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Abstract In this work we selected one particular fibril from a high fesion obser-
vation of the solar chromosphere with the Dutch Open Telescand tried to obtain a
broad picture of the intricate mechanism that might be dpegan the multiple layers

of the solar atmosphere visible in high cadence multi-wevgth observations. We
analyzed the changing fibril pattern using multi-wavel@éngmography, which con-
sists of both the H line center and the blue wing, Doppler signal, Ca Il H, and the
G-band. We have found that the intermittent ejected mat#érialugh the fibril from
Doppler images has clearly shown an oscillation mode, as isethe Hy blue wing.
The oscillations in the umbrae and penumbrae magnetic fiedd that are above the
sunspot cause a broadening and the area forms a ring shap& fim 15 minute os-
cillations as a function of height. These made a distinctiolawy between the umbrae
and penumbrae which suggests a comb structure, and inglitetethe oscillations
could propagate along the inclined magnetic flux tubes frefova. The 3 minute os-
cillations strongly appeared in the broadly inclined pebwme magnetic field lines
and showed a clear light bridge. The well known 5 minute &#édins were domi-
nant in the umbrae-penumbrae region boundary. The long étmoscillations were
transparent in the & blue wing, as well as the 10 and 15 minute oscillations. They
were concentrated in the inner-penumbrae, as seen indHael center. From these
findings we propose that the fibril acts as a fabric for intéoacbetween the layers,
as well as related activities around the active region uimdestigation.

Key words: Sun: chromosphere — Sun: oscillations — Sun: sunspots

1 INTRODUCTION

Researchers do not yet have a complete picture of the coraplgpied interactions between the
photosphere, chromosphere and corona. The structure ghibtesphere is relatively well under-
stood but not that of the chromosphere, in particular theadyins associated with energy and mass
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transport in a fibril, as is discussed in detail in Rutten @0lInstead of mass transfer, i.e. downflow
and upflow from photosphere to chromosphere and coronaietyaf oscillation modes have been
observed, such as 3 minute oscillations, 5 minute osdiliati 7 minute oscillations, etc. They act
as one physical unit that accomplishes mass and energydrdresn the photospheric to chromo-
spheric layers, and vice-versa.

Recently, an image sequence with high spatial and tempesalution, acquired by ground and
space based observations, confirmed and revealed the nofbszillation modes (Nagashima et
al. 2007; Reznikova & Sibasaki 2012; Jess et al. 2012). ldiya disturbance or instability in mag-
netic structures will trigger such oscillations. Obseisas of sunspot oscillations have been taken
for almost four decades (Beckers & Tallant 1969; Bogdan &gé&ud006 and references therein).
The 5 minute oscillations (Leighton et al. 1962) that predwntly occur above the sunspot in the
photosphere have also been relatively well studied. Thepliaudes decrease with height, and they
can hardly be detected in the upper chromosphere and teameggion. Lites (1992) summarized
the 3 minute oscillations and drew the possible concludien the resonance is a response from
many oscillation modes located below and results in dridirggwave modes.

Moreover, Centeno et al. (2006) also suggested propagsiiogk waves in umbrae regions.
The 3 minute oscillations could be due to a complex inteoacbf many processes, especially
magneto-acoustic mode conversion and intrinsic reducedstic emissivity in strong magnetic
fields (Stangalini et al. 2012). So, it was clear that theladimins and wave propagation are the
key processes for carrying energy and mass through diffaterospheric layers, before dissipating
them into other modes.

