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Giant pulses (GPs) are extremely bright individual pulses of radio pulsar. In microbursts of Crab pulsar, which is an active GP
emitter, zebra-pattern-like spectral structures are observed, which are reminiscent of the “zebra bands” that are observed in type
IV solar radio flares. However, band spacing linearly increases with the band center frequency of ~5-30 GHz. In this study, we
propose that the Crab pulsar GP can originate from the coherent instability of plasma near a light cylinder. Further, the growth of
coherent instability can be attributed to the resonance observed between the cyclotron-resonant-excited wave and the background
plasma oscillation. The particles can be injected into the closed-field line regions owing to magnetic reconnection near a light
cylinder. These particles introduce a large amount of free energy that further causes cyclotron-resonant instability, which grows
and amplifies radiative waves at frequencies close to the electron cyclotron harmonics that exhibit zebra-pattern-like spectral band
structures. Further, these structures can be modulated by the resonance between the cyclotron-resonant-excited wave and the
background plasma oscillation. In this scenario, the band structures of the Crab pulsar can be well fitted by a coherent instability
model, where the plasma density of a light cylinder should be ~10'3"!5 cm=3, with an estimated gradient of >5.5 x 10° cm™. This
process may be accompanied by high-energy emissions. Similar phenomena are expected to be detected in other types of GP
sources that have magnetic fields of ~ 10° G in a light cylinder.
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1 Introduction emission, is a burst-like individual radio pulse obtained from
pulsars [1]. Their observed flux densities are tens or hundreds
of times or even much larger than those of the average pulse
(AP), which differ from the flux densities of regular individ-
ual pulses that do not exceed a factor of 10. These individual
*Corresponding author (email: wywang @bao.ac.cn) pulsed emissions carry important and detailed information re-

Giant pulse (GP), which is a special form of pulsar radio
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lated to the physics of pulsar radio emission. The first GP
was detected from the Crab pulsar (PSR B0531+21), which
is considered to be a remarkable GP emitter [2]. The GPs
in the Crab pulsar were mainly detected in the following two
phases: main pulse (MP) and interpulse (IP) in the frequency
ranging from 20 MHz to 46 GHz [3-5]. Hankins et al. [6]
observed an extremely narrow nanosecond structure, which
is a subset of GP and which corresponds to a high degree of
circular polarization. The distribution of the energy fluxes of
GP results in a power law distribution with a spectral index
of —2.0 to —4.2 [7], whereas that of a normal pulse is consid-
ered to be Gaussian or log-normal distributed [8, 9]. This
condition indicates that GPs may exhibit a different emis-
sion mechanism from that of the normal pulses. Besides the
Crab pulsar, similar characteristic features of GPs can also be
observed in a Crab-like pulsar, PSR B0540-69, which is a
young supernova-remanent central pulsar [10], as well as in
several millisecond pulsars (MPs, e.g., PSR B1937+21 [11]).
A common property of these host pulsars is the high magnetic
field of Bic ~ 10°G in a light cylinder (LC). Furthermore,
GPs can be discovered in pulsars with B¢ values ranging
to a few hundred Gauss [12, 13]. Here, GPs can be classi-
fied into the following two types (e.g., ref. [1]): pulsars with
Bic=10°G (type 1) and those with By c~10-100 G (type II).

Further, various studies have been conducted to understand
the generation of GPs. For example, a type of GP, nanoshot,
was predicted using a plasma wave turbulence model [14].
The radiation around the plasma frequency is linearly po-
larized along the magnetic field lines, whereas nanoshots
from the Crab pulsar can exhibit strong circular polarization
[15]. Petrova [16] argued that GPs are caused by the induced
Compton scattering of the radio radiation off the plasma of
the magnetosphere. The frequency spectrum should be con-
tinuous after the emission wave is scattered by the plasma of
pulsar magnetosphere. However, spectral band structures are
observed in the IP of the Crab pulsar [17], which are remi-
niscent of the “zebra bands” observed in type IV solar flares
[18]. Alternatively, GPs are proposed to have originated from
anomalous cyclotron resonance on the last closed magnetic
field line near LC [19]. The first few harmonics approxi-
mately match the bands at v ~ 6-10 GHz, whereas high har-
monics are observed to deviate at bands with higher frequen-
cies. Band spacing shows a linear function of Av ~ 0.06v
from 5 to 30 GHz, which can rule out various models [20].
These band structures are assumed to be generated from the
source itself or because of some propagation effects, except
for stellar scintillations, which denote that Ay oc y*+4 (e.g.,
ref. [21]). In this study, we suggest that the Crab pulsar
GP is caused by the coherent instability of plasma near the
magnetic equator of LC. The radiative waves are amplified
at frequencies close to the electron cyclotron harmonics ow-
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ing to cyclotron instability. Further, the resonance between
the cyclotron-resonant-excited wave and background plasma
oscillation increases the coherent instability. In sect. 2, we
explain the formation of the radiative regions and the emis-
sion process. In sect. 3, we apply our model to Crab pulsar.
Further discussions are presented in sect. 4; finally, a sum-
mary is provided in sect. 5.

