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Abstract. Line widths derived from observational data obheating being directly linked to the solar magnetic field. The
tained by SUMER onboard SOHO in August 1996 at disk centsource of this heating has to be the convection zone which is a
and at the limb are used to confront those derived via assumimgge reservoir of kinetic energy. The real problem is to explain
Alfv én and/or magneto-acoustic wave heating. The obsertaw a fraction of this kinetic energy is transported to the coronal
tional data clearly shows a center-to-limb variation in the uppkatyers and how it is dissipated and converted into heat there.
chromospheric and transition region lines, with only a marginal There are three broad classical branches of theories for
difference in the coronal lines in the sense of additional brogslasma heating that have been considered during the last two
ening further from disk center. Numerical estimations based dacades: Alfén wave heating, resistive dissipation of direct
linear MHD, favour the existence of Alén wave heating over electric currents and selective decay of a turbulent cascade of
magneto-acoustic heating, although further calculations are migagnetic fields. The literature on these theories has undergone
quired. For example, non-linear effects could change the way@ecent expansion (see, e.g., Browning, 1991; Cargill, 1993;
characteristics which in turn can have a major effect on tif@rbes, 1991; Gomez, 1990; Heyvaerts, 1990; Hollweg, 1991;
overall line broadening. Narain & Ulmschneider, 1990,1996; Melrose, 1990; Priest,
1990 and Zirker, 1993).

Key words: line: profiles —waves — Sun: chromospheres —Sun: In this paper we consider observations obtained by the
corona — Sun: transition region SUMER (Wilhelm et al. 1995) instrument on the Solar and
Heliospheric Observatory spacecraft (SOHO) to look for sig-
natures of wave heating. Practically there are two possibilities
for detecting wave activity in the solar atmosphere: (i) the first
is via measuring directly the individual intensity oscillations if

In the solar atmosphere the initial decrease of temperature ddiifSe oscillations can be resolved spatially (e.g., Doyle et al.
t0 4300 K at the temperature minimum is followed by an enork997, 1998); or (i) measure the averaged effect of oscillations
mous increase with increasing distance from the photosphdfethe broadening of optically thin emission lines. The latter
This increase is gradual in the chromosphere but very sté¥ping the subject of the present paper.
in the lower part of the solar corona where the temperature There have been numerous measurements of line widths,
reaches up t@, 000, 000 K. This temperature increase is one of-9., Boland et al. (1975), Moe & Nicholas (1977), Cheng et al.
the most challenging observational facts for theorists in plasm&979), and Mariska et al. (1978, 1979). All the different esti-
astrophysics. The high temperature of the solar corona is oﬁ‘@tions involving wave heating have assumed that the observed
possible if there is a non-thermal heating mechanism that is c&@n-thermal broadening is isotropic in nature, i.e., it has the
tinuously working. Biermann (1946) and Schwarzschild (1948fme magnitude at disk center and at the limb. Previous results
suggested that the corona may be heated by sound waves. t@ye tended to support this assumption (Mariska et al., 1978),
til the mid 70's this acoustic wave heating model was acceptatitiough Roussel-Dupret al. (1979) did suggest a center-to-
by most theorists. However, this model was largely abandorl#@b variation. Here we look again at this question analysing
when it became clear from UV observations, that the energservational data taken at different locations on the solar disk
flux of the acoustic waves is too small in the upper part of ti@d comparing these to calculated widths assuming different
solar atmosphere to account for the observed radiative lossé¥pes of wave heating.

