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A classical fluid description is adopted to investigate nonlinear interaction between an electron-type

neutrino beam and a relativistic collisionless unmagnetized neutral-electron-positron-ion plasma. In

this work, we consider the collisions of the neutrinos with neutrals in the plasma and study their effect

on the generation of wakefields in presence of a fraction of ions in a neutral-electron-positron plasma.

The results obtained in the present work are interpreted and compared with previous studies. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4937418]

I. INTRODUCTION

We study in the present work the generation of nonlinear

structures in an electron-positron-ion plasma containing a

large fraction of neutrals. We consider a beam of neutrinos

passing through this plasma and undergoing collisions only

with the neutrals of this plasma. The neutrinos entering in

collision with neutrals are considered to have a mass and an

induced charge. This allows the neutrinos to have electro-

magnetic properties.1,2 Indeed, according to previous works

(cf. Refs. 1 and 2), the neutrinos are assumed to have a non-

zero charge. It is stated also in Refs. 3 and 4 that a neutrino

propagating in a plasma acquires an induced charge. This

charge is due to the interaction between the neutrino and the

electrons in the plasma. In an electron-positron plasma, the

electron-type neutrino induced negative charge, pushes the

electrons, and the positrons are attracted by this charge. The

resulting charge imbalance due to the charge separation cre-

ates finite amplitude wakefields in the plasma (cf. Ref. 4).

Though small, this charge permits neutrinos to undergo proc-

esses such as Cherenkov emission or absorption of a photon.

The works proving the existence of the mass and the charge

of neutrinos (cf. Refs. 1–6) justify also the assumption of

possible existence of collisions between neutrinos and neu-

trals. In this paper, we find the expressions of the electric

field and the electric potential associated with the wakefield

generated by the interaction of neutrinos with neutral-elec-

tron-positron-ion plasma taking into account the collision

between neutrinos and neutrals in this plasma. The paper is

organized as follows: in Sec. II the problem is exposed and

resolved, in Sec III the results and interpretation are dis-

cussed, and conclusions are provided in Sec. IV.

II. THEORY

In this paper, we study the generation of large amplitude

plasma waves in a neutral-electron-positron-ion plasma. In

this work, the collective neutrino-plasma interaction Gr�

occurs due to the effective neutrino weak charge (cf. Ref. 4)

Gr� ¼
ffiffiffi
2
p

GF½dred��e
þ ðIr � 2Qr sin2 hwÞ�;

where Gr� ¼ �G�r� ,which leads to the coupling of neutrinos

to the plasma fluid. Here, r denotes the electron e�, the

positron eþ, and ion “i” species of the plasma, GF is the

Fermi weak interaction coupling constant; it is given by
GF

�hcð Þ3
� 1:2� 10�5GeV�2 (cf. Ref. 7), hw is the Weinberg

mixing angle sin2 hw � 0:23, Ir is the weak isotopic spin of

the particle of the species r, and Qr ¼ qr
e is the particle nor-

malized electric charge.

The dynamics of the neutrinos can be described by

@ N�

@t
þr: ~J� ¼ 0; (1)

@~p�
@t
þ ~V � :r
� �

~p� ¼
X

r

Gr� ~Er þ
~V �

c
� ~Br

� �
� �c;�~p� :

(2)

We note that we have added the collisional term �c;�~p� in (2),

where~p� ¼ c� m�
~V � ¼

~V �

c2

� �
E� . m� and ~V� are, respectively,

the mass and the velocity of the neutrino and

c� ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� V2

�=c2
p

. �c;� is the frequency of collision

between the neutrinos and neutrals. E� is the neutrino energy.