By analyzing the oscillations and wave propagation, we naestigate the physical mechanism
leading to stratification and the dynamics related to déifémagnetized atmospheric structures. The
conversion into thermal heating, e.g. coronal heatingnigpr question and has become one of the
most challenging research areas in solar physics. The rtiadgiedd lines are mostly believed to
play a crucial role. However, there were still many unangdqroblems related to these oscillation
modes and their connection with other dynamic structukesflbrils and light bridges (LBs). This
work will study the chromospheric dynamics and how they al&ted to the photosphere by studying
sunspot umbrae, penumbrae and a fibril from a sequence ofdgglution multiwavelength images.
The results from the Dutch Open Telescope (DOT) are analggeddiagnostic tool for tomography
of the Sun (Rutten et al. 2004). The selection ef irhages as the primary tool acts as a much more
complete proxy to delineate chromospheric magnetic tapolehich consists of the mass flow along
fibrils (Rutten 2007). In this study we found a morphologisiginature that indicates mass motion
which may be related to wave propagation.

To study the dynamics of each particular layer of the atmesptwe use the tomographicimage
analysis method for each particular feature, such agtiand, Ca Il H line and H which act as
tracers for activity in the photosphere, the lower chronhesp, and the upper chromosphere, respec-
tively. We will also address several oscillation modes obuae and penumbrae by simultaneously
using multi-wavelength observations that form a time seiiée believe that this powerful technique
can most sensitively detect wave propagation.

In Section 2, we briefly describe the DOT observations and#ta reduction procedures. Some
interesting results on the fibril mass transfer and osmlatare reported in Section 3. Discussions
on the fibril and LB oscillations are given in Section 4. Carsdbns are drawn in Section 5.

2 DATA AND ANALYSIS

The sunspot of NOAA Active Region (AR) 10789 (N17W23) thatw@cated close to the disk center
on 2005 July 13 was selected for this study (Fig. 1). This AR &aimple bipolar structure with

magnetic and Mclntosh classifications of beta and Eao, otispy. There were no flares reported
within three days before or after the date of observatiorerdes of high angular resolution images of
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Fig.1 The position of AR 10789. This region has Mclintosh classiiica
Eao and magnetic type beta.

a sunspot at AR 10789 on 2005 July 13 has been carefully filiend aligned from the observation
results of the DOT. The multiple wavelength observationsifrthe Ca Il H line G-band, Hy line
center, Hyv blue wing and kv Doppler signal images were taken simultaneously at thad.tim

The capabilities of the multi-wavelength re-imaging systd the DOT, as well as the associated
instrumentations, speckle acquisition and reconstro¢tave been discussed by Rutten et al. (2004).

The data have already been speckle reconstructed from geewalbional run on 07:49 — 10:35
UT to give a resolution of 0.071pix—'. There are 332 images in total with a time cadence of 30's
for each band. An interesting feature in the form of an LB @ppé across the fairly round main
umbrae, instead of being a long fibril across the penumbig Bi To investigate the dynamics
of the region, we selected a particular area of interest amtles! the Doppler signal images. We
constructed the difference image from Doppler signals tviwould show a particular feature with
a fibrillar pattern in which we are interested. Then, we méywketermined a clear and persistent
feature for the region under investigation, as shown in FEgu

3 RESULTS
3.1 Fibril Mass Transfer

Figure 3 illustrates the fibril under investigation (reg{@), upper circular sector) from thenHine
center, and lower circular sector as a comparison (regipnThe angle subtended by the sector is
10 degrees. The right panels show the integrated crossisetthe upper (a) and lower (b) circular
sectors. The radius of the umbrae regions is 52 pixels angpe¢hembrae region extends to 105
pixels. The selection of the circular sector is based on #seraption that the magnetic field will
be stronger inside the umbrae region compared to outsideethien. Using this method, we can
deduce that there was a fibrillar pattern under region (aj¢chvhas a length of about 150 pixels.
The normalized integrated intensity (total integratedmsity divided by the number of pixels in the
circle) of region (a) was higher in the umbrae region thaneigion (b), but it was also about the
same in the penumbrae area. So, we will further analyze mggio
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Fig.2 NOAA AR 10789 observed on 2005 July 13 from théband images. The white box is
the selected area that is being studied with multi-wavetteagalysis. The picture size 76.25" x
57.79" with resolution0.071” pix .
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Fig.3 In the Hx line center image, the fibril under investigation is markedhe upper circular
sector (a), while the opposite lower circular sector isaeléas a comparison (b). The graphs show
the integrated cross-section of the area under investigatiith the top panel representing the fibril
area (a) and the bottom panel signifying the opposite daecb).