The X-ray observations from Skylab showed that more than Note that although MHD (Alfén) waves are good candi-

90% of the X-ray flux originates from closed loops with thélates to explain the center-to-limb line broadening, there can
also be other physical processes responsible for this, e.g., turbu-

Send offprint requests t&. Ercelyi lent line broadening produced by nanoflares (e.g., Cargill 1996),

1. Introduction
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explosive events (e.g., Innes et al. 1997, éydet al. 1997, Loy

1998, Sarro et al. 1997). —
The high spectral and spatial resolution capabilities of L N V 12424
SUMER can enable a search for Adfiv and/or magneto- @ - 1
acoustic waves in the solar atmosphere via an observational se-1-0 I~ 7
quence as suggested by McClements et al. (1991). The origingl
idea was to select an active region loop at disk center, measurirg
the widths in different high temperature lines as the loop moved? L |
towards the limb. If Alf\én waves are dominant in the coronal @, .5 |- .
loop than there should be a broadening of the line widths from r 1
disk center to limb. However, if the magneto-acoustic waves
have the dominant contribution, the width of the lines should”
decrease. Before attempting this type of observationwechoose oL+ v 1 v b
to observe an average quiet Sun region at disk center and atthe 945 950 955 960 965 970
limb, measuring the widths of lines formed at chromospheric Arc sec from Disk Center
and coronal temperatures.

Fig. 1. The N'v 1424A line flux as a function of position in arc sec
from disk center for the limb observations
2. Observations

2.1. The data

SUMER is a normal incidence spectrograph operating over the 800 arc sec from 9iSk centeiFor the files with reference
b graph op 9 wavelength = 104 A we took the mean of 30 spectral scans

wavelength range 408to 1610A. The off-axis parabola mirror with XCEN/YCEN between 785.37/0.0 and 815.81/0.0.

is movable in two dimensions around the focal point allowing LIMB-A For the files with reference wavelength = 10%1

pointing of the instrument independent of the spacecraft point- we took the mean of 15 spectral scans with XCEN/YCEN

ing. Four sits are availablet x 300, 1 x 300, 1 x 120, and o e0n 936.25/0.0 and 956.56/0.0. For the files with ref-
0.3 x 120 arc seé. For the data obtained here we used the _ °
erence wavelength = 124B we took the mean of 12

H st nd i
e e . Specal scans wih XCENIYCEN betveen 546,400 and
’ P 9 yihg 956.56/0.0, and for the files with reference wavelength =

A H st A : nd R o
ﬁ g]ﬁ]/,zl/xil(g a:éggg%igﬁ?ﬁg& 'I(?L(le(;)e?;gtct)a?(tsoee 1352 A the mean of 12 spectral scans with XCEN/YCEN
S MAP - AP ' between 945.69/0.0 and 955.81/0.0.

Siegmund et al. 1994) has 1024 spectral pixels and 360 spatial i . X N
pixels. The central area is coated withBr which increases the LIMB-B For files with reference wavelength = 10Atve

uantum efficiency by an order of magnitude in the range 900 took the mean of 6 spectral scans with XCEN/YCEN be-
4 o 15004 y by 9 g tween 963.37/0.0 and 966.75/0.0. For files with reference

: . wavelength = 124%\ we took the mean of 8 spectral scans
The observations reported here were obtainetf 6and4*” .
Aug 1996 Using exposure timesa0 s with detector A. After with XCEN/YCEN between 963.37/0.0 and 970.12/0.0, and

each exposure, the slit was movedlbyarc sec, accumulating for the files with reference wavelength = 1382he mean

X " i of 18 spectral scans with XCEN/YCEN between 959.19/0.0
an image covering an area3ff x 300 arc seé. At each of the and 976.12/0.0
three solar locations (disk cent&f0 arc sec from the center ' o
and the limb), data was obtained for three spectral settings, 1041
A, 1245 A, and 1352A each covering 40A. The objective  Thus the LIMB-A data refers to observations taken up to
of the observing programme was to obtain a good mean quaeid including the limb, whereas the LIMB-B data refers to data
Sun spectrum. In deriving the mean spectrum, the maximuaken several arc sec off-limb. In Fig. 1 we show the M242
number of individual scans was thirty, however some of the&dline flux as a function of position in arc sec from disk center
were unusable. Below we give more details: for the limb observations derived by integrating over the entire

_ ) slit for each scan position.

