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Abstract: We study the Quasi-Periodic Pulsations (QPPs) of an M4.4 class solar flare, which occurred
in active region NOAA 11165 on 8 March 2011. With the Fast Fourier Transform (FFT) method, we
decompose the flare light curve into fast- and slowly-varying components. The 100 s (0.01 Hz) is
selected as the cutoff threshold between the fast- and slowly-varying components. One-minute QPPs
are found around flare peak at soft X-ray (SXR) and Extreme Ultraviolet (EUV). Using the data from
the Atmospheric Imaging Assembly (AIA) onboard the Solar Dynamics Observatory (SDO), the
intermittent jets are detected and the interesting fact is that the jets also display one-minute period.
The correlationship between the fast-varying components of SXR or EUV emissions and the jets
suggests that the QPPs on light curves and periodic jets could come from the same origination, e.g.,
the periodic magnetic reconnection in this event.

Keywords: solar flares; oscillations; solar ultraviolet emission; solar X-ray emission; magnetic reconnection

1. Introduction

Quasi-Periodic Pulsations (QPPs) are the common phenomena of flare light curves
with periodic behavior. They are observed in almost all ranges of the electromagnetic
spectrum, from radio waves to γ-rays, and at various stages of flares [1]. Based on previous
observations, the periods of QPPs were discovered with a wide range, from subseconds
to seconds or minutes [2]. Some events are discovered to show QPPs with multiple
periods [2–4]. In addition, in a same flare, QPPs display the time delay in the various
wavelengths [5]. Sych et al. [6] and Kashapova et al. [7] found three-minute long period
QPPs in the flare which situated close to the sunspot, respectively. Li et al. [8] found
medium period QPPs about 50 s and 100 s in X-ray emission during the impulsive phase
of a flare, they also reported one-minute QPPs in other flares with multi-wavelength
observations [9,10]. Nakariakov et al. [11] identified the short period QPPs around 1.4 s
and 0.7 s in radio emission during a microflare, which shows irregular QPPs pattern.

Different periods may be related with different physical processes. For example, long
periods such as about three minutes may originate from the modulation of sunspot oscilla-
tions [6,7], five-minute period could relate to the solar photospheric 5 min oscillations [2,12].
Short periods (subseconds and seconds) detected in the radio emission can be explained in
terms of plasma waves interact with the accelerated particles [13]. The medium periods
(tens of seconds) are usually explained by magnetohydrodynamic (MHD) oscillations,
i.e., eigenmodes of a magnetic flux tube oscillations, especially sausage [14–16] and kink
[16,17] modes. Furthermore, periodic magnetic reconnection is also one possible mecha-
nism, including reconnection triggered periodically by external waves [3,18] and oscillatory
reconnection (i.e., repetitive spontaneous reconnection) [19]. Various possibilities make
it a very important task to identify the specific mechanism responsible for the observed
QPPs events.
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Many progresses about the QPPs have been made in observations and simulations.
So far, at least fifteen mechanisms have been proposed to explain QPPs in solar flares [1].
However, the current observations can not provide all the necessary information about the
sources of QPPs, there is far from a consensus on the origin of QPPs. If the mechanism was
understood, then QPPs could provide information for diagnosis of astrophysical plasmas.
Nakariakov [20] suggested that QPPs of flaring energy releases can be associated with
MHD oscillations, and discussed the use of MHD waves for remote diagnostics of coronal
plasmas. Kolotkov et al. [16] estimated the aspect ratio of the flare loop L/R ≈ 12 by
assuming the short period of QPPs was attributed to the fundamental sausage mode.

In this article, one-minute QPPs are observed in soft X-ray (SXR) and Extreme Ultra-
violet (EUV) wavelengths during an M-class solar flare on 8 March 2011. The data used
here are from the Geostationary Operational Environmental Satellites (GOES), the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI) [21], the Atmospheric Imaging
Assembly (AIA) [22] and the Extreme Ultraviolet Variability Experiment (EVE) [23] onboard
the Solar Dynamics Observatory (SDO) [24]. It is interesting that this event display the
QPPs with one-minute period and they seem to be originated from the periodic jets, which
will help us to further understand the QPPs mechanism.

2. Observation and Measurement

The event studied here is an M4.4 class flare on 8 March 2011. According to GOES
SXR observations, it started at 18:08 UT, peaked at 18:20 UT and ended at around 18:30
UT. This flare occurred in active region NOAA 11165, which is located at solar limb and
the coordinate of the active region is S20W91 (891”,−320”). It is a limb event and the
flare ribbons at optics and footpoints sources at hard X-ray (HXR) are occulted by the
solar disk. Therefore, the HXR emissions, especially above 50 keV are missed by RHESSI.
Additionally, this flare was also accompanied with coronal mass ejection (CME) detected
by SOHO/LASCO1, whose width is only 43 degrees, and it is a narrow CME. Its initial
speed was low (283 km/s). The onset time was 17:44:34 or 17:55:05 UT. This means that the
flare (start time 18:08 UT) and the CME, they are simultaneous events.

