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ABSTRACT

Aims. We determine the dependence of the observed properties of fast magnetoacoustic axisymmetric oscillations (the sausage mode)
of a thick and dense flaring coronal loop, modelled by a magnetic cylinder, on the parameters of the equilibrium plasma configuration.
The plasma inside and outside the cylinder is of low-beta, and penetrated by a straight magnetic field. The plasma density has a
smooth profile across the magnetic field.
Methods. We use three-dimensional ideal magnetohydrodynamic equations to model numerically the development of the perturba-
tions of the cylindrical equilibrium, considering both leaky and trapped regimes.
Results. Short-period sausage oscillations, trapped by the cylinder, are qualitatively consistent with the analytical results obtained
in the models of a plasma slab or a cylinder with a step-function transverse profile. The period of trapped sausage oscillations is
determined by the ratio of the phase speed, with the value between the internal and external Alfvén speeds, to the wavelength.
Longer-period sausage oscillations are leaky, and their decay times are longer for higher density contrasts between the internal and
external media. Leaky sausage oscillations have longer periods than trapped sausage oscillations of the same cylinder. In the coronal
conditions, sausage oscillations are essentially compressible and transverse, hence produce modulation of the thermal optically thin
emission intensity and periodic Doppler broadening of emission lines. However, if the oscillating plasma non-uniformity is poorly spa-
tially resolved, the variation in the emission intensity is weak and proportional to the actual amplitude of the oscillation squared. The
latter variation property is connected with the transverse nature of the oscillation, causing the conservation of mass in the transverse
cross-section of the oscillating plasma structure.

Key words. magnetohydrodynamics (MHD) – Sun: corona

1. Introduction

The magnetically dominated plasma of the solar corona is an
elastic and compressible medium that can support the propaga-
tion of magnetohydrodynamic (MHD) waves. The structuring
of the physical parameters of the corona can dramatically affect
the properties of the waves, and this must be taken into account
in the interpretation of observed phenomena. A popular model
for the study of the effect of the structuring on MHD waves
is a straight plasma cylinder, representing, for instance a seg-
ment of a coronal loop, prominence tread, plasma jet, plume, etc.
A cylinder of dense plasma penetrated by the magnetic field par-
allel to the axis of the cylinder, and surrounded by a plasma of
different density, temperature, and magnetic field, can support
the propagation of MHD modes, which are collective perturba-
tions of the internal and external plasma media (e.g. Nakariakov
& Verwichte 2005).

The properties of MHD modes are determined, in particu-
lar, by the azymuthal wave number m. The axisymmetric fast
mode perturbations with m = 0 are known as the sausage
(or radial, or peristaltic) mode. Studies of this mode have at-
tracted attention for many years (Rosenberg 1970; Zaitsev &
Stepanov 1975; Roberts et al. 1984; Cally 1986). This mode
is a symmetric perturbation of the cross-section of a plasma
non-uniformity, that does not perturb the axis of the loop. The
sausage mode is essentially compressive, and the density pertur-
bations are in phase with the perturbations of the magnetic field

� Post-doctoral researcher of the FWO-Vlaanderen.

and in anti-phase with the perturbations of the loop minor radius.
In the low-β plasma typical of solar coronal active regions, the
plasma motions induced by the sausage mode are almost perpen-
dicular to the axis of the cylinder. There is also a slow magne-
toacoustic mode of the same symmetry, m = 0, referred to as a
slow sausage mode. This mode is mainly longitudinal.

Observationally, the sausage mode has been identified in the
microwave and hard X-ray emission produced by flaring coro-
nal loops (Nakariakov et al. 2003; Melnikov et al. 2005; Inglis
et al. 2008), in addition to Hα emission from cool, post-flare
loops (Srivastava et al. 2008). Owing to the very short periods
(1−10 s) of the observations high time-resolution instruments
are required. The first spatially resolved detection of a sausage
mode was made by Nakariakov et al. (2003) with the Nobeyama
Radioheliograph. They found in-phase variations in the 17 GHz
and 34 GHz emission along a thick and short flaring loop, which
had a well-pronounced spectral peak near 17 s. The oscilla-
tory signal was strongest at the loop top and had minima near
the footpoints. These authors concluded that the fundamental
(or global) sausage mode of the flaring loop had been detected.
The more detailed studies of Melnikov et al. (2005) confirmed
this conclusion. The interest in the coronal fast sausage modes is
related to the possibility of a seismological estimate of the exter-
nal magnetic field in the oscillating plasma non-uniformity, and
also the possible role played by this mode in the acceleration
of non-thermal particles and their dynamics (see, e.g. Brown &
Hoyng 1975; Zaitsev & Stepanov 1982). Fujimura & Tsuneta
(2009) reported a sausage mode of the photospheric magnetic
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flux tube that had period in the range from three to six minutes,
as observed with Hinode/SOT. Van Doorsselaere et al. (2011)
used the detection of the fast sausage mode and a slow mode in
a flare to measure the local plasma-β.