— DISK CENTER For the files with reference waveleng;h Each spectral scan was checked for the presence of explosive
= 1041 A we took the mean of 27 spectral Sc,ans,w'tgvents asthese can cause localised line broadening. Considering
XCEN/YCEN between '15'75/(,)'_0 a”q 14.62/0.0 (|.e.,'|p atfat the integration time wa300 s per spectrum, detection of
Sec from disk centerwhgre positive X is West and POSItVE 3, events is difficult. Although some spatially small bright-
in North). For the files with reference wave_length = 1245 enings ¢ 5 — 6 arc sec) are present in one or two spectra, these
we took the mean of 19 spectral scans with XCEN/ YCEHO not affect the average, as for example in the disk center spec-

between 13.87/0.0 and 37.62/(3.0, and finally, for the fil?ﬁjm we average over an areadifo x 27 arc seg for data
with reference wayelength = 138ave took the mean of 17 ir&volving Ovrand300 x 19 arc seé for data involving Nv.
spectral scans with XCEN/YCEN between 47.75/0.0 an

65.25/0.0.
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Table 1. A summary of the measurddiV H M in mA, plus the derived Doppler width corrected for instrumental broadening for lines formed
in the solar chromosphere to the corona

Line (A) Disk-Center 800 arc sec from center Limb-A Limb-B
FWHM  Doppler FWHM  Doppler FWHM Doppler FWHM Doppler

C11252.2 121 53 134 64 138 67
S11050.3 118 51 117 50 129 60 160 83
S111253.7 144 71 201 110 222 124
Fe1r 1368.1 109 43 133 63 179 96
S111683.5 (2¢) 217 121 235 132 247 140
011041.7 125 57 135 150 75 144 71
Cl11351.7 113 47 127 58 138 67
C111036.3 163 85 193 105 241 127 214 119
S1v 1062.7 194 106 203 112 194 106 216 120
N 111 684.9 (2%) 233 131 276 158 283 163
Nv 1242.8 224 125 255 145 285 164
Ov11037.6 225 126 239 135 254 144 275 158
Naix 681.6 (29) 280 161 285 164 297 171
OV 629.5 (2% 227 127 277 159 309 179
Mg x 624.9 (29) 268 153 283 163 288 166
Fexi1 1242.0 227 127 215 119 227 127
2.2. Data reduction corrections were done using various IDL routines from within

the SUMER software tree (e.gDESTRETCHN.PRO,
.rﬁ_ADIOMETRY.PRO, CON_WIDTH 2.PRO, and fi-
Bﬂlly, CON_WIDTH_FUNCT_2.PRO). Spectral line fit-
r|1)g was viaC FIT.PRO from the CDS software tree.

For the SUMER instrument, the process of data reduction
volves three main steps; destretching, radiometric calibrati
and slit effects correction (these datasets were automaticé'l
flat-field corrected onboard the satellite). Destretching of the

SUMER datasets is necessary, particularly for the data towagqsR esults

the end of the slit due to various wavelength and spatial distor-

tions in the detector. After ruling out unusable files, due to erroBaussian profiles were fitted to each spectral line (for some ions
in the headers, bad data, etc., all the images obtained at diffee-had two or more lines at different wavelengths although in
ent scan positions (for a determined wavelength range and sotany instances these additional lines were weak). As found
position) were averaged in order to improve the signal to noiggeviously all of the measured line widths are in excess of their
Due to problems towards the end of the slit, only the spatidlermal width for all solar locations. This excess width may be
pixels[26, 310] were considered in deriving the averaged speassociated with velocity fields. When the scale of these motions
trum. Conversion of the SUMER count rates into physical units small compared with the instrumental resolution, they are
was via the radiometric calibration of Wilhelm et al. (1997). Theften accounted for by adding a componef)ttp the Doppler
final step in the process was the correction to the measured lividth

