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Abstract. Observations of a sunspot region located near tfE972) and Zirin & Stein (1972). Since then, these periodic dy-
center of the solar disk were obtained on October 3, 199¥mic phenomena have been observed and studied extensively
with the Multichannel Subtractive Double Pass Spectrograpkthey raise many challenging theoretical problems. Their study
(MSDP). This instrument, operating incdkiwas installed at the is important on several grounds: they provide unique informa-
focus of the VTT at Tenerife (Canary Islands) and providdgbn about the structure of the atmosphere which supports them,
Ha intensity profiles at every pixel of the field of view. Re-as well as for the subphotospheric structure of sunspots; they
construction of the K profile allowed the computation of two permit us to test models of generation, propagation and dissipa-
dimensional intensity and Doppler velocity images at differetion of MHD waves; they offer clues about the energy balance
wavelengths within the line. We analyse a time series of 1 hdarthe sunspot atmosphere.
and 8 min, obtained with a cadence of 36 sec and investigate Umbral oscillations at the photospheric level show enhanced
the relation between umbral oscillations and running penumbpaiwer at several frequencies in the power spectrum with a peak
waves. The Doppler velocity as a function of time, along radialithin the 5-minute band (2.5 - 4.5 mHz) and an average rms
cuts through the center of the spot, shows several clear cam@plitude of 75 ms'. At chromospheric levels, usually in the
where waves that originate inside the umbra continue to prdfe line, one often sees umbral structures which show periodic
agate in the penumbra. In one case we were able to follow theocity oscillations with periods of 150 - 200 sec and typical
evolution of an oscillating element for 216 sec, from the inneelocity amplitudes of 3 kms!, although amplitudes as large
part of the umbra to the penumbra and we describe the propaam6 km s! have been reported (Alissandrakis et al., 1998).
tion characteristics. We confirm the close association betwdearge umbrae can have several oscillating elements, not larger
sunspot oscillations and running penumbral waves and sugghan 2 - 3”.
that they are probably due to the same resonator. There are two competing theoretical approaches for the
nature of the chromospheric umbral oscillations (see reviews
Key words: Sun: chromosphere — Sun: oscillations — Suiy Thomas & Weiss 1992, Lites 1992). The one proposed by
sunspots Scheuer and Thomas (1981) postulates that the oscillations
are driven by a sub-photospheric resonance of fast magneto-
acoustic waves that are excited by overstable convection (“pho-
tospheric resonator”). The other, proposed by Zhugzhda et al.,
1. Introduction (1983) involves resonant trapping within a cavity, located in

Since the discovery of “umbral flashes” in 1969 by Beckeff€ chromosphere of the umbra (“chromospheric resonator”),
and Tallant, various types of oscillations have been detecdcf!0W mode waves, which are excited by broadband acoustic

in the photospheric, chromospheric and transition region IJRiSe from the convection zone. Up to now, observations give
ers of sunspots. In 1972 three kinds of oscillations and waPPOrt to both pictures. However, Lites (1992) pointed out the

motions were reported: 5 min oscillations in the umbral photg@n-linear hydrodynamic nature of the chromospheric oscilla-
sphere by Bhatnagar et al. (1972), 3 min velocity and intensfi§"S @nd proposed an interpretation in terms of propagating
oscillations in the umbral photosphere and chromosphere 3fPustic waves from below that develop into a series of shocks
Giovanelli (1972), Beckers & Schultz (1972) and Bhatnagit the atmosphere.

& Tanaka (1972) and running penumbral waves by Giovanelli Running Penumbral (RP) waves appear in Bs distur-
bances moving from the outer edge of the umbra to the penum-
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becoming gradually invisible when or before they reach t W r

outer boundary of the penumbra. They have periods of 18I = Ll
240 s, radial extents 2300 - 3800 km and azimuthal extent ] |
90°- 180> and sometimes even 36@round the spot. taly

gk | <
There have been basically two kinds of theoretical mod
for the RP waves. Nye & Thomas (1974, 1976) presented m .
els interpreting these disturbances as magneto-acoustic w il
that are vertically trapped at photospheric levels (due to refl
tion by the increasing Alfven speed up into the chromosph F ;
and increasing sound speed down into the convection zor
According to these models, such waves are evanescent at =
height of formation of Ky, but have their largest amplitud

