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ABSTRACT 

The fundamental (Ap = 1) vibration-rotation bands of carbon monoxide appear prominently in mid-infrared 
(2100 cm"1 « 5 urn) spectra of stars of solar temperature and cooler. The rapid pace of innovation in IK 
spectrometers and sensors, and controversial interpretations of exploratory CO spectra, have encouraged us o 
undertake a more extensive and detailed non-LTE simulation of the Au = 1 bands than attempted previously. 
We formulated the equations of statistical equilibrium for a model molecule containing 10 bound yibrationa 
levels each split into 121 rotational substates and connected by more than 1000 radiative transitions We 
solved for self-consistent populations and radiation fields by iterative application of the A-operator to an 
initial LTE distribution. We incorporated recent experimental measurements of the impact excitation oí cu 
by atomic hydrogen, resolving the factor of 103 disagreement in CO-H cross sections used in earher work. 

We applied our non-LTE formalism to illustrative models of the Sun (G2 V) and the archetype red giant 
Arcturus (a Boo: K1 III). For the Sun we find negligible departures from LTE in either a theoretical radiative- 
equilibrium photosphere with outwardly falling temperatures in its highest layers or in a semiempirical hot 
chromosphere that reproduces the spatially averaged emission cores of Ca H H and K. While analogous 
models of Arcturus exhibit larger departures from LTE, the influence on synthesized spectra is comparatively 
minor. Non-LTE and LTE spectra are nearly identical for a semiempirical chromosphenc model, but display 
small differences for a radiative equilibrium stratification. There the non-LTE “darkening” is a few percent in 
the residual fluxes of the strongest absorptions, equivalent to ~200 K in the core brightness temperatures. 

Our simulations demonstrate that the puzzling “cool cores” of the CO Av = 1 bands observed m limb 
spectra of the Sun and in flux spectra of Arcturus cannot be explained simply by non-LTE scattering effects. 
Instead, they likely result from a bifurcation of the outer atmosphere into cool zones where the CO absorp- 
tions form and hot zones where the Ca n emissions arise. 
Subject headings: infrared: spectra — line formation — molecular processes radiative transfer 

stars: abundances — stars: late-type 

I. INTRODUCTION 

The vibration-rotation bands of carbon monoxide are a 
valuable spectral thermometer for cool stellar atmospheres 
(Hall 1970). In recent years, there has been renewed interest in 
the infrared spectrum of CO owing to a puzzling series of 
observations of the 2100 cm-1 fundamental (Au = 1) absorp- 
tions in the red giant Arcturus (a Boo : Kl HI) and the Sun. 

Heasley et al. (1978) discovered that the most opaque of the 
CO fundamental lines in Arcturus were purely in absorption, 
contrary to earlier predictions of chromospheric emission 
cores (Heasley and Milkey 1976). Ayres and Testerman (1981, 
hereafter AT) found a similar dichotomy in infrared spectra of 
the Sun: the depressed core brightness temperatures of strong 
Au = 1 lines at the extreme limb (also noted by Noyes and Hall 
1972) were inconsistent with the weak emission reversals pre- 
dicted by chromospheric models. 

The dark cores of the strong CO fundamental lines are 
thought to form in a highly inhomogeneous atmosphere. Much 
of the gas at “ chromospheric ” heights must be cool (T < 4000 
K) while a lesser amount resides at truly chromospheric tem- 
peratures (T 6000 K; Ayres 1981): the classic emission 
reversals of resonance lines like Ca n H and K arise not in a 
uniform temperature inversion, but rather as a spatial average 
over a fragmented patchy array of small-scale bright points 
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(e.g., Foing and Bonnet 1984; Ayres, Testerman, and Brault 
1986, hereafter ATB). 

More recently, Anderson (1989) has constructed a non-LTE 
line-blanketed radiative-equilibrium (RE) model of the solar 
atmosphere: it strongly supports the key role of CO surface 
cooling proposed earlier by Johnson (1973) in the context of 
the outer photospheres of late-type giants, and later by Ayres 
(1981) in the “ thermal bifurcation ” of the solar chromosphere. 

However, the conclusions of the semiempirical modeling by 
AT and ATB, and the analytical arguments of Ayres (198Í), 
must be tempered by the authors’ use of the LTE assumption. 
For example, it is possible that non-LTE “core darkening 
might mimic the appearance of a cool outer photosphere in the 
extreme-limb spectra recorded by AT. Further, the strong 
surface cooling by the CO bands in Anderson s RE model 
might be attributed, in part, to the superficial treatment of 
non-LTE effects driven by the global scope of the atomic and 
molecular simulation. Thus, a careful examination of the pos- 
sible influence of non-LTE effects on the infrared bands of CO 
is warranted. 

a) Previous Studies of Non-LTE CO 
Thompson (1973) demonstrated semi-quantitatively that 

rotational LTE should obtain in virtually all stars of late spec- 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

9A
pJ

. 
. .

33
8.

10
33

A
 

1034 

tral type, and that the ionization and chemical equilibria of CO 
should be very near LTE as well. Nevertheless, the available 
colhsional rates suggested that departures of the vibrational 
populations from the Boltzmann distributions could occur in 
the low-pressure atmospheres of cool giants. 

Hinkle and Lambert (1975, hereafter HL) called attention to 
the critical role of CO-H collisions, and the serious factor of 
10 difference between Thompson’s rates based on a scaling 
formula of Millikan and White (1963, hereafter MW), and the 
experimental cross sections of von Rosenberg, Tavlor and 
Teare (1971, hereafter VTT). ’ 

Carbon, Milkey, and Heasley (1976, hereafter CMH) con- 
ducted the first quantitative study of statistical equilibrium and 
radiative transfer in CO. The authors’ numerical simulations 
explored the general thermalization properties of the 
vibration-rotation bands and outlined a domain of atmo- 
spheric conditions where departures from LTE could be sig- 
nificant. Like HL, CMH confirmed the critical importance of 
CO-H collisions: the large—but controversial—cross sections 
reported by VTT prevented significant departures from LTE 
except in the most tenuous outer layers of the coolest red 
supergiants. 

b) Present Work 
A strong motivation for a reexamination of non-LTE effects 

in CO has been the introduction of cryogenically cooled spec- 
tral isolators for the large stellar Fourier transform spectrom- 
eters (e.g., Wiedemann et al. 1987). Infrared spectra from the 
new devices are sufficiently good to demand a treatment of the 
CO line-formation problem of comparable quality, in order to 
avoid misinterpretations arising from small, but systematic, 
deviations from LTE. ’ 

In the present paper we describe a simple strategy to solve 
the non-LTE problem for the At) = 1 bands of CO; we review 
available experimental measurements of the impact excitation 
of CO by a variety of collision partners, including new results 
for CO-H, and we calculate synthetic spectra for illustrative 
models of the Sun and Arcturus to test the effects of departures 
from LTE in situations of practical interest. 

