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Abstract. Collisional excitation of the A21 an hyperfine transition is not strong enough to thermalize it in warm
neatral (Mnterelond”) interstellar gas, which we show by simultancously solving the equations ol fonization and
collisionat equifibrivm under typical conditions. Coupling of the A21 an excitation temperatinre and local gas
mobions may be established by the Ly-o radiation field, bt only if strong Galactie Ly-a radiation permeates
the gas in guestion, The Ly-ov radiation tends Lo impart 1o the gas its own characteristic temperature, which s
determined by Uhe range of gas motions that ocewr on the spatial scale of the Ly-a scattering. In general, the
calenlation of H | spin temporatires is o more difficult and interesting problem than might have been expeeted,
as is any interpretation of 1 E spin temperattire measurements.

Key words, interstellar medinm: general

1. Introduction

It is an article of faith among H 1 observers thad the spin
(excitation) temperatare Ty, of the gronnd-state A21 em
hyperfine transition is equal to the kinetic temperainye
of the ambient gas, This beliof of course arises from the
weakness of the trausition, the consequent long lifotinie
against spontancons enission (Ayy = 2.85 10717 7! for
I 1), and the casily-demonstrated dominance of particle
collisions with other H-atoms in cool gas. Mueh of onr
hasic understanding of the phases of the ISM derives di-
reetly from measurements ol the 411 spin - temperatore,
for instance by comparing nearhy or overlapping absorp-
tion and emission profiles (Dickey et al. 1978; Payne et al.
1982},

But sphy temperature measnrements often seem to im-
ply unphysical kinetie temperatures: not wildly so, say
negative or infinite, but definitely in a range - 1000 fo
5000 K - where the interstellar gas is unstable in multi-
phase models (Wolfire et al. 1995; McKee & Ostriker 1977)
anet therefore should be so short-lived as to be unobserv-
able. One might be tempted to dispavage either theory or
the data but Davies & Cummings (1975) took a somewhat,
less doctrinaire view and showed that, for some assined
combinations of conditions chosen to be representative of
gas which wight produce pulsar dispersion measures, the
density of collision partners in warm or intercloud gas is
simply too small to thermalize the lne. Although little
attention scems to have heen paid to this warning, it sug-
gests that we remain open to the possibility that blind
faith in the cquality of the spin and kinetic temperatures
might he misplaced,

Send offprint requests to: H. 8. Liszt, e-mail: hliszt@nrao.edu

Calenlation of the i T spin temperature turns oud to he
a remarkably complex problemn, involving intimate knowl-
edge of the ionization and phase steaetare of the ISM, as
well as its topology. Here we update and expand upon
the disenssion of Davies & Cuammings (1975} by actually
calelating the jonization and collisional excitation in in-
torstollar H 1 regions, in the process demonstrating the
inability of particle collisions to thermalize the A2) em
transition. But we also consider an important mechanisin
which Davies & Cimnings (1975) ignoved, whereby the
Ly-ax raddiation fickd threading and partly produced by the
gas tendds Lo impart to the A21 o transition its own offee-
tive temperatare, Ly-a photons acequive this temperature
while undergoing bage nmunbers (107 or more) of repeated
seatlerings on many spatial scales ranging wpwvard fram
the Ene-center mean free path, 0.01 (757100 K)* /oy AU
(T is the Doppler temperature), and it is therefore repre-
sentative of the motions (thermal, turbulent, ete) which
are established in the gas on those scales,

