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The Maxwellian ion distribution function is mostly assumed for the study of 
space plasmas but the non-Maxwellian distribution functions have been 
observed by the satellites, especially in the magnetopause and magnetotail 
regions of magnetosphere of earth. In this report, the ion distribution 
functions by using the test particle simulation with two different types of 
magnetic field topologies - Petschek type reconnection region and 
reconnection region with several magnetic islands have been observed. It turns 
out that the structure of the distribution function is non-Maxwellian in both 
the cases and these can be understood by taking into account the different 
types of motion of particles. Further, in addition to previously existing 
structures of distribution functions, a new type of non-Maxwellian distribution 
function has been observed for the case of reconnection region with many 
magnetic islands, which was not known before.  

 

1. INTRODUCTION 

The solar wind emitted at supersonic 

speeds by the sun is constantly 

bombarding the earth’s magnetosphere. 

It compresses it on the day side and 

stretches it on the night side as it 

cannot penetrate it. But whenever the 

magnetic field associated with the solar 

wind is in southward direction and it 

comes in contact with the northward 

directed earth’s magnetic field, the field 

lines reconnect to produce two open 

field lines. These are gradually dragged 

by the solar wind to the magnetotail 

regions, where they again reconnect 

and highly    energetic     plasma     

particles (associated with these 

magnetic fields) follow the magnetic 

field lines of the earth to the poles. 

Thus, this extraterrestrial plasma enters 

the earth’s magnetospheric cavity, 

causing some amazing phenomena like 

the aurora borealis, the magnetic 

storms. But it also disrupts the satellite 

communication, affects the working of 

GPS systems and electric power grids 

on earth etc. So, the study of the 

process of magnetic reconnection is 

very important, especially because of 

its association with the space weather. 

There are currently many satellites 



studying this process in the earth’s 

magnetosphere, the latest one being the 

Magnetospheric Multiscale (MMS) 

Mission launched by NASA in March, 

2015. It aims to find the answers to 

many important questions about this 

process, like, what is the exact rate of 

the reconnection process? How does 

the turbulent magnetic field affect the 

reconnection process? What is the 

structure of distribution functions in 

these regions? etc.  

There have been many attempts to 

provide theoretical explanations for all 

these questions. Especially, in order to 

understand the ion distribution 

functions, test particle simulations have 

been used for an assumed magnetic and 

electric field structure representing 

different types of magnetic 

reconnection regions [Lyons and 

Speiser, 1982; Ashour-Abdalla et al., 

1996a; Ashour-Abdalla et al., 1996b; 

Chen, 1992; Hoshino et al., 1998]. 

They have studied the dynamics of ions 

and electrons, the velocity distribution 

functions, particle energization 

mechanisms in the magnetic 

reconnection regions. 

 In order to understand the 

complex structure of ion dynamics in 

the magnetic reconnection region, we 

first need to understand the behaviour 

of single particle under different 

electric and magnetic field structures as 

the trajectories and distribution 

functions in reconnection regions are a 

combination of all the motions of 

single particle. So, in this report we 

have first discussed the trajectories of 

single particle under different electric 

and magnetic field structures. Then, we 

have focused on the velocity space 

distribution functions depending on the 

electric and magnetic fields and the 

distance from the X-type reconnection 

region in the simple Petschek type 

reconnection regions [Hoshino et al., 

1998]. After that we have assumed a 

magnetic field topology with several 

magnetic islands (because it is the 

topology which is more representative 

of the actual magnetic field structure in 

the earth’s magnetosphere) by keeping 

all other parameters same. In this 

report, basically we have tried to 

address the question of the structure of 

distribution function and the dynamics 

of ions in the earth’s magnetosphere. 

2. SINGLE PARTICLE 

BEHAVIOUR 

The equation of motion of a particle 

under the influence of electric and 

magnetic field is  

𝑚 
𝑑𝒗

𝑑𝑡
 = 𝑞(𝑬+𝒗×𝑩) 

Depending on different values of E 

and B, we get different types of 

motions. These motions can be 

understood by using single particle 

simulations which can be coded 

using programming languages like 

Fortran, Python, C
++

 etc. The data 

for different types of motions has 

been obtained using Fortran and 

plotted using Gnuplot. The different 

types of motions are as follows: 

(i) Gyro motion- When the electric 

field is 0 and we have uniform 



magnetic field, the particle 

undergoes simple gyro 

motion(or simple cyclotron 

gyration) i.e. particle describes a 

circular orbit about a fixed point 

which is known as the guiding 

centre. The direction of motion 

is such that the magnetic field 

generated by the particle motion 

always opposes the direction of 

applied magnetic field. 