Figure 1a shows the original GOES light curves of this event. Low-frequency or
aperiodic trend make it difficult to distinguish the QPPs by naked eye. The QPPs are
superposed on the strong background emission. In order to recognize the QPPs, we
use several mathematical tools. Firstly, with Fast Fourier Transform (FFT) method [25],
the original GOES light curves are decomposed into slowly-varying components (purple
curves in Figure 1a, having multiplied by 0.8 to prevent overlap with original curves)
and fast-varying components (Figure 1b). The FFT power spectrum is calculated from the
GOES light curve. Similar to the past study [26], we selected the 0.01 Hz (100 s) to split
the FFT power spectra into a lower and a higher frequency domain. Then, the lower and
higher frequency signals in frequency domain are transformed to slowly- and fast-varying
components, respectively. Figure 1b shows that the fast-varying components exhibit the
oscillatory behavior, i.e., QPPs at both 0.5–4 Å (red) and 1–8 Å (green). They are almost
oscillating in the same phase, and their correlation coefficient is 0.94. Secondly, Figure 1c is
the wavelet spectrum of the fast-varying component of GOES 0.5–4 Å between 18:06 UT
and 18:34 UT. It is clear to see that the period is around one minute and the significant level
is over 95%. The maximum amplitude of QPPs occurred at around 18:14 UT correspond to
the impulsive phase of the flare.
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Figure 1. (a) The light curves of GOES 0.5–4 Å (red), and 1–8 Å (green), and their slowly-varying
components (purple, already multiplied by 0.8) for the 8 March 2011 solar flare. (b) Fast-varying
components in the interval between two vertical dotted lines, the correlation coefficient is given.
(c) The wavelet spectrum of the fast-varying component at GOES 0.5–4 Å. The red contours represent
a significance level of 95%.

These QPPs are also detected by the RHESSI and SDO/EVE. RHESSI observed this
event before 18:23 UT due to the nighttime latter. Figure 2 (top panels) shows the light
curves of RHESSI at 6–12 keV and 12–25 keV, and SDO/EVE ESP at 0.1–7 nm. Using the
same method as before, the original light curves are decomposed into the slowly-varying
components (purple curves in top panels, multiplied by 0.8), and fast-varying components
(middle panels), which exhibit the QPPs at 6–12 keV, 12–25 keV and 0.1–7 nm, respectively.
Similar to the oscillating behavior between GOES 0.5–4 Å and 1–8 Å, the QPPs are almost
oscillating in the same phase between RHESSI 6–12 keV and 12–25 keV, and their correlation
coefficient is 0.89. Therefore, bottom panels show the wavelet spectra of the fast-varying
components at RHESSI 6–12 keV and ESP 0.1–7 nm. The dominant oscillating period is
also around one minute and the significant level is over 95%.
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Figure 2. Top panels: the light curves of RHESSI at 6–12 keV (red) and 12–25 keV (green), and
SDO/EVE ESP at 0.1–7 nm (black), their slowly-varying components (purple, already multiplied
by 0.8). Middle and bottom panels: the fast-varying components and their wavelet spectra. The
correlation coefficient between the fast-varying components of RHESSI 6–12 keV and 12–25 keV is
given. The red contours represent a significance level of 95%.

As mentioned before, this flare is a limb event and well detected by SDO/AIA at
9 wavelengths. Figure 3 gives the flare images around 18:21 UT at 94 Å, 131 Å, 171 Å, 193 Å,
211 Å, 304 Å, 335 Å, 1600 Å, and 1700 Å. It is an occulted event, and the structures on disk
such as flare ribbons or footpoint sources are missed from AIA and RHESSI. Figure 3 also
shows RHESSI X-ray sources superposed with the contours or triangles at 6–12 keV (a,d),
12–25 keV (b,e) and 25–50 keV (c,f), respectively. Here RHESSI X-ray sources were imaged
by the detectors 3-9F and the CLEAN Image Reconstruction Algorithm2. Different colors
represent the time evolution as shown by the colorbar. These X-ray sources are located
outside the solar disk and they are coronal sources [27,28]. The X-ray coronal sources move
upward on the impulsive phase, i.e., from 18:13 UT to 18:15 UT, and then return back.
Figure 4 gives the relative distance between RHESSI X-ray sources and that at 18:10:42 UT,
whose locations are shown in black triangle in the middle panels of Figure 3. The X-ray
sources reach the maximum height around 30 arc seconds at 18:16:33 UT. It is interesting
that the QPPs take place at the interval of X-ray source movement, i.e., from 18:13 UT to
18:17 UT in Figure 2 (left panels).

