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Thermal Equilibrium

ncluding

3.1 Introduction

The temperature in a static nebula is fixed by the equilibrium between heating by
‘ photoionization and cooling by recombination and by radiation from the nebula. When
tance of . a photon of energy Av is absorbed and causes an ionization of H, the photoelectron
produced has an initial energy %mu2 = h(v —v,), and we may think of an electron
being “created” with this energy. The electrons thus produced are rapidly thermalized,
as indicated in Chapter 2, and in ionization equilibrium these photoionizations are
balanced by an equal number of recombinations. In each recombination, a thermal
electron with energy %mu2 disappears, and an average of this quantity over all
recombinations represents the mean energy that “disappears” per recombination. The
difference between the mean energy of a newly created photoelectron and the mean
energy of a recombining electron represents the net gain in energy by the electron -
yulae are ; gas per ionization process. In equilibrium this net energy gain is balanced by the
energy lost by radiation, chiefly by electron collisional excitation of bound levels of
abundant ions, followed by emission of photons that can escape from the nebula.
Free—free emission, or bremsstrahlung, is another, less important radiative energy-
loss mechanism.

nposium

chapter,
nation is

dels are ‘ ] 3.2 Energy Input by Photoionization
umerous

Let us first examine the energy input by photoionization. As in Chapter 2, it is simplest
to begin by considering a pure H nebula. Atany specific point in the nebula, the energy
input (per unit volume per unit time) is

4 J,
hv

GH) =nH) /Oo h (v —vg) a,(H® dv [ergem s 7], (3.1)
Vo
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Table 3.1
Mean input energy of photoelectrons

Model stellar atmosphere T: (K)

T*(K) 'E():O T():l T():S 'E():lo
3.0 x 10* 1.58 x 10* 1.87 x 10* 3.36 x 104 5.02 x 104
3.5 x 104 2.08 x 104 2.48 x 10* 424 x 10* 5.94 x 10*
4.0 x 104 2.48 x 10* 3.01 x 104 5.48 x 104 8.15 x 10*
5.0 x 104 3.33 x 10* 4.12 x 10* 7.50 x 10* 10.60 x 10*

Furthermore, since the nebula is in ionization equilibrium, we may eliminate n(H)
by substituting Equation (2.8), giving

o0
4
f Zjvh(v — vp)a,(H%) dv
1%
G(H) =nenyapH, T)=2

o0
/ 47T—J”av(H") dv (3.2)
v hv

= nn o (HY, T)% kT;

From this equation it can be seen that the mean energy of a newlyr created pho-
toelectron depends on the form of the ionizing radiation field, but not on the ab-
solute strength of the radiation. The rate of creation of photoelectrons depends on
the strength of the radiation field, or, as Equation (3.2) shows, on the recombi-
nation rate. The quantity %kTi represents the initial temperature of the newly cre-
ated photoelectrons. For assumed blackbody spectra with J, = B, (T,), it is easy
to show that 7; ~ T, so long as kT, < hvy. For any known J, (for instance, the
emergent spectrum from a model atmosphere), the integration can be carried out
numerically; a short list of representative values of T; is given in Table 3.1. Note
that the second column in the table, 1 = 0, corresponds to photoionization by the
emergent model-atmosphere spectrum. At larger distances from the star, the spec-
trum of the ionizing radiation is modified by absorption in the nebula, the radiation
nearest the series limit being most strongly attenuated because of the frequency de-
pendence of the absorption coefficient. Therefore, the higher-energy photons pen-
etrate further into the gas, and the mean energy of the photoelectrons produced at
larger optical depths from the star is higher. This effect is shown for a pure H neb-
ula in the columns labeled with values of 7, the optical depth at the ionization
limit.
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Table 3.2
Recombination cooling coefficient @incm3 s7h,

