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Abstract. The heating rate of the interstellar medium, especially the warm ionized medium, is calculated considering damping
of fast magnetosonic waves. Starting with an anisotropic spectrum the energy dissipation rate is derived from the damping rates.
The results show that the damping of fast magnetosonic waves is an extraordinarily strong source of heat. The ion-neutral and
viscous damping contribute largely to the heating. Furthermore it is shown that one would expect a strong parallelization of the
spectrum with exponents well above 5

3 .

Key words. magnetohydrodynamics (MHD) – plasmas – turbulence – waves – ISM: general – ISM: magnetic fields

1. Introduction

The calculation of interstellar cosmic ray transport parame-
ters, like the parallel and perpendicular spatial diffusion co-
efficients, the rate of adiabatic deceleration and the momen-
tum diffusion coefficient of cosmic ray particles, requires the
knowledge of the power spectra of magnetic and electric fluc-
tuations in the interstellar medium at frequencies below the
non-relativistic proton gyrofrequencyΩi. Adopting the plasma
wave viewpoint, in which one models the turbulent electro-
magnetic fields as a superposition of low-frequency magneto-
hydrodynamic plasma modes (shear Alfvén waves, fast mag-
netosonic waves and slow magnetosonic waves), the electric
power spectrum is related to the magnetic power spectrum
through the Faraday induction law via the dispersion relation
of the individual plasma modes.

A problem arises because interstellar magnetic power spec-
tra cannot be measured directly. Only the power spectrum of
interstellar electron density fluctuations is accessible via radio
scintillation and dispersion measure studies (e.g. Armstrong
et al. 1995). Therefore, the relation between magnetic field
fluctuations and electron density fluctuations has to be investi-
gated. According to classical MHD theory, shear Alfven waves
are incompressible whereas fast magnetosonic waves for low-
beta plasmas exhibit a direct correspondence δnF

e /ne � δBz/B0

between electron density fluctuations and the fluctuations in
the parallel magnetic field. In a full kinetic description of the
turbulence (Schlickeiser & Lerche 2002), shear Alfvén waves

become compressible with the wavenumber-dependent relation
δnA

e /ne ∝ (kVA/Ωp)δBy/B0.
An additional constraint on interstellar magnetic power

spectra is provided by considering the heating of the interstel-
lar medium by plasma wave damping. In the first paper of this
series, Lerche & Schlickeiser (2001 – hereafter referred to as
Paper I) have calculated the heating rate of the ISM by col-
lisionless Landau damping of fast magnetosonic waves. They
demonstrated that the energy loss rate for this process agrees
well with the cooling rate of the diffuse interstellar medium
if one considers an anisotropic power spectrum and large spa-
tial scales, especially without strong spatial inhomogeneities
so that to a first approximation a simple balance of heating and
cooling rates

ε(ρ, T ) = λ(ρ, T ) (1)

holds. In the second paper of this series, Lazar et al. (2003 –
hereafter referred to as Paper II) calculated the influence of
Alfvén wave damping on plasma heating. Here the authors
demonstrated that besides collisionless Landau damping addi-
tional damping mechanisms related to gas collisions are impor-
tant. It is the purpose of the present investigation to consider
these additional collisional heating processes also for fast mag-
netosonic waves because they were not considered in Paper I.
As we will show, this modifies the conclusions of Paper I be-
cause these additional heating processes are more important
than the collisionless Landau damping of fast magnetosonic
waves considered there. Throughout this manuscript we use the
same notation as in Papers I and II.
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10 F. Spanier and R. Schlickeiser: Fast magnetosonic wave dissipation

As before, we distinguish between three different phases
of the interstellar medium coexisting in pressure equilibrium:
cold clouds, a warm intercloud medium (also: warm ionized
medium) and hot coronal gas, which is generated by supernova
explosions. The temperature of the warm medium can be de-
termined by 21 cm radio studies. These indicate a temperature
range from 6000 to 104 K. Also, from radio studies we can infer
the mean HII-density, which is about 0.08 cm−3, and the neu-
tral (HI) hydrogen density that ranges between 0.1–0.2 cm−3.
The warm intercloud medium provides the dominant contribu-
tion to interstellar electron density fluctuations because its fill-
ing factor and its degree of ionization are much higher than that
of cold clouds, while the coronal gas, having approximately the
same filling factor and degree of ionisation, has a much lower
electron density.