 

Fig 1. Gyro motion for E=0 and 

B=Bzêz   

 

(ii) E×B Drift- When both the 

electric and magnetic field are 

uniform, the particle undergoes 

E×B Drift. The motion is a 

combination of both the gyro 

motion due to the magnetic field 

and a drift of the guiding centre 

because of the electric field. 

 

Fig 2. E×B Drift for E=Exêx + Ezêz and        

B=Bzêz 

(iii) Grad-B Drift- When the 

magnetic field is non-uniform 

with the intensity of magnetic 

field increasing in some 

direction, the particle undergoes 

Grad-B Drift. In this case the 

drift of the guiding centre is 

caused by difference in intensity 

of magnetic field (i.e. by the 

∇ 𝐵 ). 

           
Fig 3. Grad-B Drift for E=0 and B=Bz(1+e

y
) êz 

(iv) Curvature Drift- When the 

magnetic field is non-uniform 

with the lines of force being 

curved in nature then, the 

particle undergoes curvature 

drift. Here the guiding centre 



drift is caused by the centripetal 

force experienced by the 

particles as they follow the 

magnetic field lines. 

 

Fig 4. Curvature Drift for E=0 and B=Bθ(1/r)êθ 

(v) Meandering motion-Whenever 

we assume a tangent hyperbolic 

magnetic field, we get a Harris 

type current sheet and the 

particle undergoes Meandering 

Motion. In this case the intensity 

of magnetic field near the centre 

of the sheet is zero. Above or 

below this sheet the magnetic 

field goes on increasing but it is 

in opposite direction on both 

sides. Because of this field line 

topology, the particle goes up 

and down so, the particle is said 

to be meandering and hence the 

name meandering motion.  

 

Fig 5. Meandering motion for E=0 and 

B=Bytanh 
𝑧

𝜆
 êy 

(vi) Speiser Motion- When we 

introduce a uniform component 

of magnetic field perpendicular 

to the current sheet, the particle 

undergoes Speiser Motion 

[Speiser, 1965]. In the fig 6, the 

particle undergoes meandering 

motion because of the tangent 

hyperbolic magnetic field but 

because of the addition of a 

perpendicular magnetic field 

component, it is ejected out of 

the neutral sheet after some 

time. This type of motion is 

known the Speiser Motion. 

 



Fig 6. Speiser Motion for E=0 and 

B=B0xtanh 
𝑧

𝜆
 êx + B0zêz 

Petschek type reconnection region- 

When we consider a tangent hyperbolic 

magnetic field in two perpendicular 

directions then we obtain Petschek type 

reconnection region and the trajectory 

of particle becomes very complex and 

can be understood as a combination of 

all the different types of motions stated 

above. 

 

Fig 7. Trajectory of particle for Petschek type 

reconnection field 

3. DISTRIBUTION FUNCTIONS IN 

PETSCHEK TYPE 

RECONNECTION REGION 

In order to study the distribution 

function in reconnection regions we 

have used a test particle simulation 

approach similar to the ones used by 

[Lyons and Speiser, 1982; Hoshino et 

al, 1998]. The technique used is to trace 

the particle backwards in time from a 

given point to the point where it 

entered the field. Then we give weights 

to the particles at the source point 

according to the assumed Maxwellian 

distribution and after that the Liouville 

Theorem is applied to find the 

distribution function at the given point. 

In this case we have obtained the data 

using Fortran and have plotted the 

distribution functions using Phython.  

For our simulations we have used the 

following values of magnetic and 

electric field: 

𝑩 = 𝐵0𝑥𝑡𝑎𝑛  
𝑧

𝜆𝑧
 ê𝒙  +  𝐵0𝑧𝑡𝑎𝑛  

𝑥

𝜆𝑥
 ê𝒛 

𝑬 = 𝐸0𝑦ê𝑦  

 

  Fig 8. Petschek type reconnection region 

And we have traced 45×45×45 

particles with different initial 

velocities in a 3 dimensional 

velocity space until they cross the 

boundary at 
𝑧

𝜆𝑧
= ±5. 

