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ABSTRACT

Context. Observed oscillations of coronal loops in EUV lines havenbmeccessfully used to estimate plasma parameters in tee inn
corona & 0.2R,, whereR, is the solar radius). However, coronal seismology in EUdiffails for higher altitudes because of rapid
decrease in line intensity.

Aims. We aim to use radio observations to estimate the plasma péteesrof the outer solar corona 0.2 Ry).

Methods. We use the large Ukrainian radio telescope URAN-2 to obssmye IV radio burst at the frequency range of 8-32 MHz
during the time interval of 09:50-12:30 UT in April 14, 201The burst was connected to C2.3 flare, which occurred in ARQ11
during 09:38-09:49 UT. The dynamic spectrum of radio emissihows clear quasi-periodic variations in the emissitenisity at
almost all frequencies.

Results. Wavelet analysis at four fierent frequencies (29 MHz, 25 MHz, 22 MHz and 14 MHz) showsinesi-periodic variation
of emission intensity with periods of 34 min and~ 23 min. The periodic variations can be explained by the finst second har-
monics of vertical kink oscillation of transequatorial onal loops, which were excited by the same flare. The apexon$équatorial
loops may reach up to 1R, altitude. We derive and solve the dispersion relation gfgesl MHD oscillations in a longitudinally
inhomogeneous magnetic slab. The analysis shows that &thimwidth to length ratio of 0.1), dense (with the ratio oférnal and
external densities of 20) magnetic slab with weak longitudinal inhomogeneity rrap the observed oscillations. Seismologically
estimated Alfvén speed inside the loop at the height GfR, is ~ 1000 km s*. Then the magnetic field strength at this height is
estimated as 0.9 G. Extrapolation of magnetic field strength to the inr@ooa gives- 10 G at the height of 0.R,.

Conclusions. Radio observations can be successfully used for sounditige@futer solar corona, where EUV observations of coronal
loops fail. Therefore the radio seismology of outer solabna is complementary to the EUV seismology of the inner caro
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1. Introduction al.[2007, Van Doorsselaere et al. 2007, McEwan el al. 12008,
Andries et al[”2009, Verth et al._2010, Arregui and Asensio
Magnetohydrodynamic (MHD) waves and oscillations are ubiiRamos_201/1), spicules (Zaqgarashvili et[al. 2007, Zaqaitashv
uitous in the solar corona (Nakariakov & Verwichte 2005)eThand Erdély[ 2009, Verth et €. 20111) and prominences (Arreg
waves may heat the ambient plasma and accelerate solar wehal.[2012 and references therein). The oscillations aiielyna
particles (Aschwanden 2004). Observations show the @xiste observed in the inner corona, where intensity of EUV lines al
of almost all MHD modes (fast kink, fast sausage and sloews to detect active region coronal loops. In the outer caro
magneto-acoustic waves) in solar corona (Aschwanden et the oscillations are not yet detected because of EUV lirenint
[I999, Nakariakov et al. 1999, Ofman et [al. 1999, Nakariaksity decrease with altitude.
et al.[2008, Wang et &l 20033, 2003b, Wang & Solanki 2004, Besides the EUV part of spectrum, the solar corona can be
%Zgﬁgvgb?enss)'& Stctqugit;o;;eﬂ?orgsgg?éghsnemg observed in the.radio_frequency band, which is very impc_brtan
also possible. For exa,mple purely incompressible toedios- to study the rapid osc_:lllatlons of the solar atmos_phere guian
cillation can Be observed in coronal loops as periodic viaria high temporal resolution. High-frequency oscillatiorsi(min)
of spectral line broadening (Zagarashyili 2D03) are frequently detectgd in the radio observatlons (Asclenet
’ al.[2004, see Table 1 in the paper). According to Aschwantlen e
Observed MHD oscillations can be used to estimate plasmla (2004) most of the reported oscillations fall in the fieqcy
parameters in the solar corona using known theoretical-prapnge of 100-1000 MHz corresponding to the electron desssiti
erties of MHD waves (Roberts et al. 1984). This method, s 10°-10'° cm3. Therefore, the radio emission is originated
calledcoronal seismology (Nakariakov & Ofman 2001), was ef- from the inner corona and consequently the oscillationsbean
fectively used to determine magnetic field strength, dicati interpreted as fast sausage modes in short low-laying ebron
tion and other plasma properties of coronal loops (Arrequi Bops (Nakariakov et al._ 2003, Aschwanden ef-al. 2004). Long
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Hence, the radio observations are very important to study th
plasma properties in the inner corona.

On the other hand, radio observations in the frequency range
of 10-100 MHz are very important in the outer corona. Flare
related activity at decameter wavelengths is manifestepleat
variety of bursts: type II-1V bursts, drifting pairs, S-Ists, spikes
bursts in absorption etc (Melnik et al. 2010). Some of theen ar
continuations of the same bursts from decimeter and metetba
such as type Il bursts, type Il bursts, type IV bursts, spike
There are some bursts, which are observed in the long meter an
decameter range only, namely type llIb bursts, driftingq&s-
bursts. Plasma mechanism of radio emission is usually wsed f
explanation of these bursts (Ginzburg and ZhelezniakoB)L95
This mechanism has two stages. The first stage is the gemerati
of Langmuir waves by fast electrons and the second stage is th
emission of electromagnetic waves by the Langmuir waves. In
this mechanism, the frequency of radio emission equalsathe |
cal plasma frequency or double local frequency. Then therad
emission at given frequency is originated in the plasma gt co
responding height above the solar surface. In this papersee u
the decameter band (8-32 MHz), therefore the radio emission
at these frequencies is generated at heightsR,, whereRy is
the solar radius, depending on the density structure ofdlee s
corona. Type IV bursts at decameter wavelength were first ob-
served by the radio telescope UTR-2 during observatiomat ca
paign in 2002-2004 (Melnik et al.2008). The duration of the
bursts was from 1.5 to several hours and fluxes were £6-.10.
Decameter type IV bursts were usually accompanied by coro-

= = nal mass ejections (CME’s) but sometimes there was no eisibl
10 = : = CME during type IV burst. Specific features of decameter type
07:00 © 08:00 © 09:00 ~ 10:00 ~ 1100 1200  13:00 IV bursts were fine structure in the form of fiber-bursts and os
"L, UL cillations of radio emission intensity. Largest periodstioése
oscillations were tens of minutes. It was suggested thatithe
emission of type IV bursts originates either in a coronabploo
disturbed by CME or in the body of CME itself. Hence, the
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200 observed oscillations can be connected either with oficilia
of CME or coronal loops. Oscillation in the intensity of type
160 - IV bursts without accompanied CME is probably connected to

the coronal loop oscillations triggered by a solar flare.rT ilee
analysis of these oscillations allows to estimate the péagrop-
erties in the coronal loops. Among decameter bursts thersar
called inverted U- and J- bursts generated by fast eleceamis,
which propagate in high coronal loops (Dorovsky et al. 2010)
Active region coronal loops may expand up to helmet stream-
40 | ers owing to solar wind. Additionally, very long transequsat
rial loops, which connect the active regions in opposite ihem
spheres, may reach up to the height of one solar radius. @hase

120

Flux, s.f.u.

