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Abstract. The results of an analysis of Stokes V profiles of all the
unblended lines of neutral iron in the infrared H-band (1.5-1.8
um) are presented. The observational data, obtained in a quiet
network region at solar disk center (u = 0.99) using a Fourier
transform spectrometer (Stenflo et al. 1987b), are compatible with
an absence of stationary flows larger than 40.3 km s~! within the
magnetic feature. The infrared Stokes V profiles are asymmetric
in the same sense but with less magnitude than the Stokes V
profiles of lines in the visible. The influence of the Zeeman effect
is investigated using multi-variate regression. It is found that
the weak—field approximation breaks down for most H-band
lines and that complete splitting is a better approximation for
lines with a Landé factor 2 1.5. Finally, numerical radiative
transfer calculations are carried out for a sample of 16 Fe I
lines to determine further properties of the lower layers of solar
magnetic flux tubes. These many-line calculations confirm the
results of Zayer et al. (1989) regarding the magnetic structure,
derived by them using only 2 lines. An attempt is also made
to determine the temperature in the lower (continuum—forming)
layers of magnetic elements. The H-band lines are found to be
rather temperature insensitive and can constrain the temperature
only very roughly. Thus an upper limit of approximately 1.8-2.0
and a lower limit of 0.8 can be set on the continuum contrast of
the spatially unresolved magnetic elements relative to the quiet
sun.

Key words: solar magnetic fields — magnetic network — flux tubes
— infrared spectra — polarimetry

1. Introduction

The promise of the infrared spectrum around 1.5 um for the
study of solar magnetic fields, evident since the pioneering work
of Harvey & Hall (1975), cf. Harvey (1977), has remained largely
unrealized, with only a handful of publications until now (Stenflo
et al. 1987b; Zayer et al. 1989; Livingston 1991; Rabin et al. 1991).
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In a series of papers initiated by the present one we attempt to
fill this gap.

The magnetic field in the solar atmosphere is thought to be
concentrated into flux tubes of various sizes. The subject of the
present investigation are the magnetic elements which lie at the
small-scale end of the size distribution and are so small that they
can be spatially resolved only under exceptional circumstances if
at all with present instrumentation. The properties of magnetic
elements have recently been reviewed by Stenflo (1989), SchiiBler
(1990) and Solanki (1990).

It is our aim in the present paper to explore the deeper photo-
spheric layers of small-scale magnetic elements. Such information
is important for the following reasons:

— MHD waves and oscillations, which heat the chromosphere
and possibly the corona, are excited in these layers and the ra-
diation that heats the upper photosphere within the magnetic
feature is channelled into the flux tubes at these depths.

— The visible continuum intensity, formed in these layers, is
important for the interpretation of observations of magnetic
elements. It affects measurements of the magnetic flux and
also determines the ionization balance and thus the depar-
tures from LTE for many atomic species within magnetic
elements. In addition, it influences the global solar luminos-

ity.

The radiation originating deepest in the solar atmosphere is
the continuum, particularly the continuum at 1.6 um (but see
Ayres 1990). However, continuum measurements may not be the
best instrument to study the properties of the deeper layers of
solar magnetic features. Since the non-magnetic surroundings
also radiate in the continuum, the exact observed signal depends
critically on the spatial resolution of the observations relative
to the intrinsic size of the magnetic feature, which may account
for the highly divergent results found by Frazier (1971), Worden
(1975), Koutchmy (1977), Muller & Keil (1983) and Foukal &
Fowler (1984). The correct interpretation of such observations is
extremely uncertain due to the often unknown sizes of magnetic
features, the unknown properties of their surroundings, selection
effects, etc. The interpretation is also complicated by the fact, that
many so—called “continuum” or white-light observations include
a large contribution from spectral lines formed higher in the
atmosphere within the spectral band pass (see e.g. Foukal et al.
1981). Furthermore, the continuum observations do not provide
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any information on the magnetic field and the velocity within or
in the surroundings of magnetic elements.

In the present paper we explore another diagnostic, namely
Stokes V profiles of spectral lines in the H-band (1.5-1.8 um).
Due to the minimum of the continuum opacity at 1.6 um and
to the fact that most of the lines have a high excitation poten-
tial, we see deeper layers of the photosphere than in the visible.
The analysis is carried out in two main steps. Some properties
of the lower photospheric layers of the magnetic elements are
first derived from a statistical multi-line analysis using all the
identified unblended Fe I lines in the infrared H-band. To deter-
mine additional physical parameters numerical radiative transfer
calculations of a subset of 16 lines are then carried out and
compared with the observations.

2. Observational data and line parameters
2.1. Observational data

The spectrum used in this work was acquired on 6th May 1984
with the McMath telescope and the Fourier transform spectrome-
ter (FTS) of the National Solar Observatory at Kitt Peak. A quiet
network region very close to solar disk center (4 = cos = 0.99)
was chosen, the Stokes parameters I, V and Q were recorded
simultaneously in the wavelength range between 1.5 and 1.8 um
(H-band). Since Stokes Q shows no signal clearly distinguishable
from the noise, the analysis concentrates on Stokes I and V.
The observations have a spatial resolution of 5" and a spectral
resolving power of 360000. The effective integration time was 53
min. More details on the data, their acquisation and a description
of the reduction procedure has been given by Stenflo et al. (1984,
1987a,b). Individual lines (4 1.5648 um and A 1.5822 um) of the
spectrum used here have been analysed earlier by Stenflo et al.
(1987b) and Zayer et al. (1989).

