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Abstract

:

We have studied the quasi-periodic pulsations (QPPs) of the M2.3 flare that occurred in the active region NOAA 12172 on 23 September 2014. Through the fast Fourier transform (FFT) method, we decompose the flare light curves into fast- and slowly-varying components, and the cut-off threshold is 100 s. We find that the QPPs have a period of 40 s at soft X-ray (SXR), hard X-ray (HXR), radio and ultraviolet (UV). Based on the Atmospheric Imaging Assembly (AIA) on the Solar Dynamics Observatory (SDO), we find that the QPPs take place at the same time interval as the flare ribbon separation, and that the QPPs seem to originate from the flare ribbons. Our observations tend to support the mechanism of the periodic nonthermal electron injection during the flare eruption.
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1. Introduction


In the process of solar flare explosion, a large number of electrons are accelerated to a non-thermal state in a short time. These non-thermal electrons have undergone dynamic processes such as injection, deposition, capture and energy dissipation in the solar atmosphere, and have produced a series of explosion phenomena. Quasi-periodic pulsations (QPPs) are a common phenomenon in the process of solar flares. In recent years, studies have found evidence of QPPs across a wide range of wavelengths from radio [1,2], soft X-ray and EUV [3,4], Ly α  [5,6], and even  γ -rays [7,8]. In addition, flare QPPs have also been detected in spectroscopic observations, such as Doppler-shift oscillations [9,10,11,12], or Solar Ultraviolet Measurement of Emitted Radiation (SUMER) oscillations [13,14]. According to a large number of observation results, the period of QPPs can generally be divided into sub-second, second and minute bands [15]. Generally, sub-second QPPs are often detected in the radio and HXR bands [16,17,18,19,20]. These QPPs may be related to the dynamic interaction process of high-energy electrons in the flare loops, and these charged particles generate HXR and microwave radiation through bremsstrahlung and cyclotron synchrotron mechanisms, respectively [16,21,22,23]. QPPs with a period of several seconds to several minutes can be detected in a wide wavelength range, and they may be related to magnetohydrodynamics (MHD) processes [24,25]. Long-period QPPs with a period of several minutes to tens of minutes have also been detected in the broad emission band of solar flares, which may be caused by violent flare eruptions in the solar active region [26].



QPPs are not only observed in large flares, but also recognized in smaller flares [27] and even microflares [28]. So far, the most powerful solar flare detected with QPPs is the X14.4 flare [29]. The period of QPPs ranges from 1 to 5 min and is detected in radio and hard X-ray (HXR) emissions. The second most powerful solar flare with detected QPPs is a X9.3 flare, which is the most powerful flare of solar cycle 24 [30]. The energy of these powerful flares are in the realm of typically observed stellar flare energies, and solar flares such as these are useful for bridging the energy gap between solar and stellar flares [31]. Events like these are really helpful for us to study QPPs in solar and stellar flares. Detailed research on individual flare events can help us better understand the properties and physical processes of QPPs, while statistical research on large-scale events can help us understand the general properties of QPPs [4,32,33,34], such as prevalence and characteristic timescales. In addition, utilizing statistical research of QPPs and the properties of flare region is beneficial for determining the scaling laws of QPPs [35] in solar flares, which can help confirm or exclude some mechanisms.



As one of the important phenomena in solar flares, the physical mechanism behind QPPs is still unclear. There are a number of explanations about QPPs. QPPs may be related to the periodic burst mechanism of magnetic reconnection, such as the tearing of current sheet related to multiple plasmoids [36]. Kumar & Cho [37] observed several multiple plasmoids and DPSs for about one minute, and the results showed that in radio and HXR, the tearing of current sheet and the formation of multiple plasmoids can produce QPPs with a period of several seconds to several minutes. In the model proposed by Takasao et al. [38], the formation and structural evolution of the shock wave in the back ring of the flare were numerically simulated. It was found that the intensity of the end shock wave showed quasi-periodic pulsations. The combination of current-carrying coronal loops can lead to periodic changes in the width of the current sheet and produce non-thermal electrons, thus generating QPPs in the HXR and radio wavelengths [39,40]. The interaction of MHD waves can also induce the generation of QPPs. Ning et al. [41] studied the periodic explosive event with a period of 3–5 min produced by the periodic magnetic reconnection modulated by MHD waves. So far, observations have not been able to distinguish between these mechanisms, and flare models have not been able to accurately reproduce the evolution of QPPs. Once the mechanism is determined, QPP is expected to provide a unique diagnostic tool for the physical process of flare energy release.