As noted earlier, although this event is an occulted flare, its intense radiation results
into the saturation on AIA images. Except for the saturated region, it is possible for us
to detect the one-minute QPPs from AIA data. The black box in Figure 3 is near flare
footpoint without any saturation during its lifetime. Figure 5 gives the light curves of
this region at AIA nine wavelengths. Using the same method, the original light curves
are decomposed into the fast- and slowly-varying components. As shown in the middle
panels, the fast-varying components of all 9 AIA channels are expected to display the QPP
behavior, and they are oscillating almost in the same phase. The correlation coefficients are
given. Each bottom panel shows the wavelet spectrum. Four channels such as 94 Å, 211 Å,
193 Å and 1600 Å are given here because the wavelet analysis of 9 AIA channels are similar
each other. Their wavelet spectra further confirm the one-minute QPPs during the interval
from 18:13 UT to 18:20 UT.
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Figure 3. Flare images at nine wavelengths of SDO/AIA around 18:21 UT, they are 94 Å (a), 131 Å (b),
171 Å (c), 193 Å (d), 211 Å (e), 304 Å (f), 335 Å (g), 1600 Å (h), and 1700 Å (i). The contours and
triangles represent the X-ray sources at 6–12 keV, 12–25 keV and 25–50 keV in different times (colorbar).
Contour levels are 90% and 82% of the peak intensity. Three groups of red solid lines outlines the slit
positions in Figures 7–9 and arrows indicate their Y-axes. The black box represents the region where
we integrate AIA light curves in Figure 5.

Figure 4. The time evolution of the distance between RHESSI X-ray sources at 18:10:42 UT and that
at other times.
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Figure 5. Similar to Figure 1, the light curves of nine AIA wavelengths, their slowly (purple curves,
already multiplied by 0.8) and fast-varying components with their wavelet spectra. The correlation
coefficient (cc) between the fast-varying components of different wavelengths are given. The red
contours represent a significance level of 95%.

3. Results

QPPs mechanism is still an open issue in solar physics. For this event, it is an in-
teresting question which process result into the one-minute QPPs. It is obvious that the
QPPs in this flare come from the coronal region, because the flare ribbon and footpoints are
occulted. On the other hand, the intermittent jets are detected by the SDO/AIA, as shown
in the movie (additional files of this manuscript). Figure 6 shows the time evolution of
jets between 18:14:11 UT and 18:18:08 UT. In order to analyze the periodicity of the jets,
Figures 7 and 8 give the time-distance diagrams at two slices located at S1 and S2, which
are outlined in Figure 3. S1 is perpendicular to the radial direction while S2 is parallel
to. Two wavelengths of 94 Å and 335 Å are used due to no saturation during the whole
flare. Figure 7 (top panels) shows the time-distance diagrams of S1 at 94 Å and 335 Å
from 18:00 UT to 18:24 UT. The Y-axis is along the arrow direction, i.e., from the southeast
to northwest. The red light curves are the intensity integration between two horizontal
red lines on Y-axis. There are a plenty of oblique streaks seen in these images at both
94 Å and 335 Å simultaneously, although they are a little faint here. These oblique streaks
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are intermittent jets, which move from the northwest to southeast. It is obvious that S1
located at the flare loop top. Thus, these jets should be originated from loop footpoints and
move along these closed loops. In order to see these jets clearly, Figure 7 (middle panels)
gives the smooth-subtracted images of top panels, i.e., after subtracting the slowly-varying
component, which is a 72-s running average of original intensity. Therefore, each jet is
divided into a pair of white and dark oblique streaks, and the white streak is following
the dark one. The velocity of jets can be directly measured from each white or dark streak
from the smooth-subtracted image, and several examples are labeled. The red curves show
the fast-varying components of light curves between two horizontal red lines on Y-axis. It
display the oscillating behavior, which suggests that the intermittent jets have a periodicity.
It must be explained here that each peak of this red curve represent one jet, and different
peaks are various jets. Figure 7 (bottom panels) gives the wavelet spectra of the red curves,
and it is interesting that one-minute period is found in these jets, which is the same as the
period of SXR and EUV. Same as Figure 7, Figure 8 gives the time-distance diagrams along
S2 at 94 Å and 335 Å. Using the same method, the intermittent jets also display one-minute
period. However, S2 is almost parallel to the radial direction, which indicates these jets are
along the open magnetic field lines and intermittent moving outer the corona, and their
average speed is above 200 km/s, which is almost the same with the initial speed of the
CME.

