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Abstract. Observations of Ti lines at 2.2um show that the boundary of the sunspot, place severe constraints on a poss
Evershed flow takes place in cool, almost horizontal channeigphon flow of the type proposed by Meyer & Schmidt (1968
with a low magnetic field strength( 500900 G) that does Thus, although Thomas & Montesinos (1993) and Montesin(
not appear to change significantly across the penumbra. Thi$homas (1997) could reproduce certain features of the obs
property might allow an outward directed siphon flow to existations with flows starting and ending in the penumbra or endi
along such cool flux tubes. in the field-free surrounding, they had to assume that the bac

ground penumbral field is independent of the radial distan
Key words: Sun: activity — Sun: infrared — Sun: magnetic fieldfrom the sunspot centre. They analysed the case of a magn
— Sun: photosphere — Sun: sunspots flux tube embedded in a magnetic environment (correspondi
more closely to penumbral conditions).

Inthis paper we address this problem on the basis of obser
tionsat 1.56:m and 2.2um (Ruedi et al. 1998). We also discuss
the implications of these observations for the model propos
The Evershed effect seen in sunspot penumbrae is characterige&chlichenmaier et al. (1998) in which the flow is accele
by spectral line shifts whose sign is compatible with a materigled locally in the penumbra through the interchange instabili
outflow. The magnitude of these shifts, obtained using visibdd does not require strong magnetic field concentrations at
lines, range between 1-2 km'sat low spatial resolution and 6 downstream footpoints to accelerate it.
km s~! at high spatial resolution. The flow seems to be concen-
trated in the dark penumbral filaments. For more information @ opservational results
the Evershed effect we refer to the reviews by Thomas (1994),

Martinez Pillet (1997) and Solanki (1997). 2.1. The observations

The Evershed effect is usually explained by means of thge gpservations on which we base our analysis have been

siphon flow mechanism which was originally proposed bycrined in detail by Redi et al. (1998). Here, we recall only
Meyer and Schmidt (1968). In their model the gas pressure difair most important characteristics.

ference between the two footpoints of the loop is due to the g gjitwas placed in the heliocentric E-W direction throug

difference in field strength between these footpoints (the fqye center of a sunspot located on the limbward side of acti
is directed from the footpoint with weaker field to that Witr}egion NOAA 7958 on April 21 19961 = cos @ = 0.43). The
stronger field). Originally it was thought that the flow startg|| siokes vectors of the extremely magnetically sensitive Ti
inside the penumbra and ends in strong-field flux-tubes oyffas at 2.231Qum (g = 2.5) and 2.2211um (gog = 2.0) were
side the sunspot. Recently, however, Westendorp Plaza e{;gkerved using the NIM (Near Infrared Magnetograph, Rab
(1997) presented new observations which indicate thast 1994 These lines are also very temperature sensitive and
of the flow re_turns into the solar interior in the penumbrg, Bresent only in cool regions such as sunspot umbrae (Hall 19
agreement with the mass-balance arguments of Solanki etgiej et al. 1995). Similar observations of this sunspot we
(1994, 1999). These observations, coupled with the fact that & ined a few hours earlier in the F£.5648 and 1.5652m

field strength decreases from the inner penumbra to the oyfgtg using the same apparatus and at approximately the sd

Send offprint requests 1 Riledi slit location.

* Operated by the Association of Universities for Research in As- Fig. 1 shows the most important parameters obtained frg
tronomy, Inc. (AURA) under cooperative agreement with the Nationtle analysis of the Tiobservations (carried out using an im
Science Foundation. proved version of the inversion code of Solanki et al. 1992

1. Introduction




L38 I. RUedi et al.: Infrared lines as probes of solar magnetic features. XV

e
LLI Limb —>
- 3000 | PR —T—3
L_IlJ 2 A & ¥ . o+ boe s &3
2000 &= =
) I Ty E
- a3 + E
1000 |- o0 © 0o o o o o
o 0o 0o o 0 0 0 =
Ok \ | | B
20 25 30 35
200 F 1 \ \ \ ]
150 —  Fig. 1. Parameters obtained from the inver-
T N o © o o o 7 sion of NIM spectra. The spectrograph slit,
100 . o o © o o. o . — oriented in the heliocentric E-W direction,
N B © o R A N 7 runs through the centre of the umbra. The
50 A A DD A A A 4 x-axis gives the projected position along
C A A A oA A 1 the slit. The triangles and diamonds respec-
O : ‘ L—J tively represent the strong and weak mag-
A 20 25 ‘ 30 35 netic field component observed in therTi
E r C o 00 0 6 o 1 line at 2.2um. The “+"-signs represent
£ 2F - the values obtained from the Fdines at
= - N 4 1.56 um. Top: the magnetic field strength,
£ 0 = AN D A A A A A A A A A A A ~ — B, Middle: the inclination angle to the so-
‘% Fo© o o 4 larsurface normat; (zenith angle)Bottom:
o —2 o o o © —  the Doppler shift along the line of sight. The
E - 1 zero velocity level was set by requiring that
-4 ‘ ‘ ‘ the more vertical umbral field component is
20 25 30 35 unshifted. More details on the Tobserva-
E-W Position along the slit [arc sec] tions are given by Redi et al. (1998).

