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ABSTRACT

Context. At the wavelength of 8 mm, emissive features (high brightness-temperatrue regions, HTRs) and absorptive features (low
brightness-temperature regions, LTRs) can be traced for the determining the solar rotation. From earlier studies it is known that about
two thirds of LTRs are associated with Hα filaments.
Aims. Thermal bremsstrahlung and gyromagnetic (cyclotron) radiation mechanism can be important for explaining the observed
phenomena, so we determine the heights of solar structures and interpret their radiation mechanism(s).
Methods. We use the method of simultaneous determination of the solar synodic rotation velocity and the height of tracers. The
rotation velocities were determined by the linear least-square fit of their central meridian distance as a function of time. We used a
procedure for calculating the brightness temperature for a given wavelength and model atmosphere, which integrates the radiative
transfer equation for the thermal bremsstrahlung.
Results. The mean value of the low brightness-temperature regions’ heights is about 45 600 km. This height was used as input for
constructing prominence and coronal condensation models, which, when assuming thermal bremsstrahlung as the radiation mechanism, yield a decrease in the brightness temperature of 2–14%, in agreement with observations. If the same radiation mechanism
is considered, the models of the solar corona above active regions give an increase in the brightness temperature of 5–19%, also in
agreement with observations. In this case an indirect indication (from the rotational analysis) that the HTRs are located higher in the
solar atmosphere than the LTRs was taken into account.
Conclusions. The method for simultaneously determining the solar synodic rotation velocity and the height of tracers could have
only been properly applied on LTRs, since a homogeneous distribution over latitudes and central meridian distances of a large enough
data set is necessary. Thermal bremsstrahlung can explain both the LTR (prominences and coronal condensations) and HTR (ordinary
active regions) phenomena observed at 8 mm. At this wavelength, thermal gyromagnetic emission is almost surely excluded as a
possible radiation mechanism.
Key words. Sun: rotation – Sun: radio radiation – Sun: corona

1. Introduction
The heights of solar structures observed at wavelengths of about
1 cm are uncertain since the solar corona is mostly transparent in this wavelength range. The corresponding frequency
of radiation is higher than the plasma frequency for altitudes
over 200 km above the solar photosphere (e.g., Brajša 1993).
Furthermore, various radiation mechanisms can be eﬀective: besides thermal bremsstrahlung, gyromagnetic (cyclotron) radiation might also be important in the regions of strong magnetic
fields (Aschwanden et al. 1995). In the quiet solar atmosphere,
the optical depth τ = 1 for thermal bremsstrahlung might already be reached at the height of about 2000 km (Schleicher
1976; Benz et al. 1997; Brajša et al. 2007b), so height determination of solar structures in this wavelenght range is
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important. The method of solar rotation stereoscopy developed
by Aschwanden & Bastian (1994a,b) and Aschwanden et al.
(1995) enables height determination at cm and mm wavelengths.
In the present analysis, we use the method for the simultaneous determination of the solar synodic rotation velocity and the
height of tracers developed by Roša et al. (1998). This method
can be applied properly if the tracers used for determining the solar rotation are at least to some extent homogenously distributed
over latitudes and central meridian distances. The structures’
heights obtained in such a way are used then as constraints for
modelling and interpreting the source radiation.
Special problem in solar rotation analysis using tracers
at mm and cm wavelengths are the projection eﬀects in the position determination, since the objects belong to the solar chromosphere and corona (e.g., Liu & Kundu 1976; Aschwanden et al.
1995; Brajša et al. 1997, 1999, 2000). If these eﬀects are not
taken into account, systematic influences on the solar-rotation
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results (changes in the measured rotational velocity and heliographic latitude) may arise. This can make a comparison with rotational results misleading if obtained with photospheric tracers.
To overcome that problem, a method was developed for simultaneously determining the solar synodic rotation velocity and the
height of tracers (Roša et al. 1998). This method was later applied successfuly to Hα filaments (Vršnak et al. 1999) and to
coronal bright points (Brajša et al. 2004). We note that projection eﬀects can and must be corrected for coronal mass ejections
(Vršnak et al. 2007) and the solar rotation determined by supergranules (Hathaway et al. 2006, and references therein).
The brightness temperature T b is commonly used as a measure of radiation intensity in radio astronomy. On full-disc solar images obtained at mm and cm wavelengths, structures of
lower and higher brightness temperatures than the quiet Sun
level (qsl) can be distinguished. These are the low-temperature
(LTRs, T b < T qsl ) and high-temperature regions (HTRs, T b >
T qsl ), respectively. As tracers for solar rotation studies LTRs
were often used (Brajša et al. 1992a, 1996, 1997, 1999, 2000,
2001), but also LTRs and HTRs (Liu & Kundu 1976; Urpo et al.
1989) and HTRs only (Teräsranta 1982; Urpo & Pohjolainen
1987; Aschwanden et al. 1995; Riehokainen et al. 1996, 1998).
However, some of these studies were only based on limited data
sets and the height correction was not always taken into account
properly.
In the present work we use a series of diurnal full-disc solar maps recorded at the wavelength of 8 mm at the Metsähovi
Radio Observatory in the years 1979–1982 and 1987–1991. The
LTRs from that data set were analysed by Brajša et al. (1997).
However, in that study a significant part of the LTR velocities
was determined only approximatively by a graphic method, i.e.,
without a numerical calculation. In the present work we determine all rotation velocities in the same way by the calculation
procedure described in Sect. 3.1. Furthermore, while some aspects of the LTRs’ height correction were partially considered
(Brajša et al. 1997, 1999, 2000), the whole method has not been
consistently applied yet to the LTR data set, as in the present
analysis (Sect. 3.2.). This enables us not only to correct the differential rotation profile obtained tracing LTRs, but also to determine the average heights of the used tracers. At these heights,
various radiation sources will be modelled to understand which
physical conditions can lead to the appearance of the LTR phenomena. Finally, we also include the rotational analysis of HTRs
and an interpretation of their radiation.
In the Metsähovi maps, LTRs and HTRs were identified and
traced. For the rotation analysis, only small, compact sources
were used with substantially diﬀerent brightness temperatures
from the quiet Sun level. Large, diﬀuse LTRs with brightness
temperatures just below the quiet Sun level were mostly excluded from the subsequent analysis. We note that in an earlier
paper (Brajša et al. 1997, their Fig. 1), we analysed the number
of LTRs according to the standard deviation of the mean LTR’s
latititude (for one subsample of the present data set). The maximum in the distribution lies between 1 and 2 deg of heliographic
latitude, implying that the LTR minimum is a good measure of
the position and consequently an appropriate tracer for the solar
rotation determination.

