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Abstract. We present the radiative cooling rates and cooling
timescales of an optically thin atomic gas for the temperature
range 10?K to 10° K, calculated in a thermally self-consistent,
time-dependent approach. The most important emission lines
of the ten most abundant elements have been considered as well
as the relevant continuum processes. We compare the cooling
rate of a gas in collisional ionization equilibrium with those
of gases with nonequilibrium ionization. We also compare the
time-dependent ionization states of all considered elements with
those of steady-state calculations. Time-dependent ionization
stages, cooling rates and timescales are influenced by the pre-
vious history of the gas and by the thermodynamical path (e.g.,
isochoric or isobaric) of cooling. As basic applications we in-
vestigate the role of the metallicity and of the interstellar photon
field for the effective time-dependent cooling in thin gases.

Key words: atomic processes — interstellar medium: general —
plasmas

1. Introduction

Radiative cooling of an optically thin gas leads to a strong de-
viation from equilibrium ionization and therefore to a different
energy-loss rate than in the commonly assumed case of gas
radiating in collisional ionization equilibrium (CIE). This is a
consequence of the cooling timescale being shorter than the
relevant recombination timescales. Although this fact has been
known for the temperature range from 10* K to 2 10° K at least
since the work of Kafatos (1973) and Shapiro & Moore (1976),
it has not been considered generally in studies of thin astro-
physical plasmas or for interpretations of observations. Many
sophisticated models have been developed, especially in the re-
search field of supernova remnants, including time-dependent
ionization rates (e.g., Cox 1972; Dere et al. 1981; Hamilton et
al. 1983, 1984; Hughes & Helfand 1985; Innes 1985; Innes et al.
1987a, 1987b, 1987c; Gaetz et al. 1988; Brinkmann et al. 1989;
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Innes 1992). However, we have not found any thermally self-
consistent treatment of this complex, highly non-LTE evolution
of atomic gases. One reason might be the large amount of com-
puting time which is necessary for self-consistent solutions and
the fact that studies using different boundary conditions require
totally independent calculations. However, desk-top computers
have now become available which could perform such calcula-
tions overnight.

From observations of their radiative spectra and from ab-
sorption measurements we know that optically thin astrophys-
ical plasmas exist in a wide range of temperatures from sev-
eral thousand Kelvin up to few billion Kelvin. The interstel-
lar medium of our Galaxy, for instance, contains various states
of atomic gas with temperatures differing by factors of hun-
dreds to tens of thousands. Parts of these gas states may exist
in a stable thermal and pressure equilibrium at 7' < 300K and
T ~ 8000K (e.g., Shull & Woods 1985 and references therein);
astrophysicists somewhat casually call these states “phases”, al-
though these states do not differ in their degree of symmetry like
phases defined in physics do. As long as the gas stays in thermal
equilibrium or the temperature changes on timescales longer
than the relevant ionization and recombination timescales, ion-
ization equilibrium will appear. However, even in these cases,
possible heating mechanisms like collisions of ions with Cos-
mic Rays or photons not only compensate the radiative cooling
due to collisions of ions and thermal electrons but also directly
change the ionization states. Therefore both the radiative cool-
ing rate and the total radiative energy-loss rate at equilibrium
temperature differ from those of a gas in CIE at the same tem-
perature.

Moreover, density or pressure disturbances of such stable
gas phases can produce gas in transient states before reach-
ing another equilibrium temperature. Estimates of timescales
for these phase transitions have been discussed, for instance, in
time-dependent models for the interstellar medium by Gerola et
al. (1974). However, detailed quantitative calculations of these
phase transitions and their integrated times in the interstellar gas
have been published—to our knowledge—only by Biermann et
al. (1972). It is obvious that these transient states of the gas can-
not be described in terms of CIE. Recently, phase transitions
in the broad line emission region of active galactic nuclei have
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been investigated by us. We calculated the real length of time
for shock-induced phase transitions, using the same thermally
self-consistent time-dependent code (HOTGAS) which T.S. de-
veloped for the calculations presented in this paper. First results
are given in Schmutzler & Tscharnuter (1992).

There also exist gas components in the disk and halo of
our Galaxy with temperatures of 10° K to 105K (Cox 1991,
Savage 1991). We do not know any global permanent heating
mechanism to keep this gas in thermal equilibrium within this
wide temperature range. So it is more likely that we just observe
the gas in a transient state. Then, as a consequence of its inherent
properties, the gas must be out of ionization equilibrium; at
least out of collisional ionization equilibrium. The origin of this
component can be explained by shock-heating up to 10°-107 K
by supernova explosions and expansion of their remnants. The
galaxy M 82 for example demonstrates this heating mechanism
in a very impressive fashion (Schaaf et al. 1989).

