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Abstract. We analyze the presence of a microwave
neutral-line-associated source (NLS) in a super-active
region NOAA 12673, which produced a number of geo-
effective events in September 2017. To estimate the
NLS position, we use data from the Siberian Radioheli-
ograph in a range 4-8 GHz and from the Nobeyama
Radioheliograph at 17 GHz. Calculation of the coronal
magnetic field in a non-linear force-free approximation
has revealed an extended structure consisting of inter-
connected magnetic flux ropes, located practically along
the entire length of the main polarity inversion line of

the photospheric magnetic field. NLS is projected into
the region of the strongest horizontal magnetic field,
where the main energy of this structure is concentrated.
During each X-class flare, the active region lost magnet-
ic helicity and became a CME source.

Keywords: solar active regions, magnetic fields,
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INTRODUCTION

One of the objectives of the under-construction Sibe-
rian Radioheliograph (SRH) [Lesovoi et al., 2017;
Altyntsev et al., 2020] is to assess the ability of solar
active regions (ARs) to produce energetic flares and
coronal mass ejections (CMEs). The final configuration
of SRH will be able to map ARs with an angular resolu-
tion from 30" to 7" in a frequency range from 3 to 24
GHz. A candidate for a microwave indicator of AR po-
tential geoeffectiveness in this frequency range is a mi-
crowave neutral-line-associated source (NLS).

In the atmosphere of solar ARs there are long-lived
microwave sources of two types. The first type includes
stationary sources in magnetic fields over sufficiently
large unipolar sunspots, sunspot-associated sources.
Their polarized emission is dominated by thermal gy-
roresonance mechanism. The emissivity and optical
thickness of gyroresonance levels corresponding to the
observed microwave emission increase rapidly with
increasing plasma temperature. As such, the emission of
a sunspot-associated source is concentrated in the hot
corona above the cold chromosphere and has a flux den-
sity spectrum steeply decreasing with increasing fre-
quency. The larger the sunspot and its magnetic flux,
the higher the radio frequency at which the sunspot-
associated source may be detected.

Quasi-stationary sources of the second type are lo-
cated above the polarity inversion line of the photo-
spheric magnetic field and can be conventionally classi-
fied into two groups. The first group comprises diffuse
weakly polarized sources with low brightness. Such
sources always appear when bipolar magnetic structures
emerge into the solar corona. Their optically thin emis-
sion is determined by Coulomb collisions of particles in
hot plasma, confined in magnetic loops rooted to the

photosphere. The second group includes compact
sources over the neutral line of the magnetic field, first
described in [Quifiones et al., 1975; Kundu et al., 1977].
Their brightness temperatures are often higher than
those of usual gyroresonance sources over sunspots.

NLSs were occasionally recorded during solar obser-
vations by large multipurpose radio telescopes:
Westerbork Synthesis Radio Telescope (WSRT), Very
Large Array (VLA), RATAN-600, and were also investi-
gated using regular observations made with the Siberian
Solar Radio Telescope (SSRT) [Smolkov et al., 1986;
Grechnev et al., 2003] and the Nobeyama Radiohelio-
graph (NoRH) [Nakajima et al., 1994]. WSRT observed
NLSs at 5 GHz; VLA, at 4.9, 8.4, and 15 GHz; SSRT, at
5.7 GHz; RATAN-600, at several frequencies; NoRH, at
17 GHz and in one case even at 34 GHz. Results of these
studies have been discussed in several papers [Kundu,
Velusamy, 1980; Kundu et al., 1981; Kundu, Alissan-
drakis, 1984; Strong et al., 1984; Gelfreikh, 1985;
Akhmedov et al., 1986; Chiuderi Drago et al., 1987; Bo-
rovik et al., 1989; Vatrushin, Korzhavin, 1989; Sych et
al., 1993; Uralov et al., 1996, 1998, 2000, 2006a, 2006b,
2007, 2008; Lee et al., 1997; Rudenko et al., 2007; Bo-
god et al., 2012; Yasnov, 2014; Abramov-Maximov et
al., 2015; Kuznetsov et al., 2016; Bakunina et al., 2017;
Zaitsev, 2019].

