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Abstract. Recent advances in the computation of the Zeeman splitting of molecular lines have paved the way for their use
as diagnostics of solar and stellar magnetic fields. A systematic study of their diagnostic capabilities had not been carried
out so far, however. Here we investigate how molecular lines can be used to deduce the magnetic and thermal structure of
sunspots, starspots and cool stars. First, we briefly describe the Stokes radiative transfer of Zeeman-split molecular lines. Then,
we compute Stokes spectra of TiO, OH, CH and FeH lines and investigate their diagnostic capabilities. We also compare the
synthetic profiles with observations. Spectra of TiO, OH and FeH are found to be interesting diagnostics of sunspot magnetic
fields. This is also true for cool stars, where, however, the OH StokesV profiles may require very high S/N data to be reliably
employed. Finally we investigate the potential of various molecular bands for high-contrast imaging of the solar surface. The
violet CN and CH bands turn out to be most promising for imaging the photosphere, the TiO bands are excellent for imaging
sunspot umbrae, while the UV OH band can be used for imaging both the photosphere and sunspots.
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1. Introduction

The spectra of sunspots and of cool stars contain a rich col-
lection of molecular lines (e.g. Wallace et al. 1998). Lines of
diatomic molecules observed in sunspot spectra are good tem-
perature and pressure indicators. They are also useful for deter-
mining elemental and isotopic abundances. Recently we per-
formed an overview of the magnetic properties of molecular
band systems observed in visible and near infrared spectra of
sunspots and cool stars. We showed that many molecular lines
are also good indicators of solar and stellar magnetic fields
(Berdyugina et al. 2000; Berdyugina & Solanki 2002, hereafter
Paper I).

The use of molecular lines for studying the structure of
sunspots brings real gains. One is the extension of sunspot
models, including the magnetic field, to layers, where atomic
lines suffer from NLTE effects, but molecules constituted of
atoms that are predominantly neutral can be treated in LTE
(cf. Johnson 1994). Simultaneous inversions of Stokes profiles
of atomic and molecular lines observed in spectra of umbrae
and penumbrae can thus potentially improve the current mod-
els of sunspots quite significantly. For example, the diagnostic
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capabilities of the 1.56µm lines of Fe are strongly compro-
mised in umbrae due to their limited temperature sensitivity. By
employing simultaneously measured OH lines, however, this
shortcoming can be overcome (Mathew et al. 2003). Also, since
molecular lines are extremely temperature sensitive they can be
used to probe the thermal and magnetic structure of the coolest
parts of sunspots at field strengths of 2−3.5 kG. Furthermore, in
cool umbrae many atomic lines are heavily blended by molec-
ular transitions. In order to obtain reliable information in these
cases the molecular lines need to be computed along with the
atomic transitions.

On cool stars with magnetic activity, such as T Tauri stars,
solar type G-K dwarfs, RS CVn- and FK Com-type stars,
molecular lines can provide measurements of magnetic fields
directly in spatially unresolved spots, wherein they are formed
(Berdyugina 2002). Atomic lines are of only very limited use
in this case, since they obtain a strong contribution from out-
side the starspots, which completely swamps the weak signal
from the starspots. The signal is weak due to the small spot
filling factor (typically 10–20% as deduced from Doppler im-
ages, cf. Berdyugina et al. 1999, 2000) and the low contin-
uum intensity in umbrae (typically 10–20% that of the unper-
turbed photosphere). Many molecular lines are vastly stronger
in starspot umbrae, so that the observed line profile provides



514 S. V. Berdyugina et al.: The molecular Zeeman effect: Stokes profiles

relatively clean information on the physical characteristics of
the starspots. Also, since molecular lines dominate spectra of
cool dMe stars and brown dwarfs, their magnetic fields can be
measured only by means of the molecular Zeeman effect (e.g.
Valenti et al. 2001). This will help in understanding how strong
the magnetic fields in fully convective stars can be.

Here we discuss a sample of molecular bands and lines
which provide interesting diagnostics of stellar and solar mag-
netic features. Using the theoretical Zeeman patterns calculated
as described in Paper I, we carried out the forward spectral
synthesis of Stokes parameters of molecular transitions of in-
terest. In Sect. 2, we formulate the polarized radiative trans-
fer problem for molecular lines in the presence of a magnetic
field and discuss an extended and improved version of the code
STOPRO (Solanki et al. 1992; Frutiger et al. 2000), which
solves the set of radiative transfer equations. We describe how
the code was updated to enable computations of the molecular
line absorption coefficient, the wavelength shifts and theoreti-
cal strengths of the Zeeman components and molecular num-
ber densities. In Sect. 3, we present calculations of polarization
patterns of lines of diatomic molecules in the Zeeman regime
and explore the opportunities for diagnosis of weak and moder-
ate stellar and solar magnetic fields with molecular lines. The
expression “weak and moderate magnetic fields” is to be un-
derstood in the sense that we only consider the Zeeman effect
and, as in Paper I, do not deal with magnetic fields of suffi-
cient strength to produce the Paschen-Back effect. The numeri-
cal value of the field strength beyond which the Zeeman regime
is no longer valid depends on the molecular band in ques-
tion. Rough estimates of this critical field strength are listed
in Table 1 of Paper I for molecules of interest for solar and
stellar studies. In Sect. 4, we investigate the sensitivity of the
discussed molecules to the thermal structure of the solar/stellar
atmosphere. Finally, we present our conclusions in Sect. 5.

2. Synthesis of molecular Stokes parameters

2.1. The radiative transfer equation

Here we describe the forward spectral synthesis of the Stokes
parameters of molecular transitions. This was implemented
into the code STOPRO described by Solanki (1987) and
Solanki et al. (1992), which was recently extended and im-
proved by Frutiger et al. (2000).

The set of radiative transfer equations is solved using the
formulation given by Rees et al. (1989). The transfer equation
for the Stokes vector is

dI
dz
= −KI + j, (1)

whereK is the total absorption matrix,

K = kc1+ k0Φ, (2)

and j is the total emission vector,

j = kcSce0 + k0SlΦe0. (3)

Here1 is the unit 4× 4 matrix,e0 = (1, 0, 0, 0, )T. kc andSc are
the opacity and source function in the unpolarized continuum.

We assume Local Thermodynamic Equilibrium (LTE) and set
Sc = Bν(T), the Planck function at the local temperatureT.
The line centre opacityk0 is calculated for zero damping and
zero magnetic field (see Sect. 2.2). The line source functionSl

is also assumed to be determined by the local temperature, i.e.
Sl = Sc. The line absorption matrixΦ is expressed via gener-
alized absorption and anomalous dispersion profiles (see Rees
et al. 1989). It is identical for atomic and molecular transitions
once the splitting pattern of the spectral line is prescribed, e.g.,
following the theory presented in Paper I.

