A&A 408, 755-765 (2003) Astronomy
DOI: 10.10570004-6361:20030984

& .
© ESO 2003 Astrophysics

The damping of slow MHD waves in solar coronal magnetic fields
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Abstract. A theoretical description of slow MHD wave propagation in the solar corona is presented. ffaremti damping
mechanisms, namely thermal conduction and compressive viscosity, are included and discussed in detail. We revise the proper-
ties of the “thermal” mode, which is excited when thermal conduction is included. The thermal mode is purely decaying in the
case of standing waves, but is oscillatory and decaying in the case of driven waves. When thermal conduction is dominant, the
waves propagate largely undamped, at the slower, isothermal sound speed. This implies that there is a minimum damping time
(or length) that can be obtained by thermal conduction alone. The results of numerical simulations are compared with TRACE
observations of propagating waves, driven by boundary motions, and standing waves observed by SOMERexcited by

an initial impulse. For typical coronal conditions, thermal conduction appears to be the dominant damping mechanism.
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1. Introduction effect of a non-zero inclination angle and a semi-circular loop

offset. An extensive overview of longitudinal intensity os-

Recent observations have illustrated that the solar corong.is-ions observed in coronal loops, together with a discus-

highly dynamic. Since the launch of SOHO and TRACEi,, of the measured parameters was recently presented by
many examples of small amplitude oscillations have been

qi ; ¢ <ol he hiah & Moortel et al. (2002a,b). Using a combination offei-
tected in a variety of solar structures. Due to the high spatjgl instruments, a number of authors have recently found ev-

and temp?ral resoluti?n offthgse spa_lce-bafsed missiqns, tpﬁé?‘nce for the propagation of slow magneto-acoustic waves
are now clear examples ot o serv_atlonS 0 propagatmg S Woughthe transition region and into the corona. Using mainly
MHD waves, which are possibly driven by boundary mOt'On%DS/SOHO MDVSOHO and TRACE, O'Shea et al. (2002)

For example, periodic density variations in coronal plumgs,,,q qscillations present in a sunspot umbra at all investi-

were first dett_ecte_d high above the limb by Ofman et al. (199(3 ted temperatures, from the temperature minimum (TRACE
using the white light channel of UVG@SOHO. DeForest & 1700 passband) to the coronal temperature offlog 6.4

G_urm_an (1998) c_ietected quasi-perioglic, propagating i”t%ns FE XVI 335 A). The measured propagation speeds sug-
sr;y d|sturb?nces n EVBO?O Oé)ss rvart]lons of pqlar p_Iu(;neZ est that the observed oscillations are slow magneto-acoustic
Ofman et al. (1999, 2000) found that these quasi-periodic digz. o5 hropagating from the footpoints along the magnetic field
turbances could be modelled as slow magneto-acoustic wayes.c rrom a joint SOHO and TRACE observing campaign
Non-linear, two—dlmenlswnal MHD S'mU|at'0nSI,ShOV‘1 that th%rynildsen et al. (2002) also found evidence for a 3 min period
°”tW"?“d'pf°PaQ?‘“”9 slowwaves steepen non-linearly and Mg&cillation above a sunspot umbra. The oscillation amplitudes
contnb_ute_ S|g_n|f|can'_[|y fo the heating of the corona t_)y VIS3re found to increase with increasing temperature, reaching a
cous dissipation. Using EfSOHO and TRACE respectively, aximum at about42 x 1C° K and then decreasing again in

Berghmans & Clette (1999) and De Moortel et al. (2009 e higher temperature lines. These authors again suggest that

reported on the detection of similar propagating oscillations, . propagation along the magnetic field above a sunspot re-
observed in coronal loops, whereas Robbrecht et al. (20

n makes it possible for the 3 min oscillations to reach the

compare propagating disturbances in coronal loops in t §rona. De Moortel et al. (2002c) presented results that indi-
EIT/SOHO 195 A and TRACE 171 A passbands. Based Qq

X . e that not only the 3-min (umbral) oscillation but also oscil-
thege o_bservatlons, Nakariakov et al. (ZOOQ) presented a mogjl ’ons with a 5 min period are observed in the corona.
again in terms of slow magneto-acoustic waves, and con-
cluded that the main factors influencing the wave evolution Recently, a totally dferent class of observed oscillatory
are dissipation and stratification. The model was further devefenomena, namely flare-excited, transversal oscillations of

oped by Tsiklauri & Nakariakov (2001), who incorporated theoronal loops have been the subject of considerable debate.
Using TRACE observations, Schrijver et al. (1999), and sub-

Send gprint requests tol. De Moortel, sequently Aschwanden et al. (1999), were first to present
e-mail: ineke@mcs.st-and.ac.uk evidence of transversal oscillations of active region loops.

