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Interpretation of observations by inversion
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Abstract. The most recent developments in inversion techniques of the radiative transfer equation are critically reviewed and
some of their findings are summarized to illustrating their achievements. Two significantly different approaches are currently
being used that deserve consideration, each characterized by whether or not the model solar atmospheres are changed itera-
tively by the algorithm. The comparison between the two may help in finding future inversion techniques that can solve many
challenging problems of solar physics that still need to be properly settled. These problems themselves suggest strategies that
look more suitable than others.
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1. Introduction

The main aim of inversion techniques (ITs) is, of course, the
inference of physical quantities that characterize the atmo-
sphere of the Sun. Since we cannot measure directly the tem-
perature, magnetic and velocity fields, etc., we must calibrate
our real measurements. We measure light; the spectrum and
state of polarization of solar light (a recent, interesting review
on measurements can be found in Bellot Rubio 2003). Thus,
we need some transformation rules that translate these mea-
surements into temperatures, velocities, etc. Such calibrations
have been carried out traditionally by many different forms
that can be classified in four great categories: the application
of direct formulas, as in the determination of velocities from
Doppler shifts; the use of look-up tables, as when trying to as-
sign heights of formation to given measurements; the forward
modeling techniques, that is, the spectral synthesis methods;
and the inversion techniques, i.e., automated procedures that
invert somehow the radiative transfer equation. These astro-
physical inferences share the same main drawback: the cali-
bration depends on the physical model assumed for the solar
photosphere. I mean that all techniques depend on whether
one or several components are assumed, on whether each
component is characterized by constant quantities or quan-
tities variable with height, on whether radiative transfer as-
sumptions like LTE are valid, etc. We are never sure if our
interpretation corresponds to reality. This is what I call the
astrophysical main risk! The only means we have to check
the realism of our interpretation is the predictions that can
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be made with our model and contrasted with further observa-
tions.

Time has imposed the order in the list of inference cate-
gories above. This fact stems on an intrinsic reason that can
be said “economic”: with the newly developed techniques we
obtain more results at yet affordable costs. The computing ca-
pabilities have increased so much that we are now able to ask
the numerical codes for the value of more and more atmo-
spheric quantities at still reasonable computer times. There-
fore, we seem invited to continue in that direction by progres-
sively using more and more ITs and continuously developing
more sophisticated and efficient techniques.

Since there have been quite a few recent reviews on
the subject (del Toro Iniesta & Ruiz Cobo 1995,1996,1997;
Socas-Navarro 2001), I assume that most of the fundamentals
of each inversion technique are already familiar to the reader.
Hence, instead of describing them, I will begin in Sect. 2
by citing the most important results obtained during the last
four years by each of them. The astrophysical importance of
the results will illustrate the relevance of the techniques. The
choice for a four year review is, of course, absolutely arbi-
trary. Previous results and developments can be found in the
reviews cited above. Sect. 3 summarizes the main characteris-
tics and features of the various techniques that can be grouped
into two main classes. Such a summary will lead to a discus-
sion about the advantages and drawbacks of each class. In
Sect. 4, I conclude by giving my personal view and recom-
mendations for the future developments in the field of inter-
pretational techniques.
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Fig. 1. Principal component analysis inversion of a sunspot. Top
panels: field strength; bottom panels: inclination angle. Adapted
from Socas Navarro, López Ariste, & Lites (2001) with permission
of the copyright holders.

2. Recent results obtained with inversion
techniques

The most classical inversion technique (among those still in
use) is the Milne-Eddington (M-E) technique of the HAO
(Skumanich & Lites 1987). With it, Lites et al. (1998) have
measured the oscillations of the vector magnetic field in a
sunspot umbra for the first time, although their marginal re-
sults indicate a most probable instrumental origin for the
weak oscillations detected. Lites, Skumanich, & Martı́nez
Pillet (1998) have carried out a thorough study of the emer-
gence of fresh magnetic flux to the photosphere. They have
been able to build a very exciting, “virtual movie” of such an
emergence in which weak, horizontal magnetic elements as-
cend to separate from the emergence zone by strengthening
and becoming more vertical. Furthermore, Skumanich (2001)
is currently engaged on improving the technique to include
gradients of the magnetic field and of the line-of-sight veloc-
ity.

