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Abstract. We present the first direct measurement of vertical Observations
motion in the deepest atmospheric layers of a penumb\rﬁ

) ; : . (% have measured material flows at different heights in t
obtained at hitherto unreached spatial resolution. Isolated h Dtosphere of a fairly large round sunspot (NOAA 8578
upflows in the inner penumbra feed the horizontal Eversh P y larg P '

flow that is observed in the mid and outer penumbra. Ov 1998), observed near disk centre at a position angle

discover cool downflows which surround the hot upflows i oTre132 031—22 s‘:gt;a;(;i?;ﬂg;'?ﬁeoghhf ?’\?vtc?-élsir?gg:ito%; 2rc:c
the inner penumbra. At the outer edge of the penumbra, ] P 9 : P

Evershed flow terminates in a ring of downflow channels. Tte he whole sunspotand its immediate surroundings were ta
9 " dn the weak C | line at 538.0 nm, which forms in the deepe

upflows transport a sufficient amount of energy to account fo . . .
the observed brightness of the penumbra. These measurem%h?%OSphe“C Iaye_r_s, af‘d n the Fe ll 5.42'5 nm line, a rath
mperature-sensitive line which forms in the mid-photosph

have therefore significant implications for understanding tftl a height of about 100km above the continuum level. Bo

mass balance and the energy transport in a sunspot penumbra. . :
9y P potp Ines are well-suited to observe flows in the lower penumbr

photosphere.

. The observations have been made with the Vacuum To
eFe(iescope of the Kiepenheuer-Institut, operated at the Ober
torio del Teide on Tenerife, using the Telecentric Solar Spe|
trometer (TESOS) (Kentischer et al. 1998), which is based
two Fabry-Perot interferometers. This instrument permits vi
1. Introduction locity measurements with a precision pf about 100Th Ea_ch

data set (“spectrum”) consists of a series of narrowband ima

Sunspots are ideally suited to study plasma motion in the pr@gth a bandwidth of 2 pm, taken at 20 wavelength positio
ence of a strong magnetic field. While the gas in the cool umhsgually spaced across the spectral line, and of simultaneo
of a sunspot is at rest, vigorous mass flows on small spatigken broadband continuum images with the same field of vi
scales are present in the penumbra. The most prominent pen+ig[Ja shows a continuum image representing an area
umbral velocity pattern is a horizontal outflow, known as thgo x 40 Mm?. The dashed black line at 88% of the mean s
Evershed flow (Eversheéd 1909). lar intensity marks the outer boundary of the penumbra. T
The Evershed flow is characterized by strong wavelengHtividual narrowband images of each spectrum were carefu
shifts and line asymmetries of photospheric absorption linefligned with respect to each other, in order to remove resid
which depend on the location in the penumbra, the viewing dmage motion. Image distortion caused by the earth atmosph

gle, and the strength of the line (Stellmacher & Wiehr 1980; Ichjyas removed by a destretching algorithm (Rimmele 1994).
moto[1987). Observations of spectral lines with various heights

of origin indicate that the Evershed flow is concentrated in elg- Resyits
vated channels (Rimméele 1995a; Stanchfield etal.1997), which

are too thin to be resolved by any existing solar telescope. TiHge shifts were measured using a Fourier transform meth
line asymmetry is then interpreted in terms of horizontal inhéSchmidt et al. 1999): the phase of the first Fourier compon
mogeneities (W|e4) and flow channels which are thinr@frthe line profile provides the Wavelength position of the lin
than the layer in which the line is formed (Solanki & Montavor his method is very insensitive to noise and, therefore, es

[1993; Degenhardt 1993; Schlichenmaier efal. 1998). cially suited for weak lines. Line shifts were converted int
velocities using the Doppler formula. The velocity origin wa

defined by setting the average velocity of the granulation in t
vicinity of the sunspot to a value of0.4kms™!, to account
Send offprint requests t&. Schlichenmaier for the convective blueshift (Balthasar 1988). In the umbra,
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intensities below 30% of the mean solar intensity, the lines are
too weak to determine velocities, and the corresponding values
have been set to zero. Aig. 1b shows the flow map of the deep
photosphere derived from the spectrum of the carbon line. The
field of view is identical to Fid.]1a. The velocity range is from
—1.5kms ! to+1kms!, where negative (positive) values de-
note flows away from (towards) the observer. Elg. 1c is the flow
map of the mid-photospheric layers of the same spot, measured
in the iron line, about one hour later. The colour coding is the
same as in Figll1b. A small area in the lower part of Hig. 1c con-
tains no data due to an imperfection of the interference filter
used for this measurement.

