JOURNAL OF THE KOREAN ASTRONOMICAL SOCIETY
40: 67 ~ 82, 2007

Ho SPECTRAL PROPERTIES OF VELOCITY THREADS CONSTITUTING A

QUIESCENT SOLAR FILAMENT

JoNGcHUL CHAE!, HYUNG-MIN PARK? AND YOUNG-DEUK PARK?

! Astronomy Program & FPRD, Department of Physics and Astronomy, Seoul National University, Seoul 151-747,

Korea
e-masl: chae@astro.snu.ac.kr
2 Korea Astronomy and Space Science Institute, Whaamdong, Yooseong, Daejeon, 305-348, Korea
(Received September 17, 2007; Accepted September 21, 2007)

ABSTRACT

The basic building block of solar filaments/prominences is thin threads of cool plasma. We have
studied the spectral properties of velocity threads, clusters of thinner density threads moving together,
by analyzing a sequence of Ho images of a quiescent filament. The images were taken at Big Bear Solar
Observatory with the Lyot filter being successively tuned to wavelengths of -0.6, -0.3, 0.0, +0.3, and
+0.6 A from the centerline. The spectra of contrast constructed from the image data at each spatial
point were analyzed using cloud models with a single velocity component, or three velocity components.
As a result, we have identified a couple of velocity threads that are characterized by a narrow Doppler
width ( Adp = 0.27 A), a moderate value of optical thickness at the Ha absorption peak (19 = 0.3),
and a spatial width (FWHM) of about 1”. It has also been inferred that there exist 4-6 velocity
threads along the line of sight at each spatial resolution element inside the filament. In about half of
the threads, matter moves fast with a line-of-sight speed of 1543 km s~1, but in the other half it is
either at rest or slowly moving with a line-of-sight velocity of 04+ 3 km s~!. It is found that a statistical
balance approximately holds between the numbers of blue-shifted threads and red-shifted threads, and
any imbalance between the two numbers is responsible for the non-zero line-of-sight velocity determined
using a single-component model fit. Qur results support the existence not only of high speed counter-
streaming flows, but also of a significant amount of cool matter either being at rest or moving slowly
inside the filament.
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I. INTRODUCTION

Observations of prominences outside the solar limb
{Engvold 1976; Engvold et al. 1989; Zirker & Koutchmy
1990, 1991; Mein & Mein 1991) and filaments on the so-
lar disk (Simon et al. 1986; Mein et al. 1994; Lin et al.
2005) have supported the view that the basic building
block of prominences/filaments is threads that are too
thin to be spatially resolved in most observations. Each
spatial resolution element of observations carries mixed
information on a number of threads that exist along the
line of sight inside the square area on the plane of the
sky. Statistical modelling has often been used to infer
the number of threads and mean properties of threads.
Limb observations have indicated that the number of
threads in the resolution element range from a few (En-
gvold et al. 1989) to 20 (Zirker & Koutchmy 1990)
while disk observations yielded smaller values for most
spatial elements (Mein et al. 1994).

Mein & Mein (1991) emphasized the importance of
distinguishing between the concepts of ‘velocity threads’
and ‘density threads’. A velocity thread may be defined
as a thread inside which bulk motion slowly varies with
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position, whereas a density thread is one inside which
temperature and density vary slowly. They suggested
that velocity threads consist of bundles of cool den-
sity threads driven by similar motions. As a conse-
quence, the characteristic scale Ly of the velocity field
should be larger than that of the density or tempera-
ture, L. These two scales should be smaller than that
of the magnetic field Lp, resulting in the inequalities
Lt < Ly < Lp, as summarized by Mein (1994). The
width of velocity threads may be of the order of 17
(Mein & Mein 1991) while that of density threads may
be much smaller. It may be velocity threads that have
been statistically modelled in previous studies (Engvold
et al. 1989; Zirker et al. 1990, 1991; Mein & Mein 1991;
Mein et al. 1994). Only the highest spatial resolution
observations such as those done by the 1 m Swedish
Solar Telescope (Lin et al. 2005) succeeded in spatially
resolving density threads in filaments. From these ob-
servations it has been found that the FWHM widths of
density threads range from 0.2 to 0.6 arc seconds, with
an average of about 0.3 arc seconds.

During the last decade there has been increasing ev-
idence from Ha observations (Zirker et al. 1998; Chae
et al. 2000; Lin et al. 2003, 2005) and UV/EUV
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observations (Wang 1999; Chae 2003; Kucera et al.
2003; Kucera & Landi 2006) that plasmas in promi-
nences/filaments often move at significant speeds along
threads. It appears that plasma in a velocity thread
moves independently of that in neighboring threads,
resulting in the velocity pattern of counter-streaming
(Zirker et al. 1998). Since the threads are the building
blocks of filaments, and motion characterizes individ-
ual threads, it is essential to reveal the physical nature
of the motion in threads for the study of filament fine
structure.

Zirker et al.(1998) proposed that the existence of
such fast moving plasma may negate the need for dip-
like magnetic structures that have been thought to sus-
tain cool plasma high in the corona against gravity.
Thermal instability has been considered as the phys-
ical origin of such high-speed motion (Karpen et al.
2006 and references therein). In such models, magnetic
dips are not an essential ingredient for supporting cool
plasma in prominences/filaments. If this kind of idea is
to be effective, all the threads should be dynamic, filled
with fast-moving plasma. This theoretical expectation
needs to be verified observationally.

Basically there are two different ways to infer the
motion in threads from observations. One is to make
use of spectral information in data to infer the line-of-
sight velocity. The other is to use a time series of im-
ages to infer the transverse velocity in the plane of sky.
In principle, these methods, when combined, can yield
the velocity vectors that are crucial in interpreting the
geometry of the motion. Such an attempt was made
by Lin et al. (2003). They used the technique of stack
plots of slices and successfully inferred the transverse
velocities. The line-of-sight velocities they deduced,
however, were seriously underestimated, even if they
may have had the correct signs, because the Doppler
signal they used is contributed to not only by the fil-
ament, but also by the underlying chromosphere, as
discussed in our previous work (Chae et al. 2006, here-
after Paper I). This kind of limitation mainly arises
from the shortage of spectral information, since only
three wavelengths were used to determine the Doppler
shift in the work of Lin et al. (2003).