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20030984



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20030984

756 I. De Moortel and A. W. Hood: Damping of slow MHD waves

The oscillations, with a period of roughly 5 min, are exciteMHD simulations, including thermal conduction and com-
by flares and decay extremely rapidly, on a timescale of the pressive viscosity, strongly suggest that the observed Doppler
der of 15 min. Using the same set of observations, Nakariakehift oscillations are indeed signatures of damped slow mag-
et al. (1999) suggested that the dissipationflocient in the netosonic waves (Ofman & Wang 2002). The large thermal
corona could be as much as eight or nine orders of magnitugenduction due to the high temperatures is the dominant wave
larger than the theoretically predicted classical value. Howevdamping mechanism, with a less significant contribution from
from a diferent set of observed loop oscillations, Schrijver &ompressive viscosity.
Brown (2000) argue that rocking motions in the photosphere, In this paper, we investigate the properties of uncou-
associated with the flare, cause the loops to oscillate and thled slow MHD waves, from the point of view of boundary
that the observed damping will only contain information aboudtiven oscillations. A theoretical study of the properties of
photospheric properties, rather than coronal properties. MHD waves can be found in e.g. Porter et al. (1994a,b) and
The detection of oscillations in the solar corona can be usRdberts (2000). The key features in our simulations are the
to improve existing estimates of coronal properties and dissigiamping of the waves due to two possible mechanisms, namely
tion codficients, both from direct measurements and indirettermal conduction and viscosity. We point out that thermal
methods such as “coronal seismology”. The idea of using alnduction introduces an extra “thermal” mode, in addition to
served oscillations as a diagnostic tool for determining physie slow mode (see Field 1965). After a description of the basic
cal conditions of the coronal plasma was first suggested almegtiations (Sect. 2) and an investigation of tfieet of varying
two decades ago by Roberts et al. (1984). However, only ngwe dimensionless parameters (Sect. 3), specific observations
do we see the first results of this idea, due to the increas®@ modelled (Sect. 4). Conclusions are summarised in Sect. 5.
temporal and spatial resolution of present-day, spaced-based
observations. Indeed, using the idea of coronal seismology, ]
Nakariakov & Ofman (2001) discuss the possibility of deteg- Basic equations

mining the Alfvén speed and magnetic field strength in corgs his work we only consider the slow MHD oscillations and
nal loops from observed, flare-generated, transversal osCillgestrict attention to motions along the background magnetic

tions. The possible role of leakage of the wave energy at tﬁ@ld, directed along the-axis. Thus, the MHD equations re-
footpoints of the oscillating loops as a mechanism for the 0f;,ce t0 a 1D system of the form

served rapid damping is studied by De Pontieu et al. (2001) and
Ofman (2002). Diferent damping mechanisms are presentedy K op 4 %

by Ofman & Aschwanden (2002), who suggest that the lodlg; 5, = "5z © 3°2 @)
oscillations are dissipated by phase mixing with anomalous,% Pl

high viscosity and Ruderman & Roberts (2002), who presentap = ~ 7, (0) (2
alternative model in terms of resonant absorption to explain t% op oo o1 oT

strong damping of the transversal loop oscillations. Goossegs + UE = —ypa—z + (y - 1)8_2 (K'E)’ 3)
et al. (2002) show that resonant absorption of quasi-mode kinlt<

oscillations can account for the observed rapid damping if tbe= %pRT. (4)
ratio of the length scale of the inhomogeneity to the radius of #

thg loop is allowed to vary fror_n Ioop to loop. This inte_rpre- is the mass densityp the gas pressurel the temper-
tation explains the rapid damping without the need to invo fure, v the velocity parallel to the magnetic fieldy =
anomalously low Reynolds numbers. An extensive overvi%u-rs/z kg mt gl (Hollweg 1985; Hood et al. 1989) the
a_nd ?‘”a'ys's of a large number of“transversal coronal loop ORcosity parallel to the magnetic field (the compressive vis-
cillations was presented by Schrijver et al. (2002) and a 5sity) k= koT52 W m* deg* the thermal conductivity par-
tailed discussion of the parameters obtained from these %ﬂél to the magnetic fieldR the gas constant andthie mean
servations can be found in Aschwanden et al. (2002). Thesgacjar weight. The basic equilibrium is taken as a uniform

authors suggest that the observed, transversal loop oscillati A% ma with pressurgo, density,o, and temperaturdy. Due

conform to some extent to the evolution of impulsively gerf, y,ormq) conduction, we consider the background tempera-

era_ted MHD waves, where the rapid decay time could be &ire to be almost isothermal and hence neglect both optically
plained by a realistic treatment of the leakage of wave ENe@Yn radiation and the unknown coronal heating function.

at the footpoints of the loops. . _ Before proceeding, Egs. (1) to (4) are made dimensionless
Anal_ysmg SUMERSOHO observations of a solar I|m_b sing the ert)quilibriumgvalues for pressure, density and temper-

flare, Kliem e_t al. (2002) and Wa_ng etal. (2002a) four_1d_ rap'qgture. The velocity is expressedwas csv, where the adiabatic

damped, oscillatory Doppler shifts, where the large initial d|§- und speeds is defined by

turbance points toward a similar interpretation in terms ofo

impulsively generated MHD waves. Due to the good agregr _ YPo

ment with the observed periods ¥4-18 min) Wang et al. °  pq

(2002b) favour an interpretation in terms of a slow standing_g ) . i

wave, although they do point out that the absence of brightn Qr future reference, the isothermal sound speed is defined by

fluctuations with the same oscillatory period argues against Po

compressive wave. The results of one dimensional, non-linear- %'

(®)

(6)
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The length and time are non-dimensionalised in terms of a désd
tancelL and timer, where op1
,0)=0 — ,1) = 0. 15
L = . 1(Zmax ) 9z (Zmax 1) (15)
The resulting system of equations contains the following diotice thatin the ideal case, wher= d = 0, only the velocity

mensionless parameters’ name|y the Reyno'ds nurﬁber’ conditions are necessary and that pressure conditions are sim-
ply consistent with the linearised equations. A standing wave

