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Abstract. We studied the chromospheric Evershed flow from filtergrams obtained at nine wavelengths alongptiodiliel.

We computed line-of-sight velocities based on Becker’s cloud model and we determined the components of the flow velocity
vector as a function of distance from the center of the sunspot, assuming an axial symmetry of both the spot and the flow. We
found that the flow velocity decreases with decreasing height and that the maximum of the velocity shifts towards the inner
penumbral boundary. The flow related to some fibrils deviates significantly from the average Evershed flow. The profile of the
magnitude of the flow velocity as a function of distance from the spot center, indicates that the velocity attains its maximum
value in the downstream part of the flow channels (assumed to have the form of a loop). This behavior can be understood
in terms of a critical flow that pass from subsonic to supersonic near the apex of the loop, attains its higher velocity at the
downstream part of the loop and finally relaxes to subsonic through a tube shock. We computed the average flow vector from
segmented line-of-sight velocity maps, excluding bright or dark fibrils alternatively. We found that the radial component of the
velocity does not show a significantiirence, but the magnitude of the vertical component of the velocity related to dark fibrils

is higher than that related to bright fibrils.

Key words. Sun: sunspots — Sun: chromosphere — magnetohydrodynamics (MHD) — techniques: image processing

1. Introduction using Hx filtergrams, concluded that the chromospheric mate-
i rial appears to flow into the spot along dark “channels” with
An important property of sunspot penumbrae at the pholge|ocity of about 40-50 km-. Haugen (1969), based on
spheric level is the well-known Evershedieet, a predomi- pyq 61 velocities determined fromaHspectra, computed the
nantly radial horizontal outflow from the sunspot to the SUf,ia| and vertical components of the flow. He found that the
roundmgs_(see Muller 1992; Thomas_ 1994; Maltby 1997, f%rverage velocity vector shows a maximum of &.8.2 km s’
recent reviews). At the chromospheric level around most Mg o tside the penumbral rim and decreases quickly with in-

ture sunspots a superpenumbra s usually present. It consistg gjng distance from the spot. He found rms deviations of the
roughly radial elongated fibrils that begin within the penumbr@rder of 7 km st from the average velocity field

and extend a few spot radii beyond the penumbra (Loughhead . . . ' L
1968; Moore 1981). Inherent to the superpenumbra is a mate- Maltby (1975) studied the flow using high-resolution filter-

rial flow directed towards the sunspot umbra that is called tﬁézms 0]; a sunspothreglon otr)]_serv%d at seven w;;vzle_n gtfms inH
inverse Evershed flow. It is believed to be a material flow alo/i@ PP!yIng the photographic subtraction method, in order to

the superpenumbral fibrils, assumed to form individual ma ompute Dopplergrams. He concluded that the gas IS moving
netic flux tubes. A siphon flow mechanism has been propo§ élow.chan.nels that have the form of loops with cross section
as an explanation; the driving force of the motion is the g anging W'th height and_dlstance from the sunspot; t_he 9as
pressure dierence between the two foot points of a flux tub st moves with a subsonic speed, obtains a supersonic speed

(Meyer & Schmidt 1968: Maltby 1997; Thomas 1994) close to the summit of the loop and remains supersonic until it
Several authors studied the inverse Evershed flow, trying asses to subsonic through a shock. Moore (1981) comparing

determine the basic characteristics of the flow. Beckers (196, f||te_rgrams _concluded that .the ﬂO\.N IS concentrated_along
those fibrils which are darkest in the line center and estimated

