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ABSTRACT

Context. The optical spectra of L and T-type dwarfs exhibit a continuum dominated by the far wings of the absorption profiles of the
Na 3s-3p and K 4s—4p doublet perturbed by molecular hydrogen and helium. The presence of a broad absorption feature in the blue
wing of the K 4s—4p doublet may be attributed to the K-H, quasi-molecular line satellite as we predicted in a previous work.

Aims. The position of the predicted line satellite was not in good agreement with the observed feature. This was a motivation to
compute new interaction potentials and corresponding profiles.

Methods. New molecular potentials for K-H, were computed using a valence pseudopotential with Gaussian orbitals on potassium,
for an H, molecule assumed to be in its ground state. A quasi-full three-electron multireference calculation agrees very well with
available spectroscopic data. The potentials and radiative dipole transition moments were input data for a unified spectral line shape
evaluation of the complete K resonance line profile.

Results. We show that these improved potentials now predict a line satellite at the position that is observed in late brown dwarf
spectra. The existence, shape and strength of this feature is found to depend strongly on temperature, as well on the abundance ratio
of potassium and sodium.

Conclusions. The structure of the continuum in brown dwarf spectra from 500 to 1000 nm is determined by radiative collisions of
alkali atoms with H, molecules. We conclude that the sensitivity of the spectrum to temperature, pressure and abundances is a tool
for determining basic parameters of brown dwarf atmospheres, provided that the physics underlying its formation is described well.
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1. Introduction

The importance of the far wings of the potassium doublet, cen-
tered at 768 nm in the spectra of methane brown dwarfs, has
been demonstrated by Burrows et al. (2000). They concluded
“that the neutral alkali metals play a central role in the near-
infrared and optical spectra of methane dwarfs and that their
lines have the potential to provide crucial diagnostics of brown
dwarfs properties”.

The studies of observed L. and T dwarfs by Liebert et al.
(2000) and Burrows et al. (2001) showed clearly the importance
of extended wings of both sodium and potassium doublets. They
pointed out the need for more accurate line profile calculations.
Simple treatment such as Lorentzian profiles coming from im-
pact broadening theory is only valid in the core of the line and
cannot be used to describe the line wing. Cutoffs of the line
wings of Lorentzian profiles have been introduced by Burrows
et al. (2000), Allard et al. (2001), Tsuji et al. (1999), Marley et al.
(2002), Saumon et al. (2000), Geballe et al. (2001) to try to fit
observations.

A major improvement was made by Burrows &
Volobuyev (2003) using multiconfiguration self-consistent field
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Hartree-Fock potentials in the Szudy & Baylis (1975, 1996)
line shape theory. The cutoffs of the wings physically come
from the Boltzmann factor in the expression of the Unified
Franck-Condon profile.

In Allard et al. (2003) we presented absorption profiles of
sodium and potassium perturbed by He and H; calculated in
a unified line shape semi-classical theory (Allard et al. 1999)
using molecular potentials of Pascale (1983) to describe the
alkali-He interaction and those of Rossi & Pascale (1985, here-
after RP85) for the alkali-H, interaction. This work was ex-
tended to the case of Li-He/H, collisional line profiles (Allard
et al. 2005). These calculations used Hund’s case a and b for
determining the shape of spectral line and neglected the fine
structure that was insignificant in the far wing.

Similar profiles in the line wings were obtained for light al-
kalis perturbed by helium by Zhu et al. (2005, 2006) in full quan-
tum mechanical calculations in the binary approximation. They
used Na-He and K-He interaction potentials computed respec-
tively by Theodorakopoulos & Petsalakis (1993) and by Santra
& Kirby (2005, hereafter SKOS).

Our line profiles calculated with the unified theory were in-
cluded as a source of opacity in model atmospheres and synthetic
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spectra using the Allard et al. (2001) stellar atmosphere pro-
gram PHOENIX. This treatment has improved the comparison
of synthetic spectra of brown dwarfs with observations (Allard
et al. 2003; Johnas et al. 2006).

