
1

Draft versionMarch 5, 2019
Typeset using LATEX manuscript style in AASTeX62

Properties of slow magnetoacoustic oscillations of solar coronal loops by multi-instrumental observations

V. M. Nakariakov,1, 2 M. K. Kosak,1 D. Y. Kolotkov,1 S. A. Anfinogentov,3 P. Kumar,4 and Y.-J. Moon2
2

1Centre for Fusion, Space & Astrophysics, Physics Department, University of Warwick, Coventry CV4 7AL, UK3

2School of Space Research, Kyung Hee University, Yongin 17104, Korea4

3Institute of Solar-Terrestrial Physics SB RAS, Lermontov St. 126, Irkutsk 664033, Russia5

4Heliophysics Science Division, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA6

ABSTRACT7

Rapidly decaying oscillations of the thermal emission detected in the decay phase of solar8

and stellar flares are usually interpreted as standing or sloshing (reflecting) slow magnetoa-9

coustic oscillations. We determine the scalings of the oscillation periods, damping times and10

amplitudes with the temperature, considering both standing and sloshing oscillations detected11

with different instruments. In addition, the time evolution of different spatial harmonics of12

a sloshing oscillation is considered. Parameters of slow oscillations observed in the EUV,13

X-ray, and microwave bands, and published in the literature, are used. The damping time of14

slow oscillations is found to scale almost linearly with the oscillation period, as the period15

to 0.87 ± 0.1, giving the average Q-factor determined as the ratio of the damping time to the16

period, of about 1. The Q-factor is found to scale with the relative amplitude to the power17

of 0.33+0.10
−0.11 with 95 % confidence. The amplitudes of different spatial harmonics forming a18

sloshing pulse show similar time evolution, suggesting that the period-dependent dissipation19

is counteracted by another mechanism. The results obtained indicate that the damping of20

slow oscillations depends on the oscillation amplitude, and that the competition of nonlinear21
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and dissipative effects could allow for the existence of wave pulses of a sustained shape.22

Keywords: Sun: corona — Sun: oscillations23

1. INTRODUCTION24

Slow magnetoacoustic oscillations of solar coronal loops, also often called “SUMER” oscillations, as they25

were discovered as periodic variations of the Doppler shift of hot emission lines with the high-resolution26

imaging spectrometer SOHO/SUMER (e.g., Wang et al. 2002) remain a popular research topic. In partic-27

ular, the interest in SUMER oscillations is connected with the seismological estimation of the plasma-β28

and magnetic field in oscillating loops (Wang et al. 2007), and possible diagnostics of the coronal heating29

function (Nakariakov et al. 2017). Properties of SUMER oscillations may indicate the suppression of ther-30

mal conduction along the field (Wang et al. 2015, 2018). There is also a growing interest in the possible31

association of several-minute quasi-periodic pulsations detected in stellar flares with slow oscillations (see,32

e.g., Van Doorsselaere et al. 2016; McLaughlin et al. 2018, for recent reviews), which would provide us33

with the solid basis for the exploitation of the solar-stellar analogy (Cho et al. 2016; Kolotkov et al. 2018).34

SUMER oscillations of coronal loops are characterised by relatively long periods, from a few minutes35

to a few tens of minutes, which correspond to the acoustic travel time along the oscillating loop; a very36

rapid damping, with a ratio of the damping time to the oscillation period of about unity; and a large relative37

amplitude that is more than 10% of the local sound speed (see Wang 2011, for a comprehensive review).38

The damping time of SUMER oscillations is found to scale linearly with the oscillation period (Wang et al.39

