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Abstract. A new method to determine the distribution of the
full velocity vector in an asymmetric sunspot is presented. Mea-
surements of the Doppler velocity and of the vector of the mag-
netic field are used as initial data for these calculations. The
determination is subdivided into two stages: in a first step we
obtain the distribution of the velocity projection onto the solar
surface, and in the second step the orthogonal component of the
velocity field is calculated.

The method has been applied to a sunspot observed from
two observatories over 7 days, that is at different positions on
the solar disk and in different phases of its development. The
resulting vector velocity field is in good agreement with the basic
features of the siphon flow model of penumbral flux tubes. The
velocities are directed outwards from the sunspot, and they have
small values in the umbra and maximum values in the central
part of the penumbra, while in the outer penumbra the velocities
decrease rapidly. The vertical velocities are mainly localized at
the umbral boundary (upflows) and at the outer parts of the
penumbra (downflows).
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1. Introduction

In order to understand the underlying physics of most phenom-
ena observed in the solar atmosphere it is necessary to know the
spatial distribution and development of the vectors of both the
magnetic and velocity fields. For the magnetic field it is possi-
ble in principle to determine the full vector from photoelectric
spectro-polarimetric measurements in Zeeman-sensitive lines –
see e. g. Staude et al. (1991) and Hofmann (1991). But for veloc-
ities only the line-of-sight component can be obtained directly
from Doppler shift measurements.

The motions in the plane perpendicular to the line-of-sight
can be estimated from the shifts of photospheric details (local
correlation tracking), but these motions seem to be connected
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rather with the subphotospheric flows, so it is hard to use them
together with the Doppler measurements for deriving the full ve-
locity vector. For example, Shine et al. (1994) have shown that
the proper motion velocity is generally larger than the Doppler
velocity if both are interpreted as projections of horizontal mo-
tions. The horizontal velocities derived from local correlation
tracking sometimes have even the opposite direction (inward)
to that of the photospheric Evershed flow (Wang & Zirin 1992,
Kitai et al. 1997). A velocity field comparable to the relative mo-
tions of sunspots can also be determined from a time sequence
of magnetograms (Levine & Nakagawa 1974). For a symmet-
ric sunspot the full velocity vector can be estimated from the
Doppler measurements alone (Klvaňa et al. 1995, 1996).

Stanchfield et al. (1997) have computed the absolute values
of the velocity vector from the measured Doppler velocity using
the assumption that the flow is everywhere aligned with the vec-
tor of the magnetic field. These results have been confirmed by
the latest high-resolution observations of Westendorp Plaza et
al. (1997) which have been interpreted by means of an inversion
of the radiative transfer equations for polarized light. Accord-
ing to these data the Evershed flow follows along flux tubes
which dive below the surface near the outer edge of the penum-
bra or just outside, in excellent agreement with the predictions
of the siphon-flow model. This model has been proposed three
decades ago by Meyer & Schmidt (1968); it has been elabo-
rated in several papers by Montesinos & Thomas (1997, and
references given there).

In the present paper the full velocity vector in an asymmetric
sunspot is determined by a new method based on the measure-
ment of the Doppler velocity and of the vector of the magnetic
field. We will show that our results are fully consistent with the
latest observations of Stanchfield et al. (1997) and Westendorp
Plaza et al. (1997) as well as with the siphon flow model of
Montesinos & Thomas (1997).

2. The observed region and the initial data

Observations of the active region NOAA 6716 during the period
July 06–12, 1991 will be considered. In Fig. 1 maps of the
distribution of the continuum brightness for each of five days
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Table 1. The heliographic coordinates of the maps for different dates
of measurement

Date July 6 July 7 July 8 July 11 July 12
Latitude 12o N 13o N 12o N 11o N 11o N

Longitude 40o E 28o E 15o E 27o W 39o W

are presented. Note that the sunspot is not totally symmetric.
Beside the main umbra, it has two small additional nuclei: the
first one, in the south-east, is more visible on the first three
maps, while the second, in the north-east, can be seen on the
last two maps. The first three maps (July 6, 7, 8) correspond to
disk positions before the central meridian passage (CMP), the
two last maps (July 11, 12) after the CMP. The heliographic
coordinates of the maps are shown in Table 1.

Fig. 2 shows maps of the distribution of the Doppler veloc-
ity (line-of-sight component) measured in the Fe I 524.76 nm
spectral line. The black (white) color corresponds to velocities
from (toward) the observer. The change of the signature of the
Evershed effect from black-white before to the white-black af-
ter CMP is clearly evident. All the maps presented are cuttings
from larger fields of view. The zero point of the velocities was
defined to be the mean velocity in the quiet sun outside the
sunspot.