2 Coherent instability at near L.C

2.1 Emission region at near LC

We summarize the comparative data for all known GP host
pulsars in Table 1 [4,5, 10-13,22-36]. Based on the dis-
tribution of GP sources in Figure 1 [37-39], we propose
that the type I GP emission comes from the plasma at near
LC. The Crab pulsar is a typical type I GP emitter. Gener-
ally, for a rotating magnetized neutron star, a strong electric
field can be induced at the magnetosphere [40], producing
an electron-positron (e”-e*) pair plasma. Secondary e -e*
pairs are produced due to charged particles which are ac-
celerated to > 10''eV. And more pairs are produced until
a pair avalanche is formed [41]. These avalanche-like pair
productions lead to the plasma density in open field lines
much higher than the Goldreich-Julian (G-J) density. Such
processes hardly happen in closed field line region, in which
charge density is equal to their local G-J density. The G-
J density is ngy = —[Q-B/(2mce)][1 — (QR/c)? sin’> O],
where Q denotes the rotation vector of the neutron star and
® measured from the rotation axis. It may be significantly
enhanced in the current layer and sheet that makes a dense
plasma region formed near LC in the equatorial plane.

Magnetic reconnection occurs at the internal edge of the
current sheet where it comes to the closed lines of the mag-
netosphere. This process loads the open field lines with
the plasma and causes field-aligned accelerating fields [42].
Charged particles (e~-e* pair plasmas) are strongly acceler-
ated in the reconnection region and injected into closed field
line regions via the Y-point [43-45]. The injected particles
are beamed and ultra-relativistic that brings much free en-
ergy to generate plasma instability. The maximum Lorentz
factor of the electrons acquired from the reconnection was
estimated to be yax ~ 10'! in the polar magnetosphere [43].
Basically, the maximum electron energy is limited by radia-
tive damping. With the assumption of curvature-radiation-
dominant loss process, the Lorentz factor of fast particles on
closed lines is estimated to be 107 by ref. [19].

Magnetic field lines close to LC are shaped like a magnetic
mirror. Particles moving along the field lines into the neutron
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Table 1 Summary of GPs®
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PSR P (s) Frequency (MHz) Bic (G) SGp/Savg Reference
B0031-07 0.9430 40, 111 6.87 400 [22]
J0218+4232 0.0023 610 3.14x 10° - [23]
B0301+19 1.3876 111 4.67 69 [24]
B0531+21(Crab) 0.0334 20-30000 9.35x 10° 50000 [4,5,25,26]
B0540-69 0.0506 1380 3.53%x 10° 2 5000 [10,27]
B0643+80 1.2144 103 11.1 - [28]
B0656+14 0.3849 111 7.49 630 [29]
B0950+08 0.2531 39-112 138 490 [30,31]
B1112+50 1.6564 111 4.15 80 [12]
B1133+16 1.1879 111 11.7 86 [32]
B1237+25 1.3824 111 4.05 65 [33]
J1752+2359 0.4091 111 69.6 320 [13]
B1820-30A 0.0054 6850 247 % 10° 1700 [34]
B1821-24 0.0031 1510 7.25 % 10° - [35]
B1937+21 0.0016 111-5500 9.93 x 10° 600 [11,36]
B1957+20 0.0016 610 3.68 x 10° - [23]
a) Here PSR is a pulsar name, P is period and SGp/Savg is an excess of the peak flux density of a strongest GP over the peak flux density of an
AP.
10 " —5 5 o shown in Figure 2. The inclination angle for the Crab pulsar
AN $ S P B is suggested to be @ = 45° [46]. The radiation region is co-
100 E{i;f\fTV *GP Q’V i rotating with its host pulsar because of the effect of frozen-
in field lines. Also, radiation of the beam particles makes
102 | a them cool. These cooled particles can be thought of as the
background plasma which is fed by the trapped beam parti-
~ 10t cle. Therefore, particles at near LC in the closed field line
® region could be regarded as two different parts: nonthermal
g 10 beam particles and the cold background plasma.
10-18 2.2 Coherent instability with microburst band structure
10-0 R It is proposed that the Crab pulsar GP originated from coher-
ent instability of ultra-relativistic pair plasmas near LC. Beam
10z ‘ ‘ ‘ ‘ particles can bring much free energy that produces cyclotron
10 102 10" 100 10! resonance instability. Electron cyclotron resonance instabil-
P(s) ity, e.g., electron cyclotron maser, was first proposed by ref.
Figure 1 (Color online) P-P diagram of pulsars, including pulsars which [47] which considered that the induced absorption may be