2003; Mariska 2006). The quarter-period phase lag between velocity and intensity disturbances, detected40

in some cases (e.g., Wang et al. 2002), unequivocally indicate that SUMER oscillations are produced by a41

standing slow wave, at least in those cases.42

Oscillatory phenomena similar to SUMER oscillations, have been observed with several other instru-43

ments. Mariska (2005, 2006) detected decaying oscillations in Doppler shifts in the S XV and Ca XIX44

emission lines observed with Yohkoh/BCS. The quarter-period phase shift between the Doppler-shift and45

intensity oscillations was detected in some cases, similar to this detected with SUMER. Mariska et al. (2008)46

studied a 35-min Doppler shift oscillation in the Fe XII–Fe XV emission lines with Hinode/EIS. The oscil-47
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lations in the lower temperature lines rapidly decayed, while the oscillation in Fe XV showed no evidence48

for decay. Despite the decayless behaviour and the relatively low amplitude, of about 1% of the sound49

speed, the oscillation was interpreted as a standing slow mode. Srivastava & Dwivedi (2010) observed50

several-minute periodicities of intensity oscillations of Fe XII with Hinode/EIS, interpreted as the superpo-51

sition of the fundamental and second harmonics of the slow mode. Reznikova & Shibasaki (2011) observed52

periodic variations of the microwave emission, with period growing from 2.5 to 5 min, with NoRH. Kim53

et al. (2012) detected decaying 13-min intensity oscillations simultaneously in EUV and microwave, with54

SDO/AIA and NoRH, respectively. Kupriyanova et al. (2014) interpreted 2-min pulsations of the thermal55

microwave emission detected with NoRH, as slow oscillations. The pulsations occur to be co-phased along56

the entire emitting loop, as expected in the fundamental standing harmonic. Kupriyanova & Ratcliffe (2016)57

found damped one-minute oscillations of the microwave and X-ray emission during the decay phase of a58

flare, and interpreted it as a fundamental slow mode. Li et al. (2017) studied 10-min oscillations in the59

Doppler shift and integrated intensity of the Fe XXI emission line observed with IRIS, the soft X-ray flux60

measured with GOES, and EUV light curves obtained with SDO/AIA.61

On the other hand, Kumar et al. (2013) observed a travelling intensity perturbation of a hot, 8–10 MK,62

coronal loop, in a C7.4 class flare, with SDO/AIA. The intensity variation was seen to bounce approximately63

four times between the loop’s footpoints, before fading, i.e. exhibiting a “zigzag” pattern in a time-distance64

plot made along the apparent direction of the magnetic field. The oscillation period and decay time were65

about 630 s and 440 s, respectively. The apparent phase speed was about 460–510 km s−1 which matched66

the sound speed in the loop. The authors suggested to call this phenomenon a reflecting longitudinal wave,67

while Reale (2016) introduced a term “sloshing” oscillations for this phenomenon. A similar, bouncing68

back and forth between the footpoints, EUV intensity perturbation was detected in another C-class flare by69

Kumar et al. (2015). The period of the oscillation and decay time were about 409 s and 1121 s, respectively.70

The characteristic phase speed of the wave is about 560 km s−1, which was roughly consistent with the sound71

speed at the temperature about 10–16 MK. Wang et al. (2015) observed a clear sloshing pattern in the 131 Å72

intensity oscillation with SDO/AIA. The oscillation period, decay time, and the apparent phase speed were73

estimated as about 12 min, 9 min, and 500 km s−1, respectively. Mandal et al. (2016) reported a simultaneous74
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observation of a propagating and reflecting intensity disturbance in a hot coronal loop observed in EUV and75

X-rays with SDO/AIA and Hinode/XRT, respectively. In addition, three other cases of intensity pulses76

sloshing between footpoints were analysed. In all considered cases the projected travelling speed was found77

to be lower than the local sound speed, consistent with the slow wave interpretation. Pant et al. (2017)78

observed anti-phase oscillations of the 171 Å and 193 Å intensity oscillations at two ends of a non-flaring79

fan loop system observed with SDO/AIA. The oscillation period was estimated to be 27 min, the damping80

time of 45 min, and the apparent phase speed of about 75 km s−1. The time-distance map made along the81

loop showed a sloshing (i.e. “zigzagging”) motion pattern. We need to point out that sloshing oscillations82

are different from another manifestation of slow waves in the corona, propagating (not reflecting) slow83

waves that are detected in polar plumes and near footpoints of long loops (see, e.g. de Moortel 2009).84

