
2.1 Cooling flow cloud versus molecular cloud cooling

functions

The cooling functions computed for molecular clouds by

Goldsmith & Langer (1978), used by O’Dea et al. (1994) and

Braine et al. (1995), do not agree with FFJ. In particular, O’Dea

et al. (1994) predict a temperature of between 30 and 50 K.

Examination of the original papers reveals the problem. The FFJ

model has no dust, which greatly reduces the H2 formation rate.

Also carbon remained mostly atomic across the cloud (fig. 2 in

FFJ). This was caused by rapid charge transfer, CO þ Heþ ! O þ

Cþ þ He; well known to be the dominant CO destruction process

in most environments (Tielens & Hollenbach 1985a). He remains

partially ionized because of the low-electron density, its large

photoelectric cross-section at X-ray energies, and significant

abundance of suprathermal electrons from X-ray photoionization.

This situation is totally unlike that assumed in calculations of the

molecular cloud cooling function. There, cooling caused by atomic

carbon is assumed to be a minor component. For an environment

where C=O , 1 little atomic carbon will exist when the gas

becomes totally molecular and all C is locked up in CO. The

difference between FFJ and molecular cloud cooling functions is

the contribution of [C I] cooling, which can be intense.

VD present separate curves for the cooling caused by CO and

[C I]; our result agrees with that of VD for neutral atomic gas, i.e.

where the major low-temperature coolant is [C I].

2.2 The blackbody limit to [C I] emission

The [C I] 370- and 610-mm lines were especially important

coolants in the calculation of FFJ. Their fig. 3 shows that these lines

dominated the cooling beginning from a depth of roughly 1:5 £

1016 cm ð3 £ 1019 cm22Þ and extend to the point where CO was the

dominant coolant. The temperatures over this region were below

roughly 15 K. The issue here is whether the emergent intensity of

the [C I] lines violates fundamental thermodynamic limits.

For a cloud with constant source function Sn, the emergent

specific intensity is trivially given by In ¼ Sn½1 2 expð2tÞ�. For a

thermalized line, for frequencies near the line centre Sn is the

Planck function at the excitation temperature, and we obtain the

familiar result that the intensity saturates at the blackbody

intensity. The astrophysical flux Fn (Allen 1973, p. 90) is then pBn

and the one-sided emittance, or energy emitted by a cloud into

2psr, will be pBndn.

FFJ gave the total emittance or total energy emitted by both sides

of a cloud into 4psr. The blackbody limit, for the plane-parallel

approximation, is 2pBndn. For dn we take the full width at half

maximum for the [C I] 610-mm line. It has an optical depth of

roughly 80, so the line is optically thick to 2.09 times the Doppler

core (Elitzur & Ferland 1986).

The cloud computed by FFJ was not isothermal, and it is not

possible to determine at what temperatures the emergent [C I]

610-mm line was produced, given the figures shown. FFJ did show

the fraction of the total cooling carried by the lines, and the lines

dominated the cooling at depths of between 1.5 and 5 £ 1016 cm. It

is important to remember that heating and cooling balance one

another, and that the heating rate falls drastically across the cloud

as the incident continuum is attenuated. The statement that the line

is a uniformly major contributor to the cooling between these

depths is not equivalent to the statement that these depths are the

dominant contributors to the total emittance.

Figs 1(a) and (b) show the temperature structure (upper panel)

and local emissivity over the regions where the [C I] fine structure

lines form. The [C I] 610-mm line forms predominantly within a

narrow region near 1:4 £ 1016 cm. The emissivity-weighted mean

temperature where the 610mm line is formed is 27.5 K, and the

total emittance for a blackbody at this temperature and linewidth is

1:3 £ 1025 erg cm23 s21. The total emittance predicted by FFJ was

substantially less at 2:1 £ 1026 erg cm23 s21.

Although Fig. 1(b) shows that the emissivity of the 610-mm line

has a tail that extends to substantially cooler temperatures, we

confirm that the emissivity in this line does not exceed the

blackbody limit at any point within the cloud.

We note that the geometry assumed by the CLOUDY code is

appropriate for a cloud in the outer parts of a cooling flow (say at

Figure 1. For the model computed in FFJ, using C84.09. (a) Upper panel:

electron temperature as a function of depth into the cloud. (b) Lower panel:

emissivity of [C I] 370mm (dashed) and 610mm (solid) lines as a function

of depth into the cloud.

Conditions within dense cold clouds 877

q 2002 RAS, MNRAS 333, 876–884