Figure 9 shows the time-distance diagrams along the slice of S3 at 94 Å and 335 Å.
Figure 3 outlines the S3 which covers the trajectory of RHESSI X-ray sources movement.
Similar as in Figures 7 and 8, Figure 9 shows the original data (top panels), and the fast-
varying components (bottom panels) after subtracting the slowly-varying components (a
72-s running average from raw data). The flare loops are detected along S3, and RHESSI
X-ray sources position are overlapped on bottom panels. Red triangles represent 6–12 keV
while green are 12–25 keV. From Figure 9 the jets erupt earlier about 4 min than X-ray
source start upward, which indicates that the SXR source movement is related to the flare
loop expansion.

Figure 6. The time evolution of jets between 18:14:11 UT and 18:18:08 UT.
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Figure 7. Top panels: time-distance diagrams of the S1 marked in Figure 3g at AIA 94 Å (left) and
AIA 335Å (right) , and the red curves represent the light curves between two horizontal red lines
on Y-axis. Middle panels: the smooth-subtracted images of top panels. Red curves represent the
fast-varying components between two horizontal red lines on Y-axis. The arrows and numbers label
the various jets and their speeds. Bottom panels: the wavelet spectra of the red curves. The red
contours represent a significance level of 95%.

Figure 8. Top panels: time-distance diagrams of the S2 marked in Figure 3h at AIA 94Å (left) and
AIA 335Å (right), and the red curves represent the light curves between two horizontal red lines
on Y-axis. Middle panels: the smooth-subtracted images of top panels. Red curves represent the
fast-varying components between two horizontal red lines on Y-axis. The arrows and numbers label
the velocity of jets and the falling matter. Bottom panels: the wavelet spectra of the red curves. The
red contours represent a significance level of 95%.
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Figure 9. Top panels: time-distance diagrams of the S3 marked in Figure 3i at AIA 94 Å (left) and AIA
335 Å (right). Bottom panels: the smooth-subtracted images of top panels. Red triangles represent
the movement trajectories of 6–12 keV X-ray sources, while green are 12–25 keV.

According to above analysis, we identified the presence of one-minute QPPs in dif-
ferent wavelength bands by several instruments during the flare, they are GOES 0.5–4 Å,
1–8 Å, RHESSI 6–12 keV, 12–25 keV, SDO/EVE ESP 0.1–7 nm, and SDO/AIA nine wave-
lengths (94 Å, 131 Å, 171 Å, 193 Å, 211 Å, 304 Å, 335 Å, 1600 Å, and 1700 Å). Figure 10
plots the correlation between the fast-varying components of GOES 1–8 Å and of two AIA
wavelengths (94 Å and 335 Å). Here the fast-varying components of AIA refer to the oscil-
latory red curves as shown in Figures 7 and 8. The maximum correlation coefficient reach
as 0.7 and the minimum value is 0.57. The correlationship indicate that the one-minute
QPPs really occurred at SXR and EUV simultaneously.

Figure 10. Correlation between the fast-varying components of GOES 1–8 Å and of AIA 94 Å at S1
(panel a) and S2 (panel c) or of AIA 335 Å at S1 (panel b) and S2 (panel d). The correlation coefficients
(cc) are given.
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4. Discussion and Conclusions

Using the data from GOES, RHESSI, SDO/AIA and EVE, we studied the QPPs in an
M4.4 class solar flare. Although it is an occulted event whose ribbons and HXR footpoint
sources are missed by SDO/AIA and RHESSI, this flare is still intensive enough to saturate
on AIA images. Using the FFT and wavelet methods, the one-minute QPPs are detected in
the fast-varying components of the light curves at SXRs and EUV.

SDO/AIA observations give the intermittent jets accompanying this flare eruption.
The time-distance diagrams are analyzed at two slices of S1 and S2 perpendicular and
parallel to the radial direction. It is interesting that the jets display one-minute periodicity.
The correlationship between the QPPs at GOES and jet light curves suggests that the
one-minute QPPs on the flare light curves and periodic jets could come from the same
origination, e.g., one-minute periodic magnetic reconnection. A simulation work was done
by Shen et al. [29], in which the magnetic reconnection rate displays the fast oscillations due
to the appearance of plasma blobs in the current sheet. McLaughlin et al. [19] quantitatively
simulated the period of oscillatory reconnection by a nonlinear fast magnetoacoustic
wave deforming a 2D magnetic X-point, they found driving amplitude of 6.3–126.2 km/s
corresponds to periods in the range 56.3–78.9 s, which is consistent with the one-minute
QPPs in this study. More observations and statistical works are needed to study the
one-minute QPPs in the future.
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