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Microwave maps may provide critical information on the flux rope interaction and the breakout eruption if their polarization is measured with high precision. We demonstrate this diagnostic capability using the 17 GHz maps from the Nobeyama Radioheliograph (NoRH) of a circular ribbon flare SOL2014-12-17T04:51. The EUV images from SDO/AIA and the coronal magnetic field extrapolated from the HMI magnetogram are also used to support the interpretation of the microwave data. The most obvious evidence for the breakout eruption comes from the sign change of the microwave polarization over the AR at heliographic coordinates S20E09, indicating change of the overlying fields from a closed fan structure to a spine-like structure. Another important piece of evidence comes from the spatial and temporal variations of quasi-periodic pulsations (QPP) detected at the 17 GHz. The QPP was more obvious in one loop leg before the eruption and later moved to the spine field region on and after the flare. This indicates that the oscillatory power is transferred from an interacting flux rope to the outer spine, along which the reconnection launches torsional Alfvén waves, in good agreement with MHD model predictions for breakout eruption. In the practical viewpoint, these two diagnostics work because microwave observations are free of saturation even in strong flaring regions.
Keywords: magnetic reconnection, magnetic fan-spine structure, alfven waves, solar extreme ultraviolet emission, solar radio emission, solar flares, solar magnetic eruption, breakout reconnection
1 INTRODUCTION
In this paper, we study microwave emission during circular ribbon flares (CRFs) as a new topic in solar eruption not yet fully documented. CRFs occur in a special configuration where one parasitic magnetic field in a single magnetic polarity is surrounded by magnetic fields in the other polarity (Masson et al., 2009; Reid et al., 2012; Wang and Liu 2012; Sun et al., 2013). Such magnetic configuration implies a dome-shaped fan separatrix overlying the central field (Lau and Finn 1990; Rickard and Titov 1996; Galsgaard and Nordlund 1997; Galsgaard et al., 2003). Since this configuration is basically a magnetically confined structure, any eruption associated with CRFs will significantly alter the overlying field structure. Based on the existing knowledge of solar eruption, we can think of two possible scenarios. One is that magnetic fields are stretched out of the closed configuration to push up the overlying fields as proposed for the coronal mass ejection (CME) from a confined structure (e.g., Chen 2011), in line with the standard model for solar eruptive flares (Kopp and Pneuman 1976; Priest and Demoulin 1995; Demoulin et al. 1996). The other scenario is that magnetic reconnection occurs at the null point, and the so-called breakout eruption follows (Antiochos 1998). Since then, numerous MHD simulations on the eruption out of closed fan-spinestructure have followed to challenge the observed properties of CRFs (DeVore and Antiochos 2000; MacNeice et al. 2004; Karpen et al. 2012; Lynch et al. 2016; Wyper et al. 2017; Dahlin et al. 2019) to indicate possible observational signatures of each process involved with the breakout eruption. Some studies addressed eruptions associated with CRFs in terms of unstable filaments residing inside of the fan structure triggered by ideal magnetohydrodynamics (MHD) instabilities (Sun et al., 2013; Liu et al., 2016; Jing et al., 2017; Lee et al., 2016a, Lee et al., 2016b; Lee et al., 2018; Liu et al., 2019). Aside from the CRF observations, the physics of three-dimensional magnetic reconnection in such a spherical fan structure has also been discussed from a theoretical viewpoint (Pontin and Galsgaard 2007; Pontin et al., 2007; Pontin et al., 2013).
Extreme Ultraviolet (EUV), UV, X-rays and Hα images have mainly served as observational tools for studying CRFs (Masson et al., 2009; Reid et al., 2012; Wang and Liu 2012; Masson et al., 2017). Meanwhile, microwave radiation was not fully utilized. Since it is emitted by electrons gyrating about the coronal magnetic field, microwave radiation is regarded as being sensitive to both magnetic field and energetic electrons in the corona, and thus capable of exclusive diagnostics on CRFs (cf. Lee et al. 2020ab). The most commonly cited microwave diagnostic on magnetic field arises from the gyroresonant radiation mechanism, in which case knowledge of effective harmonic number allows us to determine the field strength in the source from the observing frequency (Lee et al., 1993a; Lee et al., 1993b; Gary and Hurford 2004). During solar flares, microwave emission can also be used as a diagnostic tool for energetic electrons like hard X-rays. In fact, it can be more sensitive to a small number of electrons depending on the ambient magnetic field under the mechanism of gyrosynchrotron radiation (Rybicki and Lightman 1979). The most important property is the microwave polarization, because its sign directly indicates the polarity of the coronal magnetic field (Zheleznyakov, 1970, 1998; Lee et al. 1993b; Zheleznyakov et al., 1996; Lee et al., 1998). On the other hand, microwave maps lack morphological details as fine as we can find on EUV and Hα images. Accordingly, microwave emission, while being sensitive to field strength and orientation, does not help tracing field lines, a capability critically important for studying magnetic reconnection and eruption. The diagnostic capability of microwave radiation on CRFs was therefore an open question.