In Paper I, we showed that the inclusion of two more
wavelengths significantly increases the accuracy of the
line-of-sight velocity as well as the number of physi-
cal parameters to be obtained. It was also described
in Paper I how to reduce the spectral profiles of in-
tensity contrast from observations, and it was shown
that the profiles are usually well fitted by the cloud
model. Maps of optical thickness, line-of-sight velocity,
and absorption width obtained from this kind of data
may be useful for inferring the physical parameters and
internal dynamics in filaments.

The objective of the present paper is to infer the
spectral properties of the velocity threads in a fila-
ment. We use the same set of data as was used in
Paper 1. Specifically we will identify a couple of veloc-

ity threads and determine the properties of a typical
velocity thread. We will then apply the single velocity
component cloud model fit to the data in the way de-
scribed in Paper 1. On top of this, we will extend the
method of the cloud model to incorporate two velocity
components, three velocity components, and more. Im-
portant results will be obtained from three-component
cloud models.

II. OBSERVATIONS

Our Ha observations were carried out from 15:45 UT
to 24:00 UT on 2004 August 3 at Big Bear Solar Obser-
vatory. The filament we observed was located on the
northern hemisphere of the Sun (X=-400", Y=+240",
N15, E26, cosf = 0.87), inside a filament channel as-
sociated with an old active region. This filament has
two well-defined barbs. The magnetic environment of
these barbs was studied by Chae et al. (2005). In this
study, we focus on the threads that constitute one of
these barbs as well as the filament body (spine).

Figure 1 shows several sample images of the filament
of our interest taken during the observation period of
about 5 hours. This filament is associated with an old
active region, so it may be classified as an intermediate-
type filament. Like other filaments, this filament has
two parts: a peninsula-like extrusion called a barb and
the long axis of the filament, called a spine. The spine is
slightly curved like a bow. The barb is right-bearing so
the filament is a dextral filament. During our period of
observation, the large-scale morphology of the filament
did not change much, but the fine scale structures as
represented by threads underwent ceaseless changes.

The observations were performed using a 10-inch re-
fractor equipped with a Zeiss Ha birefringent filter of
0.25 A bandwidth, and a fast 1024x 1024 camera (DAL-
STASR 1M30P) made by Dalsa Corporation. One pixel
of the camera corresponds to 0.375” or 270 km on the
Sun. The filter was successively tuned to the five wave-
lengths at Ha-0.6, -0.3, 0.0, +0.3, +0.6 A on the basis
of a computer control. The exposure time was taken to
be 60 ms and the corresponding frame rate was found
to be 16 fps. The technique of frame selection was ap-
plied and only the best image among 30 frames was
saved at each wavelength. It took 15 s to finish one
scan of five wavelengths and 4 s to resume the next
scan. As a result of the observing run, we obtained a
total of 7308 images that day, but in the present work
we analyze only a small fraction of these data for our
study.

Data processing was described in detail in Paper 1.
The final outcome of the data processing is contrast
data defined by

1% (2, y) — I5"

O (a,y) = 22
A

(1)

for A = —0.6,—0.3,0.,+0.3,+0.6 A from the center of
the It*f profile. Here IS”5(x, y) is the observed intensity
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Fig. 1.— Some of true color Ha images taken at different times. Red color represents the absorption at +0.6 A, green at

0.0 A, and blue at -0.6 A. The field of view is 90” by 60”.

at an arbitrary point (x,y), and I;ef is the intensity of
the reference atmosphere below the filament, which is
practically defined as the average of observed intensity
over the featureless regions near the filament.

III. DATA ANALYSIS

Our data analysis is based on the widely used theory
of radiative transfer for a cloud-like absorbing struc-
ture, called the cloud model, in which the theoreti-
cal contrast C3°?*! between the intensity emergent out
from the structure I{"* and the intensity incident into

it I;“ is expressed like

Iout _ Iin S I

cpedel = 22 = (—Tcn - 1) (1 —exp(—T73)) .
It I I}

(2)

The normalized Her intensity profile Ii* /I, is set to that
at the disk center given by Wallace et al. (1998). Note
that S/I, is assumed to be independent of wavelength
and also of position inside the absorbing structure.

The goodness of fit of the model at a spatial point
is measured by

1 1
2 _ obs dely2
-3 LA o @)

X

where Ny is the degree of freedom that is equal to the
number of data points less the number of free param-
eters. In Paper I, we have estimated that o < 0.015.
For the present study, we choose o = 0.01.

If the spectral information in the contrast data is
not abundant enough, it may be difficult to uniquely
determine all of these parameters from the data. This
is the case in our data where there are only five spectral
points. Therefore we have added two zero contrasts at

the wavelengths A\ = +1.5 A to increase the number
of data points to seven. This is a reasonable approach
for quiescent filaments.

An intrinsic difficulty in the analysis of filament ob-
servations is the contamination in the spectral data by
the line-of-sight overlapping of highly dynamic chro-
mospheric structures such as mottles and fibrils. The
contamination makes the contrast profile too complex
to allow a meaningful spectral analysis. A fortunate
thing is that it is possible to discern the area of serious
contamination since mottles and fibrils are prominent
in the off-band wavelengths while filaments are promi-
nent on the centerline (see Figure 1). We find from the
figure that the upper-left part of the filament is subject
to such contamination. In other areas, the effect of con-
tamination is negligible.

We suppose each cloud-like absorbing structure con-
sists of a finite number of velocity threads that are lo-
cated along the line of sight, and each velocity thread
has its own optical thickness whose wavelength depen-
dence follows a Gaussian distribution.

(a) Single velocity component model

The traditional version of the cloud model adopts a
single Gaussian function for the optical thickness

Ty = Toexp [* (AA;‘)O)T . (4)

The single velocity component model has four free pa-
rameters to be determined: S/I., 79, A9, AAp. This
model is simple and good enough for the investigation
of individual threads, when only one thread lies along
the line of sight. However, usually there is more than
one thread along the line of sight, so the parameters ob-
tained from single-component model fits may represent
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those not of individual threads, but of their combined
effects. Paper I presents some details on the single-
component cloud model fit.

