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Abstract

In this Letter we report the detection of chromospheric 3-minute oscillations in disk-integrated EUV irradiance
observations during a solar flare. A wavelet analysis of detrended Lyα (from GOES/EUVS) and Lyman
continuum (from Solar Dynamics Observatory (SDO)/EVE) emission from the 2011 February 15 X-class flare
(SOL2011-02-15T01:56) revealed a ∼3 minute period present during the flare’s main phase. The formation
temperature of this emission locates this radiation at the flare’s chromospheric footpoints, and similar behavior is
found in the SDO/Atmospheric Imaging Assembly 1600 and 1700Å channels, which are dominated by
chromospheric continuum. The implication is that the chromosphere responds dynamically at its acoustic cutoff
frequency to an impulsive injection of energy. Since the 3-minute period was not found at hard X-ray (HXR)
energies (50–100 keV) in Reuven Ramaty High Energy Solar Spectroscopic Imager data we can state that this
3-minute oscillation does not depend on the rate of energization of non-thermal electrons. However, a second
period of 120 s found in both HXR and chromospheric lightcurves is consistent with episodic electron energization
on 2-minute timescales. Our finding on the 3-minute oscillation suggests that chromospheric mechanical energy
should be included in the flare energy budget, and the fluctuations in the Lyα line may influence the composition
and dynamics of planetary atmospheres during periods of high activity.
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1. Introduction

Quasi-periodic pulsations (QPPs) are widely reported in
emission from solar flares. These are regular fluctuations in the
flare radiation intensity, which are very clear in hard X-rays
(HXRs) and radio waves generated by non-thermal electrons
(Nakariakov & Melnikov 2009; Inglis et al. 2016 and Van
Doorsselaere et al. 2016), but are also detected over a wide
range of wavelengths.7 QPPs in non-thermal signatures are
widely interpreted as either revealing the magnetohydro-
dynamic (MHD) oscillation modes of the flare’s magnetic
environment or reflecting an oscillatory driver for electron
acceleration. There have been relatively few reports of quasi-
periodic behavior in the emission from the thermal plasmas of
the solar atmosphere, including the chromosphere, in response
to flare energization. QPPs with periods of 1minute have
been found in UV/EUV/SXR flare emission (e.g., Dolla
et al. 2012; Simões et al. 2015), perhaps signaling MHD
oscillations in post-flare coronal loops, or coronal loop-filling
by heated plasma expanding from a periodically heated
chromosphere. Brosius et al. (2016) found a period of 171 s
in Interface Region Imaging Spectograph (IRIS; De Pontieu
et al. 2014) observations of chromospheric flare C I line

emission, and interpreted it as chromospheric heating due to
quasi-periodic injection of non-thermal electrons. Other studies
have found fluctuations of 1–4minutes in flare chromospheric
emission that are interpreted as evidence for episodic
reconnection driven by leakage of slow-mode oscillations from
an underlying sunspot (Sych et al. 2009; Li et al. 2015; Kumar
et al. 2016; Ning 2017).
Different pulsation periods may be present at different

phases of the flare. For example, Hayes et al. (2016) found that
in the X-class flare SOL2013-10-28, the period of the observed
radio and X-ray QPPs changes, with short-period pulsations
(∼40 s) dominating during the impulsive, energy release phase,
and longer-period pulsations (∼80 s) being more prevalent
during the gradual, decay phase. Similarly, Dennis et al. (2017)
found the period of QPPs to change from ∼25 s to ∼100 s
during the X-class flare SOL2013-05-14. This may reflect a
change in the dominant driver of pulsations, e.g., from periodic
electron acceleration during the impulsive phase, to MHD
oscillations of hot post-flare loops in the decay phase.
It is well known that the (non-flaring) solar chromosphere

oscillates with a dominant period of around 3 minutes. The
decrease of the average period of oscillations in the solar
atmosphere from about 5 minutes in the photosphere to 3
minutes in the chromosphere (e.g., Noyes & Leighton 1963) is
due to the strong spatial damping of evanescent waves with
height, whereas the 3-minute oscillations at the cutoff
frequency are not damped. Fleck & Schmitz (1991), Kalkofen
et al. (1994), Sutmann et al. (1998), and Chae & Goode (2015)
and others have shown theoretically that any disturbance in the
chromosphere, whether impulsive or quasi-periodic, causes it
to oscillate at its acoustic cutoff frequency (the “Lamb effect”;
Lamb 1909). For the chromosphere, this cutoff frequency is
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5.5 mHz, corresponding to a 3-minute period. Convincing
observational evidence for impulsive excitation of oscillations
at the acoustic cutoff frequency was recently presented by
Kwak et al. (2016), who detected periods of 2.7–3.3minutes in
response to a strong downflow event detected in Hα+0.5Å.
This was seen in spatially resolved chromospheric (Mg II, Ca II)
and transition-region (C II, Si IV) lines measured by IRIS. The
authors concluded that these oscillations represent gravity-
modified acoustic waves generated by an impulsive disturbance
in the chromosphere.

