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Abstract. The oscillatory behaviour of the solar chromospherk Introduction
was studied from observations of a quiet region at disk cenfre . . .
using various diagnostic tools. The two-dimensional spectr%—SCIIIatlons in the solar photosphere and chromospherg had al-
meter in the Vacuum Tower Telescope/Tenerife (Spain) serJ@&‘dy been postulated about 50 years ago (Schwarzschilil 1948),

to obtain a spatially highly resolved time series of “White-light?ggf V\,/[ES tnt(;]t uptl|tthi beglntr_ung IOf thef 19ffigs_(Lelgr;ton etfall.
images and narrow-band filtergrams in the Nalide. With a 2) that the first observational proof of their existence fol-

tunable Fabry-Perot interferometer, this line was scanned tak|ﬂ ed.. Despite many su.ccessf_ul attgmpts from theory and ob-
vation to further clarify their origin and the nature of the

30 images (i.e. a “scan”) around the line core with wavelen X . ;
steps of 30 M and a spectral resolution of about 200 000. Fro%p{aves involved (e.g. Ulrich {1970) and Deubner (1975)), the

these images, line profiles were derived for every pixel in ﬂgi)gcillatory behaviour of the solar atmosphere still defies a fully

field of view. With each such narrow-band scan, ascan of“whit%"EltiSfalCtOry explanation. The persistent question of the heating

light” images was taken strictly simultaneously. The whole ti fg:e s?flartchrc;rr:_]o?p?éare and corona also keeps calling for
series comprises () 128 scans. Every 56 s, a new pair of scal yr Ner? olrs n this 'f t'h hall tined ab b
was started with two CCDs, thus the observation covers nearl}; 0 final answers 1o the challenge outiined above can be

two hours. Finally, after correlation and other reduction procg'— en here, but this paper contributes new observational results

dures, a field size of 6@ x 50/4 remained with 02/pixel on to this end. Some unexpected findings from two-dimensional

the CCD-chips. In the data reduction, new images were Creaﬁé)(fervations obtained with high spatial resolution in the Na D

representing the minimum intensity (1) of each line profile i ne qffer new as.pects which will have t(.) be cpn§|dered in the
the field of view, and also velocity (V) maps (derived from th&M90INY discussion about chromospheric oscillations.
Doppler shifts of the line profiles) for all 128 scans. From these

images, power spectra and diagnostic diagrams were computedbservations

In the subsequent analysis, a distinction between network and )

intra-network regions was made where this seemed appropri4te: General overview

One- and two-dimensional (M) phase and coherence spectrgyn May 25, 1995, a time series of a quiet region at the centre
were analysed with regard to oscillations and to the nature of iff&the solar disk was taken with the Vacuum Tower Telescope
waves leaving their marks in these diagrams. Several notew®/7T) at the Observatorio del Teide on Tenerife. For this obser-

thy results also raised the question of the actual line formatiggtion, the two-dimensional spectrometer mounted in an optical
height of Nah, among them being the non-detection of a chr@aporatory of the VTT (see e.g. Bendlin et al. (1992)) was used
mospheric eigenmode. While an explanation for a conspicuggsobtain so-called white-light images and narrow-band filter-

70° plateau in a small region of the phase spectra already exiggams in the Na Bline strictly simultaneously with two CCDs.

the suspected reason behind the decreasing phase differgfae formation height makes Nay,[ suitable tool for study-
from about—60J f0r the f-mOde dOWh tov —120° fOI’ h|gher |ng the |0wer to m|dd|e ChromospherE.

modes is still subject to some speculation. Moreover, the data

gave evidence of gravity waves, probably discovered for the first ) . ) .
time in a V—I phase spectrum of NaD 2.2. Short introduction to the two-dimensional spectrometer

As the spectrometer in the VTT is a hon-standard and also a ver-
Key words: Sun: chromosphere — Sun: oscillations — tecRatile instrument meeting different obervational needs (Volkmer
niques: spectroscopic 1995), a mere description of the observations gained with it will
not provide sufficientinformation on the peculiarities of the data
and their proper treatment in the reduction. A schematic repre-
Send offprint requests t&. Kneer sentation as well as a detailed description of the spectrometer is
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given in Bendlin et al.[(1992), while some components which When needed, several additional light paths branching off
were introduced more recently are treated in Bendlin & Volkmer leading into the main light path may be utilized via movable
(1995). mirrors. Of foremost importance is the light path containing a
Fé)ntinuum sourc¢o take flat-field images spanning the same

For two-dimensional spectroscopic observations, like herg, | h h lar in ord btain * ”
the instrumental set-up mainly consists of a series of filiep@velength range as the solar images in order to obtain “pure

placed in the light path leading to “CCD 2” which is used to takté;ansmission curves under the same conditions as the actual time
narrow-band filtergrams. First, an interference filter (IF) with eries. It was therefore designed to imitate the solar light path as

FWHM of about 108 was chosen to pre-select the waveleng osely as possible to ensure that the same angles of incidence

range around the Nagline. A beam splitter cube (BSC) behindCccur on the various optical surfaces of the spectrometer’'s com-

the IF reflects some light onto “CCD 1” which thus receives shonents and that the same blueshifts of the transmission curves

called white light, but about 90% of the transmitted light pass@ée produced by.the FPI. ] )

the BSC in the direction of CCD 2. The IF also serves to sup- S0me other light paths are equipped with helpful compo-
press neighbouring maxima in the transmission curve of the nBgNtS to facilitate any necessary adjustments of the spectrome-
filter. The latter is a universal birefringent filter (UBF) with &€

