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Abstract. We present the first brown dwarf atmosphere models based on theoretical calculations of absorption profiles of
sodium and potassium perturbed by helium and molecular hydrogen. The synthetic spectra have been compared to previol
calculations with Lorentz profiles and the classic van der Waals approximation, and to the observed spectrum of the T dwar
SDSS 1624. The new profiles provide increased opacities in the optical spectra of methane brown dwarfs. However, the potas
sium and sodium far wings alone cannot explain the missing opacity in the 0.85gmIdnge.
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1. Introduction collision problem given an appropriate theoretical framewc

. or the line shape. In a recent paper, Burrows & Volobuy
Evolved methane brown dwarfs are hydrogen-rich SUbStel’garOO& hereafter BV), using their evaluations of multiconfi

mass ObJeCt§ which show methane bands in their spectrg. T Urdtion self-consistent field Hartree-Fock potentials, have ¢
atmosphere is depleted of refractory elements due to grain s%glll—

tation. R i f alkali el ¢ ¢ ind ated the far wing line profiles of the 0.5@&#n sodium D
mentation. Resonance lines of alkall elements can form in degh 0.77um potassium doublets using thmiform approxi-
regions of the atmosphere, and are the rare remaining se

i ral d at heri ter indicat Ationto the wing profile (Szudy & Baylis 1975; 1996). Thi
uve spectra type an atmospneric parameter indicators. e, major improvement compared to the unrealistic use ¢
importance of the far wings of the potassium doublet, ce

tered at 0. 77im i tra of meth b dwarfs. has b [orentzian so far in the wings. Also, in contrast to a simg
ered at 0.74im in spectra of methane brown dwarfs, has be uasistatic model, this formula has no singularity and shoi

demonstrated by Burrows et al. (2000). With these wings defin- principle predict the satellite shapes. However, profiles

ing a pseudo-continuum out to more than 2500 A from ﬂ'{ﬁe satellite regions were poorly determined by BV, and no i

llr?et center, '(tj klaecamccie _clear_that the classt|cal adpp;)roxm%tl ations to brown dwarfs model atmospheres and synthi
at were widely used in main sequence star and brown ctra have been published to this day.

model atmospheres (see e.g. Allard et al. 2001) — Lorentz pro- n this paper, we present the first application of accurate

files using van der Waals damping constants, such as desc.”?gﬁ]profiles of sodium and potassium doublets to the model
by Schweitzer et al. (1996) for example —were not appropriate

to handle this situation. This motivated Burrows et al. (200 ospheres and synthetic spectra of brown dwarfs, and we ¢

to modify Lorentz profiles, introducing cuis and parameters are the results and the depth of satellite bands to the obse
Fortunatel L . .'sgectrum of the T dwarf SDSS 1624.
y, the broadening of alkali lines by rare gases is
problem which has been extensively investigated in experimen-
tal and theoretical work (Allard & Kielkopf 1982). Interatomic2, Theoretical line profiles
interactions are the main physical quantities needed for a good

understanding of collisional processes. The theoretical potéhih€ory of spectral line broadening has been developec
tials for the binary interactions of alkali atoms perturbed by Helculate neutral atom spectra given the interaction and tr
or H, were computed for the lower states to an accuracy sufffion moments for relevant states of the radiating atom w
able for line shape calculations by Pascale (1983, 2003) Aiper atoms in its environment. Within this framework it |

Rossi & Pascale (1985). This allows us to solve the radiatip@Ssible to compute the complete spectrum with a unif
approach. Unlike impact theories of line broadening whi

Send gfprint requests toN. F. Allard, e-mail:allard@iap. fr predict a lorentzian line, the classical static theories that n
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10 T T T T T T T The alkali line profiles and satellites are calculated for
physical conditions encountered in the atmospheres of brown
dwarfs. Although our theory takes into account tifieets of
multiple close collisions, for use here we computed the line
profile in the low density limit as described by Allard et al.
(1994). This method uses the expansion of the autocorrelation
function in powers of density. We assume that interactions of
an absorbing atom with more than one perturber do not con-
tribute to the far line wing profile under conditions in brown
dwarf atmospheres.

TTTTT
L

10-17

T
|

10-18

o (cmﬁ

Ty
Ll

10—19

Ty
Ll

10-20

T
TRl

100,40 "6.45 080 055 0:60 068 6.70 075 080 0.85 090 6.65 100
hbm 3. Interpretation of the absorption profiles

Fig. 1. Variation of the Na and K line profiles perturbed by He with

densitynye = 10' cm®. The temperatures (top to bottom) are 30000/e used the molecular potentials and dipole moments of

2000, 1000, and 500 K. Pascale (1983) for the alkalis perturbed by He. The shape of

the line wing is sensitive to the filerence between the ground

apply in regions of the near wing, or the approximation metBnd excited state interaction potentials, and satellites appear
ods of Szudy & Baylis (1975, 1996) used by BV, our unifiegorresponding to extrema V. The diference potential en-
theory provides an accurate spectrum from the line center to g8y surfaces as shown in Figs. 2a and 2b give rise to satellites
extreme wing. Complete details and the derivation of the thé-the far wings positioned atfiw = AVpax (Allard 1978).

ory are given by Allard et al. (1999). Our approach is based éother important factor is the variation of the radiative dipole
quantum theory of spectral line shapes by Baranger (1958d1)ment during the collision once modulated by the Boltzmann
with an adiabatic representation to include the degeneracyfagtor €V<")/*T (Figs. 2a and 2b).

