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ABSTRACT

We considered the combined influence of the thermal activity and the magnetic structuring on properties
of the compressional magnetohydrodynamic (MHD) waves. To model MHD waves we use the single magnetic
slab geometry. To derive dispersion equations for the symmetric (sausage) and anti-symmetric (kink) waves,
we apply the assumption of strong magnetic structuring. In our calculations we use parameters corresponding
to the highly magnetized coronal loop. The thermal activity leads to the changes in the phase velocity and
in the wave increment/decrement. We show that the spatial scales where the dispersion effects caused by
the thermal activity is most pronounced are longer than the geometry dispersion spatial scale. The thermal
activity and wave-guide geometry have comparable effect on the slow-waves phase velocity dispersion. However,
the main source of the phase velocity dispersion for the fast MHD waves remains the wave-guide geometry.
We also show that the damping of slow MHD waves caused by the thermal activity is greater than the
damping of fast MHD waves.

Key words: thermal activity; strong magnetic structuring; coronal loop; magnetic slab; MHD waves;
symmetric and anti-symmetric waves; dispersion; wave-guide geometry.
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Introduction

The solar atmosphere is the rarified and highly-magnetized plasma. Due to this fact, there are numerous
magnetic structures, which exist in the solar corona including coronal loops, prominences, polar plumes and
etc. In fact, these magnetic structures play the role of the wave-guides for the compressional and compressional
MHD waves, which routinely observed in the solar corona [1; 2]. The geometry of these wave-guides is
prescribed by the balance between the gas-dynamic and magnetic forces and lead to the dispersion of the
compressional modes.

However, the magnetic structures owe their existence not only to mechanical but also to the thermal
balance. The coronal cooling/heating rates are temperature and density dependent. As a consequence, some
compressional perturbation can disturb balance between these processes, and can be amplified or damped by
the additional impact from the non-adiabatic processes. Thus, there are some feedback between waves and
plasma. In other word, the coronal plasma is the thermally active one [3; 4]. Furthermore, the non-adiabatic
processes affect propagation speed of the compressional perturbation [5].

Further, we analyze the combined influence of the thermal activity and the magnetic structuring on
properties of the compressional magnetohydrodynamic (MHD) waves propagating in the highly magnetized
plasma. Most similar studies use strong limitations on the wavelength and the magnitude of the external
magnetic field [6; 7]. In our study, we will not use such strong assumption and apply the most general
approach.

The paper is organized as follows. In the Section 2, we introduce the initial equations and obtained
dispersion relation. In the Section 3, we show calculated dispersion curves. In the Section 4, we discuss the
obtained results.

1. Model and dispersion relation
We analyze the waves in the fully ionized optically thin coronal plasma. We neglect the gravitational

forces and the effects of viscosity, thermal conductivity and finite magnetic conductivity. The difference of
basic equations from equations describing the ideal plasma is in the energy transport equation:
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Here, p, T, and P are the plasma density, temperature and pressure, respectively. The parameter -, is
for the adiabatic index. In the equation (1) the function W(p,T) describes the net heat-loss function which
is the difference between radiative cooling L(p,T) and some heating I'(p,T) processes. These rates balance
each other in the case of the stationary conditions L(pg,To) = I'(po,To), or W (po,Tp) =0 .

To analyze the properties of the MHD waves we apply the standard methods of the perturbation theory. In
other words, we linearize basic equations using substitution of the following form: a = ag+a1,a1/ag ~ e << 1,
where a is some plasma parameter. We model the coronal wave-guide by the magnetic slab with the magnetic
field directed along z-axis as follows:

. Bia |§C| < Zo,
Bo(z) = { Be, |z|> 0. (1.2)

Here, By and zg are the stationary value of magnetic field strength and the slab half-width, respectively.
Searching the solution of the linearized equation in the form a; = a; () e!(@ttk=2) one may obtain dispersion
relation for the set (fast/slow and body/surface) of the sausage/kink magnetoacoustic waves in the magnetic
slab as follows:

ke Po coth (ky,x0)
22  o\Raz. PO, 122 2 i
(kZcq,—w )km = (kche w )< tanh (kexo) )" (1.3)

The complete derivations steps can be found in our previous study (see [8]). We use the and hyperbolic
functions for the kink and sausage modes, respectively. We introduce the following characteristic temporal
scale to describe the thermal activity influence:

v = Cy /Wor, p = CpTo/ WorTo — Woppo) (1.4)

i

where Cy and Cp are the specific heat capacities at constant volume and constant pressure, respectively.
We also use the derivatives Wor = 0Q/0T|,,,1,, Wo, = 0Q/0p) o, 1,
Some characteristic speeds of fast and slow MHD waves are shown below:

CA = Bg Cq = kBTO C = Tl kBTO cT = CgCAzA
A 4’/Tp0’ S \lry m ) SQ “TP/Y m ) T (CiJrC%)’

Here, speed cp is for the Alfven speed. The speed cg is the usual speed of sound for ideal plasma. The
so-called tube speed cr is a result of the pure wave-guide dispersion effect. The speed cgq is long-wavelength
limit value of the slow-wave or acoustic perturbation in the case the thermally active uniform plasma. And
the last but not the least is the speed ctq, which is a result of the both wave-guide and thermal activity
dispersion effects.

