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Abstract Recent high temporal and spatial resolution satellite observations of the
solar corona provide ample evidence of oscillations in coronal structures. The observed
waves and oscillations can be used as a diagnostic tool of the poorly known coronal
parameters, such as magnetic field, density, and temperature. The emerging field of
coronal seismology relies on the interpretation of the various coronal oscillations in
terms of theoretically known wave modes, and the comparison of observed and theo-
retical wave mode properties for the determination of the coronal parameters. However,
due to complexity of coronal structures the various modes are coupled, and the appli-
cation of linear theory of idealized structures to coronal loops and active regions limits
the usefulness of such methods. Improved coronal seismology can be achieved by the
development of full 3D MHD dynamical model of relevant coronal structures and the
oscillation phenomena. In addition to improved accuracy compared to linear analysis,
3D MHD models allow the diagnostic method to include nonlinearity, compressibil-
ity, and dissipation. The current progress made with 3D MHD models of waves in
the corona are reviewed, the challenges facing further development of this method are
discussed in the perspective of future improvement that will be driven by new high res-
olution and high cadence satellite data, such as received from Hinode and STEREO,
and expected from SDO.
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1 Introduction

The modeling of oscillations in the solar corona is motivated by recent high tem-
poral and spatial resolution of waves in coronal structures by the Solar and Helio-
spheric Observatory (SOHO), Transition Region and Coronal Explorer (TRACE),
Solar-Terrestrial Relations Observatory (STEREO), and Hinode satellites. In the near
future high rate data expected from Solar Dynamics Observatory (SDO) will likely
contain ample evidence of waves. The observed oscillations can be used as a diagnostic
tool of the poorly known coronal parameters, such as magnetic field, density, and tem-
perature that can supplement other remote sensing methods. In addition, waves can
play a role in the heating of coronal plasma, and information on dissipation processes
can be obtained from the damping of the oscillations, and therefore provide insights
on the heating mechanism of the solar corona.

The use of MHD waves for the determination of coronal loop parameters was first
discussed by Roberts et al. (1984). Individual loop oscillations provide information
on localized density and magnetic field structure. The MHD wave diagnostics of the
magnetic field, density and temperature in coronal loops became possible routinely
only recently with the launch of SOHO and TRACE satellites leading to numerous
studies (e.g. Aschwanden et al. 1999; Nakariakov et al. 1999; Nakariakov and Ofman
2001; Aschwanden et al. 2002; Ofman 2002; De Moortel et al. 2002; Goossens et al.
2002; Aschwanden et al. 2003; Verwichte et al. 2004; Wang and Solanki 2004; Terradas
and Ofman 2004; Aschwanden 2005; Taroyan et al. 2005; Andries et al. 2005; Verwichte
et al. 2006; Wang et al. 2007; Van Doorsselaere et al. 2007; Ballai 2007; Arregui et al.
2007; Erdélyi and Fedun 2007; Zaqarashvili and Murawski 2007; Verth and Erdélyi
2008; Goossens et al. 2008; McEwan et al. 2008; Jess et al. 2008). Recently launched
Hinode satellite and STEREO spacecraft provide additional observations of waves.

This review is focused on 3D MHD modeling of transverse or fast magnetosonic
waves. For completeness, we mention that longitudinal waves in coronal loops and
plumes were also observed with SOHO spacecraft and TRACE satellite (Ofman et al.
1997; Deforest and Gurman 1998; Ofman et al. 1998; Berghmans and Clette 1999;
Ofman et al. 2000; Robbrecht et al. 2001; Ofman and Wang 2002; De Moortel et al.
2002; Kliem et al. 2002; Wang et al. 2002, 2003; King et al. 2003; De Moortel and
Hood 2003; De Moortel et al. 2003; McEwan and de Moortel 2006). The waves were
interpreted as slow magnetosonic waves (Ofman et al. 1997, 1999; Nakariakov et al.
2000). These waves are seen to be damped on time scale of several tens of minutes, and
on typical length scale of several tens of Mm. Since slow magnetosonic waves propagate
along the field in low-3 corona plasma, they can be modeled usually adequately with
one-dimensional codes. The effect of thermal conduction and viscosity on the damping
of longitudinal waves in coronal loops and plumes was investigated (e.g. Ofman et al.
2000; Ofman and Wang 2002; De Moortel et al. 2003; Mendoza-Bricetio et al. 2004),
and it was found that the value of the thermal conduction, and longitudinal (compres-
sive) viscosity is consistent with the theoretically predicted value for coronal plasma.
This is in contrast to the case for transverse (shear) viscosity or resistivity, where the
theoretically predicted value is too small to account for the observed dissipation of
transverse waves (Nakariakov et al. 1999; Ofman and Aschwanden 2002).