FWHM of 0.46 A at the wavelength of NapD(5890 A). A

considerably narrower pass band is produced by a Fabry-Perat otline of the observations

interfermeter (FPI), the last filter in line. Specific information

on the FPI used here and on the relevant formulae describinditem the wide range of observing parameters offered by the
performance can be found (e.g.) in Bend[in (1993) or Bendlinstrumental set-up and the software programme controlling the
& Volkmer (1995), therefore only such characteristics are megpectrometer, the following combination was chosen for the
tioned here which are essential in this context. The FPI's spec@aberved set of data:

resolution (and wavelength position of the selected transmission The number of white-light and narrow-band scans in the
maximum) is variable, depending on the separation of its mirrtime series is 128, each made up of 30 individual CCD frames.
plates. For the rather broad Na bne, a mirror gapi of 1.25 Every 56 s, a new scan was started, so the whole time series cov-
mm yielding a spectral resolution of abait< 10°> was con- ers nearly two hours. With the selected mirror separation of the
sidered an acceptable compromise, as the free spectral rafigk the spectral resolution reached atibrt10°, correspond-
FSRx d~! thus becomes wide enough (1.é§3for scanning ing to a smallest resolvable wavelength difference &0 mA.
through a sufficiently large part of the line. The performancehe wavelength step between successive narrow-band images
of the FPI is determined by a computer-controlled ramp gewas 30 m& as well. For solar images (and, of course, the corre-
erator feeding the piezoelectric stacks of one mirror with tleponding dark and flat-field images), an exposure time of 60 ms
required voltage to alter the mirror separation in a well-definguoved sufficient. In order to obtain solar flat-field scans, the
way. The images within a scan were taken in quick successitglescope was defocused. The flat-field images taken with a
After each individual exposure, the pass band of the FPI wesntinuum source, necessary for the narrow-band scans only,
shifted by 30 nA. This procedure was repeated from the begimeached a fair signal-to-noise ratio after an integration time of
ning of the selected wavelength range for every scan of the tiB@0 ms. They required another set of dark images with the same
series. exposure time. With the CCDs’ maximum field of view of 384

The UBF is placed at a telecentric position, thus the trang-286 Pixels and with the imaging achromat used here, a spa-

mission conditions for the different light bundles belonging tB& résolution of 02 per pixel on the CCD-chips was achieved,

different points in the field of view are uniform. The same ca//€!ding an (original) image size of 78 x 57"2. _
not be said of the FPI which leaves glrallel rays of light, The whole set of data necessary for the data reduction was

belonging to any one point, with a blueshift due to its positioftPPlemented with so-called grid images. They were taken after
at the pupil's image of the telescope. The blueshift is largest f€ final adjustment of the spectrometer with a grid placed at
the largest angles of incidence and vanishes for rays parallefg prlme.focus of the VTT. These exposures are needed for the
the optical axis. This effect is taken into account (and correcte@ect alignment of white-light images with the narrow-band
for in the data reduction), as the FPI's position at the pupilfitergrams (see Sect. 3.1).

image guarantees the highest spectral resolution possible.

Two personal computers (PCs) execute the specific obseryap 44 reduction
tional programme defined by suitably chosen observing parame-
ters which are entered via a special software control programriibe essential steps to be performed in the data reduction have
The Peltier-cooled CCDs connected with these PCs take imagesutely been described in a thesis[(AI1997), and many of them
with a resolution of 12 bits. The maximum image acquisitioalso in Bendlin & Volkmerl(1995), butthere is no comprehensive
rate is better than 3 full frames (corresponding to 38286 overview readily available. The unusual and complex problems
pixels) per second. While a scan is taken, the CCD frames arésing from the data obtained with the two-dimensional spec-
stored in the PC-RAM, and in between two successive scanstiteneter therefore suggest a somewhat abridged, yet sufficiently
data are transferred onto a hard disk. detailed description here.
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3.1. Preparatory steps image size in all (12& 30) frames was found to be 357262

) ) ) ) pixelsor 714 x 52'4, respectively. Finally, the intensities of the
Among the narrow-band images which d!‘ﬁer conS|.der“any reference images were normalized to make up for the increasing
within a scan, neither a correlation nor a “destretching” alg@stensity the telescope received during the observation due to
rithm will work satisfactorily, therefore the results of both havg,o rising Sun. Besides, the divison of each reference image by
to be derived from the white-light images first and must afre mean intensity value of its corresponding scan ensured that
terwards be applied to the narrow-band images taken striGilycase of varying transparency of the Earth’s atmosphere any

simultaneously. As a necessary prerequisite for this procedyggyting intensity fluctuations had also been compensated for.
the common field of view must have been determined from the

images of CCD 1 and CCD 2. After proper preparation, the grid _
images taken for this purpose revealed slightly different imag-3- Narrow-band filtergrams