These arguments show that the ionization states, the energy-
loss rate and hence the cooling curve gained from CIE calcula-
tions are in many cases only a first approximation and sometimes
obviously a bad one. A better description is also needed for the-
oretical simulations, for example in modelling the chemical and
gas dynamical evolution of galaxies (Hensler & Burkert 1990).
Within this context the thermal and dynamical evolution of in-
terstellar gas and its dependence on different aspects, such as
metallicity or locally acting radiation fields, will now be of es-
pecial interest (Bohringer & Hensler 1989). Our understanding
of intergalactic gas, cooling flows and the physics in AGN's will
also profit by detailed self-consistent time-dependent calcula-
tions of thermal processes.

In this paper we concentrate on the more general aspects
of radiatively cooling gases and present time-dependent ra-
diative cooling rates, ionization states and cooling timescales
to compare with those of a gas in CIE. Emission spectra of
time-dependent cooling gases and applications in special envi-
roments, like phase transitions in the emission line regions of
AGN:ss, will be discussed in forthcoming papers.

Our calculations are restricted to a purely atomic gas, opti-
cally thin to its own photon emission with two exceptions for
hydrogen. We follow the evolution of a small gas volume and
consider the physical processes per cm?. In comparison with the
work of Shapiro & Moore (1976) we use more recent atomic
data and include some more physical processes like excitation-
autoionization, charge exchange and two-photon emission. In
addition, as an important extension of physical processes, we
allow for special studies the interaction with an external photon
field. We then include photoionization, Auger effect, Comp-
ton scattering and secondary ionization. Our cooling function
contains 1155 line transitions (permitted, forbidden and semi-
forbidden ones) in the spectral range from far infrared to X-ray
as well as the continuum processes, i.e. two-photon emission,
recombination, collisional ionization, bremsstrahlung, and—if
necessary, inverse Compton scattering. Our definition of the in-
ternal energy considers not only hydrogen but also all elements
and ionization stages. Thus we set up a self-consistent system
of ordinary differential equations which we solve by an implicit
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method. The great advantage of this approach is the flexibility
to follow any given thermodynamical path.

The physical processes and the sources of the employed
atomic data are briefly described in the next section. We show the
basic equations in Section 3, discuss the mathematical method
in Section 4, and present our results in the last section.

2. Physical processes and atomic data

Here we present only a short list of the physical processes taken
into account and the references for the atomic data used. A com-
prehensive description of the data can be found in Schmutzler
(1987); a complete documentation of our code HOTGAS will
be given in Schmutzler (1993).

We consider the ten most abundant elements H, He, C, N,
O, Ne, Mg, Si, S and Fe. Ionization occurs by collisions with
thermal electrons, charge exchange and photoionization. Hy-
drogen and helium can also be ionized by suprathermal elec-
trons produced by high energy photoionization and the Auger
effect (Shull 1979; Halpern & Grindley 1980; Binette et al.
1985). The rates for thermal ionization, including excitation-
autoionization and charge exchange, are taken from Arnaud
& Rothenflug (1985). In addition to charge exchange (which
also is a recombination process) we consider both types of di-
rect recombination due to two-body collisions: radiative and
dielectronic recombination, which is the inverse of excitation-
autoionization. Since we only treat thin gases, the probability
of the inverse process to collisional ionization—that is three
body recombination—is negligible. We use recombination co-
efficients including all possible recombinations into excited lev-
els and into the ground level. However, for hydrogen we use
the “on-the-spot”-approximation (Osterbrock 1974). The coef-
ficients are taken from Tarter (1971), Shull & Van Steenberg
(1982a, 1988b), Aldrovandi & Péquignot (1973, 1976) and Ar-
naud & Rothenflug (1985). Radiative recombination of helium,
the second most abundant element, produces photons which are
assumed to ionize hydrogen directly.

To investigate the influence of an external photon field, for
example in the interstellar medium surrounding a luminous star
or star association, we have taken into account the most im-
portant interactions of photons with atoms, ions and electrons.
The total photoionization cross sections are taken from Reil-
man & Manson (1978, 1979). We have interpolated each of
their tabulated cross sections in a series of power laws. The re-
quired subshell cross sections are derived from the total one.
For hydrogen- and hydrogen-like ions in the 1-s state we use
the exact cross section formula (e.g., Vogel 1972). If the photon
energies are much higher than the ionization potential the ex-
trapolated cross sections fall below the Thomson cross section.
In these cases we follow the arguments of Halpern & Grindlay
(1980) and calculate the Compton ionization cross sections for
all ions.

High energy photons are more likely to ionize an inner shell
than an outer one. If the ensueing reconfiguration of electrons
makes sufficient energy available there is a certain probability
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of an additional emission of one or more of the outer electrons.
This type of autoionization is the well known Auger effect. We
use the probabilities and number of emitted electrons per inner
shell ionization worked out by Weisheit (1974).