2.2. Absorption in molecular lines

The molecular line centre absorption coefficient is calculated
as follows:

k0 =

√
πe2

mec2

λ2
J′J′′

∆λD
fJ′J′′ N 2J′′ + 1

Q e−EJ′′ hc
kT , (4)

where fJ′J′′ is the absorption oscillator strength,N is the num-
ber density of a given molecule,Q its partition function,J′
andJ′′ indicate the upper and lower level involved in the tran-
sition, λJ′J′′ is the wavelength of the transition,∆λD is the
Doppler width, andEJ′′ is the lower level excitation energy.
The symbolse, me, c, h andk have their usual meaning. The
absorption coefficient is also corrected for stimulated emission.

The absorption oscillator strengthfJ′J′′ is related to the
Hönl-London factorSJ′J′′ as follows (Schadee 1967):

fJ′J′′ = fv′v′′
SJ′J′′

2J′′ + 1
λv′v′′

λJ′J′′
· (5)

The Hönl-London factor represents the full theoretical strength
of the molecular line. It is different for different coupling
cases (Hund’s cases) and was discussed in Paper I.fv′v′′
andλv′v′′ are the oscillator strength and wavelength of the vi-
brational band (v′, v′′) within which the rotational transition oc-
curs. These are taken from laboratory measurements.

In order to account for blends, contributions from absorp-
tion and anomalous dispersion profiles in molecular and atomic
lines are summed at each wavelength of the synthetic spectrum.
Then, the radiative transfer Eq. (1) is solved.

2.3. Chemical equilibrium calculations

Molecular number densities are calculated under the assump-
tion of chemical equilibrium between the different atomic and
molecular species. In cool stellar atmospheres, two equilib-
rium processes are important: ionization and dissociation (e.g.
Tsuji 1973). The first is computed employing the Saha equa-
tion, for the second we make the assumption of chemical equi-
librium, i.e., the number of associations equals the number
of dissociations:

A+ B↔ AB. (6)
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Then, the ratio of number densities of species involved in the
reaction is expressed via the equilibrium constantsK′AB:

N(A)N(B)
N(AB)

= K′AB(T),

K′AB(T) =

(
2πmABkT

h2

) 3
2 QAQB

QAB
exp

(
−D0

kT

)
· (7)

According to Eq. (7)K′AB(T) depends primarily on the local
temperatureT, the dissociation potential of the moleculeD0,
the molecular massmAB, and atomic and molecular partition
functionsQA,QB,QAB.

The total number of atoms of a given elementXi is the sum
of free atoms and atoms coupled in molecules:

n(Xi) = N(Xi) + 2N(XiXi) +
∑

j

N(XiXj). (8)

To the system of such equations for a number of elements, two
more equations are added. The first is the equation of charge
conservation, which is imposed through the electron number
density,

ne =
∑

i

∑
l

lNil , (9)

whereNil is the number of ions in ionization statel of ele-
mentXi andne is the number density of electrons. The second
additional equation describes particle number conservation:

Pg =


∑

i

N0
i +

∑
i

∑
l

Nil + ne+Nmol

 kT, (10)

whereNmol is the number of molecules. Given a model stellar
atmosphere, the system of nonlinear equations is solved with
the Newton-Raphson method for 270 compounds consisting
of the 33 most abundant atoms (Tsuji 1973; L. H¨anni, private
communication). The equilibrium constants tabulated by Tsuji
(1973) as polynomials were corrected for new values of the
dissociation energies. This is important since molecular num-
ber densities are strongly sensitive to the dissociation potential,
as seen from Eq. (7).

2.4. The validity of the equilibrium assumptions

The assumption of LTE for the line source function is fulfilled
to a high degree for molecular species in solar and stellar at-
mospheres (cf. Johnson 1994). Departures from LTE in level
populations can occur, however, if radiative rates exceed colli-
sional rates of transitions. For instance, energies of molecular
electronic transitions may exceed the average kinetic energy
of particles and, thus, such transitions can be significantly af-
fected by NLTE effects, especially in the outer layers of cool
stellar atmospheres. In the outer solar atmosphere, above the
temperature-minimum region, departures from LTE in molecu-
lar electronic transitions were predicted in CH and CO as over-
population of levels relative to LTE (Anderson 1989). Energies
of ro-vibrational and pure rotational transitions are compara-
ble or smaller than the kinetic energy of colliding particles and,
thus, vibrational and rotational levels are likely to be in LTE

in the solar atmosphere. This was confirmed, for instance, by
a careful NLTE calculation of CO by Ayres & Wiedemann
(1989).

The most significant NLTE effect on molecular opacities
could arise from overionization of neutral atoms, which might
reduce the pool from which molecules can be made. This ef-
fect will not occur for molecules composed of the abundant
elements H, C, N, and O because of their large ionization ener-
gies (11−15 eV). However, molecules containing, e.g., Fe, Ti,
Mg might be affected by overionization, as the ionization ener-
gies of these atoms are lower, in the range 7−8 eV. As discussed
by Rutten (1988), however, conclusions about the absence or
presence of overionization or NLTE effects in photospheric
lines depend strongly on the model atmosphere employed, with
models deduced assuming LTE giving rise to smaller NLTE ef-
fects. Thus, the question of overionization is not as yet com-
pletely resolved, although the problem is less severe than be-
lieved earlier.

3. Magnetic molecular diagnostics

Here we discuss those electronic systems of the molecules pre-
sented in Paper I that can be treated in the Zeeman regime
for typical strengths of solar and (non-degenerate) stellar
photospheric magnetic fields, i.e. for fields between 500 G
and 5000 G. Other molecules whose band systems are formed
in the Paschen-Back regime at such weak fields will be consid-
ered in a forthcoming paper. In Paper I we looked for strong
lines with as little blending as possible and a high enough mag-
netic sensitivity, so that they can be used to diagnose surface
magnetic fields in the Sun and other stars. The conclusions
reached in Paper I indicate therefore the lines of first choice –
those with the largest effective Landé factors (see Table 1)1.
Among those, the strongest and least blended are lines belong-
ing to the TiO (0,0) band of theγ-system, OH ro-vibrational
infrared lines and the FeH (0,0) band of theF − X system.
Below we present calculations of the Stokes parameters for
these bands and compare them, where possible, with observa-
tions in sunspots. We also compute the CH A-X system bands
at 4310 Å since these have been used for imaging of small-scale
magnetic fields in the solar photosphere and it is interesting to
determine the StokesV signal associated with these bands.

