:Therw\al E.iui{fbt"fblm

Hea’ffnj = Coo/}nj = T

T: +he TemP{,rm‘f‘ure in the Maoxwelliam dsfbutin,
of thermal velocity

Enexgy inpq'{' = Energy loss al  thermalf egw‘//“ér/'am

Energy input — excess energy in an electron liberated

. - . . 2
in & photoionization ; Fmu =4 (Y-L)

) free- free emissima

) collisionally excited [ine radiatim

Enerqy inpul by phifoionization

G(H)= Ny La AV -V Gy (HeY ol

ol Tonizati; e BW' L brs um

. (= 47L _ ;
Ny LD A Gy dy= Ne M, O (157



J

b"_'g—} (V-v) Qu (H*) of L

-,—LMQ;FJ(? G'(H) = Ne NI: O(/'f (H°)T> jy

s 2 Qv (H) oL
= Na Np Sy (B°, T) é-&,n
= 4. L _ 3 ,__
E_ ékmu- - ;ﬁ/’d

Tc is the in/Hal dewperatare of +he newly

creaTed ‘PL!DT_O electroms.

~ r
G = §, Ny ('S Gy det ot Fhrestord )

TABLE 3.1
Mean input energy of photoelecirons

Model stellar Ti(° K)

atmosphere
T.(° K) T0o=0 70 =1 =25 70 =10
3.0 x 104 1.46 x 10  1.81 x 104 3.61 x 104 5.45 x 104
3.5 x 104 2.15 x 10*  2.65 x 104 4.67 x 104 6.31 x 10*
4.0 x 104 2.67 x 10¢  3.38 x 104 6.52 x 104 9.57 x 104
5.0 x 104 3.50 x 10* 447 x 104 8.47 x 104 11.87 x 104




Energy loss by recombination

LR (H)= Ne NP LT FA (H°, T)

o< n=1/
where By (Ho,T) = 2 Z, Ca (e,

. o Ty= L [
Wi Ha PnL(H:/)* QTL U Gn (H°, T)_;"_n-v".)((v-) du

\QnL P &  kinetic-enerqy - averaged recombinaliom

e F‘FI.C:\CIM'('

As G e U'-l, electrons of lower kinefic
energy are preferenhially captured, amd
+he mean energy of +the caphured electroms
is somewhaT [ower than < 2T

or a pure H nebula, wi'th no radiation loss

GCH):LR(H) = jl'VCS T) and T?T;

For & H + He nebula, with no rodiatkm loss

G(H)t+tT(He)= Lp (H)"'LQ (He)

Hea'ﬁnj and recomb .natis, uo/inj rafes ave proportional
+» the densities of the ions, so heavy elements are
not imporfant contributers of +hese rates.



Ene)rqy LOSS by Free - Free Radiation gj‘?;fZ&y FENy

free- £ree Fransitions of electroms in encounters
With posi‘l’)ve fons —> bremss‘f‘rahlu.nj

Emission coeffieient v

. my\k Z%e¢ —-2V/eT
=4 (2 ) meRCHETY: dgp NeN: e

-39 Z Ne Al ~hV/eT - -
= 544 x10 ¢ TV"C e O"jamss Sr'HE'

where  Jre s vhe Gawnt faoto,

3% (3kT)Y" 5y
[ln “reTy me™ = -]

Where 7 is +he Eulers conshant = 0.677

COO!"hj rate LFF (2) = §4-‘n'5,, dv

25Tefz fapgr )%
g e c? Me £ 9;,:7 Ne N¢

-7
= 1 42x107 2V T % 9,5 e A

The mean Gaunt factyr <§{:¢> is jn +he

range l.o- |5 (o «3eneml nebular condifions,



Energ y Losg by Collisionally Excifed Line Radiatim

At 16°k, £T= 0.8 el The K.&. of on electrom,
is hn‘jb enough fo exufe +he Fround levels of common
s, but not I+ and tHe,

3 | 4 5 7
Li | Be B | C|N

11 ] 12 13 {14 | 15
Na | Mg Al | Si| P

S+
Energy level : : L 5

szenciu‘nj ovi +he number of ¢ eleSrons, the
energy levels ave split dfferentiy.

