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ABSTRACT

Context. Umbral flashes (UFs) and running penumbral (RP) waves are believed to be closely related oscillatory phenomena of
sunspots.

Aims. We investigate the association of UFs and RP waves to see whether the latter are a visual pattern created by a common source
with UFs or a trans-sunspot wave driven by UFs.

Methods. Simultaneous, two-dimensional, dual-line observations in Call 8542 A and He 6563 A, obtained with the Multichannel
Subtractive Double Pass (MSDP) spectrograph mounted on the German VTT at Teide Observatory on Tenerife, are used for this study.
High-cadence 8 s Doppler velocity images, spectrograms, and spectral-analysis results are used to study the characteristics and the
relationship of UFs and RP waves.

Results. Several UFs were observed that seem to fill the whole umbra. Doppler velocity variations with time indicate a shock be-
haviour for UFs, as well as for umbral and RP waves and a smooth continuous propagation of the latter from the umbra through
the umbra-penumbra boundary out to the edge of the penumbra. Furthermore, the spectral analysis shows a decreasing oscillatory
frequency as we move from the umbra outwards and a jump at the umbra—penumbra boundary that could possibly reflect, apart from
a change in physical conditions, a drastic change of the magnetic field inclination with respect to the vertical.

Conclusions. The results do not permit us to convincingly support one scenario over the other (i.e. visual pattern vs. trans-sunspot
wave) for RP waves; however, they do provide important constraints for future models of sunspot oscillations and RP waves.
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1. Introduction

The study of oscillations in the atmosphere of sunspots began
in 1969 with the detection of umbral flashes (UFs) in intensity
images of the Call H and K lines and of the infrared triplet of
Cam 8542 A by Beckers & Tallant (1969). Three years later,
intensity and/or velocity in various spectral-line observations re-
vealed the existence of the 5-min oscillations in the umbral pho-
tosphere (Bhatnagar et al. 1972) and of the 3-min oscillations in
the umbral chromosphere (Beckers & Schultz 1972; Giovanelli
1972). Chromospheric umbral oscillations are present in almost
every sunspot umbra, whereas umbral flashes are localized phe-
nomena that are observed occasionally when the velocity am-
plitudes exceed a certain value depending on the line. Zirin &
Stein (1972) and Giovanelli (1972) were the first to realize that
the penumbra oscillates as well. Using filtergrams obtained in
the wings of He they detected concentric rings moving from the
inner to the outer penumbra; these are called running penumbral
(RP) waves.

Since then many observations of RP waves have been re-
ported (see review by Bogdan & Judge 2006 for references). The
RP waves are easily detected in strong chromospheric resonance
lines as disturbances propagating from the umbra-penumbra
boundary out to the edge of the penumbra and becoming grad-
ually invisible. Their characteristic pattern, observed mainly
in velocity images, is the one of alternating dark and bright
arcs having radial extents 2300-3800km, and azimuthal extents
of 90°-180° sometimes attaining even 360°. They propagate
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radially outward with propagation velocities and velocity ampli-
tudes decreasing from the inner to the outer edges of the penum-
bra (Tsiropoula et al. 2000), while their oscillation period has a
peak within the 5-min band (Tziotziou et al. 2002).

The driving source of RP waves and their relationship to
umbral oscillations is still a controversial matter. Alissandrakis
et al. (1992) detected waves that started in umbral elements and
propagated through the penumbra. Tsiropoula et al. (1996, 2000)
provide clear evidence of waves originating from oscillating ele-
ments inside the umbra and propagating through the penumbra.
Christopoulou et al. (2000), on the other hand, claim that RP
are not the continuation of umbral oscillations into the penum-
bra, while Rouppe van der Voort et al. (2003) suggest that UFs
and RP waves share a common extended source below the vis-
ible photosphere. Rouppe van der Voort et al. (2003) also spec-
ulate that RP waves are not physical waves, but instead the vi-
sual pattern of upward propagating wavefronts along individual
magnetic field lines of longer length and greater inclination with
respect to the vertical. Recently, Bogdan & Judge (2006) agree
with this idea and present new arguments to support it.

The aim of this work is to study the association of UFs and
umbral and RP waves by analysing high cadence observations in
two chromospheric lines.

