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Abstract. Observations during two campaigns of the SUMER spectrograph and the EIT imager onboard SoHO were used
to analyse oscillations in bright sunspot plumes. We report variations of both intensity and velocity seen in EUV emission
lines originating in the sunspot upper chromosphere and the transition region. The wavelet analysis reveals rapidly changing
conditions in the emitting volumes. Generally, oscillations in the 5 min range dominate in the chromosphere, while the transition
region lines show oscillations at shorter periods (2 to 3 min). A drift of the oscillation period of the Doppler velocity from

5 min to 25 min within about 30 min can be explained by a strongly non-stationary behaviour of the upper chromosphere
and transition region, probably related to downstream of material within the plume region. Synchronous EIT observations of
the lower corona show no intensity oscillations. This hints either at a strong damping or a downward reflection in the upper
transition region or lower corona.
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1. Introduction the data by a theory of adiabatic sound waves. Reviews on both
ob . FUV llines f din the ch h observations and interpretations of sunspot oscillations have
servations o spectral lines formed in the chromospheygs, given by Staude (1999) and Bogdan (2000). Recent ob-

corona transition region (CCTR) above sunspots W'th tr%‘?arvations using data from various instruments contribute to the
UVSP instrument aboard the SMM spacecraft led to the d'scq}’ﬁderstanding of the processes in the CCTR

ery of significant oscillations of velocityy, and occasionally The present investigation aims at a deeper insight into the

of intensity,51 (Gurman et al. 1982; Henze et al. 1984; Thomaos . . .
! ' ' scillatory processes, having available more complete data, that
et al. 1984). Sharp resonance peaks of the powérs ahdél, yp 9 P

is, longer time series and simultaneous measurements in sev-

particularly observed in the umbra, show a characteristic hei% EI CCTR and lower corona lines, including those correspond-
dependence of frequencies and phases. Peaks in the 2...3. '

. . ) . i higher temperatures.
period band appear as a continuation of chromospheric umbﬁ’gqo gher temperatures
oscillations.

Such a behaviour can be explained by the resonant trapsOQbservations and data reduction

mission of magneto-atmospheric waves through the sunspot at-

mosphere. Models of coupled resonatdtag’da et al. 1983, Long time series of intensity and Doppler velocity data have
1987, 1987; Settele et al. 1999) require regions of stroR§en derived from two observing runs of the SUMER spec-
wave reflection, e.g. from the steep temperature gradientlt¥graph aboard the SoHO spacecraft. The basic data of the
the CCTR. Consequently, oscillations should be observeddRservations are listed in Table 1.

EUV lines in the sunspot CCTR as well. Theoretical modelling We refer to the observations taken on 1996 August 29 as
of intensity oscillations in optically thin EUV lines requires vedata set A and to the observations on 1999 October 29 as data
locity oscillations without intensity fluctuations in the adiabatiget B, respectively.

case. On the other hand, measurements of intensity oscillationsPuring the first campaign, A, the SUMER scanning mode
would hint at a non-adiabatic behaviour such as that of alma#ts available. Scans of a sunspot consisting of six spectra, with
isothermal waves{ugZda et al. 1987; Staude et al. 1985). Sudi@ster steps of.14” were made for 4.4 hours. This allows to

a result is important because inferences of propagating wa¢@gpare a raster image of the scanned plume region above the

(e.g. Brynildsen et al. 1999a,b) are often obtained explainiggnspot in the light of the selected EUV lines with other im-
ages obtained e.g. with the EIT telescope (Fig. 1). EIT images

Send gprint requests toJ. Rendtel, e-mailjrendtel@aip.de were taken simultaneously to the first two hours of the SUMER
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Lyman lines near 926 A 13:20-15:04 UT
among these:

