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Abstract. We give anextensive overview of Dopplershift oscillationsin hot active region loopsobtainedwith SUMER.The
oscillationshave beendetectedin loopssampled50� 100arcseco� thelimb of theSunin ultraviolet lines,mainly Fexix and
Fexxi, with formation temperaturegreaterthan6 MK. The spectrawererecordedalonga 300 arcsecslit placedat a �x ed
positionin the coronaabove the active regions.Oscillationsareusuallyseenalongan extendedsectionof the slit andoften
appearto be from several di� erentportionsof the loops(or from di� erentloops).Di� erentportionsaresometimesin phase,
sometimesout of phaseandsometimesshow phaseshiftsalongtheslit. We measurephysicalparametersof 54 Dopplershift
oscillationsin 27 �are-lik e eventsandgive geometricparametersof theassociatedhot loopswhensoft X-ray (SXR) images
areavailable.Theoscillationshave periodsin therange7� 31 min, with decaytimes5.7� 36.8min, andshow an initial large
Doppler shift pulsewith peakvelocitiesup to 200 km s� 1. The oscillation periodsare on averagea factor of threelonger
thantheTRACEtransverseloop oscillations.Thedampingtimesandvelocityamplitudeareroughlythesame,but thederived
displacementamplitudeis four or � vetimeslargerthanthetransverseoscillationamplitudemeasuredin TRACEimages.Unlike
TRACEoscillations,only a smallfractionof themaretriggeredby large�ares, andthey oftenrecur2� 3 timeswithin acouple
of hours.All recurringeventsshow initial shifts of the samesign.Thesedataprovide the following evidenceto supportthe
conclusionthat theseoscillationsareslow magnetoacousticstandingwaves in hot loops: (1) the phasespeedsderived from
observedperiodsandloop lengthsroughlyagreewith thesoundspeed;(2) theintensity�uctuation lagstheDopplershiftsby
1/4 period;(3) Thescalingof thedissipationtimeof slow waveswith periodagreeswith theobservedscalingfor 49cases.They
seemto betriggeredby micro-or sub�aresnearafootpoint,asrevealedin oneexamplewith SXRimageobservations.However
othermechanismscannotasyetberuledout.Someoscillationsshowedphasepropagationalongtheslit in oneor bothdirections
with apparentspeedsin therangeof 8� 102km s� 1, togetherwith distinctlydi� erentintensityandline width distributionsalong
theslit. Thesefeaturescanbeexplainedby theexcitationof theoscillationat a footpointof an inhomogeneouscoronalloop,
e.g.a loopwith �ne structure.
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1. Intr oduction

MHD wavesarebelieved to play an importantrole in the so-
lar corona,e.g. as a possiblesourcefor heatingof coronal
loops.The waves can also be usedas a tool to diagnosethe
physicalparametersof thecoronalplasma(e.g.Robertset al.
1984;Nakariakov & Ofman 2001).Variousperiodicandquasi-
periodic oscillations in radio, visible, EUV, and soft X-ray
(SXR) radiationhave beenobservedfor decades(e.g.reviews
by Aschwanden 1987;2002;Roberts 2000).Recently, tem-
porally andspatially resolved transverseand longitudinalos-
cillationshavebeendetectedin coronalloopsby theSolarand
HeliosphericObservatory (SOHO)andthe TransitionRegion
and CoronalExplorer (TRACE). For example,signaturesof
propagatingcompressive waves were �rst observed in coro-
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nal loops by the EUV Imaging Telescope(EIT) (Berghmans
& Clette 1999),latercon�rmed by TRACE observations(De
Moortel et al. 2000;2002a;b;c;Robbrechtet al. 2001),and
identi�ed aspropagatingslow waves(Nakariakov et al. 2000;
Tsiklauri & Nakariakov 2001). Kink mode oscillationsex-
cited by �ares in coronal loops were for the �rst time de-
tectedby TRACEin EUV radiation(Aschwandenetal. 1999b;
Nakariakov et al. 1999).An extensive overview and analy-
sis of transverseloop oscillationswaspresentedby Schrijver
et al. (2002)anda detaileddiscussionof the parametersob-
tainedfrom theseobservationscanbefoundin Aschwandenet
al. (2002).Theobservedrapiddampingof thesetransverseos-
cillationshasbeenexplainedby anomalouslyhigh viscosityor
resistivity dueto resonantabsorption(Nakariakov etal. 1999),
or phasemixing (Ofman 2002;Ofman& Aschwanden2002).
Schrijver& Brown (2000)proposedanalternativemechanism:
loop oscillationsarecausedby rocking motionsof thephoto-
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sphericplasmaassociatedwith �ares if theloop liesnearmag-
neticnullpointsor separators.They attributetherapiddecayof
theoscillationto photosphericpropertiesratherthanthecoro-
nalresonantresponse.Thismodelcanexplainwhyonlyasmall
subsetof the loopsvisible in TRACE imagesare involved in
oscillations.

StronglydampedDopplershift oscillationsin hot�are lines
recordedby the Solar Ultraviolet Measurementsof Emitted
Radiation(SUMER)spectrometeronSOHOwererecentlydis-
coveredby Kliem etal. (2002)andidenti�ed asoscillationsof
hot coronalloops(Wanget al. 2002a;b;c).On thebasisof the
initial observationsaloneit wasnot directly possibleto distin-
guishbetweentransverseandlongitudinaloscillations.Based
on a one-dimensionalMHD model,Ofman & Wang (2002)
found that dueto the high temperatureof the loops,the large
thermalconductioncan lead to rapid dampingof slow-mode
magnetoacousticwavesonatimescalecomparableto thoseob-
served,andproposedthat the Doppleroscillationsareindeed
dueto theslow-modewaves.Strongobservationalevidencefor
slow-modestandingwavesin high temperaturepost�are loops
was recentlyprovided by Wang et al. (2003).Theseinvesti-
gationsarelimited in that they only considera few individual
events,sothatanoverview is asyetnotavailablein therefereed
literature.

In this paperwe presentan extensive overview of phys-
ical propertiesof hot loop oscillationsin 27 events(eachof
which mayharbourmultiple oscillations),which arefoundby
inspectingnearlyall SUMER observationsof limb active re-
gionsduringthepastthreeyears.In Section2, theobservations
anddataprocessingaredescribed.In Section3, we presenta
detailedanalysisof 6 selectedexamples.In Section4, we pro-
videanoverview of theobtainedparametersandcomparewith
resultsof theTRACEtransverselooposcillations.In Section5,
we discussthemode,damping,andtriggerof theoscillations,
andpresentconclusionsin Section6. Finally, AppendixA de-
scribesa methodto derivegeometricalparametersfor thelimb
loops,andAppendixB givesa graphicaloverview of analyzed
eventsnotdescribedin Section3.

2. Obser vations and data processing

In order to study the variability and dynamicsof active re-
gion loops,a numberof spectralobservationswere recorded
by SUMER(Wilhelm et al. 1995)in recentSOHOcampaigns.
In all cases,theSUMERspectrometerslit wasplacedata �x ed
position in the coronaabout10000 above an active region at
the limb. The observationsof AR 8758on 6 November1999
are describedin detail by Kliem et al. (2002). They cov-
ered8 lines in the range1320� 1360 Å with the 30000� 100

slit andusedan exposuretime of 120 s. The observationsof
AR 9371 on 9 March 2001 and AR 9176 on 29 September
2000 were made in the spectralrange1098� 1138 Å, with
a 162 s exposuretime and the 30000 � 400 slit. This spec-
tral window containslines formed in the temperaturerange
0.01� 10 MK, e.g. the relatively cool transitionregion line, a
blend of Siii/Si iii � 1113 (0.03� 0.06 MK), the coronallines
Cax � 557 � 2 (0.7 MK) andCaxiii � 1134(2 MK), aswell
asthe �are lines Fexix � 1118(6.3 MK) andFexx � 567� 2

(b)

(a) FeXIXCa XSi III

Si III Ca X Fe XIX

Ne VI

t1 17:36:46
t2 17:42:24
t3 17:48:05

t0 17:25:28

 17:42:24

Fig.1. (a) TheSUMERspectrumabove anactive region at the limb,
takenat17:42:24UT on9 March2001with anexposuretimeof 162s.
Thewavelengthpositionsof 4 selectedspectrallinesareindicatedby
theverticalwhite lines.(b) Line spectraareobtainedby averagingthe
emissionalong the sectionof the slit marked by a strip in (a). t0 is
thetime just beforetheoscillationevent;t1, t2 andt3 thetimesof the
�rst threeDopplershift peaks(Fig. 2a and2b), respectively. Fig. 1a
correspondsto t2.

(8 MK). Standardproceduresfor decompressionand correc-
tions of �at-�eld, detectordistortions,deadtime,andgain ef-
fectswereappliedto theraw data.Figure1 illustratestheevolu-
tion of 4 spectrallines(Si iii, Cax, Nevi [0.3 MK], andFexix)
in a selectedwindow. The Dopplershift oscillationswerede-
tectedonly in thehot �are line Fexix without any signaturein
theotherlines(Fig. 1b),but perhapstheNevi line is too weak
andSi iii is marginal in strengthto show clearly recognizable
oscillations.The oscillationperiodsmeasuredfrom theseob-
servationsare11.7� 31.1min (seeSect.4), but shorterperiods
could not be excludedfor theseobservationsbecauseof the
cadenceof > 2 min leading to a 4-point resolutionlimit of
� 10min (Wangetal. 2002a;b).

Observationswith a high cadenceof 50 s were madein
April-May 2002.This cadenceallows us to detectoscillations
with a period as short as 3 min, but at the cost of not be-
ing able to transmit the whole 40 Å wavelengthband.The
spectrawere usually recordedin three lines Si iii, Cax and
Fexix, or in Cii � 1335 (0.016MK), Fexii � 1349 (1.6 MK)
andFexxi � 1354(8.9 MK). In two casesothercombinations
of spectrallines wererecorded,with a di� erentcadence.The
events on 8 May 2002 were observed in four lines Fexix,
Fexvii � 1153(2.8 MK), Caxiii andCax with a 64 s cadence.
Theeventon15May 2002wasobservedin linesCii, Fexii and
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Fig.2. Doppleroscillationevents(Nos. 5A, 5B, 6C, 6D in Table1) in the Fexix line on 9 March 2001.(a) Dopplershift time series.The
redshiftis representedwith thebrightcolor, andtheblueshiftwith thedarkcolor. (b) Averagetimepro�les of DopplershiftsalongcutsAC and
BD. Thethick solidcurvesarethebest�t functionsdescribedby Eq. (1). (c) Line-integratedintensitytime series.(d) Averagetime pro�les of
line-integratedintensitiesalongcutsAC andBD. For a clearcomparison,theintensitypro�le for BD hasbeenstretchedby a factorof 10. (e)
Line width (measuredGaussianwidth) timeseries.(f) Averagetime pro�les of line width alongcutsAC andBD.