In this paper, the data used are from the Geostationary Operational Environmental Satellites (GOES), the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) [42], the Nobeyama Radio Polarimeters (NoRP), and the Atmospheric Imaging Assembly (AIA) [43] onboard the Solar Dynamics Observatory (SDO) [44]. We investigate the QPPs in soft X-ray (SXR), hard X-ray (HXR) and radio bands during an M-class solar flare on 23 September 2014. Interestingly, both the global integral and the local integral of the flare area show the QPPs with a period of 40 s.




2. Observation and Measurement


According to the observation of GOES, this flare began at 23:03 UT, peaked at 23:16 UT and ended at 23:28 UT. It occurred in the Active Region of NOAA 12172, with the coordinates of S14E32. In addition, this event was accompanied by a coronal mass ejection (CME) observed by SOHO/LASCO 1, with a width of 134 degrees and a speed of 331 km/s.



Figure 1a shows the GOES SXR light curve of this event. Similar to typical flare events, it shows an impulsive phase and a long decay phase. Due to the small amplitude of QPPs, it is difficult to see its behaviour on the original light curves of 1–8 Å and 0.5–4 Å. For this reason, we use Fourier Transform (FFT) method [45] to decompose the original light curve into slowly-varying components (black curve in Figure 1a, multiplied by 0.7 to prevent overlapping with the original curve) and fast-varying components (Figure 1b). In this process, we use 100 s (0.01 Hz) as the threshold value to divide the power spectrum of the light curve into low and high frequency domain, and then apply the inverse fast Fourier transform of the two parts of the power spectrum to obtain the slowly-varying (background) and rapidly varying (quasi-periodic peak) components [45]. Figure 1b showed the fast-varying components from 23:02:58 UT to 23:16 UT, we can see oscillation behavior of QPPs, which are almost oscillating in the same phase between 1–8 Å and 0.5–4 Å, and their correlation coefficient is 0.75. Compared with Fourier transform, wavelet transform is a localized analysis of time (space) and frequency. It gradually refines the signal (function) at multiple scales through dilation and translation operations, ultimately achieving time subdivision at high frequencies and frequency subdivision at low frequencies. It can automatically adapt to the requirements of time-frequency signal analysis, thus focusing on any detail of the signal and solving the difficult problem of Fourier transform. There are three functions including ‘Morlet’, ‘Paul’ and ‘DOG’ used by wavelet transform. Here, we use ‘Morlet’ as the default function and the wave number is six by default. From the wavelet spectrum and global wavelet spectrum of the fast varying components in the 1–8 Å band in Figure 1c, the period is about 40 s, and the significance level is more than 95%. The maximum amplitude of QPPs appears at about 23:09 UT, which corresponds to the impulsive phase of the flare.



Similarly, QPPs are also detected in the radio and HXR. Figure 2a shows the radio light curves from Nobeyama Radio Polarimeters (NoRP) at 1, 2, 4, 9 GHz. It started at 23:06:37 UT, peaked at 23:11:45 UT and ended at 23:22:01 UT. There are QPPs overlying on the radio background. Using the same method as before, the original light curves of 2 GHz and 4 GHz are decomposed into slowly-varying components (black curves in Figure 2a, multiplied by 0.9) and fast-varying components, which are shown in Figure 2b from 23:06:37 UT to 23:16 UT. The QPPs have a similar phase but a weak correlation of 0.34. Figure 2c shows the wavelet spectrum as well as its global wavelet spectrum of 2 GHz. Obviously the QPPs have a period about 40 s, and the significance level is above 95%.



Figure 3a1–a4 shows the RHESSI light curves at 3–6 keV, 6–12 keV, 12–25 keV and 25–50 keV. Using the same method as before, their original light curves are decomposed into slowly-varying components (red curves in Figure 3a1–a4, multiplied by 0.7) and fast-varying components (Figure 3b1–b4) between 23:03 UT to 23:16 UT. And the correlation coefficient of the fast-varying components of 3–6 and 6–12 keV is 0.84, while it is 0.63 between 12–25 keV and 25–50 keV. This fact indicates that the oscillation behavior of QPPs is similar under different bands of HXR. Figure 3c1–c4 give the wavelet spectra as well as the global wavelet spectrum of 3–6 keV (thermal radiation), 6–12 keV, 12–25 keV and 25–50 keV (nonthermal radiation). And from the wavelet spectrum we can clearly see the QPPs period of about 40 s. This indicates that the QPPs have a period of about 40 s same as that in the NoRP and GOES observations. The significance level is above 95%.



