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Abstract. We present the first spectral synthesis of Zeemalnes compared to atomic or other molecular lines. No in-dep
split Stokes profiles of the MgHI2ZII-X 23 green system and analysis of those observations has been carried out as yet.
TiO ~-system. The calculations involve different regimes of The problem of the molecular Zeeman and Paschen-B
the molecular Zeeman effect, up to the complete Paschen-Baffiects was addressed by Schadee (1978). In spite of the
effect for individual lines. The synthetic spectra are comparga advance which Schadee’s work represents, there seem
with observations of StokdsandV in sunspot umbrae. We find have been only a single attempt to utilize this theory, namely
that although the Stokekspectra are reasonably reproduceexplain the broad-band circular polarization in sunspots (lllin
some lines are obviously still missing from the employed |irff981). However, only a part of the effect could be attribut
lists. The Stoke§ spectra turn out to be much cleaner since thte molecular bands, and asymmetries of atomic Stokes profi
missing lines do not appear to be Zeeman-split. We thus ptarned out to be a more suitable explanation for the effect (e
vide the first good fit to Zeeman-split molecular lines, includin§anches Almeida & Lite§71992; Solanki & Montavon 1993
profiles with unconventional Stokés shapes, determined byMartinez Pillef 200D). Hence the theory of the Zeeman splitti
the Paschen-Back effect. of molecular lines of interest for the study of solar and stell

magnetism has remained largely untested.
Key words: Sun: magnetic fields — Sun: sunspots — line: for- In this paper we present calculations of splitting and t
mation — polarization — molecular processes Stokes parameters for the green system of MgH and4HO
system, which are the most studied band systems in suns|
spectra. We present the first spectral synthesis calculations
also for the first time, confront synthetic molecular Stokes pr
files with low-noise observations. Here we demonstrate that t

A study of molecular lines in sunspots is of particular intere§ynthetic spectra successfully reproduce the observations
because of their high temperature and pressure sensitivity. M&agsonable atmospheric parameters. This opens the door to
of them are also magnetically sensitive, but this has not yet bdBfse lines to recover the thermal, magnetic and dynamic pr
investigated in detail. erties of sunspots, and eventually for novel investigations
Earlier investigations of molecular lines in sunspots genéitellar spots.

ally concentrated on line identification, determination of tem-

peratures (rotational and vibrational) and pressure as well asglopservations
emental and isotopic abundances (e.g. Sotirdvskil1971, Boyer

[1978). Woh! (1969) demonstrated that molecular lines in spe he 1.5-meter McMath-Pierce Telescope, with its 13.5 met
tra of sunspots show the Zeeman effect. He found that the mggectrometer, is employed 1 mm (2.4x2.4 arcsec) Bowen-
netic field strength derived from molecular lines was smallfP€ image slicer serves as the entrance slit. In front of t
than that derived from iron lines. Only few reports of polarislicer is a 50 khz Morvue quartz modulator. A few angstroms
metric observations of molecular lines in sunspots can be fodf§ spectrum are rapidly scanned with the spectrometer ph
in the literature (e.g. Harvéy 1973, 1985udli et al[1995). multiplier output, being phase detected by a lockin amplifier
They reported a puzzling reversal of the circular polarizatiofield Stokesl’. Scans are averaged by the photometry syst

and unconventional Stoké profile shapes of some moleculatntil the desired S/N is obtained. Stokesesults by placing
a circular polarizer before the Morvue. An interesting aspe

Send offprint requests 18.V.Berdyugina (sveta@ukko.oulu.fi) of the above scheme is that the Stokésignal is, to first or-
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Fig. 1. Calculated (solid line) and observed (dashed line) Stdkasd V" for the TiO~(0,0)R; band head. The field strength is 3000 G and the
filling factor is 0.75 for an angle between the magnetic vector and the line of sight we@ical dashes indicate positions of lines included in
the spectral synthesis. The two strongest absorption features seen in Stokemospheric water lines.