2. Observations

A sunspot (NOAA 9641, S13 W19) was observed on October 4,
2001 with the Multichannel Subtractive Double Pass (MSDP)
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spectrograph that is mounted on the German solar Vacuum
Tower Telescope (VTT) in Tenerife, Canary Islands. The MSDP
spectrograph (Mein 1991, 2002) is designed to record a two-
dimensional field of view at several wavelengths within a line
profile, thus allowing the reconstruction of the line profile at each
pixel of the image. Several lines, depending on the configuration
of the telescope and the available cameras, can be observed si-
multaneously. If necessary, a large region of the solar surface
can be quickly covered in several wavelengths by displacing the
entrance field stop of the telescope.

We have carried out observations of the same field of view si-
multaneously in two lines, the Ha and the infrared Ca11 8542 A
from 09:53:39 to 10:10:51 UT. Since we were interested in ob-
taining a high temporal resolution observational sequence, only
one two-dimensional 183.5"” X 19” band was recorded (requir-
ing no displacement of the telescope) with a cadence of 8§ s:
exposure time of 100 ms for Call 8542 A, 20 ms for Ho +
acquisition time of the data. The images were recorded with a
relatively good seeing (no correlation tracker used), resulting
in a spatial resolution lower than 1”, which is estimated from
the visual size of structures at Ha line centre. After correcting
for flat field and dark current with the MSDP reduction pack-
age, 130 intensity and Doppler velocity images have been ob-
tained for each line. Both were derived using the bisector tech-
nique with the mean profile over the field-of-view (avoiding the
brightest and darkest regions) as the reference profile. For Ha
we obtained two-dimensional intensity images at line-centre,
+0.29 A and +0.58 A, and Doppler velocity images at +0.29 A
and +0.58 A, while for Cal1 8542 A we have intensity images at
line-centre, +0.09 A and +0.135 A, and Doppler velocity images
at +0.09 A and +0.135 A. Positive Doppler shifts correspond to
upward Doppler velocities and show up as bright in all presented
velocity images. Two-dimensional cross-correlation techniques
were used for a careful alignment of the images of our sequence,
ensuring the possibility of a direct comparison between pixels in
different images of the time series.

3. Results
3.1. Umbral flashes and RP waves

In Fig. 1 we present a) a Call 8542 A intensity image at
+0.135 A of the observed sunspot; b) an He intensity image at
+0.58 A; ¢) a Ca11 8542 A Doppler velocity image at +0.135 A;
d) an Ha Doppler velocity image at +0.29 A; and e) the distribu-
tion of the highest amplitude downward Doppler Call 8542 A
velocity at +0.09 A over the whole sequence per pixel of the
observed field of view. The observed sunspot is isolated and
slightly elongated. Its penumbra at the top of the image is, un-
fortunately, not observed, while at the bottom is only partially
observed.

At least five UFs are visible in Ha as high upward or down-
ward Doppler velocities within the umbra, while in Ca11 8542 A
they only show up as high downward Doppler velocities. The
latter is the result of both (i) the Ca11 8542 A UF profile, which
shows an emission on its blue side supposedly caused by the
upward movement of hot material, and (ii) the derivation of
Doppler velocities with the bisector method (Kneer et al. 1981;
Uexkiill et al. 1983; Tziotziou et al. 2002). The UFs appear in
several distinct places within the umbra and seem to fill almost
the whole of it, either growing in amplitude and diffusing at the
same position or diffusing by slow spreading in their vicinity.
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Fig.1. A Can 8542 A intensity image at +0.135 A of the observed
sunspot (fop panel), an He intensity image at +0.58 A (second panel),
a Cal 8542 A Doppler velocity image at +0.09 A (third panel), an Ha
Doppler velocity image at +0.29 A (fourth panel), and the distribution
of the highest amplitude downward Doppler velocity of Call 8542 A at
+0.09 A over the whole sequence per pixel of the observed field of view
(bottom panel). In the last three panels, black represents downward ve-
locities. The solid black contour shows the Hao umbra-penumbra bound-
ary, the dotted black contour shows the approximate outer penumbra
boundary, overplotted lines indicate the cuts used for the time slice im-
ages of Fig. 2, and signs mark the positions along the three cuts of the
Doppler velocity profiles of Fig. 3. North is towards the top of the pan-
els, West is towards the left of the panels, while the black arrow in the
second panel shows the direction to solar disc centre.