_1_ ”LTZ, (7) problem can be modelled by assuming thé) = 0 above and
R pol the initial conditions are
and the thermal ratio, defined in De Moortel et al. (2002b) as

01(20)=F(2), pi(z0)=p1(z20)=Ti(z0)=0. (16)

(8) The actual choices fof (t) and F(2) will be specified later.
Additionally, the temperature conditions must be selected. Two

which is the ratio of the sound travel times(= L/cs) and gpvious choice are zero temperature, so that
the thermal conduction timescale.4ng = L2po/(y — 1)k To)-
Notice thate andd are expressed in terms of the timescale T1(0,t) = T1(Zmax t) =0, (17)
This is preferrable since most observed waves have a pre-
scribed period, which we take as rather than a prescribedand zero flux where
coronal loop length. ATy Ty

Dropping bars from dimensionless quantities, Egs. (W(O’t) = 5z Fmaet) = 0. (18)
to (4) are linearised to give

(= DxiTopo _ 1 75

d= = s
¥? DST Y Tcond

In the first case, thermal energy flows out through the ends

vy 10py 4 0% of the loop whereas in the second case heat does not escape
ot v 0z t3€2° ) from the system. In general, the choice of temperature bound-
dp1 Ay ary conditions is not too critical for damped oscillations. It can
ot oz (10) make the dierence between stable and unstable modes when
a1, P 9T, the equilibrium temperature is .not uniform (see, for gxample,
i —(y - 1)5 + ydﬁ, (11) Hood & Priest 1980). For the simulations presented in the rest

of this paper, we select the first temperature condition, given in
Pr=p1+To (12) Eq. (17). The partial dierential equations will be solved using
Consider the case = 0. If the thermal ratiad is also zero, asimple, second-order, Lax-Wenéscheme.

then the linearised equations simply reduce to sound waves

that propagate with the adiabatic sound speed. Intuitively, o
would imagine that the inclusion of thermal conduction wil
introduce dissipation and that the disturbances will automafiefore presenting the results of the numerical simulations, we
cally be damped. This is certainly truedfis small. However, investigate the infinite uniform medium using the results of
if d is very large, then Eq. (11) implies that = 0 and Field (1965). Assume that all disturbances are expressed as
Eqg. (12) givesp: = p:1 so that Egs. (9) and (10) give un-Fourier components, expif — k2, and that viscosity is ne-
damped sound waves that propagate at the isothermal sogledted, so that thermal conduction is the only damping mech-
speedgi = cs/ +/y. Therefore, if thermal conduction dominateginism. Thus, a dispersion relation is obtained that is quartic in
(d > 1) then disturbances are simply undamped waves tiiag¢ wavenumbek and cubic in the frequenay,

propagate at a slower speed. Notice that the velocity is always )
damped if viscosity is included. However, the rate at which tﬁ‘é§_ iw?ydk - wk® + idk* = 0. (19)

disturbances damp in relation to the period of the oscillatiogg), 5 fixed wavenumber, as in the case of standing waves,

depends on the value of the non-dimensional parareeter  1a three values of, correspond to two slow waves modi-
fied by thermal conduction and a purely imaginary solution,

2.1. Boundary conditions giving a decaying disturbance in time, denoted as the “ther-

) ) ) - o mal” mode. Note that fod = 0 we havew = +k and for
Finally, a discussion of boundary conditions is important. The _, , , = +k/+/7 as described above. To avoid having to
observations of De.MolorteI et al. (2002§,b) show that Sloéfbecify a value for the wavenumblerwe re-write Eq. (19) in
waves are propagating in from the footpoints of coronal 100Rgms ofw/k andkd. We remind the reader that all variables
In this case driven boundary conditions are necessary. Thus f@f gimensionless. The slow waves have a minimum damping

®Theoretical considerations

the driven case we consider the initial conditions time as can be seen in Fig. 1a, where the dimensionless damp-
v1(2,0) = p1(z 0) = p1(z 0) = T1(z 0) = O, (13) ing time, which is proportional to the reciprocal of the imag-
inary part ofw/k, is plotted againskd. Thus, if the required
and the boundary conditions damping time for observed slow waves is shorter than the min-
apr imum thermal conduction damping time, then another damping

v1(0,t) = f(1), E(O’ t) = -f'(1), (14)  mechanism is required. The damping per period, introduced by
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Fig. 1. The variation ofa) the damping time Img/k)~* andb) D, = Refw/K)/Im(w/K) as a function okd. c) The variation of the damping
length Im/w)~* andd) Dy = Rek/w)/Im(k/w) as a function ofud. The solid line corresponds to the slow mode, whereas the dashed line

corresponds to the thermal mode.

Stein & Spiegel (1967), is defined &, = Re/K)/Im(w/K) Dpx = Rek/w)/Im(k/w) is shown in Fig. 1dDy is plot-

and gives a measure of the number of oscillations before tiee for both the slow mode and the thermal mode, seeing that
wave is damped. This can be obtained from observations dhd latter is now oscillatory. It is clear that the thermal mode
compared with the theoretical models. As the thermal modessdamped extremely quickly, and that very few oscillations
purely imaginaryDy,, is of course only plotted for the slowwould be observed.

waves in Fig. 1b. Again, if the observed number of periods
is less than the minimum number of periods before the waye,
is damped due to thermal conduction, an additional damping
mechanism will be needed. In this section, the behaviour of slow waves that are driven by