After selecting the area in region (a), we then follow how thesen fibrillar pattern changes
over time by slicing the central part of the selected regiorsee how the mass transfer changed
sequentially over time. We argue that the pattern of massteafrom this morphological signature
is related to filamentary structures with filling mass praggblsy Rutten (2006). The same procedures
were conducted for other wavelengths including theltfue wing, Hx line center, Ca Il H and-
band. From the H Doppler signal, it appeared that there was a pattern ofraltierg features, right
in the middle of the picture. This is marked with the whiteteegle with a width of 7 pixels, as
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Fig. 4 Time slice in the Doppler signal image of a selected regiormlthe x-axis represents the
direction and the y-axis represents the time slice of 333@maThe area under investigation is in the
white rectangle. The center of the rectangle is the middietircular sector (a) in Figure 3, with
the direction of spatial direction along thedirection, and bottom to top corresponds to propagation
in time.

shown in Figure 4. The results of the area profile for each lzaadshown in Figure 5 Each time
marker is equal to 30 s.

We follow the time propagation in detail using data from thieoke slice. The upflow mass
transfer was clearly seen from the photosphere to the chsphave layers, see the solid line on the
left in Figure 5. However, the downflow also occurred from theomosphere, as indicated by the
dashed line on the right in the same figure.

In the fibril, we find that upward motion predominantly ocadifrom below and aligned with
the magnetic field, as seen @band and Ca Il H, respectively. During that short perioé, ¢bl-
lection of material from below streamed to the upper or lolagers and changed the pattern of
oscillation in the K Doppler signal and H blue wing. It can be seen that the mass transfer flow is
not a continuous pattern but rather displayed rapid chaingess than 30's, especially in the upper
level which suggested that, geometrically, the fibril hasa-ike structure.

3.2 Umbrae, Penumbrae and Fibril Oscillations

In order to estimate the strength of an oscillation, the sgghl@amplitude or power, which in our
case is the “power-map,” was computed from the Fourier foans(White & Athay 1979). Then
we created 2-D power-maps of several periods on multi-vesagth bands-band, Ca Il Hy, Ha
line center and H blue wing) at 3, 5, 7, 10 and 15 minutes, and the Bloppler signal as shown
in Figure 6. McAteer et al. (2002) showed that several spesignatures were detected near 7,
10 and 15 minutes. The method for the power-map was discusg€djger et al. (2001). Since
the Hx blue wing is the best proxy of a magnetometer that can locadespatially track extended
magnetic elements, this line is the “chromospheric” lireg tan be used as a photospheric diagnostic
(Leenaarts et al. 2006). This work will address relatiopstietween oscillations in the umbrae,
penumbrae and the fibril which are important for studyingrtiationship between the fibril and the
sunspot (Chae et al. 2014).
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Fig.5 Cross-section of the time slice of various multi-wavelénigtages. From top to bottom:d-
Doppler signal, blue wing and line center, Ca Il H aieband. Ther axis is the time direction of
the slice and, is an arbitrary intensity scale for the 332 images.

The Doppler signal indicates that there was an oscillatiaitepn that appeared during several
moments in between material loadings. To understand homdterial flows along fibrils, we need
to compare oscillatory signatures, both radial and aloeditiril.

To examine the layer by layer dynamics in the atmosphere,sgethe power-maps from the
multi-wavelength observations. The 3 minute oscillatiovese mainly observed in the chromo-
sphere, 5 minute oscillations were predominantly photegphand the longer period cases were
sunspot oscillations that were described by Staude (19#BBagdan (2000). McAteer et al. (2002)
suggested the presence of multiple peaks in the power speetith periods in the 4-15 minute
range.