Doppler velocities derived from line shifts are always line-
of-sight velocities. We make use of the approximate azimuthal
symmetry of the observed sunspot and its penumbral flow pat-
tern, in order to distinguish between the horizontal and the ver-
tical part of the measured flow. The line-of-sight component of
a horizontal velocity changes sign around the circumference of
the spot, because it is proportionakto 6 - cos ¢, whereg is the
azimuth angle around spot centre, with= 0 pointing to the
centre of the disk. The constant anglés measured between
the line of sight and the normal to the spot surface. The ver-
tical component is proportional tes # and thus independent
of the azimuth angle. In the deepest layers we find a ring of
small areas of blueshift in the inner part of the penumbra (see
Fig.[b). This pattern is independent of the azimuth position
and therefore corresponds to vertical motion. The blueshifts are
also visible higher up in the photosphere (see[Big. 1c). Earlier
observations have found isolated patches of blueshift in near-
disk centre sunspots (Rimmele 1995a; Stanchfield 1997;
Westendorp et al. 1997), but those measurements did not permit
to determine the flow direction, since they have only been taken
on the disk centre side of the penumbra.

Interlaced with the upflow channels in the inner penumbra,
we find a pattern of concentrated downflows. They are conspic-
uous in the deepest layers (see Eg. 1b) and are almost absent in
the mid-photosphere (see Hi§. 1c). The subfield shown ifFig. 2
demonstrates the close correspondence between intensity and
the orientation of the velocity field. Upflows are always found in
bright regions, known as “penumbral grains”, while downflows
occur in dark areas. Thus, upflows are hot while downflows are
cool.

Fig. 1la—c. Sunspot near the centre of the solar disk at a position angle
of 12°. The displayed area corresponds ta4@0 Mm? on the Suna,
Broadband continuum image. The broken black line marks the outer
boundary of the penumbra. The small square indicates the subfield
shown in Fig[2ab, Velocity field of the deepest photospheric layers,
derived from shifts of the carbon line at 538.0 nm. Positive velocities
point out of the Sun and correspond to a upflow. The colour coding
ranges from-1.5 kms™! (red, downflow) to+1.0 kms™! (blue, up-
flow). The black line is identical to Fifi] 1a. The arrow points toward the
centre of the solar disk. The small square indicates the subfield shown
in Fig[db.c, Velocity of the mid-photospheric layer, derived from the
ionized iron line at 542.5 nm. The same color coding is used[ds in 1b.
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stability, the tube rises through the deep, convectively unsta
penumbra. During the rise, the flow along the tube develops.
this “moving tube” model the gas pressure gradient is caused
the convectively unstable stratification beneath the photosph
and is sustained by a decreasing gas pressure as the hot up
cools by radiative losses in the photosphere.

Our observation clearly demonstrates the existence of v
tical upflows in the inner penumbra, which are compatible wi
both models. In accordance with other observations we meas
0 7 4 6 0 “ 4 6 a horizontal flow from the inner to the outer penumbra, which f
our spotamounts to a distance of about 8 000 km. A major sh
Fig. 2a and b. Subfield of 7x 7 Mm? of Figs[da and ba, Contin- coming of the siphon flow loops (Montesinos & Thormas 199
uum imageb, Velocity field. The greyscale of Figl 2b ranges fronis the rather short footpoint separation of 1500 km at mo
—1kms™ (black) to+1kms™* (white). The images are highly cor- Longer loops are possible, but they lead to unrealistic heig
related, i.e., bright material moves upwards and vice versa. for the top of the arch. In the moving tube model, the tube ben
horizontally at its footpoint and continues to the outer penu