The noise in the spectrum has been determined by calculating
the standard deviation from zero of the Stokes V continuum
points. The continuum is assumed to cover those wavelengths
which have I/I. values larger than 0.98 (I, is the continuum
intensity). The noise level for Stokes V is found to vary between
3 x 107 over most of the spectrum and 6 x 10~ near the edges
of the wavelength range. The noise level in Stokes I is expected
to be similar. Our procedure is more reliable for Stokes V and
consequently we have not applied it to Stokes I.

2.2. Line parameters

Of the approximately 130 unblended lines in the infrared H-
band about 100 have been identified as Fe I lines by virtue of
the correspondence between solar and laboratory wavelengths
(Solanki et al. 1990). However, of these lines only approximately
60-70 have been identified with a particular transition of the
neutral iron atom. To facilitate the analysis of the large number
of lines only individual line parameters are investigated. The
selected line parameters correspond closely to the ones chosen
by Stenflo & Lindegren (1977, for Stokes I) and by Solanki
& Stenflo (1984, 1985, for Stokes V), who carried out similar
statistical many-line analyses using spectra in the visible.

The following line parameters of Stokes I and V have been
determined for all unblended Fe I lines: 4;, the core wavelength
of the I profile, 1y, the zero—crossing wavelength of Stokes V,
Ay and A,, the wavelengths of the maxima of the blue and the
red wing of the V profile, the line strength S; of the intensity
profile, defined as the area of the lower half of the line (given in

Fraunhofer, ie. the area in A times 10°/1). We use this parameter
instead of the full equivalent width to minimize the influence of
small blends in the line wings. Further line parameters are a,
and a,, the unsigned amplitudes, and A4, and A,, the unsigned
areas of the blue and the red lobes of the V profile, respectively.
These parameters may be combined to form the relative area
asymmetry 64 and the relative amplitude asymmetry da

Ap — A,
0A= ,

Ap + A,
da = u

ap + a,

The atomic parameters of the spectral lines needed for the
statistical analysis are taken from Solanki et al. (1990). The
main parameters are y., the excitation potential of the lower
level of the transition and geg, the effective Landé factor of the
line. Whenever possible we use ger values which are empirically
derived from laboratory experiments, or have been calculated
using more realistic atomic physics than LS coupling (e.g. by
Kurucz 1991; cf. Mathys 1990).

3. Results of the many-line analysis

In the present section we discuss scatter plots of various measured
line parameters as a function of other (observed solar or atomic)
line parameters. In the plots which depend directly on purely
atomic parameters (i.e. ). Or ger) only the approximately 60
lines identified in detail are plotted, while in the other figures
as many of the unblended Fe I lines are plotted as possible. A
few lines have been omitted from all scatter plots. These include
very weak lines, i.e. lines with S; < 0.5 F, since they are strongly
affected by noise (both the scatter and the error bars of the
parameters of those lines become so large that they only clutter
up the diagrams, without providing any additional information).
We have also omitted the lines listed in Table 2, more details
about them are given in Sect. 4.2.

3.1. Velocities

Figure 1a shows the difference between Ay and 4; in km s™! as
a function of line strength, S;. The solid line represents a linear
regression through the data points, weighted by the inverse of
their squared standard deviations. The redshift of the V' profiles
with respect to Stokes I can clearly be seen. However, as in the
visible we have to take into account the blueshift of the Stokes I
profiles caused by convective motions of the field—free part of the
solar photosphere before interpreting any shifts in physical terms
(e.g. Dravins et al. 1981). Nadeau (1988) has carefully analysed
the quiet—sun line shifts of Fe I lines in the visible and the infrared
H-band. He gives an expression for the granulation-induced shift
of the line core vgry, (in km s™!) as a function of line depth and
excitation potential [Eq. (1) of Nadeau 1988].

VGran = —0.31 + 0.00134 - (100 - d; — 37)e¥e/>>, )

where d; is the line depth (normalized to the local continuum)
of the I profile. The claimed accuracy of this expression is ap-
proximately 0.03 km s~!. Using Nadeau’s expression we have
calculated the granular blueshift for each line which we have
then subtracted from the wavelength of the observed Stokes I
profile. In Fig. 1b we plot the corrected Ay — Ay vs. S;. The solid
line again represents a weighted linear regression. The number of

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/abs/1992A%26A...263..301M

FTI992A&A. 72637 “301M:

2 -
—~ F
Tn E + 4 * ++
5 vE owh %
E + +¢+ ot
F +4 + > +*ﬂ++*+ + 4
o E ¥ ¥ A T T X .
C +
- + +
Eoo.
~ F
< -
[
N -
< C
) :||||||1||I|||||||||I||n||1||l||||!||||||||'|||||»!|||1|||||I|n|
0 1 2 3 4 S 6
Linestrength (F)

Fig. 1a. The difference between the Stokes V' zero—crossing wave-
length and the Stokes I core wavelength, Ay — ;, vs. the line
strength, S;. The blueshift of A; due to the solar granulation
has not been compensated. Each ’plus’ symbol represents an un-
blended Fe I line. The filled diamond represents the g = 3 line at
1.5648 pum. Only parameters of lines with S; < 0.5 F have been
plotted. A linear, weighted least-squares fit to the data is also
plotted
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Fig. 1b. Ay — 4; vs. §;, after compensating for the granulation—
induced blueshift of Stokes I according to the formula given by
Nadeau (1988), see Eq. (1). Symbols as in Fig. la

lines in Fig. 1b is smaller than in Fig. la, since y, is needed for
the correction of 4; and is unknown for some of the lines in Fig.
la.

