
75Copyright © The Korean Space Science Society http://janss.kr  plSSN: 2093-5587  elSSN: 2093-1409

Received May 10, 2016   Revised June 1, 2016   Accepted June 2, 2016
†Corresponding Author

E-mail: 1102697897@qq.com, ORCID: 0000-0003-2816-2821
Tel: +852-53185304, Fax: 852-2559 9152

     This is an Open Access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License (http:// 
creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted 
non-commercial use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Research Paper
J. Astron. Space Sci. 33(2), 75-92 (2016)
http://dx.doi.org/10.5140/JASS.2016.33.2.75

Probing Gamma-ray Emission of Geminga and Vela with 
Non-stationary Models

Yating Chai1†, Kwong-Sang Cheng1, Jumpei Takata2

1The University of Hong Kong, Pokfulam, Hong Kong 
2Huazhong University of Science and Technology, Wuhan 430074, China

It is generally believed that the high energy emissions from isolated pulsars are emitted from relativistic electrons/positrons 
accelerated in outer magnetospheric accelerators (outergaps) via a curvature radiation mechanism, which has a simple 
exponential cut-off spectrum. However, many gamma-ray pulsars detected by the Fermi LAT (Large Area Telescope) cannot 
be fitted by simple exponential cut-off spectrum, and instead a sub-exponential is more appropriate. It is proposed that 
the realistic outergaps are non-stationary, and that the observed spectrum is a superposition of different stationary states 
that are controlled by the currents injected from the inner and outer boundaries. The Vela and Geminga pulsars have the 
largest fluxes among all targets observed, which allows us to carry out very detailed phase-resolved spectral analysis. We 
have divided the Vela and Geminga pulsars into 19 (the off pulse of Vela was not included) and 33 phase bins, respectively. 
We find that most phase resolved spectra still cannot be fitted by a simple exponential spectrum: in fact, a sub-exponential 
spectrum is necessary. We conclude that non-stationary states exist even down to the very fine phase bins. 
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1. INTRODUCTION

Many pulsar models have predicted that the gamma-ray 

spectrum of pulsars should have either a simple exponential 

cut-off (Outer gap models, e.g. Cheng et al. 1986; Hirotani 

2008; Takata & Chang 2009) or a simple super-exponential 

cut-off due to magnetic pair creation (Polar gap models, 

e.g. Daugherty & Harding 1996). However, the spectra of 

Geminga and Vela clearly show a sub-exponential cut-off 

(Abdo et al. 2010a, b). In fact, the sub-exponential spectrum 

is much more common for gamma-ray pulsars. The nature 

of the sub-exponential spectrum has been explained by the 

non-stationary superposition model, in which the observed 

sub-exponential spectrum results from a superposition of 

various stationary gap structures (Takata et al. 2016).  In this 

paper, from the data analysis point of view, we would like 

to determine if the superposition model still works for very 

fine phase-resolved spectrum.

We first fit the phase-averaged and larger phase-resolved 

Fermi-LAT (Large Area Telescope) spectra of Geminga 

and Vela to determine if the superposition model is better 

than the simple exponential model. For a given stationary 

model, we adopt the outer gap model presented by Wang 

et al. (2011), which predicts that a pulsar spectrum has the 

form of a power law with an exponential. We approximate 

the non-stationary model by superposition of a power law 

distribution of the stationary model for each of them with a 

specific cut-off energy. We fit the Fermi data to fix the power 

index and the normalization factor. 

2. THE PHASE-AVERAGE SPECTRA OF VELA AND 
GEMINGA

The observed spectra of gamma-ray pulsars are generally 

described by a power law with sub-exponential cut-off:
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2. THE PHASE-AVERAGE SPECTRA OF VELA AND GEMINGA 

The observed spectra of gamma-ray pulsars are generally described by a power law with sub-exponential 
cut-off:                             

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑁𝑁0 (

𝑑𝑑
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𝑟𝑟1 𝑒𝑒𝑒𝑒𝑒𝑒 (− (𝑑𝑑𝑑𝑑𝑐𝑐)

𝑟𝑟2)                           (1) 
 
The parameters here are the prefactor 𝑁𝑁0, the scale 𝐸𝐸0, the power law index 𝛾𝛾1, the cut-off energy 𝐸𝐸𝑐𝑐, and 
the exponential index 𝛾𝛾2. 

