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Abstract. In the solar photosphere the magnetic field of magetic energy in photospheric layers. The cross-sectional are
netic elements and sunspots is known to expand with heightindividual flux tubes varies from an estimatec 10~'° of the
the case of sunspots this expansion is known to be very ramdga of the visible solar hemisphere (elements of the intran
with the field forming an almost horizontal canopy. In this corwork field) to2 x 10~3 (sunspots), i.e. by over 6 orders of mag
tribution we present new results on the superpenumbral canayityde. These areas correspond roughly to diameters of 50 k
of sunspots based on fits to StokeandV profiles of infrared 70000 km. The magnetic flux carried by a flux tube also exhibi
spectral lines. The new models take pressure balance acrosatbienilarly large range. However, the intrinsic field strengdgh,
boundary of the canopy field into account, which leads to signdf features with an estimated diametgr 100 km changes by
icantly lower canopy base heights than previously determinkeds than a factor of two dveraged over the cross-section of th
from similar data. flux tube as was first pointed out by Solanki & Schmidt (1993)

Due to the lower canopy base height, the density above the In this paper we look for additional similarities in the mag
canopy base is larger, so that estimates of the mass transpanttt structure of such disparate features as magnetic elem
by the Evershed effect in the canopy need to be revised upwaisd sunspots. In particular, we want to compare how the cro
approximately 15-50% of the mass flowing through the penusectional area of each evolves with height.
bra travels beyond the sunspot boundary above the canopy base.

A comparison with small flux tubes leads to the surprisir@: Magnetic elements: the thin-tube approximation
result that although the two types of features have magnetic
fluxes that differ by 5-6 orders of magnitude, their relative rafeonsider first the slender magnetic elements. For our purpo
of expansion with height is very similar, suggesting that at led§e€ir magnetic field can be adequately described by the thin-t
in this respect sunspots can be described by the thin-tube @pproximation (Defouw 1976, Ferriz Mas & Sessler 1989),
proximation. which assumes thaB is constant over the flux tube’s cross

The remaining small differences between the relative expd®ction and that it satisfies horizontal pressure balance:
sion of the two types of flux tubes is qualitatively compatibl%z/(&r) - po—pi, (1)
with the presence of magnetic flux that returns into the solar in-

terior at the spot boundary, as has been proposed by Westenddiprep; is the internal ang. the external gas pressure. Th
Plaza et al. (1997). environment of the flux tube is assumed to be field free.

The vertical stratification of; andp, follows from hydro-
Key words: magnetic fields — Sun: sunspots — Sun: faculagtatic equilibrium. Accordingly, they drop approximately expo
plages — Sun: infrared nentially with height; (but not exactly for realistic temperature
stratifications). According to Eq. (13 then also drops roughly
exponentially with height, although with a scale height doub
that of the pressure. Finally, magnetic flux conservation requiri
that the radius of the tube increases roughly exponentially wi
The magnetic field of the sun is largely concentrated into feawith a scale height that is four times larger than the press
tures that resemble flux tubes (Stenflo 1994,i8sker 1992, scale height.

Solanki 1998) in the sense that they harbour most of the mag- From an observational point of view there is a variety of e

