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Abstract. Spectral line widths of the light alkalies are presented for conditions prevailing in brown dwarf
atmospheres. A unified line shape theory and a set of pseudopotentials are used to compute widths of Li,
Na, and K resonance lines perturbed by He and H2. While limited available experimental data confirm the
trends found in the theoretical values reported here, they suggest that improved potentials are needed.

PACS. 32.70.Jz Line shapes, widths, and shifts

1 Introduction

As brown dwarfs cool off with time from spectral type M
through L to T, their uppermost atmospheric layers sink
below the temperature of silicate and metal crystal grain
formation (1800 K). The photosphere, which emits the
spectrum, is depleted of refractory elements (Ca, Ni, Si,
Ti, V, Fe, Cu). In the optical part of their spectrum, be-
tween 0.4 and 1.2 µm, the strong molecular bands of TiO
and VO vanish, while the alkali lines (Na, Li, K, Rb, Cs),
with some weak bands of CrH, remain the only important
background opacity source. The T type brown dwarf opti-
cal spectra are totally controlled by the wings of the most
abundant Na I D and K I resonance doublets perturbed by
H2, the most abundant form of hydrogen in these deep-
est, hottest, photospheric layers. The importance of the far
wings of the K I resonance doublets, centered at 0.77 µm
in spectra of brown dwarfs, has been demonstrated [1–4].
These wings define a pseudo-continuum extending over
more than 400 nm from the line center.

The cores, on the other hand, are formed in the up-
permost, lowest density atmospheric layers still dominated
by H2 collisions. Since in a model atmosphere calculation,
the resulting line profile is the integration of the flux in all
layers from the deepest to the uppermost, it is important
that the centers be adequately represented, i.e., they can
be non-Lorentzian at the high densities of the innermost
layers, while Lorentzian in the upper atmosphere but with
different widths than predicted by the hydrogenic van der
Waals approximation usually used for the cores [5].

a e-mail: allard@iap.fr
b e-mail: kielkopf@louisville.edu
c e-mail: fallard@ens-lyon.fr

In our previous papers, Allard et al. [4,6], we were
interested in the far, even very far, line wings of light al-
kalis perturbed by helium and molecular hydrogen. These
wings contribute significantly to the continuum opacity,
and their strength depends critically on the details of
the atom-atom interactions and their treatment in the
line shape theory. Line profile calculations in our work
have been done in a unified line shape semi-classical the-
ory [7]. Moreover, the impact approximation determines
the asymptotic behavior of the unified line shape cor-
relation function. In this way the results described here
are applicable to a more general line profile and opacity
evaluation for the same perturbers at any given layer in
the photosphere. This approach to calculating the spec-
tral line profile requires the knowledge of molecular po-
tentials, that is, the binary interaction between an alkali
atom and a perturbing atom as a function of their separa-
tion. Additionally, the dependence of the radiative dipole
moment on separation for each molecular state may sig-
nificantly alter the far wing profiles from those computed
with the usual assumption that the transition probabil-
ity is invariant with separation. We used the molecular-
structure calculations performed by Pascale [8] for the
adiabatic potentials of alkali-metal–He systems, and by
Rossi and Pascale [9] for the molecular potentials of alkali–
H2 systems. Model atmospheres and synthetic spectra for
brown dwarf stars were computed using the atmosphere
program PHOENIX [10]. The model atmospheres are de-
scribed by Allard et al. [3]. The comparison with previous
models shows a better modeling of the observed spectrum
of SDSS 1624 when including special profiles for Na I and
K I as a source of opacity [4], with the new models pro-
viding an increased opacity in the optical spectra, while a
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decreased opacity in the near infrared as needed. Allard
et al. [4] focused on the light alkalis Li, Na, and K, used
Hund’s case a or b for determining the shape of the spec-
tral line [6], and neglected the fine structure which was
insignificant in the far wing for these alkalis.

Let us note as well other recent relevant work, stimu-
lated by the need to develop accurate models that explain
brown dwarf spectra. A quantum calculation of line width
and shift of light alkalis perturbed by He has been done
from 70 to 3000 K by Peach et al. [11–13]. Zhu, Babb, and
Dalgarno [14] and Alioua and Bouledroua [15] have made
a theoretical study of the Li resonance line broadening by
He from 200 to 3000 K in the far wings at wavelengths
from 500 nm to 1000 nm. Their fully quantum mechanical
calculation in the binary approximation of the Na and K
resonance lines broadened by He would be useful in the
far wing at low density [16]. Santra and Kirby [17] have
made an ab initio study of K resonance lines broadened by
He and H2 using new potentials computed for the purpose
with a large Gaussian basis set.