Numerical modelling of slow oscillations in a coronal loop reproduced main properties of standing85

(SUMER) and sloshing oscillations, i.e. the observed oscillation period, Pslow ≈ 2L/Cs, where L is the86

loop length and Cs is the sound speed; and associated the rapid damping of the oscillation with the effect87

of thermal conduction (Ofman & Wang 2002). Nakariakov & Zimovets (2011) demonstrated that a similar88

periodicity could occur in arcades. The preferential excitation of lower, i.e. the fundamental and second89

parallel harmonics by an impulsive source, was found in, e.g., Nakariakov et al. (2004); Tsiklauri et al.90

(2004); Taroyan et al. (2005). Effects of the loop curvature were shown to be not strong (e.g., Selwa et al.91

2007; Ogrodowczyk et al. 2009). The misbalance of the radiative losses and unspecified background coro-92

nal heating was found to significantly affect the oscillation quality factor (Nakariakov et al. 2017). Finite93

amplitude effects were shown to result in steepening of the oscillation, increasing the damping (e.g., Ver-94

wichte et al. 2008; Ruderman 2013; Kumar et al. 2016). Yuan et al. (2015) performed forward modelling95

of the manifestation of a slow mode of a hot coronal loop in the SDO/AIA and SOHO/SUMER data. Fang96

et al. (2015) reproduced numerically the phenomenon of a reflecting longitudinal wave in a hot coronal loop97

in a form of a plasma blob, and synthesised its manifestation in a spectral line. Reale et al. (2018) modelled98

sloshing oscillations in an extremely long magnetic tube connecting an Orion pre-main sequence star with99

the surrounding disk. Recently, Wang et al. (2018) performed 1D numerical simulations of sloshing oscilla-100

tions in a hot coronal loop, and concluded that quick formation of the fundamental standing mode following101
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initially sloshing oscillations could be caused by enhanced compressive viscosity. However, a detailed study102

of the preferential excitation of either standing or sloshing oscillations has not been performed. Also, the103

reason why slow oscillations of both kinds are usually detected in the hot plasma emission remains unclear.104

Both standing and sloshing oscillations are considered to be associated with the slow magnetoacoustic105

mode. Both these kinds of slow oscillations occur in closed magnetic configurations. Thus, one differ-106

ence between SUMER and sloshing oscillations is the phase shift between the parallel velocity and density107

oscillations. In standing slow oscillations, the velocity and density perturbations are phase shifted by a108

quarter-period, while in the sloshing oscillations these perturbations are either in phase or in anti-phase.109

This difference is not connected with the structure of the perturbation along the loop, i.e. with the number110

of parallel harmonics, which composes the perturbation. It is likely that at least some cases of SUMER111

oscillations could actually belong to the sloshing oscillation class. It is clear that the oscillations could be112

produced by any perturbation of the plasma pressure or a field-aligned flow, localised either in the loop or113

at its footpoints, provided the characteristic time of the perturbation is shorter than the acoustic travel time114

along the loop. Thus, the driver could be a rapid chromospheric or coronal heating event, a jet, or thermal115

over-stability. But, in many events such impulsive energy depositions were not observed.116

In this letter we perform statistical analysis of slow oscillations of both SUMER and sloshing type, in-117

vestigating the relationship between the oscillation periods, damping time, apparent amplitude, and sound118

speed; and compare the results with properties of sloshing oscillations.119

2. SCALINGS OF SLOW OSCILLATION PARAMETERS120

We perform a statistical analysis of the slow oscillation events reported in the literature (Wang et al. 2003;121

Mariska 2006; Mariska et al. 2008), selecting only the events with a reported velocity amplitude, altogether122

93 events. In addition, we included the event described by Kim et al. (2012), in which determining the123

relative amplitude of the density perturbation is possible. Using it, we estimated the relative velocity pertur-124

bation by taking that in an acoustic wave the relative density perturbation is equal to the ratio of the velocity125

perturbation to the sound speed. We also consider sloshing oscillations with the reported parameters taken126

from Kumar et al. (2013, 2015); Wang et al. (2015); Mandal et al. (2016); Pant et al. (2017). This statistics127

includes observations of slow oscillations at approximately eight different temperatures, i.e. 14 MK and128
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Figure 1. Distribution of the slow oscillation periods for different detection temperatures. The violet colour corre-

sponds to the temperature of 14 MK, magenta to 13 MK, blue to 12 MK, cyan to 10 MK, green to 8.9 MK, yellow to

