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all equal. It is moreover concluded that, in LTE-R, the

local production of radiant entropy the
total local production of radiant entrooy and oI

the total flux of radiant energy under the

are non-negative, regpectively.
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discuesed by Dirac [1924) on the tasis of principie =of
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balancing for unit mechanisn.

The assumption of local thermodynamic equilibrium (LTE)

is z necessary one ito extend Thermodynamics. to non-equilibrium
one. From a microscopic viewpoint, the validity of local

equilibrium in thermodynamics was First discussed by Prigogine
(1949), using Chapman-Enskog method. However it is not
clear from his discussiohs whether or not such assumption of
LTE is wvaiid in the presence of a radiation field. Although
a stellar atmoéphere is not an enclosure in thermodynanic
guilibrium, it is often assumed that Kirchhoffts law locally

holds to a reasonable degree of approximation in a stellar

atmosphere. Such assumption constitutes what Milne (1926)
alled an assunmption of LTE. The equation of radiative

transfer in LTE is obtained by substituting the Planck function
for source function. The radiation field derived from this
equation may bve, in general, exbected to be different from that
described by the Planck function. It was however shown by
wilat (1956) that such vractice under the strict radiative
equilibrium contravenes the second law of thermodynamics.

Cn the basis of the LOS concept, a definition of an LTE
configuration and a criterion for its validity were expressed
by Thomas (1§65). Recently Gebbie and Thomas (1968) have

-

formuliated a definition of astronomical local thermodynamic
equilibrium (LTE-R) to make a distinction between LTE-R and TLTE
as follows: LTE implies that all distribution functions have

their T8 forms;-LTE—R, all except that for photons.
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nt other hand, Sanpson (1905 AR ch:

to LTE fronm the Boltzmann sguaticon for rhotons arnd formulsted
a new definition for ITE, wihich requires only that the matter
distrivution functions entering
cf the Bolitgmann equation for photons can be approximszted oy
those characteristic of thermal equilibrium at =z local temperaturs
Let us calil this definition LTE-S. As already demonstrated

by Sampsecn (1965), the definition of LTE-R is more stringent

than that of LTF-S, and of course, when scattering is negligible,
the two definiticns become equivalent, Accordingly, an
approach to non-LTE from TE is described as follows:4 ‘

T8 —» ITE —s IIE-R <— IIE-3 —» non-ITE.
HoWever, Gebbie and Thomas (1968) have stated that there are
circumstances where 1LOS is a necessary but not a sufficient
condifion for LTE, and that LOS-Z in which TOS holds for all
radiative transitions is a necessary and sufficient condition:
for-LTE in all transitions. The LOS-ZI concept should not
be wider than thie LOS concept. HoWever it is not clear
whether or not the LOS-F concept coincides with LTE or LTE-R.
In this paper, we investigate a necessary condition for LTE-R
under LOS-Z, the local production of radiant entropy and
radiant energy in LTE-R.

2. A Condition Necessary for LTE-R under LOS-2Z
Tor simplicity, it is assumed that the kinetic temperature
of gas is isothermal and the actual atom 1s -described by the |

equivalent two-level atom representation. A1l net radiative

brackets [KRB are zero, since LO3-Z is assumed. '[NRB] is



source function: =\ T )

source funcvion SJK j L @y' 4y, (2)

Yow, assuning that the kinetic ftemperature T orf gas is equal to
the eleciron temperature, and fdlliowing Thomas' notations (1965),
we can write the source function B,,[Tu]in the equivalent two-level

atom representatlon as follows:

(I,4,dv + €B,[T] +6 (3
’Bv[Tex]"' 1+ €E+A bl ()

RV, / e BT
= [' - € /RT] CUL/AVL, L , (4)
2&)}.3‘ 3. & Fr '

where

0= c %e Am. 37,_"'9'-0- <, : 7 (5)
o8& % (R %S Y (e
b= gv Am_ 9._"‘?';[ §u" 3:; 81 '], 7 ( )
and further, we introduce a new’ parameter ¢ and the grouping
AT |
of terms: o = £ — (7
| IR/ O R -
?;u- & & ?
=7, CylneB)  + ZAs (NRB], . + ],
LG Lo -
S =2 A (NREL + Tm; C‘L[NCB]”_‘ e
: L()#U' ‘ W
§ =T A (NRB),  + 7 (o (NCB,, +T,c
T2k+L Te
L ﬂanU[NCB)hU_ * Z. nzAw[NRBLU
"U)R'#L. .
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CL\:r and oL are the collisional raies and & net interchange