The first term in the right hand side of (2) represents the

weak force, ~F� , acting on a single neutrino due to the

plasma, where ~Er ¼ �rNr � 1
c2

� �
@ ~Jr
@t

� �
and ~Br ¼

c�1 ~r � ~Jr are, respectively, the electric and magnetic fields

(cf. Ref. 8). ~J� ¼ N�
~V� and ~Jr ¼ Nr ~Vr are the neutrino and

r species currents, respectively. In this work, all quantum

mechanical effects and strong magnetic fields are neglected.4

The plasma particles dynamics is described by the continuity

and momentum equations, which are, respectively,

@ Nr

@t
þr: ~Jr ¼ 0; (3)

@~pr

@t
þ ~Vr :r
� �

~pr¼
qr~E� ~rPr

Nr
þ
X
�

Gr� ~E�þ
~Vr

c
�~B�

� �
;

(4)

where ~pr ¼ cr mr ~Vr is the momentum of the particle species

r (electrons or positrons or ions) and cr ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� V2

r=c2
p

,
~Vr being the velocity of the electron, the positron, or the ion.

The right hand side of Equation (4) represents the

total force acting on the plasma due to neutrinos, where
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~E� ¼ �rN� � 1
c2

� �
@ ~J �
@t

� �
and ~B� ¼ c�1 ~r � ~J� are the

weak electromagnetic fields.4 In this set of equations Nr rep-

resents the number density of the species r (electrons or

positrons or ion). Pr ¼ Nr K Tr is the kinetic pressure, where

Tr is the temperature of the species and K is the Boltzmann

constant.

We precise that a neutral-electron-positron-ion plasma

can be found most likely in the ambient interstellar medium

in active galactic nuclei (AGNs), which is considered as a

partially and weakly ionized plasma (with a possibility of

recombination) containing electrons, positron, ions, and a

large fraction of neutral atoms.9,10 In writing the above equa-

tions we have neglected the collisions between electrons,

positrons, ions, and neutrals. In this paper, we consider only

the collisions between neutrinos and neutrals and we neglect

the collisions between neutrinos and electrons, positrons,

and ions because the fraction of electrons, the fraction of

positrons, and the fraction of ions in the plasma considered

are very small compared with the large fraction of the neu-

trals found in astrophysical mediums as in (AGNs).9

For reason of simplicity, we consider only the electron-

type neutrino supposed to move along the x-direction with

the velocity ~V� close to the light velocity c. We suppose also

the motion of the other charged species of the plasma unidir-

ectional and its direction is x. In this paper, we neglect also

the contribution of the anti-neutrinos. The plasma is sup-

posed to be relativistic, collisionless, cold, and unmagne-

tized. The energy and the density of neutrinos do not change

significantly when interacting with the plasma. We assume

also that a small part of the energy of the neutrino is trans-

ferred to the plasma. In the frame of these assumptions,

Equation (2) can be rewritten as

@E� x;tð Þ
@ t

þc
@E� x;tð Þ
@x

�
ffiffiffi
2
p

GFc
@

@x
Neþ �Ne�ð Þþ 1

c2

@

@ t
Jeþ �Je�ð Þ

� �
��c;�E� x;tð Þ:

(5)

To obtain this last equation, we have considered the fact that

the ions contribution to the plasma force acting on the

electron-type neutrino fluid is negligible. In fact, the effect

of the ions on the neutrino effective weak-interaction charge

Gi� is very small compared with the other species’ effects.

The relation between the electron, positron, and ion fluid

currents is given by

~Ji þ ~Jeþ � ~Je� ¼
1

4p e

@~E

@t

since we are interested in the generation of electrostatic

waves. The electric field ~E is associated with the wakefield

generated in the plasma. Hence, Equation (5) becomes

@E� x; tð Þ
@t

þ c
@E� x; tð Þ
@x

�
ffiffiffi
2
p

GFc
@

@x
Neþ � Ne�ð Þ þ 1

4p e

1

c2

@2E

@t2
� 1

c2

@~Ji

@t

� �
��c;� E� x; tð Þ: (6)

In other hand, Equations (1) and (3) give

@N�

@t
þ c

@N�

@x
� 0; (7)

@Ne�

@t
þ @Je�

@x
¼ 0; (8)

@Neþ

@t
þ @Jeþ

@x
¼ 0; (9)

@Ni

@t
þ @Ji

@x
¼ 0: (10)

From (8), (9), and (10), we can deduce the following

expression:

Neþ � Ne�ð Þ ¼ �1

4p e

@E

@x
� Ni:

In this work, we consider the ions motion very slow because

of their inertia (~Vi and ~Ji ¼ Ni
~Vi are very small). Therefore,

the motion equation (4) written earlier for ions takes the fol-

lowing form:

eE� cKTi

Ni

@Ni

@x
¼ 0;

where c is the adiabatic coefficient; it is equal to c ¼ 1 in the

isothermal case.