widths for the effects of the slit used. The magnitude of this cor-

rection is small, although it can result in a correction-o? km o AN [2kT

s~ ! in the derived non-thermal velocities (see later). The abo\D” = 2 (M +¢ ) € (1)
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Table 2.The derived non-thermal velocitieg) for the different regions 20 T T T T T
based on the measured line width given in Table 1. The estimated error I i
ingis+1-2km s L J
Line (A) logT  Disk 800 Limb  Limb 15 - Oon .
Center arc sec A B . i ]
C11252.2 4.10 12 14 15 n L J
S11050.3 4.10 12 12 14 19 g 10 - Osn -
Cl11351.7 4.10 10 13 14 = i 7
Fern1368.1  4.10 9 14 21 woo | bov il
011041.7 4.15 16 18 21 20 I o g il
S111253.7 4.30 16 26 29 5 F m. ovi -
C111036.3 4.50 24 30 39 34 r . Mg X 7
S111683.5 4.70 26 29 30 [ oo - o ]
N 111 684.9 490 27 33 34 [ Bs: - L —
S1v 1062.7 5.00 29 30 29 33 0 L ! il ! O
Nv 1242.8 5.30 26 32 36 4.0 4.5 5.0 5.5 6.0
Ov629.5 5.40 26 34 36 log T
Ovi1037.6 550 32 34 38 42 20 —— ‘ ‘ ‘ ‘
Naix 681.6 5.90 26 27 29 r a
Mg x 624.9 6.00 26 29 30 I 1
Fexii1242.0 6.20 22 19 22 i il
15 | .
where¢ is the most probable non-thermal velocity, aifdthe .~ I Usu 1
ion mass. This, of course, assumes that the non-thermal veloe- [ . oy |
ities also have a Gaussian distribution. Furthermore, additionadf 10 -  FeqI ] 000 v .
broadening due to the instrument must first be removed. The. I ny 1
temperatures used are the ionisation equilibrium temperatures [ sL o :
of Arnaud & Rothenflug (1985) and Arnaud & Raymond (1992). 3 4
A summary of the derived line widths for the strongestlines ~ ° I~ e - 7
. . . . . - 0o ol O OMgX 4
are given in Table 1. The difference in the derived non-thermal L OcI s I O 4
velocities at disk center compared to those just inside the limb F Na IX .
and those outside the limb are givenin Fig. 2. Here we see a clear o L1 1 1 1 e
difference in two different temperature regimes, 20,000 K and 40 45 5 0 5 5 60
250,000 K. Both of these temperature regimes indicate excess log T

line broadening at the limb compared to disk center. It should
also be noted that the data takes@ arc sec from disk center Fig- 2. The excess non-thermal velocities in lines from the chromo-
also shows additional broadening, although the number of lifd€e to the corona for Limb A (top panel, i.e., just inside the limb)
observed is smaller. In deriving an instrumental width of7 a.nd Limb B (bOttom. panel, just O.Uts'de th(.e “.mb) Compare,dlto that at
mA was used. Several of the low temperature lines measupé%( center. The estimated error in the dert¢dd £1-2km s
onc-disk (e.g., Fe1, Cl1) have measureod FWHM close to 110
mA which translates to a FWHM of 73 An(or a Doppler width - gion are consistent with previous results (e.g., Shine et al. 1976,
of 44 mA) when the instrumental correction is applied. Mariska et al. 1978). Published results of on-disk measurements
The range of non-thermal velocities in Table 1 are in vef center-to-limb variations is however more limited. For exam-
good agreement with values obtained previously by other aile, Feldman et al. (1976) concluded that the line widths of sev-
thors, e.g., Hassler et al. (1990) obtain 26 km' $or Mg X eral optically thin lines were similar at disk center and the limb.
at disk center, Cheng et al. (1979) obtained for the solar linixceptions to this were the strong resonance lines of énd
values ranging fromo0 to 25 km s! for Fexi while Doyle  Sitv, which were explained in terms of opacity effects. The data
etal. (1997) obtainedl2 — 30 km s~'. For Ovr at disk center, presented in Fig. 2a suggests a center-to-limb variation which
Warren et al. (1997) obtained 33 kn1's while Doschek et al. we believe cannot be explained by optical depth effects.
(1981) obtained 27 km s for N v. The maximum difference seems to occur at two different
temperature regimes; the first at 20,000 K and the second at
250,000 K, with little or no difference at lower chromospheric
temperatures or coronal temperatures. The lines with the highest
The observed increase in the LimbB 060 arc sec) line widths probability of being affected by opacity are the lower temper-
over those at Limb A€ 956 arc sec) in the mid-transition re-ature lines, notably @i. In Table 3 we tabulate the line ratios

