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Abstract 

The nature of the “zebra” structure in radio bursts of the pulsar in the Crab Nebula is discussed. The possibility 

of explosive instability realization in the non-isothermal plasma - relativistic proton flux system is considered. The 

explosive instability mechanism works at high magnetic fields, and the bands in radio emission appear as a result 

of the scattering of the harmonics of ion-acoustic waves by fast protons. Estimates of the amplitudes of the har-

monics of the Langmuir frequency of ions are given. Some differences in the ZP bands in different radio bursts 

can be associated with different degrees of plasma non-isothermality. 
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1. INTRODUCTION 

Studies of the fine structure of radio emission from 

various astrophysical objects are of great importance 

for testing of radiation generation mechanisms, as well 

as for obtaining important information on physical pro-

cesses in the atmospheres of these objects and their pa-

rameters. A good illustration of the importance of such 

studies is the study of the fine structure of the solar ra-

dio emission. An example of one of the most mysteri-

ous types of fine structure is the zebra pattern (ZP) in 

the dynamic spectra of type IV solar continuum radio 

bursts, which has been studied for over 50 years. A 

dozen models have been proposed for its interpretation 

(Chernov, 2011). According to Zheleznyakov et al. 

(2016), the most probable reason for the appearance of 

a dynamic spectrum of the type zebra structure is the 

effect of double plasma resonance (DPR) in the solar 

atmosphere. At the same time, many properties of the 

ZP can also be explained within the framework of the 

model of interaction of plasma waves with whistlers. 

Many controversial issues disappear within the frame-

work of the explosive instability model according to  

Fomichev, Fainshtein & Chernov (2009).   

Another astrophysical source of radio emission 

with a similar fine structure of radio emission is the pul-

sar in the Crab Nebula. Relatively recent observations 

of the dynamic spectra of radio emission in the micro-

wave range using the 300-meter radio telescope of the 

Arecibo Observatory (Puerto Rico) and a dynamic ra-

dio spectrograph with a unique time resolution (on the 

order of fractions of a nanosecond) revealed a fine 

structure of the dynamic spectrum in the form of rela-

tively narrow quasi-harmonic bands drifting parallel to 

time (Fig. 1). 
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Figure 1. Examples of dynamic spectra with a zebra structure in microwave radiation from a pulsar in the Crab 

Nebula, obtained at the 300-m radio telescope in Arecibo with a unique time resolution of the order of a fraction 

of a nanosecond (Hankins & Eilek 2007; Hankins, Rankin & Eilek 2010). 

 

The main difference of these bands from the solar 

ZP is the almost absence of their frequency drift, short 

duration (several microseconds) and high frequency (8 

- 10.5 GHz). It was found that the ZP is observed only 

in the precursor of an intermediate impulse, which cor-

responds to a rotation phase of 205о. During the most 

intermediate pulse with a phase of 215о and the main 

pulse with a phase of 70о, X-ray, optical and microwave 

radio emissions are recorded, which are absent in the 

precursor. The frequency separation between the bands 

in different radio bursts was different (from 0.2 to 0.5 

GHz) and increases with frequency, as in the solar ZP. 

Fig. 1 also shows such features of the emission bands 

as the discontinuous (clumpy) structure of the emission, 

the splitting of each band into two bands, and the delay 

in the onset of emission of the bands with decreasing 

frequency. All this can be an indication of the isolation 

of the radio emission source with a fine structure from 

the sources of the main and intermediate pulses. Natu-

rally, this source, like all others, must be located inside 

the light cylinder, where the magnetic field-controlled 

mode of corotation of the source region with the rota-

tion of the neutron star is realized. 

