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Summary. Stokes V zero-crossing wavelengths and the profiles
of I, (ie. the integrated Stokes V profile, an approximation of
Stokes I in magnetic fluxtubes), of a large number of unblended
Fer1 and 1 lines measured simultaneously with a Fourier trans-
form spectrometer, are used to investigate the velocities in solar
magnetic fluxtubes. The Stokes V zero-crossing wavelength shifts
are determined both relative to the simultaneously observed
Stokes I wavelengths and to laboratory values (after correcting
for shifts introduced by solar-terrestrial relative motion, etc.).
Within the accuracy of approximately 250ms~* of the absolute
wavelength scale no net flows are seen in the photospheric layers
of fluxtubes at disk centre, in both active region plages and the
quiet network. The strong Mg1Ib lines also show no shifts within
the limit of the above accuracy. Neither do the Stokes V' zero-
crossing wavelength shifts relative to the wavelengths of the
Stokes I profiles provide any support for the presence of the
downflows inside fluxtubes which have been reported in a number
of previous studies in the literature. However, the Stokes V shifts
relative to Stokes I in the network are systematically different
from such shifts in active region plages. This difference may be
explained by a decrease in the granular blueshift of the Stokes I
profile in active regions.

With the help of one-dimensional LTE model calculations it
is shown that the observed line profiles (i.e. both line depth and
width of a large number of lines) formed inside a fluxtube can
only be reproduced if the model profiles are broadened by veloc-
ity. Estimates of the velocity amplitudes are derived by approx-
imating the motions with macro- and microturbulence. The
maximum rms value of the total turbulent velocity is found to
be approximately 3.0 — 3.5kms™ . The value of the empirically
determined turbulence velocity is also studied as a function of
the assumed fluxtube temperature structure and of the empirical
damping factor. An upper limit of 1.5kms ™! is set on the micro-
turbulence. The dependence of the total turbulent velocity on
line strength in the fluxtube is found to differ strongly from its
dependence in the quiet photosphere, suggesting that the ob-
served line broadening is not due simply to the photospheric
velocities which may affect the magnetic signal via the expanding
geometry of the fluxtube.

Finally, a strong correlation between the amplitude asym-
metry of Stokes V and the magnitude of the macroturbulence is
shown to exist, supporting the view that the asymmetry is closely
related to velocity.

Key words: solar magnetic fields — fluxtubes — active regions —
network — velocity — macroturbulence — microturbulence

1. Introduction

Despite the large amount of interest which small fluxtubes have
attracted in recent years (for an overview see e.g. Stenflo, 1976;
Harvey, 1977; Spruit and Roberts, 1983; Stenflo, 1985, and ref-
erences therein), their structure and many of their basic properties
remain uncertain. This is also true of the motions in their photo-
spheric layers. Theoretically various kinds of motions in small
fluxtubes have been extensively studied. Thus Unno and Ribes
(1979), Schiissler (1984), and Hasan and Schiissler (1985) have
studied the effects of steady flows on the properties and stability
of fluxtubes. Hasan (1984, 1985) found that the convective col-
lapse of fluxtubes gives rise to oscillatory motions within them.
Finally, the wave modes possible in fluxtubes when the effects
of gravity are included have been investigated by e.g. Defouw
(1976), Roberts and Webb (1978, 1979), Spruit (1981), and Rae
and Roberts (1982).

Observations of motions in the small fluxtubes, which make
up a large fraction of all magnetic elements in the quiet network
and in plages, are complicated by their small diameters, which
generally lie below the best presently available spatial resolution.
The spectrum observed in unpolarised light (Stokes I) is there-
fore contaminated by light coming from the non-magnetic sur-
roundings of the fluxtubes, so that observations of Stokes V, the
difference signal between right and left circularly polarised light,
are required.

Early observational work with a spatial resolution of usually
a couple of arc seconds, both in polarised and unpolarised light,
suggested the presence of downflows of the order of 0.5kms™?
co-spatial with the magnetic field, at supergranule boundaries
(e.g. Frazier, 1970; Skumanich et al., 1975) and in active regions
(e.g. Giovanelli and Ramsey, 1971; Howard, 1971). Giovanelli
and Slaughter (1978) carried out an extensive empirical study of
steady flows inside small fluxtubes by measuring the zero-crossing
wavelength of the Stokes V profiles (relative to their Stokes I
wavelengths) of a number of lines formed at different heights in
the atmosphere, and so were able to determine the height varia-
tion of downflow velocity. They found that the velocity increases
rapidly with depth, being negligible in the chromosphere and
increasing to 1.6kms ™! near the t = 1 level of the photosphere.
Wiehr (1985) also finds redshifts of the V profile compared to
Stokes I of between 0 and 2kms ™! for the Fe18468.4 A line in
different magnetic elements.

Stenflo and Harvey (1985), on the other hand, observed only
redshifts smaller than 0.3 km s ™! of the zero-crossing of the Stokes
V profiles of the Fel lines at 5250.2 A and 5247.1 A, with respect
to the core wavelengths of the simultaneously obtained Stokes
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I profiles. If the wavelengths of the corresponding I profiles are
corrected for the effects of convective motions according to
Dravins et al. (1981), then they find that the V profiles are actually
blueshifted by 0.0 to 0.3kms ™! (the blueshift increases with the
amount of magnetic flux), but they only use this correction to
enhance their conclusion that downdrafts are small or absent
inside the fluxtubes. There are therefore conflicting claims in the
literature regarding the presence of downflows in fluxtubes.
Furthermore, all previous observations determine the shifts of
Stokes V relative to Stokes I, and there are still some problems
left with the precise core wavelengths of Stokes I profiles in active
regions. Kaisig and Schréter (1983) find that the cores of six
Fer lines formed in active regions are blueshifted compared to
their wavelengths in purely non-magnetic regions by approxi-
mately 0.05 — 0.25km s~ *. On the other hand Livingston’s (1982)
observations suggest that the active region profile of the
Fe15250.6 A line has a relative core blueshift of the order of
0.01 — 0.02kms ™! (although at equal intensity the active region
profile is always redshifted as compared to the quiet sun profile),
while Cavallini et al. (1985) observe active region relative red-
shifts of the order of 0.05 — 0.2kms™ ! for 3Fer lines. Finally
Miller et al. (1984) find that the line cores of three Fe1 lines
observed at supergranular boundaries lie within +0.02kms™?
of the cores of these lines in the quiet photosphere. All these
measurements are limited to a few medium strong Fe1 lines. The
wavelengths of Fenr lines and of most Fer lines have not been
studied at all in active regions. In the light of these uncertainties
we shall determine Stokes V zero-crossing shifts for a large num-
ber of lines, both with respect to the simultaneously measured
Stokes I core wavelengths, and to laboratory wavelengths.

There has also been some observational evidence for the pres-
ence of non-stationary motions in fluxtubes. Although Giovanelli
et al. (1978) failed to detect oscillatory motions besides the five
minute oscillations in time series of Stokes V' zero-crossing wave-
length shifts, this does not imply the absence of all other oscilla-
tory motions in fluxtubes. Their spatial resolution of 2”5 x 3”5
means that they probably observed a number of fluxtubes si-
multaneously, and could therefore detect only those oscillations in
which all the fluxtubes were oscillating in phase. Five minute
oscillations with amplitudes ranging between 0.1 and 0.25kms !
were also observed by Wiehr (1985). In addition, he presented
observations of large changes in Stokes V zero-crossing wave-
length, amplitude, and asymmetry on a time scale of a few minutes,
which appear to be independent of the five minute oscillations.

The presence of unresolved motions in fluxtubes was also
hinted at by the discovery that Stokes V profiles from the net-
work and from plages observed with high spectral resolution,
are distinctly asymmetric, i.e. the areas and the amplitudes of
their blue wings are different from those of their red wings (Stenflo
et al., 1984). It was later found that these asymmetries vary con-
siderably with line strength and with the excitation potential of
the lower level (Solanki and Stenflo, 1984). Auer and Heasley
(1978) showed convincingly that assuming LTE and a one-
dimensional model, the area asymmetry of the Stokes V profile
can only be explained by the presence of velocity gradients inside
the fluxtubes.

If we drop one or both of these assumptions (LTE and one
spatial dimension), other mechanisms become possible. If we
allow for fluxtube expansion, then flows outside the fluxtube may
serve to produce such asymmetries. Such flows have appeared,
for example, in the theoretical calculations of Deinzer et al. (1984).

The presence of non-LTE effects has also been invoked to ex-
plain Stokes V asymmetries by Kemp et al. (1984) and Landi
Degl'Innocenti (1985). However, even then it may not be possible
to obtain large asymmetries completely without the presence of
velocities (Landi Degl'Innocenti, 1985). In Sect. 4.5 we present
some empirical evidence for a coupling between velocity broad-
ening and the asymmetry of Stokes V profiles. Asymmetries may
therefore contain detailed information on the structure of the
velocity field in and around fluxtubes, but due to the lack of
proper diagnostic methods this information can at present not
be extracted easily.

Besides the zero-crossing wavelength and the asymmetry of
Stokes V there is yet another indicator of velocities in fluxtubes.
If the Stokes V profile is integrated to obtain the I, profile (an
approximation of the intensity profile of the line formed solely
inside the fluxtube; cf. Sect. 2.3 and Solanki and Stenflo, 1984),
then the difference in widths between the I, profile and the ob-
served Stokes I profile (the latter mostly containing information
on the non-magnetic surroundings of the fluxtubes) is another
measure of the velocity structure in the fluxtube, if the differences
in temperature, pressure and magnetic field strength between the
fluxtube and its surroundings are taken into account. Thus
Solanki and Stenflo (1984) found that the observed I, profiles
of medium strong Fe1 lines are much broader than profiles cal-
culated using static fluxtube models.

