<
brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk

provided by Warwick Research Archives Portal Repository
R % r' 4 7

Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.

Persistent WRAP URL:
http://wrap.warwick.ac.uk/123269

How to cite:

Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.

Copyright © and all moral rights to the version of the paper presented here belong to the
individual author(s) and/or other copyright owners. To the extent reasonable and
practicable the material made available in WRAP has been checked for eligibility before
being made available.

Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.

Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further

information.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications


https://core.ac.uk/display/223213349?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/123269
mailto:wrap@warwick.ac.uk

July 16,2019

Astronomy & Astrophysics manuscript no. Kolotkov_aanda_slow_R2

©ESO 2019

Damping of slow magnetoacoustic oscillations by the misbalance
between heating and cooling processes in the solar corona

D. Y. Kolotkov!'*, V. M. Nakariakov!-2, and D. I. Zavershinskii*-*

! Centre for Fusion, Space and Astrophysics, Department of Physics, University of Warwick, CV4 7AL, UK

2 St. Petersburg Branch, Special Astrophysical Observatory, Russian Academy of Sciences, 196140, St. Petersburg, Russia
3 Samara National Research University, Department of Physics, Samara 443086, Russia

4 Lebedev Physical Institute of Russian Academy of Sciences, Samara Branch, Department of Theoretical physics

Received July 16, 2019/Accepted dd mm yyyy

ABSTRACT

Context. Rapidly decaying slow magnetoacoustic waves are regularly observed in the solar coronal structures, offering a promising
tool for a seismological diagnostics of the coronal plasma, including its thermodynamical properties.

Aims. The effect of damping of standing slow magnetoacoustic oscillations in the solar coronal loops is investigated accounting for
the field-aligned thermal conductivity and a wave-induced misbalance between radiative cooling and some unspecified heating rates.
Methods. The non-adiabatic terms were allowed to be arbitrarily large, corresponding to the observed values. The thermal conductiv-
ity was taken in its classical form, and a power-law dependence of the heating function on the density and temperature was assumed.
The analysis was conducted in the linear regime and in the infinite magnetic field approximation.

Results. The wave dynamics is found to be highly sensitive to the characteristic time scales of the thermal misbalance. Depending on
certain values of the misbalance time scales three regimes of the wave evolution were identified, namely the regime of a suppressed
damping, enhanced damping where the damping rate drops down to the observational values, and acoustic over-stability. The specific
regime is determined by the dependences of the radiative cooling and heating functions on thermodynamical parameters of the plasma

in the vicinity of the perturbed thermal equilibrium.

Conclusions. The comparison of the observed and theoretically derived decay times and oscillation periods allows us to constrain
the coronal heating function. For typical coronal parameters, the observed properties of standing slow magnetoacoustic oscillations
could be readily reproduced with a reasonable choice of the heating function.
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1. Introduction

The study of wave and oscillatory processes in the plasma of
the solar corona is one of the most rapidly developing research
topics of modern solar physics (e.g. De Moortel & Nakariakov
2012; Wang 2016). The interest in coronal oscillations is con-
nected, in particular, with their seismological potential, i.e. with
the use of the oscillations as natural probes of the plasma and
physical processes operating there (e.g. Liu & Ofman 2014).
Moreover, the striking similarity between the properties of os-
cillations detected in solar and stellar flares (see, e.g. Cho et al.
2016), suggests interesting perspectives for the exploitation of
the solar-stellar analogy.

