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Abstract Study of the small-scale structures and material flows dessatwith solar
quiescent filaments is very important for understandinddhmation and equilibrium
of solar filaments. Using high resolutiornHlata observed by the New Vacuum Solar
Telescope, we present the structures of barbs and matened filong the threads
across the spine in two quiescent filaments on 2013 Septegthand on 2012
November 2, respectively. During the evolution of the filanbkarb, several paral-
lel tube-shaped structures formed and the width of the &tres ranged from about
2.3 Mm to 3.3 Mm. The parallel tube-shaped structures metaggether accompanied
by material flows from the spine to the barb. Moreover, theraauy between the
barb and surrounding atmosphere was very neat. The costnéaming flows were
not found to appear alternately in the adjacent threadseofitliment. However, the
large-scale patchy counter-streaming flows were detegtédeifilament. The flows in
one patch of the filament have the same direction but flowsdratijacent patch have
opposite direction. The patches of two opposite flows witlza sf aboutl0” were
alternately exhibited along the spine of the filament. Thieaity of these material
flows ranged from 5.6 kms to 15.0 km s''. The material flows along the threads of
the filament did not change their direction for about two Iscamd fourteen minutes
during the evolution of the filament. Our results confirm ttiet large-scale counter-
streaming flows with a certain width along the threads ofrdillEments exist and are
coaligned well with the threads.
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1 INTRODUCTION

Solar prominences/filaments are relatively cool and highsifg structures that are embedded
in the chromosphere and the million-degree corona (Hirayd®85; Tandberg-Hanssen 1995).
Prominences appear as bright structures against the dekigioaind above the solar limb. When
projected on the solar disk, they exhibit darker structtinas their surroundings in chromospheric
lines.
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Filaments are typically long-lived features, ranging framout one day to several weeks.
Filaments exhibit many characteristics that are diffefemtn sunspots in a solar cycle (Li et al.
2010; Kong et al. 2014, 2015). In general, quiescent filambate two linked categories of struc-
tures: “spines” and “barbs.” A “spine” is the highest partaofjuiescent prominence that forms an
axis that is horizontal and is composed of many resolvabieatts, while “barbs” are connected
to the spine and terminate in the chromosphere (Martin 1998)eover, the filament threads in
quiescent filaments are shorter than those in active redanédnts (Zhou et al. 2014).

The counter-streaming flows along closely spaced vertegibns of a prominence between its
top and the lower solar atmosphere were reported by Zirlkar €1998). It has been well-established
observationally that the entire filament bodies are comgpa$eumerous thin threads, which are
largely horizontal and oriented at angles of 20—25 degrelesive to the long axis of the filament
(Engvold et al. 2001). The filament threads may represeraragpflux tubes (Engvold 1998). Lin
et al. (2003) found that the net velocities of the countezashing flows in the two directions are
about 8 km s'. The width of the thin threads is 0.3”, and the velocity of the continuous flow
along the threads is about 15 km's(Lin et al. 2005). A small-amplitude wave propagates along
a number of filament threads with an average phase velociy2dfm s ! and a wavelength of
4", and the oscillatory period of individual threads variemir3 to 9 minutes (Lin et al. 2007). By
using the off-band K observation of Hida/DST, Schmieder et al. (2008) reported the counter-
streaming flows in the filament were detected before its @n@nd its velocity was 10 kms.
The merger, separation and oscillation of the filament spivere found by Ning et al. (2009a). Cao
et al. (2010) found that the upflows at the filament footpoietevdriven by the oscillation of the
solar surface. The dip model of prominences claims that &k is supported by means of a dip in
the magnetic field lines over the minor polarity (Aulanier &m@oulin 1998; van Ballegooijen 2004).
Chae et al. (2005) found that the terminating points of thd®accurred above the minor polarity
inversion line by comparing theddimages with magnetograms taken by SOHO/MDI and the flux
cancellation proceeded on the polarity inversion line.itesults are in accordance with the idea
that filament barbs are cool plasma suspended in the locabdliihe magnetic field lines formed by
magnetic reconnection in the chromosphere. The formatidrdégsappearance of filament barbs may
be connected with the flows (Joshi et al. 2013). The emergandeancellation of magnetic flux
may also cause the formation or disappearance of the magtetctures of the barb (Li & Zhang
2013). The larger-scale patchy counter-streaming flow iVEldng the filament channel from one
polarity to the other observed by Hinode/EIS was found todbated to the intensity of a plage or
active network (Chen et al. 2014).