In the present paper we shall try to obtain some information
on the velocity amplitudes inside fluxtubes by modelling the
widths of the I, profiles of Fer and 1 lines using macro- and
microturbulence. We shall for the most part use the statistical
approach outlined by Solanki and Stenflo (1984, 1985). This has
the advantage of allowing a large number of lines formed at dif-
ferent heights and with different sensitivities to temperature and
velocity to be used. However, to remove any doubts on the
validity of this approach, model calculations of the complete
profiles of a smaller sample of lines shall also be compared with
the observations.

2. Observations and reduction
2.1. Observational data and selected lines

The observations were carried out on April 29 and 30, 1979
at Kitt Peak, with the McMath solar telescope and the one meter
Fourier transform spectrometer (FTS) used as a polarimeter to
record both Stokes I and V simultaneously. Spectra of five re-
gions of varying magnetic flux were obtained near disk centre.
The spectral range of each scan is approximately 1000 A, and
the spectral resolution lies between 360000 and 500000. The
spatial resolution is determined by the circular entrance aperture
of 10” diameter, and the temporal resolution varies between
approximately 20 minutes and 1 hour. Further details regarding
the data are to be found in Stenflo et al. (1984). In addition, an
FTS Stokes I spectrum of a quiet region near disk centre, recorded
on April 29, 1979, is used as a reference in part of this work. In
this way spurious effects arising from the large filling factors in
active regions can be eliminated.

The Fer and Fen lines used are taken from the lists of un-
blended lines published by Stenflo and Lindegren (1977), and
Dravins and Larsson (1984), respectively. Not all the published
lines can be used for the analysis, however. The lines found to
be blended or affected by noise by Solanki and Stenflo (1984,
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1985) have been dropped. For part of the analysis the laboratory
wavelengths of the lines are required and only those lines for
which such wavelengths are known to sufficient accuracy can be
used. For the Fe1lines these are taken from Stenflo and Lindegren
(1977), who either used the wavelengths listed by Crosswhite
(1975), or calculated them from the energy levels where no wave-
length measurements existed. The Fen laboratory wavelengths
are taken from Dravins and Larsson (1984) and Dravins et al.
(1986), who list wavelengths determined by Johansson (1978).
For some of the Fe1 lines insufficient atomic data are available
and these have not been included in the analysis. Following
Dravins et al. (1981) we have also dropped a number of lines for
which the difference between the laboratory and quiet sun wave-
lengths (taken from Pierce and Breckinridge, 1973) is exception-
ally large. The laboratory wavelengths of the Mgib lines used
in part of the analysis are taken from Moore (1972).

2.2. Absolute wavelengths

The determination of absolute zero-crossing wavelengths requires
that the measured wavelengths be corrected for any error in
calibration of the wavelength scale, for gravitational redshifts,
and for the relative motion between the observer and the observed
region.

The instrumental wavelength scale has been, whenever pos-
sible, checked by comparing the wavelengths of atmospheric lines
taken from Pierce and Breckinridge (1973) with the wavelengths
of these lines in our spectra. For two spectra it is possible to use
the telluric O, lines between 6278 A and 6307 A. Of these, the
lines found to be unblended by Balthasar et al. (1982) have been
chosen. According to these authors the wavelengths of these lines
should be stable to within 15ms ™. Caccin et al. (1985), on the
other hand, warn that pressure induced shifts and asymmetries
of O, lines make them of questionable use as absolute wavelength
standards. For two other spectra the 5420 A and 54229 A lines
of H,O are used, in the absence of anything better. One spectrum
contains no suitable atmospheric absorptions. However, ac-
cording to Brault (1978) the FTS wavenumber scale should be
accurate to 0.0001 cm ™!, and indeed, the FTS wavelength scale
is found to reproduce the telluric absorption lines to within
0.05kms ™! in all the spectra in which these are present.

Next, the gravitational redshift of 0.636 kms ™! is subtracted
from the wavelengths, and finally the relative motion between
the observer and the observed region is compensated for. This
motion may be thought of being composed of a number of com-
ponents (Howard and Harvey, 1970), the most important of which
near disk centre are due to the rotation of the earth around its
own axis, its orbital motion around the sun, and solar rotation.
The velocity due to the first two components is calculated using
a code described by Balthasar (1984). The limiting factor for the
accuracy of these calculations is probably the smearing of the
order of 50ms~ ! introduced by the long integration times of the
observations. Its main effect would be to broaden the lines slightly,
but due to the asymmetry of Stokes V it may also cause a small
shift of the zero-crossing wavelength, which will however be much
smaller than 50ms~! (Solanki and Stenflo, 1986). The rotation
rate of the solar magnetic features has been studied by e.g. Stenflo
(1974). His values of the rotational velocity at different latitudes
are used to compensate for solar rotation. The main uncertainty
in the wavelength shift due to solar rotation is introduced by the
imprecise knowledge of the position of the FTS entrance hole
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on the solar surface. As an additional check on solar rotation
the Stokes I core wavelength of a strong line, whose core is
formed above the layer of granular motion and should therefore
be unaffected by it, e.g. Mg15172.7 A, is determined and com-
pared to laboratory wavelengths. The difference between its solar
and laboratory wavelength is 638 ms~! which compares very
well with the gravitational redshift of 636 ms™*, which is the
only expected shift if granular influences are absent. This method
has been outlined by Livingston (1983). However, the relatively
broad core of this line limits the accuracy of the measurement
of its core wavelength.

The total uncertainty, in the Stokes V' zero-crossing shifts
relative to the laboratory wavelengths, resulting from all the
different sources, is estimated to be about +0.25kms ™! for the
four data files which contain telluric lines.

2.3. The I, profile and line parameters

Part of our analysis requires that a line width be unambiguously
defined for lines formed inside the fluxtube. Since the I profile
of light coming from the fluxtubes alone cannot be measured
directly with the spatial resolution available today, we have to
derive the line width from the measured Stokes V profiles. A
natural way to do this is to follow Solanki and Stenflo (1984,
1985) and calculate I, out of the observed Stokes V profile:

le= ) _ 1} wIVe)
Ic Adg i, ¢

where 44y = 4.67.107 13 g, A12{B) is the Zeeman splitting, with
g.sr being the effective Landé factor of the line, 4, its wavelength
in A, and (B) the average field strength in G. 4, is a wavelength
lying sufficiently far in the wing, so that V(4,) ~ 0. In practice
the choice of 4, is usually determined by noise and the proximity
of neighbouring lines. I, is the intensity of the continuum, and
w(4) is a weighting function required to make the continuum on
the red and blue sides of the I, profile lie at the same level. The
difference in continuum level is a result of the area asymmetry
of the observed Stokes V profiles. If the detailed mechanism by
which this asymmetry is produced were known, the asymmetry
at each wavelength could be exactly compensated for by choosing
an appropriate w(4). Since this is not the case, we have chosen
w(4) such that it is constant for all 1 < 4, jumps at 4, to an-
other value at which it remains for all A > 1,. Here 4, is the
zero-crossing wavelength in A. This appears to us to be the
simplest way of countering the effects of the area asymmetry and
of ensuring that the continuum level is the same on both sides
of the line. Detailed descriptions of these processes, as well as
some remarks regarding the interpretation of I, are to be found
in Solanki and Stenflo (1984, 1985). We only repeat here that the
I, profile is a first order approximation of the Stokes I profile
formed inside the fluxtube.

We wish to add, however, that the I, profile has certain ad-
vantages over the Stokes V profile when low spatial resolution
polarimeter data are compared with one-dimensional fluxtube
models, as is the case in this work. Since our observations have
low spatial resolution, the assumption that the magnetic flux in
the field of view is the same at all heights in the photosphere
is quite reasonable. For the model calculations we use the thin
fluxtube approximation, which also conserves magnetic flux with
height. However, the radiative transfer is carried out along only
one ray (the axis of the fluxtube). This one-line-of-sight approxi-
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mation means that the magnetic flux as felt by the spectral lines,
is not conserved with height. Due to the great sensitivity of the
Stokes V amplitude on the amount of magnetic flux, synthetic
Stokes V profiles of lines formed at different heights cannot be
simultaneously compared with the respective observed profies, so
that one of the main advantages of FTS data (the large number
of observed lines) is lost. With the I, profile this problem is
greatly reduced, since the data can now be compared to calculated
profiles of Stokes I which are considerably less sensitive to the
amount of magnetic flux. However, other effects of the fluxtube
geometry may still play an important role. This highlights the
need for 1.5-D radiative transfer in conjunction with a 2-D flux-
tube model; i.e. radiative transfer along more than one line of
sight, where the emergent intensity of all the rays are added to-
gether to give a resultant profile which mimics a profile observed
at low spatial resolution. An illustrative example is provided by
van Ballegooijen (1985), who points out that the contribution
functions and the emergent profiles of the Stokes parameters are
quite different for different lines of sight in the fluxtube. How-
ever, at this stage of the study of fluxtube velocities we feel justified
in using the simpler 1-D approach based on the I}, profile, which
allows a much larger number of possible models to be calculated,
due to its substantially smaller requirements on computional
capacity.

Once the I,, profile has been calculated, it and Stokes I can
easily be parameterised following Stenflo and Lindegren (1977)
and Solanki and Stenflo (1984). Since the parameterisation has
been described in detail in the above papers, we shall restrict
ourselves to listing only those parameters which are of conse-
quence for this work: Line depth (d; and d; index I indicates
that this symbol represents a parameter of Stokes I, index V that
it represents a parameter of I), line strength (S; and S,), line
width in velocity units (vp, and vj,; the line width is determined
at four levels in the profile: 0.14, 0.3d, 0.5d, and 0.7d above the
core intensity. If nothing is stated to the contrary, then the width
at the half level, 0.5d, is meant), laboratory wavelength of the
line, A,,,, wavelength of the obsérved Stokes I line core, 4;, and
finally the wavelength of the I, line core, 4, (this is identical to
the wavelength of the Stokes V zero-crossing, which is also de-
noted by the same symbol). We shall differentiate between the
wavelength of Stokes V' as derived directly from the spectra, 4,
and the absolute wavelength, A}, obtained after correcting for
the motion of the observer relative to the observed region.