Slow magnetoacoustic waves are often detected in coronal
plasma non-uniformities, such as coronal loops, and plumes and
the interplume regions, as propagating periodic disturbances of
the EUV emission, (see, e.g. De Moortel 2009; Banerjee & Kr-
ishna Prasad 2016, respectively). Another common manifesta-
tion of slow waves in the corona are standing waves in loops,
detected as rapidly decaying periodic Doppler shifts of coronal
emission lines (see, e.g. Wang 2011). Standing slow waves are
usually refereed to as SUMER oscillations, after the instrument
used in their first detection (SOHO/SUMER, see Wang et al.
2002) and interpretation (Ofman & Wang 2002). SUMER oscil-
lations still remain a subject of intensive studies. For example,

standing slow waves in non-flaring fan loops, with the periods of
27 min, damping time about 45 min, and the phase speed corre-
sponding to the plasma temperature of about 0.6 MK, have been
studied by Pant et al. (2017). A 10-min periodicity has been
identified in the time series of Doppler shift and line-integrated
intensity of the Fe xx1 emission line, soft X-ray flux, and EUV
light curves (Li et al. 2017). A 2-min oscillation of the ther-
mal component of the microwave emission of a solar flare has
been interpreted in terms of the emission modulation by a stand-
ing slow wave. An 80 s oscillation of the X-ray and microwave
emissions in a solar flare has been associated with second har-
monic of standing slow wave in a flaring arcade (Kupriyanova
et al. 2019). The 8-30 min periodic pulsations of the soft X-
ray emission generated in an active region before a flare could
also be associated with standing slow waves (Tan et al. 2016).
Seismological applications of slow waves include the estimation
of the polytropic index (Van Doorsselaere et al. 2011; Krishna
Prasad et al. 2018), average magnetic field (Wang et al. 2007) in
the oscillating loop, and transport coefficients (Wang et al. 2015,
2018). An important foundation of the interpretations and seis-
mology is provided by the forward modelling of imaging and
spectroscopic observables (Yuan et al. 2015).

Recent theoretical studies of standing slow waves in coronal
loops include accounting for weakly-nonlinear effects that are
found to manifest as an appearance of higher parallel harmon-
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with various scenario of transport processes, which aim at re-
vealing the reason for the unexpected linear scaling of the ob-
served damping time with the oscillation period (e.g. Wang et al.
2018), and the excitation mechanism (e.g. Provornikova et al.
2018).

An important physical process that should be taken into ac-
count in the modelling of compressive oscillations is the per-
turbation of the thermal equilibrium by the oscillation, i.e. the
effect of the misbalance between radiative and, possibly, ther-
mal conductive cooling, and an unspecified but definitely present
heating. Similar effects are considered in the interstellar medium
and molecular clouds, while mainly in the contexts of the plasma
condensation caused by thermal instability (e.g. Krasnobaev &
Tagirova 2017), and basic theoretical studies of the autowave
regimes (e.g. Zavershinsky & Molevich 2013) and Alfvén wave
amplification (e.g. Zavershinsky & Molevich 2014). In the coro-
nal context, it has been shown that the effect of thermal mis-
balance can either strengthen the damping or suppress it (e.g.
Nakariakov et al. 2017). However, this conclusion was reached
in the limit of weak non-adiabaticity, using the assumption that
the imaginary part of the oscillation frequency is much smaller
than the real part. On the other hand, for example, the damping
time of SUMER oscillations is known to be comparable with the
oscillation period. It justifies the need for softening this assump-
tion.

The aim of this paper is to develop a theory of linear standing
slow magnetoacoustic oscillations in coronal loops with thermal
misbalance. In Section 2 we describe the model, and derive dis-
persion relations that are analysed in Section 3. The findings are
summarised and discussed in Section 4.

2. Governing equations, time scales, and
dispersion relation

We consider evolution of slow magnetoacoustic waves in the in-
finite magnetic field approximation, upon which the set of gov-
erning equations reduces to the usual hydrodynamic Euler equa-
tion, continuity equation, ideal gas state equation, and the energy
equation (see Egs. (1)—(4), respectively). This approximation is
extensively used for modelling slow waves in the corona, see e.g.
Nakariakov et al. (2000); Ofman & Wang (2002); De Moortel &
Hood (2004); Verwichte et al. (2008); Ruderman (2013); Kumar
et al. (2016). Under this approximation, the waves are assumed
to propagate strictly along the ambient infinitely stiff magnetic
field lines, hence do not perturb the field and their speed is inde-
pendent of it.