80 -

700 800 %00 1000 1100 1200  13:00 al. (1976) presented the first observational indicatiorrarfige-
Time quatorial loops. Later, Pevtsdv (2000) presented 87 trarate-

rial loops through the analysis of Yohkoh data set betwe®119
October and 1998 December. The radio emission at 10-30 MHz
are originated from the heights, where transequatorigtaraa-
Fig. 1. Dynamic spectrum of radio emission (right and left polafive region loops are located. Then, the long-period mdthria
ization) observed by URAN-2 on April 14, 2011 (upper paneRf emission intensity at these frequencies can be causeldeby t

and time profile of this radio emission at 29.7 MHz (lowepscillations of the loops. _ _
panel). Here we use the observation of type IV radio burst from the

large Ukrainian radio telescope URAN-2 for the seismolabic

estimation of magnetic field strength and other plasma param
period modulation (with 5-10 min) in the microwave range-af ters of coronal loops at the heights0.2R,.
GHz can be explained by the kink oscillations of coronal kop
(Khodachenko et &1, 2011). Recent high-resolution datainét
with the Nobeyama Radioheliograph show the frequency dri
of 3-min oscillations, which can be explained by the dispers Ukrainian radio telescope URAN-2 (Poltava, Ukraine) opesa
evolution of upward propagating wave pulses (Sych étal2p01lin the frequency range of 8-32 MHz. URAN-2 hafeetive

Observations
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and from the gravitationally stratified coronal loop, whistex-

40 pressed by formula (see Appendix A)
_ R L) s
Ne = neoexp( A 1+{) cm™, 3)

whereH, = 2kT/mg is the density scale height near the solar
surface (her& = 1.38-10"%® erg K1 is the Boltzmann constant,
m= 1.67-10"%*g is the proton massg, = 2.74- 10 cm s? is the
gravitational acceleration near the solar surfacerd 1 MK
is the plasma temperature) ang is chosen in such way that
it is 3 times higher than corresponding Baumbach-Allen @alu
‘ ‘ ‘ at the height of 0.R,. The curves corresponding to Baumbach-
12 13 Allen formula and gravitationally stratified corona arersig
cantly diferent at lower heights, but become comparable near
1 Ry. However, the two approaches may give quit@edent re-
Fig.2. Frequency of radio emission vs height above the SSI_JIts. From this figure it is seen that the radio emission e323
e Rtz frequency corresponds to the heights of 0.6R32n the

lar surface. Blue solid line shows the dependence accotding. . ot Baumbach-Allen formula and to the heiahts of 0 7-1.2
Baumbach-Allen formula of quiet Sun density structure.gbre Ry in the case of gravitationally stratified corona 9 o

dashed line shows the dependence according to graviti§iona
stratified atmosphere with 1 MK temperature. Red dashed line

correspond to 29 MHz, 25 MHz, 22 MHz and 14 MHz frequerg. Quasi-periodic variations in radio emission
cies respectively. intensity

0.6 0.7 08 0.9 1 1.1
normalized height, h/B

. L Dynamic spectrum of radio emission (Fig. 1) shows that thie va
?oql:\?re OftZ?mOOO Bﬁ%nd I:]S blfan:-aa-ngul)asr r_?_?]olutlg_n t|s|%.5 ation of emission intensity has quasi-periodic behaviatirite
(Megneta » Braznenko © )- The radio telescop frequencies, which indicates that the physical patans

URAN-2 can measure polarization of radio emission. The-di . .
tal spectrometers DSPz (Ryabov efal.2010) registerecbiae Sgéf the solar corona (density of energetic electron beants) lo

data in above mentioned whole frequency range. Type IV racﬁlasma density, magnetic field strength andirection etc.) un-

. ‘érgo quasi-periodic variations. In order to understaredréa-
burst was detected in the frequency range d2-32 MHz dur- <"t the variations, one needs to estimate statisticalyifs
ing the time interval of 09:50-12:30 UT in April 14, 2011 W|thCant periods in the time series
the frequency resolution of 4 kHz and the time resolution@ 1 '
ms. Figure 1 shows the dynamic spectrum of solar radio emis-
sion observed by radio telescope URAN-2 in April 14,2011 angl1. Wavelet analysis
chE tirrllje profiI? O]; the Ir\f/ickl)io etmi[ssiog att {f(])eogequetr_]cy (()ﬂ]:azk? \Xle use wavelet analysis to study the temporal variation a§em

z. Decameter type urst started at 10:00, continue 0. . ; . )
4 hoursand finished approximately at 14:00. Polari_zatiaplmﬂ S'Ogcl?lgfr?i';yeizig?éﬁ%{;‘lﬁen&ﬁ% F'Itﬁé?’instza\/ﬁ (t)g?cggsela
IV burst was high about 40-50 %. The type IV radio burst wi T at four dif Lt Ity 9 v at 29 MH '25 MH
probably connected to small C2.3 flare, which occurred in tig 2t four diierent irequencies, namely a Z, Z,

active region AR 11190. The flare started at 09:38 UT, reach '\P/IHZ and 14tMHZ' £ 29 MH . h | K at
the maximum phase at 09:44 UT and ended at 09:49 UT. ower Spectrum o Z €mission SNOWS a clear peak a

Type IV Radio bursts are generally produced by an emissigg‘s min persisted during almost whole interval. Power spec

