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Abstract We analyzed spatial and spectral characteristics of quasi-periodic pulses (QPP)
for the limb flare on 18 August 2012, using new data from a complex of spectral and imag-
ing instruments developed by the Siberian Solar Radio Telescope team and the Wind/Konus
y-ray spectrometer. A sequence of broadband pulses with periods of approximately ten sec-
onds were observed in X-rays at energies between 25 keV and 300 keV, and in microwaves
at frequencies from a few GHz up to 34 GHz during an interval of one minute. The QPP
X-ray source was located slightly above the limb where the southern legs of large and small
EUV loop systems were close to each other. Before the QPPs occurred, the soft X-ray emis-
sion and the Ramaty High Energy Solar Spectroscopic Imager signal from the energy chan-
nels below 25 keV were gradually arising for several minutes at the same location. It was
found that each X-ray pulse showed a soft-hard-soft behavior. The 17 and 34 GHz mi-
crowave sources were at the footpoints of the small loop system, the source emitting in the
4.2-7.4 GHz band in the large system. The QPPs were probably generated by modulated
acceleration processes in the energy-release site. We determined the plasma parameters in
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the radio sources by analyzing the spectra. The microwave pulses might be explained by
relatively weak variations of the spectral hardness of the emitting electrons.

Keywords Radio emission, active regions - Oscillations, solar - X-Ray bursts, association
with flares

1. Introduction

Solar flares are known to produce large quantities of accelerated electrons. The location and
physical properties of the acceleration region of high-energy electrons are not well under-
stood, however. Hence, determining the properties of an acceleration region from spatially
resolved observations of flare emission currently is actively studied. In particular, it is im-
portant to study events that show a quasi-periodic behavior of hard X-rays and microwaves
(MW) on timescales of several seconds. The periodicity behaviors in X-ray/MW may reveal
the characteristic timescales of processes in the source region.

The nature of quasi-periodical pulses (QPP) is under debate; nevertheless, two basic
mechanisms for fluctuating QPP have been proposed. One mechanism relates the phe-
nomenon to changes of plasma parameters in microwave (MW) sources as a result of mag-
netohydrodynamic (MHD) oscillations in flare loops. Sausage, kink, torsion, and slow sound
modes are typically considered (e.g. Roberts, Edwin, and Benz, 1984; Nakariakov and Mel-
nikov, 2009). In this approach, the X-ray oscillations appear as a result of variations of
particle precipitation, which can be caused by a modulation of pitch angle and mirror ratio
in the loop footpoints. In microwaves, we can observe MHD modulations of source param-
eters such as the magnetic field, plasma density, temperature, electron distribution function,
and the source dimensions (e.g. Aschwanden, 1987; Grechnev, White, and Kundu, 2003).
A quantitative study of the observable MW signatures of the MHD oscillation modes in
coronal loops was performed by Mossessian and Fleishman (2012). On the other hand, the
efficiency of particle acceleration mechanisms may depend strongly on changes of plasma
parameters in acceleration sites, and the X-ray and microwave emission can therefore clearly
respond to relatively weak disturbances that are associated with MHD oscillations (e.g. Asai
et al., 2001; Kallunki and Pohjolainen, 2012). In all of these cases we expect the QPP pe-
riods to be similar to the periods of the MHD oscillations or their harmonics (Nakariakov
et al., 2006). The main problem is that the oscillation mode cannot be identified because,
as a rule, available observations do not determine plasma and geometric properties of the
oscillation loops.

In the second mechanism, QPPs are considered to be caused by some intrinsic property
of the primary energy release (Nakariakov and Melnikov, 2009). Models with an electron-
acceleration modulation naturally explain the simultaneity of the oscillations in different
emission bands. Moreover, the high modulation of QPP can be easily achieved because it is
controlled by variations of the non-thermal electron density. The current-loop coalescence
instability proposed by Tajima, Brunel, and Sakai (1982) and Tajima et al. (1987) belongs to
this category. They have studied the current-loop coalescence instability by numerical simu-
lation and showed that the stored magnetic energy can be explosively converted into particle
kinetic energy. They also showed that the current-loop coalescence instability can produce
QPPs with a period of about the Alfvén transit time “across” the current-loop. However, the
verification of the theory was based on observations without spatial resolution, and the QPP
loop geometry was unknown. For this type of mechanism, another scenario proposes that
the QPP emission follows from plasmoids that are periodically distributed in space and are
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generated by a tearing instability in the flare current sheet and the following coalescence
(Kliem, Karlicky, and Benz, 2000). The individual bursts should appear at different spatial
locations, gradually progressing along the arcade. The hard X-ray data show that the position
of footpoint-like paired sources of individual bursts moved along the arcade (e.g. Grigis and
Benz, 2005; Nakariakov and Zimovets, 2011; Gruszecki and Nakariakov, 2011; Inglis and
Gilbert, 2013; Yang et al., 2009). The individual pulsations are emitted from footpoints of
different magnetic loops. Acceleration (or injection) of the non-thermal electrons apparently
occurred near the tops of these loops.

To identify the mechanisms of the QPP we need to know the geometry of the flare loops,
the values of the magnetic field, the plasma density, and the temperature. X-ray and mi-
crowave observations complement each other, since the mechanisms and conditions for the
generation of radiation are essentially different. The HXR emission is emitted from elec-
trons with energies of up to a few hundred keV, while the microwave emission is generated
by higher-energy electrons. The radio spectra are dependent on magnetic field properties in
the QPP sources.