The energetics are balanced in detail by the most important
radiative cooling processes as well as by transforming thermal
kinetic into potential (ionized states) and, if necessary, exter-
nal photon energy into internal (kinetic and potential) energy
via ionization. We determine the energy-loss due to Coulomb
collisions of electrons and ions using the formula of thermal
bremsstrahlung (Novikov & Thorne 1973) with the frequency
averaged Gaunt factor given by Karzas & Latter (1961). Both
types of recombination transform thermal kinetic and poten-
tial energy into radiative loss. We derived the corresponding
cooling rates from the total volume emissivity given by Cox
& Tucker (1969). In case of dielectronic recombination we
use the first excitation energies tabulated in Landini & Fossi
(1971). However, the most important energy-loss results from
collisional excitation followed by spontaneous line emission in-
cluding two-photon continuum emission. In total we consider
1155 line transitions in the spectral range from 1A to 610 . The
data are based on the work of Kato (1976), Stern et al. (1978),
Osterbrock (1963, 1971), Osterbrock & Wallace (1977), Jura
& Dalgarno (1972) and Penston (1970). For more details see
Schmutzler (1993).

If an external photon field illuminates the gas the appropriate
heating terms due to photoionization, Compton ionization and
Auger effect are taken into account. In addition we include the
net energy exchange rate between photons and electrons due to
Compton scattering (Levich & Sunyaev 1970, 1971).

3. The basic equations

A thermally self-consistent approach of radiatively cooling gas
requires detailed balancing of energy, the time-dependent stages
of ionization, charge conservation, the equation of state and a
description of the gas dynamics, at least in a global way. We
calculate the physical behaviour of our gas volume by simulta-
neously solving a system of 103 nonlinear ordinary differential
equations together with 14 algebraic relations. The variables we
use are the gas temperature 7', pressure P, mass density g, elec-
tron density per mass unit %, ion density per mass unit ”z =
and internal energy per mass unit U; here Z and z denote the
nuclear and effective charge of an ion, respectively. Following
the arguments given in Shapiro & Moore (1976), we assume an
equal Maxwellian temperature for ions and electrons. For spe-
cial studies of the physics in activ galactic nuclei Schmutzler
& Lesch (1989) have shown that this assumption holds also in
the case of very fast Compton-heating of electrons, for instance
in the hot gas phase of the broad line and narrow line region of
active galactic nuclei.

We list the basic equations without presenting all detailed
terms in energy balance and time-dependent state of ionization.
To find the effective length of time for cooling or heating we
have to consider the gas in a more realistic description than just
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assuming an ideal monoatomic one whose internal energy is
given only by the thermal translation energy. The reason is due
to the fact that a huge amount of energy can be stored in or
delivered from high ionization stages of the chemical elements.
Therefore the total radiative energy-loss (or gain) is not in every
case synchronized with an equivalent decrease (or increase) of
temperature. Thus we employ for the energy balance the specific
internal energy U defined by

2 (ng. S 3P
U->23 “Q—ZIZJ' 2570

Z  z=1 2'=0

e))

where Iz ./ gives the ionization potential of an ion with nuclear
charge Z and effective charge z’. This definition implicitly con-
siders the fact that the commonly used ratio of specific heats
v = cp/cy is not a constant. In general, the internal energy also
contains the sum over all populated excitation levels. In a thin
gas, however, the assumption of instantaneous decay is an ex-
cellent approximation, since the timescales of line transitions,
even of forbidden ones, are much shorter than all other impor-
tant timescales. Therefore we neglect this sum in the definition
of the internal energy and consider collisional excitation only
in the net cooling term. The equation of energy balance now
reads:

dU Pdlnp £ -9

i a =" Q)

The net radiative cooling rate % — &, expressed by the cool-
ing function .4 and a possible heating function &, represents
only that part of the total radiative energy-loss which couples
to the thermal evolution of the gas. It depends on temperature,
electron density and ionization states. Moreover, the contribu-
tion of an external photon field depends on photon density and
energy spectrum. Ion and electron densities are determined by
ionization and recombination rates, which also depend on tem-
perature, particle densities and external photon field. Thus we
have to solve 102 ordinary differential equations balancing the
ionization states of all ions (z # 0) given in the form:

()

dt ®)

1 - hot
+ E FZ,Z(Ta Ne, Nz, 2,5 nZ,E) C%,Z ) =0.
The functions Fz , contain all ionization and recombination
rates which, due to charge exchange, may also depend on the

particle density of other ions 72 7,5~ The dependence on possibly

interacting photons is indicated by C%h":.