4. Discussion
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Table 3. The line ratio for the various doublets observed in this pr@verall line widths. This wave broadening is strongly influenced
gramme by the orientation of the magnetic field with respect to the line
of sight and the polarisation of the waves.

Line Ratio CDiStk 800 '-"Rb '-"gb Below we derive line widths calculated assuming (i) Alfv
enter arc sec . - . ;
wave heating and (ii) magneto- ic wave heating for com-
S111253.7/1250.5 1.96 1.75 1.91 ave heating and (i) magneto-acoustic wave heating for co

C111036.3/1037.0 0.92 0.91 095 078 parison with the observational data. In the analysis which fol-
N v 1238'8/1242'8 1.86 ' 1 '87 1 '84 lows we assume an isothermal and uniform plasma.

Ov11031.9/1037.6  2.07 2.10 167 1.78

4.1. An estimate of line widths as a result of Alfwvaves

of the various doublets. As can be seen, the IBes are opti- Observations show that the aspect ratiaf coronal loops are

cally thick everywhere, while the remaining lines are effectgfiuch larger than unity, i.e., coronal loops can be approximated

by opacity mostly for the Limb A data. Thus theata-point by straight cylindrical magnetic flux tubes. The very high elec-

plotted in Fig. 2a (i.e., Limb-A) could be affected by opacitjtical conductivity of coronal plasma enables us to describe the

although the line ratio from Table 3 indicates a similar effect #iduced electrical field due to wave motion by the ideal Ohm’s

disk center and the limb, thus whether the difference (limb maw,

nus disk center) is seriously affected is unclear. For the Limb-B

data, (Fig. 2b), the data-points fori§ S11 and Fernr are all E+ -v x B=0. (2)

in very good agreement, furthermore Table 3 indicates only a

small line opacity effect for S1. Our data at 250,000 K in- By supposing that there is no background equilibrium motion in

clude the weaker component of the strong resonance linesti plasma, a travelling Alen wave along a magnetic field line

N v and Ovr, the stronger component showing a slightly large® results in a velocity perturbatiahv of a perfectly conducting

line width suggesting opacity effects. Also included here is tipggasma,

resonance line of & 630 A. Thus we do not ascribe all of

the excess (limb minus disk center) broadening in Figs. 2a,bsto _ OB x BC

opacity. The important message to note from these figures is the Bz 7

clear excess limb minus disk center broadening. _ Wwherec is the speed of light, andlE is the induced electrical
Roussel-Dup# et aI_. (1_979) in a detailed analysis ofiSi field caused by the Alfon wave.

1393, showed that this line undergoes a marked broadening

from disl§ center to the limb. Their Fig. 1 indica_tes additiona1lhe energy flux associated with an Ay wave propagating

brogdemng aj ~ 0.5 cqmpared tqu ~ 1.0. (disk centeor). along the magnetic field lines is

At disk center their Siv line has al/e half-width of 0.09A

compared to 0.108 atu ~ 0.5, indicating excess broadening (6B?)  (SE?)

equivalent to~ 3km s !. This suggested that horizontal® = ( . 871') va;

velocities were somewhat greater than the radial velocities,

similar to the results reported here. As in the Feldman et alheredB is the perturbation of the magnetic field caused by

results, some of this could be explained by optical depth effedise Alfvén wave, and)4 denotes the Alfén speed. In solar

Mariska (1992) suggests that the difference in line width capplications: > v4, and by using

be accounted for with a small increase in opacity depth.

