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Abstract. We have measured the material flow in the penumbsanaller the line shift and the larger the line asymmetry (Stell-
of a large symmetric sunspot during the passage of the spwcher & Wiehi"1980; Ichimotb 198/, 1988; Balthasar et al.
across the solar meridian. The line-of-sight velocity field hd997). The most convincing interpretation of these observa-
been obtained from Doppler measurements in a Fe Il line usitigns is in terms of a two “component” model: an unshifted
a filter spectrometer with a large field of view. From data sets slightly shifted main component and a line satellite, i.e. a
taken on different days, i.e. at different view angles, we hamppler—shifted weaker component (e.g. Scér 196@). The
reconstructed the magnitude and orientation of the penumHedter stems from a spatially unresolved flow channel (Wiehr
flow field in the deep photosphere. We find upflows near t4994) which is elevated a few hundred km with respect to the
inner and downflows at the outer boundary of the penumbra wibintinuum (Rimmelé_1995). In this work we confirm this pic-
nearly horizontal outflow in between. From our measuremerttse except that we find that the flow is less elevated, i.e. is
we derive the following flow geometry: narrow upflow channelsoncentrated in the very deep photosphere.
rise at different penumbral radii, they bend outwards with a Also, itis observed that the limb side penumbra shows a dif-
nearly horizontal outflow, and are finally tilted a few degredgrent line asymmetry than the center side penumbra {&ehr
downwards at the outer penumbral boundary, but still insid®65; Rimmelé 1995). In terms of flow channels, this observa-
the spot. The flow reaches its maximum speed of about 3i&n can be understood if the flow is not quite horizontal, but
km s~! in the outer part of the penumbra. Our findings areslightly inclined upwards, as it was reported e.g. by St
significant step towards an understanding of the mass bala(it@65), Title et al.[(1993), and Shine et al. (1994).
of the Evershed flow. The proposed geometry is consistent with Rimmele [1995) pointed out that the contribution functions
recent numerical models of penumbral filaments. of photospheric absorption lines are wider than the flow channel
itself, i.e. plasma above and below the flow channel significantly
Key words: Sun: photosphere — Sun: sunspots — Sun: magnetantributes to the measured line profile. Assuming that the sur-
fields rounding plasma is at rest, we expect that the measured Doppler
velocities are smaller than the actual flow velocity (even if the
flow is spatially resolved). This would explain that measured
1. Introduction Doppler velocities are smaller than those predicted by theoret-

” ical models.
The transition between the umbra and the penumbra of a sunspotry,¢ strong radial outflow across the penumbra raises the

is characterized by the steep increase in intensity, and by fig.stion about the nature of sources and sinks of the moving
opset of vigorous.mgterial motions with a strong horizontal, 'fas (mass balance). Schlichenmaier efal. (1998a,b) approached
dially outward pointing component, the Evershed flow. In thgis hroplem theoretically and postulated the “moving” tube
recent decades the Evershed flow was subject of numerousjRjgel: a thin magnetic flux tube whighovesin the penum-
vestigations at ever increasing spatial resolution. Neverthelgss, Here, the cool horizontal flow is fed by a hot upflow (the
many aspects of the flow remain unclear, and after all we st} ;rce) which cools as it reaches the photospheric layers: at
await a self-consistent theoretical model of the penumbra. - ¢ gyter penumbral boundary this flow continues to stream up-
The most important characteristic of the Evershed effect i3, o the magnetic canopy which surrounds the sunspot, and
that photospheric lines are not only Doppler-shifted, indicatinge ey guarantees the mass balance. Observations from Johan-
aradial outflow, but also show a line asymmetry (Bumba 196Qs550r(1993), Rimmele(1995), and Schlichenmaier & Schmidt
Servajean 1961; Holmes 1963; Mallby 1964). Systematic 9iggy hereafter: paper I) indicate the existence of hot upflow

servations with various absorption lines reveal that line shift;nnels in the inner penumbra and are thus consistent with the
as well as their asymmetries depend sensitively on the forma-

tion height of the line: the higher the line core is formed the

! Forvery strong lines, a second line satellite is observed which most
Send offprint requests t®. Schlichenmaier probably is the signature of the inverse Evershed effect.
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Fig. 1. Left panel: Profile of the Fe 11 542.5 nm line, computed for &ig. 2. Same as Fif]1, for hC 1 538.0 nm line.
spectral resolution of 2.5 pm and a standard atmosphere for the quiet

Sun; right panel: contribution function for the line core (solid), th%f Schiter we concentrate on the deepest lavers of the penum-
wings at half maximum (dotted) and the outer wings (dashed). P y P

bral photosphere by selecting appropriate absorption lines (see
Sect(2).
moving tube model. However, at the outer penumbral bound- Sect[2 describes the data and the methods used for the data

ary, observations are unclear about the behaviour of the f|6WPC"°“- In Seci]3 we study the mfluence _Of varying seeing
Depending on the observational method and on the spectral mlrgmg the wayelength scan on the I'|ne profiles. In Séct. 4 we
used, ambiguous results are obtained: From the zero-crosé?ﬁ?sent velocity maps of a sunspot, introduce the method US_Gd
shift of Stokes—V profiles (which stem from the upper photd® analyze the flow geometry, and presentresults of our analysis.
sphere) Solanki et al, (1994, see also Solanki ét al.11999) infaithe concluding Sedfl 5 we discuss our findings.
that some 20% of the flow does indeed continue upwards to-
wards the magnetic canopy, as itis predicted by the moving tubeObservations and data reduction
model. On the other hand, using absorption lines which form i 1 s . L