To verify microwave diagnostics for CRFs, we investigate temporal and spatial variations of microwave polarization around the flare time with existing data. We also make use of the traditional tools available from (E)UV images and magnetograms along with the coronal field extrapolation techniques. As our focus is on the microwave diagnostics, we avoid a comprehensive review of ideal MHD instabilities and resistive processes leading to solar eruption in the CRFs. However, we attempt to test if microwave observation can help distinguish between the afore-mentioned two scenarios: the standard eruption and the breakout eruption from a confined magnetic structure.
2 DATA AND ANALYSES
We review multi-wavelength studies of the circular ribbon flare SOL2014-12-17T04:51. The main dataset is the 17/34 GHz maps from the Nobeyama Radioheliograph (NoRH) with the polarization information available at the 17 GHz. In other wavelengths, the data in the range of 1.2–2.0 GHz from the Mingantu Spectral Radioheliograph (MUSER, Chen et al., 2019) and 1.0–9.4 GHz from the Nobeyama Radiopolarimeter (NoRP) are used to complement the NoRH data. In addition, the (E)UV data from the Atmospheric Imaging Assembly (AIA) and magnetic data from the Helioseismic and Magnetic Imager (HMI) onboard the Solar Dynamics Observatory (SDO) are also used for contextual information.
The target CRF occurred in NOAA active region (AR) 12242 at its heliographic coordinates S20E09. The circular fan structure appears to be so strikingly clear in both EUV and microwave images as to attract many studies. They include analysis of EUV and magnetic field (Liu et al., 2019), quasi-periodic pulsations (QPP) with the 1.2–2.0 GHz MUSER data (Chen et al., 2019), thermal evolution using EUV differential emission measure (Lee et al., 2020a), and magnetic eruption using microwave polarization (Lee et al., 2020b). The data used in the present study are collected from those studies together with yet unpublished NoRH data.
2.1 The CRF in EUV and Microwave Wavelengths
Figure 1 shows how the microwave CRF evolved with time (Lee et al., 2020b). The NoRH 17 GHz maps are plotted as contours over the AIA (E)UV images at the six different times. In the preflare phase, the circular shape of the active region is apparent in the EUV imags and also in the 17 GHz maps (Figures 1A–C). Especially the 17 GHz maps on top of the AIA 94 Å images show that microwave emission also outlines the circular ribbon (Figure 1A). In the (E)UV channels, the 94 Å image best shows the hemispheric structure suggestive of the dome-shaped quasi-separatrix layer (QSL) postulated for the CRF-producing active regions. The outer spine structure is also visible at the western edge of the frame, which is another element for the CRF-producing active regions. The combination of the 17 GHz maps and the AIA 94 Å images suggests that the active region has a circular dome-shaped separatrix structure.
[image: Figure 1]FIGURE 1 | Microwave and (E)UV emissions of the CRF. The flare occurred at 04:51 UT on 2014-12-17 from NOAA AR 12242. Microwave sources evolving from the preflare phase (A–C) to the impulsive phase (D) and the postflare phase (D,F) are shown as contours over the AIA (E)UV images in the six channels at the corresponding times. Contour levels in the top panels are at [1.9, 7.0, 26.99]% of the maximum in each frame, and those in the bottom panels are at [0.5, 1.9, 7.0, 26.99]% of each maximum. (Source: Lee et al., 2020b).
Near the flare onset time, the local region in the north brightens up, while the circular ribbon remains apparent in the south of the active region (Figure 1B). In the background EUV images, the outer spine halo structure is best visible at 94 and 131 Å and less apparent in other channels, meaning that it is hot and tenuous (Lee et al., 2020). Around the impulsive phase, the strong EUV emission is more concentrated in the elongated shape connected to the center of the active region where magnetic fields are strongest (Figure 1C).
During the flare, the circular shape of the 17 GHz source is no longer visible as buried under the strong flare emission. Rather, the flare emission at 17 GHz is highly concentrated in the small elongated region, which appears to be a flare loop (Figure 1D). Due to the finite dynamic range in the 17 GHz maps, the southern part of the circular ribbon is less obvious at the flare peak time (Figure 1E).
In the decay phase, the circular shape of the 17 GHz source is partially recovered (Figure 1F). The circular ribbons are most clearly visible in the 304 Å images and the inner ribbons, in the 1,600 Å images. Since UV sources occur in the regions of intense energy deposition into the chromosphere and microwave sources show the coronal part, they may represent a loop-like structure with two conjugate footpoints.
2.2 Magnetic Structure
Liu et al. (2019) studied the coronal magnetic fields of this active region reconstructed from the HMI magnetogram at 04:07:54 UT under the assumption of either the potential field or nonlinear force-free field (NLFFF). Considering the fact that this AR NOAA 12242 is not isolated but surrounded by other ARs, they set the boundary of the extrapolation box large enough to cover 808 × 520 pixels2, with the modest height of the box, 256 pixels. The potential field was derived using the fast Fourier transform method (Alissandrakis 1981). The NLFFF was derived, after preprocessing of the boundary condition (Wiegelmann et al., 2006), using the “weighted optimization” method (Wheatland et al., 2000; Wiegelmann 2004) suitable for HMI magnetograms (Wiegelmann and Inhester 2010; Wiegelmann et al., 2012). They also calculated the squashing factor Q and twist number Tw using the Liu et al.’s (2016) code. Q is then used to define so-called quasi-separatrix layers (QSLs) where Q ≫ 1 (Titov et al., 2002). Tw is used to judge whether or not a flux rope is subject to the kink instability (Török et al., 2004; Fan 2005; Török and Kliem 2005; Kliem et al., 2010). The exact value of threshold Tw for the instability varies depending on the magnetic field configuration.