3. Zero-crossing wavelengths
3.1. Analysis and results

In Fig. 1a the Stokes V zero-crossing shift relative to the labora-
tory wavelength, vy, is plotted vs. S; for a plage region. We define

where c is the velocity of light, A} is the zero-crossing absolute
wavelength of Stokes V, and 4, is the laboratory wavelength
of the line. The stars represent Fe1 lines with excitation potential
of the lower level, x. < 3¢eV, the circles represent Fel lines with
¥ = 3¢V, and the filled squares Fe1r lines. These symbols shall

retain their meanings throughout the following figures. The scat-
ter is mostly due to noise in the data and to inaccuracies in the
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Fig. 1a. v, vs. S}, i.e. the difference in velocity units, between Stokes V
zero-crossing absolute wavelength and the laboratory wavelength, vs. the
line strength of the Stokes I profile. Plotted are the unblended Fer and
11 lines in an FTS spectrum of an active region plage. In this and the
following figures, the stars represent Fer lines with y, < 3 eV, the circles
Fe1lines with y, > 3eV, and the filled squares Fe11 lines. The solid curve
is a smoothed mean curve of the Fe1 data
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Fig. 1b. v, vs. S; for the smoothed mean curves of the Fe1 lines formed
in two active plages and in two network regions. The arrows denote the
v, values of the Mg b lines at 5172.7 A and 5183.6 A in two of the regions.
The regions are denoted by the letters a, b (strong plage), and ¢, d

(enhanced network). These letters mark the same regions in Figs. 1c, 3a,
3b, and 3c as well

laboratory wavelengths, but some is of solar origin (see below).
In particular the larger scatter of the Fen data, as compared
to Fe1, is probably due to inconsistencies in the laboratory wave-
lengths of the ionised species, since a similar scatter has also
been observed for Stokes I alone by Dravins et al. (1986) who
first proposed this interpretation. The solid curve represents the
smoothed mean of the Fe1 data.

Figure 1b shows the smoothed mean v}, curves of the Fer
lines of four regions (marked a, b, ¢, and d in this and the
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following figures), again plotted vs. S;. Due to the uncertainty
in its position on the solar disk and the absence of telluric lines
to serve as wavelength standards, the fifth observed region has
not been included. Note that in three regions the mean curves
are blueshifted for some values of S; and redshifted for other
values. If we interpret Stokes V zero-crossing shifts as steady
flows, then both up- and downflows should be present at different
heights in these regions! One of the regions appears to show a
downflow of around 0.15 —0.2kms™!, but within the error
margin given in Sect. 2.2 all the data are compatible with an
absence of global up- or downflows in small magnetic fluxtubes,
in contrast to the results of a number of previous studies (e.g.
Giovanelli and Slaughter, 1978; Harvey, 1977, Wiehr, 1985).

The arrows on the right hand side of Fig. 1b mark the zero-
crossing shifts of the Mgib lines at 5172 A and 5183 A for the
two spectra in which these lines are present (regions b and c).
These lines have strengths of approximately 38 F and 47 F respec-
tively, after correcting for the blends in their wings. They also
give upper limits of approximately 250ms~! for any net flows
inside fluxtubes. This increases our confidence in the absolute
wavelength values determined. The fact that the strong Mgib
lines and the much weaker Fe1 lines are equally unshifted is
completely contrary to the results of Giovanelli and Slaughter
(1978), who find increasing redshift with decreasing line strength.
This contradiction cannot be accounted for by any mistake in
our absolute wavelength determination, since it is based only on
the relative shifts between different simultaneously observed lines.

It is of interest to note that the curves representing the four
regions all have a similar shape. Again, this shape is not affected
by the uncertainty of 0.25kms ™! derived in Sect. 2.2, since that
does not apply to the relative shifts between the lines of the
same region. Medium strong lines are slightly blueshifted com-
pared to weak and very strong lines. Surprisingly therefore, the
lines with largest amplitude asymmetry (see Fig. 3 of Solanki
and Stenflo, 1985) also have the largest blueshifts. However, the
noise in the data is relatively large and we require further evidence
before accepting such a dependence of Stokes V' wavelength
shifts on line strength. This additional evidence is provided by
the regression analysis carried out below.

In order to see if the Stokes V wavelength shifts are also
dependent on other quantities besides the line strength, we carried
out a regression of the following form (for Fe1 lines only):

Uy = Xq + X387 + X357 + XaXelp; + Xs5gereAi/Vp,
+ X6<{ett A1 /0D, - v

This simple regression equation is not meant to be unique or
exhaustive, but is rather thought of as being the simplest one
describing the dependence of v, on the line strength, S;, the
excitation potential, y., the effective Landé factor, g, and the
wavelength, with reasonable accuracy. {g.;» in Eq. (2) signifies
the average Landé factor of the sampled lines. The effects of
adding further terms were studied, but were too small to warrant
their retention. Instead of 4, S; and v, the respective parameters
of the I, profile can also be used without changing the results
substantially. Unlike the regressions carried out for line width
and line depth by Solanki and Stenflo (1984, 1985), no unique
form of the x5 (Zeeman splitting) term is obvious here from
theoretical considerations. Different forms of the x5 and x¢
(wavelength) terms were therefore tried, but again the results were
not changed noticeably.
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Besides the expected dependence on S, (with x, being negative
and x; positive), we found only a slight dependence of v, on
Jese (at the level of 1.5 — 20, a marginal dependence on the wave-
length, and a small but noticeable dependence on . (at the level
of 2 — 40 for the different regions). An increase in redshift with
increasing y. is observed. This is consistent with the shape of
the vy vs. S; curve, since for equal line strength, lines with higher
excitation potential are formed deeper in the atmosphere, and
should have line shifts comparable to those of weaker low g,
lines. This is an additional indication that the dependence of vy,
on S, is real, and is not some artifact of the instrument or the
data reduction procedure. This trend of v,(y.) does not continue
to Fen lines, and they have been left out, since their inclusion
in the regression analysis would have necessitated a more com-
plex form of Eq. (2) with more free parameters.

The regression decreases the scatter of the points in Fig. la
only slightly. We therefore conclude that it is mostly due to noise
in our data, and partly also due in inconsistencies and scatter
in the laboratory wavelength measurements.

Figure 1c shows the least squares fits for vy, of the Fen lines
in the same four regions as in Fig. 1b. The letters a, b, ¢, and d
refer to the same four regions as in Fig. 1b. The dashed curves
are the least-squares fits for two regions containing the strong
Feu 492394 line (S; ~ 9.3F), when it is not included in the
fitting procedure. A comparison of Fig. 1c to 1b suggests that the
weaker Fell lines are blueshifted compared to Fe1 lines of equal
strength thus reversing the trend of increasing redshifts with in-
creasing x. shown by the Fer lines. This result explains why Eq.
(2) is insufficient to handle Fe1 and 1 simultaneously.

Next let us look at the shifts of Stokes V relative to the
Stokes I profiles measured simultaneously in the same region.
Figure 2 shows

(v — 4
A

byp=¢

for a network region, plotted against the Stokes I line depth, d;.
The scatter is again mostly due to noise, which now has contri-
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Fig. 1c. v, vs. S; for the least-squares fits to the Fen data of four regions
(solid lines). The dashed lines are the least-squares fits to the data of two
regions containing the strong Fen 4923.9 A line, if it is neglected
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Fig. 2. v, the difference, in velocity units, between Stokes V zero-crossing
wavelength and the Stokes I core wavelength, vs. d;, the line depth of
Stokes I. The data are from an enhanced network region. The dashed
curves denote the smoothed mean of the Fe1 data, resp. a least-squares
fit to the Fen data (as marked in the figure). The solid curves are obtained
from the dashed ones by removing the granular blueshift of the Stokes
I profiles

butions from the uncertainties in Stokes I as well as V wave-
lengths. The dashed curve represents the smoothed mean of the
Fer1 data. The dashed straight line is a least-squares fit to the
Fen data. The large relative redshift of the weak Stokes V lines
is of course due to the increasing blueshift of the Stokes I pro-
files for decreasing line depth. Also shown are the ‘corrected’
smoothed mean curves for both Fer and 11 (drawn solid). These
are obtained from the original curves by subtracting the granular
blueshifts of the Stokes I profiles from them. The values of the
Fe1 blueshifts have been taken from Dravins et al. (1981), the
blueshifts of Fe 1 from Dravins and Larsson (1984). These authors
list quiet sun mean blueshifts of groups of Fe1, resp. Fe1, lines
having different line depths, wavelengths, and excitation poten-
tials. The reason d, was chosen as the abscissa instead of S; is
because the average Stokes I blueshifts given by Dravins et al.
(1981) and Dravins and Larsson (1984) are ordered by line depth.
The use of quiet sun values to compensate for Stokes I wave-
length shifts in a network region needs to be justified. Miller
et al. (1984) find that at supergranule boundaries the Stokes [
wavelengths are very similar to those on the quiet sun. This is
what one would expect if the filling factor, «, is small. In a simple
two component model, « is defined as the fraction of the observed
area covered by strong-field magnetic elements, the rest of the
area being field free. For the network region plotted in Fig. 2
the filling factor is approximately 3% (Solanki and Stenflo, 1985),
which is probably small enough for the Stokes I core wavelengths
to remain largely unaffected by the magnetic field (cf. Miller et al.
1984). Finally, even if the quiet sun wavelengths may not be ideal
for the task, the absence of any large body of such data from
active regions makes them the only reasonable choice.