In this paper we will focus on the main line and
the variation of its width with temperature. We will
be concerned with the pressure broadening by He and
by H2 of the resonance lines of light alkalis in the bi-
nary collision impact regime. The fine structure has been
included in the potentials of Pascale and Rossi [8,9]
within the atom-in-molecule-like scheme introduced by
Cohen and Schneider [18], as it was done by Allard and
Spielgelman [19] for the specific application to heavy al-
kalis. The impact theories of pressure broadening [20–22]
are based on the assumption of sudden collisions (impacts)
between the radiator and perturbing atoms, and are valid
when frequency displacements ∆ω = ω − ω0 and gas den-
sities are sufficiently small. In impact broadening the du-
ration of the collision is assumed to be small compared
to the interval between collisions, and the results describe
the line center broadening, but not the line wing.

The usefulness of the impact approximation lies in its
simplicity and especially in the fact that its characteristic
shift, width and asymmetry have a dependence on density
and temperature that may be calculated easily for suffi-
ciently low density when the atomic potentials are known.
Since we are considering the low pressure involved in the
upper atmosphere of brown dwarfs, we might expect that
the impact approximation will be a good starting point
for synthetic spectra, with the understanding that it will
not give a correct line wing. After a rapid account of the
theory in Section 2, in Section 3 we present the specific
case of lithium. We summarize the results we obtained for
the case of sodium and potassium in Section 4, making a
comparison of impact widths with existing experimental
spectra of alkalis perturbed by helium in Section 5.

2 Unified theory

This study takes place in a dipole autocorrelation formu-
lation of the atomic line shape in a classical path trajec-
tory approximation. The profile is obtained as the Fourier
transform (FT) of the autocorrelation function.

A detailed description of our unified theory of the
shape of the Lyman lines has been given by Allard
et al. [7]. Here we will only review it briefly. The spec-
trum is given by

I(∆ω) =
1
π

Re
∫ +∞

0

Φ(s)e−i∆ωsds. (1)

We obtain for a perturber density np

Φ(s) = e−npg(s), (2)

where decay of the autocorrelation function with time
leads to atomic line broadening. For a transition α = (i, f)
from an initial state i to a final state f , we have

gα(s) =
1∑

e,e′ (α) |dee′ |2

×
∑
e,e′

(α)

∫ +∞

0

2πρdρ

∫ +∞

−∞
dxd̃ee′ [R(0)]

× [e
i
�

∫ s
0 dtVe′e[R(t)] d̃∗ee′ [R(s)] − d̃ee′ [R(0)]]. (3)

We define d̃ee′ (R(t)) as a modulated dipole [7]

D(R) ≡ d̃ee′ [R(t)] = dee′ [R(t)]e−
β
2 Ve[R(t)], (4)

where β is the inverse temperature (1/kT ). Here Ve is
the ground state potential when we consider absorption
profiles, or an excited state for the calculation of a profile
in emission.

In the present context, the perturbation of the fre-
quency of the atomic transition during the collision results
in a phase shift, η(s), calculated along a classical path R(t)
that is assumed to be rectilinear. The phase shift

η(s) =
i

�

∫ s

0

dtVe′e[ R(t) ] (5)

where ∆V (R), the difference potential, is given by

∆V (R) ≡ Ve′e[R(t)] = Ve′ [R(t)] − Ve[R(t)], (6)

and represents the difference between the electronic ener-
gies of the quasimolecular transition.

The potential energy for a state e is

Ve[R(t)] = Ee[R(t)] − E∞
e . (7)

At time t from the point of closest approach

R(t) =
[
ρ2 + (x + v̄t)2

]1/2
, (8)

with ρ the impact parameter of the perturber trajectory
and x the position of the perturber along its trajectory at
time t = 0.

