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ABSTRACT

We reconsider the escape of high-brightness coherent emission of fast radio bursts (FRBs) from magnetars’ magnetospheres, and
conclude that there are numerous ways for the powerful FRB pulse to avoid non-linear absorption. Sufficiently strong surface
magnetic fields, > 10 per cent of the quantum field, limit the waves’ non-linearity to moderate values. For weaker fields, the
electric field experienced by a particle is limited by a combined ponderomotive and parallel-adiabatic forward acceleration of
charges by the incoming FRB pulse along the magnetic field lines newly opened during FRB/coronal mass ejection. As a result,
particles surf the weaker front part of the pulse, experiencing low radiative losses, and are cleared from the magnetosphere for

the bulk of the pulse to propagate. We also find that initial mildly relativistic radial plasma flow further reduces losses.
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1 INTRODUCTION

Observations of correlated radio and X-ray bursts (Bochenek et al.
2020; CHIME/FRB Collaboration 2020; Mereghetti et al. 2020; Li
et al. 2021; Ridnaia et al. 2021) established the fast radio burst
(FRB)—magnetar connection. There is a long list of arguments in
favour of magnetospheric loci of FRBs (e.g. Lyutikov 2003; Popov
& Postnov 2013; Lyutikov, Burzawa & Popov 2016; Lyutikov &
Popov 2020), as opposed e.g.to the wind (e.g. Lyubarsky 2014;
Beloborodov 2017; Metzger, Margalit & Sironi 2019; Thompson
2022) [see also reconsideration of wind dynamics by Sharma,
Barkov & Lyutikov (2023), arguing against appearance of shocks].
For example, temporal coincidence between the radio and X-ray
profiles, down to milliseconds, is a strong argument in favour of
magnetospheric origin (Lyutikov & Popov 2020): we know that X-
rays are magnetospheric events, as demonstrated by the periodic
oscillations seen in giant flares (Hurley et al. 2005; Palmer et al.
2005).

In fact, strong magnetic fields are needed in the emission region
to suppress strong ‘normal’ (non-coherent) losses in magnetar
magnetospheres. In the absence of strong guide field, a coherently
emitting particle will lose energy on time-scales shorter than the
coherent low-frequency wave (Lyutikov, Burzawa & Popov 2016;
Lyutikov & Rafat 2019). It is required that the cyclotron frequency
be much larger than the wave frequency in the emission region.
This requirement limits emission regions to the magnetospheres of
neutron stars.

A somewhat separate issue is the escape of the powerful ra-
dio waves from the magnetosphere: as the waves propagate in
the (presumably) dipole magnetosphere, their amplitude decreases
slower than that of the guide field. Beloborodov (2021, 2022, 2023)
argued that strong electromagnetic wave, even if generated with the
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magnetars’ magnetospheres, would not escape. The argument, in
the simplest form, goes as follows: when the electromagnetic field
becomes larger than the guide field, for some waves, for which there
is a component of the wave’s magnetic field along the guide field,
there are periodic instances when electric field becomes larger than
the magnetic field. This leads to efficient particle acceleration and
dissipation of the wave’s energy. Along similar line of reasoning,
Golbraikh & Lyubarsky (2023) argued that the non-linear decay of
the fast magnetosonic into the Alfvén waves would lead to efficient
energy dissipation of the wave.

Here, we argue that the particular case considered in Beloborodov
(2021, 2022, 2023) is extreme, not indicative of the more general
situation (see also Qu, Kumar & Zhang 2022). Most importantly,
ponderomotive acceleration results in a very slow rate of overtaking
the particle by the wave — particles surf the weaker ramp-up part
of the pulse for a long time, experiencing mild local intensity of
the wave, and radiative losses much smaller than those in the fully
developed pulse.

Several other related issues are geometry of the magnetic field
and wave polarization: Beloborodov (2021, 2022, 2023) considered
X-mode (when the magnetic field of the wave adds/subtracts from
the guide field) propagating nearly perpendicularly with respect to
the guide field (e.g. strictly equatorial propagation considered in
Beloborodov 2023) — this is the most dissipative case.