Figure 1b suggests that the deeper layers of flux tubes are
free from stationary flows larger than approximately 0.2-0.3 km
s7! (0.2 km s~! correponds to the uncertainty of the regression
parameters). It may be argued that it is impermissible to subtract
quiet-sun granular shifts from the wavelengths of Stokes I pro-
files measured in the network, but we recall that the estimated
magnetic filling factor in the observed region is only 5-7% (Za-
yer et al. 1989, Sect. 6): Solanki (1986) showed that for regions
with such small filling factors the procedure followed here should
give results reliable to within the uncertainty quoted above. The
present results are in agreement with high spectral resolution
observations in the visible (e.g. Stenflo & Harvey 1985; Solanki
1986), but do not agree with previous infrared measurements of
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Stokes V' shifts. Harvey & Hall (1975, see also Harvey 1977)
found a Stokes V redshift of 1.6 km s~! compared to Stokes I
for the g = 3 Fe I 1.5648 um line (after adjusting for the convec-
tive blueshift). Stenflo et al. (1987b) found an adjusted redshift
of 0.5-0.6 km s~! for the same line. Since we are analysing the
same data set this line shows the same redshift in Fig. 1b (it is
marked by a filled diamond). However, since the error bar on
Ay — Aris & 0.6 km s7! the zero—crossing wavelength of this line
is compatible with an absence of downflows as well. For this line
the error is larger than for lines with similar strength but smaller
g, since, due to its large Zeeman splitting, the gradient of V'
near its zero—crossing wavelength is relatively small. The fact that
in order to fit its observed Stokes V profile, the synthetic profiles
need not be shifted (see Sect. 5) also supports the conclusion that
this line is unshifted.

The Stokes V relative amplitude asymmetry da is plotted vs.
Sy in Fig. 2a, while Fig. 2b shows the relative area asymmetry 6 A
vs. S;. In both figures a weighted quadratic fit is also plotted.

.2
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Fig. 2a. The Stokes V relative amplitude asymmetry da = (a, —
a.)/(ay + a.) vs. S;. a, and a, are the unsigned amplitudes of
the blue and red lobes of Stokes V, respectively. A quadratic
least—squares fit to the data points is also plotted. Symbols as in
Fig. la

The Stokes V profiles are obviously asymmetric, with stronger
blue than red lobes, i.e. 04 and da are positive for lines with
S; 2 1.5 F. For weaker lines the scatter of the data points is
too large to make any claims about da and 6A. The sign of the
asymmetry and its behaviour as a function of S; are similar to
those of Stokes V profiles in the visible observed near solar disk
center. However, the Stokes V' asymmetry of H-band lines is
smaller than that of lines in the visible by approximately a factor
of 1.5-2 (compare with Fig. 12 of Solanki & Stenflo 1984). Since
J A is most probably produced by downflows in the surroundings
of flux tubes (Grossmann—Doerth et al. 1988; Solanki 1989), this
may be caused by a decrease in the granular downflow velocity
with depth in the photosphere. On the other hand, the smaller
0A near 1.5 ym may simply be due to the much larger Zeeman
splitting of the infrared lines, which leads to a reduction of 64
according to Grossmann—Doerth et al. (1989a). They showed that
0A is largest when max(Alp, Aly) equals the line shift due to
the longitudinal velocity gradient. Since for many lines in the
H-band Aly = Alp, larger velocities are needed to produce a
S A similar to that of lines in the visible (for which Aly < Adp).
This interpretation is supported by the fact that the g = 3 line
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Fig. 2b. The Stokes V relative area asymmetry 64 = (A4, —
A.)/(Ay + A,) vs. S;. A, and A, are the unsigned areas of the
blue and red Stokes V lobes, respectively. The curve represents a
quadratic fit to the data points. Symbols as in Fig, 1a

(4 1.5648 um) shows no asymmetry above the noise, although
other H-band lines of similar strength and a smaller Zeeman
splitting are distinctly asymmetric. Since da is partly coupled to
J 4, its reduction presumably has the same source.

3.2. Magnetic field

We investigate the effect of the magnetic field strength on the
Stokes V profiles in two ways. Firstly by carrying out multi-
variate regressions of line parameters that are expected to be
affected by the field strength B (e.g. Stenflo & Lindegren 1977;
Solanki & Stenflo 1984). Secondly by fitting individual Stokes V'
profiles (Sect. 5). One reason for trying out regressions in addition
to the more exact line—profile fitting is to discover the critical
Landé factor above which H~band lines are completely Zeeman
split (i.e. Alg > Alp) in normal flux tubes. Additionally, we want
to see whether a regression of H-band lines holds any advantage
over regressions of visible lines. This is particularly interesting
since regressions (of Stokes I profiles) in the visible have been
successfully used to determine cool-star magnetic parameters by
Mathys & Solanki (1989).

