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* ABTOp, OTBETCTBEHHBIH 32 TIEPEIIUCKY

AnHoTanus. Beedenue. Jlo HacTosIIET0 BpeMeHH HE BBISICHEHA TPUPOIA BOJH CXKATHS, HAOIIOTaeMBIX B
COJIHEYHON KOpOHE B KpaWHEM YJIbTPa(HOJICTOBOM JHMAIa30HE. YCTOSBIIMICS MMOAXOJ, CBS3aHHBIN C
npoOJeMoil HarpeBa KOPOHAJbHOHM IUIa3Mbl, OCHOBaH Ha MPEACTABICHUM O MAarHHUTOAKYCTHYECKHX
BOJIHAX, TEHEPUPYEMBIX B HWJKHUX cJI0AX atMocepbl. OqHAKO MHOTOYHCIICHHBIC HAOIIOAECHHUS U aHAIN3
CIIEKTPOB BOJIH CXKaTHsl MOKA3bIBAIOT MPH3HAKH, CYNICCTBEHHO OTIMYAIOIINECS OT CBOMCTB OOBIYHBIX
BOJIH. Pe3ynomamuot u oocysycoenusa. Hamu npeanoxeHa HOBasi MOJIEIb, B KOTOPOH BMECTO peryysspHON
BOJIHBI PaCCMaTPUBACTCS MOCIEI0BATEILHOCTD OTACIBHBIX JIOKATU30BAHHBIX BO3MYIICHUH. 3akaiouenue
[IpakTuueckass 3HAaYMMOCTh CTaTbH, OCHOBAaHHOW HA CBOMCTBaX AaKyCTHYECKMX BOJIH, Ha JUHAMUKY
KOTOPBIX 3HAUMTENIbHOE BIUSHHE OKa3bIBAIOT TEMJIONPOBOAHOCTD U U3IYUYEHHE IUIa3MBl, YTO MO3BOJIUIIO
MOKa3aTh, YTO HAOIIOIaeMble IPU3HAKA MOXXHO OOBSICHUTH Ha COBEPIICHHO UHOIM OCHOBE. MBI IOJIaraem,
YTO B JACHCTBUTEILHOCTH HAOJIOAAIOTCS LEMOYKM JIOKAIW30BAaHHBIX BO3MYILICHHWH, T€HEPUPYEMBIX B
HIWKHEH aTMocdepe.
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Abstract. Introduction. To date, the nature of the compression waves observed in the solar corona in the
extreme ultraviolet range has not been clarified. The established approach to the problem of heating the
coronal plasma is based on the concept of magnetoacoustic waves generated in the lower layers of the
atmosphere. However, numerous observations and analyses of the spectra of compression waves show
features that differ significantly from those of conventional waves. Results and discussions. We have
proposed a new model that considers a sequence of individual localized disturbances instead of a regular
wave. Conclusion The practical significance of the article is based on the properties of acoustic waves,
the dynamics of which are significantly influenced by the thermal conductivity and radiation of the
plasma, which has shown that the observed features can be explained on a completely different basis. We
believe that what is actually observed are chains of localized disturbances generated in the lower
atmosphere.
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Introduction

For several decades, propagating variations in the intensity of extreme ultraviolet
radiation have been observed in the solar corona, which are interpreted as compression waves.
Along with the intensity change, a Doppler shift is sometimes observed, indicating plasma
motion. Disturbances propagate along coronal structures, coronal loops [1,2] and coronal holes
[3-6]. The spectra of time signals are usually broad, and dominant maxima, declared to be
periods, are sought in the wavelet spectra (Fig. 1). Most often, two maxima are observed; they
are called short and long periods. The short one lies on average in the interval of up to 10 min,
the long one - in the interval of 10-30 min. Disturbances quickly attenuate, demonstrating a
frequency dependence [3,4], disturbances with periods of 3-5 min are observed up to distances of
3-23 Mm, with periods of 20-30 min - up to 70-90 Mm.

An example of a wavelet spectrum is shown in Figure 1. Two maxima are prominent in
the global spectrum. Analysis of multiple events allowed us to make the following observations.
It 1s difficult to determine from the appearance of the time signal whether it is harmonic or a
superposition of harmonic components. It contains sharp spikes with a broad spectrum. The main
maximum of 20 minutes has a limited duration in the local spectrum, which also contains other
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maxima. The period registration is irregular, and the disturbances typically have a low
propagation velocity, almost always significantly lower than the speed of sound. These
characteristic features of compression waves require some explanation.

Intensity vs. Time

Figure 1- A typical observation
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Nonadiabatic acoustic waves
To study compression waves, we employ the apparatus of nonadiabatic acoustic waves,
whose behavior is influenced by thermal conductivity, heating, and radiation from the coronal
plasma. Calculations are performed in the one-dimensional hydrodynamics approximation, and
the dispersion equation has the form [7, 8]
@ +iA@* — @C2k* +iB = 0, (1)
A=Ak*+A,B= %(—Alkz — A, + A35)C2k?, @

its coefficients are determined through the thermal conductivity coefficient »#(T,)and the
radiation functionA(T,)

p (= DMm(?

