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A general expression is derived for the statistical mean
value of any function of dynamical variables, averaged
over all the molecules of a gas in the presence of external
fields. This expression is in the form of a multiple Taylor’s
series in powers of 1/&T and of the field strengths. Explicit
formulas, valid for diatomic and polyatomic molecules,
are given for the coefficients in this series, up to and

including the cubic terms. The general formula is then
applied in the solution of two specific problems: (1) Effect
of a magnetic field on the electric susceptibility of a mole-
cule. (2) Theory of the Kerr effect in diatomic and poly-
atomic molecules. The concluding sections give applica-
tions of the formulas developed in §1 to the perturbation
theory of conservative and non-conservative systems.

IN many problems in quantum mechanics we are concerned with finding the value of a function of
dynamical variables, #(p, ¢), averaged over a large number of molecules, when the molecules are
subject to an external field A. This statistical mean value is given by

_ N Sp(ueHIrT)
ﬁ=————————————-—p( (1)
Sp(e-)

where H=H(p, q, \) is the Hamiltonian function, and N is the number of molecules per cubic centi-
meter. Letters such as H, H,, u,v, w, W, with no indices attached, are to be understood as denoting
matrices. The exponential function is, of course, defined by a power series. In writing (1) it is not
necessary to specify the system of representation used, as the spur of a matrix is invariant of a
canonical transformation.!

The usual procedure is to employ a system of representation in which H is diagonal, then to express
the diagonal elements of H in terms of the matrix elements of H in an unperturbed system of repre-
sentation, i.e., one in which the external field is zero, by means of perturbation theory. Except in the
simplest cases this procedure has serious disadvantages. For one thing, the quantities which we are
forced to evaluate are not invariant of a rotation of coordinate axes; thus sum rules and symmetry
properties cannot be employed. This condition can be remedied by Van Vleck’s method of “pairing”
terms,? provided all frequencies of the unperturbed molecule can be classified as “high” or “low,”
that is, as large or small compared to kT /h. After ‘“‘pairing’’ only rotational invariants appear in our
equations. However, although this method works beautifully for the term linear in the field strength,
it becomes very difficult to apply to higher order terms. The calculation is not straightforward, but
demands considerable ingenuity on the part of the calculator. A second difficulty lies in the increasing
complexity in the pertubation formulas as we go to higher order terms. The equations become very
cumbersome, and of course the ‘‘pairing’’ is thereby made more difficult.

In the following section a new method of handling such problems is given, which involves exactly
the same approximations as the perturbation method, but which has great practical advantages. Both
the above-mentioned difficulties disappear; complicated perturbation formulas are not needed, and
the terms always automatically appear properly ‘‘paired.”

1 This fact has been utilized by F. Bloch, Zeits. f.
Physik 74, 295 (1932), and by E. Wigner, Phys. Rev. 40,
749 (1932). Their use of it differs from ours in that they
employ representations in which coordinates or momenta
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are diagonal, while we diagonalize the energy.
2 J. H. Van Vleck, The Theory of Electric and Magnetic
Susceptibilities, p. 191.
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§1. GENERAL METHOD OF SOLUTION

Let us suppose, for simplicity, that the Hamiltonian function in the presence of the external field,
A, is of the form

H=H(p, Q) +No(p, ).

Hamiltonian functions in which higher order terms in \ appear can readily be handled by an obvious
extension of the method which we use for this most simple, and most important, case. We will employ
a system of representation in which H, is diagonal?; this will be indicated by writing Ho=W. The
first step is to expand the matrix e~ (W /7 appearing in (1), as a power series in X. The elements of
this matrix are
w (=1 [(W+N)"urn .
(3—(W+M)/k7')n'n= Sunt . (2)
=1 gl (RT)"

Multiplying out the factor (W--\v)" we find

r—1 r—2 r—2—s8

[(W+)\7)) T]n’n= WamdnntNnrn Z Wt 8 -0 Z Un'nt'Un’'n Z Z W™ 2737 W S Wt 4+ - -
§=0 .

n’’ s=0 t=0

Wn'T Wnr
= Wnrsn’n‘*“)‘vn'n[_—‘_}' ]

Va'n hVnn'

