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Abstract. The role of iron for the energy balance in the extor Fel for the solar chromosphere based on a semi-empirical
tended atmospheres and circumstellar envelopes of cool stamzlel, where the temperature structure is chosen to best match
is explored. Based on large non-LTE model atoms for Fe | atite observations. Hollenbadh McKee (1989) modelled/
Fell, we study the influence of fine-structure, forbidden, peshock@in molecular clouds including 15 fine-structure and for-
mitted and bound-free transitions on the radiative heating abidlden Fe | and Fe Il cooling lines.
cooling of the gas under various temperature, density and radia- Carpenter etal. (1997) observed and modelled Fe land Fe ll
tion field conditions. The results are compared to those obtaindd lines of the carbon star TX Psc which provided various in-
in LTE and to those calculated when ignoring optical depth ébbrmations about the properties of its outer atmosphere, as for
fects in the lines. The number of levels in the model atonexample the velocity and ionisation structures, and the line for-
necessary to achieve convergence of the results is discussemhation mechanisms (thermal excited or fluorescent). Recently,
Aoki etal. (1998) detected surprisingly strong emission in in-
Key words: atomic processes — hydrodynamics — radiatidnared fine-structure lines in both carbon-rich and oxygen-rich
mechanisms: thermal — shock waves — stars: chromospheX€8 stars. They found that the C-stars mainly show Fe | emis-
— stars: circumstellar matter sion lines, whereas the M-stars apparently show mainly Fell
lines. An explanation for the strength of the lines in LTE was
difficult to achieve, as the authors were forced to assume very
high densities around these stars.

In this paper, we investigate the efficiency of radiative heat-
Investigations on the thermal energy balance of gases can png-and cooling by Fe | and Fell. We calculate the total heat-
vide important scientific insight into various long-standing asg/cooling rates under various density, temperature and radi-
trophysical problems, as for example the formation of chromation field conditions. The paper is organised as follows. In
spheres, the propagation of shock waves, and the generatiofedt. 2, the basic equations and assumptions are outlined. Sect. 3
stellar winds. describes the model atoms for Fe | and Fe Il. Sect. 4 summarises

The starting point of a thermodynamical descriptiothe methods used for the computational solution of the statis-
of the nebular-like gases in chromospheres and steltmal equations and describes how the calculations for iron are
winds is the determination of the importargdiative heat- embedded in a larger steady-state non-LTE model of the gas. In
ing/cooling rates which are usually the leading terms inSect.5, the results for various gas densities, temperatures and
the energy equation. The iron group ions and especialipckground radiation fields are presented and discussed. Sect. 6
the neutral iron atom have special properties concempntains some general remarks on the importance of the dif-
ing their possible efficiency as heating or cooling agentkerent types of spectral lines and includes some generalisations
1) Iron possesses numerous electronic states at low excitationcerning other atoms. Our conclusions are outlined in Sect. 7.
energies which can be easily (de-)excited by collisions. 2) Thou-
sands of permitted, forbidden and fine-structure lines cause a
strong coupling between the radiation field and the level pop-
ulations. Lines of iron are visible in almost every astronomicat
object. 3) Iron is a fairly abundant element not much deplet@gh N-level-atom with continuum denoted hbyis considered.
by molecule formation. These facts alone immediately sugg&gé assume that the characteristic time-scales of the atomic pro-
that iron could be important for the energy balance of the gasesses (excitation and ionisation) are short compared to those for

Nevertheless, the role of iron as a contributor to the rghanges in the ambient medium (both gas parameters and radia-
diative heating and cooling in cool star winds has scarcely
been investigatE]d Vernazza etal. (1981) computed radiative
heating/cooling rates including a 15-level-atom plus continuuenncerning “ultra-cool stellar atmospheres” (see e.g. discussion in
Luttermoser& Johnson 1992).

! Possibly due to the complexity of the atom in conjunction > Shocks where the gas properties “jump” from their pre-shock to
with the general difficulties encountered in non-LTE investigatiortheir post-shock values and where ambipolar diffusion is negligible.

1. Introduction

Basic equations
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tion field). In this case, the level populations(i =1, ..., N, k) ionization
potential

can be calculated by means of the statistical equations
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coefficientsR;; describe the various physical processes taken
into account, which are collisional (de-)excitation, line absorp-
tion, spontaneous and stimulated line emission, collisional igfy 1. Energy fluxes between the pools of thermal kinetic energy
isation and three-body-recombination, photo-ionisation and giransiation”), ionisation potential and electronic excitation energies,

rect photo-recombination: and radiation energy. Positive fluxes (“heating”) are directed to the left.
Rue = AwePyy (14 ju,,) + Cur ) N oo .
R = 22 (AuePiy o, + Cure™ 1) (3) = 8”; / (Wju - (1) kT) Vot (7)
[e’e] Vthr
Ry, = 87727 /jl, oM V2dy + Cyy. (4) In order to stud_y the role of the spectral lines of _different
c K strength, we define the following classes of spectral lines by
N e e e s i
Ry = Si 072/(14'3'”)6_%05%2@ + Cin ®) permitted; AZ; >10%s7t . (10)

]
Vinr

The heating/cooling rates of these classes are obtained by calcu-
These formulations include the Milne-type relations betwedating Eq.[(6) separately for all lines of the respective transition
the respective forward and reverse rates (see Woitke etal. 198@)e
h, c andk are Planck’s constant, the speed of light and Boltz-, bh bh bb
mann’s constant is the kinetic temperature amd the electron “¢rad = fine + Qforb + @perm - (11)

density. AE,, = E, — Ey is the energy difference between thgy statistical equilibrium, the energy contained in the atom in
upper () and lower () state with degeneracigs andg,. visthe - the form of electronic excitation and ionisation potential energy
frequency and,, the line center frequencyl,, is the Einstein s constant. The atom only transmits energy from the radiative
coefficient for spontaneous emissi@,; andC’,; are the rate g the thermal kinetic pool of energy or vice versa, and the net
coefficients for collisional de-excitation and collisional ionisaneating rate is equal to the total net gain of thermal kinetic energy
tion, respectivelyo?!(v) is the photo-ionisation cross sectionper time and volume (see Fig. 1). This rate can be split into the