Theoretical studies of the sausage mode of a plasma cylin-
der were performed in terms of the dispersion relation formal-
ism (Zaitsev & Stepanov 1975; Edwin & Roberts 1982; Roberts
et al. 1984; Cally 1986; Kopylova et al. 2007). It was pointed
out that, depending upon the ratio of the wavelength to the ra-
dius of the cylinder, there are two possible regimes, trapped
and leaky. Trapped modes are confined to the cylinder, while
leaky modes radiate the energy into the external medium. For
the typical coronal conditions (β � 1), trapped sausage modes
exist when the external Alfvén speed CAe exceeds the value
of the internal Alfvén speed CAi. Even though both fast and
slow magnetoacoustic oscillations can have a sausage symme-
try, the term “sausage” is usually applied to the fast mode. (Slow
sausage modes are usually referred to as “longitudinal”, as in the
coronal conditions they practically do not perturb the radius of
the cylinder.)

The phase speed of the trapped sausage mode is between
the Alfvén speed values inside CAi and outside CAe the plasma
structure. In a low-β plasma, the condition CAi < CAe is usu-
ally connected with the higher density of the plasma inside the
wave-guiding structure. The decrease in the wave number leads
to an increase in the phase speed up to the external Alfvén speed,
where the mode is subject to a cut-off. For wave numbers smaller
than the cut-off value, sausage modes become leaky, owing to
the violation of the total internal reflection condition. Additional
leakage can be associated with the loop curvature (see, e.g.
Verwichte et al. 2006), but we do not consider this possibility
in this study. The cut-off value for the wave number decreases
with the increase in the density contrast between the internal
and external media (see, e.g. Roberts et al. 1984). In numer-
ical studies of the zero-β limit, Pascoe et al. (2007b) demon-
strated that leaky global sausage modes can exist in long loops
with small density contrasts. The period of the leaky global
sausage mode was found to be almost independent of the in-
ternal Alfvén speed CAi and determined by the Alfvén speed
outside the loop CAe. Additionally, it was shown that the pe-
riod of the global sausage mode of a thick and dense plasma
cylinder, which is typical of for instance a flaring coronal loop,
was determined by the loop length L (Nakariakov et al. 2003;
Aschwanden et al. 2004). The numerical studies of Pascoe et al.
(2007a, 2009) confirmed that this result is insensitive to both
the internal structuring of the oscillating cylinder and the varia-
tion in its cross-sectional area in the longitudinal direction. Inglis
et al. (2009) also confirmed the results obtained by Pascoe et al.
(2007b) for finite plasma β and additionally showed that the pe-
riod of the global sausage mode is insignificantly affected by
finite values of β, with the variation in remaining less than 5%
for a broad range of plasma parameters. The latter statement was
applied to the normalised value of the period, when the effect of
the modification of the equilibrium values was not considered.
Thus, it was concluded that the period of the sausage oscillations
of typical flaring loops, with a large aspect ratio of the minor ra-
dius to the length, is determined by the loop length rather than
its minor radius.

The use of the slab model instead of the cylinder for the study
of sausage oscillations is usually justified by the apparent con-
sistency among the analytical results obtained for those geome-
tries in the trapped regime (Edwin & Roberts 1983; Roberts et al.
1984). However, there is a significant difference in the behaviour
of the waves outside the plasma non-uniformity in the cartesian

and cylindrical geometries, as pointed out by, e.g. Díaz et al.
(2004).