Accounting for the effects of the optically thin radiation, un-
specified heating, and thermal conductivity, the governing equa-
tions are

dv.  oP
av. _ 9 1
P o0 (H
dp 0
— 4+ —(pV.) =0, 2
ot az(p 2) 2)
T
p=lale 3)
m
dT  kgT dp k 0°T
- - 4
th mp dt Q(p$ )+ 622, ()

where p, T, and P are the density, temperature, and pressure, re-
spectively; V, is the velocity component along the z-axis which
coincides with the magnetic field direction, kg is Boltzmann con-
stant, m is the mean particle mass, Cy = (y — 1)~'kg/m is the
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specific heat capacity at constant volume with y = 5/3 being
the standard adiabatic index, « is the field-aligned thermal con-
ductivity, and the function Q(p,T) = L(p,T) — H(p,T) com-
bines the effects of radiative losses L(p, T) and some unspeci-
fied heating H(p, T). For the energy equation in form (4), the
heating/cooling function Q(p,T) is measured in W kg~!. For
example, numerous observational studies demonstrated that the
temperature across and along the loop remains almost constant
(see e.g. Reale (2014) for the detailed review of the coronal
loop properties, and Gupta et al. (2019) and references therein
for the most recent results). Hence, we consider the plasma to
be in a uniform isothermal equilibrium. Thus, in the equilibrium
Q(po, Tp) = 0, where the index O indicates equilibrium quanti-
ties. In general, the equilibrium thermal structure of the loop is
also determined by thermal conduction at the footpoints. But, as
we consider waves in the coronal, almost isothermal part of an
active region, this effect is omitted. For the slow waves prop-
agating upwards along loops and plumes this omission is natu-
rally justified. For standing slow waves this omission could be
justified by the structure of the pressure, density and temperature
perturbations along the loop. In contrast with the perturbations
of the parallel velocity that have nodes at the footpoints, pertur-
bations of thermodynamical parameters in standing slow waves
have anti-nodes at the footpoints (e.g. Reale 2016; Wang et al.
2018). Hence, near the footpoints the derivative of the temper-
ature perturbation in the wave with respect to the field-aligned
coordinate could be taken as zero, thus suppressing the wave
damping by the thermal conduction in these regions. Thus, in our
analysis the chromosphere and transition region act only as the
solid-wall perfectly reflecting boundaries for slow waves and are
not involved in the wave evolution by any other mean (see e.g.
Ofman & Wang 2002; Selwa et al. 2005; Taroyan et al. 2007,
where a similar approach was employed for the coronal slow
wave modelling). In other words, our simple reflecting bound-
ary conditions mimic a more realistic model of the transition re-
gion and the chromosphere used by e.g. Nakariakov et al. (2004)
or Reale (2016), in which slow waves are found to naturally re-
flect at the lower boundary because they hit the transition region.
We need to stress that in the considered scenario the waves do
not contribute to the heating themselves, but perturb the physi-
cal parameters of the plasma that may affect the efficiency of the
heating.

For the solar corona, the optically thin radiation loss func-
tion can be modelled as L(p,T) = xpT?, whose temperature
dependence is illustrated in Fig. 1, determined from the CHI-
ANTI atomic database (Dere et al. 1997; Del Zanna et al. 2015).
Function L(p, T') represents the radiative losses per unit mass (W
kg™!), which is obtained from the radiative losses per unit vol-
ume (W m™>) divided by the plasma density p. Likewise, the
unknown coronal heating function can be locally parametrised
as Hp,T) = hp"Tb (see e.g. Rosner et al. 1978; Ibanez S. &
Escalona T. 1993; Dahlburg & Mariska 1988), where a certain
combination of the power law indices a and b could be asso-
ciated with a specific heating mechanism. The proportional-
ity coefficient A can in turn be determined applying the ther-
mal equilibrium condition Q(py, Ty) = 0. More recent observa-
tional and theoretical works suggested that the coronal heating
function may also have an intermittent time-dependent compo-
nent (see e.g. Klimchuk 2006; Reale 2016). Characteristic times
of such a time-varying heating are shown to be predominantly
short, shorter than a minute (e.g. Testa et al. 2014; Tajfirouze
et al. 2016). On the time scales of the considered slow coronal
waves (with periods from several minutes to several tens of min-
utes), the chosen form of the function H(p, T) thus represents
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Fig. 1. Left: A piecewise dependence of the optically thin radiation