T(K) Ba B Br
=10 2,500 9.02 x 10713 322x 1078 5.80 x 10713
) % 10° 5,000 5.48 x 10713 2.23x 1071 3.24 x 10713
. X 104 10,000 3.25 x 10713 1.52 x 10713 173 x 10713
e 20,000 1.88 x 10713 1.00 x 1013 8.75 x 10714 e
5% 10
0 x 10*
3.3 Energy Loss by Recombination
> n(H%) .. . . .
The kinetic energy lost by the electron gas (per unit volume per unit time) in recom-
bination can be written
Lr(H) = nn kTP4(H°, T), [ergcm™>s™'] (3.3)
(3.2) where
'} co n—1
BaH, T) =Y " B,H, T)=) "> B, (H, T) [em®s7'] (3.4)
n=1 n=1L=0
ed pho- with g
the ab- | “ :
ends on 0 1 [ 0 1,
combi- Bur . 1) = o [ w00, T) i ) d (35)
vly cre- 0
1§ easy The left-hand side of Equation (3.5) is thus effectively a kinetic energy averaged re-
ce, the e . . . Lo .
. combination coefficient. Note that since the recombination cross sections are approx-
ried out . . 5 . .
imately proportional to u~*, the electrons of lower kinetic energy are preferentially
1. Note £ th . h han 2
by the captured, and the mean energy of the captured electrons is somewhat less than 5kT.
' DY Calculated values of B and B4 are listed in Table 3.2.
' Spec- In a pure H nebula that had no radiation losses, the thermal equilibrium equation
adiation
would be
ncy de-
ns pen-
luced at ! 1 G(H) = LR(H)a (3'6)
- H neb- 3 '
nization and the solution for the nebular temperature would give a T > T; because of the

“heating” due to the preferential capture of the slower electrons.
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The radiation field J, in Equation (3.1) should, of course, include the diffuse
radiation as well as the stellar radiation modified by absorption. This can easily be
included in the on-the-spot approximation, since, according to it, every emission of an
ionizing photon during a recombination to the level n = 1 is balanced by absorption
of the same photon at a nearby spot in the nebula. Thus production of photons by the
diffuse radiation field and recombinations to the ground level can simply be omitted
from the gain and loss rates, leading to the equations

[eo]
Gors(H) =n(H® / %h(\) — vp) a,(H®) dv
Vo

(e 0]
/ Mh(u — vg) a,(H®) dv (3.7)
0 Yo hv
=n.nyapH", T)

X4
[ &av(ﬂo) dv
w Ay

and
LOTS(H) =nh, kT.BB(HO’ 1), (38)
with
BpH®, T) =" B,(H, T). (3.9)
n=2

The on-the-spot approximation is not as accurate for the thermal equilibrium as it is
in the ionization equation, because of the fairly large difference in s (v — Vp) between
the ionizing photons in the stellar and diffuse radiation fields, but it may be improved
by further iterations if necessary.

The generalization to include He in the heating and recombination cooling rates
is straightforward to write, namely,

G = G(H) + G(He), (3.10)
where
o0
4
/ ZJ”h(v — vy) a,(He®) dv
v
G(He) = nn(He") oy (He®, T) 22— pot (3.11)
/ ¥ a,,(He®) dv
v, hv
and

Lg=Lg(M) + Lg(He), (3.12)
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- diffuse

with
asily be .‘
on of an Lg(He) = nn(He kT4 (He", T) (3.13)
sorption _
s by the and so on.
omitted j It can be seen that the heating and recombination cooling rates are proportional
to the densities of the ions involved, so the contributions of the heavy elements, which
are much less abundant than H and He, can, to a good approximation, be omitted from
these rates. ,
3.7) ‘ 3.4 Energy Loss by Free—Free Radiation

Next we will examine cooling by radiation processes that do not involve recombina-

tion. In most circumstances such cooling is far more important than the recombination

cooling, and therefore dominates the thermal equilibrium. A minor contributor to the

cooling rate, which nevertheless is important because it can occur even in a pure H

nebula, is free—free radiation or bremsstrahlung, in which a continuous spectrum is

(3.8) emitted. The rate of cooling by this process by ions of charge Z, integrated over all
] frequencies, is, to a fair approximation,

Lpp(Z) =4mjss

‘ 5. 672 1/2
(3.9) _2me’Z” (2m kT 3 _1
, = P 2hme3 - grfheny fergem™ s77]
1 as itis ! =142 x 10_2722TVzgffnemr
hetween J
nproved where n_, is the number density of the ions. Again HT dominates the free—free cooling,
p + y g
: because of its abundance, and He* can be included with Ht (since both have Z = 1)
ng rates - by writing n, =n »t n(He™1). The numerical factor g ¢ is called the mean Gaunt
factor for free-free emission; it is a slowly varying function of n, and T, generally for
nebular conditions in the range 1.0 < g < 1.5, and a good average value to adopt is
3.5 Energy Loss by Collisionally Excited Line Radiation
3.11) _ A far more important source of radiative cooling is collisional excitation of low-

lying energy levels of common ions, such as O*, O+, and N*. These ions make
a significant contribution in spite of their low abundance because they have energy
levels with excitation potentials of the order of kT, but all the levels of H and He
have much higher excitation potentials, and therefore are usually not important as
collisionally excited coolants. Let us therefore examine how an ion is excited to level 2
(3.12) by electron collisions with ions in the lower level 1. The cross section for excitation
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o12(u) is a function of electron velocity  and is zero below the threshold x = hv,;.
Not too far above the threshold, the main dependence of the excitation cross section is
o o u~? (because of the focusing effect of the Coulomb force); so it is convenient to
express the collision cross sections in terms of the energy-specific collision strength
(1, 2) defined by

2
Q
op(u) = 7(2)‘22_(1,_.22 for l mu2>)(, (3.14)
meu 2

0

where (1, 2) is a function of electron velocity (or energy) but is often approximately
constant near the threshold, and w is the statistical weight of the lower level.