A detailed description of the pulsar properties and 

possible mechanisms of radio emission is presented in 

Zheleznyakov, Zaitsev & Zlotnik (2012), where the 

main attention is paid to the substantiation of the DPR 

mechanism for the zebra structure of radio emission in 

a pulsar. The radiation mechanism in this scheme is 

based on the fulfillment of the condition of double 

plasma resonance (DPR) in the source (nonrelativistic 

electron - proton plasma) and can explain the parame-

ters of the ZP only under the condition ωH << ωP (ωH 

and ωP are the gyrofrequency and plasma frequency of 

electrons), i.e.  in a weak magnetic field. Since the mag-

netic field of a neutron star is large (on the surface of a 

neutron star it is ~ 1012 G, and near a light cylinder ~ 

106 G.) it is assumed that there should be a neutral cur-

rent sheet in the pulsar magnetosphere, by analogy with 

the solar situation. However, the question of the exist-

ence of a neutral current sheet in the pulsar magneto-

sphere is debatable. 

In this paper, we discuss an alternative mechanism 

for the generation of the ZP structure of the radio emis-

sion of a pulsar, based on explosive instability during 

the interaction of a relativistic ion flux with a plasma. 

The question of the possible presence of ions in the co-

rotating magnetosphere was considered, for example, 

in Goldreich & JulianW (1969) and in Beskin (2018) 

the presence of relativistic protons as a result of the pro-

cesses of transformation of particles from the initial 

electron-positron plasma is discussed. In this case, the 

problem of the smallness of the magnetic field disap-

pears, and electromagnetic radiation in the microwave 

range is formed by scattering of low-frequency plasma 

waves by accelerated ions. Here we will consider the 

possibility of realizing explosive instability in the non-

isothermal plasma - relativistic proton flux system. Es-

timates are given for the amplitudes of several harmon-

ics of the Langmuir ion frequency. 
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2. INITIAL EQUATIONS AND EQUATIONS 

FOR WAVE AMPLITUDES 

Consider the equations describing the motion of 

relativistic ions penetrating a non-isothermal isotropic 

plasma (we assume that the Langmuir frequency of 

electrons is much greater than their gyrofrequency) 

Fainshtein & Chernova (1996): 
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- the temperatures of electrons and ions are included in 

the dispersion equation (3), they determine the speed of 

ionic sound and the thermal speed of ions). 

The third equation in system (1) describes the ad-

iabatic change in ion energy, and (2) describes the Pois-

son equation. 

Let's  linearize (1), including the quadratic and cu-

bic terms in the Taylor series expansion. For 
(ω )i t kxe 

- processes, we obtain the dispersion equation describ-

ing the normal modes of the system: 
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where 
1

0β = c 
; 0  - equilibrium speed of moving ions; 

2 1/2

0γ (1 β )  ; 1γ /sc c . When 

0 0  , we obtain the dispersion equation of ionic sound in the absence of a beam ( γ 0 ). Equation (3) is 

rather cumbersome, so it was solved numerically (see Table 1): 

Table 1. 

Numerical solution of the dispersion equation (3). 

1ω  1k  2ω  2k  3ω  3k  0γ  γ  

0.25 -0.02 2 0.22 2.25 0.3 10 0.004 

1 -0.4 2.5 1.6 3.5 1.2 2 0.02 

0.1 -0.005 1.6 0.085 1.7 0.08 20 0.002 

0.5 -0.6 2.25 1.6 2.75 1 2 0.02 

 

(the table shows the results for ω ,j jk , satisfying 

conditions (4); frequencies ω j  are normalized to ω0i, 

wave vectors kj are normalized to the Debye radius λD). 

Here, 3 3ω ( )k  is the slow beam mode, 2ω  is the fast 

mode, and 1 1ω ( )k is the ion-acoustic wave. It is seen 

that the synchronism conditions are satisfied for three 

waves Tsytovich (1970): 

3 1 2 3 1 2ω = ω ω ; k k k                   (4) 