In the dispersion relation (3) we also use following notations:

(A2Qi,cm2Qi70 + iWTVi,eAzZ,emzz,e)
(A?ine + iWTVi,eA127e)
(kgci — w2) (kgc%Q — w2)
(& +dq) (R2hq —w?)
A? = ( +c§) (k2ch —w?), A4 = (& + c%Q) (k‘gcng —w?).

Further, we will use dispersion relation (3) to calculate the dependencies of phase velocities and
increment /decrement of MA waves on the wavenumbers in the solar atmosphere conditions.

Zie

s (BA-) (BE-w?) ,
T @ F@) (kR —w) T

2. Results

Let us apply the obtained dispersion relation to the coronal conditions. In the current study we will focus
on properties of waves in the highly magnetized coronal loop. The magnetic slab parameters corresponding
to the mentioned loop are shown in Table.

The parameterization of the radiative cooling function L(p,T) = xpT®, has been calculated using the
CHIANTT Version 10.0 database [9]. The heating rate has been modeled as I'(p, T) = hp’-5T=3:5. Such heating
scenario has been seismologically proposed by [10] using the observations of the damped slow magnetoacoustic
waves in the long-lived coronal plasma structures. The dispersion curves for body fast/slow sausage/kink
magnetoacoustic waves are shown in Figures 1, 2.
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Table
Slab parameters used for calculations
Tabauma
ITapameTrpsl cJi0sl, UCHOJb3yeMbIe [IJisi PACYETOB
Parameter Value
Magnetic field strength inside the slab (By,) 100G
Temperature (Tp,) 6 MK
Number density inside the slab (ng,) 10* cm =3
Density contrast (ng,/no,) 10
Slab width (2z¢) 2Mm
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Fig. 2.1. Phase velocities of sausage and kink waves in the highly magnetized coronal plasma (see Table). Fast
and slow waves are shown on different spatial scales. The range where the scale is changing is indicated by saw
teeth. The top and bottom panels are for the sausage and the kink modes, respectively. We use different colours
for different modes. The approximate position where the dispersion effect of the slow waves is the most
pronounce is indicated by star. The range of speeds where is no roots corresponding to MHD waves can be
found are shown by grey dashing
Puc. 2.1. ®@a30Bble CKOPOCTHM BOJIH IIEPETS’)KEK U U3rMOHBIX BOJIH B CHJIBHO 3aMarHHYEHHON KOPOHAJIBHOM ILIa3Me
(cM. Tabsuiy). BelcTpele M MejleHHBIE BOJIHBI IIOKA3aHBI B Pa3HBIX I[POCTPAHCTBEHHBIX MaciTabax. [luanason
U3MEHEHHs] IMKajIbl 0003HAYEH NHJIO00PA3HBIM CHMBOJIOM. BepXHss M HIDKHAS IAHEIN [IPEIHA3HAYEHBI I BOJIH
[epeTsi’KeK W M3TUOHBIX BOJH COOTBETCTBEHHO. MBI HCIIO/Ib3yeM pasHble I[BeTa st PasHbIX Moz. [IpubiusurenbHoe
[IOJIOXKEHUE, B KOTOPOM JIMCIEPCHOHHBLIN 3hdEeKT Me/JIeHHbIX BOJIH Haubojiee 3amMereH, 0b003HadeHO 3Be31o0ii. CepbiM
IYHKTUPOM IIOKa3aH JMala30H CKOPOCTEeH, B KOTOPOM He MOI'YT ObITb HalJI€Hbl KODHU,
coorsercrByomue MI'JI-BosHaM

It can be easily seen that the slow modes in the thermally active plasma can be found between sound
speed csi and the modified tube speed crqi. In the ideal plasma case, the long-wavelength limit is ctj. The
fast modes in the plasma with the thermal misbalance range between ca. and cp;. The slow waves are

highly affected by both thermal activity and wave-guide dispersion. The impact of the thermal activity on
the fast-wave dispersion is negligible.
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Fig. 2.2. Decrement of sausage and kink waves in the highly magnetized coronal plasma (see Table). The top
panel corresponds to the sausage modes. The bottom panel is the for kink modes. Different colours correspond to
different modes
Puc. 2.2. JlekpemMeHT BOJH TepeTsi?)KeK W M3THOHBIX BOJH B CHJIBHO 3aMarHUYEHHOUW KOPOHAJIBHON ILIa3Me
(cm. Tabnwmmy). BepxHsAst maHesb COOTBETCTBYET BOJHAM IEPETSKeK. HUKHSAS MaHe b MpeTHA3HAYEHA JJIsl W3TUOHBIX
BOJIH. PasHble 1BeTa COOTBETCTBYIOT PA3JUYIHBIM MOIAM

One may notice that decrement of both fast sausage and kink modes are lower than decrement of slow
waves. This effect is in agreement with result obtained for the uniform plasma [4]. However, the magnetic
structuring leads to non-monotonic behavior of wave decrement, with maximum in the long-wavelength part
of the spectrum. In uniform plasma behavior was shown to be monotonic [4]. The calculated decrement
of rather weak and cannot explain observed fast wave damping. The slow-wave decrement is comparable
with the observed decay time. Moreover, in highly magnetic plasma decrement of slow-waves become greater
(compare with results obtained for the hot loop in [8]. This is due to the fact that with decrease of plasma
beta/increase of magnetic field the slow wave becomes more acoustic than magnetic mode.