The shifted Maxwellian distribution 

assumed at the boundary is as follows: 

𝑓 𝑣𝑥 ,𝑣𝑦 ,𝑣𝑧 = 

𝛼0𝑒𝑥𝑝 −
 𝑣𝑥 + 𝑣0𝑥 

2 +  𝑣𝑦 + 𝑣0𝑦 
2

+  𝑣𝑧 + 𝑣0𝑧 
2

𝑣𝑡
2    

where, 

𝑣0𝑥 =  𝑣𝑡𝑎𝑖𝑙
𝐵𝑥

 𝐵 
𝑠𝑖𝑔𝑛 𝐵𝑥  

𝑣0𝑦 = 0 



𝑣0𝑧 =  𝑣𝑐𝑜𝑛𝑣 + 𝑣𝑡𝑎𝑖𝑙
𝐵𝑧

 𝐵 
 𝑠𝑖𝑔𝑛 𝐵𝑥  

𝑣𝑐𝑜𝑛𝑣 = 𝐸0𝑦/𝐵0𝑥  

We have normalized the equation of 

motion using the following normalized 

variables: 

𝑣

𝑣𝑐𝑜𝑛𝑣
= 𝑣 ′ , x/𝜆𝑧 = 𝑥′ , 𝜆′ 𝑥 =

𝜆𝑥

𝜆𝑧
, 

𝑡Ω𝑖 = 𝑡 ′ ,
𝐵

𝐵0𝑥
= 𝐵′ ,

𝐸

𝐵0𝑥𝑣𝑐𝑜𝑛𝑣
= 𝐸′ = 1, 

𝜌′
𝑖

=
𝑣𝑐𝑜𝑛𝑣

Ω 𝑖𝜆𝑧
,

𝐵0𝑧

𝐵0𝑥
= 𝐵′

0𝑧 ,Ω𝑖 =
𝑒𝐵𝑜𝑥

𝑚
 

The parameters used to model 

distribution function in different types 

of regions are as follows: 

 

Run 1- In this case ion distribution 

function is obtained near the X-type 

region as x’= -0.01, y’=0, z’=0.01. 

 

Fig 8(a) 

 

Fig 8(b) 

 

 

Fig 8(c) 

 

Fig 8(d) 

 Fig 8 is divided into four sections in 

which Fig 8(a) shows the distribution 

function for vy=0 plane. We can see the 

two large bunched ion components and 

two smaller components. The colour 

scale represents the density of ions (eg 

the red colour indicates the peak). The 

fig 8(b)-(d) show the position of 

particles with their x, y and z 

components respectively. In fig 8(d) we 

find that the particles are either coming 

from north (red) or south (blue) and 

their distribution functions intermix to 

R
U
N 

𝐵0𝑧
′  𝜆′𝑥  𝜌′𝑖  x’ z’ 𝑣′𝑡  𝑣′𝑡𝑎𝑖𝑙  

1 0.4 2.5 0.25 -0.01 0.01 1.0 0.0 

2 0.4 2.5 0.25 -6.0 0.01 1.0 0.0 

3 0.4 2.5 0.25 -6.0 0.25 1.0 0.0 

4 0.4 2.5 0.25 -20.0 3.0 1.0 0.0 

5 0.4 2.5 0.01 5.0 1.0 25.0 -25.0 

6 0.2 5.0 0.01 5.0 1.0 25.0 -25.0 

7 0.2 5.0 0.01 5.0 1.0 25.0 0.0 



produce the distribution function we 

got in fig 8(a). This distribution 

function can be simply understood as a 

result of meandering particle motion in 

the current sheet. 

Run 2 and 3- In these cases the 

distribution function on the edge of the 

magnetic diffusion region is obtained. 

At the edge of the magnetic diffusion 

region the ions are still unmagnetized.  

 

          Fig 9(a)                      Fig 9(b) 

 

          Fig 9(c)                      Fig 9(d) 

In fig 9, fig 9(a) and 9(c) show the plots 

for run 2 i.e. at the neutral sheet            

(-6,0,0.01) and fig 9(b) and 9(d) show 

the plot for run 3 i.e. slightly above the 

neutral sheet (-6,0,0.25). We find that 

in addition to two main bunched ion 

components, there are four smaller 

bunches. Also, these bunches are 

separate for run 2 but are 

interconnected or bridged together for 

run 3. The reason for bridged 

components can be understood from 

the z position plots and we can 

understand the presence of bunches 

other than main bunches by considering 

a mixture of meandering motions of 

different particles present at the edges 

of diffusion region. 

