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Abstract

We report on the first self-consistent multidimensional particle-in-cell numerical simulations of nonhomogeneous
pair discharges in polar caps of rotation-powered pulsars. By introducing strong inhomogeneities in the initial
plasma distribution in our simulations, we analyze the degree of self-consistently emerging coherence of discharges
across magnetic field lines. In 2D, we study discharge evolution for a wide range of physical parameters and
boundary conditions corresponding to both the absent and free escape of charged particles from the surface of a
neutron star. We also present the results of the first 3D simulations of discharges in a polar cap with a distribution
of the global magnetospheric current appropriate for a pulsar with 60° inclination angle. For all parameters, we find
the coherence scale of pair discharges across magnetic field lines to be of the order of the gap height. We also
demonstrate that the popular “spark™ model of pair discharges is incompatible with the universally adopted force-
free magnetosphere model: intermittent discharges fill the entire zone of the polar cap that allows pair cascades,
leaving no space for discharge-free regions. Our findings disprove the key assumption of the spark model about the
existence of isolated distinct discharge columns.

Unified Astronomy Thesaurus concepts: Pulsars (1306); Radio pulsars (1353); Plasma astrophysics (1261); Plasma

physics (2089); High energy astrophysics (739)

1. Introduction

Pulsars are highly magnetized (up to ~10"> G) rapidly spinning
neutron stars (NSs; e.g., A. Philippov & M. Kramer 2022). They
emit pulsed nonthermal radiation across a wide range of
frequencies generated by dense pair plasma in their magneto-
spheres. Most of the plasma is produced in quantum-electro-
dynamic (QED) discharges in polar caps—regions around
magnetic poles close to the NS surface. There, a rotation-induced
electric field pulls electrons from the atmosphere of the NS and
accelerates them to high energies. As these electrons propagate
along the curved magnetic field lines, they emit high-energy
curvature photons, which subsequently decay into electron—
positron pairs as first suggested by P. A. Sturrock (1971). For a
long time, the de facto standard model for pair production assumed
a stationary unidirectional space-charge-limited flow (SCLF) of
plasma extracted from the NS atmosphere. Here electrons are
accelerated by the electric field owing to charge starvation caused
by a small mismatch between the local Goldreich—Julian
(GJ, P. Goldreich & W. H. Julian 1969) and the actual plasma
charge densities, p — pgy (J. Arons & E. T. Scharlemann 1979;
A. G. Muslimov & A. I. Tsygan 1992). However, it was later
demonstrated that the current density needed to support the twist of
open magnetic field lines in the pulsar magnetosphere, jmag,
could not be sustained by a unidirectional plasma flow
(A. N. Timokhin 2006), in general requiring a flow with
counterstreaming particles. In such flows, charge starvation, and
thus the accelerating electric field, appears when there is a
difference between the GJ current density, jg; = pgic, and the
current density required by the magnetosphere, ji.e — jos; thus, the
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accelerating electric field is “current-density-driven,” rather
than ‘“charge-density-driven” (A. M. Beloborodov 2008;
A. N. Timokhin 2010; A. N. Timokhin & J. Arons 2013).
Self-consistent  particle-in-cell (PIC) plasma simulations
(A. N. Timokhin 2010; A. N. Timokhin & J. Arons 2013),
which took into account particle acceleration, photon emission,
and pair production, demonstrated that, regardless of the ability of
particles to escape from the NS surface, pair discharges always
operate in a cyclic fashion. These findings are reminiscent of the
model of M. A. Ruderman & P. G. Sutherland (1975,
hereafter RS75) with no particle outflow from the NS surface.
The bursts of pair formation are followed by a quiet outflow of
plasma where the electric field is screened; once a substantial
amount of the produced plasma leaves the polar cap, the electric
field is restored, and the cycle restarts.

For most pulsars, the radio emission is generated in the inner
magnetosphere not far from their polar caps (e.g., A. G. Lyne
et al. 2004; A. Philippov & M. Kramer 2022). The observed
brightness temperature of the radio emission is incredibly high,
10°-10°°K (D. Lorimer & M. Kramer 2005), indicating a
coherent nature of the radiation mechanism. Most of the existing
models of pulsar radio emission assume the development of
plasma instabilities in the pair plasma above the polar cap when
the accelerating electric field is already screened (D. B. Melrose
et al. 2021a). Recently, A. Philippov et al. (2020) proposed a
novel radio emission mechanism driven by the screening of the
accelerating electric field during pair discharge. Their 2D PIC
simulations demonstrated the excitation of electromagnetic
superluminal modes when the discharge occurs obliquely with
respect to the background magnetic field, i.e., in this model, the
radio emission is caused by the spatial inhomogeneity of the pair
discharges. Several studies have confirmed the excitation of
electromagnetic waves through the A. Philippov et al. (2020)
mechanism using 2D local (F. Cruz et al. 2021; J. Benacek et al.
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2024) and global (A. Bransgrove et al. 2023) PIC simulations.
However, the scale at which the discharge maintains spatial
coherence across magnetic field lines has not yet been explored,
partially because of the limited separation of plasma and global
scales and the simplified physics of pair production in
multidimensional simulations. Spatial decorrelation of the polar
discharge across the field lines might seem plausible as a physics
basis to explain some aspects of the short-term nulling of the
radio emission (e.g., C. Ng et al. 2020).

Observed radio emission shows variability over a wide range
of timescales. This variability includes the microstructure of
individual radio pulses at a level of ~100 ps and smaller, as
well as the quasi-stable drift of individual subpulses seen in
some pulsars (e.g., F. D. Drake & H. D. Craft 1968; P. Janagal
et al. 2023). To explain these phenomena, RS75 proposed that
pair discharges occur in a set of localized columns, which they
called “sparks,” separated by plasma-depleted regions. The
potential drop in the sparks gives rise to the electric field
component perpendicular to the magnetic field, which causes
sparks’ quasi-regular drift with respect to the NS. The spark
model is still being used for modeling drifting subpulses (e.g.,
J. A. Gil & M. Sendyk 2000; J. Gil et al. 2003; R. Basu et al.
2020). The intermittency of the cyclic discharge, as revealed by
simulations, is a natural candidate for explaining the micro-
structure. On the other hand, the existence of long-lived
isolated sparks in intermittent discharges is questionable.

In this Letter, we aim to explore the existence and
sustainability of the spatial decorrelations in the pair discharges
for the polar cap models with both no (RS75) and free
(J. Arons & E. T. Scharlemann 1979) escape of particles from
the NS surface. Using 2D and 3D PIC simulations, we study
how pair discharges fill the polar cap and the characteristic
discharge scales perpendicular to the magnetic field. Our Letter
is organized as follows. In Section 2, we describe the physical
model employed in our simulations of polar cap discharges. In
Section 3, we present the main results of our simulations. We
demonstrate that the discharge desynchronizes on transverse
scales comparable to the length of the gap along the field line
and conclude that localized sparks cannot exist in polar caps of
pulsars with force-free magnetospheres. Section 4 discusses the
applications of our results to observed pulsars.

2. Overview of the Physical Model
2.1. Dynamics of the Electromagnetic Fields

Global solutions for the pulsar magnetospheres in the force-free
electrodynamics (FFE) approximation (e.g., I. Contopoulos et al.
1999; A. Spitkovsky 2006; A. N. Timokhin 2006; C. Kalapothar-
akos et al. 2012) demonstrate that the open field lines develop a
twist that is self-regulated by conditions at the light cylinder. The
global toroidal magnetic field, B, sets the distribution of the field-
aligned magnetospheric current, ju,, = (c/4m)V x B, in the
polar cap zone. We decompose the electromagnetic fields into a
sum of the FFE fields, By =By + B, Eree = —Q X r X By/c,
where By is the background (e.g., dipolar) poloidal magnetic field,
and corrections, 0E and 6B, created in the process of adjustment of
the electric current in the gap, j, to the global magnetospheric
current, jmae. By substituting the field decomposition into time-
dependent Maxwell equations, we obtain the evolution equations
for 0F and 0B:

%5}5 =V X 6B — 47(j — jnug). (1)
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2513 = —cV x 6E. )
ot

The electric field has also to obey Gauss’s law:
V - 0E =4n(p — ,0(3]), 3

where p is the charge density and pg; =V :Egpg/d41 =
—Q-B/27c is the GJ charge density. Unless mentioned
otherwise, we consider the GJ density to be negative.