The velocity pattern of the mid-layers shows a strong abral boundary with an elevation of only some 100km abo
imuthal variation in the central and outer penumbra (se€Fig. 1€§ntinuum optical depth unity. This is consistent with our o
more pronounced than in the deep photosphere, indicating #§&vations. However, the downflows_that we observe at the_ou
presence of the “classical” Evershed flow. It is well knowRe€numbral boundary are not described by that model. Siph
that the flow is nearly horizontal in this part of the penunflows by definition have a downstream at the outer footpoi
bra (Schéter[1965; Title et al_T993). Since our observatior@d they can in principle explain the observed downflow at
are made af = 12°, the line-of-sight velocities with a mag-Peyond the outer penumbral bogndary (Montesinos & Thom
nitude of+ 1 km s! correspond to a horizontal flow speed ¢£9917), although the observed distance between up- and do
+5kms.. flows is incompatible with the computed loop lengths.

The continuation of the mass flux at the outer penumbral 1h€ moving tube model predicts upflow channels which e
boundary (Rimmele 1995a, 1995b; Solanki etal. 1994) is a lori§! the photosphe_re atatemperature of 12000K. The flow co
debated issue. There is observational evidence that a few tdftf 000 K by radiative heat loss and a single tube deposits
of the mass flux extends beyond the outer penumbral bound@fyountoB-10° Jkg~* of thermal energy ata density {10~
and rises up into the superpenumbral magnetic canopy that &M~ in the penumbra (cf., Schlichenmaier efal. 7999). Wit
rounds a sunspot some 300 km above the photosphere (Sold#kinighest measured upflow velocity of 1 kit sve estimate
et al [1992, 1994, 1999). From an inversion of polarimetric me@-neat flux of6 - 107_W m~2 that emerges from our brightest
surements, Westendorp et al, (1997) recently inferred dowRature. This value is close to the solar constant (Stix 1991)
flows immediately outside the penumbra. @iirect measure- 6-3 - 107 W m=2 and is consistent with the observational find
ments confirm these downflows at much higher spatial resolld that the brightest penumbral grains are about as bright as
tion, but we find that they are located mainly atinsidethe guietsun (Collados etal. 1988; Denker 1998). We conclude t
outer penumbral boundary. Fid. 1b shows the observed chH]f observed upflows near the inner boundary of the penum
of downflows with speeds betweer).5 and—1.0kms'. In  ¢an,in principle, explain the surplus brightness of the penum

higher layers, the downflows are less pronounced, but still v compared to the umbra. _ o
ible. Further measurements of the velocity and the magnetic fi

configuration, with a resolution of 100 km on the Sun and
time coverage of a few hours, are needed to obtain a consis
description and a physical model of the small scale dynami

Two models for the Evershed flow are presently discussed.afthe sunspot penumbra.

both cases, the flow is channeled along a magnetic flux tube and ]

is accelerated by a gas pressure gradient. The “siphon fl knowledgementsNgare gratefuIFo M. Sdlssler for valuable com-
model (Meyer & Schmidt 1968; Degenhalrdt 1991; Montesiné%ir:gggi%1%%?2%‘55:;;0322Work was supported bpée-
& Thomas 1997) is based on a magnetic flux tube that arches '

from inside the penumbra to or beyond the outer penumbral

boundary. Here the gas pressure gradient is caused by diffégferences

ing magnetic field strengths at the footpoints of the arch. T'%%Ithasar H. 1088, A&AS 72, 473

second model is based on a numerical simulation of a movigg1qos M., del Toro Iniesta J.C. AZquez M., 1988, A&A 195, 315
thin magnetic flux tube embedded in a magnetostatic sunspRbenhardt D., 1991, AZA 248, 637

(Schlichenmaier et dl. 1988). It describes the evolution of a tubggenhardt D., 1993, A&A 277, 235

that initially lies along the boundary between the penumbra apénker C., 1998, Solar Phys. 180, 81

the non-magnetic surrounding Sun. Initiated by a radiative iBvershed J., 1909, MNRAS 69, 454

4. Discussion
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