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ABSTRACT

Being directly observed in the Doppler shift and imaging data and indirectly as quasi-periodic pulsations in solar and stellar
flares, slow magnetoacoustic waves offer an important seismological tool for probing many vital parameters of the coronal
plasma. A recently understood active nature of the solar corona for magnetoacoustic waves, manifested through the phenomenon
of wave-induced thermal misbalance, led to the identification of new natural mechanisms for the interpretation of observed
properties of waves. A frequency-dependent damping of slow waves in various coronal plasma structures remains an open
question, as traditional wave damping theories fail to match observations. We demonstrate that accounting for the back-reaction
caused by thermal misbalance on the wave dynamics leads to a modification of the relationship between the damping time and
oscillation period of standing slow waves, prescribed by the linear theory. The modified relationship is not of a power-law form
and has the equilibrium plasma conditions and properties of the coronal heating/cooling processes as free parameters. It is shown
to readily explain the observed scaling of the damping time with period of standing slow waves in hot coronal loops. Functional
forms of the unknown coronal heating process, consistent with the observed frequency-dependent damping, are seismologically

revealed.
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1 INTRODUCTION

Slow magnetoacoustic waves are ubiquitously present in various
plasma structures of the solar atmosphere and provide us with
an important tool for coronal seismology (see e.g. De Moortel &
Nakariakov 2012; Nakariakov & Kolotkov 2020, for comprehensive
reviews). These waves are observed to have relatively long oscillation
periods (from several minutes to several tens of minutes) and com-
parable damping times, are highly sensitive to local thermodynamic
and magnetohydrodynamic (MHD) parameters of the background
plasma, and are known to appear in propagating, standing, or sloshing
forms (De Moortel 2009; Banerjee, Gupta & Teriaca 2011; Wang
2011, 2016; Banerjee & Krishna Prasad 2016; Nakariakov et al.
2019; Banerjee et al. 2021; Wang et al. 2021). Observations of slow
waves are used for seismological probing of the effective polytropic
index (Van Doorsselaere et al. 2011; Krishna Prasad et al. 2018)
and coefficient of such transport processes as thermal conduction
and viscosity (Wang et al. 2015, 2018) in the corona. In hot flaring
loops, slow waves can be used for diagnosing the coronal magnetic
field (Wang, Innes & Qiu 2007; Zhang et al. 2015; Jess et al.
2016; Nistico et al. 2017). Also, the internal thermal structuring
of coronal loops can be inferred seismologically by slow waves
(e.g. King et al. 2003; Krishna Prasad et al. 2017). A strong link
between the wave propagation direction and the local direction of the
magnetic field can be used for revealing the latter by observations
of slow waves (Marsh, Walsh & Plunkett 2009). This possibility
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seems to be especially important for obtaining a 3D structure of the
coronal magnetic field in the absence of stereoscopic observations. In
addition, the periodic or quasi-periodic nature of slow waves, caused
either by the effect of dispersion (Zavershinskii et al. 2019) or as
a standing mode in an MHD resonator (e.g. Ofman & Wang 2002;
Yuan et al. 2015), can lead to a modulation of the electromagnetic
emission from solar (and stellar) flares in the form of quasi-periodic
pulsations (see e.g. Nakariakov & Melnikov 2006, and a series of
recent comprehensive reviews by Van Doorsselaere, Kupriyanova
& Yuan 2016; McLaughlin et al. 2018; Kupriyanova et al. 2020;
Zimovets et al. 2021).

Another important application of slow waves in the corona is
connected with their potential to probe the enigmatic coronal heating
and cooling processes (Van Doorsselaere et al. 2020; Kolotkov,
Zavershinskii & Nakariakov 2021). Indeed, being essentially com-
pressive, slow waves perturb not only the mechanical equilibrium of
the coronal plasma, but also its delicate local thermal balance. The
back-reaction that the wave experiences from a perturbed thermal
equilibrium, also known as thermal misbalance, was shown to
have strong impact on the wave dynamics, thus making the corona
an active medium for magnetoacoustic waves. In particular, the
phenomenon of wave-induced thermal misbalance was previously
shown to cause an enhanced or suppressed damping of slow waves, or
even their amplification, depending on the parameters of the coronal
heating/cooling model (Nakariakov et al. 2017; Kolotkov, Nakari-
akov & Zavershinskii 2019; Duckenfield, Kolotkov & Nakariakov
2021). In all these works, damping of the lowest slow wave harmonic
was addressed only, without taking its frequency-dependent nature
into account. Zavershinskii et al. (2019, 2021) demonstrated that