NLS is the main source of microwave fluctuations in
the AR, where it resides, and appears, where opposite-
polarity sunspots most closely approach each other. In pho-
tospheric magnetograms, this approaching may look like a
collision of emerging bipolar magnetic fluxes either with
one another or with already-existing ones. This process is
accompanied by shear and rotational motions of photo-
spheric plasma, which occupy eventually the entire AR.
These factors determine the non-potential component and
helicity of the AR magnetic field. If such colliding oppo-

This is an open access article under the CC BY-NC-ND license



A.V. Kudriavtseva, I.I. Myshyakov, A.M. Uralov, V.V. Grechnev

site-polarity magnetic fluxes make up a d-configuration
(bipolar sunspots within common penumbra), NLS can be
detected at high frequencies (e.g., at 17 GHz). Otherwise, it
either does not manifest itself at all or appears at lower
frequencies (e.g., below 10 GHz). Of practical importance
is the experimental fact that there are bright NLSs at 17
GHz in the ARs that produce GOES X-class flares. If in
this AR no NLS is seen at 17 GHz, but it is observed, for
example, at 5.7 GHz, only M-class flares can occur.
NLS appears before a powerful flare or a series of such
flares with a lead time from a few hours to two days.
The NLS at 17 GHz recovers after a flare and exists as
long as a series of X-class flares continues. Moreover, an
X-class flare at 17 GHz may commence in the vicinity of
NLS. These circumstances can be used as predictors of
X-class flares.

Being a consequence of approaching of two oppo-
site-polarity sunspots, the NLS at 17 GHz often resem-
bles a typical sunspot-associated radio source and can
adjoin it. The degree of circular polarization of such a
complex source, unresolved in microwave images, can
reach 90 %, with the polarization sign corresponding to
a sunspot with the strongest magnetic field and magnet-
ic flux. On the one hand, this similarity is consistent
with the assumption that the gyroresonance thermal
mechanism predominates in NLS emission — at least in
these simple cases. On the other hand, this similarity
complicates the identification of NLS at 17 GHz. Direct
comparison of microwave images with observed line-of-
sight photospheric magnetograms also does not always
allow a reliable identification of NLS because of projection
displacement of the magnetic inversion line inside AR.

The NLS identification method we use involves su-
perposing microwave images and the distribution of
coronal magnetic components calculated at a given
height of the AR atmosphere. This approach is based on
the fact that the NLS brightness center is projected onto
the neutral line of the vertical magnetic component,
where the horizontal component is maximum [Uralov et
al., 2006a, 2006b].

This article has two goals:

1. To refine the method of identifying NLS, using
vector magnetograms and observations of a solar geoef-
fective region at the first stage of the under-construction
Siberian Radioheliograph. The SRH frequency range at
this stage is 4-8 GHz, and the angular resolution is low,
about 100". Therefore, as reference we use NoRH images
obtained with a higher angular resolution at 17 GHz.

2. To estimate the NLS position at 17 GHz relative to
the AR flux-rope magnetic structure calculated in the non-
linear force-free approximation. Current-carrying coronal
structures, i. e. magnetic flux ropes, are known to be driv-
ers of eruptive flares and the main components of CMEs.

ACTIVE REGION NOAA 12673

The first stage of SRH started operating at the decay
phase of solar cycle 24. That is why we could observe only
one AR 12673, which produced a series of X-class flares
in September 2017. The X9.3 flare on September 6 was
the strongest in solar cycle 24. Overall, on September 4-10
this super-active region produced four X-class flares, many

M-class flares, intense proton fluxes, a strong geomagnetic
storm on September 7-9 with Dst=—124 nT, a considerable
Forbush decrease, and a ground level enhancement of
cosmic-ray intensity on September 10. We present only
reliable data as adjustment of the SRH hardware systems
was not completed in that period. For this reason and be-
cause of insufficient angular resolution of the first stage of
SRH, we do not estimate the degree of polarization and the
spectral slope of radio sources.

NOAA 12673 appeared on the east limb on August 28
as a single a-spot, with the diameter of its umbra not ex-
ceeding 10”. The magnetic field of up to 3500 G expected
in the corona above such a sunspot can produce a faint
gyroresonance source at frequencies below 8 GHz and
cannot at 17 GHz. On September 3, new bipolar magnetic
fluxes began to emerge at an intensive rate. Their expan-
sion on September 4 led to the collision of their western
edge with the existing a-spot, to the flow around it, and to
the formation of 3-configuration. The a-spot remained
static. From September 4 on, the AR became a source of
noticeable emission at 17 GHz. On September 5 and on the
following days, the main component of quasi-stationary
emission of NOAA 12673 at 17 GHz was NLS, which is
also confirmed by the analysis of one-dimensional
microwave observations of NOAA 12673 by
RATAN-600 those days [Borovik et al., 2018]. Ac-
cording to Verma [2018], "The enhanced flare activity
has its origin in the head-on collision of newly emerging
flux with an already existing regular, a-spot”. These cir-
cumstances caused considerable shear motions and
long-term dynamic compression of magnetic fluxes in-
side the d-configuration. This resulted in an unusually
high strength of the photospheric magnetic field up to
5570 G [Wang et al., 2018], almost entirely concentrated
in the transverse component on the polarity inversion line.

