Collision{induced absorption in the infrared:

A data base for modelling planetary and stellar atmospheres^�

Aleksandra Borysow^{1,2}

1 University of Copenhagen, Niels Bohr Institute for Astronomy, Physics and Astrophysics, Copenhagen University Observatory, Juliane Maries vej 30, DK-2100 Copenhagen, Denmark

2 Physics Department, Michigan Technological University, Houghton MI 49931, USA

e-mail: aborysow@nbi.dk

Last update: January 2002

Abstract

Accurate knowledge of certain collision-induced absorption continua of molecular pairs such as H_2-H_2, H_2-He, H_2-CH_4, CO_2-CO_2, etc., is a prerequisite for most spectral analyses and modelling attempts of atmospheres of planets and cold stars. We collect and regularly update simple, state of the art computer programs for the calculation of the absorption coefficient of such molecular pairs over a broad range of temperatures and frequencies, for the various rotovibrational bands. The computational results are in agreement with the existing laboratory measurements of such absorption continua, recorded with a spectral resolution of a few wavenumbers, but reliable computational results may be expected even in the far wings, and at temperatures for which laboratory measurements do not exist. Detailed information is given concerning the systems thus studied, the temperature and frequency ranges considered, the rotovibrational bands thus modelled, and how one may obtain copies of the Fortran 77 computer programs by e-mail. As well, one

�Unpublished report updated annually

can download most of the programs and data mentioned in Tables I and II from http://www.astro.ku.dk/∼aborysow/programs/.

2

Introduction

Dense, neutral atmospheres, even those composed of nonpolar molecules, absorb infrared radiation in various rotovibrational bands that may be forbidden by dipole selection rules in the isolated molecules; weak new bands at sums and differences of rotovibrational transition frequencies also occur. Collision-induced absorption arises from intermolecular interactions of two (or more) molecules; it is a supermolecular process that has been studied in great detail in various dense gases, especially in hydrogen and mixtures of hydrogen and helium (Welsh, 1972); also in oxygen, nitrogen, methane, etc., and mixtures of such gases (Dagg, 1985; Borysow et al., 1987). Collision-induced roto-translational bands are known in the far infrared and microwave regions, and rotovibrational bands, including various overtone bands, exist in the infrared and visible regions of the electromagnetic spectrum (Frommhold, 1993). The astrophysical significance of CIA has long been recognised (Field et al., 1966; Trafton, 1964; Herzberg, 1952). Supermolecular absorption determines significant features of planetary atmospheres, such as the vertical temperature profile, the high-altitude haze distribution, and offers opportunities for the determination of abundance ratios of helium and hydrogen, and of ortho- and para-H_2. Such spectra are obtained in certain spectral bands by earth-based observations. Previous space missions (especially Iris of Voyager I and II) as well as future ones (Infrared Space Observatory, NIMS of Galileo, and VIMS of Cassini) call for an extended data base of collision-induced absorption. Equally important are the collision-induced opacities for modelling the cool, dense stellar atmospheres. (Linsky, 1969; Borysow, 1995; Borysow, 1994; Borysow et al., 1997; Borysow and Jørgensen, 2000).

For the analyses of such spectra, absorption profiles need to be known accurately as function of frequency, density and temperature for the molecular pairs (and, perhaps, triplets, etc.,) normally encountered in such atmospheres. Most significant information of that kind is obtained by laboratory measurements of the absorption by compressed gases, but the use of laboratory spectra for the modelling of planetary atmospheres is not straightforward. The problem is one of interpolating (and usually also extrapolating) the absorption coefficients measured in the laboratory at a number of fixed temperatures to the temperatures of the atmospheres, without sacrificing much of the precision of the measurement. Temperatures of interest to the planetary scientist do generally not coincide with temperatures that are conveniently maintained in the laboratory. More or less empirical interpolation procedures have been attempted over the years by various authors for certain molecular systems and bands of interest. However, the results thus obtained are often inconsistent with predictions based on the fundamental theory, especially where extrapolation to low temperatures is involved. In short, purely empirical procedures do in general not provide the most reliable input for the purpose.

In recent years, a new approach has been developed that is based on a numerical integration of Schrödinger’s equation, using the most accurate dipole and potential models presently available as input for a rigorous computation of supermolecular absorption. For several important molecular systems (H_2–H_2 and H_2–He, for various RT and RV bands) the computational results thus obtained were shown to be consistent with almost all relevant laboratory measurements of such absorption spectra. In other words, a formalism exists which provides the most reliable basis for the computation of collision-induced absorption in various rotovibrational bands of molecular pairs, over a wide range of frequencies and temperatures, even where laboratory data do not exist; all computational results are consistent with the fundamental theory as well as with the measurements. Furthermore, dimer structures that could not be observed at the time in the laboratory, but were seen in the Voyager Iris spectra (Frommhold et al., 1984; Schäfer and McKellar, 1990), have been explained in this way, thereby enhancing the potential for extracting significant new information from such spectra, see a recent monograph for details (Frommhold, 1993).