Figure 2A shows the potential field lines around the null point at a preflare time, which reproduces the dome-shaped separatrix with a great similarity to the EUV images (Figure 1). Figure 2B shows, as the background image, a 304 Å image blended with the signed logarithmic squashing factor s log  Q at z = 0, computed with the potential field model, where s is the sign of Bz (Titov et al., 2011). The regions of high-Q outline the footpoints of the QSLs, and as expected, the fan and inner/outer spines are rooted in those regions. A magnetic null point is found at z = 31.3 Mm, close to the cusp-like structure seen in the EUV images. The null-point topology predicted by this potential field extrapolation is in good agreement with the EUV and microwave observations (Figure 1).
[image: Figure 2]FIGURE 2 | Magnetic structure and topology over the active region before the flare. Selective potential field lines around the null point are plotted over the HMI Bz (A) and over a composite AIA 304 Å image blended with s log  Q (B). Maps of Tw computed with the NLFFF in the range of ∓2 (blue/red) are shown as composite images blended with log  Q above 1 (white) and below 5 (black) in the full box (C) and in a subregion (D). Dotted lines show the PIL1 and PIL2. (D) Distribution of s log  Q in the vertical plane CA passing through the null point predicted by the potential field (E) and the NLFFF (F). Distribution of Tw in the vertical plane CC (G) and CA (H). (Source: Liu et al., 2019).
Figures 2C,D show logarithmic Q blended with twist number Tw derived from the NLFFF at z = 0. The two regions, R1 and R2, are twisted in the positive sense and adjacent to the filament F, which can be the footpoints of a fux rope (FR1). The field lines from R1 and R2 (purple and green lines) are connected to the remote brightening region, which is twisted in the same sense. Another group of twisted field lines (FR2) is found to be sheared across the northern portion of the polarity inversion line (PIL).
Figures 2E,F display Q maps on two vertical planes, CA including the null point and CC passing through the footpoint of the inner spine. The potential field model clearly shows that the spine and the dome-shaped QSL (Figure 2E). It is also visible in the NFFF model, but more complicated than in the potential field model, although the basic structure is retained in both models. The Tw map on the cutting plane CA (Figure 2H) shows two flux ropes, FR1 and FR2, residing inside the fan surface. Along the northern horizontal portion of PIL1 (Figure 2C) the enhanced Tw indicates a large flux rope (FR3) outside of the fan surface (see Figure 5), which may affect the dynamical evolution of the AR as a whole upon interaction with either FR2 or FR3.
2.3 Polarization Change at 17 GHz
Lee et al. (2020b) presented microwave polarization maps of this active region around the flare time. We reproduce the result in Figure 3, which shows contours of the polarized intensity V = R − L (red/blue contours) at 17 GHz. Thus the red contours represent the right-hand circular polarization (RHCP) and the blue contours, the left-hand circular polarization (LHCP), respectively (see, for definition, Ratcliffe, 1959; Cohen, 1960). How microwave polarization should appear above solar active regions according with the magnetic polarity distribution is well known from earlier studies (Zheleznyakov, 1962; Zheleznyakov, 1970; Zheleznyakov and Zlotnik, 1964; Zheleznyakov and Zlotnik, 1988; Zhelznyakov 1970; Melrose 1975; Melrose, 1985; Dulk, 1985; Lee et al., 1993b; Lee, 2007). Microwave polarization could also be used as a diagnostic tool for twisted magnetic fields, as demonstrated by theoretical gyrosynchrotron radiation calculated using a set of model flare loops (Gordovskyy et al. 2017), and by analysis of the microwave data of the 2014-02-11 flare (Sharykin et al. 2018). The total intensity, I = R + L (yellow), maps at 17 GHz are also shown for comparison with Figure 1. The evolution of the total intensity is such that it was initially concentrated over the central sunspot and expands northward and eastward to form a loop-like structure (Figures 3A–C), which then expands during the impulsive phase and the decay phase (Figures 3D–F).
[image: Figure 3]FIGURE 3 | Total and polarized microwave emissions plotted over the HMI line-of-sight magnetograms. The 17 GHz total intensity (yellow contours) is plotted at [10, 50, 100]% of its maximum at each time. The polarized intensity in LHCP (RHCP) are plotted in blue (red) contours in absolute levels, [10, 50, 100]% of ±2.3 MK. In the preflare phase, all sources are LHCP (A–C), while the region over the central spot becomes RHCP during the impulsive phase (D) and remains so during the decay phase (E, F). (Source: Lee et al., 2020b).
In the preflare phase (Figures 3A–C), the microwave emission is polarized only in LHCP (blue contours). This is actually an odd phenomenon because microwave polarization should appear in two different states over bipolar magnetic fields. The northern source is from the negative magnetic polarity region, and it should be LHCP as observed. However, the central source is from the positive-polarity region and should be RHCP, but appears to be LHCP. We regard this LHCP over the central region as the one being reversed from its original polarization, RHCP. This requires that the sign of the microwave polarization at 17 GHz strictly represents the magnetic polarity distribution measured in the photosphere, i.e., no apparent polarity reversal due to the projection effect. At the time of the flare, this active region, NOAA AR 12242 was at the heliographic coordinates S20E09 close to the disk center. This 17 GHz intensity is found to be optically thin, in view of the relative brightness temperatures at the 17/34 GHz, and thus emitted from the strongest field region in the corona, practically close to the photospere. These two conditions make the projection effect negligible.
