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1 electromagnetic waves in unmagnetized plasmas

We first study waves with B = 0. We expect the basic characteristic of EM waves, i.e.
k⊥B⊥E.

Faraday’s law:

∇× δE =−∂δB
∂t

Ampere’s law:

∇× δB = µδj+
1
c2

∂δE
∂t

=
1
c2

 1
ε0
δj︸ ︷︷ ︸

plasma effects

−iωδE


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Take the curl of Faraday’s law:

∇× (∇× δE) =−∂∇× δB
∂t

∇(∇ · δE)−∇
2E = iω(∇× δB)︸      ︷︷      ︸

use Ampere

−k(k · δE)︸    ︷︷    ︸
=0

+k2δE =
iω

c2ε0
δj+

ω2

c2 δE

(
ω2− k2c2

)
δE =− iω

ε0
δj =− iωn0

ε0
∑

s
qsδvs

For the case of no plasma, i.e. n0 = 0 we get the dispersion relation for a standard EM
wave:

ω= ck =
2πc
λ

,

With plasma, we use the momentum equation to get a relation for δv

n0me
∂δv
∂t

=−n0eδE

−iωδv =− e
me
δE

δv =− ie
ωme

δE,

and find that (
ω2− k2c2

)
δE =− iωn0

ε0

ie2

ωme
δE =

n0e2

ε0me︸ ︷︷ ︸
ω2

p

δE.

From this follows the dispersion relation for EM waves in an unmagnetized plasma

ω2 = ω2
p + k2c2.

For such a wave the phase velocity is

v2
ph =

ω2

k2 = c2 +
ω2

p

k2 > c2

always larger than the speed of light, while the group velocity (of course) is

v2
gr =

dω
dk

=
k
ω

c2 =
c2

vph
< c
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lower than the speed of light.

Now let’s have a closer look at the index of refraction

n =
c

vph
.

For an EM wave propagation through an unmagnetized plasma we yield

n =
c√

c2 +
ω2

p
k2

=
c
ω

k =

√
1−

ω2
p

ω
.

This implies that for ωp > ω the index of refraction is imaginary, i.e. the wave is
reflected.
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