2. Measurements and the data set
At the Metsähovi Radio Observatory, Helsinki University of
Technology, solar observations have been performed with the
14 m dish radio telescope since 1976 (Urpo et al. 1994;
http://kurp-www.hut.fi/sun/). The radio telescope can be

Table 1. The number, n, of identified LTRs (HTRs) traced during d
days.
LTRs:
d
n
HTRs:
d
n

2
187

3
181

4
90

5
62

6
54

7
27

8
11

9
6

10
2

2
21

3
28

4
24

5
21

6
22

7
20

8
8

9
3

10–13
8

used in the frequency range between 10 and 100 GHz, and diurnal full-disc solar maps taken at the frequency of 37 GHz (λ =
8 mm) were used in the present analysis. The beam width of the
telescope amounts to 2.4 arcmin at this wavelength, and the quiet
Sun level is estimated at a brightness temperature T qsl = 7800 K
(e.g., Urpo et al. 1994). The sensitivity of the receivers enables
0.1 s.f.u. resolution. On the temperature scale, this corresponds
to a resolution of better than 100 K, and it is limited by shortterm changes in the atmospheric attenuation (e.g., Urpo et al.
1994; Riehokainen et al. 1998; Pohjolainen et al. 2000).
Metsähovi full-disc solar maps at 8 mm can be visualized in
various representations, such as maps with contours of constant
brightness temperature (e.g., Urpo et al. 1989, 1994; Pohjolainen
et al. 1991; Brajša et al. 1992b, 2007a), as grey-shadded plots
(e.g., Brajša et al. 1996), and as colour maps where diﬀerent
colours represent diﬀerent brightness temperatures (e.g., Brajša
et al. 2007b). Several hundred full-disc solar contour maps
recorded in the years 1979–1982 and 1987–1991 were analysed.
In these maps the LTRs and HTRs were identified, with one example given in Fig. 1 in the paper by Brajša et al. (1992a).
The brightness temperature minima (maxima) inside the
contours of LTRs (HTRs) were used as tracers for the solar rotation determination and their positions (the heliographic latitude
and the central meridian distance, CMD) were determined. In the
case of LTRs, small, compact objects having lowest brightness
temperatures were identified and traced. Occasionally, multiple
minima were found inside the same extended LTR areas, and
treated as separate tracers. In the case of HTRs, the sources often had circular shapes, and geometrical midpoints were used as
tracers’ positions.
The accuracy of the heliographic coordinate determination
was 1 deg, which is much better than the spatial resolution of the
radio telescope. Estimating the uncertainty in the determination
of solar coordinates to be 3–5 deg at medium latitudes and requiring a signal-to-noise ratio (S/N) better than 10, one finds that
a feature should be traced at least 2 to 4 days, depending on the
position on solar disc. Shorter tracing times, combined with the
uncertainty mentioned in coordinate determination, could lead
to unreliable results (Brajša et al. 1997). In total, 620 LTRs and
155 HTRs were identified and traced. The LTRs were followed
in 2–10 consecutive maps and HTRs in 2–13 consecutive maps.
In Table 1 we present the distribution of LTRs (HTRs) according to the tracing time expressed in days. From the table it can
be seen that the tracing periods of 2 to 4 days were indeed the
most common ones in the analysis of LTRs.