: X . Selection of absorption lines
the mid-photosphere, numerous observers have confirmed the
work of Evershed (1909): the line shift and also the line asymxs mentioned in the introduction, the largest line core shift is
metry ceases abruptly at the outer boundary of the penumprasent for lines that are formed in the deepest part of the pho-
(e.g. Borner & Kneef 1992; Wiehr & Degenhardt 1994; Wiehtosphere. Such lines should be capable to provide information
1996; Balthasar et al. 1906). Finally, in the deepest photosphexiimout the proposed, low-lying flow channels. For our observa-
layers, observational evidence for the existence of a few isolatezhs we therefore have chosen two lines, which originate in the
downflow patches was presented (c.f., Westendorp Plaza etlekep photosphere: an ionized iron line at 542.5 nm and a weak
1997). line of neutral carbon at a wavelength of 538.0 nm.

In the present work, we concentrate on the penumbral flow Fe 1l 542.5 nm:This is a temperature sensitive “hot” line
field of the deep photosphere in order to (i) disentangle the amith a high excitation potential of 3.2 eV and a La@nfactor
biguities of the previous observations, (ii) verify the movingf g.¢ = 1.25. The right panel of Fid.J1 shows the contribu-
tube model, and (iii) address the question of mass balance. Ttlos functions (Grossmann-Doefth 1994) for the line core (solid
is done by infering the radial dependence of the flow inclinéine), the wing at half maximum (dotted line), and the far line
tion and the flow velocity. Only Scbter (1965) previously per- wing (dashed line). For the computations we have used a stan-
formed a similar analysis. He observed an isolated symmetiiard atmospheric model of the quiet Sun (Holweger &ler
sunspot during its disk passage on 12 subsequent days in 19824), and we took into consideration a spectral resolution of
with the slit always oriented towards disk center. He derived &b pm. The contribution function peakslag - = —0.7, and
inclination angle (with respect to the solar surface) for the Evehe line forms predominantly in layers beldwg - = —1, cor-
shed flow that decreased fr@®° & 8° in the inner penumbra to responding td» = 130 km abovelog 7(500 nm) = 0. It forms
12° 4 7° at the outer penumbral boundary. The inferred velocigven deeper when magnetic fields are present.
reached a maximum of (9 + 0.1) kms~! at 80% of the spot’s C 1538.0 nm:This weak line has an extremely high excita-
radius. Today, with the help of two-dimensional spectroscopipn potential of 7.3 eV and a magnetic sensitivity corresponding
and an excellent observing site, we can aquire a data set ofteug = 1. Fig[2 demonstrates that it is formed in the deepest
perior quality. Since we can rely on two-dimensional velocitggccessible layers of the quiet sun atmosphere: the contribution
maps (see Se€l. 2), we are able to infer the flow geometryfofction ofthe line core peaks aroutg 7 = —0.2(i.e.,h = 25
a penumbra from one single spectrum (see Ekct. 4) insteadkrof), with a full width at half maximum reaching from below
having to combine datasets from 12 different days. the continuum up téog 7 = —0.7 (i.e., h = 100 km).

We will prove the capability and validity of our method by = The magnetic sensitivity of these lines is rather small, and
demonstrating the consistency of four inferred penumbral fldive sunspot magnetic field together with the potential effects of
fields of anisolated, round, and stable sunspot. These flow fiellastrumental polarization should not cause significantline shifts.
were obtained under four different view angles, i.e. by obsefVhe Zeeman effect alone does not change the line position, since
ing the spot on four subsequent days. In contrast to the wdtrlcauses a symmetric line broadening. It would take a rather
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6 =11° (Nov. 9) 6 =15° (Nov. 10) transmission, so an integration time of 0.8 s was necessary (0.4
T A i o s for the ionized iron line), resulting in a measurement cadence
of about 40 s for the carbon and 20 s for the iron line. Seeing
conditions were fair to good during the observations and all data
used for the present analysis have a spatial resolution of better
than one arcsecond.

Target:We have observed an isolated round sunspot (NOAA
8578) onits passage through the central meridian, at heliocentric
angles of 20, 11°, 15°, and 25. Fig.[3 shows examples of
good continuum images, one for each day. The spot undergoes
little evolution during the observations and a comparison of the
penumbral flow measured on different days is therefore justified.

6 = 20° (Nov. 8)

e
5

2.3. Data reduction

The standard procedures for flat field and dark current correction
have been applied. The processing of raw data is straightforward
without major complications, due to the good wavelength sta-
bility of TESOS. The correlation tracker (Schmidt & Kentischer
1995) of the VTT provided the fine pointing with an accuracy
of about 0.1 arcsec, therefore a rigid alignment of the individual
filtergrams within a single data set was not necessary. We ap-
plied a standard destretch algorithm to remove image distortion
Fig. 3. Contrast enhanced intensity maps of the sunspot observedfm the individual images. To this end we used the contin-
four consecutive days. The disk positions ére- 20°, 11°, 15° and uum images that had been taken with the filtergrams. Firstly,
25°. the relative orientation and image scale of the continuum im-
ages was carefully adapted to that of the filtergrams. Images of

strong instrumental polarization effect to produce such a lifedrid target were used for that purpose. In a second step the

asymmetry which then could be interpreted in terms of artificigPSition stability was checked (and would have been corrected,

Doppler motion (cf. Sedt214). if necessary), and then the image distortion of the continuum
If one calculates the line profiles for a mean penumbral df0ages with respect to the mean image was determined and cor-

mospheric model, e.g. Ding & Farig (1989), one finds that boifcted. The sub-image displacements were then applied to the

lines have an insignificant line depression (less than a perceffyresponding filtergrams.