The presence of large magnetic fluxes with such
high strength in NOAA 12673 explains the appearance
of the quasi-stationary compact source with a brightness
temperature of ~0.4 MK at 34 GHz in the vicinity of the
neutral line of the photospheric magnetic field. As we
know, this has not been observed before. Numerical
simulation of the magnetic structure and gyroresonance
emission of NOAA 12673 in [Anfinogentov et al., 2019]
has shown that the NLS observed at 17 and 34 GHz cor-
responded to the unusually high magnetic field strength
detected at the photospheric level.

Abramov-Maximov et al. [2018] have suggested
that there are magnetic flux ropes in the magneto-
sphere of NOAA 12673. Their real presence and the
conditions necessary for their eruption have been dis-
cussed in [Yang et al., 2017; Hou et al., 2018; Zou et
al., 2019, 2020]. Inoue et al. [2018] have also numeri-
cally simulated the eruption of interconnected magnetic
flux ropes, which were revealed in the coronal magnetic
field of NOAA 12673 reconstructed from a vector
magnetogram.

1.1. Direct superposition of radio images
and line-of-sight photospheric magnetogram

The preliminary stage of NLS identification is the
direct superposition of AR microwave images with dis-
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tribution of the line-of-sight component B, of the photo-
spheric magnetic field B. A necessary condition for this
procedure is the absence of noticeable radio bursts dur-
ing observation. Figure 1 shows a superposition of
NOAA 12673 radio images and a line-of-sight magne-
togram, both obtained on September 6. In the top row is
the intensity (Stokes I); in the bottom row is the circular
polarization (Stokes V). Left five pairs of images were
obtained by SRH at five frequencies; the right ones, by
NoRH at 17 GHz. Similar superpositions for September 5
and 7 do not differ fundamentally from those in Figure 1
and are therefore omitted.

Figure 1 demonstrates that SRH radio maps corre-
spond to each other and to the NoRH one at 17 GHz.
Brightness centers of the sources in intensity are locat-
ed in the vicinity of the zero line of B,. Based on these
facts, this microwave source can be tentatively identi-
fied as an NLS.

1.2. Calculation of the AR coronal magnet-
ic field

The coronal magnetic field above AR is recon-
structed in a force-free approximation using the opti-
mization method [Wheatland et al., 2000] as imple-
mented by [Rudenko, Myshyakov, 2009]. As boundary
conditions we use SDO/HMI photospheric vector
magnetograms [Scherrer et al., 2012] with the =-
ambiguity resolved. During X-class flares occurring on
September 6, the AR photospheric magnetic field
strength exceeded the maximum value of 5000 G, to
which SDO/HMI magnetogram data is reliable. There-
fore, in some pixels of the magnetograms there is satu-
ration along with other instrumental effects. To reduce
these instrumental contributions in the calculations of
spatial distribution of the magnetic field, we preliminarily
smooth original magnetograms. The calculations are made
for a uniform grid consisting of 145x145x71 knots
(lengthxwidthxheight) in steps of ~1 Mm.
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1.3. Superposition of radio images and re-
constructed distribution of the coronal mag-
netic field

Microwave images of a compact radio source
should be compared with the spatial distribution of the
magnetic field calculated at a height h above the pho-
tosphere. For identifying NLS, the h value can be es-
timated as the height of the effective brightness center
of the source as it approaches the limb. Previous stud-
ies on NLSs with NoRH and SSRT suggest that for a
typical NLS at 17 GHz h(17)~2 Mm, and for an NLS
at 5.7 GHz h(5.7)~10-12 Mm. Note that due to the
finite beam sizes of the interferometers there is no
need to refine these values. Here, h=2 Mm is sufficient
to eliminate interfering small features in the calculated
magnetic field distribution.

For the coronal field distribution B at h, we compute
pairs (By, By) and (B, B.). Here B, and B; are line-of-sight
and transversal magnetic components respectively. This
pair is convenient to use for analyzing the polarized
emission. B, and B, are radial and tangential (horizontal)
magnetic components respectively. Being bound to the
solar surface, these components are convenient to use
for analyzing magnetic structures in AR.

