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Summary. The effects of finite spectral resolution on different
parameters of the Stokes V profile are studied by convoluting
spectrally resolved Stokes V profiles (observed with an FTS) with
model instrumental profiles of varying width and shape. It is
found that not only the area and amplitude of Stokes V decrease
strongly with increased spectral smearing, but that the asym-
metries of amplitude and area are also affected. Ways of defining
these quantities in a resolution independent manner are consid-
ered. A strong dependence of the zero-crossing wavelength on
the spectrograph entrance slit width is noticed. The resolution
induced wavelength shift is always towards the red, giving rise
to fictitious downflows in observations with low spectral resolu-
tion. By modelling this effect using the estimated instrumental
parameters employed by different authors it is shown that the
observations of the Stokes V zero-crossing wavelength in the
literature are consistent with an absence of downflows larger
than about 250ms ™~ ! inside the fluxtubes.

Key words: Stokes parameters — spectral resolution — fluxtubes —
downflows

1. Introduction

In their quest for better data, solar observers have often opted
for increased spatial and temporal resolution at the cost of a cer-
tain amount of spectral resolution. As long as the observations
are limited to measurements of spectral intensity (Stokes I), this
usually does not present a serious problem (except for the detailed
analysis of the line profile, its bisector, and related studies). The
profile is broadened, the line depth is reduced, but the equivalent
width and the core wavelength remain relatively unaffected. The
situation changes dramatically for the cases when circularly po-
larized spectra (Stokes V) are required, e.g. for problems relating
to the diagnostics of the properties of solar magnetic fluxtubes.
Not only are the amplitude and asymmetry of a Stokes V' line
profile affected by changes in spectral resolution, but also the
areas of both its wings, and the wavelength of its zero-crossing.
Another reason why the magnitude of the observed effect on
Stokes V is generally larger than on Stokes I is due to the circum-
stance that with most instruments, the measurement of Stokes
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V requires wide slits to get a good signal to noise ratio while
maintaining high temporal and/or spatial resolution. Even in the
optimum spectral lines the Stokes ¥ amplitude seldom exceeds
a few percent of the continuum intensity when observing outside
sunspots.

In the present paper we shall consider some general effects
of spectral smearing on the Stokes V profile of the Fe15250.2A
line, as observed on the sun with a Fourier transform spectrom-
eter (FTS) at a very high spectral resolution. The effects of low
spectral resolution will be numerically simulated by convoluting
these observed line profiles with model instrumental profiles. We
shall also try to find some Stokes V parameters which are insen-
sitive to the spectral resolution. Finally, we shall show that the
large Stokes V zero-crossing wavelength shifts observed by Wiehr
(1985a) and by Scholier and Wiehr (1985) from complete profiles,
and by Giovanelli and Slaughter (1978) with the line-centre-
magnetogram technique of Giovanelli and Ramsey (1971) are
compatible with the results of Stenflo and Harvey (1985) and
Solanki (1985, 1986), who find much smaller shifts. These
apparently different results can be understood in terms of dif-
ferences in the spectral resolution used by the various observers,
and partly also as a result of the granular blueshift of the Stokes
I profiles.