3. Methods of data reduction
3.1. The determination of the rotation velocity

The rotation velocities of LTRs and HTRs were determined by
the linear least-square fit of their central meridian distance as a
function of time, t. The transformation from the synodic to the
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sidereal rotation velocity was performed using the constant factor (Δω = 360 deg/365 days), i.e., not as a season’s dependent
function, which is not needed because of the given precision of
the position determination.
As usual, the solar diﬀerential rotation is represented by
ω = A + B sin ψ
2

3.2. The method of the height correction

We now briefly describe the method of simultaneously determining of the solar rotation velocity corrected for projection and the
height of tracers according to the paper by Roša et al. (1998).
The main assumption of the method is the constant height of the
tracers, which does not change significantly during the tracing.
Furthermore, proper motions of the sources are supposed to be
smaller than the spatial resolution of the radio telescope. Finally,
unusually high rotation velocities, measured especially at large
central meridian distances and high latitudes, are a consequence
of projection eﬀects, since it is certain that the tracers belong to
the solar chromosphere and corona.
In the following the measured quantities are denoted with the
asterisk (∗ ) and the corrected ones without. First we introduce
the parameter β, which connects the height parameter, = h/R,
where h is the height above the solar surface and R the solar
radius, with the observed, ψ∗ , and corrected, i.e., true latitude of
the tracer, ψ,
cos ψ
·
cos ψ∗

(2)

This is Eq. (17b) in Roša et al. (1998), which can be approximated by

(1 + )2 − sin2 ψ∗
β=
= const.,
(3)
cos ψ∗
for the case B0 ≈ 0, where B0 is the heliographic latitude of the
solar disc centre. This is Eq. (20b) in Roša et al. (1998). The
relative deviation of the parameter β from a constant value due
to the change of the projected heliographic latitude is less than
2% even in the most inconvenient cases when B0 reaches the
maximum value and the tracer is close to the limb (Roša et al.
1998).
Now we connect the parameter β with the mean observed
CMD, λ∗ , and corresponding observed, ω∗ , and corrected rotation velocity, ω, of the measured tracer

β2 − sin2 λ∗i
ω.
(4)
ω∗i =
cos λ∗i
This is Eq. (21d) in Roša et al. (1998).
Moreover, we introduce the following abbreviations
a=

N


ω∗2
i ,

(5)

1
,
cos4 λ∗i

(6)

i=1

b=

N

i=1

d=

N

ω∗2
i
,
2 λ∗
cos
i
i=1
N

i=1

(1)

where ω is the sidereal rotation velocity in deg/day, ψ the solar latitude in degrees, and A, B, the solar diﬀerential rotation
parameters.

β = (1 + )

c=

e=

N

i=1
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(7)

1
,
cos2 λ∗i

(8)

N
,
cos4 λ∗i

(9)

where the summation refers to 10-deg latitude bins and N is the
number of measured pairs of velocity, ω∗i , and mean CMD, λ∗i ,
in each bin. The corrected rotation velocity ω and the parameter
β can now be calculated by
ω2 =

ab − cd
,
e − d2

(10)

β2 =

b − d + c/ω2
,
b

(11)

which are Eqs. (33a) and (33b) in Roša et al. (1998), respectively.
Finally, the true height of the tracer is calculated by


h=R
β2 cos2 ψ∗ + sin2 ψ∗ − 1 ,
(12)
where ψ∗ is the mean latitude value for each latitude bin
ψ∗ =

N
1  ∗
ψ.
N i=i i

(13)

These two expressions are Eqs. (34) and (35) from Roša et al.
(1998). Equations (12) and (3) hold in the approximation B0 ≈ 0.
As already stressed, the relative deviation of the parameter β
from a constant value due to the change of the projected heliographic latitude is less than 2% even in the most inconvenient
cases when B0 reaches the maximum value and the tracer is close
to the limb (Roša et al. 1998). The mean value of the measured
rotation velocities is calculated by
ω∗ =