idence in favour of the thin-tube approximation as a descripti
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Science Foundation Zeeman-sensitive lines formed at different heights — su
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as Fe | 1.5648um, Fe | 5250.2A and Mg | 12.32 um, whereB:. is the field strength just above the canopy baseheight
which together span almost the whole photospheric height i.e., at the boundary of the flux tube, afd < z.. We
range — is completely consistent with the thin-tube approttien apply an inversion code to iteratively find the, B..) pair
imation (Zayer et al. 1989, Zirin & Popp 1989{iBdi et al. providing the best fit to the observed StokKeand V" profiles.
1992). The code is an extended version of the one described by Solanki
2. The widths and shapes of the Stokégrofiles of Zeeman et al. (1992).
sensitive infrared lines require field-strength gradients that We have derived. and B, of three sunspots. Two of the
are again consistent with the thin-tube description (Zayeratalysed sunspots are the same as those investigated by Solanki
al. 1989, Riedi et al. 1992, Bruls & Solanki 1995). et al. (1992, 1994). The observations of the third sunspot were
3. The expansion of flux tubes predicted by the thin-tube apbtained on 12 Sept. 1994 with the McMath-Pierce facility, the
proximation also reproduces the line shapes of the Stokmain spectrograph and the Baboquivari detector (Livingston
I andV profiles of the Mg Ib line at 51728 (Briand & 1991). This sunspot was observed close to the solar limb at
Solanki 1995). 1 = cosf = 0.22. A total of 11 spectra showed signatures of
the magnetic canopy in this sunspot. The other two sunspots for
which we (re-)derived. and B, were located at = 0.98 and
= 0.5respectively (Solankietal. 1992 and 1994 respectively).
An uncertainty of aroundt50 G is found for the field
In sunspots the field strength drops from the centre of the sgtiength at the canopy base. The derivei$ accurate to within
to its edge by a factor of between 2 and 4 (e.g., Solanki £10km. The sensitivity ta.. comes from the fact that at heights
Schmidt 1993, Keppens & Martez Pillet 1996). Additionally, » = 100 kmthe contribution functions of the 1.56n lines drop
there is strong evidence for small-scale magnetic structurevigry rapidly with height. Thus, a small changezinproduces a
the penumbra (e.g., Title et al. 1993), so that consideitabdd large relative change in both Stokesndl amplitudes.
currents are present. Hence, a theoretical description of sunspotPossible systematic errors may, however, be considerably
magnetic fields requires complex models. larger than this, so that we do not consider guwalues to be
It is therefore not surprising that no complete descriptianore accurate thaft50 km andB than£100 G. See Solanki
of the sunspot field is currently available. Even the most aét al. (1992) for a discussion.
vanced models, which take body and boundary sheet currentsAll z. values obtained in the course of this investigation
into account (e.g., Jahn 1989) only satisfy global observare plotted in Fig. 1 vs:/Ry. Herer is the radial coordinate
tional constraints and cannot reproduce observations of the finentred on the axis of the sunspot afiglis the radius of the
scale structure. Descriptions of the small-scale structure of tluhite-light sunspot. The choice of R, as abscissa provides a
sunspot magnetic field usually consider it as a perturbation oatural relative scale on which to directly compare the canopies
the large-scale field (e.g., Martens et al. 1996). of sunspots or, more generally, flux tubes of different sizes. The
The expansion with height of the sunspot’s magnetic fietdro smooth solid lines are chosen to bracket most of the deter-
provides an additional constraint on the models. Above theinedz.(r/Ry) values and are described by simple analytical
quiet-sunr = 1 level the expansion can be determined by fofunctions. The difference between them reflects the scatter of
lowing the boundary of the sunspot’s magnetic field beyond iisese values.
white-light boundary. The 2. values plotted in Fig. 1 are 100-200 km lower than
The magnetic field of a sunspot forms an almost horizontalder ones obtained by, e.g., Solanki etal. (1994), who neglected
canopy outside its white-light boundary. The height of the lowenagnetic pressure. The reason is that the magnetic pressure low-
edge of this canopy as a function of distance from the sunsjgos the gas density above the canopy base. Hence the spectralline
provides a measure of its expansion. The canopy has been seebfains a smaller contribution there. Only by loweringloes
magnetograms near the limb (Livingston, priv. communicatiothe total contribution become sufficiently large to reproduce the
Giovanelli 1980), in infrared StokesandV spectra (Solanki observed Stoke® and! profiles (including the Stokeg am-
etal. 1992, 1994, Bruls et al. 1995), and with the help of vectplitude).
polarimetric observations (Lites etal. 1993, Adams et al. 1993). Fig. 2 showsB. vs.r/Ry. The smooth solid lines serve the
Here we investigate canopies using infrared data — specificabme purpose as in Fig. 1.
Stokesl andV profiles of Fe | 1.5648&m (Lanck factorg = 3)
and Fe | 1.5652um (gog = 1.53) — which allow the base

height,z., of the canopy and its field strength to be determined
anywhere on the solar disc. 4. Large and small flux tubes

Amajorshortcoming of earlier determinations of the Canoye are now in a position to compare the expansion of |arge
base height based oninfrared spectrais that they neglected mg@t small flux tubes. We have calculatedr/ R,) for different
netic pressure. Here we take magnetic pressure into accourdfpirical models of slender flux-tube temperature stratification
the force balance across the canopy base: due to Zayer et al. (1990), Solanki & Briglév{1992), Briand