S¢(T) the Saha function and‘fh_r = x¢/h the threshold fre- rates caused by (de-)exciting collisions and by the rates due to
quency of levell. x, = x — L is the ionisation potential of g nd-free transitions

level ¢.
. . N—-1 N
In order to approximately account for optical depth ef-,, Gu _ALuw
fects in the lines, an escape probability method is used. THeoll = Z Z Cut ABur | n — " M (12)

mean escape probabilitieB,’, are calculated by applying (=1 u=t+l

. . . N
Sobolev theory according to the mean velocity gradi€fit  ne
(see Woitke etal. 1996 for further details). The radiation fiefdeon = @7 — Z Xe (neBex — nBie) (13)
is thereby formally split into continuum plus lines and the local =t
continuum (background) mean intensity is expressed in ter@8>, + Q"', = Q" + Qb . (14)

of the dimensionless quantity = J,°"*¢?/(2hv3). The gas . _
is assumed to be optically thin in the continuum, i. e. the backd- (14) can be used to check the quality of the solution of the

ground mean intensity " is used for the calculation of the Statistical equations.
bound-free radiative rates (Ef$. 4 amd 5).
The radiative net heating rate is calculated after havirg Atomic data
solved the statistical equations. The net heating rate is defined
as the total net gain of photon energy per time and volume 3t Model atom for Fel
can be split into the rates caused by the radiative bound-bouri level energie®’,, degeneracieg and Einstein coefficients
and bound-free transitions: A, for the lowest 200 states (ordered by energy) of the neutral

O iron atom have been obtained from tNes13 (Fuhr etal. 1988)
E;)d = Z AE AwPyy (nf Ejuui Ny (1+jl’u£)> (6)

lines

3 http://aeldata.nist.gov/archive/holdp.html
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to 3.3 - 10~ '8 ¢cm? for all other levels. The latter is chosen such
that the total direct recombination rate

N oo
a(T) = Z sm /e_% oP'2dy (16)
= ‘
£

2
S
=1 Pt

Vehr

equalsl.4 - 1013 ecm?®s~! at 10000 K, which agrees with the
known rate (Landini& Fossi 1990). The rates of collisional de-
excitation and collisional ionisation are calculated according to

Cut(T) = nevip(T) + niye(T) 17
Con(T) = nef5(T) + nn B} (T) (18)

wherev®, v* andg¢, 3" denote the rate coefficients for elec-

tron and heavy particle impact, respectively. The heavy particle

density is approximated by, = ny + n(mey, Wheren g,

andn g,y are the total number densities of hydrogen and he-

lium nuclei. Collisional de-excitation rates for both electron and

heavy particle impact for transitions among lower levels have
been summarised by HollenbaéhMcKee (1989) for neu-

. - o tral and singly ionised atoms including Fe l. We have adopted

Fig. 2. Types of radiative transmo_ns between the Iowe_st 90 stat_es (ﬂrl'eir rates for the transitions 2-1. 3-1. 3-2. 6-1. 7-1. 7-6 and

dereq by energy) of Fel (cross: f!ng-structur_e_, open C'rd.e: forbidd Jave completed the missing rateé am,ong ihe 1,0 Iov’vest levels

full circle: permitted, dot: no radiative transition). The higher level$™. 5 5 s .

91-200 are not depicted. a’Dyg,...,a Do,.a Fs,...a Fl) by assumlngggfyug/ = g Yurl
and~, » = v,¢ With respect to the nearest given rate. Electron
collision rates for transitions which have a permitted radiative

and fromKurucz's databadb(Kurucz 1988). Both databasescounterpart are calculated according to the van Regemorter—

agree with each other concerning the electronic configuratigggmula (van Regemorter 1962). For all other transitions we
and the energies of these levels. However, the Einstein coeffisume a constant collision strengthrof, = 0.1 /T/IO()OOK

cients may differ substantiallf<urucz's list includes many which is related to the de-excitation rate coefficient by
more lines (especially forbidden transitions) for highly excited
states, whereas tiNasT database has more data for lines among. ) _ 8.63 - 1057 (T)
low levels. We have takeKurucz's line-list as the starting '™“* guV'T
point and have added/replaced all Einstein coefficients listed b?/ o ) o .

NIsT with A, > 0. Four fine-structure lines (2-1, 3-1, 3-2, 7-6ll missing heavy particle collision rate coefficienty, are
have also been included with Einstein coefficients taken frgdgsumed to b_m_lécn_lg S__l-

Hollenbach& McKee (1989). The collisional ionisation rates are calculated from

Fig[2 gives an impression of the complexity of the radia- A VT Z 01T Teo—Eo/k
tive line data for Fel. According to our working definition3;(T) = —x—— (1 T )e_ T
Egs.[8) to[[ID), there are 4 fine-structure, 2420 forbidden and > =1 9t col

1289 permitted lines in the Fe | model atom covering wavewy, [2D) yields the correct total collisional ionisation rate

o

lengths between 2140 and 89um. Note that in order to ac- py electron impact Y n,3; in LTE as published by

(19)

(20)

o

count for the first (semi-)permitted line (437#APthe model | andini & Fossi (1990). Parameters dfe, = 91300K and

atom has to include at least 36 levels (thé°-level located at Aeor=1.26-10"0cm?. Z:Zév—l geexp(—E,/kT) is the par-

22845.9cm!~2.8eV). tition function. The collisional ionisation rates for heavy particle
An ionisation potential ofy = 63737cm ™! ~ 7.87eVis  impactj!(T) are assumed to bie7 - 10~ times the electron

assumed and the partition function of Fe ll is chosen to be 3@tes as is true for hydrogen (Drawin 1969).