Significant progress has also been made to represent the computed collisioninduced spectra in a form of relatively simple, analytical expressions that model the absorption quite accurately as function of frequency, gas density and temperature. The desirability for tractable analytical profiles for modelling of planetary atmospheres in the infrared has long been felt. For a number of systems and molecular bands of interest here, we have, therefore, presented the computational results in a form which permits a fairly rapid evaluation of the absorption coefficient as function of these parameters, even on small computers, without repeating elaborate quantum calculations. Simple Fortran 77 computer programs are available from the author that permit evaluation of the absorption in the infrared of several important molecular pairs commonly encountered in planetary and stellar atmospheres; e-mail inquiries are encouraged at aborysow@nbi.dk (or on www.astro.ku.dk/∼aborysow/programs).

Summarising, a relatively simple computational scheme has been created to duplicate almost instantaneously reliable absorption continua of common molecular pairs at nearly any temperature. The accuracy of the data thus obtained is as good as that of the best laboratory measurements of the kind presently available. The scheme permits substantial, dependable temperature and frequency interpolation and even extrapolation. Our models are most suitable for the low-resolution spectra. The bound-bound transitions, which are also present (with an exception of H_2-He pairs), can be computed only approximately (due to the isotropic potential approximation), and thus their models can be used as a low-resolution approximation.

Binary Spectra

The computation of binary supermolecular spectra requires as input two functions of the intermolecular separation and orientation, namely the induced dipole moment and the intermolecular potential (Borysow and Frommhold, 1985). Intense research efforts have resulted in quite accurate, semiempirical models of the potential for many molecular pairs of interest in planetary atmospheres (Maitland et al., 1981); we use the most advanced model potentials presently available for the computations of the collision-induced absorption profiles.

Use of ab initio dipole surfaces

Highly developed quantum chemical methods exist to compute molecular and supermolecular properties from first principles. For example, attempts to compute induced dipole moments of molecular pairs are well known for the simpler atomic and molecular systems, such as H_2–H_2 and H_2–He. Recent work improved earlier results and considered the effects of electron correlation and vibrational averaging. Computed supermolecular wavefunction separate correctly into a product of H_2 wavefunctions for the separation R → ∞. At the configuration interaction (CI) level, all atomic and molecular properties (polarizabilities and quadrupole moments) were found to be in agreement with the known values to within 1%. Various extensions of the basis sets employed have resulted in variations of the induced dipole moments of less than 1%. The precision of the best calculations of the kind may indeed be of that order (Meyer, 1985; Meyer and Frommhold, 1994).

Existing laboratory absorption spectra of H_2–H_2 and H_2–He pairs were closely reproduced by line shape computations based on the advanced ab initio dipole surfaces and models of the (isotropic) interaction potentials at all temperatures for which such measurements exist; see the examples shown in the “source references” listed in column 4 of Table 1. Under such conditions theory may be considered to be verified by measurement to the greatest possible extent. Such computations may thus be used to generate (or “predict”) reliable absorption spectra at temperatures for which laboratory data do not exist. In this case, temperature interpolation of measurements is not a problem because theory states unambiguously all temperature dependencies and digital computers account rigorously for these. Spectral profiles have been computed over a wide range of temperatures in the roto-translational, fundamental and overtone collision-induced bands of H_2. These have been modelled with the help of the best analytical profiles presently known, for an easy duplication by the users of such data; relevant publications are given in the last column of Table 1 (“model” references).

We note that the line shapes are calculated using an exact quantum formalism and the most reliable input available. Vibrational dependencies of the interaction potential were for the first time accounted for in such work which have surprisingly strong influence on the resulting line shapes; these affect the asymmetry of the spectral profiles (“principle of detailed balance”) which required a modification of standard model profiles in wide use (Frommhold, 1993). Isotropic interaction potentials are assumed which is (usually) a good approximation for the nearly spherical hydrogen molecules.

