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Abstract Neutrinos rotating around Abelian Higgs strings
will generate a neutral current close to the string. As the
string moves through the cosmic plasma, the velocity kick
generated by the motion of the string will enhance the neutrino current in the wake region. The neutrino current density
depends on its distance from the string and is oscillatory in
nature. This leads to neutrino density gradients in the plasma.
Such a flux of neutrinos with periodic density fluctuations
will lead to electron currents in the plasma. The current will
act like a cross-perturbation across the cosmic string wake.
The perturbation as well as the high Reynolds number of the
plasma will result in the generation of magnetic fields in the
wake of the cosmic string.

1 Introduction
Abelian Higgs strings are linear topological defects generated in symmetry breaking phase transitions in the early universe due to the Kibble mechanism [1,2]. They are often considered the prototypical field theory to study the constraints
imposed on the string defects by the recent data from the Cosmic Microwave Background (CMB) [3,4]. There are many
studies which look at the cosmological effects of these strings
in the early universe [5]. Detailed simulations have been performed which show the evolution of these strings [6]. It is
well known that the motion of these cosmic strings generate
wakes behind them [7–9]. Various signatures related to cosmic string wakes have also been discussed in the literature.
[10–12].
In a recent work, it has been shown that particles that have
mass can be trapped close to an Abelian Higgs string [13,14].
These particles have a finite angular momentum. The energy,
angular momentum and the linear momentum have specific
values for which the particles have closed orbits around the
Abelian Higgs string. This basically leads to the trapping of
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the particles close to the string. Now, Abelian Higgs strings
once formed will move through the cosmic plasma generating wakes behind them. The plasma around the cosmic
string consists of many particles. The energy of these particles depend on the plasma temperature at that time. We
are interested in studying neutrinos in the wakes of Abelian
Higgs strings. Since neutrinos have mass, for certain values
of angular momentum and energy, they will rotate in closed
orbits around a static Abelian Higgs string. We show that due
to the inherent lepton asymmetry in the universe, the rotating neutrinos will give rise to a neutrino current close to the
string. Generally, cosmic strings are not stationary in the early
universe. So the motion of the string will impart a velocity
kick to the neutrinos. The velocity kick imparted by the moving string will enhance the density gradients generated by the
neutrino current. As the string moves through the plasma, the
neutrinos will interact with the background plasma. Now,
non-uniform fluxes of neutrinos have been of interest in the
case of supernova explosions, in this work we would like
to study non-uniform neutrino currents in the wakes of cosmic strings. These non-uniform neutrino currents are said
to generate inhomogeneities in the electron distribution in
the background plasma due to the ponderomotive force [15–
17]. It has also been predicted that they can generate magnetic fields [18]. However, the description of the interaction
as a ponderomotive force brought about criticism and other
methods such as kinetic theory was used to look at the same
interactions. They concluded that the neutrino gradient could
lead to instabilities in the background plasma. Bento [19,20]
did a recent study of the neutrino plasma interaction using
quantum field theory methods which took into account the
spin and chiral structure of the weak interaction. He concluded that the previous studies had taken into consideration
only the gradient of the electron and neutrino densities, but
failed to account for the vector currents. The time derivatives
of the vector current also contribute to the dispersion relation. Though conditions were imposed on the neutrino fluxes
generating instabilities in the supernova, all the studies did
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show that the inhomogeneous neutrino flux would generate
an electric current due to the interaction between the neutrinos and the electrons. An electron current leads to charge
separation in the plasma, given the high Reynolds numbers
in the early universe, this would mean that magnetic fields
would be generated in the wakes of these cosmic strings due
to the presence of these neutrino gradients. We make an estimate of the magnitude of the magnetic field which can be
generated in the wakes of these cosmic string and we find
that the estimate is well within the limits of the observational
bounds on magnetic fields set by nucleosynthesis calculations.
The question that naturally arises is why are we using the
neutrinos around the cosmic string rather than the electrons,
which also have mass and will be rotating around the cosmic string. The answer lies in the fact that both electrons
and positrons will generate currents of equal magnitudes and
in opposite directions. So the net effective electromagnetic
current is zero. However, in the case of neutrinos, it is well
established that a neutrino–antineutrino asymmetry is present
in the early universe [21,22]. The order of magnitude of the
lepton asymmetry varies from 10−10 to higher values of 10−4
depending on the various leptogenesis models. It is this lepton asymmetry in the neutrino sector which will give rise to
a neutrino current around the Abelian Higgs strings.
In Sect. 2 we first review our understanding of cosmic
string wakes. We then calculate the neutrino current around
an Abelian Higgs string in Sect. 3. We discuss the generation
of magnetic fields due to these neutrino currents in the cosmic
string wakes in Sect. 4. In Sect. 5, we present our conclusions.