Blue satellites are predicted in the far wing of alkali-
He/H, line profiles. Such satellite bands of alkali metals per-
turbed by rare gas have been extensively studied in the past
(Allard & Kielkopf 1982, and references therein). The
K-H, quasi-molecular satellite appears on the synthetic spec-
trum presented in Fig. 4 of Allard et al. (2003). This feature
might have been observed in brown dwarf spectra (Allard et al.
2006a,b). However, its theoretical position does not correspond
exactly to the observed one which was identified in T dwarfs by
Burgasser et al. (2003) as the CaH system. According to Allard
et al. (2006a,b) the CaH band does not seem to match the ob-
served feature and the K-H, satellite would be the most natural
explanation.

If such satellites could be detected, they could serve as a di-
agnostic of temperature in the brown dwarf atmosphere, much
in the way that the H-H and H-H* satellites on Lyman series
lines are temperature diagnostics in white dwarf spectra (Allard
et al. 2004, and references therein). The interactions of an al-
kali atom with H, depend on the orientation of the H, axis rel-
ative to the collision axis. As a consequence, a useful theoreti-
cal spectrum will need potentials as a function of H; orientation
(with respect to the interaction axis) as well as a function of the
alkali-H, separation. In the work of RP85, the alkali-H, molecu-
lar potentials were calculated using model potentials completed
by polarization operators, for the two symmetries Cy, (® = 90°)
and Cu, (® = 0), where O is the angle between the direction of
the molecular axis and the interaction axis. In these calculations,
the alkali-H, complex was considered as a system with a single
active electron.

Ab initio calculations of the potentials of K-H; (together
with K-He) have been reported by SKO5. In their all-electron
calculation, the states were determined from a MRPT?2 varia-
tional/perturbative Configuration Interaction scheme including
the 4s and 4p shells, and also single and double excitations from
the 3s and 3p shell accounting for core-valence polarization and
correlation. From their potentials, a K-H; satellite can be pre-
dicted in the region ranging from about 685 nm in symmetry Ceo,
to 692 nm in C,, symmetry.

In the present work, we describe new calculations of the po-
tential energy surfaces in which the two electrons of H, and
the valence electron of K are explicit, the latter atom being de-
scribed by a valence pseudopotential complemented by a core-
polarization type pseudopotential (CPP) to account for polar-
ization and core polarization effects following Miiller et al.
(1984a,b). Such a methodology was found to produce results
with high accuracy in various systems, including alkali di-
atomics, K, (Magnier et al. 1996, 2004), and metal-rare gas
systems (El Hadj Ben Rhouma et al. 2002; Spiegelman et al.
2002) including potassium. We present theoretical calculations
of the unified line profile of this alkali perturbed by molecu-
lar hydrogen with an emphasis on properties of the line satel-
lite. The satellite’s position is shown to be in agreement with
one of the features observed in brown dwarf spectra. This spec-
tral region, from 680 to 740 nm, is very temperature dependent
and is very constraining in the comparison of atmosphere mod-
els with observation because of the overlap of the red wing of
the (3s—3p) resonance line of sodium with the blue wing of the
(4s—4p) resonance line of potassium.
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2. New molecular potentials and resulting profiles
2.1. K-H> diatomic potentials without spin-orbit coupling

The valence pseudopotential used on potassium was developed
by Durand & Barthelat (1975) and Jeung et al. (1982). In the
present calculations, the Gaussian type orbital (GTO) basis set
on potassium was 7s6p4d, including very diffuse Gaussian func-
tions (the smallest exponents are = 0.0016, 0.0018 and 0.003
for s, p and d type GTO, respectively). The dipole core polaris-
ability of potassium K* was taken as @ = 5.354 ag, and a step-
like cut-off function with p = 2.067 ay was used for the elec-
tric field (Foucrault et al. 1992) in the CPP operator — %aE2
on potassium. This provides a 4s—4p transition energy visqp =
13047 cm™' to be compared with the all-electron value vy =
12290 cm™! of SKO5 and Vasap = 13023 cm™! experimentally.
The transition dipole moment is found to be 3.03 eay, versus
2.92 eay experimentally, to be compared with 3.10 eaq in the
all-electron calculation of SKO05.

A 7s5p6d GTO basis set was used on hydrogen cen-
ters. With this basis set and a 2-electron Full Configuration
Interaction (FCI) calculation, the spectroscopic data of the
Xlz* ground state of KH are D, = 14651 cm™!, r. = 4.20 ay,
with the experimental data D, = 14772.7 cm™', r. = 4.233 ay.
Those of the A!X* state are 7. = 18981 cm™!, D, = 8696 cm™!,
ro = 7.07 ag, we = 220 cm™! to be compared with the experi-
mental data 7. = 19059 cm™!, D. = 8736 cm™, r. = 7.110 aq
(Stwalley et al. 1991; Rafi et al. 1996; Camacho et al. 1998).

