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Effect of suprathermal particles on the quiet Sun radio emission
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Abstract. The bremsstrahlung emissivity and absorption coeﬃcient in the radiofrequency range are derived under the assumption that the electron population is not purely thermal, but presents a tail of high energy particles. This population is
approximated by a two-component Maxwellian distribution and by the kappa-functions of diﬀerent (integer) index. It is shown
that, if the temperature ratio of the two Maxwellians is larger than 10, the absorption coeﬃcient and the eﬀective temperature (the quantities entering the radio transfer equation) depend only on the fraction R of particles in the highest temperature
Maxwellian. In the case of kappa-functions the above quantities depend on the index n of the functions.
The microwave radio spectrum is computed for diﬀerent values of R and for 3 ≤ n ≤ 6, finding, in all cases, brightness temperatures lower than those computed with a pure thermal distribution. This could explain some inconsistencies found between
radio and EUV observations.
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1. Introduction
The upper layers of the solar atmosphere, transition region (TR) and corona, can be investigated by means of the
radiation emitted in the X-UV and radio domain. The UV
and EUV line intensities emitted in the TR depend strongly on
temperature and are proportional to the diﬀerential emission
measure: DEM(T ) = Ne2 dh/dT . Those emitted in the corona,
where T ∼ constant,
 are instead proportional to the emission
measure EM = Ne2 dh. It turns out that in the microwave
range, where the refraction index can be safely assumed equal
to unity, the resulting brightness temperature T b depends precisely on the same parameters. However, the radio emission
computed using models of the solar atmosphere inferred from
EUV observations do not agree with the observations (see, for
instance, Zirin et al. 1981; Noci 2003).
Landi & Chiuderi Drago (2003) (hereafter referred to as
Paper I) have recently shown that, using a composite TR model
of the cell center that excludes the DEM derived from UV lines
at low temperature, a decent agreement with the observed quiet
sun T b can be achieved. However, it is clear that any contribution of the network to the computed T b will spoil again this
agreement.
All this seems to indicate that a deeper reason for inconsistency exists in the calculation of the microwave spectra, which
appear to be systematically in excess of the observations.
To investigate an alternative possibility of decreasing the
computed radio brightness temperature (T b ), in this paper we
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will compute the quiet sun microwave spectrum under the assumption that a small tail of suprathermal electrons is present
in the upper part of the solar atmosphere.The possible presence
of such high energy tail has attracted a considerable attention
in the last few years. The origin of stationary non-Maxwellian
electron distribution functions could be traced in some acceleration process eﬀective in in the chromosphere or in the lower
transition region (Viñas et al. 2000) or in the transport of highenergy electrons from the upper transition region and corona
(Ljepojevic & Burgess 1990). In this paper we shall not dwell
on the question of the generation and maintenance of this type
of distribution, but simply assume their existence and trace
the observable consequences of this assumption in the radio
range.
The tail of suprathermal electrons will be modelled either assuming an electron distribution obtained by adding two
Maxwellians at diﬀerent temperatures or by a so-called kappafunction with an integer index n: 3 ≤ n ≤ 6. Since we want
to compare our results with those obtained by assuming a
Maxwellian distribution, the values of the parameters of the
modified distributions will be always chosen to ensure that the
density and the mean energy of the distributions equal those of
the reference Maxwellian.
The assumption that the electron distribution in the solar and stellar coronae and in the thin transition region
between the corona and the “visible underlying photospheric/chromospheric surface” could follow a kappa-function
was first put forward by Scudder (1992). With this assumption
he was able to explain several observations concerning the TR,
the corona and the solar wind such as the steep positive gradient in the TR, the Doppler width of UV lines, the critical point
location and the asymptotic velocity of the solar wind.
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This assumption has been applied later on by several authors to account for the electron distribution observed by
Ulysses (Maksimovic et al. 1997), the heat flux in the solar
corona (Landi & Pantellini 2001; Sittler 2002) and in several
solar wind models (Maksimovic et al. 1997; Sheldon et al.
2001).
The kappa-functions have also been used in an attempt to
calculate the gyrosynchrotron emission at radiowavelengths in
non-flaring active regions, but the agreement with the observations has been found unsatisfactory.
The calculation of the emission and absorption coeﬃcients
for a two-component Maxwellian and for kappa-function distributions will be presented in the next section. In Sect. 3 we will
compute the microwave spectra, obtained by two-component
Maxwellian distributions with diﬀerent ratios of temperature
and number of particles and by a kappa-function with different index n. The results will be compared with the Zirin
et al. (1991) and Borovik et al. (1992) observations in Sect. 4.
A summary and the conclusions are given in Sect. 5.