the flow velocity to be about 20 km's

Send g@print requests toA. A. Georgakilas,

e-mail:ageorg@caltech. edu Dialetis et al. (1985) and Dere et al. (1990) used medium
* Based on observations performed on the NS®D Richard B. resolution filtergrams at 9 wavelengths along thelide in or-
Dunn Solar Telescope (DST). der to study the phenomenon. They computed the components
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Fig. 1. Image of a large isolated sunspot observed near disk center on August 15 199¢émtdra) and line-of-sight Doppler velocity maps
computed from filtergrams in &+ 0.35 A b), He + 0.5 A ¢), and Hr + 0.75 A d). Tick marks in both axis correspond to 2.@he gray scale
bar in the upper left image corresponds to normalized intensities and the other gray scale bars correspond to velocities in km's

of the velocity vector as a function of distance from the centthve flow can be described as a critical or subcritical siphon
of the spot under the assumption of axial symmetry. They foufidw. In this work we study the chromospheric Evershed phe-
radial inflows of up to 2.6 km in the Hx + 0.35 A chromo- nomenon, using high resolution filtergrams at nine wavelengths
sphere (Mach numbers of about 0.25) and that the maximumaddng the Hr profile. We compute the velocity components of
the velocity is well outside the penumbra. They proposed thtae average flow, trying to resolve the above discrepancies and
the velocity remains subsonic along the flux tubes. better understand the nature of the flow. We further investi-

As it is clear from the previous short review there is a digate the properties of the flow forftérent categories of fibrils
crepancy concerning the magnitude of the velocity and whettBFightdark).
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2. Observations and data processing [ F =
k - -
2.1. Observations and basic image processing ;" O B
Observations were obtained at the R.B. Dunn telescope of E C- g
the Sacramento Peak Observatory with a 512 by 512 pixel ) . E =
CCD camera and the UBF filter. The pixel spatial resolution Hot F =
was 0.26. A large isolated sunspot was observed at N14.7, 075 £ & -
E26.0 on August 15, 1997. The observations are described in A E 2 7
detail in Christopoulou et al. (2001). In this paper we focus our -2023'1 il '1|n' LIl II|]| LLLLLL] '1|u' g

analysis on a sequence of filtergrams obtained at 9 wavelengths VELOCITY [km{sec] Ha+0.5 A

along the K profile (0,+0.35,+0.5,+0.75,+1.0 A). The du- _. _ . .
ration of the observations was about 10 min. The time intenjaP: > Comparison of the velocities computed at 035 A (x-axis)
rsus the velocities computed atH 0.5 A (y-axis) a) and of the

between §ucceSS|ve images of the Same quelength was églécities computed atdd+ 0.5 A (x-axis) versus the velocities com-
and the time dterence between oppositerHvings was 4 S. pyted at hy + 0.75 A (y-axis)b), for the area of the superpenumbra.
The precision of the UBF filter is of the order of 1 mA, while

the FWHM is about 240 mA neardd Raw images were cor- . ) . .
rected for dark current and flat field and carefully aligned. In oforresponding to the line-of-sight component of the velocity.
der to align the images we first computed spatially “enhance! Parameters are assumed to be constant along the line-of-
images applying an image enhancement method based Onsl!ggt_through the structure. Furthermore, the source function is
“a trous” wavelet transform (see Sect. 3.3 and Christopoul&@nsidered wavelength-independent and the profile of the opti-
et al. 2002). Subsequently we used a cross correlation algal—depth Gaussian. According to the cloud model approxima-
rithm in order to compute thefiset between two images, base§°" the intensity profllq (AQ) of a chromospheric absorption
on the area of the superpenumbra. The displacements cdR (€-9- H¥) can be written as follows:

puted this way were then applied to the originalimages.  |(A) = I,(A1) exp7(A)) + S(1 - expT(A)) (1)

] ) ] . wherely, is the background intensity, is the optical depth,
2.2. Computation of line-of-sight velocities andS is the source function. The optical depth under the as-

Bray (1973b) introduced a method based on Becker's clogdMPption of a Gaussian profile can be written:
model (e.g. Beckers 1964) for the computation of reliable line- v 2
of-sight velocities from opposite i line wing filtergrams. * = 7° exp(— (A1 +2%) /A20) ) (2)