The aim of this paper is to study the observational proper-
ties of trapped and leaky sausage modes of a thick and dense
flaring loop in the thermal, optically thin emission, accounting
for the effects of cylindrical geometry. The properties of the
sausage mode are studied by direct numerical simulations of
the initial value problem, with the use of the full set of ideal
MHD equations, in the three-dimensional geometry. We choose
a cylinder with smooth radial (transverse) profiles of the equi-
librium physical quantities. In contrast to the case of a plasma
slab, which allows for a simple analytical solution of the lin-
ear problem in the case of the zero-β plasma for a symmetric
Epstein profile (see, e.g. Cooper et al. 2003b), for a cylindri-
cal geometry, analytical solutions are known only for the step-
function transverse profiles (Edwin & Roberts 1983). However,
even in this case, the analytical study of leaky modes is rather
non-trivial, as it requires a careful treatment of different branches
of the Bessel functions of a complex argument (see Ruderman
& Roberts 2006, for detail). Thus, our approach is similar to
the modelling performed by Terradas et al. (2007), who studied
the excitation of the fast magnetoacoustic modes of a plasma
cylinder. However, the main emphasis of our work is on the
forward modelling of the observational manifestation of the
sausage modes. Modelling placed sausage oscillations in terms
of the initial value problem, as applied in this work, is adequate
for the aim of this study which are to study the observational
manifestation of the response of a coronal loop to an impulsive
axisymmetric excitation. As in thick and dense flaring loops, the
ratio of the minor radii to the lengths is rather large, the analyt-
ical results obtained in the thin flux tube approximation are not
quantitatively applicable. In this study, we do not investigate the
dependence of the damping time of leaky modes on the physical
parameters of the equilibrium. The reason is that in the available
observations (e.g. Melnikov et al. 2005; Kopylova et al. 2007;
Inglis et al. 2008) sausage oscillations are not subject to damp-
ing, as their lifetime is limited by the duration of observations
(i.e. the gyrosynchrotron emission from the loop). Moreover,
for the detection of an oscillation the primary parameter is the
period, not its damping time. An apparent decrease in the oscilla-
tion amplitude can indeed be connected not only with damping,
but also with the modification of the observational conditions.

This paper is organised as follows. The analytical model and
numerical methods are described in Sect. 2. Numerical results
are presented and discussed in Sect. 3, and the observability of
the sausage mode is discussed in Sect. 4. This paper concludes
with a summary of the main results in Sect. 5.

2. Numerical setup

To model a sausage oscillation of a plasma cylinder, we used the
ideal magnetohydrodynamic (MHD) equations

∂�

∂t
+ ∇ · (�V) = 0, (1)

�
∂V
∂t
+ �(V · ∇)V = −∇p +

1
μ

(∇ × B) × B, (2)

∂B
∂t
= ∇ × (V × B), (3)

∂p
∂t
+ V · ∇p = −γp∇ · V, (4)

∇ · B = 0, (5)
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where � is the mass density, p is the gas pressure, B is the mag-
netic field, V = [Vx,Vy,Vz] is the flow velocity, μ is the magnetic
permeability and γ = 5/3 is the ratio of the specific heats. In
this study, we ignore the effects of gravity, field-line curvature,
and twist.

We modelled a coronal loop as a straight magnetic
cylinder. The equilibrium density profile was given by the
Gaussian function:

�0(x, y) = (�i − �e) exp

(
− x2 + y2

2w2

)
+ �e, (6)

where �i is the density at the loop centre, �e is the density of the
ambient medium far from the loop, and w is the half-width of the
Gaussian function. The equilibrium magnetic field was assumed
to be uniform in the z-direction, but in the transverse direction
given by the profile

Bz(x, y) = (Bi − Be) exp

(
− x2 + y2

2w2

)
+ Be. (7)

The internal value of the magnetic field Bi was lower than the
external value Be. We assumed that initially the cylinder is in
a pressure balance with the surrounding plasma, and that at
the beginning the plasma flows are zero in the simulation re-
gion. To maintain the total pressure balance between the cylin-
der and surrounding plasma, we chose the gas pressure within
the cylinder according to the condition

pi =
1

2μ
(B2

e − B2
i ) + pe. (8)

We defined the Alfvén speed CA = B/
√
μρ and the sound

speed Cs =
√
γp/ρ in the usual way. The Alfvén speed outside

the cylinder was higher than inside it, which is the necessary
condition for the existence of the trapped modes.