The line-of-sight velocity of the thread is given by
vg = 450 km s~1, when ) is given in units of A. Recall
both A and A¢ are measured from the center of the
reference Ha line profile that has been taken from the
average atmosphere of featureless regions surrounding
the filament.

(b) Two velocity-component model

The next simplest model is the two velocity-component

model

A=A\ A-x)?

Tn = Tr €XD < AND + Ty €Xp Ao

(5)
with four free parameters to be determined: 7., Ay, 7,
Xp- The parameter S/I. is set to the value obtained
from the single-component model, and the parameter
AXp is set to 0.27 A, the Doppler width of resolved
threads. This model is suited for describing the line-
of-sight overlapping of two threads moving in opposite
directions.

(c) Three velocity-component model

The three velocity-component model of the form
A=A\ e A\
TN = Tr€xXp|— Ts - —
> P17\ A P17\ ax
A=2)\2
+ Tpexp [— < A)\Db> } (6)
is the simplest model that can represent the stationary,
blue-shifted, and red-shifted components. This model
has five free parameters to be determined: 7., A, 75, 75,
Ap. Note that the parameters S/I, and AXp are set to
constant values as described above. We further reduce
the number of degrees of freedom in the free parameters
to be determined, by applying the constrained fitting
method described in Paper I and Chae et al. (1998).
Specifically we constrain A,., Ay to be around the pre-
scribed values 0.36 A and -0.36A, respectively, within
a standard deviation of 0.20 A from these values. The
specific value of 0.36 A was chosen to ensure the best

overall goodness of fit as measured by the value of (x?)
averaged over all the points inside the filament.

(d) Multi velocity-component Model

An ideal model for the study of filament threads is
a multi velocity-component model

= gn exp [_ (AA—A :)2} (7)

TABLE 1.
PARAMETERS: THE SINGLE-COMPONENT CLOUD
MODEL PARAMETERS OF VELOCITY THREAD 1.

PARAMETER VALUE
T0 0.31
Alp 0.27 A
T0 A)\D 0.084 A
WIDTH ~1"

where every thread is considered as a velocity compo-
nent. In this model, the number of threads N itself
is treated as a free parameter, so that the model has
2N 4 1 free parameters to be determined: N, 7;, A;
i =1,2,..,N). As in the case of three-component
model, the parameter S/I. is fixed to the value deter-
mined from the single-component fit, and the parame-
ter AXp is set to the Doppler width of resolved threads.

As shall be shown later in this paper, the number
of threads N is usually greater than three, so that
the number of free parameters turns out to be bigger
than seven. Our data have too few spectral points for
this model. Therefore we cannot apply this model to
our data, and our analysis is confined to the single-
component model, two-component model, and three-
component model.

—

IV. EXAMPLES OF CLOUD MODEL FIT-
TINGS

To illustrate the results of model fitting, we study in
detail four contrast profiles, representing two resolved
threads, and two unresolved absorbing structures inside
the barb and the spine, respectively. Figure 2 show the
locations where these profiles were taken.

(a) Velocity Thread 1

The cross (x) symbol in Figure 2 marks a point on
a velocity thread. This red-shifted velocity thread is
clearly discernable in the color image as well as the
monochromatic images taken at wavelengths +0.3, +-0.6
A. The spatial location of the point was carefully chosen
so that the line-of-sight overlapping of other structures
is negligible. We have examined the spatial profile of
contrast across these threads at +0.6 A and found that
its FWHM is about 1.6 . If the observational blur-
ring (>1") is taken into account, the true width may
be estimated to be smaller than 1.2”.

It is found from Figure 3 that the contrast profile of
this velocity thread is satisfactorily fitted by the sin-
gle component model (x2 = 0.27). The parameters
obtained from the fit, together with the morphology
shown in Figure 2 support the view that the absorbing
structure is very likely to represent a resolved velocity
thread. Most of all, the value of AAp determined from
the fit, 0.27 A, is small enough to be accounted for by a
choice of the typical values of temperature (T' = 8000)
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L A

Fig. 2.— True color Ha image and gray-scale images taken at five different wavelengths. The symbols refer to the locations
where sample contrast profiles were taken (two for velocity threads, one for the barb, and one for the spine).

and micro-turbulence (¢ = 5 km s™1), leaving no room
for the excess broadening due to the line-of-sight super-
position of different bulk motions. It is thus consistent
with the uniformity of bulk motions inside the spatial
resolution element, the condition required for a velocity
thread. Secondly, the optical thickness obtained from
the single-component fit 7 = 0.31 is moderately small.
As we shall see later, the average optical thickness in-
side the filament is significantly larger than this value.

The values of the other parameters determined from
the single-component fit are S/I. = 0.11, and Ay = 0.32
A. From the latter value we see that the thread is mov-
ing away from us at a speed of vgp = 14.6 km s~! along
the line of sight. The parameters of this velocity thread
are summarized in Table (a). It has to be recalled that
the amount of cool material is proportional not to 7,
but to T9AAp.

Figure 3 also presents the results of a two-component
fit and a three-component fit, but the results are basi-
cally the same as that of the single-component fit.

(b) Velocity Thread 2

Figure 4 presents another example of an absorbing
structure at the location marked by the ¢ symbol in
Figure 2. This structure looks like a resolved veloc-
ity thread, and the contrast profile is well fitted by
the single-component model. From this fit we have ob-
tained S/I. = 0.11, the same value as above. However
the Doppler width obtained from the fit has a value
of 0.32 A, higher than the previous value of 0.27 A.
This suggests that the contrast profile in fact repre-
sents more than one thread along the line of sight. To
spectrally resolve the threads, we have applied a two
velocity-component fit and a three velocity-component
fit (with AAp = 0.27 A) to the data, respectively. En-
couragingly these two model fits yielded approximately
the same result, namely that the contrast profile is

well decomposed into two velocity components. From
the two velocity-component fit, we find the red-shifted
component has an optical thickness of 0.32, and the
stationary component has an optical thickness of 0.35.
These values are a little bigger than, but are not much
different from the value 0.31, the optical thickness of
velocity thread 1. This suggests that velocity threads
may have similar values for optical thickness as well as
for absorption width.