II. METHOD 

a) Overview 
The non-LTE problem for a molecule like CO is formidable. 

One must incorporate at least the first 10 vibrational levels, 
and more than 100 rotational substates for each, merely to 
accommodate the thousands of transitions observed in the 
1900-2200 cm-1 region of late-type stars. Each vibration- 
rotation line profile must be sampled finely enough in fre- 
quency to accurately represent the local radiation field. The 
model atmosphere must contain a sufficient number of layers 
to resolve the t ä 1 zones for strong and weak CO transitions, 
and the photospheric continuum. Worse yet, the CO problem 
in the luminous red giants is really two problems, owing to the 
conspicuous 13C160 bands in the evolved isotopically 
enriched photospheres (CMH). The thousands of levels and 
transitions present severe difficulties for conventional 
non-LTE numerical solution techniques like the widely used 
LINEAR-A code of Auer, Heasley, and Milkey (1972). For 
example, CMH were forced to recast the partial linearization 
procedure in terms of the net radiative rates (following Auer 
and Heasley 1976), to achieve substantial economies in their 
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200 level model molecule compared with the standard formula- 
tion in terms of the frequency-dependent radiation fields. 

b) Solution by Lambda Iterations 
Solving the non-LTE problem in CO using the powerful 

techniques developed for atomic transitions, as CMH did, was 
a natural approach. However, the molecular problem differs in 
important ways from the more familiar situation of atomic 
resonance lines, permitting it to be solved using simpler 
numerical schemes: these in turn allow one to treat a model 
molecule in realistic detail. 

Figure 1 illustrates the practical differences between the 
energy spectrum of CO and that of a typical simple ion. The 
molecule has a vast array of relatively low-lying states, con- 
nected to each other by an equally vast collection of weak 
infrared transitions. The ion has only a few low-lying levels, 
connected by only a few—but strong—optical transitions. 

Owing to the small spontaneous emission rates for the 
At; =l transitions (Aul < 2 x 102 s“1), collision^ de- 
excitations typically exceed radiative decays in the atmo- 
spheric layers where the most opaque CO lines form. Because 
the collisional quenching of CO is dominated by atomic 
hydrogen, the rates follow the exponential inward increase 
of nH imposed by hydrostatic equilibrium. Even if e = Cul/ 
Aul < 1 near line-center optical depth unity, the rapid inward 
increase in density should enforce collisional LTE (€ > 1) 
within a few optical depths of t1c = 1. 

In the atomic resonance-line problem, on the other hand, the 
fast spontaneous decay rate (^ul ^ 108 s“1) forces the col- 
lisional € s to be small (ælO-4) where the line core forms. 
Because the collisional quenching is dominated by electrons 
rather than atomic hydrogen (see discussion by HL), e remains 
small throughout the entire stellar chromosphere, where n is 
roughly independent of height (e.g., Ayres 1979). Consequently, 
departures from LTE in atomic resonance lines tend to be 
substantial and LTE obtains only at large optical depths. It is 
for that difficult scattering-dominated problem that the power- 
ful partial-linearization solution schemes were developed. 

Because the CO bands are much closer to LTE, a simpler 
approach is feasible: the “ A-iteration ” (Mihalas 1978, § 6-1). In 
essence, one initially fixes the populations at their LTE values, 
then iterates between the formal solution of the radiative trans- 
fer problem (for specified populations) and the solution of the 
steady state rate equations (for specified radiation fields) until 
they are self-consistent. The procedure, in fact, is an integral 
part of the partial-linearization techniques: it is used to 

smooth the solutions between the major linearization cycles 
(e.g., Auer, Heasley, and Milkey 1972). 

The principal drawback of the “ A-operator ” is that it pro- 
pagates scattering information only an optical mean free path 
(At « 1) at a time (Mihalas 1978, p. 149). Thus, a prohibitive 
number of iterations would be required to converge a typical 
“long-range” atomic resonance line problem where the ther- 
mahzation length (« e'1) might be as large as 104 line-center 
optical depths. In the CO problem, on the other hand, the large 
value of e where the line cores form, and its rapid inward 
increase, guarantee that LTE will be attained within a few 
optical depths of tIc = 1 : only a few A-iterations should con- 
verge the populations and radiation fields to self-consistency. 

The principal attraction of the A-iteration is computational 
speed. Because the partial-linearization schemes must account 
explicitly for the coupling between the radiation transport and 
the statistical equilibrium, they can achieve timings no better 
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pIG i—Schematic energy levels of CO and the astrophysically important ion Ca n. For CO the ground state and one of the excited electronic States are depicted. 
For Ca n the ground state and the lowest-lying excited states are illustrated (the transitions 4s-4p are the H and K resonance lines near 3950 A). The hate e ars 
indicate the dissociation energy of CO and the ionization energy of Ca n: both species are relatively durable in cool stellar atmospheres. The electronic ground state 
of CO is split into a vast collection of vibration-rotation levels, connected by thousands of radiative transitions. The small energy separations ensure that the severa 
lowest lying v levels are well populated in the cool layers of solar-type and later atmospheres. Because there are so many radiative channels the individual oscillator 
strengths are small: the At; = 1 bands would be quite weak were it not for the large cosmic abundances of C and O. In the case of Ca n there are relatively few distinct 
levels connected by equally few radiative transitions. The substantial energy gaps ensure that most of the population in a cool gas will be concentrated m the ground 
state. This and the large oscillator strengths of the resonance doublet guarantee that the H and K features will be quite strong in the near-ultraviolet spectra ol cool 
stars despite the small cosmic abundance of calcium ( < 1 % Ac). 

than quadratic in the number of transitions (Mihalas 1978, 
§ 12-3). In the A-iteration the two problems are solved separa- 
tely and the timing is strictly linear in iVtrans: a distinct advan- 
tage when modeling the « 103 lines in the CO At; = 1 bands. 
Furthermore, economies can be applied to the separate prob- 
lems that would not be practical if they were solved jointly. 

c) The Model CO Molecule 
In what follows, double-primes refer to the lower level of a 

transition and single-primes refer to the upper level. Unprimed 
quantities appear where a transition is not involved or the level 
assignments are not ambiguous. 