During the impulsive phase (Figure 3D), the central region over the positive-polarity sunspot restores its original polarization state, RHCP (red contours). The RHCP signal remains through the decay phase (Figures 3E,F). The restoration of the original polarization state on and after the flare is possible only when the overlying fields no longer block the rays. A drastic structural change should have occurred in the overlying field, and a magnetic breakout–type eruption in the fan-spine magnetic structure is the most compelling scenario (Lee et al., 2020b). This polarization change exclusively available from the microwave radiation may not be a well-reported phenomenon, which is unique to CRFs and indicates a structural change in the fan-spine system.
2.4 Microwave Activations in the Early and Late Phases
Lee et al. (2020ab) investigated activation of the preflare activity exploiting the high sensitivity of microwave radiation to thermal heating and nonthermal electron acceleration as shown in Figure 4. They investigated the local time variations of the microwave emissions from four subregions marked on the inverted 17 GHz intensity map (Figure 4A). Here A and C are identified as the conjugate footpoints to each other, and B is thus the looptop. D represents the loop as a whole including the three regions. In each region, they add up the brightness temperatures (hereafter, Tb) in all pixels, and divide it by the total number of pixels so that the quantities shown in Figure 4 can represent spatially–averaged intensity being equivalent to local mean Tb.
[image: Figure 4]FIGURE 4 | Activation and pulsation of the microwave emission during the CRF. Four local regions denoted as A–D are set for calculating local average Tb on the inverted 17 GHz map at t2 (A). The average Tb from D are plotted along with the four transition times, t1–t4 (B) marked with the vertical dotted lines. Time profiles of the total (C) and the polarized 17 GHz intensities (D) are plotted along with the arrows pointing to the temporally local peaks. Time profiles of the relative Tb in a longer period including the late phase (E) show that the largest △Tb occurred in region B, the looptop. (Adapted from Lee et al., 2020b).
Figure 4B shows the average Tb at the 17 and 34 GHz from the entire loop, D. The four key transition times denoted here are the thermal activation time (t1), the nonthermal activation time (t2), the peak energy release time (t3), and the second peak energy release time (t4). They count the first rise of the 17 GHz Tb as the thermal activation time, because at this time there is no corresponding increase of Tb at the 34 GHz as expected for thermal gyroresonant radiation. The second rise of Tb at the 17 GHz comes together with that of the 34 GHz, which is expected under the nonthermal gyrosynchrotron radiation mechanism. The two activations at t1 and t2 therefore represent the energy release of different nature, with the latter being more intense. It is obvious that the simultaneous increase of the 17 and 34 GHz Tb at t3 represent nonthermal gyrosynchrotron radiation associated with the maximum magnetic energy release. The gradual rise and fall of Tb around t4 is likely to represent the late phase activity of this event. Since thermal bremsstrahlung opacity is inversely proportional to the square of frequency (see, e.g., Dulk 1985), the agreement of the four-fold 34 GHz Tb (gray colored curve) to the 17 GHz Tb indicates that the thermal radiation dominates in this late phase.
Figures 4C,D shows the local 17 GHz Tb of the total and polarized Tb measured from the four regions, distinguished by colors. By marking the multiple peaks with the arrows, Lee et al. (2020b) argued that an oscillatory variation is superimposed on the average gradual lightcurve, a phenomenon very similar to QPPs. In the total intensity lightcurves (Figure 4C), the quasi-oscillation is the most obvious in C, and least in A. Namely, the quasi-oscillation is more clearly visible in regions farther from the inner spine. The polarized intensity (Figure 4D) also behaves similarly but its quasi-oscillation appears not only in the preflare phase but in the flare phase, and becomes even stronger during the impulsive phase. Such temporal evolution is consistent with the UV QPP (Chen et al., 2019, see Section 2.7). Spatial distribution of the oscillatory power in V is opposite to that in I. The quasi-oscillation of V is more obvious in A, namely, closer to the inner spine.
Figure 4E emphasizes the incremental Tb variation in the decay phase. Such a post-flare microwave enhancement in a looptop was detected in many events. Reznikova et al. (2009) presented a model for nonthermal electrons trapped in flare loops. Kim et al. (2014) interpreted it as due to enhancement of plasma flows along supra-arcade structures. Chen et al. (2016) and Chen et al. (2017) proposed that it represents strong heating near the coronal X-point. In the present event, however, the secondary peak at t4 is well separated from the impulsive peak at t3 by about 25 min. Such a long delay should be studied within the context of the EUV late phase activity (Woods et al., 2011; Hock et al., 2012). In solar radio community, a microwave burst with an impulsive peak followed by a gradual secondary peak coincident with the soft X-ray peak is regarded as a sign for the so-called compound flares with thermal activity in the decay phase (Lee et al., 2017; Ning et al., 2018). In the present case, we have already identified the dominant radiation mechanism with the optically-thin thermal Bremsstrahlung, and the largest △Tb found in B indicates the most significant plasma accumulation in the looptop.