2. Description of the technique and input data

We have used data with very high spectral resolution as our
starting point, and have simulated the effect of a finite entrance
slit width and finite grating resolution by convoluting the data
with an instrumental spectral profile. Using instrumental profiles
of slightly different shapes we have also been able to get an
impression of how large the effect of the profile shape is on the
results. We have used a Gaussian, as well as Voigt profiles with
‘damping constants’ a = 0.1 and a = 0.2 (see Mihalas, 1978, for
a definition of the Voigt profile), for the total instrumental profile.
Allen (1973) and Unsold (1955) give the following relation between
v, the width of the Gaussian at the point where its value has
fallen to 1/e (i.e. the Doppler width), and the entrance slit full
width, s: v = 0.41s. For a perfect spectrograph with infinitely
narrow entrance and exit slits the relations given by Allen are
v = 0.43], and a = 0.33, where [ is the resolving distance (i.e. the
distance from the central maximum to the first minimum), and
v and a are the ‘Doppler width’ and ‘damping constant’ of a
Voigt profile.
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The reason why we have chosen these approximate profile
shapes instead of theoretically more exact ones involving con-
volutions between sinc? and rectangular functions, is that differ-
ent ratios of entrance to exit slit width and spectrograph resolving
power result in different instrumental profile shapes which can
only be described by introducing a larger number of free param-
eters. We feel that such a detailed analysis lies beyond the scope
of the present paper, for the following reasons. Firstly, the
theoretical apparatus function can differ considerably from the
profile of a real instrument, which can be asymmetric, with grating
and lense defects also contributing significantly to it (Unséld,
1955, von Alvensleben, 1957). Secondly, as shall be apparent from
the results in Sect. 3, the shape of the apparatus function gener-
ally plays a minor role, compared to other parameters like its
width, or the asymmetry of Stokes V, etc..

The technique describe above was used on data obtained on
April 29 and 30 with the Kitt Peak McMath telescope and the
1-m FTS adapted to record Stokes I and V simultaneousty. The
spectra containing the Fer1 5250.2A profile were obtained in a
strong active region plage at u = 0.92, and in an enhanced net-
work element at y ~ 1.00. Their spectral resolution of 420000 is
large enough to ensure that the solar line profiles are completely
resolved. The Stokes ¥ signal to noise ratio of the Fe1 5250.2 A
Stokes V peak is approximately 100 for the enhanced network
and 300 for the plage. The observations have been described in
greater detail by Stenflo et al. (1984), and we refer to that paper
for additional information.

The Fe15250.2 A line was chosen mainly for the reason that
it was, and still is, one of the most widely used lines for polari-
metric observations of all kinds, e.g. for magnetograph observa-
tions and magnetic field strength determinations using the line
ratio technique. It is also free of obvious blends out to about
0.2 A in both wings. In Fig. 1 the Stokes V profile of Fe1 5250.2 A
is shown convoluted with different Gaussian instrumental profiles
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Fig. 1. Stokes ¥ profile of Fe1 5250.2 A for different amounts of spectral
smearing. The highest and narrowest profile represents the original FTS
data. The other profiles have been convoluted with increasingly broader
Gaussians representing instrumental smearing. The broadest Gaussian
has v = 150mA, where v is the e-folding width (‘Doppler’ width)
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having widths, v, ranging from OmA (corresponding to the
original FTS spectrum; the highest and narrowest profile in the
figure) to 150mA (the flattest and broadest profile). The width
of the instrumental Gaussian has been increased in steps of 10 mA.

3. Results
3.1. Amplitude, area, and asymmetry

One of the qualitative results is readily visible from Fig. 1; the
amplitude of the Stokes V profile decreases rapidly with in-
creasing spectral smearing. The quantitative form of this de-
cline is shown in Fig. 2, where the Stokes V amplitude, normal-
ised to its value for the fully resolved profile, i.e. (a;(v) + a,(v))/
(a(v = 0) + a(v = 0)), as well as the total normalised area of the
V profile (44(v) + A4,(v))/(Ay(v = 0) + 4,(v = 0)), have been plot-
ted vs. v, the width of the instrumental profile. 4,, 4,, a, and a,
are the blue and red absolute areas and amplitudes of Stokes V.
The three different model instrumental profile shapes chosen are:
a Gaussian (solid line), a Voigt profile with ‘damping constant’
a = 0.1 (dashed line), and a Voigt profile with a = 0.2 (dash-dotted
line). These profiles will be represented in the same manner in
the remaining figures, unless it is explicitly stated otherwise.
Figure 2 shows that the amplitude and area decrease more rapidly
when the wings of the instrumental profile are more pronounced.
Although this effect is not negligible, it is nevertheless small com-
pared to the effect of increasing v, and supports the assumption
that the exact profile shape is not very important. The curves
obtained from the network and active region profiles are practi-
cally identical, and have therefore not been plotted separately.
It should be noticed that for lines narrower than Fer 5250 the
effect will be even larger. Therefore only filling factors determined
by procedures which account for finite spectral resolution, e.g.
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Fig. 2. Sum of the absolute blue and red amplitudes and of the blue and
red areas of Stokes V vs. ‘Doppler’ width v (inmA) of the instrumental
profile. The Stokes V amplitude (resp. area) has been normalised to its
value at » = 0. Solid line: Gaussian apparatus function. Dashed line:
Voigt apparatus function (with damping constant, a = 0.1). Dot-dashed
line: Voigt apparatus function (a =0.2). The curves represent the
Fe15250.2 A line in plage as well as network regions
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from the ratio of ¥ amplitude to dI/dA at the same wavelength,
should not be appreciably affected by spectral smearing.