The photo-ionisation cross sections are assumed to vary with

frequency as
3.2. Model atom for Fe ll

¢ 3
ot (v) = o) (”thr) ] (15) The positive iron atom is modelled without continuum since
v the high ionisation potential of 16.16 eV is assumed to prevent

The threshold cross sectiong are adopted from (Vernazza elt:onsiderable ionisation of Fell in the investigated parameter

al. 1981) for the levels listed therein and is assumed to be eqi?aq'me of this paper. The total particle dgnsﬂy of Fel r?ltqms 'S
assumed to be given by, from the solution of the statistical

4 http://cfa-www.harvard.edu/amp/data/kur23/sekur.html equations for Fe .
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) =0 30 40 50 60 70 80 90  Taple 1.0Overview of model atoms

\‘H\\H\H‘\\HH\H‘HHHH\‘HHHH
atom N En[eV] (ETN) no. of lines references
10 H 5 131 (96%) 0+0+10 2,3
Hel 5 211 (86%) 0+54+3 1,2
<0 Hell 25 522 (96%) 0+1+472 4
Cl 11 9.2 (82%) 3+10+ 12 1,3,6,8
30 cl 20 21.0 (86%) 1+5+37 4
NI 28 125 (86%) 1429 +67 15,6,7
40 NI 23 20.7 (70%) 24 16 + 68 4
Ol 29 124 (91%) 347456 15,6
ol 15 26.3 (75%) 1+8+29 4
50 £ Nel 1 0.0 (0%) 0+0+0 1
= Nell 3 26.6 (65%) 1+0+2 4
60 E Nal 20 46 (89%) 0+4+ 56 15
g Mgl 29 6.8 (89%) 3418 4+ 82 1,57
-0 E Mgll 21 129 (86%) 040434 4
E All 30 5.6 (94%) 0+ 21+ 113 15
= Sil 30 6.6 (78%) 3 +32+98 1,5,6
80 & Silll 15 105 (64%) 1+10+24 4
E Sl 30 9.0 (87%) 3+4479 15,6
90 & Sl 28 149 (64%) 2430+ 66 4
i o N o Cal 29 4.8 (78%) 0+64+4 74 15
Fig. 3.Types of radiative transitions within the lowest 90 states (ordered, |, 5 3.3 (27%) 0+2+5 )

by energy) of Fell (cross: fine-structure, open circle: forbidden, fullg | 200 5.8 (74%) 44 2420 + 1289 see text
circle: permitted, dot: no radiative transition). The higher le9etsl 42 4 142 116 (72%) 12+ 246 + 1010 see text

(not depicted) mainly possess permitted radiative transitions.

* fine-structure + forbidden + permitted
(1) OpaciTYy PROJECT (Seaton etal. 1994) with corrected threshold

Extensive atomic data (radiative + collisional) for many agravelengths (see text)
trophysically interesting positive ions have recently been pufg) Luttermoser& Johnson (1992)
lished in theCHIANTI database (Dere etal. 1997). Besides t §) Vernazza etal. (1981)
level energies, degeneracies, transition wavelengths and g%-ICéHIANTI,da.‘tabqse (Dere etal. 1997)

) - . L URUCZ's line-list (Kurucz 1988)
stein c_oefﬂments, these data_lnclude elec_tron collision ra Hollenbachg& McKee (1989)
according to a 5-parameter fit as a function of temperatu(ag Mendoza (1983)

(Burgess& Tully 1992), which provides an excellent base fofg) r. Sutherland (1997, priv. comm.)
non-LTE investigations in a wide temperature range.

The Fe lICHIANTI data set comprises 142 levels with ener-
gies up to 93487.6 cmt (=~ 11.6 eV), 1268 radiative transitions

(1098,& to 87.3um) and collision rates for transitions from

We consider a mixture of the elements H, He, C, N, O, Ne,
Na, Mg, Al, Si, S, Ca, and Fe with solar abundances accord-
ing to Anders& Grevesse (1989, “Photosphere”column). The
all levels down to the lowest 35 levels. We have completel ;i atoms are modelled with continuum, the ions without
the missing collision rates by the van Regemorter—formuld i ,um. Tabl&]1 summarises the references for the respec-
(van Regemorter 1,962) for permitted transitions a”‘?' by aSSUfille model atoms. The line data have been taken mainly from
Ing a cons_tant COI_I'S_'On strength_d_fug = 0.1 otherwise. All the Kurucz and theCHIANTI databases. The collisional de-
heleQy paBrt|Elle collision rate coefficient§, are assumed to be g, citation rates for neutral atoms are calculated similarly as
107 ¥ em”s™". _ _stated in Sedi.3.1. The collisional rates for ions are adopted
We find 12 fine-structure, 246 forbidden and 1010 permittgg, , the Crrantr database. Photo-ionisation cross sections
transitions in the database (see Elg. 3). In order to catch the ffb?tall states of all atoms other than H1 and Fe | have been ob-

permitted lines (2?}?0'2 ancﬁj 20626\5 the Fell model atom yoih64 from theDpaciTy Prosecil (Seaton etal. 1994) and
must include the6 ™ level = °D° (located at 38450.0 cn ~ smoothed to a 1é-wavelength grid. We noticed that the OP
4.8eV). threshold wavelengths are not very accurate (usually too short)
and have scaled the cross sections as a function of wavelength
4. Calculation of the composition of the gas according to the threshold wavelengths derived from the level
_ ) energies and the ground state ionisation potentials (Allen 1973).
A consistent non-LTE modelling of Fel and Fell cannot bg,jisional ionisation rates are calculated according to[Eq. (20)

performed on its own, but must be part of a larger model whighih, the parametersl.., and 7., given by Landini& Fossi
includes the determination of the Fe I/Fe Il ratio and especia ¥990).

the electron density, which enters into the calculation of the
collision rates. 5 http://vizier.u-strasbg.fr/OP.html
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To summarise, the model atoms for species other than Heelidentified with the fraction of the solid angle occupied by the
and Fell contain between 5 and 30 levels, usually coveristellar disk with radius?,. at radial distance
all known states with excitation energies lower thaf eV 1
or (in case of Nal, Mgl, All and Sil) at least all states witVai(7) = 5 <1 V1= RE/TQ) : (22)

excitation energies< 78% of the ionisation potential (excep-In this caseT.q ~ T, whereT, is the stellar temperature. If
rad ~ 4L x * .