Figure 3a shows the uncompensated mean Fe1 v,; curves of
all five regions. Applying the quiet sun Stokes I blueshift com-
pensations to these data results in the curves shown in Fig. 3b.
The arrows on the right side of the figures mark v,; of the Mgib
lines at 5172 A and 5183 A. Since their Stokes I core wavelengths
are expected to be practically unaffected by granular motions, no
blueshift compensation has been carried out, and the arrows are
at the same positions in Figs. 3a and b. A dependence of Stokes
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Fig. 3a. vy, vs. d; for the smoothed mean curves of the Fe1 data of all
five observed regions. The lower two curves are from strong active region
plages (regions a and b), the upper three from enhanced network regions
(¢, d, and e). The arrows denote vy, of the Mgib lines at 5172.7A and
5183.6 A in two of the regions (b and c)
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Fig. 3b. The same as in Fig. 3a, except that the granular blueshift of the

Stokes I profiles has been removed using the quiet sun values of Dravins
et al. (1981). The lower two curves again represent active regions

V wavelength shift (relative to Stokes I) on the filling factor is
clearly evident, with the regions of small magnetic flux having
Stokes V profiles showing practically no relative shifts at all, while
the two plage regions show an average blueshift of approximately
250ms ™. This is in general agreement with what Stenflo and
Harvey (1985) found for the Fe15250.2 A line. We find no support
for such a trend from the v, curves in Fig. 1b (which is not
too surprising, since its magnitude lies at the limit of the accuracy
of the absolute wavelengths). A simple explanation for this be-
haviour of vy, is that the Stokes V wavelengths remain unaf-
fected by increasing filling factor, while the granular blueshift
of the Stokes I profiles decreases progressively with increasing
filling factor (perhaps due to magnetic suppression of convection
near the fluxtubes), in accordance with the results of Cavallini
et al. (1985) for three Fe1 lines. This interpretation appears to
be supported by Wiehr’s (1985) observation that when scanning
across a plage, the Stokes I profile is shifted, but the Stokes V
wavelength remains unaffected. The use of the quiet sun Stokes
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Fig. 3c. vy, vs. d; for the least-squares fits of the Fell lines in the five

observed regions. Dashed lines: original data. Solid lines: the data after
compensating for the Stokes I blueshift

I blueshift values is therefore not justified for strong plages. How-
ever, the three regions with filling factor <5% support the con-
clusion reached from the v, data that only flows with small
amplitudes are present in fluxtubes. They actually suggest an
upper limit of about 200ms™! on the velocities of such flows.

Figure 3c shows the uncompensated (dashed) and compen-
sated (solid) least-squares fits to the Fe1 vy, data. The average
Fen Stokes I granular blueshifts are considerably larger than the
Fe1 blueshifts according to Dravins and Larsson (1984) and
Dravins et al. (1986), being of the order of 600-800ms~!. The
two lowest curves in each group again belong to the two active
region plages, suggesting that the granular blueshift of the Fen
Stokes I profiles, like that of the Fer profiles, is reduced in
active regions. The corrected vy, values of Fell lines again lie
close to zero. They have a slight tendency to lie bluewards of
the Fer lines, confirming the trend suggested by the v, data.

The comparison of the derived v, and vy, values also pro-
vides us with a method to check whether our data are grossly
affected by the five minute oscillations, since vy is susceptible to
them, while vy, is not (under the assumption that both Stokes
I and V are shifted by approximately the same amount by them).
From the similarity of the results of the analyses of v, and vy,
(at least for the regions with low filling factor), we therefore
conclude that the five minute oscillations do not significantly
affect the results of this section, perhaps due to the relatively
long integration times of our observations.

As the main result of this section we can set an upper limit
on the Stokes V zero-crossing shifts of about +250ms ™! in both
network and active region plages. If such shifts are interpreted
as being due to steady flows in magnetic fluxtubes, then the
down- or upflow velocities have to be less than this value. Our
data is therefore compatible with an absence of steady flows in
small magnetic fluxtubes.

3.2. Comparison with transition zone velocities

Steady flows (i.e. flows having timescales of an hour or more)
have been observed in the transition region over both quiet and
active photosphere. For quiet regions at disk centre Gebbie et
al. (1981) find spatially averaged RMS velocities of about +4km
s™! in Civ. Above active regions the observed velocities are
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larger, being of the order of +5 to +10kms™! near disk centre
in C1v (Athay et al,, 1982). Both upward and downward flows
have been observed, with downflows predominating. A correla-
tion between photospheric magnetic field structure and transition
region flow velocity also appears to exist. Over shorter timescales
velocities with amplitudes of 15-20kms ™! or even higher have
been reported (Feldman et al.,, 1982; Dere et al., 1981). For the
rest of this section we shall suppose that these flows are pre-
dominantly localised in magnetic structures having fluxtubes as
their photospheric footpoints.

Assuming that the motions in active regions are mainly along
magnetic field lines we can use the observed transition zone
velocities to calculate the photospheric velocities in magnetic
elements of a unipolar region from the conservation of mass. This
requires a knowledge of the density in the transition region.
Estimates of the electron density, ., in active regions have been
made from O1v lines, which are formed at temperatures just
slightly higher than Civ. However, depending on the method
used quite different estimates of n, are obtained, ranging from
ne ~ (1 — 2)10*°cm™ 3 (Hayes, 1985) to n, ~ 810'°cm ™3 (Feld-
man and Doschek, 1978).

An upper limit for the velocity in the photosphere is obtained
by using the higher values of the transition region velocities and
electron densities. The total transition zone mass density, p, is
then determined for n(H)/n, = 0.77 (McWhirter et al., 1975). By
taking the corresponding value of p in the photosphere from
the HSRA (Gingerich et al., 1971) a value of less than 0.5ms™*
is obtained for the steady flow velocity at the height of the
temperature minimum (t = 10™%).

So far the expansion of magnetic regions with height has not
been taken into account. A limit can be set on this expansion
by comparing the velocities measured in the active transition
region and the upper bounds for photospheric fluxtube velocities
derived in this paper. Thus one finds that the magnetic filling
factor in the transition region can be up to 400 times larger than
at the temperature minimum level for the parameters selected
above. If the lower value of the transition zone density is assumed
this upper limit will be correspondingly larger.

We therefore conclude that the limit set on the photosphere
fluxtube flow velocity in this paper is easily compatible with
both the large observed transition zone velocities and a dramatic
chromospheric expansion of fluxtubes, the presence of which has
been proposed on theoretical (e.g. Gabriel, 1976), as well as on
observational grounds (e.g. Jones, 1985). However, at the present
stage this is by no means a stringent limit and much greater
accuracy in the measured photospheric line shifts is required if
better limits on fluxtube expansion are to be set in this manner.
A detailed comparison between transition-region and chromo-
spheric velocities in active regions has been carried out by Mein
et al. (1985).

4. Fluxtube velocity amplitudes derived from line broadening

In this section we shall analyse the I, profile, whose width is
determined by thermal Doppler broadening, radiative and colli-
sional damping, Zeeman splitting, and mass motion induced
Doppler broadening. Using simple representations of fluxtubes
we shall model the profiles of Fer and 1 lines and obtain a
value for the rms velocity in fluxtubes by comparing them with
observed I, profiles.
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4.1. Fluxtube model and radiative transfer

The thin fluxtube approximation is used to describe the magnetic
elements. This is a reasonable assumption, as was shown by
Pneuman et al. (1986), who found only a small difference between
the structures of fluxtubes calculated with and without magnetic
tension, for tubes with diameters less than 200 km. In our model
the temperature inside the fluxtube is first prescribed at all heights,
the pressure is then calculated from the equation of hydrostatic
equilibrium (here it is implicitly assumed that the velocities inside
the fluxtubes or in their immediate surroundings are small com-
pared to the sound speed, an assumption which is consistent with
the subsequently obtained results; cf. Sect. 4.4). For a given Wilson
depression (defined here as the depth at which the pressure inside
the fluxtube equals the pressure at © = 1 outside) the magnetic
field can be calculated as the square root of the pressure difference
at a given height. The external atmosphere is represented by the
HSRASP (Chapman, 1979), which is the HSRA (Gingerich et al.,
1971) extended down into the convection zone by combining it
with Spruit’s (1974) convection zone model. The electron pressure
and the opacity are calculated using the code of Gustafsson (1973).

The radiative transfer is handled using a modified version of
the code described by Beckers (1969a, b). It assumes LTE and
calculates all four Stokes parameters for any Zeeman splitting
pattern in LS-coupling and for an arbitrary model atmosphere.
Only one line of sight, along the fluxtube axis, is considered.
Collisional damping is included, assuming Van der Waals inter-
action between the radiating atom and neutral hydrogen and
helium in the generally used approximation given by Unsold
(1955). For our purposes this should be of sufficient accuracy.
There are differing claims as far as the need for empirical correc-
tions to the Van der Waals damping parameter, I'y,.q, are
concerned. We have therefore carried out our calculations with
two different values. a: With no empirical correction to the cal-
culated damping parameters in the light of the results of Blackwell
and Shallis (1979), i.e. 6 = 1, with é, being defined by I, =
Orlynssia- b With a factor of 2.5 correction to I'yyoa, as has
been suggested by Holweger (1979), i.e. ; = 2.5. The strongest
lines in our sample have a non-negligible contribution from the
atmosphere above the temperature minimum. To keep the chro-
mospheric temperature rise from falsifying the LTE calculations,
we have therefore changed the HSRASP temperature structure
above the temperature minimum, so that T(t) is parallel to that

of the Holweger and Miiller (1974) LTE solar atmosphere model.
This gives reasonable quiet sun line profiles, even for the strongest
lines considered, as will be shown in Sect. 4.2.

Two sets of thirty hypothetical Fe1 and 1 line profiles, one
each for 6, =1 and 2.5, are calculated for each set of model
parameters. These sets are divided into three groups, each con-
taining 10 lines of different line strength. The first group is com-
posed of Fel lines with y, = 1.5eV, the second group of Fe1 lines
with y. = 4¢eV, and the third group of Fe1r lines with y, = 3eV.
After the radiative transfer calculations have been completed, the
same line parameters are determined for the calculated Stokes
I profiles as had previously been done for the observed I and I,
line profiles (see Sect. 2.3).

In addition to these hypothetical lines we also calculate the
profiles of ten Fe1lines which have been carefully selected to fulfill
different criteria that shall be described in detail in a later paper.
The lines and some of their atomic and solar parameters are listed
in Table 1. These lines serve to check how well the complete
line profile is.ireproduced by the fitting of a small number of line
parameters. An additional reason for fitting individual lines is to
see how large the effects of non-zero Landé factors and anomalous
Zeeman splitting are on the derived velocities (the hypothetical
lines are all Zeeman triplets with g = 0).