We assume that the distribution of magnetospheric current,
Jmag> 18 constant in our simulations. This is well justified in
actively pair-producing pulsars, in which case the global
toroidal field, B, evolves on timescales comparable to the
light-crossing time of the light cylinder, R, ¢ / ¢, which is much
longer than the characteristic time in the polar cap zone, Rpc/c.
Here Rpc = R,\/R./Ric is the radius of the polar cap,
Ry c = cP /2 is the radius of the light cylinder, R, is the stellar
radius, and P is the rotational period of the star. Equations (1)
and (2) have two special stationary, 9/0¢ =0, solutions:

(i) There is abundant plasma everywhere to support the
magnetospheric current, j = ji,e, Which leads to a fully
FFE solution, 6E, 6B = 0.

(ii) A field line has no plasma loading and j =0 in the gap
zone. Then, the full twist of the field lines becomes zero,
O0B= —B,,.

In the previously studied 1D approximation, the set of
Equations (1)~2) reduces to O(SE))/0t = —4m(jj| — jmag)> Since
only components of the field and current parallel to the background
field can be evolved in 1D (A. M. Beloborodov 2008; A. N. Tim-
okhin 2010; A. N. Timokhin & J. Arons 2013). By construction,
these solutions describe deviations from the FFE state, i.e., solution
(1). Our multidimensional simulations solve the full system of
Equations (1)~(2) together with the constraint Equation (3). In
contrast to the 1D simulations, if the pair creation process is unable
to sustain the global magnetospheric current, the total twist can
become zero, and the system reaches state (ii).

The limitations of numerical methods do not allow the study of
processes in pulsar polar caps for realistic values of physical
parameters except in 1D. One must rely on a scaled model with
sometimes exaggerated parameters to make such a study possible
in 2D and 3D. Despite the simplifications, our numerical setup
preserves all the important properties of the real polar cap at the
base of the FFE magnetosphere, as described below.

2.2. Magnetospheric Current Distribution

The work by S. E. Gralla et al. (2016, 2017) provided fits of
the spatial distribution of the magnetospheric current over the
polar cap of oblique rotators. They found that for misaligned
rotators a significant fraction of the polar cap is capable of
supporting active pair production, i.e., possesses super-GJ
current, jmag/joy > 1, where again jg; = pgyc, or the volume
return current, jmae/joy < 0 (A. N. Timokhin & J. Arons 2013).

For a 2D simulation performed in Cartesian coordinates, we
choose the profile of the magnetospheric current to be
qualitatively similar to the solution for the aligned rotator:

Jme @) =2 = Gx* + Cox® + G, 4)
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Figure 1. Distribution of the magnetospheric current across the polar cap used
in our (a) 2D and (b) 3D simulations, which mimic the currents in the
magnetospheres of aligned and 60°-inclined rotators. The net current across the
polar cap is zero, with outgoing and return current regions each covering
roughly half of the polar cap. The colored inset in panel (a) marks the
boundaries of initial high-density plasma-filled patches (see Section 2.5). In
panel (b), the thick black lines represent the boundaries of super-GJ and return
current regions.

where x=r, /Rpc is the coordinate transverse to the back-
ground magnetic field, By, which is chosen to be uniform.
Coefficients C;, C,, C3 are chosen to satisfy the conditions of
total zero current and smooth transition to the zone with no
current (closed field lines zone):

Ree op 2D d op
j; oo = 0. R =0. LR =0 ()

x=1

This choice results in approximately half of the polar cap field
lines having the volume return magnetospheric current,
Jmag < 0, and half of the field lines carrying a super-GJ current,
Jmag > jos.” The current profile is visualized in Figure 1(a). Our
choice excludes the extremely narrow zone of the intense return
current at the boundary of the open field line region, the
“separatrix” current, which is present in magnetospheric

5 Our current density distribution has a higher maximum value and results in
larger portions of the polar cap occupied by the super-GJ current density
compared to a real axisymmetric pulsar. However, qualitatively, it preserves
the properties of an actual current density distribution.
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solutions for any obliquity. Studying the discharge in the
separatrix requires fully global simulations (e.g., A. A. Philippov
et al. 2015; R. Hu & A. M. Beloborodov 2022).

In 3D simulations, the approximation for the distribution of
the magnetospheric current over the polar cap is taken from
S. E. Gralla et al. (2016):

3D
-]mag - 1 .
e 0, ¢) ~ o9 0 [Jo(arcsin(8/ Jag))

— Ji(arcsin(8/ \Jag))tani cos ¢]. 6)

Here Jy; are Bessel functions of the zeroth and first order,
6 =r, /R, gives the distance from the center of the polar cap,
and ¢ is an azimuthal angle. The constant parameters i, 2, ag
describe the global magnetosphere, namely i=60° is an
inclination angle; Q,~ (2C/5)) is the angular velocity of the
frame dragging, with C=2M/R, ~0.5 the stellar compact-
ness; and « defines the size of the polar cap for the dipolar
magnetic field. The analytical formula (6) has a nonzero total
current through the polar cap, requiring a separatrix current. In
our numerical setup, the mean current (jm,e)pc is subtracted
from Equation (6) to enforce the zero total volumetric current.
The resulting distribution of the magnetospheric current is
shown in Figure 1(b).

2.3. QED Pair Production

1D studies by A. N. Timokhin (2010) and A. N. Timokhin &
J. Arons (2013) showed that pair production in polar zones
operates intermittently, i.e., episodes with strong electric field
component along the magnetic field and intense particle
acceleration are followed by plasma-filled states with fully
screened electric fields. During the active phase, electrons and
positrons are accelerated into two oppositely directed beams
with high Lorentz factors v, ~ 107 for real pulsars (A. N. Tim-
okhin 2010). During propagation along magnetic field lines
with curvature radius p., high-energy particles emit +-rays of
energy ¢ at a rate of

dNpp 1
dide B~ 52

f Ks3(x)d, )

where Ks;3 is the Macdonald function and E:h is the
characteristic energy of a curvature photon

et = 21 ®)
2 c

Photons are emitted tangentially to the magnetic field lines, and
the angle between the photon propagation and magnetic field
direction, v, increases. In our simulations, the angle increases
linearly with distance from the emission point, z:
siny = f dz / p.(z). We do not include the displacement of
photons from one field line to another during their propagation.
This is justified because the transverse propagation distance,
~lgap(lgap/ pe), Where Iy, is the longitudinal size of the gap, is
significantly smaller compared to the polar cap radius, Rpc, in

pulsars with Iy, < Rpc considered in this work.
High-energy photons propagating at a nonzero angle with
respect to the strong magnetic field eventually decay into
electron—positron pairs. The cross section of the photon
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absorption is given by T. Erber (1966):

do B . o 8 .
— = 0.23—siny—exp| —— |OEpp siny — 2), 9
i B, 112)\8 P( 3X) Epnsiny —2),  (9)

where x = (B/B,)Zn siny, B, = m2c3/efi ~ 4.41 x 101G is
the critical magnetic field, and &, = Eph/mec corresponds to
the photon energy measured in units of m.c’. The theta-
function ensures that the probability of pair production is zero
below the threshold, &, siny) =2 (J. K. Daugherty &
A. K. Harding 1983). After rapid radiation of the momentum
component perpendicular to the magnetic field, secondary pairs
move with the following 4-velocity along the magnetic field:

|cos 1l (B, — 4)!/2 1

_ 2 3
=2 o2 o~ g 10105
(Epn SIn” 1, + 4 cos”1y,) sin ),

(10)

where 1, is the angle of the photon propagation direction at
the point of absorption. This process generally results in
large pair multiplicity, M = ny/ngy > 1 (A. N. Timokhin &
A. K. Harding 2019).

Realistic scales of particle and photon energies have so far been
achieved only in 1D simulations. In 2D and 3D, we adopt the
following rescaling procedure. The maximum Lorentz factor of
particles accelerated in a vacuum electric field on a scale of the
transverse size of the polar cap is assumed to be
Yoc = 0.5(Rpc/d’)?, where d = ¢/ [4x|pgyel/m, is the
cold skin depth defined for the density of the GJ plasma. Here
we used an electric field linearly increasing with distance,
appropriate for super-GJ and volume return currents (A. N. Timo-
khin & J. Arons 2013; see also the Appendix). The cooling
efficiency due to curvature radiation is parameterized by the
radiation reaction limit, 7.q. It is defined as the Lorentz factor
corresponding to the balance between the accelerating electric
force and the radiation reaction force, eEpc = (2 / 3)62’}/; d / pg.
Finally, the energies of the curvature photons are expressed as
Eph = (v /wemit)3, where ~emie parameterizes the Lorentz factor of a
particle emitting a curvature photon with an energy of an electron
rest mass, (3 / 2)h(c / pc)“yzmit = m,c?. Together with the spatial
distribution of the curvature radius of field lines, its fiducial value
peo, and the strength of the magnetic field B/B,, these energy
scales fully determine the problem. For Vela with the rotational
period P= 0 089s and surface magnetic field strength

B, ~2 x 10"? G the charactenstlc Lorentz factors emit =8 X 10°,
Yead = 1.8 X 10, 4pc = 6.5 x 10°, resulting in the hierarchy of
energy scales as Yemit <K Yrag K Y. Our simulations downscale all
these numbers (see Table 16) but preserve the above hierarchy.
We provide additional details of numerical implementation and
QED-related rescaling relations in the Appendix.