(c) Barb

The * symbol in Figure 2 locates a point inside the
barb. It apparently refers to a red thread in the color
image, but its spectral profile of contrast given in Fig-
ure 5 suggests that there may be more than one ve-
locity thread along the line of sight at the point. The
single-component model produces a reasonably good fit
(x* = 0.46), but the Doppler width (AXp = 0.49 A) is
too big for a single thread. The red-shifted velocity of
vo = 2.6 km s~! obtained from the single-component
fit is quite low, but may be understood as an average
velocity over the spatial resolution element.

The two component model fit is too poor (x2? = 24)
to yield any physically meaningful parameters. The
failure of the fitting is related to the fixed parame-
ter AAp = 0.27 A. We found that a choice 0.36 A or
higher would lead to a satisfactory fit (x? < 1), but the
Doppler width is too big for resolved threads. There-
fore, we conclude a two-component model is not suited
for this contrast profile.

The three-component model with the fixed parame-
ter AAp = 0.27 A, fits the contrast data extremely well,
with x? = 0.01. This success of the three-component
model together with the failure of the two-component
model implies that the existence of a stationary com-
ponent is crucial for explaining the contrast data.

The three component fit produced v, = +16.9
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Fig. 3.— Spectral contrast profile at the point on a velocity thread, and the results of single-component, two-component ,
and three-component fits (from left to right, and from top to bottom). Each Gaussian curve refers to the optical thickness

profile of the corresponding velocity component.

km s7! v, = ~17.2 km s, 7, = 0.51, 7, = 0.73,
and 7, = 0.30. Using these values, we may calculate
a weighted average of the velocity over the three com-
ponents as (v) = (7,0, + To0p) /(T + Ts + T) = 2.2
km s™!. This value is very close to the value vy = 2.6
km s™' obtained from the single-component fit. The
low value of the average velocity is attributed to the
approximate symmetry between the blue-shifted and
red-shifted components as well as the weight of the sta~
tionary component.

How many velocity threads contribute to the con-
trast data at this point? A simple way of getting an
answer to this question is to divide the values of the op-
tical thickness by 0.31, the value for a single resolved
thread. We obtain 1.6, 2.3, and 0.97 as the numbers
of threads in red-shifted, stationary, and blue-shifted
components, respectively. Their sum is 4.9. The non-
integer values can be understood either in terms of
thread-to-thread variation of the single-thread optical
thickness or in terms of a partial contribution of some

threads to optical thickness. We can roughly say that
the absorbing structure at this point consists of four or
five threads.

(d) Spine

Similar results may be found from model fittings of
the contrast data at a point inside the spine. The point
marked by the symbol A in Figure 2 represents the
darkest region inside the spine. The color is slightly
blueish, suggesting that it is a little blue-shifted.

The single-component model fit is not satisfactory
for this contrast profile (x? = 3.6). Even worse is
the two-component model fit (x2 = 15.7). The three-
component model fit is good enough (x? = 0.01).
The line-of-sight velocities determined by the three-
component fit are v, = +13.7 km s~! for the red-
shifted component and vy = —17.2 km s~! for the
blue-shifted component. The values of optical thick-
ness are 7, = 0.47, 7, = 1.51, and 7, = 0.78, which
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Fig. 4.— Contrast profile at the point (velocity thread 2), and the results of single-component, two-component, and
three-component fits (from left to right, and from top to bottom).

correspond to 1.5, 4.9, and 2.5, respectively, for the
number of threads. Their sum is 8.9. Recalling that
this point represents the densest part of the filament,
we find that the total number of threads at an arbitrary
point inside the filament ranges from one to nine.

(e) Dependence on A\ and S/I,

We have examined the dependence of line-of-sight
velocities on the constraining simplifications in the
three-component model. Note that S/1. has been set
to the value determined from the single-component fit.
In this approach, the point-to-point variation of S/I.
is automatically taken into account. Its value is 0.10 at
the barb point (), and 0.094 at the spine point (A).
We have found that a slight change in S/1, say, by 5%
affects the goodness of fit little, and results in a small
variation in the line-of-sight velocity of less than 4%.
The Doppler width AAp has been set to 0.27 A. We
have also found that a 10% variation in the Doppler
width results in a variation in the line-of-sight veloc-
ities of less than 2%. Therefore it is concluded that

the determination of the line-of-sight velocity using the
three-velocity-component model is not very sensitive to
the adopted values of AAp and S/I..

V. SPATIAL DISTRIBUTIONS OF MODEL
PARAMETERS

(a) Single Component Model Parameters

Figure 7 shows the maps of Ha parameters deter-
mined from the single component cloud model fit of
the set of 5 images taken at an instant (19:27 UT).
The maps were constructed from the fitting of pro-
files at 240 x 160 spatial points, but the parameters
at points outside the filament were suppressed in the
figure for visibility. Note that the effect of the spectral
contamination by fibrils is easily discernable from the
AMp map, since such spectral contamination leads to
very large values of AAp. We avoid such contamina-
tion areas, and select two regions of interest (specified
by two polygons in the figure) to represent the barb
and the spine, respectively. The barb region consists of
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Fig. 5.— Spectral profile of contrast at a point inside the barb and the results of single-component, two-component, and
three-component fits (from left to right, and from top to bottom).

1774 spatial points, and the spine region, of 1940 spa-
tial points. The mean values and standard deviations
of the parameters inside the spine and the barb are
summarized in Table (b). These value are very compa-
rable to those given in Paper 1. As expected, Figure 7
and Table (b) indicate that the barb contains less Ho-
absorbing material as measured by 19AMAp than the
spine, but is more dynamic than the spine as inferred
from the larger mean of AAp and larger standard de-
viation of vg.