have been detected GPs (red stars), rotation-powered pulsar (black points),
magnetars (green squares), X-ray-dim isolated neutron stars (yellow dia-
monds), central compact objects (blue circles), rotating radio transients (ma-
genta triangles), and pulsars in binaries (light blue crosses). The pulsar pop-
ulation data are from ATNF Pulsar Catalogue [37]. The death line for a
typical R = 10km neutron star is indicated by the black dashed-dotted line
BP72 = 1.7 x 10! Gs72 [38]. The spin-up limit is shown as the red dashed-
dotted line P = 1.9(B/10° G)*/7 ms [39].

star experience an increasing force that eventually causes
them to reverse direction and return to the confinement area.
As a result, particles acquired larger velocity which is per-
pendicular to the magnetic field through the reconnection, are
easier to be trapped and form a banana-like radiation region,

Line of sight

Spin 4y Magnetic axis
T The last closed
magnetic field line

Y-point a

Neutron
star

Light cylinder

Figure 2 (Color online) Emission region of type I GP. The beamed pair
plasma is blocked near LC, co-rotates and form an emission region (yellow

zone).
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negative for electrons with a population inversion in a higher
energy state. It is a significant process that generates coherent
radiation from magnetized plasmas (e.g., the Sun, other stars
and magnetized planets [48]). Here, this process is argued to
be generated on a pulsar with a strong magnetic field and an
ultra-relativistic plasma beam. Kazbegi et al. [49] showed
that the conditions for the cyclotron instability development
are satisfied at near pulsar LC length scales.

The high-frequency electromagnetic waves could be am-
plified by a resonant interaction between the wave and ener-
getic electrons at the Doppler shifted electron-cyclotron fre-
quency and its harmonics [47, 50]. This resonant process
could occur at highly excited states rather than ground state of
the Landau levels. The phase velocity can exceed the speed
of light in the plasma. Then, the general cyclotron resonance
condition for harmonic number s (s>0, i.e., normal cyclotron
resonance) is

a)—k”v” = S@, (1)
o

where w is the frequency of the excited wave, ¥ is the
Lorentz factor of electron beam, k; and v are components
of the wave-vector’s and particle’s velocity along magnetic
field, and wpg = eB/mec is the cyclotron frequency of elec-
trons, in which m, is the mass of electron and B is the strength
of magnetic field.

Growth of the instability occurring for the resonant elec-
trons lie in regions of df/dp, > O1i.e., loss cone, where p, is
the electron momentum perpendicular to the magnetic field
and f is the distribution function of electrons, because the
gradient in f provides the free energy which drives the insta-
bility. Wu [51] discussed that the case of resonance ellipses
for kjc < w < swg in velocity space. With a strong mag-
netic field, the resonance ellipse is situated on the original
point that makes a small fraction of the ellipse inside the loss
cone. Therefore, it is difficult to provide much free energy
to induce the instability. However, for ultra-relativistic parti-
cles, one should consider the resonance ellipse in momentum
space. Eq. (1) in momentum space can be written as the for-
mula of a resonance ellipse,

22
T N PR S I
meC w? Lmec w2—kﬁc2 aﬂ—kﬁc2 '

2

The ellipse is situated on one side of the origin that may make
a larger portion of the ellipse inside the loss cone. It makes
much more particles can provide free energy that triggers the
instability.