The driven boundary case can be considered by assiundary conditions a = 0 is considered by selecting the
ing that the frequency is fixed. As Eq. (19) is quartic in thforcing functionf (t). For a monochromatic source, we take

wavenumbek, there will be four solutions, corresponding to sin2rt 0<t<n
two slow waves, and two thermal modes. Contrary to the starfdt) = { 0 elsewher’e
ing waves, both the slow and thermal mode are now oscillatory

and decaying in height. This time, to avoid having to specifyhere n defines the number of cycles that the boundary is
a value for the frequency, we re-write Eqg. (19) in terms of driven for. For largen, the boundary is féectively driven har-

k/w andwd. The dimensionless damping length is then pranonically. More random driving can be selected by choosing
portional to the reciprocal of the imaginary partigfu, and is an appropriate form fof (t).

plotted in Fig. 1c. The slow waves have a minimum damping Before considering the damping due to thermal conduction,
length due to thermal conductivity. If the damping length olitis appropriate to revise some of the ideas of slow mode prop-
served is shorter than the minimum damping length predictadation (Roberts 1985 and references therein). If the length of
by thermal conductivity, then the waves must be damped the loop, in dimensionless units, is an integer multiple of 0.5,
some other mechanism. Finally, the damping per wavelengtien the loop will resonate, with the amplitude of the velocity

. Slow mode propagation (ideal case)

(20)
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Fig. 2. a) A cross-section of the perturbed velocity as a function of time :at0.25, for whichz,.x = 0.5 andd = ¢ = 0 and for which the
boundary was driven continuously) A similar cross-section of the velocity at= 0.2, with zh,x = 0.4. ¢) A cross-section of the perturbed
velocity atz = 0.25 in a loop driven for only one cycle, with,,x = 0.5 andd = € = 0. d) Contour plot of the velocity as a function pfandt

in a loop driven for only one cycle withnax = 1.2.

growing linearly with time. In Fig. 2a, a cross-section of theespectively. This implies that thermal conductivity along the
velocity atz = 0.25, for whichz,ax = 0.5, is shown as a magnetic field will be primarily by electrons. Using Eq. (8) and
function of timet. The dashed lines illustrate that the ampliassuming standard coronal values for all variables,

tude of the perturbed velocity does indeed increase linearly

with time. Detuning the loop by decreasing the length frorh To = 10° K,

Zmax = 0.5 10 Zmax = 0.4 produces a velocity pattern that os{ Po = 1.67x 102 kg m3,

cillates with the driving frequency but has an amplitude thatx; = 107 T§/2 Wmdeg?,

is modified by a beat frequency. This is illustrated in Fig. 28, = 0.6, (21)
where a cross-section of the velocity at= 0.2 is plotted. | R =8.3x 16 m?s2 deg?,

In both cases, the boundary was driven continuously throughy = 5/3,

out the simulation, producing, infflect, harmonically driven | 7 =300s

waves. Next, we consider a boundary driving motion that con- ) ) )
sists of only one period. If the loop is resonant, for exampﬁalves a Va'!Je o N 0'02_5 for the thermal ratio. Using th|§
taking znax = 0.5, a standing wave is created but if the loop igalue ford in our simulations, Fig. .3a shows a c_ross-se_ctlon
noN-resonant, e.gmax = 1.2, apropagatingdisturbance,whicr?t z = 0.25 of the perturbed velocity, as a function of time,

travels without changing shape, is produced. These results %r,jgen with an infinite har_monic wavetrain_. When the loop is
clearly shown in Figs. 2¢ and d. resonantly driven, e.g. witl,ax = 0.5 (solid line), the am-

plitude initially increases, as the fundamental, resonant mode
is excited. However, thermal conduction stops this growth and
3.2. Thermal conduction the amplitude levelsfb as a steady state is reached, whereby
the energy being injected into the system through the boundary
We now repeat the previous simulations but include dissipgotions balances the energy leaving the system. The dashed
tion through thermal conduction. It is easy to demonstrate th@ife shows the result of thermal conduction on a non-resonant
under the assumption of a single fluid, so tiat Te = Tp, |oop. Herezyax = 0.6 and instead of driving a resonance, there
the ratio of the electron and ion thermal conductivif}fx; ~ is some evidence of an initial growth and the start of the beat
vm/me, wherem and me are the ion and electron massphenomena, but the amplitude rapidly reaches a constant value
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Fig. 3. a) A cross-section of the perturbed velocity as a function of time-a0.25, for whichzn,x = 0.5, d = 0.025,¢ = 0 and for which the
boundary was driven continuously. The dashed line shows the result for the not-resonantly driven lapgwit@.6. b) Similar toa) but for
a loop driven for only one cycle.

Fig. 4. a) Contour plot of the perturbed velocity as a functiorz@ndt, for whichz,,x = 15 andd = € = 0 and for which the boundary was
driven continuouslyb) Similar toa) but withd = 0.48.

that is considerably smaller than in the resonant case. Figurexglves propagating in from one footpoint, for which the upper
shows the behaviour when only one cycle of the boundabpundaryz,,x Wwas taken sfiiciently large, so that the waves do
motion occurs. For the resonant loop caggx = 0.5 (solid not reach this boundary within the duration of the simulation.
line), a standing wave is created, which damps as expected. Figure 4a shows a contour plot of the resulting perturbed veloc-
Zmax = 0.6 (dashed line) a disturbance that is made up of maity, when no thermal conduction is present, de= 0. At atime

of the harmonics of standing modes is produced. There istaa 8, the perturbations reach a positibe 8, confirming that
initial rapid decay as the higher harmonics decay faster befdine dimensionless wavespeed is equal to one. However, when a
the fundamental mode emerges and decays in a similar marasge amount of thermal conductivity is present, é.g 0.48,

as the resonant case. the gradients of the diagonal slopes in the contour plot of the