The phase-averaged spectra of both Geminga and Vela show sub-exponential cutoff, i.e., 𝛾𝛾2＜1 (see Fig. 1), 
which differs from the simple-exponential cutoff (𝛾𝛾2=1) predicted by the stationary outer gap model. In sec-
tion 4, we will carry out more detailed phase-resolved spectral analysis to see if the sub-exponential spec-
trum is a general situation. Nevertheless, we can conclude that the polar cap model with super-exponential 
cutoff (𝛾𝛾2＞1) can be ruled out as an explanation of the spectra of Geminga and Vela.  

 
3. OUTER GAP MODELS  
 
3.1 Stationary Outer Gap Models  
      

The main difference between the polar cap model (Daugherty & Harding 1994) and the outer gap model 
(Cheng et al. 1986) is the distinct acceleration region in the magnetosphere of the pulsar (see Fig. 2). The 
spectral cut-off depends on the emission model. In the polar cap model, particles are accelerated in the polar 
gap above the polar cap on the pulsar surface and emit curvature gamma rays. Because gamma rays are re-
leased in the super strong magnetic field, pair production can take place. In this case, only the secondary 
photons that survive pair production can escape and be observed. So, the predicted spectrum of the polar cap 
model is a super-exponential cut-off spectrum.  

On the other hand, Cheng et al. (1986) argued that charge depletion regions can be developed in the vicinity 
of null charge surfaces by the global current flow in the outer magnetospheric regions, in which the electric 
fields along the magnetic field lines are not zero. Therefore, outer-magnetopserhic gaps (outer gaps) are de-
veloped. The inner boundary of the outer gap is near the null charge surface; the outer boundary is at the 
light cylinder. According to the three dimensional outer gap model (Cheng et al. 2000), even when four outer 
gaps exist in the plane of (Ω,μ), only the two longer ones can be observed. They argued that those longer 
shorter gaps are inactive. The outer gap can emit two fan beams; this makes detection of gamma-ray pulsars 
easier. The observed double pulses actually come from the same fan beam produced by the outgoing parti-
cles because the time of flight and the relativistic aberration effect squeeze the emitting photons at the two 
edges and this results in a double peak structure in the light curve. In this model, there are only very few off-
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see if the sub-exponential spectrum is a general situation. 

Nevertheless, we can conclude that the polar cap model 

with super-exponential cutoff (γ
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explanation of the spectra of Geminga and Vela. 

3. OUTER GAP MODELS 

3.1 Stationary Outer Gap Models 

     

The main difference between the polar cap model 

(Daugherty & Harding 1994) and the outer gap model 

(Cheng et al. 1986) is the distinct acceleration region in 

the magnetosphere of the pulsar (see Fig. 2). The spectral 

cut-off depends on the emission model. In the polar cap 

model, particles are accelerated in the polar gap above the 

polar cap on the pulsar surface and emit curvature gamma 

rays. Because gamma rays are released in the super strong 

magnetic field, pair production can take place. In this case, 

only the secondary photons that survive pair production can 

escape and be observed. So, the predicted spectrum of the 

polar cap model is a super-exponential cut-off spectrum. 

On the other hand, Cheng et al. (1986) argued that 

charge depletion regions can be developed in the vicinity 

of null charge surfaces by the global current flow in the 

outer magnetospheric regions, in which the electric fields 

along the magnetic field lines are not zero. Therefore, outer-

magnetopserhic gaps (outer gaps) are developed. The inner 

boundary of the outer gap is near the null charge surface; 

the outer boundary is at the light cylinder. According to the 

three dimensional outer gap model (Cheng et al. 2000), 

even when four outer gaps exist in the plane of (Ω,μ), only 

the two longer ones can be observed. They argued that 

those longer shorter gaps are inactive. The outer gap can 

emit two fan beams; this makes detection of gamma-ray 

pulsars easier. The observed double pulses actually come 

from the same fan beam produced by the outgoing particles 

because the time of flight and the relativistic aberration 

effect squeeze the emitting photons at the two edges and 

this results in a double peak structure in the light curve. 

In this model, there are only very few off-pulse photons, 

which makes modelling for photons in the off-peak difficult. 

Tang et al. (2008) showed that the off-pulse can come from 

the incoming particles because the inner boundary of the 

outer gap can extend a substantial distance toward the star 

(Hirotani & Shibata 1999; Takata et al. 2004; Hirotani 2015). 