Up to now, there have been two viewpoints on the counteastireg flows: one relies on steady
bidirectional streaming everywhere in the filament alongeeht closely spaced threads (Zirker
et al. 1998); the other considers larger-scale patchy eostiteaming flows in EUV along the fil-
ament channel from one polarity to the other (Chen et al. 20CHen et al. (2014) have found
no EUV counterpart of the fine-structuredvitounter-streaming flow along the filament channel,
as implied by Zirker et al. (1998). They explained that thequlious Hx counter-streaming flows
found by previous researchers are mainly due to longitudsallations of filament threads, which
are not in phase with each other. The larger-scale patchytenstreaming flows are another com-
ponent of unidirectional flows inside each filament threadddition to the longitudinal oscillation.
Therefore, the nature of the material flows in the filamergalds deserves further investigation. In
addition, although the structures of quiescent filamente lagso been studied for decades, the fine-
scale structures of filament barbs and spines are still galiginclear at present. To address these
issues, we present two quiescent filaments observed by tlid/Blmuum Solar Telescope (NVST) to
show small-scale structures and the evolution of filameriidand the material flows in the filament
threads.

Section 2 gives observation and data processing. Resalteacribed in Section 3. Conclusion
and discussion are shown in Section 4.
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2 OBSERVATION AND DATA PROCESSING

The NVST is a vacuum solar telescope with a 985 mm clear agerfine vacuum system consists
of two vacuum tubes because the telescope should rotate altititde axis in addition to its azimuth
axis. These two vacuum tubes are separated by two vacuunowdnén optical window (W1) with

a diameter of 1.2 meters is placed on the top of the vacuumttukeep the air pressure inside the
tube lower than 70 Pa. The optical system after W1 is a modiedjorian system with an effective
focal length of 45 m. The primary mirror is a parabolic imagimirror with a clear aperture of
985 mm. Detailed information about NVST can be referencediinet al. (2014). The NVST is
one of the primary observational facilities at the FuxiataB®bservatory (FSO). The other two
facilities are the Optical and Near-infrared Solar Erupfisacer (ONSET) (Fang et al. 2013) and
the new digital spectrometer (Gao et al. 2014). The maimséiegoal of NVST is to observe fine-
scale structures in both the photosphere and chromospherelti-channel high resolution imaging
system was set up and one chromospheric channel and twosphetic channels can now be used
to acquire observations (Wang et al. 2013). The trackingr@aoy of NVST is less thaf.3”. The
Ha filter is a tunable Lyot filter with a bandwidth of 0.2Z6 Thanks to the good atmospheric seeing
of Fuxian lake, observations at NVST can last for severakfiolihe data used in this study were
obtained by the NVST in H 6562.8A from 00:51:12 UT to 04:12:08 UT on 2013 September 29
and from 05:53:07 UT to 08:07:56 UT on 2012 November 2. Thenad of Hv observationsis 12 s
and the pixel size is 0.16 The reduced data from NVST are classified into two levelse Brthe
Level 1 data that are processed by frame selection (luckgimgd (Tubbs 2004). The other is Level
1+ data that are reconstructed by speckle masking (Wei§&lt;lLohmann et al. 1983) or iterative
shift & add (ISA; Liu et al. 1998). The H data used in this paper were dark current subtracted and
the flat field was corrected to Level 1, and then the Level 1 wata reconstructed to Level 1+ with
the speckle masking method of Weigelt (1977). The images weraligned by using the subpixel
registration algorithm (Feng et al. 2012; Yang et al. 2014).

3 RESULTS

Figure 1 shows the high-resolutionnHmage of the quiescent filament observed by NVST at
00:51:12 UT on 2013 September 29. The quiescent filament ozaddd in the northwest part of
the Sun. The center of the field of view was located at 240" andy = 450”. Due to the field
of view, only a part of the quiescent filament was observee.quiescent filament was very mature
and large with a large barb and spine. This filament starteapp®ar on the east part of the Sun
on 2013 September 20, which was found by checkingddta from Big Bear Solar Observatory.
The threads of the barb smoothly transited into the spingebler, the boundary between the barb
and the outer atmosphere was very neat. To address thelsgiaaitures of the barb, we measured
the intensity of the barb and the outside atmosphere. Therelifce in the intensity between both
sides of the boundary of the barb is about 10%. This illusgélhat each side of the boundary has
different magnetic structures. Up to now, we have not fouhg the boundary between the barb and
the outer atmosphere is so obvious. We conjecture thattihistsre may be related to the special
magnetic structures of the barb. When quiescent filamepisaat the solar limb, the bright arched
structures are often observed (see fig. 3b and 3c in Mackay2&0). Many vertical threads appear
connecting the boundary of the arched structures with tliegyf the prominences. Moreover, there
is a cavity below the arched magnetic structure. We sushactthie obvious boundary between the
barb and the outside may be due to the projection of the arsthectures of the quiescent filaments
on the Sun. Confirmation of this speculation needs contiaidgh resolution observations to trace
the evolution of solar filaments from the solar disk to thedim