This is due to the coolness of such an atmosphere. However, we

observe the presence of both lines within the penumbra with lipe. Method to determine line shift

strengths similar to the quiet photosphere. This is not surpris-

ing, since many of the bright structures reach (or even excedd) line shift was measured at every spatial point of each spec-

photospheric brightness (Grossmann-Doerth & Schimidt/19874m to construct two-dimensional velocity maps. We applied
Denker 199B; Stterlin & Wiehr[I998). a simple method to determine the position of the line, similar

to the principles of a Fourier tachometer: the phase of the first
) Fourier component of the line profile is a measure of the posi-
2.2. Observations tion of the line within the measured wavelength interval. The

The observations have been carried out at the German Vacut@irier transform F(u) of the line profileX], measured in the
Tower Telescope in the Observatorio del Teide, Tenerife, fronierval AX = A1, A;] can be written as
to 11 November 1998. We used the filter spectrometer TES _ .

. _ i u) = R(u) + iI(u),
(Kentischer et al._1998) to take two-dimensional spectra of a
sunspot and its immediate surroundings. TESOS has a large ) 211/2 I
field of view with a diameter of 95 arcsec and is therefore wellth |F'(u)| = (R +I7)"/7, and ®(u) = arctan (R> :
suited for this kind of observations. The instrument was used
in its low-resolution mode with a pixel size of 0.25 arcsec and The line position with respect to the center of the interval
a spectral resolution of 160.000. A single data sets consistsothen just®(u), with the basic frequency, = 1/A\. The
20 narrow-band filtergrams taken at equidistant positions acrésairier method is best suited for symmetric profiles, since then
the spectral line. The spectral step width was 2.0 pm for bdtke line position corresponds to the centre-of-gravity shift and
lines. Broadband images with exactly the same field of vieat the same time to the line core shift of the line profile. The
were recorded simultaneously with each filtergram. The 0.3 mmethod is faster than other techniques and it is, by definition,
prefilter used for the carbon line unfortunately had rather poegry insensitive to noise. It was initially intended to serve as
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a “first guess” procedure, with subsequent refinement with an- ¢ = 11" (Nov. 9) 6 =15% (Nov. 10)
other method, e.g. the computation of line bisectors. We haves
carried out extensive tests, based on 2D spectrafrom TESOS a

other methods, well within the velocity resolution of our data,
As it is expected for weak deep-forming absorption lines, our{

the analysis. The line shift&)\, were converted to Doppler ©
velocities according to the Doppler equatidn\/A = vp /e,
where c is the speed of light ang, is the Doppler velocity. We
used the average velocity of the granulation outside the immedi-

10 20 30 40 (9] 10 20 30 40

6 =20° (Nov. 8) 6 = 25° (Nov. 11)

convective blue shift (Balthasar 1984), we subtracted a value o
0.4 kms! from this average. The most suitable reference poin
for the velocity would have been the umbra, which is known to
be at rest (on average), but both the iron and the carbon linesans
virtually absent in the umbra, due to their temperature sensitiv{s
ity, and no reliable line positions can be measured. In additioty
the Fe Il line shows a blend in the red wing.
We would like to mention that scattered light from the sur-
rounding granulation causes a slight blue-asymmetry of the line
profiles in the penumbra. This systematic effect has some influ- s 10 05 0o oa 1o s
ence on the velocity calibration. Assuming a stray light level of Doppler velosity [km/s]

10%, wi im lue shift of some 50T $cf. .
0%, we estimate a blue shift of some 50 m &cf., Sect. 4.5) Fig. 4. Line-of-sight velocity maps, derived from the Fe Il 542.5 nm

line. The maps correspond to the continuum images shown ifllFig. 3
3. Seeing-induced shifts of the line profile w_ith disk positions ofd = _20", 11°, 15°, 25°. The arrows _p_oint to _
disk center. Umbral velocities have been set to zero. Velocities ranging

Special care has to be taken when selecting “good” spectra. Irégn -1.5 kms ! (red-shift) to +1.5 kms! (blue-shift) are displayed.
most important that the filtergrams are recorded ducomstant
seeing conditions. In this section we demonstrate that variable
seeing conditions during the scan can produce artificial Dopplie from the Lege Atlas, i.e.d = 40% ando = 8 pm. We
shifts of the line. Seeing changes during the scan change the ts8 the rms intensity contrast,of the continuum images as a
contrast of the image, and hence lead to an intensity changeneasure of the seeing conditions. In order to model the spatial
dark and bright structures: During instances of ‘bad’ seeing ttependence of the intensity,= I(z), of the granulation, we
continuum intensity of bright structure, e.g. granules, decreasssumel(z) = Iy + A - sin(z). The amplitude,A4, of the
as compared to instances of ‘good’ seeing, and vice versa ifatensity variation is related to the rms fluctuations by:=
dark structures, e.g. dark granular lanes. Such changes falsiy- s.
the line profile, and may lead to artificiskeeing-inducedshifts If we assume a linear increasesdfy As = 0.01 during the
of the line core. scan, and measure the line core shift using the method described

Let us assume that the rms intensity fluctuatigns)crease in Sect[Z}, we obtain a blue-shift for the bright structures of 70
linearly while the absorption line is scanned from the blue @ s~! and ared-shiftfor the dark structures of 70m sThe line
the red. In this case the blue continuum of a bright structusbift turns out to be proportional tg i.e. a larger change of the
has a smaller intensity than the red continuum, and the lirmas contrast would increase the artificial line shift. The amount
profile is tilted such the line core is shifted towards the bluef the artificial shift depends critically on the line depression:
For a dark structure the opposite is true, the line core appareMigaker lines are stronger influenced than stronger ones. We
shifts towards the red. find that the dependence of the line core shift is approximately
inversely proportional to the line depression.