An atomic line broadened by collisions in a low density
gas has a Lorentzian profile near the line center which can
be related to the FT of a radiative wave in which short
duration collisions produce sudden phase changes. In the
theory of impact broadened line shape the phase shifts
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are given by equation (5) with the integral taken between
s = 0 and ∞. At sufficiently low densities of perturbers
the symmetric center of a spectral line is Lorentzian and
can be defined by two line parameters, the width and the
shift of the main line. These quantities can be obtained in
the impact limit (s → ∞) of the general calculation of the
autocorrelation function (Eq. (3)).

3 Case of lithium

3.1 Importance of lithium

Long before the discovery of young, hot, and still bright
brown dwarfs [23] the presence of lithium and beryllium
in the upper atmospheric layers was identified as an ideal
tracer for substellarity [24,25]. Indeed, these elements
burn at low temperature and are destroyed in fully convec-
tive very low mass stars. Most brown dwarfs of less than
0.6 M� would be cooled down enough not to deplete those
elements significantly, and therefore show these transitions
in their spectra. In particular, the λ 681 nm doublet is lo-
cated in a part of an otherwise busy optical spectrum
where it can emerge from the molecular pseudo-continuum
despite its shallow strength (compared to potassium or
sodium doublets).

The profile (core + wings) of an atomic line is normal-
ized to unity in the computation of its contribution to the
opacities. Due to the weakness of the Li lines, it is im-
portant to be able to model precisely both the core width
and the wing profiles of the lines. This allows an adequate
prediction of the mass at which Li lines reappear in the
spectra of brown dwarfs for a given age, or reversely an
accurate determination of the age of a cluster.

3.2 Adiabatic molecular potentials

We consider the system composed of a radiating alkali
atom A in collision with an atom or molecule B, separated
from A by distance R. In the case of an alkali-H2 collision,
B is situated at the center of mass of H2. In equation (3)
e and e′ label the energy surfaces on which the interacting
atoms approach the initial and final atomic states of the
transition as R → ∞. The sum

∑(α)
e,e′ is over all pairs

(e, e′) such that ωe′,e(R) → ωα as R → ∞.

3.2.1 Li-He diatomic potentials

Molecular-structure calculations have been performed by
Pascale [8] to obtain the adiabatic potentials for ground
states and numerous excited states of alkali-metal-He sys-
tems. He used l-dependent pseudopotentials defined from
spectroscopic and scattering data.

As the spin-orbit interaction is not included in these
calculations, there are only two electronic states connect-
ing to the alkali + He limit. In the case of light alkalis the
fine structure is small and the system may be described by
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Fig. 1. Potential curves for the A and B states of the Li-He
molecule with spin-orbit coupling included. The pseudopoten-
tials [8] are called P1 (full line). Alternative ab initio poten-
tials [14,15] are called P2 (dashed line).

Hund’s case a or b in the molecular region, where the wing
is formed. For determining the line core parameters the
fine structure has to be included. Spin-orbit (SO) coupling
was included within the atom-in-molecule-like scheme in-
troduced by Cohen and Schneider [18], allowing us to dis-
tinguish the D1 (2S1/2–2P1/2) and D2 (2S1/2–2P3/2) lines.

Potential energy curves for the Li-He molecules in the
A2Π1,3/2 and B2Σ1/2 states are shown in Figure 1 (P1
full line). Subtly different Li-He potentials, a compos-
ite of carefully chosen ab initio calculations used by Zhu
et al. [14] and by Alioua and Bouledroua [15], include the
SO coupling and are overplotted (P2 dashed line).

3.2.2 Li-H2 diatomic potentials

The alkali-H2 molecular potentials were evaluated by
Rossi and Pascale [9] for the two symmetries C2v (θ = 90◦)
and C∞v (θ = 0◦), where θ is the angle between the direc-
tion of the molecular axis and the internuclear axis. The
molecule H2 is assumed to be in its electronic ground state
and its bond length fixed to the v = 0 equilibrium value
re = 1.4 atomic units. For θ = 90◦, the excited states
are of 2A1, 2B1, and 2B2 symmetry. We neglect the addi-
tional effects that could occur in radiative collisions due
to ro-vibrational excitation of H2.

The R dependence of the electronic energies V (R, re, θ)
of the first excited states for θ = 0◦ and 90◦ are reproduced
in Figure 2 for Li, including the spin-orbit coupling as
above for Li-He potentials.