Fexxi (as well as its two adjacentwindows) with a 75 s ca-
dence.

After processingthe raw data following standardproce-
dures,a singleGaussianwas �t to eachline pro�le to obtain
aDopplershift timeseriesateachspatialpixel (e.g.Fig.2a).A
large numberof impulsive brighteningsin the hot �are lines
Fexix or Fexxi are revealedassociatedwith alternatingred
andblueDopplershifts.However, many of themwerenot an-
alyzed further since the Doppler signal was either: (a) non-
periodic,(b) visibleonly overoneperiod,or (c) wasveryweak.
In this study, we identify the Doppler shift oscillationsonly
for thosecasesof relatively regular period,which lastedfor
morethan1.5periodsandexhibiteda maximumDopplershift
>10 km s� 1. Following this rule, we found the 27 oscillation
eventslisted in Table 1. The meaningof the symbolshead-
ing thevariouscolumnsis describedin a footnoteto thetable.
In someevents,severaloscillationcomponentswereidenti�ed
along the slit due to di� erencesin periodor phase.For each
oscillationcomponent,we averagedover a width of 11 pixels
(� 100pixel� 1) for thedatasetsobservedduring1999� 2001and
6 pixelsfor thedatasetsobservedin 2002to reducenoisewhen
plottingandanalyzingtheaveragetime pro�le. Thefunction

V(t) = V0 + VDsin(! t + � )e� � t; (1)

was then �t to the oscillation, where V0 is the background
Dopplershift, VD is theDopplershift amplitudeand! , � , and
� arethe frequency, phase,anddecayrateof the oscillations.

Fig.3. The oscillatingsoft X-ray loop (outlinedwith diamonds) �t-
ted with a circular model(dark curve) for the 9 March 2001events.
Theapex positionof the modelledloop is marked with a cross. The
SUMER spectrometerslit positionis indicated,andpositionsof two
cuts(denotedA andB in Fig. 2) aremarked.

We de�ne Vm asthe maximumDopplershift amplitudemea-
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Fig.4. Doppleroscillationevent(No. 1A) recordedin theFexxi line on 6 November1999.The�gure is structuredsimilarly to Fig. 2.

suredfrom the data,relative to V0. We derive the maximum
displacementamplitudeby A = Vm=(! 2 + � 2)1=2. Theobtained
parametersof thetimeseriesarelistedin Table1.

For someeventsthe soft X-ray telescope(SXT) (Tsuneta
et al. 1991)onYohkoh providedcoordinatedobservations,al-
lowing us to identify theoscillatingloopsandtheir geometric
parameters.For the 9 March 2001 events,the SXT obtained
full (200.5 pixel� 1), half-, andquarter-resolutionpartial frame
imagesonly in the decayphase.For the 29 September2000
events,theSXT obtainedhalf-, andquarter-resolutionfull disc
frameimageswith a 4.3 min cadence,coveringthewholepe-
riodof theevents.Wealsoidenti�ed theassociationof SUMER
oscillationeventswith �ares measuredin the1� 8 Å channelof
the GOESsatellite,usingEIT full disc imagesto examineif
EUV �arings occurredin the limb active region SUMER ob-
served.We list these�are-associatedeventsin Table2.

3. Description and analysis of selected oscillation
events

In a total of 27 Doppleroscillationevents,we describe6 se-
lectedexamplesof varioustypesof oscillationsand analyze
theirphysicalproperties,loopgeometricalparametersandtrig-
gersin detail. The remainingcasesare graphicallyshown in
AppendixB in Figs.B.1� B.11.

3.1. 9 March 2001

This example(Figs. 2 and3) is probablythe clearestcaseof
loop oscillations,which was describedin detail in Wang et
al. (2002a).SUMER observed two hot plasmaeventsoccur-
ring in AR 9371at the west limb. No GOES�ares were re-
latedto thesetwo SUMERevents.Theoscillationshave peri-
odsof 14� 18min, with decaytimesof 12� 19min. Figures2e
and 2f show variationsof the measuredGaussianwidths of
theFexix line. They show substantialDopplerbroadeningsin

the rising phaseof the �ux, and the widths peakalmostsi-
multaneouslywith the shifts. For caseA, the measuredmax-
imum Gaussianwidth, � � = 98 km s� 1, sotheDopplerwidth,
� D =

p
2� � = 138 km s� 1. We obtainthe nonthermalveloc-

ity, � =
q

� 2
D � � 2

th = 132km s� 1, where� th = 43 km s� 1, the

thermalvelocity of the Fe+18 ion. The large turbulent veloc-
ity introducesa largeuncertaintyinto themeasurementof the
initial Dopplershifts.

Duringthesecondevent,whensimultaneousSXT observa-
tionswereavailable,aSXRloopwasseenat thepositionof the
loop oscillation(Fig. 3). Basedon a circularmodeldescribed
in AppendixA, wederivethegeometricparametersof theloop
from measurementsof the footpoint separationand the apex
positionof the loop. Theobtainedloop length,the inclination
angleandtheazimuthangleof thefootpointbaselinearelisted
in Table3. Theloop lengthderivedusingthesamemethodhas
beenusedto discusswavemodesin Wanget al. (2002a).

3.2. 6 November 1999

In thiscasetheoscillationsareseenin theFexxi line,whichare
evenbetterde�nedthanin theMarch9 events(Fig.4).Because
simultaneousSXT observationswereavailableonly at thevery
beginningof theevent,weareunableto pinpointtheoscillating
loop.This time theeventwasassociatedwith a C4.6�are that
occurredin AR 8758at thenorth-eastlimb. Theenhancement
in theline-integratedintensityin Fexxi startedandpeakedlater
thantheGOESX-ray �ux by severalminutes(Table2). More
detailsof theeventandassociatedcool (T� 104 K) line emis-
sionaregivenby Kliem et al. (2002).A dampedsine-function
providesa good�t (Fig. 4b) andgivesa periodof 11.7 min.
Thetimeseriesof theshiftsandline widthsarecoherentalong
theslit.
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Fig.5. Doppleroscillationevents(Nos.2A, 2B, 3C,3D) in theFexix line on 29September2000.Seecaptionof Fig. 2 for moredetails.

3.3. 29 September 2000

In this case,coordinatedobservationsbetweenSUMER and
Yohkoh/SXTprovideconvincingevidencethattheDoppleros-
cillation correspondsto oscillationsof hot coronalloops.The
SUMER time seriesrevealed4 hot plasmaevents,all in the
Fexix line, without signaturesin the lines formed below 2
MK. Figure5 shows the two earlierevents.The �rst at about
02:30 UT and the secondabout an hour later at 03:50 UT.
Neitherwasdetectedby GOES.But in botheventsSXT images
show a bright point nearonefootpoint (F1) of a largecoronal
loop (Fig. 6) which (the footpoint) reachedmaximumbright-
nessaroundthe time of the initial Dopplershift pulseseenby
SUMER.Thetwo laterevents,startingat about10:10UT and
13:10 UT (Fig. 7) were both associatedwith GOESC-class
�ares (Table 2). Thesetwo eventswere also associatedwith
enhencementsof the SXR bright point (Fig. 8), and with an
EUV brighteningobservedby EIT at thesamesiteat thestart
of the oscillation.The EUV brighteningshowed a faint emis-
sion at its edgemoving upward alongthe large coronalloop.
We �nd that the earlier eventsare abouta factor � ve fainter
(Figs.5d and7d), andhave well de�ned oscillationswhereas
the latter �are-associatedeventsaremuchmorecomplex with
severalnon-periodiccomponents.Theseoscillationshavesim-
ilar periodsin therange25� 31minutes.

Figures6 and8 show thattheSUMERslit wasnearthetop
of a largeSXRloop,andtheDoppleroscillationscoincidewith
theregionswheretheslit crossesthis loop. Figures6c and6d
show thattheEUV loopsdi� er in positionfrom theSXRloop.
During thefainterearlierevents,theSXR loopsbrightenedbut
therewerenomajorchangesin theloops' structure.Both �are
events,however, wereassociatedwith X-ray plasmaejections
(seeFig. 8) and this is probablywhy the Doppler shifts are
confusing.Nevertheless,therearetwo regions(A andC) in the
second�are event(around13:20UT) with in-phaseoscillations

Fig.6. (a) The oscillatingsoft X-ray loop (outlinedwith diamonds)
�tted with an elliptical model (white curve) for the 29 September
2000events.Theapex positionof themodelledloop is marked with
a triangle. The dark contoursoutline the X-ray brightenings.The
SUMER spectrometerslit positionis indicated,andpositionsof two
cuts(denotedA andB in Fig. 5) aremarked. (b) The SXT imageat
03:45:53UT. (c) TheSOHO/EIT imageoverlaidwith theSXR loop
(diamonds) andSXRbrightenings(darkcontours)takenfrom (a). (d)
TheEIT imageat 03:47:28UT.

(seeFig. 7a).Thesemay correspondto the intersectionof the
slit with two legsof anoscillatingloop (seeFig. 8c).

Assumingan elliptical shape,we determinethe geometri-
cal parametersof theSXR loop, by usinga methodsimilar to
thatemployedby Aschwandenet al. (2002).This methodop-
timizes3 freeparameters(h0, � , e) to obtainagoodmatchwith
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Fig.7. Doppleroscillationevents(Nos.4A, 4B, 4C) in theFexix line on 29 September2000.In (b) thecurve B is plottedrelative to the left
y-axis,but shifted80km s� 1 in orderto beseenclearly.

Fig.8. (a) The oscillatingsoft X-ray loop (outlinedwith diamonds) �tted with an elliptical model(white curve) for the 29 September2000
events.Theapex positionof themodelledloop is markedwith a triangle. TheSUMERspectrometerslit positionis indicated,andpositionsof
threecuts(denotedA, B andC in Fig. 7) aremarked.(b) TheSXT imageat 10:27:41UT. (c) TheSXT imageat 13:19:29UT. (d) TheSXT
imageat 13:40:49UT.

theobservedloop (Figs.6aand 8a),whereh0 is theheightof
thecenterof theellipseabovethesolarsurface,� is theinclina-
tion angleof theloopplaneto thevertical,ande is theelliptic-
ity. The obtainedparametersarelisted in Table3. Comparing
the parametersof the loop at 02:24UT andat 10:13UT, we
�nd that the loop becamelonger, �atter andmoreinclined in
this interval, i.e. after the two earlier events.Thesefeatures

may suggestthat the loop expandedandbecameheavier due
to �lling by hotplasmaduringtheseevents.

Fromthe3-D geometrywe derive tangentialvectorsto the
loop (de�ned alongtheloop pointingtowardthefootpointF2)
closeto cutsA andB with theslit (seeFig. 6a).Theanglesto
the line-of-sightare138� at A and150� at B for the imageat
02:24UT, respectively (Fig. 6a),andtheanglesare118� at A,
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Fig.9. Doppleroscillationevents(Nos.10A, 11B, 11C,11D, 12E)detectedin theFexix line on 11 April 2002.In (b) thecurve B is plotted
aftershifting by � 240km s� 1 alongthey-axis,curve D by � 70 km s� 1 in orderto enhanceclarity. In (d) the time pro�les for A, B, D andE
have beenstretchedby a factorof 5 to facilitatecomparison.

