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Abstract. We give anextensve overview of Dopplershift oscillationsin hot active region loopsobtainedwith SUMER. The
oscillationshave beendetectedn loopssampledb0 100arcsem thelimb of the Sunin ultraviolet lines, mainly Fexix and
Fexxi, with formationtemperaturggreaterthan6 MK. The spectrawere recordedalonga 300 arcsecslit placedat a x ed
positionin the coronaabove the active regions. Oscillationsare usually seenalong an extendedsectionof the slit and often
appeatto be from severaldi erentportionsof the loops(or from di erentloops).Di erentportionsaresometimesn phase,
sometimesut of phaseandsometimeshav phaseshifts alongthe slit. We measurghysicalparametersf 54 Dopplershift
oscillationsin 27 are-lik e eventsandgive geometricparameter®f the associatedhot loopswhensoft X-ray (SXR) images
areavailable.The oscillationshave periodsin therange7 31 min, with decaytimes5.7 36.8min, andshav aninitial large
Doppler shift pulsewith peakvelocitiesup to 200 km s *. The oscillation periodsare on averagea factor of threelonger
thanthe TRACE trans\erseloop oscillations. The dampingtimesandvelocity amplitudeareroughly the same put the derived
displacemenamplitudeis fouror vetimeslargerthanthetrans\erseoscillationamplitudemeasureih TRACEimagesUnlike
TRACE oscillations,only a smallfractionof themaretriggeredby large ares, andthey oftenrecur2 3 timeswithin acouple
of hours.All recurringeventsshaw initial shifts of the samesign. Thesedataprovide the following evidenceto supportthe
conclusionthat theseoscillationsare slov magnetoacoustistandingwavesin hot loops: (1) the phasespeedsierived from
obsered periodsandloop lengthsroughly agreewith the soundspeedj2) theintensity uctuation lagsthe Dopplershifts by
1/4 period;(3) Thescalingof thedissipatiortime of slow waveswith periodagreesvith theobseredscalingfor 49 casesThey
seento betriggeredby micro-or sub aresnearafootpoint,asrevealedn oneexamplewith SXRimageobsenrations.However
othermechanismsannotasyetberuledout. Someoscillationsshaved phasegpropagatioralongtheslit in oneor bothdirections
with apparenspeedsn therangeof 8 102km s !, togethemwith distinctlydi erentintensityandline width distributionsalong
the slit. Thesefeaturescanbe explainedby the excitation of the oscillationat a footpoint of aninhomogeneousoronalloop,

e.g.aloopwith ne structure.
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1. Intr oduction

MHD wavesare believedto play animportantrole in the so-
lar corona,e.g. as a possiblesourcefor heatingof coronal
loops. The waves can also be usedas a tool to diagnosethe
physicalparametersf the coronalplasma(e.g. Robertset al.
1984;Nakarialov & Ofman 2001).Variousperiodicandquasi-
periodic oscillationsin radio, visible, EUV, and soft X-ray
(SXR) radiationhave beenobsenedfor decadege.g.reviews
by Aschwanden 1987;2002; Roberts 2000). Recently tem-
porally and spatially resohed trans\erseand longitudinal os-
cillationshave beendetectedn coronalloopsby the Solarand
HeliosphericObsenatory (SOHO) andthe TransitionRegion
and Coronal Explorer (TRACE). For example, signaturesof
propagatingcompressie waves were rst obsened in coro-
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nal loops by the EUV Imaging TelescopgEIT) (Berghmans
& Clette 1999),latercon rmed by TRACE obsenations(De
Moortel et al. 2000;2002a;b;c;Robbrechtet al. 2001),and
identi ed aspropagatinglow waves(Nakarialov etal. 2000;
Tsiklauri & Nakarialov 2001). Kink mode oscillationsex-
cited by ares in coronalloops were for the rst time de-
tectedby TRACEin EUV radiation(Aschwanderetal. 1999b;
Nakarialov et al. 1999). An extensive overvienv and analy-
sis of trans\erseloop oscillationswas presentedy Schrijver
etal. (2002)anda detaileddiscussiornof the parameter®b-
tainedfrom theseobsenationscanbefoundin Aschwandenet
al. (2002).Theobsenedrapiddampingof thesetrans\erseos-
cillationshasbeenexplainedby anomaloushhigh viscosityor
resistivity dueto resonanabsorptior(Nakarialov etal. 1999),
or phaseamixing (Ofman 2002;0fman& Aschwanden2002).
Schrijver& Brown (2000)proposednalternatve mechanism:
loop oscillationsare causedy rocking motionsof the photo-



spnericplasmaassociate@vitn ares It theloop lies nearmag-
neticnullpointsor separatorsThey attributetherapiddecayof
the oscillationto photospherigpropertiesatherthanthe coro-
nalresonantesponseThismodelcanexplainwhy only asmall
subsetof the loopsvisible in TRACE imagesare involvedin
oscillations.

Stronglydampedopplershift oscillationsin hot are lines
recordedby the Solar Ultraviolet Measurementsf Emitted
Radiation(SUMER)spectrometeon SOHOwererecentlydis-
coveredby Kliem etal. (2002)andidenti ed asoscillationsof
hot coronalloops(Wanget al. 2002a;b;c) On the basisof the
initial obsenationsaloneit wasnot directly possibleto distin-
guishbetweentrans\erseandlongitudinal oscillations.Based
on a one-dimensionaMHD model, Ofman & Wang (2002)
foundthat dueto the high temperatureof the loops,the large
thermalconductioncanleadto rapid dampingof slon-mode
magnetoacoustiwaveson atimescalecomparabléo thoseob-
sened, and proposedhat the Doppleroscillationsareindeed
dueto theslow-modewaves.Strongobsenationalevidencefor
slow-modestandingwavesin high temperaturgost areloops
was recently provided by Wang et al. (2003). Theseinvesti-
gationsarelimited in thatthey 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 may harbourmultiple oscillations) which arefound by
inspectingnearly all SUMER obsenationsof limb active re-
gionsduringthepastthreeyears.In Section2, theobsenations
anddataprocessingaredescribedln Section3, we presenta
detailedanalysisof 6 selectedexamplesin Section4, we pro-
vide anoverview of the obtainedparameterandcomparewith
resultsof the TRACE trans\erseloop oscillations In Sections,
we discusshe mode,damping,andtrigger of the oscillations,
andpresentonclusiongn Section6. Finally, AppendixA de-
scribesa methodto derive geometricaparametergor thelimb
loops,andAppendixB givesa graphicaloverview of analyzed
eventsnotdescribedn Section3.

2. Observations and data processing

In orderto study the variability and dynamicsof active re-
gion loops, a numberof spectralobsenationswere recorded
by SUMER (Wilhelm etal. 1995)in recentSOHOcampaigns.
In all casesthe SUMER spectrometeslit wasplacedata x ed
positionin the coronaabout 100°°above an active region at
the limb. The obsenationsof AR 87580on 6 November1999
are describedin detail by Kliem et al. (2002). They cov-
ered8 lines in the range1320 1360 A with the 300°° 1%
slit andusedan exposuretime of 120 s. The obsenationsof
AR 9371 0n 9 March 2001 and AR 9176 on 29 September
2000 were madein the spectralrange 1098 1138 A, with
a 162 s exposuretime and the 300°° 4% slit. This spec-
tral window containslines formed in the temperaturerange
0.01 10 MK, e.g.therelatively cool transitionregion line, a
blend of Siii/Siiii  1113(0.03 0.06 MK), the coronallines
Cax 557 2(0.7MK) andCaxiii 1134(2 MK), aswell
asthe are linesFexix 1118(6.3 MK) andFexx 567 2
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Fig. 1. (a) The SUMER spectrumabore an active region at the limb,
takenat17:42:24UT on9 March2001with anexposurdime of 162s.
Thewavelengthpositionsof 4 selectedspectralinesareindicatedby
theverticalwhite lines. (b) Line spectraareobtainecby averagingthe
emissionalongthe sectionof the slit marked by a strip in (a). t0 is
thetime just beforethe oscillationevent;t1, t2 andt3 thetimesof the
rst threeDopplershift peaks(Fig. 2aand2b), respectiely. Fig. 1a
correspondso t2.

(8 MK). Standardproceduredor decompressiomand correc-
tions of at- eld, detectordistortions,deadtime and gain ef-
fectswereappliedto theraw data Figurelillustratesheevolu-
tion of 4 spectralines(Siiii, Cax, Nevi [0.3 MK], andFexix)
in a selectedvindow. The Dopplershift oscillationswere de-
tectedonly in thehot are line Fexix withoutary signaturan
theotherlines(Fig. 1b), but perhapghe Nevi line is too weak
and Siiii is mamginal in strengthto show clearly recognizable
oscillations.The oscillation periodsmeasuredrom theseob-
senationsarel1l.7 31.1min (seeSect.4), but shorterperiods
could not be excludedfor theseobsenationsbecauseof the
cadenceof > 2 min leadingto a 4-point resolutionlimit of
10min (Wangetal. 2002a;b).

Obsenationswith a high cadenceof 50 s were madein
April-May 2002.This cadenceallows usto detectoscillations
with a period as short as 3 min, but at the cost of not be-
ing able to transmitthe whole 40 A wavelengthband. The
spectrawere usually recordedin three lines Siiii, Cax and
Fexix, or in Cii  1335(0.016 MK), Fexii 1349 (1.6 MK)
andFexxi 1354(8.9 MK). In two casesothercombinations
of spectrallineswererecordedwith a di erentcadenceThe
eventson 8 May 2002 were obsened in four lines Fexix,
Fexvii 1153(2.8 MK), Caxiii andCax with a 64 s cadence.
Theeventon 15May 2002wasobsenedin linesCii, Fexii and
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Fig. 2. Doppleroscillationevents(Nos. 5A, 5B, 6C, 6D in Table 1) in the Fexix line on 9 March 2001. (a) Doppler shift time series.The
redshiftis representedith the bright color, andthe blueshiftwith thedarkcolor. (b) Averagetime pro les of DopplershiftsalongcutsAC and
BD. Thethick solid curvesarethebestt functionsdescribedy Eg. (1). (c) Line-integratedintensitytime series(d) Averagetime pro les of
line-integratedintensitiesalongcuts AC andBD. For a clearcomparisontheintensitypro le for BD hasbeenstretchedoy afactorof 10. (e)
Line width (measured@aussiawidth) time series(f) Averagetime pro les of line width alongcutsAC andBD.