The decrease in Stokes V area is not quite as strong as the
decrease in Stokes V amplitude, but is still considerable. This
decrease of the area has a simple intuitive explanation. Due to
the instrumental broadening the two wings of Stokes V' overlap
and cancel each other increasingly, thus producing the observed
result. Physically this is related to the fact that the absolute areas
of the two Stokes V wings play a role very similar to that of the
line depth of the I profile, and not to that of its equivalent width.

In our search for a resolution independent parameter, we find
that Sy, the area of the lower half of the Iy, profile (cf. Solanki
and Stenflo, 1984, 1985 for a definition of the I, profile), decreases
by less than 10%, between v = 0 and v = 150mA. For the range
0 <v<50mA the decrease is less than 1%. Sy is therefore a
quantity, which can be used to determine the filling factor almost
independently of the spectral resolution used.

The Stokes V asymmetry is also affected by spectral smearing.
Figure 3 shows the change in Stokes V relative area asymmetry,
(A, — A)/(A, + A,), and the relative amplitude asymmetry,
(ap — a,)/(a, + a,), induced by changing v (for an active region
plage). The area asymmetry increases dramatically with v for
both the enhanced network and active region observations. We
explain this result by noting that as the profiles are smeared, an
equal amount of each polarity is cancelled, so that the net polar-
ization (the numerator A, — A4,) remains the same (giving the
contribution of the line to the broadband polarization in the
limit of v = co), but the sum of the absolute areas of the Stokes
V wings (the denominator A4, + A,) decreases (cf. Fig. 3). The
quantity (4, — 4,)/(4, + A,) is therefore bound to increase with
increasing spectral smearing.

Indeed the quantity 4, — A, (what we call the absolute area
asymmetry) was found to be constant within our numerical
accuracy of a couple of percent, in the range 0 < v < 150 mA for
different solar regions and instrumental profile shapes. We find
that the quantity (4, — 4,)/Sy is practically independent of both
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Fig. 3. Relative area asymmetry, (4, — 4,)/(4; + 4,), and relative am-
plitude asymmetry, (a, — a,)/(a, + a,), of Fe1 5250.2 A Stokes V vs. v. The
three different instrumental profile shapes are represented in the same
way as in Fig. 2. The data are from an active region plage

resolution and filling factor. Sy has a physical meaning different
from A, + A,, and the insignificant v dependence of (4, — 4,)/Sy
which we find is not simply an artifact, but reflects this difference.

