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Abstract 

It is shown that there occurs chaotic plasma concentration in the wakes formed by super­

conducting cosmic strings, which may be an important process for formation of large scale 

structures in the Universe. The maximum plasma density can be enhanced by several hundred 

times of the initial state due to the combined effect of the magnetic force and the self-gravity. 

The plasma concentration can be repeated in the X-type magnetic field configuration and the 

quasi-periodic pulsation may drive strong shock waves. 

1. Introduction 

Witten (1985) has demonstrated that in some grand unified models cosmic strings could 

behave as superconducting wires and thus could have strong electromagnetic interactions with 

the surrounding cosmic plasmas. Since then, the superconducting cosmic strings have been 

investigated by many people, associated with some astrophysical effects such as galaxy for­

mation (Ostriker et al., 1986), extragalactic radio sources (Chudnofsky et al., 1986) and a mechan­

ism for generating cosmic magnetic fields (Spergel et al., 1989). 
The gravitational perturbations due to cosmic strings (for a review of strings and their 

cosmological implications, see Vilenkin, 1985) may induce galaxy formation (Silk and Vilenkin, 

1984). Rees (1986) suggested that in the wake formed by long cosmic strings there occurs 

baryon concentration to make galaxies. If we consider the interaction of the superconducting 

cosmic strings with cosmic plasmas, the magntic field structure near the string is quite similar 

to the earth's magnetosphere and its tail as shown in Fig. 1. Chudnofsky et al., (1986) investi­

gated some physical processes (shock acceleration and magnetic reconnection) to lead particle 

acceleration· which may occur in the· front of the string magnetosphere. 

In the present paper, we investgate the dynamics of the baryon (plasma) concentration in 

the wake formed by long superconducting cosmic strings. There appears X-type magnetic con­

figuration near the baryon concentration region as shown in Fig. 1. Therefore the magnetic 

interaction as well as local gravitational collapse due to self-gravity of plasmas may become 
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important for the dynamics of the plasma con­
centration. It is shown that there occurs chaotic 
plasma concentration in the wake region where 
there appears X-type magnetic field structttre. 
The maximum density can be enhanced by sever­
al hundred times of the initial state. The plasma 
concentration can be repeated and the chaotic 
pulsation near the X-type magnetic field can 
drive strong shock waves into the intergalactic 
space. 

In section 2 we present a model describing 
the plasma dynamics near the X-type magnetic 
field configuration. In section 3 we show results 
of the numerical analysis of the equations de­
rived in the previous section. In section 4 we 
summarize results and discuss some implications 
related to the chaotic plasma dynamics. 

2. Basic Equations 

As we are interested in the local plasma dy-
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Fig. l. A shematic diagram of the mag­
netosphere and the wake formed by 
superconducting cosmic strings and 
the local coordinates. The plasma 
concentration can occur near the X­
type magnetic field configuration of 
the wake. 

namics near the X-type magnetic field configuration in the wake formed by superconducting 
cosmic strings shown in Fig. 1, we take into account both effects of the magnetic force and the 
self-gravity. Then the relevant basic equations are MHD equations with the self-gravity as 
follows, 

�� +div(pv)=O, 

av 1 p(Tt+v•V'v) = -V'p+ 411' 
rotBXB-p\7<1>, 

as at=rot(vxB), 

.d<P=411'Gp, 

ap Tt+v•V'p+ rpdivv= 0, 

( 1) 

(2) 

(3) 

(4) 

(5) 

where p, v, 8, p, <P are the density, the velocity, the magnetic field, the pressure, and the gravi-
tational potential, respectively. 

G is the gravitational constant and r is the adiabatic ratio, which will be taken to be r = 
5/3. The coordinate is taken as shown in Fig. 1. As we are interested in the local plasma 
behaviour near the X-type magnetic configuration, we assume that the flow velocities are given 
by 

(6) 
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where the time dependent scale factors, a(t) and b(t) are determined self-consistently later. The 
dot means time devivative. From Eqs. (1) and (6) we obtain the plasma density as follows, 

Po p=aJ]· ( 7 ) 

where Po is a constant. The plasma density is homogenous in space near the X-type magnetic 
configuration and depends only on time. The gravitational potential tP is taken to be 

tP=n-Gp(x2+y2), 

which can satisfy Eq. (4). 
We assume that the magnetic fields are taken to be 

Bx=Bxo(t) �, 
X 

By =By0(t)A, 

B,..=B,..0(t) , 

( 8) 

(9) 

where Bxo. Byo, and B,..0 are time-dependent functions. A is a scale characterizing the thickness 
of the wake sheet. By using Eqs. (3), (6), (9), we can determine the unknown functions Bxo. 
Byo , B,..o(t), as 

Bxo(t)= 
B

�, a 

By0(t)= ��, ( 10) 

( ) Bzo Bzo t =---ab, 

where Bo and B,..0 are constants. 
If the plasma pressure p is taken to be 

x2 y2 
P (x, y, t)=po(t)-(Pxo(t)-xz-+pyo(t)AZ)' 