2. Emission and absorption from electrons
with a generic distribution function.
The general theory of the emission and absorption of electromagnetic waves from an ensemble of electrons with a generic
distribution function has been developed long ago (see e.g.,
Wild et al. 1963; Zheleznyakov 1970). We simply recall here
the basic equations, following the treatment by Wild et al.
(1963).
If p and E = p2 /2m are respectively the momentum and energy of a single electron, the momentum distribution function,
f (p), can be defined by means of the integral:
 ∞
Ne =
f (p)4πp2dp,
0

where Ne is the number density of electrons in ordinary space.
By transforming the momentum integration into an energy integration, the above normalization condition becomes:
 ∞
Ne =
F(E)E 1/2dE,
0

where the definition of F(E) includes all the constant factors coming from the above variable transformation. In case
of non-relativistic particles:

1/2
F(E) = 4π 2m3
f (p).
With these definitions the Maxwellian distribution function can
be written as:
2
F0 (E) = √ Ne (kB T )−3/2 e−E/kB T ,
π
where kB is the Boltzmann constant. The temperature, T , of a
Maxwellian distribution is related to the average of the single
particle energy over the distribution function:
 ∞
3
1
E 3/2 F(E)dE = kB T.
(1)
E =
Ne 0
2

In this paper the “temperature” will be always defined by
the above formula, irrespective of the form of the distribution
function.
If ν (E) is the free-free radio emission in one polarization
per unit time and unit solid angle from a single electron of energy E in a plasma with an ion density Ni , the total emissivity
and the absorption coeﬃcient of an ensemble of electrons distributed according to a generic F(E) are given by (Wild et al.
1963):
 ∞
ν (E)F(E)E 1/2dE
(2)
j(ν) = 2
0

and
c2
k(ν) = − 2
ν



∞

0

dF(E)
ν (E)E 1/2 dE.
dE

(3)

In the above formulas we have assumed the refraction index
of the medium equal to unity, as appropriate to the microwave
range of frequencies.
The source function is defined as the ratio between the
emissivity and the absorption coeﬃcient:
S (ν) = j(ν)/k(ν)
and an eﬀective temperature, T eﬀ , can always be defined using
the equation:
S (ν) =

2kB T eﬀ ν2
·
c2

The single particle free-free radioemission in one polarization
and per unit time is given by (see e.g., Scheuer 1960; Oster
1961):
ν (E) = C

Ni
(ln g(E, ν) − γ),
E 1/2

(4)

where the constant C is given by:
C=

23/2 Z 2 e6
= 1.56 × 10−47 ,
3m3/2 c3

g(E, ν) =

(2E)3/2
πZe2 m1/2 ν

and γ is the Euler constant,
 ∞
γ=
ln(x)e−x dx = 0.577...
0

If F(E) is a Maxwellian at temperature T the integrals appearing in Eqs. (2) and (3) can be computed explicitly (see Scheuer
1960), giving:
2C Ni Ne
Λ,
j0 (ν) = √
(πkB ) T 1/2
k0 (ν) = √