Individual umbral flashes tend to reappear periodically at almost
the same location.

The RP waves show up in the Ca11 8542 A and Ha Doppler
velocity images as propagating arcs in the penumbra starting at
the umbra-penumbra boundary. They are not clearly visible in
the whole penumbra but seem to have an azimuthal extent of
at least 140° on the left (southwest) side of the penumbra. In
Fig. 2 we present time slice images of Ha Doppler velocity at
+0.29A (top row) and Canl 8542 A Doppler velocity at
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Fig. 2. Time slice images of Ha Doppler velocity at +0.29 A (top row) and Cal1 8542 A Doppler velocity at +0.135 A (bottom row) along the top
left cut (left column), bottom left cut (middle column), and the right cut (right column) shown in Fig. 1. Black represents downward velocities and
length runs from the umbra towards the edge of the penumbra. The vertical dashed line indicates the approximate umbra-penumbra boundary.

+0.135 A (bottom row), which is the Doppler velocity as a func-
tion of time along the three cuts shown in Fig. 1, starting from an
umbral flash position and moving towards the penumbra. There
is a characteristic pattern of alternating dark and bright bands,
representing downward and upward Doppler velocities respec-
tively. Umbral flashes show up as high-amplitude velocities in
the umbra, while the pattern or running penumbra waves is char-
acteristically concave upwards, suggesting a propagation veloc-
ity decrease as they propagate from the umbra—penumbra bound-
ary to the outer penumbra. Most of the waves in the penumbra
can be traced back inside the umbra and seem to be a continu-
ation of umbral waves, although there are some umbral waves
that seem to stop in the umbra—penumbra boundary.

In Fig. 3 we present a series of H and Ca 11 8542 A Doppler
velocity variations at certain positions along the cuts, presented
in Fig. 1 as marked. The top row corresponds to Doppler veloc-
ity variations at an umbral flash position. The second row shows
Doppler velocity variations at an umbral position just before
the umbra-penumbra boundary, while the third and fourth rows
show velocity variations for positions within the inner penum-
bra. Finally the fifth and sixth rows show Doppler velocity vari-
ations in the outer penumbra.

One can see that as we move from the umbra towards the
edge of the penumbra the Doppler velocity amplitude decreases,
while the period of the oscillations increases. The He Doppler
velocity variations at UFs (top row) show an abrupt increase
from negative to positive values followed by a gradual decrease
back to negative values. This behaviour is less obvious in the
Ca11 8542 A Doppler velocity curves due to the difficulty of
estimating upward velocities for the reasons mentioned above.
The sawtooth behaviour of the chromospheric umbral oscilla-
tions has already been reported by several authors in the past (see
reviews of Lites 1992; Bogdan & Judge 2006) and is attributed
to nonlinear near-acoustic field-guided disturbances formed in
the photosphere or below, propagating upward and developing
into shocks because of the decreasing density. The interesting
thing to notice in the present observations (second to fifth row
of Fig. 3) is that the sawtooth behaviour suggestive of shocks
is observed not only inside the umbra, but also in the penum-
bra. This has also been noticed by Rouppe van der Voort et al.
(2003), although only in a position close to the umbra—penumbra

boundary (see their Fig. 4, last panel). In our case the sawtooth
behaviour is seen as far as at the outer edges of the penumbra. It
is quite clear in the first three rows but less obvious to identify
them in the fourth and fifth rows. However, in these two rows
the decreasing part of most wavefronts lasts longer than the ris-
ing part, and there are clearly some wavefronts (i.e. 2nd wave-
front in panels of the 3rd row, 2nd wavefront in the 3rd panel of
fifth row) where the rising part has a steeper slope than the de-
creasing part. Only in the last row panels that probably represent
positions close to or even in the superpenumbra one is unable to
identify any sawtooth profiles.