H1Lyman5 937.8 A 13:20-15:04 UT
H1Lyman 9 921.0 A  13:20-15:04 UT

Hilyman15 9153A 13:20-15:04 UT

Table 1. SUMER observations of large sunspots and supporting mea- 1548 A 770 A
surements of other SoHO and ground based instruments.
Set A: 1996 August 29, NOAA 7986 100 100
SUMER:
pointing Xx=-927" +50",y = -2963"
detector A 80 80
slit 1”7 x 120’ _ _
Cv 1548.1 A 09:08-13:31 UT 2 2
Nevi 770.4 A 09:08-13:31 UT £ 60 £ 60 H
temporal resolution 65.2 s - ) - s
EIT: 40 40 b
FeIx /X 171 A 09:00-10:59 UT
temporal resolution 36 s
20 20
Kitt Peak Obs.:
magnetogram 16:34-17:29 UT
o] 0
Set B: 1999 October 29, NOAA 8742 17 17
SUMER: x Loresec] « Loresec] W
pointing x=-213"...116",y = 39.0”  foresec]
detector A Fig. 1.Images of the EUV intensity reconstructed from SUMER scans
slit 0.3” x 120 of set A in the lines Gv 1548.1 A (left; transition region) and Nair

770.4 A (centre; upper transition region) above the active region
NOAA 7986 using 8 scans between 10:50 and 11:00 UT. The bright
EUV structure is close to the centre. The strip on the right shows the
respective band from the EIT filtergram in the lines ofifx 171 A

at 10:55 UT. The sunspot is located close to the centre of the strips
and has a diameter of about’1@f. also Fig. 2). The intensity scale is

Ly continuum 907A 13:20-15:04 UT inverted — dark patches represent high EUV intensity.
lines near ] 1020A  15:05-16:48 UT Table 2. Spectral lines used for the analysis of intensity and Doppler
among these: velocity data. Data for the Lyman lines from Curdt & Heinzel (1998).
Hilymang  1026.0A 15:05-16:48 UT
N I 992.3A  15:05-16:48 UT Line Y T Region
temporal resolution 28.1 s

P Feix/x 171 A 13x10°K lower corona
MDI: Ne v 770.4A 6x 10°P K upper CCTR
magnetogram 16:00 UT Crv 15482A  1x10°K lower CCTR

N 11 992.3A 8x 10* K lower CCTR

Hilyg 1026.0A 28x10°K chromosphere

observations (see Table 1). The inherent disadvantage of raster
24x 10K  chromosphere

scans is the limited temporal resolution of the data concerning Hily5 937.8A
the plume position above the umbra as only every sixth spec- HILy9 920.9A  123x10°K  chromosphere
trum refers to this position. There are no further SOHO data HiLy15 915.3A 897x10°K chromosphere
available for any time close to our campaign.

An extrapolation of the force-free magnetic field of the re-
gion NOAA 7986 (Fig. 2) was calculated based on the Kifthe field lines extend essentially vertical from the main spotin-
Peak magnetogram of 1996 August 29. These data provide blicating that the oscillations should follow a vertical path from
portant information concerning the structure of the region atite photosphere through the CCTR to the lower corona. Hence
for the interpretation of the observations (see Sect. 4). we can assume that identiogly-positions concern a common

The second observation, B, with the SUMER spectrographcillating flux tube.
was done at a fixed slit position with the solar rotation com- Targets of both series were sunspots with a bright EUV
pensation switched on. The higher cadence of spectra gipdsme (Brynildsen et al. 2001). In the regiblfDAA 7986we
a better temporal resolution allowing to search for higher frebserve variations in intensiyl and velocitysv in the transi-
quency oscillations. We chose the MDI magnetogram obtaingah region lines Nevur at 770.4 A in second order andr¢
at 16:00 UT for an extrapolation of the force-free magnetat 1548.1 A. Further, we analyse EIT intensity data in the
field of the region NOAA 7986 (Fig. 3). Most field lines con-corona lines of Fex/x at 171 A. Information about the cho-
nect to the spot of opposite polarity east of the major spsen spectral lines is summarized in Table 2.