2.5 Activations in the EUV Wavelengths
Liu et al. (2019) used only EUV and magnetic data, which provide no information on nonthermal particles, to extract insights into the cause of the flare loop activation. Figure 5 shows their results of the magnetic structure (left panels) and time variation of the EUV and X-ray emissions (right panels). The lightcurves of the soft X-rays (Figure 5A).
[image: Figure 5]FIGURE 5 | Left: the NLFFF field lines at a preflare time in the top view (top) and a perspective view (bottom). The colors represent Tw, and a different color table is used for Tw in each flux rope. Right: the GOES lightcurves and the time derivative of the 1.6–12.4 keV passband flux (A). Time-distance plots for a curved slit (B), and two linear slits, SA (C), and SB (D). Time profiles of the average 304 Å intensity of ribbons and the average Tw in the northern (black) and southern (gray) footpoint regions of FR2 (E). The dashed vertical lines denote stages I and II, respectively. (Source: Liu et al., 2019, Figures 4, 6).
Based on the time-distance plots, they determined two key times: 1) at ∼04:12 UT, bidirectional jets originated from between the filament F and the region R2 in he 94 Å. The jets ran both southward and northward at 20 km/s and 60 km/s, respectively (Figure 5B). This may have triggered the eruption of FR1, at least, partially, as the upper part of FR1 was already torus-unstable. Upon its eruption, FR1 could readily reconnect with FR3 because they are oppositely twisted. This reconnection at the null then produced the circular ribbon. 2) At ∼04:28 (see the second vertical dashed line) a compact 304 Å kernel, k1, suddenly appears and the time derivative of the GOES light curve shows a short peak (Figure 5A). The latter corresponds to an impulsive nonthermal acceleration, considering the Neupert effect (Neupert 1968). Note that this second major transition time is in exact match with the nonthermal activation time t2 detected from the relative 17/34 GHz variation in Section 2.4.
Interaction between FR1 and FR2 could lead to so-called fan-spine reconnection. However this reconnection could not immediately occur because FR3 lies between them and was playing a role in suppressing FR2 from eruption. Since FR1 and FR3 are twisted in the opposite sense, reconnection between them could occur first, reducing the flux of FR3. Figure 5E shows that the mean twists of both FR2 and FR3 measured at their footpoints were decreasing through 04:28 UT (the second vertical dashed line). This time corresponds to t2 identifed as the time of nonthermal activation based on the 17/34 GHz time profiles in Lee et al. (2020b). When FR3 is sufficiently weak, it no longer plays a role in suppressing FR2 and thus invites the breakout eruption. That occurs at t3, the time of significantly decreased magnetic twist (Figure 5E) and also the time of eruption, t3, as found from the 17/34 GHz time profiles (Lee et al., 2020b). Based on the role of FR3 in mediating the interaction between FR1 and FR2, Liu et al. (2019) claimed the two-stage eruption (cf. Török et al., 2009), which begin at the times denoted by the two vertical dashed lines in the right panels of Figure 5.
2.6 Quasi-Periodic Oscillations at 17 GHz
QPPs are a common feature of flare energy release detected in a wide range of wavelength. They seem to occur in both two-ribbon flares and CRFs. Reported QPP periods range from seconds (e.g., Aschwanden 1987; Tan 2008) to several minutes (e.g., Foullon et al. 2005; Kislyakov et al. 2006). We thus investigate the repeating peaks in the local 17 GHz intensity time profiles by performing a wavelet analysis, and show the result in Figure 6. We first remove the envelope of flare lightcurves, which we calculate by averaging the lightcurves over the time interval of 2.0 min, and the result is less sensitive to the choice of the interval in the range of 1.5–2.5 min. These net signals are still influenced by the drastic rise in the impulsive phase and can cause a bias in the wavelet analysis. To avoid this problem, we use logarithmic intensity log  I rather than I. For the polarized intensity, we use the degree of polarization, i.e., V/I, which already takes care of the drastic increases in the impulsive phase. These time profiles, the original intensity (black line) and the envelope (red) used for the wavelet analysis, are shown in the inset of each panel in Figure 6, and the power spectral densities obtained by the wavelet analysis are shown as grayscale images. The blue dashed lines mark the lower boundaries of the regions where the wavelet results are regarded as valid.
[image: Figure 6]FIGURE 6 | Wavelet analyses of the total intensity (top panels) and degree of polarization (bottom) of 17 GHz emissions from three regions (A–C) (denoted in Figure 4A). The inset in each panel shows the observed time profile (black line) and its running average (red). The difference between the two curves is used to produce the power spectral density (grayscale images) valid above the dashed blue line. Both the intensity and the power spectral density are plotted with the same time axis. (Source: Lee et al., 2020c).
