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Abstract

W performed three-dimensional MHD numerical simulatons for solar coronal magnetie loop oscillations and
found: (11 The loop oscillation penod is determined by its Alfvén time. (23 The amplitude of oscillation decreases
exponentially in time. This is explained as energy transport by fast-maode MHD waves. The damping rite, ongg, is
deseribed as g o« Vo R where V, is the Allvén speed around loops and R s the radios of the loop. Because of

computer resources limitations, the plasma @ ovaloe is much larger than that of the real corona.

‘e thus applied

scalimg law derived Trom numerical simulation resulis 1o the real corona parameter ranges and analyzed the resulis
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I Introduction

Coronal loop oscillutions huve been observed Tor o Jong
time (c.g. Aschwanden et al. 1999 and references theremn).
There are u number of previous reports on lemporal oscil-
Lations 0 almost all wavelengths. However, omly o few are
imaging observitions of coronal loop oscillations.  maostly
restricted o one-dimensional scuns (g, Antonoect ¢l al
1984: Kuttenberg, Kuperus 1983 Pick, Trotter 1978; Trotet
et ul. 1979, 1981: Chemov er al. 1998 Sastry et al. 1951).
A few wesdimensonal imaging observations (e.g., Hurnson
1987 Aschwanden et al, 1992: Zlobee ef al. 19923 has been
performed but no spatial motion of the oscilliting system
s been detected. probably because of insuificient spatial
resolution,

The majorny of these oscillutons have been though w be
attnibuted 1o global modes of MHD oscillations in - comonal
loops, A few oscillations with periods o nearly 5 minutes
huve been assoviated with a coupling mechanism o phito-
spheric S-mimue oscillinions (e.g. Aschwanden et ol 19949),
Coronal loop escillaions have been thoaght w be assoctned
with coronal heating theories that involve wave interactions,
e, resomant heating by dissipative Allven waves (e.g. lonson
1978 Steinollson, Davila 1993,

The numerical studies ol coromal loops oscillations due
W Alfveén waves hiive been performed  for a0 long  time.
There hus been some three-dhimensional MHD maodeling jc.p.
Oman et al. 199%4ah: Pocdis, Goedbloed 19971 Poedis and
Croedblocd studicd the heating mechanism ol coromal loops In
thie resonant ahsomnicn of incident waves

By o data amalvsis of Tronxition Region amd Coronel
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Explorer (TRACE), coronal magnetic loops oscillations thit
are assocted with flares we detected (Aschwanden el al.
1999: Nokarjakov. Ofman 2001).  Observations of TRACE
with high spatial resolution detected spatially vscillating loops
with two-dimensional imagings. In Aschwanden et ald 1999),
they studied the dita ol TRACE armound 12:35 UT on 1998
July 14, They Tound some coromal loop oscillations with a
flare (GOES class M4 60, The osallsung loops weére most
conspicuous ducing the first 20 mioutes after the flare. The
charmeteristics ol the loop oscilkations are as follows: the length
of the oscillating loops @5 O o THE00 km, the 1rans-
verse amplitude of the oscillations is 2800 w0 6100 km, and
the mean period is 250 10 310s, The amplitude of the trans-
verse loop oscillations is ~ 3% ol the loop length.  They
concluded that the oscillations were triggered by the quasi-
raddial propagauon of the diswrbance associared with the Hare
ithe propagation specd was estimated about 70kms '3, The
timing of the spatial loop displicements coineides with the
arrival time of the distorbance ot the loop wops. Recently,
detarled analyses conceming many evients have been perfomied
(Schrjver et al. 20002; Aschwanden et al. 2002, Nakariakos
et al. (1999 suggested that the amplitude decay is caused
by coromal electncal diffusion. They estimated the electnical
resistanee by TRACE data based on this jded. Studies of
coromil loop oscillations are also motivined from the view point
o wblain informutions abwoul the plusma pasmwelers (lming.
velocuy, densiy, energy, and so on) ol Mare-induced disiur
banees (eg., Allvénic MHD waves, shock wives. Muorelon
wavest and of escillabor-tnggering phenomena le.p., Hare
Cnerey ).