If we compare the results for the slow mode propagationW'OCi'Fy (Fig. 4b) become steepgr, indicating that the waves are
an ideal plasma (Fig. 2) with the wave propagation when théi@velling slower. Indeed, at a time= 8, the perturbations
mal conduction is included (Fig. 3), it is clear that the ampl@Nly reach a positioz ~ 6.15 = 8/+/y. Increasing the ther-
tudes of the waves are considerably smaller due to the therfal conductivity even further re_sults in perturbations that travel
conduction. The immediate thought is that, since thermal cdRere Or less undamped at a dimensionless spgggl. These
duction can damp these disturbances, increasing the therfigiulations also confirmed that for largethe amplitudes of
conductivity through an increase in the thermal ratio shouf@d® temperature perturbatiomg are very small, and thus, that
result in the required damping rate to match with observatioid€ Plasma hasfiectively become isothermal. As predicted by
However, as mentioned in the discussion of Egs. (9)—(12), th&#@- (12), the perturbed pressyrgand density; have roughly
is a minimum decay length and time. For very small valudle same amplltud(_es. Inthe ideal case, there are significant tem-
of d, the slow waves travel undamped at the adiabatic soup@fature perturbations, and consequently, the pressure pertur-
speed, which in our dimensionless units has been normali§égons are larger than the density perturbations.
to one. In the limit of larged they are only weakly damped  Additionally, the diferent propagation speed results in a
and travel at the isothermal sound speed, which has been mifferent resonant behaviour. Now loops with a dimension-
malised to J+fy. This is shown in the simulations of slowless length that is an integer multiple of50\/y ~ 0.4 will
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Fig. 5. a) A cross-section of the perturbed velocity as a function of time-=at0.25, for whichz,.x = 0.5, d = 0.48, ¢ = 0 and for which the
boundary was driven continuously) A similar cross-section of the velocity at= 0.2, with z,,x = 0.4. ¢) Contour plot of the velocity as a
function ofzandt in a loop driven for only one cycle, withn.x = 1.0, d = 0.48, ¢ = 0. d) A cross-section of the perturbed velocityzat 0.2
in a loop driven for only one cycle, withnax = 0.4,d = 0.48,¢ = 0.

resonate. Indeed, Fig. 5a shows that a harmonically driven lotpgermal conductivity, the ratio of electron and ion viscosity,
with lengthzyax = 0.5 now produces a perturbed velocity thaﬁg/nio ~ y/me/m and thus, ion viscosity will give by far the
oscillates with the driving frequency but has an amplitude thddminant contribution. Using Eq. (7), the values quoted in
is modulated by a beat frequency. The amount of thermal cdfg. (21) andpy = 10717 T2 kg m* s, we find a value of
ductivity that is present still produces a small amount of damp-= 0.00086 for the dimensionless viscosity @ogent. For
ing. Choosing an even larger value for the thermal rdtwill such a small value of, the d@fect of compressive viscosity is
result in a velocity pattern that is qualitatively similar to théardly noticeable and therefore, we will use an artificial value,
velocity oscillations seen in a non-resonant loop in an ideahich is roughly ten times larger,= 0.0075. The results of the
plasma (see Fig. 2b). Tuning the loop to be resonant by chosinaulations are illustrated in Figs. 6a, b. When the boundary is
iNg Znax = 0.4 results in the amplitude of the velocity growingdriven with an infinite harmonic wavetrain (Fig. 6a), the am-
with time. The growth rate is slower than linear, as the pertytitude of the perturbed velocity initially increases but due to
bations are still slightly damped due to the thermal conductidhe viscosity, the amplitudes leveffand eventually, a steady
Figures 5c¢, d show that driving the boundary for only one cyc#tate is achieved, whereby the incoming and outgoing energy
produces similar results as before. If the loop is non-resonardjance each other. The dashed line shows the result in a non-
for example takingmax = 1.0, a propagating pulse is createdresonant loop, i.&max = 0.6. Initally, a beat frequency appears
whereas in a resonant loop, ezgax = 0.4, a standing wave is but very quickly, the amplitudes are levelled out by the viscos-
excited. There is again still a small amount of damping presetyt When the boundary is driven for only one cycle (Fig. 6b),
in both cases. only a limited amount of energy is injected into the system

and the perturbations are damped. The results fer0.075,

i.e. about 100 times the theoretically predicted value, are shown
3.3. Viscosity in Figs. 6¢, d. Generally, there is littleftBrence between the

evolution of the perturbations in a resonant or in a non-resonant
In this section, we investigate theffect of compressive loop as the perturbations are damped before the resonant ef-
viscosity on the damping of slow waves, and compare fitcts can become significant. Comparing with Fig. 3 shows
with the damping due to thermal conduction. Contrary tihat the behaviour of the perturbations is very similar whether
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Fig. 6. a) A cross-section of the perturbed velocity as a function of time=a0.25, for whichz,,x = 0.5, € = 0.0075,d = 0 and for which the
boundary was driven continuously. The dashed line shows the result for the not-resonantly driven lapgwith.6. b) Similar toa) but for
a loop driven for only one cycle) Similar toa) but with e = 0.075.d) Similar tob) but with e = 0.075.