There is a relation between the cross section for deexcitation, o,;(1), and the
cross section for excitation, namely

11015 (11) = Wau507, () (3.15)
where u; and u, are related by

1 1
5mu§ =3 mus + X. (3.16)

Equation (3.15) can easily be derived from the principle of detailed balancing, which
states that in thermodynamic equilibrium each microscopic process is balanced by its
inverse. Thus in this particular case, the number of excitations caused by collisions
with electrons in the velocity range u to u; + du, is justbalanced by the deexcitations
caused by collisions that produce electrons in the same velocity range. Thus

R0 () f(uy) duy = n nouy0n1(uy) f (us) dusy,
and wsing the Boltzmann equation of thermodynamic equilibrium,

n_®
n;

exp(—x/kT),

we derive the relation (3.15). Combining Equations (3.14) and (3.15), so that the
deexcitation cross section can be expressed in terms of the collision strength Q(1, 2),

nh? Q(1,2)

mi o, ’

021(uy) = (3.17)

that is, the collision strengths are symmetrical in 1 and 2.
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The total collisional deexcitation rate per unit volume per unit time is
o0
NeMoga1 = el f uopf (u) du
0

am\"* B Y,2) . 4 '
=N Ny (k—T“) m 0y [Cm S ] (318)

8.629 x 1076 1 (1, 2)
T2 w,

=n.n;
where Y(1, 2) is the velocity-averaged collision strength
o E
(1, ?2) =/ Q(1,2; E) exp(—E/kT) d (ﬁ) 3.19)
0

with E = %mu% Likewise, the collisional excitation rate per unit volume per unit time
is n,n1q1, Where

[0,
412 = w—2Q21 exp(—x/kT)
1

8629 x 1070 1(1, 2)
N T1/2 Wi

(3.20)

exp(—x/kT) [em?s™!]

The collision strengths must be calculated quantum-mechanically, and some of
the mostimportant numerical values are listed in Tables 3.3 through 3.7. Each collision
strength in general consists of a part that varies slowly with energy, on which, in
many cases, there are superimposed resonance contributions that vary rapidly with
energy; but when the cross sections are integrated over a Maxwellian distribution,
as in almost all astrophysical applications, the effect of the exact positions of the
resonances tends to be averaged out. The resulting averaged collision strengths,
calculated from Equation (3.19), are given in Tables 3.3 to 3.7, evaluated at T =
10,000 K, a representative nebular temperature. It is convenient to remember that,

Table 3.3
Collision strengths Y for 25—2P° transitions in Li-like 25 and Na-like 3s ions

Ton 2528, 2p 2P° Ton 35 282, 3p %P0
ct3 8.91 Mgt 16.9
NH4 6.81 sit3 16.0
ots 5.21

Cochrane, D. M., & McWhirter, R. W. P. 1983, PhysS, 28, 25.
McWhirter, R. W. P. 1994, ADNDT, 57, 39.
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Table 3.4 -
Collision strengths Y for 25 — 3P transitions in Be-like 25? and Mg-like 3s2 ions '
Ton 1s, 3pe 3P, 3P} 3P, 3PS 3Py, 3pg

ct? 1.05 0.96 0.72 278

N3 1.07 1.14 0.83 3.29

ott 0.82 . 0.67 0.65 232

Alt! 3.35 1.89 1.94 6.72

Sit? 5.56 1.81 3.62 10.4

gt 1.9 — —_ —

C*2 Berrington, K. A., Burke, P. G., Dufton, P. L., & Kingston, A. E. 1985, ADNDT, 33, 195; N*3, o+
Ramsbottom, C. A., Berrington, K. A., Hibbert, A., & Bell, K. L. 1994, Physica Scripta, 50, 246; 0+ McKenna,
R.C, etal. 1997, ApJ, 486, 571, Al Aggarwal, K. M., & Keenan, F. P. 1998, J. Phys B, 31, 4545, and Aggarwal,
K. M., & Keenan, F. P. 1994, J. Phys. B, 27, 5321; Sit2 Dufton, P. L., & Kingston, A. E. 1994, ADNDT, 57, 273;
S+ Dufton, P.L., & Kingston, A. E. 1984, J. Phys. B, 17, 3321 (extrapolated).