Use of the multipole-induced dipole model

In quantum chemical computations, pairs of bigger molecules (i.e., multi-electron molecules like N_2 and CH_4) have presently not been treated with the same precision as systems such as H_2–H_2 and H_2–He. One needs, therefore, alternative induced dipole functions for the modelling of the binary absorption based on quantum line shape computations. Fortunately, molecules other than H_2 and He have large polarizabilities and strong multipole moments so that the induced dipole sur-

Table 1: Collision-induced absorption of H_2-H_2 and H_2-He systems obtained from first principles. RT, F, O_2 and O_v stand for roto-translational band, fundamental band, first overtone and higher overtone band(s) of H_2, respectively. Column “model” lists available computer programs for modelling planetary and stellar atmospheres.

pair band frequencies source model temperatures

(cm�1) Ref. Ref. [K]

H_2–H_2 RT 0 – ≈ 2000 [1] [2] 20 – 300 RT 0 – ≈ 5000 [11] 600 – 7000 F ≈ 3500 – 5500 [3] [4a] 20 – 350 F ≈ 2000 – 8000 [4b] 600 – 5000 O_2 ≈ 5000 – 7000 [5] [10] (see Refs. [5,10]) O_3 ≈ 11600 – 13000 [14] [15] 20 – 500 all bands 800–15,000 [16] [17] 1000 – 7000 all bands 20–20,000 [20] [19] 1000 – 7000 all bands 0-17,000 [21] [19] 60 – 1000

H_2–He RT 0 – ≈ 2000 [6] [7] (see Refs. [6,7]) F ≈ 1000 – 8000 [8a] [12] 18 – 7000 F ≈ 3500 – 5500 [8b] [13] 20 – 300 O_2 & O_v &“hot bands” 0 – ≈ 11000 [9] 18 – 7000 all bands 800 – 15,000 [16] [19] 1000 – 7000 all bands 25 – 20,000 [18] [19] 1000 – 7000

[1] (Meyer et al., 1989b) [2] (Borysow et al., 1985) [3] (Meyer et al., 1989a) [4a] (Borysow, 1991; Borysow, 1993) [4b] (Borysow and Frommhold, 1990) [5] (Meyer et al., 1993) (temp. 20 – 300 K) [6] (Meyer and Frommhold, 1986a; Birnbaum et al., 1987; Meyer and Frommhold, 1994) (temp. 20 – 300 K) [7] (Borysow et al., 1988) (temp. 40 – 3000 K) [8a] (Frommhold and Meyer, 1987; Moraldi et al., 1988) (temp. 20 – 300 K) [8b] (Borysow et al., 1990) [9] (Borysow and Frommhold, 1989) (temp. 18 – 7000 K) [10] (Zheng and Borysow, 1995a) (temp. 20 – 500 K) [11] (Zheng and Borysow, 1995b) [12] (Borysow et al., 1989) [13] (Borysow, 1992) [14] (Fu et al., 2000; Brodbeck et al., 1999) [15] (Borysow et al., 2000) [16] (Borysow et al., 1997) [18] (Jørgensen et al., 2000) [19] see www.astro.ku.dk/¸aborysow/programs/ [20] (Borysow et al., 2001) [21] (Borysow, 2002) 4 faces are closely described by the classical multipole induction model (Hunt, 1985). That description neglects the little known but generally relatively weak overlap- and exchange-induced dipole components, or it treats those spectral components arising from overlap induction as a small empirical correction. This approach has been very successful and permits a close reproduction of a number of roto-translational absorption spectra of binary systems involving like or dissimilar pairs of molecules like H_2, N_2, CH_4, and Ar. Complete references to the relevant source papers and the modelling for planetary work are given in Table 2.

Model line shapes

Spectroscopists have always found it useful to model measured line shapes with the help of analytical functions, such as Lorentzians or Gaussians, which may represent closely certain parts of spectral lines, such as the core or the distant wings. Collision-induced spectra are generally very diffuse, on account of the short collisional interaction time; as a consequence, the asymmetry arising from the principle of detailed balance can in general not be ignored. In response to these facts, “modified” desymmetrized functions have been proposed which represent collision-induced profiles somewhat more closely, but possibly not closely enough. It is, therefore, of interest that a number of simple, analytical models have been proposed especially for supermolecular spectra that are suitable for an efficient numerical computation, which reproduce measured and computed profiles of collision-induced absorption amazingly well. The most successful of these are the 3-parameter (Birnbaum and Cohen, 1976) “BC” model for multipole-induced lines, the 3-parameter “K_0” model for overlap-induced lines, and a combination of these, called the extended BC (“EBC”) model which was constructed for special applications, such as the modelling of exact quantum line shape computations with great precision. These represent the exact profiles so well over an extended range of frequencies that in certain cases we found complex quantum line shape computations unnecessary, see (Borysow et al., 1985; Borysow et al., 1984), also (Moraldi et al., 1988) (“X&Y” functions) and (Birnbaum and Borysow, 1991) (“BB” lineshapes). Spectral components involving bound pairs (i.e., van der Waals molecules) require special consideration, but successful procedures have been developed for selected systems (Borysow and Frommhold, 1986a; Borysow and Frommhold, 1986b; Borysow and Frommhold, 1986c).