Arbitrary seeing fluctuationss, of the seeing do not lead
to a systematic shift of the line, but add to the noise of the line
In order to estimate the effects of variable seeing conditiopsofile. This again stresses the necessity for the noise insensitive
of the Doppler velocities of the line core we have performedmaethod of Secf. 214 that we used to determine the line core shift.
simple numerical experiment. We approximate the Fell line by The spectra used for the present investigation have been
a Gaussian profile, which has the same line depresgjand selected by evaluating the rms-contrast of the granulation within
full width at half maximum (FWHM) o, as the correspondingthe broadband images as a function of wavelength (for each

3.1. Simulated spectra under variable seeing conditions
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Line of sight locity, v = v(r), has a minimum, and, moreover, this minimum
has very small and in some cases negative values. This indi-
cates that the Evershed effect apparently disappears at the outer
penumbral boundary, and the negative values give a hint, that
the flow might be inclined slightly downwards at the outer pen-

direction of flow umbral boundary. The systematic investigation in the following
Y sections will confirm this first qualitative impression.
(082 ~ . 4.2. Analysis of the flow geometry
~ t
Sl For the analysis of the flow geometry, we assume that the phys-

ical flow field does not depend on the azimuth, i.e., we assume
axial symmetry. This implies that azimuthal velocity variations
are purely due to line-of-sight effects. Moreover, when we com-
pare the velocity fields of the 4 different days, we tacitly assume
that the flow field of the spot does not change during the four
filtergram TESOS records a simultaneous broadband white ligllys of observation. The latter is justified by noting that the
image). Except for November 10, we used spectra in whiglypearance of the spot does not change in that period.

the overall trend of the rms-contragks, during the scan and  \We make use of the highly symmetric appearance of the ob-
individual fluctuationsgs, were less than 0.005. For Novembegeryed sunspot and investigate velocities as a function of radius
10 our best spectrum has fluctuation of the rms-contragt &f  and azimuth, measured from the center of the spot. The line-of-

0.008 and a mean decrease of the rms-contrast during the segfht measurement©S, is related to the material flow on the
of As = 0.01 and is therefore somewhat less reliable. Sun through

Since it turned out that the neutral carbon line is very sensi-
tive to seeing variation, we finally refrained from including thig™“% (7, ¢) = vo(r) - [sin@ - sin ¢ - siny(r)
line into the present analysis. For the carbon velocity map that + cos @ - cosy(r)] (1)
we presented in paper I, the rms-contrast increased by almost
As = 0.8% as the line was scanned from the blue to the red. W@.g. Schoter 1967), where, is the flow velocityf is the helio-
applied the simulation to the carbon line, and found that sugfntric angle of the sunspot,denotes the inclination angle of
an increase in the rms-contrast leads to an artificial shift of tHe flow with respect to the surface normal anig the azimuth
line core in dark structures towards the red by some 190’'m s2ngle of the sunspot, withh = 90° pointing to disk center (see
and the line core of bright structures to the blue by 190 s Fig.[5).
In spite of this effect, the main results of paper | remain valid, From the measurements we extract the vertical and hori-

but the amplitudes of the absolute up- and downflow velocitiégntal components of the line-of-sight velocity, since only the
overestimated by some 200 m's horizontal component shows an azimuthal variation. The ver-

tical component does not depend on azimuth @ff¢f equals
the azimuthal mean of the line-of-sight velocity. Using Ed. (1),
the vertical component of the line-of-sight velocity is given by

V98 (r) = g - cos O - cosy(r) = (VOS5 (r, )y (2
Fig.[4 displays the best line-of-sight velocity maps for each of
the four observing days, measured inthe Fe [1542.5 nm line. Tid the horizontal component is described by
orientation of the spot on the solar disk is indicated with arrows,og
pointing towards disk center. Negative values correspond to réd-
shifts. Since the red wing of the line is blended in the cool umbra, = oMO8(r ) — (W*O5(r,9))y (3)

no line positions have been measured there and the velocity has | . _ _ ) _ )
been set to zero for the whole umbra. The heliocentric angle'8f V[0~ Peing the amplitude of the azimuthal sinusoidal vari-
the spot increases from the upper left panel to the lower rigkiion. The inclination angley(r), can be inferred from|0® ()
panel. The typical feature of the radial Evershed flow consistadv!:05(r) using Eq.[Q):

of the azimuthal asymmetry, i.e., the velocity maps show a blue- LOS

shift towards disk center and a red-shift towards the solar limb < Y|l0 (r) )

Fig.5. The heliocentric anglef), and the inclination angley, are
measured with respect to the surface normal. The azimuythdefined
such thatp = 90° points towards disk center.