vetween bound state and continuum‘is P ]:Rad;‘c,j] — R LRad;j,c]
= R — 1;Jdc - Then © 1is rewritten as follows:
| 6=0-a B,(T]. | (9)
From equations (3) and (9) under L0S-Z (cf. eguation (2)),
wei have. ’ - : » ,
| B[Tex] =[1+ %—Eﬁ%-} B.LT]. - (10)
According to Thomas' criterion for the validify of LTE, € ,

6 and EB%[T]are nomogeneous in the region where L0S-ZI holds.
(oo-1)a
et A

BVG[T]on the right-hand side of eguation (10) is a constant in

Therefore the coefficient [;+ of the Planck function
the region where ‘10S~Z holds. In order that the source
function B,[Tu]}':s equal to the Planck function :BV.[T ] L, it is
nécessary to be O =- 1 togethef with LOS-Z. A
3. A Physical Meaning of 0"‘ =1

‘ In order that o~ = 1, it is necessary to be from equation

(7) and the Boltzmann law

o & _ 4 e”%'r _n |
F & & Ny , - (1)

where N and Tl; are respectively the equilibrium occupation
numbers in the lower level, L, and upper level, U involved in
the transition producing the s;ﬁec‘cral line Vg. which are defined

by means of the Boltzmann-Saha equation, according to Kalkofen

5
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{1568y, - The actual sceupation numbsr n

I ¢ ©f atom in tth
‘ : . % o
energy level is related to ni accoraing to n; = b; nf,(12)

~where b, is the departure coefficient as defined bty Menzel
(1337). FProm equations (8), (1l), and (12) under LOS-Z,

a following equation is derived in Appendix:

, Co C
b (R oL
- )1t + =0, -
( bL){ Z-C':I(!- ) LC ZCUI('—%)+ J—vt } ) (13)
L<jsT v ¢ _
where
_ S X C, [NCB] =) C,_J (l—_.L) + 1
ang 9 Lo (14

§,= chszCB]u*Jn ZCU:(""E',)"'Jm j

In order ’$% nold equation (13), it should be necessary to be

by /b = 1, (15)

or CLV | _’ | CUL O
ZcL,(.- i)+ Jo ZC,,.(' LTS S

L<G+0 124

(16)

'If this representation is reduced to that of the two-level plus.
‘continuum atom, the left-hand side of equation (16) is not zero.
I1f not so, however, unknown numbers such as Dg /br in equation:
(16) are too many to decide whether or not the left-hand side
of eguation (16) becomes zero. Hence in order to hold
equaticnt(13), it should be necessary to be at least by /b_=1.
Since suffices U and L denote the energy levels refered to a
spectral line under consideration, equation (15) should hold
foi'any pair (U,L) as long as L0S-3 is assumed, i.e.,

by = bj= comrmrmmsmmm e =Dy (17)
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Assuming an asymptotic condition that we have equipartition of
the upper-level population with the electron‘continuum due to.
collisional ionization, we have ‘
ﬁiﬂi b, = 1. : ~ (18)
Frdm equations (17) and (18), we obtain
D= b= --e------ =B =-----=1.  (19)
The statebbf such a gas is thén in LTE-R in the sense of Gebbie
~and Thomas (1968).
4. Local Production of Radiant Entropy and Radiant Energy in LTE-R
Thé equafion for local production of radiant entropy of

ffequency“jx_ including the effect of continuum was derived by

the -author (1968) as follows:
Y ‘ : (20)
dAM’ (AVD E%Q) _:X(l-f'fx)’\irz) ‘ | -
whére SR '
_ -1
:)C=n._8._vB.;,(T)(!—€ 7, 1 :
' : ‘ ' (21)
Tom bf(Sr-im)omd2 | |
: , S e :
~and the dimensionless quantities. S ,
: tzﬁu _ _ £ " QX * . I
and the dimensionless absorption profile ¢§==A)§45
( Scptdx = 1, Ay, :the Doppler width) are defined.
The source function E;, including the effect of continuum is
expressed in the form o :
< - Set 1, S, : . (22)

1+ Y ,

where
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[ILgav +teBu(T)+6

e I+ € +4 ) (23)