2 NON-LINEAR WAVES WITH GUIDE FIELD

2.1 Basic parameters

There are several important parameters for non-linear wave—particle
interaction. First, there is the laser non-linearity parameter (Akhiezer
et al. 1975)
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where E,, = By, is the electric field in the coherent wave and w is
the frequency (parameter g is Lorentz invariant). In the absence
of guide field, the non-linearity parameter (1) is of the order of a
dimensionless momentum of transverse motion of a particle in the
EM wave, in the frame where particle is on average at rest. In this case
(no guide field), for ay > 1 the particle motion becomes relativistic.
The transverse Lorentz factor, as measured in the gyration frame, is
v0 = \/1 + a3 (for circularly polarized waves; yy = /1 + a2 /2 for
linearly polarized wave).

The second important parameter is the relative amplitude of the
electromagnetic field of the wave with respect to the guide field:

_ Bw
= BO .

8 2)

Then, there is the ratio of the cyclotron frequency to wave frequency:
wp

f=— 3
®

The three parameters combine as follows:

ay=38f. “)

The corresponding combination on the right-hand side is Lorentz
invariant under a boost along the guide magnetic field.
It turns out (see equation 30) that another important combination
is
ao
L+

This is effective non-linearity parameter for non-linear electromag-
netic wave in finite guide field (parameter f is defined in the lab
frame, where initially a particle is at rest).

ao

®)

2.2 FRBs’ parameters

For fiducial estimates, consider an FRB pulse coming from d = Gpc,
of duration T = 1 ms, and producing flux F,, = 1 Jy at frequency of v
= 10° Hz (these values are at the higher end of the FRB parameters).
The isotropic equivalent luminosity and total energy (in radio) are
then

L = 47 D*vF, = 10" ergs™,
Eiso = Liot = 10¥ erg. (6)

The electromagnetic field of the wave at distance » from the source
is

B,

I~ -1
- M =6x 10° <L> G. )

Jer

The laser non-linearity parameter a; at the surface of the neutron star
then evaluates to

. e F,d

an = ————————
0 Jam,cv12 Rys

If we normalize the surface magnetic field to the quantum field

NS

=10". ®)

BNS = quQ
B — Am? ©
Q= on

and for now assume dipolar field

By = Bys(r/Rns) ™,
ap = aé(r/RNs)’l, (10)
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then the relative amplitude of the fluctuating field and the ratio of
frequencies are

5o B WEANRSE <L>
Rxs

By \/cBxsRys 4
eBq r\"’ r\"’
=bh—2 [ — =10"p, | — , 11
f q27‘[mpcv <RNS> q (RNS> ( )
see Fig. 1.

The amplitude of electromagnetic fluctuations in the wave be-
comes comparable to the guide field (6 ~ 1) at

o 2,172
— = 10°b./~. 12
Rns 4 (12)

At that point

aolro]l =2 x 10°,

f(ro) = aglre] =2 x 10°. (13)
The wave’s frequency equals cyclotron frequency at

p
- Zao[i‘o]m,

ro

x5 % 10%

Rxs 4

ao(ry) = aglrol™”. (14)

The key parameter dy, equation (5), has a maximum (for dipole
field) at

r/ro = Qaolro)'? =2"7ry,

max 22/3 2
ay™ = Zanlro . (15)

This estimates to

2 1/3
_r 1/3 [ € Me 3 1/3
= = 1
(RNS) bq (nhv) 6 x 10 qu s

a™™ ~ 1.8 x 10° x b7, (16)

~ (max)

Parameter d; ', equation (16) is an important one. This is an
estimate of the maximal total Lorentz factor, ~ &é’"”)'z, maximal
parallel Lorentz factor, ~ d(()max), and maximal transverse momentum
~ &(()max)-

For example, maximal values of the Lorentz factor are achieved
at rlry = (2ag[ro])"? and equals

21/3
7 =1+ ~g-aolrl*". a”

These values are large, and in the magnetospheres of magnetars
would lead to large radiative losses, killing the EM pulse. We argue
that these high values are not reached.