Fexxi (aswell asits two adjacentwindows) with a 75 s ca-
dence.

After processinghe raw datafollowing standardproce-
dures,a single Gaussiarwas t to eachline pro le to obtain
aDopplershift time seriesateachspatialpixel (e.g.Fig. 2a).A
large numberof impulsive brighteningsin the hot are lines
Fexix or Fexxi are revealedassociatedvith alternatingred
andblue Dopplershifts. However, mary of themwerenot an-
alyzedfurther since the Doppler signal was either: (a) non-
periodic,(b) visible only overoneperiod,or (c) wasveryweak.
In this study we identify the Doppler shift oscillationsonly
for thosecasesof relatively regular period, which lastedfor
morethan1.5 periodsandexhibiteda maximumbDopplershift
>10 km s *. Following this rule, we found the 27 oscillation
eventslistedin Table 1. The meaningof the symbolshead-
ing thevariouscolumnsis describedn a footnoteto thetable.
In someevents,severaloscillationcomponentsvereidenti ed
alongthe slit dueto di erencesdn periodor phase For each
oscillationcomponentwe averagedover a width of 11 pixels
( 1%pixel 1) for thedatasetsobsenedduring1999 2001and
6 pixelsfor thedatasetsobsenedin 2002to reducenoisewhen
plotting andanalyzingthe averagetime pro le. Thefunction

@)

was then t to the oscillation, where Vy is the background
Dopplershift, Vp is the Dopplershift amplitudeand! , , and
arethe frequeng, phaseanddecayrate of the oscillations.

V() = Vo+ Vpsin( t+ )e
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Fig. 3. The oscillating soft X-ray loop (outlined with diamondk) t-
ted with a circular model (dark curwe) for the 9 March 2001 events.
The ape positionof the modelledloop is marked with a cross. The
SUMER spectrometeslit positionis indicated,and positionsof two
cuts(denotedA andB in Fig. 2) aremarked.

We de ne Vy, asthe maximumDoppler shift amplitudemea-



\)

Line—oOT—5sIght Loppler shitt

Q6:30

©

06:40 06:50
Line—integrated intensity

Q7:00

06:30 06:40 06:50

Line width

Q7:00

250 — —

Q6:30 06:40 07:00 A

Time on 1999 Nov 06 (UT)

06:50

Line width (A)
o
(%]
(o]
>

\L)

Doppler shift for A (km s™)

06:50 07:00

Intensity (107 W/m’ sr)

06:30

06:40

06:50 07:00

06:30 06:40 06:50
Time on 1999 Nov 06 (UT)

07:00

Fig. 4. Doppleroscillationevent(No. 1A) recordedn the Fexxi line on 6 Novemberl999.The gure is structuredsimilarly to Fig. 2.

suredfrom the data,relative to Vo. We derive the maximum
displacemenamplitudeby A = V(! 2+ 2)¥2. Theobtained
parametersf thetime seriesarelistedin Tablel.

For someeventsthe soft X-ray telescopgSXT) (Tsuneta
etal. 1991)on Yohkoh providedcoordinatecbbsenations,al-
lowing usto identify the oscillatingloopsandtheir geometric
parametersFor the 9 March 2001 events,the SXT obtained
full (2°°5 pixel 1), half-, and quarterresolutionpartial frame
imagesonly in the decayphase For the 29 Septembe2000
events,the SXT obtainedhalf-, andquarterresolutionfull disc
frameimageswith a 4.3 min cadencegoveringthe whole pe-
riod of theevents We alsoidenti ed theassociatiomf SUMER
oscillationeventswith ares measuredh thel 8 A channebf
the GOESsatellite,using EIT full discimagesto examineif
EUV arings occurredin the limb active region SUMER ob-
sened.We list these are-associateaventsin Table2.

3. Description and analysis of selected oscillation
events

In atotal of 27 Doppleroscillationevents,we describeé se-
lected examplesof varioustypesof oscillationsand analyze
their physicalpropertiesloop geometricaparameterandtrig-

gersin detail. The remainingcasesare graphicallyshavn in

AppendixB in Figs.B.1 B.11.

3.1. 9 March 2001

This example(Figs. 2 and 3) is probablythe clearestcaseof
loop oscillations,which was describedin detail in Wang et
al. (2002a). SUMER obsened two hot plasmaeventsoccur
ring in AR 9371 at the westlimb. No GOES ares werere-
latedto thesetwo SUMER events.The oscillationshave peri-
odsof 14 18min, with decaytimesof 12 19 min. Figures2e
and 2f shav variationsof the measuredsaussiarwidths of
the Fexix line. They shav substantiaDopplerbroadeningsn

the rising phaseof the ux, andthe widths peakalmostsi-
multaneouslywith the shifts. For caseA, the measurednax-
imum ggussiarwidth, = 98km s 1, sothe Dopplerwidth,

D = = 138km s !. We obtainthe nonthermalveloc-

ity, = 2 2=132kms ! where y, = 43kms? the

thermalvelocity of the Fe"8 jon. The large turbulent veloc-
ity introducesa large uncertaintyinto the measuremenf the
initial Dopplershifts.

Duringthesecondvent,whensimultaneou$XT obsena-
tionswereavailable,a SXR loop wasseenatthepositionof the
loop oscillation (Fig. 3). Basedon a circular modeldescribed
in AppendixA, we derivethegeometrigparametersf theloop
from measurementsf the footpoint separatiorand the ape&
positionof theloop. The obtainedloop length,the inclination
angleandtheazimuthangleof thefootpointbaselinearelisted
in Table3. Theloop lengthderivedusingthe samemethodhas
beenusedto discussvave modesn Wangetal. (2002a).

3.2. 6 November 1999

In thiscaseheoscillationsareseerin theFexxi line, whichare
evenbetterde nedthanin theMarch9 events(Fig. 4). Because
simultaneou$XT obsenationswereavailableonly atthevery
beginningof theevent,we areunableto pinpointtheoscillating
loop. This time the eventwasassociateavith a C4.6 are that
occurredin AR 8758at the north-eastimb. The enhancement
in theline-integratedntensityin Fexxi startedandpealedlater
thanthe GOESX-ray ux by severalminutes(Table2). More
detailsof the eventandassociated¢ool (T 10* K) line emis-
sionaregivenby Kliem etal. (2002).A dampedsine-function
providesa good t (Fig. 4b) andgivesa periodof 11.7 min.
Thetime seriesof the shiftsandline widthsarecoherentalong
theslit.
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Fig. 5. Doppleroscillationevents(Nos.2A, 2B, 3C, 3D) in the Fexix line on 29 Septembe2000.Seecaptionof Fig. 2 for moredetails.

3.3. 29 September 2000

In this case,coordinatedobsenations betweenSUMER and
YohkoWSXT provide corvincing evidencethatthe Doppleros-
cillation correspondso oscillationsof hot coronalloops.The
SUMER time seriesrevealed4 hot plasmaevents,all in the
Fexix line, without signaturesin the lines formed belov 2
MK. Figure5 shaws the two earlierevents.The rst at about
02:30 UT and the secondaboutan hour later at 03:50 UT.
Neitherwasdetectedy GOES.Butin botheventsSXT images
shaw a bright point nearonefootpoint (F 1) of alarge coronal
loop (Fig. 6) which (the footpoint) reachedmaximumbright-
nessaroundthe time of theinitial Dopplershift pulseseenby
SUMER. Thetwo laterevents,startingat about10:10UT and
13:10UT (Fig. 7) were both associatedvith GOES C-class
ares (Table 2). Thesetwo eventswere also associatedvith
enhencementsf the SXR bright point (Fig. 8), andwith an
EUV brighteningobsenedby EIT atthe samesite at the start
of the oscillation. The EUV brighteningshoved a faint emis-
sion at its edgemoving upward alongthe large coronalloop.
We nd thatthe earlier eventsare abouta factor ve fainter
(Figs.5d and 7d), and have well de ned oscillationswhereas
thelatter are-associatedventsaremuchmorecomple with
severalnon-periodiccomponentsTheseoscillationshave sim-
ilar periodsin therange25 31 minutes.

Figures6 and8 shav thatthe SUMERSsslit wasnearthetop
of alargeSXRloop,andtheDoppleroscillationscoincidewith
theregionswherethe slit crosseghis loop. Figures6c and6d
show thatthe EUV loopsdi erin positionfrom the SXR loop.
Duringthefainterearlierevents,the SXR loopsbrightenecdbut
therewereno majorchangesn theloops' structureBoth are
events,however, wereassociatedavith X-ray plasmaejections
(seeFig. 8) andthis is probablywhy the Doppler shifts are
confusing Neverthelesstherearetwo regions(A andC) in the
secondare event(aroundl3:20UT) with in-phaseoscillations

(0)SXT/AMg 02:24:49 UT  1(b)SXT/AIMg 03:45:53 UT

(d)EMA85 03:47:28 UT

)
(c)EITA195 02:23:25 UT

Fig. 6. (a) The oscillating soft X-ray loop (outlined with diamonds)
tted with an elliptical model (white curwe) for the 29 September
2000events.The ape positionof the modelledloop is marked with
a triangle The dark contoursoutline the X-ray brightenings.The
SUMER spectrometeslit positionis indicated,and positionsof two
cuts(denotedA andB in Fig. 5) aremarled. (b) The SXT imageat
03:45:53UT. (c) The SOHQEIT imageoverlaid with the SXR loop
(diamonds) andSXR brighteninggdark contours)}akenfrom (a). (d)
TheEIT imageat03:47:28UT.