2.4. Atmosphere

The surface of the NS is covered by a thin electron—ion
atmosphere (e.g., P. Haensel et al. 2006). This atmosphere
provides a reservoir of charged particles that an unscreened

® The choice of the simulation parameters is made to solely downscale the gap

sizes. For example, high values of the magnetic field strength, B > By, lead to
lower Lorentz factors of electrons/positrons that emit pair-producing photons
screening the gap, 7,ap, Which allows a gap size that is smaller than our polar
cap. However, we do not include any new QED effects (e.g., photon splitting)
expected for these field strengths in the simulations, as we aim to describe polar
caps of rotation-powered pulsars, where these effects are negligible.
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electric field can pull into the magnetosphere. To model the
SCLF, we place a thermal plasma just above the inner boundary
of the simulation domain, where we set conducting boundary
conditions for electromagnetic fields and outflow for plasma
particles. The thermal plasma has a Boltzmann spatial distribu-
tion n = npex exp(—z/h). Here z is a coordinate along the
background magnetic field, B, the peak density 71pca = 10ng;,
and h = kT /(m.g) ~ 10d, Gl is a scale height. The Boltzmann
distribution is supported by adding a constant gravitational force
—m,g to the particle equation of motion.” At each time step, the
injector replenishes escaping particles within one scale height
from the stellar surface to maintain the Boltzmann distribution.
The temperature 7 is selected to be low to prevent the situation
when the quasi-neutral thermal outflow carries the magneto-
spheric current from the tail of the Boltzmann distribution
(A. M. Beloborodov & C. Thompson 2007). We verify that our
setup produces correct 1D SCLF solutions for both sub- and
super-GJ currents in the Appendix. Additionally, we perform
simulations adopting the RS75 model, where the atmospheric
supply of plasma is absent. In this case, plasma is generated
solely through pair production in discharge events.

2.5. Initial Plasma State

Above the atmosphere, we initialize plasma with multiplicity
M ~ few to provide the magnetospheric current j = j,, by
subrelativistic counterstreaming. This is done to avoid finding
the configuration of vacuum electric fields in multidimensional
settings and allows us to start with initial conditions 6E = 0. In
the 1D setup, we verified that the late-time evolution of the
discharge is insensitive to starting with vacuum or plasma-filled
conditions. To satisfy the constraint given by Equation (3), we
add electrons, providing spatial charge density p= pg;. AsS
pointed out in A. N. Timokhin & J. Arons (2013), gap formation
in super-GJ current is sensitive to the sign of the spatial gradient
of the GJ density. In particular, the gap appears close to the
stellar surface if the gradient of |pg,| is positive, as dictated by
the general relativistic correction caused by frame dragging
(V. S. Beskin 1990; A. G. Muslimov & A. I. Tsygan 1992; A.
A. Philippov et al. 2015). Thus, we adopt the model of
decreasing GJ charge density in the simulation box,
Pgy = pgj(l + 0.8z /LZ), where L, is the size of the simulation
box along the magnetic field.

Simulations initialized with a uniform distribution of plasma
across magnetic field lines result in a coherent discharge across
the whole polar cap. For the duration of our simulations, this
idealized coherence persists. In this Letter, we aim to study the
“natural” state of pair discharges when discharges on all field
lines do not necessarily start simultaneously, so we introduce
initial inhomogeneities in plasma and let the system evolve. To
desynchronize the discharges on neighboring field lines, we
split the polar cap into the domains or patches. Initially, each
patch is populated with a high-density plasma, n > ng;, which
can be thought of as the remaining plasma from the previous
discharge episode. To maintain these high-density regions, we

7 We turn this force off inside the magnetosphere, since in real pulsars the

Lorentz force vastly exceeds the gravitational force.

8 The realistic gradient caused by the frame dragging is 51gn1ﬁcantly
smaller: |pg| = (Q — QZ)BO 2nc) = |(l + (A L .)Z), Where IpGJI =
QBy(1 — 2C/5)/2nc and A~ (6C/5)(L R*)/(l 72C/5) where C is the
compactness of the NS. In 1D simulations performed for realistic parameters,
we verified that the location of the gap is similar to more realistic values of the
gradient, e.g., A =~ 0.07 corresponding to the Vela pulsar.
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Table 1
Summary of Simulation Parameters
Simulation lgap/RPC Rpc/deGJ Yec Yrad VYemit pz:,O/RPC BO/Bq
SCLFsmall Lgap < Rec 12,000 7.2 x 107 6.7 x 10° 10* 13 2.0
SCLFsmallTail Lgap < Roc 12,000 7.2 x 10 1.35 x 10° 4% 10° 13 2.0
SCLFsmallCurv Lgap < Roc 12,000 7.2 x 107 6.7 x 10° 10* 13 2.0
SCLFlarge Lyap S Rec 8000 3.2 x 107 8 x 10° 3 x 10* 20 0.1
RSsmall Lgap < Roc 8000 32 x 107 8 x 10° 3 x 10* 20 1.0
RSlarge lyap S Rec 8000 3.2 x 10’ 8 x 10° 7 x 10* 20 0.1
SCLF3D Leap S Roc 1000 5% 10° 10* 10° 5 0.2

Note. The simulations of the 2D SCLF polar cap are discussed in Section 3.1. Namely, simulation SCLFsmall is described in Section 3.1.1; SCLFsmallTail, in
Section 3.1.2; SCLFsmallCurv, in Section 3.1.3; and SCLFlarge, in Section 3.1.4. Both simulations of the 2D RS75 model of the polar cap are presented in
Section 3.2, and the 3D simulation of the SCLF model is discussed in Section 3.3.

slowly inject e~ — e plasma into the patch to maintain 6E ~ 0
and the absence of particle acceleration. At some point, we stop
the plasma injection, and the discharge restarts when most of
the plasma falls into the atmosphere or escapes the box as a
result of counterstreaming demanded by the magnetospheric
current. We stop supplying the initial plasma at different times
on neighboring patches, which leads to the desynchronization
of phases of discharges. Following self-consistent evolution
after all patches are cleared of the initial plasma allows us to
study the phase coherence of discharges across the polar cap.
The initial partition of the polar cap into patches is shown by a
colored inset in Figure 1(a).

2.6. Numerical Details

We perform simulations of pair production discharges using
the Tristan-v2, multispecies radiative PIC code (H. Hako-
byan et al. 2024). We present results of 2D and 3D simulations
with resolution Ax = deGJ ,where Ax is the cell size. In 2D, we
verified that our results are unchanged for Ax = d°'/2. To

ensure that the hot skin depth, 4" = ¢ / Jamne? (1/93) /m,, is

always resolved in the simulation domain, we limit the
multiplicity of the produced -electron—positron pairs at
Miim = 50. The initial magnetic field is uniform By =
B, = const in the whole computational domain. The curvature
of the field lines, p., is prescribed, and it is only used for
calculating emission of photons and pair production. The
distribution of the field-aligned component of the magneto-
spheric current is constant along magnetic field lines, as is the
case in stationary FFE solutions. Our system size is
Rpc/dS" = 8 x 10 = 1.2 x 10* for 2D, resulting in the
Lorentz factors corresponding to the full vacuum potential
drop across the polar cap, Ype = 0.5(Rpc/d,)* ~ 5 x 107. In

3D, the size of the polar cap is Rpc = 103d€GJ , and
correspondingly 7pc ~ 10%. The simulation domain size is
2Rpc along the stellar surface and 2Rpc along the field lines.
We study both the SCLF and RS75 models with varying
parameters, corresponding to small, /g, < Rpc, and large,
leap S Rec, gap sizes in 2D. Additionally, we perform a
simulation in the SCLF model of a marginally small gap,
corresponding to the current distribution in the 60°-inclined
rotator. The summary of the parameters of different simulations
is given in Table 1. We employ eight filter passes on the
deposited currents to reduce the particle noise. The fields are
evolved using modified stencils (A. Blinne et al. 2018), which

significantly improve the isotropy of the numerical dispersion
relation of the electromagnetic waves. This method also leads
to a substantial reduction of the electromagnetic noise in our
multidimensional simulations compared to the evolution
employing the standard Yee solver.

3. Results

1D simulations in the SCLF regime found qualitatively
different regimes of the discharge operation, dependent on the
value of the magnetospheric current (A. N. Timokhin &
J. Arons 2013).

