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Abstract. We determine the inclinations of the vector magnetic field and flow velocity in a sunspot penumbra by interpreting
full Stokes profiles of three infrared lines observed with the Tenerife Infrared Polarimeter. It is shown that analyses based on
one-component atmospheres deliver flow velocities which are more horizontal than the average magnetic field by up to 10 deg.
This apparent violation of the concept of frozen-in magnetic fields is solved as soon as two magnetic atmospheres are allowed
to coexist in the resolution element. The magnetic field and velocity in the atmospheric component carrying the Evershed flow
are found to be aligned to within±2 deg all the way from the inner to the outer penumbra. This is the first observational
confirmation of magnetic fields being frozen into the plasma in sunspots. Our results indicate that sunspot penumbrae can be
understood in terms of inclined flux tubes embedded in a more vertical background field. The flux tubes carry most of the
Evershed flows and return to the solar surface in the middle penumbra and beyond. The background atmosphere is essentially
at rest in the inner penumbra, and harbors small flows in the outer penumbra.
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1. Introduction

In the limit of infinite magnetic Reynolds numbers, the mag-
netic flux across any surface moving with the plasma remains
constant with time (e.g., Priest 1984; Stix 2002). The magnetic
field is then said to be frozen into the plasma. In this situation,
two plasma elements lying initially on the same field line will
do so at all subsequent times. Mass can flow freely along the
field lines, whereas transverse motions push and drag them.

The magnetic Reynolds number is defined asRm = v`/η,
where v represents the velocity of the plasma,` the typical
length of magnetic field variations, andη = 1/(µσ) the mag-
netic diffusivity, with σ the electrical conductivity, andµ the
magnetic permeability. Adoptingv ∼ 1 km s−1, ` ∼ 200 km,
andσ ∼ 1 A V−1 m−1 (Kovitya & Cram 1983), the magnetic
Reynolds number can be estimated to beRm ∼ 250 in the pho-
tospheric layers of the penumbra. This high value implies that
material motions should occur along the lines of magnetic force
if the field is static.

The fundamental concept of frozen-in fields has been in-
voked repeatedly in the context of sunspot penumbrae, both
theoretically (Montesinos & Thomas 1997; Schlichenmaier
et al. 1998) and observationally (e.g., Bumba 1963; Stanchfield
et al. 1997; Westendorp Plaza et al. 1997; del Toro Iniesta
et al. 2001; Thomas 2001), but it has never been confirmed by
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observations. In the penumbra, highly localized mass motions
are known to exist. Flow velocities of several km s−1 (Bumba
1960; Wiehr 1995; Schlichenmaier & Schmidt 2000) and even
supersonic values (del Toro Iniesta et al. 2001) have been re-
ported in connection with the Evershed effect. These flows are
generally recognized to be more horizontal than the average
vector magnetic field (Adam & Petford 1991; see also the in-
troduction of Title et al. 1993 and the review by Solanki 2003,
Sect. 7.3.2). The apparent violation of the frozen-in condition
indicated by the observations is often disregarded alleging that
the Evershed flows occur only in the dark penumbral filaments,
where the magnetic field is more horizontal than the average
(Title et al. 1993). No simultaneous measurements of the field
inclination and the flow angle allowing for the fine structure
of the penumbra have ever been carried out, so this conjecture
remains to be proved.

Here we demonstrate that the Evershed flow is indeed
aligned with the magnetic field in the penumbra of a sunspot,
confirming the theoretical expectation that the field is frozen in
the plasma. Our analysis is based on the interpretation of po-
larization profiles of infrared lines in terms of two magnetic
atmospheres filling the resolution element. The need for such
a complex modeling is illustrated by carrying out a more clas-
sical one-component analysis of the same data. We find max-
imum average speeds of 6.5 km s−1 for the Evershed flows in
the outer penumbra. This mean velocity is only slightly smaller
than the local sound speed of about 7 km s−1.

L
e
tt
e
r
to

th
e
E
d
it
o
r

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20030576

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20030576


L48 L. R. Bellot Rubio et al.: Frozen magnetic fields in sunspot penumbrae

2. Observations and data analysis

Active region 8704 was observed on September 20, 1999 with
the Tenerife Infrared Polarimeter (TIP) at the Vacuum Tower
Telescope of Teide Observatory (Spain). This rather symmet-
rical sunspot was located 40 degrees off disk center. Large
heliocentric distances are important to maximize the Doppler
shifts induced by the almost horizontal Evershed flows. TIP
was used to measure the four Stokes profiles of the Fe I lines
at 15647.3, 15648.5, and 15652.5 Å emerging from the spot.
The three lines sample very deep and narrow photospheric lay-
ers. Figure 1 shows a map of the spot as seen in continuum
intensity. During the observations, the image was stabilized by
means of a correlation tracker. We estimate the spatial resolu-
tion to be about 1 arcsec. Further details of the observations are
given by Balthasar et al. (2001).

