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Abstract. We have measured velocity maps of a round sunspot
near the center of the solar disk. We derive the small-scale ve-
locity field of the penumbra in the deep photosphere. Superim-
posed on a radial outflow, we find up– and downflows, which are
associated with bright and dark features: The flow in the dark
component of the penumbra has a larger inclination angle with
respect to the surface normal than the bright component, every-
where in the penumbra. The maximum inclination difference is
8◦. In the inner and mid penumbra, bright features (penumbral
grains) are associated with an upflow of about 0.6 km s−1. At
the outer spot boundary, the flow is inclined downwards pre-
dominantly in the dark component (−7◦).
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1. Introduction

Important physical processes in sunspots occur on very small
spatial scales, at or below the resolution limit of the instruments
that are currently available. In the past, there have been con-
flicting results concerning a relationship between the magnetic
field strength, the material flow and the brightness of the nar-
row, elongated penumbral filaments (see review of Wiehr 1999).
Some observers reported a correlation between the intensity and
the magnetic field strength, whereas Schmidt el al. (1992) found
a correlation between the magnetic field inclination and the in-
tensity, and no variation of the field strength. From a statistical
analysis of two-dimensional data, Title et al. (1993) find a cor-
relation between brightness and the velocity of the Evershed
flow, and a difference of some 5◦ between the inclination angle
of the bright and dark component.

From the analysis of one-dimensional slit spectra, observers
could not establish a clear relationship between brightness and
inclination angle, of either the material flow or the magnetic
field. This has often been correctly addressed to insufficient
spatial resolution. On the other hand, slit spectra always intersect
the penumbra at different spot radii, thus mixing the properties
of inner, central and outer penumbra.

Neglecting the small-scale structure, Schlichenmaier &
Schmidt (2000, hereafter referred to as SS2000) have described

the overall geometry of the Evershed flow in the deepest ob-
servable layers of a sunspot penumbra. They find an upflow in
the inner part of the penumbra, followed by nearly horizontal
motion in the middle penumbra. At the outer edge of the spot,
but still inside the spot, the flow is slightly inclined downwards.

In the present work we apply a refined analysis to the same
data, which allows us to distinguish between the material flow
in the bright and the dark penumbral elements. We compare
our findings with the predictions of the moving tube model
(Schlichenmaier et al. 1998): This model describes the pen-
umbral filaments as magnetic flux tubes in which hot material
is moving upwards and outwards due to an internal gas pressure
gradient. In the outflow phase the material cools by radiation.
Therefore a penumbral filament that appears bright in the inner
penumbra may become dark towards the outer penumbra.

2. Observations and data reduction

The observations have been carried out at the German Vacuum
Tower Telescope in the Observatorio del Teide, Tenerife, from 8
to 11 November 1998. We used the filter spectrometer TESOS
(Kentischer et al. 1998) to take two-dimensional spectra of a
sunspot and its immediate surroundings. The Doppler velocity
has been derived from the Fe II line at 542.5 nm, which is formed
in the deep photosphere, at an optical depthτ500 = 0.1. For the
velocity measurements we used a Fourier phase method: The
phase of the first Fourier component of the line profile provides
the wavelength position (c.f., SS2000). At a spatial resolution
of some 500 km, we have observed an isolated round sunspot
(NOAA 8578). In the present analysis we concentrate on the
data set, taken at a position angle of 11◦. The observations and
the properties of the spectral line used are described in more
detail in SS2000.

2.1. Selection of bright and dark component

The intensity distribution in the penumbra is rather broad (e.g.,
Grossmann-Doerth & Schmidt 1981) and the mean intensity
also depends on the spot radius. Therefore, a local definition of
“bright” and “dark” has to be made. To this end, we converted
the intensity data to polar coordinates relative to the spot center,
and applied an azimuthal boxcar smoothing (box size≈ 3.6
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Fig. 1. Penumbral intensity (normalized to quiet Sun) at a fixed spot
radius (10.3 Mm) versus azimuthal distance. Bright features are marked
with a plus sign and dark features with a triangle. For better visibility,
only the first 40 Mm of the azimuthal slice is plotted.