P oo /4;" have Sim;far enevgy fevel diagram;
b; Wd ’p“ ‘ » 4 % e

Examples: p' — ¢t N, 0%, %
¢ - c, NY, 073 si, 5T
é? - N, O'f’ Ne-fs’ S-f
P - 0O, Ne™, s
P5- N, AF



Energy (eV)

o

W

w

oy
T

L=o0,1,2
S=KI; ‘13/9\

(three p
electrons)

on om -1
(two p
electrons)

\
lpz ~1

SP' i

*Sae —1—3p,—]

A,
r

Energy level J.‘w]mms
£ of, o**

<l

]
’J\‘
N

2
= Py

2

2
P

P D

3P0 )37)' JJPL '

D.

4 2 2 b 2
_Si/,_ ’Py,_) P% P}/,_ ’Dr/.,
(0 m} (N
i
|
|
|
} K
4363 \.
(
: A2321 ;
!
| AS755
| ) |
{ I A3063
] |
| : \'D :
A5007 :
[l St
| 26583 |
| A4959 [
[ ] | es
* | | A6548
— ¢ |
: i ' }‘—\ ’ { = . 1

Eh%‘j\/ fevel c‘,\‘n\ﬁrams for
o*? and N7

<Os+e/rLrbcl< , ;:,3' 3.1)



sE =YX

+o level R

CO//iSl'ona//)/ excifed from level |

@

The orss sectim of exdtatm  Tra (v

05 (v) = O fr ZMU< Y

ahr 2R

Tol» = S5 F — 0 fr Fme*>%

where Q. (1) i1s +he collional 5‘)‘?’61477".
and js a functis of U
(W, s +the Stabstical we:‘jlﬁ‘ of level I

A free electisn wit ue/ocit)’ V, colfides witt, +he
1on AT [evel | and exctes +he iom +o level 2. The
-f)rw\/ ve/ac;é, of the electrswm )\5 'f.z.
MUt = amut e g
= Vidui= Uidg

/’)CCO(JI\’,? +o +le Pl"l‘f'cfp/e dF Je'/‘ai/e./ éc./aucﬂ?_,
™m +L,ermz>d/na~m.'c, ezai//én'am each mitroscopr'c
process is balauwced by Jts Iinverse; there firre

Ne N, v, Gra (vd Lud dy, = Ne A Us T3 (D Lo d U;

X v . “X/T
USth BOH)'mann &Bué'h‘l’h: L/:]/-;-‘ _::)\)- e



4 mw ?/3_ _ “%
Moxwell- Bolfemann ()= = (25,1- ) Ve mVvALT

~KAT o —mhlAtT

-4
MA@ vy W2 € v, & Gz, (%)

L, g;ve
= =7 wLoTz(‘/i): [AVS U: T, (V)

w, Uit
G w= e Tnl¥

= & G- _wET Y
Ny UV om> U"" ), )

m> Ny

Collisignal S‘}’rem?)"{«s are Symmetrical n | and
20,2)= 02(2,1)

Collisiona!l de-excitation rale is (em3 s™')
Ne N, Z;, = NeN. J? U Gz, fvd dv
m*w, 217 2(h2)dy

; .
= NeN, Ih: & /"S'" -mv/atr
Jﬁ'( ) ve

= 2 Ve B (L)
NeNz l{bT') i 23,

T% AN

— NQ NL 8'~él‘ino—é -Q(‘l"’)

1 L2042 is a constant.
_E,
L2 )= S‘:Q (25 E) @ /"Td((%)

Vi NI\WC E- Lmu'&



Collisional excitalion rafe |s

£ _
Ne N, %,1 = /\}eN’ 3-62’;"(/:0 _Q.(go’—) e ﬂf/ﬂ.]'

The collisienal f?"ren?'ﬂg (L) must be calculated ZMMT,,(.M._
mechanically.  Osferbrock’s Tables 3.3 +hrough 3.7 give

numerical values of collisional streasHs of 7mpar7‘am7‘ 615,

Statis fical weifht f~ SL = (2st)(Lt)
” g for SLT = (2a7+1)

H(SLT' S'L'T')= .'ZJ"-I" _S-Z s/ .,
@) (agmy ~ 2 (5L ST

Radiative deexcitetio,

SPon‘raneous radiahve transifon probaéi/féz
—>  Linsfern A%

Selection rules for permitfed Transitions:
1) Electron confiquration must chomge by | ovbital
29 > >4 34 permitted
- 2* Fforbidden
(z) &J=o0, 21, but not T= O >0
(3) AS =0
@ al = 0, 1|

The more rules are violaTed, +the smaller +he
transition Probk'?i“fy.