To render appropriate the rest of the calculus, a new in-

dependent variable X ¼ ðx� V/tÞ is used, where V/ is the

wave phase speed. In the following, we consider EðXÞ and

E�ðXÞ as functions of the variable X only.

Hence, Equation (6) becomes

c� V/ð Þ
dE� Xð Þ

dX
þ

ffiffiffi
2
p

GFc
1

4p e
1� b2

/

� � d2E Xð Þ
dX2

þ �c;� E� Xð Þ þ
ffiffiffi
2
p

GFc
eE Xð Þ
cKTi

Ni ¼ 0; (11)

where b/ ¼
V/

c .

A. Determination of the electric field EðX Þ and the
electric potential uðX Þ associated with the wakefield
when Em is assumed to be constant

We assume that during the interaction of the electron-

type neutrinos with the plasma, their local energy E� does

not change significantly and we set E� � constant. We put

therefore dE�
dX � 0 in Equation (11) and we find

ffiffiffi
2
p

GFc
1

4p e
1� b2

/

� � d2E

dX2
þ

ffiffiffi
2
p

GFc
eE

cKTi
Ni þ �c;� E� ¼ 0:

(12)

We assume also that �c;� ;Ni , and Ti are constants and find

the expressions of EðXÞ and uðXÞ. In this case, we have to

resolve the following differential equation:

d2E

dX2
þ C

Ni

Ti
Eþ a ¼ 0; (13a)

where
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a ¼ 4pe�c;� E�ffiffiffi
2
p

GFc 1� b2
/

� � (13b)

and

C ¼ 4pe2

cK 1� b2
/

� � : (13c)

We find the following expressions of EðXÞ and uðXÞ:

E Xð Þ ¼ c1 cos

ffiffiffiffiffiffiffiffi
CNi

Ti

r
X

 !
þ c2 sin

ffiffiffiffiffiffiffiffi
CNi

Ti

r
X

 !
� aTi

CNi

(14)

and

u Xð Þ ¼
ffiffiffiffiffiffiffiffi
Ti

CNi

r
c2 cos

ffiffiffiffiffiffiffiffi
CNi

Ti

r
X

 !
� c1 sin

ffiffiffiffiffiffiffiffi
CNi

Ti

r
X

 ! !

þ aTi

CNi
X þ c3; (15)

where c1, c2, and c3 are three constants of integration.

B. Comparison with other works

From the relations (14) and (15), we remark that the

electric field EðXÞ and the electric potential uðXÞ associated

with the wakefield depend on the value of X, E� , �c;� ;Ni ,

and Ti. Therefore, the generation and the evolution of the

wakefield are affected by the values of these physical quanti-

ties. For a given value of E� , �c;� ;Ni , and Ti, we remark also

from the relation (13b) that for b/ ¼ 1 (which implies

V/ ¼ c) EðXÞ is finite and u Xð Þ ¼ aTi

CNi
X þ c3. We see that

this result is different from the one found in Ref. 11, and this

is due to the introduction of ions to the neutral-electron-posi-

tron plasma considered in this previous work. In the work

(cf. Ref. 11), we found that for b/ ¼ 1, EðXÞ and uðXÞ
become infinite, and this leads to the generation of infinitely

large wakefields in the plasma. The presence of ions in a

neutral-electron-positron plasma, therefore, considerably

modifies the results. However, in the work of Serbeto

et al.,12 the electric potential uðx; tÞ associated with the

wakefield is calculated without taking into account the colli-

sions between the neutrinos and the unmagnetized plasma

particles (which are electrons and ions). uðx; tÞ is given by12

u x; tð Þ ¼ �r0

E0 � E�ð Þ
E0

1� cos kex� xetð Þ½ � (16)

with

r0 ¼ E0=
ffiffiffi
2
p

GFn0ð2� b/Þ: (17)