2C c2 /ν2 Ni Ne
Λ,
(πkB ) 2kB T 3/2

where



Λ = ln αT 3 /ν2 − 5γ,

(5)
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with
α=

8kB3
= 4.41 × 1016 (cgs units).
π 2 Z 2 e4 m

The eﬀective temperature in this case is equal to the temperature, as expected in thermal equilibrium.
We consider now the case of a two-component Maxwellian,
namely a distribution function obtained by adding two
Maxwellians at diﬀerent temperatures T 0 and T 1 (with T 0 < T 1 )
and diﬀerent densities N0 and N1 (with N0 > N1 ). Such a distribution could be representative of a system made up of a
relatively large number of “cold” electrons to which a small
amount of “hot” electrons is added. A certain care should be
applied when choosing the values of the parameters T 0 , T 1 , N0
and N1 to avoid the occurrence of instabilities of the beamplasma type. Although the degree of realism of such a description is questionable, the two-component Maxwellian appears to be a practical parametrization of situations in which
a high-energy tail is superimposed on an otherwise thermal
distribution.
The results for a two-component Maxwellian follow directly from those of a Maxwellian. Introducing

the ratio of the density of the hot electrons to the total density,
Ne , we can write:



0.5 

T
Λ
R

1
0
j(ν) = j0 (ν) × (1 − R) 1 +
(6)
,
1 − R Λ0 T 1 


k(ν) = k0 (ν) × (1 − R) 1 +



R Λ1 T 0
1 − R Λ0 T 1



 ·

1.5 

(7)

where Λ0,1 are defined as Λ in Eq. (5), but they are evaluated at
T = T 0 and T = T 1 , respectively.
The eﬀective temperature turns out to be:
 T 0.5
R
0
1
1+ Λ
Λ0 (1−R) T 1
T eﬀ = T 0 ×

 ·
T 0 1.5
1 R
1+ Λ
Λ0 1−R T 1
Comparing this result with that referring to a Maxwellian distribution at T 0 , it is easy to see that T eﬀ is always greater
than T 0 .
We finally turn to the case of a distribution function described by a kappa-function, that we write as:
2
Fκ (E) = √ Ne (kB T )−3/2 Hκ Gκ (E),
π

(8)

where
(κ − 3/2)−3/2Γ(κ + 1)
Γ(κ − 1/2)

and


Gκ (E) = 1 + (κ − 3/2)−1

In the above equations Γ(z) is the Euler function and T is the
temperature defined as in Eq. (1). The kappa-functions are
defined for all real values of κ > 3/2 and converge to the
Maxwellian when κ tends to infinity. In the following only integer values for κ will be considered, so that κ = n ≥ 2.
The integrals entering Eqs. (2) and (3) can be evaluated explicitly also when F(E) is a kappa-function. Some details are
presented in the Appendix, to which we refer the interested
reader. Defining jn as the emissivity computed for a kappafunction with κ = n and kn as the corresponding absorption
coeﬃcient, we obtain:



Ω + 1n 
2C Ni Ne n − 3/2 

Hn 1 + 3
jn (ν) = √
Λ
(9)
n
Λ 
πkB T 1/2
and


2C c2 /ν2 Ni Ne
Ω
ΛH
,
kn (ν) = √
n 1+3
3/2
Λ
πkB 2kBT T

(10)

where Λ is defined as in Eq. (5) and
n

Ω = γ + ln(n − 3/2) −

1/k.
k=1

N1
= N1 /Ne ,
R=
(N0 + N1 )

Hκ =

333

E
kB T

−(κ+1)

.

Substituting into the above Equations the expression of j0
and k0 ,we obtain:

(Ω + 1/n)
n − 3/2
jn (ν) = j0 (ν) ×
Hn 1 + 3
(11)
n
Λ
and


Ω
kn (ν) = k0 (ν) × Hn 1 + 3
·
Λ

(12)

From these expressions we can evaluate the source function
and the eﬀective temperature T eﬀ . The latter turns out to be:
n − 3/2 Λ + 3(Ω + 1/n)
n
 Λ + 3Ω
n − 3/2
3/n
= T
1+
·
n
Λ + 3Ω

T eﬀ = T

It can be verified (see Appendix) that limn→∞ Hn = 1 and
limn→∞ Ω = 0, so that T eﬀ converges to T when n → ∞.