Figure 7 clearly shows that the line-of-sight veloc-
ity structure of the barb is filamentary, often showing
alternating signs side by side. This characteristic is an-
other manifestation of the mixed existence of blueish
threads and reddish threads in the color image, and
may mean that plasma inside a thread moves indepen-
dently of plasmas in neighboring threads, supporting
the existence count-streaming flows previously reported
by Zirker et al. (1998) and Lin et al. (2003).

In addition, a careful examination of the vy map re-
veals that the magnitude of vy tends to get much higher

at spatial points near the edge than inside the filament.
Note that the edge often has a velocity as high as 15
km s~! while the magnitude of the velocity in the in-
terior is usually lower than 10 km s~!. This difference
may be attributed to the number density of threads. In
the interior of the filament, we may be observing sev-
eral threads with different line-of-sight velocities that
are overlapped along the line of sight. In this case, the
cloud model fit may yield an average line-of-sight veloc-
ity that may be significantly lower than the velocities
of individual threads. At the edge of the filament, such
an overlapping effect may be less serious, resulting in
less smearing and a higher line-of-sight velocity. This
also explains the active features found at the edges of
quiescent prominences by Engvold et al. (1978). If
this is the case, line-of-sight velocities higher than 15
km s™! may be common in threads in the interior as
well as at the edge.
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Fig. 6.— Spectral profile of contrast at a point inside the spine.

(b) Three-Component Model Parameters

Figure 8 presents maps of several parameters deter-
mined from three-component model fits. Prominent
blue-shifted velocity threads are well discernable in the
map of 7pv, and prominent red-shifted threads, in the
7.v, map. The visible portions of these prominent
threads have lengths ranging from 10" to 35”. This
range partially overlaps the range of the lengths of thin
threads, 5” to 20", reported by Lin et al. (2003).

Table (b) summarizes the results obtained from the
three-component fit. Note that S/Ic at each spatial
point was set to the value determined from the single-
component fit and AXp to a constant value of 0.27A.
We have set a loose constraint on the fitting so that
the two parameters v, and v, may have values not
much different from -16 km s~! and +16 km s™!, re-
spectively. The determined values have averages of -16
km s~! and 15 km s~ in the barb, and smaller values
-14.6 km s~! and 14 km s~! in the spine.

In both the spine and the barb, blue-shifted com-
ponents have slightly higher values of velocity and of

optical thickness than red-shifted components, but the
differences are very small. These small differences are
consistent with non-zero average values of line-of-sight
velocities obtained from the single component fit (see
Table (b)). Except for these differences, we can say
that there is a statistical balance between red-shifted
components and blue-shifted components.

In the barb, we find that the sum of 7, and 7, for
the moving components is the same as 7, for the sta-
tionary components. This means that half of the fil-
ament material is moving at significant speeds while
the other half is at rest. If we adopt 0.31 as the aver-
age optical thickness of a velocity thread, we can say
that there are 1.3 blue-shifted velocity threads, 1.1 red-
shifted threads, and 2.4 stationary threads on average
along the line of sight at each spatial point. In the
spine, a rough equality holds between 7, + 7, and 75,
too, but we find more threads than in the barb. We
can say that there are 1.6 blue-shifted velocity threads,
1.5 red-shifted threads, and 3.6 stationary threads on
average along the line of sight at each spatial point.

Summing up, on average each spatial resolution el-
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Fig. 7.— Color Ha image, and maps of Ha absorption parameters obtained from single-component model fits. The two
polygons mark the areas of the barb and the spine that were used for statistics.

ement contains four threads inside the barb, and six
threads in the spine. A quarter of those threads are
moving toward us, another quarter are moving away
from us, and the remaining half are at rest.

VI. TEMPORAL VARIATIONS OF MODEL
PARAMETERS

Previous observations revealed the existence of os-
cillatory components with periods of a few minutes to
half an hour as well as steady ones in the time variation
of line-of-sight velocity in filaments (e.g., Lin et al 2003;
Lin 2004). The amplitudes were found to be small (<2
km s~1), which may be mainly because the line center
method used by these authors seriously underestimates
line-of-sight velocity in filaments (see the discussion in
Paper I).

To examine the existence of similar oscillatory be-
haviors in our data, we have plotted the single-component
model parameters and three-component model param-
eters in Figure 9 as functions of time during a period
of about 100 minutes, at a fixed point inside the barb (
* symbol in Figure 2) and at another fixed point inside
the spine ( A symbol in Figure 2), respectively. The
reference time in the plot is 19:27 UT. The model fits
at this reference time are given in Figures 5 and 6.

The figures clearly show that the temporal variations
of all the parameters consist of fluctuating components
(standard deviations) as well as stationary components
(means). Their temporal means and standard devia-
tions are listed in Table VI.

In the case of single-component velocity, the fluctu-
ating components dominate over the stationary compo-

nents, especially in the barb. The velocity of the barb
point was red-shifted at time zero, but in a couple of
minutes it turned blue-shifted, implying that the ve-
locity was oscillating. It is obvious, though, from the
figure that the oscillation is not like a long train of well-
defined sinusoids. The most pronounced sinusoid in the
velocity plot inside the barb covers at most four cycles
of about 5 minute period, and the one inside the spine
covers only two cycles of about 12 minute period. The
single component optical thickness also fluctuated in
time, but its fluctuation is poorly correlated with that
of line-of-sight velocity.

Temporal fluctuation is also obvious in the time
variations of parameters determined from the three
component model fits. The comparison between the
means and standard deviations of these parameters
given in Table VI indicates that the stationary com-
ponents (means) dominate over the fluctuating compo-
nents (standard deviations), in contrast to the results
of the single-component model fits.

Figure 10 shows that the difference between 7. and
Tp is strongly correlated with the single-component ve-
locity vg. The correlation coefficient is found to be
0.85. This means that when 7, exceeds 7., the single-
component velocity is usually blue-shifted, and when 7,
exceeds 7y, it is usually red-shifted. Not only the non-
zero value of velocity in the single-component model
is explained by the small difference between 7, and 7.,
but also its oscillatory behavior can be attributed to
the temporal variation of 7. — 7,. This gives us a lesson
that one should be very careful in interpreting the line-
of-sight velocities inferred from the single-component
model fit as well as their oscillatory behaviors.
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Fig. 8.— Color Ha image and maps of mpvp for the blue-shifted component, 75 for the stationary component, and 7.v, for

the red-shifted component.