there due to the rapid decrease of density with height (C -

& Adam 1983). More recently, Evans & Roberts (1990) asso -

ated penumbral waves with fast and slow surface modes, the L

surface waves being a subproduct of the fast body-modes

duced at the umbra and the slow surface waves, a consequ

of granular buffeting of the quiet photosphere. u
An obvious question is whether umbral oscillations and R

waves are due to a different resonator or form part of a the sa
travelling wave system. Alissandrakis et al. (1992) detect

waves which started in umbral elements with a size of_a felw .1. A sequence of 5 intensity (first and third row) and velocity
arcseconds, and propagated through the penumbra. Tsirop@iligond and fourth) images of the spott3A and-£0.6A observed
etal. (1996) detected, for the firsttime in velocity images, wavggm 9:58:51 UT with a cadence of 36 sec. In the velocity images
which started in the outer 0.3 of the umbral radius and propgight is towards the observer (positive velocities). In the fifth row the
gated through the inner part of the penumbra with velocities iafensity obtained by the subtraction technique is shown

13-24 km s't. They also found that the propagation velocity

as well as the velocity amplitude was greater for waves closer e quration of the observations wa<2 hours 15 min un-

to the center of the spot and diminishes as one moves outwgyd: 4404 seeing conditions for most of the time. From 09:00 to
Brisken & Zirin (1997) also found deceleration in the propagdy.og Ut three adjacent elementary fields of view were recorded
tion velocity of RP waves. Recently, Alissandrakis et al. (1998} ey 36 sec, which were combined by two-dimensional cross-
analysed a part of the time series used in this work and providege|ation techniques to a larger field of view containing the
a clear evidence that umbral oscillations and RP waves belcgig)t. From 10:10:53 UT to 11:14:53 a large region was ob-
to the same wave system. served every 4 min, using 20 elementary images. These latter

In the present work we investigate velocity oscillations igpseryations have already been described by Tsiropoula et al.
the umbra and the penumbra of a sunspot. We are looking 2697).

spatial changes of the oscillatory behavior and investigate the gq; the present study we used the high cadence time series

propagation characteristics as well as the association betwggRsisting of~ 100 frames. MSDP provides the possibility to
umbral oscillations and running penumbral waves. reconstruct the H line profile at every pixel of the field of view.
Furthermore, an average profile can be obtained by averaging
over quiet or active regions. These profiles can then be used
2. Observations and data reduction for the computatiqn of inte_nsity a_md Doppler _velocifty maps
at several depths in thedHline, using a code simulating the
A sunspot region (NOOA 7783), located near the center of thembdameter” technique (Mein 1977). In Fig. 1 a sequence of
solar disk (S07 W12), was observed on October 3, 1994. Th&rames of intensity and velocity imagesisd.3A and+0.6A
observations were obtained with the MSDP installed at the f@f-the spot region is shown. The evolution of the waves over this
cus of the VTT in Tenerife (Canary Islands) during an observs2 5 min time series is clearly visible in the velocity images.
ing campaign in the framework of the International Observingometimes a bright patch (velocities towards the observer) or a
Time. The MSDP (Mein, 1991) observes simultaneously in twark patch cover the whole umbra. Running waves, having az-

lines, Hx and Car 8542A. In this work we are only concermnedimuthal extent as large as 36@an clearly be seen propagating
with the Hx observations. The data were obtained with a 102¢bm inside the umbra through the penumbra.

x 1024 pixel CCD camera and flat fielding and dark current cor-
rections were applied. The MSDP records a two dimensioné:ll
field of view on the solar surface with good spatial and tempo-
ral resolution in 9 channels simultaneously, é\.apart in the The sunspot was isolated and almost circularly symmetric. The
Ha profile. umbral-penumbral boundary wasa8.3” from the spot cen-