Large scale coronal waves were first observed in EUV by the SOHO spacecraft’s
Extreme ultraviolet Imaging Telescope (EIT) (Thompson et al. 1999). High resolution
and cadence (compared to SOHO/EIT) TRACE satellite observations have shown that
the waves can induce oscillation in coronal loops (Wills-Davey and Thompson 1999;



Ballai et al. 2005). Recent STEREO twin spacecraft observations allow reconstructing
the detailed temporal evolution of the waves in 3D (Veronig et al. 2008; Long et al.
2008; Patsourakos et al. 2009; Gopalswamy et al. 2009). The waves are associated
with flares and Coronal Mass Ejections (CMEs) and propagate at typical speeds of
200-500 km/s on the solar disk. These waves are sometimes seen to be associated
with Moreton waves (e.g. Warmuth et al. 2001) observed in H o (Moreton 1960), that
were interpreted as fast magnetosonic waves by Uchida (1970), who also suggested
using the wave properties for diagnosis of coronal magnetic structures. The coronal
EIT waves were interpreted as fast MHD waves as well (Wang 2000; Murawski et al.
2001; Ofman and Thompson 2002). Although, other interpretations seems plausible in
some cases that appear in the wide spectrum of observations which are categorized as
“EIT waves” (e.g. Wills-Davey et al. 2007; Delannée et al. 2008), recent observations
by STEREO provide strong support that EIT waves are propagating fast mode waves
(Patsourakos et al. 2009; Gopalswamy et al. 2009). Three-dimensional MHD models
were used to study EIT waves in several papers (Wu et al. 2001; Ofman and Thompson
2002; Terradas and Ofman 2004; Ofman 2007). The 3D MHD studies support as well
the interpretation of EIT waves in terms of fast magnetosonic wave.

Three-dimensional, nonlinear, resistive MHD model of coronal loops as inhomoge-
neous slabs in Cartesian geometry were studied in the past by Ofman et al. (1994),
and (Ofman and Davila 1995, 1996). In particular, Ofman et al. (1994) have shown
that Kelvin-Helmholtz instability can develop at the resonance absorption layer bound-
aries in a coronal loop, resulting in enhanced dissipation. Early attempts were made
to model the nonlinear evolution of resonant absorption of Alfvén waves in cylindrical
loop model using nonlinear resistive 3D MHD models (Poedts and Goedbloed 1994,
1997). The resistive 3D MHD studies of coronal loops were focused on the heating of
coronal loops by the resonant absorption of Alfvén waves, and stability of the reso-
nant absorption layer. In these studies the Alfvén waves were driven continuously by
a source inside or outside the loops, and the waves were dissipated by resistivity and
viscosity in the resonant layers in the loops.

Recently, the transverse oscillations of cylindrical, and of four-threaded cylindrical
loops in Cartesian box were studied using nonlinear, resistive 3D MHD model by Ter-
radas and Ofman (2004), and by Ofman (2005, 2009). In these studies the oscillations
were excited by a velocity pulse to model the effect of a flare, a CME, or an impact of
an EIT waves on the loops in coronal active regions. Oscillations of loops with more
realistic three-dimensional magnetic geometry that are embedded in bipolar magnetic
field were carried out by Miyagoshi et al. (2004), and in a potential magnetic dipole
by McLaughlin and Ofman (2008), and recently by Selwa and Ofman (2008); Ofman
and Selwa (2009). The later studies allow investigating the effect of the surrounding
non-uniform magnetic structure and curvature on the trapping, and leakage of wave in
curved coronal loops.

Following numerous detailed observational, analytical, and computational studies
and the controversies regarding the role of various modes, or the damping mecha-
nisms (see the reviews by Roberts 2000; Nakariakov and Verwichte 2005, and others
in this volume) it is now evident that the complexity of the observed oscillations due
to fine structure, mode coupling, gravity, nonlinearity, and dissipation requires full
(i.e., time-dependent, nonlinear, resistive, with gravity) 3D MHD modeling in order to
apply coronal seismology accurately to the variety of oscillations observed in coronal
structures. This review highlights recent results of 3D MHD studies.



2 Observational Motivation

Ample evidence for wave activity in the solar corona was obtained since the launch
of SOHO and TRACE satellites. In this section, several examples of wave activity
observed recently by TRACE, STEREO, and Hinode spacecraft are reviewed. These
observations serve as motivation and justification for 3D MHD modeling, and the
results of the models can be used for coronal seismology.

In figure la the image of the active region AR 8270 taken on 1998 July 14 at
12:54UT by TRACE in 171A is shown. A flare that occurred in this active region shortly
afterward lead to coronal loop oscillations. These oscillations were first described by
Aschwanden et al. (1999); Nakariakov et al. (1999), and later lead to numerous other
studies. This was the first observation of spatially resolved transverse coronal loop os-
cillations with damping in EUV, to which coronal seismology was applied (Nakariakov
et al. 1999; Nakariakov and Ofman 2001). Later, Aschwanden et al. (2002) and Schrijver
et al. (2002) compiled a catalogue of TRACE observations of coronal loop oscillations,
and analyzed these events. Other observations have followed (see, e.g. Verwichte et al.
2004; Hudson and Warmuth 2004; De Moortel and Brady 2007; Van Doorsselaere et al.
2007; Wang et al. 2008)

The transverse oscillations of a TRACE loop were first modeled using 1.5 D MHD
(Nakariakov et al. 1999; Ofman 2002), following by 3D MHD (Terradas and Ofman
2004; Miyagoshi et al. 2004; Ofman 2005), and later the global oscillation of this active
region were investigated with 3D MHD simulations (Ofman 2007). Figure 1b shows
the magnetic field lines of this AR calculated from the potential extrapolation of the
photospheric field observed by NSO Kitt Peak. The potential field combined with
gravitationally stratified density was used as an initial state for the 3D MHD studies
(Ofman 2007). Often, potential magnetic field extrapolations are in poor agreement
with the observed active region loop structure. However, in this case, there is good
overall agreement between the TRACE image and the potential field in most of the
active region.

