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Abstract

The sub-THz event observed on the 4 July 2012 with the Bauman Moscow
State Technical University Radio Telescope RT-7.5 at 93 and 140 GHz as
well as Kislovodsk and Metsähovi radio telescopes, Radio Solar Telescope
Network (RSTN), GOES, RHESSI, and SDO orbital stations is analyzed.
The spectral flux between 93 and 140 GHz has been observed increasing
with frequency. On the basis of the SDO/AIA data the differential emission
measure has been calculated. It is shown that the thermal coronal plasma
with the temperature above 0.5 MK cannot be responsible for the observed
sub-THz flare emission. The non-thermal gyrosynchrotron mechanism can
be responsible for the microwave emission near 10 GHz but the observed
millimeter spectral characteristics are likely to be produced by the thermal
bremsstrahlung emission from plasma with a temperature of about 0.1 MK.
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1. Introduction

Despite the unprecedented opportunities of modern terrestrial and cos-
mic telescopes, the detailed mechanisms of the solar flare energy release
remain unknown. Therefore observations in poorly explored wavelength
ranges can be very fruitful and important. Specifically, sub-THz observa-
tions corresponding to the frequency range of 102 − 103 GHz (3 − 0.3 mm)
can give us valuable information about the acceleration of electrons with
energy E & 1 MeV as well as the flare coronal and chromospheric ther-
mal plasma (Raulin et al., 1999; Lüthi et al., 2004; Giménez de Castro et al.,
2009; Fleishman & Kontar, 2010; Trottet et al., 2011; Krucker et al., 2013).

Solar sub-THz observations became available only in XXI century with
Solar Submillimeter Telescope (Kaufmann et al., 2001) and Köln Observa-
tory for Submillimeter and Millimeter Astronomy (Lüthi et al., 2004) in the
200 − 400 GHz range. These first and subsequent observations of solar
flares have shown that some events have a negative spectral slope, i.e., the
spectral flux of radio emission decreases with frequency and can be consid-
ered as an extension of the gyrosynchrotron spectrum (Trottet et al., 2002;
Raulin et al., 2004; Lüthi et al., 2004; Giménez de Castro et al., 2009). Sur-
prisingly, other flares as a rule, long duration events, have revealed a positive
spectral slope. This peculiarity can be observed during both the impul-
sive (Kaufmann et al., 2004; Silva et al., 2007; Kaufmann et al., 2009) and
gradual (Trottet et al., 2002; Lüthi et al., 2004) flare phases. It should be em-
phasized that the observations mentioned above were obtained at frequency
> 200 GHz and the frequency range of 100−200 GHz has remained unavail-
able until recently. Meanwhile, the observations in this frequency range are
important to improve the spectral coverage of the radio emission. We can
suggest that the sub-THz events with the positive spectral slope at lower
frequencies occur more often (see also Akabane et al., 1973; Correria et al.,
1994; Chertok et al., 1995) and appropriate events are characterized by sim-
pler magnetic configuration than long duration ones.

This work focuses on the analysis and interpretation of the 4 July 2012
flare. Special attention is paid to the sub-THz emission component observed
at 93 and 140 GHz with the solar radio telescope RT-7.5 operated by the
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Bauman Moscow State Technical University. Section 2 presents observations
and instruments used in the study. Section 3 is dedicated to interpretations
of obtained results. Section 4 presents discussion and main conclusions.

2. Instruments and observations

Sub-THz emission from GOES M5.3–class solar flare, which happened
on 4 July 2012 in AR 1515 (S16W19), has been observed with the RT-7.5
solar radio telescope (Rozanov, 1981; Smirnova et al., 2013). This single-dish
antenna of a Cassegrain-type with the diameter of 7.75 meters allows us to
carry out simultaneous radio observations at two frequencies 93 and 140 GHz
(3.2 and 2.2 mm). The half power beamwidths of the antenna are 1.5 and
2.5

′

at 140 and 93 GHz, respectively. Two super-heterodyne receivers are
included into the quasi-optical scheme, i.e., beams are overlaped to observe
one chosen area on the solar disk. The time constant of 1 s provides the
sensitivity of the receivers of about 0.3 K.