(1) Super-GJ current, j,q.q/jcs > 1. The gap opens close to the
stellar surface. A beam of high-energy electrons is
accelerated outward by the electric field in the gap and
produces photons and secondary pairs that escape into the
magnetosphere. Positrons in the gap accelerate toward the
star and produce pairs bombarding the surface.

(ii) Sub-GJ current, 0 <jmae/jcs <1. Here a subrelativistic
beam of electrons of density ~ng; is extracted from the
atmosphere, supplying enough charge density and current
to screen the electric field. No pair production happens in
this zone.

(iii) Return current, j.o/jcs <0. The gap opens at high
altitudes, close to the upper boundary of the simulation
domain.” Since the gap is located at a large distance from
the star, the most efficient pair production is driven by the
particles, emitting curvature photons toward the region of
stronger magnetic field, i.e., propagating to the stellar
surface. At the same time, the discharge is ignited by
photons emitted by positrons moving outward (see
A. N. Timokhin 2010 and Section 3.1.1).

In the RS75 model, A. N. Timokhin (2010) demonstrated
that the magnetic field lines With jumae/jcy > 1 and jmag/jcr < 0
operate overall similarly to the SCLF case. On the other hand,
field lines with sub-GJ current 0 < jyae/jcy < 1 become capable
of particle acceleration and subsequent pair production. Our
multidimensional simulations support these basic qualitative
conclusions but also reveal novel dynamics across magnetic
field lines.

? Ttis likely that this gap initially opens at the null surface, where pg; = 0; see
evidence in global simulations in, e.g., A. Bransgrove et al. (2023).
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Figure 2. Evolution of the discharge in the 2D polar cap with a small gap, ly,, < Rpc, and free particle escape from the stellar surface (SCLF). The first column depicts
(a) the electric field and (b) plasma density during the initial phase of the evolution, where patches occupy a large area of the polar cap. At this time, the discharge
along the super-GJ field lines behaves in an almost steady-state manner. The second column illustrates a later evolutionary stage when all patches are cleared of the
initial plasma, leading to a cyclic discharge. The asymmetry of clouds of produced plasma suggests the decorrelation of discharges on neighboring field lines. Lines
“E” and “F” indicate the positions of 1D cuts of the z — p, phase space and electric field for the region of the super-GJ current (el, e2) and (f1, f2)—for return current.
In the phase-space plots, blue, red, and black circles represent the position and momentum of electrons, positrons, and pair-producing photons, respectively.

3.1. Space-charge-limited Flow

In this section, we present the results of simulations of a
discharge in the 2D polar cap with the supply of plasma from
the stellar atmosphere (see simulations SCLFsmall,
SCLFsmallCurv, SCLFsmallTail, and SCLFlarge in
Table 1). In all of these simulations, we start with three patches
loaded with low-density plasma, allowing quick opening of the
gap on these field lines. Two of the patches are located in the
zone of return current, and one is in the zone of the super-GJ
current.

3.1.1. Small Gap, Constant Curvature of Field Lines

In polar caps of real pulsars, the magnetic field can deviate
from dipolar configuration owing to the presence of local
multipolar components, resulting in magnetic field configura-
tions that do not necessarily possess axial symmetry around the
center of the polar cap. Our configurations with constant
curvature radius represent such polar caps. The results of the
simulation SCLFsmall with a small gap, [, < RPC,IO and
constant field line curvature, p. = p.o, are shown in Figure 2.
In the super-GJ zone, the gap forms close to the stellar surface.
Initially, electric potential along the gap is limited by the
transverse size of the patch, resulting in slow acceleration and

19 Sizes of gaps are quoted for the zone with super-GJ current, in the state
when all patches are cleared of the initial plasma. Parameters of the simulation
in Table 1 are calibrated using 1D simulations for corresponding values of jiag.

low energies of electrons extracted from the atmosphere. The
mean free path of photons emitted by these electrons is large,
and pair production happens beyond the gap, i.e., in a region
with 0E ~ 0. Since produced pairs have a nonzero momentum
directed outward, none of them can return into the gap zone to
screen the electric field. At the same time, the region beyond
the gap is filled with high-density secondary plasma, prevent-
ing the gap from further expansion. Under these conditions, the
gap becomes quasi-stationary: its size does not change in time.
We find that the gap operates in a quasi-stationary regime when
the size of the gap along the field lines is large, [y, > w, where
w is the transverse width of the patch. Quasi-stationary gaps are
seen in the active patches in the zone with super-GJ current at
early times, as shown in the left column of Figure 2.

When a new patch between the two already active patches
with quasi-stationary gaps is cleared of plasma, the unscreened
electric field in the plasma-starved zone communicates across
the field lines. This leads to a significant increase in the
accelerating potential, proportional to the increase of the
transverse size of the gap. Electrons, accelerated to higher
energies, emit more energetic photons that are absorbed within
the gap, leading to the cyclic screening of the electric field. The
example of the merging of a few quasi-stationary gaps can be
seen in the central column of Figure 2 (panels (c)—(d)). These
snapshots correspond to the later time when all patches are
cleared of initial plasma and the whole polar cap is available for
discharge.
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In a cyclic discharge, the unscreened electric field on a
particular field line exists during Tacive = lgap /c. Thus, the
transverse size of the region affected by the unscreened electric
field on the field line cannot exceed ¢Tycive = lgap. Hence, if two
field lines are separated by a distance exceeding 2lg,,, their
electric fields cannot communicate. This condition sets the
limitation to the transverse coherence scale of a discharge,
[ ~ lgop. The transverse variation of shapes of the front of the
unscreened electric field and clouds of secondary plasma seen in
Figure 2(d) present a hint of the desynchronization of discharges
at different field lines. We note that the size of the cyclic gap on
field lines carrying the super-GJ current is larger compared to the
one expected for a vacuum electric field. Here the electric field
extracts electrons from the stellar atmosphere and positrons from
the plasma cloud produced in the previous discharge episode
into the gap zone. The presence of both electrons and positrons
results in a smaller deviation of the plasma charge density from
the GJ value, leading to smaller electric field in the gap,
~0.1|Ep|, where Ey=47pcilgap(|jimag/jcs| — 1) corresponds to
the case of only electrons carrying the current (see the 1D slice
of the electric field in panel (e2) of Figure 2).

On field lines carrying the return current, a strong electric
field appears at the upper boundary of the simulation box,
where a lack of electrons develops. The current in the gap zone
is carried by positrons moving into the magnetosphere. This
leads to strong accelerating electric fields reaching
E. ~ Ey = 47| pc;|lgap(|imag/Jcs| + 1). The electric field in the
return current zone'' is shown in panel (f2) of Figure 2.
Photons emitted by the high-energy positron beam decay into
pairs moving into the magnetosphere. The unscreened electric
field reverses some of the electrons toward the star and
accelerates them to high energies, igniting the discharge
moving inward (see a 1D cut of the phase space z — p, in
panel (f1) of Figure 2). At the same time, particles moving into
the magnetosphere leave the zone of a strong enough magnetic
field to allow single photon conversion, and pair production
driven by these particles ceases. Because of the much stronger
electric fields, the gap size in the return current zone is smaller
compared to the gap in the super-GJ zone. Since here [y, < w,
the discharge within the first open patch is immediately in an
intermittent regime (panel (b) of Figure 2), for chosen
parameters of the gap and widths of initial patches.'> When
all patches are cleared of initial plasma, the discharge proceeds
intermittently on all field lines. The complex shape of the
clouds of secondary plasma additionally points to the
transverse desynchronization of the gaps at the scale of

1) ~ lgap.

3.1.2. Small Gap, Strong Desynchronization

Both regular (e.g., A. Manzali et al. 2007; M. Rigoselli et al.
2022) and millisecond (M. C. Miller et al. 2019, 2021) pulsars
show thermal X-ray emission from their surfaces. The source of
heating behind this radiation is thought to be the bombardment
of the stellar surface by the ultrarelativistic beam of particles

' Note that the color bar in the electric field panels (panels (a) and (b)) has
different lower and upper bounds.

12 At the same time, the discharge in the outermost isolated patches initially
occurs in a quasi-stationary regime owing to the low available potential on field
lines with small return currents. It remains stationary until the patch next to it
becomes available for the discharge. After a neighboring patch opens, the
electric fields of the two patches synchronize, and discharge continues
intermittently.