Table 3.5
Collision strengths Y for B-like 2p, F-like 2p>, Al-like 3p and Cl-like 3p> ions

1 1 1
Ton P, PP, Ton. P, 'PY,
ct 2.15 Sit 5.70
Nt2 1.45 st3 8.54
ot3 234 Arts 6.33
Net3 3.21 ‘
Net 0.28 Art 2.93
Mgt? 0.36 Cat3 1.00
Sits 0.30

B-like ions from Blum, R. D., & Pradhan, A. K. 1992, ApJS 80, 425; F-like ions from Saraph, H. E. & Tully,

J. A. 1994, A&AS, 107, 29; Sit Dufton, P. L., & Kingston, A. E. 1994, ADNDT, 57, 273, S*3 Tayal, S. S. 2000,
ApJ, 530, 1091; Art> Saraph, H. E., & Storey, P. J. 1996, A&AS, 115, 151; Art, Ca™3 Pelan, J., & Berrington,
K. A. 1995, A&AS, 110, 209.

for an electron with the mean energy at a typical nebular temperature, 7"~ 7,500 K,
the cross sections for excitation and deexcitation are o ~ 10~ Y /w cm?.

Note that there is a simple relation for the collision strengths between a term
consisting of a single level and a term consisting of various levels, namely,

QJ'+1

Y(SLJ, S'L'J)=
@28 + )L + 1)

T(SL, S'L) (3.21)




o 3po
1° P2

2.78
3.29
2.32

6.72
104

37 O+4

IcKenna,
ggarwal,
,57,273;

& Tully,
. S. 2000,
rrington,

500 K,

a term

(3.21)
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Table 3.6 ‘
Collision strengths Y for C-like 2p?, O-like 2p*, Si-like 3p? and S-like 3p* ions

Ton e, D 3p, s Ip, s 3P, 3Py 3Py, %P, 3P, 3P, 3P, 5s°

Nt 2.64 0.29 0.83 0.41 0.27 1.12 1.27
ot? 2.29 0.29 0.58 0.55 0.27 1.29 0.18
Net4 2.09 0.25 0.58 141 1.81 5.83 1.51
Net? 1.36 0.15 0.27 024 0.21 0.77 —
§+2 6.95 1.18 1.38 3.98 1.31 7.87 2.85
Artt 3.21 0.56 1.65 2.94 1.84 7.81 —
Art? 4.83 0.84 1.22 1.26 0.67 3.09 —

N*t, 0*2, and Net* from Lennon, D. J., & Burke, V. M. 1994, A&AS, 103, 273; Ne*? from Butler, K., &
Zeippen, C. J. 1994, A&AS, 108, 1; S*2 from Tayal, S. S., and Gupta, G. P. 1999 ApJ 526, 544; Art?, Artt
from Galavis, M. E., Mendoza, C., & Zeippen, C. J. 1995, A&AS, 111, 347.

Table 3.7
Collision strengths Y for N-like 2 p? and P-like 3 p> ions
Ton 4S0, 2Do 450, 2Pa 2D§/2, ZDg/Z 2Dg/2, ZP{)/2
ot 1.34 0.40 1.17 0.28
Net3 1.40 0.47 1.36 0.34
St 6.90 3.53 7.47 1.79
Art3 1.90 1.18 7.06 1.51
2 2 2 2 2 2 2

Ton D3, “Pyp DS p, “Pl) D5 s “Dspy Py 2P30/2
ot 0.82 0.33 1.23 0.157
Net3 0.51 0.37 0.90 0.34

- st 3.00 2.20 4.99 271
Art3 - 2.14 1.53 7.06 2.07

O™ Pradhan, A. K. 1976, MNRAS, 177, 31, 1998, and J Phys B, 31, 4317; Net3, Giles, K. 1981, MNRAS, 195,
63, and Ramsbottom, C. A., Bell, K. L., & Keenan, F. P. 1998, MNRAS, 293, 233; ST Ramsbottom, C. A., Bell,
K. L., Stafford, R. P. 1996, ADNDT, 63, 57; Art3 Ramsbottom, C. A., & Bell, K. L. 1997, ADNDT, 66, 65.

ifeither S = 0 or L = 0. The factors (2J’ + 1) and (25" + 1) (2L’ 4 1) are the statistical
weights of the level and of the term, respectively. On account of this relation, the rate
of collisional excitation in p? or p* ions (such as Ot™) from the ground 3P term to
the excited (singlet) 1D and 1S levels is very nearly independent of the distribution of
ions among 3Py, 3Py, and 3 P,.
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Table 3.8
Transition probabilities for Be-like 252 ions