In the other hand, the nonlinear interaction between an

electron-type neutrino burst and a collisionless magnetized

electron-positron plasma without including the collisions

between the neutrino and the plasma particles is studied in

the work of Serbeto et al.1 The authors find the following

expression for the electric field E:

E x; tð Þ ¼ 3
x3

p

x3
S�

X2
c

2
kx� xtð Þ þ sin kx� xtð Þ

� �
; (18)

where

S� ¼
E0 1� b/
� �
ffiffiffi
2
p

GFN0

DE�
E0

: (19)

Here, N0, xp, Xc, and E0 are the equilibrium electron(posi-

tron) number density, the plasma frequency, the normalized

gyrofrequency, and the initial neutrino energy, respectively.

III. RESULTS AND INTERPRETATION

In Figures 1 and 2, we have represented the variation of

the normalized electric field 1 ¼ cb/eE

2pmec2fp
(we use the relations

(14) and (15) where c1 ¼ c2 ¼ 1, c3 ¼ 0, b/ ¼ 0:5, and

E� ¼ 18:8 MeV according to Bahcall and Krastev13) in func-

tion of the normalized distance (phase) n ¼ 2pfp
cb/

X and the

normalized collision frequency
�c;�

fp
, respectively (fp is the

FIG. 1. The normalized electric field 1 in function of the normalized dis-

tance (phase) n.

FIG. 2. The normalized electric field 1 in function of the normalized colli-

sion frequency
�c;�

fp
.
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plasma frequency; it is taken to be equal to 9� 109Hz

according to Chen14). In Figure 2, we have fixed the value of

n ¼ 100, Ni ¼ 106 m�3, and Ti ¼ 106 �K to obtain the graph

of 1 in function of the normalized collision frequency
�c;�

fp
. In

Figure 3, we plot 1 in function of the ions density Ni for a

temperature Ti ¼ 106 �K and n ¼ 100 for different values of

the normalized collision frequency (� ¼ �c;�

fp
¼ 0.3, 0.5, and

0.9). From these three figures, we deduce that the electric

field is quasi constant with respect to the distance X because

the term � aTi

CNi

� �
in Eq. (14) is dominant. We remark also

that the electric field decreases when the collision frequency

increase, especially for the small values of Ni. For the large

values of Ni, this field remains constant. In Figure 4, we plot

w in function of the normalized distance (phase) n ¼ 2pfp
c b/

X;

for this we take Ni ¼ 106 m�3, Ti ¼ 106 �K, and
�c;�

fp
¼ 0:1. In

Figure 5, w is represented in function of the ion density Ni

for different values of the normalized collision frequency

(
�c;�

fp
¼ 0.3, 0.5, and 0.9) taking n ¼ 100 and Ti ¼ 106 �K. In

Figure 6, we have fixed the values of Ni ¼ 106 m�3,

n ¼ 100, and Ti ¼ 106 �K to obtain the graph of w in func-

tion of the normalized collision frequency
�c;�

fp
. On these three

last figures, we find that the electric potential increases when

the distance X and the frequency collision �c;� increases in

the case of small values of Ni; in contrast, the potential

remains constant for large values of Ni.

IV. CONCLUSION

In conclusion, we have presented a hydrodynamic

description, to study the large amplitude wakefield plasma

waves generated by intense electron-type neutrinos beams in

a neutral-electron-positron-ion plasma, taking into account

the collisions between neutrinos and neutrals. Physically, the

generation of wakefields in this plasma is attributed to the

induced negative charge that electron-type neutrinos acquire

FIG. 3. The normalized electric field 1 in function of the ions density Ni for

different values of the normalized collision frequency (� ¼ �c;�

fp
¼ 0.3, 0.5,

and 0.9).