; ; 5 and 22 MHz emissions show peaks at-82 min and
mechanism near the plasma frequency, which depends ong .5 MHz respectively. The oscillations also persist dyitong

time, however sometimes they are outside of COIl. There is an
vp = 8980Ne, (1) additional indication of~ 23 min periodicity in both plots. It
L . . . should be mentioned that the power spectra of 29 MHz, 25 MHz
wherev, is in Hz andn is in cnr. Therefore, the radio emis- 5n4 22 MHz emissions, which correspond to 0.6®Ry$eights
sion at particular frequency is excited at particular lat@hsity 5 Baumbach-Allen formula and to 0.7-0R9 for the gravita-
of emitted plasma. The density of the solar corona genedaly (ionqly stratified corona, are very similar. On the othendia
creases with distance, hence the_rad|o emissionfigrent fre- o power spectrum of 14 MHz isférent, but the periodicity
quencies corresponds tdigirent heights above the solar surfacg ear 34 min is still present. Therefore, the oscillationthwi
The density structure of the quiet Sun corona can be approXyy min are present at all frequencies with a significant power
mated by the Baumbach-Allen formula (Aschwanden 2004) There is an indication of longer period oscillation witht5 min
299 155 0.036 s at 29 MHz and 25 MHz frequencies, but it is at the limit of con-
(L+ )6 + 1+ + L+ )5 cm-, (2)  vincing significance of the wavelet power spectrum. Theee ar
shorter period oscillations which exist only within shanter-
wherel = h/Ry is the normalized height above the solar suwals, but they have much lower significance, therefore wealo n
face. However, the density stratification can b@edtent in coro- consider them here.
nal loops, which are denser than the ambient plasma. Thretefo  Table 1 summarizes the results of wavelet analysis. The pe-
the Baumbach-Allen formula can not be directly applied ® thriod of ~ 34 min has stronger probability and it is seen at all
coronal loops. frequencies during long time interval. The period~o23 min
Figure 2 shows the radio emission frequency vs height abgweriod is also clearly seen at the frequencies of 25 MHz and 22
the solar surface according to Baumbach-Allen formula @g. MHz.

electron density, as

ne({) = 10°
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URAN-2, 14Apr. 2011, 29 MHz URAN-2, 14Apr. 2011, 25 MHz
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Fig. 3. Morlet wavelet power spectrum of emission intensity at 29 MHpper left panel), 25 MHz (upper right panel), 22 MHz
(lower left panel) and 14 MHz (lower right panel) frequersciiring 09:00-13:00 UT. Dashed areas outside the cone akimie
(COl) indicate the regions where wavelet transform is niidioée.
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Table 1. Oscillation periods at dierent frequencies of radio emission obtained by waveldysisa

29 MHz 25 MHz 22MHz 14 MHz

47 min (?) 40 min (?)
33.5min 34 min 31.5min 34.6
23.4 min 23 min

3.2. Possible mechanism: coronal loop oscillations Solar flare in AR 11190 may excite energetic electron beams
along transequatorial loops, which may trigger the Langmui

Quasi-periodic variations in the radio emission intensiiy be oscillations producing observed radio emission. The Stdae
caused by several mechanisms. Energetic electron bearas gemay also trigger the MHD oscillations of transequatorialds,
ated during the solar flare may excite Langmuir oscillations which modulate the electron beams density and lead to the ob-
coronal loops, which may emit the radio emission at observeérved quasi-periodicity in radio intensity (Fig. 6).
frequencies as type IV burst. Variation of electron beansidgn
may influence the amplitude of Langmuir oscillations and-con
sequently the intensity of radio emission. This requireswri- 4. Seismology of the outer corona
ation of cross section of coronal loop where the electrommbea
propagates. Therefore, the oscillation of magnetic tubssxsec- Observed oscillation periods can be used to estimate tisenpla
tion may lead to the quasi-periodic variation of beam dgresiti parameters of the outer solar corona using theoreticélatsmn
consequently to the variation of emission intensity. Riideari- spectrum of MHD waves in coronal loops. Analytical disper-
ation of the angle between the magnetic field direction aed thion relations for MHD waves for straight homogeneous mag-
line of sight may also lead to the observed oscillation. €fme, netic tubes was developed at the beginning of 80th by Edwdn an
the transverse oscillation of coronal loop can be also densd Roberts[(1983). Recent progress in coronal observatioirsgow
as a possible mechanism for the observations. to Transition Region And Coronal Explorer (TRACE) triggere

. . o merous theoretical studies for coronal loops with lamgjit
e e o 28 v 3l densiy mhomogenety (D et . 2004, Van Doorssel

' . 2 et al.[2004, Andries et dl.2005a, Dymova & Ruderrhan 20086,
~ 0.7Ry, ~ 0.8 Ry and~ 1.2 Ry heights for Baumbach-Allen for- o
mula and~ 0.7 Ry, ~ 0.8 Ry, 0.9R, and 12 R, heights for grav- Donnelly et all__ZLOI_G, Zaqarashvm and Muravv@_b(_)?), foz t
itationally strétifiéd cdroné Active region coronal loapsually loops W't,h Ipngltudmally inhomogeneous magnetic fieldriize
reach 0.1R, heightin coronél EUV lines, but in reality they mayand Erdely[ 2008, Pascoe et AL 2D09) and for curved loops

: ’ Brady & Arber{2005, Selwa et dl._ 2005, 2007, Verwichte et al.

expand up to the higher heights. On the other hand, very | ., .
transequatorial loops, with the length of®4P5° heliographic mm: Diaz et all_2006, Terradas et[al. 2006, Gruszecki.et al

degrees (Acorresponds te: 1.2 - 10* km), reach higher heights . _
(Pevtsov 2000). The apex of transequatorial loops can taedc Slow magneto-acoustic oscillations can be ruled out as the

at observed heights, therefore MHD oscillations of the boﬁeason of observed modulqtlon of radio emission. The funda-
may produce the observed variations mental standing slow wave in the coronal loop with the apex at

0.8 Ry should have a period of 3-6 hr (for the sound speed of
Small C2.3 flare, which probably triggered the type IV radia50-300 km st), which is too long compared to the observed

burst, occurred in AR 11190. Figure 4 shows the magnetogra@riodicity. Kink, sausage and torsional oscillationslddae re-

of solar disc at the photospheric level during the observedte sponsible for the observed variation of radio emissionkkind

obtained by Helioseismic and Magnetic Imager (HMI) (Schowrsional oscillations change the direction of loop maigrfesid

et al[2012) on the board of Solar Dynamic Observatory (SD@griodically, therefore they may lead to the variation afica