3.3 Variation of the half-width of the systems
Li-He/H2 with temperature

Calculations have been done for the D1 and D2 lines of Li
perturbed by He and H2 from 500 K to 3000 K.

We have plotted in Figures 3 and 4 the results obtained
in the semi-classical unified theory using the potentials P1
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Table 1. Half-width (10−20 cm−1/cm−3) of alkali resonance lines perturbed by He collisions.

Alkali Transition Potential 500 K 1000 K 1500 K 2000 K 2500 K 3000 K

Li 2s 2S1/2–2p 2P1/2 P1 0.95 1.25 1.46 1.63 1.78 1.91
P2 0.82 1.1 1.28 1.44 1.63 1.72
cc 1.01 1.34 1.57 1.76 1.93 2.07

2s 2S1/2–2p 2P3/2 P1 1.22 1.62 1.93 2.16 2.36 2.49
P2 1.1 1.47 1.72 1.94 2.13 2.28
cc 1.01 1.34 1.58 1.77 1.94 2.09
v d W 1.08 1.33 1.50 1.64 1.75 1.85

Na 3s 2S1/2–3p 2P1/2 sc 0.85 1.13 1.33 1.50 1.65 1.77
cc 0.95 1.3 1.53 1.72 1.91 2.05

3s 2S1/2–3p 2P3/2 sc 1.31 1.72 2.05 2.27 2.54 2.74
cc 1.07 1.42 1.64 1.84 2.02 2.17
v d W 1.10 1.35 1.53 1.67 1.78 1.88

K 4s 2S1/2–4p 2P1/2 sc 0.94 1.22 1.44 1.62 1.77 1.9
cc 0.99 1.35 1.64 1.9 2.15 2.37

4s 2S1/2–4p 2P3/2 sc 1.52 2.03 2.31 2.69 2.95 3.07
cc 1.37 1.86 2.18 2.46 2.73 2.95
v d W 1.12 1.38 1.56 1.70 1.82 1.92
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Fig. 2. Li-H2 potentials for the resonance lines for the C2v

and C∞v symmetries with spin-orbit coupling.
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Fig. 3. Variation with temperature of the half-width of the
D1 line of lithium perturbed by He collisions.
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Fig. 4. Variation with temperature of the half-width of the
D2 line of the D2 line of lithium perturbed by He collisions.

and P2 presented in Figure 1. It shows the sensitivity of
the half-width to the potentials. We also have plotted the
half-widths obtained when using van der Waals potentials
(vdW). When it is assumed that the main interaction be-
tween two atoms is the long range van der Waals interac-
tion of two dipoles, the Lindholm-Foley theory gives the
usual formulae for the width and for the shift. The van der
Waals damping constant is calculated according to the im-
pact theory of the collision broadening. Despite the fact
that even at thermal energies in laboratory experiments
on broadening with neutral helium the van der Waals the-
ory does not fit the observations [26,27], these formulae
are still currently used in astrophysical applications.

We also have plotted the close coupled (cc) calculations
of Peach et al. [12,13], based on the power law form

w(T ) = aT b (9)

where the fit parameters a and b are given in Table 1
of their paper. In their work line parameters of the light
alkalis perturbed by helium have been obtained from



N.F. Allard et al.: Impact broadening of alkali lines in brown dwarfs 511

500 1000 1500 2000 2500 3000
T (K)

1.00

1.50

2.00

2.50

3.00

3.50

4.00

H
A

L
F 

 W
ID

T
H

 (
10

-2
0 cm

-1
/c

m
-3

)

Li-H
2 

Li-H
2
 vdW

Na-H
2

Na-H
2
 vdW

K-H
2

K-H
2
  vdW
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D2 line of light alkalis perturbed by H2 collisions.

a close-coupling description of the colliding atoms, the
Baranger theory for collision broadening, and ab initio
potentials described by Mullamphy et al. [13].

H2 collisions are preponderant in brown dwarf atmo-
spheres and the broadening due to H2 is larger than that
due to He. We are not aware of other calculations of half-
widths due to alkali-H2 collisions, and we could only com-
pare in Figures 5 and 6 the accurate theory here with
the broadening which is obtained from a van der Waals
potential.

4 Case of sodium and potassium

As in the specific case of lithium we show the potential
curves of Na-He and K-He in Figures 7 and 8 and of Na-
H2 and K-H2 in Figures 9 and 10 obtained from [8,9].