VII. SUMMARY AND DISCUSSION

(a) Summary

From the analysis of the Ha image data of a fila-
ment taken at different wavelengths, we have confirmed
that a filament consists of numerous velocity threads.
A well-resolved velocity thread was characterized by
a narrow Doppler width AAp = 0.27 A and a small
optical thickness 79 = 0.31. The values of AAp and
79 determined from single-component model fits at a
point inside the filament were usually much bigger than
these values, which supports the view that more than
one velocity thread contributes to the data. It has been
inferred that usually four to six threads lie along the
line of sight at each spatial resolution element.

We have obtained results supporting the view that
plasma in some threads comprising the filament moves
fast with a line-of-sight speed of about 15 km s=1. The
first piece of evidence is our identification of a spatially
and spectrally well-resolved velocity thread, having a
line-of-sight speed of 14.6 km s~'. Tts spectral data
were so well fitted by the single-component model with
a narrow Doppler width (Figure 3) that there is no
ambiguity in interpreting the result at all. In addition,
it was found from the line-of-sight velocity map con-
structed from single-component model fits (Figure 7)
that many spatial resolution elements at the edge of the
filament have line-of-sight speeds as high as 15 km s™1.
The prevalence of fast-moving threads inside the fila-
ments has also been supported by the result of three-
component model fits. On average the spectral data

inside the filament are best explained by introducing
high velocity components with velocities in the range
14 to 18 km s™1.

Suppose the major direction of velocity vectors of
motion whose line-of-sight components we observe is
horizontal. Then our results suggest that plasma in
the many threads comprising the filament moves hor-
izontally as fast as 30 km s~!, since the magnitude
of horizontal velocity vectors should be bigger than
vpos/sinf, where 8 is the heliocentric angle between
the disk center and the observed region. In our obser-
vations we have cosf = (.87 and hence sinf = 0.49,
and the average line-of-sight speed vpos was equal to
15 km s1.

Our results from three-component fits also support
the view that a significant fraction of the material com-
prising the filament is at rest. Of course, this may not
necessarily mean that all the plasma constituting the
stationary component is totally at rest. We will discuss
this aspect in the following.

(b) Velocity distribution of threads

Inferring line-of-sight velocities of threads from the
data is an inversion problem whose solution may not
be unique. Therefore there could be an objection to
our interpretation for a ¢rimodal velocity distribution
that plasma in threads either is at rest or moves bidi-
rectionally at fast speeds.

Firstly, we raise a question whether the existence
of the stationary component is required to explain the
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TABLE 2.
MEAN VALUES AND STANDARD DEVIATIONS OF MODEL PARAMETERS INSIDE THE BARB AND SPINE,
RESPECTIVELY. THE BARB REGION CONSISTS OF 1774 SPATIAL POINTS, AND THE SPINE REGION, OF 1940
SPATIAL POINTS.

J. CHAE, H.-M. PARK AND Y.-D. PARK

Parameter Barb Spine
Single-comp. model S/I, 0.10£ 0.015 0.094+0.007

AAp 0.4740.08 A 0.4240.04 A

To 0.884+0.26 1.3540.32

T0AMD 0.4040.09 A 0.56+0.13 A

Vg -0.84+4.0 km 5! -0.24+1.8 km s !
Three-comp. model AMp 0.27 A 0.27 A

vy -16.04+23kms™ ' —146+19kms™?!

Uy +15.04+29kms™ ! +14.0+2.3 km s™?

T 0.40 £ 0.11 0.49+0.14

Ts 0.74 £+ 0.23 1.12 +0.28

Tr 0.34 £0.12 0.46 £0.11

TABLE 3.

MEAN VALUES AND STANDARD DEVIATIONS OF THE TEMPORAL VARIATIONS OF SINGLE-COMPONENT MODEL
PARAMETERS AND THREE-COMPONENT MODEL PARAMETERS AT A FIXED POINT INSIDE THE BARB AND AT
ANOTHER FIXED POINT INSIDE THE SPINE, RESPECTIVELY.

Parameter Barb Spine

Single comp. model g -1.4+£31kms ! -1.6+1.3kms~!
To 0.594-0.18 1.6+0.20

Three comp. model v -176£1.5kms ! -161£1.1 kms~ T
Ur 16.7429 km s~*  13.941.7 km s~!
Th 0.31 +0.07 0.66+£0.07
Ts 0.50 £0.16 1.40 £ 0.21
Tr 0.27+0.11 0.53+0.07

data. Our answer is yes. Looking at the data shown
in Figure 6 reveals that the two-component model
without the stationary component does not fit the
data well whereas the single-component model and the
three-component model allowing the stationary com-
ponent fit the data quite well. Moreover, in the three-
component model, the optical thickness of the station-
ary component is bigger than those of the two moving
components, which indicates that the existence of the
stationary component is crucial.

Secondly, does the goodness-of-fit of the models with
the stationary component mean that the velocity of all
the plasma constituting the stationary component is
literally zero? It may not necessarily be so, for the sta-
tionary component in fact may consist of a number of
threads that have different velocities, either negative or
positive. It is likely that the velocities of threads con-
tributing to the stationary component are distributed
around zero, ranging from a negative value to a posi-
tive value, so the average of thread velocities may be
close to zero, but their standard deviation may not.

From our results, it is possible to estimate this ve-

locity deviation of threads that would appear as sta-
tionary components in our three-component analysis.