Woar Wopri” W,r
oo o

+)‘2 Z ﬂn'n”vn”n[ + +

2Vn’n”vn’n hzyn"n’vn”n h2vnn'Vnn"

The latter form is obtained on summing the geometric series involved in the former. Substitution
of thisin (2) gives*

e WnlkT  g=WalkT
(e—(W_H\v)/kT)n'n:e—W"/kTgn'n—l—)\'vn'n [ TL ]
hVn’n hvnn’
e=WurlkT e—WarilkT o= WalkT
+)\2 Z Uprn?'Unttp) + + (4)
n'’ h2Vn'fn"Vn’n hzynu",ynnn h2vnn;vn"u
The general term in this expansion is
e—Wn’/kT e_Wn/kT
N U ~vn<u>n[ R ], (5)
ntleeen (K BYprntrs s *Vprn h”"nn" e Vpun)
as is shown in the appendix. If two or more of the indices in (5) are the same, say n'' =#n""=-.- =n®
the bracketed factor is an indeterminate form. In this case the bracketed factor is to be understood as
meaning its limit as v.rnrir,- * +, ¥2(),»—0. This limit always exists.® The advantage of writing these

“degenerate’ terms as indeterminate forms is that (5), so written, is symmetric in ‘‘degenerate’”” and
“low frequency’’ elements, that is, in elements for which the »’s in the denominator actually vanish,
and those in which the »’s are small. The whole aim of Van Vleck’s method of ““pairing’’ is to achieve
this symmetry.

3 This representation, in general, is not unique, but any 3 Eq. (8) serves as a simple example. It will be observed
representation which makes H, diagonal will do. that a confluence of two W'’s always leads to an indeter-

4The term linear in A has recently been given by I. | minate form because of the reversal of indices of the »'s
Waller, Zeits. f. Physik 79, 370 (1932). in passing from one term to another.
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Using (4), we find

e—Wnl/kT e—Wn/kT
Sp(ue~(W+)\v)/kT) =_-Z{unne“wn/’ﬂT—*—)\Zunn;ﬂn/n[ + ]
’

n n ann h'Vnn'

e"Wn’/kT e—W"u/kT e“Wn/kT
+>‘2 Z unn’vn’n"vn"n[ + + ]+ e }' (6)

T
n'n’’ Va'n''"Va'n h2an/annlrn h2ynnlvnnu

Our considerations thus far have been perfectly general. In the remainder of this section two
assumptions will be made®:

(a) It will be supposed that intermolecular forces are negligible, so that we have complete spatial
degeneracy. '

(b) It will be supposed that all frequencies of the unperturbed molecule which appear in (6) are
large or small compared to kT /h.

Each state will be designated by (%, j, m), where % represents the high frequency quantum num-
bers, j and m the rotational and axial quantum numbers respectively, which can be considered con-
stants of the motion in consequence of (a).

The term of (6) linear in X can now be written

e~ WnitlkT  g=WajlkT
’
A Z Unim; o' j'm'Vn’j'm’; njim| + +X Z Unjm; ni'm'Unj'm’; njm[ } ]. (7)
nim hvais; ni Bvng; e nim hvair; ni Rvaj; ni
n/m/j/ J'Iml

l:e—Wﬂ'jl/kT e—W"j/kT]

The prime on the first summation sign indicates that #’ =# is to be omitted from the summation. On
expanding e Wri'1*T = g=(Waithwai’s 2) kT in powers of hvaj, »;/kT we find that

g_WnJ"/kT g—WM'/kT 1
e M —
hvn,-'; ng han; nj’ ZkT
plus terms of order (Av,;:, .;/kT)? and higher. Since kv, , ; is small compared to k27", these high-order
terms will be neglected. It will be observed that the above relation holds exactly for the degenerate
terms, i.e., for v,j. »;—0. Substituting (8) in (7), we obtain, after a simple relabeling of indices,
[un]'m; n’j’m’vn']”m’; njm+vnjm; n']”m’un’j'm’; n]'m]

—)\Sp{ >/ e WnilkT

Pl ? . .
n'j'm hyn,],; ni

+<1/2kT) Z [um’m; ni'm'Vnj'm’; njm+vnjm; ni'm'Unj'm’; njm:]e—w"j/kT}. (9)
]'lml

The frequencies v, ;+, »; can, with good approximation, be replaced by centroid frequencies v,/,. As
the number of molecules in excited states will be negligible, we can replace Sp by Sp;..” If we introduce
the iibermatrix notation,” we can now rewrite (9) as