Equations (1)–(5) are numerically solved with the use of the
Lagrangian-remap code Lare3d (Arber et al. 2001). In our stud-
ies, we simulated the plasma dynamics in a domain (−10, 10) ×
(−10, 10) × (0, 7) Mm covered by 400 × 400 × 100 grid points.
We performed grid convergence studies to check the numerical
results. At the footpoints of the cylinder, we implemented line-
tying boundary condition to mimic the dense layer of the solar
atmosphere. Elsewhere, we set zero-gradient boundary condi-
tions. The specific spatial scales shown above are given just for
reference, and can be readily changed by re-normalisation.

To excite a sausage mode, we used a pulse in the transverse
components of the velocity

Vx0 = Ax exp

(
− x2 + y2

2w2

)
sin(kz), (9)

Vy0 = Ay exp

(
− x2 + y2

2w2

)
sin(kz), (10)

where k = πN/L0 is the longitudinal wave number with N be-
ing the longitudinal mode number, and A is an initial amplitude,
and L0 is the length of the cylinder. Choosing different values of
the integer N, we excited different standing longitudinal harmon-
ics, with the lowest being in the leaky regime. To avoid nonlinear
effects, we set A = 0.01 CAe. For small values of β this ampli-
tude can be comparable with the sound speed. However, as for
small β the sausage mode is essentially transverse, it is mainly
determined by the values of the Alfvén speed in the equilibrium,
which was confirmed by our experiments.

In all our experiments, the ratio of the cylinder width w to
its length was kept constant, 2/7. In different experiments, we
changed the density contrast between the internal and external
plasmas from 2 to 10. The ratio of the internal to external values
of the magnetic field was kept constant, 0.89. The difference be-
tween the temperatures of the internal and external plasmas was
varied to keep the total pressure balance. The value of plasma-β
was always lower than 0.3. Hence, in our experiments we stud-
ied plasma cylinders with the ratio of the external to internal
Alfvén speeds from 1.41 to 3.16.

3. Spatial structure and periods of sausage modes

We performed a series of numerical experiments simulating the
sausage mode in the magnetic cylinder. For this, we excited per-
turbations of the equilibrium configuration, induced by the pulse
described in the previous section. The initial perturbation de-
veloped into a trapped or leaky global sausage mode oscilla-
tion, depending upon the excited longitudinal harmonic (as the
ratio of the longitudinal wavelength to the width of the cylin-
der for different harmonics is either greater or smaller than the
cut-off value). Figure 1 shows contour plots of the perturba-
tions of the mass density �, the longitudinal component of the
magnetic field Bz, a transverse component of the velocity Vy,
and the longitudinal component of the velocity Vz in the plane
y = 0 at the time t = 3w/CAe for the fifth harmonic of the
sausage mode. It is clearly visible that the axis of the cylinder
is not perturbed. Perturbations of the mass density and magnetic
field are in phase, while the radius of the cylinder is perturbed
in anti-phase with the density and magnetic field. Owing to the
finite value of plasma-β (the maximum value in the cylinder is
β = 0.3), longitudinal flows are present in the cylinder, but its
amplitude is about an order of magnitude smaller than for the
transverse flows.

Figure 2 shows a snapshot of the profile of the perturbation
of density versus the transverse coordinate x in a sausage mode,
obtained from the simulation (the blue curve). We can see that
the mode rearranges the plasma in the cylinder in the transverse
direction, causing the density enhancements and rarefactions.

Qualitatively, this behaviour is extremely consistent that the
estimates that can be obtained analytically for a cylinder with
a cylindrical coordinate system (r, ϕ, z) and a discontinuous
density profile

�0(r) =

⎧⎪⎪⎨⎪⎪⎩
�i for r < w,

�e for r > w,
(11)

as described in e.g. Edwin & Roberts (1983). Using a Fourier
decomposition in time and z (∼ exp i(kz − ωt)), the solutions
with azimuthal symmetry (∂/∂ϕ = 0) or sausage modes can be
described with the equations

d2P′

dr2
+

1
r

dP′

dr
− κ2P′ = 0, (12)

ρ(ω2 − k2C2
A)Vr = −iω

dP′

dr
, (13)

ρ(ω2 − k2C2
A)Vφ = 0, (14)

ρ(ω2 − k2C2
T)Vz = ωk

C2
s

C2
s +C2

A

P′, (15)
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Fig. 1. Snapshots of the perturbations of the physical parameters in a
plasma cylinder at t = 3 (the time is normalised to w/CAe): the mass
density � (top left panel), the longitudinal component of the magnetic
field Bz (bottom left panel), the transverse component of the velocity Vy
(top right panel), and the longitudinal component of the velocity Vz