4. Results
4.1. Velocity maps

(r) = vpsinfsiny(r) -sing = U‘Irgs - sin ¢

Before entering in the detailed analysis of the flow georﬁ-(r) = arctan UEOS(T) . tan @ (4)
etry, we start with a few remarks concerning Eig. 4: The upper

left panel displays the velocity map at a rather small heliocentiitie absolute flow velocity;o (r), is now given as

angle of 12. In the inner penumbra, upflows are present at all LOS

azimuths. Secondly, viewing the outer penumbral boundary,a{,) — e (5)

the disk center side of the spot, the LOS component of the ve- cos - cosy(r)
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Nov. 9: 8 =11° Nov. 11: § = 25°

g . Table 1. Horizontal velocity for 4 different heliocentric angles. The
inner penumbra inner penumbra

actual horizontal velocity component of the flow is related to the corre-

_ 7 z sponding LOS component byiax (v o(r)) = max(vj/g®(r))/ sin 8
N 1F
£
E Y A vy 0[°] 11 15 20 25
5 W L X LOS —~1
§ ~1¥mean: 0.57 1 ~Ttmean: 0.31 max(vmo (r) kms™] 07 10 13 14
_o famplitude:0.13 (0.111) _p famplituce:1.08 (0.051) max (v),0(r)) [kms™!] 36 39 37 33
0O 90 180 270 380 O 90 180 270 360
mid penumbra mid penumbra value in brackets gives thg?—value of the fit, i.e. essentially
. 2 2 the mean of the squared differences between the data and the
% 1F fit.
= N /SN N The azimuthal variation is stronger for larger position an-
= gles, and is largest for the mid penumbra in each individual col-
3 1 fmean: 0.13 1 Eean: 0.07 i umn.The azimuthal mean decreases from the innerto the outer
_p [amplitude:0.68 (0.075) _pfamplitude:1.31 (0.047) penumbra, and, in both cases, becomes negative at the outer
0 90 180 270 360 O 90 180 270 360 Penumbral edge. The latter indicates the presence of a flow that
is slightly inclined downwards. The upper left panel shows the
outer penumbral edge outer penumbral edge LO_SveIoc.itiesoftheinnerpepumbrawiththgsmallestqb;ervgd
2 ' ' ' ' ' ' heliocentric angle: The amplitude of the azimuthal variation is
o almost vanishing, while the azimuthal mean amounts to more
~N 1F .. . . .
E than 0.5 kms'. This is a clear indication for the presence of
~ 0 upflows in the inner part of the penumbra. The dotted line marks
B b the corresponding change of the intensity, and shows that up-
g mean:=0.12 ! flow channels are pretty well correlated with high intensities
_p famplitude:0.41 (0.077) _pfamplitude:0.98 (0.056)

in the white light images. Hence, we see evidence for upflow
channels which transport hot sub-photospheric plasma into the
penumbral photosphere.

(0] 90 180 270 360 0 90 180 270 360
azimuth angle [degree] azimuth angle [degree]

Fig. 6. Azimuthal slices of velocity maps for the smallest heliocentric

angle,0 = 11° (left column), and the largest heliocentric andle= 4 4. Radial dependence of the line-of-sight velocity
25° (right column), measured at different penumbral radii. In each

panel, the azimuthal mean, corresponding't6®, and the amplitude In this section we investigate the horizontal and vertical com-
of the sinusoidal least-square-fity 3, are given together with the ponents of the measured flow as a function of spot radius. The
standard deviation for the fit in brackets. results for all four data sets are summarized in[Big. 7. The az-
imuthal means are plotted in the left column, and the right col-
umn shows the amplitude of the azimuthal variation as solid
line, and the relative error of the least-square fit as dotted line.
In order to apply the above formulae to our data set, we Tihe latter is defined by(r) = X2(7‘)/Uﬁ‘88(7“). The left end of
ellipses to the inner and outer penumbral boundaries. For eftohabscissa corresponds to the inner boundary of the penumbra,
radial position in between, ellipses are defined such that the foamd the vertical line at some 16 Mm denotes the outer edge of
of the ellipse evolves continuously from the inner to the outéinte penumbra.
ellipse. The outer ellipse is extended to the adjacent granulation In all four data sets, the vertical velocity shows the same,
by increasing its radius. most remarkable, qualitative behavior: It decreases within the
Fig[8 shows some examples of the line-of-sight velocity @@numbra with increasing radius, and reaches a minimum just
a function of azimuth, measured at three different radii: at tla¢the outer penumbral edge. In the very inner region of the pen-
inner, the mid, and the outer penumbra. In the left column thienbra, a molecular blend in the red wing leads to an apparent
heliocentric angle i941° and in the right column the positionred-shift of the line. Outside the sunspot, the vertical velocity
angle i25°. The sinusoidal behavior demonstrates the presenoereases with radial distance, and, at sdsn- 10 Mm bgond
of ahorizontal component, while the LOS component of the vahe outer penumbral edge approaches the assumed value of the
tical velocity component is just the azimuthal mean, indicat@dnvective blue-shift. Obviously, the granulation in the imme-
by a horizontal dashed line. The amplitude of the azimuthdilate vicinity of the sunspot is “abnormal” in the sense that the
variation,v[*93 | is determined by performing a least-square stonvective blue-shift is smaller there than in the quiet sun.
nusoidal fit, which is overplotted in each panel (dashed line). In accordance with previous observations, the amplitude of
The values of the azimuthal mean and the amplitude of the #ze azimuthal variation; 08 (r), increases with increasing po-

. L L ) . " ll,0 .
imuthal variation are given in each panel in units of kM sThe  sition angle (from top to bottom). The maximum values to-