Spm{[un Ny’ n) +i,(nn')u(n'n>]e—w<n>/w}'

-\ Z’
n’ hVn’n

+ (1/2kT)Spjm { [ pmm) g rmgg(nm Jg=W D 1eT) }

Higher order terms in (6) can be handled in the same way. In writing the results it is convenient to
introduce the abbreviation

2@SpmLatn o). . -c(""'""’)d(""”e_W(")/kT]
=Spm{[arb ) . L o VG (1VR) 4 J (nn¥) o (VR ,b(n"n')a(n'n)]e—w(n)uﬂ'}_ (10)
6 If these assumptions are not made, we obtain a result 7 This notation is explained immediately above (10) in

which, formally, is only trivially different from (12) (see | the preceding paper.

§5).
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If a, b, -+, ¢, d are Hermitian, ® means simply ‘‘the real part of’”’. Rather than write in all the
indices, we shall use the symbol * to indicate an excursion of the indices from the normal state to
excited states and back to the normal state again. Thus

abcd =a '/ D! a g ) - ghwcd =q (W MG | ghskcxd = g (mr)p (W ) c(nmd (nm) - (11)
and so forth. Carrying out the calculation, we find
1 Spijm | uvre="IeT}
7 =B(R|:Sp,-m{u*e_W’”} —)\{;— Spjm { urvre=WIkT} 237/ -«—o~———}
T n’

Vn'n

+)\2{ (1/6E2T2)Spm | Qurvsy+viusp)xe"/kT}

Spim{ (2“717)"‘{‘7}%7})*6_"7”‘7'}
2! [ - ][Sp,-m{ (urvv +uvsy 4 viup) ke~ WET} ] 3 }
- kThV"'n hzyzn’n n'n’’ hzvn'an,n
- Pin | (Urvkvsv-Fveyskvsy) ke 4— [ _ n ]
i 3 LoreT2hv,, BTH:2. . Bevdun

X [Spjm{ (uvvsv -+ vusvev -+ vieavv ++ usvven 4 usvsvy 4 viusop) ke~ WIkT} ]

, 1 Vn’n+Vn"n
— [Spjm | (wvvsv +uxvvv +uvsvv +veuvy +vuvsv 4-vuxvv) xe=W/kT} ]
2 LRTR v a¥nrrn B30 0 n¥?nrrg
Spjm{ (uvvv+vuvy)se=WIrT}
2y +o ] (2)
n’n’’n’’’ hsynln]}"llnvnf/ln
where

B=N[Sp{e- Wt} -t = N[Z— (N BT)Spm (vxe 77}

o1 Spjm{vvre="IkT} 1
— {—— Spjm{vevre=WIET} 42 377 ———————} 4+ ]
2kT kT n’ Va'n
=NZ[1+O‘/kT)Z Spim{vie Wk} + (N /R T?) Z*(Spjm{vre VIFT)?
A2 1 Spim{vvke WIkT}
———Z{——- Spjm{vsvre=WIET}L 42 37/ ~————~—}+ x -], (13)
2RT kT n’ Varn

with Z=[Spm{e "/ "} %

§2. Sum RuULEs FOR SPURs FOR DiatoMIic AND PorLvaToMIC MOLECULES

Calculations using (12) and (13) are greatly aided by the fact that the spurs appearing in these equa-
tions are rotational invariants. For example, symmetry properties can frequently be used to show that
certain terms are zero. Moreover, sum rules are often available for evaluating such spurs. When we
deal with diatomic and polyatomic molecules Niessen’s sum rules® are very useful. These rules hold
only with neglect of the high frequency terms in the Hamiltonian function which lead to rotational

8 K. F. Niessen, Phys. Rev. 34, 253 (1929).
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distortion, A type doubling in diatomic molecules, and such small effects, but the influence of these
effects on a statistical mean value is generally of negligible importance.