For the maximal ™™ to be reached with the magnetosphere,
the period should be sufficiently long P > 1 s. For shorter periods,
the value of @™ is reached at the light cylinder (see Fig. 2). For
mildly magnetized neutron stars, with regular surface field ~10'> G
(bq = 0.02), spinning with period P ~ 20 ms, the value of " can
reach nearly 10*. Tt is not clear why FRB sources would fall into
this special regime: higher surface field and faster spins push a\™*
towards smaller values. For example, for quantum surface field by =

1 and period of 10 ms, éé’"‘"‘) is tiny, <1.
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Figure 1. Evolution of basic parameters in the dipolar magnetosphere: non-linearity parameter ag, relative wave intensity § = By, /By, ratio of frequencies f =
wplw, and effective non-linearity parameter do = ao/(1 + f). Indicated are radii ro (where do = 1), value of ap[ro], and radius ry, where f = 1. Maximal value

of Zz((,max) ~ 1.8 x 103 is reached approximately at ry.
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Figure 2. Maximal values of the non-linearity parameter do reached at the light cylinder for spins faster than P = 1 s (for slower spins see equation 16), as
function of the surface field by = Bns/Bq. Smaller magnetic fields are less efficient in suppressing do. ‘Region of interest’ indicates a set of parameters when

wave’s non-linearity may become large, >100.

2.3 Post-eruption magnetic field lines are mostly radial,
magnetic field increases in the outer parts of the magnetosphere

There are, qualitatively, three energy sources during
FRB/magnetospheric eruption: (i) dynamical magnetic field;
(ii) high-energy emission; (iii) radio emission. Energetically, (i)

>> (i) > (iii), so that the dominant effects to the distortion of the
magnetic field come not from radiation, but from magnetospheric
dynamics during the eruption.

The dynamical magnetic field is produced by a process that
initiates magnetospheric eruption, e.g., in an analogue to solar
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Figure 3. Post-flare opening of the magnetosphere (Sharma, Barkov & Lyutikov 2023). Colour is values rsin#By, lines are poloidal field line. The spin
parameter is = 0.2, so that the light cylinder is at R ¢ = 5. Post-flare magnetosphere is open starting r.q < RLc (20). Beyond reqy, the magnetosphere has

monopolar-like magnetic field structure.

coronal mass ejection (CME). During CME, a topologically isolated
structure is injected into the magnetosphere (Lyutikov 2022; Sharma,
Barkov & Lyutikov 2023). Let us assume that injection (generation
of topologically disconnected magnetic structure) occurs near the
stellar surface with the typical size Remeo < Rns and associated
energy Ecveo. An important parameter is the total magnetic energy
of the magnetosphere,

EB,NS ~ B(%RI%JS (18)
Naturally, the injected energy is much smaller than the total energy,

E
CMEO _ q, (19)

TlcME Enxs
As the CME is breaking-out through the overlaying magnetic field,
it does work on the magnetospheric magnetic field. At some point,
‘detonation’ occurs: when the total energy contained in the confining
magnetic field exterior to the position of the CME (~ B3RSsr~>)
becomes smaller than the CME’s internal energy (equivalently, when
the size of the CME becomes comparable to the distance to the star).

MNRAS 00, 1-10 (2024)

This occurs at some equipartition radius 7eq:

Feq EB,NS 1
Tea — ke = 1. 0)
Rnxs  Ecmio CME

Immediately after the generation of a CME the magnetosphere
becomes open, with nearly radial magnetic field lines for r > req .

For quantum surface field Ezns ~ 2 x 10 erg. The injected
energy Ecme is hard to estimate: the observed radio energy is an
absolute lower limit. Much more energy is radiated in X-rays, even
more is contained in the fields. (Also CME is losing energy to pdV
work as it breaks through the overlaying magnetic field; Lyutikov
2022; Sharma, Barkov & Lyutikov 2023). It is conceivable that the
relative injected energy may reach ~ per cent level of the total
energy, ncve ~ 1072, In this case, since beyond Teq the magnetic
field decreases slower than dipole, B oc =2 instead of Bocr~3, the
region where f = wg/w > 1 will extend further. (Larger guide field
suppresses particle’s transverse motion, see Fig. 4.)