ing ratios which entailed a reduction of the field of view ol 110465 to the reduction of the white-light images, first, the
all yvhlte-l|ght Images. Fmally,_th_e d'Stort'o_nS induced bY th‘(Jtorresponding averaged dark image was subtracted from each
optical components characteristic of the light path leading Qe taken with the same exposure time. The flat-field correc-
_CCD 1(as compared to the CCD?"ma@_leS) were remqved Hfﬂh, however, is quite different: In principle, every narrow-band
ing a destretching programme. With the information gained Ry, 4o o each solar scan has to be divided by a flat-field image
the reduction steps performed with the grid images, everythipg o, ot exactly the same wavelength position, yet, the latter
was prepared for the subsequent alignment of the white-liglif, <1t contain the Na B line. The scan obtained with a con-
with the narrow-band images. tinuum source fulfils this requirement, but these flat-field images
represent a different spatial intensity pattern than a uniform solar
3.2. White-light images surface would have produced. Obviously, the opposite is true of
the solar flat-field scan. It therefore suggested itself to combine
After subtraction of an averaged dark image from every rale advantages of both scans and eliminate their shortcomings
white-light image, the solar images were divided by an avén creating a so-called artificial flat-field scan (see Bendlin &
aged flat-field image. (Here, “averaged” always refers to thelkmer (1995) for details) which is “ideal” in every respect.
mean values for the individual pixels.) The field of view of th&he intensity pattern of the new scan looks as if it were obtained
solar images was slightly reduced to match the imaging ratifth uniform solar light, which means no spatial intensity vari-
of the narrow-band filtergrams, and the frames were all “cugtion on the Sumnd constant intensity in the spectral range of
to their common image size. Then, the destretching coefficietiie Na Dy line. The transmission curves for each pixel on the
obtained from the destretching algorithm used to compare )€D-chip thus also show the same blueshift according to their
gridimages of CCD 1 and CCD 2 were applied to all white-lightlative position to the optical axis as the line profiles contained
images. After that, the rms value of the intensity was calculatgdthe narrow-band scans (apart from Doppler shifts) do. The
for every image, and the “best” (or “reference”) white-light imfact that the automatic stabilization programme for the FPI al-
age defined by the highest rms value within each scan was [dgvs the interferometer’s transmission region to move a little
termined and stored separately. Despite the short exposure tirgund the wavelength of Na,lbetween two successive scans
and the fairly high image acquisition rate it proved necessamas taken into account (1) by using a flat-field scan which cov-
to correlate the images within each scan with their corresponits a significantly larger spectral range than any single solar
ing reference image to correct for image motion. The resultisggan and (2) by determining meticulously for each individual
shifts were first applied to the individual white-light imagesscan of the time series which part of the flat-field scan matches
Afterwards, the same procedure could be repeated with the dpin wavelength. This was done by first averaging intensities
responding narrow-band filtergrams taken simultaneously (s8&r a suitable small area around the optical axis in the images
Sect. 3.3). Apart from image motion, seeing-induced distortiopgeach narrow-band scan. A curve is thus obtained which con-
had to be compensated for by cross-correlation as well. Agaisins the averaged line profile of NaDThis curve was then
the destretching coefficients determined (and used) here weikgded by the averaged transmission curve of the artificial flat-
also valid for the narrow-band filtergrams and were thus kefigld scan. The procedure usually had to be repeated several
for subsequent reduction steps. Noise was reduced in both sfgaes by “shifting” these curves, the averaged curve and the
tial dimensions of the white-light data via an optimum filtetransmission curve, against each other in wavelength until the
working in the Fourier domain. resulting line profile closely resembled the exemplary profile
After the correlation of all images within each of the 128&om a standard atlas of the solar spectrum. Usually, the best
scans making up the time series, the 128 reference images &titults could only be achieved after some interpolation between
had to be correlated with each other because of the “residudie flat-field images, thus allowing finer wavelength steps. With
image motion shifting “whole scans” against each other. Bhe results from the averaged curves, the individual images of
this procedure, the possible occurrence of guiding errors of t@ch solar scan were correspondingly divided by the matching
telescope was also taken into account. Next, the same correlatioages of the flat-field scan.
as for their corresponding reference image was performed for The necessary corrections for image motion and distortions
the other images in each scan as well, after which the commeere then applied to the narrow-band filtergrams by perfect
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analogy with the results obtained from the correlation of theetwork exceedetll,,;, considerably, especially for those areas
corresponding white-light images taken simultaneously. persisting throughout the whole observing period.

Compensation for the blueshift of the profiles (see Sect. 2.2) According to the criterion given here, the intra-network cov-
was achieved by dividing thitat-field scan obtained with solar ered about four times the size of the network areas.
light by the artificial flat-field scan, where care was taken again
that the individual images used for (_jivigion co_rresponded to.tg%_ Diagnostic tools
same wavelength. Thus, for every pixel in the field of view, aline
profile resulted. The position of every line (intensity) minimunin the next step, one- and two-dimensional power, phase, and
was determined by a fourth-order polynomial fit. With thesgoherence spectra were computed. Although under certain con-
values, an array was created giving the amount of wavelengitions, it is possible to obtain ¥V and I-I phase spectra
shifts according to the pixels’ position in the field of view. Thigrom only one spectral line (using “fixed” positions in the line
array was employed to correct the individual line profiles ofings as well, see e.g. Deubner et al. (1996)), the observed set
every pixel in every scan of the time series for the blueshift do¢ data was best suited to yield — I phase spectra, i.e. the
to the FPI's position at the pupil’s image. phase differences between the Doppler shifts of the line cores