2 Wakes due to cosmic strings
As is well known, space is locally flat but globally conical
around a cosmic string. If the string moves with a velocity
vs in a particular direction in a plane, the particles moving
along that plane will get a velocity perturbation v due to the
deficit angle of the string. Since the velocity perturbation will
be towards the string, it leads to an overdensity behind the
cosmic string which is generally referred to as the cosmic
string wake [7–9]. Wake formation has been studied both
analytically as well as numerically. Planar wake formation
with both hot and cold dark matter have been studied. Since
at one time wakes were one of the important candidates for
structure formation therefore clustering of baryons in cosmic
string wakes has also been studied. We briefly review the
clustering of particles in cosmic string wakes in this section.
Our emphasis is on the clustering of neutrinos and electrons
in the wake region.
As mentioned before, cosmic string wakes arise due to
the conical nature of space time around a cosmic string. A
cosmic string has a deficit angle given by δθ = 8π G μ̃,
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where μ̃ is the mass per unit length of the string. As the
string moves forward, an observer behind the string would
see matter streaming past it. Apart from the velocity of the
particles, the particles also feel a velocity kick towards the
center of the plane behind the string. The magnitude of the
kick is given by δv ∼ δθ vs γs where vs is the velocity of the
string and γs is the relativistic factor. As more and more particles are kicked towards the string, an overdensity or wake is
generated behind the string. A detailed description of wake
formation is given in Refs. [7–9]. We only mention some of
the salient points here which are required for this work.
Strings generated in the early universe generally move
at relativistic velocities. Long strings moving at such high
velocities may get chopped into smaller loops. So a long
string moving at a time ti will generate a wake whose dimensions are given by c1 ti × ti vs γs × δθ ti vs γs . Here c1 is a
constant of order one [23]. The opening angle of the wake
depends upon the deficit angle of the cosmic string.
The overdensity in the wake will lead to further accretion
of matter, and in this way the wake will grow in thickness.
Generally, the plasma is charge neutral and hence the overdensity too is charge neutral. Though the cosmic strings play
a subdominant role in structure formation, the wakes due to
the moving strings gives rise to distinct signatures in the background microwave radiation. This is due to the formation of
shocks in cosmic string wakes. As the string moves through
the plasma the velocity in the direction of motion is greater
than the velocity in the other directions. Detailed analysis
of string wakes have shown that shocks are generated in the
wakes of strings [24]. In relativistic fluid flows, both strong
shocks as well as weak shocks can be generated [25]. Shocks
formed at high temperatures will have a narrow opening angle
and a high overdensity, typically double the background density. As temperature goes down the shocks are more diffuse.
Since the density of the plasma is related to the temperature,
an overdensity in the shock will mean a temperature gradient
in the plasma [26]. This temperature gradient ∇T can be calculated at a particular temperature of the plasma. Since the
density is always higher in the shock so the temperature will
also be higher there. Now for a general shock structure, the
number density gradient and the temperature gradient are parallel to each other. However, this scenario will change for the
case of neutrinos moving close to an Abelian Higgs string.
Due to the presence of the lepton asymmetry in the early
universe, neutrino currents are generated close to the cosmic
strings. In the next section, we will first describe the neutrino
currents generated near the cosmic string and then in Sect. 3
we will describe how these currents create a number density
gradient which is not aligned with the temperature gradient.
This misalignment between the number density gradient and
the temperature gradient will generate a magnetic field in the
wake of the cosmic string.
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3 Neutrino current density around cosmic strings
Recent work on the Abelian Higgs model has shown that
particles with mass cluster close to an Abelian Higgs string
[14]. Massless particles do not cluster around these strings.
For the massive particles, it is the energy and the angular
momentum of the particles, which determine the magnitude
of the overdensity around a stationary Abelian Higgs string.
Since neutrinos have mass, they will also cluster around the
Abelian Higgs string. These particles move around the string
in orbits with a finite angular momentum. Some of them are
trapped close to the string core, while others move in escape
orbits depending on their energies [13]. We will then have a
large number of neutrinos rotating around the Abelian Higgs
string as it moves through the plasma. The clustering of the
neutrinos will also be affected by their diffusion through the
plasma. Though there are massive neutrinos that have been
predicted in the early universe [27], a large number of them
will be very light and have a long mean free path. The mean
free path of the neutrinos depend on the temperature. At temperatures above 100 GeV, the neutrino mean free path is small
[28] while it is greater at temperatures below 100 GeV. Since
the clustering depends on the angular momentum of the neutrinos, diffusion of the lighter particles away from the string
would reduce the overdensity close to the string. However,
the overdensity is quite high for certain values of the angular
momentum and spreads over a lengthscale of approximately
10 fm. So even below 100 GeV, an appreciable clustering of
neutrinos may be obtained. The Fermi distribution of these
neutrinos in a rotating system is given by,