Figure 2 shows the evolution of the barb from 01:20:52 UT td00&23 UT. At the begin-
ning, the barb is composed of parallel narrow threads, amtil those in the spine. The individual
threads gradually blend with the neighboring threads.r&fédf an hour, the intensive narrow threads
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Fig. 1 High-resolution Ry image of the quiescent filament observed by NVST at 00:51. 12k
2013 September 29. The green line is used to mark the posititre time slice shown in Figure 3.

Fig.2 Sequence of high-resolutiondHimages that show the evolution of the filament barb from
01:20:52 UT to 04:09:23 UT on 2013 September 29. The blackarindicate the materials, which
are flowing from the spine to the barb.

evolved into the distinct parallel tube-shaped structufée structures were maintained for about
half an hour and began to merge together, accompanied bydteriad flow from the spine to the
barb. The black arrows in Figure 2 indicate material flowsrfrihe spine to the barb. The typical
width of the threads in the quiescent filaments is betwe2hand0.3” (Lin et al. 2005). The pixel
size of Hx in the Level 1+ data is 0.16 The resolution of NVST can identify the threads of the qui-
escent filament. The width of the parallel tube-shaped &tras was larger than the typical size of
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Fig. 3 Upper panel: A time slice taken from high-resolutionddimages at the position marked by
the green line in Fig. 1. The green dotted lines indicate th@arallel flux tube-shaped structures
formed in the barbLower panel: The intensity along the red line in the upper panel. Theicairt
dotted lines outline the widths of the six tube-shaped #iires that were formed during the evolution
of the barb.

individual threads. This evolution process of the filameart be seen from supplementary movie 1
(http://mww.raa-jour nal .org/docs/ Supp/ms1934moviel.avi).

In order to show the change in the barb, we make a time slicggyatwe green line in Figure 1.
The time slice is shown in the upper panel of Figure 3. Thetlewngthe slice is 40 Mm and the
time is from 02:00 UT to 04:12 UT. The green dotted lines iatiéche six parallel flux tube-shaped
structures that formed in the barb. The six parallel tubepsl structures had a converging motion
and gradually merged with each other. The change in inteakihg the red line in the upper panel
of Figure 3 can be seen from the lower panel of Figure 3. Thécatrdotted lines are marked
to show the widths of the six parallel tube-shaped strustufbe widths of the structures are 3.3,
2.7, 3.2,3.1, 2.6 and 2.3 Mm. The average width is about 2.9 W plasma flowing along the
filament threads may be considered as evidence for the adighofthreads along the local magnetic
field. This scenario is suitable for flows in the horizontalgnetic fields of the quiescent filament.
However, the flows in the vertical structures of the quieségmments may not be aligned with
the field because the velocities of the flows in the vertice¢dlds of the quiescent filaments are
lower than their free-fall velocities. Chae et al. (2008)leined the vertical threads of the quiescent
prominence in terms of magnetic dips in the initially hontal magnetic fields. To our knowledge,
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Fig. 4 High-resolution Ry image of the quiescent filament observed by NVST at 05:53:00k/
2012 November 2. The green and yellow lines mark the areabalre material flows with the same
direction and the red lines denote material flows in oppaditections. The lines marked by the
numbers indicate the positions of the time slices showndn i

the formation of the tube-shaped structures in a regulangement during the evolution of the
barb has not been reported. The role of the tube-shapedws®adn the formation and evolution
of the barb is unclear. Please keep in mind that we only rgcebserved these structures and the
exact direction of magnetic fields may not align with thesacitires because of the lack of vector
magnetic field data. Even though the weather was not very gn@813 September 29, the evolution
of the barb can clearly be seen. However, the material flovilsarfilament threads of the filament
were not observed.

To study the material flows in the filament, another quiesfilmbent on 2012 November 2 was
examined. This quiescent filament was located close to tith pole. The center of the field of view
was located at = —300” andy = —743".