Finally, noise in the data cube (one spectral and two spat@ld the line-centre intensities as a function of frequency and, in

dimensions) was reduced by using a three-dimensional optimift two-dimensional case, of wavenumber which was taken as
filter in the Eourier domain. an average over suitable intervals in the-k, plane. Because

of the apodization necessary in the Fourier transform which
_ had been performed before, 5 pixels from each border of the
3.4. New images images were lost, so that the resolution in wavenumber was

slightly deteriorated. As an area of'89x 50’4 corresponds

The proper ingredients of diagnostic diagrams are “minimu&r)] 50.315 Mmx 36.54 Mm on the solar surface, the resolution

255, minmurn et of oach profe i the i of vieg23 IMed in one spatial dimension by, ~ 0.125 M
9es, y P and byA k, ~ 0.172 Mm~! in the other.

was calculated using fourth-order polynomial fits to the immeé- .
diate neighbourhood of the line core (i£120 mA around The temporal Nyquist frequengy of (only) abqut 8.9 mHz
naturally suggests a practical improvement if the two-

the line minimum) to avoid “photospheric contamination® b)clzlimensional spectrometer were to be used regularly for observ
contributions from the line wings. The velocity fields were de- P 9 Y

rived from the Doppler shifts of the profiles which had beeld solar oscillations. With faster PCs and enhanced disk storage

determined from the positions of the line minima representgé{vou'd be possible to take successive scans in shorter intervals

by the polynomial fits as well. The “image numbers” of a SCa%nd get even longer time series to improve the resolution in fre-

also gve a wavelength scale as the speciral iference berw gy PGB LT B0 SRETEEEER B RPN,
neighbouring images was chosen to be 30.m ’ P

. . ) proved a fairly good compromise.
The minimum images had to be correlated with each other

and needed to be intensity-scaled in the same way as the ref-
erence white-light images whereas for the velocity maps, evi- Results and discussion

dently only the correlation was necessary. ) )
. - . .. 4.1. One-dimensional power, coherence, and phase spectra
An example of small subfields of minimum images is given

in Fig.[3. The first approach to the chromospheric oscillations measured
Finally, the criterion used to discriminate between the intrén the Na b line was made by plotting one-dimensional power
network and the network regions (the comparison betwegpectra averaged over the whole field of view, but also sepa-
which will become of some importance in the following sectiorately for network and intra-network regions (see Elg. 1). How-
should be mentioned in this context: The averaged minimum iever, as the same field of view was retained throughout the time
tensityimage which was obtained from all 128 minimumimageeries, this comparison may not yield a really representative re-
shows bright parts, presumably bordering a supergranule (wéthit due to the relatively low statistical weight of the data. Yet,
a typical diameter of about 49, and darker ones which wereit is surprising that neither in the power spectrum derived from
considered to belong to the intra-network. Whenever no cléhe Doppler shifts nor in another one derived from fluctuations
distinction between the two seemed possible (here, the awfrthe line-centre intensity pronounced differences were found
aged minimum image prompted an intensity range from abdagtween the three curves.
2.7% to 3.5% above the mean intendity,,), the corresponding Inthe upper panel of Fifll 1, the power maximum lies around
regions were totally neglected. At first sight it might be confu$.3 mHz for the network, corresponding to the well-known 5-
ing that the intensity limit for the intra-networkl(2.7% above minute oscillations. It is remarkable, though, that for the intra-
T..in) also lies above the mean intensity, but this is simply retwork, the maximum is just slightly shifted towards higher
consequence of the intensities in the intra-network regions fldequencies. The latter power curve does not rise for frequen-
tuating around some lower value thip,, (as to be expected), cies higher than 3.3 mHz to indicate maximum power for about
and thus surpassing itin some areas. Most intensity values in5he 5.5 mHz (corresponding to periods between 180 and 200 s)
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. 0.015 ' '
which was reported by numerous observers from other chro- i -

mospheric lines (Lites et al. 1993; Bocchialini et/al. 1994; von
Uexkilll & Kneer[1995%). An explanation for the comparatively
weak power in te 5 — 5.5 mHz frequency range would be a
lower line formation height of Na bthan previously adopted.
This hypothesis is supported by a similar finding of Kneer & i /
von UexKill (1993) for the Mg b line which is formed in the S
lower chromosphere (see e.g. Schmieder(1979), Staiger|(1985) ©-000
or Deubner et al[{1990)) and does not show maximum power Frequency (mHz)
from oscillations with periods of about 3 minutes, either. Be-

sides, like for Na 3, the power curves did not indicate any 4oxi0=5¢
marked differences between the network and the intra-netwogk
regions. Although as yet, the determination of the individual ling 3.0x10~
formation heights is too complicated to yield definite results;

there still seems to be an agreement onrtiation of these
heights: The Mgb line is formed lower in the solar chromo-
sphere than Na B but the latter line formation height might not 5
lie as high as about 1000 km above the level whepgy = 1 - ‘ —
which was inferred e.g. from Gehren_(1975) and from Cac- 0 2 4 6 8
cin et al. [1980). From a number of further publications, one Frequency (mHz)

may conclude as well that Na,_[s formed somewhat lower in Fig. 1. One-dimensional mean power spectra — upper panel: derived