tions: Nel, Nell, Call). The model atoms include all fine-_ " . . ; : .
. I g .__continuum optical depths effects are important in the circum-
structure and forbidden cooling lines, and collision rates liste ; .
ellar envelopeT;.q is usually smaller thaf, and Wy; is

by Hollenbach& McKee (1989), as well as the highly excite . . .
states with a considerable number of permitted transitions. qsarger than predicted by Eq.(22), but Egl(21) still provides a

. . . reasonable fit. We consider radiation temperatures between 0
The concentration of 96 neutral diatomic and polyatomic N
! and 5000K in this paper.
molecules are calculated with respect to the total neutral atom . . .
For reasons of comprehensiveness, we will focus our in-

densities by assuming chemical equilibrium. The electron de[n- . : .
. " erest in the present paper on a particular radial zone around
sity n, and the total neutral atom densitieg,; are found by a R, = 2 (W = 0.067). This region has proven to be impor-

Newton-Raphson iteration involving all elements under consi?ﬁ . . .
L . ” .tant for the generation and the acceleration of cool star winds
eration in order to achieve the conditions of charge and partlc?e o .
. . in"many publications (e.g. Bowen 1988, Fleischer etal. 1992,
conservation, respectively. . . o
, ) : insky etal. 1998). The depicted results are, however, similar
For practical reasons, itwas not possible to use the full mo eIthose obtained with other choices for
atoms as described in Talileé 1 during the Newton-Raphson Cﬁ
eration. We have instead used truncated model atoms duri@ocity gradient:in spherical symmetry, the mean velocity
this iteration (5-level-atoms for H, Hel and C|, 3-level-atorgradient(%;), which enters into the determination of the es-
for Na, 1-level-atom for all other atoms) which preliminarilycape probabilities, can be expressed in termg-ofand |%
determines the electron, ion, atom and molecule densities(Woitke etal. 1996). Characteristic values in stationary stellar
a second step, the full neutral atom models are calculated, avidds arex v,/ R. wherex is of the order of unity at the sonic
the atom and ion densities are corrected accordingly. In a thidint and decreases t00.0067 atl00 R... In the shocked at-
step, the ion model atoms are calculated. mospheres and envelopes of pulsating stars, the velocity gra-
According to the assumptions outlined, all results of thients are much larger, roughly /(3Ar), wherev, is the ve-
model calculations (including the Fe | and Fe Il heating/coolifgcity of a nearby shock wave anflr is a typical distance
rates) depend on the following local parameters;, 7, J©°**  between the shock waves. We will mostly consider a value of
and(%). The total hydrogen particle, is proportional to the (%) =1kms™'/50 Re, which is a typical value found in mod-
mass density = n > g emme (log p ~ log n ) —23.6), els for long-period variables (e.g. Fleischer etal. 1992). The
wheremy, andeg, are the mass and the abundance of elemédnfluence of this parameter is discussed in $ect. 5.5.

El with respect to hydrogen.

5.2. Results as function efyy, T', andT;.q

5. Results Figs[4,[5 andJ6 show the resulting concentrations and heat-

5.1. Investigated range of parameters ing/cooling rates of Fel and Fell in the (temperature/density)-

Density and temperatureThe hydrogen particle densitys, ]Ei)::llge for three different choices of the background radiation

and the kinetic temperature of the gasare varied within the . i L i i i
intervalsn ;) = 10%...10" cm=? and T, = 500... 20000 K, 1) For negligible continuous radiation fields (Hig). 4), iron is

respectively. The chosen ranges should cover most of the cfgyind to be predominately neutral up to temperatures of about
ditions present in the outer atmospheres, the chromosphered0 K. triggered by the balance of collisional ionisation and
and the inner parts of the circumstellar envelopes of both ndioto-recombination. Since the rates of both processes scale lin-
pulsating as well as pulsating stars, where shock waves can f‘?_@zﬂy withn, fractional !on|sat|omp'e 11/ nFe1 IS ma'”'Y afunc-
up the gas considerably. tion qf temperature which results in essentlally honzontel con-
tour lines in the upper row of plots in the figure. The maximum
possible concentration of Fe | or Fe lllisz(ep, /ey ) = —4.33.
Continluous beckground ragliation fieldThe gas is assumec_j toThe degree of ionisation of the gas/n ) (middle plot, upper
be optically thin in the continuum and to be exposed to dilutegw) shows a similar behaviour: The gas is found to be almost
star light, which is regarded as the typical situation for the gagmpletely neutral below about 3000 K and about fully ionised
in stellar winds. For the general purpose of this paper, we Wilkyond 10000 K. In comparison to LTE, the fractional ionisation
consider a diluted Planckian background radiation field of the gas is always lower, because the rates of photo-ionisation
JE = Wai By (Trad) 1) are zero, pyt the rates of photo-recombinetion.are non-zero. At
high densities and very low temperatures, iron is mainly present
which roughly describes the spectral radiative energy distribas Fe(OH) according to the model.
tion close to a stellar surfac®,, is the Planck functiornl;.q a According to these results, the radiative cooling by iron in
radiation temperature ariély;; a dilution factor. The latter may the case without background radiation field is dominated by Fe |
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14 12 10 8 8 14 12 10 8 6 14 12 10 8 6 4
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e el ] Fell
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8000 - = 7 — =5 . —
8000 [ E = e

4000 |- Fel —ﬁ_ = —

2000 + -+ -

T [K]

1000 T T E
800 5 T T 7
600 & [P [ T T S SR EU SR SR ERN SR

2x104

Fig.4. Contour plots of the

10* results without background
8000 radiation field as function of
6000 total hydrogen density, ;) and

temperaturel’. The upperrow
of three contour plots shows
—, 4000 o .
< the logarithmic concentrations
';‘ of Fel, electrons, and Fell,

respectively, with respect to hy-
drogen, e.g.log(nre1/nm)-

The lower two contour plots

depict the cooling rates per
unit mass of the gas caused by
Fel and Felll, respectively, e.g.
log(—Q(Fel)/p)[ergg™'s™"].