?ecker’s CI|OUdd mtodetl assumesl Fhat the _?hromct)stphenc f@\ﬂ’iereu is the flow velocity (positive towards the observer).
ures are cloud structures overlying a unitorm stationary %é_suming that the intensity profile of the background is sym-

mosphere. The T“Ode' takes_mto account four parametgfsiiic with respect to the line center and using Egs. (1) and (2)
the source functiors, the optical depth at line centet, we obtain the relation:

the Doppler widthAdp which depends on the temperature
and the micro-turbulent motions, and the Doppler shift Al/(Zl - 2lg) = (e - )/(2-e™ ™) (3)
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Fig.5. Comparison of the radiad) and the verticab) components
of the line-of-sight velocity computed ataH+ 0.35 A (solid line),
Ha + 0.5 A (dotted line) and ki + 0.75 A (dashed line).

The variables on the left-hand side of the above equation
can be determined from oppositexHine wing filtergrams,
while the right-hand side depends og Alp andwv. In Ha
images of the quiet chromosphere the fine structures appear
on top of a uniform background assumed to have a zero ve-
locity; moreover they occupy a small percent of the area of
the image. Thus in order to normalize the intensity images
and determine the background intensity we first computed
the histogram of the intensity values over a large area of the
quiet chromosphere away from the immediate vicinity of the

Fig. 4. Plots of the average components of the flow velocity vector aS#NsPot. We further computed the average of the values con-

function of distance from the center of the sunspot far40.35 A a),

tained within 0.67 sigma around the most probable value. We

Ha + 05 A b) and Hr + 0.75 A c). The solid line represents theshould note that based on extended experiments Georgakilas
radial, the dotted the azimuthal and the dashed the vertical comf2992) found that this method gives more accurate results than
nent. The two vertical lines mark the inner and outer boundaries of thgeraging the intensity over unstructured regions where one ex-

penumbra.

where Al =
T* = 7(xAQ).

I(-Ad) — 1(AQ), =I =

[(-A2) + 1(AQ), and

pects the velocity to be very near zero. In order to compute
the line-of-sight velocity from only two oppositeaHwing fil-
tergrams, estimations of the optical depth at line center and
the Doppler width are further needed (see Georgakilas et al.
1990). Bray and others authors successfully applied the method
for studying the physical properties of various chromospheric
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f—y
=

' - wherew is the heliocentric distance of the spot. Initially we

used a procedure analytically described in Alissandrakis et al.
(1988) and in Dere et al. (1990) in order to compute the flow
: velocity components. The procedure was selected because it
¥ does not require measurements over the entire field of view
k2 and allows to reject localized flows that deviate from the av-

5 erage Evershed flow. An alternative method is to use multiple
linear regression in order to solve Eq. (4); the two methods
18 gave the same results. Similar methods, were used by Schroter

(1967), Maltby (1975), Haugen (1969), Dialetis et al. (1985),
and Schlichenmaier & Schmidt (2000) in order to analyze the
Evershed flow geometry. Although it would be desirable to
study the flow field of each individual fibril, the method is an
i 0 acceptable compromise in order to determine the basic charac-
! D.gmhﬂ;E Fﬂoru]spm SESNTER [2:,],055,: |25 teristics of the flow velocity components.

) _ _ _ Figure 1 shows images of the sunspot in Eenter im-
Fig. 6. Comparison of the magnitude of the flow velocity ai+0.5 A age (a), and line-of-sight Doppler velocity maps in i

(solid line), with the a_mgle between the velocity vector and the hor(J)-'35 A (b), Hr + 0.5 A (), and H + 0.75 A (d). The almost

zontal plane (dotted line). ; . .
circular shape of our spot and the large scale line-of-sight ve-
locity field reasonably satisfy the axial symmetry hypothesis