the chromosphere, but, of course, still higher than the NaRom poppler shifts, lower panel: derived from the fluctuation of the
line. Fleck & Deubner[(19€9) also mentioned this relation ange-centre intensity (the dashed line refers to the intra-network, the
assumed a line formation height of about 800 km 8t D;  dash-dotted line to network regions, the solid line represents the power
which Staiger[(1987) previously stated to be 760 km. The regpectrum for the whole field of view)
sults presented here give rise to some speculation about the exact
formation height indeed. Although they are not suitable to set-
tle this question, they may serve to narrow down the plausible Evidently, the low-frequency power is much higher for net-
height range. At least, they strongly suggest thatfiserlimit  work than for intra-network regions. FIg. 2 gives three examples
does not reach the highest estimates quoted above. Sect. 4.20fithe temporal behaviour of the line-centre intensity of small
provide some clues as to the equally important problem of thetwork areas where the line-centre brightness slowly decreases
lower limit, from which not too precise a conclusion, yet a saf@hile the amplitude of the intensity fluctuation remains nearly
one, can be drawn: All results are consistent with the assungige same over 2 hours. It was checked by the white-lightimages
tion that NaD) is formed somewhere in the lower to middlef the time series, too, that seeing effects could only have had
chromosphere. As this piece of information is anticipated heeeminor influence on these curves. Therefore, the interpretation
the question of the line formation height need not be resumedggests itself that here, the (perhaps only short-term) fading
every time this topic is touched again in the discussion of furthef network regions is monitored, as the line-centre intensity
results. of the network approaches the value of the surrounding intra-
The power spectra in the lower panel of Elg. 1 were obtaineétwork. On the other hand, there were also network regions
from the fluctuation of the line-centre intensity, but otherwiseith slowly increasing (while “rapidly” fluctuating) minimum
they correspond to those in the upper panel. As in the couisgensity which point to a strengthening of network boundaries.
of the Fast Fourier Transform (FFT) the average intensity ®hus, both the enhancement and the fading of network regions
velocity, respectively, was subtracted from the datapower obviously occur only locally, and both processes leave their
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common feature in both panels is the enhanced power in tbe-frequency maxima.

frequency range from about 2 to 6 mHz for network as well as Fig.[3 shows the temporal development within a subfield
for intra-network areas. Yet the enhancement in the lower papg¢the minimum images which contains the “pure” network re-
is small compared to the power maximum around 0.15 mHgion, whose fluctuation of the line-centre intensity is shown in
contrary to the situation shown in the upper diagram. the upper panel of Figld2, and the surrounding intra-network

Even though the position of this low-frequency maximurwithin a field of view of 14 x 15’. Here, time proceeds row

in the power spectra in both panels is not related to any periotig row with a distance of 56 s between successive images. The
process on the Sun but is given by the length of the underlyingtwork boundary is (mostly) seen here as an almost vertical
data set (atime series or “period” of nearly 2 hours is equivaldmight streak. At the beginning of the observing run and also
to a frequency of about 0.15 mHz), there is a physical explarsiring the second half of the time series, the appearance of
tion for the substantial increase of this maximum in the lowghis part of the network was changing significantly. As already
panel, which is illustrated by Figsl 2 ahd 3. mentioned, seeing effects did not contribute much to its rather
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Fig. 2. Temporal development of the fluctuation of the line-centre in-

tensity for three distinct small areas from the network
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Fig. 3. Temporal development of a small network region in a’(14

15") subfield of the minimum images

Fig. 4. One-dimensional | coherence and phase spectra derived

from the Na 3 line over the whole field of view

ular flows, as there is an anti-correlation between blueshift and
brightness. The TOplateau between 0.8 and 2 mHz seems to
be a new discovery icshromospheri¢/ —| phase differences.
Nevertheless, an explanation for this plateau was already found
some time ago. As the two-dimensional phase spectrum yields
more detailed information and the plateau is also seen there, it
will be treated in the next subsection. A discussion of the change
of sign with decreasing frequency at about 2.1 mHz from nega-
tive to positive values which was also found in the phase spectra
of Schmieder[(1976), Lites & Chipman (1979), and Staiger et
al. (1984) will follow in Sect. 4.2 as well.

In the evanescent range, between 3 and 5 mHz, where the
coherence is as high as 0.8, the phase differeneed¥, as
predicted by theory. In the acoustic domain, between 5 and
7.5 mHz, the coherence decreases from high values down to
0.15. Here, the phase difference is stil90° on the average
and thus suggests standing waves without necessarily being an
indication of them. A similar behaviour was also found in the
V—I phase spectra of the Qaline at 8498A and NaD and
has been interpreted as the signature of standing waves indeed

diffuse appearance towards the end of the observation. Hern{€éeck & Deubnei 1989). However, it is important to note that
this sequence of minimum images can be trusted to reflect these one-dimensional spectra just represent the case of the cor-

real changes within the solar atmosphere.