As in Paper I we adopt a power spectrum of electron density
fluctuation in the form

Pn(k) = C2
n

[
k2
‖ + Λk2

⊥
]−(2+s)/2

. (2)

As mentioned above for fast magnetic waves, magnetic fluctua-
tions are directly proportional to density fluctuations so we can
write:

PB(k) = C2
B

[
k2
‖ + Λk2

⊥
]−(2+s)/2

. (3)

Here k‖ (k⊥) is the component of the wavenumber vector paral-
lel (perpendicular) to the ambient magnetic field; s is the spec-
tral index; Λ is the anisotropy parameter. Isotropy corresponds
to Λ = 1, whereas if the wave turbulence is aligned more along
the lines of thin “platelets” paralleling the ambient field, as sug-
gested by Goldreich & Sridhar (1995), then Λ � 1. The con-
stant C2

B is such that
∫

d3k PB(k) = (δB)2 (4)

where δB denotes the total magnetic fluctuation. The form of
the wave spectrum given by Eq. (3) is assumed to hold between
some small wavenumber, k = kmin, and a large wavenumber,
k = kmax, with k = |k| = [k2

‖ + k2⊥]1/2. Spangler (1991) sug-
gests that these wavenumbers are related to outer and inner
scale lengths, lmin and lmax, respectively, with lmin = 2π/kmax,
lmax = 2π/kmin. The physical bounds of lmin and lmax are not pre-
cisely known, but are probably related to the Whistler wave res-
onance limit of the interstellar electrons and the physical size
of the warm intercloud medium, i.e. the mean cloud distance.
The inner scale is estimated by Spangler (1991) to be of the
general order of lmin = 107l7 cm, (l7 = 1), with the outer scale
of order lmax = 1017l17 cm with l17 = 1 in hot, ionized regions,
and l17 = 30 in the diffuse phase of the interstellar medium. In
our study we assume that the power spectrum (3) holds in the
warm intercloud medium, which is assumed to be stationary
and homogenous.

In this work we use a wavenumber-independent anisotropy
factor Λ, while Goldreich & Sridhar (1995) predict it to
be wavenumber dependent. This approximation is used for
two reasons: first, it allows a direct comparison of our calcu-
lations with the earlier results of Paper I for fast magnetosonic
waves, which were based on the power spectrum (3), and sec-
ondly, the mathematically simple form of (3) allows an exact

analytical calculation of the wave dissipation rates, which is
not possible for more complicated power spectra.

The power spectrum itself results from the balance of all
wave damping and driving processes, although a detailed the-
ory and explanation is not available at present. Therefore, our
calculations are limited in the sense that we assume a given and
fixed power spectrum to determine the heating rate of the inter-
stellar medium, but we do not self-consistently investigate the
effect of this energy loss rate on the form of the power spec-
trum, nor do we investigate the formation of real turbulence
spectra in wavenumber space. Although highly needed, such
a self-consistent theory lies beyond the scope of the present
investigation.