_ BM+4L
Se= =g, BU(T)=BL(T),

(24)

o 4T
Z\J = 7( %1 5 and d.Tl —-Y; = 7; . (25)

l

In 10S-2, we have from equation (23)

Se =J Ledv=[i+ (0“62 2] B.(T), (26)

Since (O° = 1 and the scattering coefficient for continuum
6c = 0 (g, = 0), we obtain from equation (24) and (26)
Sc___ Bv(T) ~ Bw.(T) and Sg BV,(T) - Hence we have
Sy= B.(T) Thus the state of this gas is in LTE-R. |
Then S:: S/BV‘(T)z 1 and j.‘(n) g 1, as derived by the authof
(1968), since O~ = 1.
Trom equation (20), therefore, we have div (4), E%q Y2 0
and div (E/k ) = j div (a¥, E%e yoddx > O) J (27)

since Y, i%2> 0.

The equation for the divergence of the flux of radiant
energy of frequency y was derived by the author (1968) as

follows;

dir F, =R.$,(1+7,)(S,- 1), (28)

where R, = A ('Y\._ Bur - Mo Bov )
and EP. 4) is the isotropic absorption coefficient.
4t Ty
Integrating equation (28) over the whole spectral line, we

obtain. zs the divergence of the total flux of radiant energy

aivfF =Sd,&r F,dv= kojfb,ﬁ [B.(T)- L] v
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= hoBV,(T)S%Tx.('-L)M, LJawbz =) (29)
gince Sv:By,(T)=Si¢udV, when 67 = 0.

From ecuation (238), we have div fF Z 0, since 3’{ é 1 is
obtained from jx < L.
In order that div P = 0, it shoulid be necessary that 3.'; = 1,
since ¢ Y, > O. Tuen P, should be a deita-function in
order that TV;- B, (T) and further Sv‘_— B\‘(T) :JTV¢vdV
on account of LOS-Z. If so, we have div F, = O from
equation (28). Hence it follows that the radiation field
'is in monochromatic radiative equilibrium. If not so, it
follows that div P > 0, i.e., such gas is in self-exciting
state.
5. Concluding Remark

The criterion for validity of LTE in the sense of Thomas
(1965) is unsufficient even for that of LTE-R in the sense of
Gebbie and Thomas (1968). As ‘he critericon for validity of
LTE-R, it should be necessary to be a new parameter o‘;-_ 1
besides Thomas' criteriomn. g = 1 physically means thail
by = b_, where by and L_ are the departure coefficients
of two energy levels U and L related to a2 spectral line under
consideration. Hence the departure coefiicients of energy
levels of atom should be all equal, since LOS-ZI is assumed.
If an asymptotic conaition that we have eguipartition cof the
upper~level population with the electron continuum due to

-

collisional ionization is assumed, we have iim b, = 1.
kR>oo

Then the state of such gas is in LTE-R in tne sense ol Gebbie

and Thomas {19683). The local production of radiant entropy
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in a certain freguency and the total local production c¢f radiant
entropy under the influence of continuum are non-negative.

The divergence of the tofal flux of radiant energy under the
influence of continuum is also non-negative, Hence such

gas that the divergence of the total flux of radiant energy

is positive is in self-exciting state. If the line profile
is expressed by a delta-function, the radiation field is in
monochromatic radiative equilibrium which is more stringent

than radiative equilibrium. If the line profile is not so,

' ~the gas is in self-exciting state.

} Appendix

From equation (8), we have

37“_ ='}’l:ﬁbL g, + n,_* b, CLU’[NC BJL,U 1 -(A.l)
and gs?v-_—n:ba&a +71:b,,CUL[NCB]v,LI J
where UL
L R C T o
[NC B]L,U’ =1 b. 3. Cuwo € l (4.2)
and [NCB] = l__ﬁ._g_":. ..&E eX,_v' j -
UL be ¥ Go '

In LTE, the electronic velocity distribution is of course the

Maxwellian distribution. So if under some non-LTE conditions,

its velocity distribution is still Maxwellian, then we have

be
(NCB] = 1- = | ana [NeB], =1- 3 (4.3)

Substituting equations (A.1l) and (A.3) into equation (11),

and using equations (14), we obtain after some calculations

by Cu:r CoL ,
L G0- )T ZCul-)e e ) -

10
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