220z 2unp 0 Uo 19sN oImiep JO Alsioniun Ad 2996859/1.G1/1L/11.S/0101E/|SEIUW /W00 dNo"olWapEdE/:Sd)Y WOy Pepeojumod


http://orcid.org/0000-0002-0687-6172
mailto:d.kolotkov.1@warwick.ac.uk

L52 D.Y. Kolotkov and V. M. Nakariakov

the slow wave damping caused by thermal misbalance is accom-
panied by the phenomenon of wave dispersion and modifications
in the characteristic sound and tube speeds. Belov, Molevich &
Zavershinskii (2021) showed that the dispersion of slow waves,
caused by thermal misbalance, may be much more efficient than the
geometric waveguide-caused dispersion, especially at longer periods.
Prasad, Srivastava & Wang (2021), Prasad et al. (2022) studied the
role of thermal misbalance in the phase behaviour of slow waves.
Considering the stability of slow and thermal (entropy) modes as
a necessary condition for the existence of a long-lived hot corona,
Kolotkov, Duckenfield & Nakariakov (2020) obtained seismological
constraints on the functional form of a steady coronal heating.
Likewise, observations of quasi-periodic pulsations in hot transient
loop systems and their modelling in terms of slow waves allowed for
constraining the location and duration of impulsive heating events
(Reale et al. 2019).

One of the outstanding puzzles about slow waves in the solar
corona concerns the nature of their frequency-dependent damp-
ing. For example, observations of standing (e.g. Verwichte et al.
2008; Wang 2011; Nakariakov et al. 2019) and propagating (e.g.
Krishna Prasad, Banerjee & Van Doorsselaere 2014; Banerjee &
Krishna Prasad 2016; Banerjee et al. 2021) slow waves in coronal
loops demonstrate an almost linear scaling between the damping
time/length and oscillation period (shorter-period waves decay
faster). Moreover, a statistically similar linear proportionality was
detected for the damping time and oscillation period of rapidly
decaying, long-period quasi-periodic pulsations, observed in the
decay phase of solar and stellar flares and associated with slow waves
(Cho et al. 2016). At periods shorter than 10 min, the observed linear
scaling of the damping time 7 with the period P in loops could
be explained by the change of the regime of field-aligned thermal
conduction from “higher” (in which 7p oc P%) to “lower” (in which
Tp o P?), see e.g. fig. 16 in Wang et al. (2021) and also Mandal et al.
(2016). However, the linear scaling seen at longer periods cannot
be explained by the standard theories of thermal conduction and/or
viscosity, both of which predict T, < P?. Likewise, the frequency-
dependent damping of propagating slow waves in polar regions,
for which both positive (Gupta 2014) and negative (Krishna Prasad
et al. 2014; Mandal, Krishna Prasad & Banerjee 2018) correlations
between damping length and period were observed, remains another
open question.

In this Letter, we present a paradigm-changing result that the
observed frequency-dependent damping of slow magnetoacoustic
waves in the solar corona does not necessarily obey a power-law
dependence prescribed by traditional theories of thermal conduction
or viscosity, and thus, the use of the latter for the interpretation
of observations may be misleading. We show that accounting for
the back-reaction of wave-caused perturbation of the local thermal
equilibrium, as an intrinsic property of the coronal plasma, modifies
the theoretical relationship between the damping time and oscillation
period of slow waves. The modified relationship is shown to be well-
consistent with observations of standing slow waves in coronal loops.
Moreover, we demonstrate that the frequency-dependent damping of
slow waves carries an important information about thermodynamic
properties of the coronal plasma, and could be used as a new proxy
of the enigmatic coronal heating function.