the magnetic field strengti3, the inclination angle of the mag-  Observations carried out earlier in the day in the same
netic vector to the verticat,, and the Doppler velocity. In mostsunspot, with the Felines at 1.56;m confirm this standard
cases two magnetic components, with very different charaaieture (as shown by the “+"-signs in Fig. 1). Hence the strange
teristics were necessary to satisfactorily reproduce thdifié  behaviour exhibited by the Tlines is not due to a peculiarity of
profiles. The triangles represent the component with larger malgis sunspot or problems with the observations. We show here
netic field strength, which is fairly vertical and shows no sighat it is rather due to the unique combination of the strong sen-
nificant Doppler shift, while the diamonds represent the wealgtivity of the Ti1 lines to cool features and their large Zeeman
field component, which is closer to the horizontal and showsnsitivity.

a strong signature of the Evershed effect, even at the moderateA low field strength and a low temperature are both draw-
spatial resolution of these observations of abduEach of the backs to unambiguously detectinguresolvednagnetic com-

two distinct cool magnetic components shows surprisingly hpenent using standard visible lines, and even using théifes
mogeneous parameter values (a cut through the same sunapdt56um. Let us illustrate this by assuming that the penumbra
in the perpendicular direction gave similar result8eRi et al. is composed of 2 magnetic components whose properties are
1998). Due to the weakness of the signals produced by the miden to be compatible with those derived from thelifies: a
netic componentwith low field strength, we can only trust it to beotter plasma with strong magnetic field which is fairly vertical
horizontal to within roughly20°. The parameters of the strongand a cooler component with almost horizontal, weak magnetic
magnetic component are more accurate. field. Each component covers half of the resolution element.
They have the following parametef§ (1) = 5250K, B(1) =

1800 G, ¢(1) = 30° andT.x(2) = 4250 K, B(2) = 700 G,

¢(2) = 75°. The Stoked/ profiles due to each component are
Visible lines, as well as the kdines at 1.5:m, invariably gives plotted in Fig. 2 for the Ti 2.2310um and Fa 1.5648um lines

a much smoother picture of the magnetic structure of sunspistted (1) and dashed (2) lines). They have been broadened by
at similar spatial resolution: a continuous decrease of the fi@ldnacroturbulent velocity of 2 k. The solid lines denote
strength from the sunspot centre towards its boundary, with the composite profiles.

sudden jumps in the field strength and inclination angle. Also, The Ti1 2.2310um line unambiguously shows the presence
they do not suggest the presence of 2 distinct magnetic compb2 components, with the cool low-field-strength component
nents within the sunspot. dominating the profile shape. In contrast, the E&648:m

2.2. Comparison with other observations
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0.05 0-10 to work the background field strength at a given geometric

height would have to be roughly constant in the penumbra (|
is indeed assumed by Montesinos & Thomas 1997). This ¢
be tested by considering, e.g., the model of Jahn (1989) or
Jahn & Schmidt (1994). These models reproduce a numbe

observations, including the radial dependenceé3adnd ¢, as
well as the distribution of the continuum intensity, which i
very sensitive to the magnetic field structure (Pizzo 1986).
these models the magnetic field strength at a given geometri
-0.03 ‘ ‘ -0.10 ‘ ‘ height definitely decreases outward. This suggests that the pr
22308 Wq%if;nogm [/2&}2312 15646 W01V5e|664n89fh [%]5650 lem associated with siphon flows is not solved just by invokin
a different height of formation of spectral lines in different part

Fig. 2. Composite Stoke¥ profiles (solid lines) of the Ti2.2310um  of the penumbra.