N
1  ∗
ω,
N i=i i

(14)

for each latitude bin. The corrected latitude ψ is calculated by
β cos ψ∗
cos ψ = 
·
2 ∗
2
2
∗
β cos ψ + sin ψ

(15)

This formula is obtained by combining Eqs. (2) and (3).
3.3. The determination of tracers’ heights and corrected
rotation velocities

This method relies on a homogeneous distribution of the measured rotation velocities according to the latitude and the CMD.
The HTR data set is too small for a consistent and reliable application of the height correction. We can illustrate this by the
fact that there were only 7 HTRs identified in the latitude band
30–40 deg and none of them at latitudes higher than 40 deg.
Furthermore, in the CMD band 40–60 deg there were only 12
identified HTRs, so we continue only with the LTR data set.
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Table 2. The number, n, of LTRs over latitudes (ψ) and central meridian
distances (CMD).
ψ (deg)
n
CMD (deg)
n

0–10
554
0–10
451

10–20
250
10–20
431

20–30
278
20–30
341

30–40
291
30–40
217

40–50
118
40–50
74

50–60
27
50–60
4

Table 3. Diﬀerential rotation parameters A and B for HTRs without the
height correction.
A
14.94
14.91

±MA
±0.15
±0.10

−B
3.18
2.56

±MB
±1.23
±0.84

n
149
141

Remark
1st filter
2nd filter

Table 4. Similar to Table 3 for LTRs without the height correction.

The LTRs’ tracing times were up to 10 days, and even after a
few days, the CMD span is already too large, so that the observed
rotation velocity cannot be properly connected with the corresponding mean CMD. For this reason, the whole LTR data set
was reanalysed determining rotation velocitites with the method
of daily shift, i.e., by dividing the observed CMD displacement
with the elapsed time in pairs of consecutive images. In this way,
after filtering out 124 unreasonably high or low rotation velocities, 1518 rotation values of LTRs (instead of 620 determined
with the method described in Sect. 3.1.) were obtained, together
with their corresponding latitudes and CMDs. The distributions
of LTRs over latitudes and CMDs are presented in Table 2 for
the data set of 1518 LTRs. North and south, as well as east and
west are folded together. From the table it can be seen that both
the latitudes and CMDs up to 50 deg are covered fairly well by
LTRs, justifying the application of the method of the height correction for LTRs. After filtering out all sidereal rotation velocities less than 11.0 deg/day, 1365 values remained for further
analysis. The upper limit of the rotation velocity filter was held
open, since the extremely high-velocity values are considered as
a consequence of projection eﬀects.
The calculation of the height correction proceeds in the
following way. All measured rotation velocities (after an
application of the low filter only, as described above) with the
corresponding mean values of the CMD are divided in 10-deg
latitude bins. Both solar hemispheres were folded together. Now,
for each latitude bin the mean value of the corrected rotation
velocity ω and the parameter β are calculated according to
Eqs. (10) and (11), respectively. The measured rotation velocities ω∗i are then fitted as a function of the measured central
meridian distance λ∗i using Eq. (4) and taking into account the
corrected (“true”) rotation velocity ω and the value of the parameter β for each latitude bin.
Moreover, the height of the tracer above the solar surface
(expressed in units of the solar radius R) is calculated by Eq. (12)
for each latitude bin, taking the mean latitude into account of all
measurements in each bin using Eq. (13). Finally, the corrected
mean latitude for each bin is calculated by Eq. (15).
For each latitude bin, we now have the mean observed values of the latitude and the rotation velocity, ψ∗ and ω∗ , calculated using Eqs. (13) and (14), and the corresponding corrected
values, ψ and ω calculated by Eqs. (10) and (15). From these
values the corrections specific to each latitude bin are calculated
as Δω = ω − ω∗ and Δψ = ψ − ψ∗ and used to correct all individual measured pairs of the rotation velocity and latitude, for 620
rotation velocities of identified LTRs traced in 2 to 10 consecutive images. In this way the corrected data set of LTRs velocities
was established.