4.3. Azimuthal slices



1128 R. Schlichenmaier & W. Schmidt: Flow geometry in a sunspot penumbra

a) 09 Nov 1998, § = 11° — 100 ]
_ 1o @ 1.5 igg §
N £ N o 3 E
T osf {1Z 10} 08 8 Wf--------------x -3
=, % g B . 5 — E E
s o.of {2 o5} & \| 20y 2 E 8:20 ]
3 == - 2 i - 3
= a S 105 S 80F =11 E
—05 £ oot RS o ° b 9=15 - - | ]
10 15 20 10 15 20 H : o 6=25 - -
Radial distance [Mm] Radial distance [Mm)] T 70k .z . . . .
b) 10 Nov 1998, § = 15° 8 10 12 14 16
1.0 @ 1.5 150
@ T | 407 = 4 3
g 0.5f 1= 1.0 5o 30 ~ ]
= © F o E E
§ o0.0r {2 osf o 209 =t E
2 N S IR 13- 5
-0.5 £ oot : 0o ® = f E
10 15 20 10 15 20 5 _F . 3
Radial distance [Mm] Radial distance [Mm] - 2F E
c) 08 Nov 1998, 6 = 20° PR )/
_ 10 Q 1505 S 1t . . . . .
< s 1 & S0 8 10 12 14 16
£ = 30 & Radial distance [Mm]
= / 3 B O
§ 0.0 12 ' 2 . . . o
%‘3 3 ot 10%  Fig. 8. Inclination angle;y, and absolute flow velocityy, within the
-0.5 footiun v 0 & penumbra versus radial distance from spot center for all 4 data sets.
10 15 20 10 15 20 : il
Rodiol distonce [Mm] Rodiol distonce [Mm] The vertical solid line marks the averaged outer edge of the penumbra,

and the left end of the abscissa corresponds to its inner boundary. The
position angles aré1° (dotted), 15 (dashed), 20 (solid), and 28
(dash—dot). The flow angle is measured with respect to the surface
normal, angles larger than 9@oint inside the sun.

d) 11 Nov 1998, 6 = 25°
1.0

50
40

3 30
/\/‘ 20
E 10

10 15 20 10 15 20 fitting errors should be large, because of the lack of a horizon-
Rodiol distance [Mm] Rodial distonce [1m] tal flow. The dotted lines in the right column of Fig. 7 illustrate
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radial distance from spot center for all 4 data sets. The penumbra spaner present in the mid and outer penumbra is due to the small
from the left end of the abscissa to the vertical line at 16 Mm. scale velocity fluctuations which stem from the penumbral fine
structure (cf., Fid.]6).
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gether with the corresponding horizontal velocity component . L
of the flow are given in Tablg]1. The results of the differerﬁ'S' Radial dependence of inclination angle and flow speed

days are consistent with each other, which reflects the validityith the use of Egs[{4) andl(5), we calculate the inclination
of our method, and confirmes-posterioriour assumptions that angle of the flow;y(r), and the absolute flow velocity,(r).
the flow field is axially symmetric and that the flow field doe#s discussed in the previous section, our method only gives
not change significantly during the four days of observation®liable results in the mid and outer penumbra. They are shown
Averaging our data set, we obtain a mean horizontal flow veldo-Fig.[8. In all four cases, the inclination angle, plotted in the
ity of 3.6 0.2 kms~!. This horizontal flow corresponds to theupper panel, increases with growing radial distance: the mean
“classical” Evershed flow. In accordance with other observlew that points upwards in the inner penumbra becomes flatter
tions, e.g. Scliter [1965) and Rimmele (1995), the horizontdbr larger radii, and is slightly inclined downwards at the outer
component reaches its maximum not at the outer penumipahumbral edge. Our data consistently show that a large fraction
edge, but within the penumbra, as it is seen in[Hig. 7. We natkthe Evershed flow disappears below the surface at the outer
that the spectral line that we use obviously traces the hot fipgnumbral edge. On average, we find an inclination angle of
within the bright features, and at the same time it has contri4® with respect to the horizontal at the outer penumbral edge.
butions from the very deep layers of dark penumbral filamenfhe Wilson depression causes a slight tilt of abgubf the
tracing the classical Evershed flow. penumbral “surface” (optical depth= 1) towards the umbra.
Our flow field analysis can only be applied if a horizontalrhe angle between that surface and the flow therefore amounts
flow componentis present, which leads to a sufficiently large ap-—7°.
imuthal variation. Hence, we expect small relative errors within  The absolute inclination angle does depend on the choice of
the mid and outer penumbra and a decrease of the relativetiee-convective blue-shift, but changing its valuety00 ms—!
rors with increasing position angle. Outside the penumbra, thely variesy by F2°. The existence of a downflow all around
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0.5 0.75 1.0R, 5. Conclusion and discussion

QS We have analyzed the flow field of an isolated round sunspot on
<;) — " e . four consecutive days, during which the spot’s appearance did
not change significantly. Taking advantage of the spot’s quasi-
o= (40) 11 7 0 -4 axial symmetry, we retrieved the vertical and horizontal velocity
T T T T T T T component and deduced the actual flow angle and flow velocity
10 15 Mm as a function of radial distance from spot center.