3. Comparison with observations
The two quantities entering the radio transfer equation:

T eﬀ e−τν dτν
T b (ν) =

(13)

are the eﬀective temperature T eﬀ and the absorption coeﬃcient k(ν), related to the optical depth, dτν = −k(ν)ds.
Let us first analyze the results obtained for the
two-component Maxwellian distribution.
Plots of k/k0 as a function of R for diﬀerent values of the
ratio T 0 /T 1 are shown in Fig. 1. The k/k0 ratio is totally insensitive to the lower temperature T 0 and, for T 0 /T 1 < 0.1, depends
very little also on the temperature ratio.
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Fig. 1. Ratio of the absorption coeﬃcients k/k0 plotted as a function of R for the following values of T 0 /T 1 : 0.5 (dotted-dashed),
0.1 (dashed), 0.05 (dotted), 0.01 (full). Each curve is plotted for
T 0 = 5. × 104 and T 0 = 5. × 105 , but they are not distinguishable.

Fig. 2. T eﬀ vs. T 0 . Lower lines: R = 0.1, T 0 /T 1 = 0.01 (full line),
0.05 (dotted), 0.1 (dashed). Upper lines: R = 0.5, same ratios of
temperatures.

The eﬀective temperature is plotted in Fig. 2 as a function
of T 0 for R = 0.1 and 0.5 and three values of the ratio T 0 /T 1 .
The plot shows that T eﬀ is strictly proportional to T 0 .
Since both the ratios k/k0 and and T eﬀ /T 0 are independent
of the local temperature T 0 and depend only on R, if we assume that the fraction of particles in the hottest Maxwellian
is constant along the TR, we may easily integrate Eq. (13) by
multiplying k0 and T 0 by the above ratios.
The brightness temperature T b for the cell centre and the
network are computed using the DEM curves shown by the dotted lines in Fig. 3 of Paper I. They are derived from the VAL

Fig. 3. Brightness temperature spectrum obtained using the TR
and coronal models for the cell and the network descibed in the text and
assuming, for the electron distribution, a Maxwellian (full lines) and
a two-component Maxwellian with T 0 /T 1 = 0.1 and R = 0.2 and 0.25
(dotted and dashed lines respecively). Points with error bars are from
Zirin et al. (1991), diamonds from Borovik et al. (1992).

(Vernazza et al. 1981) model B (cell centre) and D (average network) for 4 ≤ log T ≤ 4.3; from the line intensities observed
by SUMER at log T ∼ 4.5 and from an interpolation of DEM
derived from the line intensities observed by SUMER and CDS
at higher temperature. In the SUMER and CDS data analysis
the line intensity in the cell center and in network were separately analysed. At T c = 1.2 × 106 K an isothermal corona in
hydrostatic equilibrium with a base density Ne = 2 × 108 cm−3
was assumed. The reason why we used this composite model of
the TR is detailed in Paper I. The assumption of an isothermal
corona is justified by the fact the most of the coronal contribution comes from the region around the temperature maximum,
where the temperature profile is rather flat.
The microwave spectrum has been computed for the cell
and the network models in the assumption of thermodynamic
equilibrium (full lines in Fig. 3). We have then changed k0
and T 0 into k and T eﬀ obtained assuming T 0 /T 1 = 0.1 and
R = 0.2 and R = 0.25. The resulting radio T b are plotted in
Fig. 3.
It appears from the figure that the presence of a number of
suprathermal particles equal to about 20% of the total number
of electrons decreases the computed T b from ∼10 to ∼2% going
from the lowest to the highest frequencies.
We will now present the results obtained with a population
of electrons distributed according to a kappa-function.
In Fig. 4 we have plotted, as a funtion of temperature, the
ratios between the absorption coeﬃcients kn /k0 and the eﬀectve
temperatures T eﬀ (n)/T for diﬀerent values of n between n = 3
and n = 20.
We see that, also in this case, those ratios do not vary appreciably with temperature and therefore we may compute the
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Table 1. Fraction of the solar surface covered by cells.
Two-component Maxwellian
α