Fig. 1 (a) TRACE 171A image of AR 8270 taken on 1998 July 14 at 12:54 UT. This image was
the last before the impulsive phase of the flare was observed in EUV. (b) Initial magnetic field of
the model active region obtained from potential extrapolation of NSO Kitt-Peak photospheric
magnetogram. The viewing angle was set to approximate the line of sight of the active region
on the Sun (compare to (a)). (adapted from Ofman 2007)



The high resolution (0.1”) of Hinode Solar Optical Telescope (SOT) allows resolv-
ing the multi-threaded structure of a coronal loop. Although the Hinode/SOT Ca II
H line filter is sensitive to chromospheric temperatures, observation of coronal loops is
possible, if cooler chromospheric material is contained in coronal loops. This can occur
during eruptive events that induce siphon flows in the coronal loops. Ofman and Wang
(2008) found the first direct evidence for transverse waves in coronal multi-threaded
loops using Hinode/SOT observations on January 12, 2007. The detection of the indi-
vidual oscillating threads became possible due to the chromospheric material flowing
along the threads. Oscillations and flow were seen in multiple threads for about 3 pe-
riods (see figure 2), with an average period of 113 £+ 2 s. The oscillations were damped
on average with a rate of 5604297 s. The thin threads were < 0.5 wide, and the
average speed of the chromospheric material was ~ 100 km s™1. The coronal nature
of the loop was confirmed by SOHO EIT observations in 195A, that showed co-spatial
coronal loop.

Ofman and Wang (2008) analyzed the data and concluded that the loops consist
of twisted magnetic threads. They found that in some threads, the waves were nearly
standing transverse waves with phase speed of 1250 km s~! consistent with fast MHD
waves and kink modes, whereas in other threads the waves were propagating fast
magnetosonic. Using the properties of the waves and assumptions on density Ofman
and Wang (2008) estimated the magnetic field strength in several threads to be 20+7
G. The multi-threaded twisted loops are good candidates for MHD modeling, leading
to Gruszecki et al. (2008) 2D MHD study of fast waves in a slab with parallel flow, and
Ofman (2009) 3D MHD study of four-threaded twisted oscillating loops (see below).
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Fig. 2 Time series of the plasma emission in the Ca II H filter in a cut across (left panel)
the loop top seen by Hinode/SOT on January 12, 2007 at about 1:30 UT. The right panel
shows the flows in the loop in a cut along the loop. The multithreaded structure of the loop is
evident (adapted from Ofman and Wang 2008)

In figure 3 two views of an EIT waves from the two STEREO spacecraft (A and
B) are shown. The images ware taken in EUV in 171A using the EUV Imager (EUVI)
telescopes on the two spacecraft, and the difference images are shown. The two views
allow reconstructing the 3D view of the EIT wave. Using stereoscopic triangulation
Patsourakos et al. (2009) found that the height of the wave is about 90Mm above
the photosphere, consistent with the height of fast mode wave expected in 1.5MK
gravitationally stratified plasma of the quiet sun (see, Patsourakos et al. (2009) for
the details of the data analysis). The three-dimensional information contained in this
observation makes it a good candidate for 3D MHD modeling.



Fig. 3 STEREO/EUVI view of an EIT wave. STEREO spacecraft B (left panel) and STEREO
spacecraft A(right panel) images. The two views allow fitting a segment of the wave-front
in A4+B with a parabola and triangulate the vertexes. The resulting wave height is 90Mm.
(adapted from Patsourakos et al. 2009).

3 Three-dimensional MHD Model
3.1 Model Equations

The following normalized, compressive, resistive 3D MHD equations are used to model
oscillation in loops and active regions

%JrV-(pV):Ov W
%+(V'V)V:—%VP+J;B_#7 (2)
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where 3 is the ratio of thermal to magnetic pressure given by 8 = 202/ (nyi), Cs
is the sound speed, and V4 = B/y/4mp is the Alfvén speed, the Lundquist number
S = 74/7r is the ratio of the typical Alfvén time (74 = a/Vya, where a is the typical
lengthscale of the model) to the resistive diffusion time (7, = 47wa?/vc?, where v is the
resistivity, and ¢ is the speed of light), the Froude number is Fr = ViRs/(GMs), G
is the gravitational constant, Ms is the solar mass, and Rs is the solar radius. In the
energy equation Sy, is the heating term, and S; is the loss term (i.e., heat conduction,
and radiation). However, in the study of transverse oscillations isothermal plasma is
assumed (v = 1), and therefore the equation of state is used to calculate the pressure
p = kpnTy, where kp is Boltzmann’s constant.

Note that incompressible MHD equations can not correctly describe the coupling of
Alfvénic and compressive modes in coronal loop oscillations, while ideal MHD equations
lead to singularities in the solutions for oscillating coronal loops, and therefore, can
not provide physical description of resonant absorption of Alfvén waves.

For million degree uniform solar plasma the Lundquist number is believed to be
S = 10", based on Spitzer’s conductivity. However, due to numerical limitations of
the 3D MHD computations typically the value of S = 10* is used. The lower value



of the Lundquist number is consistent with faster evolution of dissipative processes in
the coronal plasma than the ideal value of S would imply (e.g. Dere 1996; Nakariakov
et al. 1999; Ofman and Aschwanden 2002).

3.2 Boundary, and initial conditions

Here we summarize the boundary and the initial conditions for the two main types
of studies reviewed in this paper: individual loops (Terradas and Ofman 2004; Of-
man 2005, 2009), and model active regions (Ofman and Thompson 2002; Ofman 2007;
McLaughlin and Ofman 2008; Ofman and Selwa 2009).