For each region (@) indicated in Figure 3, we follow the patief the fibril under investiga-
tion as shown in Figure 6. From visual inspection in Figurevé,found that the fibrillar pattern
appears strongly in theddblue wing, in particular with a reversal pattern (bright}te 15 minute
oscillations (6th column, 2nd row).

However, for a larger picture of the active region, we foulal tfor this v blue wing, there
is also a pattern of brightening in the umbra region, in theilBute oscillations (2nd column, 2nd
row). The same brightening pattern also appeared in théirké center (2nd column, 3rd row) and
the Ho Doppler signal (2nd column, 1st row) in Figure 6.

It was seen that the oscillations above the sunspot in theasmghow a dark and bright ring
shape as a function of height and distinctively divide thdtae from the penumbrae which suggests
a comb structure, and indicates that the oscillation cotdgg@gate along the inclined magnetic flux
tubes from below.

Figures 7 to 11 show the radius profile of the fibril in regiopgaFigure 3 for each mode of
power for each wavelength, with Doppler signal as a comparis the lower panel for each mode.
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Fig. 6 Comparison of average (1st column) with power-maps from 3, 50 and 15 minutes (second
to sixth column respectively), in several wavelengthsa: Bloppler (1st row), ki blue wing, center
line, Ca Il H andG-band (second to fifth row respectively). The size of the winds 512<512
pixels.

The arrow in each figure from Figure 7 to Figure 11 marks theusgjomn between the umbrae and
penumbrae.

3.2.1 3 minute Oscillations

In Figure 6, the 3 minute oscillations strongly appearedatiright area of the & blue wing due
to the broad inclined penumbrae magnetic field lines in whidgneto-acoustic waves could be
channeled along them. It seems that the 3 minute oscilgtonld also have a broader area from
the photosphere to the chromosphere, even through thecsotamal fan (Jess et al. 2012).

Moreover, the 3 minute oscillations trace a clear boundatyeen the LB and ejected material,
as clearly seen in the ddline center and H blue wing. The brightening in the umbrae region,
as seen in Figure 6 corresponds to the downflow motion as s profile in Figure 7. The
downflow patterns happened in the inner and outer brighsriiigge penumbral and fibril region
showed upflow and downflow patterns, respectively. The 3 tairasponses were distinctly different
in the photosphere and chromosphere, particularly in theipérae region which may be due to the
magnetic field strength and its inclination (Schad et al.3301

The dynamics indicated by the Ca Il H line agree with thosehefi-band in the penumbrae
region. Our results demonstrate that the dynamics assdoidth the umbrae-penumbrae boundary
show a more complex picture and are crucial for modeling thesjgal mechanisms. From thexH
Doppler signal, the inner umbrae flow shows an opposite tilin@edn the 3 minute case compared
to cases from 5 minutes to 15 minutes, which indicates thairite oscillations might play an
important role in downward mass motion for the fibril. Theraswa strong enhancement on the
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Fig. 7 Integrated profile for the 3 minute mode in the circular seofothe fibril in region (a) as
described in Fig. 3 for each wavelength, with a comparisah@Doppler signal in the lower panel.
The arrow marks the umbrae region for the smaller radius la@génumbrae region for the larger
radius.

Doppler signal in the 3 minute oscillations that might caaseenhancement in the chromospheric
line of Ha and might lead to umbral flash (Rouppe van der Voort et al. 003

In the quiet region, that had a radius of more than 190 pixbéxe was no difference among
indicator lines for the 3 minute oscillations in which thaydually reverse to a downward motion.