The emission mechanism of the gamma-rays from the 

outer gap is called synchro-curvature radiation (Cheng & 

Zhang 1996). This emission process describes the radiation 

from relativistic electrons moving in spiral trajectories along 

curved magnetic field lines. For a small pitch angle, the 

synchro-curvature spectrum can be approximated by the 

curvature radiation spectrum:
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pulse photons, which makes modelling for photons in the off-peak difficult. Tang et al. (2008) showed that 
the off-pulse can come from the incoming particles because the inner boundary of the outer gap can extend a 
substantial distance toward the star (Hirotani & Shibata 1999; Takata et al. 2004; Hirotani 2015).  
 
The emission mechanism of the gamma-rays from the outer gap is called synchro-curvature radiation (Cheng 
& Zhang 1996). This emission process describes the radiation from relativistic electrons moving in spiral 
trajectories along curved magnetic field lines. For a small pitch angle, the synchro-curvature spectrum can be 
approximated by the curvature radiation spectrum: 
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where 𝐾𝐾5 3⁄  is the modified Macdonald function. ρ is the radius of curvature, 𝐸𝐸𝑐𝑐 = 3
2 𝛾𝛾3ℏ 𝑐𝑐

𝜋𝜋 is the cut-off 

energy of the curvature radiation, γ is the Lorentz factor of the relativistic electron, and 𝑦𝑦 = 𝐸𝐸𝛾𝛾
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. The total 

radiation spectrum from the gap is given by  
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 is the distribution spectrum of electrons. For mono-energetic electron distribution 
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This is the characteristic of pure curvature spectrum. The observed spectra of Geminga and Vela show a sub-

exponential cut-off (𝛾𝛾2 < 1), which means that the high-energy part decreases more slowly than the expected 

curvature radiation spectrum, which has a simple-exponential cut-off (𝛾𝛾2＝1). Vigano ̀& Torres (2015) sug-
gested that this did not rule out the curvature mechanism because the gamma-ray spectra we observed are the 
result of superposition of photons released from distinct phases of the pulsar; each phase may be fitted well 
by a curvature spectrum.  
    
 
3.2 Non-Stationary Outer Gap Model 
  
Takata et al. (2016) proposed a non-stationary model to explain the origin of the sub-exponential spectrum of 
gamma-ray pulsars. In the non-stationary model, Takata et al. (2016) suggested that the gap structure and γ-
ray spectrum cannot be described a single stationary state. They argued that the gap current must come from 
outside the outer gap. The injected currents in the non-stationary model were assumed to be injected from the 
inner boundary near the null charged surface and from the outer boundary near the light cylinder. The inject-
ed currents provide seed particles to accelerate in the gap, and initiate the radiation and pair creation process-
es. In general, this injected current will fluctuate with time. If the injected current is indeed variable, then for 
each given injected current there must be a corresponding stationary state. It is possible that the timescale of 
the injected current is on the order of the light cylinder radius divided by the speed of light. This timescale is 
much shorter than the average time between two photons entering LAT. The actual observed spectrum corre-
sponds to the superposition of many stationary states. Takata et al. (2016) assumed that the outer gap spec-
trum in each stationary state can be described by the two-layer model (Wang et al. 2011), which has a power 

 (2)

Fig. 1. On the left, phase-averaged spectrum of Geminga. On the right, phase-averaged spectrum of Vela.

(a) (b)
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This is the characteristic of pure curvature spectrum. The observed spectra of Geminga and Vela show a sub-

exponential cut-off (𝛾𝛾2 < 1), which means that the high-energy part decreases more slowly than the expected 

curvature radiation spectrum, which has a simple-exponential cut-off (𝛾𝛾2＝1). Vigano ̀& Torres (2015) sug-
gested that this did not rule out the curvature mechanism because the gamma-ray spectra we observed are the 
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the off-pulse can come from the incoming particles because the inner boundary of the outer gap can extend a 
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pulse photons, which makes modelling for photons in the off-peak difficult. Tang et al. (2008) showed that 
the off-pulse can come from the incoming particles because the inner boundary of the outer gap can extend a 
substantial distance toward the star (Hirotani & Shibata 1999; Takata et al. 2004; Hirotani 2015).  
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This is the characteristic of pure curvature spectrum. The observed spectra of Geminga and Vela show a sub-

exponential cut-off (𝛾𝛾2 < 1), which means that the high-energy part decreases more slowly than the expected 

curvature radiation spectrum, which has a simple-exponential cut-off (𝛾𝛾2＝1). Vigano ̀& Torres (2015) sug-
gested that this did not rule out the curvature mechanism because the gamma-ray spectra we observed are the 
result of superposition of photons released from distinct phases of the pulsar; each phase may be fitted well 
by a curvature spectrum.  
    