Most importantly, beyond r.q the magnetic field becomes mostly
radial, Fig. 3. As a result, the electromagnetic waves generated close
to the neutron star surface propagate nearly along the local field line.
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Figure 4. Particle’s transverse momenta in strong circularly polarized electromagnetic wave in external magnetic field. Wave intensity is parametrized by laser
parameter ap. Different curves correspond to different f = +wp/w (different charges or polarizations).
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Figure 5. Ponderomotive acceleration by a circularly polarized electromagnetic pulse propagating along the guide field, non resonant case f > 0. Plotted is the
axial momentum p, (left panel) and transverse momentum py (right panel) as a function of f = wp/w (@ defined in the lab frame) for two cases: ap = 1 (bottom
curves) and ap = 10 (top curves). Dashed line is analytical result, equation (30). Numerical and analytical curves nearly coincide. These plots serves to illustrate

the numerical precision of the code, and to validate the analytics.

As we demonstrate in this work, this case does not suffer from strong
radiative.

Finally, plasma is likely to stream out along the open field lines
even before the FRB wave comes — this further freezes out wave—
particle interaction.

3 PARTICLE DYNAMICS IN CIRCULARLY
POLARIZED WAVE PROPAGATING ALONG
GUIDE FIELD

3.1 Beam frame

Circularly polarized waves allow for exact analytical solutions, and
thus provide benchmark for simulations and guidance for the more
complicated linearly polarized case.

In the beam frame (beam frame is defined as a frame where average
parallel momentum of ponderomotively accelerated particles is zero)
a force balance for a particle moving in electromagnetic field and
guide magnetic field reads

dp=-eE, +pxBo+By,)/y) > yemviow=e(E, £ viBy),
(21)

where all quantities are positive: £ accounts for two directions of
the background field/charge/polarization sign (speed of light is set to
unity). Relations describe a charge which velocity at each moment
(counter)-aligns with the magnetic field in the wave (Zeldovich
1975). For a more general case, see Roberts & Buchsbaum (1964)
and Kong & Liu (2007).

MNRAS 00, 1-10 (2024)
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In dimensionless notations, the motion of a particle in circularly
polarized electromagnetic wave obeys

1
L+ ——— 1|,

V1+pl
B 1
Vo—il_vé,

(here, w is the wave frequency in the beam frame and vy, po are
corresponding velocity/momenta), see Fig. 4. Quantity f can be
negative: two signs correspond to two polarizations (or two signs
of charges). Absolute value |...| ensures the definition of ay > 0;
crossing the resonant condition for the minus sign changes just the
phases of the particles. Below in this section, we drop the prime, with
clear understanding that the quantities are measured in the plasma
frame.

In (22), the values for y (for given ay and |f]) are different for two
charges, especially near the cyclotron resonance f ~ —1. As we are
not considering here the effects of cyclotron absorption, we assume
below that —fis not too close to unity.

In the case of strong electromagnetic pulse with ay > 1, there
are qualitatively three regimes: (i) small guide field f < 1, po ~ ay;
(i1) medium guide field 1 < f < ag, po = § > 1 (in this case the
transverse motion is still relativistic: a wave is sufficiently strong
so that it accelerate particles to relativistic motion on time-scale of
l/wg; (iii) dominant guide field f > ag, vo ~ § < 1 (in this case a
particle just experiences E-cross-B drift).

ao = Po

(22)

3.2 Ponderomotive acceleration by circularly polarized wave
propagating along the guide field

The above discussion in Section 3.1 omits the most important
issue: the ponderomotive effects — how incoming wave modifies
the properties of the plasma. As this is the most important part of the
work, we give here detailed derivations.

Let a transverse circularly polarized wave of given strength E,,,
frequency w (measured in lab frame), non-linearity parameter ao,
propagating along guide magnetic field Bye,. Noting that

oy = E-v,

mec?

8p. =S vxB,l . 23)
C

and expressing fields in terms of the vector potential

E, = —0,A,
B, = curlA, 24)
we find

Oy = —vy0/A, —v,0,;Ay,
0 p, = V0. Ay + 0,0, A,. (25)

Thus, the guide field does not enter the relations. Since A = A(z —
1), we find then

di(y — pzmec) =0. (26)

Switching to dimensionless notations and assuming that before the
arrival of the wave a particle was at rest, we find

y=1+p,. 27)

We stress that for circularly polarized wave propagating along the
magnetic field, this is valid for arbitrary guide field.