3.2.1 Straight single loop

The initial state in Cartesian geometry, where the z-coordinate is along the loop, and z-
y plane is across the loop radius, consists of a nearly uniform (see figure 4) background
magnetic field in the z direction Bo(z,y) = By . (x,y)ez, and a dense loop defined by

PO (J), Y, Z) = Pmin + (pmax - pmin)e_[(x2+y2)/Tg]qv (5)
where g = 0.5 is the loop radius, pmax is the maximal density inside the loop, and
Pmin is the density outside the loop, and ¢ is used to define the sharpness of the loop
boundary (typically we use ¢ = 2). Note that in order to maintain pressure balance we
require that Bg + Bpo = const. in normalized units across the loop. In the low-3 active
region this implies that a small decrease (of order 8 in normalized units) in By inside
the loop is needed to maintain pressure balance. The typical computational domain
was a Cartesian box of size Lz X Ly X L, = 6 x 6 X 10 in normalized units. To model
longer loops L, =~ 15 was used.

3.2.2 Straight four-threaded loop

For the case of four closely spaced straight cylinders (i.e., the distance between the
loops is comparable to the loop radius) the initial density of the loops is given by

4
)Z6—{[(ﬂﬂ—wi)2+(y—yi)21/rg}27 (6)

i=1

po(x7 Y, z) = Pmin + (Pmax — Pmin

where ppin = 0.2 is the minimal normalized density outside the loops, pmax = 1 is
the maximal normalized density of the loops, ro = 0.25 is the radius of the loops,
and (x;,y;), where i = 1,2, 3,4 are the locations of the axis of the four threads in the
normalized coordinate system used by Ofman (2007) was: (—0.5,2.7,2), (0.5,2.7, 2),
(0,2.2,2), (0,3.2, 2).

3.2.8 Loop Boundary conditions
In this section the boundary conditions used by Ofman (2009) are reviewed. The line-

tied boundary conditions at z = zy,i, are given by

B(l’, Y, Zmin, t) = (Oa 0, BO(ZE, y))v
V(x’ y7 Zmin7 t) = (O’ 07 Vo(x’ y))7
P(Z, Y, Zmin, t) = po(z,y),
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Fig. 4 A model of a single straight cylindrical loop directed along the magnetic field (shown
with vectors). The orange square marks the boundary of the velocity pulse. A single isosurface
of the loop density is shown. Note that the loop boundary is smoothly varying according to
equation (5).

where the normalized magnetic field was By = 1 outside the loop, and reduced slightly
inside the loop to conserve pressure balance according to Bo(z, y)2 + Bpo(z,y) = const
in the isothermal plasma. These boundary conditions were applied for parallel threaded
loop, and following the application of the twist. The boundary conditions at the other
end of the loops (z = zmax) were line-tied as well. These boundary conditions are
consistent with transverse loop oscillations, such that, the location of the loop footpoint
is fixed in the boundary plane. When background flow was introduced the boundary
condition were modified, allowing outflow at z = zmax.
At the other four planes open boundary conditions are applied on the variables:

B(xmin,maza Y, z, t) = B(xmin,maz + Aa:, Y, =z, t), (10)
V(xmin,maaca Y, 2, t) = V(xmin,max + Az, y, 2, t), (11)
p(xmin,maa:: Y, z, t) = p(zmin,mam + Az, y, 2, t): (12)

where Az is the grid spacing in the z direction. Similar expressions are used for the
boundary conditions at ¥min,maz-
At the other four planes open boundary conditions are applied on the variables:

B(xmin,maxa Y, 2,t) = B(xmin,max + Ax,y, 2,t), (13)
V(xmin,maa,': Y, z, t) = V(xmin,max + Az, y, 2, t)a (14)



p(xmin,maxa Y, 2,t) = P(xmin,maac + Az, y, 2,t), (15)

where Az is the grid spacing in the z direction. Similar expressions are used for the
boundary conditions at Ymin,maz-

To introduce the twist in the four-threaded loop case the following form of the
velocity was applied at the boundary at z = zy;, for a time interval that produced
about ninety degree clockwise rotation (below the threshold for kink instability) at the
thread axis

v(Z,Y,2 = Zmin,t) = wtre(cos 6, —sin 0, O)e_(rc_r“())/‘sr, (16)

where w; = 0.1 is the angular rotation velocity, and we define rc. = [(w—wc)2+(y—yc)2]%
as the radial distance from the central axis of the four threads located at (ze¢,yc) =
(0,2.7), and 6 = arctan[(x — z¢)/(y — yc)] is the projection angle. The exponential
decay function ensures that the rotation velocity is zero far from the loop, where
reg = 0.75 and ér = 0.2. During the application of the rotation at z = zyin the
magnetic field, density, and vertical velocity were extrapolated from the internal points
to the boundary in the z-direction. When the rotation was complete the boundary
conditions reverted to line-tied.