Several events have been studied in which the quasi-periodic pulsations have been seen
simultaneously in microwaves and hard X-rays (e.g. Nakajima et al., 1983; Aschwanden,
1987; Altyntsev, Grechnev, and Hanaoka, 1998; Asai et al., 2001; Grechnev, White, and
Kundu, 2003; Mészarosova et al., 2006). The similarity of the light curves confirms that the
electrons radiating in these electromagnetic emissions have a common origin. The spatially
resolved microwave data provide important additional information not only about the spec-
tral and spatial properties of the QPP events, but also about the magnetic field in the QPP
sources.

Detailed studies of individual flares, which usually reveal peculiarities of specific flares,
are essential to better understand the flare phenomena. In this article, we describe a detailed
analysis of multiwavelength observations of a limb flare on 18 August 2012. We analyze the
QPP using a broad data set including high temporal, spectral, and spatial resolution X-ray
and microwave observations. The microwave emission of the flare was recorded by new
spectropolarimeters and with the prototype of a multiwave radioheliograph developed by
the Siberian Solar Radio Telescope team. We also used data recorded with the Wind/Konus
(hereafter WK) y -ray spectrometer onboard the Global Geospace Science Wind spacecraft.
The instruments and observations are described in Section 2, the data are analyzed and
discussed in Section 3, and the conclusions are drawn in Section 4.

2. Observations

A GOES M1.8 flare on 18 August 2012 occurred in the region NOAA 11548 (N19ES86).
Soft X-ray measurements made with the GOES-15 spacecraft showed that this flare started
around 03:19 UT and achieved its maximum at 03:23 UT. The flare was well observed by
the Siberian Solar Radio Telescope (SSRT), the ten-antenna prototype of the multifrequency
Siberian radioheliograph, the Nobeyama Radioheliograph (NoRH), the Ramaty High Energy
Solar Spectroscopic Imager (RHESSI) telescope, and the Atmospheric Imaging Assembly
(AIA: Lemen et al., 2012) onboard the Solar Dynamics Observatory (SDO). In addition, we
used records of the total solar flux observed by the Solar Radio Spectropolarimeters (SRS),
the Badary Broadband Microwave Spectropolarimeter (BBMS), and Nobeyama Radio Po-
larimeter (NoRP). To study its temporal behavior in hard X-rays, we included observations
from RHESSI and the Wind/Konus, a y-ray spectrometer.
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2.1. Instrumentation

Microwave data with a spatial resolution of 5.7 GHz were acquired with the SSRT (Grech-
nev et al., 2003; Kochanov, Anfinogentov, and Prosovetsky, 2013). The SSRT is a cross-
shaped interferometer producing two-dimensional full-disk images every three to five min-
utes. At the time of the flare, the half-width of the SSRT beam was 19.6 x 20.3 arcsec. Us-
ing data from the ten-antenna prototype, we also studied locations and sizes of microwave
sources at five frequencies (4.2, 4.9, 5.8, 6.9, and 7.4 GHz) with a cadence of 1.6 seconds
(Lesovoi et al., 2012). The estimates of the positions and sizes were made assuming that the
sources are azimuthally symmetrical.

The flare was also observed by the NoRH, which has provided images of the solar disk
at 17 and 34 GHz with a rapid cadence of 0.1 seconds (Nakajima et al., 1994). A time series
of maps was created using the Koshix software package (Hanaoka et al., 1994). The angular
resolution was 12.3 x 12.8 arcsec and 8.1 x 8.3 arcsec at 17 and 34 GHz during this event,
respectively.

We used the HXR data obtained with RHESSI (Lin et al., 2002) in the energy band
3-300 keV. We used the forward-fit (FWD) method and the OSPEX algorithm for imaging
and spectra fitting, respectively. The FWD approach is very effective for sources with a
relatively simple structure such as the one that we study here. The structure of the flare
region was obtained with AIA.

We analyzed the dynamics of the microwave spectrum and the spatial characteristics
of the QPP sources using the new complex of spectral instruments. The BBMS provides
fine spectral measurements of the total solar emission (Stokes parameters / and V) in
the 4—8 GHz band with a temporal resolution of 10 ms (Zhdanov and Zandanov, 2011).
To measure the spectrum, we used data from the SRS spectropolarimeter (/ and V fluxes at
16 frequencies: 2.3, 2.6, 2.8, 3.2, 3.6, 4.2, 4.8, 5.6, 6.6, 7.8, 8.7, 10.1, 13.2, 15.7, 19.9, and
22.9 GHz; the temporal resolution was 1.6 seconds).

The microwave flare spectra were also recorded with the Nobeyama Radio Polarimeters
(Shibasaki, Ishiguro, and Enome, 1979; Nakajima et al., 1985). The NoRP has recorded total
fluxes in intensity and polarization at 1, 2, 3.75, 9.4, 17, 35, and 80 GHz with a temporal
resolution of 0.1 seconds.