Figure 4 shows a time series of Ha Doppler velocity at
+0.29 A (solid line) and Cam 8542 A Doppler velocity at
+0.09 A (dotted line) along the top left cut of Fig. 1 with a
time cadence of 8 s. Zero time corresponds to the top left panel
and zero length corresponds to an umbral flash position, whose
Doppler velocity variability is shown in the top left panel of
Fig. 3. We see that the umbral flash (peak at zero length at
t = 0 s) leads to an umbral wave that propagates outwards at
an average speed of ~19 kms~!, crossing the umbra penumbra
boundary at ¢+ = 144 s. Then it continues as a running penum-
bral wave at an average speed of ~17 kms™! and is visible until
the last presented panel at position ~7” with a much lower ve-
locity amplitude. A new umbral wave starts at = 184 s and is
close to the umbra—penumbra boundary in the last panel, prop-
agating faster with an average speed of ~25 kms~!, but with a
more rapid decrease in velocity amplitude. As seen in the fig-
ure, the Doppler velocity variation along the cut, as well as its
time evolution, is smooth and continuous. Other cuts and time
series, not shown here for the sake of space, show exactly the
same behaviour.

3.2. Frequency behaviour from the umbra towards
the penumbra

Figure 5 shows the peak oscillation frequency along cuts starting
from the same position in the middle of the umbra (x = 26.5”,
y = 7.25” in Fig. 1) and going outwards until they reach the im-
age boundaries, which is why they have a variable length. The
cuts go anti-clockwise starting from the cut with an angle of 10°
with respect to the vertical passing from the top and quite a clear
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Fig. 3. A series of Ha Doppler velocity variations with time at £0.29 A (thick solid line) and Ca1r 8542 A Doppler velocity variations at +0.09 A
(thin solid line). The first column shows variations at positions marked with the “+” sign in Fig. 1, second column at positions marked with the
“*” sign, and the third column at positions marked with the “x” sign. Doppler velocity variations run from top to bottom from the umbra towards

the edge of the penumbra.

oscillatory behaviour in Doppler velocity, like the one shown in
Fig. 3, has been observed in all pixels along the used cuts. The
peak oscillation frequency was calculated from the Ha Doppler
velocity variation at +0.29 A and from the Ca1 8542 A Doppler
velocity variation at +0.09 A with a wavelet analysis (peak of
global power spectrum, see Tziotziou et al. 2004 for details on
the method). A two-dimensional frequency analysis in the whole
area of the observed sunspot will be presented in a forthcoming
paper that is in preparation. The dashed line indicates the ap-
proximate umbra-penumbra boundary shown in Fig. 1, which
was defined as the isocontour of a specific value of Ha inten-
sity hence should only be considered as indicative. No cuts are
shown in Fig. 5 between 10° and 60°, since for these inclina-
tions we hardly cross the umbra—penumbra boundary due to the
limited field of view (as seen in Fig. 1)

We see that the frequency decreases from the umbra out-
wards, and its behaviour in both lines is almost identical with
differences mostly in the umbra rising from the behaviour of
the Ca11 8542 A umbral flash profile as explained in Sect. 3.1.
The frequency decrease is not smooth, but there seems to be

an abrupt frequency change at the umbra—penumbra boundary;
however, a very rapid but smooth transition that is not observed
due to our spatial resolution cannot be excluded. This frequency
jump probably indicates a drastic change in the local physical
conditions — e.g. a substantial increase in the density of the
penumbra relative to the umbra — and of the local magnetic field
topology.

3.3. Magnetic field inclination in the umbra and penumbra

Keppens & Martinez Pillet (1996) have shown that the inclina-
tion of the magnetic field increases rather linearly from about 0°
to the vertical at the centre of the umbra up to 40° at the
umbra—penumbra boundary and continues increasing smoothly
outwards, attaining values of ~70°-80° at the outer edge of the
sunspot (see also Solanki 2003). In the following we give a qual-
itative estimation of the inclination of the magnetic field lines
using some empirical formulas that relate the inclination angles
to the peak frequency of the oscillation spectrum (Bogdan &
Judge 2006, and references cited therein). According to these
formulae the predicted peak frequency can be estimated along a
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boundary.

magnetic field line with inclination 6 from the empirical formula
Vpeak(0) = 1.25v,c(6) where v, is the acoustic cut-off frequency
that depends on 6 as v,.(0) ~ 5.2 cos § mHz. We stress that these
formulas that relate the acoustic cut-off frequency to the mag-
netic field inclination are valid under very idealized conditions,
since they assume that the inclination of the magnetic field lines
remains constant with height all the way from the photosphere to
the chromosphere. As a result, the derived inclination angles can
only be used for a qualitative and not for a quantitative analysis.