Concluding Remarks

For most analyses of the spectra of the planets and their big moons, collisioninduced absorption of molecular pairs involving H_2, He, etc., must be known accurately over a wide range of temperatures and frequencies. By selecting the best dipole and intermolecular potential functions presently available, with the help of a rigorous quantum formalism, we have computed from first principles the collisioninduced absorption spectra for several molecular pairs and the spectral bands listed in Tables 1 and 2. The results of the calculations were shown to be in close agreement with the laboratory measurements. We, therefore, feel that our quantum formalism offers the most reliable basis for the inter- and extrapolation of these laboratory data, with regard to both frequency and temperature.

Table 2: Collision-induced absorption for planetary atmospheres, based on a multipolar induction plus empirical dipole treatment. RT means roto-translational band. Column “model” lists available computer programs for modelling planetary atmospheres.

pair band frequencies source model temperature

(cm�1) Ref. Ref. [K]

CH_4–CH_4 RT 0 – ≈ 750 [1] [2] 50 – 300 H_2–CH_4 RT 0 – ≈ 1000 [3,4] [3] 50 – 300 H_2–N_2 RT 0 – ≈ 1000 [5,6] [5] 50 – 300 He–CH_4 RT 0 – ≈ 500 [7] [7] 40 – 350 N_2–N_2 RT 0 – ≈ 300 [8] [8] 50 – 300 N_2–CH_4 RT 0 – ≈ 600 [9] [10] 70 – 300 CH_4–Ar RT 0 – ≈ 750 [11] [12] 70 – 300 H_2–Ar RT 0 – ≈ 2000 [13] [14] 60 – 300 CO_2–CO_2 RT 0 – ≈ 250 [15] [16] 200 – 800

[1] (Borysow and Frommhold, 1987a) [2] (Borysow and Frommhold, 1987b) [3] (Borysow and Frommhold, 1986b) [4] (Borysow et al., 1986) [5] (Borysow and Frommhold, 1986c) [6] (Dore et al., 1986) [7] (Taylor et al., 1988) (Fortran program does not exist) [8] (Borysow and Frommhold, 1986a; Borysow and Frommhold, 1987c) [9] (Birnbaum et al., 1993) [10] (Borysow and Tang, 1993) [11] (Dore and Filabozzi, 1990) [12] A. Borysow, unpublished work, 1993, see (Samuelson et al., 1997) [13] (Meyer and Frommhold, 1986b) [14] A. Borysow, unpublished work, 1994, see (Samuelson et al., 1997) [15] (Gruszka and Borysow, 1998) [16] (Gruszka and Borysow, 1997)

The exact computational results have been fitted to carefully selected analytical model profiles, functions of temperature and frequency, maintaining the numerical precision of the original work; computer codes for an efficient evaluation of these functions are available from the author.

Collision-induced absorption was recently recognised as an important opacity source in the atmospheres of cool stars (like brown dwarfs, M dwarfs or cool white dwarfs), for reviews see (Borysow, 1995; Borysow, 1994; Borysow et al., 1997; Borysow and Jørgensen, 1999; Borysow and Jørgensen, 2000). Recently, we updated our data base to other molecular bands of hydrogen, and to higher temperatures of astrophysical interest with the quantum mechanical computations.

We will continue to update the programs in our data bank, as soon as new models become available and place the data on www page.

Presently, we consider binary systems of nonpolar molecules only. The current extent of the data base is best described by the information presented in Tables 1 and 2. The review of all computational efforts including many examples of the use of computer models related to CIA in pure hydrogen, and hydrogen-helium mixtures, for the planetary applications, can be found in (Birnbaum et al., 1996).

Extensive studies such as the ones mentioned above have shown that collisioninduced absorption by binary systems is well understood and can be modelled accurately for atmospheric research, certainly for the simpler molecular systems at the temperatures encountered in the atmospheres of the outer planets and their big moons. However, it is well known that under certain conditions absorption by ternary complexes, indeed absorption by n-body complexes with n > 2, is significant. Ternary absorption is presently less well understood, albeit several simple facts are well known; the modelling of ternary spectral features is in its beginnings at best and may be important in some research related to planetary atmospheres, at a later time, ternary absorption of systems of nonpolar molecules, like H_2–H_2–H_2, might be similarly (but less rigorously) modelled.