Note fast moving threads are not included in this con-
sideration. Suppose each of the individual threads has
the same Doppler broadening factor op s in velocity
units of km s~1. Then the standard deviation of thread
velocities g, is related to the standard deviation of the
absorption profile of the stationary component og (in
velocity units) through

(0]
N

2 2 2
O, t0ptn =03g. (

Since our three-component model adopted AAp =
0.27 A for the stationary component, it follows og =
45AXp/v/2 = 8.6 km s~'. Another critical factor in
the determination of o, is op 4n = 45A)\D,th/\/§ of the
individual threads. The Doppler broadening AAp s, is
determined by the temperature and micro-turbulence
inside each of the individual threads. If we choose
the average values T = 6400K and ¢ = 5.5 km s}
given in Table 3.4 of Tandberg-Hanssen (1995), we get
opth = 8.0 km s7! and o, = 3.2 km s~1. The nature
of micro-turbulence is not still known. If we assume the
extreme situation that the mysterious micro-turbulence
is also wholly attributed to unresolved velocity threads,
then we obtain a higher value of velocity dispersion
0y, = 6.3 kms™1.
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Another way to infer the velocity dispersion of the
stationary component is to make use of the velocity dis-
persions obtained from the moving components. Note
in our three-component model the velocity of the sta-
tionary component is fixed to zero for the purpose of
limiting the number of free parameters while those of
the two moving components are treated as free param-
eters to be determined from data. It is expected that
the velocity dispersion of the stationary component is
close to those of the other components. According to
Table 2, the real velocity dispersion of the blue-shifted
component is 1.9 and 2.3 km s~ !, and that of the red-
shifted component is 2.3 and 2.9 km s~!, depending on
the region of the filament. We find that the biggest
value 2.9 km s~! is comparable to the smaller value
3.2 km s~! obtained above. Based on these estimates
we may regard the stationary component as a super-
position of slowly moving threads whose line-of-sight
velocity is distributed around zero with a standard de-
viation that is less than 6 km s~!, probably around 3
km s~ L.

Finally, we discuss whether the velocity distribution
of threads is continuous or discrete. If threads are nu-
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Fig. 10.— Time variations of 7. — 7, obtained from

three-component model fits and vo obtained from single-
component model fits at the barb point.

merous enough and have different velocities, the veloc-
ity distribution may appear continuous. On the other
hand, if the number of threads is small, the velocity
distribution may be discrete. If the width of the ve-
locity components is narrow enough, different velocity
components may appear as a finite number of peaks
(or valleys) in the spectral data. Unfortunately, AAp
of the Ha line is too big to be used for this purpose.
Instead, the Ca II K line can be used for it since it
has a smaller value. The spectral observations of qui-
escent prominences reported by Engvold et al. (1978)
provided such evidence. They provided in their Fig. 5
some nice examples of line profiles where a finite num-
ber of velocity components are spectrally well resolved
in the Ca II K lines having a smaller AXp even though
they are not obvious in Ha line profiles with a bigger
AMp. This observation suggests that velocity distri-
bution inside a filament/prominence may be discrete
rather being continuous.

(c¢) Comparison with Previous Observations

One of the main results of our study is that in
a significant fraction of threads constituting the fila-
ment, plasma moves fast with line-of-sight speeds of 15
km s~!. Note that the filament we studied was quies-
cent, neither erupting nor activating, even if it was un-
dergoing continual change as most quiescent filaments
do.

Table (b) lists the values reported from previous
studies. Our results look much different from previ-
ous observations. However this apparent discrepancy
does not necessarily mean the real difference since the
measured line-of-sight velocities may depend on various
factors such as the method of analysis, the orientation
of line of sight, the filament activity, the specific parts
of filaments that are analyzed, and whether threads are
resolved or not. Carefully taking these factors into ac-
count, we find that in a broad sense our results are
consistent with previous observations.
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TABLE 4.

LINE-OF-SIGHT VELOCITY MEASUREMENTS FROM Ha OBSERVATIONS OF FILAMENTS/PROMINENCES. IN THE
LAST COLUMN, THE NUMERICS INSIDE THE BRACKETS REPRESENT THE LOWER AND UPPER BOUNDS, AND THE
BOLD-FACED NUMERICS REFER TO THE AVERAGE OR TYPICAL VALUES. THE OTHER NUMERICS ARE SOME
SPECIFIC EXAMPLES. (AR: ACTIVE REGION FILAMENT, QS: QUIESCENT FILAMENT/PROMINENCE, PC: POLAR
CROWN FILAMENT )

Paper Method Objects Location Values (km s 1)
Mein (1977) +0.45 A chord AR [-6, 6]
Martres et al. (1981) +0.27 A chord Qs (N17, E25)  [-7,7]
Malherbe et al. (1981)  +0.30 A chord Qs (N36, W20) [-3, 3]
Kubota & Uesugi (1986) Line minimum Qs (S6, E10) -6, 6]

You & Engvold (1989) Bisector Qs cos® =094 [-1.7, 2.7]
Simon et al. (1986) +0.30 A chord Qs (820, W34)  [-3, 3]
Schmieder et al. (1991)  +0.256 A cord Qs (N5, W5) [-2.5, 2.5]
Schmieder et al. (1991) differential cloud model QS: footpoints (N5, W5) -17, 14, 17
Lin et al. (2003) Line center PC (S47, E27) [-3, 3]
Engvold et al. (1978) Line center QS: edge Limb 34

Mein et al. (1989) Line center QS Limb [-15, 15]
Kulidzanishvili (1989) Line center QS Limb [-4, 30]
Present study Single-comp. cloud model QS: spine (N15, E26)  [-5, 5]
Present study Single-comp. cloud model QS: barb (N15, E26)  [-13, 13]
Present study Single-comp. cloud model QS: thread (N15, E26) 15
Present study Three-comp. cloud model QS: threads (N15, E26) -15,0, 15

It can be inferred from Table (b) that observations
performed near the disk center (You & Engvold 1989;
Schmieder et al. 1991) presented the smallest values of
line-of-sight velocity, while the limb observations (En-
gvold et al. 1978, Mein et al. 1989, Kulidzanishvili
1989) gave the biggest values. This kind of difference
may be attributed to the difference in the orientation
of the line of sight, and supports the view that the pre-
dominant direction of motion in filaments/prominences
is horizontal.