The nonlinear interaction and nonlinear shift coef-

ficients σ ( 1,2,3)j j   and α j depend on ω j and kj 

and are extremely cumbersome expressions, therefore, 

their numerical analysis was carried out. The numerical 

results of solving Eq. (3) were substituted into the cor-

responding formulas for the mode energy Landau & 

Lifshitz (1971). When studying the energy of each 

mode, it turned out that the energy of the higher-fre-

quency mode is negative, while the energy of the lower 

waves is positive; explosive instability is possible in the 

system Wilhelmsson & Weiland (1977) (we take into 

account the quadratic and cubic terms in the Taylor se-

ries expansion). Complex amplitudes ( 1,2,3)ja j   

are entered for each mode. Under the same initial con-

ditions a1 (0) = a2 (0) = a3 (0) = a0 and in a spatially 

homogeneous regime 0
х





 , using the standard 

method [Tsytovich (1970); Wilhelmsson & Weiland 
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(1977)], we obtain truncated equations for the complex 

amplitudes of modes taking into account the quadratic 
(for ( 1,2,3)j j  ) and cubic ( for α j ) nonline-

arity: 
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g - group velocity, the coefficients j  charac-

terize the nonlinear frequency shift, which stabilizes the 

"explosion", all ( 1,2,3)j j  are of the same sign, 

i.e. explosive instability arises in the system. Solution 

(5) is radically different from the standard one (see, for 

example, [Fomichev, Fainshtein & Chernov 2009); 

Wilhelmsson & Weiland (1977)]. This solution de-

pends on nonlinear frequency shift α j  and nonlinear 

absorptionσ j  . Expressions for the coefficients σj and 

αj are complex and are given in Table 2: 

Table 2. 

Numerical calculations of nonlinear interaction coefficients and amplitudes of interacting modes ,j j   

1σ  2  3  1  2  3  

0.77 +0.004i 0.06+0.02i -0.07-0.02i -3.66 +0.45i -0.0075-1.14i -0.0027+0.93i 

9.78+0.3i 2157-0.15i -4.47-0.34i -12.36+0.11i -1.05-0.09i -2.4+0.09i 

0.2+0.3i 32.61+021i -0.02-0.004i 0.00015+1.2i -0.0017-2.38i -0.12+2.38i 

27.8+0.75i 32.61+0.21i -4.05-0.18i -7.53+0.38i -2.49-0.10i -0.38-0.09i 

 

Since the values of j are complex, nonlinear ab-

sorption (imaginary part of j  ) and nonlinear fre-

quency shift appear in the system under consideration, 

in contrast to the usual results [Wilhelmsson & Weiland 

(1977)]. The solution to system (5) under the same ini-

tial conditions ( 0
x
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) is radically different from the standard one and has the 

form: 
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 . From relation (6) we determine the am-

plitudes of the interacting waves and the generation 

time of quasi-solitons.  

3. QUALITATIVE ESTIMATES 

When estimating the parameters of the radiation 

source and the characteristics of the zebra structure, fol-

lowing [Zheleznyakov et al. (2016); Zheleznyakov, 

Zaitsev & Zlotnik (2012)], we assume that the radiation 

source is localized in the region of the light cylinder, 

and radio pulses are associated with the relativistic for-

mation of the radiation pattern during the rotation of a 

neutron star. Within the framework of such a model, the 

estimate of the source velocity V from the rotation pe-

riod and pulse duration gives the value β = V / c ≈ 0.82. 

The observed radiation frequency f is related to the fre-

quency in the source f ' by the ratio f' ≈ 0.3 f. Then, for 

the observed frequency interval f > 8 GHz, we obtain f 

' > 2.4 GHz for the frequency in the source. The ob-

tained value of the lower limit of the spectrum in the 

source can be associated with the condition of the exit 

of electromagnetic radiation from the source f ' > f 0e (f0e 

is the local plasma frequency in the source) and an es-

timate of the electron density of the equilibrium non-

relativistic plasma in the source can be obtained N ≈ (7-

8) 1010 cm-3 and ion plasma frequency f0i ≈ 0.55 GHz. 

As for the intensity of the magnetic field in the source 

(H), then from the condition of plasma isotropy ωH << 

ωP, which is assumed in this model, the estimate H <103 

G. 