In Fig. 3 we present maps of the measured full vector of
the magnetic field viewed from the line-of-sight direction.The
background shows the radial component of the magnetic field,
and the arrows depict the projection of the magnetic field onto
the solar surface plane. The projection effect is clearly visible.

Continuum brightness (shown in Fig. 1), Doppler velocities
(Fig. 2), and magnetic field vectors (Fig. 3) were measured at
the Einsteinturm Solar Observatory in Potsdam. For the mag-
netic field vectors the measurements were taken in the wings of
the Fe I 525.02 nm line, which is formed in photospheric layers
a bit higher than the Fe I 524.76 nm line. A total polarizer and a
quarterwave plate in front of the first coelostat mirror were used
to calibrate the instrument, including an elimination of parasitic
instrumental polarization, before and after the completion of
each magnetogram. During the measurements an inclined glass
plate was used to compensate for the main part of the linear po-
larization caused by the telescope. The Stokes vectors measured
during the scan were corrected by taking into account the time
variation of the calibrational M̈uller matrix of the instrument
(instrumental polarization is eliminated in this way) and the in-
fluence of the parasitic stray light. The corrected Stokes vectors
were transformed into magnetic field vectors by means of the
theoretical calibration functions of Staude (1970a, b; Staude
et al. 1991), which take into account the true photometer slit
dimensions, the Faraday effect, and different atmospheric mod-
els for different solar features such as the umbra or the quiet
photosphere.

3. The method of determining the horizontal velocity

Let the horizontal plane be the plane of the solar surface and
the vertical direction be the direction orthogonal to the solar
surface (radial direction). To find out the velocity vector field
the following assumptions will be used

1. The line-of-sight component of the velocity vector is given
by the measured Doppler velocity.

2. The vertical component of the velocity vector is small com-
pared to the horizontal component.

3. The horizontal component of the velocity vector is parallel
to horizontal component of the magnetic field vector.

Assumption 2 is a widely accepted observational fact (see
Maltby 1964, Schr̈oter 1965, Title et al. 1993, Shine et al. 1994).
In particular, according to Shine et al. (1994) the inclination of
Evershed velocities is<∼ 6o − 11o. Results obtained for a sym-
metric sunspot (Klvǎna et al. 1995, 1996) give the same esti-
mate for the average velocity inclination. Physical arguments
for horizontal motions in sunspots have been given by Unno et
al. (1981) and Berton (1985). Recent observations by Rimmele
(1995a, b) have shown that the Evershed flow is extended along
arched magnetic flux tubes. In Fe spectral lines such as those
used in the present paper the flow along the nearly horizon-
tal, upper portions of these flux tubes is seen (Stanchfield et al.
1997).

Assumption 3 is suggested by observations showing that the
Evershed flows are concentrated in the horizontal dark filaments
with a nearly horizontal magnetic field; the inclined magnetic
field in the white filaments is not correlated with the Evershed
velocities (Title et al. 1993, Rimmele 1995a). A mathemati-
cal argument in favour of Assumption 3 in a special case was
given by Berton (1985). Note that for symmetric sunspots this
assumption is fulfilled with high accuracy (Klvaňa & Bumba
1996).

Let us calculate the horizontal component of the velocity
vector from the values of the Doppler velocity and the vector
of magnetic field using the Assumptions 1–3. We introduce the
notations

v, B — vectors of velocity and magnetic field,
vh, Bh — horizontal components of velocity and

magnetic field vectors, and
k, e — unit vectors of the vertical direction

and of the line-of-sight, respectively.
Assumption 3 results in

vh = λBh , (1)

whereλ is an unknown scalar multiplier. To find out the value
of λ let us project Eq. (1) to the line-of-sight direction (i. e. take
the scalar product with the unit vectore):

e·vh = λe·Bh ⇒ λ =
e·vh

e·Bh
(2)

Neglecting the vertical component of the velocity (Assump-

tion 2) the quantitye·vh = e·v def
= ve is the known value of
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the Doppler velocity. The quantitye ·Bh can be calculated as
follows:

B = Bh + Bzk ⇒ e·Bh = e·B − Bzk·e . (3)

Heree·B def
= Be is the measured line-of-sight projection of

the magnetic field vector;Bz is the vertical projection of the
magnetic field vector; andk·e = cos ϑ, whereϑ is the angle
between the line-of-sight and the radial direction. Thus from
(1), (2), and (3) we have

vh = λBh , λ =
e·vh

e·Bh
=

ve

Be − Bz cos ϑ
. (4)

In Eq. (4) the desired horizontal velocity vector is expressed in
terms of the measured quantities. (Bz is not measured directly
but it can be obtained from the measured magnetic field vector
B.)