C 1] NIV] oV]
Transition AGTY r(A) A A (A) AT A (A)
1S5-2P§ 0.0052 1906.7 0.011 14832 0.022 1213.8
155-3P? 104 1908.7 +680 1486.5 2280 12183

N IV], Flemming, J., Brage, T., Bell, K. L., Vaeck, N., Hibbert, A., Godefroid, M., & Froese Fischer, C. 1995,
AplJ, 455, 758; C 1], OV], Flemming, J., Bell, K. L. K., Hiobbert, A., Vaeck, N., & Godefroid, M. 1996,
MNRAS, 279, 1289. ’

Table 3.9
Transition probabilities for B-like 2 p, ions

CcI N IIT oIV
Transition AGY X (A) As™Y A (A) A x(A)

2P),*Pg, 23x 107 157.74um 4.7 x107° 57.343pum 52 x 107 25913 um
2P{="Pyy 7.3 x 10! 23247  42x 102 17486 1.7 x 103 1399.8

2Py ,—"Py 16 23236  12x 10> 17468  4.8x 10! 13972
2P3"/2—4P1/2 7.6 x 101 2328.1 4.5 1754.0 1.8 x 103 1407.4

2py,=*Pyp  L1x 100 23269 7.0x 100 17522 31x10° 14048
2Py, Ps;;  53x 101 23254 32x10° 17497 13x10° 14012

Galavis, M. E., Mendoza, C., & Zeippen, C. J. 1998, A&AS, 131, 499; Wiese, W. L., Fuhr, J. R., & Deters, T. M.
1996, J. Chem Phys Ref Data Monograph No. 7; Kaufman, J., & Sugar, J. 1986, J. Chem Phys Ref Data 15, 321.

For all the low-lying levels of the ions listed in Tables 3.3 through 3.5, the excited
levels arise from the same electron configurations as the ground level. Radiative .
transitions between these excited levels and the ground level are forbidden by the
electric—dipole selection rules, but can occur by magnetic—dipole and/or electric—
quadrupole transitions. These are the well known forbidden lines, many of which are
observed in nebular spectra, in the optical, infrared, or ultraviolet regions. Transition
probabilities, as well as wavelengths for the observable lines, are listed in Tables 3.8
through 3.14.

For an ion with a single excited level, in the limit of very low electron density,
every collisional excitation is followed by the emission of a photon, and the cooling
rate per unit volume is therefore

Le=ngnyq13 hvy. (3.22)




3.5 Energy Loss by Collisionally Excited Line Radiation 55

Table 3.10
Transition probabilities for Al-like 3p ions

] Sill SIvV
A (A) ' Transition A A (A) A rA)
1213.8 ‘ ' 2 4 ; 3
12183 ] P),=*Pg), 2.2 x 10 34.814 um 7.8 x 10 10.514 pm
: 2P0, Py 6.3 x 10° 2334.4 5.1x 10* 1408.8 o
C. 1995, : 7 2P) Py 2.0 x 101 2328.5 7.0 x 102 1395.1
1996, i 2Pyt Pipy 4.9 x 10° 2350.2 3.8 x 10* 1420.5
2P§,— Py 1.7 x 10 2344.2 1.5 x 10* 1413.6
2P§=*Ps) 2.7 x 10 2334.6 3.5 % 10* 1402.8
Si II, Dufton, P. L., & Kingston, A. E. 1991, MNRAS, 248, 827; S IV; A and A(UV), Gupta, G. P., & Msezane,
A.Z.2000, ApJS, 130, 227; S+* A(IR), Johnson, C. T, Kingston, A. E., Dufton, P. L. 1986, MNRAS 220, 155.
L (A) ] Table 3.11
Transition probabilities for 2 3"/2—2 P10/z in F-like 2 p® and Cl-like 3p° ions
913 um
399.8 Ton A A (4m)
397.2 ’
407.4 - Ne IT 8.6 x 1073 12.814
404.8 Mg IV 2.0 x 107! 4.487
Arll 53x 1072 6.983
401.2 | g
i CalV 5.5x 107 3.206
ers, T. M.
15, 321. Kaufman, J., & Sugar, J. 1986, J. Chem. Phys. Ref. Data 15, 321.
ex.ci?ed ! ] : However, if the density is sufficiently high, collisional deexcitation is not negligible
diative - and the cooling efficiency is reduced. The equilibrium equation for the balance
by the ‘ between the excitation and deexcitation rates of the excited level is, in general,
ectric— ;
ich are C
» ' neNiqi2 = Nehoga) + Ny Agy, (3.23)
nsition ‘
les 3.8 .
and the solution is
lensity,
ooling
n A21 1 + %