150� at B and149� at C for the imageat 10:13UT (Fig. 8a).
We notice that all 4 eventsbegan with strongred shifts and
wereassociatedwith enhancementsof a SXR bright point (or
EIT brightening)nearonefootpointof the largecoronalloop.
Thecalculatedloopgeometryimpliesthattheinitial strongred
shiftsarecausedby aninjectedhotout�ow or a�o w-associated
propagatingdisturbancefrom thefootpointbrightening,which
is probablydue to magneticreconnectionbetweenthe large
scaleloopandasmallscale�ux system.

3.4. 11 April 2002

This is an example of Doppler oscillations in the high ca-
dence(� 50 s) observations.Figure 9 shows that three os-
cillation eventsoccurredwithin 2 hours,with periodsin the
range13� 18 min anddecaytimesof 9� 17 min. Theseevents
occurredat the eastlimb, with no associatedGOES�ares. In
thesecondevent,we �nd that theperiodanddecaytime vary
alongthe slit. For example,casesB andD have a similar pe-
riod of � 17 min, but distinctly di� erentdecaytimesof 9 min
and17 min. Theamplitudesalsodi� er signi�cantly. Thus,the
maximumred-andblue-Dopplershifts reachedby oscillation
B are183and36 km s� 1, while for caseD, thecorresponding
shiftsare34and30km s� 1. CaseC hasaperiodof 13min, i.e.
distinctlyshorterthancasesB andD, but its averageintensityis
abouta factor5 strongerthanthatof casesB andD. Moreover,
the high cadenceobservationsreveal propagation(phasede-
lay) of theDopplershift oscillationsalongtheslit from region
(C) of strongemissiontowardsthe fainterregions(e.g.B and
D). The propagationfrom C to B (cut 1) and that from C to
D (cut 2) have durationsof 150s and200s.Thephasepropa-
gatingspeedsdecreasewith time.Wemeasurethespeedsfrom
C to B as96, 49, and34 km s� 1 from the slopesof cuts1, 3

and5, while the speedsfor C to D are83, 48, and13 km s� 1

from cuts2, 4 and6. It is, however, unclearwhethertherere-
ally is adisturbancepropagatingfrom C to B andD, or if these
cutsrepresentoscillationsof di� erentloopscrossingtheslit at
thesepoints(inferredfrom di� erentperiods,phases,anddecay
rates).Figures9eand9f show thatvariationsof the line width
arealsodistinctly di� erentalongtheslit (e.g.at B, C, andD)
in thesameevent.

3.5. 12 April 2002

This exampleshows two oscillationeventsoccurringwithin 2
hoursat theeastlimb (Fig. 10). No GOES�ares wereassoci-
atedwith theseevents.During the �rst event, the oscillations
have periodsin the range16� 19.4 min, with decaytimes of
10� 19 min. This event beganwith strongred-shiftsof more
than100 km s� 1 at positionC alongtheslit, andshoweddis-
tinct propagationalong the slit towardsthe north and south.
We measurethe speedof thesephasepropagationsfrom C to
A as 24, 38, and 35 km s� 1 (the slopesof cuts 1, 2, 3), and
the speedfrom C to D as20 km s� 1 (the slopeof cut 4). The
oscillationcomponentC shows that the initial red-shiftpulse
lastedto the time of blue-shiftsat B and D. This long dura-
tion of the initial pulsebringsit out of phasewith theremain-
ing oscillation(Figs. 10aand10b). Obviously, componentC
maycontainanextrapartnotbelongingto theoscillation,pos-
sibly correspondingto the triggeringout�ow. We alsonotice
that the emissionof componentC is strongestalong the slit,
showing the phasepropagationsfrom the strongemissionre-
gion towardsthefainterones,which is similar to thebehaviour
exhibitedby thesecondeventon11April 2002(seeSect.3.4).

The secondevent shows two neighboringoscillations(E
andF) with aninterestingfeature.TheoscillationE is delayed
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Fig.10.Doppleroscillationevents(Nos.15A, 15B,15C,15D, 16E,16F)seenin theFexix line on 12 April 2002.In (b) thecurvesA, B and
D+F areplottedwith shiftsof 220,150,� 70km s� 1 alongthey-axis,respectively.

by half a periodcomparedto oscillationF, so that they arein
anti-phase.The periodsfor E and F are20 min and16 min,
consistentwith thosefor C andD at thesameregionalongthe
slit, respectively. The line intensityandwidth peaksin E also
lag behindF (Figs. 10d and10f). The speedof phasepropa-
gationfrom F to E is about33 km s� 1 measuredfor theinitial
red-shifts(the slopeof cut 5). However, looking carefully at
Figs.10aand10cthetwo oscillationsappearto bedistinct.

3.6. 15-16 April 2002

This exampledisplaysthe clearestintensity �uctuations with
the sameperiodasthe Doppleroscillationsandhasbeenan-
alyzedin detail by Wanget al. (2003).Figure11 shows that
severaloscillationsoccurredduringa GOESM1.2 �are at the
north-westlimb. The �are beganat 23:05 UT and peaked at
23:24UT on 15 April in GOESX-ray �ux. The total �ux in
the Fexix line over the slit in SUMER shows that this event
began at 23:08 UT, and peaked at 23:56 UT. SOHO/EIT in
195 Å channelshowed an initial brighteningat 23:12 UT in
theactiveregionAR 9893,whichwasfollowedby anejection.
TheoscillationcaseA occurredin therisingphaseof theinten-
sity, with a periodof 16.4min anda decaytime of 12.6min.
ThecasesB, C andD occurredin thedecayphaseof the�are,
but couldberelatedto smallaftermatheventsat 00:50UT (for
C) andat 01:10UT (for B andD), asindicatedin variationsof
theline intensityandwidth (Figs.11dand11f).

In particular, the oscillationscomposingcaseC are dis-
tinctly seenfor 5 periods,longerthanany otheroscillationde-
tectedby SUMER.Theperiodis 17.6min andthedecaytime
is 36.8min. This is anunusualcaseof oscillationsthatdamps
slowly comparedto theothers.CaseC alsoshowsphasepropa-
gationsof its initial blue-andred-shiftstowardsthenorthwith

a speedof about8 km s� 1. Figure11drevealsintensity�uctu-
ationsseenfor severalperiods.By subtractinga smoothback-
groundtrend,thedampedintensityoscillationsareshown even
moreclearly. Wanget al. (2003)measuredthis di� erencepro-
�le andobtainedanoscillationperiodof 17.1min, andadecay
time of 21.0min. Strikingly, they found a phasedi� erenceof
exact 1/4-periodbetweenthe shift and intensity oscillations,
characteristicof compressive (slow-mode)standingwaves.In
addition,wenoticethatcaseC showsalsoperiodic�uctuations
in line widths(Fig.11f). But becausetheperiod(about10min)
is distinctlysmallerthanthatof theDoppleror intensityoscilla-
tion, we excludethepossibility that this line width �uctuation
is causedby the slow waves(i.e. relevant temperaturedistur-
bances).Insteadit mayinfer aperiodicheating.

4. Statistical results

We analyzed54 Doppler shift oscillations associatedwith
27 �ux enhancementevents of hot plasma.The oscillatory
Dopplershiftshappenedin regionsextending7� 87Mm along
the slit with a meanof 35� 21 Mm (Table4). In eachregion,
we identi�ed severaloscillationcomponentsalongtheslit, due
to di� erencesin periodor phase.Thephysicalparametersob-
tainedfrom thetimeseriesanalysisarelistedin Tables1 and 4
andtheir statisticaldistributionsareshown in Figs.12 and13.
Theresultsaresummarizedasfollows.

For all casesthe Doppleroscillationswere detectedonly
in �are lines (T=6� 10 MK). The oscillationswereseenmore
oftenin theFexix line, thanin theFexxi line. Only 3 of the27
eventsareseenin Fexxi (seeTable1). For examplein April-
May 2002,19eventsareobservedduringanobservingtime of
18.4 daysin Fexix, while only 2 eventsduring an observing
time of 14.6daysin Fexxi. This is mainly becauseimpulsive
intensitybrighteningsaredetectedmoreoftenin Fexix thanin
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Fig.11.Doppleroscillationevents(Nos.17A, 18B,18C,18D) recordedin theFexix line on 15� 16 April 2002.In (b) thecurvesB andD are
plottedwith shiftsof 20and� 30km s� 1 alongthey-axis,respectively. In (c) thebrightnessis plottedonalogarithmicscale.In (d) thetemporal
pro�les for A+C andD have beenstretchedby a factorof 5.

Fexxi. SincetheSUMERdetectoris equallysensitive to these
two lines,this indicatesthatthereis a temperaturedependence
of the occurrencerate of impulsive intensity brighteningsor
Doppleroscillationevents.

We �nd that all eventsshow the �ux variationsof �are-
like impulsive pro�les, but only 7 of the27 eventswereasso-
ciatedwith GOES�ares (seeTable 2). This is in contrastto
the transverseloop oscillationsseenby TRACE, all of which
areassociatedwith �ares. It is alsosigni�cantly lower thanthe
50%(i.e. 13� 14 events)expectedif theX-ray brighteningoc-
cursin justoneloopfootpointwhichmaybelocatedbehindthe
solarlimb. For these�are-associatedevents,thestarttimesof
GOESX-ray �ux andof SUMER �are line intensityarecon-
sistent.In someeventsnot associatedwith �ares (e.g.events.
15 and17), SOHO/EIT detectedbrighteningsoccurringin the
limb active region SUMER aimedat, thussuggestingthat the
SUMER brighteningsmay correspondto small �ares having
anX-ray �ux below thedetectionthresholdof GOES.We �nd
that 15 of the 27 eventsbelongto recurringevents,i.e. they
recur 2� 3 times within about2 hoursat the sameplaceand
manifestsimilar oscillation featuressuchas identicalperiods
and initial Doppler shifts of the samesign (seeexamplesin
Figs. 2, 5, 9 and 10). Thesefeaturessuggestthat the re-
curring Doppleroscillationsarerelatedto the samemagnetic
structures.In somecases,thecoordinatedYohkoh/SXT images
show thattheDoppleroscillationshappenat locationsatwhich
theslit crossesthesoft X-ray loops(seeFigs.3, 6, and8), in-
dicative of hot loop oscillations.The geometricparametersof

theseloops,determinedon thebasisof anassumedcircularor
elliptical shape,aregivenin Table3.