We treat a model molecule with Nv = 10 vibrational levels 
(p = 0,..., 9), each split into Nj = 121 rotational states (J = 0, 
..., 120). To simplify bookkeeping and to reduce the number 
of line transitions that must be simulated, we replace the 
R (j' = j" + 1) and P (J' = J" - 1) branches of the true funda- 
mental bands with a fictitious “ Q-branch ” (with selection rule 
j' = J") consisting of pairs of identical transitions from each 
rotational state. 

We calculate absorption oscillator strengths as follows 
(Allen 1973, §26): 

fv-j-vT = lA99co02(gV'j'/gV”j')AV'j'V"r , (1) 

where co0 is the wavenumber (cm-1) of the line; the ratio of 
statistical weights is unity for the fictitious ß-branch; and 
Av'j'v"j" is the Einstein coefficient for the downward transition. 

We assume that the total At; = 1 spontaneous decay rate for a 
rotational state is independent of f (rotationless: see, e.g., 
Kurucz 1976) and equal to the experimental value for the 
vibrational band, Av>v>-1. Because there are two identical tran- 
sitions from each upper state J', the spontaneous decay rate for 
an individual g-branch transition is 

Av'j'v' — ij' 2^rV —1* 

We adopted the band ¿-values tabulated by Radzig and 
Smirnov (1985), which we reproduce in Table 1. The derived 
oscillator strengths are consistent with those of Kirby-Docken 
and Liu (1987) if one averages their values for the R- and 
P-branches (see Table 1). [Inexplicably, CMH adopted a con- 
stant log gf = —6.70 for their demonstration calculations : less 
than 10“ 3 of the true values for strong Ap = 1 lines. In reality,/ 
itself is independent of J", not gf = (2J" + l)/;"j"-] 

We enumerate the energy spectrum of the XlJL+ electronic 
ground state according to that of a pure harmonic oscillator 
and pure rigid rotor : 

EvJ — co0v B0 J(J + 1) , (3) 

where cu0 = 2103 cm-1 and B0 = 1.8951 cm-1 closely repro- 
duce the empirical term values of Mantz et al (1975, as cited by 
Kurucz 1976) for the heavily populated levels (p < 4, J ^ 50). 
With the simplified energy spectrum the relative population of 
a vibration-rotation state in LTE is 

n*j ~ exp ( — ßv) (2J + 1) exp [ — yJ(J + 1)] » (4) 
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TABLE 1 

Spontaneous Decay Rates and/-Values 

(1) 
^ul (s_1) 

(2) 
/?tt(io-

5) 
(3) 

i<r+r>(io-5) 
(4) 

33 
56 
93 

120 
140 
160 
180 
200 
210 

0.6 
1.1 
1.6 
2.0 
2.4 
2.7 
3.0 
3.4 
3.6 

0.5 
1.0 
1.5 
1.9 
2.4 
2.8 
3.2 
2.6 
4.0 

a Reference for Einstein coefficients (col. [2]): Radzig and 
Smirnov 1985. 

b The oscillator strengths in col. (3) are for the fictitious “ Q- 
branch ” transitions that simulate the R and P branches of the 
true molecule. 

c The oscillator strengths in col. (4) are averages of R- and 
P-branch values from the work of Kirby-Docken and Liu (1978* 
J > 10). 

where ß = 1.43883<u0/T and y = IA3SS3B0/T, and T is the 
kinetic temperature. The strong collisional coupling among the 
rotational quantum states, and their extremely small Einstein 
A-values, should force them into a Boltzmann distribution at 
the local temperature (Thompson 1973). Thus, the population 
of any vibration-rotation state is simply nv (e.g., CMH), 
where nv is the total population of level v and, 
lNj-1 

'Pj — (27 + 1) exp [ —yJ(J + 1)] / £ 
/ j=o 

X (2j + 1) exp [-yj(j + 1)] . (5) 

If we assume that radiation and collisions connect the levels 
only through Ai; = ± 1 transitions, the Nv steady state rate 
equations at each depth degenerate into Nv - 1 coupled “two- 
level-atom ” relations : 

nv(Rw+i + CTO+i) nv+1(Rv+lv + Cv+lv) = 0 , (6) 

f°r v = 0,Nv — 2. The RKK, and CKK* are radiative and 
collisional rates, respectively, connecting initial state K and 
final state K*. We replace the redundant 7V„-th rate equation 
with number conservation, 

Nv-l 
X nv — nCO ■ 

v = 0 (7) 

In terms of departure coefficients, bv = nv/n*, the solution to 
the system of rate equations, closed by number conservation, is 

X lexp (—ßV) n ©J, (8) 
L K = 0 J 

where @0 = 1 and, 

(^-Ic + Cn-iJ 
(Rvv-i + ’ 

(9) 

fort) = 1,Nv — 1. 
The ©’s can be evaluated as follows. The rotationless 

assumption permits us to write the radiative and collisional 
rates as band-averages over the rotational states. The radi- 

ative excitation rate is Rv_lo = Bv_lv2Jv: B is the Einstein 
absorption coefficient; the factor of 2 accounts for the pair of 
transitions in the fictitious Q-branch; and 
where J j = \ mdœis the profile-weighted mean intensity of 
the Jth rotational transition of the v' = v band. The radiative 
de-excitation rate is RVC-1=(AVV_1 + A is the 
Einstein coefficient for spontaneous decays; B is the Einstein 
coefficient for stimulted emissions; and again the factor of 2 
accounts for the pair of g-branch transitions. With gjg^i = 
1, the following relationships hold between the Einstein coeffi- 
cients: Bv_lv = Bvv_1 and Bl}v_l = \Avv_Jcu where the £ is 
the branching ratio (eq. [2]) and Cj = 2hc2co0

3. Noting that the 
collisional excitation and de-excitation rates are connected by 
detailed balance, 

Cv-iv = (nv*/n^l*)C0^1 = e , (10) 
we can rewrite (e.g., Anderson 1989) the relation for ©„: 

(JJ® + fjct ± e„) 
(! + fJci + ec) 

(11) 

where @ = Cl/(eß - 1) is the Planck function and e„ = 
Cvv-i/Avv_1. Notice that LTE (i.e., bt. = 1 Vi) is recovered in 
the important limits of (1) large collisional rates (e > 1); and (2) 
thermalization of the radiation fields (/ -> âS), regardless of the 
collisional rates. 