This event was also well recorded by SDO/AIA. The pixel size of AIA is    0.6  ″    , and the time resolution is 12 s at the seven wavelengths of 94 Å, 131 Å, 171 Å, 193 Å, 211 Å, 304 Å and 335 Å, while it is 24 s at the 1600 Å and 1700 Å wavelengths. Figure 4 shows the AIA images of nine wavelengths at flare maximum of 23:16 UT. It can be seen that there are two bright ribbons (R1 and R2) at 1600 Å and 1700 Å and R1 is near by a big sunspot. Also the two ribbons can be well seen at 171 Å and 304 Å. From the AIA movie 2, the jets are detected during the flare eruption. At the beginning of the flare, the two ribbons are close, then separate rapidly with the rising of the emission at SXR, HXR and radio. The white box on AIA 211 Å image represents the area where the flare is integrated as a whole light curve at AIA 9 wavelengths, and the black boxes on AIA 1700 Å image represents the area where the flare ribbon light curves are integrated.



Figure 5a shows the magnetic images with RHESSI sources at 6–12 keV, 12–25 keV and 25–50 keV, and the intergration time is from 23:09:12 UT to 23:10:59 UT. There are two footpoint sources at 25–50 keV nearby the double ribbons and the sources at 6–12 keV and 12–25 keV are located at the flare loops, although they are nearby the R2. Here RHESSI X-ray sources are imaged by the CLEAN Image Reconstruction Algorithm. Figure 5b shows the RHESSI sources overlapping with the AIA 171 image at 23:59:47 UT, and in this image, we can more clearly see the relationship between the footpoints and the flare loops. And based on the distance   D ≈ 55.3   arcsec between two footpoints, we assume that the flare loop is approximately semicircular, and then the length of the loop can be calculated as   L = π D / 2 ≈ 6.3 ×  10 4    km.



As mentioned before, this event is strong and saturates at the AIA images. Excluding the saturated images, we have performed a global integration of flare regions (the white box in Figure 4e) from the unsaturated images. Figure 6 shows the light curves at 94 Å, 171 Å, 211 Å and 335 Å. Using the same method, the light curves are decomposed into fast-varying components and slowly-varying components (blue curves, multiplied by 0.8). The threshold period used here is still 100 s. The QPPs are founded on the fast-varying components between 23:03 UT and 23:16 UT, corresponding to the impulsive phase of the flare. The wavelet spectra confirm that the oscillation period is about 40 s.




3. Results


There are currently many theories and models for the origin and mechanism of QPPs. In this article, we try to clarify where and when it happened. Interestingly, we find that the QPPs take place during the separation of flare ribbons. Figure 7 presents the light curves of two flare ribbons in 335 Å as well as their fast-varying components, wavelet spectra and time-distance diagrams. The oscillation process is very short and ends before the formation of the flare loop. Figure 7a1,a2 presents the 335 Å light curves from the flare ribbons at R1 and R2 (the black boxes in Figure 4i). Using the same method, they are decomposed into slowly-varying components (blue lines, multiplied by 0.8) and fast-varying components. Figure 7b1,b2,c1,c2 gives the fast-varying components and wavelet spectra between 23:03 UT and 23:16 UT. Similar to the light curves from whole flare region in Figure 6, QPPs are detected on the ribbons. The wavelet spectra at Figure 7c1,c2 show that QPPs have a period of about 40 s. Figure 7d1,d2 gives the time-distance images along the slice S1, which is marked by red arrows in Figure 4 on 335 Å and 1600 Å images. The arrow direction presents the y-axis from 0 to 80 arcsecs in Figure 7d1,d2. In order to detect the ribbon separation speed, S1 is outlined perpendicularly to the ribbons. In the time-distance diagram at 335 Å, the velocities of R1, R2 and jet are 61, 20 and 257 km/s, respectively, while they are 58, 22 and 131 km/s at 1600 Å. Obviously, the R1 has a faster separation speed than R2. It is possible that R2 is located at the strong magnetic field region. In addition, the jet is also detected at 335 Å and 1600 Å. We map the five peaks of the fast-varying components to the positions of R1 and R2 in the time-distance diagrams, respectively. In the 335 Å time-distance diagram, the oscillating peaks correspond to the bright spots on the ribbons as marked by black boxes. Due to the relatively small distance and speed of R2 during the separation, it is not easy to see the small amplitude of QPPs in the time-distance diagram. Figure 7 shows that the oscillations of R1 and R2 occur almost simultaneously, and the oscillations occur during the separation of the flare ribbons.