To illustrate which kind of functions the Fz , are we show
as an example the function for hydrogen (Z =1, z = 1):

n

Fi,= (51,0 + (a1 no1 + a2 n22) —e) njo—

N> 3.1

— 01,1 Me N1 ,
with N, denoting the total particle density of helium atoms and

ions. As mentioned above, here we assume that recombination
of helium causes ionization of hydrogen. In general the total
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ionization rates and recombination coefficients are given by the
following sums (Egs. (3.2) and (3.3), respectively):

€2, =C5% + (CEAT) + CF(T)) ne+

3.2
+C Y C(TDing G2

where C%h,‘: denotes the total or special subshell photoioniza-
tion rate, Cz .(1") the thermal collisional ionization rates and
C*°¢(T) the ionization rate due to charge exchange. The upper
indices stand for direct (d7) and excitation-autoionization (ea).
The ionization rate due to suprathermal electrons (° is taken
into account only for H and He, whereas C7",(T") contributes
only to some special metal ions. The recombination coefficients
are

1
az(T)=ay (1) +a% (T)+ o Yot (Dig;.  (33)

Here the upper indices stand for radiative, dielectronic and
charge exchange processes, respectively. Of course, for hydro-
gen we have a? = 0.

The abundances of atoms (z = 0) then can be found using
the 10 equations which also fix the relative chemical abundances
Xz in a gas with changing mass density:

ng., Xz
E 22 4
zz: o (W @

where (1) denotes a normalized mean mass for a given chem-
ical composition. Charge conservation determines the electron
density:

Yoz, e ®)
~ e e

Pressure, temperature and mass density are tied in the equation
of state:

ng, N
P—op Z—Z*—+j kT =0. (6)
Z,z

Finally, in order to take into account the dynamics in a global
way, we have to fix one additional relation, for example, the time
variation of the pressure (or density or temperature) according
to the timescales of the physical scenario of interest:

P—ft)=0 (N
Two of the simplest assumptions are for example an isobaric or

isochoric evolution. Then Eq. (7) reads P— Py = 0 or p— g = 0,
respectively.
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4. Mathematical method

This system of 103 coupled ordinary differential equations (to-
gether with 14 algebraic relations) is well known to be a stiff
one, since it covers a wide spectrum of relevant timescales rang-
ing over more than 6 orders of magnitude. Such stiff systems of
differential equations require an implicit method for an efficient
solution. We choose a Newton iteration which is known to be a
powerful and stable method, see for example the discussion in
Byrne & Hindmarsh (1987).

We point out that we calculate the complete rate matrix,
since we allow for charge exchange and, when photoionization
is taken into account, for multiple ionization due to the Auger
effect. Therefore, we cannot use algorithms which have been
worked out for tridiagonal matrices.

We start with arbitrary initial values and approximate the
time derivations in Egs. (2) and (3) by their difference quo-
tients, typically using a timestep of one tenth of the estimated
cooling timescale as “natural” guess. Then we check whether
the total system of equations is fulfilled and iterate, if neces-
sary, by determining the Jacobian matrix and calculating the
corrections with a Gauss elimination method. In mathematical
symbols we have to find all z, solving the ¢ equations:

m
e
k=1

Gi@'™, ... gG’) 6y = 0. (8)
Tk

In our case index 7 runs from 1 to m = 117. The derivatives in

i _ [ O0G;
(%) = (55) 9)

are computed numerically, i.e., (0G;/dzx) ~ (AG;/Axy), to
find

Sz =— (JL) 7 Gi@, ..., 2) (10)
which yields the next better approximation
2™ = 2 + by, . (11)

We proceed as long as dx;/a” < 1075 for all k and
Gi(@\, ..., x™)/x; < 107 for all i in two subsequent itera-
tions. In most cases five or six iterations give an accuracy better
than 1078, If there is no good convergence we repeat with the
halfwidth of the timestep or, if necessary, with a quarter or an
eighth of the last one, respectively. The timestep increases again
if the convergence is good and if the relative change of the vari-
ables is less than 5%. In the most extreme case the timestep was
found to be &~ 2.4 10~* of the guessed one, but rapidly increased
again by consecutive factors of 2 to the “natural” upper limit.
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5. Results and discussion

We restrict the discussion in this paper to the evolution of a
gas volume due to its inherent physical properties and neglect
all interactions with its environment which have to be consid-
ered in detailed models of the interstellar medium or supernova
remnants (e.g., Hughes & Helfand 1985; Gaetz et al. 1988).
Otherwise it would be difficult to separate the internal physics
and the influence from outside.

Unless otherwise specified the calculations we discuss use
the cosmic abundances given by Allen (1973). To demonstrate
the strong deviations between CIE and time-dependent calcu-
lations, and to faciliate comparison with previously published
work, detailed results for an isochoric evolution and for a gas in
CIE are givenin Figs. 1-3. In this context we make particular ref-
erence to the excellent discussion on isochorically cooling gas
and its applications to the interstellar medium given by Shapiro
& Moore (1976, 1977). In addition we investigate the isobaric
case, but we will discuss the main differences between isochoric
and isobaric cooling by concentrating on some specific aspects.