In order to evaluate the individual J/s that collectively 
determine each we require absorption coefficients, and 
source functions, <9^. 

The monochromatic opacity is composed of contributions 
from the background continuum and the line (ignoring 
blending): 

K<o = Kc + (kJo • (12) 
In stars of solar type and later, the important continuous 
absorbers at 2100 cm-1 are free-free transitions in H- and 
atomic hydrogen : we use the opacity formulae cited by Ver- 
nazza, Avrett, and Loeser (1976, 1981). The line contribution 
(cm2 g “A) is (note :v' = v): 

KX - ^ - (c/']*- • (») 

where p is the material density (gem-3). We assume a Doppler 
line shape, 

exp{-[(m-m0)/AmD]2} 
V'co /- , (14) 

VtcAcud 
with a depth-independent Doppler width AcoD 

The monochromatic source function is 

^(O ~ {KclK(o)^c “1" vJ - (15) 
Conveniently, the source functions for Hf{~ and H{{ are the 
Planck function («9^c = ^). The line contribution, with com- 
plete frequency redistribution, is 

^vj = ci/l(bv-i/bv)eß - 1] . (16) 

d) Numerical Solution Scheme 
While it would be straightforward to calculate the depth- 

dependent J/s for each of the 121 unique g-branch transitions 
of each of the nine possible vibrational bands, the smooth 
behavior of the rotational line opacity with J renders the com- 
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píete calculation unnecessary. For economy, we synthesized in 
detail only a subset of 11 representative rotational transitions 
in each vibrational band and interpolated over J with cubic 
splines to determine the complete set of J/s at each depth. 

We represented the discrete quadrature for J, 

(17) 
Jo ¡=0 

by a mesh of Na = six frequency points distributed over the 
interval 0-2Acdd in the half-profile. We calculated the depth- 
dependent monochromatic mean intensities using Auer’s 
(1976) Hermitian method with a grid of three direction cosines 
for the angular quadratures. 

We began a computational cycle with LTE populations and 
iterated between the statistical equilibrium and the line forma- 
tion until the maximum fractional change in the departure 
coefficients was less than 10"3 and decreasing consistently 
with each iteration. No more than five A-iterations were 
required for the lowest density models we considered. 

e) Collisional Rates 

The pioneering non—LTE CO studies by HL and CMH were 
diminished in their impact by the apparent factor of « 103 

disagreement between the available cross sections for Ar = 1 
collisional excitation of CO by atomic hydrogen: significant 
departures from LTE were found for the smaller cross sections, 
but essentially none for the larger. Thus, we have searched for 
more definitive measurements of CO collisional rates than 
were available previously. 

Following Thompson (1973), we parameterize the collisional 
de-excitation rates in terms of the Landau-Teller formula: 

ln (Px tço-x) = Ax T 1/3 — Bx , (18) 

where Px (atm) is the partial pressure of the collision partner 
“X”; tço-x (s)is the relaxation time of the excited state of CO; 
and Ax and Bx are perturber-specific constants. Most of the 
existing CO-X experiments have been performed at low tem- 
peratures (T < 3000 K) and are sensitive primarily to the 1-0 
fundamental transition. The associated collisional de- 
excitation rate is (Thompson 1973; HL): 

Cv^itco-xV-e^r1 - (!9) 

It is customary to write Cul as a product of the density of 
perturbers, nx (cm-3), and a temperature-dependent factor, Qul 

(cm3 s-1). In terms of the Landau-Teller constants and the 
excitation parameter /?, 

Qul = 4.2 x 10-19 exp [_BX - 0.069z4x/?1/3] 

- e-*) 
(20) 

Figure 2 compares CO Av = 1 relaxation times for a variety 
of collision partners, including electrons. Table 2 lists the 
Landau-Teller parameters we adopted for CO-H, CO-H2, and 
CO-He. In the Appendix we discuss our choices for the atom/ 
diatom cross sections and CO-e ~. 

f) Model Atmospheres 

We specify a model by the stratification of temperature, T 
(K), with column mass density, m (g cm-2), in discrete plane- 
parallel layers. Given the temperature profile, we solve the 
equations of hydrostatic equilibrium, chemical equilibrium, 
and ionization equilibrium jointly by means of a Newton- 
Raphson iteration scheme. We include turbulent pressure 

TABLE 2 
CO-X Landau-Teller Parameters 

Reference 

H . 
H . 
H2 
h2 
He 

3 + 2 
(53) 
64 

(62) 
87 

18.1 ± 0.2 
(19-2) 
19.1 

(19.0) 
19.1 

a “ X ” is the collision partner for CO. 
b The Landau-Teller coefficients A and B (eq. [18]) param- 

eterize the relaxation time for collisional quenching of the 1-0 
transition. Adopted values are listed first; previous results are 
listed in parentheses. 

References.—(1) Glass and Kironde 1982. (2) Millikan and 
White 1963. (3) Hooker and Millikan 1963. (4) Millikan 1964. 

support as recommended by Vernazza, Avrett, and Loeser 
(1973, hereafter VAL). We allow for the LTE formation of H , 
H2

+, and diatomic molecules of cosmically abundant elements. 
We adopt the molecular formation parameters of Kurucz 
(1970) and the solar abundances of VAL. We treat departures 
from LTE in hydrogen, but in a simple parametric way (see 
ATB). j . 

We focus on illustrative models of the Sun and the red giant 
Arcturus representing quite different regimes of effective tem- 
perature and gravity. We consider a pair of models for each 
star spanning the likely domains of temperatures and densities 
experienced by CO in the respective atmospheres. 

Figure 3a depicts the two solar temperature profiles : model 
“0,” the non-LTE-blanketed radiative-equilibrium atmo- 
sphere of Anderson (1989; his model 2); and model 1, the 
semiempirical chromosphere-photosphere of Avrett (1985, his 
model C). The latter reproduces the spatially averaged emis- 
sions of Ca ii and other important chromospheric diagnostics. 
We smoothly joined the high layers of the Anderson model to 
the Avrett model at the minimum temperature of the latter. 
The splicing ensures that the continuous energy distributions 
of the two models will be nearly the same: any differences 
between synthesized CO spectra will be due primarily to the 
divergent thermal structures above 7^ (sharp drop in the RE 
model; sharp rise in the semiempirical model). 