We �nd oscillationperiodsin therange7.1� 31.1min with
ameanof 17:6� 5:4 min (Tables1 and 4).Althoughtheobser-
vationswith a high cadenceof 50 s allow a detectionof short-
periodoscillationsof � 3 min period,almostall caseshave pe-
riods larger than10 min (Fig. 12a),exceptfor a peculiarcase
27B. Theevent27occurredin thesouthwestlimb, andwasas-
sociatedwith a M1 �are (Table2). This event showed strong
initial red shiftsup to 100km s� 1 (Fig. B.11 in AppendixB).
Case27Bhastheshortestperiodof 7.1min of all studiedcases.
That the high cadenceobservationsdo not show shorteros-
cillations suggeststhat the cuto� at higher frequency is not
a biasintroducedby instrumentalconcerns(althoughthe fact
that the slit was always placeda certain distanceabove the
limb mayplay a role,sinceonly thelargerloopsaresampled).
The statisticdistribution shows that the Doppler oscillations
have periodsmuchlongerthanthetransverseloop oscillations
(P = 2� 11min) observedby TRACE(Fig. 12a).Comparedto
thepropagatinglongitudinalwaves(P = 2:4� 8:6min) foundin
thefootpointsof theTRACE loops(De Moortel et al. 2002a),
theperiodsof theSUMERloop oscillationsarealsodistinctly
longer.

The Doppleroscillationssu� er from very strongdamping
andaregenerallyvisible only for 2 or 3 periods.The average
numberof observedperiodsis 2.3� 0.7(Table4), abouthalf of
thenumber(4.0� 1.8)seenin TRACE data(Aschwandenet al.
2002).We �nd decaytimesin therange5.7� 36.8min, with a
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Fig.12. Distribution of the physicalparametersof the 54 SUMER Doppler-shift oscillations(solid histograms),anddistribution of the pa-
rametersof the 26 TRACE transversalloop oscillations(dottedhistograms)obtainedby Aschwandenet al. (2002).(a) Oscillationperiods.
(b) Dampingtime. The numberof TRACE loop oscillationswhosedampingtime could not be evaluatedis representedwith a dashedstrip.
(c) MeasuredmaximumDopplervelocity amplitudefor SUMERoscillations,andthemaximumtransversespeedfor TRACE oscillations.(d)
Deriveddisplacementamplitudefor SUMERoscillations,andthetransversemotionamplitudefor TRACEoscillations.

meanof 14.6� 7.0min.Theratioof thedecaytimeto theperiod
is0.85� 0.35(Fig.13d),whichis aboutafactorof 2shorterthan
that(� 1.8)of TRACEoscillations.A comparisonof thedistri-
butionsof decaytimesobtainedfor the SUMER andTRACE
oscillationsis shown in Fig. 12b. Theweakestdampingis ob-
servedin case18C (Fig. 11).In thiscasetheoscillationslasted
for 5 periodswith thedecaytimebeingabouttwice theperiod.
This is alsothe clearestcaseshowing a dampedintensityos-
cillation. It dampsfasterthantheDopplershift oscillation(see
Sect.3.6andWanget al. 2003).Case2A providesanotherex-
amplethat shows the dampedintensityoscillationassociated
with theDoppleroscillation(Fig. 14).For cases21B (Fig. B.6)
and25A (Fig. B.10) with large initial velocitiesandlessthan
2 periodsvisible in all, we obtainthe smallestratio of decay
time to periodof about0.3 (Fig. 13d). In addition, for cases
27(A; B;C) (Fig. B.11), a peculiarbehavior is observed,with
1.5 periodsof slowly dampedoscillationsfollowed by a sub-
sequentrapid decay. Hencemeasurementsof the decaytime
for thesecases(21B, 25A and27[A; B;C]) have a large error.
Excludingthese5 dubiouscases,we�nd thatthescalingof the

decaytimewith theperiodfor theremaining49casesis

� d = 0:68+0:46
� 0:27P

1:06� 0:18;

with a correlationcoe� cient of 0.66 (Fig. 15). This result
agreeswell with that (� d = 0:61P1:07� 0:16) obtainedon theba-
sis of datafor 35 casesby Wanget al. (2002c).Including all
cases,thecorrelationcoe� cientdecreasesto 0.54,so that the
obtainedscalingis lessreliable:

� d = 1:40+0:88
� 0:54P

0:80� 0:17:

We �nd that the oscillationshave an initial large Doppler
shift pulsewith peakvelocitiesup to 200 km s� 1 (e.g. cases
19A in Fig. B.4b and21B in Fig. B.6b in AppendixB). The
maximum Doppler shift amplitudesare measuredfrom the
data, with a mean and standarddeviation of Vm = 75 �
53 km s� 1 (Tables1 and 4). If we take the soundspeed
cs=380km s� 1 correspondingto the formationtemperatureof
Fexix (T=6.3 MK), we obtain a subsonicMach numberof
M = Vm=cs = 0:20 � 0:14. The maximumdisplacementsare
derivedby A = Vm=(! 2 + � 2)1=2, with ameanof 12.5� 9.9Mm.
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Sample number = 54

Fig.13. Distribution of thephysicalparametersof the54 SUMERDoppler-shift oscillations.(a) Time lag of themaximumintensitypeakto
themaximumDoppler-shift pulse.(b) Time lagof themaximumDopplerline width peakto themaximumDoppler-shift pulse.(c) Durationof
theintensitypeak.(d) Ratioof thedampingtime to theperiod.

Comparedto the TRACE transverseloop oscillations,the ve-
locity amplitudesareroughly thesame(Fig. 12c),but thede-
riveddisplacementamplitudesaredistinctly largerby a factor
of 4 or 5 times(Fig. 12d).

The Doppler shift generallypeaksearlier than the inten-
sity, but almostsimultaneouslywith the line width (Figs.13a
and13b).Theaveragetime lagof themaximumintensitypeak
to themaximumDopplershift pulseis 8.5� 13.1min, andthat
of themaximumline width peakto themaximumDopplershift
pulseis 1.0� 3.0min (Tables1 and 4). Thedurationof thein-
tensitypeak(de�ned asthetime spentat brightnessabove1=e
of the maximum)is on average36.2� 27.0 min, about twice
the averageperiod(Fig. 13c andTable4). In 22 of 54 cases,
theintensitypro�les have multiple peakswith a meannumber
of 1.5� 0.7.But with theexceptionof cases2A and18C, which
show intensity�uctuationswith thesameperiodastheDoppler
oscillation,thepresenceof a de�nite periodis not socertainin
theothercases.

We �nd that neighboringcomponentsalongthe slit oscil-
latein anti-phasein 5 cases(5[A; B], 6[C; D] in Fig.2,16[E; F]
in Fig. 10, 18[B;C] in Fig. 11, and 8[B;C] in Fig. B.1 in
AppendixB). Thetwo componentsare1500� 5000apart,with a

meanof 2400� 1300. In 3 outof 5 cases(i.e.5[A; B], 6[C; D], and
8[B;C]), theseoscillationsstartsimultaneously, while thereis a
phasedecayin cases16[E; F] (0.5period)and18[B;C] (1 pe-
riod).Thephaserelationsof theseneighboringoscillationssug-
gestthat their correspondingmagneticstructures(or coronal
loops)arerelated.Oscillationsin antiphasehavebeendetected
in neighbouringloopsby TRACE (Schrijveretal. 2002).

The high cadenceobservationsreveal phasepropagation
alongtheslit in someoscillations.In events11,15,and18(see
theexamplesin Sects.3.4, 3.5,and 3.6),we have foundthat
the alternatingblue- andred-shiftsshow an increasingphase
delayalongthe slit in oneor in both directionswhenstarting
from a particularpoint, with propagationspeedsin the range
8� 96 km s� 1. This featureis alsoseenin events7, 19 and20.
For mostof the cases,the region with the strongestemission
oscillates�rst, with fainterregionsshowing an increasingde-
lay. For event7, we measurespeedsof 24 and31 km s� 1 from
cuts1 and2 alongtheslit (Fig. B.1a).For event19, thespeeds
are51,33,and37km s� 1 from cuts1, 2 and3 (Fig. B.4a).For
event20, thespeedsare36, 34, 102and57 km s� 1 from cuts
1, 2, 3 and4 (Fig. B.5a).For 20 measurementsof the phase
propagationin 6 events,we obtainanaveragespeedof 43� 25
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Oscillation case 2A

Intensity
Doppler shift

Fig.14. Dopplerandintensityoscillationsin the Fexix line for case
2A. The thick solid curve is the best �t to the Doppler shifts with
a dampedsinefunction.For the intensitycurve, an 11-pixel smooth
backgroundtrendhasbeensubtracted,andthevariationis normalized
relative to themaximumvalueof thebackgroundtrend.

10 20 30

Fig.15.Scalingof thedampingtime of Doppleroscillationswith the
period. The solid line is the best �t scaling for the 49 oscillations
(diamonds) excluding the 5 dubiouscases(crosses) (i.e. 21B, 25A,
and27(A; B;C)). Thedashedline is thebest�t scalingfor all cases.

km s� 1 alongtheslit (Table4). In addition,case24A showsthat
theoscillatoryregionmovessouthwardwith timealongtheslit
at aspeedof 6 km s� 1 (Fig. B.9a).

5. Discussion

5.1. Oscillations in the slow standing mode

We now investigatethephysicalmechanismof hot loop oscil-
lationsobservedby SUMER.Undercoronalconditions(where
the Alfv én velocity � A is much larger than the soundspeed
cs), there are two, well-separated,modal classesof oscilla-
tions of a magnetic�ux tube,correspondingto the usualfast
andslow magnetoacousticwaves (Robertset al. 1984).The
fastwaves(the sausageandkink modes)have a phasespeed
of != k � � A , and the slow waves have a phasespeedof
!= k ' ct, wherethe tubespeedct = cs� A=(c2

s + � 2
A)1=2 ' cs.

Thetransverseoscillationsof thecomparatively cool loopsob-
servedby TRACE have beeninterpretedin termsof thestand-
ing kink mode(Aschwandenet al. 1999b;2002;Nakariakov
et al. 1999).Our observationsshow that thehot loop oscilla-
tionshave muchlongerperiodsandlargeramplitudesthanthe

TRACE loop oscillations.The scalingof the decaytime with
theperiodis alsodi� erentin thecoolandhot loops(Ofman&
Aschwanden 2002;Ofman& Wang 2002).Thesefactssug-
gesta di� erentwave modeand a di� erentdampingdissipa-
tion mechanismin thecool andhot loops(Wanget al. 2002c;
Ofman& Wang 2002).

Basedon ananalysisof oscillation18C on 16 April 2002,
Wanget al. (2003)have demonstratedthat the hot loop oscil-
lationsdetectedby SUMERbelongto theslow standingmode,
at leastin this particularcase.Herewe discussthe full setof
observationsin thelight of this result.