We started both runs, the time-dependent one and the gas in
CIE, at the same initial conditions with 7' = 10° K. In this initial
state collisional ionization equilibrium for a fully ionized gas
can safely be assumed. In the time-dependent run the gas then
cools isochorically (¢ = 0, no heating: % = 0 in Eq. 2) with a
hydrogen number density Ny = 1cm™3. Though the calcula-
tions range from 10° K to 102 K we compare in Figs. 1.1-1.18
the ionization stages of all elements only in the most interest-
ing temperature intervals. The ionization stages are plotted as
ratio of the ion density nz . to the total particle density of that
chemical element N.

Most of the differences between our results and those of
Shapiro & Moore (1976) are due to the use of new atomic
data and to the inclusion of the additional physical processes
mentioned in the introduction. These affect both the CIE cal-
culation and the time-dependent one. Especially for the time-
dependent case, the different cooling rate and the self-consistent
energy balance we use leads to deviations from previous re-
sults. Nevertheless, we find the general tendency of delayed
recombination—which is especially pronounced for helium-
like and neon-like ions and was pointed out by Kafatos (1973)
and Shapiro & Moore (1976)—to be in a fair conformity with
our results. The recombination at lower temperatures clearly
has interesting consequences for the corresponding emission
spectra, which we will present in a forthcoming paper.

The different ionization stages in the time-dependent case
obviously lead to different line excitation and hence to a dif-
ferent radiative cooling rate. To show the composition of the
radiative energy-loss, we first present in Fig. 2.1 the cooling
rates of the time-dependent run due to the individual processes
and then compare the normalized total cooling rates A of both
calculations in Fig. 2.2. The individual processes are collisional
ionization (C), radiative (R) and dielectronic (D) recombination,
free-free emission (F) and collisional excited line (L) emission
including two-gamma emission. To avoid an overrepresenta-
tion of the energy-loss by processes which do not depend on
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Fig. 1.1. Comparison of hydrogen ionization stages during isochoric
(6 = 0) cooling and under the steady state assumption (ss), i.e., CIE

Ionization fraction of Helium
log(nﬂe.l/ NH.)

0.00

-1.00

-2.00

-3.00

-4.00
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Fig. 1.2. Comparison of helium ionization stages during isochoric
(0 = 0) cooling and under the steady state assumption (ss), i.e., CIE

the electron density like neutral-neutral line excitation, we have
normalized A by N3 instead of the commonly used normaliza-
tion factor proportional to n.. The units of A are ergcm?®s™!,
Thus, in our notation the power per unit volume, only due to the
cooling part of the radiation, is given by % = A - N3.

We find that the CIE result overestimates the effective cool-
ing rate by factors of up to 7. Especially the peak of hydrogen
Lya at T = 1.74 10*K vanishes in the time-dependent cool-
ing rate because hydrogen cannot recombine efficiently at this
temperature. As a consequence the delayed recombination due
to the fast cooling itself reduces the energy-loss. Nevertheless,
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Ionization fraction of Carbon
108(110,:/ Nc)

0.00

-1.00

-2.00

-3.00

-4.00

log(T/[K])

Fig. 1.3. Ionization stages assuming steady state (ss), i.e., CIE

Ionization fraction of Carbon
108(“0;/ Neo)
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Fig. 1.4. Tonization stages during isochoric cooling (¢ = 0)

the cooling timescale remains shorter than the most relevant
recombination timescales.

A comparison with results of other authors, for instance the
isobaric cooling function (Fig. 5 in Gaetz et al. (1988)), shows
a general agreement. However, there are differences in detail
which relate either to the use of different data sets and abun-
dances, or different rate approximations, or different concepts.

In the literature one often finds an estimate of the cooling
time using the cooling rate of a gas in CIE. We note that this can
be only a first approximation to find the right order of magni-
tude. In fact the cooling timescale can directly be derived from
the cooling rate A (i.e., tc ~ 2nkT/(A - Nj)) only within such
temperature ranges where the internal energy is dominated by
its thermal “kinetic” part %%. In our calculation this applies
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Ionization fraction of Nitrogen
log(ny,./Ny)
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Fig. 1.5. Tonization stages assuming steady state (ss), i.e., CIE

Ionization fraction of Nitrogen
log(ny,z/Ny)
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log(T/[K])

6.50

Fig. 1.6. Tonization stages during isochoric cooling (¢ = 0)

for temperatures above a few 10° K. At lower temperatures the
radiative cooling rate does not lower the temperature simulta-
neously, since the internal energy contains additional degrees
of freedom which have to be reconfigured. In addition a huge
reservoir of potential energy is stored by the high ionization
stages of the elements. In fact, at a temperature of T = 10* K
we find that the potential energy exceeds the thermal kinetic
part by more than a factor of 5. Of course, this factor depends
on the metallicity. In any case, at these temperatures a redis-
tribution of internal energetics rather than a direct cooling of
the gas is a consequence of the delayed recombination at higher
temperatures. The accompanying radiative energy-loss (recom-
bination continuum) should in principle be detectable in the UV
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Ionization fraction of Oxygen
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Fig. 1.7. Ionization stages assuming steady state (ss), i.e., CIE
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Fig. 1.8. Ionization stages during isochoric cooling (¢ = 0)