(bottom right panel). The spatial coordinates are measured in units of w
that is the half width of the cylinder.

where P′ is the total pressure perturbation, κ2 =
(k2C2

s−ω2)(k2C2
A−ω2)

(C2
s+C2

A)(k2C2
T−ω2)

, C2
T = C2

s C2
A/(C

2
s + C2

A), and ω is the

solution of the dispersion relation

κe

�e(k2C2
Ae − ω2)

K′0(κew)

K0(κew)
=

√
−κ2i

�i(k2C2
Ai − ω2)

J′0
(√
−κ2i w

)

J0

(√
−κ2i w

) , (16)

where K0 and J0 are the zeroth order Bessel functions. In this
system, the density perturbation can be calculated from

�pert = � − �0 = − i
ω
∇ · (�0V). (17)

The solution for the discontinuous equilibrium density profile is
shown together with the numerical solution in Fig. 2. The solu-
tions follow qualitatively the same behaviour. The discontinuity
in the density perturbation for the idealised cylinder is of course
smoothed out in the numerical solution. Thus, in a low-β en-
vironment, the plasma is redistributed mainly in the transverse
direction, while the total mass of a certain cross-section remains
almost the same (and exactly the same in the zero-β case). This
can also be inferred from Eqs. (13) and (15), where the vertical
velocity component is clearly proportional to the plasma-β, and
the horizontal component is not. We also checked in the simula-
tions that the longitudinal contribution ∂Vz/∂z to the divergence
of velocity ∇ · V is smaller than the perpendicular contribution
∂Vx/∂x + ∂Vy/∂y.

Figure 3 shows two typical scenarios for the time evolution
of the sausage modes: the trapped (top panel) and leaky (bot-
tom panel) regimes. The trapped mode corresponds to the fifth
longitudinal harmonic and the leaky mode to the first harmonic.
Hence, their wavelengths are either greater or smaller than the
cutoff wavelength, respectively. The signal shown is the per-
turbation of the longitudinal component of magnetic field, Bz,
at the centre of cylinder. Because of their symmetry, both ex-
cited modes undergo the maximum perturbation of this physical
quantity there. The signal corresponding to the trapped mode is
almost harmonic and decay-less. The apparent variations in its
amplitude are caused by some minor contamination of the sig-
nal by other harmonics that are excited because of the mismatch

Fig. 2. Snapshots of the density perturbation as a function of the radial
coordinate. The blue line corresponds to the result obtained by simula-
tions for a plasma cylinder, and the red line shows the solution in the
cylinder with a discontinuous density profile.

between the initial excitation and the spatial structure of the fifth
longitudinal harmonics. In the leaky regime, we see that the os-
cillation is also harmonic, but decays quickly with time. The de-
cay is associated with the radiation of the fast magnetoacoustic
waves in the external medium. The efficiency of the leakage is
determined by the ratio of the longitudinal wavelength to the cut-
off wavelength. In physical terms, for a fixed wavelength and the
diameter of the cylinder, the leakage is more efficient for a lower
ratio of the internal to external densities. In Fig. 3, we illustrate
this effect by showing the time behaviour of the leaky mode for
two values of the density contrast, �i/�e = 10 (black line) and
�i/�e = 5 (red line). It is evident that leaky sausage oscillations
are damped more slowly in a denser cylinder. These results are
in an agreement with Cally (1986), Cally (2003), Smith et al.
(1997), Nakariakov et al. (2003) and Terradas et al. (2005) who
showed that the wave leakage is weaker in a denser loop. In addi-
tion, there is some indication of transient shorter period oscilla-
tions, which may be connected with the higher leaky harmonics
(Cally 1986, 2003). These modes decay very quickly and are
hardly detectable in real data in the presence of noise.