To reprodece circomstances of  Joop oscillation and (o
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investignte the damping mechanism. we carried ol three-
dimensional numencal MHD simulations. In this paper, we
report on our results. In section 2. we provide our methods,
cquation system, initinl conditions, and boundary conditions.,
In section 3, we show our simulitions results. Inosection 4,
asumimary and discussions are given.

2. Numerical Simulations of Coronal Loop Oscillations
21

We  investigated  coronal  Joop  oscillations by thiee-
dimensional MHD numencal simulaions. We set a potential
magnelic loop as an initial condition.  As a disturbince that
tiggers the oscillagon, we set velociy fields ot the loop wp
and observed the decaying process of the oscillation.

Plvxfeal Plistine

2.2 Equution Svsiem

We adopt the following system of ideal MHD equations:

o,
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Here, € is the unit weasor: g, oo Vo kyome and ¢ are the density,
pressure. velocity of fiuid, Boltzman constant, mean molecula
mass. and light speed. respectively. 8 is the magnetic held,
= o ge,. g = const £, 1% unit vector in 2 direction) is the
gravitational acceleration, and 3 (= 5/3) is the specific heal
ratio. To make the above system ol equations dimensionless,
we introdduce three charactenstic guantities: the typical length
r tthe major redios of the loop). the typical density gy, (the
density ot the origin, which ix the base of the corona), and the
tvpical velocity Vi, (the sound speed an the orgin, which s
the base of the coronad in the system. We normalize all of
the variahles by using these three guantities and their combini-
tions, and obtain the following dimensionless varables (primed
variahlesy;

j P
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Using these dimensionless variables. we obluin @ dimenswon-
less system of equations. Aler here, all physical valies are
dimenstonless, bat prime () marks are omitted,

25 Iniviad Conlitients

We adopted o Cartesian codrdinate system (v, v. 2] m our
three-dimensional formelution.  The inital atmosphere s
hydrostatcally stratified in 7:

Region 1: T=w (2 <) il
ithe photosphere/choromosphere ).

' 0 (the tramsition soned,(12)

13

Region 2 T=a'™" (& -2

Region 3: T=1 (z=0) ithe coronu)

The parameter o (= (L1 is the raio of the wmpermuores of
the photosphere and the corona. Note than we chose this value
o = (L, which is somewhal larger than o realistic one in
the solar coronu, where o == 005, W save compuotation me.
However. it has been conhirmed by another run (not shown in
this paper) with o ={L005 than the essential resulis are no much
affected by this parameter. We ok 2 = (0 a1 the boundary of
the transition sone and the corona, and ook 2 1= 0.2 as the
lowwer boundary of the transition zonc. To confirm the eifect
of the width of transition region, we performed @ calculanion
im which the width ol irmsition region {20 was hall (= 0,1 as
lurge as that of the original (not shown in this paper), and found
thin s damping rte (mentioned in section 3 i ot almost
dilTerent from that of the onginal, We assumed this distribu-
tion of the temperature [equations {1 1=0133], and solved the
hvdrostanic equation,

=N+ pg=1 (14)

We nsed the solution as the initial distribution of the density
and the pressure, Then, the initial distribution was expressed
ax follivws fsee igure 1

Region 1:
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where region 3 represents the corona, region 2 the transinon
aone, and region 1 the chromesphere and the photosphere,
respectively. Here, we dehine the dimensionless patanieier as
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where ¢ i the ratio of the gravitational e the thenmal energies.
To provide the imtial povential neld, we set circle current

sources (e.g. Juckson 1962) with radios 10w poims (v, v, 2)=

(Lo o8, 1.5 iwhich are located om of the numerical

simulition box ), The strength of the circle current sinrces is

preseribed by giving the plasma gy af the origin. Here.
i

B /8m

fi= (12)
is the mitio of the gas and the magnetic pressures, respectivedy
(o is the gas pressure and By = the magnetic leld strength
at the ongin. A pecture of the magneoe fields disbuton s
given in higure 2a. The magnetic intensity as a function of # al
v = v =10 s given m Hgure LSy