7 MK, orange to 6.3 MK, red to 2 MK, and brick to 0.6 MK.

12 MK with BCS, 13 MK, 10 MK, 7 MK and 0.6 MK with AIA, 8.9 MK and 6.3 MK with SUMER, and129

2 MK with EIS, using the estimations found in the papers mentioned above. In all cases, we neglected130

finite-β effects, estimating the slow wave speed as 152 × (T [MK])1/2 km s−1.131

Figure 1 shows the distribution of the detected periods of both SUMER and sloshing oscillations, with132

different colours corresponding to the temperatures associated with the emission lines or bandpasses used133

in the detections. The applied colour scheme corresponds to a rainbow, i.e. the violet colour represents134

the highest temperature, and the brick colour the lowest temperature. It is evident that the detections in the135

hotter channels correspond to systematically shorter oscillation periods.136

Figure 2 shows the scaling of the damping time with the oscillation period and the plasma temperature. It137

is clear that the decay time is apparently proportional linearly to the oscillation period. The scaling of the138

decay time τD with the period P was obtained by fitting a functional form τD = CPp, where C and p are139

constant, into the observational data, using Bayesian inference and Markov chain Monte Carlo (MCMC)140

sampling (see Pascoe et al. 2017, for the description of the method). The best fitting values are found to141

be C = 1.18 ± 0.4 and p = 0.87 ± 0.1, where uncertainties are estimated at the half levels of the Gaussian142

functions best-fitting the corresponding marginal posterior distributions. We need to point out that the143
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Figure 2. Left panel: Scaling of the damping time of slow oscillations with the period. The colours represent

different temperatures as described in Fig. 1. The circles show SUMER oscillations; and triangles show sloshing

oscillations. The black line indicates the power-law best-fitting. Right panels: marginal posterior distributions for the

model parameters p and C, obtained using Bayesian inference and MCMC sampling method. Red solid lines show

the approximation of the corresponding distributions by the Gaussian function with the mean value (the vertical solid

lines) and the half-level uncertainties (the vertical dotted lines).

Figure 3. Scaling of the Q-factor versus apparent relative amplitude (a). The data point legend is the same as in

Figs. 1 and 2. The red dashed line shows the power law dependence of the Q-factor upon the de-projected amplitude

inferred using Bayesian analysis. The background colour shows the posterior predictive probability distribution which

highlights areas where data points could be observed according to our model. Panels b and c show marginal posterior

distributions for the normalisation constant k and power law index α.
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marginal posterior distribution of the parameter C shows some deviations from the Gaussian shape, but it144

should not strongly affect the estimations. Thus, the results obtained with the extended dataset, including145

results obtained with XRT, NoRH and AIA are roughly consistent with the results obtained previously with146

SUMER (Verwichte et al. 2008) and with SUMER and BCS (Wang 2011), and also in soft X-rays in solar147

and stellar flares observed with RHESSI and XMM–Newton (Cho et al. 2016). Our value of the exponent,148

0.87± 0.1, is close to unity. The large scattering of the data points does not allow one to determine whether149

this scaling depends on the specific value of the temperature.150

We determined the oscillation Q-factor as the ratio of the damping time to the oscillation period, Q =151

τD/P, i.e. the number of oscillation cycles detected in the event. From the fitting shown in Fig. 2, the152