A
14.33
14.44

±MA
±0.09
±0.06

−B
1.89
1.91

±MB
±0.39
±0.26

n
595
494

Remark
1st filter
2nd filter

Table 5. Similar to Table 4 for LTRs with the height correction.
A
13.54
13.92

±MA
±0.13
±0.06

−B
2.09
4.09

±MB
±0.74
±0.34

n
561
462

Remark
1st filter
2nd filter

Table 6. Eﬀective heights of LTRs calculated for various latitude bins
using Eqs. (12) and (13).
Latitude ψ (deg)
0–10
10–20
20–30
30–40
40–50
50–60

height h (km)
16 710
55 918
15 676
58 109
81 486
−15 461

0–50
0–60

45 580
35 406

n
513
227
255
252
97
21
1365

Remark

total number
mean value
mean value

with the height correction (Tables 3–5 and Fig. 1). The sidereal
parameters from Eq. (1) and their standard errors (M) are expressed in deg/day. Both solar hemispheres are treated together
and the number of tracers n is also given. To reject the statistically unreasonable velocity values due to possible false tracer
identification and imprecise position determination, a runningaverage velocity filter over latitudes was applied (similar as in
the rotational studies of coronal bright points, Brajša et al. 2002,
and references therein). Extreme rotation velocity values were
excluded in two steps, called filters in Table 3. (i) All sidereal rotation velocity values lower than 8 deg/day and higher
than 18 deg/day were excluded regardless of the tracer’s latitude. Then the rotation velocity parameters from Eq. (1) were
found for all remaining data points (1st step). (ii) Next, a second
filter excluding all velocity values diﬀering by δ = 2.0 deg/day
or more from the mean curve was applied to the data and finally
new parameters were calculated (2nd step). The solar diﬀerential rotation parameters after applying the 1st and the 2nd step
filter are given in Tables 3–5, while in Fig. 1 the rotation profiles
obtained only after the 2nd step filter are presented.
4.2. The heights of low temperature regions

4. Results
4.1. Solar differential rotation determined tracing low
and high brightness temperature regions at 8 mm

We present the results on solar diﬀerential rotation for the three
cases, HTRs without the height correction and LTRs without and

The eﬀective heights of LTRs are calculated for each 10-deg latitude bin using Eq. (12) and the results presented in Table 6.
The numbers of used tracers in the latitude bins (n), the total
number of tracers and the mean values of heights, with and
without the results for the highest latutudes, are also given.
According to the latitudinal distribution of LTRs, the first six
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Fig. 1. The mean values of sidereal rotation velocities of HTRs and LTRs. For the LTRs, results with and without the height correction are
presented, as indicated in the legend. The averaging is performed in 10-deg latitude bins and
the error bars indicate the standard errors of√the
means in each bin (calculated as M = σ/ N,
where σ is the standard deviation and N the
number of data points in the bin). Both solar
hemispheres are treated together and the lines
represent least-square fits to Eq. (1) using all
filtered data points for each case. For comparison, the diﬀerential rotation profile obtained
tracing sunspot groups from the Greenwich
data set (Balthasar et al. 1986) is also given.

latitude bands, i.e., latitudes up to 60 deg are taken into account. The calculated heights refer to the eﬀective solar radius
R = R0 + ΔR = 696 260 km + 500 km = 696 760 km used in
the coordinate transformation (Pohjolainen 2006). We obtained
following heights of LTRs relative to the mentioned eﬀective solar radius: h̄ = (45 580 ± 12 808) km for the latitudes in the
range 0–50 deg and h̄ = (35 406 ± 15 283) km for the latitudes
0–60 deg. These eﬀective heights were obtained by averaging
the mean values for 5 and 6 latitude bins (Table 6),√respectively.
The standard errors are also given, expressed as σ/ N , where σ
is the standard deviation and N the number of bins under consideration (Table 6). From further analysis we excluded the height
derived in the last latitude band (50–60 deg). This result is unreliable due to the small number of data points at latitudes higher
than 50 deg. In this latitude range (50–60 deg), only 27 LTRs
were traced using the method of daily shift, as can be seen in
Table 2. This is a relatively small number of tracers compared
with the other 10-deg latitude bands where it varied between 118
and 554 (Table 2). The negative height obtained for this latitude
band would indicate a tracer’s height below the eﬀective solar
radius, which obviousy does not make sense. It is a consequence
of the monotonically decreasing function ω(CMD) (three typical
cases can be seen in Fig. 1b in the paper by Vršnak et al. 1999).
In the present case, this function cannot be properly determined
because the number of data points is too small in the latitude
range under consideration.

filaments was found to depend on the solar cycle phase, ranging
from 39–76% (Brajša et al. 1999). It is interesting, that at shorter,
submillimetre wavelengths, radio depressions associated with
Hα filaments were also observed (Bastian et al. 1993), while at
larger wavelengths of about 90 cm, the absorption is reversed to
emission and Hα filaments are observed as HTRs (Lang 1989).
Free-free absorption (inverse bremsstrahlung) is the main radiation mechanism causing absorption, i.e., the radio depression and the LTR phenomenon at mm wavelengths associated
with prominences. This process has been extensively studied
(e.g., Chiuderi Drago 1990; Chiuderi & Chiuderi Drago 1991;
Chiuderi Drago et al. 1992; Brajša 1993; Engvold 1994; Tapping
& Harvey 1994; Bastian 1995), which is however not the case for
LTRs not associated with prominences. We now develop models
for both LTRs with and without associated prominences, calculate their brightness temperatures, and compare them with the
observed values.
A quiet solar region having an average magnetic field less
than 100 G emits radiation in the mm wavelength range by thermal bremsstrahlung in the temperature range between 104 K and
107 K (Hurford 1992) and this radiation mechanism is assumed
here for the interpretation. In radio astronomy, intensities, I, are
usually expressed in terms of the brightness temperature, T b ,
using the Rayleigh-Jeans approximation of Planck’s law