In region A (the first column), the total intensity power density has the main peak at t2 with period ∼1.2 min and a secondary peak at t3 near 1.1 min. On the other hand, the polarization power density has a single peak around t2 with a quasi-period ∼1.3 min. In region B (looptop, second column), the total intensity power is more widely distributed with one peak at period ∼1.3 min and another at ∼4.0 min. The polarized power in B also shows multiple peaks with both a short and a longer period between 1 min and 5 min. In region C (third column), the total intensity power spectrum starts at t2 but extends to t3, with power in a wide range of periodicity between 2 min and 4 min. However, the polarized power spectrum is most concentrated in the period around 1.5–2.0 min. These results confirms the above qualitative investigation of the local lightcurves (Figure 4) in that the preflare oscillation (t2 ≤ t < t3) is more obvious around the northern footpoint (A) and the flare oscillations (t ≥ t3) are more obvious in the polarized intensity V of the inner spine region (C). Timewise, these oscillations all start at t2. For t2 ≤ t ≤ t3, both total and polarized power spectra are more clearly detected in A. For t ≥ t3, the quasi-periodicity is more evident in the polarized power of C. Such a change in oscillation property at t3 may be associated with the magnetic field structural change due to the eruption.
As a comparison, Chen et al. (2019) found 2 min radio QPPs in the frequency range 1.2–2.0 GHz during the impulsive phase. Considering the spatial resolutions used in the study, these two findings are almost identical with each other, except that Lee et al. (2020b) used NoRH’s high resolution to resolve the flare loop structure. These periods are shorter than any likely period of MHD waves (if presumed to be a longitudinal fundamental mode) for typical coronal active region conditions (Aschwanden et al., 2020), but within the range of the kink oscillation periods, 5.4 ± 2.3 min, found in a statistical study (Aschwanden et al., 2002).
2.7 Quasi-Periodic Pulsations in Other Wavelengths
The QPPs in this event were also found at other wavelengths. Figure 7 shows the result of a wavelet analysis performed by Chen et al. (2019). Top six panels show AIA (E)UV images and mark local regions of interests in the left and time profiles of the mean intensity calculated from the local region(s) in the right. The bottom two panels show the wavelet analysis results. They started with the 171 Å channel data by setting a slit (white arrow) across the circular ribbon (Figure 7A) to create a time–distance map for the 171 Å intensity (Figure 7B). That map shows the local motion of the circular ribbon, and the intensity lightcurve clearly presents the periodic oscillations before the flare onset. After the flare, the ribbon continues to expand at the speed of about 6 km/s, but the periodicity is less obvious.
[image: Figure 7]FIGURE 7 | AIA (E)UV observations and wavelet analyses. Upper left panels show AIA (E)UV images: 171 Å (A), 304 Å (C), and 1,600 Å (E). Upper right panels show time profiles of the mean intensity calculated from the box(es) marked in the left panels: the time–distance map and the time profile of the 171 Å intensity in the center of the slit (B), the average 304 Å intensities in the four local regions (D), and that of the 1,600 Å intensity (F). The vertical line represents the starting time of this flare based on the GOES lightcurves. Bottom two panels show the wavelet analysis results of the 304 Å flux collected from the red box (G) and that of the 1,600 Å from the white box (H). (Source: Chen et al., 2019).
To further investigate oscillatory motion of the circular ribbon, they set four small boxes on the 304 Å ribbon as marked in Figure 7C. The local fluxes plotted in Figure 7D show that the QPPs again appeared before the flare (04:00–04:25 UT) and disappear after the flare onset. The wavelet analysis using this data is plotted in Figure 7G which shows the period of 198 s. When they apply the same analyses to other channels of the 304, 131, and 211 Å, they found similar quasi-periods of about 200 s, close to 3 min.
Now we need to check if the QPP also occurred in the core of the active region. This could be studied with the EUV channel data, because their measurements are saturated during the flare maximum phase. Chen et al. (2019) also investigated the 1,600 Å UV intensity at the center of the active region (Figures 7E,F) to find that the QPPs appear from 04:00 UT and last until 04:46 UT. Unlike the above EUV analysis result, the QPP sustained from the preflare to the post-flare phase, and actually even stronger during and a little after the flare. The period of this UV QPP with is about 250 s a little longer and rather close to 4 min (Figure 7H).
We thus find that the QPPs around this CRF appear all of the active region with quasi-periods varying with location and time. The EUV QPPs with ∼3 min period occurs along the circular ribbon in the preflare phase. The UV QPPs has a period of ∼4 min is well visible in the active region core and active from the preflare to the postflare phase. The radio (1.2–2.0 GHz) QPPs occurs with ∼2 min period around the flaring region during the impulsive phase. The microwave (17 GHz) emission from the loop-like structure shows both the short period (2 min) and long period (3–4 min), and sustains from the preflare phase to the impulsive phase changing the location.
The different period may arise from different length of the field lines participating in the oscillation, which in turn depends on location within the active region. The location of the dominant oscillatory power in different wavelengths may depend on the detectability of the radiation. Namely, the oscillation period varies with position and time. In each wavelength we detected different part of the oscillations, as discussed in the previous section (Section 2.6). It is an interesting result that the quasi-period of the 17 GHz flux (Lee et al., 2020b) agrees closely to those of the QPP sources at the 2 GHz (Chen et al., 2019). These oscillatory powers must reside in the flare loop. On the other hand, the EUV QPPs are found in the outskirt of the active region as the EUV emission in the flare loop is saturated.