(seeFig. 7a). Thesemay correspondo the intersectionof the
slit with two legs of anoscillatingloop (seeFig. 8c).
Assumingan elliptical shapewe determinethe geometri-
cal parametersf the SXR loop, by usinga methodsimilar to
thatemployed by Aschwandenetal. (2002).This methodop-
timizes3 freeparameterghy, , €) to obtainagoodmatchwith
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Fig. 8. (a) The oscillating soft X-ray loop (outlinedwith diamonds) tted with an elliptical model (white curve) for the 29 Septembe2000
events.Theape positionof themodelledloop is markedwith atriangle The SUMER spectrometeslit positionis indicated andpositionsof
threecuts(denotedA, B andC in Fig. 7) aremarked. (b) The SXT imageat 10:27:41UT. (c) The SXT imageat 13:19:29UT. (d) The SXT

imageat 13:40:49UT.

the obsenedloop (Figs.6aand 8a),wherehg is theheightof may suggesthat the loop expandedand becameheavier due

thecenterof theellipseabovethesolarsurface, istheinclina- to lling by hot plasmaduringtheseevents.

tion angleof theloop planeto thevertical,ande is theelliptic- Fromthe 3-D geometrywe derive tangentialvectorsto the
ity. The obtainedparametersirelistedin Table3. Comparing |oop (de ned alongtheloop pointingtowardthefootpoint F2)

the parametersf the loop at 02:24 UT andat 10:13UT, we  closeto cutsA and B with the slit (seeFig. 6a). The anglesto
nd thatthe loop becamelonger, atter andmoreinclinedin  theline-of-sightare 138 at A and150 at B for theimageat
this interval, i.e. after the two earlier events. Thesefeatures (02:24UT, respectiely (Fig. 6a),andtheanglesare118 atA,



Solar Y (arcsec)

] = ooy —20
S i L T e o E 30
19:30 20:00 20:30 21:00 21:30 (km/s)
(c) Line—integrated intensity
r 10
3 sol 3
I B——aaie F 8
3 40 o 8
> 20 D /= J4 4
5 EA
S 4 2
oot 0
19:30 20:00 20:30 21:00 21:30 (0.01W/msr)
(e) Doppler line width
—~ F = > 7 05
o 60— ¢ L
ol e :
2 a0 .
5 40F .
T ok g 03
5 EA q 02
g Oﬁ =
£ A R s T AR B g |
19:30 20:00 20:30 21:00 21:30 A

Time on 2002 Apr 11 (UT)

Doppler shift (km s™)

Doppler line width (A)

19:30 20:30 21:00 21:30

oN &~ O o O
B N e

Intensity (107 W/m? sr)

19:30 20:00 20:30 21:00 21:30

A
o
w
S

o
S
a

o
W
)

19:30

20:00 20:30 21:00
Time on 2002 Apr 11 (UT)

21:30

Fig. 9. Doppleroscillationevents(Nos. 10A, 11B, 11C, 11D, 12E) detectedn the Fexix line on 11 April 2002.In (b) the curve B is plotted
aftershiftingby 240km s ! alongthey-axis,curve D by 70km s ! in orderto enhanceclarity. In (d) thetime pro les for A, B, D andE

have beenstretchedy afactorof 5 to facilitatecomparison.

150 atB and149 atC for theimageat 10:13UT (Fig. 8a).
We notice that all 4 eventsbeganwith strongred shifts and
wereassociatedvith enhancementsf a SXR bright point (or
EIT brightening)nearonefootpoint of the large coronalloop.
Thecalculatedoop geometryimpliesthattheinitial strongred
shiftsarecausedy aninjectedhotout ow ora o w-associated
propagatinglisturbancdrom the footpointbrightening which
is probablydue to magneticreconnectiorbetweenthe large
scaleloopandasmallscale ux system.

3.4. 11 April 2002

This is an example of Doppler oscillationsin the high ca-
dence( 50 s) obsenations.Figure 9 shows that three os-
cillation eventsoccurredwithin 2 hours,with periodsin the
rangel3 18 min anddecaytimesof 9 17 min. Theseevents
occurredat the eastlimb, with no associatedsOES ares. In
the secondevent,we nd thatthe periodanddecaytime 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- and blue-Dopplershifts reachedy oscillation
B are183and36 km s , while for caseD, the corresponding
shiftsare34and30km s 1. CaseC hasaperiodof 13 min, i.e.
distinctly shortethancase® andD, butits averagantensityis
aboutafactor5 strongetthanthatof casedB andD. Moreover,
the high cadenceobsenationsreveal propagation(phasede-
lay) of the Dopplershift oscillationsalongthe slit from region
(C) of strongemissiontowardsthe fainterregions(e.g. B and
D). The propagatiorfrom C to B (cut 1) andthatfrom C to
D (cut2) have durationsof 150s and200s. The phasepropa-
gatingspeedsiecreasevith time. We measurehe speed$rom
C to B as96, 49, and34 km s ! from the slopesof cuts1, 3

and5, while the speeddor C to D are83,48,and13kms *

from cuts2, 4 and®. It is, however, unclearwhethertherere-

ally is adisturbanceropagatingrom C to B andD, or if these
cutsrepresenbscillationsof di  erentloopscrossingthe slit at
thesepoints(inferredfrom di  erentperiods phasesanddecay
rates).Figures9e and9f shav thatvariationsof the line width

arealsodistinctly di erentalongtheslit (e.g.at B, C, andD)

in the sameevent.

3.5. 12 April 2002

This exampleshaws two oscillationeventsoccurringwithin 2
hoursat the eastlimb (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
than100km s ! at positionC alongthe slit, and shaved dis-
tinct propagationalong the slit towardsthe north and south.
We measurdhe speedof thesephasepropagationgrom C to
A as24,38,and35 km s ! (the slopesof cuts1, 2, 3), and
the speedrom C to D as20 km s ! (the slopeof cut4). The
oscillationcomponenC shaws that the initial red-shiftpulse
lastedto the time of blue-shiftsat B and D. This long dura-
tion of theinitial pulsebringsit out of phasewith the remain-
ing oscillation (Figs. 10aand 10b). Obviously, componentC
may containanextra partnot belongingto the oscillation,pos-
sibly correspondingo the triggering out ow. We also notice
that the emissionof componen(C is strongestalong the slit,
shaving the phasepropagationgrom the strongemissionre-
giontowardsthefainteroneswhichis similarto the behaviour
exhibitedby thesecondaventon 11 April 2002(seeSect.3.4).
The secondevent shavs two neighboringoscillations(E
andF) with aninterestingfeature . TheoscillationE is delayed
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by half a periodcomparedo oscillationF, sothatthey arein
anti-phaseThe periodsfor E and F are 20 min and 16 min,
consistentvith thosefor C andD atthe sameregion alongthe
slit, respectiely. Theline intensityandwidth peaksin E also
lag behindF (Figs. 10d and 10f). The speedof phasepropa-
gationfrom F to E is about33 km s * measuredor theinitial
red-shifts(the slope of cut 5). However, looking carefully at
Figs.10aand10cthetwo oscillationsappeato bedistinct.

3.6. 15-16 April 2002

This exampledisplaysthe clearestintensity uctuations with

the sameperiod asthe Doppleroscillationsand hasbeenan-
alyzedin detail by Wanget al. (2003). Figure 11 shows that
several oscillationsoccurredduringa GOESM1.2 are atthe
north-westlimb. The are beganat 23:05UT and pealed at
23:24UT on 15 April in GOESX-ray ux. Thetotal ux in

the Fexix line over the slit in SUMER shaows that this event
beganat 23:08 UT, and pealed at 23:56 UT. SOHQEIT in

195 A channelshaved an initial brighteningat 23:12 UT in

theactive region AR 9893,which wasfollowedby anejection.
TheoscillationcaseA occurredn therising phaseof theinten-
sity, with a period of 16.4 min anda decaytime of 12.6 min.
ThecasesB, C andD occurredn the decayphaseof the are,

but could berelatedto smallaftermatheventsat 00:50UT (for
C) andat01:10UT (for B andD), asindicatedin variationsof
theline intensityandwidth (Figs.11dand11f).

In particular the oscillationscomposingcaseC are dis-
tinctly seenfor 5 periods,Jongerthanary otheroscillationde-
tectedby SUMER. The periodis 17.6 min andthe decaytime
is 36.8min. Thisis anunusualcaseof oscillationsthatdamps
slowly comparedo theothers CaseC alsoshovs phasepropa-
gationsof its initial blue-andred-shiftstowardsthe northwith

aspeeddf about8 km s 1. Figure11drevealsintensity uctu-
ationsseenfor severalperiods.By subtractinga smoothback-
groundtrend,thedampedntensityoscillationsareshavn even
moreclearly. Wanget al. (2003)measuredhis di erencepro-
le andobtainedanoscillationperiodof 17.1min,andadecay
time of 21.0min. Strikingly, they found a phasedi erenceof
exact 1/4-period betweenthe shift and intensity oscillations,
characteristiof compressie (slowv-mode)standingwaves.In
addition,we noticethatcaseC shovsalsoperiodic uctuations
in line widths(Fig. 11f). But becaus¢he period(about10min)
is distinctly smallerthanthatof theDoppleror intensityoscilla-
tion, we excludethe possibility thatthis line width uctuation
is causedby the slow waves(i.e. relevant temperaturedistur
bances)Insteadt mayinfer a periodicheating.