These lines have also been detected in the spectra of mag-
netically active stars of spectral type G and later. Since many of
these stars are too hot to give rise to TiO or FeH spectra in their
unperturbed photospheres, these lines are interpreted to form
in starspots, i.e. cool magnetic inhomogeneities on the surfaces
of active stars (e.g., Ramsey & Nations 1980). We therefore
estimate the possibility for the polarization due to the Zeeman
effect to be detected in these lines from starspots, under the
commonly made assumption that they are magnetic. Zeeman

1 As kindly pointed out by E. Landi Degl’Innocenti theeffective
Landé factors given and plotted in Paper I are all too large by a factor
of 2. They, in fact, represent the average splitting in units of the normal
Zeeman splitting. In the present paper, e.g. in Table 1, we provide
corrected values. Note that effective Landé factors were not used for
Stokes profile calculations
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Table 1.Diatomic molecules having transitions in the optical and near
IR that can be treated in the Zeeman regime for typical solar and stel-
lar photospheric magnetic field strengths. Here,geff is the maximum
effective Landé factor in a given band system.

Max Branch λ(band)
System geff of max of max

geff geff

TiO γ : A3Φ − X3∆ +1.1 R3 7054 (0,0)
γ′ : B3Π − X3∆ +1.1 P3 6224 (0,0)
α : C3∆ − X3∆ +1.0 Q3 weak
δ : b1Π − a1∆ +1.2 P 8860 (0,0)
β : c1Φ − a1∆ +1.4 R 5597 (0,0)

OH X2Π ±0.16 P1,P2 14 882 (2,0)
15 328 (3,1)
16 124 (4,2)

FeH F4∆ − X4∆ +1.1 Q7/2 10 062 (0,0)
CH A2∆ − X2Π +1.0 R1 4300 (0,0)
C2 d3Π − a3Π ±0.3 P1,P3 5165 (0,0)

polarization from atomic lines is not seen to emerge from the
dark cores of starspots (Donati et al. 1999).

3.1. TiO

TiO lines are prominent in spectra of sunspots and cool stars.
The first astronomical detection of TiO lines was in spectra of
M-type stars (Fowler 1904) where they dominate the visible
and near-infrared spectrum. The identification of the TiOα-
and γ-system bands in sunspots dates back to the early part
of the 20th century by Hale et al. (1906) and Hale & Adams
(1907), respectively. More recently, theγ′ bands (W¨ohl 1971),
β bands (Sotirovski 1972) andδ bands (Ram et al. 1996) have
also been identified in sunspots. The rich TiO spectra were
used to determine temperatures and Ti isotope abundances (cf.
Lambert & Mallia 1972) as well as to obtain improved molecu-
lar constants (Ram et al. 1999). They have never been used for
magnetic solar and stellar studies as yet.

The idea that TiO bands could be used to measure starspot
properties was first stated by Ramsey & Nations (1980). They
observed a TiO band in the spectrum of the active G5 IV+
K1 IV system V711 Tau (HR1099) near its photometric mini-
mum. The spectral classes of the binary components excluded
the possibility for the band to be formed in the unspotted
photosphere, so that the TiO feature must be produced in
starspots that are at least 1000 K cooler than the photosphere of
the K1 IV star. Further observations revealed TiO bands in the
spectra of other active stars of sufficiently early spectral type,
which allowed the spot area and temperature to be measured
(e.g. Neff et al. 1995; O’Neal et al. 1996).

3.1.1. The TiO γ-system in sunspots

In sunspot umbrae, the (0,0)R3 band head of theγ-system
(A3Φ − X3∆) at 7054 Å is the strongest molecular absorp-
tion feature in the visible. Remarkably, lines of this system
are also strongly magnetically sensitive, especially in theP3

and R3 branches, with effective Landé factors |geff | ≤ 1.1
(Paper I). The wavelength separation between rotational lines
in the band is small and lines of low rotational numbers (larger
splitting) almost coincide with those of high numbers (smaller
splitting) in the band head. Thus each TiO line shortward
of 7057 Å in Fig. 1 is actually a blend of (at least) two lines,
one with highJ, one with lowJ, so that the sum ofJs is the
same for all lines. Since the Land´e factor decreases withJ,
this blending implies that the effective Landé factor of each
pair of blends (appearing as a single line) changes much less
than Fig. 6 of Paper I would suggest. As a result, a clear polar-
ization signal appears in the band.

Recently, we presented the first StokesV observation of
theγ (0,0)R3 band head in a sunspot (Berdyugina et al. 2000).
We successfully reproduced it with our calculations, under the
assumption that the electronic states of theγ-system are de-
scribed by pure Hund’s case (a), i.e. that spin is strongly cou-
pled to the internuclear axis of the molecule. In Paper I we
showed, however, that small perturbations due to spin uncou-
pling can be seen for higher rotational levels (Fig. 6 in Paper I).
This results in a slight increase of the absolute values of the
effective Landé factors of theP1, P3 and R1, R3 branches
as rotational number increases. Here we perform a new cal-
culation of theR3 (0,0) band head which takes into account
the perturbation.

In Fig. 1 we present the observed StokesI and V pro-
files compared with the new synthetic spectrum. Along with
the TiO (0,0)R3 lines, the employed line list includes a num-
ber of atomic lines and weak TiO lines from higher vi-
brational bands of theγ-system. Since the observations are
affected by stray light from the photosphere, we combined cal-
culated sunspot and photospheric spectra using a spot filling
factor of 0.75 prior to plotting them. A significant improvement
of the fit relative to that shown by Berdyugina et al. (2000) is
seen in theR3(30) andR3(31) lines at 7057.2 Å and 7057.7 Å,
as their effective Landé factors increased by a factor of approx-
imately two. This provides strong support for the correctness
of the perturbation analysis presented in Paper I.

The StokesV observations are excellently reproduced. This
suggests that our current understanding of molecular Zeeman
splitting underlying such calculations is adequate for this
band. The main contribution to the polarization is due to the
TiO (0,0)R3 lines. Other TiO lines, from higher vibrational
bands and rotational levels, are not Zeeman sensitive. StokesI
however suggests that our spectral synthesis does not include
all lines and that some of the blends are not identified (some
are telluric lines). Nonetheless, we expect this band to be very
useful for future investigations of cool magnetic structures in
the solar photosphere, since StokesV is the important quantity
for deducing magnetic properties.