Run 4- In this case the distribution 

function in the region between the 

assumed boundary and neutral sheet is 

obtained. 

   

 

Fig 10 

As we go from neutral sheet to 

boundary, the magnetic field goes on 

increasing. This increase in magnetic is 

in both the directions, x as well as z. 

For run 4 we have assumed the given 

point as (-20,0,3). So, there is much 

increase in the value of the magnetic 

field in the x-direction in comparison to 

run 1. Because of this meandering ions 

are ejected out of the current sheet as a 

result of the Speiser motion. This can 

also be inferred from fig 10 as the 

distribution function is a combination 

of Maxwellian distribution (the largest 

bunch) and a few smaller bunches. The 

smaller bunches can be understood by 

taking into account the meandering 

motion. After the ejection of the 



particle due to the Speiser motion, the 

particle only executes E×B drift giving 

the largest bunched ion component. 

Run 5- In all the previous runs we had 

obtained the plot for vy = 0 and vtail = 0. 

In this case we also plot with respect vy 

and also assume some finite value of 

vtail. 

 

          Fig 11(a)                       Fig 11(b) 

Fig 11(a) shows the velocity 

distribution in vx-vy plane and fig 11(b) 

shows it in vz-vx plane. The point 

chosen is in +x side of the reconnection 

region (5,0,1), a little bit away from the 

neutral sheet. Though the distribution is 

close to Maxwellian but we see a ridge 

like structure. The existence of this 

structure is due to assumption of finite 

tailward velocity as we will see in the 

results of run 6 and 7. 

Run 6 and 7- In these cases we have 

kept the observation point same as run 

5 but in run 6 we have decreased the 

amplitude of Bz and we can see from 

fig 12(a) that the ridge structure 

becomes clearer and in run 7 we have 

assumed the vtail to be zero again and 

we see that the ridge structure fades 

away into a corn like structure. 

 

          Fig 12(a)                       Fig 12(b) 

4. DISTRIBUTION FUNCTIONS IN 

RECONNECTION REGION 

WITH MANY MAGNETIC 

ISLANDS 

In this case we have used the same 

approach as in the case of Petschek 

type to obtain the distribution function. 

We have just used a different magnetic 

field structure, rest all the other 

parameters have been kept same. 

The magnetic and electric field used is 

as follows: 

𝑩 = 𝐵0𝑥  
𝑧

𝜆𝑧
 ê𝑥 + 𝐵0𝑧𝑠𝑖𝑛  

𝑥

𝜆𝑥
 ê𝑧  

𝑬 = 𝐸0𝑦ê𝑦  

  

Fig 13(a)                    Fig 13(b) 

 

                                   Fig 13(c) 



Fig 13. shows the magnetic field structure for 

the reconnection region with many magnetic 

islands 

The same type of shifted Maxwellian 

distribution and the same normalized 

variables as in the case Petschek type 

reconnection are used in this case. 

Run 1- Here the distribution is obtained 

near the X-point(-0.01,0,0.01). We can 

see in fig 14 that the distribution 

function is similar to the on obtained in 

Petschek case(fig 8(a)), though it 

turbulent and is elongated in the vx 

direction. We can understand this result 

by taking into account the structure of 

the magnetic field used in this case. In 

the case of Petschek type, the magnetic 

field structure is symmetric across the 

X-point but in the case of magnetic 

islands, the magnetic field lines are 

more curved in the x-direction (because 

it is the direction in which the magnetic 

islands are introduced). So, along with 

the meandering motion, the curvature 

drift also plays a role, that’s why the 

distribution function has elongated in 

the vx direction.  

 

                    Fig 14 

Run 2 and 3- In this case the 

distribution functions are obtained for 

observation points inside the magnetic 

islands.  

  

           Fig 15(a)                   Fig 15(b) 

                           

                                Fig 15(c)  

Fig 15(a) is for run 2 and Fig 15(b) and 

(c) are for run 3. As we can see fig 

15(a) is empty, there is no plot of 

distribution function. This is because 

the point of observation taken for run 2 

is (-6,0,0.01) which is nearly at the 

centre of magnetic island so, the 

particle is trapped forever in the 

magnetic island, it can never escape. 