(3.22) An




Table 3.12

Transition probabilities for C-like 2p? and Si-like 3 p? ions

(NI [0 1] [Ne V] [S TII] [Ar V]
Transiion A (s71) PRON) A 2 A) A@s™h A (A) A@ETh A A AGTY A (A)
1p,-1s, 1.0 5754.6 1.6 4363.2 2.8 2972.8 2.3 6312.0 3.5 4625.3
RISy 13x 1074 30708 6.1x 1074 23314 63x1073 15933 13x 102 37972 6.8 x 10~2 2786.0
3P-1Sy 33x 1072 30628 23x 107! 2321.0 4.0 15746 84 x 107! 37217 6.7 2691.0
P-'D,  3.0x 1073 65834  2.0x 1072 50069 35x 107! 34259 55x10~2 95310 4.7x 1071 7005.9
P-'D,  98x107% 65480  6.8x 1073 49589  12x 107! 33459 2.1x 102 90689 2.0 x 1071 6435.1
P-ID,  36x 1077 65271 17x1076 49311  19x 1075 33005 13x10-5 88299 6.1 x 107 6133.8
P3P, 75% 1076 12189 um 9.7 x 1075 51.814 um 4.6 x 10~° 14.32 pm 2.1x1073 18713 um 2.7x 1072 7.9 um
PPy L1x 1072 765um  3.1x 10711 32661 um 5.0x 10~ 9.01 um 4.3 x 10~% 12.00 pum 12x107% 4.9 pum
P3P 21x1076 205.5um 2.7 x 105 88.356 um 13 x 10~3 2428 pm 4.7x107* 3347 pum 8.0 x 10~3 13.1 um
PS5 13x 1072 21428 58x 102 16662 60 x 10Y3 11461  12x 10° 17289 — —
PSy 55x10Y1 21390 24x10%2 16608 24x10° 11370 44x10° 17131

C-like: Galavis, M. E., Mendoza, C., & Zeippen, C. J. 1997, A&AS, 123, 159; Mendoza, C., Zeippen, C. J., & Storey, P. J. 1999, A&AS, 135, 159; Storey, P.J. &
Zeippen, C. J. 2000, MNRAS, 312, 813; Si-like: Tayal, S. S. 1997, ADNDT, 67, 331; Biemont, E., & Bromage, G. E. 1983, MNRAS, 205, 1085.

9¢
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Table 3.13

Transition probabilities of N-like 2 p3 and P-like 3p? ions

INT] [om [Ne IV] (1] [ArIV]
Transition AT A (A) AG™hH JREN) A A (A) A(s™h A A AG™h A (A)

P{2Pg,  51x 1078 259um  13x 10710 501pm 26x 107 1.56um 10 x 1076 21410 um 4.9 x 107> 56.47 um
2D¢,-*P5, 61x 1072 103977 11x107' 73199 39x 10-! 47142 18x107' 103204 6.0x 107! 72375
’Dg,-2Py, 2.8x107° 104072 58x 1072 73307  43x 1071 47242 13x 107! 102867 7.9x 107! 7170.5
2Dg,-2Pj, 35x107% 103981 5.6x1072 73188  11x 1071 47156 7.8x 1072 103705 12x 107! 73314
2Dg,-2Pj, 53x1072 104076 94x 1072 73296 38x 1071 47256 1.6x 107! 103363 6.0x 107" 72627
“83,-2Pg, 6.6x1073 34665 57x1072 24703  12x10° 16000 22 x 101 4068.6 2.6 2853.7
489,-2Pf,  27x107° 34665  23x 1072 24702 5.0 x 1071 16001  9.1x 1072 40764 8.6x 107! 28682

2Dg,-2D3, 11x107% 1148 pum 13x1077 497.1pum 15x107° 2237 pum 3.3 x 1077 3145um 2.3x 1075 77.41 um
452,-2Dg, 69x10™° 52003 3.6x107° 37288 44x107F 24209 26X 107* 67165 18x 1072 47113
453,-2Dg, 16x1075 51979 18x107* 37260 55x 1077 24182 88x 107" 67308 2.2x 1072 47402

[O 0] Zeippen, C. J. 1987, A&A, 173, 410; [Ne IV] Becker, S. R., Butler, K., & Zeippen, C. J. 1989, A&A, 221, 375; P-like from Menzoda, C., & Zeippen, C. J. 1982,
MNRAS, 198, 127; [N I] wavelengths from Slanger, T. G., Huestis, D. L., Cosby, P. C., Osterbrock, D. E. 2000, J. Chem. Phys. 113, 8514.
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Table 3.14
Transition probabilities of O-like 2p* and S-like 3 p* ions