) (see Dialetis et al. 1985, for criteria). In Fig. 2 we show an az-
features (Bray 1973a, 1974; Georgakilas et al. 1990; Suemaisthal slice of the kt+0.5 A line-of-sight velocity map, mea-

etal. 1995; Malherbe et al. 1997; Georgakilas et al. 2001). Wgred near the penumbra-superpenumbra boundary. The solid

applied the above method in order to compute line-of-sight vgye corresponds to the line-of-sight velocity computed from
locities from the k= 0.35 A, Ho = 0.5 A and Hr = 0.75 A ¢ fitted flow velocity components.

filtergrams. We used, = 1.3 andAlp = 0.5 for the optical

depth at line center and Doppler width respectively, which are

the average values for fibrils obtained by Alissandrakis et &. Results
(1990) with the application of the cloud model to spectral oh- .. .
servations. Estimation of deviations from these values can ‘%el Inverse Evershed flow in different chromospheric

computed from Fig. 2 of Georgakilas et al. (1990). We further  1&/€rs

rejected a few points where the application of the cloud modglthjs section we discuss the morphology of the line-of-sight
was not meaningful (see Georgakilas et al. 1990; Georgakiasocity maps in the three chromospheric layers (defined by
1992). Since the cloud model is obviously not applicable {9,+0.35 A, He+0.5 A, and Hr+0.75 A). We further examine
the umbra, we computed the velocities there, assuming a pig general characteristics of the average flow velocity com-
Doppler shift model. We do not consider the velocities CO%OnentS of the inverse Evershed flow and compare how they
puted in this way as accurate absolute values, but as religffgnge in the three layers. The results are similar for all the
first order approximations (see also comments made by Maltayages we processed. Although we cannot give an exact height
1975). formation of the dferent Hr wavelengths, measurements at
larger AA values correspond to lower chromospheric heights.
For a hydrostatic homogeneous atmospheric model¢céhter
is formed near the 2 Mm height over several hundreds of km.
Following a method based on equations first published Bye intensities in the wings will come from deeper layers; the
Kinman (1953) and Plaskett (1952) and assuming an axial syime wing at+0.35 A is still close to the layers producing the
metry of the sunspot and of the velocity field and that the linedgnter of the linex0.5 A is coming from significantly deeper
formed at the same height over the entire region, we computayers near 1.3 Mm and finally the line wing @0.75 A is
the components of the flow velocity vector as a function of digarmed in very deep layers. However the high chromosphere
tance from the center of the spot. We define a coordinate systsnnhomogeneous and contributions that form the line profile
centered at the spot with tt#axis along the vertical and theprobably come from more extended layers.
line-of-sight on theXZ plane with theX axis towards the limb From Fig. 1 we observe that there is a close similarity be-
(see Fig. 1 of Dialetis et al. 1985). We further define, and tween the chromospheric velocity maps in H0.35 A and in
w to be the radial (positive inwards), the azimuthal (positiida + 0.5 A, in particular for the more prominent features. The
in the clockwise direction) and the vertical (positive upwardskelocity pattern is slightly more visible ind+ 0.35 A and the
component of the velocity at a point with coordinateandd absolute values of the velocity are systematically higher than
on the XY plane. Then the projection of the velocity on thén He + 0.5 A. At Ha + 0.75 A the apparent length of the flow
line-of-sight is given by the equation: channels is shorter than ireH: 0.35 A and in Hy + 0.5 A, but

we do not observe any reversals in the line-of-sight velocities.
V| = ucosd sinw — vsind sinw + w coSw (4) Insome cases we observe velocity “channels” that have length