In this Letter, we present evidence that oscillations with
periods around 3 minutes are present in the chromospheric
emission during the impulsive phase of an X-class solar flare.
We show that the 3-minute period is very prominent in the
hydrogen Lyα line and the hydrogen Lyman continuum, both
characteristic of chromospheric plasma at around 10,000K.
However, the 3-minute period is not seen in HXRs (which
show a dominant 2-minute signal), indicating that this 3-minute
signature is not due to quasi-periodic electron injection. In
Section 2, the data sets used and the analysis techniques
employed are described. Section 3 outlines the findings, and
Section 4 provides some discussion and interpretation.

2. Observations and Data Analysis

One of the most studied solar flares of Solar Cycle 24 is the
X2.2 flare that occurred on 2011 February 15 (SOL2011-02-
15T01:56). It was the first X-class flare of the cycle and was
observed by a number of different instruments. The top panel
of Figure 1 shows the lightcurves of 25–50 and 50–100 keV
HXR emission from the Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; Lin et al. 2002) at 4 s cadence,
and the lightcurves of 1–8Å SXR emission from the X-Ray

Sensor (XRS; Hanser & Sellers 1996; dashed curve) on the
Geostationary Operational Environmental Satellite (GOES15)
at 2 s cadence, for 30minutes around the rise and peak of the
X-class flare. The middle panel shows the chromospheric
response in both the Lyα line at 1216Å (hereafter, Lyα; red
curve) from the E-channel of the EUV Sensor (EUVS-E;
Viereck et al. 2007) on GOES, and the Lyman continuum
blueward of 912Å (hereafter, LyC; blue curve) from the EUV
Variability Experiment (EVE; Woods et al. 2012) on the Solar
Dynamics Observatory (SDO; Pesnell et al. 2012) at 10.24 s
and 10 s cadence, respectively. For comparison, the time series
of 1600 and 1700Å emission from the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012), also on SDO, are shown
in the bottom panel. These data were taken at 24 s cadence.
During this event, both channels saturated around the peak of
the flare. Following Milligan et al. (2014), a 200″×200″ area
around the flare site was integrated over in each channel to
ensure no loss of counts when deriving the lightcurves.
The SDO/EVE MEGS-P photometer is intended to record

Lyα irradiance, but Milligan & Chamberlin (2016) have
identified unexpected behavior in this signal. The EUV Sensor
(EUVS) on GOES15 was therefore used instead. The E-channel
on EUVS spans the Lyα line in a broadband (∼100Å) manner
similar to MEGS-P, and was operational during the 2011
February 15 flare. The Lyα lightcurves plotted in the middle
panel of Figure 1 were generated using Version 4 of the data.
This version of the data has been corrected for degradation and
calibrated using SORCE/SOLSTICE Lyα measurements.
The MEGS-B (Multiple EUV Grating Spectrograph) comp-

onent of EVE obtains spectra over the 370–1050Å range at
10 s cadence and 1Å resolution. Aside from the numerous
spectral lines that occupy this wavelength range, the most
prominent feature is that of the free–bound LyC with a
recombination edge at 912Å. Time profiles of this continuum
emission during flares from EVE were first presented by
Milligan et al. (2012), and followed up by a study of the
energetics of this and other chromospheric emissions during the
2011 February 15 flare (Milligan et al. 2014). In order to isolate
the continuum emission from the overlying emission lines,
Milligan et al. (2014) employed a Random Sample Consensus
(Fischler & Bolles 1981) technique that treats the lines as
outliers over a chosen wavelength range (see the appendix of
Milligan et al. 2014 for more details). Integrating under this fit
at each time step allowed the lightcurve of LyC in the middle

Figure 1. Plot of lightcurves of different emission during the 2011 February 15
flare. Top panel: RHESSI50–100 keV (black), 25–50 keV (gray; scaled by a
factor of 5), and GOES1–8 Å (dashed curve). Spikes at 02:00UT and 02:05UT
in 25–50 keV are due to attenuator state changes. Middle panel: Lyα from GOES/
EUVS (red) and Lyman continuum from SDO/EVE (blue). Bottom panel: UV
continua from SDO/AIA (1600 Å—orange; 1700 Å—cyan).