losses per unit mass L(p, T) = xpT? on temperature, where the specific
values of the parameters y and S are determined from the CHIANTI
atomic database v. 8.0.7 for the plasma concentration 10'® m~3, and
vary with the temperature interval considered. Right: Variation of 7,
(red) and 7, (blue) determined by Eq. (6) with temperature, for the ra-
diative cooling shown in the left-hand panel and some heating model
with the density and temperature power indices @ = —0.5 and b = -3,
respectively. The green dashed lines indicate the SUMER observational
channels 6.3 MK and 8.9 MK.

a time-averaged steady heating, sustaining the oscillating loop
at approximately the same mean temperature. Thus, we deter-
mine a misbalance between the heating and cooling processes
in the solar corona, caused by slow waves, through different de-
pendences of the functions L(p,T) and H(p,T) on the plasma
density and temperature perturbed by the wave. As a specific
heating scenario has not been revealed yet, the power law indices
a and b in the parametric dependence of the heating function are
treated as free parameters.

We linearise the governing equations around the initial equi-
librium, obtaining energy equation (4) in the form
oT To dp k 0T T 1 y\T,.
oD s o ( ) p

t Po ot poCv 0z T

[T

where the symbo indicates the linear perturbations, and

71 =yCv/[Qr = (po/T)Q,|, T2 =Cv/Qr (©6)

are characteristic time scales of the thermal misbalance, fully de-
termined by the parameters of the equilibrium and by the rates
of change of the heating/cooling function Q(p, T) with density,
0, = (00/0p)r, and temperature Qr = (0Q/0T),. In the fol-
lowing analysis, we consider only positive values of both 7; and
75, thus focusing on the effect of the slow wave (isentropic)
damping or over-stability (see Field 1965, for details). Typi-
cal values of the misbalance time scales 7, and 7, for the ra-
diative cooling determined by CHIANTI and a guessed heat-
ing function (determined by the specific values of the density
and temperature power indices a and b) in a dense loop (Reale
2014) are illustrated in the right-hand panel of Fig. 1. For exam-
ple, for the temperatures associated with SUMER oscillations,
6.3 MK and 8.9 MK, we obtain 7 ~ 37 min and 7, ~ 12min,
and 71 & 65 min and 7, ~ 19 min, respectively, for a = —0.5 and
b = -3. This example is provided for the illustrative purposes
only, while a more comprehensive analysis of the behaviour of
7 and 1, with a and b and their effect on the slow wave dynam-
ics are given in Sec. 3. No further assumptions on the values of
the characteristic times 7| and 7, are made in the following anal-
ysis, implying the non-adiabatic terms on the right-hand side of
energy equation (5) are allowed to be arbitrarily large (in contrast
with Kumar et al. 2016; Nakariakov et al. 2017, where the effect
of the thermal misbalance on slow waves is investigated under

the assumption of a weak non-adiabaticity). We would also like
to stress that in contrast to previous works (e.g. De Moortel &
Hood 2004), investigating effects of the radiative cooling on the
damping of slow waves keeping the heating term constant, i.e.
not affected by the perturbations of the plasma parameters by a
wave and hence not contributing into the wave dynamics, we ac-
count for the variation of both heating and radiative cooling by
the wave. Therefore, the heating/cooling misbalance times 7 »
(6) are not associated with the corresponding time scales of the
cooling or heating processes considered separately of each other.