The molecule H; is assumed to be in its ground state. In the
present basis set, its FCI dissociation energy is D, = 38 119 cm™!
at an equilibrium distance r, = 1.40 a¢ (the converged theoreti-
cal value for D, is 38292.8 cm™!, Kolos & Wolniewicz 1968).
In the case of the KH, complex, a quasi-full three-electron
Configuration Interaction (CI) was achieved using the multiref-
erence MRPT2 Toulouse package CIPSI (Huron et al. 1973). All
determinants having a contribution in the first-order wavefunc-
tion larger than 7 = 10~> with respect to a main reference sub-
space were generated and involved in a variational CI. The main
reference space itself included all single excitations with respect
to the ground state configuration, ensuring that all triples (actu-
ally the full CI space) entered the selection. It was checked that
the total energy contribution of the rest was less than 10 cm™'.
Spin-orbit (SO) coupling is rather small for potassium ({4, =
54 cm™"). Its effect is dominant close to the line center and not
essential in the wings. It was not included here to allow direct
comparison with the profiles of Allard et al. (2003).

The calculations were carried out for the C, (linear) sym-
metry group, the Cy, (T-shape) symmetry group, and C, geome-
tries (@ = 30, 45 and 60°) over a wide range of distances R be-
tween the K atom and the center-of-mass of the molecule H,, the
geometry of H, being fixed at the equilibrium value r. = 1.40 au.

In C.,, symmetry (® = 0°), the ground state X has 2%+ sym-
metry, while the 4p excited configuration generates one two-fold
21 state (labeled A, with attractive character) and one essentially
repulsive 2X* state. In the C; symmetry group, the 2IT state splits
into 2A” and 2A” components, the X and the Iyt being corre-
lated with the A’ manifold. In Cy, symmetry (® = 90°), the
ground state belongs to the 2A, manifold, the excited states to
the 2B, and %B, and ?A, manifolds respectively, in increasing
energetic order.

Figures 1 and 2 present the potential energy surfaces
VeIR(®)] = E[R(H)] — EZ° in the Cq, and the C, symmetries,
respectively. The other results in Cg; geometries (® = 30, 45
and 60°) range between those two limits. The major difference
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Table 1. Dependence of the position of the line satellite on the computed K-H, potential.

1087

Symmetry Aw (ecm™) Amm) Re(A) Aw(em™) A@mm) Re(A) Aw(em™) A(m) Rex (A)
SKO05 SKO05 S06 S06 RP85 RP85
Con 685° 3.06 1617 683° 3 207 662.5° 3.1
1415 692° 1912 669.5"
Ca, 6927 3.23 1450 690.6° 3.16 1700 67927 337
1302 6987 1572 685.1

“ Predicted. ® Line profile.
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Fig. 1. Potential curves for the X, A and B states of the K-H, molecule
without spin-orbit coupling for the C., symmetry of SO6 compared
to RP85 (dashed curves).
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Fig. 2. K-H, potentials for the resonance lines for the C,, symmetry
without spin-orbit coupling of S06 compared to RP85 (dashed curves).

with respect to RP85 is that our potentials are systematically
less repulsive than theirs, the state mostly affected being state B
which starts to deviate from RP85 as soon as R < 5 A when de-
creasing the separation. This might be attributed either to a too
repulsive component in the model potential of RP85, or to a too
repulsive character of the short range K-HJ core-core contri-
bution that must be added to the single electron energy in the
model potential scheme, or both. In the present calculation, as
in that of SKO5, the latter contribution is explicitly calculated.
This difference in the B state will strongly affect the blue satel-
lite position.

2.2. Study of the position of the K-H, line satellite

Blue satellite bands in alkali-He/H, profiles are correlated with
maxima in the excited B state potentials and can be pre-
dicted from the maxima in the difference potentials AV for
the B-X transition (Allard et al. 2003, 2005, 2006; Zhu et al.
2005, 2006). In the following we will restrict our study to the

ey
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Fig. 3. Blue wing of K-H, collisional profiles in AV units for the sym-
metry C,, using S06 and RP85 potentials. The dotted line indicates the
profile using S06 potentials but in the constant dipole moment approxi-

mation (7 = 1000 K, ng, = 1 x 10" cm™).
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Fig. 4. Blue wing of K-H; collisional profiles in AV units for the sym-
metry C,, using S06 and RP85 potentials. The dotted line indicates the
profile using S06 potentials but in the constant dipole moment approxi-
mation (7 = 1000 K, ny, = 1 x 10" cm™).

