like events at higher frequencies. Though, more sophisti-
cated studies of both the emission mechanism in three
dimensions and propagation effects in the binary wind
will be required to clarify these points. The joint availab-
ility of all-sky-coverage at frequencies <20 GHz, e.g., by
SKA [74], as well as early warning systems for neutron star
coalescence [75—78] might help to put this mechanism to a
firm test.
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Appendix A: Methods.—In this Letter, we simulate the
global dynamics of the plasma by considering a
perfectly conducting electron-positron pair plasma [84]
surrounding the two neutron stars [29,31]. Such global
dynamics can be well captured using (resistive) force-
free electrodynamics approaches (e.g., [52-54]).
Building on our earlier work [35,36], we model the
binary as two perfectly conducting spheres on a circular
orbit. We impose spin on the individual spheres by
adjusting the local uniform rotation rate. We exclude
precessing motion and only include alignment of the
stellar and orbital rotation axes. Overall, we solve the
equations of general-relativistic electrodynamics [38,85]
using a flat spacetime, which is corotating at the
orbital frequency [34,36]. The effects of neglecting the
gravitational potential (curved spacetime) are negligible
compared to the uncertainties in the emission modeling
(see emission section). We model the effects of a force-
free pair plasma [84] using an effective current damping
the electric field component parallel to the magnetic
field [86], see also [87]. This prescription for the current
has been shown to introduce an effective resistive scale
into the plasma [88,89], see also [90]. The latter allows
us to qualitatively capture reconnection in current sheets
present in the simulations. Numerically, these equations
are discretized using a fourth-order accurate finite-
volume scheme [91] with WENO-Z reconstruction [92]
and a Rusanov flux solver [93]. We further utilize the
adaptive mesh-refinement infrastructure of the AMReX
framework [80]. For the results presented in this
work, we have considered two representative binary
configurations, both at a separation distance of 52 km.
The first one is an irrotational system, with counter-
oriented dipoles, and a ratio of the field strengths
B, > B, at the surfaces of stars 1/2, we choose
By =50 x B,. The second system contains a counter-
spinning neutron star with spin frequency f = —300 Hz
and a magnetic dipole that is inclined by 60° with
respect to the stellar spin axis. The other star features a
counter-aligned dipole with equal field strengths, i.e.,
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B,/B, = 1. While most binary neutron star mergers are
not expected to be rapidly spinning [59], we choose a
spinning configuration to aid numerical simulation, since
spin will affect both the emission period and in our case
the location where the flare will interact with the orbital
current sheet. The conclusions of our work remain
unaffected by this choice. More details about the code
and these types of setup can be found in [36].

Appendix B: Propagation effects.—Fast-magnetosonic
waves emitted during mergers of magnetic islands in the
reconnection layer propagate outwards on top of the
magnetic pulse. These waves can be released as radio
emission when the pulse is decelerated at the collision
with the termination shock of the binary wind. However,
several processes can affect their propagation. Because
the strength of the magnetic field in the waves remains
subdominant compared to the field in the pulse, their
conversion to strong shocks [94] and intense scattering
by magnetized particles [95] remain inefficient. (Waves
produced in the current sheet in the inner magnetosphere
will be strongly absorbed by these mechanisms.) Here,
we apply the estimates by Lyubarsky [50] performed in
the context of reconnection-driven radio bursts from
magnetar magnetospheres, since this is the same
mechanism that we also invoke in the binary.

In order to estimate the propagation effects, we first need
to calculate the properties of the binary wind and mass-
loading of the pulse. The particle flux in the wind is
N = Muc/(eR}.), where M ~ 10* is the plasma multi-
plicity (For B, ~ 10" G and fast rotation of the binary,
P ~ 10 ms, we assume a pulsarlike multiplicity in the
magnetosphere, although this point will require a separate
investigation.) and u is the magnetic moment of stars. The
magnetization parameter of the wind, the ratio of the
Poynting flux to the rest mass energy flux, is n =
BicRic/(Nm.c) ~ (eBicRic)/(Mm,c*) ~5x 107[Byc/
(4 x 107 G)](P/4 ms)(10*/M). Starting from the light
cylinder, the wind linearly accelerates with distance, until
it reaches the magnetosonic surface at ~Rycn'/? ~7 x
10° cm, beyond which the acceleration is slow [96].
The Lorentz factor of the wind at this distance is
Yw = 31'/3 ~ 103, It can further accelerate because of the
possible additional magnetic dissipation in the stripes [97].