MNRAS 00, 1-10 (2024)

Thus (recall that pg is the transverse momentum, hence Lorentz
invariant under a boost along z),

pl
)
pz—z’
y=1+p;/2=1+p.,
1 1+ pi/2 1+ p;
VISR iR T

Yo =+/1+pj,

=

po= 10
Z 2+p35
2
tane, = 20 = =, ©28)
Pz Po

where «,, is pitch angle in lab frame. (Note that ¥ # /1 + p2.)
These relations establish connection between parallel motion ac-
quired due to ponderomotive force and energy of the particle in
the gyration/beam frame for circularly polarized wave, possibly
propagating along guide magnetic field.

One remaining step is to connect p, (or py) to the waves’ param-
eters ap and f at minus infinity, before interaction with a particle.
Using invariance of ayp = E,,/w and wg, and Lorentz transformation
of the frequency

o' =(1- By, (29)

(where now primes denote quantities measured in the beam frame)
we arrive at

P0—1+f,
2 a 2
VLZVH%:\/H(lff)’
_ 4
SECE
_1+ a%
YEITo0 1 o
2
a
B.= .
20+ f)* +q;
y 1 a+20+ f)7 y
": = = —,
1-82 20+ f/@G+U+ )2 7
21
tana = 20 = 24+ (30)
Pz ag

We observe that the case with guide field is related to the no-guide
field if we use
R

Then relations in magnetic field reduce to the same form as without
guide field , see Fig. 5

ao

€1V

Po = aop,
~2
=%
P: = 5
~2
a
=1+2,
14 + >
2
tana = —. 32)
ag

Importantly, relations (30)—(32) assume that the system is sufficiently
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Figure 6. Left panel: An EM pulse with ramp-up width of T = 1 propagates towards a particle initially at z = 0. The pulse ponderomotively accelerates the
particle along its direction of propagation. Right panel: Evolution of the non-linearity parameter do(t) at the location of the particles for ap = 10, 100, 1000,
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constant guide field. Due to ponderomotive acceleration of the particle to y| ~ do, the bulk of the pulse reaches the particle after a very long time, ~ ajt.
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Figure 7. Pulse front — particle delay as function of time [measured in terms of pulse ramp-up time t for @y = 100 (left) and dy = 1000 (right), constant guide

field]. The delay becomes of the order of unity after time ~ (2/ 5)&(2)r.

large along the direction of propagation, so that a particle reaches
the final steady state. As we show below, this is often not the case in
magnetars’ magnetospheres.

3.3 Ponderomotive surfing in constant guide field

Ponderomotive force has another important effect: in a system limited
in size, the head part of the pulse, which is already non-linear but
has local non-linearity parameter much smaller than the pulse, will
accelerate a particle to relativistic velocities along wave’s direction
of propagation, so that it will take a long time for the bulk of the
pulse to catch-up with the particle. We consider this effect next.

Consider a wave propagating along the field. Assume that a pulse
approaches a particle initially at rest at z = 0. The pulse has maximal
amplitude ay and ramp-up width 6z = ¢ (Fig. 6). At each moment
the axial velocity is

PR

B = % R (33)
t 24 a(z)

where d(z) is the wave amplitude at the current location of the particle

(Fig. 6). Equation (33) can be integrated for z(#) assuming some given

profile of the pulse [e.g. tanh (z — £)/7].

What is important is not only the absolute value of the intensity
dy, but also temporal evolution of the non-linearity parameter at the
location of the particle, Fig. 6 right panel. Due to ponderomotive
acceleration of the particle to y; ~ dy, the bulk of the pulse reaches

the particle after a very long time, ~ (2/5)d3t.

As another measure, in Fig. 7 we plot a delay between the particle
and the centre of the pulse (located at z = ct). The delay becomes of
the order of the width after time ~ (2/ 5)&3 7. (The centre of the pulse,
where local non-linearity parameter is d,/2 does not even overtake
a particle before time ~ ty#/10.)