The observed Stokes profiles have been corrected for in-
strumental polarization and then inverted with the help of
the SIR code (Stokes Inversion based on Response functions;
Ruiz Cobo & del Toro Iniesta 1992). Here we discuss results
obtained under the assumption that the polarization profiles
can be explained in terms of either one or two magnetic at-
mospheres filling the resolution element. Details of these in-
versions are given by Bellot Rubio (2003), who also compares
the magnetic structure of AR 8704 resulting from four different
physical models.

With a pixel size of 0.4 × 0.4 arcsec2, the spatial map of
Fig. 1 contains about 10 000 resolution elements. The inversion
is run for each pixel independently. This yields the parameters
of the various atmospheres filling the resolution element: the
three components of the vector magnetic field, the line-of-sight
(LOS) velocity, the macroturbulence, the temperature, the frac-
tion of area occupied by each atmospheric component (if ap-
propriate), and the amount of stray light. All these atmospheric
parameters are taken to be constant with optical depth except
for the temperature (whose stratification is allowed to vary with
depth by means of two nodes). This is a reasonable assump-
tion because the lines we consider are formed in photospheric
layers not thicker than one or two decades in logτ5, whereτ5
is the continuum optical depth at 5000 Å. Electron pressures
and densities are computed from the inferred temperatures as-
suming hydrostatic equilibrium and the equation of state of an
ideal gas with variable mean molecular weight to account for
the partial ionization of the various atomic species.

The azimuth and inclination of the vector magnetic field re-
turned by the inversion code are expressed in the LOS reference
frame. We have transformed these values to the local reference
frame by taking into account the position of the spot on the so-
lar disk and the direction of positive StokesQ defined by the
polarimeter. In this paper, inclinations range from 0 to 180 deg
and are measured with respect to the solar local vertical.

Details of the calculation of the magnetic field and velocity
zenith angles are given below:

Magnetic field inclination. This free parameter of the inver-
sion is essentially determined from the relative amount of lin-
ear and circular polarization. Since we are interested in gen-
eral trends rather than in local fluctuations, we consider the

Fig. 1. Continuum intensity map of AR 8704 as observed with TIP on
September 20, 1999. The line of symmetry connecting the sunspot’s
center with the center of the solar disk coincides with they-axis. The
limb-side penumbra is at the bottom.

variation of the mean zenith angle with distance from sunspot
center. To this end, radial profiles are constructed by averag-
ing the zenith angles of individual pixels along azimuthal paths
centered on the spot.

Velocity inclination. The vector velocity cannot be inferred di-
rectly from the observations, because only the LOS component
induces a Doppler shift in the Stokes profiles. However, it is
possible to determine the inclination of the flow from the az-
imuthal variation of the LOS velocity by assuming that the flow
speed depends only on radial distance, and that the vector ve-
locity has no azimuthal component. These assumptions seem
to be justified in view of the symmetry of the spot. Only two
disturbances (obvious in the maps of physical quantities but not
in Fig. 1) are present in our penumbra at (x, y) ∼ (13, 27) and
(34, 27) arcsec.

The local reference frame is defined by thez-axis coincid-
ing with the local vertical and thex-axis pointing to disk center
along the symmetry line. Letvz and vr represent the vertical
and radial components of the vector velocity in this reference
frame. vz and vr are positive upwards and outwards, respec-
tively. The projection of the flow velocity to the LOS is

vLOS(r, ϕ) = vr(r) sinθ cosϕ + vz(r) cosθ, (1)

wherer represents radial distance,θ the heliocentric angle of
the observations, andϕ the azimuthal angle around the spot
center measured counterclockwise with respect to thex-axis
(e.g., Kinman 1952; Maltby 1964; Schlichenmaier & Schmidt
2000). From the inversion we knowvLOS as a function ofr
andϕ for the various atmospheric components. A least-squares
fit of the inferred LOS velocities to Eq. (1) is donesepa-
rately for each atmospheric component in order to determine
the vertical and radial components of the corresponding ve-
locity fields. From these values, the flow angles are computed
asγ = arctanvr/vz, and the flow speeds asv = (v2r + v

2
z)1/2.

Figure 2 presents an example of one such fit. As can be seen,
the azimuthal variation of the LOS velocity is well described
by a cosine function, implying that the assumptions leading to
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Fig. 2. Azimuthal dependence of the LOS velocity in the atmospheric
component describing penumbral flux tubes atr/RP = 0.64 (dots) and
best-fit sinusoidal curve of the form of Eq. (1) (solid line). The dis-
turbance at (x, y) ∼ (13, 27) arcsec has been avoided. The horizontal
dashed line represents the azimuthally averaged LOS velocity deter-
mined from the fit. Positive LOS velocities indicate blueshifts.

Eq. (1) are appropriate. The reliability of the flow angles de-
pends critically on the absolute velocity calibration of the ob-
servations. In the absence of telluric lines or other means to de-
fine an absolute velocity scale, we use the central wavelength
of the average quiet sun intensity profile as the position of zero
velocities. All LOS velocities returned by the inversion code
have been corrected for the convective blueshift of the lines be-
fore being analyzed. The convective blueshift is estimated to
be 445 m s−1 according to the two-component model of the
quiet sun of Borrero & Bellot Rubio (2002) and the results of
Balthasar (1985). The absolute velocity scale of the observa-
tions should be correct to within±100 m s−1.