Results
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Fig. 2. Average (first and third columns) and
rms (second and fourth columns) images of
intensity and velocity at H center (top row),
Ho +0.3A (middle row) and+0.6A (bot-
tom row)

ter, while the penumbral-photospheric boundary wasl#.6’, the line center and at di+0.3A, they are apparently associ-
measured in images near thevldontinuum. ated with changes in the penumbral fibrils. On the contrary, the
In the intensity images there is no indication of structuneelocity fluctuations peak inside the umbra and are apparently
(such as umbral flashes) inside the umbra. The penumbaasociated with the oscillations and the waves.
superpenumbra consisted of roughly radial dark fibrils, of vari- It is interesting to note that the rms image looks very much
able lengths and widths. The dark fibrils are visible throudike the negative of the sunspot intensity image. A scatter plot of
the whole time series as well as in an image averaged over the velocity rms at k4 +0.6A versus the intensity atdd+0.6A
entire interval of observation (Fig. 2). This indicates that theis shown in Fig. 3a. Since the umbral intensity is lowest where
lifetime exceeds one hour, in agreement with previous estimatiee magnetic field is the highest, the anti-correlation between
by Tsiropoula et al. (1997). There is a clear dependence of the rms velocity and the intensity is an indirect but still strong
large scale line-of-sight velocity on the position relative to thiedication of their correlation with the magnetic field intensity.
sunspot, e.g. the large scale flow pattern is consistent with the The velocity fluctuations at t+0.3A and Hy +0.6A are
Evershed flow. Redshifts are observed at the diskward sidevefy similar; however the latter are weaker. A scatter plot is
the spot and blueshifts at the limbward side. shown in Fig. 3b; linear regression gives a ratio of 0.73.
Whereas in the velocity images we can clearly see waves Going back in the individual velocity images, we notice that
starting inside the umbra and propagating through the penumtiray show oscillating elements with spatial sizé€8e 4”. In
(Fig. 1), no waves are visible in the intensity images. A meth@me frames two elements are apparent inside the umbra si-
to study umbral oscillations and RP waves in intensity imagesiltaneously. Positive velocity sometimes changes to negative,
is the image subtraction technique. This consists of subtractegen from one frame to the next (e.g. within 36 sec), indicat-
the average intensity from each individual image of a time serieg that these oscillating elements can have periods as small as
(Alissandrakis et al., 1992), which removes the sharp intensity80 sec. There are frames in which a bright (positive velocity)
gradient between the umbra and the penumbra and enhanash covers the entire umbra and subsequently changes to a
the fine structure. We applied the subtraction technique in thegative velocity patch. The oscillating elements develop into
intensity frames at H line center. In most frames fine structuresvaves, which can clearly be detected inside the umbra and prop-
can be seen within the umbra (cf. Alissandrakis et al., 1992gate through it to the penumbra, as running penumbral waves.
while in some frames dark and white bands appear, reminisc&hey form concentric arcs, very often having azimuthal extents
of penumbral waves (Fig. 1, fifth row). However, no clear coas large as 360 Usually two concentric wavefronts can be de-
relation was found between these bands and those observeadaed, one with positive and the other with negative velocities,
the Doppler velocity images at0.3A and +0.6A. but sometimes up to 4 wavefronts can be detected (2 with pos-
A first approximation of the intensity and velocity fluctuaitive and 2 with negative velocities e.g. 10:00:03 UT, 10:00:39
tions for the entire time series can be obtained from their rmidT). Their radial extent is between 1000 - 3000 km. As they
values. Fig. 2 shows images of the average and rms valuepuafpagate outwards theiramplitude decreases in agreement with
the intensity at the line center and both intensity and velocitiye behaviour of the velocity rms discussed above.
at Ho £0.3A and +0.6A. Inside the umbra the intensity vari- A clear-cut relationship between an umbral oscillating el-
ations are small; they are stronger in the penumbra, whereeatent (OE) and the RP waves is shown in the plots of Fig. 4,
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value of—4.5 km s~ at 9:22:51 UT, while in the next frame (at
9:23:27 UT) the velocity becomes again positive, increasing by
~ 8 km s ! and a new oscillating cycle begins. At 9:22:51 UT a
wave with two negative peaks,l anda2, on either side of the
OE is clearly visible at 1/7and 1.3 respectively. At 9:24:39
UT they are located at 3'8and 7’. At 9:23:27 UT a positive
peakB2 appears with a velocity amplitude of 6.4 km's Peak
B1 is not clearly visible at this time. BotB1 and B2 propa-
gate outwards at 9:24:03 UT and 9:24:39 UT and their velocity
amplitude decreases. In Fig. 5 the position of the velocity peaks
Al, A2, a1 anda?2 versus time are shown. The propagation
velocities range from 4.1 knTs to 35 km s,
)} The spatial and temporal characteristics of the waves are
O+ better shown in plots of the Doppler velocity, along cuts such as
250 300 350 400 4SO 500 S50 600 that of Fig. 4, as a function of time. Fig. 6 shows the velocity at
Average Intensity, Ha+0.6 A Ha +0.3 A as a function of position and time, along four cuts
through the spot center; the cuts are in different directions, 45
apart. Along each cut, the velocity has been averaged over a
strip extending 1 on either side; the step along the direction of
, the cut was 0.1 In order to enhance the visibility of the waves
P far from the center of the spot, the velocity amplitude has been
: ey . weighted by the inverse of the velocity rms.
s 2 The characteristic pattern of alternating dark and bright
’ bands is obvious in this figure, representing the velocity maxima
and minima. In all cases waves in the penumbra can be traced
. ~ inside the umbra. However, the inverse is not always true: some-
- SRl times umbral waves propagate on one side of the penumbra only
il while, occasionally, they fade away near the umbra-penumbra
’ boundary. As a result, more peaks are visible inside the umbra
i than in the penumbra.
S P L P DL Inside the umbra, velocity amplitudes as large as 8 kin s
.0 .5 1.0 1.5 2,0 2.5 : . o
are sometimes measured. This velocity is very close to the sound
Velocity rms, Ha £0.3 A (Krmys) speed in the chromosphere, which is about 8 ki $he waves
_Fig_. 3a and b. Scatter plots o& t'he velocity rms versus the intensity?hrg jmlb(:;tfgé?s;e at a distance of about Irhore than twice
inside the spot anth the velocity rms at K +0.6A versus that at ) : L .
Ho +0.3A Another important characteristic of the wave pattern is that
it is concave upwards, which shows that the wave velocity de-
creases as they propagate from the umbra to the penumbra. This