The behaviour of (a, — a,)/(a, + a,) can be understood in
general terms, by considering the following three effects: Firstly,
a, + a, decreases strongly with v (Fig. 2). This tends to increase
the relative amplitude asymmetry. Secondly, the absolute ampli-
tude asymmetry, a, — q,, decreases initially even more rapidly
with v, which is quite contrary to what was observed for the area
asymmetry. The main reason for this rapid decrease is that the
blue peak, being narrower than the red peak, is more strongly
affected by spectral smearing, so that a, decreases faster than a,,
approaching the latter asymptotically. For large v both peaks
are so broad that this effect becomes small, allowing the relative
amplitude asymmetry to increase again. Thirdly, due to the over-
lapping and partial cancellation of the blue and red wings and
also due to the general broadening of the Stokes V profile, the
blue and red maxima move apart, and no longer necessarily
represent the same part of the line.

In contrast to the case of the area asymmetry, the S, nor-
malised amplitude asymmetry (a, — 4,)/Sy is not a useful param-
eter, being strongly resolution dependent. This is because a, — a,
depends strongly on v while S, does not.

3.2. Zero-crossing wavelength

Figure 4 shows the change in zero-crossing wavelength, 4, (v) —
Ay(0), in ms~1, as a function of v. The increase in 4, is due to
the Stokes V asymmetry. Since the blue wing of Stokes V is
stronger than its red wing, more of the blue polarity survives
spectral smearing and the resulting cancellation of signs, thus
pushing the zero-crossing towards the red. Due to the larger
asymmetry in our enhanced network Stokes ¥V data, the induced
zero-crossing shift is larger for the network than for the strong
plage. The effect depends only slightly on the shape of the instru-
mental profile. This effect may, at least in part, be responsible
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Fig. 4. A,{v) — A,(v = 0) in velocity units vs. v. The upper set of curves

represents the induced zero-crossing shift for network data smeared with

profiles of different shapes (see Fig. 2). The lower set of curves represents
plage data
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Fig. 5. Zero crossing shift of the Fe1 5250.2 A
line, induced by using the line-centre-magneto-
gram technique vs. full width of the magneto-
graph exit slit. From the bottom to the top
the curves mark profiles broadened by Gaus-
sian apparatus functions (representing spec-
trograph entrance slits) with v = 0, 10, 20, 30,
40, 50, and 60mA. The diagram represents
the enhanced network
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for the redshifts seen by Giovanelli and Slaughter (1978), Wiehr
(1985a), and Scholier and Wiehr (1985), as was first suggested by
Stenflo et al. (1984). We shall discuss this problem in more detail
in Sect. 4.

Often the Stokes V redshift is only measured relative to the
Stokes I core wavelength, which means that we also have to
consider what happens to Stokes I if the spectral resolution is
changed. We have therefore convoluted Stokes I with the same
instrumental profiles used to smear Stokes V. The I profile is
shifted only slightly as a result of spectral smearing, as com-
pared to the shift of Stokes V. The shift increases continuously
towards the blue for the enhanced network line profile, and
reaches a value of approximately —230ms~! for v = 150mA
for a Gaussian apparatus function. It should be compared with
the 1330ms~! by which Stokes V is shifted through the same
amount of smearing. For the active region plage, the Stokes I
profile first shifts towards the red till it reaches a maximum of
about +60ms~! at v = 70mA, before reversing the trend and
shifting towards the blue. It finally reaches a blueshift of approxi-
mately —110ms~! at v = 150mA. This different behaviour of
the plage and network wavelengths reflects the difference in the
shape of the Stokes I profiles of such regions, as is also reflected
in their bisectors (cf. Cavallini et al., 1985).

How strongly does the line-centre-magnetogram technique
of Giovanelli and Ramsey (1971) affect the deduced zero-crossing
wavelength? The Stokes V zero-crossing wavelength, as deter-
mined by this technique, is the wavelength at which the total
polarization signal from a single magnetograph slit placed near
the centre of the line is zero. Figure 5 shows the zero-crossing
wavelength shift in ms™?! plotted vs. the width of the magneto-
graph slit (in mA) for data from the enhanced network. The total
instrumental profile is in this case composed of a Gaussian (rep-
resenting the entrance slit and the spectrograph), convoluted with
a rectangular profile (exit slit). The lowest curve represents the
original FTS data, the other curves are the results for data
smeared by Gaussians with v = 10, 20, 30, 40, 50, and 60mA,
respectively, in the order of increasing redshift (upwards in the

figure). The effects of changing the different parameters are clearly
visible from the figure, and need not be described further. The
results for the active region plage are similar, although the in-
duced shifts are somewhat smaller, due to the smaller asymmetry
of the plage Stokes V profile.