 
3.2 Non-Stationary Outer Gap Model 
  
Takata et al. (2016) proposed a non-stationary model to explain the origin of the sub-exponential spectrum of 
gamma-ray pulsars. In the non-stationary model, Takata et al. (2016) suggested that the gap structure and γ-
ray spectrum cannot be described a single stationary state. They argued that the gap current must come from 
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each given injected current there must be a corresponding stationary state. It is possible that the timescale of 
the injected current is on the order of the light cylinder radius divided by the speed of light. This timescale is 
much shorter than the average time between two photons entering LAT. The actual observed spectrum corre-
sponds to the superposition of many stationary states. Takata et al. (2016) assumed that the outer gap spec-
trum in each stationary state can be described by the two-layer model (Wang et al. 2011), which has a power 
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Fig. 2. The left panel is a sketch of the magnetosphere of a pulsar and possible acceleration sites. The right two panels show the particle 
acceleration mechanisms of the polar cap model and the outer gap model. 
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the electrodynamics, the gap thickness is adjusted by 

the external current injection and the following cascade 

processes. Hence a thinner outer gap occurs with a larger 

injection rate and vice versa. 

Kramer et al. (2002) pointed out that the radio emission 

averaged over a longer timescale is stationary, whereas 

the individual pulsed emission varies on a much shorter 

timescale. In the observations, the variation of timescale 
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law with a simple exponential function.

In the non-vacuum outer gap model, the properties of the accelerators are determined by the thickness of the 
outer gap: smaller acceleration region and fainter gamma-ray emission are produced by a thinner outer gap. 
Considering the electrodynamics, the gap thickness is adjusted by the external current injection and the fol-
lowing cascade processes. Hence a thinner outer gap occurs with a larger injection rate and vice versa.

Kramer et al. (2002) pointed out that the radio emission averaged over a longer timescale is stationary, 
whereas the individual pulsed emission varies on a much shorter timescale. In the observations, the variation
of timescale ranges from milliseconds to seconds for a single pulse. 

Takata et al. (2016) assumed that the injected current obeys a simple power law distribution with 
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𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙10𝑗𝑗𝑒𝑒𝑒𝑒 = 1.

In the above distribution, if p > 0, this corresponds to a case in which the larger injection current dominates; 
if p < 0, this corresponds to a case in which the smaller injected current dominates. Since each of the injected 
currents corresponds to a specific cut-off energy, we will assume that the cut-off energy follows a similar 
distribution of the injected current, i.e.
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where 𝐹𝐹γ(𝐸𝐸γ, 𝐸𝐸𝑐𝑐) is the gamma-ray spectrum from a given injected current.

4. DATA ANALYSIS
In the non-stationary outer gap model, since the timescale required to construct a spectrum is much longer 
than the timescale of the gap dynamical, the observed spectrum is actually the time average of the dynamical 
gap. For each dynamical timescale, the spectrum is a simple exponential spectrum. Here we assume that:

(1) A sub-exponential spectrum is the result of superposition of simple-exponential spectra, and in 
each dynamical timescale, the simple exponential spectrum has an arbitrary cut-off energy.

(2) This arbitrary cut-off energy follows a power-law distribution as a result of dynamic gap fraction.
(3) Power index is determined by data fitting.

Also, we divided the spectra of Vela and Geminga into 19 and 33 phase bins, respectively, to test if the bins
are small enough. This can be described by a simple-exponential spectrum, or a sub-exponential spectrum 
might still be necessary, which would mean that non-stationary states exist even down to the very fine phase 
bins. (<- If these phase bins cannot be described by a simple-exponential spectrum and a sub-exponential 
spectrum might still be necessary, it would mean that non-stationary states exist even down to the very fine 
phase bins.로 수정? 저자 확인 필요) In the case of Vela there are very low photon fluxes in the off-peak 
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where Fγ(Eγ , Ec) is the gamma-ray spectrum from a given 

injected current.