Q-factor is seen to weakly depend upon the oscillation period, so that taking the power law index p ≈ 1, the153

value of C could be considered as an average Q-factor of the detected slow oscillations. Sloshing oscillations154

are not significantly off the data cloud in this figure, and hence their damping mechanism could be similar155

to this of SUMER oscillations.156

In Figure 3a we plot the Q-factor dependence on the apparent amplitude A, measured in the sound speeds157

corresponding to the temperature. In the case of the estimations by the Doppler shift, the amplitude is158

affected by the projection effect, and hence one should consider the top-right boundary of the data cloud in159

the figure as the actual scaling of the Q-factor with amplitude. A similar technique has been used for the160

demonstration of the nonlinear nature of kink oscillation damping by Goddard & Nakariakov (2016). The161

data cloud of slow oscillations in the figure clearly has a triangular shape, which indicates the dependence162

of the Q-factor on the amplitude, i.e. the nonlinear nature of the damping. We approximated the top-right163

boundary of the data cloud in a logarithmic scale by a linear function. In some cases, the relative amplitude164

could have an additional error caused by the neglect of finite-β effect, i.e. the amplitude should be measured165

not in the units of the sound speed, but of the tube speed. However, this error is not likely to change the166

determined scaling qualitatively.167

For accurate fitting the Q-factor dependence upon the apparent amplitude, we use the following model,168

Qi = (k cos θi)A−αi + Ni(0, σ), (1)
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where Qi and Ai are the measured Q-factor and relative amplitude for the data point i, and α is the power law169

index. The free parameter Ni(0, σ) is a normally distributed random “noise” with a standard deviation σ,170

which represents scattering due to the measurement errors and possible dependence upon other properties171

of the loops. The projection effect is accounted for by the viewing angle θi as a free parameter. Bayesian172

inference based on this model revealed that k = 0.56+0.18
−0.14 and α = 0.33+0.10

−0.11 ≈ 1/3 with 95 % confidence. The173

marginal posterior distributions for k and α are shown in Fig. 3b and c. The shaded area in Fig. 3a shows174

the predictive posterior distribution that demonstrates where the data points could be observed according175

our model. Since the true de-projected amplitude (red dashed curve in Fig. 3) corresponds to cos θ = 1,176

observed apparent amplitudes are expected to lie mostly below the curve as we see in our data set.177

In Fig. 3, we also show sloshing oscillations. Instead of the relative amplitude, for sloshing oscillations we178

used their projected phase speed determined by imaging observations. It is done in order to check whether179

the evolution of the sloshing blob is indeed produced by the slow wave phase or group speed, or should be180

attributed to a bulk flow, as the flows in the SUMER oscillations. The sloshing oscillations (shown by the181

triangles) are clearly off the data cloud in the figure, indicating that their apparent amplitude corresponds182

to the sound (tube) speed, and not the plasma flow speed. Also, it suggests that those slow oscillations that183

are in the data cloud (the circles), even if their nature was not identified observationally, e.g., because of the184

lack of the spatial information, are likely to be of the SUMER type, as it has been previously assumed (e.g.185

Wang 2011).186

3. EVOLUTION OF DIFFERENT SPATIAL HARMONICS187

Figure 4 shows the evolution of the Fourier amplitudes of the four lowest spatial harmonics in the sloshing188

pulse of the EUV emission intensity in the event occurred on 2012 May 7 (Kumar et al. 2013), determined by189

the cosine Fourier transform after the subtraction of the mean value from the intensity profile along the loop.190

The choice of the basis functions is dictated by the spatial structure of the density (intensity) perturbations191

in a standing slow wave. From the analysis, it is evident that the amplitudes of different harmonics of the192

sloshing disturbance evolve rather similarly, which indicates that they decay approximately at the same rate,193

independent of their wavelengths. Such a behaviour is in apparent contradiction with the results shown in194
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Figure 4. Top left: Time-distance plot made for the slit along the loop shown in the bottom left panel. Each instant

of time, the emission intensity is normalised to the mean value over the spatial coordinate. For each pixel, the mean

value of the signal over time is subtracted. The time is measured in the units of the detected oscillation period, 630 s.

The dashed vertical line indicates a certain instant of time when the signal shown in the top right panel was taken at.