3. Discussion and conclusions

In the presented study we analyzed the combined influence of the thermal activity and the magnetic
structuring on properties of the compressional magnetohydrodynamic (MHD) waves. Using perturbation
theory, assumption of strong magnetic structuring and the slab geometry, we obtain the dispersion relation
for the set (fast/slow and body/surface) of the sausage/kink magnetoacoustic waves. We solve the obtained
dispersion relation numerically and use to the higly-magnetized solar corona conditions. We showed that
slow-waves are higly affected by both thermal activity and wave-guide dispersion. In particular the long-
wavelength becomes equal to crq, which is defined not only by geometry of the wave-guide but also by the
acting non-adiabatic processes. As a result, the usage of the value ¢t for the helioseismological needs may
cause mistakes. On the contrary, the oscillation of the fundamental modes may be used for phenomenological
determination of unknown coronal heating function. We also showed the phase velocity dispersion for the fast
MHD waves remains the wave-guide geometry. In the magnetically structured plasma the wave decrement
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becomes non-monotonic with maximum in the long-wavelength part of the spectrum. The calculated slow
wave decrements are comparable with the observed decay times.

The study was supported in part by the Ministry of Education and Science of Russia by State assignment
to educational and research institutions under Project No. FSSS-2020-0014 and No. 0023-2019-0003, and by
RFBR, project number 20-32-90018. CHIANTI is a collaborative project involving George Mason University,
the University of Michigan (USA), University of Cambridge (UK), and NASA Goddard Space Flight Center
(USA).
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BBICTPBIE 1 MEJJIEHHBIE MI/I-BOJIHBI B TEPMNYECKU
AKTUBHOM IIJIASMEHHOM CJIOE?

AHHOTAIINA

PaccmoTpeno coBmecTHOE BIMSIHUE TEIJIOBOW AKTUBHOCTU W MATCHUTHOTO CTPYKTYPUPOBAHUS HA CBOMCTBA
marauroruapoguanamudeckux (MI) Bosmn. g wmomenupoBanug MIII-BoaH MBI HCHOJIL3YEM I'EOMETPHUIO
OJIHOPOPOJIHOTO MATHAUTHOTO CJIOs. JIJIsi BBIBOJIA JMCIIEPCHOHHBIX YPABHEHWH [JIsl CUMMETPUIHOH (BOJIHA
TIEPETSIKEK) W AHTUCUMMETPUIHON (M3rubHAast) BOJH MBI HCIOJIL3yeM MPEJNONOKEHNE O CHJIBLHOM MATHUTHOM
CTPYKTYPHUPOBaHUHM cpeibl. B Hamwmx pacderax MBI HCIOJIb3YyeM IapaMeTPhI, COOTBETCTBYIOIINE CUJIHHO
3aMarHUIeHHONW KOPOHAJ bHOH metrsie. TemioBas aKTUBHOCTH IPUBOJUT K M3MEHEHUIO (DA30BOIM CKOPOCTH U
MHKDPEMEHTa/ ICKpeMeHTa BOIHLI. Mbl IIOKA3bIBAEM, YTO IMPOCTPAHCTBEHHBIE MACIITA0bl, B KOTOPHIX 3(hdeKTh
JUCIIEPCUH, BBI3BAHHDIE TEILJIOBOY aKTUBHOCTHIO, HANOOJIee BHIPAXKEHDI, JJINHHEE ITPOCTPAHCTBEHHOIO MacmTaba
reoOMeTPUYECKOil mucnepcun. TeryioBag aKTUBHOCTH U T'€OMETPHsS BOJIHOBO/A OKa3bIBAIOT CPABHUMOE BJIMAHUE
Ha jucrnepcuio (HazoBoil CKOpPOCTH MeIeHHBIX BOJIH. OJIHAKO OCHOBHBIM HCTOYHHUKOM JIHCIIepcHn (Has3oBoil
ckopoctu i ObicTpbix MIJI-BostH ocTaeTcs reoMeTpusi BOJHOBOJA. MBI TakKe MOKA3bIBAEM, UTO 3aTyXaHUE
memrenabix MI/I-BoH, BRI3BAHHOE TEILIOBOI AKTHUBHOCTBLIO, OOJbIe, dem 3aryxanwme ObicTpoix MI/I-Bosm.

KirouyeBbie cjioBa: TemioBas aKTHBHOCTH; CHJIBHOE MATHUTHOE CTPYKTYPUPOBAHWE; KOPOHAJbHAS TETJIS;
MarauTHbiil cioit; MIJI-Bo/THBI;, CHMMETPUYHBIE W AHTHCHMMETPUYHDLIE BOJIHDLI; IHUCIIEPCUS; BOJIHOBO.
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