4. Computation of the horizontal velocity distribution in
the sunspot

Let us consider the measurement from July 8 (the third maps in
Figs. 1–3) as an example to demonstrate the calculation tech-
niques. Figs. 4a, b show maps of the Doppler velocity and the
magnetic field vector, respectively. Note that in spite of the prox-
imity of the area to the solar center (distance≈ 19o) the signa-
ture of the Evershed effect is clearly visible in the Doppler veloc-
ities (Fig. 4a). For the magnetic field, however, projection effects
are unimportant (Fig. 4b). This is the well known effect of the
anticorrelation of velocity and magnetic fields (Berton 1985).

Consider Eq. (4). To find out the velocity it is necessary to
calculate the scalar coefficientλ. The denominator of the coef-
ficient is the longitudinal projection of the horizontal magnetic
field,e·Bh = Be−Bz cos ϑ. The map of this quantity obtained
from the magnetic field vector distribution (Fig. 4b) is shown in
Fig. 4c. Compare this map with the distribution of the Doppler
velocity in Fig. 4a: the velocity field (Fig. 4a) and the magnetic
field (Fig. 4c) are in good correlation. This fact confirms the
assumption of parallelism of the horizontal components of the
velocity and magnetic field vectors (Assumption 3).

In order to determine the velocity it is necessary to calculate
the ratio of the velocity field (Fig. 4a) and the magnetic field
(Fig. 4c). Of course, there will be problems in the vicinity of the
line where both quantities are close to zero — we will obtain
a ratio of two small parameters. Such a line will be called a
central line; it is close to the line with a direction from bottom
to top with a little inclination to the right in Figs. 4a, 4b. The
result of the simple computation by Eq. (4) is shown in Fig. 4d.
The background shows the original Doppler velocities, and the
arrows show the resulting horizontal velocities. Far from the
central line the velocity field looks quite reasonable, but there are
large errors in the vicinity of the central line. To avoid such errors
a median filter with3 × 3 pixels has been applied to the field of
the coefficientsλ. This filter removes such values which sharply
differ from their neighbors. The result of the computation with
the correctedλ coefficients is shown in Fig. 4e. The final result

– after a weak additional filtration of the vector field – is shown
in Fig. 4f.

The same technique was used for the measurements of the
other four days. The results are presented in Fig. 5. In order to
eliminate the projection effects due to different positions on the
disk, in Fig. 5 the areas are rescaled to appear as if they were
observed from the radial direction. All the maps show that the
velocities are directed outwards from the sunspot, the velocities
have small values in the umbra, and they achieve maximal values
near the center of the penumbra and rapidly decrease outwards
in the sunspot (see Fig. 1 for brightness). A comparison of the
brightness (Fig. 1) and the velocity maps (Fig. 5) for the last
measurement (July 12) shows that in the area between the two
nuclei (north-east from the main umbra) the velocities have very
small values.

5. The method of determining the vertical velocity

The method described in Sect. 3 only allows us to obtain the
horizontal projection of velocity vector. To find out the vertical
velocity let us use the equation of mass conservation assuming
a steady state (∂ρ/∂t = 0):

∇·(ρv) = 0 ⇐⇒ vz
∂ρ

∂z
+ ρ

∂vz

∂z
= −∇h ·(ρvh) , (5)

whereρ is the density,∇h is the horizontal component of the∇
operator, andz is the coordinate along the vertical axis. Denote
the inverse vertical velocity scale height as

γ
def
=

1
vz

∂vz

∂z
;

then the derivative∂vz/∂z can be represented in the form

∂vz

∂z
= γvz . (6)

In generalρ andγ are functions of the coordinates (x, y, z),
where (x, y) are the coordinates in the plane of the solar surface.
It is quite evident that the dependence ofρ onz is much stronger
than that on (x, y). The same can be expected forγ. Neglecting
the dependence ofγ andρ on the coordinates (x, y), we have

∇h ·(ρvh) = ρ∇h ·vh ,

and from Eqs. (5), (6) we obtain

vz = − 1
C(z)

∇h ·vh , C(z)
def
= γ(z) +

d

dz
ln ρ(z) , (7)

whereC is a scalar coefficient that has a constant value for
the whole map. Thus, using Eq. (7) it is possible to find the
distribution of the vertical velocity from the known distribution
of the horizontal velocity.

6. Computation of the vertical velocity distribution in the
sunspot

For the computation of the vertical velocity, let us use the maps
(Fig. 5) of the horizontal velocity distribution obtained from the
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Doppler measurements in the spectral line Fe I 524.76 nm. The
result is shown in Fig. 6. The background shows the distribution
of the vertical velocity, and the arrows show the distribution the
horizontal velocity. From the maps it follows that the vertical
velocity is practically zero in the umbra, upflows are mainly
localized at the umbra boundary, and downflows appear at the
outer parts of the penumbra.