atomic levels. _ _ The maxima in the dierence potentialsV lead to far blue
The spectrum can be written as the Fourier transfor@yeljites. Their presence is very sensitive to the temperature
of the autocorrelation function of the dipole moment in thgye to the fast variation of the modulated dipole moment with
Heisenberg representation (Allard & Kielkopf 1982) temperature in the internuclear region where the line satellite is
F.(Av) = FT [exp(ng(9)] . 1) formed (Fi.gs. 2a and 2b). We pr_esent in Fig. 1 the absorption
cross section for the resonance lines of Na and K for a He den-
For a transitiony = (i, f) from initial statei to final statef, we sity of 10'° cm™2 and temperatures from 500 to 3000 K. The

have strength of the satellites increases with temperature. For Na,
1 @ the satellite due to interactions with He is at 0/&# with
9ga(8) = S o @ [doal? Z oscillatory structure between the satellite and the line center.
& el ee For K, the He satellite is at 0.6@m. At lower temperatures
+00 —+00 . . . . . . .
il the satellites are manifested as a distinct break in the line wing
X 2npd dx dee[ R(O . . A
fo 4 p[w e[ R(O)] continuum, but at 1000 K and above, there is a broad line-like
v [e% J5 dt Ve[ R()] &*ee[ RS - aee[ R(0) ]] ) maximum, often referred to as a “satellite band.”

The alkali-H, molecular potentials have been calculated by
"Wossi & Pascale (1985), but only for the,@nd C, symme-

es. We also had to assume that the dipole moment for the

sition asR — co (hereR denotes the internuclear distance bez. \iions s constant and equal to its asymptotic value, but
tween the radiator and the perturber). The total line strengthrﬁ dulated by the Boltzmann factor to take into account tem-
the transition isYe ¢ |dec|®. The radiative dipole transition mo- perature Bects

ment of each component of the line dependfpand changes _
during the collision. At timet from the point of closest ap- ~ We note the presence of far blue satellites of Na-H

Theeande label the energy surfaces on which the interacti

proach for a rectilinear classical path between 0.49 and 0.5Q8n shown in Fig. 3a. The satellites
12 arising from potentials with & symmetry are more sharply de-
R(t) = [p2 + (x+ vt)z] , (3) fined and intense at a given temperature, and closer to the reso-

. . . nance line center. In Fig. 3b, the blue satellites of Kagpear
wherep is the impact parameter of the perturber trajectont,m 0.67 to 0.69um. These satellite features increase in

andx is the position of the perturber along its trajectory. Wgtren th with temperature over the range of our calculations
definedee (R(t)) as amodulatediipole (Allard et al. 1999) g P g

from 500 to 3000 K. An extended red wing with no satellite

3 -5 tructure also increases with temperature. This is due to con-
dee[R()] = dee[R(t)]e2VIROT | 4) 3 P

ee[RO] = dee[R(O)] @) tributions from the dference potentials which do not present
whereg is the inverse temperature/(T). extrema.
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Fig. 2. Variation with temperatures of the K-He and K-hhodulated dipole at 3000, 2000, 1000, and 500 K (top to bottom), andffbestice of
upper and lower state potentials for the resonance lines. Foy, iifference potentialsV are shown for the & (—) and G, (- - -) symmetries.
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Fig. 3. Variation with temperature of the Na and K line profiles perturbed bydd the C,, (—) andC,, (- - -) symmetries. The density of
perturbers sy, = 10'° cm3. The temperatures (top to bottom) are 3000, 2000, 1000, and 500 K.

4. Application to brown dwarf synthetic spectra profiles correspond more closely to the strongly depressed
spectrum of the T dwarf.

We have computed model atmospheres and synthetic spectraBV stated that satellites would provide only negligible a
using the Allard et al. (2001) atmosphere program PHOENIKtional opacity for these two transitions. Indeed, these f
and the new theoretical Nal D and K| profiles. The results angres, located around.®l ym and 069 um for the Nal D
compared to previous models in Fig. 4, and demonstrate taad KI 077 um doublets respectively, occur in a regime ¢
these improvements are of fundamental importance for obtaiow emitted flux for such cool brown dwarfs, and do not a
ing a better quantitative interpretation of the spectra. The néect significantly the balance of energy and the thermal prof
profiles carry significantly more opacity within the first 1800 Aowever, the K 1 077 um satellite forms a broad but weak fee
from the line centers, while providing less opacity further in thieire in the vicinity of the Lil transition at 6708 A, which coulc
red wings. The optical-to-red pseudo-continuum is therefdoe observable with a resolution better than 10 A and low noi
depressed, while raised at the flux maximum neaufinlcom- This is not the case of the Keck LRIS63-0.946 um spectra
pared to models based upon the van der Waals approximatmffSDSS1624 shown in Fig. 4. We have therefore removed
Figure 4 also shows the observed spectrum of the T6 methabserved spectrum in Fig. 4 for wavelengths belor@m for
brown dwarf SDSS 1624. The changes provided by the nelarity.
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but it is not correct for higher densities, or when the line satel-
lites of the alkali-perturber system are closer to the main line
(Allard et al. 2003). This cannot be taken into account in the
uniform approximation of the Frank-Condon theory, and will

be included in future work.

In conclusion we have presented the first application of de-
tailed alkali profiles in the construction of synthetic spectra for
brown dwarf atmospheres. While the results are encouraging
and account for the observed opacity in the visible spectrum,
the source of additional opacity in the88 yum to 11 um re-
gion remains a mystery.
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