−1


E − l z  − μβ
+1
(1)
f (E, l z , β) = ex p
T
where  is the angular velocity, μ, is the chemical potential of the neutrinos, and l z is the projection of the particle’s
total angular momentum on the direction of  and E is the
energy of the neutrinos. The factor β takes on the values 1
or −1 depending on whether the neutrinos are more than
the antineutrinos in the plasma. The Abelian Higgs string is
cylindrical in shape so we use the cylindrical coordinates. The
most general line element obeying all the symmetry properties pertaining to the Abelian Higgs string is given by
ds 2 = N 2 (r )dt 2 − dr 2 − L 2 (r )dφ 2 − N 2 (r )dz 2

(2)

The factors L(r ) and N (r ) are determined by the boundary
conditions.They are related to the values of the fields at a
distance r from the axis of the string (the z axis in this case).
Our string moves in the x–y plane and there is a magnetic
field along the z-axis whose value depends on the scalar and
the vector potentials. The metric corresponds to a cylindrical metric with a deficit angle δθ as mentioned previously.
The deficit angle far from the core of the string is proportional to the energy per unit length of the string. Further, the
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Lagrangian of the Abelian Higgs string is usually rescaled
and written in terms of two dimensionless constants 8π Gη2
and eλ2 . The deficit angle depends upon these two constants.
The cosmic string has a finite width with a core of magnetic
flux as well as a scalar core. The width of these cores are the
inverse of the gauge boson mass and the Higgs mass respectively. In the early universe, the cosmic string would be in
an expanding cosmological background, this is not reflected
in our case as the cosmic string metric is for a stationary
background. However we are studying the wake close to the
string and our lengthscales are therefore much smaller than
the Hubble radius at any given time. Hence we assume that
the expansion of the universe will not affect our results to a
great extent. However, a better estimate would be obtained if
we work in an expanding universe. We plan to look into this
in the future.
The geodesics of the neutrinos around the cosmic string
are open or closed circular orbits [13]. So the neutrino particles appear to rotate about the z-axis. To obtain the neutrino
current density around the cosmic string, we first need to calculate the appropriate spinor wave function ψ(E, pz , l z , β).
We start with the neutrino field equations in the metric of the
cosmic string.
γ μ (∂μ − μ )ψ − mψ = 0

(3)

Since we are looking at neutrinos with mass, m denotes the
mass of the neutrinos. A suitable choice of Gamma matrices
γ2
z
for this metric are, γ t = γ 0 , γ r = γ 1 ,γ φ = L(r
) ,γ =
3
γ . Here we have considered N (r ) = 1 as the particles are
considered quite close to the string and their distance from
the core is small. Using these Gamma matrices, we then solve
the field equations by choosing the trial solution in the form,
χ =e