2. Physical parameters

For our calculations we describe the warm intercloud medium
with the following set of parameters:

n = 0.2 cm−3 (5)

ni = ne = 0.08 cm−3 (6)

T = Te = Ti = 104 K = 0.86 eV (7)

vi = 9.1 × 105 cm s−1 (8)

B = 4 µG (9)

| δB | =
√
δB2 = 0.9 µG. (10)

The minimum and maximum wavenumbers given by Spangler
are

kmin =
2π

1017
cm−1 (11)

kmax =
2π
107

cm−1. (12)

From these parameters one can derive the following set of ad-
ditional parameters

a) Ion gyrofrequency

Ωi =
eB
mic
= 9.58 × 103B[G] Hz = 3.6 × 10−2 B

4 µG
· (13)

b) Coulomb logarithm

L ≈ 23.4 − 1.15 log n[cm−3]

+3.45 log T [eV] for T < 50 eV = 24.0. (14)

c) Ion-ion collision time

τi =
3
√

miTi[eV]3/2

4
√
πLe4ni

≈ 2.12 × 107 Ti[eV]3/2

nL
s = 3.5 × 106 s. (15)
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d) Electron-electron collision time

τe =
3
√

meTe[eV]3/2

4
√

2πLe4ni

≈ 3.43 × 105 Te[eV]3/2

nL
s = 5.7 × 104 s. (16)

e) Alfvén speed

vA =
B√

4πmini

≈ 2.18 × 1011 B[G]√
ni[cm−3]

= 3.1 × 106 cm s−1. (17)

3. Relation between density and magnetic
fluctuations

As we can see from Schlickeiser & Lerche (2002), we have
the following relation between electron density (Pnn) and mag-
netic fluctuation (PB � Pzz as the z-component of the magnetic
field is dominant) spectra for fast magnetosonic waves in a low
β-plasma

PM
nn(k)

n2
e
=

Pzz(k)

B2
0

9
4

(1 + β sin2 θ) � 9
4

Pzz(k)

B2
0

· (18)

So for small plasma β there holds a direct proportionality be-
tween the both spectra. We will only have to normalize our
spectrum via the total fluctuating power. In order to derive the
constant CB we solve Eq. (4).
∫

d3kP(k) = 4π
∫ kmax

kmin

dk2
∫ 1

0
dkdµP(k, µ) (19)

= 4πC2
B

k1−s
max − k1−s

min

1 − s

×F

(
1
2
, 1 +

s
2
,

3
2
, 1 − 1

Λ

)
Λ−

2+s
2 (20)

⇒ C2
B = (δB)2 Λ

2+s
2

4π
k1−s

max−k1−s
min

1−s F
(

1
2 , 1 +

s
2 ,

3
2 , 1 − 1

Λ

) (21)

where F denotes the confluent hypergeometric function
2F1(a, b; c; x).

4. Damping rates

For waves damping at a rate γ0(k) the energy loss rate ε0 is
conventionally written in the form (Spangler 1991)

ε0 =
1

4π

∫
d3k P(k)2γ0(k). (22)

The warm phase of the interstellar medium is a partially ionised
plasma. The fast magnetosonic waves undergo different types
of dissipation in this low-temperature plasma: besides colli-
sionless Landau damping (γA) there is damping connected with
the collision-effects associated with Joule dissipation (γJ), ion
viscosity (γV) (Braginskii 1965; Hollweg 1985) and ion-neutral
friction (γN) (Kulsrud & Pearce 1969). All individual damping

rates are taken from Tsap (2000). The total damping rate for
the fast magnetosonic waves then is

γ0 = γA + γJ + γV + γN. (23)

We discuss each contribution in turn. With the respective damp-
ing rates γA, γJ, γV and γN it is then straightforward to deter-
mine the respective energy loss rates by evaluating the integral
of damping rate times wave energy spectrum

εi = C2
B

∫ kmax

kmin

dkk−s
∫ 1

−1
dµ

γi(κ, µ)
[
µ2 + Λ

(
1 − µ2

)] 2+s
2

(24)

with µ = cos θ. The total energy loss rate is then given by the
sum

ε0 = εA + εV+J + εN. (25)

4.1. Collisionless Landau damping

As already described in Paper I the wave damping rate for col-
lisionless Landau damping may be written as

γL �
(
π

8

)1/2 sin2 θ

cos θ
kv2i v

−1
e . (26)

Compared to the classical formula given by Ginzburg (1961)
terms of order vivA are neglected as the Alfvén speed is much
higher than the ion speed in the interstellar setting.