4. Application of the results to some observations of Stokes V'
zero-crossing wavelengths in the literature

Evidence for downflows inside fluxtubes obtained directly from
Stokes V has to our knowledge been limited to studies by
Giovanelli and Ramsey (1971), Harvey (1977), Giovanelli and
Brown (1977), Giovanelli and Slaughter (1978), Wiehr (1985a),
and Scholier and Wiehr (1985). However, recent polarimetric
data obtained with the Kitt Peak McMath vertical grating-
spectrometer as well as with the FTS indicate that no downflows
with velocities larger than approximately 250ms~! are present
(Stenflo and Harvey, 1985; Solanki, 1985, 1986). One possible
reason for this discrepancy may be the superior spectral resolu-
tion of the observations showing no downflows. In the following
we shall consider this possibility in somewhat greater detail.

Giovanelli and Ramsey (1971) and Giovanelli and Brown
(1977) observed the Ca16102.7A line with a tunable Fabry-
Pérot filter. The width at half maximum of its transmission band
is given by Ramsey et al. (1970) as 59mA at 6100A. They
(Giovanelli and co-workers) measured downflow velocities of
around 0.5km s~ ! relative to the Stokes I wavelength of the quiet
sun. After correcting for the blueshift of Stokes I (Giovanelli and
Slaughter, 1978; Dravins et al., 1981) a downflow velocity of
approximately 300-350ms ! remains.

Since the Ca16102.7A line is contained in our spectra (in
one enhanced network and one plage scan), we could carry out
the simulations directly on its profile. A Voigt profile with
FWHM = 60mA and a = 0.1 probably approximates the fil-
ter function best, due to its extended wings (Brault, 1982). The
zero-crossing shift induced by this profile is 150ms ™. The re-
sidual redshift after subtracting this fictitious shift, is still ap-
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proximately 200ms~!. This could represent a small downflow,
or a small line shift produced by asymmetries in the up and
downflow phase of an oscillation (Solanki, 1986), but there are
other possible explanations as well. The amount of parasitic light
(defined as light which is transmitted outside the ‘normal’ instru-
mental profile of the filter) is quite large for the Culgoora filter
according to Ramsey et al. (1970). Giovanelli and Brown (1977)
also mention that the filter transmission varies with position in
the field of view. It is therefore possible that the effective filter
function is broader in their actual measurements (which were
carried out away from the centre of the field of view). When the
filter half width is increased from 60 to 80 mA in our simulations,
the residual observed shift is reduced to approximately 100ms™*.
Yet another possibility is that the mean asymmetry of the Stokes
V profiles in their observed regions is different from the FTS
profiles we have used.

Giovanelli and Slaughter (1978) used the Kitt Peak vacuum
telescope and magnetograph. The spectral widths of their en-
trance and exit slits were 47.6mA and 364 mA respectively for
the IR lines Can 8542 A, Fe18688 A, and C19111 4, and 28 and
215mA respectively for Mg1 b, 5183 A (Harvey, 1985).

We carried out our simulation of the line-centre magneto-
gram technique (cf. Sect. 3.2) on the strong Mg1 b, line directly
(it being present in the same FTS scans as Fe1 5250.2 A), as well
as on the Fe1 5250.2 A line, instead of the weak IR lines measured
by Giovanelli and Slaughter, which are not present in our spectra.