−i Et i pz z −il z φ

e

e

 
ξ
ζ

(4)

Here E is the energy, pz in the component of linear momentum in the z direction and l z is the projection of angular
momentum along the z-axis. On solving the equations, we
get

i(E + m − p)1/2 Jlz +1/2 (αr )
ξ=
β(E + m + p)1/2 Jlz −1/2 (αr )


(5)

Here Jlz +1/2 (αr ) are the Bessel functions. For a system with
zero chemical potential ξ = ζ [29]. However, for a non zero
chemical potential ζ = βξ . As we have mentioned before,
since there is a lepton asymmetry in the early universe and
it is manifested in the neutrino sector, we take ζ = βξ . The
wavefunction is then given by,
ψ(E pz lz β)

 
1 −i Et i pz z −ilz φ ξ
=
e e
e
βξ
4π

(6)
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The normalization condition for the wavefunction would be,

ψ E† pz lz β ψ E  pz lz β  r dr dφdz
= δlz ,lz δβ,β  δ( pz − pz )δ(E − E  )

(7)

Once the wavefunction is obtained, one can obtain the
neutrino current. The direction of the current is along the
axis of the string i.e along the z-direction, however as
the wavefunction depends on the distance from the string,
the magnitude of the current also varies with the distance from the axis of the string. The current as a function of r , (the distance from the string axis) is given
by,
j(E pz l z β) = βψ E† pz lz β γ t γ z ψ E pz lz β

(8)

Hence the total current density as a function of r , is given
by,
 E
 ∞
 
dE
dp
J (αr ) =
0

−E

β=±1 l z

× f (E, l z , β) j(E pz l z β)(αr )

(9)

To obtain the neutrino current around the cosmic string we
have to solve Eq. (9). Analytically this provides quite a challenge, as it is a summation over Bessel functions. One can
obtain an approximate solution close to r = 0 but it is
the finite values of r that generate the magnetic field. We
need to obtain an estimate of the current numerically since
we are going to use it for the calculation of the magnetic
field generated later on in the paper. As expected a sum of
Bessel functions will generate a sinusoidal curve. We find
that the numerical solution is in the form of a sinusoidal
curve.
We now explain in detail the numerical values chosen
to obtain this graph. The cosmic string is generally characterized by it’s symmetry breaking scale. The two cores
of the cosmic string have width inverse to the Higgs mass
(M H ) and the
√ W boson mass√(MW ). The masses are given
by M H = λη and MW = 2eη, where η is the symmetry breaking scale. Generally for solving equations numerically all the quantities are made dimensionless. This has been
done in previous papers involving particle motion around
cosmic strings [13,14]. The symmetry breaking scale is
usually used to rescale the variables; so that the momentum pz is scaled to pz /eη, l z by l z /e2 η2 and similarly for
the energy. To obtain the values in the cosmological scenario, all we have to do is to identify the symmetry breaking scale. For the numerical values of energy and momentum, we have taken the values from Ref. [14]. The values
are chosen such that they give rise to clustering of particles around the string. In dimensionless variables, they are
E = 1.083, l z2 = 0.025 and pz = 0.02. The symmetry
breaking scales for these cosmic strings are very high, usu-
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Fig. 1 Neutrino current as a function of r (distance from the cosmic
string). Here αr is dimensionless

ally above the electroweak scales [30]. The electroweak symmetry breaking scales are of the order of 100 GeV. If we
substitute the value of η in the equations, we get the current in terms of GeV3 . The numerically obtained values of
J (αr ) are plotted in Fig.
 1. The distance from the core is in