We seek a solution of the linearised set of governing equa-
tions in the form e/®~“?_ which yields the following dispersion
relation between the cyclic frequency w and the wavenumber £,

W + A(k)w? + B(k)w + C(k) = 0, (7)

where the coefficients are

K 1 ksTo o[ K2
A:i[ K +—,B=—C§k2,C=_iB_0k2[_K+l],
poCyv T2 m ooCy T

where C; = +/vkgTo/m is a standard definition of the sound
speed. We need to mention here that as the plasma gets per-
turbed by the wave, the condition of the initial isothermality
discussed above is violated, allowing the plasma temperature
to vary with both space and time. Thus, C; is the sound speed
in a non-isothermal medium with the adiabatic index y = 5/3.
Equation (7) is found to be asymmetric with respect to space and
time, being a fourth- and third-order equation with respect to k
and w, respectively. Similarly to De Moortel & Hood (2003),
a wavelength-dependent term in the coefficients A(k) and C(k)
could be associated with the characteristic time scale of the field-
aligned thermal conductivity, so that

®

with A = 2n/k being the wavelength. In the regime of a weak
non-adiabaticity, i.e. assuming the parameters 1/wTt¢ong and
1/wt;, are small, dispersion relation (7) reduces to

T — T2 :|}
+ b
T1T2
Weakly non-adiabatic dispersion relation (9) is a limiting case of
Eq. (21) in Nakariakov et al. (2017) in neglecting the effects of
the viscosity and oblique propagation. In the following analysis,
we study full dispersion relation (7). Thus, we allow the imagi-
nary part of the frequency to be of the same order of magnitude
as the real part. This regime is motivated by the apparently high

damping rates of coronal slow oscillations usually observed (see
Sec. 3 for references).

Tcond = .OOCV/12 /K,

y—1 4x°

Y  Tcond

w* = C2i? { 1—iw™! [ )

3. Stability analysis

Processes described by dispersion relation similar to (7) have
been previously shown to affect both the phase speed and the
damping/amplification length of propagating magnetoacoustic
waves (Ibanez S. & Sanchez D. 1992; Ibanez S. & Escalona T.
1993). In this section we analyse these effects on standing slow
magnetoacoustic waves in hot coronal loops (SUMER oscilla-
tions), addressing recent advances in observational detections of
these waves (Wang 2011). In particular, SUMER oscillations are
usually seen to rapidly damp, with the quality factor (g-factor)
that is the ratio of the damping time to the oscillation period, be-
ing less than 2-3 (Wang et al. 2003; Mariska 2006; Cho et al.
2016; Nakariakov et al. 2019).
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Fig. 2.  Variation of w; obtained for 7; = 15min, and 7, = 8.2 min
(green) and 7, = 6min (red), left; and 7, = 10min, and 7, = 13 min
(green) and 7, = 22min (red), right. The grey lines in both panels
indicate wf"“d obtained with 7,, — co. The dashed lines in both panels
indicate w} obtained with Tong — 0.

Dictated by the observational properties of standing slow os-
cillations in the corona, we choose the following set of physical
parameters

To =63 x 10°K,
po=10""kgm™,

L =180x 10°m,

k=107 Wm K,
m=0.6x1.67x 1072 kg,

kg =138 x 1072 m?kgs™' K!,
y=15/3,

(10)

where L is the loop length, and the chosen value of the temper-
ature T corresponds to a typical detection of a SUMER oscil-
lation (see Nakariakov et al. 2019, for the most recent review).
The set of parameters (10) corresponds to the observations of
dense loops (e.g. Nistico et al. 2017), providing the sound speed
Cs ~ 152+T,[MK] ~ 382kms!, acoustic oscillation period
P = 2L/Cs ~ 15.7min, and the characteristic time scale of the
thermal conduction 7Tconq ~ 448 min (obtained by substitution
of the set of parameters (10) into Eq. (8) and taking 1 = 2L).
The ratio of the oscillation period to thermal conduction time,
P/Teona = 0.035, coincides by an order of magnitude with the es-
timation in e.g. De Moortel & Hood (2003) for the chosen value
of po. Such a ratio of the oscillation period to the thermal con-
duction time justifies a non-isothermal nature of the discussed
waves, implying that in the considered physical conditions (10)
the thermal conduction mechanism is insufficient to smooth out
the temperature perturbation on the wave period. However, in
shorter and hotter loops the thermal conduction time could be
significantly shorter, making the waves almost isothermal. In
turn, the heating/cooling times 7, (6) are treated as free param-
eters in this analysis, being mainly determined by the properties
of an unknown heating function.