Figure 2. Plot of the periodic behavior of chromospheric emission: Lyα (red),
LyC (blue), and 1700 Å (cyan). The data have been detrended using an FFT
filter with a cutoff period of 400 s in each case. The vertical dotted, solid, and
dashed lines denote the start, peak, and end times of the flare, respectively, as
determined by the 1–8 Å channel of GOES/XRS.
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panel of Figure 1 to be derived. The same technique was
applied to Version 5 of the EVE data in this study.

To highlight the periodic behavior in the Lyα and LyC
emissions, the lightcurves were detrended using a Fast Fourier
Transform (FFT) filter. A cutoff period of 400 s (2.5 mHz) was
chosen for this analysis, but the choice of frequency was not
found to affect the derived period (see Section 3). The resulting
periodic behavior in both Lyα and LyC emission is shown in
Figure 2 (red and blue curves, respectively). The detrended
1700Å profile is also shown for comparison. There is a
remarkable agreement between all three detrended profiles in
terms of the phase of each pulsation. The coincidence between
profiles taken by three different instruments implies that the
bursts are genuinely solar in origin, and that they originate in
the chromosphere. The similarity is further evidence that the
spikes seen in LyC are not an artifact of the fitting algorithm.

The raw lightcurves of Lyα and LyC emission are shown in
the top panels of Figure 3. Overplotted are the low-pass (400 s
cutoff period) Fourier filtered time series in cyan. Having
removed the smoothly varying component of the flare time
profile for both Lyα and LyC, the resulting detrended profiles
are shown in the middle panels of Figure 3. The final step was
to apply the standard wavelet analysis technique of Torrence &
Compo (1998) to determine the period(s) of the pulsations
during the flare. The corresponding wavelet spectra per unit
time are shown in the bottom panels of Figure 3.

3. Results

The wavelet power spectrum for the detrended Lyα time
series in the bottom left panel of Figure 3 shows enhanced
power over a broad range of periods during the rise and peak of
the flare (01:45–02:00 UT). The bulk of this power is evident at
periods around 100–200 s. There is also a similar distribution

of power in frequency and time in the LyC spectrum (bottom
right panel of Figure 3). Both spectra also show enhanced
power at higher frequencies around the time of the flare onset.
The enhanced power around 180 s (5.5 mHz; horizontal dashed
white lines in both bottom panels) corresponds to the acoustic
cutoff frequency in the chromosphere. The 180 s period is not
apparent in the quiescent, full-disk signal from GOES/EUVS-E
or SDO/EVE, presumably due to the incoherence of the signal
in disk-integrated emission, although longer-period (300 s)
oscillations are apparent in non-flaring regions of AIA 1600
and 1700Å images (see below). The flare therefore seems to
either initiate the oscillation itself, or it amplifies or enhances a
pre-existing oscillation. In the latter case, the flare may either
drive a pre-existing dynamical behavior, or it changes the
properties of the radiating gas so that the variations in intensity
become more visible (see Section 4 for further discussion). It is
also worth noting that this 3-minute power is readily apparent
in wavelet analysis of the raw Lyα data with no detrending
applied.
The two UV channels on SDO/AIA—1600Å and 1700Å—

image the solar chromosphere at 24 s cadence. While this
emission is largely continuum (Lemen et al. 2012) rather than
hydrogen line emission, it is worth including given that any
flare emission (ribbons) should come from the same spatial
location as the Lyα and LyC emission, although they may
originate at different depths in the flaring atmosphere. These
data were again detrended using an FFT filter (top panels of
Figure 4). The bottom two panels of Figure 4 show the
resulting wavelet power spectra for the two channels. The
3-minute oscillation is apparent, as well as even stronger power
at ∼120s. Evidence for 3 minute oscillations was also found in
the Lyβ line from MEGS-B, although no such oscillations were
detected in the higher order Lyman lines (Lyγ, Lyδ, Lyò).