The sum rules for products of two vectors are well known, and need not be repeated. We shall be
particularly interested in the sum rules for products of four vectors. If ¥, ¥’, 2’ be a system of axes
fixed in space, and «x, ¥y, z a system fixed in the molecule, and if R, S, T, U are any four vectors with
components R/, R,,, R., etc., then Niessen’s rules show that

155pm(Ra»("",)Sgl (n,n”)T‘y/ (n''n’!") U&’ (n"’n)) G = (2j+ 1)g[|:R,x(nn,)Sﬂ(nI"”)T;y(n”n”,) Us(n/”n):]:l, (14)

where g is the statistical weight of the normal state of the stationary molecule, and the double bracket
symbol is defined by

[ERaSﬁT“/ UB:]:] = (1/g) Z Sp {a'RxSxTa: Ux+b[R:cSa:TyUu+RySyTz Ua:j
zyz
+e[ReSyTwUy+RyS: Ty Us 1+d[ RS, Ty U+ R,S: T2 Uy ]}, (15)

where
a=1, b=—-%, c¢c=2; d=—1 when a=vy=x, B=08=z;
a=1, b=—-%, ¢=-1, d=2 “ a=0=x, B=v=3;
a=1, b=2, c=—1, d=-}% “ a=B=x, y=0=3;
a=3, b=1, c=1, d=1 ‘ a=fF=y=§=2z,

In accordance with the convention (11), we have omitted all the indices in writing (15). The symbol
2_zy- indicates a sum of the three terms obtained by cyclic interchange of x, ¥, z. Quantities like R,®»"
are the matrix elements (or teilmatrices, if the states of the stationary molecule are degenerate) of R
referred to axes fixed in the molecule. The spur is to be taken only over the normal state.?

The relation

[[RzSsz Uz]] - [[RszTz Uz:]] = [[RzSzT:c Uz]]+ [[RzSsz Ux:l:l (16)

follows immediately from (15). This can also be proved directly from the symmetry properties of the
spurs by an argument similar to that used in obtaining (8) in the preceding paper.

The utility of sum rules such as (14) is that they enable us to eliminate the Boltzmann factors in
(12) and (13). For example

SPin{RarSs Ty Uske™ W7} 3 Sp,(Roar 0 S (/n DTy, (0 0 D [, (01720 G g W KT
Spinle= 147 g2+ 1e i

=(1/15)[[RaSpT, Us1].  (17)
All terms in (12) and (13) can be handled in this way.

§3. INFLUENCE OF A MAGNETIC FIELD ON THE ELECTRIC SUSCEPTIBILITY

The analysis of §1 can readily be extended to the case in which two or more external fields are ap-
plied simultaneously. If the Hamiltonian function is

H=Hop, Q) +N(p, @ +rw(p, 9),
(4) must be modified by replacing
Mo by [Nantywarn],
NV Wnrin DY [N0nrnr Wi+ Ny Wnrns Wt g W Wt n) YWt Warr ],

®The normal states of unsymmetrical polyatomic | linear polyatomic molecules will be doubly degenerate, here
molecules will of course be nondegenerate, so the spur | g=2, and Sp means a sum over +A and —A, or +Q and
reduces to a single term. The states of diatomic and | —Q.
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and so forth. The formula corresponding to (12) can be immediately written down if we note that in
the reordering of products such as %n U n Wy, in passing from (6) to (12) the cyclic order of the
factors u, v, w is preserved.

This method will now be applied in calculating the effect of a magnetic field on the electric suscep-
tibility. First let us suppose that the electric and magnetic fields are both directed along the 2’ axis.
Denoting the components of electric and magnetic moment by X', ¥', Z’, M,., M., M, respectively,
we have u=2', \v= —EZ’, yw= —HM,.. Many terms of (12) and (13) (generalized, of course, as
explained above) are immediately seen to vanish. The term independent of E and H in (12) and the
terms linear in E and H in (13) are zero, since obviously Sp,{Z'#i #d} =0; Sp,{ M,.("i: D} =0,
The term in (12) linear in H is zero because Z’,m; nj'm' Marnrjrme: nim 18 invariant of a reflection of co-
ordinates in the origin, and under such a reflection this term goes into its own negative.
The terms in (12) proportional to H® and E?H, and the term in (13) proportional to EH vanish for
the same reason. The terms in (12) proportional to E?, EH, and H? are zero because spurs like
Spw(Z' 0 M, () Z7(nm) ) (D gre rotational invariants, and go into their negatives under a rotation
in which 2’— —2’. There remains an expression of the form

xpE=27"=N[x*pE+b0EH*+cE+ - - - . (18)