4. Statistical results

We analyzed54 Doppler shift oscillations associatedwith
27 ux enhancemengevents of hot plasma.The oscillatory
Dopplershiftshappenedn regionsextending7 87 Mm along
the slit with a meanof 35 21 Mm (Table 4). In eachregion,
weidenti ed severaloscillationcomponentslongtheslit, due
todi erencesn periodor phaseThe physicalparametersb-
tainedfrom thetime seriesanalysisarelistedin Tablesl and 4
andtheir statisticaldistributionsareshavn in Figs.12 and13.
Theresultsaresummarizedsfollows.

For all casesthe Doppler oscillationswere detectedonly
in are lines(T=6 10 MK). The oscillationswere seenmore
oftenin the Fexix line, thanin the Fexxi line. Only 3 of the27
eventsareseenin Fexxi (seeTable1). For examplein April-
May 2002,19 eventsareobsenedduringanobservingime of
18.4 daysin Fexix, while only 2 eventsduring an observing
time of 14.6daysin Fexxi. This is mainly becausempulsive
intensitybrighteningsaredetectednoreoftenin Fexix thanin
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Fexxi. Sincethe SUMER detectoris equallysensitie to these

thesdoops,determinedn the basisof anassumedtircularor

two lines, thisindicateghatthereis atemperaturelependence elliptical shapearegivenin Table3.

of the occurrencerate of impulsive intensity brighteningsor
Doppleroscillationevents.

We nd thatall eventsshow the ux variationsof are-
like impulsive pro les, but only 7 of the 27 eventswere asso-
ciatedwith GOES ares (seeTable 2). This is in contrastto
the trans\erseloop oscillationsseenby TRACE, all of which
areassociateavith ares. It is alsosigni cantly lowerthanthe
50%(i.e. 13 14 events)expectedif the X-ray brighteningoc-
cursin justoneloop footpointwhichmaybelocatedbehindthe
solarlimb. For these are-associatedvents,the starttimes of
GOESX-ray ux andof SUMER are line intensityarecon-
sistent.In someeventsnot associatedvith ares (e.g.events.
15and17), SOHQEIT detecteddrighteningsoccurringin the
limb active region SUMER aimedat, thussuggestinghatthe
SUMER brighteningsmay correspondo small ares having
anX-ray ux below thedetectionthresholdof GOES.We nd
that 15 of the 27 eventsbelongto recurringevents,i.e. they
recur2 3 timeswithin about2 hoursat the sameplaceand
manifestsimilar oscillation featuressuchas identical periods
and initial Doppler shifts of the samesign (seeexamplesin
Figs.2, 5, 9 and 10). Thesefeaturessuggesthat the re-
curring Doppler oscillationsare relatedto the samemagnetic
structuresln somecasesthecoordinated’ohkol/SXT images
shaw thatthe Doppleroscillationshapperatlocationsatwhich
theslit crosseshe soft X-ray loops(seeFigs. 3, 6, and8), in-
dicative of hot loop oscillations.The geometricparametersf

We nd oscillationperiodsin therange7.1 31.1min with
ameanof 17.6 5:4min (Tablesl and 4). Althoughtheobser
vationswith a high cadenceof 50 s allow a detectionof short-
periodoscillationsof 3 min period,almostall caseshave pe-
riods largerthan 10 min (Fig. 12a),exceptfor a peculiarcase
27B. Theevent27 occurredn thesouthwestimb, andwasas-
sociatedwith a M1 are (Table2). This event shaved strong
initial red shiftsup to 100km s * (Fig. B.11in AppendixB).
Case?7B hastheshortesperiodof 7.1 min of all studiedcases.
That the high cadenceobsenationsdo not shav shorteros-
cillations suggestghat the cuto at higher frequeng is not
a biasintroducedby instrumentakconcerngalthoughthe fact
that the slit was always placeda certaindistanceabove the
limb mayplay arole, sinceonly thelargerloopsaresampled).
The statistic distribution shawvs that the Doppler oscillations
have periodsmuchlongerthanthetrans\erseloop oscillations
(P=2 11min)obsenedby TRACE (Fig.12a).Comparedo
thepropagatindongitudinalwaves(P = 2:4 8:6 min)foundin
thefootpointsof the TRACE loops(De Moortel etal. 2002a),
the periodsof the SUMER loop oscillationsarealsodistinctly
longet

The Doppleroscillationssu er from very strongdamping
andaregenerallyvisible only for 2 or 3 periods.The average
numberof obseredperiodsis 2.3 0.7 (Table4), abouthalf of
thenumber(4.0 1.8)seenin TRACE data(Aschwandenetal.
2002).We nd decaytimesin therange5.7 36.8min, with a
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meanof 14.6 7.0min. Theratioof thedecaytimeto theperiod
is0.85 0.35(Fig.13d),whichis aboutafactorof 2 shortetthan
that( 1.8)of TRACE oscillations. A comparisorof thedistri-
butions of decaytimesobtainedfor the SUMER and TRACE
oscillationsis shavn in Fig. 12h The wealkestdampingis ob-
senedin casel8C (Fig. 11).In this casetheoscillationslasted
for 5 periodswith thedecaytime beingabouttwice the period.
This is alsothe clearestcaseshaving a dampedintensity os-
cillation. It dampsfasterthanthe Dopplershift oscillation(see
Sect.3.6 andWanget al. 2003).Case2?A providesanotherex-
amplethat showvs the dampedintensity oscillation associated
with the Doppleroscillation(Fig. 14). For case1B (Fig. B.6)
and 25A (Fig. B.10) with large initial velocitiesandlessthan
2 periodsvisible in all, we obtainthe smallestratio of decay
time to period of about0.3 (Fig. 13d). In addition,for cases
27(A; B; C) (Fig. B.11), a peculiarbehaior is obsened, with
1.5 periodsof slowly dampedoscillationsfollowed by a sub-
sequentapid decay Hencemeasurementef the decaytime
for thesecaseq21B, 25A and 27[A; B; C]) have a large error.
Excludingtheses dubiouscaseswe nd thatthescalingof the

decaytime with the periodfor theremaining49 casess
— 0N 0:46p1:06 0:18.
a = 0:68 5P ;

with a correlationcoe cient of 0.66 (Fig. 15). This result
agreeswvell with that( 4 = 0:61P¥97 %16) gptainedon the ba-
sis of datafor 35 caseshy Wanget al. (2002c).Including all
casesthe correlationcoe cientdecreaseto 0.54,sothatthe
obtainedscalingis lessreliable:

— 1.21+0:88p0:80 0:17.
a = 140588 ;

We nd thatthe oscillationshave aninitial large Doppler
shift pulsewith peakvelocitiesup to 200km s * (e.g.cases
19A in Fig. B.4b and21B in Fig. B.6b in AppendixB). The
maximum Doppler shift amplitudesare measuredirom the
data, with a mean and standarddeviation of V,, = 75
53 km s ! (Tables1 and 4). If we take the soundspeed
cs=380km s ! correspondingo the formationtemperaturef
Fexix (T=6.3 MK), we obtain a subsonicMach number of
M = Vp=¢s = 0:220  0:14. The maximumdisplacementsre
derivedby A = Vi, (! 2+ 2)¥2, with ameanof 12.5 9.9Mm.
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Comparedo the TRACE trans\erseloop oscillations,the ve-
locity amplitudesareroughly the same(Fig. 12c), but the de-
rived displacemenamplitudesaredistinctly larger by 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). The averagdime lag of the maximumintensitypeak
to the maximumDopplershift pulseis 8.5 13.1min, andthat
of themaximumline width peakto the maximumDopplershift
pulseis 1.0 3.0min (Tablesl and 4). The durationof thein-
tensitypeak(de ned asthetime spentat brightnessabove 1=e
of the maximum)is on average36.2 27.0 min, abouttwice
the averageperiod (Fig. 13cand Table4). In 22 of 54 cases,
theintensitypro les have multiple peakswith a meannumber
of 1.5 0.7.Butwith the exceptionof case2A and18C, which
shaw intensity uctuationswith thesameperiodasthe Doppler
oscillation,the presencef ade nite periodis notsocertainin
theothercases.

We nd that neighboringcomponentslongthe slit oscil-
latein anti-phasén 5 caseg5[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 componentsre15%° 50%apart,with a

meanof 24°° 13% In 3 outof 5 casegi.e. 5[A; B], 6[C; D], and
8[B; C)), theseoscillationsstartsimultaneouslywhile thereis a
phasedecayin casesl6[E; F] (0.5 period)and18[B; C] (1 pe-
riod). Thephaseelationsof theseneighboringpscillationssug-
gestthat their correspondingnagneticstructures(or coronal
loops)arerelated.Oscillationsin antiphaséave beendetected
in neighbourindoopsby TRACE (Schrijveretal. 2002).

The high cadenceobsenationsreveal phasepropagation
alongtheslit in someoscillations.In eventsl1,15,and18 (see
the examplesin Sects.3.4, 3.5,and 3.6),we have foundthat
the alternatingblue- and red-shiftsshav an increasingphase
delayalongtheslit in oneor in both directionswhenstarting
from a particularpoint, with propagationspeedsn the range
8 96km s 1. This featureis alsoseenin events7, 19 and20.
For mostof the casesthe region with the strongesemission
oscillatesrst, with fainterregionsshaving anincreasingde-
lay. For event7, we measurespeedof 24 and31km s * from
cuts1 and2 alongtheslit (Fig. B.1a).For event19, thespeeds
are51,33,and37km s ! from cuts1, 2 and3 (Fig. B.4a).For
event 20, the speedsare 36, 34, 102 and57 km s * from cuts
1, 2, 3 and4 (Fig. B.5a). For 20 measurementsf the phase
propagatiorin 6 events,we obtainanaveragespeedof 43 25



T T T -
L : 1 Intensity 1
0sf o Intensiy gy

= [ - =< Dopplershift .
2 . . . . . . . . i SE
o ~—
E 0.044 g =
LR %
S B
() . [oN
[ae ro B Q.
0.5 ¢ 1-50 8§

02:30 03:00 03:30
Time (UT) on 2000 Sep. 29

02:00

Fig. 14. Dopplerandintensity oscillationsin the Fexix line for case
2A. The thick solid curwe is the best t to the Doppler shifts with
a dampedsine function. For the intensity curve, an 11-pixel smooth
backgroundrendhasbeensubtractedandthevariationis normalized
relative to the maximumvalueof thebackgroundrend.