3 DISCUSSION
We mainly discuss the newly found properties of the microwave CRF: the sudden change of microwave polarization during the flare, the quasi-oscillation persisting during the eruption, and the microwave signature of the nonthermal activation. To facilitate this discussion, we use the illustrations (Lee et al. 2020c) presented in Figure 8, which shows the structural changes of the active region as described thus far. Key elements are the fan-spine structure (cyan), the flaring loop with magnetic polarities colored red and blue, along with the null point (orange dot), inner ribbon (red circle), and circular ribbon (cyan circle). It also shows the hypothetical torsional Alfvén waves (black wavy curves) generated at time of BCS (orange dashed circle) formation at t2, and propagate away along the outer spine after the breakout eruption at t3. The polarization maps on the top are meant to schematically represent the actual observations shown in Figure 3. They are not the degrees of polarization but the polarized intensities thus showing only the prominent components rather than the full polarization distributions over the entire active region. Figure 8A shows the single polarization concentration above the central spot at the null point reconnection (t1) as in Figure 3A. Figure 8B reproduces the observed polarization map at t2 when nonthermal energetic electrons fill up the flare loop to let the northern footpoint stand out in the polarized intensity (Figures 3B,C). Figure 8C shows the appearance of the RHCP source in the location of the previously LHCP source on and after the breakout eruption at t3 as shown in Figures 3D–F.
[image: Figure 8]FIGURE 8 | Schematic illustration of the three stages of the event evolution: (A) nullpoint reconnection, (B) nonthermal activation, and (C) breakout eruption. Top panels: microwave polarization maps on the projected sky plane showing LHCP (blue) and RHCP (red). Bottom panels: magnetic structural evolution showing the fan-spine field (cyan), the flaring loop with magnetic polarities distinguished in color, and the Alfvén waves (black wavy curves) as well as the null point (orange dot), BCS (orange dashed circle), inner ribbon (red circle) and circular ribbon (cyan circle). (Source: Lee et al., 2020c).
3.1 Rapid Change of Microwave Polarization
Microwave polarization reversal is often explicable as a mode-coupling process in which the original sense of polarization is reversed while the rays are passing through a quasi-transverse field (QT) layer from the source to observer (Cohen 1960; Zheleznyakov 1970). Not only that such a quasi-transverse layer should be present, but the degree of mode coupling in the layer should be high for the polarization reversal to occur (Melrose 1975; White et al., 1992; Lee et al., 1998). The fan–spine structure shown in Figure 8A does have such a magnetic field configuration, where the fan surface plays a role as a QT layer for the radio waves emitted below the fan surface.
However, looking at the fan structure shown in Figure 8, the mode coupling is an unlikely answer. In the initial configuration (Figure 8A), the magnetic fields above the fan surface are in the negative polarity, and the microwave radiation from below will be observed as LHCP regardless of the magnetic polarity at emission. Therefore, the LHCP observed over the entire active region can simply be explained based on the magnetic polarity distribution around the fan-spine structure, without any strong mode-coupling. At the onset of the flare, a structural change of the corona will occur as the fan surface partially turns into the so-called breakout current sheet (BCS, the orange dashed circle in Figure 8). Across the BCS, the magnetic fields inside the fan may reconnect with those outside of the fan, and the lower part of the rising and expanding BCS amounts to the newly open field lines (see, e.g., Lynch et al., 2016; Karpen et al., 2017). Such a change of magnetic field structure without the mode coupling can explain the rapid change of microwave polarization more naturally (Figure 8C).
If the strong mode coupling across a current sheet indeed affected the polarization (Zheleznyakov et al., 1996), then we should have been able to detect the change of polarization earlier than the flare. We thus conclude that the change from LHCP to RHCP of the 17 GHz emission over the active region core must indicate a breakout eruption out of the closed fan structure. This change of microwave polarization due to the rapid variation of magnetic polarity around the null point can be a new feature inherent to the fan–spine structure, which was never studied before.
3.2 Microwave Oscillations Around the Main Phase
The quasi-periodic oscillations in the 17 GHz lightcurves are depicted as black wavy curves in Figures 8B,C. They may represent either MHD oscillations or intermittent flare energy release. In the latter case, the peaks should have started after the eruption. Otherwise if they are one of the preflare activities, they should have ceased at the eruption. It is also possible that multiple peaks may arise before and after the eruption for different reasons. In this case, however, they do not necessarily maintain the same periodicity. We thus favor the former view that the oscillations which started before the flare and survived through the flare. The 17 GHz flux around the time of the eruption shows quasi-periodic peaks separated by 1–2 min. These quasi-periods are comparable to those of Chen et al.’s (2019) study on QPPs in EUV and 2 GHz data for this event and Zhang et al. (2020) for another CRF. Such short periods (≤5 min) are typically could be due to kink mode oscillations (Aschwanden et al., 2002; Chen et al., 2019; Aschwanden & Wang 2020).
We also emphasize that the clear-cut starting time of the 17/34 GHz flux increase at t2 coincides with that of the QPP at 2 GHz (Chen et al., 2019), and also agrees to the eruption signatures at 131 Å (Figure 4) and 94 Å (Liu et al., 2019). Therefore the pre-flare reconnection implied by the nonthermal activation also played a role as an external driver on this fan surface, and upon the impact on the fan surface, all closed field lines underneath may well undergo the oscillation altogether. In this sense, we regard this oscillatory phenomena as a characteristic feature of the CRF hosting structure, which works like a drum tied to the spines and the circular which works like a drum tied to the spines and the circular ribbon.