The method of analysis used is also partly respon-
sible for the apparent discrepancy. Lin et al. (2003)
used the line-center method which yielded very small
values of line-of-sight velocity in a filament that was
far away from the disk center. Note the center of the
Ha profile in disk observations is affected much more
by the underlying photosphere and chromosphere than
by the filament. The line-of-sight velocities determined
with this method are always underestimated as we dis-
cussed in Paper I. This method, however, finely works
in prominence observations off the limb where back-
ground radiation is negligible. The chord method for
disk observations is subject to the same problem, even
if it seems to be less affected by the underlying atmo-
sphere than the line-center method. On the contrary,
the line-of-sight velocity determined by applying the
cloud model fit is little affected by the underlying at-
mosphere, and reflects fairly well the velocity of fila-
ments. The velocity range determined using the single-
component fit in our study is from -13 to 13 km s},
much bigger than the range from -7 to 7 km s™1, the
biggest values reported from disk observations using the
chord method. Interestingly the values we obtained are
comparable to the values obtained by Schmieder et al.
(1991) who used a similar method (differential cloud

model), and the values obtained by Mein et al. (1989)
from limb observations.

Finally we emphasize that whether threads are re-
solved or not is another important factor in understand-
ing the difference in the values of line-of-sight veloc-
ity. Our study indicates that threads that are either
spatially or spectrally resolved have higher line-of-sight
velocities than unresolved threads. Note that threads
are spatially resolved well in the order of edges, barbs,
spines. The line-of-sight value reported by Engvold et
al. (1978) is the highest ever reported in previous ob-
servations. We think that it represents a typical moving
thread that often exists inside filaments. The main rea-
son the velocity is so high may be that it reflects the
line-of-sight velocities of threads that are well resolved
both spatially and spectrally. It may not be a simple
coincidence that the typical horizontal velocity of 30
km s~! we obtained in the present study is close to
the value 34 km s~! Engvold et al. (1978) reported.

(d) A Picture of Filament Fine Structure

A new picture of filament fine structure emerges
from our study. As Figure 11 illustrates, a part of a
filament is composed of fine velocity threads that are
either stationary (or moving slowly) or moving at high
speeds. In our observations, each spatial resolution el-
ement contains about four to six threads along the line
of sight. In about half of the threads, plasma moves
horizontally, probably along threads, at high speeds of
about 30 km s~1, while in the other half of the threads
plasma is either at rest or moving slowly. In half of the
moving threads, plasma moves in one direction and in
the other half of the moving threads, plasma moves in
the opposite direction.
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Fig. 11.— Picture of the filament fine structure that con-
sists of stationary velocity threads and fast-maoving velocity
threads.

This picture is well supported by recent observa-
tions of plane-of-sky motions in quiescent filaments and
prominences. Based on off-band Ha observations of fil-
aments located far away from the disk center, Zirker
et al. (1998) first reported the simultaneous existence
of oppaositely directed flows in adjacent threads -— the
counter-streaming flows. The speeds were in the range
5 — 20 km s~!. Lin et al. (2003) reported speeds of
about 8 km s~! in a polar crown filament. Later Lin
et al. (2006) presented even bigger values of about
15 km s~!. Note that the spatial resolution was the
highest in the observations of Lin et al. (2006), sup-
porting the view that it is very crucial to resolve indi-
vidual threads as we mentioned above. The last value
is comparable to the value we obtained for the line-of-
sight velocity of fast-moving plasma using the three-
component cloud model. If the geometric projection
effect is taken into account, with the assumption that
plasma motion is mainly horizontal, the horizontal ve-
locity would turn out to be much bigger than this value,
and there is enough room for 30 km s~!. It is very in-
teresting that the typical horizontal speed inferred from
He I1A304 observations of prominences on the limb was
30 km s! (Wang 1999), even if higher velocities up
to 70 km s~! were not rare in UV/EUV observations
(Kucera et al. 2003).

Our results on the number of threads (4-6) are
highly consistent with the results of previous studies
(Engvold et al. 1989; Mein & Mein 1991; Mein et al.
1994). Engvold et al. (1989) examined the line inten-
sity and line width versus the line-of-sight velocity. The
line width was the narrowest for a line-of-sight velocity
of about 20 km s™!. So they regarded the average in-
tensity at such velocities as the typical intensity of indi-
vidual threads and concluded that spatial resolution el-
ernents with low line shifts contain 3-5 threads. Mein &
Mein (1991) analyzed the distribution of line width and
line-of-sight at each beam of intensity in the unresolved
features of a quiescent prominence. They assumed that
the elementary threads have an optical thickness of 0.2
and a temperature of 8500 K, and produced statisti-
cal models that best match the observed dependence
of the means and standard deviations of line width and

the standard deviation of line-of-sight velocity. As a
result, they found that there are 6 threads with a line-
of-sight velocity dispersion of about 7 km s~! in the
spatial resolution element inside the central parts of
the prominence. A similar method was applied to a
quiescent filament by Mein et al. (1994). It was found
that most spatial resolution elements were composed
of 2-4 threads that have a velocity dispersion of 3.5
km s~ if the optical thickness of each thread is 0.2.

VIII. CONCLUSION

We have obtained results supporting the view that
some plasma constituting a quiescent filament moves
fast, being consistent with recent high resolution ob-
servations from ground and EUV observations from
space. At the same time our results also indicate that
a significant fraction of plasma constituting the same
feature is at rest or moving slowly. Therefore the ex-
istence of high speed flows in filaments/prominences
can not completely negate the need for magnetic dips
that should sustain cool stationary or low-speed plasma
against gravity.

From our results we also have learned an impor-
tant lesson that decomposing threads spectrally and
spatially is crucial for interpreting the physical nature
of motions, either flows or oscillations, observed in fil-
aments/prominences. Spatially resolving threads re-
quires a spatial resolution as high as a few tenths of
an arc second, which has been achieved in a very lim-
ited number of observations (e.g., Lin et al. 2005).
The forthcoming observations to be performed either in
space or on the ground are aimed to achieve such high
spatial resolution, so we will get a much better oppor-
tunity to study spatially resolved threads. Neverthe-
less it should be kept in mind that threads overlapped
along the same line-of-sight can not be resolved even
with this kind of very high spatial resolution only. Our
study demonstrates that spectrally resolving threads is
also required to separate threads having different line-
of-sight velocities. An ideal way is to combine both
approaches, resolving spatially and spectrally. This re-
quires imaging spectroscopy with very high spatial res-
olution.
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