Hence, we cannot trace it to the 

boundary to obtain the distribution 

function. But in case of run 3 though 

the observation point is chosen inside 

the magnetic island but it is away from 

its centre hence, the particle is not 

trapped. It is at a similar position as is 

the observation point in run 3 of 

Petschek case as the distribution 

function is coming out to be similar but 

turbulent. So, it can be understood 



using similar arguments and the 

turbulence can be accounted for by 

looking at the z position diagram(fig 

15(c)) where a lot of intermixing of 

particles coming from north and south 

have occurred but the bridge structure 

are still present. 

Run 4- In this case we look at the 

distribution function between the 

assumed boundary and the magnetic 

island surface layer. The distribution 

function comes out as was expected i.e. 

Maxwellian but turbulent (fig 16). This 

can be understood by the fact that the 

particle is not under the influence of 

magnetic islands and is just undergoing 

E×B drift. The turbulence can be 

accounted by the fact that the field lines 

are not completely straight in this 

region, due to this the particle is also 

undergoing curvature drift along with 

the E×B drift. 

  

               Fig 16 

Run 5- In this case we plot with respect 

to vy and also we assume a finite value 

of vtail which were not included in 

previous cases. 

  

             Fig 17(a)                       Fig 17 (b) 

The fig 17(a) shows distribution in vx-

vy plane and fig 17(b) shows 

distribution in vz-vx plane. We see that 

the distribution function is very 

turbulent which can be accounted for 

by the decrease in the value of the 𝜌′𝑖  

and the finite value of vtail. Though we 

can still infer that the function seems to 

be highly turbulent Maxwellian 

distribution in vz-vx plane cut at vy=0. 

But for the vx-vy plane, the portion 

showing the highest density of particles 

(red coloured) is quite significant and 

seems to be extended out of the plot. In 

order to make the structure more clear 

we have reduced the value of magnetic 

field which seems to have balanced the 

decrease in 𝜌′𝑖   to reduce the turbulence 

as is shown in the case of run 6 and 7. 

Run 6 and 7- In these cases we have 

kept the observation point same as run 

5 but in run 6 we have reduced the 

value of magnetic field and for run 7 

along with reduced magnetic field we 

have assumed vtail = 0 again. 



  

            Fig 18(a)                      Fig 18(b) 

  

            Fig 18(c)                      Fig 18(d) 

Fig 18(a) and (c) show the distribution 

function for run 6 in vx-vy plane and vz-

vx plane respectively and similarly fig 

18(b) and (d) show the distribution 

function for run 7. For fig 18(a) and (b) 

we can now see clearly that the portion 

showing the highest density of particles 

is elongated in the vy direction and is 

also extended out of the plot but the 

structure seems to be turbulent 

Maxwellian in fig 18(c) and (d). So, we 

can infer that the elongation is related 

to vy or to Ey. This type of extended 

distribution function has been observed 

for the first time.  

We can try to understand it by looking 

at the magnetic field structure at the 

given observation point(5,0,1). We 

believe that the observation point is at 

the boundary of the magnetic island. 

So, the particles seem to be trapped for 

sometime inside the island undergoing 

complex motion which is a 

combination of meandering motion, 

gyro motion, grad-B drift and curvature 

drift and gradually gains enough energy 

from the electric field that they escape 

the influence of magnetic island and are 

ejected out by the Speiser motion. 

Also, we see that because of the 

removal of the vtail component in fig 

18(b), the granular structures present in 

fig 18(a) fades away. 

5. CONCLUSIONS 

In this report we have first discussed 

the motion of single particle under the 

influence of different types of electric 

and magnetic fields, which are 

necessary to understand the properties 

of the ion distribution functions. 

Further, we have discussed the results 

of distribution functions for Petschek 

type reconnection region [Hoshino et 

al, 1998]. Then, we have used the same 

technique and parameters used in 

Petschek case to observe the 

distribution function in case of 

reconnection regions with several 

magnetic islands.  We observe that in 

addition to previously existing 

structures of distribution functions (as 

proposed by Hoshino et al, 1998) a new 

kind of structure of distribution 

function has been found for the case of 

reconnection region with many 

magnetic islands. We believe that these 

results will be very helpful in the 

observations of missions like the MMS 

as these provide deeper insight into 

what we should expect if the satellite 

crosses such regions and it has also 

provided some new information about 



the reconnection process which was not 

known before. 
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