To study the hard X-ray temporal behavior, we also used data from Wind/Konus (WK).
In the waiting mode, WK records a time history in three energy ranges [G1, G2, G3]
with bounds 21-81 keV, 81-324 keV, and 324 — 1225 keV, with a temporal resolution of
2.944 seconds. In the triggered mode, the time history is measured in the same three chan-
nels with a resolution varying from 2 to 256 ms and a total record duration of 230 seconds,
and 64 spectra are also measured in the 20 keV — 15 MeV band. A detailed description of
the experiment can be found in Aptekar et al. (1995), and a brief overview of solar-flare
observations with WK is given in Palshin ez al. (2014). We here used the 256 ms records in
the G1, G2 ranges; the signal in the G3 range was too weak for this flare.

2.2. Total Flux Profiles

Light curves recorded during the flare in X-rays and microwaves are presented in Figure 1.
The flare started in the soft X-rays at 03:19 UT and the GOES signals increased gradually
during four minutes (panel a). A similar behavior was seen in the hard X-rays at energies
below 25 keV (panel b). Clusters of frequency-drifting subsecond structures (see Figure 2)
appeared at the beginning of the flare at frequencies of about 5 GHz. After this, hard X-ray
and microwave emission (panels b, c) began to rise.
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Figure 1 Soft (a) and hard (b) X-ray profiles together with microwave (c, d) fluxes. The dashed-vertical lines
indicate the interval with the fine spectral structures (see Figure 2), the dash—dotted lines indicate the interval
with the QPP (Figure 3).

After the flare emission sharply increased around 03:21:24 UT, a series of QPP oc-
curred in higher-energy X-ray channels and microwave frequencies. During an interval of
one minute, six prominent quasi-periodic pulses were recorded in hard X-rays and in mi-
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Figure 2 Portion of the dynamic spectrum, recorded with BBMS. The dashed-vertical lines indicate the
interval with the fine spectral structure shown in Figure 1.

crowaves (panel d). We note that there was no apparent response in the GOES signals or in
the low-energy RHESSI channel. This shows that QPP are related to non-thermal electrons.

The extended interval with the QPP is presented in Figure 3. The first four panels show
the microwave profiles measured by the SRS and NoRP/NoRH. The accuracy of microwave
measurements can roughly be seen from the minor difference between the independently
measured profiles shown as solid and dotted curves in the first three panels in Figure 3.
In the course of the QPP stage, two flux enhancements occurred at 3.75 GHz (Figure 3b)
and lasted for about 30 seconds. The time intervals with enhancements are marked by the
vertical-dashed lines. The QPP modulation was more pronounced at high frequencies. The
polarization profiles are not shown because the polarization degrees did not exceed 0.05.
The microwave spectrum slope yvw = In(Fj7/F34)/1n2, determined by the ratio of fluxes
at 17 and 34 GHz, is shown in Figure 3e. Again we can see the two distinct intervals in
the behavior of yyw that correspond to the flux enhancements at the lower frequencies.
During each interval, the index gradually decreased from yyw = 2.9 to 2.5 on a timescale
of 6070 seconds. Hereafter, we refer to these two intervals as the enhancements.

The hard X-ray profiles (G1, G2) measured with Wind/Konus are shown in panels f and
g of Figure 3. The signal in the G3 range was too weak to allow a meaningful analysis.
Similar to MW emissions, the WK light curve shows two sets of decreasing QPP. We note
that the strongest X-ray pulses (numbers 1, 2, and 4) have a double or triple structure. The
last panel (Figure 3h) presents the power-law index of the hard X-ray spectrum measured
with RHESSI. The solid curve shows the natural logarithm of the WK hardness ratio (derived
as the ratio of background-subtracted counts in the G1 and G2 ranges) multiplied by two.
The temporal evolution of the index obtained from the fitting of the RHESSI spectra and the
index obtained from the WK hardness ratio agree well.

The trends of the power-law indices yx during the enhancements (the dotted lines)
showed that the spectrum softened with the exponential growth timescale of 60 and 70 sec-
onds, just opposite to the trend direction of the microwave index yyw. The maxima of the
QPP corresponded to the local yx minima.
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Figure 3 a-—d) Brightness of microwave emission (solid: NoRP or NoRH, dotted: SRS) and hard X-rays
(WK); e) power-law index calculated from the ratio of 17 GHz and 34 GHz fluxes; f, g) brightness of the HXR
emission (WK); h) power-law indices of the hard X-ray spectra measured with the RHESSI (diamonds). The
solid curve shows the natural logarithm of the WK hardness ratio [G1/G2] multiplied by two. The vertical
dash—dotted lines mark the boundaries of the QPP interval, and the dotted line shows the beginning of the
second enhancement. The prominent pulses are numbered in panel g. The inclined dotted lines (e, h) show
index trends for each enhancement.
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Figure 4 Flare structure before (left) and during (right) the QPP appearance. Background — EUV images
at 211/94 A (03:21:11 and 03:21:27 in the left and right panel, respectively). White contours show the con-
tinuum 5.7 GHz source (03:19/03:23, Stokes I), blue contours the continuum 17 GHz source (Stokes I,
03:21:13/03:21:25), violet contours the 12 —25 keV X-ray sources (03:21:15/03:21:37), and red contours the
25-50 keV X-ray sources (03:21:15/03:21:37). The contour levels are 50 % and 90 %. In the left panel the
green contours shows the 17 GHz sources of polarized emission at 90 % level; pink crosses depict source po-
sitions of the subsecond fine spectral emissions shown in Figure 2. In the right panel, cyan contours present
the 34 GHz source at 03:21:25. The axes show arcseconds from the solar disk center. In the top-left corner, the
cross shows the scan directions of the SSRT linear interferometers; the length of each line is the half-width
of the SSRT beam.