Lerche & Schlickeiser (2001) found an energy dissipation
rate

εL = 2−
5
2 π−

1
2

1 − s
2 − s

kmax
2−s − kmin

2−s

kmax
1−s − kmin

1−s

×(δB)2 v
2
i

ve

I(µL,Λ)
J(Λ)

(27)

I(µL,Λ) =
∫ 1

µL

dµ
1 − µ2

µ
(
µ2 + Λ

(
1 − µ2))(2+s)/2

(28)

J(Λ) =2 F1

(
1
2
, 1 +

s
2
,

3
2
, 1 − Λ−1

)
. (29)

The variable µL is the lower limit (µL = cos θ � 0.05) of the
validity range of the approximation for the Landau damping
that we have used in Eq. (26).

There exist approximations for the anisotropy term in the
limit Λ→ 0 and Λ→ ∞.

I(µL,Λ)
J(Λ)

=



ln
(
Λ

µ2
L

)
; Λ � 1

s

Λ
s
2

(
ln

(
ve
VA

)
− 1

2

)
; Λ � 1.

(30)

The complete derivation can be found in Paper I. Numerical
values for our given physical setting are

γL = 1.32 × 104k
sin2 θ

cos θ
Hz (31)

εL(Λ = 1) = 6.61 × 10−23 erg
cm3 s

· (32)
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4.2. Joule dissipation

Tsap (2000) gives the following damping rate for Joule
dissipation

γJ =
1
2

me

mp

(
ω

Ωi

)2

νe (33)

where νe denotes the electron-electron-collision frequency.
Considering the dispersion relation for the fast magnetosonic
waves

ω2 = v2A k2, (34)

we can write the damping rate as follows

γJ =
1
2

me

mp

(
vA
Ωi

)2

νek2. (35)

This corresponds exactly to the damping rate given by
Braginskii (1965).

The Joule energy dissipation is then calculated as

εJ =
1

4π

∫
d3k

me

mi

(
vA
Ωi

)2

νek2P(k)

= C2
B

1
4π

me

mi

(
vA
Ωi

)2

νe
k3−s

max − k3−s
min

3 − s

×4π
∫ 1

0

dµ
(
µ2 + Λ

(
1 − µ2

))1+s/2

= C2
B

me

mi

(
vA
Ωi

)2

νe
k3−s

max − k3−s
min

3 − s

×Λ−1−s/2F

(
1
2
,

2 + s
2
,

3
2
,
Λ − 1
Λ

)
· (36)

If we use the value of CB from Eq. (4) we finally find

εJ = (δB)2 me

mi

(
vA
Ωi

)2

νe
k3−s

max − k3−s
min

k1−s
max − k1−s

min

1 − s
3 − s

· (37)

Obviously this result is independent of the anisotropy factor Λ,
which is easy to understand as we actually have no angular
dependence of the Joule damping rate (35).

For our given parameters we have the numerical values

γJ = 3.5 × 107k2 Hz (38)

εJ(Λ = 1) = 2.1 × 10−24 erg
cm3 s

· (39)

4.3. Ion viscosity dissipation

From Braginskii (1965) we know that viscosity dissipation is
given by

2ωδvis =
1

2ρ

((
η0

3
+ η1

)
k2
⊥ + η2k2

‖
)
. (40)

So that

γV = 2ωδvis

=
1

2mini

((
η0

3
+ η1

)
sin2 θ + η2 cos2 θ

)
k2 (41)

where

η0 = 0.96niτikBTi (42)

η1 = 0.3
niτikBTi

(Ωiτi)2
(43)

η2 = 4η1 (44)

denote the viscosity coefficients for the ions. As η1 and η2 scale
with (Ωiτi)−2 which in the ISM is much smaller than unity
((Ωiτi)−2 = 1.4 × 10−9), at least η1 can be neglected for η0.
Therefore

γV =
1
6
v2i τik

2

(
sin2 θ +

18
5

(Ωiτi)
−2 cos2 θ

)
(45)

where vi is the ion thermal velocity, which is supposed to be
Maxwellian distributed.