Wee st the imitial velocity field with amplitade Voo o penur
Tantion o indoce oscillation, The location 1= near the loop op
tsee figure by We set the veloeity field in the v-direction
i a rectangular regwomn (004 v 4, 02 \) 0.2,
IR < 2 < 1.2) We performed parameter survey abom 1
fo. &, anid surveved the enhancement effect of the density
of the oscilluting loops. g, (see tble 1) In the cuse 2,
the valoe of the Alfven speed of the osalloing loop 1op s
Vy = L35, Thus, the Alfvién Mach number of the velocity
amplitude of oscillations M, is AV Vy -~ O8/1.35 = k6 in
Node that there s no discontinuous boundary tha
isolates & magneuc loop in the mital magnetic beld as well as
the densiy in cases 1 o 10 The magnetic flux tha s given by
the imitinl velocity perturbation s regarded as o Toop” o this
paper, The dense-loop case is also shiwn in subsection 3.2
When the unit density s oy = 837 0 100" [gem ') and the
unit velocity Vig= 166 = 107 [ems '] in cose 1 the mugnetic
teld strength e B =%.5]G) at the oagin (botom of corona). Al
thie lowopy top ol the oscillatimg loops. the ougnetic field stirength
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24 Bonndary Comdivions and Nwmerical Procedires

The simulation region is wken 10 be Y = & = Ve und
Vi = VT Vo 00 e <2 T2, where K= 135, By =
.55, v = 153, Yo = 1.53, 2py = — 0038, and 2, = 161
We adopt the frec boundary conditions [or each quantity (4 at
all boundaries ax follows:

e

% =0 (x = v 208 X b

il

'_Q =0 (= Vs 00 Vg )

iy

d2

¢ =0 (2= Tem 800 Xam)- {2

¥,
The number of grid poimts in the o, v, and 2 direetions are
175, 159, amd 132 in the simulation box, respectively,  We
adopted uniform mesh size from v = Libie L0, v = (L8

W (L8, 2= 0.25 o 1.5 Ouiside of this region. the mesh
siee increases by 5% of the neighbonng mesh poime We
solved the dimensionless system ol cquations by using the
muodified Lax-Wendroli scheme (Rubin, Burstein 19671 with
an srtificial viscosity (Lapidus 19671 'We pertormied a igher-
resolution calculation for the same parimelers as in case 2
(248 « 223 =« 193) woeheck the effect of the numerical viscosily.,
We also confivmed that the result is almost the same as that of
the vriginal

1 Results of SNumerical Simulations

S Eherview

We show an overview of our numerical results in case 2
(e =001, A& o= 005), Figore 3 shows nomencil simuliation
pesults of the time development of the three-dimensional view,
It cant be seen thut the perturbation in the velocity elds propa-
gates in space from the iniial pertarbed region ot only in the
direction along the loop. but also ino the sumounding gas,
Frgores dul and 42 show overviews of the oscillation on the
v plune,  The mugnetic loops (hlue wbes) are seen from
thee side. The color contonr shows the gas pressure and the
arrows shiow the velocity fields. T can be seen thal magnetic
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loops swing back and forth. The magminde of the veloeiy
ields decreases m ime because of the Tast-mode M wave
propagation (see subsection 3.2). Figures 4b1 and b2 show an
overview of the oseillation on the v plane near the loop top
(4 =10L93) AL =002, the gis ahead of the oscillating loops is
compressed and the mduced velociy leld exvends widely. Ax
¢ =24, the direction of the velociy neld s opposite and the
amplitude becomes smaller comparcd with that at 1 =112,

22 Owillearfon Pertods aned Deenpring

Figure § shows the displacement of the oscillining loop (left
pancl) and the oscillation amplimde 6V 1" (rght panel) as
functions of time 1. Here, 41 1% the magniude of the velocity
felds at the loop wp From s numencal simulston resuly, i
i« found that, along with an oscillstion, the amplilude decreases
exponentially in time. It is approximately described as