terms of αr . Here α = (E + m)2 − pz2 . Hence α is in GeV.
This makes αr dimensionless. The neutrino current will also
depend on the amount of lepton asymmetry in the plasma.
However we find that in the range of 10−10 to 10−4 , there is
no significant change in the magnitude of the neutrino current.
The current is oscillatory in nature and decreases with distance from the string. The maximum value is close to the core
of the cosmic string. Though the values appear to be small, in
the context of the early universe plasma it is not negligible.
Detailed studies of neutrino currents in the plasma have been
done and both charged currents and neutral currents have
been discussed in the literature [31]. However, there are no
numerical estimates of these currents. These currents depend
on the interaction cross section of the particles. Unlike these
currents we want to emphasize our current is a directed flux of
particles moving collectively through the plasma. The numerical estimate given in Fig. 1 shows that at high temperatures
it is not negligible. We will use this estimate when we calculate the magnetic field in the next section. This solution is for
a stationary string; but a cosmic string in the early universe
is never really stationary. It moves through the plasma with
a velocity vs mentioned before. Behind the string a wake is
formed. Now the oscillatory neutrino distribution will thus
change with time due to the velocity of the moving string.
The overdensity behind the string will enhance the current
further. As mentioned previously, generally the wake density
is double the background density of the plasma. So the neutrino distribution will be less in front of the string while it
will be much more behind the string. Both a spatial as well
as a temporal gradient in neutrino density is thus generated
in the plasma.
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√
∂ Pν
+ (vν .∇) Pν = Fν = 2G F
∂t

4 Neutrino currents in moving cosmic string wakes
As mentioned in the introduction, neutrino interaction with
the background plasma has been studied previously. Initial
studies by Bingham et al. [15,16] showed that neutrino gradients in the early universe led to a ponderomotive force in the
background plasma. The ponderomotive force was initially a
force that occurred in a dielectric in an arbitrary non-uniform
electric field. However, it was generalized in [17] to the interaction of any non uniform field with a background medium.
The non-uniform field was the neutrino field and the background medium were the electrons. The ponderomotive force
was due to the weak interaction between the neutrinos and
the electrons in a high temperature plasma. They had shown
that a force is exerted on the electrons due to the non-uniform
distribution of neutrinos in the plasma. This is the generalized ponderomotive force. The electrons are thus forced to
move away from the regions in which the neutrino density
is higher. Considering only the electrons in the plasma, the
ponderomotive force was given by [18],

1
( f ν2 − 1)∇
|ψkν |2 .
(10)
Fν =
8π
kν

Here f ν is the refractive index of neutrinos in plasma. However, the ponderomotive force obtained here only contained
the terms proportional to the gradients of the neutrino number densities and not the term corresponding to the vector
current. Bento [19,20] obtained the expression that included
the terms due to the vector currents using a quantum field
theory approach. The other approach was using the relativistic kinetic theory for describing the interaction between the
neutrinos and the plasma [32]. They showed that for relativistic neutrino jets, plasma instabilities can develop with
growth rates of the order of Fermi constant G F . In all these
studies, it was well established that a electromagnetic current
is generated due to the neutrino currents in the early universe.
The interaction term in the Lagrangian leads to the force on
the electron and both weak-electric and weak-magnetic fields
are generated as well as the familiar electromagnetic fields.
The electromagnetic fields are given by, [33]
E e = −∇ Je0 −

∂ Je
∂t

Be = ∇ × Je

(11)

The weak-electric and weak magnetic fields are given by,
E ν = −∇ Jν0 −

∂ Jν
∂t

Bν = ∇ × Jν

(12)

The flow of neutrinos in a plasma medium is given by the
following fluid equations
∂ Nν
+ ∇. Jν = 0
∂t

(13)
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vν
× Be
Ee +
c


(14)

Similarly we can also obtain the continuity equations for
the electron plasma dynamics,
∂ Ne
+ ∇. Je = 0
∂t
∂ Pe
+ (ve .∇) Pe = Fe = −e E e
∂t


√
ve
× Bν
+ 2G F E ν +
c

(15)

(16)

We then use the standard perturbative approach to obtain
the relation between the neutrino perturbation and the electron perturbation in the plasma. We consider δ Ne to be the
electron number density fluctuation and δ Nν to the neutrino
number density perturbation. The two density perturbations
are then related by,
√