Figure 6 shows the respective inclination angles of the mag-
netic field lines with respect to the vertical calculated with the
aforementioned formulas from the Ha Doppler velocity varia-
tions at +0.29 A and from the Calr 8542 A Doppler velocity
variations at +0.09 A along the cuts of Fig. 5. As can be seen
from the empirical formulas, no angle can be derived for peak
frequencies higher than 6.5 mHz, which explains the gaps in the
figure and is another indication of the limitations of these for-
mulas. It is also obvious that the inclination angles are lower
inside the umbra (fields closer to vertical) and attain higher val-
ues (more horizontal fields) after crossing the umbra-penumbra
boundary. For most of the cuts there are no significant changes in
the magnetic field inclination within the umbra. This contradicts
the general view based on spectropolarimetric measurements
that the magnetic field inclination increases smoothly outwards
in the observed sunspot. If it is indeed real, it could probably
reflect the fact that UFs appear localized but quite extended,
suggesting that they are wavefronts travelling along magnetic
field lines of similar inclination over a large area. The origin

of the contradiction between spectropolarimetric measurements
and these results is not yet clear. It could be attributed to the
magnetic field inclination being estimated by different analyses
at different heights in the photospheric and/or chromospheric at-
mosphere where the magnetic field topology may be different;
however, further work is necessary to confirm or disprove such
a hypothesis, not excluding of course other potential solutions
to this problem. The inclination angles at the umbra-penumbra
boundary show a jump, reflecting the jump in frequencies, which
is normal, since the values of these latter are used for their es-
timation. This jump is highly questionable, since the formulas
cannot be used to obtain precise values as stressed above. It
would, however, if real, indicate a drastic change of the mag-
netic field topology at the umbra—penumbra boundary.

4. Discussion and conclusions

High temporal cadence observations in Canl 8542 A and He
have been analyzed to provide additional information about UFs,
RP waves, and their possible association. The analysis reveals a
large number of extended umbral flashes that, taken together,
seem to fill almost the whole umbra at any given moment. RP
waves can be traced inside the umbra and most of them seem vi-
sually to be a continuation of umbral flashes and umbral waves.
They are propagating outwards with decreasing radial speed, and
velocity variations in the penumbra show a sawtooth shape sim-
ilar to the sawtooth behaviour of UFs, although they are less
sharp, implying that RP waves also possess similar shock-like
behaviour along the line-of-sight.
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An important observational finding of our analysis is
the substantial decrease in oscillation frequency at the
umbra—penumbra boundary. Due to our spatial resolution, it is
not absolutely clear if it is an abrupt jump in the frequency or a
smooth but rapid transition. Such a decrease was demonstrated
before by Tziotziou et al. (2002), although with lower temporal
cadence observations. In the present observations this decrease
is quite clear along the whole umbra—penumbra boundary and
is found in frequencies derived both from Canr 8542 A and He
Doppler velocity variations.

Nowadays umbral and RP waves are believed to be either
a) a visual pattern of a later wavefront arrival of the same dis-
turbance that creates UFs, due to a longer travel path along
divergent sunspot field lines, or b) a physical, trans-sunspot
wave travelling from the umbra outwards (see introduction for

references). In the first case, UFs, umbral, and running penum-
bral waves are believed to be sharing a common extended source
region somewhere below the visible photosphere, and in the lat-
ter case UFs are believed to be the drivers of umbral and RP
waves. There are a number of observational features that a real-
istic sunspot scheme should be able to explain. These are: a) the
frequency changes, b) the decreasing radial propagation speed of
RP waves, c) the sawtooth velocity profiles observed well inside
the penumbra, d) the smooth wave propagation from the umbra
to the penumbra shown in Fig. 4, and e) the observed frequency
jump at the umbra—penumbra boundary.