MV!:EMV}.I:L'.\;H ! h.'u:-{.%}. (24
Here, iogq, 1= the damping rate. P the period of the oscillation,
andl 4V the initial magnitde ol the velocity fields

Figure 6 shows the relation between the oscillation period
and the Alfvén speed of the oscillating loops ot the loop wp
Vi i Fromm this result. it is fownd tha

P

——, (25)
1'."._Iu1r

This result suggesis that the loop oscillation is o manifesti-
ton of the Alfvén mode ol the oseilliting loops,  Then. the
penod should be deseribed as P =20/ Vy . where L =7
1= the loop length, The dashed line in bgure 6 i a plot ol
thes formula, which his very well with the numerical resulis,
The small discrepancy between the theoretical line and the data
points is doe to the Alivén speed used i the model, which s
measured only at asighe point near o the loop apes. Actually,
the Alfvén speed is non-unilorm, and thus may be underesii-
mteel i the masdel.

Neat, we discuss oscillation damping, Figure 7 shows the
relution between the damping rie, oy, and the plisma beta,
fi.at the loop wp (lor case 2.4 5, 60 7, and 100, 1 is found tha
the damping rmile, o, i described as

2 !
R

These results can be exploned in the following discussion
as enerey Iranspon by the fast-mode MHD waves propagating
away from the simulation bos. For simplicity, we assume that
the wscillation loops are desenbed as an oscillating boand of
which the thickness is i ( ~ 2R L and the area of cross seetion is
8§ ~ (2R L) and the escillanion is one-dimensional. The Kinetie
enerey (E) of the oseillaton is

(26)

| .
E= :_;r'l.u-q. /T*’l’l”"h‘i'

[ o
| h s y )
> Plingy l [ Eﬁ-“-l'ﬂlh"-i’f.‘-]-‘-ﬂ'
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Here, d i is volume element und oy is the density in the oscil-
lting Jowps, respectively. The energy loss per unit time by the
Fast=-mide MHD waves propagation is

dE

it
where Vi ix the Tst-mode wave speed around the oscillining
lowrps. We assume that the included amplitude of the Gist-mode
MHID wave, 8V, i= proportional o the oscillation amplitude,
GV, by laetor, Cu. b 8V =Ce -4 V. From equations (27)
anel (28),

) e

> w =l T~ = -—F.
ifr - " ' i

P Pluill{“.i.mjl!"liﬁ‘“ ol Craa VIS, (28

(29

where Vs the Allven mode wave speed amuond Joops. We use
the relmion Vy =V, because & 1 an the coroms,. From this
equintion, we ebiain the exponentially decreasing amplitude as
deseribed in eguation (24 and the damping mae Dkl

M . ¥, |
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Fig. 7. Dhamuping rae oy (vertical axis) versus plaso beta @ ai the
hosiop o Chowrirontial axisd of ce 240 5060 T, and 1L 1 s Tound tha
the damping rute sy 18 described a5 gy oo 1y 7. The dotted line
shows the theoreticul Ime whien Cy,, = L3

Using the width ol the periurbation region for w (= (L4). we
abtain the theoretical value for the damping rite. The doted
ling in figure 7 shows this theorctical values when we take
e = 0.3, It nearly matches the numerical simulition resulis
To investigate the wave trmpping effect of the dense loop
(e, Steinolfson, Davila 1993; Ofman et al. 1994a,b), we
performed caleulations in which the gas of oscillating loops
i5 denser than the sumounding one in the nitial stie.  The
density of the oscillating loops (see figure 8a) is enbanced by
four (case a) or six times (case by as large as thi of case 2
in the initial state,  In case b, the ratio between the Alfvén
specd inside the loop (Vs e and outside the loop (V) s,
UV g/ OV = 04 which comesponds 1o 1/ 6, The Allvén
speed. V., o= a function of # a1l v = v =10} in cuse b is given in
figure 8h. We found thar the dumping rate is almost indepen
demt of the density ol the vscillating loops (hgure dey while
the oscillition perod increases as the density increases as
P J'l'..:,: thgure 8di The dependence of the oscillation perid
o the density gy 15 understond by the decrease in the Allvén

specd of the loops. Note that the dependence s nol o power
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law with index of 105 becanse o par of the enhanced mass
near the top of the oscilluting loops fulls down in the early
periesd of the simulations. From these results, the theoretical
muosdel deseribed by equation (25) 1s applicable, cven in coses
ol denser loops in the shiwn parameter mnge. In other wornds,
the trapping effect is weak in this range.