Fig.9. lllustration of radial dependence of flow angles(r) =
90 — ~(r). The dotted line represents the mean- 1 surface for a 5.1. Mass balance of Evershed flow
penumbra, inclined by typically°3 due to the Wilson depression. The

length of the arrows is proportional to the flow velocity. The vertica(Pur investigation sheds new light on the long standing gues-

dashed lines mark the inner and outer boundary of the penumbra. F'on Of_ mass balaqce of the Evershed flow: We find UPf'OWS
in the inner and mid penumbra that feed the outward directed
component of the “classical” Evershed fiwAt the outer pen-
the penumbra is one of the main findings of the present workumbral boundary, in the deepest layers of the photosphere, we
remains valid, even if our velocity calibration was off tiyt00 find flow channels that are slightly inclined downwards. This
ms~1. Based on the standard deviation of the least-squarecntinuation of the Evershed flow is only visible in the deep
for the mean and the amplitude of the velocity, we find that tiéotosphere, where our measurements are made, and this ex-
error propagation on the inclination angle results ivaerror plains, why other observations using stronger absorption lines
of less than 1 degree in all cases. which form in higher layers, find that the Evershed flow ceases
The lower panel of Fig.]8 displays the radial dependence@?ruptly at the outer penumbral edge. Our measurements quali-
the absolute flow velocity from our four independent data setstively resolve the problem of mass continuity of the Evershed
Although the scatter is somewhat larger than in the upper parilsiw. However, we do not attempt a quantitative estimate of the
the results of the different data sets are still consistent. The coass flow, because the variables needed for such an estimate are
sistency of our results, based on four independent measuremé&rigect to large uncertainties, e.g. the density and temperature
with different view angles also confirms that the instrumentairatification of penumbral fine structure as well as the filling
polarization together with the magnetic sensitivity of the spetactor of the flow.
tral lines and scattered light do not corrupt the measurements. Evidence for downflows at the outer penumbra has been
The flow velocity reaches its peak value within the penumbfaund previously (Westendorp et al."1997 Stanchfield et al.
and decreases towards the outer edge. A remark concerr{iHgf7), but our results show, for the first time, the existence of
the absolute flow speed should be made: whether a meas@e@wnflow all around the outer penumbral edge. These down-
change of the line shift is due to a physical change of the fidlews most probably consist of magnetized plasma. As a conse-
velocity within the penumbra, or whether it is a consequence@fence, such flows imply that some fraction of the magnetic flux
a varying “sensitivity” of the line, e.g. due to temperature varfeturns into the solar interior. Independent support for a return
ation and/or changing geometrical height of the flow channéljx at the outer penumbral boundary was recently proposed by
cannot be decided from this data alone. Solanki et al.[(1999): Comparing the expansion rate of thick and
Fig@ gives a geometric illustration of the radial dependend@n magnetic flux tubes, they find that a small fraction of the
of the deduced flow angles and velocities. In this sketch thgagnetic flux of a sunspot may return into the solar interior at
angles are given with respect to the horizontak= 90° — ~. the spot boundary. The fact that such a return flux was hitherto
The solid arrows are mean values taken from[Hig. 8. The arro@t observed with polarimetric measurements might be due to
in brackets is derived from the upper left panel of Eig. 6, i.é1e very small inclination of-4° with respect to the horizontal
from the inner penumbra with a position angledof 11°. The on the one hand, and on the other hand one has to realize that
dotted line represents the tilt of the mean penumbral surfaégch a reversed polarity is hidden by the overlying magnetic
assuming a typical Wilson depression. field which by far dominates the polarization signal, especially
In Fig[3 we have assumed that the= 1 surface of the if one uses the “typical” Zeeman-split lines with large Land
penumbra is geometrically plane. This assumption was mdgetor, like the Fe 1630.2 nm line, which forms in the mid pho-
for simplicity. One has to be aware that we still await a realisttosphere and has only very little contributions from the deep
model for the penumbral atmosphere and a self-consist@hptospheric layers.
theoretical penumbra model: it may well be, that temperature
fluctuations within the penumbral fine structure produce a
7 = 1 surface that has a geometric amplitude of, say, up to 100
km in depth. 2 Establishing the presence of upflows (which transport hot subpho-
tospheric plasma into the photosphere) has important implications for
the energy transport in penumbrae: in paper | we have estimated that
they can explain the surplus brightness of the penumbra as compared
to the umbra.
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Fig. 10. Reconstructed flow channel, assuming axially symmetricflo:
channels. The tilted solid line represents the surface of the penumbra
with a Wilson depression of 400 km. Such an arch is inconsistent with

our data, since its height is much larger than the formation heightUmbra

,,"IQuiet sun
(shaded area) of the used absorption line. Se¢ Hig. 11 for comparigon. ’

—

. . . . Fig.11. Proposed flow geometry, sketched in a vertical cut through
In the preceding section we have determined the radial depﬁ:ﬁ spot. The surface of the penumbra is tilted3Bydue to the Wil-

dence of the inclination angle/,”: ~(r). In ordgr to deduce son depression. Sub-photospheric upflows in inner and mid penumbra

the flow geometry fromy(r) additional assumptions about thgyenq aimost horizontally in deep penumbral photosphere. At the outer

flow channels have to be made, and we discuss two differgghumbral edge, the flow channels slightly incline downwards. The

possibilities. lower right box sketches an azimuthal sector of the spot and illustrates
One may assume that all flow channels at all azimuths hate azimuthal and radial positions of flow channels.

the same radial shape, i.e. that the flow channels are arranged in

axial symmetry with respect to the center of the spot. Then the

trajectory,h(r), of the flow can be reconstructed by integratingesulting mean inclination is an average of a horizontal and a

the angle{a(r)) = 90° — (y(r)), according to highly inclined flow component. At the outer penumbral bound-

ary each flow channel bends slightly downwards and disappears.