This damping rate is now multiplied again with the power
spectrum in order to get the energy dissipation rate

εV =
1

4π

∫
d3k

1
6
v2i τik

2

×
(
sin2 θ +

18
5

(Ωiτi)−2 cos2 θ

)
2P(k) (46)

=
1
3
v2i τi

k3−s
max − k3−s

min

3 − s
C2

B

×
∫ 1

0

(
1 − µ2

)
+ 18

5 (Ωiτi)−2µ2

(
µ2 + Λ

(
1 − µ2

))(2+s)/2
(47)

=
2
3

C2
Bv

2
i τi

k3−s
max − k3−s

min

3 − s

×Λ−1−s/2

((
1 − 18

5
(Ωiτi)−2

)

2

F1

(
3
2
,

2 + s
2
,

5
2
, 1 − 1

Λ

)

−3F

(
1
2
,

2 + s
2
,

3
2
, 1 − 1

Λ

))
. (48)

Again we use Eq. (21) and derive

εV (Λ = 1) =
2
3

(δB)2v2i τ
2
i

k3−s
max − k3−s

min

k1−s
max − k1−s

min

1 − s
3 − s

(49)

×
1−

1
3

(
1− 18

5
(Ωiτi)−2

)
2F1

(
3
2 ,

2+s
2 ,

5
2 , 1− 1

Λ

)

2F1

(
1
2 ,

2+s
2 ,

3
2 , 1− 1

Λ

)
 ·

With the given numerical values

γV =
(
4.75 × 1017 sin2 θ + 7.29 × 107 cos2 θ

)
k2 Hz (50)

εV(Λ = 1) = 2.29 × 10−14 erg
cm3 s

· (51)
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This dissipation rate (51) for an isotropic spectrum (Λ = 1) is
far too large (15 orders of magnitude) compared to the cool-
ing rate (59), so we have to consider either strong anisotropy
or a wave number exponent other than 5

3 or a different spectral
range. We expect to have waves mostly parallel to the ambi-
ent magnetic field, as ε is decreasing with increasing Λ, which
means Λ � 1. In Sect. 5 we try to find the exact parameters of
the wave spectrum that yield the correct total dissipation rate.

4.4. Ion-neutral friction

Kulsrud & Pearce (1969) have given the following damping
rate for ion-neutral collisions

γN =



ω2

2νN
ω� νN

νN
2 ω� νN.

(52)

The ion-neutral collision frequency νN has an approximate
value of 4 × 10−9nH Hz, so we are in the high frequency limit
and can consider the damping rate as an angle-independent
constant.

εN =
1

4π

∫
d3kP(k)2γN (53)

= 2νN

∫ kmax

kmin

dk
k2

k2+s

∫ 1

0

dµ
(
µ2 + Λ

(
1 − µ2

))(2+s)/2
(54)

= 2νNC2
B

k1−s
max − k1−s

min

1 − s
Λ−(1+s/2)

×F

(
1
2
,

2 + s
2
,

3
2
, 1 − 1

Λ

)
· (55)

We note that this rate depends only on the total strength of
the magnetic turbulence and not on the extent of the turbu-
lence spectrum. After inserting Eq. (21) we have the simple
and Λ-indepedent expression

εN =
νN
4π

(δB)2. (56)

The numerical values are given by

γN = 4 × 10−10 Hz (57)

εN = 5.15 × 10−23 erg
cm3 s

· (58)

This dissipation rate is also two orders of magnitude too high
compared to the cooling rate, indepedent of the form of the
spectrum. To change the magnitude of ion-neutral heating, the
total power of fluctuations has to be changed.

The dissipation rates for all damping processes are shown
in Fig. 1.