In order to study the magnetic sensitivity of lines in this
band we carried out calculations of StokesI andV profiles of
one representative line, namelyR3(10) with an effective Landé
factor of 0.4, at different magnetic field strengths. The result is
shown in Fig. 2. It is seen that the line starts to become fully-
split in StokesV at about 2.5 kG and that StokesV shows clear
signs of Zeeman saturation. The same effects occur if the whole
band is calculated.
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Fig. 1.The TiOγ (0,0)R3 band head in a sunspot. Calculated and observed StokesI andV are represented by solid and dashed lines, respectively.
The field strength underlying the spectral synthesis is 3 kG, the filling factor is 0.75, and the magnetic vector is directed along the line of sight.
Vertical dashes indicate positions of lines included in the spectral synthesis. The two strongest absorption features seen in StokesI are water
lines produced in the Earth’s atmosphere.

Fig. 2.StokesI , V andQ profiles of the TiOγ (0,0)R3(10) line with an
effective Landé factor of 0.4 at magnetic field strengths of 0.5–3.5 kG
calculated with a step of 0.5 kG. An angle between the field vector and
the line of sight of 0◦ and 90◦ has been chosen. Note that the StokesQ
signal is at least 3 times weaker than that of StokesV.

3.1.2. The TiO γ-system in starspots

The γ (0,0)R3 band head is, together with other band heads,
observed in starspots (e.g., Ramsey & Nations 1980). It is in-
teresting therefore to estimate the magnitude of the polariza-
tion signal from the band under stellar conditions. The most
important factors determining the signal are the field strength,
spectral resolution, stellar rotation rate, ratio of the continuum
surface flux between the spot and the photosphere as well as
the excess filling factor of spots of the dominant polarity on
the visible stellar disk over the filling factor of spots with the
opposite polarity. In Fig. 3 we present the synthesis of the
band head at a resolution of 0.07 Å (resolving powerR =
100 000) broadened with two rates of stellar rotation:v sin i
of 2.5 and 5 km s−1. The model underlying the computation
hasB = 3000 G,Tspot = 3750 K and logg = 4.5. Cooler spots
will give stronger signal. The inclinationγ and azimuthalφ an-
gles of the magnetic field employed are marked in each panel.
To enhance visibility of StokesV andQ different values ofγ
are used for the upper two frames (γ = 0◦) than for the lower
one (γ = 90◦).

The resulting maximum line depth (StokesI ) reached at
the band head is 0.4–0.6. The maximum StokesV amplitudes
are 0.1 and 0.06 forv sin i of 2.5 and 5 km s−1, respectively,
in units of the continuum intensity. Note that the StokesV
amplitude decreases more rapidly with spectral smearing than
the StokesI line depth (cf., Solanki & Stenflo 1986). StokesV
suffers particularly when the lines are closely spaced. Thus,
shortward of 7055 Å only a single StokesV peak survives for
a 5 km s−1 v sin i.

If the magnetic field vector is perpendicular to the line
of sight (γ = 90◦), relatively strong StokesQ andU can be
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Fig. 3.The TiOγ (0,0)R3 band head in a starspot with a field strength of 3 kG. The thin solid line represents synthetic Stokes profiles convolved
with only an instrumental profile of 0.07 Å (R= 100 000), while thick dashed and solid lines show the spectra broadened in addition by stellar
rotation with av sin i of 2.5 and 5 km s−1, respectively. The spectra are calculated for different angles of the magnetic field vector: for an angle
between the vector and the line of sightγ = 0◦,90◦ and for the azimuthal angleφ = 0◦.

observed in the band (see two lower plots in Fig. 3). The max-
imum amplitudes in these Stokes parameters atv sin i of 2.5
and 5 km s−1 are 0.03 and 0.02, respectively. Note that a clear
signature of the broad-band linear polarization is noticeable at
v sin i = 5 km s−1. The net linear polarization signal integrated
over a window 7054–7057 Å is 1.1%, almost independent of
thev sin i value.

For a real starspot the calculated amplitudes should be
further reduced in accordance with the continuum flux ratio,
which is 0.3 at 7054 Å forTphot = 4750 K, and the net fill-
ing factor of the dominant polarity starspots. While the to-
tal starspot filling factor can be as high as 50% (Neff et al.
1995), little is known about the polarity of starspots. An es-
timate of the influence of all these factors, except the polar-
ity distribution, can be made from the fact that the observed
central depth of the band can be as large as 0.1 measured rel-
ative to the total continuum level in some very active stars.
For instance, an estimate for the observed StokesV/Ic sig-
nal from starspots in the TiO band of 0.3% was obtained for
the active RS CVn-type star IM Peg under the assumption
that the dominant starspot on a Doppler image of the star is a

unipolar monolithic structure (Berdyugina 2002). The registra-
tion of such a signal is (marginally) achievable with current
stellar spectropolarimetric facilities for a sample of active stars,
if e.g., the starspots resolved by Doppler imaging are unipolar.
By appropriately combining the StokesV signatures from all
the lines near the band head a reasonable S/N ratio should be
achievable. The analysis of such observations can provide the
first direct measurement of the magnetic field inside spatially
unresolved starspots and, thus, provide the first probe of the
internal structure of starspots.

3.1.3. Other TiO band systems

γ′-system. Because of the perturbation due to spin uncou-
pling, lines of this system in theP1, P3 andR1, R3 branches
display an unusual behaviour: their magnetic sensitivity in-
creases with rotational number, while normally it should de-
crease (Paper I). This implies that all lines of the system ob-
served between 6150 Å and 6400 Å are magnetically sensitive,
with an average effective Landé factorgeff = 0.5.



S. V. Berdyugina et al.: The molecular Zeeman effect: Stokes profiles 519

Fig. 4. Synthetic StokesI andV of the TiOβ (0,0)R band head. The thin solid line represents synthetic StokesI andV that have undergone
only an instrumental broadening of 0.05 Å (R = 100 000), while thick dashed and solid lines show the spectra broadened in addition by the
effect of stellar rotation with av sin i of 2.5 and 5 km s−1, respectively.

α-system. In Paper I we showed that effective Landé fac-
tors of lines of allowed branches of this system are close to
zero and the perturbation due to spin uncoupling is too small
to increase them significantly. This is confirmed by observa-
tions of sunspot spectra, where lines of this system appear as
very narrow features in StokesI and give no StokesV signal
(Wallace et al. 2000; Berdyugina et al. 2000). They, however,
heavily blend other lines at 4000–7000 Å and, therefore, reduce
and distort the polarization signals of those.