4.2. Photospheric line profiles

In Sects. 4.3 and 4.4 we shall work with the differences and the
ratios between the Stokes I and I, profiles, since small differences
between the properties of the fluxtubes and their surroundings
show up much better in the profile differences and ratios than in
I, alone. This requires that the quiet sun profiles be modeled first,
which also serves as a test for the codes and methods used. If we
neglect its asymmetry, the mean photospheric Stokes I profile can
be reproduced relatively well using a mixture of macro- and depth
independent microturbulent broadening (e.g. Smith et al., 1976;
Nordlund, 1978). For the microturbulence velocity a constant
0.8kms ™! is chosen as suggested by Blackwell and Shallis (1979)
for the HSRA. Following Smith et al. (1976) a macroturbulent
velocity distribution having the shape of a Voigt function H(a,,.,
Emac) (Amac 18 the ratio of ‘damping’ to ‘Doppler’ width and &,
is the ‘Doppler’ width of the macroturbulent velocity profile, see

Table 1.
Ton 4 Multiplet Transition Xe gss gome S; & al,. Y e
&) (eV) (F) (kms™1) (kms™1)

Fe1 5048.44 984 z°D§ — e°D, 3.96 1.500 1.431 3.68 14 0.15 2.1
Fe1 5083.34 16 a5F3 — ZSF‘; 0.96 1.250 1.250 6.63 1.2 0.12 33
Fe1 5127.68 1 a5D3 - Z7D3 0.05 1.000 0.993 0.93 1.1 0.08 1.5
Fen 5197.57 49 a“Gz% — Z“F‘l’% 3.23 0.700 0.671 4.39 1.2 0.15 2.9
Fer 5247.06 1 a5D2 — Z7D§ 0.09 2.000 1.992 3.53 1.3 0.10 1.9
Fe1r 5250.22 1 a’D, — z'D; 0.12 3.000 2.999 3.51 13 0.13 1.9
Fe1 5293.96 1031 63F3 —u3D5 414 1.000 0.976 142 14 0.05 1.3
Fer 5383.38 1146 z°G3 — e’ Hy 431 1.083 1.123 8.12 1.1 0.20 33
Fen 5414.07 48 a4G3,} - z4D§é 3.22 1.206 1.190 1.40 1.8 0.07 2.0
Fer1 5445.05 1163 z3G‘; — e3G5 4.39 1.200 1.248 5.76 13 0.10 2.8
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e.g. Mihalas, 1978) is then convoluted with the calculated line
profile. The two free parameters per line are varied to give a best
fit to the observed line parameters. Since, to our knowledge a
similar analysis with such alarge body of data has not been carried
out previously, we illustrate the resulting fits in Figs. 4a and b for
calculations with é, = 2.5. In Fig. 4a the line depth, 4, is plotted
vs. line strength, S;. The solid curve represents calculated Fe1lines
with y, = 1.5eV, the dashed curve calculated Fe1 lines with y, =
4 eV, and the dot-dashed curve represents calculated Fe 11 lines. In
Fig. 4b the line widths at the four chord levels 0.1d;, 0.3d;, 0.5d,,
and 0.7d; above line bottom are respectively plotted against S;.
A fit of comparable quality can be achieved with 6 = 1 as well,
the only difference being that the derived macroturbulence veloc-
ities are somewhat different.

It will be noticed that the fit is not always perfect. For example,
at the 0.1d; chord only the Fe1data with y. > 3¢V are well repro-
duced by the calculated profiles between S; = 5F and 10F, the
calculated Fer1, y, < 3eV and Fen lines being too narrow. The
strongest low exictation Fe1 lines are not too well reproduced at
all four chords either, departure from LTE probably being the
main culprit. Figure 5 shows the parameters of the macroturbu-
lence profile as a function of S;. &L, i.e. £, deduced from the
Stokes I profile, is plotted in Fig. 5a, and a’,, in Fig. 5b. It should
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Fig. 4b. The four sub-figures show v,,(0.1d)) vs. S;, v5,(0.3d)) vs. S;, v,(0.5d) vs. Sy, and v5,(0.7d,) vs. S, respectively. Here vj, (0.1d)) is the line
width of Stokes I, in velocity units, at a level 0.1d; above line bottom etc., expressed in velocity units in terms of the Doppler width of a Gaussian
having the same width as Stokes I at the respective level. Quiet sun data and model calculations based on the HSRA. The data and the model

results are denoted by the same symbols and curves as in Fig. 4a
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Fig. 5a. &L, the width of the ‘Doppler core’ of the macroturbulent ve-
locity profile, as derived from Stokes I profiles observed in a quiet region,
plotted vs. S;. The &L, values derived from Fe1 lines with y, < 3eV are

denoted by the solid curve, the &L, values derived from Fel, y, > 3eV

lines by the dashed curve, and &, from Feu by the dot-dashed curve.
The Fen curve is dotted between S; =5 and 9F to indicate that it is

interpolated in that region. 6 = 2.5
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Fig. 5b. al,., the ratio of ‘damping’ to ‘Doppler’ width of the macrotur-
bulent velocity profile plotted vs. S, for the quiet sun. The symbols have
the same meaning as in Fig. 5a

be noted that the rms velocity (for af,,. = 0) is &f,,./ V2.1 We also
wish to point out that the £1,. and al,,, curves of Fen are inter-
polated between S; = 5F and S; =9F due to the absence of
unblended Fe1n lines in that range. This part of these curves is
therefore dotted in Fig. 5 and in subsequent figures. The line
parameters are sensitive to changes in &1, at a level of about
0.1-0.2kms~ !. The sensitivity to al,,. is of the order of 0.05-0.1.
For smaller al,_ the fit to the five parameters is still quite good,
and even al,,.= 0 reproduces the data reasonably well. The values
of &L, and al,. needed to reproduce the observed profiles are

! Due to an oversight this factor of 1/4/2 was forgotten by

Solanki (1985). All the numbers in the section on velocities and in
Fig. 2 of that paper should therefore be reduced by this factor in
order to match the text.

compatible with those used by Smith et al. (1976) and Nordlund
(1978) for a smaller number of lines. As a check and a further illus-
tration the observed and calculated profiles of the Fe1 5127.7 A,
5247.1A, 5383.4 A lines and Feu 5414.1 A are shown in Fig. 6.
The fit of these lines to the quiet sun Stokes I data is average in
quality. Their observed line strengths, S;, and the &, (kms™?)
and al,. values used to broaden their model profiles are listed in
Table 1. These are comparable to the values shown in Fig. 5 for
lines of equal strength and similar excitation potential, which
were obtained from fitting the line parameters alone.

4.3. Fluxtube models with purely macroturbulent velocity
broadening

The analysis of Solanki and Stenflo (1984, Fig. 8) suggested that
without mass motion induced broadening, the calculated profiles
of lines formed in fluxtubes are much narrower than the observed
profiles. Since our knowledge of the velocity structure inside flux-
tubes is extremely rudimentary, we have decided, as a first step,
to limit ourselves to determining the approximate rms velocity
amplitudes involved, without modelling flows or oscillations in
detail. Following the approach outlined in Sect. 4.2 for unpolarised
radiation coming from the quiet photosphere, we shall assume
that the non-thermal, non-magnetic line broadening inside flux-
tubes is produced by macro- and microturbulent velocities. In this
section we assume that macroturbulence alone is the broadening
agent, and defer the study of the effects of adding a height inde-
pendent microturbulent velocity until the next section. We must
stress, that the use of a macroturbulent (and later also of a micro-
turbulent) velocity does not signify that we assume the presence
of true turbulent or convective motion inside the fluxtube. Rather,
we use the turbulence velocity approach as a simple, convenient,
and effective method of determining the Iine of sight amplitude
of what may in reality be a highly complicated velocity field. Since
the observations, which we use to empirically determine the veloc-
ities, were carried out near disk centre, and fluxtubes are expected
to be nearly vertical due to buoyancy, the distortion due to geo-
metrical effects should be small, and the line of sight velocity
amplitude should be a good approximation of the total velocity
amplitude. It must be borne in mind, however, that due to the
averaging over time and over a number of fluxtubes, motions
limited either to a small fraction of the fluxtubes in the resolution
element, or to short timescales may have a negligible effect on the
observed line width. However, line broadening can also capture
motions which would not give rise to any Stokes V asymmetry,
or to a net wavelength shift.

Anidea of how the widths of the calculated lines compare with
the observed ones can be obtained by plotting v,, — v, (line
width difference at the 0.5d chord) vs. S, for the observed and the
calculated lines. An example is shown in Fig. 7a, where the I, data
are from a network region, the Stokes I data are taken from the
quiet sun (to avoid filling factor effects), and the model curves are
produced by subtracting the v;, values calculated in Sect. 4.2 from
the line widths of the profiles of a network model with no internal
velocity. The three curves correspond to the three sets of
hypothetical iron lines, described in Sect. 4.1. The data have been
reduced to the case of g.¢ = 0 using the regression equation given
by Solanki and Stenflo (1984). This regression mainly reduces the
scatter in the data points without changing the form of the data
curves significantly. It will be noticed that in general the model
curves lie below the data, specially for the medium strong lines.
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Fig. 7a. v, — vp,, the difference between the half-widths of the I, profile
and of the Stokes I profile, reduced to the case of g.; = 0, plotted vs.
S;. Symbols as in Fig. 4a. The data are from a network region and the
calculations are based on a network fluxtube model. The calculated pro-
files are unbroadened by any velocity. 6 = 2.5

The relative positions between the model curves of different exci-
tation lines also differ from the relative positions of the data points
belonging to lines of different excitation potential. For example
the observed high excitation Fer lines show smaller vy, — vy,
values than the low excitation ones, while the model curves exhibit
the opposite tendency. The observed I, line widths and depths
cannot be simultaneously reproduced for any fluxtube temper-
ature structure if the synthetic profiles are not broadened by
velocity. This statement was tested for 6, = 1 and 6, = 2.5, and
was found to be true for both values within our grid of models.