Chernoglazov, Philippov, & Timokhin

accelerated in a gap. These backward-propagating beams can
be seen in 1D cuts of phase spaces z — p,, shown in panels
(el)-(f1) of Figure 2. During the active phase of the cyclic
discharge, the densities of counterstreaming beams are
approximately equal to each other, and the X-ray luminosity
can be estimated as Lx = 0.5Lo(7gap/Vrc), Where Lo is a spin-
down luminosity and g, is the maximum Lorentz factor of
particles in the gap. It has long been known that this estimate
gives significant overheating of the stellar surface compared to
the observations (e.g., V. S. Beskin 2018). In stationary gap
models, derived for nearly GJ currents, the amount of particles
bombarding the star is much less compared to the outflow, and
the surface heating is reduced (see, e.g., J. Arons 1981;
A. K. Harding & A. G. Muslimov 2001; see also discussion in
Section 3.1.1). For the cyclic discharge, the surface heating is
attenuated by a repetition rate, f= T,ciive/ATrep < 1, Where
Tactive 15 again the lifetime of the unscreened electric field and
ATy is the time between successive discharges (A. N. Timok-
hin & A. K. Harding 2015).

We expect some long-lived oscillations of an electric field to
remain inside the secondary plasma cloud after the main
screening event in a gap (E. A. Tolman et al. 2022). These
oscillations can reverse a fraction of injected secondary
particles and deliver them to the gap zone. Suppose that the
process of particle reversal persists for a long time, >>T,ve. In
that case, the electric field behind the cloud of secondary
plasma remains screened, and the repetition rate fis small.

In our multidimensional simulations, we observe Ary,~
few X Tacives» Which is not sufficient to explain the X-ray
observations. We believe that this is because of the low allowed
plasma multiplicity in the clouds and, hence, low-density
backflow—a conjecture that we will address in the forthcoming
work. In order to decrease the repetition rate, we inject additional
extended tails behind the escaping clouds of secondary plasma.
We trace high-density clouds of curvature photons and inject
additional pairs in cells where the photon cloud passed less than
0.3L./c ago. The parameters of the simulation are chosen such
that the discharges are in the cyclic regime within each initial
patch, which corresponds to an even smaller gap size compared to
SCLFsmall and stronger desynchronization. As shown in
Figure 3(b), simulation SCLFsmallTail based on this
prescription indeed results in long tails and small repetition rates.
While the size and the lifetime of initial patches are identical to
ones in simulation SCLFsmall, the structure of discharges is
substantially different (the density snapshot for SCLFsmall is
reproduced in Figure 3(a) for convenience). Discharges happen
completely independently within each transverse zone [, ~ lsyp
with no synchronization between each other. We coin the
resulting structure as a “lava lamp” discharge. This result follows
from our previous statement that synchronization of neighboring
discharges proceeds during overlapping plasma-starved episodes.
The probability for two initially desynchronized gaps to appear
next to each other in neighboring patches is ~f. Hence, for low
repetition rates, f<< 1, the probability of spontaneous synchroni-
zation is very low. At the same time, the discharge remains
coherent within one patch of size ~/,,,. In our simulations, this
coherence is preserved by the weak variation of the repetition rate
across magnetic field lines.

3.1.3. Small Gap, Quasi-dipolar Field

For the case of a commonly assumed star-centered dipole,
the field line curvature diverges, p. =~ 4R, Ric / 36, where 0 is
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Figure 3. Comparison of plasma density distributions for various simulations in the SCLF regime. (a) Small gap /., < Rpc With constant curvature (same as used in
Figure 2, simulation SCLFsmall from Table 1). Panel (b) shows significant decorrelation of discharges on different field lines for a small gap and artificially reduced
repetition rate (simulation SCLFsmallTail). Panel (c) presents the simulation SCLFsmallCurv with the same parameters but with dipolar curvature, p. ~ 1/6.
The inset displays the field-aligned component of the electric field, highlighting the inclined fronts of field screening. Panel (d) depicts the case of a large gap,
lyap S Rpc (SCLF1large). The right column shows plasma currents averaged along the field lines at different times for (e) small and (f) large gaps, indicating that
smaller gaps more effectively sustain the twist of the magnetospheric field lines. The dotted red line in panels (e) and (f) shows the distribution of the magnetospheric

current density.

the polar angle, making pair production impossible near the
magnetic axis. To study discharges in a dipolar geometry, in
simulation SCLFsmallCurv we impose the curvature of the
field lines in the form p. = p.o(Rec/x), Where values of p, o and
Rpc are given in Table 1 and x is the distance from the magnetic
pole (center of the polar cap).

In Figure 3(c), we show a snapshot of the plasma density in
the simulation. We find that close to the edge of the polar cap,
in the return current zone, the discharge behavior is very similar
to the simulation SCLFsmall. The field lines carrying the
super-GJ current, however, have a substantially larger radius of
curvature than the outer field lines. Comparison of snapshots
with constant and dipolar curvatures (Figures 3(a) and (c))
demonstrates that the gap in the super-GJ current zone is
overall larger in the simulation with dipolar curvature than in
the simulation with the constant curvature. This behavior can
be easily understood considering the analytical scaling for the
gap size (A. N. Timokhin & A. K. Harding 2015):

lyap o €3/ 1p2/ P3R4/, (1n

where &~ jmag/jas characterizes the strength of the electric
field, P is the pulsar’s rotational period, and B is the magnitude
of the surface magnetic field. The variation of the gap size
across the field lines in the super-GJ zone is determined by two

factors: the strength of the accelerating electric field, and the
radius of curvature of the field lines. Since both &~ jimae/jcs
and the radius of curvature increase toward the pole, these two
effects nearly cancel each other. Consequently, we find no
substantial variation in the gap size everywhere except in the
region very close to the magnetic axis where the field curvature
diverges. This result coincides with early theoretical conclu-
sions (e.g., J. Arons & E. T. Scharlemann 1979). Here the gap
size becomes infinite because the energy of curvature photons
is very low (see Equation (7)), and a hole in the plasma density
forms.

The desynchronization of the discharges on neighboring
field patches in the return current zone is practically identical to
the simulation SCLFsmall (see Section 3.1.1). Synchroniza-
tion of the discharges in the super-GJ current zone is more
active owing to the overall larger size of the gap (see also
Section 3.1.4). Here synchronization of two patches on
opposite sides of the magnetic axis occurs during the plasma-
starved episodes because the unscreened electric field always
exists in the central plasma density hole. Since the gap size
varies substantially in a narrow region close to the magnetic
axis, the front of the electric field screening is highly inclined
with respect to the magnetic field, as shown in the inset of
Figure 3(c). As pointed out by A. Philippov et al. (2020) and
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Figure 4. Evolution of the discharge in the 2D RS75 polar cap with small (/gap < Rpc, RSsmall) and large (lgap < Rpc, RS1arge) gaps. The first column shows (a)
electric field and (b) plasma density distribution during the initial phase of the evolution in RSsmall, when initial patches still occupy a large area of a polar cap. The
second column, panels (c)—(d), illustrates a later evolutionary stage when all patches are cleared of the initial plasma. The right column shows (e) the electric field and
(f) density snapshots for a large gap, RSlarge, at a later time when the initial patches are cleared of plasma.

F. Cruz et al. (2021), these inclined electric field screening
fronts are plausible sources of superluminal ordinary modes,
which can transform into the observed radio emission as they
escape from the magnetosphere.

3.1.4. Large Gap

In this section, we study a discharge with a gap size
comparable to the size of the polar cap ly,, ~ Rpc, corresp-
onding to less energetic pulsars. In Figure 3(d), we show a
snapshot of the plasma density distribution in the simulation
SCLFlarge. At early times, a few isolated narrow patches are
available for discharge in the region with the super-GJ current.
In each of the patches, a quasi-stationary gap forms as
described in Section 3.1.1. After all patches are cleared of
the initial plasma, the discharges on neighboring field lines
synchronize across most of the super-GJ zone of size [ ~ [yyp.
The resulting coherent discharge proceeds intermittently.

Similar conclusions apply to the discharge in the return
current region, where we observe a pair of coherent discharges
in each zone; see Figure 3(d). They are separated by a plasma
density hole (white dashed lines in Figure 3(d) mark its center),
which has a peculiar origin. Here, if the patch width is too
small to establish a high enough electric potential to trigger pair
production, the whole field line can become clear of pairs
because of the counterstreaming demanded by the magneto-
spheric current. Simultaneously, an electric field extracts

massive ions from the stellar atmosphere, which are not able
to emit high-energy photons. In our simplified setup that does
not take the transverse motion of photons into account, zones
that once become clear of pairs can no longer ignite a
discharge. These field lines possess an unscreened electric field
that allows transverse communication of neighboring patches.