3.2.4 Model active region

In this section the boundary conditions used by Ofman and Thompson (2002) and
related studies are reviewed. The boundary conditions at z.,;, (coronal base) were
given by

B(%% Zmzn,t) = BO(%ZU% (17)
V(Cl?,y7 Zmznvt) = 07 (18)
p(m7ya Zm”ht) = P07 (19)

where Bg(z,y) was the magnetic field obtained from potential extrapolation of the
observed photospheric field. In Ofman (2007) the magnetic field of AR8270 from the
NSO Kitt-Peak magnetogram was used (see the right panel in figure 1). In that study
the size of the computational domain was about 220,000 x 147,000 x 162,000 km
in the lower corona. The magnetic field magnitude in the computational domain was
normalized by the maximal magnitude (~370 G) of the extrapolated magnetic field at
the base of the corona. For simplicity, constant density of ng = 1010 cm™3
as the boundary condition at the base of the active region. The initial density in the

was used

computational domain was gravitationally stratified with scale height temperature of
Ty = 10° K.
At the other five planes open boundary conditions are applied on the variables:

B(xmin,maary Y, z, t) = B(Ccmin,ma:r + A% Y,z t)7 (20)
V(xmin,ma:m Y, 2, t) = V(l'min,max + Axa Y, z, t)7 (21)
P(xmin,maaca Y, z, t) = p(l'min,maa: + Az, y, 2, t): (22)

where Az is the grid spacing in the z direction. Similar expressions are used for the
boundary conditions at Ymin,maz, and at zmaz.
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3.2.5 Model active region with dense loop

In order to investigate the effect of dense loop on the propagation and damping of
waves in an active region a dipole field was used as an initial state. First, gravitationally
stratified density was introduced throughout the model active region. Next, a single
fluxtube was selected, and higher density plasma was introduced inside the fluxtube
using equation (5), where the loop radius was varied according to the width of the flux
tube in the dipole field (see Figure 14).

3.2.6 Velocity pulse

To excite transverse loop oscillations the initial velocity pulse in the positive x-direction
(sideways) was applied at the y — z boundary plane for the duration At = 274 given
by

V(:Emilh Y, z, t) = Upex7 (23)

where the amplitude of the pulse was vp = 0.05V4. The pulse parameters were opti-
mized by experimenting with several values of vp, and A¢, and choosing the values that
produce loop oscillation in qualitative agreement with observations. The boundary con-
dition were time dependent at © = x,,;, and changed to open after the pulse has left
the computational domain. At z = zy,;, and 2z = zmaz the boundary conditions were
line-tied. In Ofman (2005) the pulse in equation (23) was multiplied by sin(7/L.z) to
excited the fundamental mode.

For Ofman (2007) model active regions the initial velocity pulse in the positive
z-direction (upward) was applied in the region (—0.6,0.6) x (—0.6,0) in z — y plane
at the coronal boundary. The region was chosen to approximately coincide with the
location of the flare observed in EUV with TRACE. The following boundary condition
on the velocity was used:

V(xv Ys Zmin t) = V(t)ez> (24)

where V(t) has the following temporal dependence (see figure 5)

Vi) = vpe (58)" (25)

where Vj is the amplitude of the pulse, tg is the initial time of the pulse, and 2At is
the pulse duration. In Ofman (2007) model Vy = 0.012V4 = 96 km s7h to = 1574,
and At = 6.574 = 57 s were used. The parameters were optimized by experimenting
with several values of Vj, and At, and choosing the values that agree best with the
TRACE data results.

The velocity pulse propagates in the model active region and through the lower
boundary, where density is allowed to adjust self consistently via zero-order extrapola-
tion from the internal computational region. Thus, the density compression associated
with the velocity pulse propagates together with the waves. After the pulse has left the
computational domain, the boundary condition at z = z,,;, reverts to line-tied.

The initial background density is given by the gravitationally stratified hydrostatic
density

p(r) = poe # 7Y, (26)
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Fig. 5 The typical temporal evolution of the velocity pulse (equation (23)) used to initiate
the oscillations in a model active regions (Ofman 2007).

where the normalized gravitational scale height is H = 2kpToRs/(GMsmpr), my is
the hydrogen mass, and r is the heliocentric distance in units of Rs. For small heights in
the corona the above expression can be approximated by p(z) ~ pge™~? /H The density
is given in units of the base coronal density ng. The velocity is in units of the Alfvén
speed V4 &~ 8070 km s~! in Ofman (2007).

4 Overview of Recent Model Results
4.1 Single and Four-threaded Loops

Recently, Terradas and Ofman (2004) demonstrated the use of 3D MHD simulation for
the determination of the plasma 3 in a coronal loop. This is possible when the transverse
wave has sufficiently large amplitude to cause nonlinear compression of the density in
the loop by the ponderomotive force. In figure 6 (left panel) the maximum relative
density perturbation at the apex of the loop is shown as a function of § for two valued
of transverse velocity amplitude. The observational point is determined from TRACE
observations of the 1998 July 14 flare and the associated loop oscillations. The wave
velocity amplitude and the density enhancement were determined from observation.
By placing the point on the plot of the parametric study, it was possible to determine
the value of 8 = 0.04 £ 0.01 in that loop.

The results of the 3D MHD study by Terradas and Ofman (2004) of the loop
compression are shown in the right panel of figure 6. The isosurface of the loop density
is shown at two times during the oscillation: t = 374 (light gray), overlayed with the
same density isosurface at ¢t = 3774 (dark gray). The relative enhancement of the loop
density in the central part of the loop is evident.