Perhaps we should add that the difference in width between
observed Fe1 lines of equal S;, but different excitation potentials,
comes mainly from the fact that the Stokes I profiles of high
excitation lines are broader than of the low excitation ones. The
larger average width of the medium strong and strong Fe11 lines
compared to the Fel lines, on the other hand, is due mainly to
the difference between the V profiles of these lines, since the rela-
tive widths of the Stokes I profiles of Fe1 and 1 lines would tend
to produce the opposite effect in the v, — vy, vs. S; diagram.

One potential source of error for the I, line widths is the pro-
cess by which the I, continua have been renormalised (described
in Sect. 2.3). To estimate the error which this process can intro-
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duce, we determined the half widths of the blue and red halves
of unrenormalised lines and compared them to the half widths
of the renormalised lines. We carried this out for a number of
lines with large absolute and relative asymmetries. In all but one
case the differences were considerably smaller than the scatter
due to noise. This result leads us to believe that the Stokes V
area asymmetry and our simple method of countering its effects
do not have any appreciable effect on this analysis.

The fluxtube model line profiles are now broadened by con-
voluting them with a macroturbulence profile similar to the one
chosen in Sect. 4.2. However, noise and the proximity of neigh-
bouring lines usually make damping wings in Stokes V very hard
to measure accurately (one should also keep in mind that V' ~
0I/dA, which is small in the damping wings of the line), so that,
to the degree of accuracy we are interested in, al,, can usually
be neglected. We therefore set al,,. = 0, ie. we choose a purely
Gaussian macroturbulent velocity profile inside the fluxtube. By
choosing the values of &, (i.e. &, as determined from the I,
profile) properly, the calculated line widths can be made to match
the observed ones almost perfectly, as is demonstrated in Fig. 7b.

To see how strongly the empirical £, values depend on the
assumed temperature structure, a number of models with different
T(z) functions were calculated with temperatures ranging from
200K higher than the photospheric value at equal 7, to approxi-
mately 1000 K higher in the part of the atmosphere where the lines
of interest are formed. Some models (with too low temperatures)
resulted in a part of the lines being too broad to be compatible
with the observations even without velocity broadening, but for
the rest of the models, despite differences in detail, the velocities
obtained were surprisingly similar. Within the above temperature
range, which is wide enough to encompass the temperature struc-
ture of almost all empirical fluxtube models, the &7, values
remain constant to within, on the average, +0.5kms~!. The
sensitivity of the derived ¢, value to the temperature is a func-
tion of the line strength, with the £, values derived from the
weakest lines being constant to within 0.1-0.2kms ™!, whereas
for the strongest Fel lines %,  can vary by up to +1.5kms™?
within this temperature range. This dependence on line strength
may be explained by the increasing sensitivity of line width on
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Fig. 7b. The same as Fig. 7a, except that the calculated profiles have
been broadened by a macroturbulence to make them match the data

temperature with the increasing importance of saturation effects.

The maximum values of &, for plage data and 6, = 1 vary
between 3.2 and 4.4kms™ ! for Fe1lines with y, = 1.5€V, between
2.5 and 3.5kms ! for Fe1 lines with 3, = 4eV, and between 3.6
and 49kms™! for the Fen lines. The general trend for all the
models being for the velocity amplitude to increase with increasing
line strength for the weak and medium strong lines (S; < 8—10F),
but to even out and eventually to decrease again for the strongest
lines. The &), values for the network show a similar trend, but
are lower than the velocities found in plages by, on the average,
0.3-0.5kms ™, if we assume the same temperature structure for
the fluxtubes in both regions. The difference in velocity is only
an artifact of this assumption of equal temperature and disappears
when we model fluxtube temperatures more realistically (see
below).

Of course, our aim is to reproduce not just the widths of the
observed I,, profiles, but their depths as well. After having ascer-
tained how the macroturbulence affects the line profiles for the
initial grid of models, we started searching for a temperature
model giving a reasonable representation of the complete line
profiles of all the observed lines. As a starting point, the models
found by Solanki (1984) to give a good fit to the In(d,/d)), vs. S;
plot of the data were chosen. However, for a number of reasons,
these models had to be modified. Firstly, they had been derived
from fits to the line depths only, without taking the line widths
into account, so that when the calculated profiles are convoluted
with a macroturbulence to reproduce the observed line widths,
the good fit to the line depths is lost. Secondly, the photospheric
lines had been fitted by using a depth dependent microturbulence
alone in the previous work. The microturbulence inside the flux-
tube had been assumed to be simply some fixed fraction (typically
0.5-0.7) of the photospheric microturbulence. Since we do not
assume any microturbulence at all inside the fluxtube in this
section, this will also change the inferred temperature structure
slightly. Finally, the inclusion of atmospheric layers above the
temperature minimum in the model changes the calculated pro-
files of the strongest lines somewhat.

However, some basic characteristics of the earlier models
remain. For example the difference between the temperature of
plage and network fluxtubes found earlier is confirmed by the
new models, with network fluxtubes being hotter than plage flux-
tubes. The depression in temperature at some t value, where it
falls almost to the quiet sun value at that 7, found as a unifying
characteristic in the earlier models (cf. Solanki, 1984) is still visible,
although it is decidedly weakened. The ambiguity in temperature
structure as determined by Fel and 1 lines alone, which was
pointed out by Solanki (1984), still appears to be present, although
we have not carried out such extensive test calculations as in the
previous work.

The temperature structures of network and plage models
giving rise to best fit line profiles are shown in Fig. 8 as a function
of T5000, the continuum optical depth at 5000 A. The HSRASP
temperature structure is also shown for comparison. We wish to
stress that these temperature models are of a preliminary nature,
it not being the aim of this paper to investigate the T(z) structure
of fluxtubes. Additional data containing better information on

levels below logz = —1 and above logt = —3, as well as im-
proved modelling techniques (1.5D radiative transfer etc.) are
required.

How such a model (network), combined with macroturbu-
lence broadening, reproduces vy, — vp, vs. S; has already been
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Fig. 8. The temperature T in K vs. the logarithm of the optical depth
log(5000) for the HSRASP (see text), and for a model each of fluxtubes
in the network and in active region plages. These models have been used
to calculate the best fit profiles presented in Figs. 7b, 9, etc.

illustrated in Fig. 7b. Figure 9 shows how well the same model
reproduces the In(d,/d;) vs. S; data from the same network re-
gion. A fit of similar accuracy was also obtained for the plage
data. In Fig. 10 &, is plotted vs. S;, for both the best fit plage
and network models. Since the plage velocities are almost the
same as the velocities in the network fluxtubes, only one curve
has been drawn for each group of lines. The scatter in the data

limits the accuracy of our &Y, curves to approximately +0.3—

0.5kms™?*. The relative values of £, for the Fe1 low y,, high
1., and Fel lines are consistent with Fig. 7a. The large difference

in line widths between the Fe i1 data and profiles calculated from

velocity free models gives rise to a large &,.. For high excitation
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Fig.9.1n (d,/d,), the natural logarithm of the ratio between the line depths
of I, and Stokes I, plotted against S;. Symbols as in Fig. 4a. The calcu-
lated line profiles have been convoluted with a macroturbulent velocity.
The data were obtained in a network region, the model is the same as
in Fig. 7b. 6, = 2.5
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Fig. 10. ¢/, the macroturbulence velocity derived from the I, profile,
vs. S;. Plotted are the results for both network and plage data, if £ ;. = 0,

and 6, = 1. a%,. = 0 is assumed for all fluxtube models. Symbols as in
Fig. 5a

Fe1 lines, on the other hand, the data and model curves in Fig.
7a lie relatively close together, so that £, for those lines is small.
A comparison of Fig. 10 with Fig. 5a shows strikingly, that
the dependence of the velocity on line strength in the fluxtube is
quite different from that in the photosphere. The initial value of
&Y . is roughly similar to &L, (Fig. 5a), but becomes considerably
larger than &L, for larger S;. However, one should keep in mind
that for the quiet sun we used a Voigt function (a,,. # 0) for the
velocity distribution, so that the &5, values cannot be directly
compared to &L,.. We shall return to this point in Sect. 5.

Figure 11 illustrates the effect on %, of increasing the damp-
ing constant by a factor of 2.5. As expected, the weak lines remain
virtually unaffected by this change while the &), values for the
strong lines are considerably reduced. Small differences between

v of the weak lines result from the fact that the temperature
had to be changed slightly between models with different é, to
retain the quality of the fit to the In(d,/d,) plot. The velocities
obtained now from the strong lines in the network are larger
than those found in the plage regions. This is consistent with the
case of 6, = 1 (Fig. 10), since the increase in damping constant
will more strongly broaden the lines in a plage, these being less
weakened than their network counterparts due to the lower
temperature in the plage. Models with 6, = 2.5 reproduce the
data somewhat better than models with 6, = 1 and Figs. 7b and
9 actually show the results of such models. From Figs. 10 and 11
we see that the photospheric sound speed (9-10km s ™) is larger
than the maximum rms velocity in fluxtubes (3-3.5kms™!) by a
factor of about 3. This result is consistent with the initial assump-
tion that the structure of the fluxtubes is not critically affected
by any motions occuring inside them.