Whethera slow-modewave is a propagatingor standing
wave canbe inferredfrom thephaserelationshipbetweenve-
locity andintensity:propagatingwavesgive an in-phasevari-
ation,whereasstandingwavesgive a 1/4-periodphasedi� er-
ence(Sakuraiet al. 2002).Thus,basedon an in-phaserela-
tionship with the line intensity, Sakuraiet al. (2002) identi-
�ed theDoppleroscillationsobservedin thecoronalgreenline
(Fexiv, 2 MK) 5303Å aspropagatingslow waves.The peri-
odic intensity�uctuation seenin case18C, hasthesameperiod
astheDoppleroscillationanda time lag of exactly1/4-period.
Thus,theseobservationsindicatethepresenceof slow standing
wavesin hot coronalloops.This conclusionis supportedby a
modelingresultin Ofman& Wang (2002).

Case18C shows that the intensityoscillationdampsmore
rapidly thantheDoppleroscillation.This implies thatoscilla-
tory signalsin intensityaremoredi� cult to detect.Case18C
is exceptionalin someways(slow damping,smoothlyvarying
backgroundintensity)whichallow theintensity�uctuationsto
beeasilyextracted.For mostothercases,Doppleroscillations
usuallyhaveadecaytimeontheorderof theperiod(� d=P � 1)
andonly a few periodsarevisible (NP � 2). At thesametime
the intensityalsochangesrapidly due to the generallyshort-
livedbrighteningof Fexix or Fexxi emission.Hence,although
nearlyhalf of all casesshow severalpeaksin theintensitypro-
�le, it is di� cult to separatethe evolution of the brightening
from adampedperiodicsignal.Nevertheless,for case2A it has
alsobeenpossibleto extract theintensityoscillations.We �nd
thatcase2A alsoshowsaroughly1/4-periodphaserelationship
betweentheDopplerandintensityoscillations(Fig. 14).

In several cases,the geometricparametersof oscillating
loops, especially the loop length, are determinedfrom the
Yohkoh/SXT images(Table3), allowing usto furtherexamine
thepossiblemode.If theslow wavesoccurasstandingmodes
in a loop of length L, their period is given by (Robertset al.
1984),

� s =
2L
jct

�
2L
jcs

; (2)

with thesoundspeedcs ' 1:5 � 104T1=2.
For the eventsobserved on 9 March 2001,occurringin a

loop of length L = 140 Mm with temperatureT = 6:3 MK
(appropriatefor Fexix andgiving a soundspeedof cs = 380
km s� 1), the slow modewith j = 1 (i.e. no nodealong the
loop) producesa period of � s = 12 min. This is very close
to the observed periodsof 14� 18 min. In anothercaseon 29
September2000 for a loop of L ' 500 Mm with T = 6:3
MK and j = 1, we obtain� s = 44 min. This is 1.4� 1.8 times
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Table1. Time seriesanalysisof Dopplershift oscillationsa.

Osci. t0 VD Vm P � � d A NP � TIV � TWV � TI NI

Comp.b (UT) (km s� 1) (km s� 1) (min) (rad) (min) (Mm) (min) (min) (min)
1A*,Fig.4 06:33:5606-Nov-99 110 62 11.7 � 0.01 8.8 6.7 2.5 9.0 4.0 20 1
2A,Fig.5 02:20:0929-Sep-00 89 74 29.1 0.03 22.0 20.2 2 5.4 0 16 1
2B 02:20:0929-Sep-00 78 53 30.0 � 0.01 28.9 14.8 2 2.7 0 38 3
3C 03:39:1329-Sep-00 64 51 25.7 � 0.01 21.2 12.4 2 2.7 0 15 1
3D 03:39:1329-Sep-00 37 43 29.6 0.70 28.0 11.9 2 0 � 2.7 19 1
4A,Fig.7 13:12:1429-Sep-00 191 144 25.1 2.25 12.5 32.8 2 2.7 5.4 81 2
4B 13:06:4929-Sep-00 192 121 25.7 � 0:16 12.6 28.2 2 0 0 141 3
4C 13:12:1429-Sep-00 189 107 31.1 2.55 18.7 30.7 2 16.4 0 55 3
5A,Fig.2 15:57:4509-Mar-01 44 67 17.9 3.07 13.7 11.2 2 5.6 � 2.8 27 1
5B 15:57:4509-Mar-01 14 12 15.7 � 0:92 11.9 1.7 2 0 0 23 2
6C 17:31:0709-Mar-01 70 48 14.2 � 0:17 15.0 6.4 3 8.5 � 2.8 31 1
6D 17:31:0709-Mar-01 30 48 15.7 2.83 19.0 7.2 3 11.3 2.8 17 2
7A,Fig.B.1 00:36:1811-Apr-02 108 136 14.4 3.09 12.3 18.3 3 0 � 0.8 14 1
8B 01:33:2911-Apr-02 28 28 11.4 � 2:93 10.1 3.0 2 5 9.1 35 2
8C 01:33:2911-Apr-02 31 27 13.5 0.23 10.8 3.4 2 2.5 0 20 1
9A,Fig.B.2 07:48:4511-Apr-02 55 35 10.8 � 0:20 6.7 3.5 3 � 1.7 � 4.1 26 2
9B 07:47:5511-Apr-02 49 29 11.0 � 0:35 6.1 2.9 3 � 0.8 � 2.5 24 2
9C 07:47:5511-Apr-02 67 49 11.9 � 0:12 7.5 5.4 1.5 0.4 � 0.4 12 1
10A,Fig.9 19:20:5111-Apr-02 117 116 14.8 2.80 12.8 16.1 2 0.8 � 0.8 16 2
11B 20:20:3011-Apr-02 295 183 17.2 � 0:52 9.0 28.7 2 11.6 � 0.8 24 2
11C 20:20:3011-Apr-02 100 76 13.1 � 0:22 9.2 9.3 1.5 3.3 � 0.8 27 1
11D 20:20:3011-Apr-02 44 30 17.1 � 0:49 17.2 4.9 2 2.5 � 0.8 21 1
12E 21:19:1911-Apr-02 45 39 17.6 0.41 16.4 6.5 1.5 � 0.6 � 0.8 10 1
13A,Fig.B.3 05:08:2612-Apr-02 38 32 19.1 2.69 28.0 5.8 2 0.8 5.1 23 1
13B 05:08:2612-Apr-02 36 26 22.7 2.52 17.7 5.5 2 2.5 4.1 25 1
14C 07:42:3912-Apr-02 38 38 20.0 3.11 14.9 7.1 1.5 2.5 0.8 11 1
14D 07:42:3912-Apr-02 29 38 25.0 � 2:02 25.4 9.1 2 0.8 � 1.7 21 1
15A,Fig.10 10:18:0312-Apr-02 190 116 18.1 � 0:11 11.7 19.5 2 3.4 2.5 41 1
15B 10:11:2712-Apr-02 134 71 19.4 � 0:23 13.2 12.8 2 14.3 1.7 55 1
15C 10:11:2712-Apr-02 229 124 19.2 � 0:31 9.9 21.7 3 10.7 5.8 46 1
15D 10:11:2712-Apr-02 87 72 16.0 � 1:67 18.7 10.9 3 4.1 � 0.8 62 1
16E 11.35:1712-Apr-02 64 52 20.0 0.00 16.0 9.7 1.5 0.8 � 1.7 13 1
16F 11:31:1012-Apr-02 101 74 16.0 0.16 10.1 11.0 2 1.7 0 25 1
17A,Fig.11 23:26:5215-Apr-02 75 52 16.4 � 0.46 12.6 7.9 2 52.2 � 2.5 116.2 2
18B 01:05:3416-Apr-02 14 11 16.1 � 0.18 22.1 1.7 3 5.8 6.6 38.2 1
18C 00:47:2516-Apr-02 18 16 17.6 3.22 36.8 2.6 5 -2.5 -0.8 50.6 3
18D 01:03:0516-Apr-02 14 14 18.1 � 3.24 32.6 2.4 4 1.7 1.7 42.3 1
19A,Fig.B.4 06:25:1316-Apr-02 319 226 16.4 � 0:14 7.8 33.6 1.5 0 1.7 12 2
19B 06:25:1316-Apr-02 275 165 13.4 0.09 5.7 19.8 2 0 � 1.8 18 2
20A,Fig.B.5 11:18:1017-Apr-02 157 129 13.2 0.08 8.4 15.8 2.5 21.5 � 2:5 40 2
20B 11:24:4617-Apr-02 59 41 15.4 � 3:12 12.0 5.9 2.5 5.8 � 1:7 37 2
20C 11:20:3917-Apr-02 105 101 13.1 2.42 9.7 12.3 3 16.5 3.3 26 2
21A,Fig.B.6 11:04:3719-Apr-02 127 116 18.0 � 1:95 9.7 19.1 2 3.3 0.8 10 1
21B 11:04:3719-Apr-02 241 234 21.6 � 1:42 7.3 43.7 2 0.0 3.5 21 2
22A*,Fig.B.7 18:28:0123-Apr-02 158 59 21.1 � 3:14 14.5 11.6 2 1.7 5.8 17 1
23A,Fig.B.8 16:18:5824-Apr-02 62 46 13.9 � 3:25 12.4 6.0 2.5 5.0 0.8 20 1
24A,Fig.B.9 15:50:2726-Apr-02 69 62 13.9 0.54 15.2 8.2 2 5.8 4.1 20 1
25A,Fig.B.10 14:49:3908-May-02 209 189 23.9 0.84 7.9 38.9 2 20.5 8.5 48 1
26B 15:47:4708-May-02 67 91 17.7 � 0:05 13.4 15.0 2.5 14.1 0.0 46 1
26C 15:45:3908-May-02 90 72 15.1 � 0:21 8.8 10.1 2.5 24.8 1.1 46 1
26D 15:45:3908-May-02 59 59 18.2 � 0:1 22.5 10.3 3 8.8 � 3:2 55 3
27A*,Fig.B.11 08:08:2615-May-02 62 35 10.0 � 0:18 12.1 3.4 3.5 42.5 5.0 96 3
27B* 08:08:2615-May-02 84 87 7.1 � 0:11 6.5 5.8 3.5 52.5 3.8 85 3
27C* 08:13:2615-May-02 19 19 10.2 � 1:32 16.8 1.8 2 50.0 1.3 76 1

a t0 is thestarttime of themodeledtime series,VD theDopplervelocity amplitudederivedby thebest�t of a dampedsine-functionto the
oscillations,Vm themaximumDopplervelocity amplitudemeasuredfrom thedata,P theoscillationperiod,� thephaseof theoscillation,
� d thedecaytime (� d = 1=� ), A thedisplacementamplitude(de�ned asA = Vm=(! 2 + � 2)1=2), NP thenumberof periodsover which an
oscillationwasdetected,� TIV and� TWV thetime lagsof themaximumintensitypeakandthemaximumDopplerline width peakrelative
to themaximumDoppler-shift pulse,respectively, � TI thedurationof intensitypeak(de�ned asthetime spentat brightnessabove 1/e of
themaximum),NI thenumberof intensitypeaks.

b In the casesmarked with asterisks, the Doppleroscillationswereobserved in the line Fexxi; for the othercasesthe oscillationswere
observedin Fexix.
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Table2. Flare-associatedDoppleroscillationeventsa.