β-system. Three branches of the system at 5597–5740 Å
are clearly observed in the sunspot spectrum (Wallace et al.
2000). These areR(0,0), Q (0,0) andR(1,1). As was shown
in Paper I, R branches show higher magnetic sensitivity
thanQ branches. StokesI andV profiles for theR(0,0) branch
are shown in Fig. 4, calculated for the same parameters as
theγ(0,0)R3 branch plotted in the two upper frames of Fig. 3.
In the band head lines are so closely spaced that the StokesV
signal is canceled out except for a single peak. It increases,
however, further from the head, reaching values almost as
large as theγ(0,0)R3 band. Broadening due to stellar rota-
tion severely reduces the StokesV signal of theR(0,0) branch
of the β-system, however. The reason is basically the close
spacing of the lines, which leads to severe blending and
cancellation. The maximum values reached forv sin i = 2.5
and 5 km s−1 are 4% and 2%, respectively (both in units of
continuum intensity).

δ-system. The relatively strong (0,0) band head in
the R branch of the system is observed in sunspot spectra
at 8860 Å. It develops significantly in spectra of cool stars of

spectral types K4 to M6 (Ramsey 1981). Lines of theRbranch
possess high enough Zeeman sensitivity to produce significant
StokesV signals in sunspots and starspots (Paper I) and, there-
fore, could be useful for diagnosis of magnetic fields in cool
stars.

3.2. OH

Lines of vibration-rotation bands of OH in the ground
stateX2Π (Meinel system) cover a wide spectral region in the
infrared: the first-overtone (∆ v = 2) sequence is found in the
range 1.5–1.8µm, and the fundamental (∆ v = 1) sequence in
the range 3.1–4.2µm (Wallace & Livingston 1993).

The reversal of the sign of the circular polarization pro-
duced by some molecular lines compared to atomic or other
molecular lines was a puzzle for a long time (e.g. Nicholson
1938; Harvey 1973, 1985; R¨uedi et al. 1995). In the spectrum
of a sunspot umbra Harvey (1985) discovered that lines of the
same OH band and of approximately the same strength ex-
hibit opposite polarities. Portions of an FTS (Fourier Transform
Spectrometer) spectrum of a sunspot umbra is plotted in Fig. 5,
where 4 OH lines from the (2,0) band and 2 lines from
the (3,1) band with opposite polarities are marked. The com-
plete data set is described and discussed by R¨uedi et al. (1995).

The opposite signs of the OH StokesV profiles are ex-
plained by the fact that the lines have equal but opposite ef-
fective Landé factors (Paper I; Berdyugina & Solanki 2001):
reversed polarity is exhibited by the lines belonging to the
P2 sub-branch (geff < 0), while theP1 transitions have the
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Fig. 5. StokesI andV spectra of the OH lines with polarization patterns having opposite sign. Dashed lines: observed in a sunspot, solid lines:
synthesized assuming a longitudinal field with a strength of 2.5 kG. Note that the magnetic field in the spot is directed away from the observer
and, thus, it is the left and right pairs of lines that show reversed polarization.

Fig. 6. The same as Fig. 3 for the OH lines at a spectral resolution of 0.15 Å (R= 100 000) andv sin i values of 2.5 and 5 km s−1.

normal sign of the polarity (geff > 0). The synthetic Stokes
profiles of OH lines calculated with the theory of the interme-
diate Hund’s case (a-b) presented in Paper I successfully fit ob-
served profiles of these lines in the umbral spectrum (Fig. 5;
Berdyugina & Solanki 2001). Our calculations show that theR1

and R2 transitions are also well reproduced; see theR2e line
from the (4,2) band in the left frame of Fig. 5 or the good
fit to the asymmetricV profile at 15 627.5 Å formed by a
blend of aR2e and aP2e transition. Such a behavior is typi-
cal for all OH lines from the Meinel system and also for pure
rotational transitions in the ground state (Jennings, personal
communication).

The synthesis of Zeeman-split OH lines also helps to im-
prove the diagnostic capability of atomic lines. In sunspots,
strong OH lines from the (3,1) band are observed in the vicinity
of the Zeeman sensitive Fe 15 648.5 Å line and are blended
with Fe I 15 652.9 Å. Together, these two Fe lines are the
premier infrared diagnostics of the solar magnetic field (e.g.

Solanki et al. 1992) and are widely used. Inverting the Stokes
parameters of the blending OH lines along with the Fe lines
greatly improves the reliability of magnetic, thermal and dy-
namic quantities deduced from these lines in sunspot umbrae
(Berdyugina et al. 2003; Mathew et al. 2003).

The first detection of infrared OH lines from starspots was
reported by O’Neal & Neff (1997). They observed an excess
of OH absorption in the blend of theΛ-type doubletP2(5.5)
at 15 627 Å and interpreted it as a contribution from cool
starspots. In order to see the effect of the starspot magnetic field
in the OH lines, we synthesized the StokesI andV profiles for
a model withTspot = 3750 K and logg = 4.5 with a height-
independent magnetic field strength of 2.5 kG. In Fig. 6 the
profiles are plotted for a spectral resolution of 0.15 Å (resolv-
ing powerR = 100 000) and stellar rotation broadening of 0,
2.5 and 5 km s−1. Again, the resulting Stokes profiles should be
scaled by the continuum flux ratio (0.6 forTphot = 4750 K
at 15 627 Å) and the net spot filling factor. A measurable
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Fig. 7.StokesI andV of sample FeH lines in a sunspot umbrae. Observations (dashed; only StokesI ) are from Wallace et al. (1998). Synthetic
Stokes profiles (solid) are calculated for a field strength of 3 kG. The zero-field positions of the lines are indicated by vertical dashes.

signal in StokesV is only obtained if very low noise obser-
vations can be made. Hence, infrared OH lines can in principle
also be a useful diagnostic of stellar magnetic fields, although
in practice it may not be so easy to obtain data with the neces-
sary high S/N ratio.

3.3. FeH

The calculation of the Zeeman effect in FeH lines of the in-
fraredF4∆ − X4∆ system is made difficult by the fact that the
required spin-orbit coupling constants of the two electronic
states are not known. The magnetic sensitivity of many lines
of this system is, however, remarkable, as can be seen from
the sunspot observations made by Wallace et al. (1998). The
same observations show also that the perturbation due to spin
uncoupling is big, so that the behaviour of the Land´e factors is
similar to that of the TiOγ′-system. With appropriate (empir-
ically determined) spin-orbit coupling constants we can repro-
duce purely StokesI observations, as shown in Fig. 7. We can
predict the StokesV signal as well. The fully splitQ1(3.5) line
at 10 062.7 Å, for instance, is potentially an excellent diagnos-
tic of the umbral upper photosphere.