responding two-dimension&hw diagrams integrated over the

Fig.[d represents the one-dimensionalMcoherence and horizontal wavenumbek. The phase differences found here
phase spectra of the Ngine, obtained from the whole field thus result from a mixture of waves with various wavenumbers.
of view. In the frequency range between 0 and 0.8 mHz, tfide two-dimensional phase spectrum treated in Sect. 4.2 there-
phase reaches aboutl60° which might be due to supergranfore provides a better basis for further analysis.
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1.0F ‘ 1 combined findings by a three-component wave field meeting
08l Wgﬁgﬁ%& ] several specif_ic reqL_Jirements.
© A e ] The one-dimensional ¥I coherence and phase spectra for
g o6l iﬁg ° %& -| the intra-network and for the network regions (see Fig. 5) look
5 r % 1 similar to those for the entire field of view. Only the scattering
é 045 2 éo% 7 of phase values for the network boundaries (e.g. between 1.1
05 bo%o e X, o 4 and 2.4 mHz) is somewhat more pronounced, thus, in some
RSl A o ’%ﬁ; ~1 frequency intervals, the coherence is lower than for the intra-
0.06 & °°, ‘ %3 network. This enhanced scattering might simply be accounted
0 2 4 6 8 for by the smaller number of pixels belonging to network regions
Frequency (mHz) in the field of view (20 % of all pixels considered, cf. Sect. 3.4).
200 1 4.2. Two-dimensional diagnostic tools
T 1008 o o 1 The two-dimensional power spectrum in Hig. 6 was derived
L EORRR : from the oscillation of the Doppler shifts of NaDThe solid
&l oF O x 3 line indicates the Lamb modef = ¢k, where 7 km s! was
© g 7 adopted fot,, andk = (horizontal) wavenumber) and the dashed
E ook - line marks the f-modey; = v/gk with g = 274 ms2).
& g g The p-modes can be distinguished separately freifopf-
?{%ﬂ o o 1 mode), extending to a horizontal wavenumber of about 4Mm
720007 © 2 A‘L é é — tops. The p-modes reach to higher frequencies than the acoustic

cut-off frequency £ 4.7 mHz) and thus show “pseudo-ridges”
(see Kumar & Lu[(1991)) which are also seen in other chromo-
Fig. 5.0ne-dimensional -1 coherence and phase spectra for the intr&pherick—w diagrams (e.g. Fernandes et al. (1992)).
network (asterisks) and for the network (diamonds) A most remarkable result of Fi§l] 6 is tmaissinghint of
a chromospheric eigenmode which in case of existence would
have shown as a horizontal bright streak in the frequency range
Contrary to other observations, a phase jump-@BC® at from about 5 to 5.5 mHz (corresponding to 3-min oscillations).
about 8 mHz isnissinghere. It was observed for the first time byJlrich & Rhodes[(197]7) predicted a frequency of 5.6 mHz for
Staiger et al.[(1984) and later on, Fleck & Deubner (1989) alsuch a mode from theoretical calculations. Steffens et al. (1995)
found one in the Na Dline aty = 0.8, whereas at the centre ofreport enhanced poweetweerthe ridges near the cut-off fre-
the solar diskg = 1), they observed a phase jump of only abowtuency at 5.6 mHz which might be an indication of a “chromo-
90 in Na D; which they considered to be “incomplete”. How-spheric ridge”.
ever, in Fig[#4, the phase values just slowly decrease with some Fig.[1 displays a two-dimensional power spectrum obtained
scattering from 7.5 mHz on. There is no indication of any phaff®m the fluctuation of line-centre intensities. Here, too, the
jump at all. Yet, this does not necessarily mean that for bla Dridges corresponding tqpp to g, appear, but with somewhat
a phase jump really does not occur, as the Nyquist frequenmorer contrast than in Figl 6. Yet, the extension of the f-mode
for the data set presented here is only 8.9 mHz, and aliastoga wavenumber of 4 Mm' and of the pseudo-modes to about
might have affected this result. At the expense of “true” twd® mHz in frequency is still discernible. Figl 7 gives no hint
dimensional recording of their data set, Deubner ef al. (1998)a chromospheric eigenmode either, but it shows a striking
obtained a time series in Na,Dwith a much higher Nyquist region of enhanced power in the low-frequency range below
frequency of 20 mHz, using the so-called lambdameter methb& mHz and limited in wavenumber to below about 2 Mm
for their analysis. Their \A| phase spectra displayed again dhis enhancement might be due to the strengthening or fading
phase jump of 180near 8 mHz. This discontinuity is best seewnf the network, and, possibly, to gravity waves.
in two V—I phase spectra from two positions a little higher up The V—I coherence and phase spectra of Nadde rep-
in the Na B, profile than the very line core. The lambdameteesented by Figs.]8 arid 9. In the first one, a region of very
method also allowed them to derive-W spectra from only high coherence extends from the domain of 5-min oscillations
one Fraunhofer line, i.e. from different positions within the linever the acoustic cut-off frequency to about 6.5 to 7 mHz. In
profile corresponding to different atmospheric heights. Surpriie inter-ridges, the coherence drops a little, thus revealing the
ingly, the V-V spectra of Na R revealed another 18(hase ridges from p to p,. Below the Lamb frequency in the do-
jump at about 7 mHz, belonging to adjacent positions considenain of gravity waves, the coherence decreases from about 0.8
ably higher in the line profile or, correspondingly, much lowen even below 0.4. Only in a small area below 0.5 mHz and
in the solar atmosphere than in the case of thd phase spec- between 1.3 and 2.3 Mt it takes high values again. In an-
tra. The phase jump in the-W spectra was claimed to be theother area limited by the Lamb mode and by the f-mode where
first one of this kind ever seen. Deubner et al. explained th&iequencies are lower than about 2 mHz, the coherence is also

Frequency (mHz)