The quantity x°x is given by the well-known Langevin-Debye equation,!?
wWr 2 P'n)?
TRT 37 hvwn

0

X'e (19)

To find b, we have only to replace, in the coefficient of A in (12), each term, {uvvv} for example, by
three terms:

{uvow} = {uvww -+ uwrw - uwwo} . (20)
There is also, in b, one term contributed by B, which is easily seen to be —(1/2k7) x°gx, with x%

representing the magnetic analogue of_ (19).
After using (14) and (17) we find

bi=(1/26¥ T [[Z%Zx M o M]]

1 1 1
+2Z’{ - + }{[[ZZ*M,-*MJ]+4[[Z*ZM1~*M£]]+[[Z*Z*MiMI-I]}
w 2T ?hvpn kRTH2Pnn B33, ‘

+2%

n'n'!

1 Va'n T Van''n
{ - T }{ZIIZZMi*Mi]]-}-Z[[Z*ZMiMi]]‘f‘[[ZM,-Z*M,-]]

kazl/«n'nVn”n h3V2'n’nV2n”n

+[Z«M:ZM )+ [[ZZ+ MM J+[[ZM o MiZ 1]+ [[ZM +Z M ] 1}

1 .
+2 3 ;3’_‘—~{ZEEZZMiMi]]+2[[ZMiZMi]]+[[ZMiMiZ]]‘l'[[lWiZZMi]]}
n'n!’n’"’ Vn'aVa''aVn’''n
—(1/2kT)xX°ex’m, (21)
where 7=2z. In order to indicate that the electric and magnetic fields are in the same direction we

have written b=b,.. In the same way it can be shown that when the electric and magnetic fields are

applied perpendicular to each other b is given by (21) with ¢=x.
If the magnetic field is applied at an angle 6 with the electric field, we have

w= — (M, cos §-+ M, sin 0).

"1 J, H. Van Vleck,? p. 186. The quantity P(s'n)? is defined on p. 1007 of the preceding paper.
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Then in (20)
ww={ M, M, cos? 6+ M, M, sin® 0+ (M, M+ M, M) sin 6 cos 8}.

The last term contributes no nonvanishing terms to b, in consequence of the rotational invariance of
the spurs, so the general expression for b is simply

b=1b, cos? 0+b, sin? 0.

If we neglect all matrix elements of the magnetic moment involving excited states (i.e., all elements
except M) it is readily shown that this expression for b is exactly the same as that derived classi-
cally by Van Vleck." For a further discussion of the magnitude of the effect and the dependence upon
the angle between the fields the reader is referred to the work of Professor Van Vleck.!!

The quantity ¢, the saturation term in (18), can be obtained by replacing M ; by Z throughout (21),
and x° by x°, and dividing all except the term — (1/2k7)x°z* by three. This factor three arises
because in ¢ only the one term on the left in (20) appears, rather than the three terms on the right.
The expression for ¢ obtained in this way agrees with that previously given by Niessen.?

The formula for the magnetic moment in the presence of an electric field,

sl = My = NDXCuHA+Y BHA H A - -],

is found by simply interchanging the roles of Z and M ;, E and H, in the proceeding calculation.!?
Since (21) is symmetric in the electric and magnetic moments, we obviously have ' =b5.

§4. THEORY oF THE KERR EFFECT

A further modification of the method of §1 must be made when « is an explicit function of A,
u=u(p, ¢, \). Then # must be expanded in a power series in A by methods analogous to those used in
expanding e #/*7_ Eq. (12) now holds with this power series substituted for u.

This situation is encountered when we seek to calculate the Kerr constant. If the static electric
field is directed along the 2’ axis, the Kerr constant is given by'3

K = (2n/hE) u® —u®),

where, in a system of representation in which H=H,— EZ’ is diagonal,
Va'n Va'n

u(z)nn=z ’_—“"—“Zlnn’zln’m u(z)nn=z _—X,nn'X,n'n, (22)

n’ V2n’n_V2 n’ VZﬂ'n_V

v being the frequency of the incident light. The »,/, are explicit functions of E. The method of §1 can-
not be applied directly, as #?(p, ¢, E), ¢=2Z, X), is not given, but only its diagonal elements in a
particular representation. Our object is thus to determine two functions #(?(p, ¢, E) such that, in a
representation in which H is diagonal, their diagonal elements are the same as (22). The theorem of
spur invariance then assures us that if #(?(p, ¢, E) is any such function, the expression (1), with
u=u'"(p, q, E), has the correct value whatever the representation.