[o1n [Ne I11] [Ar III]
Transition A (s™)) A A A A A A A (A)
1D,-15, 1.1 55773 2.6x10° 33424  26x10°  5191.8

3P1Sy  29x107% 29584 40x 107 17937  42x10~% 30054
P8y 79%x 1072 29723 20x10° 18146  39x10° 31092
*P-D,  64x107% 63003  17x 1071 38688 3.1x10~' 71358
P-1D,  21x107% 63638 54x 1072 39675 82x10-2  7751.1
P-'D,  64x 1077 63918 83x 1076 40117 22 x10~5  8036.9
P3Py 18x 1070 14553 um 12 x 1073 36.02um 52 x 10-3 21.842 pum
PPy 13x 10710 44.047 um 2.1x 1078 1086 um 2.4 x 106 6.3692 wm
P3P 89x107° 63.184um  6.0x 1073 15555 um  3.1x 102 8.9910 wm

[O 1], [Ne ] Galavis, M. E., Mendoza, C., & Zeippen, C. J. 1997, A&AS, 123, 159; Storey, P. J., & Zeippen,
C. J. 2000, MNRAS, 312, 813; [Ar IlI] Mendoza, C., & Zeippen, C. J. 1983, MNRAS, 202, 981.

so the cooling rate is

1
Le=ny Ayt hvyy=mn,ny g5 hvy H—qul (3.25)
Ay
It can be seen that as n, — 0, we recover Equation (3.22), but as n, — 00,
L — ny 22 exp(—x /kT) Agihvyy, (3.26)

w

the thermodynamic-equilibrium cooling rate.

Some ions have only two low-lying levels and may be treated by this simple
formalism, but most ions have more levels, and all ions with ground configurations p?,
p3, or p* have five low-lying levels. Examples are O*+ and Nt, whose energy-level
diagrams are shown in Figure 3.1. For such ions, collisional and radiative transitions
can occur between any of the levels, and excitation and deexcitation cross sections
and collision strengths exist between all pairs of the levels.

The equilibrium equations for each of the levels i = 1, 5 thus become

Do ninedsit Y niAn = minggy + Y A, (3.27)
J#i J>i J# J<i

which, together with the total number of ions

> nj=n, (3.28)
j
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Figure 3.1

Energy-level diagram for lowest terms of [O III], all from ground 2 p? configuration, and for
[NI] of the same isoelectronic sequence. Splitting of the ground 3 P term has been exaggerated
for clarity. Emission lines in the optical region are indicated by dashed lines, and by solid lines
in the infrared and ultraviolet. Only the strongest transitions are indicated.

can be solved for the relative population in each level, and then for the collisionally
excited radiative cooling rate

Le= Z n; Z A;jhv;; [erg cm 3571, (3.29)
i j<i
In the low-density limit, n, — 0, this becomes a sum of terms like (3.22), but if

neqij > Z Ay

k<i

for any i, j, collisional deexcitation is not negligible and the complete solution must
be used. In fact, for any level i, a critical density n.(i) may be defined as

n(i)=> Aij/ Z gij (3.30)

Jj<i
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Table 3.15

Critical densities for collisional deexcitation

Ion Level n, (cm™3) Ion Level n, (cm™3)
cl 2Py, 5.0 x 10! ol D, 6.8 x 10°
CIm 3py 51x 103 oIl 3P, 3.6 x 10°
NII Ip, 6.6 x 10* oI 3p, 5.1 x 102
NI 3Py 3.1x10% Ne II 2Py, 7.1x 10
NII 3p, 8.0 x 10! Ne 11 Ip, 9.5 x 108
N III 2Py, 1.5 x 103 Ne IIT 3P 3.1 x 104
NIV Py 1.1x 108 Ne III 3Py 2.1x 10
on ’Dg), 1.5 x 10* NeV D, 1.3 x 107
ol °Dg), 3.4 x 103 Ne V 3P, 3.5 x 104
S D5, 5.4 x 10* NeV 3P 6.2 x 10
SI D¢, 1.6 x 10*

NOTE: All values are calculated for T = 10,000 K.

sothatforn, < n.(7), collisional deexcitation of level i is negligible, but for n e >n:()
itis important. Critical densities for levels that are most important in radiative cooling
are listed in Table 3.15.