The power of the FeH lines as stellar magnetic field di-
agnostics was clearly demonstrated by Valenti et al. (2001).
They detected the Zeeman broadening of FeH lines in an ac-
tive M dwarf and, using the sunspot spectrum by Wallace et al.
(1998), performed simple modeling of the stellar spectrum.
Nevertheless, an accurate laboratory analysis of FeH is ur-
gently needed.

3.4. CH

CH lines contributing to the so-calledG-band spectral fea-
ture at about 4300 Å are found to be magnetically sensi-
tive, especially those arising from theR1, P2 andQ1 branches

(Paper I). Lines of these branches are observed in the wave-
length intervals 4133–4304 Å, 4328–4413 Å, 4270–4315 Å,
respectively. The lines in these wavelength regions are how-
ever blended with atomic and other, less magnetically sen-
sitive CH lines. The CH lines are very strong in both the
solar photosphere and sunspot umbra (Wallace et al. 2000), al-
though they become weaker at both higher and lower temper-
ature. In Fig. 8 (upper panel) a spectral region withQ1 branch
lines observed in a sunspot (StokesI only, Wallace et al. 2000)
is compared with spectra calculated for two atmosphere mod-
els with Teff = 4000 K and 4250 K. Note that the lines are
stronger forTeff = 4250 K. Also, the StokesV signal expected
for a longitudinal magnetic field of 3 kG is shown in the lower
panel. The strongest StokesV/Ic signal from the CH lines is ex-
pected at 4311.2 Å, where signals from the lines (0,0)Q1(6.5),
(1,1)Q1(6.5) and (2,2)R2(0.5) are constructively combined to
produce a peak StokesV/Ic value approaching 0.2 forTeff =

4250 K. In other blends the StokesV/Ic signal is of the order
of 0.1. The blending gives rise to very asymmetricV profiles in
many cases.

4. Thermal molecular diagnostics

4.1. Number densities

The high temperature sensitivity of molecular number densities
is seen from Eq. (7), whereNAB ∝ exp(D0

kT ). If we expressD0

in eV, replace the exponent by 10D0θ, whereθ = 5040/T, and
neglect the temperature dependence of the partition functions,
then we obtain a useful relation:

∆NAB

NAB
≈ −∆T

T
(1.5+ 2.3θD0). (11)

From this relation we can estimate that an increase of the tem-
perature by only 1%, i.e. 50 K, around 5000K, results in a de-
crease of the number density of a molecule withD0 = 10 eV
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Fig. 8. CH lines from the A-X system in a sunspot. Calculated StokesI andV for atmosphere models by Kurucz (1993) withTeff = 4250 K
and 4000 K are represented by solid and dashed-dotted lines, respectively. StokesI is compared with observations by Wallace at al. (1998),
plotted dashed. The field strength underlying the spectral synthesis is 3 kG and the magnetic vector is directed along the line of sight. Vertical
dashes indicate positions of lines included in the spectral synthesis.

by 25%! In this respect, CO (D0 = 11 eV) would be the
most temperature sensitive molecule. Unfortunately its lines
in the infrared are not magnetically sensitive. TiO (6.9 eV),
CN (7.7 eV), OH (4.4 eV) and CH (3.5 eV) are also rather
temperature sensitive and, as shown earlier, their optical tran-
sitions are good indicators of magnetic fields. MgH (1.3 eV)
and FeH (1.6 eV) are not extremely sensitive to small tempera-
ture variations according to Eq. (11) under the simplifying ap-
proximations underlying it.

The temperature sensitivity of the molecules can be further
judged from Figs. 9 and 10, which present molecular number
densities for the models by Kurucz (1993) withTeff = 5750±
250 K and 4000± 250 K corresponding to the solar photo-
sphere and a sunspot or a cool star, respectively.

In addition to high temperature sensitivity, molecules are
also sensitive to pressure variations. As seen from Eq. (7):

NAB ∝ NANB, (12)

which turns to be further proportional to the square of the hy-
drogen density. For instance, metal hydrides such as MgH,
FeH, CaH, etc. are found to be highly pressure sensitive (cf.
Bell et al. 1985; Berdyugina & Savanov 1992; Schiavon et al.
1997).

Note that the number densities provide only a part of the in-
formation needed to judge the usefulness of a particular molec-
ular spectrum as a temperature diagnostic. Individual lines need
to be considered, since their strength is an additional important
parameter.

4.2. Contribution and response functions

The depth in the atmosphere at which a spectral line is formed,
or rather the range of depths over which it is sensitive to some

physical parameter is an important quantity when using spec-
tral lines for probing solar and stellar atmospheres. To quantify
the formation depth range, we use two complementary con-
cepts, contribution functions (CF) and response functions (RF).
The former, calculated for the relative line depression, repre-
sents a depth-dependent function illustrating the relative con-
tribution of different layers to the formation of the line. It can
be calculated for all Stokes parameters. A detailed descrip-
tion of the calculated functions is given by Grossmann-Doerth
et al. (1988) and Solanki & Bruls (1994). The response func-
tion is useful for empirical diagnostics of atmospheric parame-
ters. It illustrates the effect on the line profile of perturbations
in a given atmospheric parameter at different depths. For every
parameter, e.g. velocity, temperature, magnetic field strength,
a different response function is needed. Response functions
for Stokes profiles have been given by Landi Degl’Innocenti
& Landolfi (1982, 1983), cf. Grossmann-Doerth et al. (1988),
Ruiz Cobo & del Toro Iniesta (1994).

In Figs. 11 and 12 we present StokesI line de-
pression contribution functions at the cores of a sam-
ple of molecular lines for the radiative equilibrium model
atmospheres by Kurucz (1993) withTeff = 5750 K
and 3750 K, which represent the solar photosphere and
a sunspot or a cool star (M dwarf). The line sample
included CH A–X(0,0)Q2(12.5), MgH A–X(0,0)Q1(23.5),
CN red system (0,0)R1(19.5), CN violet system (0,0)P2(28.5),
OH (2,0)P2(9.5), and TiOγ(0,0)R3(21). From the shapes and
relative amplitudes of the functions we conclude that in the so-
lar atmosphere CH and CN violet system lines are relatively
strong and effectively formed at optical depths logτ5000 =

−1.5. The cores of the calculated lines are formed over
roughly the same range of depths, differences being attributable
to differences in line strength (Fig. 11). Not plotted is the



S. V. Berdyugina et al.: The molecular Zeeman effect: Stokes profiles 523

Fig. 9. On the left, temperature stratification of three atmospheric models by Kurucz (1993) withTeff = 5750± 250 K representing the solar
photosphere with temperature fluctuations. On the right, the corresponding number densities of 4 molecules relevant for these temperatures.