J. Rendtel et al.: Sunspot transition region oscillations 317

200

arcsec

'f)% <

T I I 1 I
150 200 250 300
arcsec

Fig. 3. Perspective view on the extrapolated magnetic field of the re-
gion NOAA 8742 on 1999 October 29 based on the MDI magne-
Fig. 2. Extrapolated magnetic field of the region NOAA 7986 on 199tbgram obtained at 16:00 UT. The major spot is located in the large
August 29 projected on the solar surface. We only show those figba of negative (south) polarity (N is up, E is left). Field lines starting
lines connecting the major spot with the region of opposite polaritiyom the spot area in the photosphere are almost vertical up to a few
The spot is located within a large area of negative (south) polaritg* km. The verticak-axis gives the altitude above the photosphere in
with a depletion to the NE (N is up, E is left). arcsec (1 ~ 700 km).

isolines: [25,80,320,640,960,1280]

The Lyman lines observed iNOAA 8742originate from that small variations in frequency as well as short appear-
the chromosphere. Additionally, the transition region lingIN ances (about 10 min) of oscillations even close (approximately
at 992.3 A appearing in the same spectral region provides 3 mHz) to dominating frequencies can be reliably detected
formation about oscillations at larger heights (see Table 2 afRendtel 2001). Due to the finite length of the time series, it is
Wilhelm et al. 1995). not possible to analyse oscillations close to the start and end of

Extrapolations of the magnetic field lines in both regiornthe measurements. The width of the edffea (cone of influ-
support the assumption that the bright EUV plume regions arce, Torrence & Compo 1998) depends on the length of the
situated vertically above the major sunspot of the two regionsne series and the frequency. In our case we find an exten-
Details of possible fects of deviations from a vertical direc-sion of the cone of influence of 6 min at 7 mHz, and 10 min at
tion are discussed later. 3 mHz, respectively. A minimum significance level of 0.8 was

In order to improve the signal-to-noise ratio, we integratezhosen for all oscillations shown and listed (Table 3) in this
over 3x3 pixels in the Neviit and Civ lines, and over &5 pix-  paper.
els in the Lyman and NI lines. Because we know that struc- The results are shown in a number of graphs (Figs. 4 to 7)
tures in the chromosphere and the transition region extend owich consist of three panels each. The major (upper left) part
areas larger than the intergrated pixels, this doesfl@tteour shows the variation of oscillatory power féf andév, respec-
results. Further, it has been shown that oscillations occur giwely, with the maximum power inside this diagram set to 100.
herently over larger regions as well (Brynildsen et al. 1999a,[@he right panel shows the integrated power over frequency, and
Both sunspots were localized within less thaf #0m the so- in the lower panel the temporal variation of the power at the in-
lar disk centre so that geometricdlfects are neglible. dicated frequency(ies) is plotted.

Both data sets were decompressed, flat-fielded and cor-Intensity and velocity oscillations in the frequency range
rected for geometrical distortiortfects applying standard soft-3...7 mHz as shown in Fig. 4 occur in all investigated spec-
ware routines of the SUMER-soft library. tral lines. This investigation is based on measurements of the
line centre. Recently, Brynildsen et al. (2003) used measure-
ments in the opposite wings of optically thin emission lines
for analyses of oscillations above sunspots. Their results are
Both data sets are characterized by rapid changes of the intgmilar to our findings as we will describe later. Generally, the
sity and Doppler velocity, respectively. Investigations of sudlgpical duration of clearly visible oscillations in the CCTR and
non-stationary processes require methods which allow to lower coronais of the order of 10 to 20 min, occasionally up to
calize various oscillations existing for typical periods of 10 t40 min.

20 min in time. For this purpose we applied a wavelet anal- We also applied a wavelet analysis to the EIT intensity data
ysis to our data. Investigations of artificial data series shawthe coronal Fex/X lines obtained simultaneously with the

3. Wavelet analysis and oscillations
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Fig. 4. Intensity oscillations in the Neirr line in the plume above the Fig. 5. Velocity oscillations in the N&1r line (NOAA 7986, set A).
spot in NOAA 7986 (set A). Most of the time we find a 6.2 mHZThe most prominent frequency is near 6 mHz (solid line), but the os-
oscillation while the 5 min oscillation (near 3 mHz) appears only iaillations show rapid temporal changes.

the first hour (dashed line).