To determine the amplitudes of the harmonics of 

oscillations, as well as the generation times of the am-

plitudes of quasi-solitons, we use formula (5). Note that 

(5) is fundamentally different from the previously ob-

tained formulas for the mode amplitudes (see, for ex-

ample, Fomichev, Fainshtein & Chernov (2009). This 

circumstance is due to the fact that the coefficients of 

nonlinear interaction are complex (see Table 2). As-

suming that the initial "noise" amplitudes are aj (0) << 

amax, we obtain the approximate amplitudes of the har-

monics of quasi-solitons ~ 0.3 V cm-1, and the genera-

tion times ~ 0.3 Mcs. 

Within the framework of this source model, high-

frequency electromagnetic radiation can appear as a re-

sult of scattering of low-frequency ion-sound waves by 

fast ions, and the radiation frequency is f ' ≈ f 0i υ / cs. 

The condition f ' > f 0е at υ ≈ 0.8 c gives the estimate Te 

≈ 108 K. 
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The maximum number of the ionic sound har-

monic can be obtained from the condition that for high 

numbers the effect of desynchronization associated 

with the dispersion becomes significant, i.e. from the 

relation κnmax λD ≈ 1. For the adopted parameters, this 

gives the value nmax ≈ 102. Note that nmax ~ (Te / Ti) 1/2, 

the frequency separation between the bands is δf ≈ f 0i ≈ 

0.5 GHz, and the minimum number of the ionic sound 

harmonic is nmin ≈ f 0е / f 0i ≥ 43. As a result, several tens 

of zebra-structure stripes can appear in the electromag-

netic radiation. For their experimental detection, obser-

vations are required in a wider frequency range com-

pared to those carried out to date. 

4. CONCLUSION 

Thus, the mechanism of explosive instability dur-

ing the interaction of a relativistic ion flux with a 

plasma may  explain the appearance of a zebra structure 

in the radio emission of a pulsar. 

In this mechanism, the electron gyrofrequency is 

not decisive for frequency separation between bands; 

the bands are harmonics of the ion-sound frequency as 

a result of scattering of radiation by fast protons. Some 

differences in the ZP bands in different radio bursts can 

be associated with differences in the parameters of the 

pulsar magnetosphere and accelerated ion fluxes (for 

example, in the degree of plasma nonisothermality). 

We note also that the linear instability for waves is 

not taken into account here, since HF fields suppress 

such an instability [Aliev & Silin (1983)]. 

It should be noted that the proposed model of a ra-

dio emission source with a fine structure of the "zebra" 

type, is discussed in the isotropic plasma approxima-

tion, but it does not mean the absence  of magnetic field.  

It means only, the condition ωH << ωP (ωH and ωP is the 

gyrofrequency and the plasma frequency of electrons) 

must be fulfilled  in the radio source, and the estimate 

of the magnetic field  from this condition gives value H 

<103 G. 

The obtained boundaries for the magnetic field in 

the frames of the models of rotating neutron stars dis-

cussed in the literature look unusual for the radio pulsar 

magnetosphere. It is known that the magnetic field of a 

neutron star on the surface of the star is estimated to be 

~ 1012 G, and near the light cylinder ~ 106 G.  The ob-

tained here the more less estimates of magnetic fields 

may indicate the existence of local regions with a weak 

magnetic field in the pulsar magnetosphere. 

One of the options can be a magnetic trap with a 

flux tube filled with energetic particles. 

Another option is a neutral current sheet in the pul-

sar magnetosphere where a  condition of the double 

plasma resonance (DPR) must be fulfilled  [Zheleznya-

kov, Zaitsev & Zlotnik (2012); Zheleznyakov et al. 

(2016)]. The existence of such magnetic structures in 

the pulsar magnetosphere  is debatable  issue.  It should 

be noted that the possibility of the existence of weak 

magnetic fields in the inner magnetosphere near the 

light cylinder was also discussed in Beskin (1999); Be-

skin, Gurevich & Istomin  (1983). 

Data availability 

Data derived from a source in the public domain. 

The data underlying this article are available in 

[repository name, e.g. Zenodo], at 

https://dx.doi.org/[doi]. The datasets were derived from 

sources in the public domain: [list sources, including 

URLs]. 
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