Calculations have been done for the D1 and D2 lines
of Na, and K perturbed by He and H2 from 500 K to
3000 K. In Tables 1 and 2 we have reported our computed
half-widths obtained in the semi-classical (sc) theory. We
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Fig. 7. Potential curves for the A and B states of the Na-He
molecule with spin-orbit coupling.
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Table 2. Half width (10−20cm−1/cm−3) of alkali resonance lines perturbed by H2 collisions.

Alkali-H2 Transition 500 K 1000 K 1500 K 2000 K 2500 K 3000 K

Li 2s 2S1/2–2p 2P1/2 1.94 2.22 2.46 2.66 2.83 2.99
2s 2S1/2–2p 2P3/2 1.63 2.1 2.45 2.77 2.98 3.24
v d W 2.08 2.55 2.89 3.15 3.36 3.55

Na 3s 2S1/2–3p 2P1/2 1.46 1.86 2.16 2.42 2.63 2.8
3s 2S1/2–3p 2P3/2 1.96 2.49 2.94 3.24 3.59 3.87
v d W 2.24 2.75 3.11 3.39 3.63 3.83

K 4s 2S1/2–4p 2P1/2 1.55 1.96 2.48 2.53 2.76 2.97
4s 2S1/2–4p 2P3/2 2.33 2.94 3.49 3.90 4.27 4.51
v d W 2.32 2.86 3.23 3.52 3.76 3.98
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Fig. 10. K-H2 potentials for the resonance lines for the C2v

and C∞v symmetries with spin-orbit coupling.
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also have reported those derived from the power law form
(cc) equation (9). Figures 11, 12, 5, and 6 show their de-
pendence on temperature.

The P1/2 line is due to a simple isolated A Π1/2 state,
whereas the P3/2 line comes from the A Π3/2 and B Σ1/2

adiabatic states arising from the np P3/2 atomic state.
The broadening of the B Σ1/2 state is most sensitive to
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potential at intermediate separations, where the potential
starts to deviate from the long range part. This result
confirms the study by Roueff and Regemorter [28] and
Lortet and Roueff [29] of the collisions with light atoms
whose polarisability is small. It was shown by them that
the width of spectral lines due to collisions with hydrogen
atoms does not rise from the van der Waals dispersion
forces but from a shorter range interaction.

The combined contribution of the two last states, as
illustrated in Figures 7 and 8, leads to a larger width for
the D2 line. Nevertheless the ratio of half-widths D2/D1
calculated with pseudopotentials seems to be too large
compared to available experiments as described below. It
seems possible that this discrepancy arises from the sen-
sitivity to the details of the potentials as noted, although
the semiclassical treatment of binary collisions used here
could be a factor as well. A resolution awaits new experi-
mental results, improved potentials, and a comparison of
quantal and semiclassical line shapes from the same po-
tentials.

5 Comparison with experiments

A few laboratory experiments have measured the width,
shift, and asymmetry of the light alkalis broadened by
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Table 3. Comparison of experimental and theoretical half-widths (10−20 cm−1/cm−3) of the Na resonance lines perturbed by
He collisions.

Na-He 3s 2S1/2–3p 2P1/2 3s 2S1/2–3p 2P3/2

Reference D1 D2 T (K) Notes
Pseudopotential 0.85 1.31 500 This paper
van der Waals 1.10 1.10 500 This paper
Kielkopf (1980) [34] 1.02 ± 0.01 1.06 ± 0.02 450 ± 50
Chatham et al. (1980) [35] 0.942 ± 0.024 1.14 ± 0.01
McCartan and Farr (1976) [36] 1.01 ± 0.05 1.16 ± 0.10 475 ± 15
Deleage et al. (1973) [37] 0.849 ± 0.027 0.902 ± 0.027 465 ± 55

Table 4. Comparison of experimental and theoretical half-widths (10−20 cm−1/cm−3) of the K resonance lines perturbed by
He collisions.