As a unique feature of the microwave polarization observation, the carrier of the dominant oscillatory power changes from I(t < t3) to V(t > t3) maintaining a similar period. A compelling scenario for this change is that the closed field lines around the inner spine field open up by the breakout eruption to serve as a conduit for the waves propagating along the spine. Many numerical simulations for fan-spine reconnection (Pariat et al., 2009; Pariat et al., 2010; Karpen et al., 2012; Pariat et al., 2015; Pariat et al., 2016; Wyper et al., 2016; Karpen et al., 2017; Wyper et al., 2017; Wyper et al., 2018) predict that reconnection at the null should launch torsional Alfvén waves propagating away along the outer spine. Some of these models can explain why the major oscillatory power is transferred from A to C at t3 in terms of the accumulation and release of the magnetic twist.
We may need to prove why torsional Alfvén waves should be the only candidate for the 17 GHz quasi-periodic oscillation. First of all, this wave mode was predicted specifically for the reconnection in a fan-spine structure like the current active region (Wyper et al., 2017). Secondly, suppose that either gas pressure or magnetic pressure (instead of magnetic twist) is released at the eruption to generate slow or fast MHD waves. They will cause change of field strength, which then contributes more to the oscillation of the 17 GHz total intensity. On the other hand, torsional Alfvén waves or simply Alfvén waves are capable of changing the field orientation to explain the oscillation of the 17 GHz polarized intensity.
3.3 Nonthermal Activation and Flux Rope Dynamics
Lee at al. (2020b) detected the nonthermal activation at t2 solely based on the different behavior of the 17 GHz flux from that of the 34 GHz flux. On the other hand, Liu et al. (2019) addressed this trigger issue using EUV and magnetic data alone, which has no direct access to the nonthermal particle information. According to their NFFF model, even this simple structured CRF is invloved with three flux ropes: FR1 formed by the outer spine-like loops rooted at the edge of the fan, a smaller loop, FR2 at the PIL inside the fan, and its overlying flux rope, FR3. Based on such a large-scale magnetic structure, Liu et al. (2019) concluded that the interaction of FR1 and FR2 has to be modulated by FR3 lying between them to invite the two-stage eruption. It is our interpretation that the dynamic evolution of FR3 acts as an external forcing for triggering the reconnection responsible for the nonthermal activation at t2, and that at this time the BCS starts to form and soon the breakout eruption follows at t3. Therefore the two different approaches confirm that t2 is the time of significant transition prior to the main eruption. The time interval, t3 − t2 ≈ 5 min between these two events agrees well to the model prediction (Wyper et al., 2017).
4 CONCLUSION
We have discussed a set of microwave and EUV studies on the circular ribbon flare, SOL2014-12-17T04:51 as a unique example for exploring the breakout eruption from a fan-spine structure. We paid special attention to the microwave polarization of the CRF as yet unexploited in other studies of CRFs. The noteworthy findings related to the breakout eruption are: 1) nonthermal activation in the form of simulataneous flux increases at 17/34 GHz, 2) 17 GHz polarization reversal at the time of the maximum flux, and 3) QPP of 17 GHz total intensity in the preflare phase and that of the polarized intensity in the flare phase.
The most obvious piece of evidence for the breakout eruption is the abrupt and permanent change of the microwave polarization, because the change from the preflare single polarization state to the mixed polarization state on and after the flare means that the multipolar magnetic fields underneath is covered by the single polarity magnetic field in the above, which then breaks out to let the original magnetic polarization escape as is. This conclusion is made solely based on the 17 GHz polarization observation with no reference to any particular model.
The second obvious piece of evidence is the quasi-oscillations detected in the microwave maps. Although QPPs are detected in other wavelengths too, the 17 GHz quasi-oscillation is the only one that persists from the pre-eruption oscillation to the post-eruption with positional shift of the oscillatory power from the loop to the outer spine field at the eruption. The mode of the oscillation seems to change from the kink mode the torsional Alfvén waves. Together with other QPPs, this finding leads to the picture that the dome-shaped fan structure vibrates like a drum tied to the spines and the circular ribbon. Note that the NoRH 17 GHz observation could detect the continuous change of the quasi-oscillation through the flare, because it did not saturate in the flare core region unlike in other wavelengths.
Thirdly, the microwave observation allows us to detect three major transition times. Especially, the nonthermal activation at t2, which we identified with the onset of the BCS formation appears too subtle in other radiations to be detected, and cannot directly be predicted by MHD models. The time intervals between t2 and two other critical times for the thermal activation (t1) and the impulsive energy release (t3) as detected in the microwave maps provide quantitative measures for the serial process starting with the transformation of a null point to the BCS, which then led to the breakout eruption from the fan-spine structure.
Finally we remark that the standard model for normal CMEs from a confined structure (Chen 2011) can also predict the change of the microwave polarization as observed. In that model, magnetic fields are stretched out to reconfigure the overlying field structure, which is practically not very different from the above picture. However, in the standard eruptive model, the reconnection below the flux rope occurs later than or almost simultaneously with the eruption. On the other hand, we witnessed that the processes of the null-point reconnection at t1, and the BCS formation at t2 followed by the breakout eruption at t3 are well separated from each other by noticeable time intervals. This series of processes is in accordance with the numerical simulation of the breakout model rather than the standard model for eruptive flares.
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