5.2. Flow geometry

T

h(r) — My In Fig.[Z1 we have sketched two flow channels in a vertical cut
(r) = [ tan{a(r))dr" through the spot. The box in the lower right corner of that figure
To depicts a circle sector of the spot as seen from above. The radial

wherer is the radial distance of the starting point in the innéir'_qes _represent 5 ﬂ_OW channels with foqtpoints at differgnt ra-
penumbra, anda(r)) is the mean angle, averaged over the gual distances within the penumbra and illustrate the azimuthal
data sets. Fig_10 shows the resulting radial dependence Ofstﬂgcing of the flow channels. Such a flow field is consistent with
elevation, (). The arch reaches up to some 400 km aboQu!r observation. Moreover, it explains the observed increase of
the quiet sun photosphere, and has an elevation of some %Iine asymmetry with the formation height and the concomi-
km at the outer penumbral edge. This flow geometry wouldnt decrease of the line core shift (c.f., Stellmacher & Wiehr
be in accordance with thiin eIevéted channelsroposed by 1980). Furthermore, it explains, why the Evershed effect ceases
Rimmele [199%). However, even though this arch reproduce®ruptly at the outer penumbral edge.

our measured dependence6f), itis inconsistent with our data

for the following reasons: 1) The used spectral line (Fe Il 54253, Consistency with theoretical models

nm) mainly forms in the first 100 km above the continuum (cf.

Sect[Z.1), and the flow that we infer from our observation muour propoged flow geometry, plasma enters the photosphere
exist within that depth range. 2) The continuation of such QR thbe footpoint fcl)f eacr:j ghanngl. Sr:nce }/lve obser\r/]e a cgrrgla-
elevated arch should be observable beyond the outer penumB?QI etween ubp c|>w an |n.ten5|ty,.t ehup Ows are bOt an d gllv?
edge, but we find that it dissapears there. For these reasQf ,IFohpenum fa g:alns, Just ?I'Shm t. c mov;r;g W ?I mo r? °
we finda-posteriathat the above assumption (all flow channel§C ichenmaier et all (I39Bb). The picture of hot upflow chan-

have the same radial shape) is inconsistent with ourobservatir(])%ls is further supported by Johannesgon (1993) and Rimmele

Instead, let us assume a geometry as shown ifiEig. 11: L(,.:LgiQE'») who report on blue-shifted line profiles that stem from

flow channels occur at various radial distances, each at a &?_n_ulmlbraLgrams., |nd|cbat|ng an ur$flc;]w veIIocny of 1|00_i90
ferent azimuth angle. At an elevation of some 100 km, eaghsl ' n't ﬂe mowrljg tIlIJ € mo % t.e ot pdasma ;’00 S rﬁ 1a-
upflow bends essentially horizontal and forms the footpoint EYE y as It flows radially outwards in very deep photospheric

a radial outflow channel. An azimuthal slice somewhere in thaYers. The flow velocities that we infer from our observation
) I;?_smaller than those predicted by the modet(10 km s1).

mid penumbra averages over horizontal channels and over ¢ o . . ) .
F{ Is is in accordance with our expectation, since (i) we only

nels that have their upflow footpoint just on the slice. Hence t ) . " d
measure the azimuthal mean of the velocity and (ii) the contri-

3 Except that Rimmele does not find indications for a downwataution function is wider than the flow channelitself (cf., SELt. 1).
component at the outer penumbral boundary. Hence, as far as the inner and the mid penumbra is concerned,




R. Schlichenmaier & W. Schmidt: Flow geometry in a sunspot penumbra 1131

the proposed flow geometry is consistent with the moving tulievould be an extremely difficult task to identify the polarized
model. part that originates in a certain flow channel. The issue is fur-

At the outer penumbral boundary the plasma flow of thler complicated by the fact that most visible spectral lines that
model continues along the magnetopause and slowly asceassuitable for measurements of the magnetic field vector are
up into the sunspot canopy. This is a clear discrepancy with darmed in the mid photosphere and do not provide information
observations which show the presence of a downflow. about flow channels deep in the photosphere.

Downflows at the outer penumbral boundary are predicted Many predictions from the moving tube model are con-
by the siphon flow model (see e.g. Montesinos & Thomas199ifmed by our observations, except for the flow inclination at
for the most recent modeling), in which the flow channel cothe outer penumbral boundary. But the moving tube model pro-
sists of a magnetic arch that has an upstream footpoint withiides additional predictions of observable quantities, e.g. the
the penumbra and a downstream footpoint at the outer penumagnetic field strength should be reduced within the upflow
bral boundary. However, even though this model predicts dowgfrannels, and be of the same strength as the surrounding plasma
flows at the outer penumbral edge, it seems to be inconsistienthe outer horizontal part of the tube. Recentljieldi et al.
with other observational aspects: 1) The observations of low £999) have reported on observations indicating that the cool
ing flow channels are a strong argument against the siphon flpart of the flow is associated with weak magnetic fields. In that
models, since in these models the flux tube arch reaches outtespect further observational evidence as well as further theo-
height of several 100 km. 2) Moreover, that model is only capeetical modeling, i.e. investigation of the dynamical behavior
ble to explain footpoint separations of not more than 1500 kmf. flux tubes that have a downstream arch at the outer edge of
Instead, our observation indicates that the up— and downstrem penumbra, is needed to learn more about the nature of the
arches should be capable to span the whole penumbra, i.epénumbra.
our case up to 8000 km. 3) The siphon flow model also suffers
from the fact that it only operates if the magnetic field strengfifknowledgementsPart of this work was supported by theutsche
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