Figure 4 shows the high-resolutiombimage of the quiescent filament at 05:53:07 UT observed
by NVST. The filament is composed of the threads in the spihe.dngle between the spine and
the threads is about 36 degrees. From the evolution of theditd, we found that the material flow
in the filament threads is different from the results obtdibg some previous researchers (Zirker
et al. 1998; Lin et al. 2003). Zirker et al. (1998) and Lin et(@003) found steady bidirectional
streaming everywhere in the filament along adjacent clagmged threads. However, we found that
the counter-streaming flows in this filament did not obey tile that the flows in adjacent threads
have opposite directions. The flows in one patch of the fildriigaads had the same direction but the
flows in the adjacent patch of the filament threads had oppdsiéctions. This finding is consistent
with the large-scale counter-streaming flows in an EUV filatr@annel observed by Chen et al.
(2014).
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Fig.5 The three time slices taken from high-resolution khages at positions marked by the num-
bered lines in Fig. 4. The velocities of the counter-strempfiows are marked in the figure.

To calculate the exact velocity of the material flows, we make time slice every five pixels
along the filament spine, which is parallel to the thread$effilament with an inclination angle of
36 degrees. In Figure 4, we selectively draw 12 lines witfed#nt colors every 20 pixels to show
the different regions with material flows in opposite direns. Along the filament spine, we make
40 time slices between the uppermost yellow line and therdmast green line in total to calculate
the velocities of the material flows. Lin et al. (2009) fouhdtthe individual threads swayed back
and forth sideways in the plane of the sky with quite a smalpl@ode (< 100 km). To eliminate
the swaying motion of the threads, we take the average iityeoisthe three pixels perpendicular
to the line, in which one pixel is on the line and the other tvisee[s are on both sides of the point.
We found that there was large-scale counter-streamingavitrtain range in the filament. Lines
with the same color indicate that the material flows alongéh@es have the same direction. We
give three examples to show how the material flows with timieet 1, 2 and 3 are parallel to the
threads of the filament and are positioned over the threadsnéke three time slices along these
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three positions to show how the mass flows with time. Timeslicslice 2 and slice 3 along the three
lines, marked by 1, 2 and 3 in Figure 4 respectively, are shovAigure 5. We trace the features to
estimate the velocity along the threads by using a lineanditfThe velocities of counter-streaming
flows range from 5.6 kms' to 15.0 km s'!. This process of evolution for the filament can be seen
from supplementary movie aitp://www.raa-journal.org/docs/Supp/ms1934movie2.avi).

4 CONCLUSION AND DISCUSSION

The small-scale structures of filament barbs and counteasiing flows in the threads were investi-
gated in detail by using high resolutiorattlata. First, we found that the thin threads in the barb can
form parallel tube-shaped structures with a width of abddn3. These structures formed during the
evolution of the barb. Following the material flows from tipéne to the barb, these structures merged
and disappeared; Second, we found large-scale counéamsing flows in a certain range along the
threads in the filament spine rather than the steady bidbreadtcounter-streaming flows everywhere
in the filament along adjacent closely spaced threads. Tloeities of the counter-streaming flows
range from 5.6 kms! to 15.0km s,

The thin dark threads along the quiescent filament spinedarixs have been observed by the
Swedish 1-m Solar Telescope (SST) and Dutch Open Telesétgiezel 2007). These threads are
regarded as the shear of the magnetic field lines. The flowlagnas along the thin threads are
considered to be evidence that alignment of the threadsthéthocal magnetic field (Martin et al.
2008). Chae et al. (2005) suggested that filament barbs atenadter suspended in local dips in the
magnetic field lines formed by magnetic reconnection in th®mosphere. However, the detailed
evolution of the barbs has not been investigated by prewvaotisors. The barb investigated in this
paper is a typical mature one. The boundary between the artiree surrounding atmosphere
is very neat. The threads of the barb are smoothly conneotétetspine of the filament. Unlike
the filaments studied by Lin et al. (2005, 2007), the pardéfietads of the filament studied in this
paper have an angle of about 36 degrees with respect to the apihe filament. The parallel tube-
shaped structures are formed during evolution of the banigiwhas not been reported in a previous
paper. The same phenomenon did not occur in the spine of #meeiiit during its evolution. The
width of these structures in the barb ranges from about 2.3tM&.3 Mm, which is larger than
the width of the threads (150-450 km) obtained by Lin et &00&). The nature of these parallel
structures deserves further investigation. Because tbeities of the flows in the vertical threads of
the quiescent filaments are lower than their free-fall vitikess Chae et al. (2008) and Chae (2010)
proposed magnetic dips in the initially horizontal magoéilds to explain this phenomenon. We
only observed downflow from the spine to the barb. As this fdatwas observed in the solar disk,
the upflows in the vertical structures of the prominencesidby Berger et al. (2010) cannot be
observed. Joshi et al. (2013) found that the formation asdpfiearance of the filament barbs are
closely related to the material flows. Our results also contfiis viewpoint. However, understanding
why the parallel tube-shaped structures appear duringvibleteon of the barb and their role in the
barb formation and evolution needs more observation andlation.