3.2.2 5 Minute Oscillations

The well known 5 minute oscillations (Leighton et al. 1962 rer dominant in the outer umbrae
region near the boundary of umbrae-penumbrae, as in théltle wing, which suggests a comb
structure that is predominantly in the downward motion,Sgere 8. It was related to the downward
motion, in contrast with the inner umbrae. In the boundatywken the umbrae and penumbrae, there
was a so-called “terminal region” that was evident from ttogpler shift which represents the same
response of photospheric and chromospheric indicatos.lifike characteristics in the penumbrae
and quiet region are the same as 3 minute oscillations. Bstfilation modes were sensitive to
magnetic field strength and its inclination, as well as masgan flow.
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Fig. 8 Integrated profile for the 5 minute mode in the circular secfathe fibril in region (a) as
described in Fig. 3 for each wavelength, with a comparisah@Doppler signal in the lower panel.
The arrow marks the umbrae region for the smaller radius a@g&énumbrae region for the larger
radius.

3.2.3 7 Minute Oscillations

In Figure 9, the 7 minute oscillations have the same pattethé Hy blue wing andG-band in alll
areas which means that these oscillations were not tootisensi the photosphere, chromosphere,
penumbrae and quiet area. The difference in the umbrae madeé and inclination may cause
this kind of oscillation. Some downflow motion still occudran the umbrae region. The downflow
was more dominant in the larger terminal region of the radius the inner penumbrae showed an
upward mass transfer. Moreover, the penumbrae region dishrawv significant downward flow.

3.2.4 10-Minute Oscillations

In Figure 10, there was no large fluctuation in flow along tharfmundary of umbrae-penumbrae
to the boundary of the penumbrae-quiet area. All chromaspliees had the same pattern. This
suggests that 10 minute oscillations excite the chromagplager with a relatively small magnetic
field strength and inclination.

3.2.5 15-Minute Oscillations

In Figure 11, there was an upward motion in the inner umbraeta® boundary of the penumbrae-
quiet region which influences the intensity of this osditlat The Hx line center was damped com-
pared to the Ca Il H. Except in the inner umbrae, the interwdigll lines showed almost the same
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Fig.9 Integrated profile for the 7 minute mode in the circular secfathe fibril in region (a) as
described in Fig. 3 for each wavelength, with a comparisah@Doppler signal in the lower panel.
The arrow marks the umbrae region for the smaller radius a@g&énumbrae region for the larger
radius.
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Fig. 10 Integrated profile for the 10 minute mode in the circular seof the fibril in region (a) as
described in Fig. 3 for each wavelength, with a comparisah@Doppler signal in the lower panel.
The arrow marks the umbrae region for the smaller radius la@génumbrae region for the larger
radius.
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Fig. 11 Integrated profile for the 15 minute mode in the circular geof the fibril in region (a) as
described in Fig. 3 for each wavelength, with a comparisah@Doppler signal in the lower panel.
The arrow marks the umbrae region for the smaller radius a@g&énumbrae region for the larger
radius.

value. As for 7 minute oscillations, this mode was not sigaifitly influenced by changes in the
magnetic field.

3.3 Root of the Fibril

We tried to compare the result with TRACE data (Handy et a@9)9particularly 1600, where
Krijger et al. (2001) argue that the radiation is from thenifgerature minimum region,” based on
the work of Vernazza et al. (1981). There were 18 data seftablafor the window of the same
observation, with 9 minute cadences of 76868 pixels for 16003 and 0.8 pix—!. We made a
power-map for the 15 minute case of 1680as shown in Figure 12 and manually aligned the data
with other data from similar regions.

From Figure 12, it can be seen that there was no significaniriethat appeared in the 15 minute
case of 160@\, except for the inner umbrae. Since the “temperature minimegion” formed below,
near the photosphere, at= 500 km above continuum optical depth = 1 at A = 5000 A and
defines the transition from the photosphere to chromosplieijger et al. 2001; Vernazza et al.
1981), it appeared that the root of the fibril formed somewleise.

4 DISCUSSION

We propose a picture describing how the photosphere istktatthe chromosphere and how the
fibril acts as a fabric in the interaction between layershasvé in Figure 13. As seen in Figure 13,
even for the dominant 5 minute case, there were various émejas occuring near the photosphere.
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Fig. 12 The power-map for the 15 minute case at 18Q0esized on spatial resolution with other
power-map pictures of Fig. 6.