& Solanki (1995) and Frutiger & Solanki (1998). The two ex-
B2 /(87) 4 p(2e + 62) = p(ze — 02), (2) tremez.(r/Ry) resulting from these models are plotted in Fig. 3

3. Sunspots



S.K. Solanki et al.: Expansion of solar magnetic flux tubes large and small

_ 300F ]
E r ]
=250 el =
N r ) ]
z 2000 S R E )
o F ! == B -
|- I - - -
250k - T - m
o EoJu . ]
C I . | c
B 100F frig = >
2 by ] g
2 50 i - »
o v ]
o B o
o] & s s ‘ ‘ ] o]
1.0 1.2 1.4 1.6 1.8 2.0 b
Relative distance from centre of spot r/R, L
Fig. 1. Canopy base height,., vs.r/Ro, the distance from the cen- r
1.0

P
1.8

r/Rq

L | L L | L L | L
1.2 1.4 1.6
Relative distance from centre of flux tube

tre of the sunspot, normalised to the radius of the sun&gofThin
curves:z.(r/Ro) determined from the observations along different
slices. Dashed, dotted and dot-dashed curves distinguish between the .
three sunspots. The smooth solid curves are analytical and indicate/tife 4 The same as Fig. 3, but now féf. vs.r/ Ro.

range ofz. values

1000f sunspots expand by tens of thousands of km). However, w

plotted on the relative radial scale/ Ry, the expansion of the
two extreme types of solar flux tubes is remarkably similar. No
that it is valid to use: without further scaling, since the natural
vertical scale for both types of flux tubes, the pressure sca
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height, is almost the same. In particular, if a thin tube had
much lower temperature, similar to that of an umbra or penu
bra, it would not expand significantly differently. For exampl
it would reachz. = 300 km at anr/ R, that does not differ by
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more than 20% from a hot flux tube model, which is far le
than the uncertainty in the sunspot curves.

Fig. 4 exhibitsB.(r/Ry) for both types of flux tubes. Note
again the surprising similarity between the smallest and larg
flux tubes.

Fig. 2. Field strength at the canopy ba¢®,, vs.r/Ro. The line styles
of the curves have the same meaning as in Fig. 1

5. Conclusions

[km]

=77 | The two main results of our analysis, the lower canopy ba
e height z.(r) of the sunspot and the similarity of relative ex
s i pansion of sunspots and magnetic elements, have conseque
2 that we now briefly explore. The lowef, values agree with
,, | those of Giovanelli & Jones (1982) and confirm that in a
. tive regions large areas are filled with magnetic field alrea
. | inthe mid-photosphere. In addition to having almost the sa
e field strength, when averaged over their cross-sections, itis n
oV clear that the smallest and largest photospheric flux tubes
14 16 18 20 pandinanalmostidentical manner, although they carry 6 ord
Relative distance from centre of flux tube of magnitude different amounts of flux. This result provides
Fig. 3. zc, vs.7/Ry. Plotted are the two analytical curves from Fig. fiew constraint on models of_the sunspot magnetic field. It al
(solid lines), as well as two curves describing the expansion ofaslengePWs that at least in some |mp0rtant_ a_spects suns.pots be
flux tube (dashed lines). like thin flux tubes, although they definitely dwt fulfill the
conditions under which the thin tube approximation is vali
since their diameter is far larger than a scale height. The th
(thick, dashed lines), together with the two smooth curves fraimbe approximation even predicts thét/dz ~ R, as follows
Fig. 1 (solid lines). from flux (®) conservation® = BrR? = const.
In an absolute sense small and large flux tubes expand atSolanki et al. (1994) have argued that due to the order
rates that differ by orders of magnitude (over 300 km in heightagnitude lower gas density abowg than in the penumbra
small flux tubes expand by a few hundred km, while largsince the density scale heigkt 100 km) only 6—20% of the
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mass transported by the Evershed flow within the penumbReferences
continues in the canopy. .