Finally Fig. 12 shows the I, profiles, observed in a plage, of
the three Fe1 lines at 5127.7 A, 5247.1 A, and 5383.4 A and the
Fe 11 5414.1 A line, together with their calculated Stokes I profiles
from the best fit plage model. Fen 5414.1A and Fer 5383.4A
are the two worst fit profiles in our sample, whereas the other
two figure among the better reproduced lines. The correspon-

»
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Fig. 11. &Y, vs. S; with & ;. = 0, and 8, = 2.5. The different groups of

lines are denoted as in Fig. 5a. The lower curve for each group of spectral
lines represents a plage region, the upper curve a network region

dence for all ten lines is quite reasonable, considering the fact
that some distortion of the I, profile due to noise and Stokes V'
asymmetry is bound to occur. The &), values used to broaden
the synthetic profiles are listed in the final column of Table 1

(@%,. = 0.0 and & = 2.5). These values lie quite close to those
derived from hypothetical lines of the same strength, which are
shown in Fig. 11. The Fe1 5250.2 A lines is also reproduced with
an accuracy similar to Fe1 5247.1 A, a somewhat surprising re-
sult, since its large Landé factor of 3 would lead one to expect
that the first order approximation on which the calculation of
the I, profile is based may be insufficient for this line.

Could these non-thermal line broadenings have a non-solar
source? The line broadening induced by changes in relative
observer-source velocity is negligible (~50ms~?, Sect. 2.2). This
is also true of smearing due to finite spectral resolution. Anyway,
both these processes affect I, and Stokes I equally and therefore
have no influence on our analysis. We have seen that the re-
normalisation of the continuum of I, necessitated by the area
asymmetry of Stokes V, does not have a large effect on its half
width. Another possibility is that the first order approximation,
on which the I, profile is based, it not accurate enough for the
detailed analysis of the line widths. If this were the case, then we
would expect the line widths of the I, profiles to be strongly
dependent on their Landé factors, since the quality of the ap-
proximation is better, the smaller the ratio of Zeeman splitting
to Doppler width of the line. The dependence of I, line width
on Landé factor has been studied by Solanki and Stenflo (1984)
who find that the widths of the I, profiles increase with Landé
factor exactly as expected in the presence of a kilogauss magnetic
field. This, and the fact that the same &%, value is required to
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Fig. 12. The observed (I;) and calculated profiles of the Fe1 5127.7 A, 5247.1 A, 5383.4 A, and Fen 5414.1 A lines for a plage. I, data: thick curves.

Synthetic profiles: thin curves
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reproduce the observed profiles of Fe15250.2 A and Fe15247.1A
(cf. Table 1) leads us to conclude that the anomalously large Iy
line widths have a solar origin.

4.4. Effects of adding microturbulence

The observed Stokes V asymmetry suggests that at least a part
of the motions in magnetic fluxtubes may be non-uniform over
the typical range of formation of a spectral line. This non-uniform
component may be better approximated by microturbulence than
by macroturbulence. Therefore, we shall describe the results of
some fluxtube model calculations which use a mixture of micro-
turbulence and macroturbulence. In principle it is possible to fit
a line profile with either a mixture of macroturbulence and depth
independent microturbulence, or with a depth dependent micro-
turbulence alone (Holweger et al., 1978). However, no new phys-
ical insight is gained by using the second approach, and it is
considerably more time consuming to carry out, since all the line
profiles have to be recalculated for each trial depth dependence
of the microturbulence, instead of simply being convoluted with
different velocity profiles after being calculated once and for all
for each chosen temperature structure, as is the case for the
macroturbulence. We have therefore restricted ourselves to the
case of a depth independent microturbulence.

Figure 13 shows the effect of introducing a depth independent
microturbulent velocity, .., on the macroturbulence Emac-
Figure 13a shows &V, as derived by fitting the Fel, . < 3eV
data with Fe1, y, = 1€V lines calculated for models with ;. = 0,
0.5, 1 and 1.5kms ™! respectively. dp = 2.5 for all four models,
and the temperature structure is also the same for all the models.
The data are from a network region. As expected, &, decreases
as & is increased. For weak lines the decrease is such that
(%)% + (£mic)® Temains approximately constant, so that the to-
tal turbulent velocity remains unchanged. For the strong lines
this is no longer the case. There &%, decreases much faster, and
the total turbulent velocity also decreases. This is due to the fact
that increasing & increases the strength of the lines. This in-
crease, and the associated increase in line width is strongly de-
pendent on the equivalent width of the line, being largest for
lines with W, ~ 80mA at disk centre (Holweger et al., 1978).
Although the strongest Fe1 lines in our sample have large equiv-
alent widths on the quiet sun (W, > 100 at disk centre), and
according to Holweger et al. (1978) should not be strongly af-
fected by the microturbulence, they are weakened in fluxtubes
and thus come into the range of lines having a large sensitivity
t0 & ;.. Figure 13a also shows that assuming &, to be the same
at all heights, 1.5kms ™! is the largest value it can have at disk
centre, since for this value of &, &b, falls to zero for both the
weakest and the strongest Fel lines. £;, values larger than that
would cause these lines to be broader than the observed values,
even for &%, = 0. Although we have tested this result for only
one temperature structure, the relative insensitivity of the widths
of weak lines to temperature means that it should retain its va-
lidity for a reasonable range of temperatures.

Figure 13b and 13c are similar to Fig. 13a, except that they
show the results derived from the FeI lines with y, = 4eV and
the Feu lines respectively. The high excitation Fe1 lines also give
a maximum &, value of 1.5kms™*, but the Fen lines would
allow for higher microturbulence velocities.

We can improve on the limit for & ;. simply by observing
how well the model curves fit the vy, — vp, vs. S; and In(dy/d))
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vs. S; data simultaneously. We find that the data as represented
by these plots are best reproduced by the models with &y =
0.5kms™! and 1.0kms™ !, which give fits slightly better than
those shown in Fig. 7b and Fig. 9.

For plage data the effect of &, is qualitatively the same. The
resulting maximum value for &, is again 1.5kms™?, and &y
between 0.5 and 1.0kms™! once more gives the best fit to the
data. It therefore appears that whereas the macroturbulence ve-
locity inside the fluxtubes can reach values considerably higher
than in the quiet photosphere, the microturbulence velocity is of
the same order.
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Fig. 13a. &%, vs. S, for network data and models. Fer lines with y, <
3eV. The different curves are, from top to bottom, for models with
microturbulence, &, = 0, 0.5, 1.0, and 1.5kms™ % 6, = 2.5
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Fig. 13b. The same as Fig. 13a for Fel lines with y. > 3eV
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4.5. The relation between Stokes V asymmetry and line width

The possible existence of a relation between the Stokes V asym-
metry and the width of the I, profile was first suggested by
Solanki and Stenflo (1984). Solanki (1985) presented additional
evidence in favour of this hypothesis by pointing out the simi-
larity between the £, vs. S; and the a, — a, vs. S; diagrams, a,
and a, being the absolute values of the Stokes V blue and red
amplitudes. We would like to put this analysis on a more quanti-

tative footing. Figure 14 shows &Y, (derived assuming &, = 0)
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Fig. 14. &, vs. a, — a,, where a, — a, is the absolute amplitude asym-
metry of Stokes V. The curves are plotted with S; as a parameter. Its
value is marked by notches every 2.5F. The different groups of spectral
lines are represented in the same manner as in Fig. 5a. An error box is
plotted at lower right

plotted vs. a, — a,, both quantities having S; as a parameter. The
S; values 0, 2.5, 5, 7.5, 10, and 12.5F are marked by notches in
the curves. For the Fe lines the point at S; = 9.3 F is marked
instead of §; = 7.5F. The Fen curve between S; = 5F and §; =
9.3F is dotted to indicate that it is interpolated between those
values. The asymmetry data and &Y, values are for an enhanced
network region. The model for which &7, is derived, is the best
fit network model with &_;. = 0 and 6, = 2.5. The peculiar hook-
like shape of the curves is due to the decrease in asymmetry and
& .. above S; ~ 7-8F, and is without deeper significance, being
only an artifact of plotting the data with S, as a parameter. The
straight line is a least-squares fit to the three curves. A straight
line fit to the data is also suggested by comparing Fig. 2 of
Solanki (1985) with his Fig. 3, or equivalently by comparing Fig.
3 of Solanki and Stenflo (1985) with Fig. 11 of the present paper.

The correlation coefficient for these two quantities is 0.85 (on
a scale ranging from —1 to + 1, with + 1 meaning perfect corre-
lation, and 0 a total absence of correlation), which is high enough
to suggest the existence of a simple linear relation between the
fluxtube velocity amplitudes, as determined from the line broad-
ening, and the asymmetry of Stokes V, specially if we take the
rather large errors, indicated by the error box in the lower right
of the figure, into account. Its size is primarily dictated by the
considerable scatter in the asymmetry values of the different lines.

It is interesting to note that the asymmetry tends to disappear
for very weak lines, while the velocity broadening does not. The

least squares fit gives &%, = 1.6kms™* for a, — a, = 0.

5. Discussion and conclusions

In this paper we have attempted to empirically determine veloc-
ities in the photospheric layers of small solar magnetic fluxtubes.
To achieve this aim we have mainly made use of the velocity
information contained in two parameters derived from the Stokes
V profile; its zero-crossing wavelength, 4,, and the half-width,
vp,, Of the integrated V profile, I,. A, is mainly sensitive to
‘global’ flows; global in the sense that the majority of the flux-
tubes in the observed region show a line of sight flow in the same
direction over most of the integration time of the observations.
vp,, on the other hand, is mainly sensitive to vertical velocity
gradients and (statistical) fluctuations of the velocity in space or
time, as may result for example from oscillations or waves in a
fluxtube, or from the presence of different flow velocities in a
number of fluxtubes.

We find no zero-crossing shifts larger than approximately
+250ms ™! in any-of the observed regions (including both active
region plages and network elements near disk centre) for a large
sample of unblended Fel and u lines, as well as the Mgib lines
at 5172 A and 5183 A. This allows us to set an upper limit of this
amount on steady up- and downflow velocities in magnetic
fluxtubes. The limit in accuracy of approximately 250ms~?! is
imposed by uncertainties in the determination of the absolute
wavelength of the V profiles, and partly also by the scatter in
the data points. This limit is totally independent of the wave-
length of the simultaneously measured Stokes I profile, since it
results from the comparison of absolute Stokes V wavelengths
with the laboratory wavelengths of the respective lines.