# Event Date AR Flare tGOES
0 tGOES

m tSUMER
0 tSUMER

m

1 06-Nov-99 8758 C4.6 06:28 06:36 06:30 06:40
4 29-Sep-00 9176 C4.5 13:05 13:13 13:07 13:15
17/18 15/16-Apr-02 9893 M1.2 23:05 23:24 23:08 23:56
25 08-May-02 9929 C2.8 14:39 14:45 14:44 15:10
26 08-May-02 9929 C2.3 15:46 15:52 15:44 16:12
27 15-May-02 9934 M1.0 08:00 08:13 08:08 09:07

a Listed are:(1) Doppleroscillationeventnumber;(2) date;(3) NOAA active region number;(4) GOES�are class;(5) starttime (UT) of
GOESX-ray �ux (tGOES

0 ); (6) peaktime (UT) of GOESX-ray �ux (tGOES
m ); (7) starttime (UT) of Fexix or Fexxi line-integratedintensity

enhancementaveragedalongtheSUMERslit; (8) peaktime (UT) of theSUMERline-integratedintensity.

Table3. Geometricalparametersof oscillatingloopsderivedfrom Yohkoh/SXT imagesa.

Time l0 � l� b0 � b� � b � c  h0 a & b (or r) L
(UT) (deg) (deg) (deg) (deg) (deg) (Mm) (Mm) (Mm)
02:24:4929-Sep-00 � 59.3 � 11.1 22.6 28.0 33.9 51 a=135& b=66 473
10:13:2329-Sep-00 � 55.9 � 11.8 22.5 31.6 36.3 50 a=154& b=63 515
18:07:3909-Mar-01 90.0 16.5 57.9 35.5 57.9 9 r=37 135

a t0 is thetimeof themodeledimages.l0 � l� andb0 � b� aretheheliographiclongitudeandlatituderelative to Suncenterfor themidpoint
of theloopfootpointbaseline.Weassumethatl� = 0 andb� = 0 for theusedheliographiccoordinatesystem.� is theazimuthangleof the
loop baselineto theeast-westdirection.� is theinclinationangleof theloop planeto thevertical. is theanglebetweentheloop baseline
andline-of-sight.h0 is theheightof theelliptical (or circular)loopcenterin theloopplane.a andb arethesemi-majorandsemi-minoraxis
lengthsof theelliptical loop, undertheassumptionthat thesemi-majoraxis is parallelto thesolarsurface;r is theradiusof thecircular
loop. L is theloop length.

b Theloop baselineis rotatedcounterclockwiseby anangle� relative to theeast-westdirectionin the29-Sep-00cases;but thedirectionof
rotationof theazimuthanglein the09-Mar-01 caseis uncertain(seeAppendixA).

c The loop planeis inclined northward by an angle� relative to the vertical in the 29-Sep-00cases;but the directionof inclination in the
09-Mar-01 caseis uncertain(seeAppendixA).

Table4. Averageandrangeof physicalparametersof 54 Doppler-shift oscillations.

Parameters Average Range
OscillationperiodP 17.6� 5.4min 7.1-31.1min
Decaytime � d 14.6� 7.0min 5.7-36.8min
DoppleroscillationamplitudeVD 98� 75 km/s 14-319km/s
MaximumDoppleramplitudeVm 75� 53 km/s 11-234km/s
DeriveddisplacementamplitudeA 12.5� 9.9Mm 1.7-43.7Mm
Ratioof decaytime to period� d=P 0.85� 0.35 0.33-2.1
Numberof periodsNP 2.3� 0.7 1.5-5
Time lagof intensitypeak� TIV 8.5� 13.1min � 2.5-52.5min
Time lagof line width peak� TWV 1.0� 3.0min � 4.1-9.1min
Intensitypeakduration� TI 36.2� 27.0min 10-141min
Numberof intensitypeaksNI 1.5� 0.7 1-3
Speedof phasepropagationa 43� 25 km/s 8-102km/s
Spatialextentof osci.alongslit � Y 35� 21Mm 7-87Mm

a This quantityis measuredonly for thecaseswith a clearphasepropagation(seeSect.4).

the observed periods(P = 25 � 31 min). For j = 2 we get
� s ' 22 min which lies closeto theobservedrangeof periods.
Becausethe loop baseline(assumedparallel to the loop top)
hasan angleto the line-of-sightof  = 34� � 58� (Table3),
signi�cant Doppleroscillationsareexpectedto beseenfor the
compressive slow modes(� obs = � truecos ' (0:8 � 0:5)� true).
Theseestimatessupporttheinterpretation.

Considernow thealternative thattheoscillationsaretrans-
verse.In a uniform magnetic�eld the periodof the standing
kink modein its fundamentalmodeis (Robertset al. 1984),

� k =
2L
ck

; ck = � A

 
2

1 + ne=n0

!1=2

; (3)
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wheren0 and ne are the plasmadensitiesinside and outside
theloop, respectively. If we requirethat theperiodof thekink
modematchestheobservedperiod,i.e. � k ' P, thentheAlfv én
velocitycanbederivedfrom Eq.(3),

� A =

p
2L
P

 
1 +

ne

n0

!1=2

' 1:5
L
P

; (4)

whereweassumene=n0 ' 0:1. For the9 March2001casewith
the averageperiodP ' 16 min andL = 140 Mm, we obtain
� A = 219km s� 1, from which we deducethat theplasma� [�
(2=
 )(c2

s=� 2
A)] ' 3:6. For the29September2000casewith P '

28 min and L = 500 Mm, we have � A = 446 km s� 1 and
� ' 0:9.Therefore,aninterpretationof theoscillationsin terms
of thekink moderequiresa plasma� of orderunity, implying
anunusualcoronalloop environment.For example,studiesof
coronalloopsin active regionson thebasisof X-ray datagive
the� valuesin therange10� 5 � 10� 2 (e.g.Schmelzetal. 1994;
McKenzie& Mullan 1997).However, Gary (2001) argued
that the plasma� canincreasebeyond unity at relatively low
coronalheights(h � 1

4 � 3
4 R� ). We derive a loop heightof

h ' 40 Mm in the9 March2001caseandh ' 100Mm in the
29 September2000case.Accordingto theplasmabetamodel
by Gary (2001),0:005< � < 0:1 ath ' 40Mm and0:04 < � <
0:4 at h ' 100Mm. Theseestimatesarealsoin disagreement
with the � valuesderived from the SUMER loop oscillations,
andhencedonot supportthekink modeexplanation.

We notice that the derived displacementamplitudes(A =
12:5 � 9:9 Mm) from theshift integrationarevery large,about
5 timesthatof thetransverseoscillationsobservedby TRACE.
Assumingthat the kink modeoccurswith an amplitudeA '
12 Mm for a loop with an azimuthangleof � = 45� , we ob-
tain the transverseamplitudeAtrans = Acos� ' 8 Mm. This
amplitudecorrespondsto about4 pixelsin SXT imageswith a
full-resolution(� 200:5 pixel� 1), which couldbewell resolved,
but suchoscillationcaseshaveneverbeenfoundin theprevious
studiesof SXT observations(e.g.McKenzie& Mullan 1997).
For slow waves,however, no signi�cant displacementsof the
loops' magnetic�eld areexpected,in agreementwith SXT ob-
servations.Consideringaninterpretationof theSUMERoscil-
lations in termsof the kink modefor a coronal loop with a
typical width w ' 9 Mm (Aschwandenet al. 2002)andwith
an inclination angleof � ' 30� to the vertical (e.g. the cases
listed in Table3), andassumingthe loop top to be initially at
theslit position,weestimatethatthelooptopmovesawayfrom
theslit in theverticaldirectionby � x = Asin� ' 6 Mm, when
the loop reachesa kink-modeamplitudeof A = 12 Mm. This
deviation is nearlythesizeof theloopwidth, implying thatthe
oscillating loop almostmoveso� the slit. This shouldcause
a large decreaseof line-integratedintensity. Due to the oscil-
lation of the loop, makingit periodicallypassonto andaway
from theslit, the line-integratedintensityshouldmanifestpe-
riodic �uctuations with a frequency twice that of the Doppler
shift oscillations.However, suchfeatureswerenotobservedin
any of the cases,which alsoargueagainstthe kink-modeas-
sumption.

Quasi-periodic(P ' 20 min) brightnessvariationsin >
3:5 keV X-rays associatedwith large coronalloopsof length
200� 300Mm wereobservedby theSMM spacecraft( �Svestka

et al. 1982;Harrison 1987),andwereinterpretedin termsof
standingslow-modeoscillations( �Svestkaet al. 1994).These
long-periodpulsationsseemto beconsistentwith theDoppler
shift oscillationsobserved by SUMER, andmay be triggered
by a similar mechanism,which we will discussin Section5.3.
However, systematicsearchesfor loop oscillationsusingSXT
imagesbyMcKenzie& Mullan (1997)did notshow suchlong-
period �ux �uctuations, but only short-periodic(9.6� 61.6 s)
modulationswith small amplitudesof about1% for coronal
loopsof length40� 150Mm in 16 out of 544cases.But varia-
tionswith a long period(P ' 20 min) couldbemisseddueto
thelimited durations(< 31 min) of thedatarecordsthey used,
or dueto their dataselectionrules.

5.2. Damping of oscillations

Both TRACE and SUMER observationsof loop oscillations
show strongly decayingmodes,raising the questionof the
causeof this decay. For the transverseAlfv énic oscillations
observed by TRACE, proposalsfor the dampingmechanism
rangefrom enhancedresistivity or enhancedviscositydue to
resonantabsorption(Nakariakov et al. 1999)or phasemixing
(Ofman& Aschwanden 2002)to photosphericpropertiesre-
latedto nullpointsor separators(Schrijver& Brown 2000).For
the hot loop oscillationsobserved by SUMER, interpretedas
slow-modewaves,thedominantdissipationmechanism(ther-
malconductionor compressiveviscosity)is di� erentfrom that
actingon Alfv énwaves(resistivity or shearviscosity).Ofman
& Wang (2002)have modeledtheoscillationsandthedamp-
ing of slow standingwaves in a model coronal loop for pa-
rameterstypical of thoseobserved by SUMER, and �nd that
due to the high temperature(T > 6 MK) of the loops, the
large thermalconductionleadsto rapid dampingof the slow
waveson a timescalecomparableto observations.Thescaling
of thedissipationtimewith periodagreeswell with thescaling
(� d = 0:68+0:46

� 0:27P
1:06� 0:18) obtainedfor 49 casesin this study.

Ofman& Wang (2002)also �nd that the decaytime dueto
compressive viscosity aloneis an order of magnitudelonger
thantheobserveddecaytime.