Ternary collision-induced spectral components are discernible at high enough gas densities (see, for example, Moraldi and Frommhold (1989; 1993)) and also at frequencies and frequency shifts near zero (Poll, 1980; Lewis, 1985). The effects of high density are often significant, especially at the lower temperatures encountered in planetary atmospheres. These may be described in the form of a virial expansion, (Moraldi, 1990; Moraldi and Frommhold, 1992) in terms of powers of density, ϱ, with n-body components of intensity proportional to ϱ^n with n = 2, 3, . . . The 2-body coefficients are generally well known as this was seen above. The 3-body terms, on the other hand, may be estimated on the basis of a pairwise additive dipole model; 3-body coefficients have also been measured and modelled.

The low-frequency or “intercollisional” process mentioned is known to arise from the correlation of dipoles induced in subsequent collisions. Theoretically, it occurs even at the smallest densities in the form of a sharp “dip” of the absorption; with increasing density the dip grows broader, especially in the microwave and far infrared regions and at the H_2 Q(J) branch.

In the near infrared, it has long been known that molecular bands of van der Waals molecules appear near the rotovibrational transition frequencies of the molecules involved, the spectroscopic signatures of molecular pairs bound by van der Waals forces. These dimer bands are to be contrasted with the diffuse bands of collisioninduced absorption that arise from free pairs in collisional interaction. Absorption by bound pairs is due to the very same interaction-induced dipole components that determines collision-induced absorption. The spectral components of bound and free pairs are, therefore, more or less inseparable. In the roto-translational bands of the far infrared and microwave regions, dimer bands have only recently been seen in the laboratory (McKellar, 1990) and may be important for a novel determination of the hydrogen to helium abundance ratio in the atmospheres of the outer planets (Frommhold et al., 1984).

Line shape computations based on isotropic interaction potentials are very successful to model collision-induced spectra for most systems of interest for planetary atmospheres, including the summed contributions of bound dimers. However, highresolution spectra will show dimer structures that cannot be modelled very well using the isotropic potential approximation, as was remarked above. One may in general expect that for not too anisotropic systems, spectra of high quality but limited resolution are obtainable by this approximation; the total intensity of the integrated dimer bands will be approximately correct. The positions of the rotovibrational dimer lines must be taken from laboratory measurements.

In case of systems consisting of considerably large molecules, like CO_2, an anisotropic potential needs to be used. We have done so, by running classical Molecular Dynamics simulations. By adjusting the unknown overlap component, we were able to reproduce the existing experimental results, and then model the RT CIA by CO_2 pairs (Gruszka and Borysow, 1998). Our new model uses different kind of model lineshape (BCBC), which combines the two BC lineshapes fitted to the low, and to the high part of the spectra (Gruszka and Borysow, 1997).

Acknowledgements The continuous support from NASA, Planetary Atmospheres Division and from NASA Astrophysics Theory Program is hereby gratefully acknowledged.

References

Birnbaum, G., G. Bachet, and L. Frommhold (1987). Experimental and theoretical investigation of the far infrared spectrum of H_2 and He mixtures. Phys. Rev. A 36, 3729–3735.

Birnbaum, G. and A. Borysow (1991). On the problem of detailed balance and model line shapes in collision-induced roto-vibrational bands: H_2-H_2 and H_2-He. Mol. Phys. 73, 57–68.

Birnbaum, G., A. Borysow, and A. Buechele (1993). Collision induced absorption of molecular gas mixtures: Methane – nitrogen. J. Chem. Phys. 99, 3234 – 3243.

Birnbaum, G., A. Borysow, and G. S. Orton (1996). Collision induced absorption of H_2–H_2 and H_2–He in the rotational and fundamental bands (0–6,000cm�^1) for planetary applications. Icarus 123, 4–22.

Birnbaum, G. and E. R. Cohen (1976). Theory of line shapes in pressure induced absorption.. Can. J. Phys. 54, 593–602.

Borysow, A. (1991). Modeling of collision-induced infrared absorption spectra of H_2-H_2 pairs in the fundamental band at temperatures from 20 to 300 K. Icarus 92, 273 – 279.

Borysow, A. (1992). New model of collision-induced infrared absorption spectra of H_2-He pairs in the 2-2.5 μm region at temperatures from 20 to 300 K: An update. Icarus 96, 169 – 175.