We seek a solution to dispersion relation (7) in a standing
wave form, i.e. assuming the cyclic frequency w to be complex,
w = wR + iwy, while the wavenumber k is real. Substituting this
into Eq. (7), we solve the polynomial equation for w; numeri-
cally using Maple 2016" environment. Variation of w; with k is
shown in Fig. 2 for different values of the heating/cooling times
712, including the case with 7;, — oo which corresponds to the
damping by thermal conduction only, wf"“d, and with T¢opg — o0

indicating a pure thermal misbalance case, w%’[. Depending on

! https://www.maplesoft.com/support/help/
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Fig. 3.  Left: Parametric regions of the wave damping enhancement
(I), suppression (II), and thermal over-stability (III). Grey-shaded re-
gions indicate the values of 7, where the g-factor is in between 1 (the
green line) and 2 (the blue line, Ia), and in between 2 and 3 (the purple
line, Ib). The red, green, and blue symbols indicate some arbitrary val-
ues of 7;, chosen for the numerical solutions shown in Fig. 4. Right:
Heating/cooling times 7, (see Eq. (6), black and red contours, respec-
tively) determined for the CHIANTI radiative cooling, and the heating
function in the form H(p,T) o p“T? for the varying temperature and
density power indices a and b. The grey-shaded areas indicate the val-
ues of a and b where 1 < qg-factor < 2 (light grey) and 2 < g-factor < 3
(dark grey). The green, blue, and purple lines show g-factor equals 1, 2,
and 3, respectively.

Table 1. Coronal heating functions modelled as H(p, T) o p*T*: Ohmic
heating (1), constant heating per unit volume (2) and mass (3), and by
Alfvén waves/mode conversion (4) (see Ibanez S. & Escalona T. 1993);
and the corresponding 7, (6) in minutes with the radiative cooling de-
termined by CHIANTI (see Fig. 1).

Model a b 1 7, Model a b T T
1 0 1 —423 -64.6 3 0 0 -107.6 1189
2 -1 0 -42.3 1189 4 1/6 7/6 -423 -51.4
the values of 7y, the imaginary value w}w can contribute ei-

ther positively or negatively into wf""d, revealing regimes of

the enhanced damping (w; < wf"“d) or suppressed damping
(a)f"“d < wr < 0) and over-stability (w; > 0). These regimes
have been discussed in, e.g. Kumar et al. (2016) and Nakariakov
et al. (2017). However, in those works the non-adiabatic effects
were weak, thus not describing the strong damping detected in
observations (e.g. Wang et al. 2003; Mariska 2006; Cho et al.
2016; Nakariakov et al. 2019).

The left-hand panel of Fig. 3 illustrates regions of the damp-
ing enhancement, suppression, and over-stability in the two-
dimensional parametric space (71, T3), for the fundamental mode
of the oscillation, i.e. with k = n/L. Here, we treat the charac-
teristic times 7; and 71, as free parameters. The damping en-
hancement occurs when 7; > 7, (see e.g. the last term on the
right-hand side of Eq. (9)), where the g-factor drops down to
the observational values of about 1-3 (e.g. Wang et al. 2003;
Mariska 2006; Cho et al. 2016; Nakariakov et al. 2019). We
calculated the values of the heating/cooling times 7, adapting
four heating models from Ibanez S. & Escalona T. (1993) (see
Table 1). For the chosen set of parameters (10), the obtained
values of 7, for those heating models are found to be either of
different signs or both negative, which would result into the de-
velopment of thermal instabilities of a non-acoustic nature (see
Field 1965). Therefore, neither of them is found to be suitable
for the observational damping of SUMER oscillations.