6.00 6.50

and soft X-ray ranges (Schmutzler & Tscharnuter, in prepara-
tion). Another aspect of this behaviour can be seen in the ratio
of specific heats y = cp /¢y, which approaches unity. However,
in the context we are discussing here, this “adiabatic index” has
no physical meaning except that it might be one additional mea-
sure of the deviation from an ideal gas without internal degrees
of freedom.

The cooling timescale is given by |T'/(dT'/dt)|, whereas the
exact cooling time can be found only by complete integration
from the initial temperature to the final one. However, as long
as the gas starts to cool at temperatures 7' > 107 K the cooling
time is dominated by the cooling timescale of this high tem-
perature. Within about two timescales our gas volume cools
to 100K or less, neglecting all possible interactions with sur-
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Fig. 1.9. Ionization stages assuming steady state (ss), i.e., CIE
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Fig. 1.10. Ionization stages during isochoric cooling (¢ = 0)

rounding gas volumes. Of course, this will change if a heating
source reduces the net cooling. At lower temperatures the ra-
tio of the integrated times for cooling to 100 K and the cooling
timescale increases dramatically; we find the following ratios:
27 at 10°K, 400 at 10°K, 131 at 10*K and 16 at 10° K. The
cooling curve | Ny '(dT/dt)| versus T of an isochorically cool-
ing gas is shown in Fig. 3. This curve relates to the evolution
of gas temperature rather than the cooling rate. The different
shapes of the cooling curve and the radiative cooling rate at
temperatures around 10* K again demonstrate the importance
of a self-consistent energy balance.

In the case of isobaric cooling the gas density increases
with decreasing temperature. Thus the absolute timescales ¢ are
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Fig. 1.11. Ionization stages assuming steady state (ss), i.e., CIE
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Fig. 1.12. Ionization stages during isochoric cooling (¢ = 0)

shorter than for isochoric cooling, because ¢ o« n~!. Since all
relevant atomic processes are proportional to the product of ion
number density times electron number density and to functions
of temperature, the ratios of the corresponding timescales are
not affected by the increase of density. At first glance, if atomic
processes only are considered, the derived ionization stages and
energy-loss rate as functions of temperature would be the same
as for isochoric cooling. However, the energy equation (Eq. (2))
for isobaric cooling differs by the term —% dg;" . This term de-
scribes the energy input due to the compressional work on the
gas, which of course vanishes in the isochoric case. The redis-
tribution of internal energy now affects the ionization stages as
well as the radiative cooling and energy-loss rate.
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Fig. 1.13. Ionization stages assuming steady state (ss), i.e., CIE
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Fig. 1.14. Ionization stages during isochoric cooling (¢ = 0)

We started an isobaric run at 7 = 10° K with Ny = 1cm ™3
and indeed found clear differences to the isochoric case. How-
ever, these are not as significant as the differences between CIE
and time-dependent cooling. We illustrate the differences be-
tween the isochoric and isobaric case by comparing the ioniza-
tion stages of hydrogen and helium in Figs. 4.1 and 4.2; the
corresponding radiative cooling rates are compared in Fig. 5.

So far we have given an overview on the evolution of a
cooling gas following two of the basic thermodynamical pathes
and have presented the most important aspects like ionization
stages and cooling rates. In the next section we discuss some
further details in more depth.
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Fig. 1.15. Ionization stages assuming steady state (ss), i.e., CIE
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Fig. 1.16. Ionization stages during isochoric cooling (¢ = 0)

5.1. The role of the previous ionization state

Since the ratios of the relevant intrinsic timescales in a radia-
tively cooling gas, at least in the temperature range T < 510° K,
lead to nonequilibrium ionization, both the ionic abundances
and the corresponding energy-loss rate are not only functions
of the temperature but also of the history of the gas. This means,
for instance, that the initial ionization state and the correspond-
ing electron density determine the temporal evolution of the
gas as well as the initial temperature. Therefore the nature of a
previous heating mechanism influences the cooling. Shapiro &
Moore (1976) have demonstrated and discussed this effect in a
few examples for shock-heated gas with a low degree of ioniza-
tion and for previously photoionized gas. We will not present
our results here, since their general behaviour is similiar to pre-
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Fig. 1.17. Ionization stages assuming steady state (ss), i.e., CIE
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Fig. 1.18. lonization stages during isochoric cooling (¢ = 0)

vious work. The differences are once again attributable to our
different atomic data and physical processes as well as to our
more complete energy equation. Nevertheless, we will report
one of our most extreme examples.