We �nd that the total duration(� TI) of the intensity en-
hancementis generallyabouttwiceaslongastheperiodor the
decaytime for the hot loop oscillations,and this durationis
also on the orderof the length of time over which the oscil-
lationsarevisible becausethe observed numberof periodsis
Np ' 2:3. If we assume� TI to be approximatelythe cooling
time of hot loops,this impliesthatthethermalconductiondis-
sipationis very e� cient within an interval � TI during which
the loopsarehot. After this time, thesmall amplitudeof shift
oscillationscouldhavebeeninvisibledueto theweakemission
in Fexix andFexxi andthelimited spectralresolution.For ex-
ample,for a typical casewith Vm = 75 km s� 1 and� d = P, we
have V(t) ' 10 km s� 1 whent = 2P, lower thantheSUMER
spectralresolution(0.0442Å/pixel ' 12 km s� 1 in the line
Fexix 1118Å).

Case18C is aspecialcasewhichshowstheweakestdamp-
ing with � d ' 2P and5 clearlyvisible periods.We noticethat
this eventoccurredin the decayphaseof a M1.2 �are, so the
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oscillationscould be relatedto a hot, dense�aring loop, with
plasmadensitypossibly1� 2 ordersof magnitudelarger than
thedensity(� 109 cm� 3) in a usualAR loop. Accordingto the
MHD equationsdescribinga loop, given by Ofman& Wang
(2002),thehigherloopdensitywill weakenthedampingof os-
cillations in velocity andtemperature,andsomayexplain the
observations.

5.3. Excitation of oscillations

In contrast to the TRACE transverse oscillations of cold
(� 1 MK) loops,theSUMERDopplershift oscillationsareonly
seenin hot �are lines of T > 6 MK. For all cases,impulsive
pro�les of line-integratedintensity and initial large Doppler
broadeningsof the lines indicatethat the oscillationsare ex-
cited impulsively. The concurrenceof initial strongDoppler
shiftsandline broadeningssuggeststhatslow-modewavesmay
beexcitedby a disturbancewith largeturbulentvelocitiespos-
sibly associatedwith averyhotplasmaejectionfrom onefoot-
point of a coronalloop, thesubsequentintensitypeak(with a
typical timelagof � TIV =9 min) mayresultfrom acoolingpro-
cessof very hot plasmaswhich increasesthedensityof Fe+18

ionsvia recombinations.In somecases(e.g.4[A, B, C], 11B,
and19[A, B]), intensitypro�les show clearly two peaks,with
the�rst oneconcurringwith theinitial Dopplershift pulse,sup-
portingthisassumption.

We �nd that most SUMER oscillation events happened
withoutassociatedGOES�ares, while all TRACEeventswere
triggeredby strong �ares or �lament destabilizations(about
70%wereassociatedwith M or X class�ares) (Schrijveret al.
2002).This may suggestthat the SUMER and TRACE loop
oscillationsareexcitedin di� erentways.Thekink-modeoscil-
lationsof TRACE loopsaremost likely excited whena loop
is hit by nearbyerupting�laments andcoronalmassejections
(Schrijver et al. 2002;Aschwandenet al. 2002).In contrast,
the slow-modewavesin hot loopsseenby SUMER could be
excited by pressuredisturbancesassociatedwith the injection
of hot plasmaat theoscillatingloop's footpoint.Evidencefor
this exciter is provided by the footpoint brighteningseenin
SXT imagesof therecurringeventson29September2000(see
Sect.3.3).

In this example,the manifestationof initial strongshifts
of the samesign for all eventsimplies a hot plasmaout�ow
possiblyaccompaniedwith a disturbancealong a large loop
originatingfrom onefootpoint,supportedalsoby the3-D ge-
ometry, the associatedSXR brighteningandupwardsmoving
EUV emissionat this footpoint. The disturbancecould be a
strongimpulsivelygeneratedpressuredisturbance,whichprop-
agatesasa slow modemagnetosonicwave alongthe loop and
gets re�ected at the oppositeside (Nakariakov et al. 2000)
to �nally form standingwaves. The associatedhot plasma
�o w may contribute to strongemissionof �are lines seenin
SUMER.We speculatethat theSXR brighteningandinferred
gas-pressuredisturbanceand plasmainjection near the foot-
point could be due to a suddenenergy releasecausedby in-
teractionsbetweenthe large loop and a small twisted �ux
system.The magneticreconnectionin this con�guration has

beenmodeled(e.g.,Yokoyama& Shibata 1995;Démoulinet
al. 1997; Karpenet al. 1998),which producessmall `con-
�ned �ares' (e.g.,X-ray jets)with nosubstantialchangeof the
magneticstructure(andin particularno openingof theclosed
�eld system),in agreementwith the fact that the SUMER re-
curring eventshave similar featuresand with the absenceof
associatedCMEs. Reconnectionnear the chromospherealso
producescool massejections(e.g., cool jets in H� or EUV)
(Yokoyama& Shibata 1995;Can�eld et al. 1996).This can
explaintheupwards-movingEUV emissionalongtheloopnear
the brighteningfootpoint. But the cool materialcould be too
denseto reachtheheightwheretheSUMERslit is located,so
explaining the absenceof emissionin cool lines. The recon-
nectionbetweentwo loopslocatedside-by-sidecanexplainthe
existenceof two componentsoscillatingin antiphase,asseenin
anotherexampleon9 March2001(seealsoWangetal. 2002a).
Kliem et al. (2002)have alsofound indicationsfor loop-loop
interactionnearonefootpointof a loop,causingtheenergy re-
leaseandoscillationsseenby SUMER.Similar to thecaseon
29 September2000,Harrison (1987)�nd thatthelong-period
X-ray brightnesspulsationsalsooccurin sucha con�guration
consistingof alargeloopandasmallloopwith acommonfoot-
point,consistentwith thetriggermechanismweproposefor the
SUMERoscillations.Notethatmorethanhalfof theoscillation
eventsbelongto recurringevents,manifestingidenticalperi-
odsandinitial shiftsof thesamesign(andnot associatedwith
CMEs),so that the involvedmagneticstructureandtriggering
mechanismmaybesimilar to thosediscussedabove.

The loop oscillation casesdetectedby TRACE are rela-
tively rare(in 6%of 255�ares inspected),andthisrarity is con-
sistentwith the proposalthat transverseoscillationsarepref-
erentially found on loopsat or nearseparatrices(Schrijver et
al. 2002). In contrast,SUMER hot loop oscillationshappen
more frequently. They often recur 2� 3 times within a cou-
ple of hours.For all inspecteddatain 1999� 2002,we iden-
tify 15 �ares (1 X-class,3 M-classand11C-class)detectedby
SUMER(9 in Fexix and6 in Fexxi). Of these15�ares 6 (40%)
areassociatedwith Doppleroscillations(seeTable2). For the
27oscillationevents,thepeakintensitycoversa largerangeon
ordersof 0.001� 2W m� 2 sr� 1. Except7 eventsexcitedby the6
�ares (theirpeakintensitieslie in therange0.02� 2W m� 2 sr� 1)
listed in Table2, all theothersaresmall events,with no asso-
ciatedGOES�ares. Actually, therearea largenumberof small
�ux enhancementswith peakintensitybelow 0.01W m� 2 sr� 1,
showing weakshift �uctuations, which we did not includein
our statistics.We also neglectedmany caseswith only red-
blue(or blue-red)shift alternation,or with non-periodicoscil-
lations,which may alsoresult from the samephysicalmech-
anism.Thesesmall eventsseenin hot �are lines with a high
rateof occurrencemaybecorrelatedwith micro�aresdetected
in 3.5� 5.5 keV X-ray emissioncharacteristicof T � 10 MK
(e.g.,Porteret al. 1995).Therefore,futurecoordinatedobser-
vationsbetweenSUMER and RHESSIin the SXR channels
mayhelpto identify thetriggerof hot looposcillations.

In addition,outward propagatinglongitudinaloscillations
(slow waves)aredetectedin EUV radiationfrom thefootpoints
of largedi� usecoronalloopsby EIT andTRACE(DeMoortel
et al. 2002a;b).The disturbancestravel with a propagation
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speedof the orderof 122 km s� 1 andperiodsof the orderof
5 min. Theseintensityoscillationscanbecontinuouslypresent
for severalhours,sothattheir triggersarecompletelydi� erent
from the SUMER hot loop oscillationswhich areexcited im-
pulsively. DeMoorteletal. (2002c)suggestthattheseintensity
oscillationsmaybedrivenby the3 minutesunspotoscillations
andtheglobal5 minutesolaroscillations.

5.4. Propagation

In somecases,we �nd Doppleroscillationsexhibiting phase
propagationsalongtheslit with speedsof 8� 102km s� 1. This
featureseeminglydoesnotagreewith thepropertyof standing
waves.In comparison,thelongitudinaloscillationsdetectedin
coronalloops in TRACE 171 Å have propagatingspeedsin
the range70� 235km s� 1, with a meanof 122� 43 km s� 1, in
agreementwith thesoundspeed(cs=150km s� 1) in a coronal
plasmaof T = 1 MK (De Moortel et al. 2002a).Hence,these
oscillationsare interpretedas propagatingslow modewaves.
Here– becausethe SUMER oscillationsoccur in hot coronal
loops,mainly detectedin Fexix with a line formationtemper-
atureof T = 6:3 MK – we estimatethepropagationspeedof
slow wavesto beV ' cs = 380km s� 1 if the ion temperature
is assumedequalto theelectrontemperature.We �nd thatthis
speedis muchlarger thanthe phasepropagationspeedsmea-
suredin Doppler oscillations.Consideringthat the magnetic
�eld of anoscillatingloopat theslit positionmakesanangleto
theslit direction,e.g.
 >� 75� , theexpectedpropagatingspeed
along the slit will be Vy = cscos
 <� 100 km s� 1, which is
in agreementwith the observation.Caseswith no clearphase
propagationmay be explainedby loopswith a small 
 angle.
For example,for a casewith 
 = 45� , the transittime of slow
wavesthrougha typical extendingscale(� Y = 35 Mm) of the
oscillationsalongthe slit, will be � t ' � Y=Vy = 130 s. Over
this time, lessthan3 Fexix imagescanbeobtainedwith a ca-
denceof 50 s, thusit is not easyto discernthephasepropaga-
tion featurein sucha case.

Basedon theabovediscussion,wecannotruleout thepos-
sibility that propagatingwaves are the causeof someof the
observedoscillations.Also, the typically small numberof os-
cillation periodssuggeststhatpropagatione� ectsmayoftenbe
visible. On the other hand,case18C shows not only a clear
phasepropagationin Dopplershift, but alsoa1/4-periodphase
relationshipbetweenDopplervelocityandintensity. Thelatter
featureprovidesconvincingevidencefor slow standingwaves.
Thiswavemodealsoyieldsgoodagreementwith theobserved
dampingratesand their scalingsin general(Ofman& Wang
2002).Therefore,wesuggestthattheorigin of thisphaseprop-
agationcould be relatedto the �ne structureof coronalloops
andthetriggermechanismof oscillationeventson thebasisof
thefollowing discussion.