Antenna temperatures are measured during observations relatively to the
quiet-sun level. Experiments have shown that the contribution of noise of the
receivers in the desired signal is about 1-1.5%. The maximum error of the
beam pointing is 10

′′

(Rozanov, 1981). In order to estimate the atmospheric
attenuation of the signal from an active region the signals from the center of
the solar disk and the sky are recorded at the same zenith angle when the
absorption coefficient of the Earth’s atmosphere did not change significantly.
We estimated the observed quiet-sun temperatures by subtracting the sky
temperature level. Then we compared these temperatures with the quiet-
sun ones obtained from observations of the new Moon. As a result, the
quit-sun temperatures turned out to be equal to 6600 and 6400 K at 93 and
140 GHz, respectively.

To provide the calibration of the flare flux densities we need the quite sun
and sky brightness temperatures preferably near the beginning of solar burst.
The observed quiet-sun and sky temperatures on 04 July 2012 were obtained
about 8:30 UT. The atmospheric opacities for 93 GHz and 140 GHz at that
time were equal to 0.1 and 0.25 Np, respectively. The corresponding uncer-
tainties in the determination of the flare maximum flux densities were about
10 and 15%. We note that the sky was clear during the flare observations
on 4 July 2012 but only the second flare burst (09:54:30-09:56:00 UT) was
detected (Figure 1) because of the calibration map construction.
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Microwave (centimeter) emission from the whole solar disk at 6.1 GHz fre-
quency was obtained with the time constant of 1 s at Kislovodsk Mountain
Astronomical Station. Observations carried out at a parabolic antenna with
a diameter of 3 meters. Noise temperature of the antenna was about 1 K. Sig-
nal was detected by measuring of the antenna temperature. The conversion
factors for solar fluxes units (sfu) derived from measurements of the moon
temperature. Solar observations at 11.7 GHz (whole solar disk) were pro-
vided by the 1.8-m antenna located at Metsähovi Radio Observatory (Urpo,
1982). We also used measurements of total flux densities obtained by RSTN
(San Vito) at 5.0, 8.8 and 15.4 GHz with the temporal resolution of about
1 s (Guidice et al., 1981).

Ultraviolet and X-ray diagnostics were done using SDO/AIA (Lemen et al.,
2012), RHESSI (Lin et al., 2002), and GOES (White at el., 2005) instru-
ments. These instruments are sensitive to the solar plasma in various tem-
perature ranges: 0.5-20 MK (AIA), 4-40 MK (GOES), and above ∼ 10 MK
(RHESSI). RHESSI also allows observing hard X-ray emission in various en-
ergy bands. These spacecraft observations were complemented by Hα data
from Kanzelhoehe Solar Observatory1 with the imaging system providing 5
full-disk images per minute.

As shown in the panel [d] of Figure 1, the flux density at 140 GHz ex-
ceeds that of at 93 GHz and its maximum (09:55:30 UT) coincides with the
maximum GOES light curves at 1-8 and 0.5-4 Å(panel [a]). The RHESSI
light curves in ranges 25-50, 50-100, and 100-300 keV as well as microwave
radio flux at 6.1, 8.8, and 11.7 GHz are presented in panels [b] and [c]. It is
important to note that hard X-ray emission with photon energies > 50 keV is
very weak and it has only one maximum as distinguished from the 25-50 keV
time profile (panel [b] in Figure 1).