We have assumed a nearly neutral gas with n/Ny =
6.5 10~% which cools isochorically (with Ny = 1cm™3) after
shock-heating to a temperature of 7' = 5 10° K. At this tempera-
ture the radiative cooling rate is in the maximum range for CIE
and for time-dependent cooling from higher temperatures. Then
line excitation of highly ionized C, N and O dominates the en-
ergy loss. By contrast, the radiative cooling within the first 210% s
for our special case is caused by lines in the infrared spectral
range, excited by neutral-neutral collisions, Lya-emission of hy-
drogen, and ionization processes. Ionization does not decrease
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The Cooling Rates
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Fig. 2.1. The radiative cooling rates due to the individual processes
during iochoric cooling (¢ = 0); C, R, D, F and L stands for collisional
ionization, radiative and dielectronic recombination, free-free emission
and collisionally excited line emission including two-gamma emission.
respectively
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Fig. 2.2. Comparison of the total radiative cooling rate during isochoric
cooling (¢ = 0) and under the steady state assumption (ss), i.e., CIE

the internal energy, but cools the gas. As soon as the electron
density has been grown to a few percent of the hydrogen number
density, collisional excitation of hydrogen Lya-emission starts
to dominate the energy-loss rate. It now exceeds the cooling rate
of an ionized gas cooling from higher temperatures (cf., Fig. 2)
by more than three orders of magnitudes. The cooling becomes
much faster than the rate at which hydrogen can be ionized.
Therefore the degree of ionization remains below 43%. The
heavier elements, too, remain in neutral or singly ionized stages
and the gas cools within 8.510'! s to about 10* K. The compara-
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Fig. 3. The cooling curve of a isochorically cooling gas (¢ = 0)
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Fig. 4.1. Comparison of hydrogen ionization stages of an isochorically
(0 = 0) and an isobarically (p = 0) cooling gas

A 1
3.00 5.00 5.50

ble cooling time calculated in the run presented in the beginning
of Sect. 5. is about 10'3 s. This type of evolution shows dras-
tically the consequence of the very low electron density in the
beginning. We note that we have chosen this example rather
to demonstrate the importance of the history of the gas than to
model a realistic situation. For instance, we did not take into ac-
count the possibility of ionization via neutral-neutral collisions
which again would introduce some more timescales. Moreover,
shocks in astrophysical enviroments are often accompanied by
photons which may previously photoionize the gas before the
shock energy is converted into heat (Morrison & Sartori 1969).
The first photon flash, produced by a supernova explosion, for
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Ionization fraction of Helium
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Fig.4.2. Comparison of helium ionization stages of an isochorically

(¢ =0) and an isobarically (p = 0) cooling gas
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Fig. 5. Comparison of the total radiative cooling rates of an isochori-
cally (¢ = 0) and an isobarically (p = 0) cooling gas

instance, then is followed by the precursing photons emitted by
gas shock-heated in the downstream region.

5.2. Basic applications to the interstellar medium
5.2.1. The metallicity dependence

The dependence of the cooling rate in CIE on metallicity
has been shown by Schmutzler (1987) and in more detail by
Bohringer & Hensler (1989). In the case of time-dependent cool-
ing gas the metallicity affects the cooling rate in a more com-
plicated way. Of course, the ionization stages at certain temper-
atures depend on the effective cooling rate which is dominated
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Fig. 6. The total radiative cooling rates of isochorically (¢ = 0) cool-
ing gases with different metallicities; the curves are labeled due to
the abundances of elements Z heavier than helium, normalized to the
cosmic abundances of Allen (1973)

by line cooling and therefore is a function of the metallicity, but
again the radiative cooling rate itself depends on the ionization
states. In a series of calculations we investigated the dependence
of the cooling rate on metallicity. In each case we assumed a
gas cooling isochorically starting from CIE at T = 10° K, but
with different abundances of elements Z heavier than helium
given by the ratio Z/Z,, where Z. denotes the cosmic abun-
dances (Allen 1973). The results are plotted in Fig. 6, where
the curves are labeled with Z/Z, ranging from 2 to 104, Since
the radiative cooling rate and the cooling timescale depend on
the metallicity, whereas this dependence is only a weak one for
the ionization and recombination timescales due to charge ex-
change reactions, the departure from CIE calculations increases
with increasing metallicity. For instance, the fast cooling due to
the enrichment of heavy elements by a factor of 2 (Fig. 6) leaves
ionized elements at temperatures far below 10* K. The appro-
priate line excitations (infrared lines) increase the cooling rate
at these temperatures by more than two orders of magnitude in
comparison with a gas with cosmic abundances.