The result of a regression analysis is illustrated in Fig. 3 for
the difference of the wavelengths of the red and the blue Stokes
V maxima, A, — 4,. Figure 3a shows the measured A, — 1, (in
km s7!) as a function of normalized Zeeman splitting g.zA? (in
velocity units). Although the data points show a certain scatter,
an undeniable trend towards larger peak separation for larger
geqA? exists. The diamond in the upper right-hand corner is the
magnetically very sensitive g = 3 line at 1.5648 um. The field
strength can be determined with an accuracy of roughly +100-
150 G from such a diagram. To illustrate this 3 diagonal lines
are drawn in Fig. 3. They correspond to the expected splitting,
assuming all spectral lines to be completely split, for fields of
1400 G (dotted line), 1550 G (solid line) and 1700 G (dashed
line). Note the pivotal role played by the g = 3 line. Without
it the uncertainty would be considerably larger. According to
Zayer et al. (1989) profile fitting to the g = 3 line at 1.5648 um
assuming a height-independend field gives 1550 G.

Part of the scatter of 1, — 4, seen in Fig. 3a is due to noise and
blends, but some is also due to intrinsically different line widths,
different formation heigths, etc. A simple parametrisation of such
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Fig. 3a. Difference between the wavelengths of the red and blue
Stokes V maxima, A, —4, in km s™, vs. vy /B = 4.67x 10 3g.z doc,
the Zeeman splitting in velocity units for a field strength of 1
G (geg is the effective Landé factor, Ao is the central wavelength
and c is the speed of light). The three diagonal lines represent
the Zeeman splitting for B = 1400 G (dotted line), 1550 G (solid
line), and 1700 G (dashed line) under the assumption that all
lines are completely split. Symbols as in Fig. la

influences in terms of other line parameters was introduced by
Stenflo & Lindegren (1977). Following them we use a regression
equation that takes into account the influence of line strength Sj,
excitation potential y,, Zeeman splitting Ay /B and wavelength
Ap on A, — Ap:

A — Xy = Xo + X151 + X287 + X3xe + x4 Adg/B + x5(ger) A3 (2)

Here (g.s) is the average Landé factor of all spectral lines
used for calculating the regression coefficients. We find a consid-
erably better fit to the data if we assume the lines to be completely
split (ie. 4, — Ay, ~ Ady/B = 4.67 x 10713g.+1?) than if we use
the weak—field—approximation formula of Stenflo & Lindegren
(1977) generally applied in the visible (i.e. A, — A, ~ g2%;4%/Aldp),
where Alp is the non-magnetic line width). The exact choice of
the wavelength term (xs(ge)43) is immaterial since all analysed
spectral lines have similar wavelengths, so that x5 is minute.

Figure 3b shows A, — 4, after subtracting all regression terms
except the one describing the Zeeman splitting. The strong in-
fluence of the Zeeman splitting on A, — A, is now even more
evident. Similar plots in the visible show a considerably less clear
signature of the Zeeman splitting (Solanki & Stenflo 1984). The
magnetic field strength determined from the regression coefficient
of the Zeeman term lies around 1440 G if the lines with geg < 1
are neglected, since for them the approximation of complete split-
ting is not fulfilled. If all lines are included in the regression, then
B ~ 1200 G is found.

The H-band is not ideal for determining B using a many-line
analysis that does not include radiative transfer, for two reasons:
1. Only about 60 unblended Fe I lines in the whole H-band are
sufficiently well identified to be used for such a regression. 2.
For a field strength of about 1500 G not all of these lines are
completely Zeeman split. Nevertheless, it is still much simpler and
more reliable to determine the field strength in a relatively model-
independent manner from H-band lines than from lines in the
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Fig. 3b. (/1, - }bb — X0 — X1S1 - szIZ — X3Xe — X5);(2))C/)»0, ie. /?.r -
Jp after removing non-magnetic dependences with multivariate
regression, vs. vg/B. The slope of the diagonal line corresponds
to the splitting induced by B = 1550 G. Symbols as in Fig. la

visible. We also conclude that when measuring kG field strengths
from H-band spectra the multi-variate regression approach gives
only unsubstantially better B values than a simple linear fit.

4. Modelling

The second part of the analysis consists of modelling using nu-
merically calculated synthetic Stokes ¥ profiles. We have chosen
16 lines whose Stokes profiles are calculated in various model
atmospheres and then compared with the observed ones.

4.1. Model atmospheres

The HSRASP, ie. the standard HSRA atmosphere (Gingerich
et al. 1971), extended to greater depth by attaching it smoothly
to Spruit’s model of the solar convection zone (Spruit 1974),
serves as a model of the quiet sun and of the non-magnetic
surroundings of the magnetic elements. Due to the small filling
factor of the observed region we expect this to be a relatively
good assumption. The main reason we have used the HSRASP
instead of a newer model, e.g. Maltby et al. (1986), is that the
flux tube models used here were constructed using the HSRASP
as reference and, therefore, should only be applied and tested in
conjunction with it.

A height-independent microturbulence of 0.8 km s~! is as-
sumed. For the iron abundance we use € = 7.56, and for the
empirical fudge factor to the Van der Waals damping constant,
calculated using the Unsold (1955) formula, we use or = 2.5.
This value is recommended for high excitation Fe I lines by Hol-
weger (1979). To reproduce the excess widths of the observed
profiles the synthetic lines are broadened with a macroturbulence
velocity, whose exact value is determined from a fit to the data.