der, seeing independent (since non-umbral scattered light is sinbnger with the external field than with the molecular fields, i.e.
polarized). decoupling of the momenta takes place, the molecular Paschen-
Back effect must be taken into account. In the following subsec-
tions we present calculations of the TiO and MgH band systems,
whose splittings at the strengths reached by sunspot magnetic
Here we present the forward spectral synthesis of the Stolie$ds are good examples of the Zeeman and Paschen-Back ef-
parameters of the MgH and TiO transitions. The set of radifects, respectively. Here we concentrate on the results of the
tive transfer equations is solved using the formulation given lgpectral synthesis and on their comparison with the data. De-
Rees et al.[(1989) as implemented in the code STOPRO féils about the code and the molecular physics of the considered
an extended and improved version relative to that describediiands are given in a separate paper (Berdyuginalet all 2000).
Solanki et al. 1992, cf. Frutiger et al.2000). The code has been
further updated to allow for molecular line computations. Cal; '
culations of the wavelength shifts of the Zeeman componear}%fs:L - The TiOy-system
and their theoretical strengths were included in accordance withe electronic states of the Ti@systemA3® — X 3A are under
the theory by Schadee (1978). Also, molecular number densitiong spin-orbit coupling, and, thus, the system is a good exam-
are calculated under the assumption of the chemical equilibriyphe of the ordinary molecular Zeeman effect up to very strong
of 270 compounds consisting of the 33 most abundant atofiedds. The splitting of the levels is symmetrical and propor-
(Tsuji[1973; L. Hanni, private communication). The code hasonal to the field strength for a given total angular momentum
also been extended to include the influence of blends (impaumber J. It is larger for low J and decreases with increasing
tant near band heads), so that we can carry out the first speciralhe splitting is also proportional to the sum of the projec-
synthesis calculations of molecular and atomic Zeeman-spiitns of the orbital and spin quantum numbers. Larger splitting
lines. is therefore expected for thi state, especially for the third

As in the case of atomic lines, the magnetic splitting afultiplet level. Our calculations show also that lines of the Q-
molecular lines depends on the strength of the interactionasfd R- branches show StokEsprofiles polarized in the same
the internal magnetic moment of the molecule with the exterrednse as atomic lines, while lines of the P-branch show reverse
magnetic field. It is sufficient to consider the molecular Zeg@olarization, which could be interpreted as lines having negative
man effect if the coupling between internal angular momenitande factors. This behaviour is peculiar to molecular lines and
is strong, i.e. the magnetic splitting is less than rotational anesults from different changes of the total angular momentum
multiplet splitting. If the relevant angular momentum interactsumbers in the transitions of different branches.

3. Molecular Stokes profiles



S.V. Berdyugina et al.: Spectral synthesis of Zeeman-split molecular bands

I | [ [ | Il | Atomic lines

1.0

0.8

1/1c

0.6

0.4 TiO lines

[ e e omer e el
0.2— —

5197 5198 5199 5200 5201 5202

V/Ic

\ v
I [ 1 b | N
MgH lines

5197 5198 5199 5200 5201 5202
Wavelength, A

Fig. 2. The same as Fifyl 1 for the MgH (0,0) band. The field strength is 3000 G and the filling factor is 0.95 for an angle between the m
vector and the line of sight of'0

Since the largest Zeeman effect is expected for lines withes and that some of the blends are not identified (some
small values of J, the best spectral region for studying molecutaliuric lines). Nonetheless, we expect this band to be very u
magnetic splitting is at the beginning of rotational branches. The for future investigations of cool magnetic structures in th
strongest and least blended band head of theyFg9stem ob- solar photosphere, since Stoléss the important quantity.
served inthe spectrum of sunspotumbrais (O; @R 7054.4.