For mostof theobservations,the SUMER slit wasplaced
at a heightH ' 10000above thelimb. Considera semi-circular
coronalloop locatedin a verticalplanewith its top just at the
slit (i.e.with a loop radiusR = H). We thenhavea loop length
L ' 230Mm, in agreementwith thetypical length(' 220Mm)
of coronalloopsseenby TRACE (Aschwandenet al. 2002).

Further, let the loop width be w = 9 Mm (Aschwandenet
al. 2002)andits azimuthangleto be � = 45� . From this we
estimatethe intersectionlength of the loop top with the slit
as � Y ' 2sin�

p
(R+ w=2)2 � R2 = 37 Mm, in good agree-

mentwith the scale(35� 21 Mm) of the observed oscillatory
regions along the slit (Table 4). When the loop has� ' 0�

(i.e., the loop is directednearlyalongthewest-eastdirection),
� Y ' w=9 Mm, closeto the lower limit of the observed � Y.
TheseestimatesindicatethattheoscillatoryDopplershiftsob-
servedin aregioncanbecausedbyasinglecoronalloop.In this
casethedi� erencesof intensityandline width alongtheslit in
anoscillatoryregionmaybedueto the�ne structureof acoro-
nal loop which may consistof a large numberof �ne threads
asseenin TRACE 171and195Å images(Aschwandenet al.
2000);di� erentthreadscanhave di� erentdensitiesandpos-
sibly di� erenttemperatures.We cannot,however, excludethe
possibility that thesedi� erencesmaybe dueto severalneigh-
boringparallelloopswith a smallazimuthanglerelative to the
E-W direction.If magneticreconnectiontriggersthermalen-
ergy releaseat a loop's footpoint in a certainthread,the pro-
ducedgas-pressuredisturbancewill a� ect theotherthreadsat
a slightly later time thanthedirectly involvedthread,thusex-
citing slow wavesin thosethreadswith phasesdelayedrelative
to the slow wave in the threaddirectly relatedto the trigger.
Recall that the phasedelayseemsto propagatealong the slit
from the strongemissionregion to the faint ones,supporting
this idea.

6. Conc lusions

SUMER spectralobservations have revealeda new kind of
dampedoscillation in hot coronal loops. In six selectedex-
amples,we analyzedin detail the featuresof time seriesof
Dopplershift, intensityandline width, andexploredthe trig-
ger of oscillationeventsandoscillating loopsusingSXT im-
ages.Wecarriedoutquantitativemeasurementsof physicalpa-
rametersof 54 oscillationsin 27 brighteningeventsseenin
�are lines. With this studywe have thusbeenable to obtain
anoverview of thepropertiesof the loop oscillationsrecorded
by SUMER.We comparedthestatisticalresultsof theperiods,
decaytimes,andamplitudeswith TRACEresults.Wehavealso
discussedthewave modeanddampingmechanismof hot loop
oscillations.Basedontheseanalyses,wecometo thefollowing
conclusions.

Dopplershift oscillationsweredetectedonly in �are lines
like Fexix andFexxi of T > 6 MK, consistentwith their as-
sociationwith hot SXR loops.For all cases,the oscillations
areexcitedimpulsively, asevidencedby thepresenceof anini-
tial large Dopplershift pulseandimpulsive pro�les of inten-
sity andline width. Becauseoscillationeventshavearelatively
high frequency of occurrence(e.g.often showing a recurring
behaviour) and only a small numberof them are associated
with GOES�ares, they may be triggeredby micro- or sub-
�ares. Therecurringeventsshow initial shiftsof thesamesign,
consistentwith exciters(e.g.,pressuredisturbanceandinjected
hot plasma)of loop oscillationscoming from one footpoint.
This interpretationis supportedby acasestudywhich includes
a comparisonwith SXT data.Phasepropagationof theoscilla-
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Fig.A.1. Projectionof ahypotheticalcircularloopontothesolarlimb.
CartesiancoordinatesystemOXYZ is de�ned at themidpoint(O) be-
tweenthe two footpointsA and B; OX is an extensionof the solar
radiusat O, OY is tangentialto the limb towardsthenorth.The loop
planehasan inclinationangle� to theverticalplanepassingthrough
theloop's footpoints,which is rotatedby anazimuthalangle� to the
NSverticalplane(XOY). P(xp,yp) is theapex positionof theloop.

tions,togetherwith variationsof intensityandline width along
theslit, canbeexplainedby theexcitationof theoscillationat
a footpointof aninhomogeneouscoronalloop,e.g.a loopwith
�ne (or multi-thread)structure.

The SUMER oscillations have distinctly longer periods
than the TRACE transverseoscillations,but a relatively sim-
ilar decayrate.Variouslines of evidenceindicating that they
arecompressiveslow magnetoacousticstandingwavesarepre-
sented,thussupportingtheconclusionsreachedby Wanget al.
(2003).For example,thephasespeedsinferredfrom theoscil-
lation periodandloop lengthapproximatelymatchthe sound
speedsin hot coronalloops.Furthermore,to make the period
of the global kink modematchthe observed period,requires
anunusualcoronalloop environmentof plasma� � 1. A large
thermalconductiondue to the high temperatureof hot loops
canexplain theobservedrapiddampingon a timescaleof the
orderof a waveperiod(Ofman& Wang 2002).Thescalingof
thedissipationtimeof slow modewaveswith periodis in good
agreementwith thescalingfor 49oscillationcases.

There are still someissuesfar from clearly understood,
suchas the excitation mechanismof slow modewaves, the
buildup of standingwaves, the coronalloop environmentre-
quiredfor quickdamping(� d=P ' 1� 2), reasonsfor theabsence
of intensity�uctuations in many cases,the true interpretation
of theoccasionallyseenphasepropagationalongtheslit. These
issuesneedfurtherstudiesbothin observationandtheoryin the
future.
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Appendix A: Deriv ation of geometrical
parameter s of cor onal loops above the limb

Let O in FigureA.1 bethemidpointof theline joining thefoot-
pointsA andB of a loop andd behalf of thedistancebetween
the footpointsin the planeXOY. We de�ne the loop geome-
try by a circle with radiusr andheighth0 of thecircle's center
above the solarsurface.In the casethat the planeof the loop
is parallelto theplaneXOY, C is thecircle's center(with OC
de�ned ash0) andT is the circle's apex (with OT de�ned as
h). In the casethat the loop planehasan inclination angle�
to theverticalandanazimuthalangle� betweenthefootpoint
baselineandthenorth-southdirection(counterclockwise),we
de�ne P(xp,yp) as the position of the loop's apex. Typically
the distancebetweenthe footpointsis small comparedto the
solarradius,so that we may neglect curvatureandregardthe
loop asprojectingupwardfrom theplanethroughO tangential
to thesolarsurface.Using thecoordinatetransformation(e.g.
formula (A5) in Aschwandenet al. (1999a)),we obtain the
equations,

xp = hcos� ; (A.1)

yp = � hsin� sin�; (A.2)

d = r
p

1 � (h0=r)2cos�: (A.3)

De�ning h0=r � c, andconsideringh = h0 + r, we obtainfrom
equation(A.3),

D = hcos�; (A.4)

where the quantity D is de�ned by D = d
p

1 + c=
p

1 � c.
Solving equations(A.1), (A.2) and (A.4) for � , � and h, we
obtain

h =
"
1
2

(x2
p + y2

p + D2) +
1
2

q
(x2

p + y2
p + D2)2 � 4x2

pD2

#1=2

;(A.5)

then,

r =
h

1 + c
; (A.6)

� = cos� 1(
xp

h
); (A.7)

� = cos� 1(
D
h

): (A.8)

If we assumethattheobservedloop hasthemidpointbetween
its footpointsexactlyabovethelimb, wecandeterminethepo-
sitionsof footpointsA andB andhencemeasuretheirdistance,
2d. Becausethe position coordinate,x, of the observed loop
reachesthemaximum,xp, at theapex whentheloop hasa cir-
cular shape,we candeterminethe apex position P(xp; yp) of
the loop. The ratio c (=h0=r) is a free parameter. Therefore,
given a valueof c, we canderive the geometricalparameters
(r, � , and� ) of theobservedloopfrom themeasurementsof xp,
yp, andd usingequations(A.5)–(A.8).We obtainthevalueof
freeparameterc by minimizationof thedi� erencebetweenthe
observedloop imageandtheprojectedimageof themodelled
loop. Note that as it is di� cult to discernwhich foot of the
observed loop is closerto the observer, we cannotdetermine
whetherthe loop planeis inclined towardsor away from the
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observer. For example,in thecasedemonstratedin FigureA.1,
we deducefrom the apex position of the projectedloop (i.e.
yp < 0) thattheloop planeinclinestowardstheobserver if the
A-foot is closerto theobserver, while it inclinesawayfrom the
observer if theB-foot is closerto theobserver.

Appendix B: Doppler oscillation cases

Further examplesof Doppler shift oscillations recordedby
SUMERareshown in Figs.B.1-B.11.
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Fig.B.1.Doppleroscillationevents(Nos.7A, 8B, 8C) in theFexix line on 11April 2002.
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Fig.B.2.Doppleroscillationevents(Nos.9A, 9B, 9C) in theFexix line on11April 2002.In (b) thecurveB is plottedrelativeto theleft y-axis,
but shiftedby � 20km s� 1.
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Fig.B.3.Doppleroscillationevents(Nos.13A, 13B,14C,14D) in theFexix line on 12April 2002.
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Fig.B.4.Doppleroscillationevents(Nos.19A, 19B) in theFexix line on 16April 2002.
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Fig.B.5.Doppleroscillationevents(Nos.20A, 20B,20C)in theFexix line on17 April 2002.In (b) thecurvesA andC areplottedwith shifts
of 50and� 80km s� 1 alongthey-axis,respectively.
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Fig.B.6.Doppleroscillationevents(Nos.21A, 21B) in theFexix line on 19April 2002.
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Fig.B.7.Doppleroscillationevents(No. 22A) in theFexxi line on 23April 2002.
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Fig.B.8.Doppleroscillationevents(No. 23A) in theFexix line on 24April 2002.
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Fig.B.9. Doppleroscillationevents(No. 24A) in the Fexix line on 26 April 2002.In (a) the dashedlines show an alternative cut B for the
oscillations.In (b) thebest�t curve of thesine-functionis obtainedfrom thetime pro�le of cutA.
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Fig.B.10.Doppleroscillationevents(No. 25A, 26B,26C,26D) in theFexix line on8 May 2002.In (b) thecurvesA, C andD areplottedwith
shiftsof � 190,� 90, � 170km s� 1 alongthey-axis,respectively.
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Fig.B.11.Doppleroscillationevents(Nos.27A, 27B,27C)in theFexxi line on15May 2002.In (b) thecurvesA andC areplottedwith shifts
of 90and� 60km s� 1 alongthey-axis,respectively.