EOI_'H
=
T

ity
=
T

rEap T mMroE >
ra
=
T

= powTtgxm — L - T oomm=<

—

|
(21 ]
=2

2.3. Reconstruction of the flow velocity vector
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Fig. 7. Panela) shows an intensity image computed adding opposite wing images &t0:B5 A and paneb) a simultaneous residual line-of-
sight Doppler map. The residual map was calculated subtracting from the original velocity map a line-of-sight map computed from the res
of the reconstruction of the velocity vector. Panglandd) show an intensity image and residual velocity map respectively, computed in the
same way at H + 0.5 A. Tick marks in both axis correspond to 2.8 he gray scale bars in the left column images corresponds to normalized
intensities and the gray scale bars in the right column images correspond to velocitiestn kms

similar to that in Hy + 0.5 A, indicating flow velocities that de- lower atmospheric layers, i.e. towards the wings aof. Hhe

viate from the average (we have marked one such channel vatfatter plots (Fig. 3) indicate that the velocities computed at

a white arrow, in the upper right part of Fig. 1d). Ad = +0.35 A are 1.6 times higher than the ones computed
In Fig. 3 we compare the line-of-sight velocities related 1t A1 = £0.5 A. The velocities computed a1 = +0.5 A

the three atmospheric layers for the area of the superpen@® about 5.5 times higher than the ones computetilat

bra. It is verified that the velocity decreases as we move 36.75 A. Finally, the velocities computed Aft = +0.35 A are
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as we move lower. We further observe that the maximum of the
magnitude of the velocity shifts towards the inner penumbral
boundary as we move at lower heights within the formation
layer of the Hr line. The maximum of the magnitude is almost
at the penumbral rim foAd = +0.5 A and just inside the pe-
numbral rim forAd = +0.75 A.

Using the computed values of the components of the
velocity vector of the inverse Evershed flow, it is possible
to obtain information about the angk between the veloc-
ity vector and the horizontal plane. More specificcan be
determined from the values of the vertical) (and the hori-
zontal components of the velocity,{), through the relation:

B = tam(w/(u® + v?)Y?). In Fig. 6 we compare the magni-
N ST R tude of the flow velocity at H + 0.5 A (solid line), with an-
i — 1.4 gle B8 (dotted line). From the values of anggeit is clear that
the flow loops are relative flat and probably a fraction, of the
(b)l WL ascending part of the loops, is beyond the velocity field we re-
Ha+05 A

da
Ha :(t 05.35 A

—y
=

[£a]

o

—.aan T gEmT £ = T oo m<
] —t
= =
|III||III||III||III||II||

2 1 o H|
=]

—
= En
o[ TTTT
=l
[=-]

15

II|‘III|III|III|I

= constructed. Our results indicate that the maximum of the flow
velocity coincides with the region of almost maximum angle
between the flow vector and the horizontal plane and thus with
the downstream part of the loop. Similar results were found by
Dialetis et al. (1985); careful examination of their Figs. 5 and 6
show that for the chromospheric Evershed flow the maximum
of the velocity flow coincides with the region of almost max-
imum angle between the flow vector and the horizontal plane.
Also Haugen (1969) found that the vertical velocity component
shows a sharp maximum at the same place where the inclina-
tion of the average velocity vectors with respect to the horizon-
tal takes its maximum value.

Important conclusions about the nature of the flow can be
derived comparing the magnitude of the flow velocity with the
angle between the flow vector and the horizontal plane. If the
Fig. 8. Scatter plots of the residual line-of-sight velocity computed &ielocity remains subsonic along the loop, then a symmetric
Ha + 0.35 A versus the intensity (sum ofaH: 0.35 A) @) and of  flow around the apex of the loop is expected. The flow speed
Fhe re_sidual line-of-sight velocity computed aiH 0.5 A versus the will increase in the upstream part of the loop, attain a maxi-
intensity (sum of kd + 0.5 A) for the area of the superpenumbra. -y, vajue near the region where the flow is horizontal and de-
crease in the downstream part of the loop (see Figs. 3a and 5a

about 9 times higher than the ones computetiat +0.75 A of Thomas 1988). The other possibility is an asymmetric flow
- " _with a smooth transition from subsonic to supersonic at the