(Pesnell et al. 2011). The active region AR 11190 is located @mission (Khodachenko et Al. 2011). On the other hand, gausa

the central part of the northern hemisphere, while the actv  oscillations lead to the variation of the loop cross-sectimd

gion AR 11187 is located just opposite in the southern hentiray modulate the density of electron beams, which in turn

sphere. Therefore, the two active regions could be condectfay lead to the variation of radio emission intensity. Kirg¢ o

by transequatorial loop system. Transequatorial loopseoay cillation in vertical plane, so called vertical kink osaifions,

nect two other active regions of the northern and southemi-he may also lead to the significant variation of loop crossisact

spheres, namely AR 11186 and AR 11188. The distance betwegd thus can lead to the similaffect of sausage oscillations

AR11190 and AR11187 is about%@vhich is around- 4.8-10°  (Aschwanden and Schrijver 2011).

kmi.e. 0.7Ro. Onthe other hand, the distance between AR11186 The highest altitude of emitted radio emission (correspond

and AR11188is about_QO_vvhlch is arounds 6-10° km i.e. 0.86 ing to the 14 MHz frequency) is located at g (see Fig. 2).

Ro. In the case of semi-circular shape, the transequatoo@so |t may correspond to the apex of transequatorial coronaidec

may reach up to 0.38, in the first case and 0.4% in the second  The mean length of the arcade can be estimated as
one. In the case of sheared magnetic arcade, the transaglato

loops may expand much higher up to the observed heights. 5 _ 1 5. Ro ~ 2.64- 10°km (4)

Figure 5 shows the solar corona in Fe IX 171 A line
during the observed events obtained by Atmospheric Imagifj both Baumbach-Allen formula and for the gravitatiogall
Assembly (AIA) on SDO (Lemen et dl. 20112). Transequatorigfratified corona.
loop system, which connects the active regions AR11190 and In the next subsections we will use MHD oscillations of
AR11187 at lower heights, is seen. The loop system is prgbalsbronal loops for the estimation of plasma parameters in the
expanded to much higher heights, but it is not seen in EU\slineuter corona using observed oscillation periods.



6 Zagarashvili et al.: Radio seismology of solar corona

4.1. Kink oscillations

Kink waves are transverse oscillations of magnetic tubdgfae
phase speed for a straight homogeneous tube can be written as

p OVKO +p evie _ 2
——————— =Vao4 /77—, (5
Po + Pe 1+ pe/po

wherepg (pe) is the plasma density inside (outside) the loop and
Vao = Bo/ v4mpo (Vae = Bo/ \/4npe) is the Alfvén speed inside
(outside) the loop. Note that the magnetic field strengtinés t
same inside and outside the loop, which is a good approach in
the solar corona. The horizontal transverse oscillationosb-
nal loops, i.e. parallel to the surface, changes the doeatf
loop magnetic field, but the density variation remains sn@
the other hand, vertical kink oscillation may lead to thesiign
variation due to the variation of loop length (Aschwanded an
Schrijver 2011).

Suppose that the observed oscillation is caused by the first
harmonic of kink waves. Then the Alfvén speed inside theloo
can be estimated as

Vag = AL [Ltpelpo
Tobs 2

where the observed period df,s = 34 min, the loop length of

2L = 2.64- 10° km and density ratio gbe/po = 1/5 are used.

~ 2000 kms™?, (6)

4.2. Sausage oscillations

Sausage waves modify the loop cross-section, therefose ti
may lead to the variation of beam density and consequergly 1
radio emission intensity. However, the long wave lengtlsage

waves are evanescent in magnetic tubes (Edwin & Robe
[1983). The expression of cuffowave number can be writ- - % S
ten in the cold plasma approximation as (Roberts €f al.|19¢ S s e
Nakariakov et al, 2003, Aschwanden etal. 2004) ‘ ; =

jo 1
_lo / 7
ke Xo \ po/pe—1 ™

wherexg is the tube radius ang = 2.4 is the first zero of Bessel
function. For the density ratio @b/pe = 5, this expressionleads g 4 sojar photospheric magnetogram at 10:31:30 UT in April

P

to 14, 2011 from SD@HMI. Active regions are symmetrically lo-
keXo ~ 1.2. (8) cated in northern and southern hemispheres and can be con-
nected by transequatorial loops. The dashed arrows irdibat
The normalized wave numbers for sausage waves are possibilities of transequatorial loop systems.
2n
ksx0=4—|)_(0(n+1),n=0,1,2..., 9)

is responsible for the observed variation of radio emissioen

wheren = 0 corresponds to the first harmonit,= 1 corre- the external Alfvén speed can be estimated as

sponds to the second etc. aL
Figure 7 shows the dependence of normalized wave numhgy, =

ksXo of first three harmonics on width to length ratio (aspect ra- Tobs

tio) of magnetic tube. Itis seen that the fir_st harmonic ipped where the observed period Bfys = 34 min and the loop length

only for thick loops: the loop with the density contrast po/pe of 2L = 2.64- 10° km are used. The internal Alfvén speed can

of 5, 10 and 20 require the aspect ratio~00.75,~ 0.5 and ; £ h ; ; ; _
~ 0.35, respectively. For the second harmonic the same giengg estimated from the suggestive density ratid ef po/pe = 5

contrasts require 0.38,~ 0.25 and~ 0.18. The third harmonic

~ 840kms™, (10)

yields~ 0.25,~ 0.18 and~ 0.12. Therefore, only the third har-v/,, ~ 375 kms™. (11)
monic can be trapped in reasonable values of density contras
and aspect ratio. Itis a rather small value of internal Alfvén speed at thesiglhts.

The upper limit of phase speed for sausage waves is the ex-On the other hand, if the third harmonic of sausage waves
ternal Alfvén speedvae. If one supposes that the third harmonids represented by the period ©f23 min, which has significant
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power in the wavelet power spectrum, then the Alfvén sped o
side the loop can be estimated as

Vae ~ 1275 kms™, (12)
which gives for the internal Alfvén speed as
Vao ~ 570 kms™L. (13)

which seems to be a small value again.