Rpom(w) #(To),
— 1M 3
2 = —()I/?m((z) pol\'(Tp), )
_(y-DM
37 RTym(w) Po
The tilde here denotes dimensionless quantities; the following scales were chosen for the solar
corona conditions
m(T) = 10° K,m(C;) = 10° mc t, m(w) = 0.1 ¢}, m(k) =107 m7 1, 4)
m(x) = 10° m,m(t) = 10 c. m(A) = 1026 sprr=2 cm3 ¢ 1.
The plasma is described by the equation of state of an ideal gas, where y = 5/3, is the molar
mass M = 0.62 X 1073 kg mol~1.. The radiation function is determined by cubic splines over a
series of values found numerically [7]. For a fully ionized plasma, the thermal conductivity
coefficient is determined by the expression
#(Tp) = 2.28 x 10711 /% (Brm~1 K1), )
Figure 2 shows the dependence of the group velocity on the period and the attenuation
length. The group velocity has two minima P;and P,, at a temperature of 1 MK they are equal to

A(T).
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5.04 and 68.4 min. The first of these is due to thermal conductivity, the second to heating and
radiation. The first is important for us, as it divides the periods into short ( P < P;) and long (
P > P;). Short-period waves have weak dispersion and strong attenuation, while long-period
waves, on the contrary, have strong dispersion and weak attenuation. We have thus obtained a
relationship between the minimum group velocity and the properties of dispersion and
attenuation. To confirm this, we present the asymptotic values of the wave number
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Figure 2 - Properties of dispersion and attenuation of an acoustic wave. On the left, the dependence on the
group velocity period; on the right, the dependence on the attenuation coefficient length.
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It turns out that , P. = P;, so the asymptotics allow us to determine the applicability limits of the
short- and long-period approximations. According to Figure 2, the attenuation length L4 =
1/Imkfor short periods takes on a practically constant value.

2

T
Ly~ Lgy = 2.87 - 1o4n—° (Mm),P < P,. (9)
0
Modeling of wave packets

Let's consider the behavior of an initial pulsed acoustic disturbance. We assume that it
originates in the lower atmosphere and propagates upward into the corona. The disturbance is
represented by a Fourier integral.

kmax
p = €p, f F(k)e 8Wt cos(kx — w(k)t)dk, (10)
where k nax 18 the maximung wave number that determines the width of the spectrum. The
functionw (k) is found by numerically solving equation (1)-(3). For the spectral density, we
choose a Gaussian form . F(k) = e~ @K /4The parameter d is the length of the initial pulse, its
duration d/ Vphis V' on is the average phase velocity in the interval 0 < k < ky,x. The wave
packet disperses and decays, and the expression under the integral F(k)e~%®¢can be considered
as a local spectral function at the current moment in time. The presence of a minimum in the

58



CoBpemeHHas Hayka n uHHoBauumn. 2025. Ne 4

group velocity leads to the formation of quasi-periodic oscillations [9]. Depending on the
dispersion properties, wavelet spectra shaped like a tadpole or boomerang can form [10,11]. In
our case, this is impossible due to the rapid attenuation of the waves.

In our case, the wavelet spectrum has the shape of two separated maxima, which give rise
to short and long periods. The formation of the periods is shown in Figure 3 based on the
dispersion and attenuation properties of acoustic waves. The solid and dashed blue lines show
the initial perturbation spectrum for two different values of length d (left figure). The solid and
dashed yellow lines show the same spectra at a certain moment. t,.At the minimum of the group
velocity P; the spectral function experiences a dip due to uneven attenuation. Two groups of
waves with different periods P; are formed on either side of the minimum and P;, but the same
speed (right figure). The long period is close to P p, this is the boundary of the periods when
such pairs are possible.

Thus, instead of a single initial Gaussian packet, two separate wave packets are obtained,
one formed by short-period waves, the other by long-period ones. To confirm this, we conducted
a wavelet analysis of time signals recorded at specified distances from the source (Fig. 4). The
appearance of the signals themselves shows that the initial Gaussian signal has split into two
signals, narrow and wide. Figure 5 shows their wavelet spectra, constructed using the Morlet
wavelet using the Torrance-Compeau algorithm [12]. Indeed, in addition to one maximum
characteristic of a quasi-Gaussian signal, we see a second maximum located in the region of long
periods. Over time, this maximum becomes the dominant one, and the initial short-period signal
disappears due to the rapid attenuation of the short-period components.
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Figure 3 - Formation of two maxima in the spectrum. The green line shows the group velocity, and its
minimum is marked P;. The red line shows the attenuation coefficient, and the blue and yellow lines show

the spectral densities at the initial and current moments of time .

At a distance of 58 Mm, the maxima have values of 5.11 and 13.3 min at T, = 1IMK ,
ne = 0.45 - 10'°m ~, they are well within the range of observed values.
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Figure 5 -Wavelet spectrum of signals generated by a wave packet at distances x=30 mm, 58 mm, 90 mm
from the source. Plasma parameters: T 0=1 MK, n_0= [ 0.45-10 ] ~15 m-3. The initial pulse length is d =
5.3 mm.

Conclusion
Studying the dispersion and attenuation properties of acoustic waves in the solar corona's
plasma allows for a new interpretation of the nature of compression waves, which are ubiquitous
in the corona and are crucial for solving fundamental problems in heliophysics. Each spike in the
recorded time signals of extreme ultraviolet radiation intensity can be viewed as a reflection of a

60



CoBpemeHHas Hayka n uHHoBauumn. 2025. Ne 4

localized disturbance generated in the lower atmosphere and then propagated into the corona.
Under the influence of dispersion and attenuation, which have a specific nature, each localized
initial disturbance is transformed into a signal with two clearly defined periods in its spectrum.
The observed so-called compression waves represent a chain of such disturbances, generated
independently of one another and having different periods. This approach immediately explains
the first two characteristics of compression waves. The disturbances propagate with a velocity
close to the group velocity, which is always less than the phase velocity. This also explains the
third characteristic.

The study was carried out within the framework of the state assignment of the Ministry of
Education and Science of the Russian Federation (No. 075-03-2024-113).
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