2 FIELD-ALIGNED THERMAL CONDUCTION
& WAVE-INDUCED THERMAL MISBALANCE

Slow magnetoacoustic waves in solar coronal loops are well known to
be highly sensitive to the effects of field-aligned thermal conduction,
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which is traditionally considered as the major cause of wave damping
(see e.g. De Moortel & Hood 2003; and the most recent reviews by
Banerjee et al. 2021; Wang et al. 2021). In more recent works (e.g.
Kolotkov et al. 2019; Duckenfield et al. 2021), the phenomenon of
wave-induced misbalance between optically thin radiation and some
unspecified external heating was shown to be capable of causing
damping of slow waves, comparable to that caused by thermal
conduction or even stronger. Thus, the dynamics of linear slow waves
in coronal plasma structures, coupled to the entropy (thermal) mode
through the non-adiabatic effects such as thermal conduction and
thermal misbalance, can be described by a polynomial dispersion
relation for the cyclic frequency w and the wave number k. This
dispersion relation has been derived and discussed in detail in a
series of previous works (see e.g. Zavershinskii et al. 2019; Belov
et al. 2021; Prasad et al. 2022 for the most recent papers), hence we
do not present its full form and derivation in this work. In the limit
of weak (lower) non-adiabaticity, in which the wave is only mildly
affected by non-adiabatic processes, and for the plasma parameter 8
— 0 (infinite field approximation) typical for coronal conditions, the
dispersion relation for standing slow waves with real k and complex
® = wgr + iw; reduces to (e.g. Kolotkov et al. 2019; Duckenfield
et al. 2021)

wr = ¢k, (D

=4 (4 L), @
In equations (1) and (2), ¢, is the standard sound speed, Tcong =
poCyk~2/k)| is the characteristic wavelength-dependent time-scale
of the field-aligned thermal conduction with the coefficient x| =
107172 Wm™ K™, and 1y = yCv/[(y — DOr + (po/T0)Q,] is
the time-scale of thermal misbalance, determined by the derivatives
of the net heat-loss function Q with respect to the plasma temperature
T and density p, evaluated at the equilibrium; Cy = (y — 1)~ 'kg/m,
y, and m are the specific heat capacity, adiabatic index, and mean
particle mass, respectively.

From equations (1) and (2), one can obtain the relationship
between the oscillation period P = 2m/wgr and damping time tp
= 1/wy of standing slow waves, as

_ 2‘L'MP2
b= dTM-f—Pz’

with the coefficient d = 472(y — 1)k /ypoCyc? (De Moortel &
Hood 2003). In the limit Ty > P (and >>d), i.e. when the effect of
wave-induced thermal misbalance is practically absent, equation (3)
reduces to the well-known quadratic proportionality between the
oscillation period and damping time, Ty o< P2, which has been shown
to be generally inconsistent with observations of slow waves in the
corona (e.g. Nakariakov et al. 2019; Banerjee et al. 2021; Wang et al.
2021). However, in standing slow waves observed in the corona, d ~
20 min, i.e. about P. Moreover, Kolotkov et al. (2020) demonstrated
that for a broad range of typical coronal conditions, in which slow
waves are observed either in a standing or propagating form, 7y is
from several minutes to several tens of minutes, i.e. about the wave
oscillation period P too. The latter estimations, i.e. the facts that both
coefficients d and 7y are about P, and hence, dty is about P2, do not
allow one to use either P?/dty or its reciprocal as a small parameter
in equation (3).

3

3 COMPARISON WITH OBSERVATIONS

For the validation of equation (3), we use observations of standing
slow waves in coronal loops, previously reported in the research liter-
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Figure 1. Scaling of the damping time of standing slow magnetoacoustic
waves with oscillation period, observed by SOHO/SUMER in coronal loops
at 6.3 MK (the orange circles, see Nakariakov et al. 2019) and best-fitted
by the function given by equation (3) using Markov chain Monte Carlo
(MCMC) approach (the red-dashed line). The grey shading shows the
posterior predictive distribution obtained with MCMC, which reflects possible
variations of the best-fitting model parameters.

ature and summarized in Nakariakov et al. (2019). More specifically,
rapidly decaying standing slow waves have been observed in the
Doppler shift (e.g. with SOHO/SUMER, Yohkoh/BCS, Hinode/EIS)
and imaging (e.g. with SDO/AIA) data, at temperatures ranging from
2 to 14 MK, with most of the events observed by SUMER at 6.3 MK.
As the relationship described by equation (3) seems to be highly
sensitive to the plasma temperature, in this work, we focus on the
events observed at 6.3 MK only, as the most frequent detections.
Thus, the statistics of damping times and oscillation periods (and
apparent dependence between those statistics) of standing slow
waves obtained from SUMER observations of hot coronal loops
at 6.3 MK are shown in Fig. 1.