5.2.2. Interaction with a photon field

For the gases we discussed so far, we have assumed only ra-
diative cooling without any influence from the environment,
except for the case of isobaric cooling. Here, per definition, the
cooling gas volume is assumed to be compressed by the sur-
rounding matter. Of course, in the interstellar medium (ISM)
the situation is generally somewhat different. Besides the real
hydrodynamical behaviour, for instance, there also is a radi-
ation field interacting with the ISM. From these photons one
should expect at least a small effect due to photoionization as
well as from modifying the net cooling rate by the correspond-
ing energy-gain (% > 0 in Eq. 2). In the case of a very dilute
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External Spectrum
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Fig.7. Energy spectrum of an assumed photon field to heat a cooling

gas; for explanation see text in Sect. 5.3
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Fig. 8. The total radiative cooling rate A = % /N of an isochorically
(0 = 0) cooling gas which is heated by the external photon field with
energy spectrum displayed in Fig. 7; the lower curve represents the
corresponding heating rate T' = % /N, mainly due to photoionization.
See text in Sect. 5.3

gas even the mean interstellar radiation field, for instance that
at the Sun’s location, should have some influence on atoms and
ions with low ionization potentials. The ionization parameter =,
given by the ratio of the pressure of the ionizing photons to the
thermal pressure, allows a first check for the gas temperature and
density ranges in which the photon flux becomes energetically
important. The ionization parameter = = (Flo,/c)(nkT)~! was
introduced in this form by Krolik, McKee and Tarter (1981).
However, the strong UV-photon field of an O-, B-star associ-
ation may affect Although the total flux of the mean interstellar
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photon spectrum at the Sun’s location is F' ~ 8 102 ergs ™!
(Black 1987), the ionizing flux is only a small fraction Fi,, ~
1.5 10 ergs™!, or Foy =~ 1.1 10 3ergs™!, depending on
whether one considers the UV-gap (caused by observational
reasons) in the spectrum or not. From these fluxes and the shape
of the spectrum one expects a significant influence on the cool-
ing process only for temperatures far below 10* K and for very
dilute gases (n < 10> cm 3 orn < 1072 cm ™3, respectively).

However, the strong UV-photon field of an O-, B-star associ-
ation may affect the radiative cooling of neighbouring gas even
at higher temperatures. For example, tenuous gas heated by a
supernova explosion to 7' = 10® K may cool radiatively while it
is exposed to the radiation field of the star association. To illus-
trate this, we assume a black body spectrum with a temperature
T, = 3.5 10*K, a total luminousity of 3 10° L, geometrically
diluted due to a distance of 1 pc and superimposed on the mean
interstellar photon spectrum at the Sun’s location (Black 1987).
The resulting photon spectrum interacting with the cooling gas
is displayed in Fig. 7, from which we derived a local acting
energy flux of 10.1ergs™! cm~2 and a photoionization-rate of
hydrogen of 4.0 10~7 s~!. The effective radiative cooling rate
of the isochorically cooling gas (N = 1cm™3) is shown in Fig.
8 together with the heating rate. In this case the gas reaches an
equilibrium temperature of 7' = 4024 K and remains in a middle
ionized state (HII, He I, CIIL, CIV, NIII, NIV, O1IL, O IV,...,
FeIV, Fe V). This thermal equilibrium is far from CIE, where
gas at this temperature is known to be neutral.

The scenario we described above should not be confused
with a typical HII region. Here we treat a thin gas, neglecting
collisional deexcitation of forbidden lines and other important
processes, €.g., line absorption. Nevertheless, we compare our
result with that of the low density case in Osterbrock’s text-
book (1989). Apart from using different abundances, we cal-
culate much higher ionization states than Osterbrock assumes.
Thus the main coolants in our calculation are transitions from
fine-structure levels of OIII and OIV. The data for these in-
frared lines are taken from Jura & Dalgarno (1972). The result-
ing equilibrium temperature and ionization states also depend
very sensitively on the shape of the ionizing photon spectrum.
To test this, we calculated our model once more, but now ne-
glecting the mean interstellar photon field. The slightly different
photoionization and heating produces slightly lower ionization
states accompanied with different, here somewhat less effective,
line cooling. In this run the gas reaches thermal equilibrium at
a temperature of 7" = 5167 K. From this example one also may
get arough idea about the sensitivity of such model calculations
to the atomic data and physical processes taken into account.

However, such low equilibrium temperatures may well be
established in low density HII regions: Celnik (1985) derived
electron temperatures from radio continuum and recombination
line observations of the Rosette nebula (NGC 2237-46) ranging
from about 4000 K to 6000 K and a mean electron density of 11—
16 cm 3. Even in the Galactic center, in the bar of Sagittarius A,
the ratio of Bra line emission to the radio continuum indicates
electron temperatures ranging from 4000 K to 5000 K (Maloney
et al. 1992).
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