When radiation propagates across the magnetic field, there
are two eigenmodes: the extraordinary mode (X-mode, the
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electric field is perpendicular to the k-B plane) and the ordi-
nary mode (O-mode, in the plane). The dispersion relation in
the magnetized plasma can be written as [52]:

2
N2 _ k26‘2 -1 Qp,b
¢~ 2 — T T Ty
w w (u) + TqQB,b)
Ty = =84+ q /53 + cos? b, 3)
_ wQB!b sin2 %
2(w?-02))

where N, is the refractive index, g = + denote the O and
X modes, Qpp=wg /Yy is the observed cyclotron frequency
of relativistic electron beam, 6 is the angle between the am-
bient magnetic field vector and the wave vector, and Q,;, =
\/ (87tnpe?) /(ypme) is the total plasma frequency of the pair
plasma beam, in which ny, is the number density of the elec-
tron beam. The polarization is given by [53]

ey . cosf
K, =2 =0

ey Ty + 28,

e iWQppQZ sinf-0Q2 O K sinfeoss (Y
T,= == : o

4_02 2_02 ,2 2 02 20’
ey W QB’bw Qp‘ba) +QB’pr’bcos 0

where z axis is parallel to the wave-vector. Both O and X
modes exhibit elliptic polarization: X mode is right-hand po-
larized, whereas O mode is left-hand polarized. For these
ultra-relativistic plasmas, their emission propagates approx-
imately along the direction of magnetic field because of the
beaming effect. In the limit of 6 ~ 1/(2yp) < 1, Qpp < w
and Q, < w, the cut-off frequency for the two modes are
[54]

—qQpp cos f + \/4912)1; + QZB’b cos?2 6
5 , %)

where wy, for the left-hand O mode and wg for the right-hand
X mode. From eqs. (1) and (3), one can obtain

WLR) =

w = . + QB,b« (6)

Thus, the spectrum exhibits zebra-pattern-like band struc-
tures during the cyclotron instability occurs.

A successful model for the solar zebra bands is the double
plasma resonance, which proposed that enhanced excitation
of plasma waves occurs at resonance levels where the upper
hybrid frequency coincides with an integer multiple of the
cyclotron frequency [55]. However, unlike the solar double
plasma resonance, the wave resonate with the upper hybrid
wave of the e™-e™ pair tail is the cyclotron-resonant-excited
wave. In a magnetized plasma, there is a restoring force due
to the Lorentz and the electrostatic Coulomb force. The oscil-
lation frequency is the upper hybrid frequency wy;, that can be
regarded as the background frequency. A resonance between
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the cyclotron-resonant-excited wave and the cold background
plasma oscillation would occur when

W = Wyh = \’Q%,c + QzB’C’ @)

where Qp . = wg/7y. is the observed cyclotron frequency of
the background plasma, Q. = \(87tn.e?)/(y.me) is the to-
tal plasma frequency of background plasma, n. and y. are
the number density and the Lorentz factor of the background
plasma.

A set of harmonics would be excited when the spatial
structure of n. and B allow this resonance to be satisfied at
more than one location. In the usual polar coordinates (R, ©),
small changes in Q,. and wg at location of R + AR can be
written as [56]:

QeR+AR) QR [ (1 1
wp(R+AR) ~ wg(R) [1 ( )AR]’

L, oL ®
where L, = nc(dn./dR)" and Lg = B(dB/dR)™! are the
scale lengths of the inhomogeneities in n. and B, respec-
tively. Here, we assume that n,(R) has same functional form
as n.(R), i.e., np,(R) = kn.(R), where « is a constant as well as
Ye. For Qp . < Q ¢, the location change is given by

1 -1
AR| = ~
N

11
Ly 2L,

&)

Then, for high harmonics, the stripe frequency separation is
given by

2wswg

s s (10)
Qeyer (T2 —1)

A(’-)s,s+1 =Wy — Wyl =

Therefore, band structures are modulated by this wave-wave
interaction. The stripe frequency separation of the modulated
bands is proportional to the band-center frequency.