 2
∂
2G F Ne ∂ 2
2
2 2
+ ω p δ Ne = −
− c ∇ δ Nν
∂t 2
m e c2
∂t 2
(17)
Here Ne is the mean electron density of the plasma and ω p
is the plasma oscillation frequency. The neutrino current in
the plasma will thus generate a plasma potential φe due to
the charge separation given by ∇ 2 φe = 4π δ Ne . An electron
current is thus generated in the shock wave.
Now we look at our specific case, in our case, behind the
cosmic string we have a non-uniform stream of neutrino current. The cosmic string is generated very early in the universe.
Once created the string moves through the plasma generating
a wake behind it. Apart from the neutrinos the early universe
plasma contains a large number density of electrons. Depending on the temperature of the surrounding plasma in the early
universe, the other particles may be quark and gluons (for
temperatures above the quark–hadron phase transition) or
the neutrons and protons (for temperatures below the quark
hadron temperature). We will look at very high temperatures
in the GeV range. The background particles will then be given
by the quarks and the leptons. At these temperatures, the particles in the plasma, experience both strongly coupled forces
as well as weakly coupled forces. In such a plasma, perturbative calculations and the quasi-particle description used in
deriving the generalized ponderomotive force in the literature
[17,18] is not valid. A study by Muller et al. [34] has shown
that in a high temperature plasma, the shear viscosity of the
leptons is dominated by the interaction between the leptons
and the quarks. Thus the thermal leptons form a more viscous fluid than the quarks. At lower temperatures below the
quark hadron transition, the plasma consists of the leptons
and the neutrons/protons. The lower temperature plasma is
well studied. The velocity of the cosmic string being lower,
the plasma can be considered to be non-relativistic. Neutrino
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plasma interaction in non-relativistic plasmas has been studied in the two fluid hydrodynamic description. Since both at
high temperature and at low temperature, the plasma interaction can be considered as a two fluid hydrodynamic description, we will use this to explain how magnetic fields can be
generated in the string wakes at any temperature due to the
presence of the neutrino density gradients.
As has been established in previous studies the neutrino
gradient exerts pressure and results in a local charge separation in the plasma. This leads to a current in the plasma.
The current is like a cross-perturbation across the shock. The
perturbation is in the form of density gradients in the direction of shock motion. Such perturbations have been studied
both numerically and experimentally in the classical regime.
There are however no studies for such perturbations for relativistic shocks. Generally if the perturbation is small, the
shock remains stable, though the perturbation itself can be
accelerated in the direction of the shock. The fact that the
leptons in the quark gluon plasma behave as a fluid with a
higher viscosity means that accelerated neutrinos may generate shear induced vorticity in the plasma. A better understanding can only be obtained by a numerical simulation which is
beyond the scope of this current work.
The angle of scattering between the neutrinos and the
background plasma determines whether an instability will
be generated in the plasma. In this case, there is no head on
collision between the neutrino current and the string wake.
The angle of scattering is closer to π/2. A detailed study
has shown that for small scattering angle, the elastic process
dominates and energy is transferred from the neutrinos to
the plasma, however here in this case the angles are closer to
π/2. This means that not much energy is transferred from the
neutrinos to the plasma. So no instability is expected to be
generated in the plasma. However, the Reynolds number in
the plasma is very high. So we have shear induced vorticity
in the plasma as well as a high Reynolds number, therefore
localized magnetic fields are generated in the string’s wake
by the Biermann battery mechanism. In a two-fluid description of the plasma with massless electrons, the magnetic field
evolution, as given by the Biermann battery mechanism is
[35],
ηr es 2
1
∂ Be
∇ × ( j × Be )
= ∇ × (ve × Be ) +
∇ Be −
∂t
4π
eNe
1
−
∇ Ne × ∇Te
(18)
Ne e
Here, ve is the electron fluid velocity, Ne is the number density of the electrons, Te is the electron temperature and ηr es is
the resistivity of the plasma. The last term on the right hand
side is the Biermann battery term. In the case where there is
no magnetic field ( Be = 0), this term generates the magnetic
field due to the misalignment between the the density and the
temperature gradients of the electrons. We now demonstrate
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Neutrino overdensities

