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Abstract. We study fast sausage waves in a model coronaproblem. The first one is the coronal loops can be current-
loop that consists of a cylindrical core with axial magnetic neutral, and the current integrated over the loop cross section
field and coaxial annulus with purely azimuthal magneticis zero. The second one is the coronal loops contain non-zero
field. The magnetic field is discontinuous at the tube and cordotal electric currents. We consider here the first case.
boundaries, and there are surface currents with the opposite In application to a magnetic cylinder, the assumption that
directions on these boundaries. The principal mode of fasthe total current is zero implies that the tube must consist of
sausage waves in which the magnetic pressure perturbatiost least two regions. We call these regions the core and the an-
has no nodes in the radial direction can exist for arbitrarynulus. The currents in these regions have opposite directions
wavelength. The results for the fundamental radial mode ofand equal magnitudes, so the total current is equal to zero.
sausage waves are applied to the interpretation of observefls a result, the external magnetic field is purely axial. We
periodic pulsations of microwave emission in flaring loops consider here the simplest model of such a magnetic tube. In
with periods of a few tens of seconds. Radial plasma mo-this model there are only two surface electric currents. This
tion has opposite directions at the tube and core boundariesimple model enables us to study linear oscillations analyti-
This leads to the periodic contraction and expansion of thecally.
annulus. We assume that the principal mode of fast sausage Fast sausage modes of flaring coronal loops can ef-
waves in the current-carrying coronal loops is able to producdectively modulate their microwave and hard X-ray emis-
a current sheet. However, the nonlinear analysis is needed teion by varying a “loss cone” for accelerated electrons
confirm this conjecture. (Zaitsev—Stepanov mechanism). These oscillations are ob-
served as quasi-periodic pulsations with periods from sub-
seconds to a few minuteZditsev and Stepanpvl983
Aschwanden 1987 Inglis et al, 2008 Nakariakov and
Melnikov, 2009. Note that, recently, fast sausage magneto-
hydrodynamic (MHD) waves have been also observed in the
1 Introduction chromosphereMorton et al, 2012.

An important property of fast sausage modes in a straight
It is commonly accepted that a source of energy of simple-homogeneous magnetic tube with the axial magnetic field is
loop flares is electric currents that flow from one loop foot- that they are trapped waves only when their wavelength is
point to the other Alfvén and Carlqvist 1967). This con-  gmaller than the cut-off wavelength (see, €Sgruit, 1982
cept implies that the flaring loops contain longitudinal cur- gwin and Robert<1983 Cally, 1986). The period and cut-
rents. At present, there are no accurate observational data Qi wavelength of the global sausage mode very weakly de-

the distribution of the electric current in the loop cross sec-pend on the value of the plasmgaginglis et al, 2009. In a
tion. There are two different points of view concerning this
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case of smooth inhomogeneity of the plasma density in thaunit vectors in the azimuthal and axial direction. The mag-
radial direction, the period of a sausage oscillation alwaysnetic field has to satisfy the equilibrium conditions, which
increases with the increase of the longitudinal wavelengthare the conditions of the magnetic pressure balance at the
and this dependence saturates in the long-wavelength limiboundaries = a andr = b,
(Nakariakov et al.2012. Deeper and steeper radial profiles
of the Alfvén speed correspond to more efficient trapping of BZ = B3/(ab)?, B2 = B3/(aa)?. (3)
sausage modes: the cut-off value of the wavelength increases
with the steepness and the density contrast ratio. The sausadédere are surface currents on these boundaries with the com-
mode damping due to leakage directly depends on the derponents given by
sity ratio of the internal and external media with the damping
rate declining for higher density contrastéakariakov etal.  Jjo(b) = j:(b) = Bi/p0,  jp(a) = jz(a) = —Be/po,  (4)
2012 Farahani et al.2014). Hence the leaky fast sausage
modes can have high quality, which makes them indistin-wherepo is magnetic permeability of free space. The main
guishable from the trapped mod&a et al (2012 suggested ~ feature of this model is the existence of two helical currents
that the short quasi-periodic pulsations with peridds 60s ~ flowing from one foot of the loop to the other. They are
were possibly sausage-mode oscillations and the long quasBhown in Fig. 1. Itis straightforward to see that the total cur-
periodic pulsations with period® > 60s were the higher rentin the loop is zero, so the loop is current-neutral.
harmonics of slow magnetoacoustic waves. Parker (1979 considered a quasi-static expansion of
In this article, we study properties of a principal sausagetWiSted magnetic tubes in the solar atmosphere. He showed
mode and its possible influence on the electric current disthat, during this process, the magnetic flux in the tube is re-
tribution. The current-carrying coronal loops have unusualdistributed in such a way that the azimuthal flux is concen-
physical properties: oscillations on the principal sausagerated at the peripheral part of the tube, and the axial flux
mode have no cut-off and can exist for large periodsin the tube core. As a result a tube consisting of two parts
(Mikhalyaev and Khongorova2012 Khongorova et a).  is formed. In the internal or core part of this tube, the mag-
2012. Here we discuss a possibility of a current-sheet for-netic field is predominantly axial, while it is predominantly
mation in the current-carrying coronal loops due to excita-azimuthal in the annulus encircling the core region. One can
tion of their sausage-mode oscillations. The article is orga€xpect that the formation of such magnetic flux tubes consist-
nized as follows. In the next section we present the model ofng of two parts is a natural result of the evolution of twisted
a complex magnetic flux tube with surface electric currents.magnetic tubes transported in the solar atmosphere from the
In Sect. 3 we describe sausage modes of the tube and presefinvection zone.
its dispersion curves. In Sect. 4 we study the structure of the Standing waves in a magnetic tube consisting of two
principal sausage mode. Section 5 contains the summary diarts have been already studied\dikhalyaev and Solov’ev
the obtained results and our conclusions. (2009 (see also review byRuderman and ErdélyR009.
However in the model of a magnetic tube studied in this pa-
per, the magnetic field was axial both in the core region and
2 Model of current-carrying loops annulus.Erdélyi and Carte2006 and Carter and Erdélyi
(2008 studied the wave propagation in a tube consisting of