750 N. Al et al.: Two-dimensional spectroscopic observations of chromospheric oscillations

2.1 mHz. Some similar results showing phase discontinuities in
V—I spectra at about 2 mHz, thoughphotospheridines, have
been reported previously (Lites & Chipman 1979; Staiger et al.
[T984; Deubner et d1. 1990). As thus the same problem has been
encountered with lines which are supposed to have formed in
quite different layers of the solar atmosphere, it is once again
tempting to explain this finding by a lower line formation height
of Na D, than was first assumed here. There are indeed some
authors who consider Na,[io possibly originate from the up-
per photosphere (e.g. Babij & Stodilka (1987), Espagnet et al.
(1995) or Kariyappd (1996)), but these new results do not sup-
port such a low formation height. Several typical features found
in the V—1 phase spectra of lines formed in the upper photo-
sphere like, for instance, the extension of the plateau showing
positive phases into the inter-ridge area between the p-modes
and others quoted by Deubner et Al._(1996) cannot be seen in
Fig.[3. Therefore, the lower chromosphere seems to be a good
" . . . ; estimate of the lower limit of the line formation height of Na.D
Horizontal wevenumber (1M Hence, it was not expected beforehand that the above-
T mentioned phase discontinuities would also appear in the line
Fig. 6. Two-dimensional power spectrum of NaDscillations de- ynder consideration. A solution to this problem proposed by
rived from Dopple_r shifts; the solid line represents the Lamb modgrmolino & Severino[(1991) was actually based on an ear-
the dashed curve indicates the f-mode lier work by Souffrin [1966) and a related contribution by Mein
(1966). According to their investigation, to compensate for the
loss of energy by radiative damping, running waves, which are
capable of propagating energy, appear in the evanescent regime
of the k—w diagram. This explanation may well apply here.
There is another small region deserving attention which was
already mentioned above. Below 0.5 mHz and between 1.3 and
2.3 Mm~! high coherence (0.8 to 0.9) is found. Phase differ-
ences in this area marking the domain of gravity waves are about
—160°. At first sight, one might suspect convective supergran-
ular flows to be responsible, but the typical size of a supergran-
ule (about 40) corresponds to a wavenumber of 0.216 Mm
and thus fails to explain the high coherence between 1.3 and
2.3 Mm~!. Mesogranules do fit in this wavenumber range, but
they have not been observed in the minimum images (showing
the line-centre intensities) and thus cannot account for the co-
herence, either. Therefore, it seems plausible that gravity waves
left their mark in these diagrams. Kneer & von U&KK1993)
found a region of high coherence in theitliphase spectrum
between Mg b and Ca K below 1.59 mHz and between 1 and
2 Mm~! which they also attributed to gravity waves.
Fig. 7. Two-dimensional power spectrum of the line-centre intensity The high coherence values belt_)W about 0.5 Mnshow-
fluctuation of the Na B line ing in the low-frequency range of Fifgl 8, though, may well be
connected with convective flows.

The two-dimensional phase spectrum exhibits a remarkable
remarkably high. The phase values corresponding to this reglmhaviour in the decrease of phase differences from abgft
arepositive as can be seen in F{g. 9. This outcome is bafflifgr the f-mode to about120° for higher modes. This finding
enough as an evanescent wave domain is expected to shastilblacks an explanation. It should be mentioned in this con-
phase difference 0£90°. The one-dimensional ¥I spectrum text that according to Kumar & LU (1991) pseudo-modes (i.e.
also shows a “plateau” with phase values of abott(€¢@ Sect. running acoustic waves) are supposed to show-aphase dif-

4.1) whose origin may now be understood as being due to fleeence of 0. Here, as a possible interpretation one may assume
positive phase differences in the region between the Lamb ahd signals for the fluctuation of the Doppler shifts (velocity) and
the fundamental mode as well. The transition from this platefar the intensity to originate from different atmospheric heights.
to the evanescent region causes the phase discontinuity sed¢foaspectral lines like Napand similar chromospheric lines
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Fig.8. Two-dimensional -1 coherence

spectrum (solid line: Lamb mode, dashed
curve: f-mode); the colour bar to the right of
the diagram indicates the coherence values

Fig.9. Two-dimensional \W-I phase spec-
trum; for each colour, the corresponding phase
(degree) is given by the colour bar

which are not formed in the local thermodynamic equilibriurdominated, but the situation is different for collision-dominated
(LTE) the velocity signal represents higher layers than the intesiiromospheric lines like, for example, @&, 8542, and 8498.
sity signal. As a consequence, acoustic waves running upwaltisn & Mein (1980) have computed the formation heights of
show an increasing “distance” between the intensity and the welocity and intensity for the latter lines and found the distance
locity signal with increasing frequency. This explanation mayf the two heights decreasing in the order of decreasing line
well be valid for either one of the Na D lines which are radiatiorstrength, i.e. as collisions become more frequent forn 8842
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and 8498 than for Ca K (which means that the weaker Ga The investigation of the oscillatory behaviour of the solar
lines get closer to LTE conditions). chromosphere will continue to profit from further observations.
It appears to be useful to recall that these results are motprinciple, data from only one spectral line do not suffice
applicable to the Na Pline whose behaviour, however, mighffor a proper study of e.g. the propagation of energy. More de-
finally be explained by models of wave propagation which alsailed knowledge would rather be obtainable fromV or 1—I

consider radiative transport. spectra of two different spectral lines forming in different chro-
mospheric heights. Major steps towards a better understanding
5. Summary and outlook of chromospheric oscillations can therefore be expected from