N Il (v), AT=659 s, Av=334.4 uHz AVER. SIGNAL

I

Nevir and Civ lines in the region NOAA 7986 (cf. Table 1).
Surprisingly, this analysis does not reveal any intensity oscil-
lation in the frequency range between 3 and 7 mHz, although
we made everyféort to correct for possible trends or to filter
smaller frequencies (Rendtel 2001).

Generally, the oscillations of Doppler velocity (line-of-
sight velocity) and the intensity occur in the same frequency
ranges. At three occasions we found a drift of the frequency
of the Doppler velocity towards higher frequencies with a drift
rate of about 3 mHh. This concerns the Naii line (Fig. 5),
where we first find a peak of oscillatory power at 4 mHz .
(dashed line) followed by a peak at 6 mHz (solid line) about®
40 min later. Another such driftis found in the transition region:

FREQUENCY [mHz]

line N1 (Fig. 6) from 4 mHz to 6.5 mHz within about 30 min. E
This is followed by a similar and virtually simultaneous drift in g
the chromospheric Lyma# line from 3 mHz to about 5 mHz 2
(Fig. 7). =
& ol R R R
15.5 16.0 16.5
4. Interpretation of the results TIME [1999 OCT 29, UT]

P ) iel. 6. Velocity oscillations in the Nitt line in the plume above the spot

It WPT a_ssume the resonant tr_ansm|SS|on of magneto acouEnt?ﬁlOAA 8742 (set B). A peak at 4 mHz is followed by oscillatory
gravitational (MAG) waves being the source for the observed . o )

I ... power at higher frequencies in the subsequent time.
oscillations, we have to conclude that the resonance conditions
obviously vary rapidly within short periods of time. Typical
time scales are of the order of 10 to 30 min. Hence we oftédugZda et al. 1987; Settele et al. 1999, 2001). Numerical sim-
will observe about ten periods until the oscillation decays atations for realistic values of the adiabatic fflogenty and
becomes too small to be detected. turbulent pressurgy, published by Staude et al. (2001) show

Resonant transmission and filtering of MAG waves wabat particularly oscillations near 3 3.5 min (5.5...4.5 mHz)

shown to allow selected frequencies to reach coronal heighte expected to have a large transmissiorffiment.
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Fig. 7. Velocity oscillations in the chromospheric Lymah line
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Fig. 8. View at the extrapolated field lines of Fig. 2 (NOAA 7986)
from the south. Starting from the spot, the field lines are first directed
somewhat in westerly direction before they turn to the east at larger
heights. (2 refers to about 700 km.)

(NOAA 8742, set B). Most of the time we find a frequency near 3 mHz

(5 min oscillation). Simultaneously to the drift iniN, we also see os-

cillatory power at higher frequencies.

The observed drift of oscillations in the chromosphere
(Lymanp) as well as in the CCTR towards higher frequencies

Table 3. Power maxima of the oscillations found in thefdient lines at three occasions (cf. summary of results in Table 3) may be
from our wavelet analysesstands for temporarily occurring oscilla-€xplained with a shrinking resonator size. Oscillations prop-
tions, | denotes oscillations observable at specific locations only. Agating downwards parallel to magnetic field lines reach re-
arrow (—) refers to a drift of the frequency as described in the text. gions of considerably converging flux tubes. Furthermore, the

Line Intensity osc. Velocity osc.
Set A: 1996 August 29, 09:08-13:31
Nevir 6 mHz, 3 mHz(t) 6 mHz, 46 mHz
7.3 mHz(t)
Civ 6 mHz; 3 mHz 3 mHz; 6 mH#t)
7.3 mHz(t)
Ferx/x  none found -
Set B: 1999 October 29, 13:20-15:04
Ly 5 3.5 mHz(t) 3.3mHz
7.2 mHz(t) 7 mHz, 5 mHxAt)
Ly 9 7 mHz; 3.5 mHz
Ly 15 7 mHz; 3.5 mHz
Lycont. 7 mHz; 3.5 mHz
Set B: 1999 October 29, 15:05-16:48
Ly B 7 mHz; 3.5 mHz 3.2mHz
3.3-4.5mHz
N 11 3.5mHz;5mH4t) 3—-7 mHz

up to 7 mHz(l) 3 mHz; 3.5 mHZl)

observability and the line-of-sight component of the Doppler
velocity depend on the direction of the magnetic field. The ex-
trapolated field of the region NOAA 7986 indicates that an os-
cillating volume may change its direction relative to the line

of sight while moving along the field lines and thus cause a
variation of the observed velocity and its variation (Fig. 8).