Borysow, A. (1993). Erratum to: Rotovibrational collision-induced absorption spectra of H_2-H_2 pairs in the fundamental band (0 → 1) at temperatures from 20 to 300 K, Icarus, 92:273–279, (1991). Icarus 106, 614.

Borysow, A. (1994). Pressure-induced molecular absorption in stellar atmospheres. In Molecules in the Stellar Environment (U. G. Jørgensen, Ed.) , Lecture Notes in Physics, pp 209–222. Springer–Verlag, Berlin.

Borysow, A. (1995). Collision – induced molecular absorption in stellar atmospheres. In Collision- and Interaction-Induced Spectroscopy (G. Tabisz and M. N. Neuman, Eds.) , NATO Advanced Research Workshops, pp 529–539. Kluver, Dordrecht.

Borysow, A. (2002). Collision induced absorption coefficients of H_2 pairs at temperatures from 60 K to 1000 K. Astron. & Astrophys. p. submitted.

Borysow, A., J. Borysow, and Y. Fu (2000). Semiempirical model of collision induced infrared absorption spectra of H_2-H_2 complexes in the second overtone band of hydrogen at temperatures from 50 to 500 K. Icarus 145, 601–608.

Borysow, A. and L. Frommhold (1986a). Collision induced rototranslational absorption spectra of N_2-N_2 pairs for temperatures from 50 to 300 K. Astrophys. J. 305.

Borysow, A. and L. Frommhold (1986b). Theoretical collision induced rototranslational absorption spectra for the outer planets: H_2-CH_4 pairs. Astrophys. J. 304, 849 – 865.

Borysow, A. and L. Frommhold (1986c). Theoretical collision induced rototranslational absorption spectra for modeling Titan’s atmosphere: H_2-N_2 pairs.

Astrophys. J. 303, 495 – 510.

Borysow, A. and L. Frommhold (1987a). Collision induced rototranslational absorption spectra of binary methane complexes (CH_4-CH_4). J. Molec. Spectroscopy 123, 293–309.

Borysow, A. and L. Frommhold (1987b). Collision induced rototranslational absorption spectra of CH_4-CH_4 pairs at temperatures from 50 to 300 K. Astrophys. J. 318, 940–943.

Borysow, A. and L. Frommhold (1987c). Erratum to the paper ”Collision induced rototranslational absorption spectra of N_2-N_2 pairs for temperatures from 50 to 300 K”. Astrophys. J. 320, 437.

Borysow, A. and L. Frommhold (1989). Collision-induced infrared spectra of H_2-He pairs at temperatures from 18 to 7000 K. II. Overtone and hot bands.. Astrophys. J. 341, 549–555.

Borysow, A. and L. Frommhold (1990). A new computation of the infrared absorption by H_2 pairs in the fundamental band at temperatures from 600 to 5000K. Astrophys. J. Lett. 348, L41 – L43.

Borysow, A., L. Frommhold, and P. Dore (1986). Rototranslational far infrared absorption spectra of H_2-CH_4 pairs. J. Chem. Phys. 85, 4750 – 4752.

Borysow, A., L. Frommhold, and P. Dore (1987). Far infrared absorption by pairs of nonpolar molecules. International Journal of IR and millimeter Waves 8, 381 – 414.

Borysow, A., L. Frommhold, and W. Meyer (1990). Collision induced absorption by H_2-He pairs in the fundamental band: Rotational states dependence. Phys. Rev. A 41, 264 – 270.

Borysow, A., L. Frommhold, and M. Moraldi (1989). Collision-induced infrared spectra of H_2-He pairs involving 0 ↔ 1 vibrational transitions and temperatures from 18 to 7000 K. Astrophys. J. 336, 495 – 503.

Borysow, A. and U. G. Jørgensen (1999). Collision induced absorption in dense atmospheres of cool stars. In Spectral Line Shapes, 14th ICSLS, AIP Conference Proceedings 467 (R. Herman, Ed.) , Vol. 10, pp 207–227. AIP Press, Woodbury, New York.

Borysow, A. and U. G. Jørgensen (2000). Collision induced absorption in M dwarfs and cool white dwarfs. In Proceedings of the Astronomical Society of the Pacific: From Giant Planets to Cool Stars (C. Griffith and M. Marley, Eds.) , Vol. 212, pp 173–180. Astronomical Society of the Pacific Conference Series.

Borysow, A., U. G. Jørgensen, and Y. Fu (2001). High temperature (1000– 7000 K) collision induced absorption of H_2 pairs computed from the first principles, with application to cool and dense stellar atmospheres. J. Quant. Spectrosc. Radiat. Transfer 68, 235–255.