The wavelen_gth separation petween rotational lines in t_he ba?g The MgH green system

is small and lines of low rotational numbers (larger splitting) al-

most coincide with those of high numbers (smaller splitting) ifhe MgH A?TI-X23 system is an example of the partial
the band head. Nonetheless, a clear Stdksiginal is measured. Paschen-Back effect at moderate field strengths. The orbital
In Fig.[d we present the observed StokendV profiles com- gular momentum of the electrons in the lower electronic st
pared with the synthetic spectrum. The calculations were carrigd®Y) is zero, and this results in decoupling of the electro
out with the molecular constants and line positions from Ramsgtin from the internuclear axis. Also, the electron spin intera
al. (1999) and band oscillator strengths from Davis el al. (1986gry weakly with the angular momentum of nuclear rotation i
Along with the TiO (0,0)R lines, the line list included a num- the lower state. Therefore, at low rotation the decoupling of t
ber of atomic lines and weak TiO lines from higher vibrationapin starts at rather moderate field strengths, less than 100
bands of they-system. The maximum number of the Zeeman Because of shifts of magnetic sublevels in the lower ele
components of a single line considered was 939 (for J=158)nic state, the line splitting is no longer symmetrical witl
As a model umbra we used a radiative equilibrium atmospheespect to the zero field wavelength, and the strengths of
by Kurucz [1993) havind,.q¢ = 3750K andlog ¢ = 4.5, with Zeeman components are not balanced (Schadee 1978; Il
the magnetic field strength of 3000 G. Since the observationgl®31). This results in wavelength shifts of lines. The imbalan
StokesI are affected by stray light from the photosphere, wef the transition probabilities of single rotational lines leads t
combined calculated spot and photospheric spectra using a spateased strengths of lines of the satellite branches. Theref
filling factor of 0.95 prior to plotting them. it is essential to consider a rotational transition and its sat

The Stoked” observations are excellently reproduced. Thigie transition as a single line. The main rotational line and i
suggests that our current understanding of molecular Zeensatellite line have a common upper level and similar energi
splitting underlying this calculations is adequate for this bandf the lower levels. At field strengths above 1000 G, the Ze
The main contribution to the polarization is due to the Ti@an components of the two lower levels start to merge and t
(0,0)R; lines. Other TiO lines, from higher vibrational bandsatellite line gains strength. The two lines thus start to imitat
and rotational levels, are not Zeeman sensitive. Stédkesw- nhormal Zeeman splitting. This effect must be taken into acco
ever suggests that our spectral synthesis does not includendien interpreting molecular line splittings in terms of magneti
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field strengths. Since the splitting is not linearly proportional t8Baschen-Back effects for solar and stellar studies. We find that
the field strength, it is not surprising thatdM (1969), who the current theory of the molecular Zeeman effect when com-
assumed proportionality, obtained significantly lower magnetiined with spectral synthesis (including as many blending lines
field strengths from MgH lines than from iron lines. as possible) and the best molecular data reproduces the data

The strongest lines of the MgH green system are observedather well for both spectral regions considered. These contain
the (0,0) band. We find that early rotational lines of the P-brantkio of the best-studied solar molecular bands which are rather
are less blended in sunspot spectra and, thus, more suitablelffferent from each other with respect to their Zeeman proper-
study. The calculations of Stokdsand V" in the region with ties. This opens new perspectives for using molecular lines to
the P-branch lines were made in the same way as for the Ti@estigate cool magnetic features in the solar photosphere and
band and include as many blends as possible. This regioroisother stars, including those of later spectral type.
plagued by many TiQe-system lines as well as a number of
strong atomic lines. The former, fortunately, do not contribuf¢cknowledgementsive thank Drs. Gautier Mathys, Peter Bernath and
to StokesV because of the special symmetry of the Sp"ttintaalner llling for yaluable discussions and advice. We are grateful to
(Schade& 1978). They do, however, make themselves feltin tSumner Daw_s for the computer-readable catalogue of laboratory
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