4. Manifestation of sausage modes in observations

The sausage mode is essentially compressible, producing a mod-
ulation of the density of the plasma and the absolute value of the
magnetic field. On the other hand, in a low-β plasma, this mode
is also essentially transverse, causing plasma flows mainly in the
direction perpendicular to the magnetic field. From the essen-
tial compressibility of this mode, it is often deduced that it must
be responsible for significant perturbations in the intensity of the
emission generated in the oscillating object. However, as pointed
out in Cooper et al. (2003a), the manifestation of MHD modes
in observations in the optically thin regime is also significantly
affected by the effects of the line-of-sight (LOS) integration
namely the change in the column depth of the waveguide, along
the LOS, by the mode. In particular, the importance of this effect
for the sausage mode arguably observed in the modulation of
gyrosynchrotron emission, was pointed out by Fleishman et al.
(2008). We consider the role of the LOS-integration effect for
the thermal emission.

In the zero-β regime, the sausage mode only moves the
plasma in the direction across the magnetic field (see Eq. (15)).
Hence, according to the mass conservation law, the mass of a
transverse cross-section of the oscillating cylinder should always
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Fig. 3. Time dependence of the longitudinal component of the mag-
netic field, Bz at the centre of the cylinder for the fifth (top panel) and
first (bottom panel) longitudinal harmonics of the sausage mode, corre-
sponding to trapped and leaky modes, respectively. The black curve in
the bottom panel corresponds to the density contrast of 10, and the red
curve to 5.

remain constant during the oscillation. If one were to probe the
mass in the cylinder, by integrating the mass density along an
infinitely thin LOS, the “LOS mass” would vary in time, as the
plasma moves not only along the LOS but also sideways. On the
other hand, if the “width” of the LOS (in other words, the pixel
size or the half-width of the point spread function) were larger
than the diameter of the waveguiding cylinder, the displaced
mass would always be in the region of the integration and hence
the integral remain constant in all phases of the oscillation cycle.

This effect is illustrated by Fig. 4. Using the results of the
numerical simulations described in Sect. 3, we estimated the in-
tegral of the density along the x-axis at the centre of the cylinder
for different widths ΔS pixel of the LOS

M(t) =
∫∫
ΔS pixel

dS
∫

x along LOS
�(r, t)dx, (18)

where dS = dydz is an infinitesimal area element in the plane-
of-sky. The specific value of the LOS width was controlled by
the number of the computational grid points, and was measured

Fig. 4. The time dependence of the LOS-integrated massM (top panel)
and emission intensity I (bottom panel) in a sausage-oscillating cylin-
der for different “widths” of the LOS (pixel sizes). In all cases, the
LOS is directed across the cylinder and passes through its centre. The
red (solid) lines correspond to an infinitely thin line-of-sight, the blue
(dotted) lines correspond to the pixel with the size of the half width of
the cylinder w, the green (dashed) lines to 2w and the orange (dashed-
dotted) lines to 3w lines, respectively. The black solid line in the bottom
panel shows the relative variation in the density at the centre of the
cylinder. The time is measured in the units t0 = w/CAe.

in the units of the equilibrium width w of the cylinder. The pix-
els of the different sizes, used in the calculations, are shown in
the top left panel of Fig. 1. It is evident from Fig. 4 that for suf-
ficiently large pixels, perturbations of the LOS-integrated mass
tends to zero.

In the optically thin regime, thermal emission is proportional
to the density squared. Hence, the emission intensity can be
estimated as

I(t) =
∫∫
ΔS pixel

dS
∫

x along LOS
�2(r, t)dx. (19)

The time variation in the emission intensity for different sizes of
the pixel are shown in the bottom panel of Fig. 4. For reference,
we give the relative perturbation of the density at the centre of
the cylinder. It is evident that the increase in the pixel size leads
to a sharp decrease in the relative amplitude of the emission in-
tensity, as in the case of the LOS-integrated mass. This can be
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readily understood as for perturbations of a weak amplitude, the
relative density squared can be taken as

I(t) =
∫∫
ΔS pixel

dS
∫

x
�2dx

=

∫∫
ΔS pixel

dS
∫

x
(�0 + �pert)2dx

=

∫∫
ΔS pixel

dS
∫

x
(�2

0 + 2�0�pert + �
2
pert)dx

= I0 +

∫∫
ΔS pixel

dS
∫

x
([(�e + (�i − �e) f (r)]�pert

+ �2
pert)dx

= I0 + �e

∫∫
ΔS pixel

dS
∫

x
�pertdx (20)

+ (�i − �e)
∫∫
ΔS pixel

dS
∫

x
f (r)�pertdx (21)