Temperature
Gradient

Density Gradient

Electrons pushed
into troughs
thus creating a density
gradient
Fig. 2 An illustration to show the generation of magnetic field in the
wakes of cosmic strings due to the non uniform neutrino overdensities

why the density gradient and the temperature gradient would
be misaligned due to the neutrino currents in the shocks of
the cosmic strings.
Let us assume that the string is moving in the y-direction
in the x–y plane. The shock is therefore stretched along the
y axis with a small width in the x-axis. The temperature difference between the overdensity and the background plasma
is primarily along the x-axis. Now, as mentioned before, the
neutrino current exerts a force on the electrons which pushes
them into regions where there are less neutrinos, so the electron gradients will be complementary to the neutrino gradient
caused by the Abelian Higgs strings. This means that if the
string was moving in the y-direction, they would also be in the
y-direction. Figure 1. plots the neutrino density with respect
to αr , where r is the radial distance away from the string,
since r = x 2 + y 2 , the neutrino gradient and the temperature gradient will not be parallel to each other. Since the
neutrino gradient and the electron gradient will be complimentary to each other, therefore, the Biermann battery term
will give rise to a small but finite magnetic field.
In Fig. 2, we have given an illustration to further explain
the magnetic field generation. Though an exact calculation
is beyond the scope of this work we would like to make an
order of magnitude estimate for fields generated at around
100 GeV temperature scales in the early universe. We assume
that the density perturbation for neutrinos is proportional to
the density perturbation of the electrons which is taken to be
in the y direction. The temperature gradient across a cosmic
string shock (in the x-direction) is of the order of 10−5 T [36].
So from the Biermann mechanism,
√
∂B
2G F ∂ Nν ∂ Te
∼
(19)
∂t
m e c2 ∂ y ∂ x
We consider G F = 10−5 GeV−2 ,
∂ Te
∂x

∂ Nν
∂y

∼ 0.02 GeV3 and

∼ 10−5 × 200 GeV. The lengthscales at around the electroweak scales are about 1 GeV−1 and if we take a similar
time scale (about 1 GeV−1 ) then the order of magnitude of
the generated magnetic field is about 1013 Gauss. Though
this is not a very large field, we point out that this is a conser-
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vative estimate as we have not considered the enhancement
of the current due to fluid dynamical processes. The ∂∂Nyν is
for a stationary cosmic string, as we have mentioned previously, the density inhomogeneities will also be enhanced by
a moving string due to the high Reynolds number at those
high temperatures. At the electroweak scale the equipartition
magnetic field is ∼ 1024 G [37]. Though the field generated in
the shock region is far smaller than this, the Reynolds number
is very high at such scale ∼ 1012 , so it is quite possible that
this small field can grow into a larger field due to turbulence.
There are various methods of generating magnetic fields
in the wakes of cosmic strings through vorticity in the wake
region in the literature [38,39]. The correlation lengths of
these fields are of the order of 100 kpc after the recombination epoch. Though the primordial fields generated were
sufficiently large in magnitude, it was not clear whether stable
vorticity can be generated in wakes of these cosmic strings.
The correlation length of the cosmic strings generated by the
neutrino currents in the cosmic string wake will be of the
order of magnitude of the wake itself. However it is expected
that there would be more than one string in one horizon volume. It may be quite possible that there would be string loops
or string networks. This would significantly change the correlation length of the magnetic field generated; as the hydrodynamics of a string loop is quite different from that of a
straight string. Though the magnitude of the generated field
is lower than what is required, there is the possibility that the
turbulence generated in the wake will magnify this field. Turbulence in cosmic string wakes has also been studied before
[40,41]. Turbulence will definitely occur in the cosmic string
wake and coupled with the Biermann battery mechanism will
enhance the generated magnetic field. However, it seems that
only a detailed numerical simulation can give a much better
estimate of the generated magnetic field. Unfortunately all
those questions cannot be addressed adequately in this work,
we have plans to look at all these possibilities in a future
work.