3 GP in the Crab pulsar

The Crab pulsar is the most active and a bright GP emit-
ter which has been detected. Most MPs and low-frequency
IPs are made up of one to several microbursts. These mi-
crobursts can occur anywhere in the probability envelope de-
fined by the mean-profile component with variable strength
[15]. Also, they can often be resolved into short-lived, over-
lapping nanoshots [6, 17]. In contrast, nanoshots have not
been found in high-frequency IPs [20]. Both microbursts and
nanoshots are GPs. Spectral bands are found in microbursts
of IPs at multi-frequencies. Band spacing measurements of
IPs in the range of 5-30 GHz are well fitted by a linear func-
tion of Av = 0.06v. It can be well fitted by eq. (10), shown as
Figure 3.
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For the Crab pulsar, one can calculate the cyclotron fre-
quency wg =~ 8.4 x 103 GHz at near LC. From eq. (7), it is
required that n, > 8.4 x 10'3 cm™ in order to have frequency
> 5GHz. A typical timescale of IP spectral band structures
is several micro-seconds which indicates an emitting source
scale of ~ 3 x 10* cm. The coherence scale of the cyclotron
instability is supposed to be the gyroradius of electrons. The
Lorentz factor of beam particles can be estimated to y;, ~ 10°.
Hence, one can obtain the lower limit of the cut-off frequency
of ~ 0.1 GHz. Band structures of the microburst spectrum are
excepted to be detected at lower frequencies.

A combined term ncy.m.c? < ch /(8m) is given by the
condition for the background plasma blocked in the mag-
netic field lines. The number density of the background
plasma at the Y-point can be estimated to n. ~ 1015 cm™
with y. =~ 10> in order to make the resonance between the
cyclotron-resonant-excited wave and the background oscilla-
tion occur. Such high dense plasma for G-J density is sup-
posed to be within 10* cm at near the magnetic equator of
LC. Also, the number density and the Lorentz factor of the
e”-e* pair tail produced at open field lines are 10*> times
than G-J density of the star surface i.e., n, =~ 101718 ¢y =3
with y, =~ 10> [57,58]. A possible reason for the relativistic
dense plasma in closed lines near LC is that torsional Alfvén
waves or pumping magnetic helicity lead to the pair tail parti-
cles diffusing into the closed field line region, e.g., the density
of PSR J0737-3039 on the closed field line exceeds the G-J
density by a factor of 10*3 [59]. Here, type I GP is supposed
to be the performance of high density plasma activities at near
LC.

A value of 2L,,/Lp < 3.6 can be obtained from eq. (10).
In the frame of a dipole magnetic field, dB/dR at near LC

1.8 T T T e
16k Bottom of Figure 10 in Hankins et al. 2016 ie
: ‘e
14+
1.2+
Noqol L
(:g 10 : Top of Figure 10 in
< 08t i Hankins et al. 2016
59T A
0.6} :
.
04F _.-=""Figure 7 in Hankins
02l & Eilek et al. 2007
O 1 1 1 1 1
5 10 15 20 25 30
v (GHz)
Figure 3  (Color online) Band structure of the Crab pulsar. With

wp = 8.4 x 10° GHz, and assumption of k = 1 and L, = 1.5Lg, dots
are modeled band-center frequencies at different harmonics. Red
and green dots are bands from Figure 10 in ref. [20]. Blue dots are
bands from Figure 7 in ref. [17]. The observed band structures can
be well fitted by eq. (10).
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can be calculated to ~ 3Bic/Ric ~ 0.1Gcm™. The scale
lengths of the emission region is approximately equal to L,
The inhomogeneity scale of n. is |L,| < 1.8 X 107 cm that
indicates an estimation of |dn./dR| > 5.6 x 10° cm™. The
absorption could be neglected due to the small length. n. and
B are increasing from the position of radiation source along
the line of sight. Thus, high harmonics with low frequency
come from the location closer to LC.