Fig. 10. On the left, temperature stratification of three models withTeff = 4000± 250 K representing a sunspot or a cool stellar photosphere
with temperature fluctuations. On the right, the corresponding molecular number densities. The curves representing TiO and CH are plotted
thick in order to distinguish them from the curves representing MgH and CN.

contribution function of a strong CO ro-vibrational line which
is formed higher in the atmosphere (Ayres et al. 1986; Solanki
et al. 1994). In sunspots, or cool stars, TiO, MgH and OH be-
come more important and are formed higher up, at logτ5000 =

−2, while CH and CN lines are formed very deep in the atmo-
sphere, at logτ5000 = −0.5 or deeper. This difference in for-
mation depth can already be sensed in Fig. 10, where the rapid
increase of CN and CH number densities with depth down to
the continuum forming layers is seen. This suggests that at least
in cool atmospheres using lines of different molecules, having

very different formation depths, can provide strong constraints
on the temperature stratification of the atmosphere.

If many lines from the same molecular band are used,
the atmosphere can be sampled on a fine depth grid, since
relative line strengths in the band are usually known accu-
rately. The lines in a band are formed at depths lying close to
each other and therefore cover a range of depths in very fine
steps. In Fig. 13 we present contribution functions calculated
for 30 lines in the TiOγ (0,0)R3 band head (solid curves). They
effectively cover the depth range logτ5000= −3 to−1. A wider
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Fig. 11. Normalized StokesI line depression contribution functions
of a sample of molecular lines for the model atmosphere withTeff =

5750 K.

Fig. 12. The same as Fig. 11 for the model atmosphere withTeff =

3750 K.

depth range is covered by 30 MgH lines from the (0,0)Q1 band,
logτ5000 = −3 to 0 (dashed curves). Using such a sample of
lines may provide an interesting diagnostic for atmospheric
stratification. The different lines in a band sample the atmo-
sphere at regular and finely spaced intervals as they are formed
in slightly different depth ranges, so that, e.g., an inversion
involving a selection of lines in a band should be able to re-
turn the atmospheric stratification over the range of formation
depth of the band with considerable accuracy. Also, in the case
of TiO, the fact that a large number of lines sample almost the
same layers of the atmosphere means that they can be com-
bined to increase the robustness of the diagnostic by increasing
the S/N ratio.

The constraints provided by molecular lines for the tem-
perature and magnetic field stratification can be further investi-
gated with the help of response functions. In Fig. 14 the RF for
temperature and magnetic field strength are shown for StokesI
(at the line core) and StokesV (at the peak of the blue lobe),
respectively, of the TiOγ (0,0)R3(16) line. The shapes of the
functions are similar to each other, as well as to the CF shown
in Fig. 13. This means that it is at the effective line forma-
tion depth that the line core (and the peak in StokesV) pro-
vide the strongest constraint on the temperature and magnetic
field. Thus, the contribution functions in Figs. 11 and 12 also
provide a good indication of the temperature and magnetic
field strength response functions of the computed lines. This

Fig. 13. The same as Fig. 11 for the TiOγ (0,0)R3 band head (solid
lines) and MgH A–X (0,0)Q1 band (dashed lines). The model atmo-
sphere withTeff = 3750 K has been employed.

Fig. 14. Normalized temperature response function for StokesI
and and magnetic field response function for StokesV of the
TiO γ (0,0)R3(16) line. The model atmosphere withTeff = 3750 K
has been employed. The contribution function for the line centre from
Fig. 12 is shown for comparison.

behaviour is found to be common among the sample of calcu-
lated molecular lines.

4.3. Imaging in molecular bands

Images of the solar photosphere made inG-band radiation srik-
ingly reveal the so-calledG-band bright points, which cor-
respond to small-scale magnetic structures within intergranu-
lar lanes (cf. Berger & Title 2001 and references therein). As
was shown recently, the observed high contrast of theG-band
bright points can be explained by the high temperature sen-
sitivity of CH lines, caused by the increased dissociation
of CH molecules at temperatures above photospheric (Steiner
et al. 2001; S´anchez Almeida et al. 2001; Sch¨ussler et al. 2003).
The density of CH lines is very high in theG-band. The high
temperature of the small-scale magnetic structures reduces the
number of CH molecules via dissociation, and the features look
brighter.

Similar effects can be observed in other molecular bands.
For instance, the earlier, lower resolution images made us-
ing filters centred on the CN violet band head at 3883 Å by
Chapman (1970) and Sheeley (1971) also show a high contrast
between small-scale magnetic features and their surroundings.
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In Fig. 15 we present calculations of the equivalent
widths of a sample of molecular lines observed in quiet Sun
and sunspot spectra for different atmosphere models (Kurucz
1993). The sample of lines used is the same as in Sect. 4.2
except the OH line. Here we present the (0,0)Q1 (20.5) line
from the ultraviolet A–X system at 3150 Å. The latter is cho-
sen because UV OH lines are very strong in both the solar pho-
tosphere and umbrae and may be of considerable interest for
high-contrast imaging.

Molecular lines which are strongest at about 5000 K
(Fig. 15) are useful for studying inhomogeneities in the temper-
ature range 5000 K to 7000 K and for imaging of small-scale
magnetic fields in the solar photosphere (plage and network re-
gions). In addition to CH lines from the A–X system, these are
violet CN and ultraviolet OH lines at 3883 Å and 3150 Å, re-
spectively. The dissociation equilibria of CN and OH are sim-
ilar to that of CH and one expects a similar brightening in
their bands.

Molecular lines which are strongest at about 3500 K
(Fig. 15) are useful for studying temperature inhomogeneities
in sunspots. For instance, umbral dots would be seen at higher
contrast if observed in the TiO or OH band heads. An experi-
ment recently made with a filter centred at the TiO 7054 Å band
head has confirmed this expectation (Berger & Berdyugina
2003).