) _ ) _ simultaneougwo-dimensionabbservations in such lines. For
To provide a better overview, the results discussed in the préysme time to come, this will remain a challenge to the devel-
ous section are summarized here: opment of even more powerful and versatile instruments than

— The power spectra obtained separately from the intranfesently available.

work on the one hand and from the network on the othggxnowledgementsThis work was supported by a scholarship from
differ conspicuously little, while other observers using difthe University of Istanbul. Thanks are due to R. Volkmer and S. Steffens
ferent chromospheric lines found different oscillation péer their assistance with the data reduction and for valuable discussions.
riods in their respective power spectra. Here, both regiolfise co-operation of C. Denker and J. Krieg in obtaining the obser-
show enhanced power in a frequency range between 2 aations is gratefully acknowledged. The Vacuum Tower Telescope at
abou 6 — 6.5 mHz. This result was derived from Dopple?he Spanish Observatorio del Teide of the Instituto de Aksticd de
shifts. Canarias/Tenerife is operated by the Kiepenheuer-Insiit@énnen-

_ The corresponding power spectra derived from the fluctdysik in Freiburg, Germany.
tion of the line-centre intensity also show increased power
in roughly the same range, but here, the network regioR§ferences
produced a much higher power maximum around 0.15 miAgZN., 1997, Thesis, University of &tingen
which is mostly due to the formation of new network regionBabij B.T., Stodilka M.I., 1987, Sol. Danny Bull. 11, 80
and also to the fading of some parts of the existing networkendlin C., 1993, Thesis, University ofd@ingen

— The temporal development of the fluctuation of the lind2endlin C., Volkmer R., 1995, A&AS 112, 371

centre brightr.\ess was monitored and clearly supports %Egﬁ::ghcm \K/(,J,”\(/'.T;?S.F.{éfﬁgﬁtrc%tggf’lggi15,07 J 2%; L67
explanation given above. Caccin B., Gomez M.T., Roberti G., 1980, A&A 92, 63

— The phase jump at about 8 mHz found by some observerdieubner F.-L., 1975, A&A 44, 371
one-dimensional 1 phase spectra could not be confirme®eubner F.-L., Fleck B., Marmolino C., Severino G., 1990, A&A 236,
here. The missing phase jump might be due to aliasing as 509

. - eubner F.-L., Waldschik Th., Steffens S., 1996, A&A 307, 936
the Nyquist frequency is only 8.9 mHz h?r?’ yetfrom the spagnet O., Muller R., Roudier Th., Mein N., Mein P., 1995, A&AS
Na D, data, it cannot be excluded that this jump really does 109. 79

not occur. Fernandes D.N., Scherrer P.H., Tarbell T.D., Title A.M., 1992, ApJ
— Neither the two-dimensional power spectrum computed 392, 736

from the Doppler shifts of the line cores nor the corresponégiteck B., Deubner F.-L., 1989, A&A 224, 245

ing spectrum from the intensity fluctuation of the line miniGehren T., 1975, A&A 38,289

mum gives a clue to a chromospheric eigenmode. In Casﬁpyappa, R., 1996, Solar Physics 165, 211

existence, it should have produced a horizontal bright stre]g&ﬁ]e;r':ﬁ,’ Vﬁ? éj eilglgg/l.:oi)?]??,? %_25274’ 584

between 5 and 5.5 mHz. Leighton R.B., Noyes R.W., Simon G.W., 1962, ApJ 135, 474
— Below 2 mHz and bordered by the Lamb and the f-modeL&es B.W., Chipman E.G., 1979, ApJ 231, 570

plateau of phase values around #as found in the two- Lites B.W.,, Rutten R.J., Kalkofen W., 1993, ApJ 414, 345

dimensional I phase spectrum which can be explaineffarmolino C., Severino, G., 1991, A&A 242, 271

- . - . in N., Mein P., 1980, A&A 84, 96
by the dispersion relation for evanescent waves with upwaifl: P. 1966, Ann. Astrophys. 29, 153

propagating energy. ~ Schmieder B., 1976, Solar Phys. 47, 435
— The two-dimensional | phase spectrum possesses an isgchmieder B., 1979, A&A 74, 273

lated region of high coherence for less than 0.5 mHz asdhwarzschild M., 1948, ApJ 107, 1

between about 1.5 and 2.5 Mrh to a high degree of prob- Souffrin P., 1966, Ann. Astrophys. 29, 55

e ; ; : ; . Staiger J., 1985, Thesis, University of Freiburg i. Br.
ability representing the signature of gravity waves in the i taiger J. 1987, A&A 175, 263

formation height of Nab. _ Staiger J., Schmieder B., Deubner F.-L., Mattig W., 1984, Mem. Soc.
— The decrease of phase differences seen in the two-di- astron. Ital. 55, 147

mensional phase spectrum from abew° for the f-mode Steffens S., Deubner F.-L., Hofmann J., Fleck B., 1995, A&A 302, 277

to about-120° for higher modesis still puzzling. A tentativeUlrich R.K., 1970, ApJ 162, 993

explanation is given in Sect. 4.2, a better supported one nfd{jich R-K., Rhodes E.J., 1977, ApJ 218, 521

finally follow from model calculations of wave propagation’o<Me" R., 1995, Thesis, University ofé&ingen

. . . . von Uexkill M., Kneer F., 1995, A&A 294, 252
with due consideration of radiative transport.
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