In order to constrain the flux tube temperature in the deeper
photospheric layers, we have used a number of different models
to represent the interior of the flux tube. Besides previously
existing models (HSRASP, PLA, NET) two families of models in
hydrostatic equilibrium have been constructed, starting from the
temperature structure of the NET model which is an empirically
derived model of the atmosphere within magnetic elements in
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the solar network (Solanki 1986). The first family of models was
constructed by increasing or decreasing the temperature of the
NET model in steps of 200 K. The T'(z) stratifications of the
resulting models are all parallel to each other. These models have
been named NETP1 — NETP4 in order of increasing temperature.
This family of models was only used for test calculations, since
NETP1 — NETP4 cannot reproduce line profiles observed in
the visible, which are formed higher in the atmosphere. Each
of the models belonging to the second family has the same
temperature as NET above a certain optical depth at 1.6 um, 7.
Below this optical depth the model may either be hotter than
NET (NETH1 - NETH3) or cooler (NETC1 — NETC4). The
temperature stratifications of this model family are shown in Fig.
4.
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Fig. 4. Temperature T vs. continuum optical depth at 1.6um, 7,6,

of the models NETH1 (— ~ — ~ —), NETH2 (— — —),
NETH3 (— - — - —), NET (——), NETCI (- -~ ), NETC2
(++), NETC3 (— — — — - — ) and NETC4 (- - - - - )

The magnetic field stratifications are calculated by impos-
ing horizonal pressure balance in the thin—tube-approximation.
The gas pressure difference between the magnetic and the non—
magnetic atmosphere needed to support a field of a given strength
is obtained by shifting the internal atmosphere downwards. For
the test calculations and the fits we have tried various field
strengths between 1900 and 2400 G at 716 = 1.

4.2. Selected Lines

From the approximately 60 unblended Fe I lines between 1.5
and 1.8 um with known atomic parameters we have selected 16
for the radiative transfer calculations. 14 of these lines cover
the whole available line strength range and have small Landé
factors (between 0.5 and 1.5). The influence of the magnetic field
strength on these lines is relatively small but not negligible, so
that they serve as diagnostics for the temperature when used in
conjunction with a field strength diagnostic !. The remaining two
lines have g = 3 and gg = 2, respectively. They are used to

'Due to the a priori unknown filling factor the absolute values
of the Stokes V profiles cannot be used for the temperature de-
termination and only ratios between the V profiles of lines with
either very different y, or different S; can diagnose the temper-
ature (Solanki & Stenflo 1984, 1985). Since all Fe I lines in the
infrared have similar excitation potentials (5.5¢V < y. < 6.5¢V),
we concentrate on comparing lines with different S; values.
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constrain the magnetic field strength. In practice we require all
16 line profiles to be reproduced simultaneously. Table 1 lists
the 16 selected lines. The first column lists the wavelength of
the Stokes I line core in um, column 2 the transition, column 3
the excitation potential of the lower level of the transition, ¥,
column 4 the effective Landé factor, g, for which empirically
derived values are used whenever possible (Solanki et al. 1990).
Column 5 gives the line strength, S;, determined from the FTS
data and column 6 the logarithm of the oscillator strength, log
g"f, determined from a fit to the observed Stokes I profile (see
Sect. 4.3).

In the process of line selection we noted a number of Fe I lines
whose calculated profiles differed by unrealistically large amounts
from the observed ones, particularly in their Zeeman splitting.
These lines, together with those which behaved anomalously
in the scatter plots, are found in Table 2. Either such lines
are misidentified or possibly one of the levels involved in the
transitions can not be described by LS coupling. As an example
we show in Fig. 5 the fits (dashed) to the observed I and V
profiles (solid) of one of these anomalous lines, A 1.5904 um.

In Fig. 5a the quite acceptable fit to the Stokes I profile is
shown (HSRASP model), while in Fig. 5b the clearly inadequate
fit to the Stokes V profile is exhibited. The synthetic Stokes V
profile was calculated using the NET model atmosphere and
B = 1500 G. The ges value is obviously too large compared to
the actual splitting of the line. Since laboratory measurements of
g of only the lower level exist (Sugar & Corlis 1985), we have
had to use the LS coupling g—value for the upper level. Possibly
LS coupling is a very poor approximation for the upper level of
this transition. In any case, the identification of this and of the
other lines in Table 2 must be reexamined. Thus Fe I 1.5611 um
is most probably also misidentified, in spite of the remark “noise
in Stokes V” in Table 2. Any line of its Stokes I strength with
g.r = 1.83 should posses a sizable Stokes V profile, quite unlike
the weak and noisy profile actually observed.

4.3. Initial calculations

The line profile calculations were carried out with the modified
Stokes radiative transfer code described by Solanki (1987), which
is based on an earlier code written by Beckers (1969a, b).

First the statistically weighted oscillator strengths g*f of the
Fe I lines in Tables 1 and 2 were determined. Profiles calcu-
lated using the HSRASP and the NET model atmospheres are
weighted (such that the filling factor of NET is 7% ) and added
together before fitting to the Stokes I profiles observed in the
network with log g*f as a free parameter. Two atmospheric com-
ponents are required to fit the observed Stokes I profiles, since
otherwise systematic differences are found between the calculated
V profiles of lines with high and low Landé factor. The resulting
log g*f values are listed in column 6 of Tables 1 and 2. The
quality of the fit to Stokes I can be judged from Fig. 6 which
shows Stokes I profiles of 4 lines having different S; and g.g
values. The solid profiles are solar, the dashed ones are synthetic.
The illustrated quality of the fits is typical for all 16 selected lines.