7. Comparison with the measurements from the Onďrejov
Observatory

At the Onďrejov Observatory (Czech Republic) Doppler veloc-
ities were measured in the Fe I 525.347 nm spectral line for the
same active region; our aim was to look for possibilities to use
Doppler measurements from the Ondřejov Observatory together
with magnetic field measurements from the Einsteinturm Ob-
servatory to compute the whole velocity vector distribution in
the active region. A basic problem with such a comparison of
measurements from different places is the choice of a common
system of coordinates. For this purpose the brightness maps
were used. After some averaging of the maps, the point of mini-
mum brightness was used as the origin of the coordinate system
for both maps. Then this common coordinate system was used
for the Doppler and magnetic field maps. The computations
show that this method gives the maximum cross-correlation for
the measurements. In Fig. 7 the results of these computations
of the full velocity vector are shown for July 7, 11, and 12. The
basic structures of the velocity field are very similar to those in
Fig. 6, where the computations of the vertical velocities were
made using the Doppler measurements from the Einsteinturm
Observatory (in the Fe I 524.76 nm spectral line). Thus, the use
of Doppler velocity and magnetic field measurements from dif-
ferent observatories can give good results; the flows in the Fe I
525.347 nm and Fe I 524.76 nm spectral lines looks very similar
to each other.

8. Discussion and conclusions

We have presented a method of determining the distribution of
the full velocity vector in an asymmetric sunspot. One of the
assumptions in our computation of the horizontal velocities is
the condition that the horizontal component of the velocity vec-
tor is parallel to the horizontal component of the magnetic field
vector. Recent observations (Title et al. 1993, Rimmele 1995a)
have confirmed earlier results showing that the Evershed flows
are concentrated in the horizontal dark filaments where veloc-
ity vectors and magnetic field vectors are parallel. In the bright
filaments the magnetic field is more highly inclined, but the ve-
locities are negligible there. In our observations the spatial res-
olution was not very high(≈ 3”), and values inherent to dark
and bright filaments are averaged. Therefore the inclination of
the observed magnetic field (averaged over dark and bright fila-
ments) differs from the inclination of the velocity vector (mea-
sured mainly in the dark filaments which are almost horizontal).
That is why in the method presented we have separated the hor-
izontal componentBh of the magnetic field that is connected

with the dark filaments and the Doppler velocities. The map of
the line-of-sight projection ofBh (Fig. 4c) shows a very good
correlation with the map of the Doppler velocity (Fig. 4a). This
fact confirms that Doppler velocities in the middle photosphere
are directed along horizontal channels which are the upper por-
tions of the magnetic arches carrying the Evershed flows.

For the computation of the horizontal velocities the vertical
velocities were neglected in the first step. However, after deter-
mination of the horizontal velocity field the method allows us
to compute the small vertical components of the velocity. In-
deed, due to mass conservation the radial flow can’t exist with-
out upflow in the inner sunspot area and downflow in the outer
area. The computed maps of the vertical velocities for the Fe I
525.347 nm and Fe I 524.76 nm spectral lines (Fig. 6) show that
the vertical velocity is practically zero in umbra, upflows are
mainly localized at the umbra boundary, and downflows appear
at the outer parts of the penumbra. The regions where the ob-
tained vertical flows are localized correspond to those areas were
the footpoints of the magnetic arches have been observed (Rim-
mele 1995b, Stanchfield et al. 1997). The level where we have
measured the velocities is too high in the atmosphere to observe
the footpoints of the magnetic arches, and our spatial resolution
is not high enough. Nevertheless, the method presented allows
us to find weak vertical flows that can’t be measured directly.
Our results are in excellent agreement with the interpretation of
the latest observations of Stanchfield et al. (1997) and Westen-
dorp Plaza et al. (1997) as well as with the predictions of the
siphon flow model of Montesinos & Thomas (1997).

The sunspot we have observed is not symmetric; it has two
small additional nuclei. Our computation shows that the velocity
vectors almost vanish in the penumbra between the main umbra
and the additional nuclei.

Our investigation has demonstrated that Doppler velocity
data and vector magnetic field data needed for the vector ve-
locity computations can be taken at different observatories, as
has been done here with magnetic field measurements from the
Potsdam Einsteinturm Observatory and Doppler measurements
from the Onďrejov Observatory. The comparison of these results
with the velocity vector fields computed from the Einsteinturm
Observatory data alone shows a good agreement (see Figs. 6
and 7). It would be highly desirable to repeat this analysis with
data of much better spatial resolution, obtained, for example, at
the vacuum solar telescopes at Tenerife.
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