5. An interpretation of low and high
brightness-temperature region phenomena

where ν is the observing frequency, kB the Boltzmann constant,
and c the speed of light. The brightness temperature is the solution of the radiative transfer equation
 ∞
Tb =
T e e−τ dτ,
(17)

5.1. Low-temperature regions

In one of our previous studies (Brajša et al. 1999), we found that
two thirds (69%) of small, compact LTRs suitable for an analysis of the solar rotation were spatially associated with Hα filaments, i.e., prominences, in a qualitative agreement with other
studies performed at the mm and cm wavelengths (Butz et al.
1976; Kundu et al. 1978; Schmahl et al. 1981; Kundu et al.
1986). These LTRs had brightness temperatures substantially
lower than the quiet-Sun level and the association rate with Hα

Tb =

c2 I
,
2ν2 kB

(16)

0

where the optical depth, dτ, of bremsstrahlung for solar abundances neglecting the magnetic field is given by (e.g., Benz
2002):
dτ =

0.01146 ln Λ n2e
(1 − 8.06 × 107 ne /ν2 )1/2 ν2 T e3/2

ds.

(18)
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Fig. 2. The product (bold) of electron density n
(cm−3 ) and temperature T (K) as a function of
height above the solar photosphere for the quiet
Sun model (QS), various prominence models
(PROM) and a model of the coronal condensation (CC), as indicated in the legend. Also,
the temperature T (K) is overplotted for diﬀerent models (with the temperature scale drawn
on the right vertical axis).

The Gaunt factor, ln Λ, is a slowly varying function of the electron temperature, T e , and density with a value of about 8 for the
upper chromosphere.
Equations (17) and (18) indicate that the eﬀect of a temperature increase on the radio intensity is model dependent. Our
investigation is based on the models of Fontenla et al. (1993),
describing average models that agree reasonably well with radio
observations (Bastian et al. 1996). The average model is now
disturbed to find the necessary deviations for the observed structures (LTRs and HTRs) at mm wavelength range.
The calculation was performed using a program that computes the brightness temperature for diﬀerent wavelengths and
stores the increase in brightness temperature per unit height in
an array. Finally the program integrates these contributions and
yields the total brightness temperature at each frequency.
Our starting model of the solar chromosphere and corona
is the FAL model A (Fontenla et al. 1993), combined with the
Baumbach-Allen coronal model at high altitudes using an electron temperature T e = 1.2×106 K (Benz et al. 1997). This model
roughly describes the structure of a coronal hole (Brajša et al.
2007b), and we use it in the present analysis as a model of the
quiet Sun (Model QS). We justify this assumption with our interest only in the relative deviation of the brightness temperature
from some reference level, calculated for diﬀerent models.
In the next step we construct deviations from the Model
QS, taking into account the heights of LTRs obtained from
the analysis of their diﬀerential rotation (Sect. 4.2). We change
the temperature (T ) and the density (n) in the height range
from 40 000−50 000 km, representing the LTR body in the solar corona. For the interpretation, we consider prominences for
LTRs associated with Hα filaments and coronal condensations
for LTRs not associated with Hα filaments. According to Kundu
et al. (1978) a coronal condensation, whose density is not high
enough to be seen in Hα, can still cause absorption at mm wavelengths, i.e., lead to the appearance of an LTR.
Considering the typical physical parameters of prominences
(e.g., Engvold et al. 1990) and coronal condensations (e.g.,
Kundu et al. 1978), we construct three prominence models
(Models PROM1, PROM2, PROM3) and one model of the
coronal condensation (Model CC). In the case of the three