A magnetic tube consists of the core region with the axiale core with the axial magnetic field and the annulus with
magnetic field and the annulus with the purely azimuthali,q wisted magnetic field.

magnetic field. The external magnetic field is once again ax-

ial. Hence, in cylindrical coordinatesg, z with the z axis

coinciding with the tube axis the background magnetic field 5 Sausage modes
and plasma density are given by the following expressions

(Mikhalyaey 2009 We describe the plasma and magnetic field perturbations
by the linearized magnetohydrodynamic equations for ideal

Bie, r<b, cold (i.e. zero-beta) plasmas:
B(r)=1 (Bo/ar)e,, b<r<a, (2)
Bee_, a<r, 52 1 1
po—gz—(be)xB—i——(VxB)xb, (5)
ot Ho 1o
Di, r<b, b=V x(§ xB), (6)
po(r) =1 po/(@r)?, b<r<a, @ , _ .
e, a<r where & is the plasma displacement abdthe magnetic

field perturbation. The background magnetic fiBlcdind the
Herea is the radius of the tube is the radius of the core plasma densityg are given by Egs. (1) and (2). Sausage
region,a, B;, B., andBg are constant, anel, ande, are the  waves are described by solutions of these equations that are
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Figure 1. A complex magnetic-flux tube with two surface electric ‘
currents. The blue helical curve shows a current line on the external 0 1 2 3 4 5
surface of the annulus, while the red helical curve shows a current kb

line on the internal surface of the annulus.

Figure 2. The dispersion curves for fast sausage waves in the com-
plex current-carrying loop with /b =2 andV,/ V4, = 3.

independent of. We Fourier-analysis vectogsandb with

respect ta: andr and write function. If we take the limito — a in the dispersion equa-

_ ) ) tion for the tube with the annulus derived Kyrongorova et
§=I[& e, +E(re:]explikz —iwt), al. (2012, then it reduces t@?D(w, k) = 0. What happens

b-B = pr = pr(r)explikz — iwt) with the fundamental mode that, in the case of tube with the
Mo ’ annulus, exists for ang? It follows from Eq. (7) that, in the

h is th . bati long wavelength approximation, its frequency tends to zero
wherepr is the magnetic pressure perturbation. Heemndk whenb — a. It turns out that it tends to zero for aky and

are the frequency and longitudinal wave number. In the CO'&hea zero root in equation?D(w, k) = 0 just corresponds to

of the tube and in the environmegt=0, and oscillations  yis 1ade. Simultaneously the eigenmode itself tends to zero
are purely radial. The dispersion equation relatingnd k and, thus, disappears

has been derived bflikhalyaev and Khongorovg2012 and The theory of fast sausage waves in current-carrying coro-

Khongorova et al(2012. In Fig. 2 the dispersion curves nal loops can be applied for interpretation of the observed mi-

are shown for the case where=2b andVa, = Va. = 3V, rowave emission modulation with periods from a few tens
whereVy;, Va,, andVy, are the Alfvén speeds in the core of of seconds to a few minuteKliongorova et a).2012.
the tube, in the annulus, and in the environment respectively.