Let us suppose, for the moment, that » is larger than any of the v,.,. Then #(?,, can be written

Oz —$ 5 P20, (M) 2 P PO LY

u'’ = - Y ont R = - — 1) 3

" 7§0 n’ " y21‘+2 r=0 t=0 t h27'+1y2r+2 ( )
1 7, H. Van Vleck,? p. 113. must be treated separately. The contribution of the spin

12 The expression for ¢’ obtained in this way is correct | moment is representable by a Brillouin function (see
if the spin multiplets are large compared to k7T /k. If the | reference 2, p. 257; or reference 8).
spin multiplets are small, ¢’ gives the contribution’ of the 13 Born and Jordan, Elementare Quantenmechanik, p. 262.
orbital part of the moment correctly, but the spin moment
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since

Vn'"2T+l =

241 271\ H 2 H—tF ¢
[Hn,_Hn]2r+1= (__1):( )—
0

J2rt — p2rt

Here P® =27', P® =X’ The factor in the curly bracket can be written in the symmetrical form
L(H!'P@ HPrH1=1P6) 4 PG Fri—tPO Y,

Thus the desired functions, #?(p, ¢, E), are given by

“ L2 2741\ [HtP W H2r+1—tPG) . PG [2r—t PG FJt ]
)= 1 1)t
“ 2,§o E, (=1) ( ¢ ) JRISERIAY ’

We can now return to a representation in which H, is diagonal. In this unperturbed representation
u® can be expanded as a power series in E; using (3), and reversing the steps of (23), we find

Tottn=—Tapl'n''t

E
UD s =3 [rnirn b 7w JPD s PO s —— 3 {[
ﬂI,

2 ittt

] Z! i PD s PG

Bvpnrr

Tpttn! — Tn"’n'+ Tp''n—Tn'''n

Tat'n! — Tpttatt! . . ] )
_— _P(’L)"nll_P(z)n’/nIIIZ/nIIlnI+ P(’L)ﬂﬂ"Z,n”n"'-P(’L)n”"n’

Bvms s Bvnsr oo

Tn'’ nIv Tpltprtt Tu''n ) . , ,
+6nn'E2(R Z + + P(rb)nn"P(l)n”anZ n!Vn”’Z n'’'n

n'’'n’’" nIv ]’1,21/”“,"”;1)"“,” h2yn/un,1}nuln h2Vnn"’Vnn1v

Tn''n Tnivn Ta'''n . , , .
—i' + -P(”'nn"Z n”nIVZ nIVn”'-P(l)n”’n

h21}"1rnlvyn11n/l! thnlvn"VnIVn”’ hzyn/un/ll/"l”n]v

Tn"an_Tn”n+Tn”’n_ T’’’ nIv
+[ ]P(i)nn”Zln”n"’P(i)n”’nle,nIVn} + Y (24)
h’2y7b"n”’yan7L
where
Ta''n= Vn"n/(Vzn"n" Vz).

Eq. (24) gives the nondiagonal elements of #(¥ to terms in E, the diagonal elements to terms in E2.
The v,.,’s appearing in this equation refer to the unperturbed molecule, whereas those in (22) refer to
the molecule in the presence of the electric field. The remark made under (5) concerning degenerate
terms also applies to (24). As before, we can treat degenerate and low frequency terms similarly, and
remove all small »’s from the denominators of (24) by expanding difference quotients such as

(Twrirrs mi=Tarrirs mgr ) [Vags mirs

as power series in wy;; ajrrr/(¥?rrjre; nj—v?). The resulting expressions are to be substituted in (12).
The calculations are rather lengthy, but we finally find