3.6 Energy Loss by Collisionally Excited Line Radiation of H

H™, the most abundant ion in nebulae, has no bound levels and no lines, but HO,
although its fractional abundance is low, may affect the radiative cooling in a nebula.
The most important excitation processes from the ground 1 %S term are to 2 2P°,
followed by emission of a La photon with #v = 10.2 eV, and to 2 25, followed by
emission of two photons in the 2 2§ — 12§ continuum with AV’ + hv” = 10.2 eV
and transition probability A(2 2, 12S) = 8.23 s~L. Cross sections for excitation of
neutral atoms by electrons do not vary as u~2, but rise from zero at the threshold,
peak at energies several times the threshold, and then decline at high energies, often
with superimposed resonances. Nevertheless the mean collision strengths, integrated
over the Maxwellian velocity distribution of the electrons as defined by (3.18) and
(3.19), for these transitions and for 12§ — 32S,32P°, and 32D are quantities that
vary fairly slowly, as Table 3.16 shows.

3.7 Resulting Thermal Equilibrium

The temperature at each point in a static nebula is determined by the equilibrium
between heating and cooling rates, namely,

G=Lg+Lpp+ Le. (3.31)
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Table 3.16

Effective collision strengths for H I

T(K) 128,228 125,22p° 128,328 125,3%po 125,32D
10,000 0.29 051 0.066 0.12 0.063
15,000 032 0.60 0.071 0.13 0.068
20,000 0.35 0.69 0.077 0.14 0.073

Anderson, H., Balance, C. P, Badrell, N. R., & Summers, H. P. 2000, J.Phys.B, 33, 1255.

The collisionally excited radiative cooling rate L is a sum (over all transitions of
all ions) of individual terms like (3.22), (3.25), or (3.29). In the low-density limit,
since all the terms in G, Lz, L g, and L are proportional to n, and to the density of
some ion, Equation (3.31) and therefore the resulting temperatures are independent of
the total density, but do depend on the relative abundances of the various ions. When
collisional deexcitation begins to be important, the cooling rate at a given temperature
is decreased, and the equilibrium temperature for a given radiation field is therefore
somewhat increased.

To understand better the concepts here, let us consider an example, namely, an
H II region with “typical” abundances of the elements. We will adopt n(O)/n(H) =
7 x 1074, n(Ne)/n(H) =9 x 107>, and n(N)/n(H) =9 x 1073, and neglect other
elements for simplicity. Let us suppose that O, Ne, and N are each 80 percent singly
ionized and 20 percent doubly ionized, and n(H®)/n(H) = 1 x 1073, Some of the
individual contributions to the radiative cooling (in the low-density limit) and the total
radiative cooling L. + Ly are shown in Figure 3.2. For each level the contribution |
is small if kT < x, then increases rapidly and peaks at kT ~ x, and then decreases
slowly for kT > yx. The total radiative cooling, composed of the sum of the individual
contributions, continues to rise with increasing T as long as there are levels with
excitation energy x > kT. It can be seen that, for the assumed composition and
ionization, O** dominates the radiative cooling contribution at low temperatures, and
O™ at somewhat higher temperatures. At all temperatures shown, the contribution of
collisional excitation of H is small.

It is convenient to rewrite Equation (3.31) in the form

G_LR:LFF-I_LC’

where G — Ly, is then the “effective heating rate”, representing the net energy gained
in photoionization processes, with the recombination losses already subtracted. This
effective heating rate is also shown in Figure 3.2, for model stellar atmospheres with
various temperatures. Notice in the figure that the calculated nebular temperature at
which the curves cross and at which Equation (3.31) is satisfied is rather insensitive
to the input stellar radiation field. Typical nebular temperatures are 7 =~ 7,000 K,
according to Figure 3.2, with somewhat higher temperatures for hotter stars or larger
optical depths.
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10723 T " T T T
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Heating or cooling rate/n,n, (erg cm®s™)

[om
CPo=CP1)+ P, ~3p,

107%

6,000 8,000 10,000 12,000

Temperature T

Figure 3.2

Net effective heating rates (G — L) for various stellar input spectra, shown as dashed
curves. Total radiative cooling rate (Lpy + L) for the simple approximation to the H II
region described in the text is shown as highest solid black curve, and the most important
individual contributions to radiative cooling are shown by labeled solid curves. The equilibrium
temperature is given by the intersection of a dashed curve and the highest solid curve. Note
how the increased optical depth, z,, or increased stellar temperature, T, increases T by
increasing G.
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10728 T T T T T T
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1072
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Temperature T

Figure 3.3

Same as Figure 3.2, except 'that collisional deexcitation at n, = 10* cm™ has been approxi-
mately taken into account in the radiative cooling rates.
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