As 71, depend on the parameters a and b of the heating func-
tion (6), we calculate 7, ; for @ and b both ranging from e.g. —5
to 5 (see the right-hand panel of Fig. 3). The obtained values of
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Fig. 4. Left: Cross-sections of the perturbed velocity as a function of
time, obtained for 7; = 40 min and 7, = 23 min (blue), 7; = 61 min and
7, = 11.5min (red), and 7; = 30min and 7, = 5min (green). Right:
Similar to the left-hand panel, but for the set of physical parameters
from Mariska et al. (2008), see Sec. 3 for details, and with 7; = 19.5 min
and 7, = 22.3 min.

71, are seen to depend strongly on a and b, varying from sev-
eral to a hundred of minutes and longer for the chosen values of
the plasma density and temperature. They both have the vertical
asymptote at a = 1 and b ~ 0.4, above which they both become
negative. The blank regions in the right-hand panel of Fig. 3 and
where the contour lines do not intersect correspond to the neg-
ative or different signs of 7, respectively, which give raise to
other thermal instabilities (see Field 1965) which are out of the
scope of this study. We now compare this diagram to the values
of 7y, for which the oscillation g-factor was found to vary from
1 to 2 (see the left-hand panel of Fig. 3), constraining the heating
functions which are able to reproduce the observational damping
(see the grey-shaded area in the right-hand panel of Fig. 3). For
lower plasma densities, the values of indices a and b, which give
the misbalance times 7;, about the observed periods, would be
even lower.

Choosing three different pairs of the heating/cooling times 7
and 7, which provide the g-factor to be lower than 1, from 1 to
2, and from 2 to 3, and using parameters (10), we solve the lin-
earised set of governing equations numerically in Maple 2016,
in a closed resonator located between z = 0 and z = L and with
the initial broadband Gaussian-shaped acoustic perturbation of
the width w = 0.12L, shifted towards one of the boundaries. The
cross-sections of the obtained standing solutions at z = L/2 are
shown in the left-hand panel of Fig. 4. As expected from the
dispersion relation (see Eq. (7) and Fig. 2), the higher harmonics
decay faster, so that after about one cycle of the oscillation the
initial broadband pulse develops into a pure fundamental mode
which then also decays. This example illustrates how sensitive
the damping of standing slow waves is to the parameters of the
heating/cooling function, and it represents the rapidly decaying
oscillations of the SUMER-oscillation type. In a more exotic
case, when the values of 7; and 7, appear to be just near the
boundary w; = 0 (see e.g. the red line in the left-hand panel of
Fig. 3), the damping could be highly suppressed by the thermal
misbalance (see e.g. the apparently non-decaying oscillation ob-
served in the Fe xv emission line in Fig. 3 of Mariska et al. 2008).
Adapting the physical parameters corresponding to this obser-
vation, namely Ty = 103K and L = 342 Mm, and choosing
po = 1072 kgm™3, we can reproduce the observed non-decaying
oscillation within the developed model for, e.g. 7; = 19.5min
and 7, = 22.3 min.

4. Summary and conclusions

We investigated the mechanism for damping of linear standing
slow magnetoacoustic waves in the solar corona through the mis-
balance of some heating and radiative cooling processes. We
addressed the coronal part of a loop with an isothermal equi-
librium. This is a standard approach for modelling slow waves
in the corona. However, we consider the wave dynamics in the
presence of a temperature- and pressure-depend heating and ra-
diative cooling and thermal conduction, addressing a misbalance
of those processes caused by the waves. The wave dynamics was
found to be highly sensitive to the parameters of the misbalance,
expressed in terms of the characteristic times 7;, of the heat-
ing/cooling function change with the plasma density and tem-
perature perturbed by the wave (see Sec. 2). Depending upon the
values of 71, we found three different regimes of the wave evo-
lution, which are the enhanced and suppressed damping (with
respect to the one caused by the field-aligned thermal conductiv-
ity), and the thermal over-stability. Unlike the previous analyt-
ical works, we did not treat the non-adiabatic terms small, that
allowed us to obtain the enhanced damping rates matching those
detected in observations.