Mm) to the continuum intensity values. For each radius, values
above the mean were defined as “bright”, and vice versa. With
this definition, about half of the pixels are bright, and the other
half are dark (50.5%, 49.5%). An example of that procedure is
shown in Fig. 1. The graph contains part of an azimuthal slice
of the continuum intensity at a spot radius of 10.3 Mm (in-
ner penumbra). A boxcar average (not shown in the figure) has
been applied to distinguish locally between bright and dark fea-
tures. The plusses denote the bright component and the triangles
correspond to the dark one. At the smallest spatial scale there
are some very weak local darkenings that are not recognized
as “dark” filaments, but the vast majority of (locally) dark and
bright structures is correctly identified. White light images and
filtergrams (being recorded simultaneously by TESOS) were
co-aligned to find the co-spatial information within the velocity
maps. The velocities corresponding to bright and dark pixels
are plotted in Fig. 2 for the same spot radius as in Fig. 1. Here,
the entire azimuthal slice is displayed, to demonstrate the si-
nusoidal modulation of the LOS-velocity in azimuth. Note that
in most cases, the velocities corresponding to the bright (dark)
features are above (below) the local mean.

2.2. Flow angle and flow velocity

We take advantage of the azimuthal variation of the line-of-
sight velocity in order to determine the mean flow vector. In
this paper we perform the analysis not only for the mean flow
(as in SS2000), but also for the flow of the bright and dark
component, separately. Neglecting an azimuthal component of
the penumbral flow field, the line-of-sight measurement,vLOS,
is related to the material flow on the Sun through

vLOS(r, φ) = v0(r, φ) · [sin θ · sinφ · sin γ(r, φ)
+ cos θ · cos γ(r, φ)] , (1)

Fig. 2. Velocities at the locations of bright and dark pixels along the
same azimuthal slice as in Fig. 1, except that entire slice is plotted.

wherev0 is the flow velocity,θ is the heliocentric angle of the
sunspot,γ denotes the inclination angle of the flow with respect
to the surface normal andφ is the azimuth angle of the sunspot,
with φ = 90◦ pointing to disk center. Since the deviation of the
penumbral flow field from axisymmetry is small, we describe
the flow vector by azimuthal means.

From the measurements,vLOS(r, φ), we extract the vertical
and horizontal components of the line-of-sight velocity. The
vertical contribution to the line-of-sight velocity is given by its
azimuthal mean,m(r) := 〈vLOS(r, φ)〉φ,

vLOS
⊥ (r) = 〈vLOS(r, φ)〉φ = v0(r) cos θ cos γ(r) =: m(r), (2)

and the horizontal contribution is described by

vLOS
‖ (r, φ) = v0(r) sin θ sin γ(r) · sinφ =: A(r) · sinφ, (3)

A(r) is the amplitude of the azimuthal sinusoidal variation. The
mean,m, and the amplitude,A, are obtained by fitting the func-
tionf(m, A, φ) = m+A·sinφ to the measured velocities along
an azimuthal slice, taking into account the uncertaintyσ(φ) (see
Sect. 2.3). The fit procedure is performed by minimizing

χ2(m, A) =
N∑

i=1

[
1

σ(φi)
(vLOS(φi) − f(m, A, φi))

]2

, (4)

using the Marquardt algorithm (e.g., Bevington & Robinson
1992). The inclination angle,γ(r), is computed from Eqs. (2)
and (3) as

γ(r) = arctan
(

A(r)
m(r) · tan θ

)
. (5)

The absolute flow velocity,v0(r), is given as

v0(r) =
m(r)

cos θ · cos γ(r)
=

A(r)
sin θ · sin γ(r)

. (6)



W. Schmidt & R. Schlichenmaier: Small-scale flow field in a sunspot penumbra 831

Fig. 3. The standard deviation of the measured velocity fluctuations
along azimuthal slices versus radial distance from spot center. The
penumbra spans from the left end of the abscissa to the vertical line at
some 16 Mm. The fluctuations mainly stem from the fine structure of
penumbra and granulation.

2.3. Error analysis

Several sources of error have to be considered for the determi-
nation ofm andA (cf. Eq. (4)): Measuring the LOS velocity is
spuriously affected by seeing variations while scanning the line
profile (see SS2000) and by determination of the line position.
The largest uncertainty, however, is introduced by the penum-
bral fine structure itself: The velocity vectors of the bright and
dark components differ significantly. This introduces a deviation
from axisymmetry, i.e. from a sinusoidal shape of azimuthal ve-
locity slices. The root-mean-square values of these small-scale
deviations can be used as a measure of the uncertaintyσ in
Eq. (4).

Fig. 3 shows the radial dependence ofσ for all pixels (solid
line), for the bright (dotted line) and for the dark component
(dashed line). In comparison with Fig. 2, it is seen that the rms
values within the penumbra are small compared to the ampli-
tude of the azimuthal variation of the velocity. Note that for all
radii, the rms of the velocity fluctuation is smaller in the indi-
vidual components (bright and dark) than for all data points.
This indicates that the fit parametersm andA adopt different
values for the bright and dark component.