prominence models, we retain the hydrostatic equilibrium, multiplying the density n, by the same factor f , by which the temperature T is divided. In the case of the coronal condensation
model, we keep the density lower than required by the equilibrium condition. It is about three times lower as for prominence
models. In this case the pressure balance is kept by the magnetic
field.
These five models are presented in Figs. 2 and 3. In Fig. 2
the product of electron density (n) and temperature (T ) is given
as a function of height above the solar photosphere. The pressure p = nkB T (where kB is the Boltzmann constant) is exponentially decreasing in the corona at large scale. For the three
PROM Models, there is no change in the pressure relative to the
QS Model, while it is lower for the CC model. Figure 3 is similar to Fig. 2 , but only the density (n) is presented. In both cases
(Figs. 2 and 3), the temperature (T ) for all models is also overplotted.
The numerical parameters of the models and the calculated
brightness temperatures are presented in Table 7. As can be seen
in the table, the brightness temperature decreases for the three
prominence models in the range from 100 K to 1000 K and for
the coronal condensation model in the order of 1000 K. These
values are in quantitative agreement with the observed brightness temperatures of LTRs measured at 8 mm (Pohjolainen et al.
1991; Brajša et al. 1992b; Brajša et al. 1997). However, we
should bear in mind that the beam/convolution eﬀect tends to decrease the amplitude of the brightness temperature depressions
of small sources. In cases of large Hα filaments, the brightness
temperature drop is up to 1000 K (an example is given in the
paper by Vršnak et al. 1992), and in cases of smaller filaments,
it can be less due the above-mentioned eﬀect, i.e. in the range
100–1000 K. On the other hand, we note that our models can
also interpret even lower brightness temperatures. For example,
a prominence model with the temperature and density factor of
185 (see Table 7) yields a brightness temperature drop of about
1500 K, while its parameters are still within reasonable prominence values.
Concluding, we assume that thermal bremsstrahlung is the
radiation mechanism, and by imposing physical conditions of
prominences and coronal condensations at the heights derived
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Fig. 3. Similar to Fig. 2 for the density.
Table 7. Temperature (T ), density (n), and resulting brightness temperature (T b ) for the five models.
Model

Temperature

Model QS
Model PROM1
Model PROM2
Model PROM3
Model CC

T QS =
T QS /155 =
T QS /165 =
T QS /175 =
T QS /175 =

T (K)

Density

1.2 × 10
7742
7273
6857
6857

6

nQS =
nQS × 155 =
nQS × 165 =
nQS × 175 =
nQS × 50 =

n (cm−3 )

Brightness temperature T b (K)

1.286 × 108
1.993 × 1010
2.122 × 1010
2.251 × 1010
6.430 × 109

7841
7701
7216
6779
6882

from the analysis of diﬀerential rotation, we can explain both
the LTRs with and without associated filaments.
5.2. High-temperature regions

In the case of HTRs, which are mostly related to ordinary active regions, two mechanisms may be important. If thermal
bremsstrahlung is considered as the radiation mechanism, then
the enhanced intensity is a consequence of the increased density
in the optically thin corona. The other radiation mechanism is
gyromagnetic (cyclotron) emission from areas with strong magnetic field (e.g. Aschwanden et al. 1995). Such areas are expected to be located in ordinary active regions.
Concerning thermal bremsstrahlung, we construct diﬀerent
models, as in the case of LTRs (previous subsection). We assume that, above active regions, the solar atmosphere has a disturbed temperature and density structure in the range of heights
10 000–80 000 km. In all three cases, the coronal temperature
is increased by a factor of 2 and the density by factors of 5,
7, and 10, for the models AR1, AR2, and AR3, respectively.
These conditions are summarised in Table 8, where the resulting brightness temperatures are also given, while the densities at
some characteristic heights for these three models are given in
Table 9. The brightness temperature of HTRs modelled in such
a way is enhanced by 5–20% (Table 8), in agreement with observations (e.g., Pohjolainen et al. 1991). Finally we note that, in
our models, an increase of the coronal temperature, while keeping the same density structure, decreases the resulting brightness
temperature, as expected for that temperature range.

−ΔT b (K)

−ΔT b (%)

140
625
1062
959

1.8
8.0
13.5
12.2

6. Discussion and conclusions
In the present work, we have simultaneously determined the
solar synodic rotation velocity and the height of tracers. This
method can be properly applied only if there are enough rotation
velocity measurements provided by observations, which are distributed reasonably well over solar latitudes and central meridian
distances. This was the case only with LTRs in our data set. As
a consequence of the height correction, the solar diﬀerential rotation curve was shifted to the systematically lower values, and
the profile also became more diﬀerential (Fig. 1, Tables 4 and 5).
This method also enables the determination of the tracers’
heights. The mean value of the LTR’ heights was found to be
about 45 600 km (Table 6). This result was than used to model
prominences and coronal condensations (Figs. 2 and 3, Table 7).
Assuming thermal bremsstrahlung as a radiation mechanism, the
observed brightness temperatures of LTRs associated with Hα
filaments (solar prominences) and of LTRs not associatied with
Hα filaments (coronal condensations) can be successfully reproduced (Table 7).
In the case of HTRs, the method described above could not
be applied, but systematically higher rotation velocities of HTRs
than of LTRs at low latitudes (Fig. 1) represent an indirect indication that the HTRs have higher altitudes than the LTRs (as
discussed by Adams & Tang 1977; by Aschwanden et al. 1995;
and by Brajša et al. 1999, for various tracers). The diﬀerential
rotation profile of sunspot groups was overplotted in Fig. 1 for
comparison. We note that the slope of the diﬀerential rotation
curve of HTRs is very similar to that of sunspot groups,
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Table 8. Temperature (T ), density (n) and resulting brightness temperature (T b ) for the four models under consideration.
Model