The small numbers indicate
the values of the contour
12 10 8 6 lines. Additional parameter:

o [cm~3] log n_y, [cm=] (2 =1kms~/50 Ro.

2000

1000
800

600

10 8 6
logn

up to temperatures of about 9000 K (see lower row of plots imor some other simple formula provides a reasonable approxi-
Fig.[4). The magnitude of the cooling rate is remarkable: Foration in the whole (temperature/density)-plane.

example, atog n ) = 10 ar;dT = 610001'( we find & cooling 5y Fig 1§ shows the results for a diluted 3000 K-background radi-
rate ofQ(Fel)/p~—8.3-10" ergg™" 5™, which translates to 4sion field. The concentrations are quite different from the case
arate of temperature decreasepf —const = — 740 K/day due  jiscyssed before. Only at large densitigsn i, = 11 and low
toFe I-cooll_ng alone. temperature§” < 4000 K, iron is still predominantly neutral.
The depicted dgpgndency@tad(Fe D/p [erg/g/s] ontem- | the remaining part of the (temperature/density)-plane, iron
perature and density is complex. At large densitles € (i) < i present mainly in form of Fel. Accordingly, the electron
11) and temperatures 1000K.... 4000 K, we find approximatelycentration is much higher as compared to the case without
horizontal contour lines fo@y.q (Fe I)/p, which means thatthe o inous background radiation. A minimum electron concen-
iron coo_llng rates per mass are roughly densny—mdgpepdenhngtion of about 0~ to 10~ is preserved even at very low tem-
this regimelog(Qrada(Fel)/p) ~ const + 8log(T'), which is a peratures due to photo-ionisation of metal atoms like Ca, Mg,
typical LTE-feature (see Sett. b.3). At small densities, howevg\r,' Si and Fe, depending on the density.
the contour Iines_are r°“9h'y _vertice_(l)md(_Fc_e 1) ~ f_(T_)F'Q' The cooling rates at high temperaturds £ 8000 K) are
The reason for this behaviour is the insufficient collisional €Rn,ijar to those depicted in the previous figure, indicating that
ergy supply for the emitting states, which linearly reduces thg, 3 ckground radiation only slightly disturbs the main energy
cooh_ng rates per mass with decreasmg densﬂyl (seeBeth@(es between the various iron levels at high temperatures. Ac-
The iron cooling is found to have a maximum efficiency arourElnrding to its higher concentration, Fell is the main coolant

logn ()~ 11 ... 12 athigh temperatures, butaroud nm) ~ i most parts of the (temperature/density)-plane. Its maximum
7...8 at low temperatures, which indicates that different typ%%oling efficiency is located arouridg n g, ~10.... 11 at high

of lines are responsible for the cooling at different temperatur?émperatures and arouhg np) ~8 ... 9 at low temperatures
T ~ 2 _ ] k ; ~O... .
Consequently, neith@p,aa~ f(T')p*, N0r Qrad = f(T)nre1me,  pye to the background radiation, now both Fe | and Fe Il cause
radiative heatingt low temperatures (see dashed contour lines).
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the dashed contour lines indi-
cateradiative heating rates. g.

log(+Q(Fel)/p)lergg™'s™'].

14 12 10 8 6 4
2x104 T T T T T T T T
104
8000 |-
6000
E‘ 4000
e
=
2000
1000 —
800
600
2x104
104
8000
6000
—, 4000
X
B . .
Fig.5. Same as Fil4, but
2000 F==-=- including a background ra-
diation field with radiation
temperature T,aa = 3000K
1000 and radial distancer/R. =
800 2. The thick full line in the
lower two diagram indicates
600 i @ = 0. Underneath this line,
4

logn_,, [cm™2] log n_,, [em™3]

The complicated slope of thé)(= 0)-lines (thick full lines in  maximum cooling (alog n 1y ~ 11, solid lines) and maximum

the lower plots) are difficult to understand. Agparently, sonteeating (atiog () ~ 8, dashed lines), once more suggesting
especially efficient heating by forbidden Fe I-lifeakes place that different types of lines are responsible for the heating (at
atlog ) ~ 10, whereas for Fe I, some especially strong findew T') and the cooling (at higlf’), respectively. Furthermore,
structure cooling arounidg n 1y ~8...9 is activé]. In any case, regarding the depicted contour lines @fFel) in Fig.[d, the

the heating/cooling by Fe | and Fe Il will drive the gas towardsooling decreases faster than the heating with decreasing den-
the respective@ =0)-line. sity. Concerning Fe ll, the heating rate only varies by 2-3 orders

3) Fig[8 shows the results for a diluted 5000 K-blackbody r&f magnitude, whereas the cooling rate varies-tf orders of
diation field. The Fell and electron concentrations are agdlfrgnitude. Consequently, the temperature where heating and
higher when compared to the previous cases. Fe | can only e&Reling balance each oth&i(Q) =0) is density-dependent and
(in considerable amounts) under high density conditions. THI3S its lowest value at high densities for both Fe | and Fe Il (dis-
result is rather independent from the gas temperature, whichfipdarding densitigsg ) < 6), where the cooling is strongest.
dicates that collisional ionisation and three-body recombinatidRis general behaviour is also found for the other atomic heat-
are unimportant, unless the temperature exceeds 15000 K wHgécooling rates (see Tatle 1).
the results are in fact similar to the cases discussed before.