R = 0.2
0.95

R = 0.25
0.9

Kappa-function
n=4
0.75

n=5
0.8

n=6
0.83

Fig. 4. Ratios of kn /k0 (dashed lines) and of T eﬀ (n)/T (full linws) plotted as a function of T for diﬀerent values of n: 3 ≤ n ≤ 20.

Fig. 6. Computed and observed radio brighteness temperature. The
curve is obtained assuming a population of electrons following a
kappa-function distribution with index n = 5 both in the cell and in
the network. The assumed fraction of the solar surface covered by the
network is 20%.

Fig. 5. Microwave spectra of the cell and the network computed using the models mentioned in the text in the assumption of a thermal
distribtion of electrons (full lines) and of a population of electrons following a kappa-function with diﬀerent index: n = 3 (dot-dashed lines)
n = 4 (dashed), n = 6 (dotted). Observational points are the same as
in Fig. 3.

radio brightness temperature simply by multiplying the temperature and the absorption coeﬃcient of a thermal distribution by
the corresponding ratios. This has been done for the network
and for the cell center models mentioned above with 4 values
of n: 3 ≤ n ≤ 6. The results are shown in Fig. 5.
It appears from Figs. 3 and 5 that in both cases a distribution of electrons presenting a tail of suprathermal particles has
the eﬀect of decreasing the computed T b in agreement with the
expectation of the present calculations.
The way in which this decrease is obtained depends on the
details of the distribution function. In case of a two-component
Maxwellian, we have an slight increase of the eﬀective temperature, but a decrease of the absorption coeﬃcient, resulting in
a decrease of T b . In case of the kappa-function the same eﬀect

is produced by a decrease of the eﬀective temperature and an
increse of the absorption coeﬃcient.
An inspection of Figs. 3 and 5 indicates that the decrease
of T b in a two-component Maxwellian (unless unacceptable
high values of R are assumed) is less evident than that found
with the kappa-function, even with index n ≥ 5, as proposed
by Landi & Pantellini (2001).
If the computed brightness temperature of the cell center
decreases below the quiet sun observations, it is possible to add
a certain contribution of network emission without exceeding
the observations. Calling α the fraction of solar surface covered
by cells and (1 − α) that covered by the network, the resulting
quiet sun brightness temperature is given by:
T b (q.s) = αT b (cell) + (1 − α)T b (netw).
We have taken all the computed non thermal spectra and found
the value of α which best fits the observations. The results are
shown in Table 1.
The table shows that with indices of the kappa-function n =
5 and n = 6, radio observations agree with a network structure
covering about 20% of the solar surface.
Of course the value of α varies with height in the TR, and
the given value could be indicative of the low portion of the TR
(T ≤ 105 ) where most of microwave emission originates. In
Fig. 6 the curve obained with n = 5 and α = 0.8 is shown.
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4. Summary and conclusions
In this paper we have computed the microwave emissivity, absorption coeﬃcient, source function and eﬀective temperature
in the assumption that the population of electrons in the solar TR and corona contains a small tail of suprathermal particles. The purpose of this calculation was to check wether
this assumption could remove the disagreement between the
observed microwave spectra and those computed using UV
and EUV based models, which supply values in excess to the
former.
The electron population has been modelled
– With two Maxwellians at temperature T 1 and T 0 with
T 0 /T 1 = 0.1 and with a number of particles, in the hottest
one, N1 /Ntot ∼ 0.2.
– With a kappa-function with an integer index 3 ≤ n ≤ 6.
A decrease in the computed T b has been found with both
distributions. We do not expect that this result could be
modified by changing the form of the electron distribution
function. We thus have an indication that the presence
of suprathermal particles influences the computed radio
brightness in the sense required for a better agreement with
the models deduced from EUV observations. Of course,
suprathermal electrons also modify the ionization equilibria, because all the ionization and recombination processes
are influenced by the form of the distribution functions, as
proved e.g. by Dzifčaková (2000). The induced modifications are subtle and a general statement on these matters
does not appear to be possible. Therefore, the present study
should be complemented by a careful analysis of the eﬀects of