Figure 3b depicts the two analogous models of Arcturus : 
model “ 2,” similar to the LTE CO-cooled RE photosphere of 
Heasley et al (1978), on which we imposed a boundary tem- 
perature of 2000 K; and model “ 3,” a semiempirical chromo- 
sphere like that proposed by Ayres and Linsky (1975). Again, 
we joined the outer layers of the RE model smoothly to the 
photosphere of the semiempirical model. We adopted metal 
abundances of 0.33 solar (Mäckle et al. 1975), and a surface 
gravity of 50 cm s -1 (Ayres and Johnson 1977). 

We assumed a broadening velocity of 2 km s 1 for the Sun 
(VAL) and 2.5 km s-1 for Arcturus (Ayres and Linsky 1975). 
We discretized each thermal profile onto a grid of 48 plane- 
parallel layers spaced to provide adequate optical-depth 
resolution for the CO bands and the mid-IR continuum. 

g) Non-LTE Simulations 

We conducted a series of numerical simulations for the illus- 
trative thermal models. We solved full non—LTE problems for 
12C160 and 13C160 assuming identical molecular parameters 
aside from abundance. We included the weak isotopic bands 
of 12C180, but treated them in LTE. For the solar models we 
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TEMPERATURE (K) 
Fíg. 2. Comparison of CO collisional relaxation times for a variety of collision partners. Directly measured values for CO-H are illustrateH 

depctag th
e ranges of m allowed by experimental uncertainties. The heavy curve Represents the CO-H raRe prS ^ 

assumed isotopic abundance ratios of 12C/13C = 90 and 160/ 
180 = 500 (solar-system values; Audouze 1977). For the Arc- 
turus models we assumed 12C/13C = 8 (e.g., Day, Lambert, 
and Sneden 1973; Hinkle, Lambert, and Snell 1976) and 160/ 

O = 500 (the terrestrial value). Although an early low- 
resolution study of the CO At; = 1 bands in a Boo by Geballe, 
Wollman, and Rank (1972) suggested 160/180 ss 40, sub- 
sequent work by Geballe et al. (1977) on other red giants 
having low ratios of 12C/13C like Arcturus found no evidence 
for 160/180 significantly different from terrestrial. 

Figures 4a-4d illustrate the calculated e’s and departure 
coefficients (12C160 only) for the solar and stellar models. 
Figures 4a and 4b demonstrate that the e’s for both solar 
models exceed 102 at radial optical depth unity in strong CO 
transitions. Owing to the large e’s, the departures from LTE 
are quite small in both of the solar models, even in the lowest 
density layers. Two effects are worth noting, however. First, the 
ground vibrational level exhibits a departure which is opposite 
to that of virtually all of the excited levels. Second, the highest 
excited states in the cool surface layers of the solar RE model 
( 0 ) exhibit a reversal in the sense of their departure coeffi- 
cients: bv> bv_1 for v = 6,, 9. In the hot chromospheric 
model, on the other hand, the departure coefficients decrease 

monotonically with increasing v. These effects can be under- 
stood as follows. 

The ratio of the departure coefficient of level v to that of the 
next lower level can be rewritten : 

©.,= 1 (1 - /„/. 

where 

(¿1) 

?v = 1 + /„/Cl + €t.. (22) 

The second term on the right-hand of equation (22) is positive- 
definite and of order unity, consequently » max [1, ej. 
When the collisional rates are small, the departure-coefficient 
ratio is controlled solely by the radiation field (//«). When the 
colisión rates are large, any departures of / from ^ are diluted 
in proportion to ev « er. Now, the ./-state-weighted mean 
intensity /„ is characteristic of the thermal radiation emitted 
in the layers in which the strong rotational lines of the v'= v 
band form. In higher optically thin layers, 

/„(f ^ 1) « td@(t k 1), (23) 

where t is a state-weighted mean optical depth for the band 
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Fig. 3.—(a) Representative models of the solar atmosphere. The box in the upper left comer indicates: Teff, log g, log (Fet/Fe0). The upper two curves—labeled 
“0” and “ 1 ”—are the thermal profiles: the run of temperature (left ordinate) with column mass; the lower two curves are the associated number densities ol CO 
(right ordinate). Model 0 (open squares) is derived from the non-LTE line-blanketed radiative-equilibrium stratification of Anderson (1989). Mode 1 (dots) is the 
semiempirical chromosphere-photosphere described by Avrett (1985). We joined the Anderson model smoothly to the Avrett model at the7^„ of the latter to ensure 
identical deep photospheres where the mid-IR continuum forms. Two radial optical depth scales are illustrated for each model : tc for the 2100 cm continuum, and 
t for the strong 3-2 R14 line. The optical depth scales for model 0 are in the lower portion of the figure; those for model 1 are in the upper portion. While the 
continuum optical depth scales are essentially identical, the cool layers of the RE model significantly enhance the CO opacity at small column masses compared to 
the hot chromospheric model. In the latter the CO has mostly dissociated above Tmin. (b) Same as Fig. 3a for representative models of the archetype red giant 
Arcturus. Note the cooler 7Iff, substantially reduced surface gravity, and slight metal deficiency of the mild-Population II evolved 1 Mq star. Model 2 (open squares) 
is based on the LTE CO-cooled RE model of Heasley et al. (1978), on which we have imposed a boundary temperature of 2000 K. Model 3 (dots) is the 
chromospheric thermal structure proposed by Ayres and Linsky (1975) based on a semiempirical study of Ca ii. Again, we have spliced the theoretical and 
semiempirical models at the Tmin of the latter to ensure identical deep photospheres. Like the solar RE model, the cool outer layers of the RE model of Arcturus 
substantially raise the altitude at which the strongest CO lines become optically thick. However, unlike the solar chromospheric model, Arcturus model 3 is cool 
enough to permit the strong CO lines to form above Tmin : these features should exhibit emission reversals, at least in LTE. 
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Fig. 4a.—Depth-distributions in solar model 0 of: relative contributions of different collision partners to total de-excitation rate (upper panel); collisional e„’s 
(right ordinate, main panel); and associated departure coefficients, bv, from the non-LTE simulation (left ordinate, main panel: 12C160 only). The relative contribu- 
tions to the total collisional rate at each depth are labeled according to the collision partner (right side of upper panel): CO-H collsions dominate throughout model 0 
owing to the large T—V cross sections and large abundance of atomic hydrogen. The €„’s for the 1-0 vibrational band are depicted by dots and labeled “ 1 ” (right 
side of main panel). The e^’s for the remaining bands are indicated by solid curves and decrease monotonically at a fixed column mass with increasing v. Thee^ for the 
9-8 band is labeled “ 9.” The derived departure coefficients are marked with open squares for the ground vibrational level (labeled “ 0 ” on left side of main panel) and 
solid curves for the other nine levels (v = 5 and i; = 9 are labeled explicitly). Reference radial optical-depth scales for CO and the mid-infrared continuum are 
provided in the lower portion of the main panel. Even though the strongest CO lines have significant opacity in the outer layers of model 0, the densities there are 
large enough to prevent more than superficial departures from LTE. 