K-He 4s 2S1/2–4p 2P1/2 4s 2S1/2–4p 2P3/2

Reference D1 D2 T (K) Notes
Pseudopotential 0.94 1.52 500 This paper
van der Waals 1.12 1.12 500 This paper
Lwin and McCartan (1978) [30] 0.82 ± 0.02 1.09 ± 0.02 410 ± 10

He at low density. No published experimental measure-
ments for broadening by H2 are known to the authors.
For the most part, the alkali resonance lines are so narrow
under laboratory conditions that a measurement of their
widths requires extremely high spectral resolution, and
careful allowance for instrumental effects. The measure-
ments must be made in absorption spectra to avoid the
possibility of spectral reversal common in emission and
fluorescence sources. Furthermore, because the shifts are
also small, extremely good stability is required to make
an accurate measurement of the dependence of shift on
broadening, a process that requires measuring the wave-
length of the line over a range of gas densities.

In spite of these difficulties, there are several indepen-
dent measurements of the broadening of the Na resonance
lines by He summarized in Table 3. All of these measure-
ments excluded instrumental broadening and found the
rate of increase of the Lorentzian component of the de-
convolved line as a function of gas density over a range
of densities up to about 1 atmosphere (2.7 × 1019 cm−3).
They are also all nearly at the same low 500 K tempera-
ture because at higher temperatures in equilibrium with
metallic sodium in a cell, the absorption over pathlengths
of centimeters in the laboratory is large enough to prohibit
an accurate determination of the line center. At lower tem-
peratures the absorption is too weak to measure with pre-
cision using conventional spectroscopic technology. Thus,
unfortunately, these measurements cannot distinguish the
effects of temperature, or verify the calculation at tem-
peratures of astrophysical interest. They can, however, es-
tablish a benchmark for comparison under conditions for
which the theories are valid. As such, they are good ref-
erence points for testing the validity of potentials suitable
for computing the shift and broadening of the center of a
line.

That the measurements differ from one another by
more than the experimental error is an indication that
systematic errors are still present in at least some of the
work. Nevertheless, the average values are for D1 0.955 ±

0.079 and for D2 1.066 ± 0.117 × 10−20 cm2. Within ex-
perimental error there is no clear difference in the broad-
ening of the D1 and D2 components of the Na resonance
line by He when considering all of the experiments as a
group. However, taken individually each report a broader
D2 line than D1, with the average D2/D1 ratio 1.11 ±
0.075. This is much smaller than predicted by the pseu-
dopotential calculations in this paper (1.54). On the other
hand, the simple van der Waals estimate would have a
ratio of 1.0, which is probably too low. Both the exact
line shape computed from pseuodpotential theory and the
Lorentzian width computed from the van der Waals model
agree with the Na-He experiments within roughly 10%.

A similar situation occurs with K-He. Lwin and
McCartan [30] made a precise determination of the broad-
ening of the K resonance lines and presented data on
the width and shift of the line core, as well as the near
line wings, for He and other noble gases. Their results
for the core broadened by He are compared in Table 4
with our calculations. The same patterns occur in both
K and Na: the recent pseudopotential calculations over-
estimate the core broadening and the D2/D1 ratio. Lwin
and McCartan [30] commented that their measurements
agreed better with the pseudopotentials available at that
time [31] for the P3/2 than for the P1/2 component. It
is interesting that they also noted that both widths and
shifts for the P1/2 component computed from potentials
based on theoretical dipole–induced-dipole and dipole–
induced quadrupole interactions (Kielkopf [32,33]) agreed
very well with a wide range of experimental line shape
measurements.

6 Conclusions

The recent discovery that the light alkali resonance lines
are significant sources of opacity for brown dwarf atmo-
spheres has created a renewed interest in their broaden-
ing by He and H2. We have used pseudopotentials in a
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semiclassical unified theory of the spectral line broaden-
ing to compute line core parameters. For He the results
are similar to those recently reported based on close cou-
pling calculations and ab initio potentials, yet the differ-
ences are greater than experimental error in comparable
laboratory data. For H2 this is the first theoretical value
reported, and there are no experimental tests as yet. The
noted discrepancies with He suggest that there may be a
need for new calculations of the potentials for alkali-He
and alkali-H2 interactions. The accuracy of such poten-
tials could be tested by new laboratory measurements of
the line core and far wing broadening. In the meantime,
these results provide a reliable first estimate of broadening
of alkali lines by He and H2.

One of us (NFA) would like to thank Dr M. Bouledroua for
making available the Li-He potentials used in [14,15].
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