That. excitation by light dominates hyperline excita-
tion locally around individual stars is well known in the
context of seattering of Solar Ly-a radiation: Braskén &
Kyrili (1998), for instance, point ont that Solar Ly-a ra-
dintion dominates in local intevelond 11T within 1000 AU
of the Sun, and that the sphere of influence of an O-star
woild necessarily be mueh larger, In the interstellar con-
text, we will refer to excitation of the hyperfine Hoe by
seattered Ly-o radiation as the Wouthuysen-Fiekl mecha-
nisi or W effect following the discussions in Wouthuaysen
(1952) and Field (1958, 1959} and we find that it opens ap
imteresting possibilities for the spin temperature. At low
density in the interclond medium, warm weutral H 1 may
{or may not) he Dopplerized by Galactic Ly-a photons bt
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Fig. L. lonization equilibrium calenlations in atomice gas, The
full enrves are plots of the jonization feaction na/my where
ny is the mnmber density of He-nuelei in all Torms, Resudts
are shown for fonr values of the total gas presswre P/l =
7HU, ERHY, 3000, 6000 ¢ * K and the kinetie temperature is
traved across each set of eneves, The shaded cirves are plots
ol the cleetron density. Open symbols represent the fonjzation
fraction in warm nentral and warm tonized gas in the three-
phase model of MeKee & Ostrikor (1977). The filled rectangles
show the jonization Iraction of warm newtral gas in the two-
phiase :':t!:!ilialli(:ns ol Wollire et al. (1995} for their standard
M eny’

2

case N =

equilibrinm froam Waollive et al, (1995), Table 2 gives the
range of pressure and kinetic temperature over which two
pliases ean coexist for varions vahies of Nw and it shows
thiat. two-phase cquilibritnn is possible over a wider range
in T than is sometimes cousidered whe hiterpreting spin
fomperature measiurements, Comparison of the table en-
tries for the standard ease Nw = 1 10" em™2 with the
toeations of the filled dark symbols in the figure shows
that our resnlis mimie those of Wollire ot al. (1995), as
intended. Both sets of ealenlations produce the same jon-
ization at any given density and tomperature,

In Fig, 1, two untilted symbols represent. the resuits of
MeKee & Qstriker (1977) for the warm neutral and warm
ionized gas (both at 8000 K). The pressure in the MeKee-
Ostriker model is 7k = 3700 K em™ but. the ionization
lraction in three-phase warm neutral and ionized gas is
considerably higher than that in owr caleulations. MeKee
& Ostriker (1977) explain in the caption to their Fig. 1
that the warm neutral medim can only be produced in
appreciable quantity at the assimed pressure by assuming
a higher than average value of the soft X-ray flux. In the
confext. of our modelling, the soft X-ray flux would have
10 be increased by a factor of abont 50 in order to give the

Fig, 2. The spin temperature of the H 1 A21 em transition re-
sulting from the same conditions whose ionization equilibrium
is shown in Fig. 1. Symbols represent results for warm gas in
the two and three phase ealenbations of Woliive et al. (1995)
and MeKee 8 Ostriker (1977}, see Fig. 1

Table 2, Twa-phase spin and kinetic temperatures

Maodel DA (em® K) TR(K) T ()
Nuw=10"cm 2 1600 — 99890 9200 — 5600 3525 — 4620
Nw= 10" cm™ 2 980 — 3600 8700 — 5500 1800 — 3260
N =10"em ? 610 — 15300 8200 — 4900 1035 — 2020
Three-Plase 3740 B 5400

sae total ionization whiclh ocenrs i warm, nentral gas
in the MeKee-Qstriker model, Tt is nnfortunate that the
hasie parameters of the three-phase model have not heen
revised in so ong,

4.2. Evaluation of Tsp

Figure 2 shows that for kinctic temperatnres above
2000 K, and especinlly at 8000 K, the particle excitation
rafe is foo soall {o thermalize the A21 cm line in any
madel of the ISM, including the MeKee-Osiriker three-
pliase picture. The exireme conditions asswmned for the
three-phase model result in Thy, & 5400 K in warm neatrad
gas witl Ty = 8000 K. It the twoe-phase model, the spin
temperative of warm gas would be smaller, 1800-3200 K
for the standard conditions where 1 = 87005500 K
{the models at higher 7 have lower pressare and lowoer
Tip)- Table 2 shows the range of spin temperature which
results from varions conditions of two- and three-phase
equilibrium. Fignre 3 displays the y-factor for collisional

2y
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Fig, 5. As in Fig. 2 when a specified fraction 1, of the galactic

flux from early-type stars threads the gas and T = Tk, The
pancl with £ = 0 repeats behaviour alveady shown in IYig. 2

the fact that most photons which enter cold H I clonds
will be absorbed by dust.