Fig. 4b.—Same as Fig. 4a for solar model 1. Again, the departures from LTE are small and confined to the optically thin layers of the model. 
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Fig 4c.—Same as Fig. 4a for Arcturus Model 2. The departures from LTE are larger than in the solar models in keeping with the smaller^ of the cool tenuous 
outer layers of the low-gravity RE model. In fact, the departures are nonneghgible where the strong CO lines become thick. become thick at larger 

Fig 4d.—Same as Fig. 4a for Arcturus model 3. The outward rising temperatures of the chromosphenc model force the stro g Henartures at the depths 
column masses than in the cool RE model. Although the departures from LTE are larger in the high layers of the chromosphenc model, the departures dep 
where the strong CO lines form are smaller than in the RE model. 
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and w is a dilution factor accounting for the angular average of 
the local radiation field. 

For the strong bands arising from the first few heavily popu- 
lated vibrational levels, the /’s form relatively high in the 
atmosphere (near Tmin in model 1, for example). In the higher 
optically thin levels of models 0 and 1, the temperatures are, 
respectively, only somewhat cooler than 7^ljn or substantially 
hotter. Because the mid-IR Planck function is approximately 
linear in temperature, the factor of ro » ^ in the relation for the 
mean intensity guarantees that / < for the stronger bands 
in the superficial layers of both models. Because ©„ < 1 for at 
least the first few vibrational levels, they should* have suc- 
cessively smaller departure coefficients. On the other hand, the 
higher vibrational bands arise from the relatively unpopulated 
excited levels whose f’s are dominated by that of the back- 
ground continuum. F or model 0 the thermal contrast between 
the superficial layers and the deep photosphere where 
forms is sufficient that ./ > .jâ in the optically-thin regions. 
This ensures ©, <; 1 and progressively increasing departure 
coefficients with increasing v. For model 1 the chromospheric 
temperatures are comparable to those of the deep photosphere 
thereby maintaining ©c < 1 in the superficial layers. Because 
most of the excited vibrational levels are underpopulated in the 

WIEDEMANN y0j 33g 

optically thin layers of models 0 and 1, the ground vibrational 
level ((' = 0) must be overpopulated to compensate (e.g., eq. 
[8]): compared to LTE, spontaneous decays exceed absorp- 
tions, and population accumulates in v = 0 from which no 
further downward radiative escape is possible. Again—for the 
solar models at least—these effects are confined to high layers 
that have essentially no influence on the emergent spectrum. 

Figures 4c and 4d illustrate that the situation for Arcturus is 
analogous, but the departures from LTE are greater owing to 
the lower densities prevailing in the outer atmosphere of the 
red giant. In the cool outer regions of model 2 the e’s are only 
of order unity where the strongest bands become optically 
thick. However, owing to the hot chromospheric temperatures 
of model 3, the heights at which the strong CO bands become 
optically thick are displaced to the deeper denser layers where 
the e’s are > 10. Thus the departures from LTE in the chromo- 
spheric model are smaller where the CO bands form. 

Having calculated departure coefficients for each model we 
synthesized spectra of the CO bands in a representative inter- 
val. 2140—2145 cm 1. We used the simplified energy levels, 
oscillator strengths, and populations of the non-LTE calcu- 
lation, but the correct wavenumbers of the transitions to 
account for the effects of blending. Figure 5 provides a map of 

. F'G' 5--CO ^ = 1 transitl°ns °c™r throughout a broad region, 1900-2200 cm' of the mid-IR. Here we focus on the interval 2140-2145 cm“1 (4 67 urn) which 
narr

h
ow'bfnd observational studies of the fundamental bands (Geballe, Wollman, and Rank 1972; Wiedemann et al 1987)- it srdatively free 

iTfnTdd tl ^ a,:d Wef 'T COVerin? 3 Wide range and 11 has contributions from the secondary Isotopic 
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Fig. 6.—(a) CO At; = 1 extreme-limb (/t = 0.1) specific intensity spectra for the interval 2140-2145 cm"1 synthesized with solar models 0 and 1 under the 
assumption of LTE and with a full non-LTE treatment. The extreme-limb viewing angle should emphasize any departures from LTE, since the optical depths of the 
CO lines are amplified relative to the radial column mass density scale by the slant-angle factor ß i. The upper two panels compare non-LTE and LTE spectra for 
models 0 and 1 separately; the lower panel compares non-LTE spectra of the two models together. The left-hand ordinate indicates residual intensities; the 
right-hand ordinate indicates brightness temperatures corresponding to the calculated absolute specific intensities. At the resolution of the diagrams the non-LTE 
and LTE spectra are identical. However, the differences imposed by the distinct thermal structures of the two models are quite profound. Note the weak emission 
cores in the extreme-limb spectra of the chromospheric model, while the RE model produces deep absorptions. In both cases the cores of the strong features have 
saturated to the kinetic temperature near « 1. That temperature is high in the chromospheric model (Tmin = 4400 K), and low in the RE model (« 3200 K for 
the extreme-limb viewing angle). Observed limb spectra of the solar CO bands display low brightness temperatures ( ^ 3800 K, = 0.2) and no hint of emission 
reversals, (b) Same as (a) for flux spectra of the two Arcturus models. While non-LTE and LTE spectra for the chromospheric model 3 are essentially identical, the 
non-LTE absorption cores of strong CO features are slightly deeper than their LTE counterparts in the spectrum of the RE model 2. The non-LTE core darkening 
corresponds to, at most, 200 K in brightness temperature. An underestimate of the kinetic temperature in the line-forming region of that magnitude would occur m an 
LTE interpretation: not a serious error in view of the rather dramatic differences between the spectra of the RE and chromospheric models. (Note the pronounced 
emission cores predicted by the later.) Like the Sun, empirical spectra of the CO At; = 1 bands of Arcturus exhibit cool cores similar to those of the RE model. 

the principal and secondary isotropic bands of CO in the 5 
cm-1 interval. 