The principal component analysis (PCA) was introduced
by Rees et al. (2000) and has already produced some results
like those in Fig. 1 that represents the first application to a
whole sunspot, and under the M-E assumption for the for-
ward problem (Socas Navarro, López Ariste, & Lites 2001).
In this comparison with the M-E technique, one can appre-
ciate that the behavior of the new method, as compared to
the standard one, is more than satisfactory, with a spectacu-
lar reduction in computing time. Only in those zones close
to the neutral line, where the most strange and even bizarre
Stokes profiles appear, the technique seems to fail, but this is

Fig. 2. Ti I lines at 2.2 µm. Observations are in solid lines and fits
from the inversion in dashed lines. Adapted from Rüedi et al. (1998)
with permission of the copyright holders.

normal because the M-E model is itself unable to reproduce
such profiles. PCA implies an expansion series in terms of
given eigenprofiles. The physical content of the leading or-
ders of this expansion series has been studied by Skumanich
& López Ariste (2002). They conclude that practically all the
terms have a clear physical correspondence, like the magnetic
field strength, the line-of-sight velocity, etc. Socas-Navarro &
Sánchez Almeida (2002) have also used the PCA technique
together with the MISMA1 hypothesis and have found in-
tense magnetic fields practically everywhere in network and
internetwork regions. Finally, López Ariste & Casini (2002)
and López Ariste, Casini, & Tomczyk (2002) are beginning
to deal with the forward problem of He I D3 line formation in
prominences and of the hyperfine structure of several lines to
use them within the PCA inversion scheme.

Rüedi et al. (1998; see Fig. 2) presented some amazing
observations of the Stokes V profiles of the Ti I lines at
2.2 µm and their reproduction with the Zürich IT (Solanki,
Rüedi, & Livingston 1992). Also with these lines and the
same IT, Rüedi et al. (1999) inferred a cool Evershed channel
with a magnetic field weaker than the penumbral background.
Frutiger & Solanki (2001) have studied in detail the struc-
ture of the small-scale flux tubes. They and their co-workers
(Frutiger et al. 2000) have also studied the stratification with

1 MISMA is an acronym for MIcro-Structured Magnetic Atmo-
sphere.
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depth of the granulation. Finally, Mathew et al. (2003) are
studying different aspects of the structure of sunspots.

SIR2 (Ruiz Cobo & del Toro Iniesta 1992) has been ad-
justed to deal with stars and, in particular, with the Sun as a
star, by Allende Prieto et al. (1998). Rodrı́guez Hidalgo et al.
(2001) were able to infer the stratification with depth of the
solar oscillations in both a Lagrangian and a Eulerian refer-
ence frames. The first optical tomography of a sunspot has
been obtained by Westendorp Plaza and co-workers (1998,
2001a, 2001b). The discovery of Evershed downflows (West-
endorp Plaza et al. 1997) has been confirmed with this tomog-
raphy and with the results by del Toro Iniesta, Bellot Rubio,
& Collados (2001) who detected supersonic Evershed down-
flows in cool penumbral tubes. Very recently, Bellot Rubio
et al. (2002) and Balthasar et al. (2003a,b) are working on
the structure of the penumbra by inverting spectropolarimet-
ric data from the Tenerife Infrared Polarimeter. Bellot Rubio
et al. (2000) have found convincing evidence of magnetic os-
cillations over the photosphere of an umbra. Borrero & Bellot
Rubio (2002) have reproduced the intensity profiles of 22 Fe I

lines in the quiet Sun; their model also explains the line shifts
and equivalent widths of some other 800 lines.

SIR has evolved and been adapted in two ways. The first
is an inversion technique including the thin flux tube model
and the second is aimed at dealing with lines formed in non-
LTE conditions. Recent results about the structure of flux
tubes have been obtained by Bellot Rubio, Ruiz Cobo, &
Collados (1999, 2000a, 2000b). They have also gathered ev-
idence of convective collapse on the quiet Sun (Bellot Ru-
bio et al. 2001). The introduction and the first application
of the non-LTE code (Socas-Navarro, Ruiz Cobo, & Trujillo
Bueno 1998; Socas-Navarro, Trujillo Bueno, & Ruiz Cobo
2000) have been very successful in reproducing Stokes pro-
files of infrared lines from Ca II and in obtaining a model for
chromospheric umbral oscillations (Socas-Navarro, Trujillo
Bueno, & Ruiz Cobo 2001).