3)

(4)

2
o | (9B2) = - (9B?) > (9E?), (5)
The solar atmosphere is a highly non-uniform plasma em- G

bedded in a magnetic field which is a natural media for MHD

waves. MHD waves might play an important role in explainina0 that,

the observed high temperatures (i«..2 10° K) in the solar 2 (5E?)
corona. These waves can be generated either by the granfllar 2 8r
motions (e.g., foot-point motions) or excited locally by mag- A
netic reconnection, with part of their kinetic energy being tranes
formed into heating the magnetic loops. In this paper we do not
study how MHD waves are excited, we suppasgriori they ¢ = nemp@ﬁﬁm, (7)

are present in the solar atmosphere. Furthermore, we suppose . )
that such waves can propagate along the magnetic field li4&€T€n. is the plasma electron density, and, denotes the

and carry energy to the higher parts of the atmosphere. We d1£gton mass. Here we assume random polarisation, in which
do not discuss how this energy is dissipated and converted iff5® the mean-square velocity component towards an observer

(6)

heat. is given by
We are more concerned with a method of testing their exis-2 )
tence via calculating the contribution of wave broadening to tﬁ@m = 5 (v). 8

2
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Table 4. The calculated excess Doppler line broadening in kthat Table 5. The calculated excess Doppler line broadening in kit at
the two limb positios A & B compared to disk center for the ions giverthe two limb positios A & B compared to disk center for the ions given
in Table 1 for cool loops assuming (i) An waves and (ii) acoustic in Table 1 for hot loops assuming (i) Aén waves and (ii) acoustic
waves. Here we usedl = 4 x 10° erg cm?s !, B=25G, and waves. Here we usefl = 4 x 10° erg cm? s, B = 125G,

ne = 5.6 x 101° cm3 (see text). andn. = 2 x 10° cm™3 (see text).
Line (,3\) Alfv én waves acoustic waves  observ. Line (A) Alfvén waves acoustic waves  observ.
A B A B
C11252.2 16 —58 3 3 S111683.5 15 —214 2 4
S11050.3 17 —60 3 9 N 111 684.9 12 —186 6 7
Cl11351.7 17 —60 2 4 S1v 1062.7 14 177 - 4
011041.7 16 —59 5 4 N v 1242.8 10 —141 5 9
S 1253.7 17 —-52 9 13 Ov 6295 9 -131 8 12
C111036.3 15 —45 15 11 Ov11037.6 9 —-121 5 9
Fe1r 1368.1 17 —53 4 12 Naix 681.6 7 —89 1 2
Mg x 624.9 6 —77 2 3
Fexir 1242.0 8 —73 - -

Let us estimate the line broadening due to a propagatingAlfv

wave. For a thermally broadened line produced by an ion of

mass)M;, the Doppler temperature is given by velocityv 4. Generalising this to any wave mode we can replace
_ o the group velocity in Eqg. (7) by the group velocity of the wave.

FTp = kT + M, <v“ ) ©) Let us suppose that there are magneto-acoustic waves travelling

caused by an Alfén wave travelling along the magnetic fiel@oronathese waves show the characteristics of sound waves, i.e.,

lines (which is perpendicular to the line of sight) can be es#€ group velocity can be expressed by

mated as 12
29kT
Ap 1 [2%T  4x'2e \' o ( m > ’ (12
) = E MZ' + (nemp)l/QB ) (10) P

) ) ) _ where~ is the ratio of specific heats. These special magneto-
whereAAp is the Doppler width given in Table 1. acoustic waves have oscillations only along the magnetic field
When, however, the magnetic field is directed towards the QRyes, the perturbations perpendicular to the field lines are iden-
server, (i.e., the oscillations caused by Alfvwaves are per-tica|ly zero. Following the method given in the previous sub-
pendicular to the line of sight), the line widthis given by gaction, when the magnetic field lines coincide with the line of
AN 1/2 sight, one can observe line broadening caused by the magneto-
Ap _ 1 (2’“T)