The steady bidirectional streaming everywhere in the filanadong adjacent closely spaced
threads was discovered by Zirker et al. (1998). They fouatlttie counter-streaming is especially
clear in the spine, but the same phenomenon also existsliaths. Therefore, the counter-streaming
flows are also claimed to exist in the filament by several agtflan et al. 2003; Schmieder et al.
2008). Ahn et al. (2010) found that the pattern of horizoatainter-streaming motions is due to the
return of the moving plasma fragments. However, from oueolzion, we have not found the ubig-
uitous Hx counter-streaming flows in adjacent threads of the filanfexttwere reported by previous
researches (Zirker et al. 1998; Lin et al. 2003; Schmiedal. &008). We found that the large-scale
counter-streaming flows existed in the filament spine. Onehpat the flows showed the same direc-
tion and an adjacent patch of the flows displayed opposieztiins. The width of the patches was
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about10”. The patches exhibited alternating directions along ttieespf the filament. This result
is different from that of Zirker et al. (1998). Chen et al. {2) used the extreme ultraviolet (EUV)
spectral observations and found there are no EUV countsrpathe Hy counter-streaming flows
in the filament channel. The larger-scale patchy counteasting flows in EUV along the filament
channel were found from one polarity to the other (Chen e2@l4). The upflows and downflows
observed by Chen et al. (2014) were about 10 ki svhich are the same as the transverse velocities
along the filament threads obtained by us. They suggesteththabiquitous K counter-streaming
flows found by previous researchers are due to the longialidscillations of the filament threads,
which are not in phase with each other. The results mentiabeue are obtained by using the line-
of-sight velocity or Doppler velocity and they have not gddhe transverse motion of the features
of the filament observed byddobservation.

From our observation, we found that the dark material flowescaraligned well with the threads
and do not cross the threads. Moreover, our results showvhibia is a large-scale counter-streaming
flow with a certain range in the threads of the quiescent filgmébiquitous Hyv counter-streaming
flows in adjacent threads of the filament are not found in oangXe. The long oscillation period of
a quiescent filament is 98 minutes, as obtained by Ning e2@09a). The continuous material flows
along the threads lasted for about two hours and fourteeatesrand did not change their directions
during our observation. If the material flows are caused bytthnsverse oscillation of the filament,
we should have observed the returning flows. Lin et al. (2@@@)Lin (2011) found that the period
of the swaying motions of individual filament threads is ab®uninutes by using high-resolution
observations obtained by the SST in La Palma. The same pedasdlso obtained by Ning et al.
(2009b) by analyzing small-scale oscillations in a quiaspeominence observed by Hinode. Parenti
(2014) presented a detailed review of the oscillation oftftaninences. Moreover, the amplitude of
the transverse oscillation was very small, about 5 Mm (Ningl.€2009b). The continuous material
flows can last for the whole observational time and did noingeatheir direction. Therefore, we
think that these flows are not caused by the transverseatgmillof the filament. Our result supports
the viewpoint suggested by Chen et al. (2014) and Okamoto(@0®7) that ubiquitous H counter-
streaming flows in adjacent threads of the filament may besdry the longitudinal oscillation of
the filament threads. Berger et al. (2010) found that plassmaihg the prominence is entrained
by the upflows, which have ascent speeds of 13—-17 kh Ehe fine structures acquired at Ca Il
H have a rising speed of 5-20 km'sbefore the formation of the filament (Okamoto et al. 2010).
Some of them fell down after reaching their maximum heigits)e others rose with decelerating
speed and stayed in the corona. The upflows may be counteckeadldy ubiquitous downflows in
the prominence (Berger et al. 2008). The detailed relatiiprizsetween the downflow/upflow and the
transverse material flows in the threads of the quiescenidita deserves further investigation.
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