suprathermal electrons on UV/EUV computed line intensities.
Such a study, that we hope to be able to perform in the near
future, is, however outside of the scope of the present paper.
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Appendix
We present here a few details of the calculations leading to the
formulas quoted in the main text in connection of the use of
kappa-functions as distribution functions.
The emissivity is given by Eq. (2):
 ∞
ν (E)F(E)E 1/2dE.
jν = 2
0

Taking into account the expression for ν (E) (Eq. (4)), we see
that, apart from the factors independent of E, the basic integral
for the evaluation of the emissivity is:
 ∞
In =
Gn (E) ξ(E)dE,
0

where Gn (E) has the expression given after Eq. (8) for k = n
and ξ(E) is defined as:


ξ(E) = ln a E 3/2 − γ
with
2
·
πZe2 mi/2 ν

Assuming as a new variable:
t=

1
E
n − 3/2 kB T

we obtain:

 
In = (n − 3/2)(kBT ) Cn

∞
0

2C Ni Ne n − 3/2
Hn [Λ + 3(Ω + 1/n)].
jn (ν) = √
n
πkB T 1/2
Using Stirling’s asymptotic formula for the Gamma function it
is easily seen that:
lim Hn = 1,

n→∞

and that (Abramowitz et al. 1970)


n


1
+ ln(n) = 0,
lim Ω = lim γ −
n→∞
n→∞
k
k=1
so that jn (ν) converges to j0 (ν) when n → ∞.
Turning now to the absorption coeﬃcient (Eq. (3)):

c2 ∞ dF(E)
ν (E)E 1/2 dE,
kν = − 2
dE
ν 0
and taking into account the form of ν (E) we see that the basic
integral to be evaluated for the computation of kν is:
 ∞
dGn (E)
ξ(E)dE.
Kn =
dE
0

3/2

a=

Taking into account the constant factors so far neglected, we
finally arrive at:

3
dt
+
1+t 2



∞

0

ln(t)
,
(1 + t)n+1

where
Cn = ln[(n − 3/2)3/2a(kB T )3/2 ] − γ

Performing the derivative and introducing again the variable t,
we see that:
  ∞

dt
3 ∞ ln(t)
Kn = −(n + 1) Cn
+
·
n+2
2 0 (1 + t)n+2
0 (1 + t)
Proceeding as before we arrive at:


3 1
1
−
Kn = −(n + 1) Cn
n+1 2n+1

n
k=1


1 

k

1
= (Λ + 3Ω).
2

or, using Eq. (5):
Cn = 1/2 (Λ + 3[ln(n − 3/2) + γ]) .

The final expression for kν turns out to be:

The integrals entering the expression for In can be integrated
explicitly giving:
 ∞
dt
1
= ,
n+1
n
(1
+
t)
0

c2 Ni Ne
2C
kn (ν) = √
Hn (Λ + 3Ω).
πkB 2kB T ν2 T 1/2



∞
0

ln(t)
1
dt =
n
(1 + t)n+1

n−1
k=1

1
·
k

Therefore





n − 3/2
In =
kB T Λ + 3 ln(n − 3/2) + γ −
2n
n − 3/2
kB T [Λ + 3(Ω + 1/n)],
=
2n

where
n

Ω = ln(n − 3/2) + γ −
k=1

1
·
k

n−1
k=1


1 

k 