Temperature

Model QS
Model AR1
Model AR2
Model AR3

T QS =
T QS × 2 =
T QS × 2 =
T QS × 2 =

T (K)

Density n

Brightness temperature T b (K)

1.2 × 106
2.4 × 106
2.4 × 106
2.4 × 106

nQS
nQS × 5
nQS × 7
nQS × 10

7841
8201
8565
9338

+ΔT b (K)

+ΔT b (%)

360
724
1497

4.6
9.2
19.1

Table 9. Density (n) at given heights (h) for the four models given in Table 8.
Height h (km)

Density n (cm−3 )
QS Model

AR1 Model

AR2 Model

AR3 Model

10 000
20 000
30 000
40 000
50 000
70 000

3.327 × 108
2.397 × 108
1.823 × 108
1.430 × 108
1.142 × 108
7.517 × 107

1.664 × 109
1.199 × 109
9.115 × 108
7.150 × 108
5.710 × 108
3.759 × 108

2.329 × 109
1.678 × 109
1.276 × 109
1.001 × 109
7.994 × 108
5.262 × 108

3.327 × 109
2.397 × 109
1.823 × 109
1.430 × 109
1.142 × 109
7.517 × 108

suggesting that both tracers are related to ordinary active regions.
However, the HTR curve is systematically shifted to higher values. This shift is consistent with the uncorrected heights of HTRs
due to projection eﬀects, as earlier discussed. Using this information and again assuming thermal bremsstrahlung as the radiation mechanism, we have also successfully modelled HTRs
(Tables 8 and 9).
As an alternative, we consider the case of thermal gyromagnetic radiation for HTRs. The emission is caused by nonrelativistic electrons spiralling in the magnetic field and is also
termed cyclotron radiation. The gyromagnetic absorption coeﬃcient, κ, has a maximum at the harmonics ν = sνB
2 (s/2)2s
2s−2
(1
s! sin θ

(2π) νp
κ(ν) =
c ν

cos θ

+ cos θ)

β2s−3
0

(19)

(from Melrose 1985), where ν is the observing frequency,
νp = (ne e2 /(πme ))1/2 is the plasma frequency, ne the electron
density, me the electron mass, s the harmonic number, θ the
angle between the magnetic field and the line of sight, β0 =
(2kT/(me c2 ))1/2 , and νB = eB/(2πmec) is the electron gyrofrequency. From the models (Table 9) we take T ≈ 2.4 × 106 K,
ne ≈ 2 × 108 cm−3 . Thus νp ≈ 127 MHz and β0 ≈ 0.02844.
The resonance length is l = 2ΛB β0 cos θ, where ΛB is the
magnetic scale length, which we assume to be approximately
104 km. Thus l ≈ 2.84 × 107 cm. The optical thickness τ = κl.
To contribute to the thermal emission, τ must reach a value of at
least a tenth of a percent.
The observing frequency of 37 GHz would require a magnetic field of 6600 Gauss for resonance at the harmonic s = 2.
Such a field has never been reported for the Sun. Thus we exclude the second harmonic. At the higher harmonics, τ becomes
0.402, 1.37 × 10−3 , 6.16 × 10−6 for s = 3, 4, and 5, respectively. The third and fourth harmonics could contribute significantly. This would require a magnetic field of 4400 Gauss or
3300 Gauss, respectively. These values are highly unlikely at the
heights where the HTRs are observed. At the harmonics s ≥ 4,
the contribution of gyromagnetic radiation becomes negligible
at our observing frequency and for our models.
We conclude that thermal bremsstrahlung can explain both
the emission (HTRs) and absorption (LTRs) phenomena at
the wavelength of 8 mm (corresponding to the frequency of
37 GHz). However, our interpretation of the HTR emission by

thermal bremsstrahlung does not exclude thermal gyromagnetic
emission at lower frequencies (e.g. Aschwanden et al. 1995).
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