“normal” thermal conductivity or a lot of compressive viscospropagating disturbances were found in the footpoints of large,
ity is present. Keeping in mind that we enhanced the value diffuse coronal loop structures, close to active regions and they
€ by a factor of ten to one hundred, we expect thermal coappeared to be a widespread, regularly occurring coronal phe-
duction to be the dominant damping mechanism of slow wavesmena (De Moortel et al. 2002a). The propagation speeds
in coronal loops, and the contribution of compressive viscosere estimated to be of the orderwof 122+ 43 kms?®. The

ity to be less significant. However, we remind the reader thamnplitudes of the intensity oscillations were roughly/#41.5%

our current model is limited to an isothermal plasma, and doefsthe background loop brightness, with the smallest ampli-
not include additionalf@ects such as e.qg. stratification and loofudes detected above a 99% confidence level of the order of 1%.
geometry. Finally, we point out that increasing the value of tHehe propagating disturbances were found to be damped very
viscosity codficient further does not alter the characteristics @fuickly and typically only present in the first 2:93.2 Mm

the plasma, unlike increasing the thermal ratiovhen consid- along the loop. Loops that were situated above sunspot regions
ering thermal conduction. The perturbations continue to proghisplayed intensity oscillations with periods centred around
gate with the adiabatic sound speed but will be damped quicBemin, whereas oscillations in “non-sunspot” loops showed pe-
as the viscosity increases. riods centred around 5 min.

In Sect. 3, we showed that, for a fixed frequency, there is
a minimum damping length that can be obtained due to ther-
mal conduction alone. This value occurs for a thermal ratio
In this section, we apply the results described above to two sge-= 0.1, which is about four times the value obtained using the
cific examples of recently observed oscillations in solar corongpical coronal parameters quoted in Eq. (21). As pointed out
loops, which were both interpreted in terms of slow magnetabove, the intensity oscillations are no longer detected, above
acoustic waves. a 99% confidence level, when the amplitudes have decreased
by a factor of about four. Therefore, rather than a damping
length, we will estimate a “detection” length, where the den-
sity perturbations have decreased by a factor of four. Figure 7a
Firstly, we consider density disturbances observed by TRAGEows a contour plot of the perturbed density as a function of
in the lower part of coronal loops. The majority of thehe length alongthe loop (in Mm) and time (in minutes), for the

4. Applications

4.1. Propagating waves observed by TRACE
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Fig. 7. a) Contour plot of the perturbed density as a functiore@indt, for whichd = 0.1, e = 0 and for which the boundary was driven
continuouslyb) Similar toa) but withd = 0.1 ande = 0.045.

“enhanced” thermal ratial = 0.1. The contour level where the SUMER/'SOHO (Kliem et al. 2002; Wang et al. 2002a,b).
density has decreased to a quarter of its initial value is outlin€tlese authors studied a total of 35 cases, associated with
seperatly. We see that in this case, the perturbations would h&veflare-like events and estimated the oscillatory periods to be
been detected up to 55-60 Mm along the loop. Using the stafi-the order of 10.8-31.1 min. The Doppler shifts were only
dard thermal ratiod = 0.025, resulted in a detection lengthdetected in hot flare lines, at a temperaturd of 6-10 MK.
of about 130 Mm. Due to the increased thermal conductioim,most cases, the oscillations showed a large initial pulse, with
the temperature perturbations when= 0.1 are considerable amplitudes up te = 200 km s* and, subsequently, a very rapid
smaller compared td = 0.025. Also, although not quite at thedamping, with damping times in the range of 5.5-28.9 min.
isothermal sound speed yet, the perturbations travel somewlang et al. (2002a,b) found good agreement between the ob-
slower ford = 0.1. However, the observed propagation speedserved periods and the theoretically predicted theory of a slow
v ~ 122+43 kms?, overlap with both the isothermal and adiamode, standing wave. Thgdtperiod phase fierence between
batic sound speed at 4B, and therefore do not allow us to dis-Doppler shift and intensity oscillations observed by Wang et al.
tinguish between dierent values of the thermal ratio. Figure 71§2003) provides strong support for the interpretation in terms
shows the combinedffect of thermal conductivity and com-of slow, standing waves. We will compare our results with those
pressive viscosity. For these simulations, the increased valu@b®©fman & Wang (2002), who model the oscillations in terms
the thermal ratiod = 0.1, was used, together with an enhanceaf slow magneto-acoustic waves and also include dissipation
(by a factor of about 50) viscosity cfiient,e = 0.045. For by thermal conduction and compressive viscosity. The results
these values, a detection length of 20-25 Mm, which woutd the simulations by Ofman & Wang (2002) corresponded well
correspond with the largest of the observed values, can be wofith the observed parameters, hence confirming the interpreta-
tained. Including the standard value for the viscosityfiioent tion in terms of a slow magneto-acoustic wave.
had no noticeablefiect on the damping length. Only taking To model these observations, we will simulate standing
into account compressive viscosity, the viscosityfioenthas waves, by assuming(t) = 0 and considering an initial pro-
to be increased by a factor of about 115 to obtain this detectiiile, F(2),
length. Seeing there is a minimum damping length that can be
achieved by thermal conduction, the value of 25 Mm cannot bgz 0) = V, sin( 2”2), (22)
reproduced by including thermal conductivity alone. ax