If the times of the radio observation and the recon-
structed magnetic field distribution differ, we compen-
sate for solar rotation in radio maps, neglecting the
height of the radio source. This does not affect the result,
as the values of h(17) and h(6.8) are substantially smaller
than the beam sizes of NoRH and SRH respectively.

Figure 2 shows the superposition of | images of
NOAA 12673 at 17 GHz (left) and 6.8 GHz (right) with
distributions of tangential magnetic component B,, cal-
culated for 08:36 (hereinafter we refer to the Coordinated
Universal Time (UTC)) for h =2 Mm and h =10 Mm
respectively. The green contours trace the zero lines of
the radial magnetic component B,=0 at these heights. In
both images, radio brightness maxima are located near the
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Figure 1. NLS in NOAA 12673 on September 6 4.5 hours before the first X2.2 flare. Grayscale background represents a pho-

tospheric line-of-sight magnetogram (04:30; positive polarity (light), negative polarity (dark)). Contours in the top row show the
intensity; levels [0.1; 0.3; 0.8] of maximum are for SRH; and [0.03; 0.1; 0.3; 0.8], for NoRH. White contours in the bottom row
outline the circular polarization (solid: right, dashed: left). Contour levels for SRH are [0.15; 0.3; 0.8] of the maximum of each
polarity; for NoRH, [0.1; 0.3; 0.8]. The yellow contour traces the neutral line. Coordinates are given in arcseconds from the
solar disk center
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neutral line and coincide with the region of maximum
values of the computed tangential component, thus indi-
cating an NLS. The situation illustrated in Figure 2 also
occurred on September 5 and persisted on September 7:
the NLLS position remained unchanged.

1.4. Systems of magnetic flux ropes in NOAA
12673

When computing field lines, we apply the following
criteria:

1. Each field line has to be closed on the photo-
sphere, with one of its footpoints being in the vicinity of
3 Mm from a predetermined segment of the main neu-
tral line.

2. The heights of the field lines should not exceed 20
Mm, except for the group of long westernmost field
lines whose height is limited to 50 Mm.

3. The magnetic line twist factor n>1. It is defined
by the expression n=L|a|/(4w), where L is the field line
length; o is the force-free parameter in the force-free
field equation VxB=aB.

Figure 3 illustrates the changes in the configuration of
field lines near the neutral line separating opposite-polarity
regions of the main magnetic flux: before the X2.2 (onset
at 08:57) and X9.3 (11:54) flares on September 6 and be-
fore the X1.3 (14:20) flare on September 7 (left images);
after these flares (right images). To minimize the overlap
of field lines, we present a view from a point located
above the center of the base of the computational region.

The field lines matching the criteria specified in this
section trace the magnetic flux rope that is in the equi-
librium until a certain time, being a reservoir of energy
to be released in nonstationary eruptive-flare processes.
According to the calculation results, throughout the

J_ e %

450 500 550 600

main neutral line there are several segments of charac-
teristic sheared arcades, i.e. magnetic flux ropes, which
constitute an interconnected system. Almost the entire
magnetic flux of interconnected arcades has negative
helicity. Taking into account the configuration of the
radial and transversal components of the photosphere
magnetic field, this circumstance is consistent with the
electric current equilibrium model in an external mag-
netic field [van Tend, Kuperus, 1978].

Table lists estimated magnetic flux and total area of
photospheric bases of the loop systems with negative
helicity, which are shown in Figure 3. When calculating
the magnetic flux, we use a magnetic field in the vicini-
ty of 3 Mm from the main neutral line. For each case
considered, we have made two estimates: one is related
to the field lines rooted to the photosphere in the nega-
tive polarity and the other is related to those rooted in
the positive polarity. Because a part of the magnetic flux
is rooted outside of the given vicinity, there is some
difference between the estimates related to the same
time. A certain decrease in the magnetic flux occurs
after each of the X-class flares, which is manifested in a
decreased density of the field lines computed or in the
disappearance of some segments of the sheared arcade
system. As a result, during each flare AR loses magnetic
helicity. The helicity decrease indicates the eruption of a
part of the NOAA 12673 electric circuit into the solar
wind. Indeed, each of the three X-class flares was erup-
tive and associated with launch of a CME. The average
CME velacities were 391, 433, and 1571 km/s, accord-
ing to the CME catalog
[https://cdaw.gsfc.nasa.gov/ICME_list]. The most pow-
erful X9.3 flare was accompanied by the fastest CME.