The Fe Ilheating/cooling rate, which mostly dominates over3. Comparison with limiting cases

Fel, shows an interesting shift with respect to density between ] ) o
For hydrodynamical calculations it is important to know where

_6 Most efficient in this case are the FelD—"D forbidden transi- certain limiting cases can be applied in order to minimise the
tions having Sobolev optical depths betweef... 10° at wavelengths numerical efforts for the proper calculation of the energy ex-
5060-5250. change rates between matter and the radiation field. It is very

7 i i ; ; 671y fi
qut efficient in this case are the _FeafiD—a D flne_—structure convenient, for example, to use the LTE approximation
transitions at 2eum and at 35.3m having Sobolev optical depths

around10~ 1.
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600 [ 71 Fig.6. Same as Fil4, bunh-
14; 4 cluding a background radiation
1 3 1 s fieldwith T}..q = 5000 K and ra-
ogny, [em™?] og Ny, [em™] dial distance’/R. =2.
LTE _ 47 /KV(JV ~B)dv | (23) used Planck means for dynamic model atmospheres of AGB
stars.
whereJ, is the local mean intensity arfgl, the Planck function. ~ Other authors prefer to use pre-calculated cooling laws, as

k., in principle, is the full frequency-dependent true absorptidA" €xample Bowen (1988) and Cuntz (1990), where the as-
coefficient which includes all lines, free-free and bound-fré®!MPtONQ:aqa o p? is often made. However, this assumption is
continua ofthe gas, but no scattering. Itis difficult, though, to u88ly valid in the low-density limiting case (see Séét. 6), where
Eq. (Z3) directly, because often (i) only a grey radiative transfii}€ cooling rates are limited by the amount of energy transfered
can be performed and detailed knowledgéofs not available, to.the emitters via colhsmns. If extrapolated to Iarge'r densities,
or (ii) only a static radiative transfer can be performed, whidRiS approach ignores optical depths effects in the lines.
ignores the Doppler-shifts of the lines thereby introducing errors [N orderto study the applicability of these two limiting cases,
in the calculation of/,, just around those wavelength-position¥/€ have recalculated the Fe 1and Fe Il heating/cooling rates with
wherex, is strongest (at the wavelengths positions of opticallffe following modifications:
thick lines).

When only a grey radiative transfer is available, the usagg The LTE-heating/cooling rat@,rx is obtained by assum-
of mean opacitieg (Rosseland or Planck means) is a common ing a Boltzmann distribution within the bound levels. The
procedure escape probabilities are included.
_ ii) The heating/cooling rate in the optically thin limiy;,

ITE ~4r®%(J - B) . (24) is calculated by putting alP.%, = 1, obtaining a new solu-
For instance, Fokin e.g. (1992) applied Rosseland means in tion of the statistical EqsL{1) and calculating the radiative
the energy equation concerning various non-linear pulsation heating/cooling rates for this case.
models for RR Lyraeg and Cepheids, and RV Tauri stars.

Gauger etal. (1993) used Rosseland means in the energy etuéoth cases, the electron density and the Fe I/Fe Il ratio have
tion for models of long-period variables.offher etal. (1998) been left unchanged.
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Fig. 7. Comparison to the results obtained in the LTE limiting c&sar (including optical depth effects) and in the non-LTE optically thin
caseQ:nin. Left hand sideFel. Right hand sideFe Il. Theupperdiagrams shows the concentrations with respect to hydrogen. The thick
full grey lines in thelower diagrams indicate the heating/cooling raf@$rom the full non-LTE calculations including optical depths effects.
Contributions by permitted, forbidden, fine-structure and bound-free transitions to this rate are also shown. Note the two-fold logaritlgmic scalin
of they-axis for heating and cooling as indicated. Fixed parameter§ arg000 K, T,.a =3000K, r/ R, =2 and(‘é—”ﬁ =1kms™!/50Re.

Fig[Z shows the results as function of density for a partipermitted lines are more important concerning both Fel and
ular choice of temperature, radiation field and velocity gradkre Il. At low densities, fine-structure (and forbidden) lines cool
ent. In this case, the LTE-assumption yields approximately ttiee gas at the same time as permitted lines heat it, which indi-
same heating/cooling rate like the full non-LTE calculations attes that the upper levels of the cooling transitions are radia-
large densitiesog n(y) < 12.5 (corresponding tdog n. < 10) tively pumped by the permitted lines.
concerning both Fel and Fell. Good agreement with the re-
sults in the optically thin limit are achieved for low densitie
lognmy <8 (Fel) andlog iy < 10.5 (Fell), respectively. It
is difficult, however, to generalise these findings to other coRig 8 indicates where in thé(n ))-plane the different types
ditions or other species, although the LTE-assumption seegfgadiative transitions contribute most to the heating and cool-
to work reasonably fine for electron densitiegn. = 9...11. ing by Fel and Fell, depending on the background radiation
If the velocity gradient is increased by a factor of a 100, thfgeld. In the casél},q = 0, heating cannot occur and, conse-
“critical” electron density increases by a factor of about 10. quently, the upper panels for heating are empty in[Fig. 8. Con-

It is absolutely necessary to account for the optical deptbislering trajectories of roughly decreasing temperature and den-
effects in the lines. Ignoring these effects in the non-LTE casity through the plane, we find in this case a certain sequence
leads to an overestimation of the cooling rates by up to 5 ordefshe most important cooling process: bound-free — permitted
of magnitude (see Figsl 7 af@ 9). When applying the LTE ap-forbidden — fine-structure. In cases where a background ra-
proximation and ignoring the optical depths effects (i. e. if bottiiation field is included, the results are more complex and the
LTEandP¢=1is assume&) the deviations are even larger apermitted lines seemto gain ground especially as heating agents.
a roughly constant value ¢@Qni, T (Fel)+Q(Fell))/p = However, at small densities, the energy absorbed by the atoms
—(2...6) x 103 erg g~ ! s~1 is found in this case. These resultsn permitted and even in forbidden lines is partly re-emitted in
cannot even be depicted in Fig. 7. other lines, usually atlonger wavelength. Therefore, heating and

Fig[7 also shows the individual contributions of bound-fregooling is important at the same time. Analysis of the rates in
transitions and permitted, forbidden and fine-structure linegich cases reveal rich fluorescent pumping effects, e. g. the up-
Note that for large densities, the bound-free transitions of Fpér levels of fine-structure transitions are pumped by absorption
actually dominate, whereas for medium densities, forbidden ainda permitted line followed by re-emission in another line of
the same multiplet.

% 4. Which lines are important?

8 Equivalent to the usage of Planck means in Eg. (24).
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Fig. 8.Sitesinthe# ), T')-plane where the indicated type of radiative transition dominates the cooling (r.h.s.) and the heating (1.h.s.) by iron. Left
column: Fe | — right column: Fe Il. Blank regions indicate that none of the radiative processes is important for cooling or heating, respectively.
The parameter;.q is varied from zero (upper row) to 5000 K (lower row). Fixed parameters aie =2 and %} =1kms '/50Re.