As it follows from the upper panel in Figure 2, the millimeter spectral in-
dex was, on average, equal to about 1.8 near the peak (09:55:24-09:55:36 UT)
of emission. The error bars in our case indicate the error in measurements
caused by the antenna and receiver noises, the beam pointing error as well as
the atmospheric attenuation for millimeter emission. We note that the corre-
sponding hard X-ray photon spectrum (Figure 2, lower panel) is characterized
by the very steep slope. According to the spectrum-fitting procedure, a ther-
mal part of the observed hard X-ray is fitted by the one-temperature plasma

1http://www.kso.ac.at
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with emission measure EM = 1.02×1049 cm−3, temperature T = 2.3×107 K
(1.95 keV)). In turn, the following parameters were used for a non-thermal
part (thick target model): electron flux Fe = 4.2 × 1035 s−1, spectral index
δl = 7.3, and low energy cutoff El = 22.2 keV.

The extreme ultraviolet (131 Å) and Hα images as well as RHESSI con-
tours are presented in Figure 3. The RHESSI SSW IDL routines are used to
provide the superposition of images. It can be seen that the location of the
hard X-ray, ultraviolet, and Hα sources is not co-spatial. This suggests the
important role of thermal processes during the flare energy release.

The differential emission measure (DEM)

φ(T ) = n2
e

dl

dT
, (1)

where ne is the electron number density, l is the distance along the line-of-
sight, obtained from SDO/AIA data was constructed using regularization
techniques (Kontar et al., 2005; Hannah & Kontar, 2012). Figure 4 suggests
the DEM peak close to 13 MK but also demonstrate the presence of cooler
coronal plasma.

3. Simulation and interpretation of millimeter emission

3.1. Thermal free-free emission

First of all, let us estimate the contribution of the thermal SDO plasma
with broad temperature distribution (105.7− 107.3 K) into the free-free emis-
sion based on DEM (Figure 4).

The free-free absorption coefficient in the case of fully ionized plasma
is (Dulk, 1985)

kff =
Kn2

e

T 3/2ν2
,

where

K = 9.78× 10−3 ×

{

18.2 + lnT 3/2 − ln ν, T < 2× 105 K,
24.5 + lnT − ln ν, T > 2× 105 K.

The optical depth dτν over distance dl can be written as

dτν = kffdl =
Kn2

e

T 3/2ν2
dl, (2)

5



where the electron density ne and temperature T are functions of the distance
along the line of sight l. According to equations (1) and (2) in the case of
the optically thin source (e.g., Alissandrakis et al., 2013)

τν =

∫ Tmax

Tmin

Kφ(T )

T 3/2ν2
dT, (3)

where Tmin and Tmax correspond to the temperature range of coronal plasma.
The brightness temperature of coronal plasma can be written in the form

Tb(ν) =

∫ τ

0

Te−τ ′νdτ ′ν ,

and according to (1) and (2) we obtain the radio brightness temperature
Tb(ν) related to the physical parameters of the flaring atmosphere

Tb(ν) =
1

ν2

∫ Tmax

Tmin

Kφ(T )
√
T

e−τν(T )dT. (4)

In order to estimate the spectral flux density Fν near the Earth, we use
the Rayleigh-Jeans relation

Fν =
2kBν

2

c2
Tb(ν)

S

R2
, (5)

where kB is the Boltzmann constant, S is the projected area of radio source
and R is the Sun-Earth distance.

The results of calculations on the basis of SDO/AIA imaging data and
equations (3-5) have shown that the coronal SDO plasma with T = 105.7 −
107.3 K cannot be responsible for sub-THz emission since the emission source
becomes optically thick only at ν . 1 GHz (Figure 5). Also it should give
negligibly small contribution to centimeter emission from the 4 July 2012
flare at S < 1018 cm2. However, the SDO plasma can give significant but
not decisive contribution to millimeter emission if the thermal source area
S > 1018 cm2 (see also White & Kundu, 1992; Trottet et al., 2002, 2008,
2011).