Po(t), Pxo(t) and Pyo(t) can be determined from Eqs. (5) and (6). as 

( ) _ Po Po t - (ab)Y, 

( 11) 

Po 
Pxo(t)= a'b'+2 , ( 12 ) 

Pyo(t)= a':�b', 

where Po is a constant. 
Finally we obtain the basic equations for the scale factors a (t) and b (t) from Eq, (2) as 

(13) 

( 14) 
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The above equations (6), (7), (8), (9), (10), (11) and (12) are exact solutions of Eqs. (1) � (6), 

if the scale factors a (t) and b (t) can be solved from Eqs. (13) and (14). The non-dimensional form 

of Eqs. (13) and (14) is given by 

f3 .( 1 b ) G o  
a'br-r + h-7 -b' 

f3 

(

� 

_ 

_l

)

-

� 

b2 a a ' 

where f3 = cUvJ... is the plasma beta ratio, G0 = 

27rPoGA2/vi=( rA/rc)2, where rA is the Alfven 

transit time defined by rA =AlvA and rc is the 

free-fall time defined by rc j 1 
. The time 

27rp0G 

is normalized by r A· The above equations have 

equilibrium solutions a0 and bo which can satisfy 

the following equations, 

The special equilibrium solutions, a0 = b0 = ( f3 I 

G0)314 means tnat the magnetic force is absent 

and the pressure can balance with the gravi­

tational force. The other solutions which show 

a0 = b0 imply that the three forces can balance 

each other. 

3. Chaotic Plasma Concentration 

We show here some numerical results ob­

tained from the basic equations (15) and (16). If 

we consider the characteristic scale A as A= 1022 

em, the average density no= 1 cm-3, the magnetic 

field B0�3X10-6G, we get vA=106cm/s, rc�l015 

sec, and r A= 1016sec. If we assume plasma tem­

perature as T � 3 ·104K, the sound velocity be­

comes c5�3x 106cm/s. Then the plasma beta 

ratio f3 is 10 and Go=( <A.Irc)2=100. 

We take the initial values a(t) and b(t) as 

a(O) = 1, b(O) = 2, which means that the initial mag-

netic fields are Bx(O)=B0� , By(O)= �
o �- We 

also take a(O) = -0 .1, b(O) = 0, which corresponds 
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Fig. 2. Time evolution of the scale factors 
a(t) and b(t). The time is normarized 
by the Alfven transit time rA=A/vA. 
The initial values are a(O)= 1 and b(O) 
=2. 
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Fig. 3. Time evolution of the plasma veloci­
ties, v y and v x· 
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that the initial plasma flow velocities are Vy(O)= 

-0. 1vA y/ A. and vx(O)=O. The initial density is 

p(O)=po/2. 

Fig. 2 shows the time evolution of the scale 

factor a(t) and b(t). As seen in Fig. 2. two scale 

factors can behave quasi-periodic (chaotic) oscil­

lations in phase. This means that the plasmas 

can make concentration from both directions of 

x and y axis and expand. This chaotic pulsation 

can be seen in Fig. 3, where the time evolution of 

the velocity components is shown. The negative 

value of the velocity corresponds to the collapse 

to the X-type point and positive value corre­

sponds to the expansion of the plasmas. The 

maximum local velocity can exceed the local 

Alfv�n velocity. Fig. 4. shows the time evolution 

of the density. The density enhancement can 

become up to about 600 times of the initial densi­

ty, because the initial density was 0. 5 p0• The 

time evolution of the magnetic fields is shown in 

Fig. 5. The observed strong plasma concen­

tration which can lead to several hundred times 

of the initial state is important for the formation 

of large scale structures like galaxy in the wake 

formed by superconducting cosmic strings. If 

we take into account the cooling effect, the 

cooling time can be reduced to 10-2, because of 

the density enhancement of 102 times. During 

the collapse phase, the magnetic fields can be 

...!!.... 200 Po 

.. 

Fig. 4. Time evolution of the plasina density. 
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Fig. 5. Time evolution of the magnetic fields, 
Bx and By. 

also compressed up to 10-4G from the initial value -10-6G. The magnetic field compression 

associated with the plasma concentration may be also important for the explanation of the ob­

served galactic magnetic fields. This observed strong chaotic pulsation can drive shock waves, 

which may be important for the high energy particle acceleration and formation of other large 

scale strucures (Ostriker et. al. 1986). 

4. Summary and Discussion 

We have shown that there occurs chaotic plasma concentration in the wake formed by 

superconducting cosmic strings. The maximum density can be enhanced by several hundred 

times of the initial state due to the combination of the magnetic force and the self-gravity. The 

chaotic plasma pulsation near the X-type magnetic field can drive strong shock waves. The 

density enhancement may lead to radiative cooling and further to strong gravitational collapse. 
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We need more detailed analysis for the question of making small scale structures by the local 

gravitational instability. 

The plasma concentration in the X-type magnetic field configuration can also become 

important for the interaction region where two magnetized molecular clouds can collide and co­

alesce to make stars. 
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