which shows a sequence of 8 frames beginning at 9:20:27 ig1shown clearly in Fig. 7, where we plotted the position of the
and ending at 9:24:39 UT. The plots show the velocity #tave minimaand maxima along a cutas a function of time. The
Ha +0.3A along a cut through the center of the spot. The pghase velocity is very high in the umbra; in the inner penumbra
sition of the cut is shown in the velocity images in the thiréhe velocity is 20 — 30 km's', while in the outer penumbra we
column, third row of the figure, where an intensity image at Hmeasured values between 10 and 16 krh s

line center is also shown.

The maximum (absolute) velocity of the OE, markedhas
or b in Fig. 4, is at the same position, @ 11.5" - 127 in all
frames. At 9:21:03 UT the cut passes through the OE, whi&tudy of periodic phenomena in sunspots such as umbral os-
has a velocity amplitude of 5.5 knT's; on either side of the cillations and RP waves are important in understanding their
OE there are peaks with positive velocitigld, and A2, at 1.3’ physical mechanism and the energy transport in their atmo-
and 3.2 from the OE, having velocity amplitudes of 4 and 2.8pheres. However, although several works are devoted to this
km s ! respectively. subject no generally accepted explanation has been presented

Subsequentlyd1 and A2 move away from the OE, while and their driving mechanism is still lacking.
their velocity amplitudes decrease. At 9:24:39 UT they are lo- The present MSDP high spatial and temporal resolution ob-
cated at 7.6and 8.8 from the OE and have velocity amplitudesservations of an isolated sunspot near the center of the disk pro-
of 1.8 km s ! and -0.8 km s* respectively. From 9:21:39 UT vided important information about wave motions in the sunspot
the velocity of the OE decreases gradually and attains a negategion. Our analysis confirms the important conclusion that the
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Fig. 4. Temporal evolution of the Doppler
velocity along a cut through the center of the
spot from 9:20:27 UT to 9:24:39 UT show-
ing the behavior of an oscillating element
and the propagation of the RP waves. The
position of the cut is shown in the velocity

images in the third row, third column, where
T T an intensity image at & center is also in-
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' T AR to the same travelling wave system and are probably due to the
] same physical mechanism.