Based on the obtained results and classification proposed by Reale (2014)
we can suggest that millimeter emission is determined by the cool (T ∼
0.1 MK) loops of the transition region. In order to estimate the contribution
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of the appropriate plasma to the emission the well-known formula for the
brightness temperature of the homogeneous plasma source

Tb(ν) = T [1− exp(−τν)], (6)

as well as equations (2) and (5) can be used. As a result, for the total spectral
flux we obtained

Ftotal =
2kBν

2

c2R2
(Tb1(ν)S1 + Tb2(ν)S2), (7)

where Tb1(ν) and Tb2(ν) are the brightness temperatures of sources associated
with the cool and SDO plasma, respectively, S1 and S2 are the corresponding
source areas.

The available data do not provide enough constraints to determine an
unique set of parameters. As an illustration, this can be achieved for the
following main parameters of the optically thick source which lead to the
observed spectrum presented in Figure 6: area S1 = S2 = 4 × 1018 cm2,
geometrical depth l = 109 cm, plasma temperature T = 0.1 MK, and number
density of thermal electrons ne = 7×1010 cm−3. The most interesting feature
of proposed model is the large areas S1 and S2 and optical depth l of the
optically thick cool source. The large scale (∼60′′) thermal source with the
temperature T ∼ 0.1 MK was early proposed by Trottet et al. (2008) in order
to explain a gradual, long-lasting (> 30 min) component of sub-THz emission
from the energetic solar flare of 2003 October 28. In turn, the sufficiently
large value of l implies the important role of cool loops in the generation of
millimeter emission.

Let us now consider time profiles of flare emissions. As it follows from
Figure 1 the maxima of sub-THz and soft X-ray emissions are coincident.
This circumstance is in a good agreement with the assumption about the
thermal origin of the sub-THz source. Meanwhile, the behavior of the hard
X-ray and microwave time profiles is not the same. The hard X-ray time
profile (25-50 keV) consists of two strong flare bursts with peaks at 09:54:30
and 09:55:00 UT, while the microwave and 50-100 keV profiles have only one
near 09:55:00 UT (Figure 1).

The observed spectral flux of millimeter emission is quite weak and it does
not exceed 40 sfu. Hence, in spite of the faint hard X-ray emission in the 100-
300 keV (panel [b] in Figure 1) we can not exclude that the rising spectrum
of sub-THz emission can be caused by the gyrosynchrotron emission of high
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energy electrons in coronal loops (see also Bastian , 1999). Note that Razin
suppression and free-free absorption which depend on the ambient plasma
density should play an important role in the proposed model (e.g., Razin,
1960a; Razin, 1960b; Krucker et al., 2013).

The upper limit of the number density of high energy electrons nh gener-
ated sub-THz emission in terms of hard X-ray observations can be estimated
assuming that accelerated electrons responsible for gyrosynchrotron and hard
X-ray emission represent the high energy (h) and low energy (l) parts of the
common particle population. It is easy to show that number density of high
energy electrons nh with the lower energy Eh & 100 keV does not strongly
depends on its spectral index δh. Indeed, assuming the power-law spectrum
of the low and high energy electrons in the energy ranges [El, Eh] and [Eh;∞],
respectively

nl,h(E) = al,hE
−δl,h,

where al,h are corresponding constants, excluding the jump in the point Eh,
nl(Eh) = nh(Eh), the relationship between the number densities of acceler-
ated electrons at (Eh/El)

δl−1 ≫ 1 reduces to the form

nh =
δl − 1

δh − 1

(

El

Eh

)δl−1

nl ≈
(

El

Eh

)δl−1

nl. (8)

Using the fit to the hard X-ray spectrum in Figure 2, assuming the hard X-
ray source area ≈ 1017 cm2 (50% contour in the RHESSI CLEAN 30-45 keV
image) we get nl ∼ 5×109 cm−3 and, in view of (8), nh . 4×104 cm−3.Taking
into account this restriction, we checked numerically the plausible parameter
space based on the code proposed by Fleishman & Kuznetsov (2010) (see
also Krucker et al., 2013) and found that we cannot easily reproduce the
observed millimeter spectrum.