3.2. Ruderman—Sutherland Gap

The SCLF model (J. Arons & E. T. Scharlemann 1979)
corresponding to the free escape of particles from the stellar
atmosphere seems more physically motivated; however,
the RS75 model with no plasma supply from the star is still
widely used to explain various observations (e.g., Z. G. Wen
et al. 2020; N. Primak et al. 2022; P. Janagal et al. 2023). In
this section, we consider discharges in the model with no
plasma supply from the stellar surface (RS75). The profile of
the magnetospheric current and fragmentation of the polar cap
into patches is identical to the simulations in the SCLF model,
as described in Section 3.1.1. The RS75 model is typically
applied to a pulsar with counteraligned magnetic moment and
angular velocity vectors, the “antipulsar.” In this geometry, the
GJ density is positive. In comparison with SCLF simulations,
we change the sign of both the GJ density (see Section 2.5) and
the magnetospheric current.

In Figure 4, we show snapshots of the accelerating electric
field and plasma density for the simulations with small
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(simulation RSsmall) and large (RSlarge) gaps. The
evolution of discharges in the RS75 model is very similar to
that of the SCLF model: the discharges operate in an
intermittent regime, and the directions of discharges are
identical to those in the SCLF polar cap. Namely, the gap
opens at the stellar surface, and clouds of secondary plasma
move toward the magnetosphere in zones of the positive
current. In the regions of return current, a gap opens at high
altitudes and launches plasma moving toward the star. It is
important to note that the area with sub-GJ magnetospheric
current also possesses an accelerating electric field and pair-
producing discharge, which is in contrast with the SCLF
model. The RS75 and SCLF models also differ in the zones of
the super-GJ current, where the RS75 model has a gap with
large parallel electric field ~Eg~ 4mpglgap. In the RS75
model, the current is carried by particles of one sign extracted
from the cloud created during the previous discharge. In the
SCLF model, the electric field is much smaller because
particles of both signs are present in the gap.

In the case of a small gap (Igap < Rpc, Figures 4(a)—(d)), the
discharge operates in the intermittent regime already when the
first patches are cleared of the initial plasma (Figures 4(a) and
(b)), in the zones of both super-GJ and return currents. At a
later time, when all of the patches are cleared, the discharges
communicate through the vacuum episodes similarly to the
discharges in the SCLF model. The complex shape of the
clouds of secondary plasma demonstrates that the discharges
are not fully synchronized across magnetic field lines. At the
same time, a relatively large repetition rate, f, leads to smaller
desynchronization of the discharges (Figures 4(c) and (d)). We
expect a similar “lava lamp” pattern of desynchronized
discharges in a situation of a realistically low repetition rate,
f< 1, as described in Section 3.1.2. In the polar cap with a
large gap (RSlarge, [y S Rec; Figures 4(e) and (f)), a quiet
stage at the beginning of simulations with narrow, isolated
patches is later replaced by a well-developed cascade with
nearly synchronized discharges when all patches are cleared
of the initial plasma. This dynamics is broadly similar to
the evolution in the SCLF simulation with a large gap,
SCLFlarge.

3.3. 3D Gap, Space-charge-limited Flow

In this section, we study a 3D discharge corresponding to the
current distribution in the 60°-inclined rotator. Here almost half
of the polar cap is occupied by the field lines with super-GJ
current, and the other half is occupied by the field lines with
negative return current (see Figure 1(b)). The choice of the
simulation parameters (simulation SCLF3D in Table 1)
provides a small gap, lyap < Rpc, in the region of the return
magnetospheric current and a marginally small gap, [y, < Rec,
in the region of super-GJ current, due to different electric
potentials developing in these two zones (see Section 3.1.1)."
To study the desynchronization of the discharge, we split the
polar cap into 6 x 6 square patches, with two of them being
initially loaded with low-density plasma, which allows the
formation of a gap at the beginning of the simulation. One of
two “open” patches is located in the zone of super-GJ current,
and the other one is in the region of return current (the positions
of these two patches are shown in Figure 5(d)). In other

'3 Further increase of the separation of scales, Rpc/!

oap» 18 Challenging because
of the computational cost of the simulations.
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patches, up until certain time moments, we inject additional
plasma to prevent charge starvation and to keep the accelerat-
ing electric field screened, as discussed in Section 2.5.

Overall, the evolution of the discharge is similar to the 2D
SCLF simulations discussed in Section 3.1.1. The volume
rendering of the plasma density for a well-developed discharge
is shown in Figure 5(a). In the region of the super-GJ current,
the transverse size of the patch limits the electric potential,
leading to the formation of a large quasi-stationary gap near the
stellar surface. The examples of such two isolated gaps can be
seen in the early time slice of the electric field, E, (Figure 5(f)).
The corresponding slice of the plasma density (Figure 5(e))
shows the production of secondary plasma beyond the gap. At
later times, other patches are cleared of the initial plasma and
become available for discharge. Similar to 2D large gap
simulations in Section 3.1.4, neighboring discharges synchro-
nize on transverse scales /| ~ y,p, leading to a nearly coherent
discharge across the super-GJ zone, as clearly visible in a slice
of the electric field in Figure 5. We start with only two
relatively small patches where discharges are possible and
observe that the discharge zone spreads across the polar cap
when we stop suppressing pair formation. In a well-developed
cascade, discharges produce large clouds of secondary plasma,
which spread across all field lines, as shown in Figures 5(g)
and (h).

The formation of the gap in the region of the return current
starts at high altitudes. Similarly to a 2D discharge, a lack of
electrons develops there, leading to a strong accelerating
electric field, E, ~ Ey ~ 47| pg;|lgap- It leads to a smaller gap
compared to the super-GJ field lines; hence, a cyclic discharge
can start within each initial patch. When all patches are cleared
of the initial plasma, significant desynchronization of the
discharges across magnetic field lines remains, as seen in the
transverse slice of the plasma density (Figure 5(g)). Here a few
isolated structures are seen, similar to the 3D volume rendering
in Figure 5(a).

3.4. Evolution of the Twist of Magnetic Field Lines

As was discussed in Section 2.1, the persistent twist of the
magnetic field can be maintained in the plasma-filled, i.e., FFE,
state only. This condition is naturally broken in the gap zone.
The lack of plasma can have two consequences: the growth of
the accelerating electric field, and the untwisting of the field
lines (increasing OSE/Ot vs. decreasing V x 6B terms in
Equation (1)). If magnetic field lines become untwisted in a
significant fraction of the polar cap, the outflow of plasma
along them would be similar to the free outflow into the
vacuum, as was implicitly assumed to be the case in the
original polar cap models of J. Arons & E. T. Scharlemann
(1979) and RS75: these models disregarded the presence of the
magnetosphere in their estimates of the accelerating electric
field. Such an outflow would be “charge-density-driven.” The
polar cap and the magnetosphere are parts of the same electric
circuit. In this circuit, the magnetosphere, which has a much
larger inductance, determines the current density along
magnetic field lines. In a real pulsar, if the magnetic field lines
become untwisted in the large portion of the polar cap, an
“untwisting wave” will propagate into the magnetosphere,
where it will be eventually stopped, and a new wave will be
sent toward the polar cap, restoring the twist. In our setup, we
model the presence of the magnetosphere by imposing the
current jp,,e in the hope that the system has an inductance high
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Figure 5. 3D SCLF discharge in a polar cap of a 60°-inclined rotator with a marginally small gap, ., < Rec. Panel (a) shows a volume rendering of the density of a
secondary plasma. The plane at the bottom shows the position of the stellar surface, and the color map shows the distribution of the magnetospheric current. The blue
lines perpendicular to the stellar surface represent the magnetic field lines. Panels (b) and (c) show the time-averaged distribution of the plasma current. The black
dashed line in panel (c) shows the position of the 1D slice in panel (b). The two lower rows show 2D slices of the plasma density (panels (d), (e), (g), and (h)) and
electric field (panels (f) and (i)) through the center of the domain in two different projections. The dashed lines in each of the slices show the position of a slice in a
perpendicular plane, e.g., the dashed line in panel (d) shows the position of slices in panels (e) and (f). Panels (d)—(f) in the middle row show the initial phase of the
simulation, when a lot of patches are still filled with initial plasma, and the lower row (panels (g)—(i)) shows a time when all patches are cleared of the initial plasma.
White dashed lines in panel (d) show the boundaries of the initial patches, white shadowed regions show initially inactive patches, and two nonshadowed regions
represent initially active patches.
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enough to maintain the prescribed current density. A situation
where we end with almost a complete untwisting of magnetic
field lines would mean that our setup does not model the
system polar cap + magnetosphere correctly, which basically
means that our simulation domain is not large enough.
Therefore, checking for untwisting of magnetic field lines is
an important consistency test of our model.