They are given by
4 Magnetic-tube oscillations

B Bo Be
Va = Vag, = Vi, = . . . .
A /10pi 40 /0P’ Ae /106 Let us consider a standing mode of a coronal loop that is

fundamental in the longitudinal direction, so that 7 /L,
The principal mode (marked by 0) in which the magnetic wherelL is the length of the loop. We assume that the mag-
pressure perturbation has no nodes in the radial direction canetic field lines are frozen in the dense photospheric plasma
exist for any wave number. In the thin tube approximation gt the ends of the tube. For typical flaring coronal lodps;
(kb <« 1), its frequency is described by the approximate ex-30,p =1, a = 2 Mm, V4, = 1000 km sl and Vag = Va, =
pression 3000kms?! (Aschwanden et 312004. Then the principal
In(a/b) mode dispersion curve gives the wave nunmiber0.1 Mm—1
v:i 17 7 and the oscillation period® ~ 39s. Such oscillations were
°2+In(a/b) observed by Nobeyama Radioheliograghigriyanova et al.
. e : 2010.
Sincew/k < Va, the principal mode is a wave trapped by the The dependence of the total pressure perturbation and the

tube. . ; N
Itis expedient to compare the results obtained for the mag—radlal component of the plasma displacement da given

netic tube with the annulus with those obtained for an un-by Expressions

w? ~ k2

twisted tube. The dispersion equation for such a tube can AiJo(kr), r <b,
be found, for example, iEdwin and Robert§1983. Itcan  pr(r) = | [A1(Ar) + AsKi(AP)]/r, b<r <a,  (8)
be written asD(w, k) = 0, whereD(w, k) is the dispersion AeKo(Ar), a<r,

www.ann-geophys.net/32/1189/2014/ Ann. Geophys., 32, 118993 2014



1192 D. B. Bembitov et al.: Structure of fast sausage waves in coronal loops

0.03 ; . . : T T

0.02- B

o
o
=
:
|

(=]

/A (g'-| cm? c2)

4
>r

-0.01+ B

-0.02 * * '
r’b /b

Figure 3. The radial distribution of the radial component of the Figyre 4. The radial distribution of the total pressure perturbation
plasma displacement for the principal sausage mode. derb. for the principal sausage mode.

—AiJ1(kr)/ pi foi/c, r<b,
2
& (=1 S5[A1lo(r) — A2Ko(a)]. b<r<a, (9)
AeKl(Ar)/peV£ek, a<r,

tlhe area of
the current
where sheet

e=Jo2/V2 -2, 0= J2—w?/VE, (10)

and Aj, A1, A2, and Ag are amplitude coefficients that are
determined by the boundary conditions. The functigrs)
and pr (r) are shown in Figs. 3 and 4.

The main property of this mode is that the plasma is dis-
placed in the opposite directions in the core of the loop andrigure 5. A formation of current sheets at the apex of the coronal
in the environment. So the excitation of the sausage modéoop by its principal sausage modg: marks longitudinal electric
leads to the variation of the loop width, their thickening currents, and marks the plasma displacement.
and shrinkage. For the first half-period the principal sausage
mode of our complex magnetic tube leads to shrinkage of the
tube and thickening of its core. For the second half-period5 Conclusions
it leads to thickening of the tube and shrinkage of its core.

As a result, surfaces “core annulus” and “annulus environ-The most important properties of the principal sausage mode
ment” with electric currents are periodically pushed toward of the current-carrying coronal loops are the following.
each other. We assume that realistic coronal magnetic tubeBirstly, there is no cut-off frequency in the long-period re-
have two co-axial regions with opposite longitudinal diffuse gion. It enables us to describe radio pulsations of flaring
electric currents. The periodic pushing of these two regiondoops with periods from tens of seconds to a few minutes.
toward each other may result in the periodic formation of Secondly, in the principal mode the core and the annulus
current sheets. In the case of the fundamental longitudinabscillate in the opposite directions. If it remains true for a
mode, the current sheets appear in the middle part of thenore realistic model with the diffuse current distribution,
tube (Fig. 5). This part corresponds to the apex of the coronathen the opposite currents will periodically become closer.
loop. When the oscillation amplitude is sufficiently large, oscilla-

We assume that the principal mode of fast sausage wavetsons can create current sheets.
in the current-carrying coronal loop is able to produce a cur- We can formulate the problem of nonlinear sausage
rent sheet at the apex of the loop. waves in a magnetic-flux tube containing oppositely directed
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electric currents. If they have the described properties, thennglis, A. R., Nakariakov, V. M., and Melnikov, V. M.: Multi-
we can state that there is a mechanism of the excitation of wavelength spatially resolved analysis of quasi-periodic pulsa-
simple-loop flares. They can be excited due to development tions in a solar flare, Astron. Astrophys., 487, 1147-1153, 2008.

of the sausage mode and creation of the current sheet at tHBdlis, A. R., Van Doorsselaere, T., Brady, C. S., and Nakariakov, V.
loop apex. M.: Characteristics of magnetoacoustic sausage modes, Astron.

; : _ Astrophys., 503, 569-575, 2009.
o o e o oo v SR KISPQToa, .V, KTl B, and Ruderman, S s
yp " Sausage Waves in Current-Carrying Coronal Loops, Solar Phys.,

However, the results obtained using the simplest model give 554 153 163 2012,
the ground to hope that the described scenario is possible. kpriyanova, E. G., Melnikov, V. F., Nakariakov, V. M., and

Shibasaki, K.: Types of microwave quasi-periodic pulsations in
single flaring loops, Solar Phys., 267, 329-342, 2010.
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