We fit the observed scaling of the damping time with the oscillation
period by the model prescribed by equation (3), fixing the plasma
temperature 7 to 6.3 MK and treating the plasma density po and
characteristic time of thermal misbalance 7 as free parameters. For
fitting, we used Bayesian inference with Markov chain Monte Carlo
(MCMC) sampling approach, implemented by the Solar Bayesian
Analysis Toolkit (Anfinogentov et al. 2021). The best-fitting curve
is obtained with MCMC for py = 4.0%}] x 107"2kgm~> and 7y =
14.2f2§ min. The corresponding posterior predictive distribution (i.e.
where the data points are expected according to the model) and
the best-fitting curve are shown in Fig. 1, and seem to be in a
reasonable agreement with observations. The apparent scattering of
data points in Fig. 1 around the best-fitting curve can be attributed to
variations of the plasma parameters of oscillating loops, which are
accounted for by the estimation uncertainties obtained with MCMC
(as demonstrated by the posterior probability distribution).

Using the link of the characteristic misbalance time ty; with the
heat-loss function in equations (2) and (3), we can identify properties
of the unknown coronal heating function, which would be consistent
with the observed frequency-dependent damping of slow waves.
Indeed, considering the coronal heat-loss function Q as a net effect
between local energy losses £ by optically thin radiation and energy
gains by some unspecified steady heating H, Q = £ — H, and using
the atomic database CHIANTI to model £ (Dere et al. 1997; Del

~
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Figure 2. Power indices a and b in the parametrization of the coronal heating
function H o p®T?, for which equations (3) and (4) are consistent with
the observed frequency-dependent damping, as shown in Fig. 1 (the grey
shading). For comparison, the red and blue lines show (essentially broader)
intervals of a and b, below which the acoustic (red) and thermal (blue) modes
remain stable to small-amplitude perturbations, according to equations (9) and
(10) in Kolotkov et al. (2020), with thermal conduction and the loop length of
300 Mm (the solid lines) and without thermal conduction (the dashed lines).
For longer/shorter loops, the solid lines appear closer to/further from the
dashed lines, respectively.

Zannaetal. 2021), the unknown heating rate H could be parametrized
by a power-law function of the local plasma conditions, H o p“T?
(Field 1965; Rosner, Tucker & Vaiana 1978; Dahlburg & Mariska
1988; Ibanez S. & Escalona T. 1993). A possible dependence of
the heating function on the local value of the magnetic field was
recently shown to have no effect on the dynamics of slow waves
in the regime of low plasma-8 (Duckenfield et al. 2021); hence it
is omitted. The proportionality coefficient in this parametrization of
H is obtained from the initial thermal equilibrium condition Qy =
0, implying a balance between unperturbed rates of radiative losses
and heating. With this, the characteristic time of the wave-induced
thermal misbalance Ty can be rewritten as

_ Cv
TM_V_lL‘C()_@ a_1+b , “
T T, \y—1

where L is the equilibrium value of the radiative loss rate, modelled
by CHIANTI, and the derivative dL,/d7T characterizes its slope
at the equilibrium value of the coronal temperature. Using equa-
tion (4), we rewrite the distribution of the values of 7 sampled
by MCMC (Fig. 1) in terms of the heating power indices a and
b, which are treated as free parameters. Fig. 2 shows the heating
models in the parametric plane (a, b), which are consistent with the
observed frequency-dependent damping of standing slow waves in
hot coronal loops. This result puts new important constraints on to
the solar coronal heating function in comparison with those obtained
by Kolotkov et al. (2020), which were based on the stability of
fundamental acoustic and thermal modes only and did not take a
frequency-dependent nature of acoustic damping into account. In
particular, a specific regime of thermal misbalance with constant
heating (i.e. with @ = 0 and b = 0, see e.g. De Moortel & Hood
2004) does not seem capable of explaining the observed frequency-
dependent damping.
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4 DISCUSSION AND CONCLUSIONS