Decay time, Tu, (Min)

10 20

Oscillation period, P (min)

30

Fig. 15. Scalingof the dampingtime of Doppleroscillationswith the
period. The solid line is the best t scalingfor the 49 oscillations
(diamonds) excluding the 5 dubiouscasedcrosses) (i.e. 21B, 25A,
and27(A; B;C)). Thedashedine is thebestt scalingfor all cases.

kms ! alongtheslit (Table4). In addition,case24A shavsthat
theoscillatoryregion movessouthwardwith time alongthe slit
ataspeedf 6 kms * (Fig. B.9a).

5. Discussion
5.1. Oscillations in the slow standing mode

We now investigatethe physicalmechanisnof hot loop oscil-
lationsobsernedby SUMER.Undercoronalconditions(where
the Alfv én velocity A is much larger than the soundspeed
Cs), there are two, well-separatedmodal classesof oscilla-
tions of a magnetic ux tube,correspondingdo the usualfast
and slow magnetoacoustioaves (Robertset al. 1984). The
fastwaves (the sausageind kink modes)have a phasespeed
of 1=k A, and the slov waves have a phasespeedof
I=k " ¢, wherethetubespeedc; = ¢cs a<(CZ+ 3)? ' Cs.
Thetrans\erseoscillationsof the comparatiely coolloopsob-
senedby TRACE have beeninterpretedn termsof the stand-
ing kink mode (Aschwandenet al. 1999b;2002; Nakarialov
etal. 1999).0Our obsenationsshow thatthe hot loop oscilla-
tionshave muchlongerperiodsandlargeramplitudeghanthe

I RACE 100p osclllations. I ne sCalingol the aecaytme witn

theperiodis alsodi erentin the coolandhotloops(Ofman&
Aschwanden 2002;O0fman& Wang 2002). Thesefactssug-
gesta di erentwave modeanda di erentdampingdissipa-
tion mechanismin the cool andhot loops(Wanget al. 2002c;
Ofman& Wang 2002).

Basedon an analysisof oscillation18C on 16 April 2002,
Wanget al. (2003) have demonstratedhat the hot loop oscil-
lationsdetectecdhy SUMERDbelongto the slow standingmode,
at leastin this particularcase.Herewe discussthe full setof
obsenationsin thelight of thisresult.

Whethera slov-modewave is a propagatingor standing

wave canbeinferredfrom the phaserelationshipbetweernve-
locity andintensity: propagatingvavesgive anin-phasevari-
ation, whereasstandingwaves give a 1/4-periodphasedi er-
ence(Sakuraiet al. 2002).Thus,basedon an in-phaserela-
tionshipwith the line intensity Sakuraiet al. (2002) identi-
ed theDoppleroscillationsobsenedin the coronalgreenline
(Fexiv, 2 MK) 5303A aspropagatingslov waves. The peri-
odicintensity uctuation seerin casel8C, hasthesameperiod
asthe Doppleroscillationandatime lag of exactly 1/4-period.
Thus,theseobsenationsindicatethepresencef slow standing
wavesin hot coronalloops. This conclusionis supportecby a
modelingresultin Ofman& Wang (2002).

Casel8C shaws thattheintensity oscillationdampsmore
rapidly thanthe Doppleroscillation. This implies that oscilla-
tory signalsin intensityaremoredi cult to detect.Casel8C
is exceptionalin someways(slow damping,smoothlyvarying
backgroundntensity)which allow theintensity uctuationsto
be easilyextracted.For mostothercasesPoppleroscillations
usuallyhave adecaytime ontheorderof theperiod( =P 1)
andonly a few periodsarevisible (Np  2). At the sametime
the intensity also changegapidly dueto the generallyshort-
livedbrighteningof Fexix or Fexxi emissionHence although
nearlyhalf of all caseshaow severalpeaksn theintensitypro-
le, it is di cult to separatahe evolution of the brightening
from adampedoeriodicsignal.Neverthelessfor case?A it has
alsobeenpossibleto extractthe intensityoscillations.We nd
thatcase2A alsoshavsaroughly 1/4-periodphaserelationship
betweerthe Dopplerandintensityoscillations(Fig. 14).

In several casesthe geometricparametersf oscillating
loops, especiallythe loop length, are determinedfrom the
YohkohSXT imageg(Table 3), allowing usto furtherexamine
the possiblemode.If the slow wavesoccurasstandingmodes
in aloop of length L, their periodis given by (Robertset al.
1984),

2L
S th
with thesoundspeedss' 1:5 10T,

For the eventsobsered on 9 March 2001, occurringin a
loop of lengthL = 140 Mm with temperaturel = 6:3 MK
(appropriatefor Fexix andgiving a soundspeedof ¢cs = 380
km s 1), the slov modewith j = 1 (i.e. no nodealong the
loop) producesa periodof s = 12 min. This is very close
to the obsenred periodsof 14 18 min. In anothercaseon 29
Septembe2000 for a loop of L * 500 Mm with T = 6:3
MK andj = 1, we obtain s = 44 min. Thisis 1.4 1.8times

2L
jcs’

(@)



Table l. lime seriesanalysisor Dopplersnift oscillations.

Osci. to Vp Vi P d A Np Twv Twy T, N,
Comp® (um (kms?) (kms?) (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 25 9.0 4.0 20 1
2A,Fig.5 02:20:0929-Sep-00 89 74 291 0.03 220 20.2 2 5.4 0 6 1
2B 02:20:0929-Sep-00 78 53 300 0.01 289 148 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 43 296 070 28.0 119 2 0 2.7 19 1
4AFig.7 13:12:1429-Sep-00 191 144  25.1 225 125 32.8 2 2.7 54 81 2
4B 13:06:4929-Sep-00 192 121 257 0:16 12.6 28.2 2 0 0 141 3
4C 13:12:1429-Sep-00 189 107 311 255 187 307 2 164 0 5 3
5A,Fig.2 15:57:4509-Mar01 44 67 17.9 3.07 13.7 11.2 2 5.6 2.8 27 1
5B 15:57:4509-Mar01 14 12 15.7 0:.92 11.9 1.7 2 0 0 23 2
6C 17:31:0709-Mar01 70 48 142 017 15.0 6.4 3 8.5 2.8 31 1
6D 17:31:0709-Mar01 30 48 157 2.83 19.0 7.2 3 113 2.8 17 2
7AFig.B.1 00:36:1811-Apr-02 108 136 14.4 3.09 123 18.3 3 0 0.8 14 1
8B 01:33:2911-Apr-02 28 28 114 293 101 3.0 2 5 9.1 35 2
8C 01:33:2911-Apr-02 31 27 135 0.23 10.8 34 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 11.0 035 6.1 2.9 3 0.8 25 24 2
9C 07:47:5511-Apr-02 67 49 119 0:12 7.5 54 15 0.4 0.4 12 1
10A,Fig.9 19:20:5111-Apr-02 117 116 14.8 280 12.8 16.1 2 0.8 0.8 16 2
11B 20:20:3011-Apr-02 295 183 172 052 9.0 287 2 116 0.8 24 2
11C 20:20:3011-Apr-02 100 76 13.1 0:22 9.2 9.3 15 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 17.6 041 164 6.5 15 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 51 23 1
13B 05:08:2612-Apr-02 36 26 22.7 252 17.7 55 2 2.5 4.1 25 1
14C 07:42:3912-Apr-02 38 38 200 311 149 71 15 25 0.8 1 1
14D 07:42:3912-Apr-02 29 38 25.0 2:.02 254 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 15 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 25 1162 2
18B 01:05:3416-Apr-02 14 11 161 018 221 1.7 3 5.8 6.6 382 1
18C 00:47:2516-Apr-02 18 16 17.6 322 36.8 2.6 5 -2.5 -0.8 506 3
18D 01:03:0516-Apr-02 14 14 18.1 324 326 2.4 4 1.7 1.7 423 1
19A,Fig.B.4 06:25:1316-Apr-02 319 226 164 014 78 336 15 0 1.7 122 2
19B 06:25:1316-Apr-02 275 165 134 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 8.4 158 25 215 25 40 2
20B 11:24:4617-Apr-02 59 41 154 312 12.0 59 25 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-02 241 234 216 142 7.3 437 2 0.0 35 21 2
22A* Fig.B.7 18:28:0123-Apr-02 158 59 21.1 314 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 25 5.0 0.8 20 1
24AFig.B.9 15:50:2726-Apr-02 69 62 139 054 152 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 13.4 150 25 14.1 0.0 46 1
26C 15:45:3908-May-02 90 72 151 021 88 101 25 2438 1.1 46 1
26D 15:45:3908-May-02 59 59 18.2 01 22.5 10.3 3 8.8 3.2 55 3
27A*Fig.B.11 08:08:2615-May-02 62 35 100 018 121 34 35 425 5.0 9% 3
27B* 08:08:2615-May-02 84 87 71 011 6.5 58 35 525 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 {, is the starttime of the modeledtime series Vp the Dopplervelocity amplitudederived by thebest t of a dampedsine-functionto the
oscillations,V,, the maximumDopplervelocity amplitudemeasuredrom the data,P the oscillationperiod, the phaseof theoscillation,

¢ thedecaytime ( 4 = 1= ), A the displacemenamplitude(de ned asA = V(! 2+ 2)¥?), Np the numberof periodsover which an
oscillationwasdetected, T,y and Ty thetime lagsof the maximumintensitypeakandthe maximumDopplerline width peakrelative
T, the durationof intensitypeak(de ned asthetime spentat brightnessabove 1/e of

to the maximumbDopplershift pulse,respectiely,
themaximum),N, the numberof intensitypeaks.
In the casesmarked with asterisks, the Doppleroscillationswere obsered in the line Fexxi; for the othercaseshe oscillationswere

obseredin Fexix.