Figure 6a depicts synthetic specific intensity spectra for the 
two solar models at an extreme-limb viewing angle (fi = 0.1). 
The limb spectrum forms at greater heights than the disk- 
center intensities and should be more sensitive to subtle 
density-dependent non-LTE effects. Nevertheless, the 
non-LTE and LTE spectra are essentially identical. The gross 
differences produced by the divergent thermal structures of 
Models 0 and 1 are quite apparent, however. Empirical limb 
spectra of the solar Av = 1 bands are much closer to those of 
model 0 than model 1 (AT ; ATB). 

Figure 6b illustrates synthetic flux spectra for the two 
models of Arcturus. One sees a slight deepening—and 
sharpening—of the non-LTE cores relative to the LTE profiles 
of the strongest CO features in the RE model 2. In contrast, the 
non-LTE and LTE spectra are essentially identical for the 

chromospheric model 3. Again, the spectra predicted by the 
divergent thermal structures are profoundly different: indeed, 
the strongest CO features exhibit pronounced emission 
reversals in the synthetic chromospheric spectrum (see also 
Heasley and Milkey 1976). As in the solar case, the observed 
CO spectrum of Arcturus is closer to that of the RE model 
(Heasley et al 1978). 

in. DISCUSSION 

It is paradoxical that we encounter the largest differences 
between non-LTE and LTE spectra in the classical radiative- 
equilibrium model (of Arcturus), while essentially no differences 
between non-LTE and LTE spectra occur for the highly non- 
classical thermal structure of the chromospheric model. One 
might have hoped that simple departures from LTE in the 
chromospheric model would darken the CO line cores and 
thereby reconcile the recorded pure absorption features with 
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the presence of the temperature inversion deduced from other 
diagnostics. Our simulations, however, demonstrate just the 
opposite: the hot temperatures of the chromospheric model 
prevent the CO bands from becoming optically thick in the 
higher tenuous layers where the CO-H collision rates are small 
and the departures from LTE are large. Thus, the striking 
empirical dichotomy between the cool cores of the CO bands 
and the chromospheric emission reversals of species like Ca n 
must be explained by something other than non-LTE effects 
on the molecular side. 

The departures from LTE are small enough—even in the 
low-density case of the red-giant RE model—that the LTE 
assumption should be satisfactory for a wide variety of stars in 
the cool half of the H-R diagram, particularly F-K dwarfs and 
subgiants. Specifically, our simulations vindicate the previous 
LTE interpretations of limb spectra of the solar Av = 1 bands. 

The major uncertainty in the present work is the detailed 
behavior of cross sections for H atoms colliding with vibra- 
tionally excited CO. We have taken the conservative view that 
the cross sections are independent of vibrational quantum 
number. Nevertheless, it is possible that the collisional cross 
sections decrease with increasing v: in that event the departures 
from LTE will be larger than found in the present work, partic- 
ularly for the moderately well populated t> = 2, 3, and 4 levels. 
Until state-resolved Av = 1 relaxation rates are measured in 
the laboratory, the detailed influence of non-LTE effects on 
the CO bands of red giants will remain somewhat uncertain. 
However, the u-dependence would have to be rather pathologi- 

cal to permit any serious departures from LTE in high-gravity 
dwarf stars like the Sun. 

IV. CLOSING REMARKS 
We have tackled a formidable non-LTE problem in a 

complex molecule with many interlocking transitions only to 
find negligible departures from LTE in situations of practical 
interest. Some might view our efforts as disappointing, when 
compared with the spectacular non-LTE effects found in other 
species. 

On the contrary: the ideal spectral diagnostic is one whose 
excitation is purely in LTE, for it will carry the most faithful 
mapping of the atmospheric temperatures over which it forms. 
Our simulations demonstrate that the CO At; = 1 bands of 
late-type atmospheres are close to that LTE ideal. Newly 
developed cryogenic spectrometers and panoramic IR imagers 
should permit the great diagnostic promise of the CO 
“ thermometer ” to be realized in an even wider range of cosmic 
problems. 

Support for this study was provided by the National Science 
Foundation through grant AST-8507029 to the University of 
Colorado, and by the National Aeronautics and Space Admin- 
istration through grant NGL 06-003-057. We thank J. L. 
Linsky for his comments on an earlier version of the manu- 
script. 
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TRANSLATIONAL-TO-VIBRATIONAL ENERGY EXCHANGE IN COLLISIONS OF CARBON MONOXIDE 
WITH ATOMS, DIATOMS, AND ELECTRONS 

I. ATOMIC HYDROGEN 

HL and CMH employed CO-H cross sections from the work of MW and VTT. MW applied the Landau-Teller formalism to 
experimental results for a number of relatively inert perturbers like He, Ne, and H2, and extrapolated the derived parameters to 
atomic hydrogen. VTT conducted the first direct measurements: a supersonic nozzle-flow experiment for the colhsional de- 
excitation of CO through argon and various diatomic molecules in the presence of small amounts of atomic hydrogen. Fast 
relaxation times indicated that H atoms are far more efficient collision partners for CO than predicted by the simple scaling ^ws* 

VTT expressed their results in terms of a temperature-dependent 1-0 de-excitation probability (per collision), ^i0. It is related to 
the relaxation time as follows : 

^10 = [¿CO-H ^CO-H %(! ~ e ? 

where Zco H = 3 x 10_11T1/2 (cm3 s'1) is the collision frequency (based on a velocity-independent cross section of 2 x 10"15 cm2 

derived from the apphcation of Lennard-Jones [6-12] potentials by Hirschfelder, Curtiss, and Bird 1954, as cited by Glass and 
Kironde 1982; see also VTT), and nH is the number density of H atoms (cm 3). The de-excitation probabilities reported by VTT 
range from ~0.08 at 2000 K (i.e., eight of 100 collisions results in a 1-0 de-excitation) to 0.3 at 2800 K. We convert the probabilities 
to relaxation times by rewriting the previous equation: 

iVco-H = 2.3 x 10“8r1/2/[^lo(TXl - e-ey] . 