The standard deviations of the fit parameters,σA andσm,
correspond to the diagonal of the error matrix, which is cal-
culated by the Marquardt algorithm (cf. Eq. (4)). The uncer-
tainties for the flow angle,σγ , and for the flow velocity,σv0 ,
result from analyzing the error propagation. In addition toσA

andσm, one has to consider the error in the position angle,θ,
which is taken from synoptic maps. We estimate this error to be
σθ = 1◦ ' 0.017 rad and ignore the slight variation ofθ across
the spot. Using Eqs. (5) and (6), we obtain:

σ2
γ = σ2

A

(
∂γ

∂A

)2

+ σ2
m

(
∂γ

∂m

)2

+ σ2
θ

(
∂γ

∂θ

)2

Fig. 4. Scatter plot of velocity versus brightness fluctuations in the
center side (20◦ < φ < 160◦) of the inner penumbra (6.5 Mm < r <
11.1 Mm, corresponding to the range of the dotted line in Fig. 5) for
θ = 11◦. The velocity fluctuations are defined as the deviations from a
boxcar-smoothed local mean in km s−1, and the intensity fluctuations
are given relative to the azimuthal mean of a specific slice.

=
σ2

Am2 + σ2
mA2 + σ2

θ · 4A2m2

sin2(2θ)[
m2 tan θ +

(
A2

tan θ

)]2 (7)

and

σ2
v0

= σ2
A

(
∂v0

∂A

)2

+ σ2
m

(
∂v0

∂γ

)2

+ σ2
θ

(
∂v0

∂θ

)2

=

[
σ2

A

A2 + σ2
γ

(
cos γ

sin γ

)2

+ σ2
θ

(
cos θ

sin θ

)2
]

· v2
0 . (8)

3. Results

In this paper we present the results obtained from our best data
set atθ = 11◦. We have carried out the same analysis for various
position angles of the same spot (i.e. different observing days)
and find consistent results (see also SS2000).

A systematic difference between the velocity field of the
bright and dark component is apparent in Fig. 2. In order to
elaborate on this impression quantitatively, we investigate the
relation between the intensity of the penumbral filaments and
the velocity pattern. A simple correlation analysis between
the intensities and velocities comprising the whole penumbra
would not provide useful information, since the measured flow
depends both on radius and on azimuth. Thus we correlated
the fluctuations of the velocity and intensity: In order to fil-
ter out the sinusoidal variation of the velocity signal, the ve-
locity fluctuations are defined as the deviations from a local
mean, which is obtained by a boxcar average with a width of
∆φ = 45◦ in azimuth. The intensity fluctuations are deter-
mined relative to the azimuthal mean for each radial position:
(I(r, φ) − 〈I(r, φ)〉φ)/〈I(r, φ)〉φ. The intensity values were
taken from the best continuum image recorded together with the
co-spatial spectra, i.e. the intensity and velocity values are si-
multaneous, but independent, measurements. In Fig. 4 we show
the correlation between the velocity fluctuation and the inten-
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Fig. 5. Correlation coefficient of azimuthal slice between velocity and
brightness fluctuations as a function of spot radius. As in the previous
figure, only a central sector of140◦ is considered. The penumbra spans
from the left end of the abscissa to the vertical line.

sity variation for the inner penumbra of the center-side of the
spot. The azimuth angle,φ, ranges from20◦ to 160◦. The inner
penumbra comprises pixels with a spot radius,r, between 6.5
Mm and 11.1 Mm (corresponding to the range of the dotted line
in Fig. 5). Positive velocity is clearly correlated with brightness,
i.e. the strongest upflows occur in the brightest parts. This has
already been reported by Schlichenmaier & Schmidt (1999). In
the outer parts of the penumbra the correlation disappears, as
can been seen in Fig. 5. This is not surprising, since the flow is
mostly horizontal and occurs both in dark and bright filaments.

As a next step, we divided the observed line-of-sight velocity
maps in a “bright” and a “dark” component, using the local
intensity criterion described above. Using Eqs. (4) – (6), we
derived the inclination angle, the azimuthal mean velocity, and
the magnitude of the flow for each of the ensembles (all, bright,
and dark) separately.