In this Letter, we presented a new look at the phenomenon of
frequency-dependent damping of slow magnetoacoustic waves in
the solar corona through the prism of recently understood effects
of wave-induced thermal misbalance. In contrast to traditional
approaches used to interpret the observed scaling of the damping
time tp of slow oscillations with the period P by a power-law
dependence (e.g. Tp o P? in the standard theory of wave damping
by field-aligned thermal conduction), we demonstrated that the
thermodynamically active nature of the solar corona and effects of
thermal misbalance modify this dependence to T oc P2/(1 + P2),
with the coefficients determined by the equilibrium parameters of the
plasma and properties of coronal heating and cooling processes. A
quantitative comparison of this new relationship with observations
showed a good agreement for a reasonable choice of the model
parameters, which allowed for refining the existing seismological
constraints on the coronal heating function. More specifically, our
findings can be summarized as follows:

(i) Since the plasma of the corona of the Sun acts as an active
medium for magnetoacoustic waves (due to a continuous interplay
between the processes of coronal heating and cooling, sustaining a
long-lived corona), the description and interpretation of the observed
frequency-dependent damping of slow magnetoacoustic waves by
power-law models predicted by e.g. field-aligned thermal conduction
may be incomplete or even inconsistent. Accounting for the effects
of wave-induced thermal misbalance in the theoretical treatment of
a frequency-dependent damping of linear slow waves allowed us
to obtain a new relationship between the damping time and period,
given by equation (3). This new relationship is not of a power-law
form, and has the equilibrium plasma density p, temperature 7y,
and characteristic time of thermal misbalance 7y as free parameters.

(i1) Using MCMC approach, the modified relationship was shown
to readily explain the scaling between the damping time of slow
oscillations and period, observed by SOHO/SUMER in hot coronal
loops (Ty = 6.3 MK), for py = 4.01“1‘:} X 10_'2kgm_3 and oy =
14.2j§ min (see Fig. 1). The seismologically revealed mean value
of the plasma density p, is well consistent with previous estimations
of oscillating loops’ density, performed with independent methods
(e.g. through the differential emission measure analysis, see Wang
et al. 2015). Likewise, the obtained value of 7y is about the period
of slow oscillations typically observed in the corona, which justifies
the need for taking the effect of thermal misbalance into account in
equation (3).

(iii) In contrast to Kolotkov et al. (2020), who calculated 7y
directly assuming a specific form of radiative function and guessed
heating model, seismological estimation of 7y presented in this work
is based on observations, does not require any a priori assumptions on
the coronal heating/cooling model, and is therefore more generic. If
we, however, assume the CHIANTI model for optically thin radiative
losses and present the unknown heating function in the power-law
form, H o p?T?, the distribution of Ty sampled by MCMC in our
seismological analysis allows for identifying the heating parameters
a and b, which would allow for the observed frequency-dependent
damping of slow waves (see Fig. 2).

(iv) The performed analysis is focused on standing slow waves
in hot coronal loops. However, propagating slow magnetoacoustic
waves in quiescent loops, polar plumes, and interplume regions
are also observed to manifest a frequency-dependent damping (see
e.g. Krishna Prasad et al. 2014; Mandal et al. 2018), for which a
relationship analogous to equation (3) could be derived and used
for the interpretation. Of a particular interest is the role of a newly
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revealed form of frequency-dependent damping in the formation
of sloshing slow magnetoacoustic oscillations (e.g. Kumar, Innes
& Inhester 2013; Kumar, Nakariakov & Cho 2015; Reale 2016;
Nakariakov et al. 2019). Likewise, the presented study could be
generalized for non-zero values of the plasma parameter B, effects of
moderate or strong non-adiabaticity, and non-linear regimes of wave
damping.
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