Next a series of test calculations explores the potential of
the selected lines as temperature diagnostics. Both the model
families described in Sect. 4.1 are used and the changes in the
Stokes V profiles are analysed as the temperature is raised or
lowered. Raising the temperature weakens lines having small S;
with respect to lines with larger S;, while lowering the temperature
has the opposite effect. This behaviour is similar to that exhibited

(I/L)
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a

2]
LN L L N N B N B N B B BN

S T

1.59035 1.539040 1.59045 1.59050

Wayvelength A (pm)

(%)
TT T T T T T T TTTT7

Stokes V

b

IIII||ll|ill|l

1.5 Y S

1.59035 1.59040 1.59045 1.539050

Wavelength A (pm)

Fig. 5a and b. Observed (solid) and synthetic (dashed) Stokes I
and V profile of 1.5904 um. Stokes I was calculated using an
admixture of two model atmospheres, namely 93% of the quiet
sun model HSRASP and 7% of NET, while for Stokes V only
NET was used

by Fe I lines in the visible (Solanki & Stenflo 1984; Keller et al.
1990). However, the magnitude of the effect is considerably lower
in the infrared, i.e. the lines are less temperature sensitive, due to
their high y, values. The ratio between the Stokes V profiles of
the strong and weak lines also depends on the gradient of the
temperature. A stronger gradient increases the ratio, i.e. mimics
a higher temperature. It is not possible, within the bounds of
our models, to distinguish between absolute temperature and
temperature gradient using infrared Fe I lines alone.

5. Results of the model calculations

For the comparison with the observations we calculate Stokes
V profiles in 1.5-D, i.e. the profiles are calculated along a set
of vertical rays piercing the model flux tube at different radial
distances from its axis. Following Solanki & Roberts (1991)
we place the rays such that the points of intersection with the
flux tube boundaries are equidistant in height. This scheme is
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Table 1. Lines used for radiative transfer calculations.

Wavelength  Transition Ye Zeft Si log g*f
[um] [eV] [F]
1.55343 e’Dy —u°’P; 564 199 177 —0.34
1.55667 e 3Gy — (3/2)[7/213 635 127 055 —043
1.56217 e’Dy—t 5Dj§ 554 149 426 0.40
1.56485 e’D; —3d%s5p DS 543 3.00 141 —0.68
1.57890 3Dy —(9/2)[9/2]5 6.25 147 200 0.25
1.58228 e’D; —u’Fs 564 074 250 —0.10
1.59282 e’F,—13G; 595 124 0.59 —0.82
1.63163 e’G; —(9/2)[15/2]; 628 1.19 428 0.87
1.63245 e'Dy—3d%s5p "Dy 538 149 216 —0.48
1.64448 e3Fs—3d’ 5p °F¢ 583 141 3.77 0.53
1.64741 e3F; —t3G3 602 101 098 —0.42
1.64867 eFs—3d"5p °Gg 583 111 435 0.63
1.65245 f3Fs—(7/2)[13/2]¢ 634 096 2.84 0.61
1.66614 e'F;—(7/2)[7/213 634 097 143 0.11
1.66931 f3F —(1/2)[5/215 642 059 0.64 —0.32
1.70111 e 3F; —3d"5p 3D3 595 122 1.80 —0.12
Table 2. Lines showing anomalous behaviour.
Wavelength  Transition Xe Zeff S logg'f Remarks
[um] [eV] (F]
1.56112 alP —z3P; 341 183 0.88 — noise in Stokes V
1.59044 v3P; —f3D; 597 236 237 0.05 wrong gex ?
1.59340 f3D;—(7/2)[3/2]5 631 117 065 —0.37 wrong gegr ?
1.59649 e’F;—3d" 5p3Gj 592 077 1.88 —0.09 wrong geg ?
1.60518 e’Gg—(9/2)[11/2]: 626 1.14 0.28 — noise in Stokes V
1.61951 e’Sy— (1/2)[7/2]3 639 070 1.63 0.24  blend in Stokes I
1.66459 e’F,—3d"5p°D; 596 125 153  —025 Wrong gy ?
1.71611 f3F;—3d" 5p 3G 6.02 093 145 —0.20 wrong geg ?

computationally favourable for the line transfer calculations. The
line profiles from all rays are weighted according to the area on
the solar disk which they represent and then added together
to give a resultant profile which is compared with the spatially
unresolved observations.

Since we have no prior knowledge of the filling factor of the
observed region, we calculate the profiles along rays out to a fixed
radial distance in the 2-D flux tube model. This corresponds to
calculating the line profiles for a fixed magnetic filling factor
at a given height in the atmosphere. We always ascertain that
the flux tube boundary at this radial distance lies well above
the formation height of the calculated lines. Since the assumed
filling factor in general does not correspond to the true value, the
synthetic Stokes V profiles must still be multiplied by a factor F
to make them correspond in amplitude to the observed profiles.
If the temperature stratification of the model used to calculate
the profiles is correct, then the factor F is the same for all lines, if
not, then F is a function of line strength and excitation potential.
Since the Fe I lines in the H-band all have similar excitation
potentials (5.5¢V < y. < 6.5eV), a plot of F vs. §; is a diagnostic
of the temperature. Another measure of the quality of the fit
is the scatter of the F values of the various lines around their
means. We qualify this by determining x* = ¥ ,(F; — (F))?/(F)".
The smaller the §? the better a given model is. Finally, a successful

model must also reproduce the shapes of the ¥V profiles of all 16
lines simultaneously.