2.3. Flare Configuration

The flare occurred in a rapidly time-varying complex of large and small EUV loops over
the eastern limb (Figure 4). The EUV images observed at the different emission bands show
a filament eruption from the flare region that began around 03:21:15 UT. After this, the
microwave flux sharply increased at 03:21:24 UT. For X-ray and microwave emissions, two
types of sources can be seen. One belongs to an apparent footpoint source as observed at
17 GHz (including the polarization emission at 17 GHz) and higher energies in X-ray such
as >25 keV, while the other belongs to a coronal source as observed at 5.7 GHz and lower
energies in X-ray. The microwave coronal source seen at 5.7 GHz is located at a height of
20 arcsec above the limb. The fine spectral structures were emitted from the region (pink
crosses) inside the central part of the 5.7 GHz source.

The SDO/AIA 211 A image shows that 5.7 and 17 GHz sources were located in differ-
ent loops. This image was created using the Interactive Data Language (IDL) shade_surf
procedure where the z-axis (not displayed here) presents the 211 A emission intensity in
a log 10 scale. The 17 GHz sources in polarization correspond to the footpoints of the UV
loop, having a height of 12 arcsec. It is worth noting that the coronal source, as seen both in
microwaves and X-rays, is co-spatial with the southern leg of a larger loop (closely spaced
loop system).

The relative brightness of the sources at 17 GHz, where the QPP originate, changes
considerably. The northern footpoint is strengthening (right panel). The 34 GHz source also
appeared at this footpoint. After correcting for the beam width, the source sizes at 17 and
34 GHz were close to each other and varied between 6 —9 arcsec during the QPP interval.

@ Springer



Sources of Quasi-periodic Pulses 453

Size, arc second

03:21:20  03:21:40  03:22:00 03:22:20  03:22:40 03:23:00 03:23:20
Time, UT

Figure 5 Size variations of the microwave source observed by the ten-antenna prototype in the frequency
range 4.2—7.4 GHz. Dash—dotted lines mark the intervals with QPPs.

We did not find a relation between the QPP and the size variations. The structure of the
X-ray sources did not change during the QPP stage.

The apparent sizes of the SXR sources obtained by the forward-fit algorithm are
10—15 arcsec. This is about twice as large as the bright patch at the same site seen in
the SDO/AIA 94 A image. The spatial resolution of the EUV images is high, and it is
reasonable to assume that the bright patch with a size of about ten arcseconds provided
the main contribution to the soft X-ray emission. From the GOES-15 signals it follows
that the emission measure is 2.7 x 10*® cm™> and the temperature is 16— 18 MK during
the QPP stage. We used the standard SolarSoft procedure to compute the emission mea-
sure and temperature from the GOES data. The RHESSI spectrum fitting reveals the pa-
rameters (0.8-2.2) x 10® cm™ and 20-22 MK. Assuming that the source is a sphere
of ten arcseconds diameter, we can estimate the plasma density in the X-ray source to be
(0.7-1.2) x 10" cm™3. From the GOES measurement this value is roughly two times larger.

It was possible to study the spatial dynamics of the single 5.7 GHz sources at a number of
frequencies using the ten-antenna interferometer observations. For a circular bright source,
the accuracy of the size and displacement measurements is a few arcseconds. Observations
show that the size behavior depends on time and frequency (Figure 5). At4.2—5.8 GHz the
FWHM angular size of the coronal source decreases to 8 — 14 arcsec during the first enhance-
ment of the QPP stage. This process might belong to the phenomenon of contraction of flar-
ing loops (Ji et al., 2006; Ji, Huang, and Wang, 2007). The relation between the contraction
and following oscillations appeared both in coronal loops and in X-ray/microwave emission
and was studied in detail by Simoes et al. (2013). They interpreted the phenomena as per-
sistent, semi-regular compressions of the flaring core region, which modulate the plasma
temperature and emission measure. For the size of the 4.2 GHz source, we can see apparent
oscillations, although there is no correlation between the size variations and QPP profiles at
this resolution level. It is also worth noting that at higher frequencies (6.9—-7.4 GHz), the
sizes are smaller and do not change significantly with time.
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Table 1 Results of

cross-correlation and modulation mod Keorr T [5]
amplitude.
21-81keV 0.26 0.95 <0.3
81-324 keV 0.35 1.00 0
5.7 GHz 0.16 0.48 1.6
9.4 GHz 0.16 0.61 1.3
17 GHz 0.22 0.77 1.0
34 GHz 0.27 0.69 0.5

2.4. The QPP Properties

To characterize the QPP at different wavelengths, we calculated the modulation amplitude
for each time profile as mod,, which is the normalized modulation of the signal. The formula
is given as follows, where ¢ is the time in seconds, Topp = 77 seconds is the duration of the
QPP interval, and F), is the flux density at a given frequency,