47N 1 1
= Z I:Tn”An”+wn"Bn”+Xn”Cn”]+"‘_ Z [Tn”Dn”—f'wn”En”]'*'“”—Z Tn”Fn”}v (25)
15 {n,, BT w7 BT
where
Vnr'n V2n"n+v2 Vn”n(V2n"u+3V2)
Tyt =—""" Wy =—""—""— Xn'=—"" """,
Vznlln—ll2 (Vzn”n_ 2)2 (1/2""”_1’2)3
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1 2e(n'n"n")fa(m'n' ") 2 w'n")+am'n'n'") b(n'n'"'n")+b(n'n"n'")
A ptt =— Z’ { 4 [ + +
B nr Lnrrr Vo't nVarn Vartn' Vatinrtr Un't'pt ' Varn

2a(n'n''n'")ta@m''n'n'")  2c(nn'n’")+c(n’'nn'’) }

’
V2n'n” Vzn’ n

1 , {2b(n'n”n”)—a(nn"n’)—c(n’nn”)—c(nn'n”)
Vu'n

b(nn/nll) +b(nnl1nl) _a(nlnlln/l) — %a(nllnlnll)
+ ;
Vu''nt

Curr=Q0/B)[cnnn'")+an' ' n''n'")—2b(nn""n")];

1

1 c'nn’)+cnn'n’’)  b(nn''n’)+b(nn'n"’
Dn”zz; %:,{ ( )Vj-n( )jL ( V):( )}
E,o=Q0/B)[bnn'""n") —c(nun'")]; Fprr=(1/6h)[2c(nnn’") +b(nn''n)];
aw'n''n'")=[[Z222Z1)-[[ZXXZ]]; b(w'n''n")=[[22Z2Z]]-[[Z2XZX]];

cn'n''n)=[[22ZZ]]-[[Z2ZXX]].

Although in the derivation of (25) it was formally necessary to suppose » larger than any of the
v, the actual restriction on » is far less stringent. The expansion of

Vnpttn V(o)n”n+V(2)n”nE2

V2'n"n"‘1/2 (V(O)n"n+ 7(2)n"nE2)2_V2

as a power series in E really requires only that »®,.,—» be large compared to the Stark effect. In
removing the small »'s from the denominators of (24) and replacing the v,.;, »; by centroid frequen-
cies, v,n, we introduce the further restriction that v,/ ;/, »;—» be large compared to vnj; asj». Thus
(25) is valid whenever v is not too close to any absorption line of the molecule. If, among the excited
states, there are overlapping band systems, we must be more cautious in defining our centroid fre-
quencies, as factors 1/v,/,» appear in (25). Here the method of dividing all states into ‘“‘groups,”
previously used by the writer,'* must be employed. This entails no change in the equations, but merely
a modification in the interpretation of the notation.

A further discussion of (25) will be found in the preceding paper.

The Faraday effect can easily be handled by the same method. The results are identical with those
already found by the writer, using perturbation theory.!

§5. PERTURBATION THEORY OF CONSERVATIVE SYSTEMS

A general formula for the diagonal elements of # in a system of representation in which H is
diagonal, in terms of the unperturbed matrix elements of # and v, can be obtained by using the
results of §1. By “‘unperturbed’’ matrix elements we mean, of course, the elements in a representation
in which H, is diagonal. We will suppose the unperturbed system nondegenerate; the extension to de-
_ generate systems proceeds as in the usual perturbation theory. Consider the quantity Sp{ue#/*T} in
a representation in which H is diagonal. If we expand u and the energy as power series in A, we have

4 R, Serber, Phys. Rev. 41, 489 (1932).
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Sp{ue™ 57} =3 [tan©® +Nbnn @+ Ntk @ - - + - Je= WatdWa D403, Oy jir
n

w,m w,m* W@
= [tna@+FMpn @ +N2p @ - - - ][1 -\ +)\2( — )+. . ,:Ie-—~Wn/kT
n kT 22T kT

=3 [Unn @+ Nt @+ N2, D - - _}.i (RT)=s(-+ ) JeWnikT, (26)
n s=1

But in §1 we have evaluated this same quantity in terms of the matrix elements of # and v in an
unperturbed system of representation. The result, in fact, is given by the series (12) if we set B=1,
interpret quantities like #(**) as matrix elements, rather than teilmatrices, and replace Sp;, by a
summation over #. It is readily seen that (12), with these modifications, follows rigorously from (6).
Since the identity of (26) and (12) holds for all values of N\ and T, and since W, W,, when #n’##,
we see that u,,™ is the coefficient of Ae~"»/*T in the series (12). The general term of (12) depends
on X and T through the factor N"e="»/*7 /(kT")*;it must be understood that ‘‘the coefficient of \re=" /7"
refers only to the term which has s=0.