Based on the analysis of data, we find QPPs with a period of 40 s at SXR, HXR, Radio, and SDO/AIA at the same interval in this event. Figure 8 plots the correlation of QPPs between different wavelengths, i.e., GOES 1–8 Å versus AIA four wavelengths (94 Å, 171 Å, 211 Å and 335 Å), RHESSI 25–50 keV versus radio four frequencies (1 GHz, 2 GHz, 4 GHz, 9 GHz), and their correlation coefficients are calculated after shifting the data by about 28 s, 28 s, 4 s, 8 s, respectively, and GOES 1–8 Å versus RHESSI four wavelengths (3–6 keV (shifting by about 176 s), 6–12 keV (shifting by about 176 s), 12–25 keV, 25–50 keV). We found that most of the correlation coefficients between them are relatively higher than 0.5, which confirm that QPPs at a broad wavelength range could have originated from the same process in this event.




4. Discussions and Conclusions


In this paper, we studied the QPPs in an M2.3 class flare on 23 September 2014. Using the data from GOES, NoRP, RHESSI, and SDO/AIA, we found QPPs with a period of 40 s by using FFT and wavelet transform for their light curves. Meanwhile, we found that the QPPs take place at the same interval during the flare ribbon separation. Based on the SDO/AIA observation, QPPs seem to originate from the flare ribbons, the peaks of fast-varying components correspond to the bright spots on two ribbons, and the period of QPPs is closely related to the separation of flare ribbons. Pugh et al. [35] study the ribbon properties including ribbon separation distance, area, total unsigned magnetic flux and average magnetic field strength. It shows there is evidence of relationships between the period of the QPPs and flare ribbon properties. Also, it shows that the period of the QPPs has strong correlations with separation distance. During the separation of flare ribbons, as reconnection occurs, new and longer loops are formed, which may be related to the period of the QPPs. The ribbon properties also correlate with the flare duration, and there is a positive correlation found between the period of the QPPs and flare duration by the statistical study [34]. The periods follow a log-normal distribution that peaks at 20s. At the same time, in this event, violent jet bursts were also observed, but we did not find significant periodic oscillations in the jet. However, many studies on jets have found that they have periodicity. Mishra et al. [46] found a period of about 3 min in a blowout jet mainly composed of cool material and the research strongly supports the fact that multiple magnetic reconnection triggers QPPs in the blowout jet. Li et al. [47] suggest that the flare QPPs could be excited by recurrent jets, and they should be associated with non-thermal electrons that are periodically accelerated by a repeated energy release process, such as repetitive magnetic reconnection.



It is interesting that QPPs exist in both thermal (SXR) and nonthermal (radio and HXR) radiation in this paper. It seems that QPPs periods are independent of the frequency of observations. The correlations of QPPs between different wavelengths indicated that the QPPs are originated from the same process in this event. However, QPPs have different periods in different events and, similar to the QPPs with 40 s period in this article, Yang and Xiang [48] found two groups of oscillations of newly formed loops through magnetic reconnection for the first time in the solar chromosphere, with observed periods of about 45 s and 25 s, respectively. Hong et al. [49] found the QPPs of 90–110 s in a C6.7 flare on 9 May 2019. Srivastava et al. [50] found the violent oscillations with double periods of about 587 and 349 s in the chromosphere, and interpreted them as the fundamental- and harmonic-mode of fast-sausage waves in the cool post-flare loop. And Li et al. [51] even observed very long-periodic pulsations with a period of ≈9.3 minutes before the onset of a circular-ribbon flare, which were attributed to be LRC-circuit oscillations. Thus, we can see different periods may correspond to different generation mechanisms, which require more observation and theoretical research.