A small dependence on line strength, Landé factor, and ex-
citation potential of the Stokes V zero-crossing shift is observed,
suggesting that the true line shifts are not exactly zero for all the
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lines. However, they remain much smaller than the large redshifts
reported in a number of previous studies (e.g. Giovanelli and
Slaughter, 1978; Wiehr, 1985). Solanki and Stenflo (1986) explain
this discrepancy between the results of this and some previous
studies by taking the difference in spectral resolution between the
various observations into account. They show that the smearing
of the Stokes V profiles due to insufficient spectral resolution,
when combined with their asymmetry, leads to fictitious redshifts.
By using the approximate instrumental parameters which have
been used to observe the large downflows reported in the litera-
ture, they are able to reproduce the observed downflows to a
reasonable degree of accuracy. The different measurements in
the literature have been discussed in depth in that paper and we
refer to it for further details. The observational case for large
downflows inside fluxtubes is therefore considerably weakened
and from a theoretical point of view, no need for large flows
inside fluxtubes appears to exist as well, as has been argued for
example by Durrant (1977). Schiissler (1986) estimates the veloc-
ity of the downflow induced by mass inflow into the tube due
to diffusion across the field lines. He finds that downflows of
the order of 10ms~ ! are expected for fluxtubes with radii of
around 100km, which is perfectly compatible with our results.
The siphon flow mechanism has been discussed as a possible
source for downflows by Hasan and Schiissler (1985), who con-
clude that it is unlikely to give rise to appreciable net downflows
in small fluxtubes. Further, Ribes et al. (1985) find that a down-
flow velocity increasing with depth, as suggested by Giovanelli
and Slaughter (1978), results in line profiles of a shape quite in-
compatible with the observations.

We therefore conclude that the mean steady flow velocities
in the photospheric layers of small magnetic fluxtubes are smaller
than approximately 250ms ™!, in both active region plages and
the network. This limit is compatible with the substantial veloc-
ities observed in the transition region above active regions, even
in the presence of magnetic canopies. Of course our analysis does
not rule out the possibility of strong flows occuring inside flux-
tubes under certain circumstances, for example in connection
with their convective collapse, our observations being restricted
to mature active regions and the enhanced network.

The comparison between 4, and Stokes I core wavelengths,
Ar, tends to confirm the conclusion that if flows are present at
all inside fluxtubes, then they are small. It suggests that their
velocity is less than approximately 200ms™1. It also provides
support for the observation of Cavallini et al. (1984) that the
granular blueshift of Stokes I is reduced by 100-200ms~1! in
active regions.

How are the small observed Stokes V shifts to be interpreted,
if lines with positive as well as negative wavelength shifts may
occur in the same region? The dependence of line shift on line
strength, wavelength and excitation potential is well known for
the Stokes I profile, and has been convincingly explained by the
correlated velocity and temperature structure of the convective
cells associated with granules (Dravins et al., 1981). We suggest
that the wavelength shifts observed for the Stokes V profiles may
be the result of a similar mechanism. Of course, due to the strong
magnetic field in fluxtubes all motions must be along the field
lines, so that instead of convective motions we have oscillations.
These oscillations (or waves) will require respectable amplitudes
and a correlation between flow velocity and temperature, even
if, like the five minute oscillations, they are coherent in all the
fluxtubes of an observed region. This requirement is set by the
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long integration times of our observations, which ensure that
the five minute oscillations are practically averaged out. The
present analysis hints at the danger of interpreting small shifts
(<$300ms™*) of the Stokes V profile of a single line as being
evidence for a stationary up- or downflow inside a fluxtube,
since lines with positive and negative shifts may be present in
the same observed region, and also since even data with such
long integration times and gathered over such a large region as
ours still show a significant scatter.

That fluxtubes are not totally devoid of mass motions, also
follows from the analysis in the second part of this paper, where
line profiles calculated in a fluxtube model atmosphere are com-
pared with the data. It is found that a broadening due to velocity
is required in order to reproduce the observations. We have
approximated the velocity field influencing the polarized light
by assuming it to be composed of Gaussian macro- and micro-
turbulent velocity profiles. We stress once more that we do not
thereby imply the presence of true turbulence or of convective
motion inside the fluxtubes. Macro- and microturbulence have
only been chosen due to their effectiveness and simplicity of use.
Total rms turbulent velocities of between approximately 1 and
3.5kms™! are derived from the I, spectra, depending on the
strength and the excitation potential of the line. Interestingly,
plage and network model I, profiles require essentially the same
amount of velocity broadening to fit the data (if the appropriate
temperature models are used), suggesting that the velocity struc-
tures of fluxtubes in the two types of regions are very similar.

The dependence of &, on the line strength is quite different
for the magnetic and the non-magnetic data. This is best illus-
trated in Fig. 15, where the difference between &Y, for a network
fluxtube and &L, for the quiet sun is plotted vs. S;. Both &1, and
&Y . have been determined using models with &,;, = 0.8 kms™?!
and a,,,. = 0. We are therefore comparing like with like (at the
cost of a slightly worse fit to the quiet sun data than with al,,, # 0).

As expected, &V, is larger than &L, for most of the lines. The

near similarity in &,  and &, for the weak lines is probably
only due to their relative insensitivity to velocity broadening.
One problem with such a comparison, specially for the Fe1 lines,
is that since they are considerably weakened inside the fluxtube,
their sensitivity to velocity broadening is also changed. This
could falsify the picture given by Fig. 15 somewhat. However,
since for most lines the sensitivity decreases as they are weakened,
this would tend to underestimate &%, — &L, , so that the effect
may in reality be even larger.

We have also studied the effects of different temperature
structures on the empirically determined velocity, and find that
within reasonable limits of the temperature variation (i.e. over
a range of about 800K at a fixed 7 value), the macroturbulence
velocity remains on the average constant to within +0.5kms ™.

Calculations based on the assumption that part of the velocity
in the fluxtube is better represented by a microturbulence show
the expected decrease in &%, with increasing &,;.. The data set
an upper limit of 1.5kms™! on &, in fluxtubes, assuming that
it is height independent. Best values for ¢ appear to lie be-
tween 0.5 and 1.0kms™ 1.

In Sect. 4.3 it was shown that the large I, line widths are
not an artifact of the method of data analysis, or of the long inte-
gration times, or the spectral resolution. They are therefore of
solar origin. An obvious solar source are the five minute oscil-
lations. These have been measured in Stokes V' by Giovanelli
et al. (1978) who find amplitudes of about 0.25kms™* for lines
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Fig. 15. &V, — &I vs. S}, i.e. the macroturbulence velocity excess in the

I, data compared to the Stokes I data as a function of the line strength.
Symbols are the same as in Fig. 5a

formed in the photosphere, and by Wiehr (1985), who reports
amplitudes of 0.1-0.25kms™! for the Fe18468 A line. These
amplitudes are considerably smaller than the values of &, we
find here, so that we are led to conclude that other mass motions
besides the ones induced by the five minute oscillations have to
be present in small fluxtubes. However, from the line broadening
analysis alone, we cannot differentiate between the effects of a
steady flow with a vertical or horizontal velocity gradient, oscil-
lations or waves within single fluxtubes, or steady flows with
different flow velocities in different fluxtubes.

By combining the main results of Sects. 3 and 4, we see that
motions are present in fluxtubes which strongly broaden the
spectral lines, but do not significantly shift them. Oscillations,
waves, or a distribution of up- and downflows in different flux-
tubes (for example via a siphon flow between two fluxtubes con-
nected by a loop) could explain the observations within the
context of a (multicomponent) one-dimensional model. Motions
outside the fluxtubes may also broaden the Stokes V profiles,
even at disk centre, if we take their expanding geometry into
account. However, the large difference in &, and &L, (illustrated
in Fig. 15) would appear to limit their contribution to the total
velocity induced line broadening.

The presence of motions with such large amplitudes means
that non-radiative heating may play an important role even
in the deep layers of the fluxtube photosphere (cf. Hasan and
Schiissler, 1985). They will also have to be taken into account in
the empirical modelling of fluxtubes, since their neglect could
lead to false values of the empirically determined temperature
structure.

Finally, we wish to point out that the present work is ex-
ploratory in nature, and contains a number of shortcomings.
Firstly the accuracy of the absolute wavelengths of Stokes V can
be increased in future FTS observations. This would allow the
setting of much stronger constraints on downflow velocities in
fluxtubes. The validity of these results can be further checked by
looking at the centre to limb variation of the Stokes V wave-
lengths. First results of such an analysis are presented by Stenflo

et al. (1986) who confirm the general absence of sizeable down-
flows. There is also considerable scope for the improvement of
the model calculations. Certainly one of the most drastic simpli-
fying assumptions made is that of one-dimensionality, and cal-
culations with models which take the fluxtube geometry into
account will have to be carried out to test the validity of some
of the results presented in this paper. In the long term, the data
will have to be interpreted in the context of proper physical
models of the velocity fields inside and in the immediate sur-
roundings of the fluxtubes. Departures from LTE may affect the
shape of the line profiles and thus influence the results.

A problem which has hardly been touched upon in the present
paper and which may relate very strongly to the velocity struc-
ture of fluxtubes, concerns the mechanism producing the Stokes
V asymmetry. We showed in Sect. 4.5 that a strong correlation
exists between the amplitude asymmetry of a Stokes V profile
and the velocity determined from its width. This result tends to
support the notion that the asymmetry of Stokes V is caused,
directly or indirectly, by velocity. If strong departures from LTE
are present in fluxtubes, then atomic orientation may also give
rise to this asymmetry, for example by the mechanism proposed
by Landi Degl'Innocenti (1985). Other causes, like simple velocity
gradients, or their temporal and spatial combinations, resulting
for example from oscillations, are at present at least as viable.
The need for, on the one hand, a detailed study of the impor-
tance of NLTE effects in fluxtubes using a realistic model atom
and, on the other hand, exploratory calculations of the Stokes
V asymmetry produced by different velocity fields is therefore
acutely felt. Work is in progress on both problems (cf. Solanki
and Steenbock, 1986; Pahlke and Solanki, 1986).
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