This result can readily be extended to the case where two or more fields are applied simultaneously,
by using the method described in §3.

The perturbed values of the energy can of course be found by setting »=H. However it is much
simpler to consider

Sp e V7w a4 T = (1 — (1/RT) AW a O ANWL® )+ T GT) (- ) Je i,
n §=2

and compare this with (13). The modifications in the interpretation of (12) mentioned above also
apply to (13). Thus we find that — W, is the coefficient of \7e~"»/*T/ET in the series for
Sp{e= " /kT} oiven implicitly in (13). In this way one can readily check the formula for W,®
given by Born, Heisenberg and Jordan,” and the formula for W,® given by Niessen.?

§6. PERTURBATION THEORY OF NON-CONSERVATIVE SYSTEMS

An expansion similar to (4) is useful in the solution of problems of the following type. Consider
a dynamical system, whose Hamiltonian function is Hy(p, ¢), in a stationary state ¥,. Suppose the
system is suddenly subjected to a perturbation at time ¢=0, such that, at all subsequent times, the
Hamiltonian function is H=Hy(p, ¢)+v(p, ¢). We wish to find the transformation matrix which
gives the state of the system, ¥,(f), at time ¢, in terms of the eigenfunctions of the system at time
t=0; that is, the matrix S(¢) satisfying the boundary condition S(0) =1, and

\bn(t) = Z' Sn’n(t)xbn’(o)’

where the ¢,,-(0) are solutions of
Hyn =W

The transformation matrix S(¢f) satisfies the Schrédinger equation
(h/273)S+HS=0,

in a system of representation in which H, is diagonal. It is easily verified that a solution of this
equation, which obviously satisfies the boundary condition, is

S(t) = xH = e—x(W+)‘v),

%5 Born, Heisenberg, and Jordan, Zeits. f. Physik 35, 557 (1926).
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where
x = 2wit/h.

Replacing 1/kT by x in (4), we obtain an expansion of S(¢) as a power series in \.!6

APPENDIX. ProoOFr orF (5)
To prove (5) we must evaluate the coefficient of A in [(W-Xv)"]./s. This coefficient is

iims imsmtmee—y
Aw > Vi Oimrrr U@l 325 wee Y Wt Wite oo W w 2 Wyi—s=v—s—z | @27)
wlt, nttt, eee, n8) s=0 t=0 z=0

where j=r—u. [t will be shown, by induction, that the bracketed factor is given by

Wit Wit Wit
e 4 T A (26)
BEV gt Vprmrrrs s~ Vprn BEVpriopgtVpriprirs s » Vyrrg BVt Vanrr* * * Von®
Suppose this holds when u is replaced by u—1. Then the left side of (28) equals
. Wn’ ,itp—1—s an-Ht-—l—s . Wﬂ, Sl
> W e = W, I
s=0 BEYy s prrre o s Vprrg BE Yy e s V() BEY gt gt Uprrgrrss s+ Vpron
W gt Wit Wit :
} ' FR . (29)
hﬂynn’ynn” Va8 h”Vn"n’Vn”n”’ cercVntin h””nn’ynn” e Van ()

the latter form being found on summing the geometric series involved in the former.
The equation

R BPVpprs s Vom0

{ W72 Wkt } Wt
h“ynrnuynrnlu L ann

follows from the fact that the term on the right, considered as a function of W,,, is a rational function,
and has simple poles at the points W, =W, (j##’). Thus (29) is the same as the right side of (28).
Since (28) holds for u=2, as is shown by (3), the proof is complete. Substituting (28) in (27), and
(27) in (2), and remembering that j+u =7, we obtain (5).
In this proof we have supposed W, W;, (i5]), but (28) is still valid, if interpreted as indicated
under (5), when W;=Wy=..-=W,=W’, as the left side of (28) is a continuous function of the W,.
I am indebted to Professor J. H. Van Vleck for many helpful discussions.

16 The analogy between 1/kT and x has been pointed out by F. Bloch.! Formulae for S® and S® are given by
Born and Jordan,® p. 238.