The CCTR lines Nemir, C1v and Nir are optically thin
lines. As already pointed out, the existence of oscillations in
intensityél hints at deviations from adiabatic conditions, pos-
sibly almost isothermal waves. The lack of intensity oscilla-
tions in the corona as derived from the EIT measurements may
be explained by dierent €fects. Possible reasons are a strong
damping or a dominating downward reflection of the waves be-
low the 1¢ K level. It is also possible that adiabatic condi-
tions exist up to the CCTR, but not further towards the corona.
However, one has to bear in mind that the observed rapid varia-
tions of the occurrence of various oscillations can be caused by
temporary anfbr spatially changing conditions. This is consis-
tent with results described by Maltby et al. (1999), Brynildsen
et al. (2002) and DeMoortel et al. (2002).

Phase relations between the intensity and velocity data per-
sisting for a substantial portion of the time series are not de-
tectable in our data of August 29, 1996, covering a large height
range. If the conditions were adiabatic, a phase shift°of 0O
would hint at running waves, while a phase shift of 9di-
cated standing waves. Perhaps the phase relations are rapidly
changing if larger height scales are considered. The analysis
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Fig. 9. Sketch showing the connection between oscillations of variou
frequencies emerging from the convection zone into the photosphere
(with a dominating 5-min oscillation) passing a filtering region. In
regions like bright EUV plumes above sunspots shorter period oscil-
lations near 3 min become dominant.
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of the chromospheric Lyman lines covering a height range ﬂ[:]. 10. Curved magnetic field lines above sunspots may be a reason
roughly 400 km (Curdt & Heinzel 1998) yields a phase velogor varying line-of-sight components of the Doppler velocity if an os-
ity during our observation period of about 7 kndsvhich is cillating volume is moving along the field lines. (Scale vertically re-
close to the velocity of sound in the region of the line emissioduced by a factor of about 10.)

However, even over this small range the phase relations be-

tween the oscillations are far from constant for more than about

20 min (Rendtel 2001). Curdt & Heinzel (1998) derived a phagg, opserve when using the EUV emission lines. Hildebrandt

velocity of about 3 kmsl in the network outside sunspots. g staude (2002) found from model calculations that magnetic
~ The CCTRis a highly variable region which is not fixed ife|q variations of+35 G as well as density and temperature
its vertical position and range. In bright EUV plumes we s&gctuations due to an oscillation of the CCTR in height with

a rather extended “cool” region, while other regions in closg, amplitude of approximately 50 km could produce the mea-
vicinity may be characterized by hot material moving down 1Q,red microwave oscillations.

geometrically low heights causing a transition region which has According to Brynildsen et al. (2002, 2003) their ob-

a small vertical extension only. From the existence Ofavarie%rvations seem to contradict the predictions of the reso-
of emission lines of 5 to 8-fold ionized species which are ngt. .. .- < icsion model (“sunspot filter theory”, Settele et al.
found anywhere else on the Sun C_:urdt e_t al. (2900) cont_:lu 9, 2001, and references given there) mentioned in the
tEat tr;e CCTR Imulst have anhentlrelycfjfglrent Eelbglht pro?}le Introduction: these observations show one dominant oscillation
than the normal solar atmosphere and is probably muc mﬂreequency while there are several power peaks almost equally
extended in the quaS|—open_magnet|c field lines. In th|§ conteXfaced in frequency in the transmission curve calculated for
we may r_;lfssumethgt the existence of F"Uf“es Stro”_g'y IMProyfrs higher sunspot atmosphere. However, such a comparison
the visibility of oscillations as the emission of optically th"has to consider the assumptions of the modelling: the theoreti-