5. Understanding the wave power spectrum

From Minter & Spangler (1997) we know that the cooling rate
of the diffuse interstellar medium is

LR = 5 × 10−24n2
e erg s−1 cm−3 (59)

Fig. 1. Anisotropy dependence of different energy dissipation
processes.

with the electron density of the interstellar medium of ne =

0.08 cm−3 we have a cooling rate of 3.2 × 10−26 erg s−1 cm−3.
Obviously, our heating rates (compare Eqs. (51) and (58) with
Eq. (59)) are much higher than the cooling rate if we adopt
Kolmogorov scaling (s = 5/3) and an isotropic spectrum
(Λ = 1).

Within the current hypothesis of a steady-state configura-
tion of heating and cooling, in order to achieve agreement of the
wave turbulence spectrum with the constraints from the cooling
rate we have two options: we can either modify

1. the parameters s (spectral index) and Λ (anisotropy) of our
turbulence spectrum or

2. the maximum wavenumber kmax of the fast magnetosonic
waves because an early cutoff of the spectrum can be ex-
pected with the dominant damping process (viscous damp-
ing) scaling as ∝k2 (see Eq. (41)).

First we consider different cases for which we calculate the
spectral index s starting with an isotropic spectrum, and then
we gradually increase the parameter Λ with the limit of a fully
parallel spectrum.

As the ion-neutral damping is only determined by the col-
lision frequency between ions and neutrals and the fluctuating
magnetic power δBM, the heaiting rate by ion-neutral friction
can be used to fit the fluctuating magnetic power as it is the only
parameter here. We attribute 50% of the heating to ion-neutral
damping, i.e. εN = 0.5LR, so that Eqs. (58) and (59) yield

4 × 10−9nH(δBM)2 1
2π
= 5 × 10−24n2

e (60)

δBM = 1.59 × 10−8 G. (61)

Although this is a very small fluctuation power, it seems to be a
plausible starting point. Fast magnetosonic waves are strongly
damped, so that energy in that kind of wave dissipates very
fast, leading to the fact, that there cannot be much fluctuation
energy stored in the fast magnetosonic waces. This conclusion
is in contradiction to Paper I, where only collisionless Landau
damping was considered. The argument is still the same; in
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14 F. Spanier and R. Schlickeiser: Fast magnetosonic wave dissipation

Paper I the damping rate almost fitted the cooling rate, but our
new results contradict that earlier result: for FMS-dominated
turbulence, heating and cooling are not in balance.

5.1. Isotropic spectrum with steep power law spectral
index s

As mentioned above we have fixed the value of δBM by
demanding

εN =
1
2

LR. (62)

The remaining parameters s and kmax may be calculated by at-
tributing the remaining 50% heating to viscous damping, i.e.

εV =
1
2

LR. (63)

We leave the parameter kmin unchanged as it has only a minor
influence on the total dissipation rate. We will determine the
values of s and kmax in the following way: we will assume an
isotropic spectrumΛ = 1 keeping the value for kmax fixed (with
the value given by Spangler 1991) to calculate s. In a second
calculation we will do this vice versa assuming a Kolmogorov-
like spectrum (s = 5/3) to calculate kmax. In the end we will
derive the general relation between s and kmax to identify all
possible parameter sets for isotropic spectra.

The first method of fixing kmax and varying s yields from

εV(Λ = 1) =
1
2

LR = εN (64)

the value s ≈ 2.4. (65)

This result shows that we have to assume a very high spectral
index s (much higher than the Kolmogorov value 5/3) and very
low fluctuating power to justify the chosen kmin and kmax of
Spangler.

The second modification of fixing s = 5/3 and varying
kmax yields from Eq. (64) kmax = 1.38 × 10−12 cm−1, which
is five orders of magnitude smaller than the values of Spangler.