3. Results

Bellot Rubio (2003) points out that the structure of AR 8704
revealed by the two-component inversions used here is con-
sistent with the notion of penumbral flux tubes embedded in
a magnetic background atmosphere, as proposed by Solanki
& Montavon (1993). The background component is charac-
terized by rather vertical magnetic fields and does not harbor
large flows. The atmosphere representing the penumbral tubes
is characterized by nearly horizontal fields and carries most
of the Evershed flow. Maximum LOS velocities in the flux
tube component were found to be 6 km s−1. A simple one-
component inversion of the same data yields results that cannot
be associated easily with either the background or the penum-
bral flux tubes (Bellot Rubio 2003).

The upper panels of Fig. 3 give the inclination of the flow
velocity and magnetic field resulting from the one-component
(left) and the two-component inversions (middle and right pan-
els correspond to the background and flux-tube atmospheres,
respectively). Error bars for the magnetic field zenith angle rep-
resent the standard deviation of the values entering the mean.

Error bars for the flow angle have been computed through er-
ror propagation of the uncertainties in the best-fit coefficients.
The lower panels of Fig. 3 show the flow speed as a function of
radial distance.

Our one-component analysis is representative of many oth-
ers based on the assumption than one atmosphere is able to de-
scribe the structure of the penumbra. With such an assumption,
theflow is found to be more horizontal than the magnetic field
by 10 deg(Fig. 3, upper left panel). Let us discuss now the more
realistic two-component inversions. By considering two atmo-
spheric components in the resolution element we make explicit
allowance for the fine structure of the penumbra. This results in
much better fits to the observed Stokes profiles (Bellot Rubio
2003). The inferred background atmosphere is characterized by
very small flows in the inner penumbra, the flow speed never
exceeding 0.4 km s−1 (Fig. 3, lower central panel). Under these
conditions, the determination ofvr from the observed azimuthal
variation ofvLOS is unreliable and we refrain from computing
the flow angle in this part of the penumbra. In the outer penum-
bra (beyondr/Rp = 0.7) the velocities are larger, and the flow is
found to be more horizontal than the magnetic field. By analogy
with the one-component inversions, this suggests that our back-
ground atmosphere is a mixture of several magnetic compo-
nents. In the outer penumbra, the first atmospheric component
returned by the inversion code probably represents a combina-
tion of background and some penumbral tubes that continue
upwards through the canopy, as sketched by del Toro Iniesta
(2001).

Because of the much larger flow speeds (up to 6.5 km s−1),
the magnetic component representing the penumbral tubes is
responsible for the largest fraction of the total mass flux. The
upper right panel of Fig. 3 demonstrates that the Evershed flow
in this atmosphere is perfectly aligned with the magnetic field.
This is a solid result: asystematicerror of 100 m s−1 in the LOS
velocities (due to uncertainties in the correction of convective
blueshift) would change the flow angles by a mere±1.5 deg.
Themaximuminclination difference is about 2 deg, well within
the error bars. Only in the very outer penumbra does the flow
become more horizontal than the magnetic field as a conse-
quence of a fast decrease of the vertical velocity. The less red-
shifted vertical velocities found near the outer boundary are
probably due to quiet sun granulation intrusions encountered
by the more external azimuthal paths.

4. Conclusions

Semiempirical models of the penumbra obtained from the in-
version of Stokes profiles have achieved a reasonable degree of
realism. Analyses based on two magnetic components allow us
to confirm important aspects of magnetohydrodynamics in the
solar photosphere. In this Letter we have demonstrated that
the Evershed flows are aligned with the vector magnetic field
in the penumbra. The concept of frozen-in fields (taken for
granted by solar physicists without real proof) is then con-
firmed observationally. This result has important implications
for our understanding of sunspot penumbrae. We now have
solid observational evidence of Evershed flows being chan-
neled by penumbral flux tubes. Our analysis confirms and
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Fig. 3. Top: Radial dependence of the magnetic field (thick lines) and velocity (thin lines) zenith angles in AR 8704 as inferred from one-
component (left) and two-component inversions (center, right). Central panels correspond to the background atmosphere and right panels to the
fluxtube component carrying most of the Evershed flow.Bottom:Variation with radial distance of the flow speed as deduced from the analysis
of the observed LOS velocities. The horizontal dashed lines represent an estimation of the local sound speed. The umbra/penumbra boundary
is atr/Rp = 0.4, and the outer penumbral boundary atr/Rp = 1.0.

substantiates earlier conjectures that a sunspot penumbra is
essentially a two-component structure with strongly inclined
tubes harboring the Evershed flow and a more vertical back-
ground where plasma motions are almost absent. Apparently,
there is no need to invoke smaller substructures to describe the
main features of the penumbra.

The excellent agreement between the flow angle and the
magnetic field inclination indicated by Fig. 3 suggests that
proper motions of the flux tubes in the vertical direction (i.e.,
motions transverse to the field lines) cannot be very large, oth-
erwise the flow would be more vertical or more horizontal than
the magnetic field. Except perhaps in the very outer penumbra,
we do not observe such differences.
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