P N\ SR = —

450 500 550 600

Figure 2. Juxtaposition of a radio source and spatial distribution of the reconstructed magnetic field of AR at a given height
on September 6: intensity contours from NoRH data (17 GHz, 04:30), 2 Mm height (a); intensity contours from SRH data (6.8
GHz, 04:29), 10 Mm height (b). Dashed purple contours indicate levels [0.1; 0.3; 0.7] of the maximum radio brightness. All radio
maps are converted to the time when the magnetogram was obtained (08:36). Solid green contours show the zero line of the radi-
al magnetic component. Grayscale background is the distribution of the absolute value of the tangential (horizontal) magnetic
component. The dashed black line circumscribes the computational region. Coordinates are given in arcseconds from the solar

disk center
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Figure 3. Reconstructed magnetic field lines before (left) and after (right) X-class flares. View from the point above the cen-
ter of the base of the computational region. Times of the magnetograms used for the calculations: 08:36 (a), 09:48 (b), 11:24 (c),
and 12:24 (d) on September 6; 14:00 (e) and 15:36 (f) on September 7. Grayscale background presents the distribution of the
radial photospheric field. Yellow contours trace the neutral line. Blue color shows field lines with negative helicity; red, those
with positive helicity. The dashed black line circumscribes the computational region. Coordinates are given in arcseconds from
the center of the base of the computational region

Estimated magnetic flux constituting the magnetic flux rope with predominant negative helicity. F and S are the magnetic flux and
the area it occupies respectively, calculated for field lines outgoing from the regions of positive (+) and negative (—) magnetic polarity

Date and time F*, 10%° Mx S* 107 cm? F~, 10%° Mx S, 10" cm?
08:36 28 46 3.0 35
09:48 2.0 32 26 35
September 6 = o4 43 54 33 31
12:24 25 46 15 23
14:00 25 32 3.9 6.9
September 71— - 34 0.9 32 29 6.6
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1.5. Magnetic flux ropes and neutral-line-
associated source

Figure 4 shows a superposition of an I-image at 17
GHz with the calculated flux-rope magnetic structure of
NOAA 12673. Figure 4, a, b illustrates the situation before
X2.2 and M7.3 flares. The stable location of the NLS cor-
responds to the zone of substantially non-potential field
structure in combination with a maximum tangential com-
ponent of the reconstructed magnetic field, thus indicating
the presence of a significant electric current in that region.
The NLS is projected onto the intersection region of
magnetic flux ropes that constitute the extended system
arranged along the main polarity inversion line of the
AR (see Figure 3).

CONCLUSIONS

NLS appeared in NOAA 12673 before the multi-day
powerful flare activity and persisted all that time. Anal-
ysis of radio data from the first stage of SRH and NoRH
indicates that after completion of SRH construction its
data along with vector magnetograms would be suffi-
cient to identify NLS as a predictor of powerful flares
and CMEs.

We have found a structure of interconnected mag-
netic flux ropes going along the main polarity inversion
line from the region of the maximum horizontal magnet-
ic field, where the NLS was located.

Numerical MHD simulation of the flux rope erup-
tion in this region before the X9.3 flare [Inoue et al.,
2018] has shown that a single magnetic flux rope is
formed due to combining small flux ropes during mag-
netic reconnection. Such a scenario also provides the
basis for the dual-filament CME initiation model
[Uralov et al., 2002; Grechnev et al., 2006] developed

on the basis of multi-wave observations. In this model,
reconnection in the lower corona between two or more
segments of a pre-eruptive filament leads to an increase
in the length and height of a magnetic flux rope formed
from the combined filament. This increases its dipole
momentum and total twist, triggering the eruption and
reconnection in correspondence with the standard erup-
tive flare model. These circumstances explain why NLS
is the main source of microwave fluctuations in an ac-
tive region and a precursor of powerful flares.
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Figure 4. Reconstructed magnetic field distribution at 2 Mm and field lines in comparison with the NLS position at 17 GHz:
the 08:36 magnetogram and the 04:30 radio map on September 6 (a); the magnetogram and radio map at 02:00 on September 7
(b); the 10:00 magnetogram and the 04:32 radio map on September 7 (c). If necessary, solar rotation is compensated in radio data
for the magnetogram time. Dashed purple contours indicate levels [0.1; 0.3; 0.7] of the maximum NLS brightness. Solid green
contours trace the zero line of the radial magnetic field. Grayscale background presents the distribution of the tangential magnetic
component by the absolute value. The dashed black line circumscribes the computational region. Blue color shows field lines
with negative helicity; red, those with positive helicity. Coordinates are given in arcseconds from the solar disk center
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