The azimuthal mean, the inclination angle and the abso-
lute flow velocity for the data set withθ = 11◦ are shown in
Figs. 6 to 8. Fig. 9 displays the inclination angle for our data set
at θ = 20◦. The azimuthal meanm(r), i.e. the vertical veloc-
ity component, of the bright component is larger thanm(r) in
the dark component everywhere in the penumbra. Both compo-
nents decrease with radial distance. We find that the flow angle
(Fig. 7) of the bright component is always less inclined with
respect to the surface normal than the dark component. In the
inner penumbra, the flow in the bright component is more verti-
cally oriented (due to a larger vertical velocity) than the flow in
the dark one. Since the seeing conditions were somewhat worse
for our data set atθ = 20◦, the absolute difference between
the bright and dark component is smaller. The flow in the dark
component bends downwards (γ > 90◦) already at a about two
thirds of the penumbral width (r ≈ 12.5 Mm) to reach a down-
flow angle of7◦ (γ = 97◦) at the outer penumbral edge (due
to a negative vertical velocity), whereas the bright component
never shows a significant downflow. The maximum inclination
difference between dark and bright is about8◦.

Fig. 6. Azimuthal mean,m(r), of the penumbral velocity as a function
of spot radius forθ = 11◦. Dotted line: bright points; dashed line: dark
points; full line: all data. The shaded areas are the1σ error bars.

Fig. 7. Inclination angle,γ(r), of the penumbral flow. As Fig. 6.

The shaded areas surrounding each plotted line mark the1σ
error bars, as obtained from the analysis of Sect. 2.3. These error
bars demonstrate that the results concerning the azimuthal mean
and the inclination angle (Figs. 6 and 7) are significant every-
where in the penumbra. The errors are significantly larger for
the absolute flow velocity (Fig. 8): the flow speed of the bright
component lies within the1σ error bars of the dark component,
and vice versa. Since the flow is predominantly horizontal, the
main source of this error is the uncertainty of the position an-
gle, θ. Near disk center, i.e. for smallθ, only a small fraction
of the horizontal velocity component is measured. From Eq. (8)
we see that any error inθ is amplified by≈ 1/θ̃, whereθ̃ is
the position angle in radian. Indeed, for largerθ, the1σ error
becomes smaller, as is seen in Figs. 10 and 11, which display
the dependence of the flow velocity forθ = 20◦ andθ = 25◦,
respectively. In these figures, the dark component shows a sig-
nificantly larger velocity in the outer penumbra than the bright
component. This indicates that the flow field of the outer pen-
umbra is dominated by the dark component.

4. Discussion

The penumbral flow field is predominantly horizontal, but a ver-
tical component is present which decreases with radial distance
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Fig. 8. Penumbral flow speed,v0, for θ = 11◦. As Fig. 6, except that
only the bright and dark component is plotted. To distinguish between
the overlapping error bars, each of the two areas is surrounded by gray
lines (dotted for bright points and dashed for dark points).

Fig. 9. As Fig. 7, but forθ = 20◦.

Fig. 10. Same as Fig. 8, but forθ = 20◦. The1σ error bars of the
bright and dark component do not overlap in the outer penumbra.

from spot center. This leads to an upflow component in the inner
part of the penumbra, which gradually changes into a downflow
component in the outer penumbra. In the previous section we

Fig. 11. Same as Figs. 8 and 10, but forθ = 25◦.

presented significant differences in the material flow geometry
for bright and dark penumbral features.

The bright component of the flow is less inclined with re-
spect to the surface normal than the dark component through-
out the entire penumbra. In the inner penumbra, bright features
correspond to patches of upflows, whereas dark features are in
average more horizontal. This indicates that bright penumbral
features, i.e. penumbral grains and bright filaments, are consis-
tent with the moving tube model (Schlichenmaier et al. 1998)
which suggests that hot sub-photospheric plasma is transported
by upflow channels into the penumbral photosphere. We have
estimated that these upflows are sufficient to explain the surplus
brightness of the penumbra relative to the umbra (Schlichen-
maier & Schmidt 1999).

In the outer part of the penumbra only the dark component
shows a downflow. The flow speed in the dark component is
somewhat higher than in the bright features. Assuming that the
flow channels are confined by magnetic flux tubes, they may be
advected by the flow field of the surrounding granulation into
the cool intergranular lanes.

The spatial resolution of our data is about 500 km, just good
enough to distinguish between two, locally defined, intensity
ranges and to measure the material flow speed there. We expect
that at higher resolution much higher flow speeds and larger
velocity fluctuations would result.

The analysis of two-dimensional velocity data, covering the
complete spot reveal some of the difficulties that arise when
working with one-dimensional spectra taken with a grating spec-
trograph: the slit (assumed to be straight) always intersects the
penumbra at different spot radii, and the data base from a single
spectrum is too small to establish a relationship between inten-
sity (or temperature) and other quantities, such as velocity and
magnetic field.
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