1 Tapr 2 172 Fv_<Fv(Z))
mod,, = (@/(; Sv (t) dt) , where Su(l) = W (])

Using the time profile of 81-324 keV as a reference, we cross-correlated it with the
time profiles of 21 —81 keV and MW at 5.7, 9.4, 17, and 34 GHz. We obtained correlation
coefficients [ Ko ] and time delays [t]; all results including the modulation amplitude mod
are given in Table 1. We here used the NORP records with 0.1 second resolution. It can be
considered that the signals in Table 1 are roughly ordered according to the energy of the
emitting electrons, since the radio frequencies/X-ray energies are highly proportional to the
electron energy. It is clear that the modulation amplitudes decreased with decrease of the
energy of the electrons producing the X-rays and radio emission. We note that there was
almost no time delay between the WK signals. From the sufficiently high correlation of the
microwave emission with the X-ray pulses it follows that the upper microwave sources seen
at 5.7 GHz are physically associated with the X-ray sources.

To find the QPP periods, we performed a Fourier analysis of the X-ray and microwave
profiles during the QPP interval. Figure 6 shows the normalized power spectra for the hard
X-rays at 81 —324 keV, 17 GHz emission (from the northern footpoint of the low loop), and
3.75 GHz emission (from the large-loop source). All of these sources were oscillating with a
common prominent period of 11 £ 1 seconds. Additional significant modes (above 0.5 level)
were observed in microwaves, with periods of 8 and 15 seconds, and some subsidiary peaks.
The modes with 8- and 15-second periods corresponded to beat frequencies that were pro-
duced by oscillations with periods of 10.5 seconds and 33 seconds. The last period is close
to the duration of the enhancements described above.

The cross-correlation coefficients [ K] were high for the 21 —81 keV and 17 GHz pro-
files. This confirmed that these sources were related to the same loop structure. The delay
of microwave pulses that originated from the conjugate footpoint of the low loop was about
one second. The 5.7 GHz emission was delayed by 1.6 seconds and the value of [Kox]
was lower than at 17 GHz. This is consistent with the assumption that they are localized in
different magnetic loops.

The X-ray sources at different energies were located close to each other, and it is ac-
ceptable to describe the spectral index behavior by the ratio of the signals recorded with
different energy channels. Figure 7 shows that the X-ray index changed in accordance with
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Figure 6 Normalized power
spectra of emission at different
waves: Wind/Konus detector in
the range 81—324 keV, and
NoRP fluxes at 17 and 3.75 GHz.
The squared magnitudes of the
discrete Fourier transform (power
spectrum) are normalized and
presented in periods. The axis Y
is in logarithmic scale.

Spectral power

10
Period, [s]

the emission amplitude variations. During every pulse, the logarithmic value of the signal
in the energy channel of 81 324 keV depended linearly on the logarithmic ratio of 21 —81
and 81-324 keV signals in the rise as well as in the fall phases (Figure 7). The observed
soft-hard-soft evolution of the spectral features indicates that every pulse can be considered
as a primary energy release event.

The microwave spectrum at 03:21:37 UT (the peak of the first pulse) is shown in Figure 8.
The spatial observations showed that this spectrum was mainly generated by two different
sources: the upper source seen at 5.7 GHz and the near-limb source seen at 17 GHz. At high
frequencies the spectrum was produced by the footpoint source with a size of 69 arcsec.
Therefore we assume that the spectral slope in the optically thin regime was directly related
to the power-law index of the electrons in the northern limb source. We have no reliable data
on the low-frequency spectrum slope of this limb source, but it probably falls off sharply
because the sources at 5.7 GHz and 17 GHz did not overlap in the radio maps.

The low-frequency part of the spectrum was emitted from the extended area of the large
loops. The flat slope of the spectrum at frequencies below 10 GHz can be explained by the
increase in emission area toward low frequencies (see Figure 5). Based on the ten-antenna
prototype observations, we can estimate the spectrum emitted from the area of the 7.4 GHz
source. To find the corresponding fluxes at 6.9, 5.8, 4.9, and 4.2 GHz, we multiplied the
observed fluxes by a factor of (6/D)?, where D was the size at the given frequency in arc-
seconds and six arcseconds was the source size at a frequency of 7.4 GHz. The recalculated
flux values are shown by crosses in Figure 8. The necessity of taking the changing size into
account to interpret the low-frequency part of a spectrum has been emphasized by a number
of articles (see, for example, the review by Bastian, Benz, and Gary, 1998; Kundu et al.,
2009 and Lee, Gary, and Zirin, 1994).

The key results of the observations are summarized as follows:

i) The X-ray emission at all observed energies was produced over the flare at the place
where the southern legs of the small and large loops were close to each other. The quasi-
periodic pulses were observed in this source at photon energies above 25 keV. The QPP
source seen at 17 and 34 GHz was located at the northern conjugate footpoint of the low
loops. Below 10 GHz, the continuum emission, subsecond, and quasi-periodic pulses
originated from the high flare loops.
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Figure 7 Soft-hard-soft behavior during the individual QPP. The panels show the logarithmic dependences
of G2 signals on the logarithms of the G1/G2 signal ratio for individual pulses marked by numbers in Fig-
ure 3g. Diamonds correspond to the rise phase of the pulse and crosses to the decrease.

ii) During the flare, the X-rays were characterized by thermal emission at energies below
25 keV. The emission measure and temperature gradually increased during the flare. In
microwaves, the signatures of the non-thermal electrons appeared after the flare onset.