Although the detection lengths obtained from the simulgyhereV, is the (dimensionless) initial amplitude of the wave
tions are still somewhat larger than the observed values, th@t = 0. For our simulation, we will use the same loop pa-
are in good order-of-magnitude agreement, especially if wWgmeters as Ofman & Wang (2002): a loop lengtk znax =
keep in mind that the observed detection lenghts are probably Mm, a density, = 8.35x 10723 kg m > and a tempera-
lower limit due to projection #ects. Seeing that we could obture Ty = 8 x 10 K. Using these values for temperature and
tain these detection lengths for “normal” values of the therm@énsity, we find a sound speegl~ 430 kms®. Assuming an
ratio, but only for enhanced values of the viscosityfGoent, injtial amplitude of about 86 knt$, givesV, = 0.2. Using
it seems appropriate to suggest that the observed density per= 430 kms? results in a timescale = 15.5 min, a ther-
turbations are largely damped by thermal conduction, withngal ratiod = 0.36 and a dimensionless viscosity @oeent

smaller contribution from compressive viscosity. e = 0.013. We note that this value of the thermal ratio cor-
responds to more than three times the valyg, where the
4.2. Standing waves observed by SUMER damping due to thermal conduction reaches its minimum. For

this value ofd, we expect the perturbations to travel at some
The second set of oscillations we consider are Doppler sHiftbrid speed, somewhere between the adiabatic and isother-
oscillations observed in hot, active region, coronal loops Inyal sound speed;; ~ 330 kms?!. A cross-section of the



764 I. De Moortel and A. W. Hood: Damping of slow MHD waves

(b)
20F T
£ & 9
> > F
‘ ‘ ‘ ‘ ‘ ‘ —20k ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
t (min) t (min)

Fig. 8. a) A cross-section of the perturbed velocity as a function of time=atl40 Mm, forT = 8 MK andV, = 0.2. The exponential decay is
shown as a dashed linkg) Similar toa) but withT = 6.3 MK andV, = 0.047.

perturbed velocity as a function of time at= 140 Mm is different physical circumstances. Although MHD waves have
shown in Fig. 8a. The fact that the period of the perturbdxken studied extensively in the past, pointing out all the proper-
velocity, P = 19 min, is not equal to the timescale, = ties of slow magneto-acoustic waves is useful, given the recent
155 min, demonstrates that the wave does not travel at #i@ount of observations that have been interpreted in terms of
adiabatic sound speed, but at a slower hybrid speed. Indesdw waves. We found that including thermal conduction intro-
if the perturbations travelled at exactly the isothermal soundces the “thermal” mode. When considering standing waves,
speed, the simulated (or isothermal) period would have been keeping the wavenumblereal and fixed, the thermal mode
T+fy = 20 min. Fitting an exponential decay (dashed ling$ purely decaying in time. If the thermal ratibtends to zero,
of the formVy exp(-t/ty) to the velocity perturbations gives athe thermal mode becomes isobaric, i.e. there are no pressure
damping timey of the order of 26.5 min. Due to the high valugerturbations. If the thermal ratibtends to infinity, there are
of the thermal conductivity, the temperature perturbations are density perturbations. For propagating waves, i.e. keeping
very small, of the order of 3% of the background temperaturthe frequencyw real and fixed, the thermal mode is oscillatory

To model the recent example observed by Wang et ahd decaying. Depending on the boundary conditions, pertur-
(2003), we decrease the temperatureTto= 6.3 x 10° K, bations will be a combination of both the slow and the thermal
which results in a sound speed ~ 380 kms?, a timescale mode. We showed that there is a minimum damping time (or
T = 175 min, a thermal rati@l = 0.23 and a dimensionlesslength) that can be obtained by thermal conduction alone, so
viscosity codficiente = 0.008. SettingVy = 0.047 gives an if stronger damping is required, an alternative mechanism such
initial amplitude of about 18 knT$. The result of this simu- as compressive viscosity has to be included. Indeed, including
lation is shown in Fig. 8b, again as a cross-section of the partarge amount of thermal conductivity significantly alters the
turbed velocity. The period of the oscillation is about 21 mioharacteristics of the medium. The plasma becomes isothermal
(the “isothermal” period is 22.6 min in this case) and the damplmost instantaneously and the perturbations propagate largely
ing time, given by the exponential decay, is 36.7 min. undamped, at the slower, isothermal sound speed. Titer-di

For the T = 8 MK case, the obtained damping timeent speed results in a change in the resonant behaviour, with
ty = 26.7 min, is longer than the value obtained by Ofmaresonance occurring forftierent loop lengths, compared to the
& Wang (2002), who obtain a damping time of 17.7 minideal case. For a coronal plasma at a temperature of 1 MK,
However, these authors include non-linearity and viscous hetiiermal conduction appears to be the dominant damping mech-
ing in their model, which could explain theftérence in the anism. We had to increase the compressive viscositficimant
obtained damping times. The results of the simulations fby a factor of ten to one hundred to obtain a noticeable ef-
T = 6.3 MK, on the other hand, do agree well with the refect on the waves. Including “normal” thermal conduction or
cent example presented by Wang et al. (2003), who quotedteongly enhanced compressive viscosity produced largely sim-
damping time of 36.8 min. The main result of our study is thaar results.
the perturbations do not oscillate with the “adiabatic” period, In Sect. 4, we considered twof#rent types of recently
but with a period which could be up to a factgfy longer. observed oscillations, namely propagating and standing slow
magneto-acoustic waves. In case of the propagating den-
sity perturbations, thermal conduction alone resulted in a de-
tection length of 55-60 Mm, which is in good order-of-
In this paper, we have investigated the propagation anthgnitude agreement with observed values (3—23 Mm), given
damping of slow magneto-acoustic waves in a homogenedhiat these are probably a lower limit due to projection ef-
medium, including the féects of thermal conduction andfects. Combining thermal conduction with enhanced compres-
compressive viscosity. Varying the dimensionless paransve viscosity (by a factor of 50) produced a detection length
ters revealed the complex behaviour of slow modes unddrroughly 26-25 Mm, which agrees with the observations