Thus, the bremsstrahlung mechanism of the thermal plasma with T ≈
0.1 MK can be responsible for the observed sub-THz emission from the 4
July 2012 solar event.

4. Discussion and conclusions

We have analyzed the sub-THz event observed on the 4 July 2012 with
the RT-7.5 radio telescope at 93 and 140 GHz. It was revealed that the
spectral flux of sub-THz emission increases with frequency between 93 and
140 GHz. It was concluded that the observed radio spectrum is well described
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by the model, where sub-THz emission is due to the thermal bremsstrahlung
mechanism. According to obtained estimates the emitting plasma with the
temperature T ≈ 0.1 MK occupied rather significant area S ≈ 4 × 1018 cm2

is required to explain the observed flux. Note that an important role of large
low temperature thermal sources was early discussed by Lüthi et al. (2004)
and Trottet et al. (2008, 2011) for other events.

The cosmic plasma with T ≈ 0.1 MK plays a special role in the plasma as-
trophysics because energy losses caused by emission achieve the maximum at
this temperature (Priest & Forbes, 2000; Colgan et al., 2008). Müller et al.
(2003) have shown that the quite short (length . 10 Mm) loops with T .

1 MK can be cooled down quite rapidly due to the thermal instability caused
by the plasma heating at the footpoints. In our view, this mechanism can
be responsible for the increasing volume of the plasma with T ∼ 0.1 MK
during the flare energy release. The lack of observations with adequate tem-
perature sensitivity and spatial resolution to observe plasma at 0.1 MK in
the event studied prevents any firm conclusions. The role of relatively cool
coronal loops needs to be investigated further to verify the thermal origin of
100-200 GHz emission. ALMA observations (Wedemeyer et al., 2015) can be
very useful in this context.
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Figure 1: Light curves of soft X-ray [a], hard X-ray [b], microwave [c], and sub-THz [d]
emissions from the 04 July 2012 solar flare obtained with GOES, RHESSI, Kislovodsk
(6.1 GHz), Metsähovi (11.7 GHz), RSTN (San Vito, 8.8 GHz), and RT-7.5 (Bauman
Moscow State Technical University) observations. The sub-THz emission maximum
(09:55:09 UT) is marked by the perpendicular solid line.

14



Figure 2: Upper panel: the averaged over the time interval (09:55:24-09:55:36 UT) radio
flux density spectrum of the solar flare observed on 04.07.2012 at frequencies 6.1 GHz
(Kislovodsk Mountain Astronomical Station), 11.7 GHz (Metsähovi solar radio telescope),
5.0, 8.8, and 15.4 GHz (RSTN, San Vito), 93 and 140 GHz (Bauman Moscow State
Technical University). Lower panel: the averaged RHESSI X-ray spectrum (background
subtracted data, solid line) fitted by the thermal (dashed line) and thick-target (doted
line) models in the energy range from 7.5 to 49.5 keV. The summed fits of the spectra are
shown by the dash-dotted line.
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Figure 3: SDO/AIA (335 Å, left panel) and Hα (KSO, right panel) images. RHESSI
contours (CLEAN algorithm) for the 7-10 and 30-45 keV channels (black and white lines,
respectively) are shown at the 50 and 70% levels.

Figure 4: The differential emission measure φ(T ) obtained based on SDO/AIA data for
the 4 July 2012 solar flare (09:55:28 UT). The vertical and horizontal lines correspond to
∆φ(T ) and ∆ lg T .
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Figure 5: Numerical calculations of the thermal radio emission parameters on the basis
of formulae (3-5) and the differential emission measure φ(T ) (see Figure 4) obtained from
SDO/AIA data. The spectral flux density is calculated for the source area S = 1018 cm2.
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Figure 6: Results of numerical simulations of the free–free emissions from the 4 July 2012
solar flare (09:55:09 UT) based on equation (7).
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