The estimation of Alfvén speed is based on the model of
homogeneous coronal loops. However, the transequatoops!
are located in higher corona, therefore the Alfvén speeg ma
vary along the loop axis. Therefore, the oscillations in the
loops with longitudinally inhomogeneous Alfvén speed dido
be studied. Oscillations in coronal loops with step-likesigy
profile are well studied (Diaz et al. 2004; Dymova & Ruderman
[2006; Donnelly et a[. 2006). However, it is desirable to ¢cdes
a smooth profile of Alfvén speed, therefore we use a smooth
profile adopted by Zaqgarashvili and Murawski (2007).

4.3. Oscillations of coronal loops with longitudinally
inhomogeneous Alfvén speed

Since slow magneto-acoustic waves are probably not refevan
to our observations, we implement a zero plaghepproxima-
tion and take into account small amplitude perturbatiorssugé
Cartesian coordinate system %), therefore the considered mag-
netic structure is rather a slab than a loop. Considerafioylio-
drical magnetic tube makes the oscillation spectrum mone-co
prehensive, but the slab model is also a good approximation
our purposes. The equation governing the linear perturbsin

the system can be written after Fourier analysis with ekp{)

as

02Uy N 02Uy N w? _
P RY

0, (14)

whereuy is the velocity perturbationya = Bo/+/4mo is the
Alfvén speedy is the plasma density, is the magnetic field
strength andv is a wave frequency. Eq[(IL4) accompanied b
appropriate boundary conditions, consists a classicahdany-
value problem.

We consider a straight dense coronal loop that is embedddd. 5. Solar corona as seen in 171 Aline at 10:25:31 UT in April
in a rarified plasma. The low plasn@aeondition in the solar 14, 2011 obtained by Al/SDO.
corona implies that the enhanced hydrodynamic pressure due
to the dense and hot plasma inside a coronal loop can be eas- ] ] ) ]
ily compensated by very smallfiérence in the magnetic field and outside the tube, which satisfy the closed boundaryicond
strength inside and outside the loop. Alfvén speed insitte ations at the loop footpoints, and then merge the solutioriseat
outside the loop is given as tube boundary (Roberts 1981). _

The velocity and the total pressure perturbations should be

SDO-AIA-171A_2011-04-14T10_25_36

2\ 712 continuous at the loop boundaxy= X,
Vaoll+ 2= , for x < Xo, 15
L2 Bob
[u] =0, [p = :ﬂz] - 0. (17)
-1/2
000 2
1+ —ao— for x > 16 i ic fi i
z 1
VAe( 00 L2) X0, (16) Hereb, is thez component of magnetic field perturbation, and

[f] indicates the jump of across the boundary. We implement

whereVag = Bo/ \/FQOO(VAe — By %) is the internal (ex- line-tying conditions at loop foot-points

ternal) Alfvén speed at the loop apex= 0), ooo andpee are the Uz =+L) = 0. (18)
corresponding densities amddefines the strength of the inho-
mogeneity. The profile states that the Alfvén speed is smatl Inside and outside the loop, EG.{14) has the following form:
loop footpoints and becomes higher at the loop apex.

In order to find a dispersion relation of possible oscillatio 97Uy @ (U_z + azw_zi Ue =0 (19)
modes in the system one can find the solutions of Eq. (14)énsihx2 = 9z V2, V2, L2 o



8 Zagarashvili et al.:

Electron beam

Radio seismology of solar corona

5
4.5¢
4t third harmonic
x 3.5¢
E’ 3t “econd harmonje~
E 25
c
% 2 first harmonic
s 1.5
VL e
O5F~2 /7~~~ = """ """ TTTTTT7™7H

0 n n n n n n n n n
0O 01 02 03 04 05 06 07 08 09 1
Xo/L

Fig. 6. Schematic picture of radio emission from a transequatpig. 7. Normalized wavenumber of first three harmonics of

rial coronal loop after a solar flare.

0Uye
Ox?

0Uye
072

{wz sz zZ (20)

— ta — |Uxe =0,
gt

sausage waves (blue - first harmonic, green - second harmonic
and dark red - third harmonic) vs width to length ratio of mag-
netic tube from Eq.[9). Red dashed lines show the ¢ut-o
wavenumbers for three fiiérent values of the ratio of internal
and external densitied,= po/pe=5, 10 and 20.

whereuy; (Uye) is the transverse velocity perturbation inside (out-

side) the loop.

We use the method of separation of variables in order to solve
Egs. [19){(2D). The two equations are similar, so it is efdiog G; =
solve Eq.[(IP). Eq[{20) can then be solved analogouslyingett

Uy (X, 2) = ©i(X)¥;(2) we get from Eq.[{T19)

d2y, 2 w? Z2 5

az @ V2, z7 —K¥, (21)
d2, w? 5

W-F[V_Z_k D =0, (22)

where

1 ia
(a3
and yi1(€), y=(¢) are respectively even and odd solutions to
Eq. [(25) such as

(27)

3 ia
, ng‘r(‘—1+§)

& &
yi(é) = 1+a—+(a _E)er
3 5
y(g)_§+a§ (a—z)%+.... (28)

wherek? is the separation constant. Boundary conditién$ (18) In the case of a weakly inhomogeneous Alfvén speed , i.e

are now rewritten as

Pi(z=+L) = (23)

o? < 1, Eq. [25) has periodic solutions when

a<0, —a» ¢ p= V-a. (29)

Equations[(211) and[{23) consist the well-known Sturm-Litlev We adopt the following expansion (Abramowitz & Steun 1964;
problem, which requires to find the solutions of Hg.](21); thaee also Zagarashvili and Murawski 2007):

satisfy the boundary condition (23).

With the use of the notations (Zaqarashvili and Murawski

2007)

20w

= —_— a=-—
'3 VAOLz,

Vaol

2aw

K2 (24)

Equation[ZIL) can be rewritten in the form of Weber (parabol}N(a’ 0) =

cylinder) equation (Abramowitz & Steglin 1964)
2 2
d; + (f )‘P. =0.

@ (25)

Standard solutions to this equation are called Weber (jpéicab

cylinder) functionsW(a, +¢) (Abramowitz & Stegun 1964)

(coshra)t/4

W(a, +¢) = 2vr

(Guya(®) ¥ V2Gay»(9)) , (26)

W(a, é) +iW(a, -¢) =

V2W(a, 0) exp v +i(pé + /4 + W), (30)
where:
1 G
24\ G, (31)
_ €2y 2(é-‘/2)4
Vr = _(2p)2+ (2p)4 (32)
- 2/3(/2) 2)3
Vi = 2 (33)
As a result of relation-a > ¢ we have from Eq[{30)
52
W(a ¢) = \/EW(a, 0) exp( 1 6pz)cos{ (34)
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W(a, —¢) = V2W(a, 0) exp(_%;) sinZ, (35)
53
(= p§+n/4+%. (36)
The general solution to Eq._(P5) is
i = c1W(a, ) + c,W(a, )., (37)

wherec,; andc, are constants.