The inversion technique developed by Sánchez Almeida
(1997) to give account of the MISMA model has been ap-
plied by Sánchez Almeida & Lites (2000) and they have re-
produced all type of profiles from network and internetwork
regions.

The newest inversion technique is based on artificial neu-
ral networks (ANN). The first introduction was carried out
by Carroll et al. (2001) and the first tests of a code were
published by Carroll & Staude (2001, 2003; see also Socas-
Navarro 2002). The technique looks very promising with
even faster runs than those of PCA. An example of their
performance can be seen in Fig. 3 where a comparison is
presented between the true and the retrieved magnetic field
strengths from numerical experiments of the technique.

In my opinion, the Community Inversion Codes project of
the HAO is a certainly laudable initiative through which the
community will have a series of general-purpose, well docu-
mented codes with different inversion techniques. The three
first of the set are LILIA which is similar to SIR in philos-
ophy but which is based on a different iterative algorithm,

2 SIR is an acronym for Stokes Inversion based on Response func-
tions.

Fig. 3. Distribution of deviations from true values (left) and compar-
ison (right) between true and retrieved values by the neural networks
of Carroll & Staude (2001). Adapted with permission of the copy-
right holders.

FATIMA which is a code based on the principal component
analysis, and NICOLE, a non-LTE inversion code based on
the same algorithm as LILIA.3 If these codes spread through
the community we will be able to share common means of
analysis. Will this be possible, or will everyone continue us-
ing his/her own technique? This is a question that I leave open
for discussion. Is it indeed convenient at all?

3. Choosing among the available techniques

All the inversion techniques mentioned so far can be grouped
in two broad classes depending on the use they make of the
atmospheric model (see Table 1). The first class includes
the M-E- or SIR-like techniques that use a closed cycle in
which the model atmosphere is iteratively modified. The sec-
ond class encompasses the PCA- or neural-network-like tech-
niques. These techniques do not perform a closed cycle: the
retrievals come from a search on a database or from a learning
process with a previously created database.

Therefore, there is plenty of techniques, approaches,
and flavors within each approach. Then, one should choose
among all the possibilities or even embark in the develop-
ment of new ones. I do not pretend to establish an unam-
biguous characterization of the different techniques that leads
the reader to use a given code. Of course, there is a lot of
variables or features to consider and also, why not?, personal
preferences. Table 2 lists some features that deserve consider-
ation when deciding which IT is more convenient for a given
problem. Obviously, the second class wins in speed. There is
no doubt. You may take some time in preparing the database
but the analysis of the observations can be carried out quasi
on line in some cases. There is a dramatic decrease in com-
puting time. From the computational point of view, Class II

3 LILIA is an acronym for LTE Inversion based on the Lorien It-
erative Algorithm; FATIMA is an acronym for Fast Analysis Tech-
nique for the Inversion of Magnetic Atmospheres; and NICOLE is
an acronym for Non-LTE Inversion COde based on the Lorien En-
gine.
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Table 1. Currently available inversion techniques

Class I Class II
HAO M-E (Skumanich & Lites 1987) PCA (Rees et al. 2000)
IAC SIR (Ruiz Cobo & del Toro Iniesta 1992) HAO FATIMA (Socas-Navarro, López Ariste, & Lites 2001)
ETH IT (Solanki, Rüedi, & Livingston 1992) ANN (Carroll et al. 2001)
IAC MISMA (Sánchez Almeida 1997) HAO ANN (Socas-Navarro 2002)
IAC Flux tube IT (Bellot Rubio, Ruiz Cobo, & Collados 1997)
ETH Flux tube IT (Frutiger & Solanki 1998)
IAC NLTE IT (Socas-Navarro, Ruiz Cobo, & Trujillo Bueno 1998;
Socas-Navarro, Trujillo Bueno, & Ruiz Cobo 2000)
HAO LILIA (Socas-Navarro 2001)
HAO NICOLE (Socas-Navarro 2001)