The velocity values atd = +0.75 A are of the same order ast fthe arch. In that the flow contin " lerate in
in the photosphere but reversed. op ofthe arch. at case the flow continues to accelerate

tpse downstream part of the loop, up to a point where it passes

In Fig. 4a we presentthe average flow velocity componer?rom supersonic to subsonic through a compression shock (see

for Ha + 0.35 A. The velocity vector was reconstructed usini;_;i s. 3¢ and 5a of Thomas 1988). As we saw from Fig. 6 the
the method presented in the previous section. Further Figs. 4 A .velocity attains its maximum .value at some point i.n the

present the average velocity components for+0.5 A and downstream part of the loop, near the region where the flow

Ha +0.75 A. We observe that in all three chromospheric Iayer?1 . S o : . "
shows maximum inclination. This is consistent with a critical

. o : . r}%w that attains sonic velocity near the top of the loop and con-

there is a significant vertical component. The azimuthal com- o
. . . _tinues to accelerate up to a point in the downstream part of the

ponent of the velocity does not show a consistent behaworlbrg)

the three chromospheric layers. P

The magnitude of the radial and the vertical components

for A4 = +0.35 A show a maximum value just outside the pes 2 Residual velocities

numbral rim. Our results are consistent with that of Haugen

(1969), who found that the vertical velocity component shows this section we initially present and comment residual line-

a sharp maximum just outside the penumbral rim. In Figs. 5aybsight velocity maps so that to evaluate deviations from the

we compare the radial and the vertical components of the flamerage flow field. Moreover we examine the possible associa-

velocity in the three atmospheric layers. We observe that ttien between Evershed channels and dark fibrils. Maltby (1997)

absolute value of the velocity components gradually decreasgygested that (assuming a siphon flow mechanisffgrdnt

10

= aan S gEx ™ L - T oo m-<
=

sty o oo b Lo b by
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loops will not have exactly the same pressuredence be- bright or dark fibrils alternatively. In order to do that we pro-
tween their footpoints and will not have identical shapes. Hendaced segmented line-of-sight velocity maps in which we have
different flow speeds are expected iffelient loops. Averaging rejected the pixels that correspond to the dark or bright fibrils
over diferent position angles in deducing the flow speed wiind then computed the components of the flow velocity based
result in computing an average velocity not necessary repog-these images. We should note that we haven't split the im-
sentative for all of the individual Evershed channels. In ordages in two segments one with bright fibrils and the other with
to evaluate the deviations from the average Evershed flow, the remaining fibrils considered dark, but based on the original
computed the residual line-of-sight velocities, subtracting froormage we rejected the pixels corresponding to prominent bright
the original line-of-sight velocity maps the large scale line-obr dark fibrils. Thus, each segment contains a number of fibrils
sight velocity pattern computed from the reconstructed flothvat cannot be considered that belong to the one or the other
velocity components, using Eq. (4). We present the results frategory.
Al = +0.35 A andA1 = +05 A in Fig. 7, along with simulta- We computed the segmented images from the sum of
neous intensity images computed adding opposite wing filtejpposite wing images for each atmospheric level using the
grams formed at almost the same helght with the velocities. Wg trous” wavelet transform, a discrete approach to the clas-
observe that in both chromospheric levels in some channels §igal continuous wavelet transform (Starck & Murtagh 1994;
magnitude of the residual velocities is considerable, indicatiggiarck et al. 1998). In order to implement the transform the in-
that the flow velocity in these channels deviates from the aveiat signal is analyzed by convolving it with a properly chosen
age Evershed flow. The deviations are higher in4H0.35 A |ow-pass filter, and without following a decimation step. The
than in Hr + 0.5 A. application of this algorithm on an image results in a set of
Maltby (1975) further suggested that the chromosphemavelet cofficients at each level of decomposition, also called
Evershed channels coincide most frequently to dark fibriavelet plane, that consists of the same number of pixels as the
From Fig. 7 we observe that the channels where the residagginal image.
velocity deviates significantly from the average flow velocity, Considering a 1D set of sampled dat@y(k)}, then
coincide with dark fibrils. As, due to perspectivieets, the the smoothed data;(k) at a given resolutiori and at a
sign of the line-of-sight velocity varies around the sunspot, tip@sition k can be obtained by the convolutioe;(k) =
deviations can be either due to higher than the average absofutgl)c;_1(k + 2-1I), whereh is the low-pass filter. The dif-
velocity values (stronger flow), or due to lower absolute veIO{;i-r bet " fi lution level&) =
ity values (weaker flow) along the dark fibrils. Comparison OF ezce ekween WO consecu lvel resol |fon evfsev ﬁ') d_
the residual line-of-sight velocity maps (Figs. 7b,d) with thci‘l.( ) - Gi(k), represents the wavelet transform of t © ata at
original line-of-sight velocity maps (Figs. 1b.c), show that th ei level (Starck & Murtagh 1994). The above algorithm can
4 ", . Comn . $e easily extended to 2D space assuming separability which
residual velocities along locations corresponding to dark f|br\