‘lable 2. Flare-associate@opplerosciliationevents.

# Event Date AR Flare tSOFS GOES (SUMER  (SUMER
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 1516-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 15146 1552 15144 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 (t$°F9; (6) peaktime (UT) of GOESX-ray ux (t$°F9); (7) starttime (UT) of Fexix or Fexxi line-integratedintensity
enhancemerdveragedalongthe SUMERSslit; (8) peaktime (UT) of the SUMER line-integratedintensity

Table 3. Geometricaparametersf oscillatingloopsderived from Yohko/SXT images.

Time lo | by b b c ho a& b(orr) L

(uT) (deg) (deg)  (deg) (deg) (deg) (Mm) (Mm) (Mm)
02:24:4929-Sep-00 59.3 11.1 226 28.0 339 51 a=135& b=66 473
10:13:2329-Sep-00 55.9 11.8 225 316 36.3 50 a=154& b=63 515
18:07:3909-Mar01 90.0 16.5 579 355 579 9 r=37 135

a ty isthetime of themodeledmagesly | andby, b aretheheliographidongitudeandlatituderelative to Suncenterfor the midpoint
of theloopfootpointbaselineWeassuméhatl = 0andb = 0Ofor theusedheliographiccoordinatesystem. istheazimuthangleof the
loop baselingo the east-westirection. is theinclinationangleof theloop planeto thevertical. is theanglebetweertheloop baseline
andline-of-sight.hy is the heightof theelliptical (or circular)loop centerin theloop plane.a andb arethe semi-majorandsemi-minoraxis
lengthsof the elliptical loop, underthe assumptiorthatthe semi-majoraxis is parallelto the solarsurface;r is theradiusof the circular
loop. L is theloop length.

b Theloop baselings rotatedcounterclockwisdy anangle relative to the east-westlirectionin the 29-Sep-0Gcasesbut the directionof
rotationof theazimuthanglein the 09-Mar01 caseis uncertain(seeAppendixA).

¢ Theloop planeis inclined northward by anangle relative to the vertical in the 29-Sep-0Ccasesput the directionof inclinationin the
09-Mar01 cases uncertain(seeAppendixA).

Table 4. Averageandrangeof physicalparametersf 54 Dopplershift oscillations.

Parameters Average Range
OscillationperiodP 17.6 5.4min 7.1-31.1min
Decaytime 4 14.6 7.0min 5.7-36.8min
DoppleroscillationamplitudeVp 98 75km/s 14-319%km/s
Maximum DoppleramplitudeVy, 75 53km/s 11-234km/s
DeriveddisplacemenamplitudeA 12.5 9.9Mm 1.7-43.7Mm
Ratioof decaytime to period 4=P 0.85 0.35 0.33-2.1
Numberof periodsNp 2.3 07 1.5-5
Timelag of intensitypeak T 8.5 13.1min 2.5-52.5min
Timelag of line width peak Ty 1.0 3.0min 4.1-9.1min
Intensitypeakduration T, 36.2 27.0min 10-141min
Numberof intensitypeaksN, 15 0.7 1-3
Speedf phasepropagatiof 43 25km/s 8-102km/s
Spatialextentof osci.alongslit Y 35 21Mm 7-87Mm

& This quantityis measureanly for the caseswith a clearphasepropagatior(seeSect.4).

the obsened periods(P = 25 31 min). For j = 2 we get
Becausethe loop baseline(assumedparallel to the loop top)
hasan angleto the line-of-sightof = 34 58 (Table3),
signi cant Doppleroscillationsareexpectedo be seenfor the
compressie slov modes( ops = tueC0s ' (0:8  0:5) rue).
Theseestimatesupporttheinterpretation.

s' 22min which lies closeto the obseredrangeof periods.

Considemow the alternatve thatthe oscillationsaretrans-
verse.Iln a uniform magnetic eld the period of the standing
kink modein its fundamentamodeis (Robertsetal. 1984),

(3)

k= —/; &= A 77—
Ck 1+ ne=o



whnereng andne are the plasmadensitiesinsiade and outsiae
theloop, respectiely. If we requirethatthe periodof the kink
modematchegheobsenedperiod,i.e. ' P, thentheAlfvén
velocity canbederivedfrom Eq. (3),
p =
Ne .

A= 5 1+ o 1'5P' (4)
wherewe assume=y ' 0:1. Forthe9 March2001casewith
the averageperiodP ' 16 min andL = 140 Mm, we obtain

A = 219km s 1, from which we deducethatthe plasma [
(2= )(c2=3)] ' 3:6.Forthe29 SeptembeR000casewith P
28 min andL = 500 Mm, we have o = 446km s ! and

' 0:9.Thereforeaninterpretatiorof theoscillationsin terms
of thekink moderequiresa plasma of orderunity, implying
anunusualcoronalloop ervironment.For example,studiesof
coronalloopsin active regionson the basisof X-ray datagive
the valuesintherangel0 ® 10 2 (e.g.Schmelztal. 1994;
McKenzie& Mullan 1997).However, Gary (2001)argued
thatthe plasma canincreasebeyond unity at relatively low
coronalheights(h %1 % R ). We derive a loop height of
h' 40Mm in the9 March2001caseandh' 100Mm in the
29 SeptembeR000case Accordingto the plasmabetamodel
by Gary (2001),0:005< < 0:1ath' 40Mmand0:04< <
04 ath' 100Mm. Theseestimatesarealsoin disagreement
with the valuesderived from the SUMER loop oscillations,
andhencedo not supportthe kink modeexplanation.

We notice that the derived displacemenamplitudes(A =
125 9:9 Mm) from theshiftintegrationarevery large,about
5 timesthatof thetrans\erseoscillationsobsenedby TRACE.
Assumingthat the kink mode occurswith an amplitudeA '
12 Mm for a loop with anazimuthangleof = 45, we ob-
tain the trans\erseamplitude Ayans = Acos ' 8 Mm. This
amplitudecorrespondso about4 pixelsin SXT imageswith a
full-resolution(  2°°5 pixel 1), which couldbewell resohed,
but suchoscillationcase$ave neverbeenfoundin theprevious
studiesof SXT obsenations(e.g.McKenzie& Mullan 1997).
For slow waves, however, no signi cant displacementsf the
loops'magneticeld areexpectedjn agreementvith SXT ob-
senations.Consideringaninterpretatiorof the SUMER oscil-
lations in termsof the kink modefor a coronalloop with a
typicalwidthw ' 9 Mm (Aschwandenetal. 2002)andwith
aninclinationangleof ' 30 to thevertical (e.g.the cases
listedin Table 3), andassuminghe loop top to be initially at
theslit position,we estimatehatthelooptop movesaway from
theslit in theverticaldirectionby x = Asin ' 6 Mm, when
theloop reaches kink-modeamplitudeof A = 12 Mm. This
deviationis nearlythe sizeof theloop width, implying thatthe
oscillating loop almostmoveso the slit. This shouldcause
a large decreasef line-integratedintensity Due to the oscil-
lation of the loop, makingit periodically passonto and away
from the slit, the line-integratedintensity shouldmanifestpe-
riodic uctuations with a frequeng twice that of the Doppler
shift oscillations However, suchfeaturesverenotobsenedin
ary of the caseswhich alsoargue againstthe kink-modeas-
sumption.

Quasi-periodic(P ' 20 min) brightnessvariationsin >
3:5 keV X-rays associatedvith large coronalloops of length
200 300Mm wereobsenedby the SMM spacecraf{Svestka

etal. lYoz;HAarrison 1vo/),andwereinterpretean termsor

standingslow-modeoscillations(Svestkaet al. 1994). These
long-periodpulsationsseento be consistenwith the Doppler
shift oscillationsobsened by SUMER, and may be triggered
by a similar mechanismyhich we will discussn Section5.3.

However, systematicsearchegor loop oscillationsusing SXT

imagesy McKenzie& Mullan (1997)did notshav suchlong-

period ux uctuations, but only short-periodic(9.6 61.65)

modulationswith small amplitudesof about1% for coronal
loopsof length40 150Mm in 16 out of 544 casesBut varia-
tionswith along period(P ' 20 min) could be misseddueto

thelimited durations(< 31 min) of the datarecordsthey used,
or dueto their dataselectiorrules.

5.2. Damping of oscillations

Both TRACE and SUMER obsenationsof loop oscillations
shav strongly decayingmodes,raising the questionof the

causeof this decay For the trans\erseAlfv énic oscillations
obsened by TRACE, proposalsfor the dampingmechanism
rangefrom enhancedesistvity or enhancedviscosity dueto

resonantibsorptionNakarialov etal. 1999)or phasemixing

(Ofman& Aschwanden 2002)to photospherigropertiesre-

latedto nullpointsor separator§Schrijver& Brown 2000).For

the hot loop oscillationsobsened by SUMER, interpretedas
slow-modewaves, the dominantdissipationmechanisn{ther

mal conductionor compressieviscosity)is di erentfrom that

actingon Alfv énwaves(resistvity or shearviscosity).Ofman

& Wang (2002) have modeledthe oscillationsandthe damp-
ing of slow standingwavesin a model coronalloop for pa-

rametergypical of thoseobsened by SUMER, and nd that

due to the high temperaturgT > 6 MK) of the loops, the

large thermalconductionleadsto rapid dampingof the slow

waveson atimescalecomparabldgo obsenations.The scaling
of thedissipatiortime with periodagreesvell with thescaling
(g = 0:68735P6 018) obtainedfor 49 casesin this study

Ofman & Wang (2002)also nd thatthe decaytime dueto

compressie viscosity aloneis an order of magnitudelonger
thantheobseneddecaytime.