To study the evolution of the twist of magnetic field lines in
our simulations, we compare the plasma current, j, with the
prescribed magnetospheric current, jiae. In the right column of
Figure 3, we compare the plasma and magnetospheric currents
for simulations with different ratios of the gap height to the
polar cap size. For small gaps, a significant fraction of any field
line is loaded with high-multiplicity plasma, leading to the
deviations of j from jp,,, being localized in a small volume. The
magnetospheric twist is easily sustained by the pair production
discharge in the polar cap zone, as shown in Figure 3(e). The
twist is preserved particularly well in the “lava lamp” discharge
(simulation SCLFsmallTails) since the gaps, where FFE
conditions are violated, are small and most of the domain is
filled with dense plasma most of the time. In contrast, the
simulation SCLFsmall starts with initially long, ly,, 214,
“charge-density-driven,” quasi-stationary gaps that are formed
within narrow patches, as described in Section 3.1.1. These
large gaps lead to a noticeable untwist of the field lines. This
effect is particularly strong at the edges of open patches, where
the electric potential is smaller owing to proximity to the
neighboring plasma patch, and thus particle acceleration and
pair production are less efficient. However, when neighboring
patches are cleared of the initial plasma, the electrostatic
potential quickly increases, leading to a smaller gap size along
the field lines. At this time, the gap becomes effectively shorter
along the transverse dimension, /g, < /. The domain fills with
dense plasma before the complete untwisting of field lines, the
initial magnetospheric twist is partially restored, and discharges
enter into the ‘“current-driven” phase. This can be seen in
Figure 3(e) as a decrease in the amplitude of the difference
between the plasma current and the magnetospheric one, which
is particularly noticeable at the boundaries of initial patches.
The evolution of the twist in the polar cap with a large gap,
simulation SCLFlarge, is overall similar to the evolution of
the small-gap case. The main difference is in a more significant
deviation of the plasma current from the magnetospheric
current, as shown in Figure 3(f), because of the larger region
sustaining parallel electric fields. Patches with a low plasma
current (centered around the dashed lines in Figures 3(d) and
(f)) end up as nonsustaining the discharge, as described in
Section 3.1.4. The field lines within these patches partially
restore their twist owing to the supply of plasma from the
atmosphere.

Similar conclusions hold in the case of 3D discharges, as is
shown in Figures 5(b) and (c), where it is clear that the
distribution of the plasma current overall follows the magneto-
spheric current. The deviations are localized to the boundaries
of the patches, as clearly visible in Figure 5(c). Following the
results of the twist evolution over a longer time in 2D
simulations, we assume that the twist will be gradually
restored, and the clearly visible patch boundaries will disappear
over longer times (see Section 3.1.1).

Overall our numerical setup is capable of dealing with the
untwisting of magnetic field lines. It never comes to complete
untwisting on field lines, and the average plasma current is
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reasonably close to the prescribed magnetospheric current, jp,g.
The size of the simulation domain is adequately large to
simulate the presence of a large magnetosphere above the
cascade zone. On the other hand, modeling of discharges with
gap heights larger than the size of the polar cap, lgp 2 Rpe,
would require a substantially larger computational domain to
prevent the complete untwisting of magnetic field lines and will
be addressed in future works.

4. Conclusions and Discussion

In this Letter, we explored the behavior of multidimensional
pair-producing discharges within the polar zone of pulsar
magnetospheres. Our main goal was to study the transverse
coherence of these discharges, i.e., to understand what sets the
smallest size of clusters of magnetic field lines that simulta-
neously possess an unscreened electric field necessary to
trigger QED pair production. We found that current-driven
discharges function in a cyclic pattern similar to the 1D model
described by A. N. Timokhin (2010) and A. N. Timokhin &
J. Arons (2013). Moreover, we demonstrated that the
synchronization between localized discharges across magnetic
field lines occurs during plasma-starved episodes when the
unscreened electric field on different lines can communicate as
would happen in a vacuum. Our main conclusion is that the
transverse coherence scale of a discharge zone is comparable to
the longitudinal gap size, lg,p.

4.1. Nonexistence of Sparks

We studied the possibility of spark formation, namely the
existence of long-lived isolated discharge columns surrounded
by plasma-depleted regions where particle acceleration and pair
formation are suppressed owing to the accelerating electric field
being screened by the presence of sparks. In a purely
electrostatic problem, like in a discharge between the plates
of a flat capacitor, the accelerating potential along the magnetic
field lines between spark columns is limited by the potential
across the magnetic field between the sparks, with the latter
being filled with plasma at the latter stage of the discharge,
acting essentially as conducting boundaries for interspark space
(RS75). This would lead to the polar cap filled with sparks
separated by the distance ~I,,,. However, the problem of polar
cap discharges at the base of the FFE magnetosphere is not an
electrostatic one; the magnetosphere requires a certain twist of
magnetic field line and hence a certain current density jp,g t0
support it. If the actual current density deviates from jp,g, a
strong displacement current, OE/Jt, appears—the accelerating
electric field is current driven. Hence, a strong electric field
should appear between discharge columns, regardless of how
small the separation between them is, if the twist of magnetic
field lines requires a current that cannot be sustained by plasma
without pair production. Hence, the polar cap should be filled
by discharges without empty zones if the current density
supports pair formation. Our numerical simulations confirm
this expectation.

In our setup, initially, we let a few discharge columns
develop while keeping the accelerating electric field screened
by dense plasma in the space between them. When these
interdischarge spaces are allowed to evolve freely, an
accelerating electric field appears in them and drives pair
formation. The whole polar cap becomes filled with discharges,
with no plasma-depleted space left between them. This is true
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for both the RS75 and SCLF regimes, as is evident in
Figures 3—4. If the width of the initial discharge column is
smaller than the gap height, these columns expand until their
width becomes comparable to the gap height; otherwise, a new
discharge column will appear in the initial interdischarge space.
As in the 1D case, the new discharge is started by particles
from the tail of the previous bursts of pair formation and not by
particles coming from the NS surface, thus making the specific
conditions for particle escape at the NS surface irrelevant for
the start of the subsequent discharge. Our code does not prevent
the E x B drift, but we do not see any noticeable pair plasma
drift in our simulations. This is to be expected, as the
accelerating potential variation across magnetic field lines is
too low to make plasma move with respect to the NS with the
velocity large enough to be visible at timescales of pair
discharges (J. van Leeuwen & A. N. Timokhin 2012).

For the small gap size, lyop < Rpc, in the lava-lamp-type
cascades, the communication of discharges across the magnetic
field lines results in the fragmentation of the polar cap into
multiple densely packed coherent discharges with characteristic
transverse size ~lIg,p,, with no plasma-depleted regions between
them. Even if separate emission regions are directly associated
with the plasma flows within individual discharges, the
resulting emission pattern would not result in individual
subpulses. On the timescale of a single pulse, which is much
longer than the discharge repetition rate, each discharge would
contribute comparable flux to the overall broad emission
profile. In principle, one could think of a possibility for
subpulse-like features to appear owing to individual discharges
if the emission is generated (or decouples from the plasma) at
the boundaries of individual discharges. This can be possible
for emission mechanisms recently proposed by A. Philippov
et al. (2020) and D. B. Melrose et al. (2021b). The resulting
emission pattern might look like a distorted “honeycomb,”
rather than a bunch of spots within the polar cap. However,
even in the latter case, drifting subpulses seen in some pulsars
cannot be caused by individual discharge columns. Pulsars
exhibiting subpulse drift phenomena are biased closer to the
death line in the P — P diagram, which means that they have
large gaps comparable to or exceeding the radius of the polar
cap. We demonstrated that for these conditions the discharges
are proceeding coherently across magnetic field lines, ruling
out the presence of many independent discharge zones in oldish
pulsars. Such pulsars cannot have distinct emission zones
associated with separate discharge columns.

In our simulations, we start with the polar cap filled by
plasma and find that in the well-developed phase the
discharges operate on all magnetic field lines where pair
formation is possible, regardless of the conditions on particle
supply from the NS surface. In other words, an existing FFE
magnetospheric configuration can always support itself by
generating plasma along all magnetic field lines, with no
plasma-depleted regions between discharges. We conclude
that a spark-filled polar cap is incompatible with the FFE
pulsar magnetosphere.

4.2. Implication for Discharges in Old Pulsars

In our Letter, we did not consider gaps exceeding the size
of the polar cap, as would be appropriate for old, less
energetic pulsars. Their magnetospheres can differ from the
fully FFE configurations assumed in this work. While in FFE
solutions the twist of the field lines is dictated by the
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conditions at the light cylinder, our local gap simulations
show significant untwisting of the field lines that are unable to
fully adjust to the magnetospheric current. This is particularly
prominent in the initial phases of our simulations, when
extended thin patches are unable to ignite the “current-driven”
discharge because of the voltage limitation caused by the
transverse extent. Such discrepancies between the local
current produced in the discharge zone and the global FFE
magnetospheric solution will likely result in large-scale
“breathing” of the magnetosphere (see Section 3.4) on
timescales comparable to the light-crossing time of the light
cylinder, ~P/2m, with potential implications for the short-
term radio nulling. Understanding these issues requires global
simulations that include accurate modeling of pair production
in the polar discharge for conditions appropriate for old
pulsars.