Borysow, A., U. G. Jørgensen, and C. Zheng (1997). Model atmospheres of cool, low metallicity stars: The importance of collision-induced absorption. Astronomy and Astrophysics 324, 185–195.

Borysow, A., M. Moraldi, and L. Frommhold (1984). Modelling of collisioninduced absorption spectra.. J. Q. S. R. T. 31, 235–245.

Borysow, A. and C. Tang (1993). Far infrared CIA spectra of N_2-CH_4 pairs for modeling of Titan’s atmosphere. Icarus 105, 175–183.

Borysow, J. and L. Frommhold (1985). The infrared and Raman line shapes of pairs of interacting molecules. In Phenomena Induced by Intermolec. Interactions (G. Birnbaum, Ed.) , pp 67–94. Plenum Press, New York.

Borysow, J., L. Frommhold, and G. Birnbaum (1988). Collision - induced rototranslational absorption spectra of H_2-He pairs at temperatures from 40 to 3000K.. Astrophys. J. 326, 509–515.

Borysow, J., L. Trafton, L. Frommhold, and G. Birnbaum (1985). Modelling of pressure-induced far infrared absorption spectra: Molecular hydrogen pairs.. Astrophys. J. 296, 644–654.

Brodbeck, C., J.-P. Bouanich, Nguyen-Van-Thanh, Y. Fu, and A. Borysow (1999). Collision-induced absorption by H_2 pairs in the second overtone band at 298 and 77.5 K. J. Chem. Phys. 110, 4750.

Dagg, I. R. (1985). Collision-induced absorption in the microwave region. In Phenomena Induced by Intermolec. Interactions (G. Birnbaum, Ed.) , pp 95– 108. Plenum Press, New York.

Dore, P., A. Borysow, and L. Frommhold (1986). Rototranslational far infrared absorption spectra of H_2-N_2 pairs. J. Chem. Phys. 84, 5211 – 5213.

Dore, P. and A. Filabozzi (1990). Far infrared absorption of the gaseous CH_4-Ar mixture. Can. J. Phys. 68, 1196–1199.

Field, G. B., W. B. Somerville, and K. Dressler (1966). Hydrogen molecules in astronomy. Annual Review of Astronomy and Astrophysics 4, 207 – 245.

Frommhold, L. (1993). Collision-Induced Absorption in Gases. Cambridge Monographs on Atomic, Molecular and Chemical Physics 2. Cambridge University Press, New York, 1 edition.

Frommhold, L. and W. Meyer (1987). Collision induced rotovibrational spectra of H_2-He pairs from first principles. Phys. Rev. A 35, 632 – 638.

Frommhold, L., R. Samuelson, and G. Birnbaum (1984). Hydrogen dimer structures in the far-infrared spectra of Jupiter and Saturn. Astrophys. J. 283, L79–L82.

Fu, Y., C. Zheng, and A. Borysow (2000). Quantum mechanical computations of collision induced absorption in the second overtone band of hydrogen.. J. Quant. Spectrosc. Radiat. Transfer 67, 303–321.

Gruszka, M. and A. Borysow (1997). Roto-translational collision-induced absorption of CO_2 for the atmosphere of Venus at frequencies from 0 to 250 cm�^1 and at temperature from 200 K to 800 K. Icarus 129, 172–177.

Gruszka, M. and A. Borysow (1998). Computer simulation of the far infrared collision-induced absorption spectra of gaseous CO_2. Mol. Phys. 93, 1007–1016.

Herzberg, G. (1952). Spectroscopic evidence of molecular hydrogen in the atmospheres of Uranus and Neptune.. Astrophys. J. 115, 337– 340.

Hunt, K. L. C. (1985). Classical multipole models: Comparison with ab initio and experimental results.. In Phenomena Induced by Intermolec. Interactions (G. Birnbaum, Ed.) , pp 1–28. Plenum Press, New York.

Jørgensen, U. G., D. Hammer, A. Borysow, and J. Falkesgaard (2000).

The atmospheres of cool, helium-rich white dwarfs. Astronomy & Astrophysics

361, 283–292.

Lewis, J. C. (1985). Intercollisional interference—Theory and experiment. In Phenomena Induced by Intermolec. Interactions (G. Birnbaum, Ed.) , pp 215– 258. Plenum Press, New York.

Linsky, J. L. (1969). On the pressure-induced opacity of molecular hydrogen in late-type stars.. Astrophys. J. 156, 989.

Maitland, G. C., M. Rigby, E. B. Smith, and W. A. Wakeham (1981).