iii) The sharp growth of the non-thermal electron population began several seconds after the
filament eruption from the flare region. During the one-minute interval, the microwave
and hard X-ray emissions displayed the QPP that were repeated in a period of 10.5 sec-
onds and were highly correlated with each other. The background of QPP consisted of
two successive intensity enhancements of 30 —40 second durations with sharp rise edges
and slowly decaying tails.
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Figure 8 The MW spectrum j T T T
during the peak of the first pulse L
(03:21:37) recorded by SRS
(diamonds) and NoRH
(asterisks). The normalized
fluxes on the size of the source at
7.4 GHz are shown with crosses. o <
The solid line indicates the result 1001 o
of spectrum fitting by two -
sources (dash—dotted line: upper

source and dotted line: near-limb
source).

T T

10
f, GHz

iv) The microwave QPP occurred later than the hard X-ray emission. The delays of the
low-frequency pulses were up to 1.8 seconds at the upper source. At the limb source,
the delays of the high-frequency pulses were a factor of two smaller.

v) During the QPP the logarithms of the X-ray flux magnitude and the power-law index
were related in a linear way. At long times there were different behaviors of the mi-
crowave and X-ray emissions. The power-law index of the HXR emission became grad-
ually softer during the enhancements, but the microwave-spectrum slope became harder
in that time.

3. Data Interpretation
3.1. Flare Configuration

To identify the QPP mechanism, we must determine the configuration of the flare loops
and their plasma parameters. At first glance the locations of the flare sources (two high-
frequency sources near the limb and one well above them) point to the so-called standard
solar-flare model (CSHKP model). Furthermore, the flare was associated with the filament
eruption. However, in the event under study, the sources did not vary, and the light curves
at the footpoints were not delayed relative the top source. For the studied flare we could
therefore assume two possible scenarios: i) with the reconnection at a location under the
rising eruptive filament (Forbes, 2000), and ii) with the reconnection between interacting
flare loops (Hanaoka, 1996). In the first scenario the upward motion of the filament should
be seen in the 5.7 GHz images (Uralov et al., 2002). However, no such motion was observed.

Although the standard flare scenario cannot be excluded, in the following interpretation
of the X-ray and radio sources we assumed the scenario with the interacting loops and
estimated the plasma parameters described in detail below. The flares in a configuration of
two interacting current-carrying loops were first described by Hanaoka (1996). A number
of flares were found to fit this quadrupolar geometry (see also Hanaoka, 1997; Nishio et al.,
1997; Aschwanden et al., 1999). The energy-release interaction occurs between the small-
flare loops system and large loops with footpoints close to each other (see cartoons in the
articles cited above).
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The sharp growth of energy release during the QPP stage can be excited by magnetic
structure disturbances caused by the filament eruption from the flare region. The QPP sim-
ilarity in X-rays and microwaves means that high-energy electrons are produced at the
energy-release site and propagate over to the remote sites. Although the temporal modu-
lation of the radio flux closely mimicked the hard X-ray pulses, the radio profiles were
delayed by 0.5 -1 seconds and 1.8 seconds. The 17 GHz emission is generated by relativis-
tic electrons, and the transit time of 20 arcsec does not exceed 50 ms. The delays between
the emissions from an energy-release site and some remote place can be increased by large
pitch-angles of accelerated electrons. To provide a delay of one second, the pitch-angle
must be in unrealistic ranges of a few degrees. Delays of this duration can be explained by
energy-dependent trapping of emitting electrons. We note that for a one-loop configuration,
a progressive delay of peaks emitted by higher-energy electrons is expected because of the
effect of Coulomb collisions on the trapped electrons (Bai, 1982). In our case, the tendency
was the reverse, and the delays were shorter at high frequencies. In the event under study, the
QPP showed a soft-hard-soft X-ray behavior, which means that the relatively long delays at
low frequencies cannot be explained by an energy-dependent injection. Clearly, all of these
reasons confirm the suggestion that the flare had a two-loop configuration.

3.2. X-Ray Source

The size of the X-ray source was about 7—10 arcsec and did not exceed the free path of
electrons with energies up to a few keV. In this source, the plasma was heated a few minutes
before the QPP stage. At this stage we estimated the temperature as 7 = 16 — 22 MK and
plasma density n = (1-2) x 10! cm™. The hot plasma region was stable over the flare
duration, and thus we estimated the magnetic-field strength in this source from the pressure
balance as B > 4/16kg nT ~ 100—170 G, where kg is the Boltzmann constant.

On the other hand, the magnetic value would not exceed this value considerably because
the microwave emission from this source was weak. We estimated the radio emission of
thermal electrons from the X-ray source site using the GX simulator developed by Fleishman
and Kuznetsov (2010). It strongly depends on the value of the magnetic field (see Altyntsev
et al., 2012). Calculation showed that the 5.7 GHz flux should be above a detectable level
of a few sfu for a magnetic field above 200 G. This means that the magnetic field probably
does not exceed this value, and we use the value of 150 G in the calculations below.