and Fa 1.5648um lines resulting in the presence of two components  The 2.2um Ti1 observations reveal a nearly constant fiel
(dotted and dashed lines), each covering half of the resolution elemeftength along the cool horizontal component of the field h
and having the parameters given in the text. bouring (at least a part of) the Evershed flow. This is consist
with siphon-flow models, since our observations are not ac

line profile is only slightly affected by this component. Lines ifiate enough to detect the small horizontal gradients of the fi
the visible are found to behave in amanner similartothe ir66 Strength required by such models. Hence thelifies resolve

lines. Consequently, in order to be detected using visible ling$ problem posed by the observations of Westendorp Pl
or the 1.56um lines, a sufficiently cool, weak-field componengt al. (1997). The height-of-formation explanation, whose ad
needs to covanosbf the resolution element. These calculation@uacy has never been demonstrated for a realistic backgro
demonstrate that the anomalous results obtained with the fFenumbral field, need no longer be invoked in the light of o

lines are compatible with the F&.56m lines and with earlier Observations.
observations. These may also help to solve another problem faced

It is widely accepted that the Evershed effect is conceflPhon flow models. Degenhardt (1991) mentions that his mo
trated into dark channels of almost horizontal field (e.g. TitRhotospheric loops are normally too short to reproduce penu
et al. 1992, Hofmann et al. 1994). OurrTobservations show Pral filaments. However he points out that longer filaments
that these channels are indeed cool and that the field-strengt@ifined when reducing the magnetic field strength of the ar
these channels is very low and nearly constant throughout Redpproximately 400 G in the upstream penumbral footpoi
sunspot penumbra, at least wherever the gas is sufficiently cder & flux-tube embedded in a field-free atmosphere). Suc
to harbour a significant amount of neutral Ti. This suggests th@ field strength is plausible in view of the weak horizon
sunspots harbour two quite distinct cool components, with £ magnetic component we observe. According to Thomas
additional hotter component in the penumbra (revealed by t@ntesinos (1993) the addition of a surrounding magnetic fie
1.56.m lines) having stronger and more vertical magnetic fieR{S0 produces an increase of the length of the filaments.
than the cool penumbral component. Since the spatial resolution Our observations lead us to propose that siphon-flow cal
of our observations was limited by the moderate seeing confgitions be carried out along loops with field strengths in bo
tions, we cannot rule out that the cool horizontal fields seenf@ptpoints of around 500 G. They should be embedded in
Ti 1 are restricted to the outer penumbra. For the same reasorP@gkground magnetic field which corresponds roughly to t
cannot decide if the more vertical cool component is restrictégpdel of Jahn (1989).
to the umbra or also extends into the penumbra (cf. Lites et al.

1993).
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4. Evershed flow in interchange flux tubes

In the model of Schlichenmaier et al. (1998) the gas flows alo
horizontal flux tubes which owe their inclination and positio
In traditional siphon flow models, such as that of Montesinas the interchange instability. The flow is not driven by the ma
& Thomas (1997), the magnetic field strength of the inner foatetic gradient between the footpoints of these arched flux tu
point is slightly lower than that of the outer footpoint at equalnd consequently does not constrain the field strength of
gravitational potential. However, all observations, with the exlownflowing footpoint. Rather, the process appears to be m
ception of the 2.2um Ti1 lines, show thaB decreases steadilyakin to convection, with the field lines acting as a guiding funn
outwards in a sunspot, which is incompatible with the require- In the upflowing footpoint of their model, the flux tube has
ments of the standard siphon flow model if both legs of the lodgwer field strength than the surroundings, but is hotter. Furth
lie within the penumbra (as is suggested by the observationsat in the penumbra, the horizontal tube cools to the surroundi
Westendorp Plaza et al. 1997). It is usually argued that the dé#mperature and its field strength and velocity shift increase.
ferent heights of formation of the spectral line at both footpoints A major discrepancy between this model and our obser
may lead to a match with the observations. For this explanatittons arises from the fact that it does not predict that cooler g

3. Standard siphon flow models
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has lower magnetic field strength. The model can be reconcils@bove unity in the lower photosphere of sunspots (Solanki et
with the observations if the low-field strength component seah 1993), so that the density can indeed play a decisive role.
in Ti1is only restricted to near the outer penumbral edge, where
the field of the ambient hotter medium has become weaker. A&nowledgementsive thank Rolf Schlichenmaier for clarifying dis-
pointed out in Sect. 3, due to the seeing our observations areSfSions on his model.
deed compatible with a confinement of the cool horizontal field
component to the outer part of the penumbra. The fact that tReferences
outflowing gas near the upflow footpoint is hot in this model
QOeS not necessgrlly contradict the observatlt_)ns, Smpe.’ fir XH D.N.B., 1974, An Atlas of Infrared Spectra of the Solar Photo-
lines formed at higher temperatures than the infraradiies sphere and of Sunspot Umbrae, Kitt Peak National Observatory,
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the larger opacity of the hot gas at the upflow footpoint raisegmann J., Deubner F.-L., Fleck B., Schmidt W., 1994, A&A 284,
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