3.4 Adiabatic force

The above relations omit an important effect: the adiabatic force that
accelerates particles along decreasing magnetic field at the expense
of transverse motion.

Adiabatic force can be written as (the parallel component is
sometimes called the mirror force Galeev & Sudan 1989)

B*ym.c* (bV)B

Gy ==+ 1 sin 2a,
2ym,c® (bV)B
G.= ;‘3”#( B) sin’ @, (34)

where b is unit vector along the magnetic field, « is pitch angle,
and upper (lower) signs correspond to particle propagating towards
(away from) the regions of increasing magnetic field. Since G - v =
0, the Lorentz factor y = constant. Adiabatic force can be thought
of as (m - V)B force, where m is the magnetic momentum.

Neglecting particular dependence of the value of the magnetic
field on the polar angle,

bV 1
B 3

(35)

MNRAS 00, 1-10 (2024)
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where we chose axis z along the local magnetic field, pointed away
from the star, and we assumed that particles are moving away.
In dimensionless notations

sy - Byrpip
tPL 6(7/2—1)}’"
_ Byp?
wr =G (36)

Adiabatic force accelerates along the field at the expense of transverse
motion.

To get a feeling of how the adiabatic force affects the dynamics,
let us assume that it acts on time-scales longer than pulse ramp-up
time. In this case, at each radius there is ponderomotive force, so that
total force balance reads

B*y pLp: y
0 pL=— P 4 g,
Pt 6 ()/2 — 1) r o
2 2
L A 37
6(y*—1)r

In the region ry K r L 1y, do ~ (r/ ro)?. Assuming relativistic motion
y>Landp, > p,

9 _ pL 2

rPL = 6r rg’

b=l Y (38)
rPe= 6r r(} ’

with solutions

1272

pL = Bgv
_Eﬁ (39)

Pe= o358

Thus, in the regime of short pulses, with ramp-up scale <r, the
adiabatic force has ~ 10 per cent effect on the particle dynamics,
increasing parallel momentum and decreasing the transverse one.
Qualitatively, since the losses are high powers of the transverse
momentum, this will reduce the losses by about 50 per cent. Our
numerical results confirm this conclusion (Fig. 8).

The adiabatic force helps somewhat particles to avoid losses, as it
decrease transverse momentum (hence, decreasing radiative losses)
and increases parallel momentum (hence, increasing the surfing
time).

4 ‘GONE WITH THE PULSE’

Above we separately described various ingredients — overall particle
dynamics in the beam frame, ponderomotive and adiabatic acceler-
ations. Next, we use these results to study particle dynamics within
magnetars’ magnetospheres.

4.1 Ponderomotive acceleration in magnetars’ magnetospheres

First, we take semi-analytical account of ponderomotive acceleration
in magnetars’ magnetospheres. We solve equation (33) taking into
account both the structure of the pulse and spacial dependence of the
parameter dy. The following procedures are applied:

(1) Particle is seeded at a given radius

(ii) An electromagnetic pulse of circularly polarized wave is
launched from a much smaller radius. The pulse has a otanh (r
— B/t profile with rump-up time.

MNRAS 00, 1-10 (2024)
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Figure 8. Effect of adiabatic acceleration by Gaussian pulse. Dashed curve:
expected maximal Lorentz factor without effects of adiabatic acceleration,
equation (17). This illustrates the importance of adiabatic acceleration.
Initially, ap = f = 100, so y, = 66. At time ¢ = 0, the peak of the pulse
is at —20 wavelengths, rise time is five wavelengths, scale of magnetic field
decrease is 10 times the rise time. This confirms that adiabatic effects have
about 10 per cent influence on particle dynamics.
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Figure 9. Non-linearity parameter dy at the location of a particle in dipolar-
like magnetosphere for different initial positions of a particle, subject to a
pulse otanh(r — £)/tr with rump-up time of ¢ = 10RNs/c. Red line: local
value of dp. This illustrates that particles initially located at >few ry do not
experience full waves’ non-linearity due to effect of surfing.