5 Summary and conclusions
In this work, we have shown that Abelian Higgs strings moving through the plasma generate a neutrino current which has
density gradients in the direction of motion of the string. The
wake formed behind the string will therefore have a cross perturbation across it. This cross-perturbation creates density
discontinuities in the wake. These can be looked as interfaces through which the wakes pass. At very high temperatures, shocks are formed in the wakes of cosmic strings. As
the shocks cross the interface, the magnitude of the neutrino
current is too small to generate an instability but the particles
in the interface are accelerated by the shock wave. Due to
the neutrino–electron interaction in the plasma, an electron
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current is generated in the plasma. The difference in the viscosity of the neutrino–electron fluid and the neutrino–quark
fluid will generate vorticity in the shocks. The Reynolds number of the plasma being high at these temperature, this could
lead to the generation of magnetic fields in the shocks of
Abelian Higgs strings by the Biermann mechanism.
At lower temperatures i.e after the quark–hadron phase
transition, the plasma consists of the heavier hadrons (neutron/proton) and the lighter leptons. The shock formed behind
the string will again have a cross-perturbation. Now, the collision angle between the shock and the neutrinos will be
closer to π2 , hence the energy transfer to the plasma will
be less. Again no instabilities develop but an electric current
is generated which will lead to the generation of a magnetic
field. This seems to indicate that the motion of Abelian Higgs
strings will always generate accelerated particles and magnetic fields in their wake.
We have obtained an order of magnitude estimate for the
generated magnetic field and find that though low it is not
negligible. Our estimate is very conservative as it does not
include the effect of the high Reynolds numbers in the early
universe. There are other mechanisms (such as bubble collisions at the electroweak scale) which generate lower magnetic fields which are subsequently enhanced due to the high
Reynolds number in the plasma. A detailed simulation of the
wake structure including the neutrino current will give an
idea of the actual magnitudes of the fields generated. That is
beyond the scope of our current work.
In conclusion, neutrino currents around Abelian Higgs
string act as a cross perturbation to the wakes generated by
the strings. This cross-perturbation leads to the generation of
magnetic fields in the wakes of the string at all temperatures.
The interaction of a neutrino current with a plasma has been
studied before in the context of supernova blasts. There the
idea was to generate an instability due to the interaction of the
neutrino current and the plasma. In the case of cosmic string,
no instability is generated in the shocks at any temperature.
Instead, the electron current which is generated by the interaction of the neutrinos with the plasma is of primary importance. The electron current leads to charge separation and the
generation of a magnetic field. So Abelian Higgs strings will
always generate magnetic fields in the wakes behind them.
This can occur at all temperatures in the early universe. We
plan to do detailed simulations at a later stage to see if these
fields can be the seed magnetic fields that are required to
generate the current magnetic fields in the universe.
We have done the analysis for an isolated straight cosmic
string, apart from straight cosmic strings one can also have
loops of cosmic strings. The geodesics around cosmic string
loops are far more complicated [42]. This means that the
clustering around loops of Abelian Higgs strings might also
be quite different from clustering of particles around long
cosmic strings. A detailed simulation is required to study the
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clustering of massive particles around cosmic string loops.
We plan to look at such clustering at a later stage. Another
important extension of this work would be for cosmic string
networks. Abelian Higgs cosmic string networks have been
studied in detail recently [43]. Clustering of particles in these
networks would give rise to clumps of overdensities in the
entire volume. This will involve a whole new scenario as we
cannot neglect the expansion of the universe any more. The
particle motion in these clumps have to be studied in detail to
see if neutrino currents can be generated in these networks.
While there is a definite possibility that neutrino currents can
be obtained in the network, it is not clear if magnetic fields
will be generated or not. The generation of magnetic fields
requires some amount of charge separation, which will result
in a charged current. It is not clear whether such a charge
separation can occur in a string network. Hence a detailed
simulation of the overdensities formed in a cosmic string
network is required to understand whether magnetic fields
can be generated by these network or not. We hope to look
into these and other challenges in cosmic string networks at
a later time.
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