We nd thatthe total duration( T,) of the intensity en-
hancemenis generallyabouttwice aslong astheperiodor the
decaytime for the hot loop oscillations,and this durationis
alsoon the orderof the length of time over which the oscil-
lationsare visible becauseahe obsened numberof periodsis
N, ' 2:3.If we assume T, to be approximatelythe cooling
time of hotloops, this impliesthatthe thermalconductiondis-
sipationis very e cientwithin aninterval T, during which
theloopsarehot. After this time, the small amplitudeof shift
oscillationscouldhave beeninvisible dueto theweakemission
in Fexix andFexxi andthelimited spectraresolution.For ex-
ample for atypical casewith Vi, = 75kms tand 4 = P, we
have V(t) ' 10km s ! whent = 2P, lower thanthe SUMER
spectralresolution(0.0442A/pixel ' 12 km s ! in the line
Fexix 1118A).

Casel8C is aspecialcasewhich shavs thewealestdamp-
ingwith 4 ' 2P and>5 clearlyvisible periods.We noticethat
this eventoccurredin the decayphaseof aM1.2 are, sothe



osclllationscoula be relatedto a not, aensearing 100p, with
plasmadensitypossiblyl 2 ordersof magnitudelarger than
the density( 10° cm 3) in ausualAR loop. Accordingto the
MHD equationsdescribinga loop, given by Ofman& Wang
(2002),the higherloop densitywill wealenthedampingof os-
cillationsin velocity andtemperatureandso may explain the
obsenations.

5.3. Excitation of oscillations

In contrastto the TRACE trans\erse oscillations of cold
( 1MK) loops,the SUMERDopplershift oscillationsareonly
seenin hot are linesof T > 6 MK. For all casesjmpulsive
pro les of line-integratedintensity and initial large Doppler
broadeningof the lines indicatethat the oscillationsare ex-
cited impulsively. The concurrenceof initial strong Doppler
shiftsandline broadeningsuggestshatslowv-modewavesmay
be excited by a disturbancewith largeturbulentvelocitiespos-
sibly associateavith avery hot plasmaejectionfrom onefoot-
point of a coronalloop, the subsequenintensity peak(with a
typicaltimelagof Ty =9 min) mayresultfrom acoolingpro-
cessof very hot plasmaswhich increaseshe densityof Fe*18
ionsvia recombinationsln somecasede.g.4[A, B, C], 11B,
and19[A, B]), intensitypro les shav clearlytwo peakswith
the rst oneconcurringwith theinitial Dopplershift pulse sup-
portingthis assumption.

We nd that most SUMER oscillation events happened
withoutassociate@OES ares, while all TRACE eventswere
triggeredby strong ares or lament destabilizationgabout
70%wereassociateavith M or X class ares) (Schrijveretal.
2002). This may suggesthat the SUMER and TRACE loop
oscillationsareexcitedin di erentways.Thekink-modeoscil-
lations of TRACE loopsare mostlikely excited whena loop
is hit by nearbyerupting laments andcoronalmassejections
(Schrijver etal. 2002; Aschwandenetal. 2002).In contrast,
the slov-modewavesin hot loops seenby SUMER could be
excited by pressurdisturbancesssociatedavith the injection
of hot plasmaat the oscillatingloop's footpoint. Evidencefor
this exciter is provided by the footpoint brighteningseenin
SXT imagesof therecurringeventson 29 Septembef000(see
Sect.3.3).

In this example,the manifestationof initial strong shifts
of the samesign for all eventsimplies a hot plasmaout ow
possibly accompaniedvith a disturbancealong a large loop
originatingfrom onefootpoint, supportedalsoby the 3-D ge-
ometry the associatecbXR brighteningand upwardsmoving
EUV emissionat this footpoint. The disturbancecould be a
strongimpulsively generategressurealisturbancewhich prop-
agatesasa slow modemagnetosonievave alongtheloop and
getsre ected at the oppositeside (Nakarialov et al. 2000)
to nally form standingwaves. The associatedhot plasma
o w may contrilbute to strongemissionof are lines seenin
SUMER. We speculataghat the SXR brighteningandinferred
gas-pressuréisturbanceand plasmainjection nearthe foot-
point could be dueto a suddenenegy releasecausedby in-
teractionsbetweenthe large loop and a small twisted ux
system.The magneticreconnectiorin this con guration has

peenmoaeled(e.g., YOkOyamas oShibata 199o;bemoulinet
al. 1997;Karpenet al. 1998),which producessmall "con-
ned ares' (e.g.,X-ray jets)with no substantiathangeof the
magneticstructure(andin particularno openingof the closed
eld system),in agreementvith the factthatthe SUMER re-
curring eventshave similar featuresand with the absenceof
associatedCMEs. Reconnectiomearthe chromospheralso
producescool massejections(e.g.,cool jetsin H or EUV)

(Yokoyamaé& Shibata 1995;Can eld etal. 1996).This can
explaintheupwards-meing EUV emissioralongtheloopnear
the brighteningfootpoint. But the cool materialcould be too
denseto reachthe heightwherethe SUMERSslit is located,so
explaining the absenceof emissionin cool lines. The recon-
nectionbetweertwo loopslocatedside-by-sidecanexplainthe
existenceof two componentsscillatingin antiphaseasseerin

anotherexampleon 9 March2001(seealsoWangetal. 2002a).
Kliem etal. (2002)have alsofoundindicationsfor loop-loop
interactionnearonefootpointof aloop, causingtheenepy re-
leaseandoscillationsseenby SUMER. Similar to the caseon
29 SeptembeR000,Harrison (1987) nd thatthelong-period
X-ray brightnesgulsationsalsooccurin sucha con guration
consistingpf alargeloop andasmallloopwith acommonfoot-
point, consistentvith thetriggermechanismve proposdor the
SUMEROoscillations Notethatmorethanhalf of theoscillation
eventsbelongto recurringevents, manifestingidentical peri-
odsandinitial shifts of the samesign (andnot associatedvith

CMEs), sothatthe involved magneticstructureandtriggering
mechanismmay be similar to thosediscussedbove.

The loop oscillation casesdetectedby TRACE are rela-
tively rare(in 6% of 255 ares inspected)andthisrarity is con-
sistentwith the proposalthat trans\erseoscillationsare pref-
erentiallyfound on loopsat or nearseparatrice§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-classand11 C-class)detectedy
SUMER(9in Fexix and6 in Fexxi). Of thesel5 ares 6 (40%)
areassociateavith Doppleroscillations(seeTable2). For the
27 oscillationevents thepeakintensitycoversalargerangeon
ordersof 0.001 2W m 2 sr 1. Except7 eventsexcitedby the6
ares (theirpeakintensitiedie in therange0.02 2Wm 2 sr 1)
listedin Table2, all the othersaresmall events,with no asso-
ciatedGOES ares. Actually, therearealargenumberof small
ux enhancementsith peakintensitybelow 0.01W m 2 sr 1,
shaving weak shift uctuations, which we did notincludein
our statistics.We also neglectedmary caseswith only red-
blue (or blue-red)shift alternation or with non-periodicoscil-
lations, which may alsoresultfrom the samephysicalmech-
anism.Thesesmall eventsseenin hot are lineswith a high
rateof occurrencanay be correlatedwvith micro aresdetected
in 3.5 5.5keV X-ray emissioncharacteristiof T 10 MK
(e.g.,Porteretal. 1995).Therefore future coordinatecbser
vationsbetweenSUMER and RHESSIin the SXR channels
may helpto identify thetriggerof hotloop oscillations.

In addition, outward propagatingongitudinal oscillations
(slow waves)aredetectedn EUV radiationfrom thefootpoints
of largedi usecoronalloopsby EIT andTRACE (De Moortel
et al. 2002a;b).The disturbancedravel with a propagation



speeaor theoraeror L2 Km S = andperiodasor the oraer or
5 min. Theseintensityoscillationscanbe continuouslypresent
for severalhours,sothattheir triggersarecompletelydi erent
from the SUMER hot loop oscillationswhich are excitedim-
pulsively. De Moorteletal. (2002c)suggesthatthesentensity
oscillationsmaybedrivenby the 3 minutesunspobscillations
andtheglobal5 minutesolaroscillations.

5.4. Propagation

In somecaseswe nd Doppleroscillationsexhibiting phase
propagationsilongtheslit with speedof 8 102kms 1. This
featureseeminglydoesnot agreewith the propertyof standing
waves.In comparisonthe longitudinaloscillationsdetectedn
coronalloopsin TRACE 171 A have propagatingspeedsn
therange70 235km s !, with a meanof 122 43km s !, in
agreementvith the soundspeedcs=150km s ) in a coronal
plasmaof T = 1 MK (De Moorteletal. 2002a).Hence these
oscillationsare interpretedas propagatingslov modewaves.
Here— becausd¢he SUMER oscillationsoccurin hot coronal
loops,mainly detectedn Fexix with aline formationtemper
atureof T = 6:3 MK — we estimatethe propagatiorspeedof
slow wavesto beV ' ¢s = 380km s ! if theion temperature
is assumeaqualto the electrontemperatureWe nd thatthis
speeds muchlargerthanthe phasepropagatiorspeedsnea-
suredin Doppler oscillations.Consideringthat the magnetic
eld of anoscillatingloop attheslit positionmakesanangleto
theslit direction,e.g. = 75, the expectedpropagatingpeed
alongthe slit will beVy = ccos < 100km s 1 which is
in agreementvith the obsenation. Caseswith no clearphase
propagatiormay be explainedby loopswith a small angle.
For example,for acasewith = 45, thetransittime of slow
wavesthrougha typical extendingscale( Y = 35Mm) of the
oscillationsalongthe slit, will be t*' Y=V, = 130s. Over
thistime, lessthan3 Fexix imagescanbe obtainedwith a ca-
denceof 50 s, thusit is not easyto discernthe phasepropaga-
tion featurein suchacase.