In all cases waves in the penumbra can be traced inside the
umbra, but not vice-versa, there are waves which propagate on
one side of the penumbra only, while others fade away near
the umbra-penumbra boundary. Probably not all umbral waves
carry sufficient energy to sustain their propagation through the
penumbra. This fact can explain differences in the periods of the
waves observed in the umbra and those observed in the penum-
bra, which have been considered as different phenomena in the
past. Additional reasons for the differences in the periods could
be differences in the physical conditions and in the strength and
inclination of the magnetic field too.

The velocity amplitude and the propagation speed of the
waves decrease with distance from the centre of the umbra. We
Fig. 5. Position of the velocity peakd1, A2, a1 anda?2 versus time Measured velocity amplitudes as large as 8 kinis the umbra,
and propagation velocities between 20 — 35 krhis the inner
penumbra and betweet — 16 km s! in the outer penumbra.

The propagation speed of the RP is usually much larger than

waves originate from oscillating elements inside the umbra. Vt\{]e sound speed in the chromosphere and it is close to the pho-

found several cases in which penumbral waves appeared astct)s%heric Alfien speed but much less than the chromospheric

continuation of umbral oscillations. In one case, in particula,; ", .
. Ifv én speed. Thus no conclusion about the character of these
we have been able to follow for 216 s the evolution of an oscll- o . :
. - : disturbances can be drawn at this time. It is interesting to note,
lating element inside the umbra as well as the associated wayés : X
. N owever, that the anti-correlation we found between the rms
propagating outwards. These findings suggest that they belong
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Unmbral/penunbral waves Oct 3 1994 6563 & Uel +0.3 25" x6Bmin

Fig. 6. The velocity as a function of posi-
tion (horizontal axis, from-12.5" t0 12.5")
and time (vertical axis, increasing upwards,
over 1h and 8 min). Four cuts through the
center of the spot are shown, oriented 45
apart. Dark vertical lines mark the approx-
imate boundaries of the umbra; dark areas
are due to missing data.

Fosition of Minima and Maxima

Fig. 7. Position of the maxima (crosses) and

minima (triangles) of waves in the lower part

" - : of the rightmost cut of Fig. 6 as a function

— e ; ] of time; the continuous curves are parabolic

-10 -5 0 ] 10 fits. Dashed vertical lines mark the bound-
Position (arc sec) aries of the umbra.

Time (min)

velocity and the intensity provide a strong indication of the comlissandrakis C.E., Tsiropoula G., Mein P., 1998, In: Alissandrakis
relation of the velocity with the magnetic field intensity and/or  C.E., Schmieder B. (eds.) Three-Dimensional Structure of Solar
inclination. Active Regions. ASP Conference Ser. vol. 155, p. 49
Power spectrum analysis of this time series which is clgeckers J.M., Tallant P.E., 1969, Solar Phys. 7, 351
rently in progress will give more information on the dif‘ferenfmc't‘ers J'\: ?_Ch”::Z E.Bibl?%?é S|°"|33rhphy‘;4 2;’761
modes of the oscillations and clarify the spatial changes of tEEa hagarA., fanaka®., , Solarenys. 24,
- . L. . .Bhatnagar A., Livingston W.C., Harvey J.W., 1972, Solar Phys. 27, 80
qsqllatory behavpr. On thg other hand, itis obylous that Siisken W.E.. Zirin H., 1997, ApJ 484, 814
nificant progress in theory is needed in order to mcorporate(l%"y P.S., Adam J.A., 1983, Solar Phys. 85, 97
the same model the nature and driving source of umbral agghns p.G. Roberts B.. 1990, ApJ 348, 346
RP oscillgtions and lead to a global understanding of wave plgovanelli R.G., 1972, Solar Phys. 27, 71
nomena in sunspots. Lites B.W., 1992, In: Thomas J.H., Weiss N.O. (eds.) Sunspots: Theory

and Observations. Kluwer, Dordrecht, p. 261
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