B-X transition as we focus on the K-H, satellite. Details of the
calculations of the other transitions are presented in Spiegelman
(2006, hereafter S06).

The difference potential, AV(R), is given by

AV(R) = Vere[R(1)] = Ve [R(D] = Ve[R(D)], ey

and represents the difference between the electronic energies of
the quasimolecular B-X transition.

The line profiles have been calculated at 7 = 1000 K for
a fixed molecular hydrogen density (g, = 1 X 10'” cm™2). They
are presented in Figs. 3 and 4. We notice in Fig. 3 the satellite
at 1415 cm™! for S06 and at 1875 cm™! for RP85. They corre-
spond respectively to AV = 1620 and 2070 cm™" in Fig. 6. Their
positions depend on the value of the extrema of the potential dif-
ference AV(R), but they are always closer to the line center than
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Fig. 5. Total line profile compared to the contributions of the C., and
C,, symmetries. (T = 1000 K, nyg, = 1 x 10" cm™).
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Fig. 6. AV and modulated dipole at 1000 K for the symmetry C,. SO6
(full line), RP85 (dashed line).
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Fig.7. AV and modulated dipole at 1000 K for the symmetry C,,. SO6
(full line), RP85 (dashed line).

this value. The contribution of the K-H; potentials for the other
symmetry gives satellites at 1300 cm™! for S06 and at 1570 cm™!
for RP85 (Fig. 4). We have summarized these values in Table 1
and compared them to what can be expected from the poten-
tials of SKO5. The predictions that a K-H, satellite would ap-
pear from about 685 nm for the symmetry Cq,, to 692 nm for the

N. F. Allard et al.: Study of the K-H, satellite in the 4s-4p doublet
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Fig.8. AV for the various geometries, namely C,,, C;(60°), C,(45°),
Cs(30°) and C.,.
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Fig. 9. Contribution of the various geometries, C,,, Cs(60°), C,(45°),
C(30°) and C,, to the K-H, satellite.
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Fig. 10. Variation of the strength of the K-H, satellite with temperatures

for a fixed molecular hydrogen density (1 x 10'® cm™).

symmetry C,, would lead to a line satellite at the same position
as the observed broad absorption.

The two calculated orientation angles of H, shown in Fig. 5
give satellites which appear as two bumps on the RP85 total pro-
file, whereas they are smeared out on the S06 total profile and
lead just to a rapidly decreasing wing beyond the position of
the satellite band. Taking all the orientations into account should
lead to a broad band with an extension of about 10 nm.

2.3. Angular dependence of AV for the B-X transition

In the new S06 potentials we also have investigated the de-
pendence of the interaction potentials on other angles ® be-
tween the H; axis and the line connecting the K atom with the
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Fig.13. Close-up of the K-H, satellite for different temperatures for
a fixed molecular hydrogen density (1 x 10" cm™).

center-of-mass of the molecule H,. In Fig. 8 we plot AV for dif-
ferent orientations of the H, molecule.

calculate the sum shown in Fig. 9.

3. Radiative dipole transition moments

While the position of the line satellites critically depends on the
interaction potential, their amplitude depends on both the inter-
action potential and the radiative dipole moments. In Allard et al.
(2003) we were limited by a lack of knowledge of the depen-
dence of the radiative transition dipole moment on R for each
molecular state. For the alkali-H; systems, the dipole moments
were assumed to remain constant throughout the collision and
equal to their asymptotic value.
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3.1. Calculations of dipole moments

The transition dipole moments have been computed by SKO05
and S06. They both find that the dipole moment decreases with
decreasing R.

3.2. Influence of dipole moment on the amplitude of the line
satellite

For a trfmsition a = (i, f) from initial state i to final state f, we
define de. (R(?)) as a modulated dipole (Allard et al. 1999)

D(R) = dew[R(1)] = dew [R(1)]e™ V1RO, @)
where 3 is the inverse temperature (1/kT). Here V. is the ground
state potential as we consider absorption profiles.