5. Discussion and conclusions
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without considering potential projections$fects. Given that De Moortel, 1., Ireland, J., Hood, A. W., & Walsh, R. W. 2002a,
these are propagating perturbations, in which case the ther-Sol. Phys., 209, 61
mal mode would be oscillatory, it might be possible to od?e Moortel, I., Hood, A. W., Ireland, J., & Walsh, R. W. 2002b,
tain faster damping by choosing the right boundary conditions Sol- Phys., 209, 89

so that the perturbations consist mainly of the thermal mod& “é'g?rtfl';-' Ireland, J., Hood, A. W., & Walsh, R. W. 2002¢, A&A,
Secondly, rapidly damped Doppler shift oscillations, observ%cé Pontieu, B., Martens, P. C. H., & Hudson, H. S. 2001, ApJ, 558,

in hot coronal loops, were modelled as standing waves. Du
t_o .thg high temperqtures, a Iarge amount of t_hermal ?Onfjﬁife'ld, G.B. 1965, ApJ, 142, 531
tivity is present, which results in the perturbations oscillatingpossens, M., Andries, J., & Aschwanden, M. J. 2002, A&A, 394,
with a slower, hybrid period. The damping time we obtained | 39
for T = 8 MK andVy = 0.2 is slightly longer than the value Hollweg, J. 1985, J. Geophys. Res., 90, 7620
obtained by Ofman & Wang (2002). However, o= 6.3 MK Hood, A. W., Van der Linden, R., & Goossens, M. 1989, Sol. Phys.,
andV, = 0.047, we find good agreement with a more re- 120, 261
cently observed example (Wang et al. 2003). Nakariakov et dpod, A. W., & Priest, E. R. 1980, A&A, 87, 126
(2000) point out that non-linearity does not play an importafiem. B., Dammasch, I. E., Curdt, W., & Wilhelm, K. 2002, ApJ,
role in the dissipation of waves with initial amplitudes less 56,8’ L61 )
than 8-10%. This could explain why we find good agreeme'J]\Fjlkanakov, V. M.,_Ofman, L., DeLuca, E. E., Roberts, B., & Davila,
for the case with a very small initial amplitude J- M. 1999, Science, 285, 862

.. ) . Nakariakov, V. M., Verwichte, E., Berghmans, D., & Robbrecht, E.
T_o eliminate any other@ct on the wave propagation, we 2000, A&A, 362, 1151
restricted our model to motions along a constant backgrouqgariakov, V. M., & Ofman, L. 2001, A&A, 372, L53
magnetic field to study theffects of thermal conduction andofman, L., Romoli, M., Poletto, G., Noci, C., & Kohl, J. L. 1997, ApJ,
compressive viscosity. However, a more realistic model would 491, L111
have to include several otheffects. Firstly, including grav- Ofman, L., Nakariakov, V. M., & DeForest, C. E. 1999, ApJ, 514, 441
ity along the loop could be considered and would probably réfman, L., Romoli, M., Poletto, G., Noci, C., & Kohl, J. L. 2000, ApJ,
sult in an additionalect on the damping of the perturbations. 529, 592
Secondly, the model could be extended to two dimensions to ffman, L. 2002, ApJ, 568, L135
clude efects such as the configuration of the background magiman. L., & Aschwanden, M. J. 2002, ApJ, 576, L153
netic field, the geometry of the coronal loops (curvature) andyna™ L-» & Wang, T. J. 2002, ApJ, 580, L85

density profile that is inhomogeneous across the loop. Suc hea, E., Muglach, K., & Fleck, B. 2002, A&A, 387, 642
ty p 9 P- Sher, L. J., Klimchuk, J. A., & Sturrock, P. A. 1994, ApJ, 435, 482

density profile could result in phase mixing or resonant absOgs ey | 3., kiimchuk, J. A., & Sturrock, P. A. 1994, Apd, 435, 502
tion, which would again influence the wave damping. Includingypprecht, E., Verwichte, E., Berghmans, D., et al. 2001, AA, 370,
non-linearity and non-uniformity would result in the excitation 591

of different MHD modes, such as fast waves, and energy co®lgberts, B., Edwin, P. M., & Benz, A. O. 1984, ApJ, 279, 857

leave the system via this mode coupling. Also, a resonant laygberts, B. 1985, in Solar System Magnetic Fields, ed. E. R. Priest
could exist inside the loop due to the inhomogeneous density (Dordrecht: Reidel), Chap. 3

profile. All these &ects are likely to cause additional dissipaRoberts, B. 2000, Sol. Phys., 193, 139

tion and hence result in shorter damping times or lengths. Ruderman, M., & Roberts, R. 2002, ApJ, 577, 475
Schrijver, C. J., Title, A. M., Berger, T. E., etal. 1999, Sol. Phys., 187,

261
Schrijver, C. J., & Brown, D. S. 2000, ApJ, 537, L69
Schrijver, C. J., Aschwanden, M. J., & Title, A. 2002, Sol. Phys., 206,
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