Using this approach the models described in Sect. 4.1 are
tested against the observed data. However, since they do not
reproduce spectral lines in the visible, we have not considered the
NETP family of models when comparing with the observations.
The temperature stratification of the HSRASP can also be easily
excluded. The widths of the V profiles of strong lines calculated
in the HSRASP are too large compared to the observations.

For each of the remaining models the high g.s lines are first
used to determine the optimum B(z), then the rest of the lines
are calculated and used as temperature diagnostics.

In Fig. 7 the F values for the 14 low g lines and the
6 atmospheric models are plotted against S; (triangles: NETHI,
crosses: NETH?2, open circles: NETH3, open squares: NET, stars:
NETC1, plusses: NETC2, filled squares: NETC3, filled circles:
NETC4). Linear regressions are also plotted. Both the points and
the regressions are shifted vertically for clarity (only the gradient
of F vs. Sy contains diagnostic information on the temperature).
2 In order to minimize the influence of the blue-red asymmetry

2The F values of the two high g. lines have been omitted from
Fig. 7 and the regression since these two lines are most affected
by any small errors in the determination of the magnetic field
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Fig. 6. Stokes I profiles of four Fe I lines: A1.5648um, 11.5789um, A1.6486um, and 21.6693um. The solid curves are the observed
profiles, the dashed curves synthetic profiles calculated using the g*f values in Table 1

of the observed Stokes V profiles (Sect. 3.1) the plotted F values
are averaged over both lobes of Stokes V. Fitting the red and
the blue lobes separately or symmetrising the observed Stokes V
profiles before fitting gives no significantly different results.
Figure 7 illustrates the relative insensitivity of the H-band
lines to the temperature in small flux tubes. Consequently we
can only set very rough constraints on the temperature in the
deeper layers of flux tubes. Although the regression lines of
models NETH1 and 2 are distinctly inclined, the eye finds little
to distinguish between the gradients of the remaining regressions.
In Table 3 we have listed the gradients of the regressions and
their standard deviations (column 3), as well as the gradients in

strength and would introduce additional uncertainty into the
temperature determination. However, it turns out that this is an
unnecessary precaution, since these lines fit in very well with the
rest.

units of their standard deviations (column 4), which is a measure
of the significance of the gradient. Also listed in Table 3 are the
continuum contrast values of the different models (column 2).
We define the continuum contrast as §, = I, ™" /[ 44 where
I, is the continuum intensity at 0.5 ym. Finally, in column 5 y2,
as defined above, is listed.

With the help of Table 3 we can set an upper limit on the
temperature in the lower layers of magnetic elements and thus
also on d.. The gradients of F with respect to S; suggest that
O. S 2 at the 2.5¢ level and 6. < 1.75 at the 1.5¢ level. The
total scatter of the F values (y%) does not change strongly for
d. < 1.75. For larger &, values y° increases rapidly. Therefore, we
consider é. ~ 1.75 an upper limit.

¥? increases again for the coolest models (NETC3 and 4) of
Fig. 4. In addition, we were unable to reproduce the observed
Stokes V' profile shapes correctly with NETC4 and cooler models.
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Fig. 7. F vs. S; resulting from a fit of the synthetic profiles to the
observed Stokes V profiles, calculated using, from top to bottom,
NETHI1 (triangles), NETH2 (crosses), NETH3 (open circles),
NET (open squares), NETCI1 (stars), NETC2 (plusses), NETC3
(filled squares), NETC4 (filled circles). F is a factor by which the
synthetic lines are multiplied in order to fit the observed Stokes V
amplitudes. The gradients of the lines fitted through the F values
contain diagnostic information on the flux tube temperature

Table 3. Continuum contrast J, for 4 = 0.5um, the gradients of
the regression lines of Fig. 7 for the various model atmospheres,
their standard deviations, their significance and their y?>-values

Model e Gradient Significance  »2
NETH1 2.55 —5.86 + 1.80 330 69.85
NETH2 2.01 —3.52+141 2.5¢0 26.74
NETH3 1.74 —1.58 +1.17 l4co 7.21

NET 1.38 —1.53+1.31 09¢ 7.57
NETC1 1.17 —1.17+1.54 0.80 6.97
NETC2 1.10 —0.49 +1.69 0.30 5.75
NETC3 0.99 0.50 +2.03 0.20 8.10
NETC4 0.81 0.55+2.97 0.20 16.92

As with the HSRASP the synthetic Stokes V profiles of the strong
lines are broader than the observed profiles, even if the former
are unbroadened by any macroturbulence. This allows us to set
a lower limit on J., namely . > 0.8.

Finally, Fig. 8 gives 4 representative examples of the 16
selected lines (cf. Fig. 6) as an illustration of the quality of the fit
for the model NET which (besides reproducing observations in
the visible) gives a slope of F vs. S; which is compatible with zero.
Again, solid curves are observed and dashed ones are synthetic
Stokes V profiles. The same mean value of F is used for all the
lines plotted in this figure. The fits are acceptable and confirm
that this model cannot be ruled out by the present data. Models
NETC1 and NETC2 give slightly, but not significantly better fits.