+

∫∫
ΔS pixel

dS
∫

x
�2

pertdx, (22)

where f (r) is a smooth (preferably monotonic) function that de-
scribes the radial variation (r2 = x2 + y2) in the density with
the extra conditions f (0) = 1 and limr→∞ f (r) = 0. In the ex-
pression for the intensity, three terms are affected by time vari-
ability (through �pert). The first term (Eq. (20)) is M(t). It is
exactly zero when the pixel size ΔS pixel becomes large, be-
cause it just expresses the conservation of mass. We numeri-
cally checked that the term given by Eq. (21) becomes increas-
ingly small when ΔS pixel becomes large. This only leaves the last
term (Eq. (22)) as the main source of variability in the intensity,
which is of the second order in the oscillation amplitude. Hence,
the time variation in the intensity is quadratically proportional to
the density perturbation and negligibly small.

We only considered a line-of-sight that is perpendicu-
lar to the loop axis. Investigating the effect of the angle of
the line-of-sight and the loop axis will be the subject of
future research.

5. Summary and discussion

We have performed a numerical study of fast magnetoacous-
tic oscillations of a thick and dense coronal loop, modelled by
a plasma cylinder embedded in a plasma with different prop-
erties and penetrated by a straight magnetic field, emphasising
their observational appearance. We considered only the oscilla-
tions of the sausage symmetry (with the azimuthal wave number
m = 0). The plasma both inside and outside the cylinder was
taken of low-β. The transverse profile of the plasma density was
smooth, without any steep gradients or discontinuities. The os-
cillations were impulsively excited and then simulated with the
use of the full set of ideal MHD equations. Only oscillations with
low amplitudes were considered.

The behaviour of short-wavelength sausage oscillations of a
plasma cylinder is well closely with the analytical results ob-
tained for a cylinder with a step-function profile (Zaitsev &
Stepanov 1975; Edwin & Roberts 1983; Roberts et al. 1984;
Cooper et al. 2003b). The oscillations are trapped in the cylinder,

their phase speed has a value between the Alfvén speed inside
and outside the cylinder, and their period is determined by the
ratio of the phase speed to the wavelength. Sausage waves are es-
sentially compressible, perturbing the density of the plasma and
the absolute value of the magnetic field, and transverse, moving
the plasma in the direction across the field, when the plasma-β is
sufficiently low.

Sausage oscillations of wavelengths longer than the cut-
off value are leaky. The attenuation of the oscillations depends
on the density contrast between the cylinder and the ambient
medium, which is qualitatively consistent with the analytical
prediction made in Cally (1986, 2003). For the plasma param-
eters typical of coronal plasma structures, e.g. dense plasma
loops, the damping time can be of several oscillations periods.
Thus, long-wavelength sausage modes can last for a sufficiently
long time to before being detected in observations.

Incidentally, we have numerically shown that the mecha-
nism of resonant absorption does not operate for the axisym-
metric sausage modes (Goossens et al. 1992). Although the
simulation included a smooth transition layer, where in prin-
ciple a resonance could occur between the global mode and
localised Alfvén continuum modes, no resonant behaviour has
been found in the numerical results. The sausage modes are
damped only by MHD radiation (in the leaky regime), and not
by resonant absorption.

The observational manifestation of sausage oscillations in
the thermal emission, whose strength is proportional to the den-
sity of the emitting plasma squared, depends upon whether the
oscillating plasma non-uniformity is spatially resolved. If the
pixel size or the half-width of the spread function are about the
width of the non-uniformity, the perturbation of the emission
intensity by sausage oscillations is proportional to the relative
amplitude squared. For example for an oscillation of the am-
plitude 5%, the observed amplitude of the intensity variation is
only 0.25%. This effect should be taken into account when dis-
tinguishing between the sausage oscillations and, e.g., torsional
oscillations, which both produce periodic non-thermal broaden-
ing of the emission lines by the Doppler shift. We would like to
emphasise this funding: an essentially compressible fast sausage
oscillation does not cause variations in the optically thin emis-
sion intensity of a detectable level when the diameter of the os-
cillating plasma cylinder is insufficiently resolved.

We conclude that the sausage mode is a good tool for
the seismological probing of the plasma in oscillating coro-
nal plasma non-uniformities, giving us information about the
Alfvén speed inside and outside the non-uniformity. The obser-
vational manifestation of this mode is very much affected by the
LOS-integration effect and the pixel size, and it has to be taken
into account in the data analysis.
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