The Stokes V profile of the Mg1 b, line was shifted by less
than 100ms~! towards the red through the instrumental
smearing. This is due to the large width and small asymmetry
of this line. Since the Fe1 5250 A line has a much smaller wave-
length than the IR lines used by Giovanelli and Slaughter, we
assumed that the spectral exit slit width was the same as for the
Mg1 b, line, and not the larger value of the IR lines. Even with
the smaller slit widths fictitious redshifts of 900ms~! and
1400ms~! were induced for the plage and network profiles,
respectively. These values are substantially larger than those
observed by Giovanelli and Slaughter (1978), who find the largest
downflow for the C19111 A line, with a value of approximately
600-800ms !, after correction for Stokes I blueshift. This dif-
ference may be due to smaller asymmetries of the line profiles
they measure, as compared with the Fe1 5250 A line. In any case,
our simulations easily reproduce the magnitude of the observed
zero-crossing shifts.

Wiehr (1985a) has used the Locarno Gregory telescope (Wiehr
et al., 1980), with the entrance slit in the form of a circular hole
having an angular diameter of 8 arcsec (Wiehr, 1985a). The in-
strumental profile is found to be a Gaussian with » = 92mA
(Wiehr, 1985b). From Fig. 4 we see that the redshift induced by
such a resolution is 300-350ms~* for the active region profile
of Fe15250.2 A, and 650-700ms~! for the enhanced network
profile. Wiehr observed in isolated Can plage elements which
correspond more closely to our enhanced network elements than
to a strong active region plage. We can check this by comparing
the Stokes V asymmetry of Wiehr’s line profiles with ours, since
the asymmetry is the primary cause of the induced redshift. We
find that the average amplitude asymmetry of Wiehr’s observa-
tions is {a,/a,y = 1.69. If corrected for spectral degradation this
gives {a,/a,>(v = 0) = 1.86, which is closer to the asymmetry of
our network observations than to our plage observations. If we
also take into account the fact that the wavelength of the Stokes
I profile with which Wiehr compares the Stokes V' wavelength

is blueshifted by 150-350ms~ ! (Dravins et al., 1981), the total
fictitious redshift becomes of the order of 800-1000m s~ !, which
compares very well with the 900ms~! average redshift he
measures.

5. Summary and conclusions

We have attempted to catalogue some of the effects of low spec-
tral resolution on the Stokes V profile. The variation of the
amplitude, area, asymmetry, and zero-crossing wavelength of the
Fe15250.2 A line with the width of the instrumental profile has
been studied. As one application of these results we have given
strong quantitative evidence that the sometimes large observed
redshifts of Stokes V are induced by the interplay between Stokes
V asymmetry and low spectral resolution. Thus the observations
of Giovanelli and co-workers (1971, 1977, 1978) and of Wichr
(1985a) have been discussed in some detail. The approximate
magnitude of the effect observed by them can be reproduced in
each case by our simulations.

Regarding one of the remaining observations of downflow in
Stokes V (Harvey, 1977), we have been informed by Harvey (1985)
that subsequent measurements of the same line with the same
instrumental setup failed to reproduce the earlier results. It would
therefore be highly desirable to carry out further observations in
the infrared region around 16000 A to clarify this point. In the
other undiscussed observation, Scholier and Wiehr (1985) find
a redshift of Stokes V relative to Stokes I in three magnetic re-
gions and a blueshift in only one region (region D in their Fig. 8).
However, as Wiehr (1985b) informs us, analysis of a number of
further regions yielded both blue- and redshifts. Thus the average
shift of all the regions should not differ strongly from zero. We
therefore conclude that the observations in the literature are all
compatible with a mean downflow velocity of less than 250ms ™!
throughout the photospheric layers of fluxtubes, as suggested by
the analyses of Stenflo and Harvey (1985) and Solanki (1985,
1986). The absence of downflows in fluxtubes is also supported
by the results of centre-to-limb variation studies of the Stokes V'
zero-crossing wavelength carried out by Stenflo et al. (1986).
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