Chromosphere

Magnetic field line

Longer oscillation

Sunspot

Fig. 13 An illustration depicting the interaction between the chosphere, photosphere and the
role of the fibril in connecting different layers.

In particular, for the long period of 15 minutes in the bluengriof Ho, this area might play a role

of the pass filter for frequency, as well as the magnetic-frgtlefaction. It is very likely that in the

same region, the fibril also formed due to the filtering pregast below the temperature minimum
region. It explains how there is transparency in the tentpeganinimum region. At the same time,
the fibril was also loading the material from below, which wasught by the magnetic field before it
flowed from below the chromosphere (just above the red cafttr departing from the temperature
minimum region in Figure 13). We believe that it might be aole@dd to the picture of de la Cruz
Rodriguez & Socas-Navarro (2011), that chromospheriddibre a visual proxy for the magnetic
field lines and may need to be reconsidered. This does nossatly mean that there might be a
different mechanism, but there might be a filtering procggsating in the magnetic field along the

fibrillar pattern.
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4.1 LB Connection?

In Figure 6, for both the 2nd column ind the line center and blue wing (3rd and 2nd rows), we
observed a lane-like structure that looked like an LB strreet

The structure can be identified from the average picturé&dyand and Ca Il H (1st column,
4th and 3rd rows). Is the brightening in 15 minute oscillatialso related to the LB? Louis et
al. (2008) suggested that the LB could be the sites for hg#tie overlying chromosphere, based on
the low-altitude reconnection, which can be seen as thétanigng in the Ca images from a Hinode
observation.

We propose that if the LB plays a role in the process, the mashawould be that LB is the
reconnection place (red ellipse in Fig. 13) which is brigline3 minute oscillations and the fibril is
the ejected material due to reconnection. This argumenatesis in that even though there were
no significant activities observed in the Ca Il H afieband, surges that are observed in With the
LB strengthened in the 3 minute oscillations and the 15 neitgtillations signify the significance
of the fibril.

Is this also related to the umbral flash? The enhancemenedddippler signal in the 3 minute
oscillations indicates an enhancement of the chromospliegiof Ho, but the dynamics in the fibril
area do not necessarily define the dynamics of all the umbrae.

5 CONCLUSIONS

We have investigated the chromospheric dynamics and howateerelated to the photosphere by
studying the fibril with high resolution in spatial and temalobservations. The filtering processes
in the photospheric region, particularly near the strongmetic source and its inclination, as well as
mass motion flow, can trace the formation process that casttexlayers. We have found that (1) the
intermittent ejected material through the fibril from Dogpimages has clearly shown oscillations,
as seen in the & blue wing and Doppler signal images; (2) the oscillationghie umbrae and
penumbrae magnetic field lines above the photosphere cayraeaal broadening and form an area
that has a ring shape from 3 to 15 minute oscillations as difumof height. These traced a distinct
boundary between the umbrae and penumbrae which suggestgtzecomb structure, and indicate
that the oscillations could propagate along the inclinedmetic flux tubes from below; (3) the 3
minute oscillations strongly appeared in the inclined pebrae magnetic field lines and showed
a clear boundary for the LB, as seen in tha khe center and H blue wing; (4) the 5 minute
oscillations were dominant in the outer umbrae region neaumbrae-penumbrae boundary, which
suggest that the comb structure has a predominantly dovdnwation; (5) the 7 minute oscillations
were transparent in thed-blue wing. However, like the cases of 10 and 15 minute osicilia, they
were concentrated in the inner penumbrae, as seen indHmeélcenter. But is the fibril also related
to an umbral flash? From the morphological signature thexénalications of an interplay between
mass motion and a strong magnetic field, but further analysitll needed to reveal the interaction
between the two.
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