Intermolecular Forces. Clarendon Press, Oxford.

McKellar, A. (1990). Infrared spectra of van der Waals molecules using long paths at low temperatures. In Spectral Line Shapes 6: AIP Conference Proceedings 216, pp 369 – 385. Am. Inst. Phys., New York.

Meyer, W. (1985). Ab initio calculations of collision-induced dipole moments. In Phenomena Induced by Intermolec. Interactions (G. Birnbaum, Ed.) , pp 29–48. Plenum Press, New York.

Meyer, W., A. Borysow, and L. Frommhold (1989a). Absorption spectra of H_2-H_2 pairs in the fundamental band. Phys. Rev. A 40, 6931 – 6949.

Meyer, W., A. Borysow, and L. Frommhold (1993). The binary collision – induced first overtone band of gaseous hydrogen from first principles. Phys. Rev. A 47, 4065–4077.

Meyer, W. and L. Frommhold (1986b). Collision induced rototranslational spectra of H_2-Ar from an accurate ab initio potential surface. Phys. Rev. A 34, 2936 – 2941.

Meyer, W. and L. Frommhold (1986a). Collision induced rototranslational spectra of H_2-He from an accurate ab initio potential surface. Phys. Rev. A 34, 2771 – 2779.

Meyer, W. and L. Frommhold (1994). Ab initio interaction-induced dipoles and related absorption spectra. In Induced Spectroscopy: Advances and Applications (G. Tabisz, Ed.) , NATO Advanced Research Workshops, p. **. Kluver.

Meyer, W., L. Frommhold, and G. Birnbaum (1989b). Rototranslational absorption spectra of H_2-H_2 pairs in the far infrared. Phys, Rev. 39A, 2434– 2448.

Moraldi, M. (1990). Virial expansion of correlation functions for collision induced spectroscopies. In Spectral Line Shapes, Vol. 6. American Institute of Physics, New York.

Moraldi, M., A. Borysow, and L. Frommhold (1988). Rotovibrational collision- induced absorption by nonpolar gases and mixtures (H_2-He pairs): Symmetry of line profiles. Phys. Rev. A 38, 1839 – 1847.

Moraldi, M. and L. Frommhold (1989). Three-body components of collision induced absorption. Phys. Review A40, 6260 – 6274.

Moraldi, M. and L. Frommhold (1992). Second and third virial coefficients of collision-induced absorption and light scattering. In Molecular Liquids: New perspectives in physics and chemistry. Kluwer Academic Publishers, Dordrecht, The Netherlands.

Moraldi, M. and L. Frommhold (1993). Irreducible three-body dipole moments in hydrogen. In Interaction Induced Spectroscopy: Advances and Applications (G.

Tabisz, Ed.) . Kluver (NATO Advanced Research Workshops), Banff, Canada. Poll, J. D. (1980). Intermolecular spectroscopy of gases. In Intermolecular Spectroscopy and Dynamical Properties of Dense Systems—Proceedings of the Int. School of Physics “Enrico Fermi”, Course LXXV (J. van Kranendonk, Ed.) , pp 45 – 76. North-Holland Publishing Company, Amsterdam.

Samuelson, R. E., N. Nath, and A. Borysow (1997). Gaseous abundances and methane supersaturation in Titan’s troposphere. Planetary & Space Sciences 45/8, 959–980.

Schäfer, J. and A. R. W. McKellar (1990). Faint features of the rotational S_0(0) and S_0(1) transitions of H_2: a comparison of calculations with measurements at 77 K. Z. Phys. D 15, 51.

Taylor, R. H., A. Borysow, and L. Frommhold (1988). Concerning the rototranslational absorption spectra of He-CH_4 pairs. J. Mol. Spectrosc. 129, 45 – 58.

Trafton, L. (1964). The thermal opacity in the major planets. Astrophys. J. 140, 1340.

Welsh, H. L. (1972). Pressure induced absorption spectra of hydrogen. In MTP Int. Rev. of Science - Physical Chemistry (A. D. Buckingham and D. A. Ramsay, Eds.) , pp 33 – 71. Butterworths, London. Series one, volume III: Spectroscopy.

Zheng, C. and A. Borysow (1995a). Modeling of collision–induced infrared absorption spectra of H_2-H_2 pairs in the first overtone band at temperatures from 20 to 500 K. Icarus 113, 84–90.

Zheng, C. and A. Borysow (1995b). Rototranslational CIA spectra of H_2-H_2 at temperatures between 600 and 7,000 K. Astrophys. J. 441, 960–965.