Equation[[3VV) describes a periodic function and therefore i

may easily satisfy the line-tying boundary conditions of &§).

It is noteworthy that there are two sets of solutions of EqZ).(3
For one set there is no node at the loop apex i.&.-a0. These
are odd solutions which implg; = ¢, and correspond to the
first, third, etc standing modes. For the other set there & n
at¢ = 0 and the solutions implg; = —c,. They correspond
to the second, fourth, etc standing modes. Both sets satisfy
boundary conditions of Eq._(23).

In the case of odd solutions, the line-tying boundary condi-

tions of Eq. [2B) determink,,

2 2

@n+ ) a w
K-k + = =0, n=012.... (38)
2L 6 Vﬁo
We have
,  (2n+ 1Y a? w? 8L2 a? ?
=1t - s = (39)
ke 8L2 3 V3, (@n+ 122 6 V3,

Using expressiol (39) we rewrite EQ.122) inside and outide
loop as

seismology of solar corona

PP =5

. 0.5
0.2 9 0o 01 02 03 04
S

Ao, Fig. 8. Estimated Alfvén speed vs aspect rae; xo/L, and in-
e ”fCDi =0, (40) homogeneity parameterof coronal loops. Blue (red) line cor-
P responds to the first (second) harmonic of kink waae®r ding
¢ —mide =0, (41) to Eq.54(Eqg. BY). Upper panel correspondsg/pe=5 and the
dx? lower panel corresponds [®/pe=20. Only one line from each
where surfaces oWao(s, @) is shown here.
) W
= o V2, “2) " oy = ™9, for x < . (48)
and The solutions outside the slab must vanish at infinity, which
means tham, > 0. Additionally, we consider a trapped solution,
me = k2 - “’_2 (43) which means that the oscillations should be confined ingide t
Vie slab. Therefore, we should avoid the oscillatory behavigr o
For even solutions the line-tying conditions give side the loop i.e. leaky modes. Henoe, should be real value
i.e.mg > 0. This condition leads to the restriction on wave fre-
nr 2 W2 guency, which for smalk reads as (providing thas > 0)
kﬁ—rkn-i-gv—zzo, n=1,2,3,..., (44)
A0 @n+ DnVae [, @?V2 )\ Y2
which leads to @< 2L 1+ V2, ’ (49)
kﬁ:ﬁ 14 1_“_20)_22_'-2 _a® (45) for the odd modes and
212 3 V3, nr? 6 V2, 12
nVae a?Vi,
Solution of transverse velocity inside the slab from EqQ) (46’ < — (1 + V2, ) (50)
is

®; = by coshmx + by sinhmx, (46)

whereb; andb, are arbitrary constants.
On the other hand, outside the slab the solutions are

@ = di& ™) for x > Xo, (47)

for even modes.
In order to obtain the dispersion relation, we need the expre
sion of total pressure perturbations which is readily otsédi

Bo bz _
Az

. B3 au,

dnw OX

P= (51)
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Fig. 9. Estimated Alfvén speed vs density contrast. Blue and red
lines correspond to the Alfvén speeds estimated from tisé ﬁ[he loop length of 2 = 2.64. 10° km). Therefore, the observa-

and the second harmonics of kink waves, respectively. tions can not be explained by kink oscillations in this c&3e.
the other hand, the curves approach each othegxfpr. = 20 if

Continuity of transverse velocity and total pressure peeu Xo

tions at slab boundaries = +x, gives the dispersion relations®~ L ~ 0.05-01 (56)
for even (with respect t®) and
m sinhmxo + me coshmxo = 0, (52) o ~005-0.1 (57)
and odd (with respect t®) modes In this case, the Alfvén speed in the intersection regips0(1,
. s=0.1) is of the order of
m; coshm;Xg + Mg sinhmixg = 0. (53)
Vao ~ 1000 kms™2. (58)

Odd mode has velocity node at the tube centet, 0, and it is _ ] . _
equivalent to sausage waves, while even mode has no velocity Figure 9 shows the estimated Alfvén speed vs the density
node atx = 0 and it is equivalent to kink waves. Kink wavescontrast fore=0.1 ands=0.1 according to Eqs[(54)-(b5). It is

lead to the transverse displacement of slab axis, whileaggusclearly seen that the Alfven speeds estimated from thediret
modes do not (Roberits 1981). the second harmonics are veryfdrent for small density con-

trast, but become relatively similar for higher density trast
and tend to~ 1000 km s?.
4.4. Estimation of plasma parameters in the outer solar We solved the dispersion relation for kink waves (Eq] (52))
corona numerically. The ratio of the frequencies of first and sedoad

; - : monics vs the ratio of internal to external densities is tplibt
El?\h%% c;ar;&e; Zﬂgigs&aztfaily;?eﬁotﬁz flre\(lqvS (Iacrl;‘czlg:cdtie on Figure 10. The ratio increases for lajggpe. On the other

' : : : hand, the ratio of observed oscillation periods ig338~ 0.65.
first harmonic of kink waves can be approximated as (assum nad, S .
s, @ andpe/po to be small) L|%ﬁerefore, it is seen thaty/pe should be et least 20 in or-

der to explain the observations. This means that the tramseq

> Vv torial loops are much denser than the surrounding plasnieein t
Wik + S UALUY (54) outer corona. However, this estimation was derived on tise ba
m(1+a?/3)s+pe/po 2L of calculations for a straight coronal slab. Consideratibmore

_ . _ _ realistic situation of curved loop with the tube geometryyma
wheres = Xo/L is the ratio of loop width and length, while thesjgnificantly change the estimation.

frequency of the second harmonic is The value of Alfvéen speed (EG_b8) is estimated near the
height of 1Ry which is the averaged altitude of transequatorial
2(1+ 7s) Va0 55 loop apex. Then the Alfvén speed at the coronal base can-be es
Y% E A\ 2x(1+ a2/3)s+ pelpo L (55)  timated from Eq.[{T5) for = 0.1 as
Vao ~ 995 kms™, (59)