Varying both the spectral index s and kmax yields the
relation

s − 1
3 − s

kmax
3−skmin

s−1 =
9νNmini

2η0
(66)

in the approximation kmax � kmin from Eq. (64). For given
numerical values and different values of s we calculate the
wavenumber of the wave spectrum cutoff. The results are
shown in Fig. 2.

5.2. Fully parallel spectrum

As Fig. 1 shows, a small value of Λ � 1 does not modify the
viscous damping rate. However, large values of Λ � 1 have
a strong influence on the damping. Therefore, only for values
of Λ � 108 giving a fully parallel spectrum are we able to
justify s = 5/3.

Fig. 2. Relation between cutoff wavenumber kmax and spectral index s
for isotropic turbulence. The dotted line shows Spangler’s kmin while
the dashed shows his kmax.

6. Discussion and summary

We have calculated the main damping processes of fast magne-
tosonic waves in the interstellar medium. Using numerical pa-
rameters derived from observations we found that for isotropic
turbulence ion viscosity and ion-neutral damping in particular
lead to a much higher energy dissipation than the cooling rate
allows in a steady state case. This leads to two conclusions:

1. Fluctuations of the ISM consist predominantly of shear
Alfvén waves. Fast magnetosonic waves are damped in-
stantaneously, so that the power ratio (∝(δB)2) of fast mag-
netosonic waves to Alfvén waves is well below 0.1%

2. The assumed standard wave spectrum (3) implies either
(a) values of Λ � 108 for s = 5/3 (i.e. extremely parallel

fast magnetosonic turbulence);
(b) steep spectral indices s > 2.4 for isotropic turbulence

and perpendicular turbulence;
(c) the existence of a high wavenumber cutoff for isotropic

turbulence with a spectral index s = 5/3, five orders
below the standard cutoff attributed to gyroresonant
damping.

The main question arising from our results is the physical plau-
sibility of the proposed modifications (steeper spectra, low cut-
off, parallel spectra). The main issue of all three modifications
proposed above is the very small fluctuating power of fast mag-
netosonic waves, which is a result quite different from Paper I.
Observational results cannot clarify this point as they do not al-
low us to distinguish between different wave types in the ISM.

We will initially analyze the energy conservation in the
ISM turbulence to justify our model. Our basic assumption was
the steady state model

Etot =
(δB)2

8π
= const. (67)

Ėtot = Pgain − Ploss = 0 (68)

⇒ Pgain = Ploss. (69)
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As the outgoing power (Ploss) has clearly been identified as the
plasma wave damping, we will now try to justify supernovae as
the main input (Pgain) process.

As a simplified model we assume a cylindrical galaxy (r =
50 000 Ly, h = 3000 Ly) completely filled with diffuse ionized
gas, which is heated by supernovae (the typical energy output
for supernovae is E = 1051 erg and the mean time between
two supernovae is approx. τSN = 109 s = 30 years).

First, we calculate the average input power from super-
novae for the total Galaxy

PSN =
ESN

τSN
= 1042 erg

s
· (70)

This is in reasonable agreement with the total cooling rate

Pcool = LRV = 7 × 1041 erg
s
, (71)

which is 70% of the input supernova power.
The energy of the supernovae is approximately sufficient to

sustain the energy balance. But still one question remains: is it
likely that such a high fraction of the heating power from the
supernovae is ultimately dissipated by ISM heating, probably
via the formation of supernova shock waves, which are impor-
tant for the generation of turbulence? Thus the input power is
almost fully available as wave energy. On the other hand, the
alternative energy-consuming process, which is according to
Schlickeiser (2002) the acceleration of cosmic rays, only needs
an average power of 1040 erg/s. As it seems there are no other
processes in an interstellar phase at rest (no convective motions
like galactic winds) which could possibly consume the avail-
able energy and as the input power and the heating fit remark-
ably well (though we used a very rough model) it is reasonable
to argue that ISM heating is a stationary process driven by su-
pernovae. It should be noted, however, that the given figures
are only rough approximations, the supernova-frequency espe-
cially cannot be treated as a constant and a strong deviation
from the average would lead to a cooling of the ISM.