S )
have the same sign with the original line-of-sight velocitiess 2dS to & row-by-row convolution, followed by column by col-
Thus the velocity deviations related to dark fibrils are due [0

mn convolution. Then from the original image(x, y) and af-
: . er the convolution we get a smoothed approxima#etx, y).
higher than the average absolute velocity values along thelt_%e fi let ol . d by the die
fibrils e first wavelet p anwl(x,_y) is computed by the dierence
' o ) ) ]  of the two images. Repeating the above procedure recursively
In order to quantitatively verify the relation of higher deviagor every smoothed approximation image ftimes and com-
tions with dark fibrils, we computed scatter plots of the residug{mng the wavelet planes as thefdiences between two con-
line-of-sight velocity maps versus the intensity (sum of 0pp@ecutive approximations we get at the final levelset ofJ + 1
site wings) (Fig. 8). The results verify the indication of the Vigmages W = Wy, W, ..., Wy, A;. In our implementation we
sual inspection, since the deviation from zero increases towafgge chosen a B-spline of degree 3 as scaling function and 5 de-
lower intensities. For a limited number of pixels and for low incomposition levels; the first plane contains the highest spatial
tensities the residual line-of-sight velocities appear to devigi@quencies and the last the lowest ones.

significantly from zero; these pixels are related with a number For each image we computed a sharpened one, adding the
of dark fibrils. For the vast majority of pixels the deviation i?irst three levels of the“a trous” wavelet transform and a
less than 5 kmsll at ,M - i0.35 A qnd less than 4_kn_T% "?‘t smoothed one adding the rest of the levels; we further smoothed
Ad = iO.SA. Tak|.ng into co.nIS|derat|onthat the.dewatlon IS I'ehe second image applying a boxcar mean filter. Furthermore
ferred to line of sight velocities, one can plausibly assume ”Wé subtracted from the sharpened image the smoothed one anc
the_az_imuthally averaged flow velocity is representative for tl&%mputed a binary mask setting pixel values higher (or lower)
majority of flow channels. than an empirically estimated threshold to 0 and the rest to 1
(Fig. 9). Finally, we multiplied the line-of-sight velocity images

by these masks producing segmented images, in which pixels
corresponding to bright (or dark) fibrils were set to zero and the
The results of the previous section indicat&fetient properties rest pixels retained their original values.

of the Evershed flow in bright and dark fibrils. Taking advan- We further used the method of Sect. 2.3 in order to com-
tage of the fact that the method we used for the computationpaifte the flow velocity components from the segmented images.
the components of the flow velocity allows to reject localizebh Fig. 10a we compare the radial components of the flow ve-
flows, we computed the vector of the average flow for mainlgcity computed from K + 0.35 A line of sight velocities,