©
The trans;tiom probab;l;‘t'e,s 7 4)", f’, ozl P“ [6hs are
tobulaled in  Osterbrocks Tables 3.6, 3.5, and 3./0.

For a a-lewel jon, if ezu,‘/ibr;am is establishtd
between the v levels | excifatins rate = de-excitation rale.

Ne N: zu. = NC N Ka, + Ns Aa.,
N S,
N Az, [+ NeFu/Ax

Coo(inj e S Le = Na Aa 4 Va,

!
Ne N, %(a. 4 u&z [ 1+ Nc‘b':,,/Au_]

ot Jow-densily lim/'t , Ne =0
LC. = Ne N, ?]L-ﬂu&l

ot hi7L,-— JQV\S;C/ limit, Ne-e<
Le =2 N, Aa.vgua. -%-:—_‘,:

—_ TATS -t
= N 4, € Aa.‘f\))a,

—Hne -{-L\ﬁrw\onnah}c~ eﬁull?bn’um Coo/:'hj rale.

Most (ons ave more complex. For example , all [tns
L iHA 7roumd con Figuratioms  p*, P, o Pp¥ have 5
[ew=lying [evels.



D

For a S-level iom, ega;//ér/'am @gwﬂn—:; are

)

5 N:Ne 7. A |
Vol JNe ZJ" +5>zl: M Aj" N J'Z#'( N"M gcj. * 5%" NCA..

for eadn of 4he levels (= - ¢

Z,Nj = N 15 the hofal numbey of ims.

J

Solve +he relative populatiom in each level, +hes,
Co”isinally excifed radiative Coo/inj. rale

L'C = %N( Z A':j{‘u({)

-

J<e

Critical cle/hffty Nete) s o[l_fv'nec/ +> be

Ne(d= Z Ay /73,

<<

e/eC:h/O'h J‘enf;w GTNh;(,L\ Co“l'SM)ﬂaI o/e‘e.XCl'f'Jd'l'f“U
are @as Im?or-fam-f ¢s radiab've Je-excitation.

Ion Level N(cm~—3) Ion Level N.(cm~3) o111}
clII 2Py/s 8.5 x 10! o1l 1p, 7.0 x 10° s,
O I 3p, 3.8 x 10°
Osferbrodc cu  3p, 5.4 x 10° O I 3p, 1.7 x 10 »
3
Teble 3.1t N II 1D, 8.6 x 104 Ne II 2P, 6.6 x 10°
NII 3p, 3.1 x 10? 'p
¢ NII 3p, 1.8 x 102 Ne III 'D, 7.9 x 108 z
Fee T=0% Nelll 3P 2.0 x 104 PR [ P
N I 2Py 3.2 x 10° Nelll 3P 1.8 x 10°
NIV 3p, 1.4 x 108 Ne V 'D, 1.6 x 107 QP}
Ne V 3p, 3.8 x 10° T e
ol 2Dssz 1.6 x 101 Ne V 3p, 1.8 x 108
ol 2D5/2 3.1 x 103




>

Kesc ! -h'r\;} Thermal %w'/ rbrium

6’: LR + LFF‘f' LC

G < Nerp
LFF < Ne N¢

Le < pe N, at low-densit,  [imit
< AJ, X high-dowsty [imif

A'}’ /m—cleﬁg,’Cy /in[‘t/ +he reSq/Tfnj f‘empm"/‘ar?_

s clepe,nden‘/‘ on +ie abundances of hem/)/ efemends,
buT s not Jependent o Q/&u:ity.

At high-densi b [imit, +he Cdlisisnelly excted
radiahve (oss s decreased, resulting /5

A,‘ﬁ(a.w Q»B'M-'f.‘briuw- Tewfarv\-’fhre.

E)(amlale-’
N(0) -4 ) -5
EAATRANSER SV N{(Ned _ NWN) _ -
N (H) , NG~ Tx10 LN T x107>

ﬂSSumiha. O, Ne, M are all &Ogo singly iorized
D-O‘}D tidubl)/ l\d-h:kl
H s 0.l 7o neutral , 99.97» jonized.
radiative cao/.‘hg pelaks ot 4T~ %
Resutts: Figue 3.2 for (ow Ne, Fgurt 33 fn Ne=t6'n?

Effective heating rafe = G- Lr = Lpp+ L = effective cooling rale.
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