Frequency and propagation speed changes are naturally ex-
plained in the visual pattern scenario and are attributed to
longer propagation of wavefronts along diverging individual
magnetic field lines as we move from the umbra to the penumbra
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(Bogdan & Judge 2006). In the physical trans-sunspot wave sce-
nario, the substantial frequency and radial phase speed decrease
as it travels from the umbra to the penumbra could also be ex-
plained as due to changes in local physical conditions and in the
magnetic field topology, as well as to the inverse Evershed flow,
since the waves have to propagate against the flow. Dere et al.
(1990), Tsiropoula et al. (1996), and Georgakilas et al. (2003)
find Evershed radial inflow velocities at Ha 0.3 A of the or-
der of 2.6kms™!, 4kms~!, and 6kms™', respectively. The used
computational method is based on integration over wide angles
in order to compute the average flow velocity vector that is gen-
erally believed to be underestimated. It is thus not easy to es-
timate how significant the Evershed inflow is on the frequency
and propagation speed changes.

The sawtooth velocity profiles in the penumbra could be ex-
plained by both schemes. In the visual pattern scenario, the ori-
gin of such a sawtooth profile would be the same as that of um-
bral flashes: propagating waves steepening into shocks due to
the strong density reduction, a mechanism that should be inde-
pendent of the inclination of the magnetic field lines and thus
work equally well in the umbra and the penumbra. In the trans-
sunspot wave scenario, if umbral and RP waves are indeed a
physical wave driven by umbral flashes then one would expect
that they would keep the shock signature of their driver as they
propagate outwards.

The smooth propagation from the umbra to the penumbra
shown in Fig. 4 is an obvious natural consequence in the case
of the trans-sunspot wave scenario. The visual pattern scenario
would also have no trouble explaining such a smooth propa-
gation across the umbra—penumbra boundary as due to relative
travel time differences of upward propagating waves along in-
dividual field lines of different inclinations, provided that the
magnetic field varies smoothly from the umbra to the penumbra.
Spectropolarimetric observations (Keppens & Martinez Pillet
1996; Solanki 2003) show that the inclination of the magnetic
field varies smoothly within the umbra reaching up to 40° at the
umbra—penumbra boundary. However, our observations suggest
that this might not be true in our case. When UFs appear they
are quite extended, suggesting that they are wavefronts travel-
ling along magnetic field lines of similar inclination over a large
area. This is further supported by the magnetic field inclination
analysis of Sect. 3.3, which although it cannot be used to de-
rive precise values of the magnetic field inclination — for reasons
explained therein — it can give a qualitative picture. The same
analysis also suggests that in most parts of the umbra the mag-
netic field inclination does not vary significantly. If this is indeed
the case, then the visual pattern scenario would not be able to ex-
plain the smooth propagation observed in Fig. 4.

The frequency jump observed at the umbra—penumbra
boundary cannot be easily explained by any of the two scenar-
ios. It probably indicates a drastic change in the local physical
conditions, such as a substantial increase in the density of the
penumbra relative to the umbra, and/or in the local magnetic
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field topology from almost vertical to more horizontal. If the lat-
ter is true, then the visual pattern scenario would fail to explain
the smooth propagation across the umbra—penumbra boundary,
while it is not clear how it would be explained by the trans-
sunspot wave scenario.

In conclusion, the idea of umbral and RP waves being a vi-
sual pattern of the same disturbance that causes UFs has many
attractive features, since it explains frequency and propagation
speed changes from the umbra outwards, the sawtooth shape of
velocity profiles in the penumbra and — provided that the mag-
netic field inclination varies smoothly — the smooth propagation
outwards. On the other hand, the trans-sunspot waves driven
by UFs could explain the penumbral sawtooth profiles and the
smooth propagation outwards, as well as frequency and propa-
gation speed changes that can probably be attributed to changes
in the local physical conditions and to the influence of the in-
verse Evershed flow. The frequency jump is not obvious for any
of the two scenarios. However, in conjunction with the observed
smooth propagation of Fig. 4, it provides important constraints
for any realistic sunspot oscillation simulations and theoretical
modelling of umbral oscillations and RP waves.
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