Bottom left: A snapshot on a sloshing oscillating loop observed by SDO/AIA at 94 Å. The red dashed line shows the

elliptical slit along which the time-distance plot was made. Top right: A snapshot of the variation of the emission

intensity along the loop (the black line). The light blue, green, yellow, and red lines show the lowest (fundamental)

spatial harmonic, and summations of two lowest, three lowest, and four lowest harmonics, respectively. Bottom right:

Variation of the amplitude of the four lowest harmonics with time (solid lines). The blue, green, yellow and red

colours indicate the individual four lowest harmonics, respectively. The curves are smoothed with a running average

over three oscillation periods. The triangles show the exponential dependence of the amplitudes of the corresponding

individual harmonics upon time with the decay time being proportional to the harmonic number, i.e. to the oscillation

period.

Fig. 2, suggesting the need for the accounting for both the competing effects of wavelength (or period) and195

nonlinearity on the damping.196
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4. DISCUSSION AND CONCLUSIONS197

We performed statistical analysis of slow magnetoacoustic oscillations of coronal loops, based on the198

detections described in the literature, made in the EUV, SXR and microwave bands, corresponding to the199

plasma temperatures from 0.6 MK to 14 MK. Thus, this study extends the statistical results determined200

previously for four temperatures by adding five new temperatures. Both standing and sloshing oscillations201

were considered. It was established that the oscillation period increases with the decrease in the tempera-202

ture. Previously, this tendency determined by the SUMER and BCS data only, was attributed to the selection203

effect, as the oscillating loops observed at lower temperatures by SUMER are usually longer (Wang 2011).204

However, the detections made with AIA, NoRH and XRT seem to correspond to the same pattern: oscilla-205

tions seen in a hotter plasma have shorter periods, with a few exceptions. Moreover, the newly discovered206

sloshing oscillations are consistent with this picture too. This behaviour could be attributed to the decrease207

in the acoustic travel time with the increase in the temperature, i.e. in the sound speed.208

All considered oscillation events, including sloshing, are consistent with the linear scaling of the damping209

time with the oscillation period, established for SUMER and BCS (Wang 2011). More rigorously, the use of210

the MCMC technique gives that the damping time scales with the oscillation period to the 0.87 ± 0.1 at the211

half-level of a Gaussian fit, with the Q-factor being approximately constant of about unity. The insufficient212

number of observed events did not allow us to test this scaling for the sloshing oscillations only.213

It was recently proposed that the linear scaling of the damping time and period could be attributed to214

the combined effect of anomalously large compressive viscosity and the Rosner–Tucker–Vaiana scaling215

(Wang et al. 2018). This suggests that oscillations of shorter wavelengths should decay faster. However,216

spatially-resolved sloshing oscillations do not show a dispersion of the oscillating pulse. In other words,217

in the sloshing oscillations, the oscillating pulse remains localised along the loop, and there is no evidence218

of the preferential damping of the higher spatial spectral harmonics. Similar behaviour is shown by full-219

scale numerical modelling (Reale 2016) and needs to be understood. This effect was tested by considering220

the time evolution of different spatial harmonics of a sloshing oscillation observed with AIA. It was found221

out that four lowest harmonics show similar decay patterns. It may indicate that the enhanced damping222

of shorter harmonics is counteracted by another mechanism, e.g. nonlinearity. In particular, it could be223
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explained by the competition of the dissipative processes which tend to preferentially damp the shorter224

spatial harmonics, and the nonlinearity that leads to the preferential damping of the harmonics with higher225

amplitudes and the nonlinear cascade to the higher harmonics.226

The oscillation Q-factor is found to decrease with the relative amplitude (normalised to the sound speed),227

indicating the nonlinear nature of the damping. For the oscillations detected with SUMER, (Verwichte et al.228

2008) established that the inverse Q-factor depends linearly on the amplitude (see, also Ruderman 2013,229

who proposed the quadratic dependence). But, the line-of-sight projection effect was not taken into account230

in that study. Our finding, based on the Bayesian statistics shows that the Q-factor is proportional to the231

normalised relative amplitude to the power of 0.33+0.10
−0.11 with 95 % confidence. The physical mechanism232

responsible for this effect needs to be identified.233
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