The QPP appearance corresponded to the sharp increase of the non-thermal electron pop-
ulation. Before the QPP, the X-ray power law index was about y = 4.1, and at the first pulse,
y decreased to 2.5. The QPP stage consisted of two X-ray enhancements with approximately
equal durations of about 30 seconds. Each enhancement started by rising sharply, after which
the background intensity gradually decreased. The X-ray hardness of background emission
varied during these intervals from 2.5 to 3.7 on a timescale of 60— 70 seconds (Figure 3h).

The duration of the rise and decay phase of the individual pulses was the same. The
X-ray signals during the pulses varied in accordance with the spectral-index change, that
is, the index had a soft-hard-soft behavior (Figure 7). Thus the trapping of the non-thermal
electrons was weak in the interaction region.

3.3. The Microwave Sources
The spatially unresolved spectrum of the microwave emission at the first MW peak

(03:21:37 UT) is shown in Figure 8. From the radio maps it follows that the spectrum
consists of two main components that were emitted by the upper and limb sources at low
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and high frequencies, respectively. First we consider the limb source producing the high-
frequency slope of the spectrum.

The high-frequency source was seen at 17 and 34 GHz with sizes close to the NoRH
beam widths. To model the spectrum, we used a source size of eight arcseconds and the
fluxes recorded at 17, 19.9, and 22.9 GHz with the SRS and NoRH. The viewing angle of
85 degrees was taken from the flare-site longitude. We cannot determine the low-frequency
part of the spectrum, but it must have rapidly decreased because this source was not seen in
the 5.7 GHz images.

The dotted curve in Figure 8 presents the result of fitting the spectrum of the high-
frequency source for the isotropic distribution of emitting electrons. From calculations using
the code of Fleishman and Kuznetsov (2010), it follows that the spectrum slope at frequen-
cies above 20 GHz can be produced by the gyrosynchrotron emission of electrons with
energies of up to ~0.8 MeV and a power-law index dyw = 3.55. We note that the elec-
tron index [Svw] was practically equal to the index yx = 3.53 of the X-ray flux from the
energy-release site. It is known that the flux index in the HXR target cannot be compared
directly with the index determined from the microwave spectrum, since the radio emission
is generated by the total number of radiating electrons in the coronal volume, not by a flux.
The measured value is within the range of estimates yw = yx + 1.5 and dpyw = yx — 0.5
for the radio-emitting electrons, depending upon whether we assume a thick- or thin-target
approximation for the X-ray source (e.g. White, Benz, and Christe, 2011).

To shift the spectrum turnover frequency up to 17 GHz and to suppress the emission at
the lower frequencies, the magnetic field must be sufficiently strong in the source. In this
fitting, the value of the magnetic field is taken to be 950 G. We note that Kosugi, Dennis,
and Kai (1988) have found that the footpoint flare emission at 17 GHz is frequently gener-
ated by electrons with an energy of a few hundred keV in layers with a magnetic field of
900 - 1000 G. This means that the difference in microwave emission from the low-loop foot-
points can be explained by the large difference of their magnetic fields. The complementari-
ties of asymmetric hard X-ray and radio emission have been verified in several observations
(e.g. Wang et al., 1995).

During the enhancement, the average microwave index yyw slowly decreased on an ex-
ponential decay timescale of 220—270 seconds. The corresponding trends are shown by the
dotted lines. Hereafter, we refer to these two intervals as the enhancements. It is remarkable
that the long-term behavior of the emission at 17 and 34 GHz has the opposite tendency from
the X-rays. Consequently, the acceleration process became weaker along the enhancements,
but the trapping provided the slowly hardening of radio-emitting electrons.

For the limb source the microwave modulation levels were lower than in the hard X-rays
by a factor of 1.5 (Table 1). There was no clear response of the MW index of the individ-
ual pulses. Spectrum modeling showed that the observed modulation level of 0.25 can be
achieved when the power-law index of the emitting electrons varies by less than 0.05.

The low-frequency source was located well above the limb. Although the size of the
source changed with frequency, it was possible to find the spectrum of a constant-size region
using observations with the ten-antenna prototype. The corrected spectrum is shown by
crosses in Figure 8 for the central region of six arcseconds. The dash—dotted curve depicts
the result of matching the low-frequency part of the spectrum by gyrosynchrotron radiation
based on the following assumptions about the parameters of non-thermal emitting electrons
in the coronal source: the source area is taken to be equal to the area of a circle of six
arcseconds in diameter, the magnetic-field vector direction to the line of sight is 85 degrees,
and the energy spectrum has a power-law index of 3.25.
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The optically thick part of the gyrosynchrotron spectrum is determined by the density of
emitting electrons and the magnetic-field strength. In Figure 8 the spectrum model was ob-
tained with a density of the emitted electrons of 10° cm™3 with an energy above 20 keV and a
magnetic-field strength B = 180 G. The last value was close for the magnetic-field estimate
in the loop-interaction region. The density of the background plasma was 5 x 10" cm=3.
This density value is in accordance with observations of the fine structures at frequencies
about 6 GHz near the top of the high loop. It is known that at such frequencies the fine
spectral structures are produced by plasma mechanisms at a frequency of about the har-
monic of the local Langmuir frequency (Meshalkina et al., 2004). The modulation levels
were lower than in the hard X-rays and limb source (Table 1). Spectrum modeling showed
that a modulation level of 0.16 can be achieved when the variation of the power-law index
of the emitting electrons is about 0.1.