5.5. Influence of the velocity gradient densities, all the relevant lines become optically thick, and the

The influence of the velocity gradier{\fﬁ on the results for blocking acts at full strength.

the total cooling rate is demonstrated for Fe | in Elg. 9. At large

densities, the cooling rates caused by line emission are stronfy§. Results as a function of the size of the model atoms
affected by self-absorption in the lines, which efficiently bloc
the photons. At large Sobolev optical depth, this blocking
reduces the cooling rates linearly with increasing density (

kl§ig. shows the cooling rates of Fe Il as function of the size
N of the model atom. If only very few levels are included

S(eﬁ = 2...5), the model atom actuall i I

. 2 S = 2...5), y comprises only (parts
Egm)’ 'SI'IE ccfe_ the e.sg?‘p? pr;}bz:lzrl]l}tyblscal!e?@sal 1/ Téﬂ aTd of) the ground state quintet®D and, consequently, only ac-
7" ocp. Thefigure indicates that this blocking is already relevany |« ¢or fine-structure cooling. As the number of levels is in-

at log‘.??(m ~ 8 -9, although the full gffect devglops at |"’.‘r.gercreased, first the forbidden lines come into play, which are most
densities. This suggests that the cooling at medium densities

. : . . - &irdctive for the chosen parameters in this plot.AE 36, the
superposition of optically thin and optically thick lines. At Iargefirst permitted lines enter into competition. However, these are
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N ‘ ‘ ‘ ‘ ‘ ‘ "] 6. Discussion: why are the forbidden

s ™~ . and fine-structure lines so important?

°F ‘°‘f§0 T~ ~ 7 Itseemsto be aparadox: the permitted lines typically have radia-
@ o 10 \\ 4 tive transition probabilities 4 ... 10 orders of magnitudes larger
@0 1 \\ 1 thanthe forbidden and fine-structure lines, but do not dominate
g 0.1 AN | theradiative heating and cooling according to the results of this
S °f N 1 papef
S 4 \ ] In the following, we will briefly discuss the radiative cool-
w [ \ 1 ing by spectral lines in two important limiting cases. We ne-
- | AN ] glect bound-free transitions, which enables us to evaluate the

2 \\ 1 bound-bound radiative heating/cooling rate either from[Eq. (6)

b \ 4 or, alternatively, from Eq[{12):

o L L | L | L | L | L | L | L | L \\ L ]

15 14 13 12 11 10 9 8 7 6 be = Rfd = Egll . (25)

log n_y, [em™]

Fig. 9.Influence of the velocity gradient on the total cooling rate of Fe 1) Cooling in the low-density limit:When the density of the gas

The labels indicatéZ;) in units ofkms™'/50 Ro. The (G7) =)= s very small, the upper levels mostly de-populate radiatively,

curves are calculated by assumifig =1 in each case (see SECLIS.3)pecayise the radiative lifetimes are much shorter than the charac-

Other parameters a=5000K, Traq =3000K andr/R. =2. teristic time-scales for collisional de-excitatiad,f, > Cy,JH.

— — Consequently, the upper levels are much less populated with

respect to LTEn, < ng‘% exp(—%). This relation can

be used straightforwardly in Eq.{12), so we choose to calculate
bb - The condition that the upper levels are less populated than

in LTE also implies that the collisional excitation occurs mainly

from the ground level, i. e. we can approximately truncate the

first sum in Eq.[(IR) aftef = 1. Furthermore, for simplicity,

we putn; = no and roughly assume that the collisional de-

excitation rates (electron collisions onlg),; = n.vS,, which

are in fact slowly varying temperature-functions, are given by a

universal constarlt =~¢, g../¢1- EQ. [I2) then becomes

log (Q/p) [erg/g/s]

K
T T T I T T T T I T T T T I T T

N
Eu
Q" ~ —T - nengor - »_Eye K (26)
| | T B u=2

5 10 50 100

log (number of Fell levels) Eqg. [26) states that the cooling rates of spectral lines are not at

Fig. 10. Contributions of permitted, forbidden and fine-structure Iine%II dependent on the numpgr or the propertle§ of thg Imes t.)Ut
o only depend on the collisional properties of its carrier in this

to the total Fe Il cooling rat€) as function of the number of included @ S| he f . /KT has | lati
levels N of the Fe Il model atom. Parameters for this plot @re- C@SEl Since the functiow exp(—x/kT) has its relative max-

5000K, nmy = 10" em ™3, Traa = 3000K, r/R. = 2 and (&) = imum atx = kT, we conclude that in the low-density limiting
1kms™Y/50 Re. case

) ) ) ) — the cooling rates linearly depend apn., (roughlyo p?),
not as important as the forbidden lines. A further increase of fayouring abundant elements (e. g. C, N, O),
N beyond a value of about 60 does not lead to any significant most important contributions come from thageper levels
changes in the cooling rates, although the total number of lines ,, \which haveE, ~ kT (implying hv < kT). Therefore, the
still increases about quadratically with increasiigWe note  most efficient cooling lines are expected to be low-excitation
that the energy of the 80 level Eg ~ 14 - kT, which may lines in the infrared (e. g. at=2.9 um for T'=5000 K).
serve as a rough guide on how much levels are to be included
for altproper (f:aICL:_Iatlogwag. HOV\(/jever, ?r:e coln\:_erg_ence ?f the™s The terms “important” and “dominant” in this context concern
results as a function ai depends on the relative Importance, q ot ¢4 energy exchange between the gas and the radiation field,
on the different contributions of fine-structure, forbidden anghch is different from being important in radiative transfer or for the
permitted lines, and therefore depends on the physical congergent spectrum.
tions (see Fid.18). For instance, if the permitted lines are most This is the typical “nebular” case (e. g. Osterbrock 1974)
important (e. g. at high temperatures), more levels have to Be Supposed that some lines are present which are capable of driving
included to reach convergence. the N-level system into the discussed case.
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2) Cooling in the optically thick LTE caseéWhen the gas is hot a treatment of the optical depth effects in the lines (especially
and dense enough to keep the level populations close to LHE)arge densities). Simple formulae for the line-cooling, like
we use Eq[{6). The escape probabilities in the optically thigk f(7") or the application of mean LTE-opacities, just fail for
limit in Sobolev-approximation are given by, — 1/7,5 = those densities~ 10°... 10'2cm~3), where the formation of
812, (¢ Aue) T (%9) (negu/g9e—n.) ' We neglect stimulated chromospheres, the dust formation, and the driving of stellar
emission (g, /g¢ >n,,) and putj,, , =0 as we are interestedwinds is expected to occur.