If the observed periods of radio emission intensity veoiati
with 34 min and 23 min correspond to the first and second hdtherefore, the Alfvén speed stays almost unchanged frao co
monics of kink waves, then Eq§.(54)-[55) allow to estimate t nal base up to the height efRy.
value of Alfvén speed/pp as well as the values of and a. Alfvén speed and electron number density allow us to es-
The Alfvén speed should be the same as estimated from btithate the magnetic field strength inside the loop in the oute
harmonics, therefore we should find the values@hnda, in  corona. Electron number density can be obtained from obderv
which the condition is satisfied. Fig. 8 shows that the cucegs radio frequencies according to Hd. 1 (the radio frequenafes
responding to the estimated Alfvén speed for the first andrs@ 30-14 MHz correspond to the averaged value of electron num-
harmonics do not intersect in the casggfpe = 5 (here we use ber density of 410° cm3). Note that the same value is estimated
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from gravitationally stratified corona at the height dkd. Then, min oscillations can be estimated as 2:6& km and 2500 km
Eq. [58) gives the value of mean magnetic field strength as - s71, respectively, if the fundamental harmonic is concerned.
Therefore, we may rule out the slow magneto-acoustic mode

Bo~ 0.9G. (60) as the reason of the periodicity because of its low phasedspee
There are still three MHD modes, which could be responsitie f
the oscillations: kink, sausage and torsional Alfvén nedée
sausage waves have long wavelength diitromagnetic tubes,
Observed oscillations are important tools to estimate tagmpa SO that the first and second harmonics seem to be evanescent in
parameters in the solar atmosphere. Up to now, the oseilisti typical coronal loops. The third harmonic can be trappedme
have been used for the inner corona as a coronal seismol@%ditionsy however the estimation gives rather small evaifi
(Nakariakov and Ofmaln 2001), for prominences as prominengévén speed in the corona (see subsection 4.2). Thergfeee
seismology (Arregui et al._2012) and for solar spicules astink that the sausage waves can be also ruled out. It is hard
spicule seismology (Zagarashvili and Erdélyi 2009). la ¢ase 0 excite torsional oscillations in coronal loops, thereféast
of coronal loops, the observed oscillations in EUV lineirsigy  Kink waves are best candidates for explaining the obsereed p
may allow to estimate the magnetic field strength in the carofiodicity. There are two types of kink modes in coronal loops
up to 0.1Rp. In other cases, the oscillations ineHine may the horizontal kink mode, which displaces the |00p horiaﬂylt
allow to estimate the magnetic field strength in chromosphefnd the vertical kink mode, which displaces the loop velifica
spicules and prominences. The coronal loops are not sekg inhlorizontal kink oscillations are frequently observed ie to-
outer corona¥ 0.2Ry) because of the decrease in EUV intensitjar corona. They are almost incompressible, hence do ndt lea
Therefore, the coronal seismology does not allow to esértra  t0 significant variation in plasma density. The oscillati@amp
plasma parameters in the outer corona. On the other harid, ratyickly over few wave periods. On the other hand, verticakki
emissions at the frequency range of 10-100 MHz, which correscillations are more rarely observed. Recently, Aschwand
sponds to the heights of 0.2-1R3, can be successfully used forand Schrijver[(2011) found very interesting example of ver-
the radio sounding of these heights. tical kink oscillations. The oscillations were accompahigth

We analyzed the type IV radio burst at the frequency rangariation of cross sectigdensity and they showed no damping
of 13-32 MHz which corresponds to the heights of 0.6R,&s during the interval of four oscillation periods. They sugtgel
estimated from Baumbach-Allen formula and to the heights 8fat the variation of density and cross section is the resfult
0.7-1.2R, as estimated from the gravitationally stratified coront@e variation of loop length during the oscillation. In ourse,
for 1 MK temperature (Fig. 2). The type IV radio burst was corthe oscillation is accompanied by variation of cross sectie-
nected to small C2.3 flare. The burst is believed to be caugeiise it should modulate the electron beam density) andeg do
by plasma mechanism of radio emission from Langmuir wave)t show the damping during several wave periods. Therefore
which are triggered by energetic electron beams after the ¥¢ think that the oscillation, which resulted in the vaoatiof
lar flare. The electrons are accelerated along the coroops|o radio emission intensity in type IV burst, has the propersien-
therefore the radio emission probably originates from dugps. ilar to that reported by Aschwanden and Schrijver (2011 cke
There are two possible kinds of loops, which may expand ifgs the vertical kink oscillation of transequatorial laop
to the observed heights. The active region loops, which ecinn
the opposite polarities in the same active region, may expan Observation of two dferent periods in the emission inten-
to higher corona. Consequently the closed loops may rea&ch #ity (34 min, 23 min) can be explained by the first and second
base of helmet streamers, where the magnetic field linestgtarharmonics of standing oscillations. Their ratio is sigrmifidy
open. On the other hand, the transequatorial loops, whioh cshifted from 0.5 being~ 0.67, which may cause some prob-
nect the active regions of opposite hemispheres, may réach lems at the first glance. However, the oscillations in the metig
observed heights, because of large distance between ¢lzeir ftubes indeed have the property that the ratioftedent than 0.5.
points. At least two dferent transequatorial loop systems mayhere are several observational examples of simultaneasis e
exist on the visible part of the Sun during the observed ty¥pe ttence of first and second harmonics of kink (Van Doorsselaere
burst (see Fig. 4). One of them is connected to the activemegiet al.[2004, Verwichte et dl. 2004, De Moortel & Brady 2007)
where the flare occurred. Therefore we suggest that thewsdtberand sausage (Srivastava efal. 2008) oscillations in colmuyas.
radio emission was originated from the transequatorigd Bs- The ratio between the frequencies of first and second hagsoni
tem, which connects the active regions AR11190 and AR1118&@as significantly shifted from 0.5 in all observations, whigas
(see Fig. 6). explained as a result of longitudinal density stratificatio the