Using the 2.5D MHD of an arcade, and 3D MHD model of a loop in Cartesian
geometry Terradas and Ofman (2004) found that large initial Alfvénic disturbances
produce a pressure imbalance along the loop, which results in an upflow from its legs
that leads to the accumulation of mass at the loop top in the initial stages of the oscil-
lations. At later times, the pressure gradient due to the density enhancement becomes
dominant and inhibits further density increase. As seen in figure 6 the results of the
numerical study are consistent with observations, and provide new additional tool for
coronal seismology.
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Fig. 6 Left panel: Maximum density perturbation at the apex of the loop as a function of g
for two transverse wave velocity amplitudes, Vp = 0.1Vy4 (diamonds), Vo = 0.2V4 (circles). The
dashed and dot-dashed curves represent the values calculated according to the one-dimensional
model (see Terradas and Ofman 2004) for Vo = 0.1V4 and Vo = 0.2V4, respectively. The
observational point plotted with the error bars was obtained from TRACE 1998 July 14 data
shown in figure 1. Right panel: density isosurface (p = 0.95) at time ¢t = 374 (light gray),
overlayed with the same density isosurface at ¢ = 3774 (dark gray) obtained from the 3D
MHD model. For this simulation Vo = 0.2V4 and 8 = 2.5 x 10~ 2. Adapted from Terradas and
Ofman (2004).

Ofman (2005) used 3D resistive MHD model to compare the damped oscillations of
a single loop impacted by an EIT wave to the damped oscillations of a four-threaded
loop. The spacing of the threads was comparable to the thread radius (see figure 7).
The EIT wave was modeled by the velocity pulse of the form given by equation (23)
multiples by a spatial half-wavelength with nodes at the lower and upper boundaries of
the simulation region. This was done to excite predominantly the fundamental mode
in the loops. Ofman (2005) found that in a single cylindrical loop the damping rate
is independent of the Lundquist number as expected for the resonant absorption (e.g.
Steinolfson and Davila 1993; Ofman et al. 1994; Ruderman and Roberts 2002). How-
ever, the damping time increases with the Lundquist number for the four threaded
loop, for low values of resistivity. The damping time scaling with resistivity for four-
threaded loop is close the S Y 3 as expected for phase mixing (e.g. Heyvaerts and Priest
1983; Steinolfson and Davila 1993). When the resistivity is increased beyond a certain
threshold, the damping of the oscillations becomes again nearly independent of resis-
tivity (see figure 8). This could be due to the decoupling of the resistive layers at each
thread, since their width decreases with resistivity.

Recently, Arregui et al. (2008) investigated the resonant absorption of two closely
spaced coronal loops modeled by slabs using more simplified model (linearized, zero-3
resistive MHD). They found that the damping rate of the transverse oscillation in a
system of two closely spaced loops differs substantially from the damping of a single
loop.

Recently, Ofman (2009) developed 3D MHD model of multi-threaded loop in Carte-
sian geometry. In the model three cases were investigated: four-threaded loop with
parallel threads, four-threaded twisted loop, and four threaded loop with parallel flow
along the threads. The initial state for the density is shown in figure 9. The twist given
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Fig. 7 3D MHD model of active region loops impacted by an EIT wave. The left panel shows
an isosurface of a single loop density with the magnetic field in the z direction. The right panel
shows density isosurface of four closely spaced loops impacted by the wave. The intensity scale
indicates the magnitude of the current density square (J2) of the impacting wave in arbitrary
units. (adapted from Ofman 2005)
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Fig. 8 The typical evolution of the loop velocity following the impact of the EIT wave in
the 3D MHD model of Ofman (2005) (left panel). The scaling of the damping time of loop
oscillations with the Lundquist number S for a single loop, and for four loops (right panel).
The scaling of phase mixing with S is shown with long dashes. The short dashes line indicates
the average damping time for a single loop (adapted from Ofman 2005).

by equation (16) was applied at one boundary of the loops, while line-tied boundary
condition were used at the other boundary. In order to excite the transverse oscillations
the loops were impacted by a velocity pulse given by equation (23).

In figure 10 the temporal evolution of the loop wave velocity and the magnetic
field near the center of one loop strand (V. 0=0) at (-0.5,2.7,7.90) is shown. When the
loop strands are parallel (left panels) the evolution of the oscillations agrees with the
expected period of kink-mode for the loop. The damping rate is close to the expected
damping rate due to the resonant absorption (Ruderman and Roberts 2002; Ofman
2009). Since the Lundquist number here was S = 1047 the interaction between the
parallel threads placed at the distances in this study was weak. However, when twist
was applied to the loop, the evolution of the oscillations changes dramatically. The
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Fig. 9 (a) The density isosurface at pg = 0.6 of the four loops in the initial state. (b) The
density isosurface of the four loops following the application of the twist at the lower footpoint
(adapted from Ofman 2009). See the animations of the oscillations in the electronic version of
Ofman (2009).

period of the oscillations has decreased due to larger effective phase speed of the wave
in the twisted loop. Evidently, the damping rate has increased as well, due to the
coupling between the velocity components of the four threads introduced by the twist,
and increased current dissipation.

In figure 11 the isosurface of the current density j2 is shown at the beginning of the
evolution of the twisted loop, and at t = 34.274. It is evident that the twisted loop is not
current free, and the magnetic configuration is not force-free due to the introduction of
the twist. The background currents combine with the currents induced by the impact
of the velocity pulse, affecting the oscillations and the damping of the wave. Contrary
to the parallel-threaded loop, Ofman (2009) have shown that the complex nonlinear
3D interactions of the twisted four-threaded loop oscillations can not be described well
by the kink mode solution of the linearized MHD equations.