The growth of the instability is supported by the free en-
ergy that comes from the non-equilibrium anisotropic distri-
bution of fast particles. One way to provide free energy is
that the magnetic reconnection and fast beam particle injec-
tion at the Y-point. The temporal growth rate of the cyclotron
instability can be estimated as [60]:

I, = wByo”—b(%)4y;2 2 10%57, (11
ne \ W
where yo ~ 10%3 is the mean Lorentz factor of the plasma
system on average and y,, =~ 1072¢/Q ~ 103, in which Qs the
angular velocity of spin. The growth rates of different bands
are nearly the same. The observed intensity also depends on
saturation mechanism. In the case of Qp, < Q,, the growth
rate of low harmonics is faster than that of high [61]. The
maximum instability growth of loss-cone is proportional to
572 [62]. Tt is consistent with the result that the intensity of
high frequency is larger. The cyclotron instability may grow
at a timescale of several milliseconds which meets time of the
beam particle escape from the LC. Basically, the background
resonance also helps with the instability increasing. The final
growth rate needs to consider contributions from cyclotron
instability and the background-oscillation resonance.

Most MPs consist of several microbursts which can be
resolved into nanoshots. Nanoshot is another genre of GP.
These nanoshots can occur anywhere inside the MP phases
with randomly circular polarization [6]. The normal modes
become circularly polarized for propagation close to the mag-
netic field: left-hand for e~ moving faster than e* whereas
right-hand for e* moving faster than e~ [63]. There is
still no evidence that spectral bands have been observed
in nanoshots. Maybe the frequency resolution is not high
enough within several nanoseconds. In addition, parti-
cles tend to drift along the direction perpendicular to the
plane containing the curved field lines. Drift waves can be
generated from the drift particles whose velocity is vq =
vﬁ|VB| /(BQB) ~ 107*¢ at near LC. The velocity of the drift
wave is much smaller than that of particle [64]. In the magne-
tosphere, three and four-wave interaction and nonlinear inter-
action with plasma particles may exist [65]. The drift wave
frequency becomes higher due to the waves merging. The
three-wave probability W o w2 [66] that indicates the in-
duced three-wave interaction is difficult to occur at high fre-
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quency bands. In this scenario, emitting spots form within
some small structures where the drift wave accumulates en-
ergy through nonlinear wave interaction [67]. The timescale
of this process is ~ 1/Qp. = 1ns which matches the ob-
servations. One can estimate the growth rate of this process
[68]:

112,00
T, zzgp‘b("—g) ( p’)
v Vo

2 ~12 ~12
Yo Ny Nne -1
- ls(ﬁ) (1014 cm‘3) (1013 cm‘3) s (12)

In addition, the optical depth is estimated as [66]:

3 S Dop \V*(ve V2 T n
=12000°(7 ) 750 ) () (ram oy ) @2
T L2 N e ) (07) Tovem Mgy /(12

where S, is the GP flux and Dgp is the distance from us. It is
optical thin so that GP photons can escape from the LC.

4 Discussion

4.1 Radiation at near LC

Normal radio pulse emissions for many pulsars are thought
to be originated from lower altitudes or polar caps. However,
the Crab pulsar may have different emission geometry that
both normal radio pulse and GP may be derived from the re-
gion near LC. Peaks of optical, X-ray and y-ray pulse compo-
nents have precisely the same pulse phases as GPs in the Crab
pulsar [17]. Moreover, in millisecond pulsars [69], GPs are
closely aligned in phase with the pulse component observed
at X-ray bands. For instance, in PSR J0218+4232, GPs are
coincident with the phases of the X-ray peaks whereas they
deviate from peaks of mean radio pulse profile [70]. Pulse
phases coincidence of radio GP and high energy emission is
interpreted by their same emission area.

In the Crab pulsar, the upper limit of luminosity for high
energy emission is ~ BY.R?.c ~ 3 x 10%®ergs™ due to
the magnetic reconnection. Spectrum of 10 MeV-2.5 GeV
are interpreted by synchrotron emission near LC [71]. In-
verse Compton scattering from collisions between e~ /e* and
soft photons, and curvature radiation from e~ /e*, are pos-
sible ways in generating > 1 GeV radiation. Pair annihila-
tion in the GP emission region can create < 0.5 MeV y-rays.
The spectrum of these y-rays may be power-law like because
cross-section for e™-¢* is proportional to y~2. Moreover, e -
e* pairs produced in the current sheet near LC emit in near
infrared and optical band which have same pulse phases as
radio GP [44].