The pulse picks plasma particles from the inner mag-
netosphere, N ~Mu/(eRyc), and drags them out. The
corresponding magnetization parameter of the pulse
beyond the fast magnetosonic surface is o6, =E,/
(Nmc?y,) ~3 x 107, where E, ~ 10° erg is the energy
in the pulse. In the frame of the binary the pulse propagates
at the Lorentz factor y, = 2I'y,, ~ 6 x 10° [50].

The magnetization can be lower because of the addi-
tional pair production during the interaction of the pulse
and magnetospheric stripe close to the light cylinder.
The high value of the magnetic compactness parameter

near the reconnection layer at the light cylinder, [z =
67 (Bpiare/T)* R/ (87m,c?) ~ 10*  [51], suggests that
enhanced pair production is likely to occur in this regime,
which would decrease the pulse magnetization. Note that
the value of the magnetic compactness and efficiency of
pair creation quickly drops with distance, as the field
strength in the flare drops and its Lorentz factor increases.
This does not affect the frequencies of emitted fast-
magnetosonic waves, because reconnection dynamics
remains dominated by synchrotron cooling, as long as
Viad = V/3€Brec/ (2r2Bjyy.) ~ 10° < 6,. The pulse also
picks up additional magnetic flux, ¢ ~ By R cR/(27%),
where £ < 1 is a dimensionless coefficient which describes
the ratio of the mean to the total field in the striped wind,
and plasma from the wind. It accumulates in a very thin
shell, 6/1 = ¢/pgae ~ 2 X 1073E(R/10'2 cm), where [ =
ct is the length of the pulse, and does not affect the wave
propagation in the body of the pulse at the cyclotron
absorption radius (see below).

As the fast-magnetosonic waves propagate outwards, and
the magnetic field in the pulse drops, cyclotron absorption
can become important. It happens when the wave frequency
in the pulse frame, @’ matches the particle’s gyrofrequency,

wp = B/ (m.c). This happens at a distance R. =

ev/Lem/c/aveggmec) = 102 ecm(Lpy/10% erg/s)!/?
(15 GHz/vgrg). The optical depth can be calculated as
t. = [4n*(e*/m,c)8(0' — w)N'dR', where N’ is the
pair density in the pulse co-moving frame. Using
Eg. (34) in [50], one obtains 7. ~ 7*vprpR./(0,75¢) ~
(105/5,)(6 x 10° /y,,)*. It means that cyclotron absorption
is not important for ¢, > 10°.

Before reaching the cyclotron radius, the fast-
magnetosonic waves may steepen into shocks which
can lead to their dissipation. In the pulse frame, the
steepening can occur at a distance ~o,(B}./0B')c/a'.
In the binary frame, it corresponds to a distance
Ry ~ 47%O—pc(£EM/£radio)1/2/(27TI/FRB) ~ 4 x 1090[7 cm,
which is well outside the cyclotron radius for any reason-
able value of the pulse magnetization, ¢, 2 102. Thus, the
nonlinear wave steepening is negligible.

Another potentially important process is the nonlinear
decay of fast-magnetosonic waves into a pair of
Alfven waves or into an Alfven and fast wave [50]. In
the inner wind zone, the characteristic optical depth,
L ~ [(6B'/ By )*@'dr’ /¢, is dominated by the contri-
bution near the light cylinder, when the wind is mildly
relativistic. This estimate leads to 7ny ~ (Lgm/Lradio)
(wRic)/(2¢r3) ~ 50, where y, ~ 5 near the light cylinder.
However, two important things may prevent efficient
conversion into Alfven waves. First, since they propagate
along the magnetic field, there are no pre-existing Alfven
waves in the wind zone. In order for the interaction to be
efficient, Alfven waves need to grow from noise, which
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requires substantial optical depth, ~10. Second, the above
estimate is an upper limit, since the nonlinear interaction of
fast and Alfven waves decreases in the oblique limit,
ki /ky > 1 [98]. To summarize, we expect only modest
effects of nonlinear conversion processes on the wave
propagation near the light cylinder. Beyond the fast
magnetosonic radius, the optical depth may increase
again, yp ~ (‘Cradio/‘CEM)(wR)/(2CY§)) ~R/(2x 10" cm),
which is nominally significant beyond the cyclotron
radius. However, at that distance the wave frequency
exceeds the plasma frequency, o'/w), = /6,0'/wy =
VOp(R/R.)> 1, Alfven waves do not exist and the
nonlinear interaction is absent. Finally, beyond the cyclo-
tron radius induced scattering can be important. The
estimate by [50] shows 7, ~[1/(c,75)](Lradgio/ Lam)
(wp/w)*(wR/c) ~100,' (10" cm/R)?, which is negli-
gible for ¢, 2 10.
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