(iii) Pulse normalization follows evolution of the parameter dy.
(iv) We numerically integrate equation (33) for the location z(z)

In Fig. 9, we show evolution of d in the particle frame (as
measured at the location of the particle) for different initial positions
of the particles. Particles located close to ry = 100Rys initially
experience mild parallel acceleration, hence quickly overtaken by the
head of the pulse, and find themselves in the strong region of the wave
(they do not experience much surfing on the rising part). Particles
starting further out quickly gain large Lorentz factors, surf the front
part of the pulse, and never experience near-maximal value of d.
Only particles located initially within few r, experience maximal
wave’s intensity.

Qualitatively, in the region r > ry (recall that ry ~ 10’Rxs),
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Figure 10. Delay times of ‘particle centre of the pulse’ for different initial
f = wplo parameters (effective different initial locations). Calculations start
at four rump-up times, tanh profile the pulse, and magnetic field changes on
10 ramp-up scale.

For a pulse with rise time T ~ Rns/c, the distance rover the pulse
would overtake the particle estimates to

Fover ~ €TV, (41)
The condition royer ~ ¢/S2 then gives

i~ a2 =@ 2 =70VP, 42)
where period P is in seconds. The parameter
ay’’ ~ 102V P 43)

is a typical non-linearity parameter that a particle experiences while
surfing the pulse. It is an order of magnitude smaller than would be
inferred without ponderomotive acceleration (equation 16).

4.2 Ponderomotive and adiabatic acceleration

The above results, integration of the parallel momentum (33), did
not take adiabatic acceleration into account. To further clarify the
situation, in Fig. 10 numerically integrate particles motion in the field
of incoming pulse, in inhomogeneous decreasing guide field. This is
done using in-house built Boris-based pusher (Boris & Roberts 1969;
Birdsall & Langdon 1991). In the simulations, a particle is initially
located four ramp-up scales ahead of the tanh(r — #)/t with rump-up
scale T = 5 wavelength. At the initial location of the particle, the
wave intensity corresponds to @, = 100. Four different parameters, f
are shown: f= 100, 10, 1. These different values of f mimic different
initial locations in the magnetosphere: f = 100 corresponds to r =
rg, and f = 1 corresponds to r = ry. We plot the delay between a local
position of a particle and the middle of the pulse, where intensity is
half the local maximum.

Our numerical results indicate that combined effects of pondero-
motive and adiabatic acceleration hugely increase overtake time. We
observe that for f = 100 (lower curve, equivalent to starting at r =
o) the head of the pulse quickly passes the particle (since initially
its velocity is only mildly relativistic). As a result, a particle quickly
‘feels’ the full intensity of the wave. In contrast, the head of the
pulse never overtakes a particle located midway between ry and ry
(middle curve), or further out. This demonstrates that due to a limited
radial extent a particle may never reach the terminal state with local
po = do, as predicted by (30).

In all cases, particles initially located beyond ry quickly acquire
relativistic velocities. For particles near ry, these relativistic velocities
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Figure 11. Non-linearity parameter & at the location of a particle in dipolar-
like and monopolar-like scaling of the guide field. A particle is tracked from
the point r = rp = 10?Rys (equation 12), where dq first becomes unity.
Vertical lines indicate location of the light cylinder for different periods
P =0.01, 0.1, and 1 s. The assumed rise time of the FRB pulse is Rns/c =
30 ps.

are not sufficient to escape the full non-linearity of the wave, but still,
v ~ c. Thus, the leading part of the wave will clear particles from
the magnetosphere

4.3 Dissipated energy

Let us estimate the expected energy loss by the wave, assuming that
the frontal particles lose all the energy, it acquired in the wave. As
Fig. 11 indicates, only particles in a narrow layer near ry (where dy
just becomes of the order of unity) experience large acceleration.
Most of the magnetospheres surf the wave and do reach very large
energies. As an estimate of the dissipated power, we can use

(i) volume V ~ 4n’r§ % 3ry (assuming thickness of 3ry);
2
(ii) Lorentz factor y ~ (Zz(()max)> /2;
(iii) density kngy [k ~ 10° is multiplicity, and ng; is the Goldreich

& Julian (1970) density];
(iv) period P in seconds.

We find for dissipated energy Egis

K
10°
a safely mild value, much smaller than the total energy of the FRB
(6).