(11) acoustic waves passing along the field lines, e.g.,

A C Ml
The second set of parameters within the brackets in Eq. (M)\p _ 1 (QkT 20 )1/2 (13)
does not contain a temperature dependent term and is equated e\ M; = n(6m,kT)'/?

with the measured non-thermal line broadening paraniésere

Eq. 1). For the values of,, B, and® given in Tabls 4 & 5 However when the magnetic field lines are perpendicular to the
for the hot and cool loopg, = 19 km s~. An alternative way line of sight, the magneto-acoustic waves travelling along the
of comparing with the observational results is given in Tables@agnetic field lines do not cause any additional line broadening,
& 5. Here, the estimated excess Doppler line broadening at tife, the line width is described by Eq. (11). This shows that pure
limb compared to disk center due to the passage of purelyealfvAlfv én waves and these type of magneto-acoustic waves show

waves are compared with those derived from the data giverPipPosite behaviour as regards the line width and the direction of
Table 1. the magnetic field. The estimated line widths due to the passage

of these magneto-acoustic waves are shown in Sabie 5.

4.2. An estimate of the line width as a result of
magneto-acoustic waves 5. Conclusions

In the previous section we have assumed a linear dispersidre observational data presented here (see Fig. 2 or Table 2)
relation for the Alf\ien waves, i.e., the Alen waves had a groupsuggests a center-to-limb variation, namielgadening for the
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upper chromospheric and transition region lines. Calculated ®cyle, J.G., van den Oord, G.H.J., O'Shea, E. & Banerjee, D. 1998,
cess line widths assuming magneto-acoustic waves display theSol. Phys. (in press)

opposite effect, while those calculated assuming &ifwaves Erdélyi, R. & Goossens, M. 1995, A&A, 294, 575

have the correct order of magnitude (see last columns in Tabl&g@li, R., Perez, E.P. & Doyle, J.G. ifhe Corona and Solar Wind

& 5). The values used for the electron density, energy flux, etc. Néar Minimum ActivityESA-SP 404, 353, 1997

were average values taken from, e.g., McClements et al. (199!51r ,égARéF?igi’ ;(')\4 i&glggyle, J.G. i®olar Jets and Coronal Plums
Mariska (1992), and Bray et al. (1991). Changes of less thae ! ’

. : eﬁdman, U., Doschek, G.A. & Patterson, N.P. 1976, ApJ, 209, 270
factor of two in these values could reduce the difference betwelg{}bes T.G. 1991, Geophys. Astrophys. Fluid Dyn., 62, 13

theory and observation. Gomez, D.O. 1990, Fund. Cosmic Phys., 14, 131

However, we do not want to ‘arrange’ these input constantgssler, D.M., Rottman, G.J., Shoub, E.C. & Holzer, T.E. 1990, ApJ,
to ‘fit’ the observed line broadening. The uncertainty in the en- 348, L77
ergy flux of the different MHD waves is large. The same ideyvaerts, J. in R.E. Priest & V. Krishnan (edBasic Plasma Pro-
true for the density and topology of the magnetic field (effect cesses on the SuiU Symp. 142, 207, 1990
of curvature, etc.). Besides these arguments we are more ddgiweg, J.V. in P. Ulmschneider, R.E. Priest and R. Rosner (eds.)
cerned about the errors introduced by the linear approximation Mechanisms of Chromospheric and Coronal HeatByringer-
of the calculations. Efyi & Goossens (1995), Ruderman et  verlag. Berlin, p. 423, 1991 .
al. (1997) and Ballai et al. (1998) showed that nonlinear effeé@essét,’DéEl"lmheSter‘ B., Axford, W.I. & Wilhelm, K. 1997, Nature,
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