In this cise only the density 15 enbanced in the loop, keeping
other parsmmeters all the sume with case 20 So the matter is nol
in equilibrinm and gradually Galls, The temperature in the loop
is bower thism thit of the outside by the enhanced density, The
density i« enhanced in the region almost trmacing the oscillating
loop. However, becanse constderable mass staved o the Joop
throughout the whole caleulanion time. so we can see the effec
of the enhunced density in the oscillation Toop,

4. Sommary and Discussion

We performed three=timensional MHD nomencal sumula-
tioms for solar coromal magnetic loop oscillations, The results
are summarized as follows: (1) The loop escillation period s
determined by i Alivén time. (23 The amplitede ol oscil-
lutiom devreases exponentially in tme. This is explained as
energy ranspon by fst-maode MHD waves, The damping e,
e 15 deseribed as @ 2 VR, whene Vs the Alfven
speeil siround the loop and £ is the rmidios of the loop. (3) The
effect of the wave trapping is investigated by imposing an

enhancement in the density of the oscillating loops. We loumd
thait the damping mte i almost independent of the density of
the vscillating loops. while the oscillation period increases as
the density increases as P ,J'ILL:I' Therelore, the tRpping
effect is weak in the stsdied parameler range

In this paper, we tned w explain the mechanism thil controls
the period and the damping of the Toop oscillation. We also
foumd that by ssing our results, the physical parometers of the
phism fe.g., f, Allven speed, and perturbation speed associ-
ated with o fliare, and s o0} can be estiimated. For example,
the result we obtained s P =20 /V,. From observiations, the
period i aboun 260 5 and the loop length s about 1300000 km
by Aschwanden et al. (19991, We can then estimate the Alfvén
speed, which is abou 100 kms ' in this case. A similar
estimuttion is also given in Noakariakov and Ofman (2001 ). in
which they estimated the Alfvén specd

The values of plasma 4 in this paper are farger than that of
the real sun, becavse the caleulation of a lower plasma # vilue
thai this s very difficult i the curment complalion resources
However, we obtained the relationship of equation (300 in the
available parmmeter mnge. In this paper. we have presented
our discussion under the assumption thin this relitonship s
apphcable even in the lower parameter range. A confirmation
of this relation Tor realistic # valoes i still pecessary in the
future

Meabkaariakon en al, (1999 mentoned that oscillibon damping
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may be capsed by ohmic dissipation andfor by the viscosiy
in the corona. However, our mesulis show that the observed
damping can be expluned  withom  ohmic dissipation o
viscosity. Although there s still o shight difference about the
riie of oscillation diffusion time seale e Allvén tme scale
between oor results and those of Nakarakoy of al. (1999
abservation, it could be explained that the oscillating loop
rudins, K. derved from the observation was underestiimaed
because 11 was measured Trom the brightening visible pan of
the Auxes.

Covronal loop oscillations may modulate the aceelention of
partivles.  Asai et al. (2000) observed guasi-periodic pulsa-
vons i microwaves and hard Xeruys of a e by Nobeyama
Radioheliograph and Yohkoh. They found that the period of
the quasi-periodic pulsations wis almost cgoal W the global

T. Mivagoshi, T. Yokovama, and M. Shimojo

Allvén trunsit tme of the loop. They suggest that coronal Toop
oscillations may modulae the sceelerstion of particles. 17 the
periods of their observation results correspond 1o the global
Alfven mode, it suppons our estimation or Nakanakov und
O min (2001 1'% one about the periods of the oscillations,
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for helpiul discussions,  We also thank an anonymous
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