We applied the wavelet analysis to study the periodic vatbop (Andries et al_200%b, McEwan et Al._2006). It should be
ations of type IV burst intensity at four frequencies: 29 MHzmentioned, however, that the finite radius of the tube and the
25 MHz, 22 MHz and 14 MHz. The analysis shows two cleatensity contrast inside and outside the tube also lead tshifite
periodicities in the emission intensity with significanbpebil- of the ratio from 0.5. We solved MHD equations for a coronal
ity (Fig. 3). The period of~ 34 min has stronger peak in theslab with longitudinally inhomogeneous Alfvén speed aked d
power spectrum and it appears at all frequencies of radig-emived the dispersion relation for kink and sausage wavesnFr
sion. The period of 23 min appears only at frequencies of 25he observed frequency ratio we then found that the valuleeof t
MHz, 22 MHz and it is absent at 29 MHz and 14 MHz frequerinhomogeneity parameterand the aspect ratio (the ratio of loop
cies. We suggest that the periodicity in the emission intgnan  width and length) should be around 0.1, while the density con
be caused by MHD oscillations of coronal loops, which werast should be large enough,/pe > 20. Therefore, the analysis
triggered by the same flare. The apex of the coronal loop is lig-in favor for a dense loop with weak longitudinal inhomogen
cated at the height of 1.R, using the estimations from both,ity of the Alfvén speed. However, the analysis was perfarme
Baumbach-Allen formula (Ed]2) and the gravitationallyatitr for a straight coronal loop with the slab geometry. On thesoth
fied atmosphere with the temperature of 1 MK (Eg. 3). The posand, more real situation of curved coronal loop with thestub
sible length of the loop and consequently the phase speedl ofg@ometry may significantly change the situation.

5. Discussion
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The Alfvén speed inside the loop at its apex (approximatey Conclusion
1 Ry) for @ = 0.1, xo/L = 0.1 andpg/pe = 20 is estimated
as~ 1000 km- s™%. Then the magnetic field strength inside th
loop can be derived fixing the value of the loop density. Etett
number density inside the loop can be obtained from obser
radio frequencies of 14-29 MHz which correspond to the av
aged value of electron number density 0f.8° cm~3. Note that
the same value is estimated from the gravitationally dieati
corona with 1 MK temperature at the height oRy. Using the

YVe start using the radio observations to estimate the plasma
rameters and to develop thadio seismology of the outer solar
ona ¢ 0.2Rp). As an example, we use the observations from
\ﬁrainian radio telescope URAN-2 in April 14, 2011. Type IV
radio burst was detected in the frequency range of 13-32 MHz
during the time interval of 09:50-12:30 UT, which is probabl
connected to small C2.3 flare occurring in the active regié A
value of loop density we may estimate the mean magnetic figid -0 Petween 09:38-09:49 UT. Wavelet analysis at foflied
strength at tﬁ)]e heig%t of By a);~ 0.9 G. We then may gxtrapo-ent freq_ue_nqes (29 MHz, 25 MHz, 22 MHz and .14_MH_Z) ShO.WS
late the Alfvén speed towards the loop footpoints using 0.1 the periodicity of 34 min ar]d_ 23 minin the emission intensity
and it gives~ 995 km- s~1. Therefore, the Alfvén speed does noKVe suggest that the periodicity is caused by the first andsco
significantly vary with height up to 1 solar radius, henceeigs S;/i;?;(r)nnI(ilih(i)ghvig:’(]:r?é(i(t?I;h(ésgtl:lg\tlgnrz g?g;;a?ﬁ)erguﬁ;?trgfn and

B(2) ~ théZ)'hH%WetVt?]r' est;]matﬁtd dléans{;]y colntrtastpe = %)O outhern hemispheres. Using the theoretical propertidinéf
seems 10 be nigh at these heights. For the electron number illations in longitudinally inhomogeneous coronalgepwe

. g . X .
sity of 4-10° cm inside th(_e loop (estimated from radio EMiSastimate the Alfven speed inside the loop at the heightRf ds
sion frequencies), the density contrast leads to the elecum- 1000 km s*. The coronal loop seems to be thin (with width to

ber density outside the loop asT0® cm™>. On the other hand, | - o -
; ength ratio of 0.1), longitudinally weakly inhomogenearsd
the Baumbach-Allen formula estimates the electron nunmerddense fo/pe > 20). Estimated magnetic field strength of the

sity outside the active region as3.7-10° cm® at 1Ry = 1, loop at the height of Ry is ~ 0.9 G. Extrapolation of this value
which is much higher than the estimated value. Requestwvagvgs the magﬁetic fi]eRIOd stren.gth ::it the P?eight ofRyBs~ 10

of external density can be obtained from Baumbach-Allen fo - which is in agreement with the estimation of Nakariakost an

mula only near 5%, which seems to be much higher height fogy 5 (2001). More realistic calculations of MHD osciltats

(r:loﬁmﬁldlo??ﬁ' 'Ir']hierﬁf[oref, e'th?:;he Bt?rl:]rr}?f;ch;Alleir; f?Hm rin a curved coronal tube with a longitudinal inhomogeneigym
otvalid at the heights of R, or the estimations require furthe increase the accuracy of the estimations.

revision. The Baumbach-Allen formula has been testedffierdi
ent situations and it seems to work quite well in the solaooar Acknowledgements. The work was supported by the European FP7-PEOPLE-
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Appendix A: Density stratification in the solar
atmosphere

Equilibrium pressure and density in a stratified atmosphere
der gravity satisfy the equation

PR (A1)

R
whereG = 6.674- 108 cm® g! s2 is the gravitational constant,

M = 1.989- 10> g is the solar mass arRlis the distance from
the solar center.
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We may integrate Eq. Al1 to obtain
P(R) = po(Ro)e™>®, p(R) = po(Ro)e >,

whereR, is the solar radius,
R dz
So(R) =
o(R) LO )
is the integrated scale height and
Po(Ro)R?
GMpo(Ro)

is the pressure scale height. If we consider the equatiotatd s
p = 2koT/m, wherek = 1.38- 10716 erg K™! is the Boltzmann
constantm = 1.67- 102 g is the proton mass arid= const is
the temperature, then we obtain from EqQ.1A.3

GMmMR-Ry
2kTRy, R °
Now considerindR = Ry + h we derive the following formula for
the density

(A.2)

(A.3)

Ho(R) = (A.4)

So(R) = (A.5)

_R_h
p(h) = poe Fn Ro*F, (A.6)

whereH, = 2kTRg/GMm is the pressure scale height near the
solar surface. Then we obtain the equation for electron mumb
density as

_Ry ¢
Ne({) = Neo€ Fin T2, (A7)

wherel = h/Ryis the normalized height above the solar surface.
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