The emission regions are patchy and dynamic that leads
to the radio power which fluctuates on a wide range of
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timescales [15]. Non-uniformity of the emission region is
a necessary condition for a set of harmonics excited by
the background plasma oscillation resonance, while inhomo-
geneities of the emission region may broaden the stripes. The
number density gradient is suggested to be very large, that
makes emissions generation and resonance with the back-
ground oscillations occur at extremely closed locations. On
the other hand, if the radiation region is more internal to the
magnetosphere, it may be significantly absorbed by particles
in the magnetosphere. Photons are much easier to escape near
LC.

The loss of electrons with small pitch angles due to the
precipitation into a high density “corona”, can give rise to
a loss-cone distribution in the momentum space. The plasma
region meets the condition of the loss-cone momentum distri-
bution. There are many kinds of loss-cone distribution func-
tions for relativistic electron plasmas [72,73]. Growth of the
normal cyclotron resonance can be generated when resonant
electrons lie in a loss-cone. This process is different from
cyclotron-Cherenkov resonance which is a wave-wave inter-
action [19, 74]. Similar with pulsar GP, zebra patterns are
also observed in solar radio burst. Microwave zebra patterns
associated with solar flares can be classified into three types
in which the growing-distance pattern can be explained by
the double plasma resonance [75]. However, if the GP band
structures are caused by double plasma resonance, a much
lower magnetic field is needed.

Generally, the instability is caused by beam particles
which are powered by the reconnection at near LC. A strong
magnetic field can provide enough free energy that may be
the reason why type I GP tends to occur at pulsar with
Bic = 10° G. Therefore, more GP events are expected to be
found in high By ¢ pulsars. The band structure may be a com-
mon property among all type I GP source. Future advanced
facilities may provide unique opportunities to search more
samples and understand more informations about GP. We are
looking forward to detect these structures in other type I GP
source and that in lower frequencies of the Crab pulsar.

4.2 GP sources

It is worthy to note that GPs are multi-originated. In the pul-
sar P-P diagram, shown as Figure 1, the sources with GP
are divided into two parts. The separation of the GP sources
in the P-P diagram suggests that type I and type II GPs are
come from different regions. For instance, Kuzmin et al. [22]
found that the frequency dependence of the separation of GP
emission regions for PSR BO031—-07 is similar to that of the
width of the AP. This suggests that the type II GPs are emitted
from a hollow cone over the polar cap instead of LC. Type II
GPs are also found in PSRs B1133+16 and B1112+50. The
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fact of their pulse phase ranges narrower than that covered
by the mean pulse profile is similar with cases of the Crab
pulsar and PSR 1937+21 [76]. However, there are some dif-
ferences between type I and type II GPs. Typical timescale of
type II GP is several milliseconds while that of type I GP is
micro-second or even nano-second. The maximum flux den-
sity of type II GP rarely exceeds that of AP by a factor of a
thousand. Phase of type II GP is stable inside the integrated
profile whereas type I GP can occur at phase outside mean
pulse profile [11]. Thus, type II GP is also considered as a
so-called “not-so-GP” [77]. Additionally, type II GP sources
are located with rotating radio transients (RRATSs). The pulse
intensity distributions of RRATSs are log-normal with power-
law tails and the spectra is power-law like [78]. These char-
acteristic features meet normal pulses. Type II GPs are likely
to be some bright normal pulses.

For type I GP sources, the Crab pulsar and PSB B0540—-69
are located away from other sources some of which are milli-
second pulsars. A common feature of these sources is the
high magnetic field at near LC, shown in Figure 1. MP and
IP of 1.4 GHz appear at the same phase as two peaks in the
high energy light curve that is similar to the case in millisec-
ond pulsars [79, 80]. This may imply that the Crab pulsar
and millisecond pulsar have the same emission region. Both
the Crab pulsar and PSR B0540—-69 are central pulsar of su-
pernova remnant [81]. They are surrounded by strong pulsar
wind nebulas which are dynamic dense magnetized clouds of
electrons. The backward pulsar wind nebula offers possibili-
ties for the formation of the high density plasma at near LC.
In addition, for millisecond GP sources, some of these are
identified as binaries. Accreting material from a companion
star may form the dense plasma region near LC. In the these
cases, maybe binary pulsar or remnant-central pulsar with
high magnetic field at LC is easier to detect GP. Maybe we
could observe some sporadic bright individual pulses which
are derived from the “missing” pulsar in SN 1987A [82].