Basedon theabove discussionywe cannotrule out the pos-
sibility that propagatingwaves are the causeof someof the
obsened oscillations.Also, the typically small numberof os-
cillation periodssuggestshatpropagatiore ectsmayoftenbe
visible. On the other hand,casel8C shaws not only a clear
phasepropagationn Dopplershift, but alsoa 1/4-periodphase
relationshipbetweerDopplervelocity andintensity Thelatter
featureprovidescorvincing evidencefor slow standingwvaves.
This wave modealsoyieldsgoodagreementvith the obsened
dampingratesand their scalingsin general(Ofman& Wang
2002).Thereforewe suggesthattheorigin of this phaseprop-
agationcould be relatedto the ne structureof coronalloops
andthetriggermechanisnof oscillationeventson the basisof
thefollowing discussion.

For mostof the obsenations,the SUMER slit wasplaced
ataheightH ' 100Pabove thelimb. Considera semi-circular
coronalloop locatedin a vertical planewith its top just at the
slit (i.e. with aloopradiusR = H). We thenhave aloop length
L' 230Mm, in agreemenith thetypicallength(" 220Mm)
of coronalloopsseenby TRACE (Aschwandenet al. 2002).

Furtner let tne iIoop widitn pew = 9 VMim (Aschwandenet
al. 2002)andits azimuthangleto be = 45 . Fromthis we
estimatethe int%rsectionlength of the loop top with the slit
as Y' 2sin  (R+w=2)2 RZ = 37 Mm, in good agree-
mentwith the scale(35 21 Mm) of the obsened oscillatory
regions along the slit (Table 4). Whentheloophas ' 0
(i.e.,theloopis directednearlyalongthe west-eastirection),

Y ' w=9 Mm, closeto the lower limit of the obsered Y.
Theseestimatesndicatethatthe oscillatoryDopplershifts ob-
senedin aregioncanbecausedy asinglecoronalloop.In this
casethedi erence®f intensityandline width alongtheslit in
anoscillatoryregion maybedueto the ne structureof acoro-
nal loop which may consistof a large numberof ne threads
asseenn TRACE 171and195A images(Aschwanderetal.
2000);di erentthreadscanhave di erentdensitiesand pos-
sibly di erenttemperaturesiVe cannot,however, excludethe
possibilitythatthesedi erencesnay be dueto several neigh-
boring parallelloopswith a smallazimuthanglerelative to the
E-W direction. If magneticreconnectiortriggersthermalen-
ergy releaseat a loop's footpointin a certainthread,the pro-
ducedgas-pressurdisturbancewill a ectthe otherthreadsat
a slightly latertime thanthe directly involved thread thusex-
citing slow wavesin thosethreadswith phaseslelayedrelative
to the slow wave in the threaddirectly relatedto the trigger.
Recallthat the phasedelay seemgo propagatealong the slit
from the strongemissionregion to the faint ones,supporting
thisidea.

6. Conclusions

SUMER spectralobsenations have revealeda new kind of
dampedoscillationin hot coronalloops. In six selectedex-
amples,we analyzedin detail the featuresof time seriesof
Dopplershift, intensityandline width, and exploredthe trig-
ger of oscillationeventsand oscillating loops using SXT im-
agesWe carriedout quantitatve measurementsf physicalpa-
rametersof 54 oscillationsin 27 brighteningeventsseenin
are lines. With this study we have thusbeenableto obtain
anoverview of the propertiesof the loop oscillationsrecorded
by SUMER.We comparedhe statisticalresultsof the periods,
decaytimes,andamplitudesvith TRACE results We havealso
discussedhewave modeanddampingmechanisnof hotloop
oscillations Basedontheseanalysesye cometo thefollowing
conclusions.

Dopplershift oscillationsweredetectecbnly in are lines
like Fexix andFexxi of T > 6 MK, consistenwith their as-
sociationwith hot SXR loops. For all casesthe oscillations
areexcitedimpulsively, asevidencedy the presencef anini-
tial large Doppler shift pulseandimpulsive pro les of inten-
sity andline width. Becausescillationeventshave arelatively
high frequeny of occurrencege.g. often shaving a recurring
behaiour) and only a small numberof them are associated
with GOES ares, they may be triggeredby micro- or sub-
ares. Therecurringeventsshaow initial shiftsof thesamesign,
consistentvith exciters(e.g.,pressuralisturbanceandinjected
hot plasma)of loop oscillationscoming from one footpoint.
Thisinterpretatioris supportedy a casestudywhichincludes
acomparisorwith SXT data.Phaseropagatiorof the oscilla-



Fig. A.1. Projectionof ahypotheticakircularloop ontothesolarlimb.
CartesiarcoordinatesystemOXYZ is de ned atthe midpoint(O) be-
tweenthe two footpoints A and B; OX is an extensionof the solar
radiusat O, QY is tangentialto the limb towardsthe north. Theloop
planehasaninclinationangle to the vertical planepassinghrough
theloop's footpoints,which is rotatedby anazimuthalangle to the
NS vertical plane(XOY). P(x,,Y,) is theape positionof theloop.

tions, togethemwith variationsof intensityandline width along

theslit, canbe explainedby the excitation of the oscillationat
afootpointof aninhomogeneousoronalloop, e.g.aloop with
ne (or multi-thread)structure.

The SUMER oscillations have distinctly longer periods
thanthe TRACE trans\erseoscillations,but a relatively sim-
ilar decayrate. Variouslines of evidenceindicatingthat they
arecompressie slow magnetoacoustistandingvavesarepre-
sentedthussupportingthe conclusiongeachedy Wanget al.
(2003).For example the phasespeedsnferredfrom the oscil-
lation periodandloop length approximatelymatchthe sound
speedsn hot coronalloops. Furthermoreto make the period
of the global kink mode matchthe obsened period, requires
anunusualkoronalloop ervironmentof plasma 1. A large
thermalconductiondue to the high temperatureof hot loops
canexplain the obsenred rapid dampingon a timescaleof the
orderof awave period(Ofman& Wang 2002).The scalingof
thedissipatiortime of slov modewaveswith periodis in good
agreemenvith the scalingfor 49 oscillationcases.

There are still someissuesfar from clearly understood,
such as the excitation mechanismof slow mode waves, the
buildup of standingwaves, the coronalloop ervironmentre-
quiredfor quickdamping( =P "' 1 2),reasongor theabsence
of intensity uctuationsin mary casesthe true interpretation
of theoccasionallyseerphasepropagatioralongtheslit. These
issuemeedfurtherstudieshothin obsenationandtheoryin the
future.
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Appendix A perivation or geometrical
parameter s of coronal loops above the limb

LetOin FigureA.1 bethemidpointof theline joining thefoot-
pointsA andB of aloop andd be half of thedistancebetween
the footpointsin the plane XOY. We de ne the loop geome-
try by acircle with radiusr andheighthg of the circle's center
above the solarsurface.In the casethat the planeof the loop
is parallelto the planeXQY, C is the circle's center(with OC
de ned ashp) andT is the circle's ape (with OT de ned as
h). In the casethat the loop planehasan inclination angle
to theverticalandan azimuthalangle betweerthefootpoint
baselineandthe north-southdirection(counterclockwise)ywe
de ne P(xp,Yp) asthe position of the loop's ape. Typically
the distancebetweenthe footpointsis small comparedo the
solarradius,so that we may neglect curvatureand regardthe
loop asprojectingupwardfrom the planethroughO tangential
to the solarsurface.Using the coordinatetransformation(e.g.
formula (A5) in Aschwandenet al. (1999a)),we obtainthe
equations,

Xp = hcos; (A1)
Yp = hsin sin; (A.2)
o J—
d=r 1 (ho=r)2cos: (A.3)
De ning hg=r ¢, andconsideringh = hg + r, we obtainfrom
equation(A.3),
D = hcos; (A.4)
where the quantity D is dened by D = dp1+ c:pl C.
Solving equations(A.1), (A.2) and(A.4) for , andh, we
obtain
1.2 2y, 1 q 2 4 \2 2)2 2 2#&:2
h= §(xp+y§,+ D?) + > (@ +y2+ D22 4x3D?  ;(A5)
then,
h
r= o (A.6)
_ 1. %py.
= cos (F)’ (A.7)
= cos 1(%): (A.8)

If we assumeéhatthe obsenedloop hasthe midpointbetween
its footpointsexactly above thelimb, we candeterminehepo-
sitionsof footpointsA andB andhencemeasuréeheir distance,
2d. Becausehe position coordinate X, of the obsened loop
reacheshe maximum,x,, atthe apex whentheloop hasa cir-
cular shape,we candeterminethe apex position P(Xp; yp) of
the loop. The ratio ¢ (=hp=) is a free parameterTherefore,
given a value of ¢, we canderive the geometricalparameters
(r, ,and ) of theobseredloopfrom themeasuremenist xp,
Yp, andd usingequationgA.5)—(A.8). We obtainthe value of
free parametec by minimizationof thedi erencebetweerthe
obsenedloop imageandthe projectedimageof the modelled
loop. Note that asit is di cult to discernwhich foot of the
obsenedloop is closerto the obserer, we cannotdetermine
whetherthe loop planeis inclined towardsor away from the



opsener. For example,in thecasedemonstrated FIgureA. 1,
we deducefrom the apex position of the projectedloop (i.e.
Yp < 0) thattheloop planeinclinestowardsthe obsererif the
A-footis closerto theobsenrer, while it inclinesaway from the
obsenrerif the B-foot is closerto theobsener.

Appendix B: Doppler oscillation cases

Further examplesof Doppler shift oscillations recordedby
SUMERareshavnin Figs.B.1-B.11.
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Fig.B.11.Doppleroscillationevents(Nos.27A, 27B, 27C)in the Fexxi line on 15May 2002.In (b) thecurvesA andC areplottedwith shifts
of 90and 60km s ! alongthey-axis,respectiely.