Ofman (2009) finds that twisted loop oscillations result in filamented current and
velocity structure, and the currents can not be described by the fundamental kink mode
solutions of the linearized MHD equations. The twisted loop oscillates and damp faster
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Fig. 10 Temporal evolution of the loop wave velocity and the magnetic field near the center
of one loop strand (V,0=0) at (-0.5,2.7,7.90). Left panels show the case without twist, and
the right panels show the evolutions of the case with twist. Solid curve corresponds to the =
components, dashed curve to the y components, and dotted curve to the z components of the
velocity and the magnetic field (adapted from Ofman 2009).

than parallel threaded loop. The results of the study show that internal loop structure,
twist, and flow can affect the oscillations and the damping, and therefore must be
properly modeled when coronal seismology is applied to observations to coronal loops.

4.2 Model Active Region

Ofman and Thompson (2002) were first to model an active region by an initially force-
free, bipolar magnetic configuration with gravitationally stratified plasma using nonlin-
ear, resistive 3D MHD code with gravity. In their model a velocity pulse was launched
at the boundary of the region to model the impact of an EIT wave. They showed that
the EIT wave is a fast mode wave that undergoes strong reflection and refraction in the
active region in agreement with observations showing that EIT waves travel around
active regions. Ofman and Thompson (2002) also found that the current-carrying ac-
tive regions can be destabilized by the impact of an EIT wave, and demonstrated that
the interaction between EIT waves and active regions can serve as a diagnostic tool for
coronal seismology.

Below is a brief review of the numerical results obtained from the active region
model with solar magnetic field developed by (Ofman 2007). The study was motivated
by MHD wave activity observed in coronal active region AR 8270 in the extreme
ultraviolet (EUV) by TRACE on 1998 July 14. To model the observed wave activity
following the flare, a velocity pulse was launched into a model active region from below.
The velocity and the density in the £ — y plane at z = 1.47 of the model active region
following the launch of the velocity pulse are shown in figure 12. The velocity pulse
was localized and centered at the region of the flare, as seen by TRACE 171A on July
14, 1998. The intensity scale shows the velocity and the density magnitude, and the
arrows show the direction of the flow at times at two times: ¢ = 22.1, and t = 33.1. It
is evident that the wave propagates outward with the local fast magnetosonic speed, in
agreement with previous 3D MHD studies (e.g. Wu et al. 2001; Terradas and Ofman
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Fig. 11 (a) The current density j2 isosurface at the level 0.22 for the loops shown in the right
panel of figure 9. (b) Same as (a) but at ¢ = 34.2 following the impact by the pulse (adapted
from Ofman 2009). See the animation of the oscillations in the electronic version of Ofman
(2009).

2004; Ofman and Thompson 2002). Thus, the model reproduces the EIT wave launched
by the flare and propagating away from the active region.

In figure 13 the temporal evolution of the normalized velocity and the magnetic
field components obtained in Ofman (2007) study is shown at two points inside the
active region: (0.32,-0.62,1.47), and (0.32,-0.62,1.94). The effects of the propagating
fast magnetosonic wave are evident in the initial fluctuations. The oscillations that
follow are due to the normal modes of the field line that passes through this point. The
oscillations are damped rapidly, since the wave is not trapped, and propagates away
from the active region.

Ofman (2007) found that the global oscillations in the model active region are in
good qualitative agreement with the oscillations seen in the movies of the TRACE 171A
observations. However, several individual loops in the observations damp on longer
timescales compared to the corresponding magnetic field line oscillation damping in
the model. This effect was attributed to wave trapping in individual loops in the active
region. The wave trapping in individual loops was not modeled in Ofman (2007). Wave
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Fig. 12 The velocity and the density in the z —y plane at z = 1.47 of the model active region.
The intensity scale shows the velocity and the density magnitude, and the arrows show the
direction of the flow at times (a) t = 22.1, and (b) ¢ = 33.1. (adapted from Ofman 2007)
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Fig. 13 The temporal evolution of the normalized velocity and the magnetic field at (a)
z=0.32, y = —0.62, z = 1.47, and (b) at z = 1.94 due to the velocity pulse launched from
below. The z components are shown with solid curves, the y components are shown with
dashes, and the z components are shown with dots (adapted from Ofman 2007).

trapping in model active region loops was studied in detail in McLaughlin and Ofman
(2008).
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4.3 Dense loop in Bi-polar Active Region

In order to investigate the response of a loop to an incoming EIT wave or a pulse
in more realistic than slab/cylindrical geometry, a potential bi-polar (Miyagoshi et al.
2004), or a dipole magnetic field (McLaughlin and Ofman 2008; Selwa and Ofman 2008;
Ofman and Selwa 2009) were used. The later studies essentially extended Ofman and
Thompson (2002) study by including a dense loop in the model bi-polar active region
(figure 14). The loop is constructed by adding gravitationally stratified plasma to a
given flux tube in the dipole magnetic field, with higher density than the background.

Fig. 14 Initial dipole 3D magnetic field configuration with dense loop shown in color (adapted
from Ofman and Selwa 2009).

Miyagoshi et al. (2004) developed 3D MHD model of the transverse oscillations
of a coronal loops in a bi-polar potential magnetic field with gravitationally stratified
atmosphere. The loop structure included three density regions: corona, transition re-
gion, and photosphere. The authors found that the wave period is determined by the
loop Alfvén time, and that the oscillations are damped exponentially with time. The
authors explained this damping by leakage of fast mode MHD waves out of the loop. In
that study damping rate was found to be wqamp o Va/R, where Va is the Alfvén speed
outside the loop, and R is the radius of the loop. Because of numerical limitations,
the plasma was 3 > 0.3 in Miyagoshi et al. (2004) - much larger than typical coronal
values. The authors found that the effect of wave trapping is small for the parameters
used in their model.