4.3 GP and Fast Radio Burst

Similar with GP, Fast Radio Burst (FRB) is also a phe-
nomenon of radio flash with high flux density. Many mod-
els suggest that FRBs are originated from magnetars [83, 84]
while there is no evidence that GPs are detected in magne-
tars. Recently, rotation measurement shows that the envi-
ronment of the repeater FRB 121102 is similar with a galac-
tic center magnetar PSR J1745-2900 [85]. The linear po-
larization of the repeater is about 100% after correcting for
Faraday rotation and accounting for about 2% depolarization
from the finite channel widths [85]. The repeater source itself
is strong linearly polarized. This scenario is consistent with
high-frequency IP while deviates from MP of the Crab pulsar.
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Also, over half of the peaks, GPs are known to be approxi-
mately 100% circularly polarized of PSR B1937+21. The
polarizations of the repeater FRB do not show any significant
change [86], while those of GP are variable. The differences
in polarization between the repeater and GP may suggest that
they have different origins.

The narrow frequency width of GP can be estimated as
Ay =~ 0.06v ~ 1 GHz that is assumed to be equal to that of
FRB. The maximum flux of the Crab GP is Sgp ~ 1 MlJy at
a distance of dgp =~ l1kpc. GPs are repeated events while
only FRB 121102 has been found to be repeatable. The re-
peater has a few hundred milli-Jansky flux with typical dis-
tance dprp =~ 1Gpc [87]. With these parameters, one can
obtain the ratio of their luminosities,

L
TRB = ~10°. (14)

Lep  Scpd’p

The luminosity of FRB is 10** ergs™ [88] much higher
than that of GP. Alternatively, this phenomenon may be
caused by the selection effect. The power-law index of cumu-
lative distribution for a repeating FRB sequence is —1.16 [89]
steeper than that of GP. In this case, FRB can be regarded as
a flatter high energy tail of GP possibly. A burst width can be
broaden due to multipath propagation through the interstel-
lar medium. This phenomenon may be very significant for
distant radio sources. For the repeater FRB in 4-8 GHz, the
broadening time 74 is calculated to be 0.01-0.1 ms (see ref.
[90], for the test of 5 GHz and DM= 565 pccm™ ). Hence,
the intrinsic width of the repeater FRB is about few millisec-
onds which is different from the case of type I GP. Type II
GP has a type width of ~1 ms whereas the maximum flux is
much smaller than that of type I GP.

GP and the repeater FRB exhibit different properties
among polarization, luminosity and timescale. Recently,
band structures are detected in the repeater with band spacing
of 1-100 MHz at 4-8 GHz, while no evidence of Av « v are
found [86]. These band stripes in the repeater are speculated
to be generated from interstellar scintillations. In general, it
is suggested that the repeater FRB is not a pulsar GP.

S Summary

Based on the different properties of GP host pulsars, we pro-
pose GPs can be identified as two kinds: magnetic field at
light cylinder with a factor of 10° G (type I) and that the case
of few ones to a several hundreds (type II). These two type
GPs exhibit differences among timescale, energy distribution
and occurrence phase.

We note that the Crab pulsar GP could be originated from
the coherent instability of plasmas at near LC. The magnetic
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reconnection could occur at here and accelerate pair plasmas
injecting into the closed field line region. Since the mag-
netic mirror like shape of field lines closed to LC, the in-
jected particles may be trapped forming a banana-like emis-
sion region. These beam particles bring significant free en-
ergy that makes cyclotron resonant instability grows and am-
plifies radiative waves at frequencies close to the electron cy-
clotron harmonics. The spectrum of the cyclotron-resonant-
excited wave shows zebra-pattern-like spectral band struc-
tures. These structures can be modulated by the resonance
between the cyclotron-resonant-excited wave and the back-
ground plasma oscillation. The linear band spacing in IP of
the Crab pulsar can be well fitted by the model of coherent in-

stability at near LC. The modeled density of plasmas at LC is

10'315 ¢cm™3 with an estimated gradient of > 5.5 x 10° cm™,

Hence, GP is the performance of dense plasmas activities at
near LC. This process may be associated with some high en-
ergy emissions. Similar band structures are expected to be
detected in more type I GPs with multi-frequencies.
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