Table 2. Choosing inversion techniques

Feature IT Class
Speed II
Robustness II, I
Accuracy I, II
Realism Model predictions?
Insight I, II
Utility II
Unicity Astrophysical main risk

wins also in robustness: the iterative cycles of Class I tech-
niques run the risk of stopping in local minima that may de-
pend on the initialization; some codes of the first class are
more robust than others, but one must realize that PCA al-
ways ends with the very same solution because the search is
made through the whole database. However, it seems easier
for Class I techniques to get more accurate results. The accu-
racy in the second class depends strongly on the density (and,
hence, on the size) of the look-up table. The realism of the
physical description is much more difficult to be known. It
might only be contrasted if some predictions can be extracted
from the retrieved model atmosphere. In any case, questions
about realism might be meta-scientific. We do not measure
the solar atmosphere. We measure the light that comes over
and need models that reproduce the Stokes spectrum, nothing
else. The insight or detail in the retrieved model atmospheres
is perhaps easily achievable for Class I techniques. Again,
the size of the look-up table is determinant and one may need
huge databases hardly handled if the main interest is a very
complicated physical model with many free parameters. The
utility or versatility is on the side of Class II inversions. Tech-
niques of the first class must be specifically designed for one
problem or otherwise be extremely lengthy in terms of com-
puter time, whilst a single Class II IT can be used with several
physical models. Perhaps, unicity is the most important con-
cern that people has against ITs and it is true that two different
inversion techniques with different assumptions and different
physical models can eventually get fits to the observed pro-
files of similar quality. Nevertheless, everybody must recog-
nize that this is not exclusive of ITs but much on the contrary,
it is a common feature of the whole of astrophysics. I have
called it the astrophysical interpretation’s main risk.

4. Discussion and conclusions

Two different atmospheric models may produce the same
Stokes profiles (del Toro Iniesta & Ruiz Cobo 1996; Frutiger
& Solanki 1998). The differences between the models can be
such that even macro-structuring and micro-structuring of the
solar atmosphere can be compatible with given observations
as it seems to occur in observations of network and inter-
network magnetic fields. While most of the magnetic struc-
tures are thought strong for the MISMA scenario (above 1
kG; see Socas-Navarro & Sánchez Almeida 2002), the fields
are found to be weak with macro-structured scenarios. Other
observations, both in the visible and in the IR, interpreted
with different techniques conclude on the weakness of these
fields (Keller et al. 1994, Lin 1995, Lin & Rimmele 1999,
Collados, 2002). The comparison among the different results
may shed some light into the problem; I do not want, how-
ever, to enter into discussion about this subject but about the
unicity of the retrievals.

It is very important to remember that this lack of unicity
is shared by practically all astrophysical inferences. Even the
simplest measurements of line core Doppler shifts may have
different meanings (that is, it can be interpreted differently)
depending on whether one assumes that the material velocity
is constant with height in the atmosphere or not. While doing
astrophysics we all run the risk of believing that we measure
the real things but we only measure light. It is crucial to be
humble, and mine is a call to humility.

To conclude, it is my feeling that we better learn from
Class II techniques and start by separating the wavelength
dependence of the Stokes parameters from their dependence
on the atmospheric quantities. If we are able to reproduce
the Stokes profiles with a few eigenprofiles we are reducing
clearly the dimensionality of the problem: instead of repro-
ducing, say, 50 wavelength samples, we will have to repro-
duce, say, 10 coefficients. There is a neat gain in speed which
is very relevant when dealing with huge amounts of data as
those likely to come from modern instruments like GRE-
GOR. By proceeding this way, we will be able of thinking
of multiple physical scenarios and use them simply through
forward modeling that is computationally easier. Perhaps we
will still prefer to use Class I techniques but with less data
redundancy.

The main problem that we may face is the universality
of the databases. The look-up tables built so far are hardly
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unique and are rather specifically designed. I am still not sure,
but a possible solution may be found in forgetting physics
and using mathematics for a while: the Hermite functions,
the product of the Gaussian by the Hermite polynomials, are
a particularly useful basis for expanding the Stokes profiles.
As a matter of fact, these functions are a basis of the space of
square integrable functions, L2, to which the Stokes profiles
belong. (Well, Stokes Q, U , and V plus Stokes I in depres-
sion.)
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