EUV lines is more &ective. This is obvious from several otherCall transmission cdBcient is valid for an incoming wave flux

observations of oscillations in the CCTR (Fludra 1999, 200\;V;hiCh is constant over all frequencies (a “white flux”). Any

Ireland ?t al. 1999; O'Shea et a_l._ 2001). _ . other frequency structure in the wave flux incident from below
Rapid changes of the conditions are obviously typical for ¢, example due to subphotospheric resonators — will mod-

the CCTR. This is also underlined by observations of phenoriﬂ; the picture because the transmission fiicént has to be

ena such as blinkers and explosive events. Blinkers are fOl{/Véiighted with this frequency distribution to predict the oscil-

to occur on time scales of 400 to 1600 s and are observed abyg s at higher levels of the sunspot atmosphere (see drawing
sunspots as well (Harrison et al. 1999; Brkoet al. 2000). shown in Fig. 9).

Radio observations at 17 GHz using the Nobeyama radio
heliograph (Gelfreikh et al. 1999; Shibasaki 2001) show os-
cillations of radio brightness above sunspots near 6 mHz #r ~ncjusions
periods of about an hour. Shibasaki related these oscillations
with sound waves from lower levels in the solar atmosphefée temporal occurrence of oscillations in intengityhints at
moving upwards and becoming visible as third harmonic deviations from an adiabatic behaviour which is assumed for
17 GHz. The frequency near 6 mHz obviously appears duringst theoretical modelling (Table 3). Regions showing only
the entire data series. However, the analyses do not show teglecity oscillations should be regarded as nearly adiabatic.
poral variations in the oscillation power. This observation coifhe observed intensity oscillations imply that the CCTR can
cerns a geometrically rather low, hot and vertically thin CCTRe considered to be almost isothermal at least for some periods
Conditions may be less variable than in the plume areas whiaftime.
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Variations in the observable frequencies (“drift” indi-Curdt, W., & Heinzel, P. 1998 ApJ, 503, L95
cated in Table 3) hint at highly non-stationary conditions i&urdt, W., Dwivedi, B. N., & Feldman, U. 2000, JApA, 21, 397
the CCTR. Models assuming a parallel stratification could eReMoortel, I., Ireland, J., Hood, A. W., & Walsh, R. W. 2002, A&A,
plain the observed drift of the frequency of velocity oscilla- 387, L13

tions towards higher frequencies through a shrinking size 'gpdra. A. 1999, A&A, 344, L75
dra, A. 2001, A&A, 368, 639

the resonato_r. S.UCh ?geomejtr_lc.al situation is drawn I.n. Fig. @glfreikh, G. B., Grechney, V., Kosugi, T., & Shibasaki, K. 1999,
The magnetic field in the vicinity of sunspots modifies thé Sol. Phys., 185, 177
observability of_ oscnla.uon.s and prowdgs addltlonal h|_nts &urman, J. B., Leibacher, J. W., Shine, R. A., Woodgate, B. E., &
downward moving oscillating elements in magnetic cylinders penze w. 1982, ApJ, 253, 939
or cones existing in the CCTR and becoming observable fgarrison, R. A., Lang J., Brooks, D. H., & Innes, D. E. 1999, A&A,
typical time scales of half an hour. Phase relations between the3s1, 1115
intensity and velocity data are probably as non-stationary as Henze, W., Tandberg-Hanssen, E., Reichmann, E. J., & Athay, R. G.
oscillations themselves. 1984, Sol. Phys., 91, 33

The sudden change in visibility or occurrence of the olplildebrandt, J., & Staude, J. 2002, in 1st Potsdam Thinkshop on
served oscillations in EUV plumes above sunspots may indi- Sunspots and Starspots, Poster Proc., ed. K. G. Strassmeier, &

cate analogous processes to those observed in active regiqr‘ﬁ'dvvjasc\‘;el“h 9;’ W.. Harrison. R.A.. & Priest. E. R. 1999. AGA
loops or other more dramatic events. reland, J., Walsh, R. W., Harrison, R. A., & Priest, E. R. 1999, A&A,

347, 355
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