3.4. The QPP Modulation

The source position did not change during the QPP stage. Therefore we cannot interpret
the QPP using models in which the individual pulses correspond to different flare loops or
spatially distributed plasmoids. Another peculiarity is that the smooth behavior of the quasi-
thermal emissions from the site coincided with the QPP source. This means that there are
no clear modulation-induced heating effects.

The power spectrum revealed the main X-ray modulation mode with a period of 10.5 sec-
onds (Figure 6), which has been excited twice during the QPP stage with a separation of
around 30 seconds. The microwave QPPs occurred with the same periodicity, but with the
delays discussed above. We therefore consider that the pulsed acceleration, which occurred
at a place close to the X-ray sources, was the driver of the broad-band emission pulses.
During every pulse, the hardness of the X-rays has a soft-hard-soft behavior with an index
modulation on the order of a few tenths. Grigis and Benz (2006) and Fleishman and Topty-
gin (2013) showed that a similar soft-hard-soft trend is expected from a transit-time damping
stochastic acceleration model that included the escape of particles from the accelerator.

It is established that QPP can be caused by some intrinsic property of the energy-release
process. The current-loop-coalescence instability proposed by Tajima, Brunel, and Sakai
(1982) and Tajima et al. (1987) belongs to this category. The authors studied flares with QPP
time profiles and found that their properties can be explained by development of current-
carrying-loop coalescence instability. They showed that the main characteristics of the fast
or explosive reconnection can be summarized as follows: i) a large amount of impulsive
increase in the energy of particles, ii) appearance of quasi-periodic amplitude oscillations
in nonthermal fluxes, and iii) double-peak (and triple-peak) structures in these oscillations.
The multiple-peak behavior of the accelerated electrons is due to temporal variation of an
electrostatic field in the coalescence process. All of these characteristics, including the sub-
peaks in the strongest hard X-ray pulses, were observed in the flare under study. The os-
cillation period in the hard X-ray or microwave emission should be about the Alfvén tran-
sit time “across” the interacting loops. To estimate this timescale, we can take the values
n = (1-2) x 10" cm~3 and the size of ten arcseconds determined above. The Alfvén transit
time across the energy release site is close to the QPP period of ten seconds for a reasonable
value of the magnetic field of 100— 150 G. This estimate depends on the density values and
on the size of the source, which are not known accurately, and the quantitative estimates are
coarse.

On the other hand, such periodic processes can interact with MHD oscillations of the
loops and can be affected by them (e.g. review by Nakariakov and Melnikov, 2009). Using
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Table 2 Physical values of the

flare loop. Loop Small Large
Length [L: Mm] 17 70
Temperature [7: MK] 20 20
Density [n, 101! cm_3] 1.5 0.5
Magnetic field [B: G] 500 150
Tsausage [S] 9.9 93
Tkink [$] 13/j 101/
Tslow [8] 49 203
Trorsion [$] 13/m 101/m

the source parameters for the loops determined above, we can roughly estimate the oscilla-
tion periods (Table 2, where m is the number of windings along the loop for torsional mode,
J —1is the number of nodes for kink mode). The loop lengths are taken from the EUV image
(Figure 4). To calculate the periods we used formulas (9 —12) from Mossessian and Fleish-
man (2012). The main observed period of ten seconds can be excited in the small loop as
sausage, kink, and torsional modes. In the large loops, such periods can be realized by the
kink and torsion waves, but for too high harmonic numbers.

The global sausage mode is a compressive mode with a wavelength of twice the loop
length. Magnetic-field perturbations are highest at the loop apex and lowest at the footpoints
where the electron acceleration was modulated in the event under study. The mode is es-
sentially compressible, and the quasi-thermal X-ray emission from the loop body should be
modulated. Thus the observations do not support the sausage origin of the modulation. The
kink and torsion modes are practically incompressible and more favorable.

The observed periodicity revealed one more timescale of about 30 seconds. Flux oscil-
lations at low frequencies with the same period were seen from the flare beginning and
might be related to low harmonics of the kink or torsion mode in the high loop. The kink
oscillations should be seen because the sources shift in time. We did not observe any source-
position movement corresponding to kink oscillations, but the spatial resolution of the mea-
surements is probably not sufficient. The appearance of the pronounced QPP stage may be
associated with the increase in the oscillation amplitude after the filament eruption.

4. Conclusion

The QPP observations in flares with relatively weak trapping of accelerated particles provide
a perspective for studying primary-energy-release processes. In such events, these processes
are well expressed, and periodicity properties provide supplementary keys with which the
interpretations can be verified.

We here estimated the periods of the measured pulsations by taking the parameters from
observations in the probable flare scenario of a two-loop coalescence. The spatial observa-
tion showed three QPP sources, whose positions did not change before and during the QPP
stage. Every pulse can be considered as an elementary acceleration event with soft-hard-soft
behavior. The X-ray index changed in accordance with the emission-amplitude variations.

The spatial observations at different frequencies showed that the low-frequency slope of
the microwave spectrum can be explained by a change in the emission area. The charac-
teristic timescales of the QPP are in accordance with estimates of the Alfvén transit time
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across the interacting region. During the QPP stage, the microwaves were generated by non-
thermal electrons through the gyrosynchrotron mechanism. The microwave pulses could be
described as the response to the relatively small variations of the emitting electron hardness.
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