According to the mechanisms of the QPPs, there are two possibilities of theoretical explanations for the QPPs here, i.e., the periodic non-thermal electrons generated by magnetic reconnections or the electron beams and the emitting plasma modulated by MHD waves [3,7,12,52,53,54,55]. Our observations tend to support the first possibility. The evidence includes the QPPs being seen at radio and HXR origination from the flare ribbons. We did not find any evidence of MHD waves from our observations. It is obvious that one model can well explain some types of flare QPPs, but fails to explain all of the observed QPP features. However, it is still an open question that the QPPs display a period of 40 s. More observations are needed to explore the QPPs in various events.
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Figure 1. (a) The light curves of GOES 0.5–4 Å (blue), and 1–8 Å (red), and their slowly-varying components (black, multiplied by 0.7) for the 23 September 2014 flare. (b) Fast-varying components (blue line has multiplied by 5) in the interval between two vertical dashed lines and their correlation coefficient. (c) The wavelet spectra and global wavelet spectrum of the fast-varying component at GOES 1–8 Å. The red contours represent a significance level of 95%. 
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Figure 2. (a) the light curves of radio at 1 GHz (red), 2 GHz (brown), 4 GHz (blue) and 9 GHz (purple), with the slowly-varying components of 2 GHz and 4 GHz (black, multiplied by 0.9). (b) the fast-varying components of the light curves of 2 GHz and 4 GHz, and their correlation coefficient. (c) the wavelet spectrum and global wavelet spectrum of 2 GHz, and the red contours represent a significance level of 95%. 
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Figure 3. (a1–a4) the light curves of RHESSI at 3–6 keV, 6–12 keV, 12–25 keV and 25–50 keV, and their slowly-varying components (red, multiplied by 0.7). (b1–b4) the fast-varying components of the light curves. (c1–c4) the wavelet spectra of 3–6, 6–12, 12–25 and 25–50 keV, and the contours represent a significance level of 95%. 






Figure 3. (a1–a4) the light curves of RHESSI at 3–6 keV, 6–12 keV, 12–25 keV and 25–50 keV, and their slowly-varying components (red, multiplied by 0.7). (b1–b4) the fast-varying components of the light curves. (c1–c4) the wavelet spectra of 3–6, 6–12, 12–25 and 25–50 keV, and the contours represent a significance level of 95%.



[image: Universe 09 00215 g003]







[image: Universe 09 00215 g004 550] 





Figure 4. The maps of SDO/AIA at (a) 94 Å, (b) 131 Å, (c) 171 Å, (d) 193 Å, (e) 211 Å, (f) 304 Å, (g) 335 Å, (h) 1600 Å and (i) 1700 Å at around 23:16 UT. The white box in the AIA 211 Å image (e) represents the whole flare area. Two black boxes in the AIA 1700 Å image (i) are flare ribbons of R1 and R2. The red arrow in the AIA 335 Å and AIA 1600 Å image represents the slice of S1. 
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Figure 5. (a) SDO/HMI images overlaid the RHESSI contours at 6–12 keV (brown), 12–25 keV (blue), and 25–50 keV (red). P and N indicate positive and negative polarities. The contour levels are 50%, 70%, 90% of the peak flux of X-rays. (b) SDO/AIA image overlaid the RHESSI contours at 6–12 keV (brown), 12–25 keV (blue), and 25–50 keV (red). The red line represents a loop between two footpoints. 
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Figure 6. Same as Figure 1, the light curves (black) of AIA 94 Å, 171 Å, 211 Å and 335 Å (white box marked in Figure 4e), with the slowly-varying components (blue, after multiplying by 0.6), the fast-varying components and their wavelet spectra. The contours represent a significance level of 95%. 
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Figure 7. (a1,a2) the light curves of R1 and R2 of 335 Å marked by the black boxes in Figure 4i, and their slowly-varying components (blue, multiplied by 0.8). (b1,b2,c1,c2) the fast-varying components of the light curves, and the wavelet spectra as well as global wavelet spectrum between 23:03 UT to 23:16 UT. (d1,d2) the time-distance diagrams at 335 Å and 1600 Å, and the velocities of R1, R2 and jet are given. The red dashed lines mark the positions of five peaks. 
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Figure 8. Correlation of various fast-varying components during the time interval between 23:03 to 23:16 UT, namely GOES 1–8 Å flux versus different wavelengths of AIA (94 Å, 171 Å, 211 Å, 335 Å) and RHESSI (3–6 keV, 6–12 keV, 12–25 keV, 25–50 keV), and RHESSI 25–50 keV versus radio wavelengths (1 GHz, 2 GHz, 4 GHz, 9 GHz). The correlation coefficients (cc) are given. 
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