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Abstract

It is shown that a strongly magnetized nonuniform electron-positron (hereafter referred to as e-p

or pair) plasma is unstable against low-frequency (in comparison with the electron gyrofrequency)

electrostatic oscillations. For this purpose, a dispersion relation is derived by using the Poisson

equation as well as the electron and positron continuity equations with the guiding center drifts for

the electron and positron fluids. The dispersion relation admits a purely growing instability in the

presence of the equilibrium density and magnetic field inhomogeneities. Physically, instability arises

because of the inhomogeneous magnetic field induced differential electron and positron density

fluctuations, which do not keep in phase with the electrostatic potential arising from the charge

separation in our nonuniform pair plasmas.

PACS numbers: PACS number (s): 52.27.Ep, 52.35.Fp, 52.35.Qz
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Pair plasmas are composed of charged particles with same mass and opposite charges.

They are ubiquteous in the early universe [1], in pulsar magnetospheres [2–7], in bipolar

outflows (jets), in active galactic nuclei [8, 9], in fireballs producing gamma-ray bursts [10],

at the center of our own galaxy [11], in solar flares [12], and in inertial confinement fusion

scheme using ultraintense lasers [13–16]. Nonrelativistic pair plasmas have also been created

in laboratory experiments [17]. Pair production also occurs in tokamaks [18] due to collisions

between multi-MeV runaway electrons and thermal particles.

It is well known that pair plasmas admit the time and space scales that significantly differ

from those of an electron-ion plasma due to equal masses of the pairs. There appear a great

variety of new linear [19, 20] and nonlinear [19, 21–26] waves in a uniform pair plasma. The

understanding of mechanisms for exciting different wave modes in pair plasmas is of funda-

mental importance, since nonthermal fluctuations can control transport and acceleration of

the plasma particles.

In this Brief Report, we present a new purely growing instability for generating electro-

static fluctuations in a strongly magnetized pair plasma containing the equilibrium density

and magnetic field gradients. At the equilibrium, we have

d

dx

[

B2
0(x)

8π
+ n0(x)T

]

= 0, (1)

where B0(x) is the strength of the external magnetic field, n0(x) is the equilibrium electron

number density, and T = Te + Tp is the sum of the electron and positron temperatures.

The external magnetic field is B0 = B0(x)ẑ, where ẑ is the unit vector along the z-direction

in a Cartesian coordinate system. The charge-neutrality condition at the equilibrium is

ne0(x) = np0(x) = n0(x).

We now study instability of our equilibrium against low-frequency (in comparison with

the electron gyrofrequency ωc = eB0/mc, where e is the magnitude of the electron charge,

m is the electron/positron mass, and c is the speed of light in vacuum), two-dimensional

electrostatic perturbations. The perpendicular (to ẑ) component of the electron and positron

fluid velocities in the electrostatic field E⊥ = −∇⊥φ, where φ is the electrostatic potential,

are

ue⊥ ≈ c

B0

ẑ ×∇φ − cTe

eB0ne0

ẑ ×∇ne1, (2)
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and

up⊥ ≈ c

B0
ẑ ×∇φ +

cTp

eB0np0
ẑ ×∇np1, (3)

where ne1(� ne0) and np1(� np0) are small electron and positron number density per-

turbations around their equilibrium values. We have neglected the electron and positron

polarization drifts in our tenuous strongly magnetized plasma.

The electron and positron number density perturbations are determined from

∂ne1

∂t
+ ∇⊥ · (ne0ue⊥) = 0, (4)

and

∂np1

∂t
+ ∇⊥ · (np0up⊥) = 0, (5)

The electron and positron density perturbations are coupled with φ through the Poisson

equation

∇2
⊥
φ = 4πe(ne1 − np1), (6)

Substituting (2) and (3) into (4) and (5), we obtain, respectively,

(

∂

∂t
− VBe

∂

∂y

)

ne1 = c
d

dx

(

ne0

B0

)

∂φ

∂y
, (7)

and

(

∂

∂t
+ VBp

∂

∂y

)

np1 = c
d

dx

(

np0

B0

)

∂φ

∂y
, (8)

where VBe = (cTe/eB0)dlnB0/dx and VBp = (Tp/Te)VBe.

Supposing that ne1, np1 and φ are proportional to exp(iky− iωt), where ky and ω are the

y component of the wavevector k and the frequency, respectively, we Fourier transform (6),

(7) and (8) to obtain

(ω + kyVBe)ne1 = −kyc
d

dx

(

ne0

B0

)

φ, (9)

(ω − kyVBp)np1 = −kyc
d

dx

(

np0

B0

)

φ, (10)

3



and

k2
yφ = 4πe(np1 − ne1), (11)

where we have assumed that the wavelength (2π/ky) is much smaller than the scalesizes of

the density and magnetic field gradients.

Eliminating from (11) ne1 and np1 by using (9) and (10), we obtain the dispersion relation

for Te = Tp = T0 and ne0 = np0 = n0

ω2 − k2
yV

2
B +

ω2
p

ωc
KnbVB = 0, (12)

where VB = (cT0/eB0LB), LB = (dlnB0/dx)−1 is the scalelength of the magnetic field

gradient, ωp = (4πn0e
2/m)1/2 is the electron plasma frequency, and Knb = dln(n0/B0).

Letting ω = iγ in (12), we obtain for the growth rate

γ =

(

ω2
p

ωc
KnbVB − k2

yV
2
B

)1/2

, (13)

which shows that a purely growing instability occurs if

Knb > k2
yVBωc/ω

2
p. (14)

The growth rate above threshold is

γ =
ρeωp

|LnLB|1/2
, (15)

where ρe = VT /ωc is the electron thermal gyroradius, VT = (T0/m)1/2 is the electron thermal

speed, and Ln = (dlnn0/dx)−1 is the scalelength of the density gradient. Equation (15) has

been obtained from (13) by using (1) and (14). Equation (15) reveals an e-folding time of

one second for ρe/|
√

LnLB| ∼ 10−6 and n0 ∼ 105 cm−3.

To summarize, we have derived a new dispersion relation for the low-frequency (in com-

parison with the electron gyrofrequency) electrostatic waves in a nonuniform magnetoplasma

containing the equilibrium density and magnetic field inhomogeneities. The dispersion rela-

tion admits a purely growing instability. The latter arises due to the magnetic field gradient,

which produces differential electron and positron density fluctuations that are out of phase

with the electrostatic potential. The present result should be helpful for understanding the
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origin of nonthermal purely growing electrostatic waves and the glitches in strongly magne-

tized nonuniform pair plasmas, such as those in dense neutron stars, in the Crab Nebula,

and in some laboratory experiments.
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