in cooling and not in heating. Furthermore, we apply the Boltz- A lot of the cooling by iron in fact involves fine-structure,
mann distribution(g,n.,)/(gun¢) = exp(—AE,,/kT). Eq.[6) forbiddenand semi-permitted lines, as the strong permitted lines

then becomes are also strongly blocked. The numerical results as well as
dv\ 871 _ABEy the general considerations in S&¢t. 6 suggest that infrared low-
Q" ~ — <dl> ] Y AEje R (27)  excitation lines with &, ~ kT') work best at small densities,
lines whereas the total number of lines withi(~ 4kT) is important

Eq. (27) states that the line-cooling does not depend on the danlarge densities.
sity of the carrier, nor on the “strength” of the lines (the Einstein For grey LTE hydrodynamical models we cannot recom-
coefficientsA4,,,J4. Since the function:* exp(—z/kT) has its mend the use of Planck means in the energy equation, as this
relative maximum at =4kT, we conclude that in the optically approximation ignores the blocking of the emitted line pho-
thick LTE limiting case tons completely, which leads to cooling rates being too large by
. . 5 orders of magnitude or more. Rosseland means (scattering-
— the cooling rates depend linearly ¢#), . : .
) /0 free), which essentially account only for the continuum heat-
— the cooling rates are roughly density-independent, which . Lo

. ; ing/cooling, are apparently the better choice in grey LTE mod-
means that the cooling rate per mass decreases linearly wi . .

els. However, as the assumption of LTE does not hold in stel-

increasing density (hence, trace elements may be as ImF18F_Winds, also the application of Rosseland mean opacities
tant as abundant elements),

: : .. is questionable. The non-LTE heating/cooling rates per mass
— the cooling rates depend linearly on tiiember of linesn . . . . o
. - . strongly decrease with decreasing density and this behavior is
the spectral regiothr ~ 4kT'. The most efficient cooling .
u:ﬁually not revealed when Rosseland means are applied. Fur-

lines in this case are therefore expected to lie in the 0pt'(iﬁermore, line cooling is definitely more important at small den-
spectral region (e. g. at= 720 nm for T'= 5000 K). sities (g <103 em=?)
H(H) > :

In both considered limiting cases, the radiative cooling by spec- The calculated radiative cooling rates of iron are found to be
tral lines does not depend on the strength of the lines, e. g. darger in general, less temperature-dependent and less density-
mitted lines are in fact not favoured. In contrast, the other listeidpendent than what is usually assumed in hydrodynamical
criteria (i. e. the number of lines in case 2 and especially the lenodels using pre-calculated non-LTE cooling laws (e. g. Bowen
excitation energy in case 1) in fact suggest that forbidden ab@88, Cuntz 1990). These findings may provide new clues to
fine-structure lines are more important in both limiting caseschromospheric heating mechanisms and to the propagation of
shock waves in the envelopes of cool stars. The radiative cool-
7. Conclusions ing time-scales of the gas due to iron alone are found to be

o _ _ much shorter as compared to these models in the important
The radiative heating and cooling rates of Fel and Fe Il haygmperature-regim@ ~ 3000 ... 9000 K. Furthermore, the re-

been calculated under various temperature, density and radi@ts of his paper may shed some new light on the driving of
tion field conditions typical for the extended atmospheres apgg| star winds by pulsation, since the overall efficiency of ra-
circumstellar envelopes of cool stars. The calculations are bf'ia?é{ive heating/cooling can have a dramatic influence on the re-
on large non-LTE model atoms, include a few thousands of fingjits of model calculations concerning this driving mechanism
structure, forbidden, permitted and bound-free transitions, 3{Willson & Bowen 1998). The present results for iron cooling
rely on statistical equilibrium in the Sobolev limit. suggest a larger heating/cooling efficiency of the gas, possibly
In comparison to other heating/cooling agents, Fe | and Fgdhding to smaller pulsation-driven mass loss rates.
have been found to be important especially at medium_temper- The ionisation balance in the envelopes of AGB stars is
atures '~ 3000 ... 9000 K) between the molecular domain a“dstrongly controlled by photospheric (+chromospheric) radia-
temperatures appropriate for the effective collisional excitaliggn, The present calculations indicate that the Fe II/Fe I-ratio
of the hydrogen atom. The high efficiency of iron is caused by mainly a function of density and (UV) radiation field rather
its numerous low-excitation states in combination with its larggan 4 function of temperature, which favours large degrees of
number of spectral lines, which can easily outweigh the fairlynisation at small densities. This might partially explain the de-
small abundance of this element in comparison to others, egktion of both unexpectedly strong Fe | and Fe Il fine-structure
C N, O. lines in M-type and C-type giants (Aoki etal. 1998). Depend-
The calculation of the line-cooling rates requires both anofiy on the conditions, the fine-structure lines can be strongly
LTE treatment of the problem (especially at small densities) aBlmped by fluorescence which may cause excitation tempera-
12 as long as the density of the carrier and the Einstein-coefficieriid’es of several thousand degrees above the thermal level. Thus,
of the lines assure optical thickness in the lines. the present paper suggests the emergence of much larger fluxes
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in the fine-structure lines as compared to predictions basedrakin A.B., 1992, MNRAS 256, 26
LTE. Fuhr J.R., Martin G.A., Wiese W.L., 1988, J. Phys. Chem. Ref. Data
17, Suppl. 4
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