4. DATA ANALYSIS

In the non-stationary outer gap model, since the timescale 

required to construct a spectrum is much longer than the 

timescale of the gap dynamical, the observed spectrum is 

actually the time average of the dynamical gap. For each 

dynamical timescale, the spectrum is a simple exponential 

spectrum. Here we assume that:

(1)  A sub-exponential spectrum is the result of superposition 

of simple-exponential spectra, and in each dynamical 

timescale, the simple exponential spectrum has an 

arbitrary cut-off energy. 

(2)  This arbitrary cut-off energy follows a power-law 

distribution as a result of dynamic gap fraction.

(3)  Power index is determined by data fitting.

Also, we divided the Vela and Geminga into 19 and 33 

phase bins respective to test if when the bin is small enough, 

then it can be described by a simple-exponential spectrum. 

If these phase bins cannot be described by a simple-

exponential spectrum and a sub-exponential spectrum 

might still be necessary, it would mean that non-stationary 

states exist even down to the very fine phase bins. In the 

case of Vela there are very low photon fluxes in the off-peak 

region, so we did not include the off-peak of Vela in our 

analysis.

4.1 Fitting Results for Geminga

We chose six different cut-off energies arbitrarily for each 

phase (see Table 1) to represent the non-stationary model; 

both the phase-resolved spectra and the phase-average 

spectrum can be fitted by the same power index: 0.29 (see 

Fig. 3). Next, we divided each phase to make it as small as 

possible: peak 1 was divided into 6 parts; bridge emission 

was divided into 10 parts; peak 2 and off pulse were divided 

into 7 parts and 10 parts, respectively (see Figs. 4-7).

4.2 Fitting Results for Vela

Again we chose six different cut-off energies arbitrarily for 

each phase (see Table 2), and it was possible to fit both the 

phase-resolved spectra and the phase-averaged spectrum 

by the same power index of 0.37 (see Fig. 8). Off pulse was 

not included because of the very low photon flux. We divide 

the pulse phases of Vela as follows: peak 1 was divided into 

4 parts; bridge emission 1 was divided into 6 parts; bridge 

emission 2 and peak 2 were divided into 4 parts and 5 parts, 

respectively (see Figs. 9-12).

Table 1. Parameters of Equation (5) for Geminga and six arbitrary cut-offs

γ1
E0

(MeV)
Ec

(MeV)
γ2

N0

(10-9)
Six Arbitrary Cut-offs (MeV)

Phase-average 0.980 927.9 808.8 0.656 2.75 300 600 1,000 2,000 2,500 3,300
Peak 1 0.937 923.2 469.4 0.617 0.99 100 300 500 700 1,400 2,500

Bridge Emission 0.804 926.9 632.5 0.642 1.35 200 400 600 1,000 1,700 3,000
Peak 2 0.661 928.4 470.7 0.569 1.03 200 400 600 1,000 1,700 3,400

Off Pulse 0.954 935.2 470.7 0.569 1.02 100 300 500 700 1,000 2,200
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Table 2. Parameters of Equation (5) for Vela and six arbitrary cut-offs

γ1
E0

(MeV)
Ec

(MeV)
γ2

N0

(10-8)
Six Arbitrary Cut-offs (MeV)

Phase-average 1.041 832.6 273.1 0.476 1.26 400 700 1,000 1,400 1,800 4,000
Peak 1 1.068 832.6 273.1 0.528 0.32 200 400 700 1,000 1,300 2,500

Bridge Emission 1 0.557 932.6 250.0 0.544 0.36 100 300 500 700 1,000 2,300
Bridge Emission 2 0.375 832.6 250.0 0.539 0.20 200 400 600 800 1,000 2,400

Peak 2 0.981 832.6 250.0 0.461 0.47 500 800 1,100 1,400 1,700 4,600
Off Pulse 0.048 835.6 268.2 0.789 0.03 100 200 300 400 500 700

Fig. 3. The left panel is a sketch of the magnetosphere of a pulsar and possible acceleration sites. The right panel shows the 
mechanisms of the polar cap and the outer gap (De Oña Wilhelmi 2011).