One may also derive time scales from the total energy E
instead of the power P = Ė, but these time scales are not suit-
able for the dynamical thermal equilibrium, which we examine,
as there is no intrinsic relation between E and Ė. Those time
scales can only give estimates for the time the turbulent field
would need to build or decay when either the input or output
power would be turned off.

The “decay time scale” is the ratio of field energy and loss
power (the plasma wave heating rate).

τdecay =
(δB)2

8πLR
· (72)

We evaluate this time scale for both fast magnetosonic and
Alfvén waves.

τdecay(AW) = 1 × 1012 s = 3 × 104 years (73)

τdecay(FM) = 3 × 108 s = 10 years. (74)

These results show that Alfvénic turbulence would persist
much longer than fast mode waves after turning off supernovae,
but it also shows that the decay of energy in fast magnetosonic

waves is three times shorter than the typical input rate from
supernovae (τSN = 109 s).

This could mean that fast magnetosonic waves can only be
found in the vicinity of supernovae and are damped completely
after a supernova occurs.

Another possibility is the nonlinear interaction of
Alfvén waves as a generation mechanism for the fast magne-
tosonic waves (see e.g. Chin & Wentzel 1972). Particularly the
production rate of fast waves by Alfvén waves could help our
understanding of the energy transfer in the ISM.

Also the time scale of field creation should be analyzed.
This time scale is derived from turbulent electromagnetic en-
ergy and input power. Again we differentiate between Alfvén
and fast magnetosonic waves. These “rise time scales” are
given by

τrise =
(δB)2

8πPSN
(75)

τrise(AW) � τ = 7.5 × 1011 s = 2.5 × 104 years (76)

τrise(FM) = 1.5 × 109 s = 5 × 101 years. (77)

These timescales differ by nearly three orders of magnitude,
which may support the physical model that the two wave types
have different origins. The fast magnetosonic wave timescale
is again of the order of τSN while Alfvénic turbulence needs
much longer to develop. It should be noted, however, that the
order of τrise(AW) is not in contradiction to our assumption of
supernova heating. If we start in a cold, not ionized gas there
is no cooling function LR (which is proportional to the electron
density) so that in the beginning exponential heating of the ISM
is possible.

The next point concerning the physical plausibility is the
possibility of a nearly parallel spectrum. For Alfvén waves this
matter has been addressed by Goldreich & Sridhar (1995), but
their (disputed) process is not applicable to fast magnetosonic
waves. Nonetheless the ISM is marked by strong anisotropies,
which may result in anisotropic spectra. Again further insight
into the production processes of FMS waves would be helpful,
but in contrast to the question of input power of the spectrum,
the anisotropy may only be explained by the damping itself.
If we imagine an isotropic input spectrum, we may see after
short times that with increasing wavenumber the anisotropy in-
creases, as the damping of perpendicular waves is dominant.
This may be modelled by wavenumber dependent anisotropy
factors Λ, which for reasons of simplicity are not included in
our model.

The last point to be discussed is the possibility of very
steep spectra. If we stick to the Kolmogorov (1941) or
Kraichnan-Iroshnikov (1965) theory we should expect a 5/3 or
3/2 spectrum, but one point in the derivation of those theories
seems not to be fulfilled in our case: The K41 (i.e. turbulence
with an inertial range power law s = 5/3) and KI (i.e. s = 3/2)
theories consider an inertial range, where the form of the tur-
bulence spectrum is given by the local transport in wavenum-
ber space, with damping being neglected in that range. But as
we already pointed out, the ISM has strong damping features.
This does not mean that there is no inertial range but there
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could be additional effects due to the dispersion range stud-
ied by Stawicki et al. (2001), an intermediate regime between
the inertial and dissipation range. Thus our findings are not in
contradiction to Kolmogorov theory but they seem to indicate
that the inertial range of the ISM turbulence is negligible.
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