Our findings allow one to reproduce the observed behaviour
of SUMER oscillations, keeping the thermal conduction coef-
ficient in its standard estimation, but accounting for the heat-
ing/cooling misbalance. For the set of physical parameters
corresponding to the observations of SUMER oscillations (see
Sec. 3), the characteristic time scale of the thermal conduction
was found to be at least an order of magnitude longer than the
oscillation period. This indicates a low efficiency of the field-
aligned thermal conductivity in damping these oscillations. In
turn, typical heating/cooling times 7|, were found to be com-
parable to the observed periods of SUMER oscillations (from a
few minutes to a few tens of minutes, see Fig. 3), for a suffi-
ciently broad range of the heating function parameters and for
the CHIANTI radiative cooling. For 7; > 75, this results into
a domination of the damping by the heating/cooling misbalance
over conductive damping. Moreover, the discussed effect per-
sists even in the limiting case of isothermal waves, which are not
subject to the damping by thermal conduction at all, occurring
in the case of the dominant thermal conduction (De Moortel &
Hood 2003). In this regime, the cooling and heating functions,
and hence their misbalance, are still affected by the perturbations
of density in the wave and hence contribute to its damping.

Using the CHIANTI model for the radiative cooling and fix-
ing other parameters of the equilibrium, the values of 7, be-
come fully determined by the heating function. This suggests
a new way for the diagnostics of the coronal heating mecha-
nism via damping of SUMER oscillations. For example, neither
of four heating models considered by Ibanez S. & Escalona T.
(1993) (see Table 1) was found to reproduce the observed damp-
ing of SUMER oscillations. On the other hand, we determined
the range of the power-law indices a and b, which give the ob-
served damping times. Moreover, the developed theory could
also address a more exotic case of an apparently non-decaying
SUMER type oscillation detected by Mariska et al. (2008), by
choosing the values of 7; and 7, which give w; = 0. In addition,
acoustic over-stability could be considered as a mechanism for
the excitation of 8-30 min oscillations of the soft X-ray emission
generated in pre-flaring active region (Tan et al. 2016).

The need to comply with observational properties of coro-
nal slow waves may put additional constraints on the empirical
determination of the dependence of the heating function on the
plasma parameters. This seismological information about the ac-
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ceptable ranges of the parameters a and b, together with the in-
formation obtained by other methods, could be used for reveal-
ing the heating function. In particular, our study suggests that
-2 < a < 2and b < 0 for the chosen values of the equilibrium
density and temperature. Those intervals should be subject to a
dedicated follow-up analysis. In particular, the effect of differ-
ent parametric forms of the heating function dependence on the
density and temperature, e.g. polynomial, should be considered.
Likewise, the time-dependence of the coronal heating function,
neglected in this study on the time scale of a slow wave, could
be more important for shorter-period coronal MHD waves, e.g.
the fast waves with about 1-min periodicity. Also, this neglec-
tion does not allow us to address the transient events in which
the loop is impulsively heated and rapidly cools down at the time
scale comparable to the wave period (e.g. Reale et al. 2019), thus
making the developed theory restricted to the loops sustained
at approximately the same mean temperature during the whole
wave evolution. In addition, the future development of the theory
needs to soften certain assumptions made in this paper. In partic-
ular, we neglect the effects of the oblique wave propagation, i.e.
the departure of the slow wave speed from the sound speed in the
case of finite 3, and viscosity, which could bring additional time
scales into the problem. This could be important if the coronal
heating depends on the magnetic field (Hood 1992; Nakariakov
et al. 2017). We also do not consider the effect of geometrical
dispersion (Edwin & Roberts 1983; Yuan et al. 2015) that is usu-
ally weak for slow waves in coronal loops. Likewise, we do not
account for nonlinear effects. Another interesting development
of this study could be the inclusion of a chromosphere. Account-
ing for these effects should be addressed in a follow up study.
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