In Figs. 3 and 4 we have compared the blue line wings in the
region of the K-H, satellite obtained with constant and variable
dipoles. The effect on the satellite amplitude is not very signifi-
cant. Our calculations, within the assumption of constant dipole
moment, were a good first approximation.

The different shape of the wings and the loss of contrast of
the line satellite come from the lower value of R,,, the internu-
clear separation at which the difference potential is a maximum,
the line satellite being predominantly due to perturbers at this
distance. The average number of perturbers in the interaction
volume at R, is the determining parameter for the amplitude of
the satellites on the spectral line (Allard 1978; Royer 1978). It
will decrease as R2,.

The satellite amplitude also depends on the value of the elec-
tric dipole transition moment in the internuclear region where
the line satellite is formed (Allard et al. 1998). Because of
a lower R,, and a fast variation with R of the modulated dipole
moment, the amplitude of the resulting satellite decreases. The
modulated dipole moment can be seen in Figs. 6 and 7 where we
display D(R) together with the corresponding AV(R). Although
the line satellite now has a position in agreement with observa-
tions, the new potentials lead to less contrast of the satellite. It
may even seem to have disappeared at the lowest temperatures.

4. Importance of temperature and metallicity
dependence on the K-H, satellite

Line satellite features in wings of the spectral line formed by
transitions between quasi-molecular states during atomic colli-
sions are temperature dependent through the Boltzmann factor
which modulates the dipole moment. In Fig. 10 we plot the ap-
pearance of the K-H; satellite at temperatures of astrophysical
interest. This line satellite is far removed to the blue from the
KI resonance line center, and is actually closer to the Lil line. It
is therefore necessary to take into proper account the total con-
tribution of both K, Li and Na perturbed by H; and to study the
dependence of this part of the complete wing upon temperature.

4.1. Sum of the alkali profiles perturbed by H>

The abundance of Na is expected to be the highest among the
alkali metals, and the red wing of the Na-H; profile is domi-
nant in the spectrum. The total profile resulting from both Na
and K perturbed by collisions with molecular hydrogen is shown
in Fig. 12. We notice that the K-H, satellite is still apparent. It is
even more prominent because the overlap of the two wings leads
to an enhancement in its contrast compared to the line wing of K
alone. Figure 13 shows a close-up of the 650-730 nm spectral
region to illustrate this effect at different temperatures.

We show the sum of the alkali profiles in Fig. 14, done ac-
cording to Eq. (51) of Allard et al. (1999). Each alkali profile is
weighted by its line strength. A detailed study of theoretical line
profile calculations of the heavier alkalis perturbed by helium
and molecular hydrogen is described in Allard & Spiegelman
(2006). To illustrate clearly the relative importance of the dif-
ferent alkali resonance lines through this region, we multiplied
each profile by the solar abundance of the alkali to produce the
sum shown in Fig. 14. We can see the contribution of each al-
kali species in the region from 450 to 1200 nm. For A below
474 nm, only the Li-H, profile contributes. The rapid decrease
below 500 nm is due to the Na-H, satellite whereas the contri-
bution of the K-H; profile stops above 1120 nm.

As we see here, and as Burrows et al. (2002) point out, the
absorption by the sodium line is a natural explanation for the
suppression of flux shortward of 700 nm in L-type and T-type
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Fig. 15. Variation of the strength of the K-H, satellite with the Na abun-
dance, the K abundance remains the solar one. (Calculations are done
for a fixed molecular hydrogen density (1 x 10" cm™) and for T =
1500 K.

dwarf spectra. Burrows et al. (2002) showed that the T-dwarf
spectral types are not determined solely by 7.t and they sug-
gested that gravity and, perhaps, metallicity also play a role.
Here we see clearly how the different alkalis contribute to de-
termine the spectrum in this region.

4.2. Influence of metallicity

To study the influence of the overlap of the blue wing of Na-
H; on the strength of the K-H; satellite we have allowed the
abundance of Na to vary from 0.5 solar abundance to 2 solar
abundance. Figure 15 shows the sensitivity of this region of the
spectrum with the variation with sodium abundance. The K-
H, satellite appearance is then very sensitive to both the abun-
dance and the temperature and may be used as a temperature
diagnostic.

The next step will be to include these new profiles in the
model atmospheres and synthetic spectra of brown dwarfs.
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