Figure G shows our evaluation of the analytic solution
(Harrington 1973; Neufeld 1990) to this idealized problem,
performed for a gas with Tk = 7)) = 7200 K and various
valnes of the colunm density in the H 1 layer (which de-
termines the loss due to continnons absorption by dust).
Although the total column density of 1 1 looking out. from

the midplane is about 3 10*" em = (Liszt 1983), that of

the interclond gas is somewhat less, of order half. Figure 6
shows that over most of the volume of this idealized model,
the Ly-a radiation field threading the interclond gas is
certainly not less than 1% of Wy, In this case, the spin
temperature in the intercloud gas at all but the highest
galactic z-heights would be close to equilibrium with the
temperature of the ambient galactic Ly-a radiation Tk,
11y or what have you, depending on how the photon field
relaxes in its interactions with the gas.

Cool nentral gas packets dispersed thronghout such a
scattering medinm would clearly be threaded by a sub-
stantial fraction of the galactic flux as well, raising the in-
teresting possibility that the spin temperatures measured
in strongly absorbing gas are also influenced by Ly-a ra-
diation. A ealenlation analogous to that used to produce
Fig. 5 shows that Ly-a excitation dominates if more than
0.1% of the galactic radiation field threads cool gas. In this
case, 13, = T rather than 1, = Tx and typical turhu-
lent veloeity contributions to 73 will put a 30 120 K floor
on measurements of 73, (see Sect. 6.3) if the turbulence
is established on the scale of the Ly-a scattering.

T/ 'l.'o

Fig. 6. Variation of the Ly-a radiation field inside a slah of
warm H 1 harboring a unit plane source d(7) at the midplane,
plotted against distance from the slab center 7 /703 see Seet. 6.1
of the text. Results for a lossless slab are shown, and for Ny =

1,2, and 3 10*" ¢m 2

0.2. A multi-phase ISM

Nenfeld (1991) pointed out that a multiphase ISM strue-
fure may foster escape of Ly-a radiation and that indi-
vidual neutral gas clonds — warm or cool may not be
threaded by much of the ambient Ly-a flux. If most of the
volume of the ISM is in a contiguous hot phase having
negligible nentral hydrogen or Ly-a absorption, scatterod
radiation eseapes relatively easily even when nentral gas
clouds have a very high surface covering factor, Photons

scatter ofl individual clouds as il they were particles of

a gas having a Doppler temperature corresponding to the
cloud-cloud velocity dispersion, 6 kins =, appreciably nar-
rowing the interstellar line profile if the photons are scat-
tered sufficiently often before escape. The eracial issue is
the fraction and connectedness of the ISM occupied by
very ot gas in which hydrogen is totally ionized, as op-
posed even to 600010000 K 1 I intercloud gas which will
still present a sizable opacity to Ly-a radiation.

The fraction of incident. photons which will be reflected
back from the outer boundary of an isolated, discrete clowd
is of order 1 — 1/(7g(2)) where & is the normalized fre-
quency shift of the incident radiation from line center
(Neufeld 1990): see Sect. 5.1 here. An analytic solution to
the problem of radiation incident on a lossless slab is pre-
sented by Neufeld (1990) in his qgs. (2.19) (2.22); caleula-
tion is considerably simplificd when Nenfeld’s q. (2.22)!

' Note that the quantity plotted in Fig, 2 of Neufeld (1990)
is (a70)'/*J (70, 2), not (are)J (10, ).
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