4.3. On Repetition Rate of the Cascades

A significant issue beyond this Letter is the repetition rate of
the pair cascades—the time interval between two successive
bursts of pair formation along the same magnetic field lines,
ATp. As we conjectured in Section 3.1.2, it is likely that under
realistic conditions the small repetition rate (large Aryp) is
caused by a continuous flux of particles reversed from the pair
cloud propagating away from the discharge zone. Significant
improvements, even in 1D simulations, are required to
accurately capture the long-term evolution of electric fields in
pair clouds and resolve this issue. A particularly stunning
example for the importance of the long-term evolution of
discharges is the repetition rate on field lines carrying the return
current. In local simulations, the discharge starts at the upper
boundary of the simulation domain; however, it is unclear how
far the plasma-starved zone extends into the magnetosphere. It
is possible that the region with the unscreened electric field can
first form at the null point, where the GJ charge density is zero
(e.g., A. Bransgrove et al. 2023). If this assumption holds, it is
likely that electric fields could easily synchronize across the
extended return current zone, significantly enhancing the
coherence of the discharge. This is another question that
should be addressed using next-generation global simulations
that include an accurate discharge model.
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Appendix
Additional Details on Radiation and QED Physics

The radiation reaction force of the curvature radiation and
the corresponding energy losses are given by
du 2 4 dE
met — _Zp2) g

2, v 2
e ——e‘c— (-, Al
dt 3 p dt 3 775 (4D

where p,. is the curvature radius of the field line. The emitted
photons have a peak energy of

= S, (A2)

Pe

and the spectral emissivity is given by the synchrotron kernel
(G. B. Rybicki & A. P. Lightman 1979)

dl(e)
de

6 o0
:Ag—?;h fi Ks3(x)dx, (A3)

where Ks,3(x) is the Macdonald function and e;‘h is given by
Equation (A2). The coefficient A is determined by equating the
full emitted power, Equation (A1), with the losses integrated
over the frequency spectrum. For the normalized photon
energy, & = ¢/m,c?, the photon emission rate is

dN 1 e*m,c? 1
= Ks/3(x
didz Br hec A2 f 3/3(0)

1 apcl

\/_w)\

where ay = ¢*/Hhc is the fine-structure constant and \. = fi/m,c
is the reduced Compton wavelength.

To rescale the efficiency of curvature cooling, we choose the
Lorentz factor of a particle, 7.4, for which curvature radiation
reaction force balances acceleration in a vacuum electric field
on a scale of the polar cap, Epc,

dx = f Ks3(x)dx, (A4)

eEpc = 2 Z%‘id ., Epc = 4mpgyRec (AS)
pc 0

where Rpc is the radius of the polar cap, and the vacuum
electric field can be found as
dE,

V-E=—=—47nengy = E.(2) =

—4mengyz.  (A6)
dz

A convenient way to parameterize the size of the polar cap is to
express it through the Lorentz factor reached by a particle in the
full potential drop:

R
mec?ypc = 47Tef * engizdz = 47TeznGJszc/2 — Rﬁc

———2ypc = @S 27ypc).
47rn are
(A7)

Curvature radius of the field line, p. o, can be defined as

Peo = Rec® = d 27pcO, © > 1. (A8)
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Another energy scale defines the Lorentz factor of a particle
producing a photon of energy equal to the electron rest mass:

mec? = iﬁLfygmit. (A9)
2 pC,O

These equations allow us to parameterize the energies of
curvature photons and the strength of the radiation reaction
force. To summarize,

RPC = deGJ vV 2’YPC 5 pc,O = RPCG’ F;:urv

4 -2 o 3
= eznGJRPC( g ) (P_C) . B = LO(—7 ) .
Vrad Pe,0 Pe \ Vemit

(A10)

With these renormalizations, the spectral photon emission rate
(A4) is

aN _ iL _f Ks/3(x)dx
dtdé 8 Eph €ph Zoh

4 -2
_9B ceznGJRPC(L) L3
87 mec® \Yaa) \ £
1 00
X ﬁfé Ks/3(x)dx
bl ) P Zh
( Vemit (/’L-.O )
6
_ 9\/_ Cﬁ];C2 Y emit f K5/3(x)dx
427 @SV e P
_ 9\/_ c PYPC /Vemlt 1
4‘/5,” deGJ ’Vrad

In the code, we employ tabulated values of 7(y)=

f Ks/3(x)dx with y = 2/&%,.

"The dlfferentlal cross section of the pair production reaction
v+ B—e +e' is given by T. Erber (1966):

f Ks;3(x)dx.  (All)

B . arF 8
do = 0.23—siny—exp| ——— |dl. Al12
2 (G P 5 (A12)

q c 33—4 sSin ’(/)Eph

Here B, = m}c®/e/i =~ 4.41 x 103G is the critical magnetic
field, and ¢ is the angle between the magnetic field and the
direction of photon propagation. Since a photon is emitted
along the field line and accumulates angle during the
propagation, it can be estimated as ¥ (x) = fo “ dz / p.(z), where
pc(z) is the curvature of the local field line. To renormalize the
cross section in the simulation, we need to express «x/ A in the
code units. Direct comparison of Equations (A4) and (All)
gives

2.6
93 ¢ M R
\/7 dGJ ’Yrad ’72

x [ Ks/s(0dy = iF
s*h

¢

1 apc 1
_— Ks,3(x)dx =
For e 77l B
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27 1 Tpc Vemit

T a2 dd Ay
(A13)
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Figure 6. 1D test of the curvature cooling and atmospheric particle injection in the charge-separated SCLF model: the left column shows (a) plasma density, (b)
electric field, and (c) phase space z — p, for the super-GJ current; the right column shows the same quantities as the left column, but for the sub-GJ current. For the
super-GJ current, the phase space plot (panel (c)) shows that electrons initially accelerate in almost vacuum potential (the orange dotted line shows analytical
prediction) and later enter into the radiation-reaction-limited regime (indicated by the red dotted—dashed line). In the case of the sub-GJ current, extracted electrons

travel at mildly relativistic speeds and maintain a state of small electric field.

Then, the resulting differential cross section is

1/2,.6
do = 02321 E%WPC ]em“ sin 1 exp _8.8% dl.
42 B, d Vrad 34 sinyEp
q
(A14)

We compute the total optical depth, o (/) = fo : do, during the
propagation of a photon, as the angle between the magnetic
field and the photon wavevector increases, di) = cAt/p(z), at
every time step. When the optical thickness reaches unity, we
simulate the photon decay into an electron—positron pair by
removing the photon and adding an electron—positron pair at
the same location, with the 4-velocity along the field line

o leosl G — DY (k- b)
(Egy sin? ¥ + 4cos?¢) /2 |k|[b|

uj) (A15)

where k and b are unit vectors in the directions of the photon
wavevector and the magnetic field, respectively.

In order to test both the plasma supply from the stellar
atmosphere and the efficiency of curvature cooling, we employ
a 1D charge-separated setup with different values of the
magnetospheric currents, following A. N. Timokhin & J. Arons
(2013). In Figure 6, we show tests for two different magneto-
spheric currents: sub-GJ, jynae =0.6jg;, and super-GJ,
Jmag = 2jcs. In the case of the sub-GJ current, the magneto-
spheric current extracts the charge-separated flow of electrons
with density ~2pg;, moving with subrelativistic velocity (panels
(d) and (f), respectively), which leads to an efficient screening
of the electric field (panel (e)). In the case of the super-GJ
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current, the larger electron density is extracted, 7 X |jmag|/(ec),
which leads to a strong electric field, E, ~ 47( jmag/c — Pci)Z
(see panels (a) and (b)), and quick electron acceleration. During
the initial phases of acceleration, the cooling to curvature
radiation is negligible, and the acceleration is determined by the
electric field, Y(z) = 27|epay|z®/m.c* (orange dashed line in
panel (c)). When the Lorentz factor becomes comparable to
Yrad> the electron enters a radiation-reaction-limited regime
when the radiation losses are balanced by an acceleration in the
electric field v = 7, (E,(2)/Epc)"/* = 7.,4(z/Rpc)'/* (shown
as a red dashed—dotted line). We also verified that the total
energy of the emitted photons is equal to the full radiative
cooling losses experienced by the particle.
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