In order to estimate the expected contrast of possible tem-
perature inhomogeneities in sunspots and the photosphere, we
calculate synthetic spectra for 4 spectral regions dominated by
lines of CH, CN, OH and TiO: 4295–4315 Å, 3870–3885 Å,
3120–3130 Å, and 7051–7063 Å, respectively. The synthesis
accounts also for atomic and other molecular lines which are
stronger than 0.01 in StokesI/Ic. With spectra calculated for a
set of atmosphere models by Kurucz (1993) we define the con-
trast in the local continuum,Cc, and in the band,Cb, as follows:

Cc =
Ic − I0,c

I0,c
, (13)

Cb =
Ib − I0,b

I0,b
, (14)

where I denotes the intensity integrated over a given wave-
length interval. The intensityI0 is calculated for a model cho-
sen for normalization. For the photosphere, it is the model
with Teff = 5750 K. For a sunspot, the models withTeff =

5000 K andTeff = 3750 K are chosen, to represent the aver-
age temperature of penumbrae and the coolest parts of umbrae,
respectively. The resulting contrast in the 4 molecular bands is
shown in Fig. 16 as a function of temperature.

In the photosphere, the contrast in molecular bands is
significantly higher than that in the local continuum, except
the TiO band region where the contrast is the same since no
TiO lines are formed in the photosphere. The best contrast
of temperature inhomogeneities with respect to the average
brightness of the photosphere is expected to be observed in
the CN band, while the CH and OH bands produce similar re-
sults. The superior contrast achieved around the CN band-head
is probably due to high dissociation energy of CN and high
density of lines in the band.

Fig. 15. Equivalent widths of a sample of molecular lines observed
in quiet Sun and sunspot spectra for radiative equilibrium atmosphere
models.

In a penumbra, as in the photosphere, the molecular bands
show higher contrast than the continuum. Here, however, the
best contrast is achieved in the CN and OH bands, while
the CH band shows somewhat lower contrast.

In an umbra, the contrast in the TiO band is significantly
higher than that in the local continuum, that was confirmed
by recent observations (Berger & Berdyugina 2003). The CN,
CH and OH bands show even higher contrast, mainly be-
cause they are observed at shorter wavelengths. In practice,
due to the rapid increase of straylight from penumbra and quiet
Sun with decreasing wavelength, we expect images made in
the TiO band to have a similar or even better effective contrast.
Note that the continuum, which apparently gives the highest
contrast, is not observable in umbrae at shorter wavelengths
because of heavy line absorption.

5. Conclusions

Molecular spectral lines provide an approach to study-
ing sunspot umbrae, starspots and cool stars that in many
ways complements the traditionally employed atomic lines.
Molecular lines have been or can profitably be used to probe
cool gas, e.g., in the chromosphere (e.g., Ayres & Testerman
1981; Ayres et al. 1986; Solanki et al. 1994; Uitenbroek et al.
1994), in the umbrae of sunspots (e.g., Sotirovski 1972; Boyer
1978; Wöhl 1971) or on stars and in starspots (e.g., Ramsey
& Nations 1980; Neff et al. 1995; O’Neal et al. 1996). Due to
their high temperature sensitivity molecular lines provide en-
hanced contrast in images. So far, with only a few exceptions
(e.g., Valenti et al. 2001) molecular diagnostics have been re-
stricted to the thermodynamic properties of solar and stellar
atmospheres.

Here we have studied the diagnostic capabilities of lines of
various molecules including also their sensitivity to the mag-
netic field via the Zeeman effect. We have described the syn-
thesis of molecular Stokes parameters, including their radia-
tive transfer under the assumptions of local thermodynamic



526 S. V. Berdyugina et al.: The molecular Zeeman effect: Stokes profiles

Fig. 16.Contrast of bright structures in the photosphere and in a sunspot penumbra and umbra, assuming radiative equilibrium models. Thick
and thin curves denote the contrast in molecular bands and the local continuum, respectively. Solid, dotted, dashed and dashed-dotted lines
represent calculations for CH at 4300 Å, CN at 3880 Å, OH at 3120 Å, and TiO at 7060 Å, respectively. TiO has not been plotted for the
photosphere and penumbra, since the TiO lines are extremely weak there.

equilibrium and chemical equilibrium. We have discussed the
validity of the equilibrium assumptions and concluded that in
most cases they are adequate. We have studied the magnetic di-
agnostic capabilities of TiO, OH, FeH and CH lines observed
in solar and cool star spectra and obtained the following results:

• The TiO γ-system (0,0)R3 band head at 7054 Å is one
of the best molecular diagnostics of the magnetic field in
sunspot umbrae and starspots. The StokesV signal in the
band can be as high as 15% for a longitudinal magnetic field
of 2.5 kG. We demonstrated that using the perturbation the-
ory of the molecular Zeeman effect described in Paper I sig-
nificantly improves the fit to StokesV observed in a sunspot
as compared to unperturbed calculations. In starspots, the
expected StokesV signal is of the order of 0.3%. We also
found that at stronger transverse magnetic fields the band
shows considerable net linear polarization (1.1% at 3 kG).
This can be used for diagnostics of strong magnetic fields
on the surfaces of cool stars observed with low spectral
resolution.
• The puzzling opposite sign circular polarization observed

in infrared OH doublet lines is explained by the fact that the
lines have equal but opposite effective Landé factors. The
synthetic Stokes profiles successfully reproduced observed
profiles of these lines in the umbral spectrum. In a sunspot
umbra, the peak circular polarization in OH lines is of the
order of 5%. In starspots, it may be reduced to 0.1% and,
thus, will require very high S/N data to be reliably used.
• Infrared FeH lines are excellent diagnostics of the umbral

magnetic field. With appropriate (empirically determined)
spin-orbit coupling constants we were able to reproduce
remarkably strongly split StokesI profiles observed in a
sunspot spectrum. In order to make the power of the FeH di-
agnostics accessible, however, an accurate laboratory anal-
ysis of FeH is urgently needed.

We have also investigated the thermal diagnostic capabilities
of molecular lines, by considering molecular number densities,
contribution and response functions and the contrasts expected

from imaging in molecular bands. Based on our study, we con-
clude the following:

• Molecular number densities are very sensitive to small fluc-
tuations of the temperature and gas pressure. Molecules
with higher dissociation potentials demonstrate higher sen-
sitivity to temperature variations.
• Analysis of contribution and response functions reveals that

the lines in a particular band are formed at different depths
and can provide strong constraints on the temperature strat-
ification of the atmosphere. If many lines from the same
molecular band are used, the atmosphere can be sampled
on a fine depth grid.
• Imaging in molecular bands can help in studying the spatial

fine structure of the photosphere and sunspots. In the pho-
tosphere, the best contrast of temperature inhomogeneities
with respect to the average brightness of the photosphere
is expected to be observed in the CN violet band head
at 3883 Å. The CH and OH bands at 4300 Å and 3130 Å, re-
spectively, produce similar results. In a penumbra, the best
contrast is achieved in the CN and OH bands. For imaging
umbral inhomogeneities, the TiO band head at 7055 Å is
found to be very promising.
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