The fact that the shapes and amplitudes of the V profiles of
both weakly and strongly Zeeman split lines can be reproduced
simultaneously suggests that for the observed region the amount
of net magnetic flux at z = 0 in weak field form (< 1000 G)
is rather small (less than approximately 10% of the total flux).
Additional weak flux (i.e. more than is present in the thin—tube—
approximation) affects the Stokes V' profiles of the strongly split

309

lines mainly near their zero—crossing wavelength, i.e. it does not
significantly change the Stokes ¥ amplitudes of these lines. The
V profiles of low ger lines, on the other hand, are affected near
their peaks, so that their amplitudes are changed. The presence of
significant amounts of a weak field, therefore, changes the ratio
of the V profiles of high g.r and low ges lines, which cannot be
reproduced by a single flux tube model, see Ruedi et al. (1992,
Paper III of the current series) for more details.

6. Conclusions

We have presented the results of an analysis of an FTS Stokes I
and V spectrum in the H-band (1.5-1.8 um) of a solar network
region. A many-line statistical analysis of the measured Stokes
V profiles (involving 60-100 spectral lines of neutral iron) leads
to the following conclusions:

1. There is no evidence for a systematic up— or downflow greater
than 200-300 m s~! within the magnetic elements of the ob-
served region. This is in contrast to results previously pub-
lished by Harvey & Hall (1975), Harvey (1977) and Stenflo et
al. (1987b), who, however, had only considered a single spec-
tral line, Fe I 1 1.56485 um. We find that the zero—crossing
wavelength of this line, due to its large Zeeman splitting,
is a very unreliable diagnostic for flows. We claim that for
most regions no downflows greater than approximately 250 m
s~! are required within small-scale magnetic features at any
height between the low chromosphere (Solanki 1986) and the
deep photosphere (the present paper) to reproduce spatially
averaged observations.

2. The Stokes V profiles in the H-band show a blue-red asym-
metry having the same sign as in the visible, but a smaller
magnitude. Grossmann-Doerth et al. (1989a) have predicted
such a decrease in asymmetry for strongly Zeeman split lines,
a condition fulfilled by a large fraction of the H-band lines
(see conclusion 3).

3. The lines with ges 2 1.5 are more or less completely Zeeman
split in the observed region and only lines with g.g values well
below unity can be considered to be in the weak—field regime.
This mixture of lines makes a multi—variate analysis (such as
the one developed by Stenflo & Lindegren 1977) difficult for
the determination of the field strength. Nevertheless, such an
analysis gives, after selecting the most suitable lines, B = 1450
G, as compared to 1550 G from line profile fits, and to 1500-
1600 G from a linear fit to the Stokes V peak separation of
all lines.

An analysis based on radiative transfer calculations of 16
selected spectral lines in a flux tube model gives the following
results:

1. A thin tube with a field strength of 2050 G at 716 = 1,
corresponding to 1500 G at z = 0 (195 = 1 of the quiet sun)
fits the profiles best. This result is in good agreement with
earlier determinations based on H-band (Zayer et al.1989)
and visible (Solanki et al. 1987; Zayer et al. 1990) data
obtained in the network.

2. An upper limit of 10% can be set on the amount of flux
in the observed region which is in weak field form, ie. with
B(z = 0) < 1000 G. This is in good agreement with the
results of Zayer et al. (1989) who found that 4 — 7% of the
flux is in the form of a 800 G field.

3. Although the 1.5 um lines are formed deep in the atmosphere,
they turn out to be relatively insensitive to temperature.
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Fig. 8. Observed (solid) and synthetic (dashed) Stokes V profiles of the lines plotted in Fig. 4. The synthetic profiles have been

calculated using the NET model. All 4 profiles have been multiplied by the same factor F, i.e. they all correspond to the same filling
factor

Therefore, the limits on the continuum intensity in magnetic 4. In addition to a microturbulence of 1 km s~! a macrotur-

features I7¢™ derived here lie relatively far apart. We can bulence velocity of 2 km s is required to reproduce the
set a lower limit of 6, = Ijmtic /J4%et = 0.8 and an upper Stokes V profiles of all 16 calculated lines. These values are
limit of §. = 1.75-2.0. Data with higher signal-to-noise ratio in good agreement with typical turbulent velocities derived
may permit a better distinction between the various models. in the visible (Solanki 1986; Keller et al. 1990).

Since all measurements of J, suggest 6. < 2 (e.g. Muller & 5. A filling factor of 5-8% is derived for the region, depending
Keil 1983; Koutchmy 1977; SchiiBler & Solanki 1988; Von on the model. The best fit models give a filling factor of
der Liihe 1989) the present limits do not significantly change 6-7% .

our picture of magnetic features. However, the present de-
termination is independent of spatial resolution and gives
an average or typical value of 6. in the network. Accord-
ing to it the 6. ~ 2 measured by Koutchmy (1977) is very
unlikely to be typical of small-scale magnetic structures, as
has also been argued by Muller & Keil (1983). Consequently,
facular models based on this contrast value (Koutchmy &
Stellmacher 1978; Stellmacher & Wiehr 1979) are unlikely to References
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