Relaxation times derived from the VTT de-excitation probabilities are a factor of 102 faster than those of MW near 3000 K (a 
smaller difference than the factor of « 103 indicated in Fig. 1 of HL and CMH). While still not completely satisfactory, the 
understanding of translational-to-vibrational (T-V) energy exchange in CO-H has improved in recent years. 

First, Glass and Kironde (1982, hereafter GK) measured CO-H relaxation times in a shock-tube experiment where trace amounts 
of atomic hydrogen and CO were buffered by argon and an admixture of molecular hydrogen. The authors describe their results by 
Landau-Teller parameters of A = 3 ± 2 and B = 18.1 ± 0.2. The GK P fs are similar to the VTT values at 1500 K, but an order of 
magnitude slower at 2600 K (^10

GK « 0.017 vs. ^10
VTT « 0.2). Near 3000 K the (extrapolated) GK de-excitation rates fall 

logarithmically midway between those of MW and VTT. 
Second, Wight and Leone (1983, hereafter WL) measured the absolute probability for T-V excitation of CO by hot atomic 

hydrogen in a molecular beam experiment that incorporated a novel excimer laser photolysis technique. Although the high kinetic 
energy (>0 95 eV « 104 K) of the H atoms in the authors’ experiment precludes a direct comparison to the VTT and GK relaxation 
times, weattempted to connect them as follows. WL tabulate a transfer probability &(E) as a function of the translational energy of 
the incident H atom. (Note: the WL transfer probability is derived from mono-energetic collisions and thus differs from the 
isothermal transfer probabilities described previously. The latter effectively integrate over the Maxwellian velocity distribution of 
the collision partners.) We converted to the number of vibrational excitations per H-atom collision, and extrapolated ^(E) to the 
low-energy cutoff, E0 « co0. We then integrated the probability function over a Maxwellian velocity distribution incorporating the 
velocity-independent interaction cross section described previously. Finally, we estimated the associated relaxation times by 
applying the inverse of equation (19). The inferred rates are 2-3 times faster than the GK values in the temperature range 2000-3000 
K. We consider the agreement good in view of the uncertainties : the derived relaxation times depend sensitively on the extrapo- 
lation of ^(E) to lower energies, particularly near the cutoff. uta 

We base our non-LTE simulations on the colhsional relaxation times proposed by Glass and Kironde because their Lanúau- 
Teller parameters are more directly transformed into excitation rates than the discrete-energy interaction probabilities of the 
Wight-Leone experiment. GK specify their results in terms of the relaxation rate for the v' = 1 level. However, the spectral range 
recorded in the authors’ study is “ contaminated ” by At; = 1 emissions from higher v states populated at shock-tube temperatures. 
Their contribution should be assessed to establish the true de-excitation rate for 1-0. Further, the proper treatment of CO in 
late-type atmospheres also requires a thorough understanding of the higher vf -► (t/ — 1) colhsional transitions. 

HL argue that the colhsional coefficients for the higher bands scale from Q10 according to the “symmetric-top” model, which 
predicts Q , ~ t/Q10. With such a scaling the colhsional coupling parameters would be nearly independent of vf because the 
band spontaneous decay rates also increase ~v' (Table 1; HL, their § 3.6). However, if the ÍV,/ - i are independent oï v or decrease 
with increasing v\ will decrease systematically with increasing v\ implying larger departures from LTE in the higher bands. 

Unfortunately, we have not found any experimental data for cross sections of H atoms colliding with CO in excited v levels of its 
ground electronic state. Nevertheless, a few studies are peripherally relevant : j 

1. The results of GK (and WL) strongly suggest that the formation of temporary chemical complexes (e.g., HCO) dominates the 
relaxation process, and rule out the strongly r-dependent SSH mechanism (Schwartz, Slawsky, and Herzfeld 1952). The latter is 
important for the relaxation of CO through self-collisions or collisions with other diatomic molecules (e.g., Bray 1968). The 
shortening of relaxation times with increasing v mentioned by VTT as an extension of the SSH process therefore does not app y to 
the excitation of CO in a stellar atmosphere where collisions with hydrogen atoms are orders of magnitude more efficient and 
frequent than collisions with molecules. . • ^ /in™ ™ 

2 The colhsional quenching of t; > 0 states in electronically excited CO was investigated by Fink and Comes (1974). CU 
molecules were selectively pumped into different vibrational levels of A1!! in the presence of nobel gases. Examination of the 
fluorescence spectra yielded effective cross sections for the vibrational relaxation of those states. The results for Ar and Kr—which 
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potentially can fom weak complexes with CO-are of particular interest. They suggest that the Av = 1 de-excitation efficiency 

Æ uth 1fCreaSmg vlbratlonal quantum number. However, extrapolations to the electronic ground state and to the highly reactive CO-H system are uncertain. & « 1« 
•J ,A slowin0.of relaxation times with increasing v is seen in other systems (not including H as a collision partner) apparently 

collisions is uncertain mechamsms: a dlscusslon of these is provided by Procaccia and Levine (1975). Again, the relevance to CO-H 
In the absence of clear experimental or theoretical guidance, we assume that the collisional de-excitation rates for CO-H (and 

CO-X in general) are independent of the initial vibrational quantum state. 

II. MOLECULAR HYDROGEN 

th^ ?H^tPted íxí.rf r^SUlt,f0r molecu,ar Mrogen: the GK Landau-Teller parameters are nearly identical to 
Ïork of Sricker md7sf1 lkan ^ Hooke[-Ml|likan relaxation times, in turn, have been substantiated by the theoretical work of Stncker (1978), among others. In our stellar models the number density of molecular hydrogen usually is considerably 
smaller than that of atomic hydrogen: this and the reduced T-V cross section guarantee that CO-H2 is not a significant collisional 
process. 

III. HELIUM 

119831 aíd hvíhS^rí8 (1
1
964),res

f
uIt ¡'or,heliual^t has been corroberated by the experimental/theoretical study of Maricq et al. 

Lsiïï Su» <1985)' am°n8 MhaS H°WeV"’like C°-H- C°-He is not a si*,,,fican, 

IV. ELECTRONS 

coifficiSiFs160 ThompSOn’S (1973) thematic cross sections for electron collisions. At low temperatures the de-excitation rate 

Í210 » 1.4 x 10-9r 1/2[(1 +ß)+ 19e-3-22l>(l + 4.22ßy\. 

The electron collisional rates are significant only where ne/nH > 10“2. Because the abundance of CO is 
CO-é? also is not an important factor in the non-LTE problem. negligible in such layers, 
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