McLaughlin and Ofman (2008) found that the model EIT wave propagation gen-
erates field line oscillations, which are rapidly damped, and that the high density loop
can support trapped waves. They found that the impact of the EIT wave excited both
horizontal and vertical loop oscillations. They also found that amplitude of the oscil-
lations decreases, and the damping time increases with increasing density contrast. In
that model the main damping mechanism was wave leakage due to curvature, since the
loop boundary was assumed to be sharp, i.e., it could not support resonant absorption
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or phase mixing. McLaughlin and Ofman (2008) demonstrated the need for accurate
density measurements of individual loops for coronal seismology.

Recently, Ofman and Selwa (2009) investigated the oscillations of a dipole loop,
and the effect of the loop density profile across the field on the damping rate of the
transverse oscillations induced by a pulse (figure 14-15). The study was motivated
by prediction from resonant absorption theory that the damping rate is decreasing
with the sharpness of the boundary (Ruderman and Roberts 2002). However, Ofman
and Selwa (2009) found that the time signature of the loop oscillations was weakly
affected by the sharpness of the loop boundary. This was due to the rapid leakage of
the wave out of the loop enhanced by the loop curvature, and the large value of
(compared to typical coronal active region loop value) near the loop apex used in that
study (i.e., resonant absorption was not the dominant wave damping mechanism in
this model). In this model, 3 increases rapidly with height, since the gravitationally
stratified density and the corresponding thermal pressure decrease exponentially with
height, faster than the decrease of magnetic pressure. Currently, a study with lower
value of (3, more appropriate for typical coronal conditions is under way.
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Fig. 15 (a) Various density profiles along z of the loop at z = y = 0 (see equation (5): g = 6
(violet line), g = 4 (blue line), g = 3 (green line), ¢ = 2 (red line) and q = 1 (yellow line). (b)
Time signatures of the transversal component of velocity that correspond to the loop density
profiles shown in (a) (adapted from Ofman and Selwa 2009).

5 Discussion and Conclusions

Recent observations show that coronal loops and active regions are highly structured
and exhibit oscillations on time scales of minutes to hours. Impulsively excited wave
activity is observed in active regions and in individual loops in EUV, and as Doppler
shift oscillations. The periodicity of the waves is determined by the phase speed of the
particular mode, and the size of the structure. In some cases the dominant mode can be
clearly determined. However, in general it has proven to be difficult to determine the
exact phase speed of the observed wave, since it is determined by several factors, such
as fine structure, and mode coupling, that are difficult to determine observationally
due to limitations of present day instruments.

Regardless of the difficulties, it has been demonstrated in a number of studies
that wave activity can be used to study the physical properties of loops and active
regions via coronal seismology, i.e., using the observed wave properties to determine
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poorly known quantities such as B, n, and T by comparing the observed wave period,
wavelength, and/or speed to the theoretically expected value in a particular structure.
In this review several recent observations of waves were highlighted, and the results of
recent 3D MHD studies of waves in coronal loops and in active regions with applications
to coronal seismology were reviewed.

The observation and modeling of the waves can also help understanding the heat-
ing and stability of coronal active regions and loops. By investigating the damping of
the waves, the dissipation coefficients in the coronal plasma could be estimated, if the
damping is primarily due to dissipative process, such as viscosity, resistivity or thermal
conduction. It has been demonstrated by Ofman and Thompson (2002) that 3D MHD
models of active regions can show the onset of instability in non-potential model active
region, destabilized by an impulsive event. Due to lack of sufficient observational detail,
and due to the difficulty of modeling dissipative processes in the solar corona (where
the dissipation coefficients are assumed to be small, with dissipation times orders of
magnitude larger than Alfvén transit times), the determination of the dissipation co-
efficients is challenging and controversial, in particular for transverse waves, and was
discussed in several studies (Nakariakov et al. 1999; Ofman and Aschwanden 2002).
The dissipation of longitudinal waves is easier to model, due to the much larger dis-
sipation coefficients parallel to the magnetic field (Braginskii 1965), compared to the
transverse ones.

Three-dimensional MHD models of active regions with solar boundary conditions
have been recently developed to study waves in active regions excited by impulsive
events, such as flares, CME’s, and the impact of incoming EIT wave generated else-
where. Improved observations that provide information on three-dimensional active
region structure as well as on the propagation of EIT waves in the 3D corona from
STEREO require 3D MHD modeling. High spatial and temporal resolution from Hin-
0de/SOT, and spectral information from Hinode/EIS, combined with improved 3D
MHD models increase the accuracy of coronal seismology as coronal diagnostic tool,
and require detailed modeling that includes individual loops in realistic active region
magnetic topology, as well as the internal structure of loops that can dramatically af-
fect the evolution and the damping of the waves, compared to analytical predictions
from linearized straight cylinder or slab models.

The new observations, and the future high rate data from SDO requires the develop-
ment of wave diagnostic tool based on 3D MHD models. This tool, under development
today, must be able to incorporate in the near future observational constraints such as
realistic magnetic field and loop geometry, and fine structure, and provide rapidly the
results of wave modeling, that can be used for coronal seismology in near real-time.
These computational requirements, and the necessary level of detail are computation-
ally intensive today, and the relevant models must be parallelized (usually using mes-
sage passing interface (MPI)) to run on parallel computers, and contain modules for
adaptive mesh refinement (AMR) to resolve the fine structure.
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