FIG. 4. The normalized potential w in function of the normalized distance

(phase) n.

FIG. 5. The normalized potential w in function of the ions density Ni for dif-

ferent values of the normalized collision frequency (� ¼ �c;�

fp
¼ 0.3, 0.5, and

0.9).

FIG. 6. The normalized potential w in function of the normalized collision

frequency
�c;�

fp
.
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when they pass through the plasma. The induced negative

charge pushes the electrons and attracts the positrons. The

resulting charge imbalance due to the charge separation, in

turn, produces finite amplitude wakefields. In this work, we

establish the differential equation that expresses the variation

of the electric field and the electric potential associated with

the wakefield. This work is mainly an attempt to study the

effect of the neutrinos collisions on the wakefields generated

in the plasma containing ions besides neutrals, electrons, and

positrons. We find that the electric field and the electric

potential depend essentially on the value of the collision fre-

quency �c;� and the ions density Ni and their temperature Ti

since E� remains approximately unchanged during the inter-

action neutrinos-plasma. Therefore, the generation and the

evolution of the wakefield are considerably affected by the

value of the collision frequency �c;� and the ions density Ni

and their temperature Ti.

1A. Serbeto, L. A. Rios, J. T. Mendonça, P. K. Shukla, and R. Bingham,

J. Exp. Theor. Phys. 99(3), 466–473 (2004).
2C. Giunti and A. Studeniken, J. Phys.: Conf. Ser. 203, 012100 (2010).
3S. J. Hardy, in Proceeding of the Fourth SFB-375 Ringberg Workshop
“Neutrino Astrophysics” (1997), p. 75.

4A. Serbeto, J. T. Mendonça, P. K. Shukla, and L. O. Silva, Phys. Lett. A

305, 190–195 (2002).
5T. Kajita, Rep. Prog. Phys. 69, 1607–1635 (2006).
6Q. R. Ahmed and SNO collaboration, Phys. Rev. Lett. 89, 011301 (2002);

S. Fukuda and Super–Kamiokande collaboration, Phys. Rev. Lett. 86,

5656 (2001).
7M. Marklund, P. K. Shukla, G. Betschart, L. Stenflo, D. Anderson, and M.

Lisak, J. Exp. Theor. Phys. 99(1), 9–18 (2004).
8A. J. Brizard and J. S. Wurtele, Phys. Plasmas 6, 1323 (1999).
9R. Schlickeiser, M. Pohl, and R. Vainio, Astrophys. J. 596, 840–846 (2003).

10P. K. Shukla, B. Eliasson, and L. Stenflo, Phys. Rev. E 84, 037401 (2011).
11N. Tinakiche, Phys. Plasmas 20, 022102 (2013).
12A. Serbeto, L. A. Rios, and P. K. Shukla, Phys. Plasmas 9, 4406 (2002).
13J. N. Bahcall and P. I. Krastev, Phys. Lett. B 436, 243–250 (1998).
14F. F. Chen, Introduction to Plasma Physics and Controlled Fusion, second

ed. (Springer, 1974), Vol. 1, p. 85.

122108-5 Nouara Tinakiche Phys. Plasmas 22, 122108 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

193.194.80.98 On: Tue, 05 Jan 2016 10:54:58

http://dx.doi.org/10.1134/1.1809673
http://dx.doi.org/10.1088/1742-6596/203/1/012100
http://dx.doi.org/10.1016/S0375-9601(02)01419-6
http://dx.doi.org/10.1088/0034-4885/69/6/R01
http://dx.doi.org/10.1103/PhysRevLett.89.011301
http://dx.doi.org/10.1103/PhysRevLett.86.5656
http://dx.doi.org/10.1134/1.1787073
http://dx.doi.org/10.1063/1.873373
http://dx.doi.org/10.1086/378236
http://dx.doi.org/10.1103/PhysRevE.84.037401
http://dx.doi.org/10.1063/1.4789862
http://dx.doi.org/10.1063/1.1507120
http://dx.doi.org/10.1016/S0370-2693(98)00920-4