We find that due to the lower, the gas density above is AdaﬂséMz.bfolankl S.K., Hagyard M.J., Moore R.L., 1993, Sol. Phys.
larger by a factor of 2-2.5 compared to that used by Solanki etgli g C Solanki S.K., 1995, A&A 299, 596
(1994). The density jump at, caused by the imposed pressurgyls J.H.M.J., Solanki S.K., 1995, A&A 293, 240
balance, only partially compensates for the 100—-150 km low¥uls J.H.M.J., Solanki S.K., Carlsson M., Rutten R.J., 1995, A&A
z.. Taking the new numbers we find that 15-50% of the mass 293, 225
transported by the Evershed effect in the penumbra also pag3esuw R.J., 1976, ApJ 209, 266
through the canopy. Inspite of this higher fraction over half dferriz Mas A., Sclissler M., 1989, Geophys. Astrophys. Fluid Dyn.
the matter flowing through the penumbra must return to the 48,217

solar interior at the penumbral edge (cf. Westendorp Plaza etdptiger C., Solanki S.K., 1998, A&A 336, L65
Giovanelli R.G., 1980, Sol. Phys. 68, 49

1997).
Tr)1e expansion of large and small tubes differs clearly on jovanelli R.G., Jones H.P., 1982, Sol. Phys. 79, 267
P 9 Y ON¥hn K., 1989, AGA 222, 264

rather glo_se to the flux-tube boundar_y, b_etV\_/e¢R0 =1 a_nd Keppens R., Maitez Pillet V., 1996, A&A 316, 229
1.2. This implies that whatever the distribution of electric cufag B.W., Elmore D.F., Seagraves P., Skumanich A., 1993, ApJ 418,
rents within these sunspots, they influence the expansion of thegog
field only in a minor manner. Unfortunately, close to the sunspgtingston W., 1991, in Solar Polarimetry, L. November (Ed.), National
boundary stray light can be a problem, complicating the issue. Solar Obs., Sunspot, NM, p. 356

It follows from Figs. 3 and 4 that in the low photospher#artens P.C.H., HurlburtN.E., Title A.M., Acton L.W., 1996, ApJ 463,
slender tubes expand more rapidly with height than sunspots, 372
whereas their field Strength decreases less rap|d|y Wle Ruedi I., Solanki S.K., LiVingSton W., Stenflo, J.0O., 1992, A&A 263,
The difference in behaviour between the sunspot field and thatf”23 _ _
of thin flux tubes may be due to the presence of some retgiffUssler M., 1992, in The $u-a Laboratory for Astrophysics, J.T.
flux at the outer penumbral boundary, as proposed by West n-SChmelz’ J.C. Brown (Eds.),Kluwer, Dordrecht, p. 191 -

p Yy, as prop y
. olanki S.K., 1998, in Space Solar Physics, J.C. Vial, K. Bocchialini,

dorp Plaza _et al. (1997). Suph a dlsappea_ranc_e o_f the penumbral, Boumier (Eds.),Springer Verlag, Berlin, p. 41
horizontal fleld component into the_ solar interior is expected tQanki S.K., Briglieve V., 1992, A&A 262, L29
cause the field strength to drop rapidly-dsecomes greater thangg|anki S.K., Schmidt H.U., 1993, A&A 267, 287
Ry, since less flux can now fill the available space. Also a lesglanki S.K., Riedi |., Livingston W., 1992, A&A 263, 339
rapid relative expansion of sunspot fields with height (relatiolanki S.K., Montavon C.A.P., Livingston W., 1994, A&A 283, 221
to slender flux tubes) is expected to be produced because dihnflo J.0., 1994, Solar Magnetic Fields: Polarized Radiation Diag-
the more vertical magnetic component is leftat Ry, so that nostics,Kluwer, Dordrecht
Ze increases rap|d|y W|th/R0 near the Spot boundary_ Title A.M., Frank Z.A., Shine RA, etal., 1993,ApJ 403, 780

To test this conjecture it is necessary, however, to Compé(ygstendorp Plaza C., del Toro Iniesta J.C., Ruiz Cobo B., et al., 1997,
MHD models of the magnetic structure of sunspots with obsezr- Nat. 389, 47

vations of the type presented in Figs. 1 and 2 ayer |, Solanki S.K., Stenflo J.O., 1989, A&A 211, 463
’ ’ Zayer |., Solanki S.K., Stenflo J.O., Keller C.U., 1990, A&A 239, 356
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