3.3. Inverse Evershed flow in dark and bright fibrils
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Fig. 9. Imagea) shows an intensity image (computed adding opposite wing filtergramsy at 35 A and imageb) shows the same image
enhanced using théa trous” wavelet transform. Image) shows a binary image in which pixels corresponding to dark fibrils has been set
to 0 and the rest to 1. Imagh shows a similar te) image in which pixels corresponding to bright fibrils has been set to 0. Tick marks in both
axis correspond to 2.62

rejecting pixels corresponding to dark fibrils (solid line) and As it is clear from the introduction there is a discrepancy
pixels corresponding to bright fibrils (dotted line). We observeoncerning the velocity values of the Evershed flow as well as
that there is not a significantfé&érence of the values of the ve-if (assuming a siphon flow along a flux tube) the flow is sub-
locity as a function of distance from the spot center. In Fig. 1@Qitical (remains subsonic along the whole flux tube) or criti-
we compare the vertical component of the flow velocity; it isal (undergoes a smooth transition from subsonic to supersonic
clear that there is a significantffirence in the values of theat some point near the apex of the loop). We found that the
velocity. The magnitude of the vertical component of the floflow velocity related to some of the more dark superpenumbral
velocity related to dark fibrils is significantly higher than théfibrils is significantly higher than the average chromospheric
related to bright fibrils. Evershed flow. This seems to justify the high velocities re-
ported by early observers who concentrated their attention on
the more dark fibrils.

Comparison of the intensity with residual line-of-sight ve-
We studied the chromospheric Evershed flow from filtergrarteities (after subtracting the average flow velocity) verifies the
obtained at nine wavelengths along the profile; in the fol- above result, showing significant deviations from the average
lowing we summarize our results. flow for the pixels related to the most dark fibrils. We further

4. Summary and conclusions
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flow vector shows almost maximum inclination with respect to
(a) the horizontal; thus the flow speed continues to increase in the
descending part of the tube. Even if the error in the estima-
tion of the angle between the flow and the horizontal is large,
the fact that the maximum of the radial component of the ve-
locity coincides with the maximum of the vertical component
indicates that the flow speed attains its maximum value in the
descending part of the loop. This is not consistent with a sub-
critical flow and can be understood in terms of a critical flow
(see Figs. 3 and 5 of Thomas 1988). Thus we can conclude that
the flow in the majority of fibrils (for which the average flow
can be considered a plausible representative) is critical.

Since the values of the average chromospheric Evershed

L ! flow that we found are consistent with previous estimations
Dlsm,ﬁCE Fnou]spoT JENTER [g',]csec] £ (e.g. Haugen 1969; Dialetis et al. 1985) a question arises, why
while the flow velocity profile indicates that the flow is critical,

b ' T ' J this is not reflected in the velocity values. A possible answer
( ) to this question is that the flow is concentrated in thin chan-
nels within the limits of the spatial resolution of our observa-
tions; thus we practically compute average line-of-sight veloc-
ities. The integration over large angles in order to compute the
average flow velocity vector results in further underestimating
the velocities.

Finally, we found that the inverse Evershed flow velocity
decreases systematically at lower chromospheric heights and
the maximum of the flow velocity shifts towards the inner pe-
numbral boundary. We note that recently Hirzberger & Kneer
(2001) found an antisymmetric behavior for the photospheric
Evershed flow; the flow velocity decreases systematically with
' ' ! : photospheric height and the maximum of the flow velocity
5 10 15 20 25 : i
DISTANCE FROM SPOT CENTER [ arcsec] shifts towards the outer penumbral boundary in higher photo-
spheric layers. This behavior is probably related to the geom-
etry of the fibrils assuming that they extend higher up as we
Inove to higher atmospheric layers.
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Fig. 10. Comparison of the radial) and the verticab) component of
the flow velocity computed from thed+ 0.35 A line of sight veloc-
ity maps, retaining pixels corresponding mainly to bright fibrils (soli
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