(a)

(c)

(e)

(b)

(d)
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Fig. 4. Fitting results for phase-averaged spectrum, Peak 1 spectrum, Bridge Emission spectrum, Peak 2 spectrum, and Off Pulse spectrum of Geminga: 
red solid line is the best-fit sub-exponential spectrum and blue line is the result of no-stationary superposition model.
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(b)

(d)
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(a)

(c)

(e) (f )

(b)

(d)

Fig. 5. Ten part spectra of bridge emission of Geminga; each part was fitted by simple-exponential spectrum. Part 1, part 6, part 7, part 8, and part 10 can 
be fitted by simple-exponential spectrum. (To be continued on the next page.)
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Fig. 5. Continued.

(g)

(i) (j)

(h)

(a) (b)

Fig. 6. Seven part spectra of peak 2 of Geminga; each part was fitted by simple-exponential spectrum. Only part 1 and part 6 can be fitted by simple-
exponential spectrum. (To be continued on the next page.)
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(c)

(e)

(g)

(d)

(f )

Fig. 6. Continued.
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(a)

(c)

(e) (f )

(b)

(d)

Fig. 7. Ten part spectra of off pulse of Geminga; each part was fitted by simple-exponential spectrum. Only part 2, part 5, and part 6 can be fitted by 
simple-exponential spectrum. (To be continued on the next page.)
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Fig. 7. Continued.

(g)

(i) (j)

(h)
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(c)

(e)

(d)

Fig. 8. Fitting results for phase-averaged spectrum, Peak 1 spectrum, Bridge Emission spectrum, Peak 2 spectrum, and Off Pulse spectrum of Vela: red 
solid line is the best-fit sub-exponential spectrum and blue line is the result of no-stationary superposition model.

(a) (b)
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Fig. 9. Four part spectra of peak 1 of Vela; each part was fitted by simple-exponential spectrum. Only part 4 can be fitted by simple-exponential spectrum. 

(c) (d)

(a) (b)
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Fig. 10. Six part spectra of bridge emission 1 of Vela; each part was fitted by simple-exponential spectrum. Part 1 and part 4 can be fitted by simple-
exponential spectrum. 

(e) (f )

(c) (d)

(a) (b)
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(a)

(c)

(b)

(d)

Fig. 11. Four part spectra of bridge emission 2 of Vela; each part was fitted by simple-exponential spectrum. Part 1, part 2, and part 4 can be fitted by 
simple-exponential spectrum.
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(a)

(c)

(e)

(b)

(d)

Fig. 12. Five part spectra of peak 2 of Vela; each part was fitted by simple-exponential spectrum. None of these can be fitted by simple-exponential 
spectrum.
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5. DISCUSSION AND CONCLUSION

From our fitting results, phase-averaged and phase-

resolved spectra of Geminga and Vela can be fitted well by 

the Non-Stationary Superposition Model. In fact, the same 

power index can be applied to both the phase-average and 

phase-resolved cases. Specifically, we find that the power 

index for Geminga is 0.29 and the power index for Vela is 

0.37. In the very fine bin fits, we use a simple exponential 

spectrum to see if a non-stationary situation exists. The cut-

off energies for each fit are given in Fig. 13. 

In summary, only 33.3% of the phase bins for Geminga 

and 26.1% of the phase bins for Vela can roughly be fitted by 

a simple-exponential cutoff spectrum. Although we have not 

carried out the sub-exponential fit for these tiny bin cases, 

we can see that the error bars are in general larger than 

those for the large phase bin cases, so the sub-exponential 

cut-off can also be fitted for all cases. It has been argued that 

the sub-exponential spectrum may result from the fact that 

the observed spectrum actually consists of contributions 

from many different emission regions of the magnetosphere, 

and that each region has its own characteristic cut-off 

energy (e.g. Viganò & Torres 2015). However, from the three 

dimensional pulsar magnetospheric calculations (e.g. Tang 

et al. 2008), the emission regions are known to be mainly 

from two spatially well-separated regions, one near the 

star and the other near the light cylinder. A continuous 

distribution of the cut-off energies seems impossible. On 

the other hand, a distribution of the injected current results 

in a distribution of the cut-off energy, which appears to 

be more physically possible. Although we cannot test this 

scenario in gamma-rays due to their relatively long arrival 

time interval, short term time fluctuations are indeed 

observed in radio observations. Therefore, we can conclude 

that the superposition of the cut-off energy is more likely the 

consequence of non-stationary states.
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