Fig. 9 also indicates that the bulk of the particles in the mag-
netosphere experience d, ~ 100 (hence, y ~ 5 x 10%). The total
associated energy within the light cylinder is then ~5 x 10%
erg. Thus, the wave spends most of the energy on cleaning the
magnetosphere near r ~ ry.

Finally, in Fig. 11 we plot the non-linearity parameter d, at the
location of a particle in dipolar-like B o7~ and monopolar-like
Bocr~? scaling of the guide field. The rise time of the pulse is
assumed to be very short, Rys/c = 30 us. Maximum value of the non-
linearity parameter at the location of the particle can reach ~103, but
only for sufficiently slow spins P > 100 ms. If the magnetosphere is
modified by the ejected CME to have a monopolar-like structure, the
maximal non-linearity parameter that a particle experiences is only
few times 10%. Longer rump-up times will further stretch the curves.

Egs =5 x 10% ( ) P! erg, 44)

MNRAS 00, 1-10 (2024)
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Figure 12 Influence of the initial outward momentum. Evolution of the
relative Lf of particle moving initially along Bf with various Lfs. Parameters:
8§ =10, f =100,6 = /4,¢ =m/4.

5 EFFECTS OF INITIAL PARALLEL VELOCITY

Opening of the magnetosphere (Section 2.3) will also generate
radial plasma outflow. We performed a series of numerical runs that
included initial parallel motion of a particle (Fig. 12). Our conclusion
is that initial parallel momentum greatly decreases the efficiency of
wave—particle interaction.

To estimate the effects of initial parallel momentum, we note that
instead of (27) we have

Y —P:=%Yi— Dis

vi=/1+pi (45)

where y; and p; are initial Lorentz factor and momentum along the
field (away from the direction of pulse propagation), respectively.
We find

1+ p2/2
p.=————n=1+pn
Vi — Di
L+ p5/2 =y +np)? )
y = 1+p§+( 0 —— 1) ~ (1 + ppvi,
i — pi)
1
B.=p/y =1

21+ v’

v~ (A + pHv. (46)

The resonant condition (29) now gives, approximately, y; > 1,

Po= e~y R @)
t+y/evnr S

showing that even mild values of y; ~ few strongly suppress wave—
particle interaction. Qualitatively, initial parallel motion with Lorentz
factor y; away from the star reduces the initial wave’s frequency in
the particle frame, leading to higher effective f, and decrease of d.

6 DISCUSSION

In this work, we consider escape of high-brightness radiation from
magnetars’ magnetospheres, and conclude that there are multiple
ways to avoid non-linear absorption. First, strong non-linear effects
are expected in a limited range of parameters, around surface
magnetic fields of ~ 10 per cent of critical and spin periods of
approximately tens of millisecond. Larger magnetic fields and shorter
periods limit the effective non-linearity parameter to @ < 107 (see
Fig. 2).

MNRAS 00, 1-10 (2024)

In the ‘region of interest’, we find that ponderomotive acceleration
and parallel-adiabatic acceleration of particles are most important.
(The magnetospheric structure assumed here assumes a post-CME
open magnetosphere.) In a mildly strong leading part of the wave,
particles quickly get large parallel momenta — this effectively freezes
the interaction. Roughly speaking, in order to obtain transverse
momentum ~py, a particle needs to surf for time ~ p2r, where
7 is the rump-up time of the electromagnetic pulse. In the inner parts
of the magnetosphere, the value of py is suppressed by the guide
magnetic field, so a pulse passes through quickly, but does not shake
the particles much. Further out, where a stationary particle could have
been accelerated to a large Lorentz factor, it never happens because a
particle is surfing the pulse and remains at locally low non-linearity
parameter, before escaping magnetosphere.

All these issues are further overwhelmed by the parallel large
Lorentz factor along the newly opened magnetic field lines, possibly
initiated by the opening of the magnetosphere during a CME. Large
parallel momentum reduces § = B, /By in the particles’ frame, and
leads to further freezing of the wave—particle dynamics.

‘We conclude that the case considered by Beloborodov (2021, 2022,
2023), X-mode propagating equatorially across magnetic field, is
extreme and is not indicative of the general situation. That is a specific
case of no surfing.
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