Figure 3. Analysis of the Lyα (left) and LyC (right) emission during the 2011 February 15 flare. Top panels: full-disk irradiance lightcurves with a 400 s FFT high-
pass filter overlaid in cyan. Middle panels: the detrended time profiles after subtracting the filtered profiles. Bottom panels: wavelet spectra (power per unit time) of the
detrended profiles with 99% significance levels overlaid. The horizontal dashed white line denotes a period of 180s.
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A common explanation for many QPP observations is that
they are simply due to bursty energy release and particle
acceleration on the measured timescales (e.g., Brosius
et al. 2016). However, performing a wavelet analysis on the
50–100 keV time profiles from RHESSI for this event did not
reveal any power at 3-minute timescales. This not only
strengthens the case that the chromospheric pulsations are a
genuine oscillatory response that is independent of the energy
injection rate, but it also does not support the argument by Sych
et al. (2009) and others that the underlying sunspot oscillation
could have been responsible for initiating the energy release
and particle acceleration in the first place. Had this been the
case, the 3-minute pulsations would have been evident at each
step of the energy transport process, including in the HXRs.
This is demonstrated by comparing the global wavelet power
spectrum (integrated over the duration of the flare;
01:30–02:30 UT) of the HXRs with those of the chromospheric
emission, as shown in Figure 5. The Lyα profile shows a strong
signature at 180 s (which is independent of the choice of
Fourier filter frequency as denoted by the different colored
curves), as does LyC to a lesser extent. Both AIA UV channels
show enhanced power at around 200s, while the 50–100 keV
emission shows no such power. The two AIA channels, LyC,
and Lyα also all show enhanced power at 120 s to some degree.
This does correspond to the peak in the the HXR power,

indicating that the chromospheric response on these timescales
is more likely due to accelerated particles. The 3-minute period
is a separate phenomenon that is taken to be an oscillatory
response of the chromosphere at its acoustic cutoff frequency.

4. Conclusions

Observational evidence for 3-minute oscillations in Lyα and
LyC emission from full-disk irradiance measurements during
an X-class solar flare is presented. This study supports the
notion that when the chromosphere is impulsively disturbed,
compressible waves with periods around the acoustic cutoff are
generated. It is the recurring compression and expansion of
these waves that leads to the oscillation in intensity. The
impulsive disturbance may have been caused by the injection
of energy, probably in the form of non-thermal electrons, and
the amount of the injected energy is likely to have been much
larger than that required for sustaining oscillations in non-
flaring regions. The oscillation in the flaring region could be
identified from the full-disk Lyman alpha and continuum data
since the emission from the flaring region is much stronger than
the non-flaring regions. Kwak et al. (2016) reported a similar
phenomenon in the chromosphere in response to an impulsive
downflow event as observed in chromospheric emission lines
by IRIS.

Figure 4. Top panels: lightcurves of 1600 Å (orange) and 1700 Å (cyan) emission obtained by integrating over a 200″×200″ field of view centered on NOAA AR
11158 in SDO/AIA images (upper) and the corresponding detrended profiles with a 400 s cutoff period (lower). Bottom panels: wavelet power spectra for 1600 Å
(upper) and 1700 Å (lower) with 99% significance levels overlaid. The horizontal dashed lines denote a period of 180s.
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Such oscillatory responses have been predicted for decades
(e.g., Kalkofen et al. 1994) and this may be the first report of
such a disturbance during a major solar flare. Numerical
models by Fleck & Schmitz (1991) and Chae & Goode (2015)
demonstrate that any impulsive disturbance to a quiescent
chromosphere can be found to generate acoustic oscillations
around the cutoff frequency; a pre-existing oscillation is not
required for a flare-driven wave to exist. However, it is known
that such oscillations do exist around non-flaring active
regions, as observed in AIA 1600 and 1700Å images by
Reznikova et al. (2012). Therefore the possibility that the flare
somehow “amplifed” the quiet-Sun 3-minute oscillations
cannot be excluded based on the available data.

It is remarkable that these oscillations show up with a
significant amplitude in the full-Sun irradiance observations.
This may provide a clue for estimating the energy contained in
the pulses, assuming that this oscillatory signal comes only
from a limited area. Although the 3-minute oscillations appear
to be independent of the rate of electron injection, the acoustic
waves may transport a significant amount of mechanical
energy. Milligan et al. (2014) claimed that the Lyα line alone
can radiate away ∼10% of the non-thermal energy deposited in
the chromosphere. Lyα is also a known driver of disturbances
in planetary atmospheres (e.g., the ionospheric D-layer on
earth; Tobiska et al. 2000), and such oscillations may play a
role in changing the atmospheric composition and dynamics
during periods of high activity. With the Lyα photometers
currently on SDO, GOES13-15, SORCE, the Mars Atmosphere
and Volatile EvolutioN (MAVEN; Eparvier et al. 2015), and
those scheduled to be on the next generation of GOES

satellites, as well as the Lyα imager on Solar Orbiter,
knowledge of the behavior of this emission during flares could
be important when interpreting future science results.
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