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I n t r o d u c t io n

I n  p re v io u s  p a p e rs  ( J a h n  1938, C h ild s a n d  J a h n  1939) a  n ew  C orio lis 

p e r tu r b a t io n  in  th e  m e th a n e  s p e c tru m  w a s  in v e s t ig a te d . T h is  p e r tu r b a t io n  

a ro se  fro m  a  c o u p lin g  o f  th e  ro ta t io n a l  le v e ls  o f  a n  in f r a - re d  a c t iv e  th re e fo ld  

d e g e n e ra te  v ib ra t io n  w ith  th o s e  o f  a n  in a c t iv e  tw o fo ld  d e g e n e ra te  v ib ra t io n .  

I n  th e  p re s e n t  p a p e r , w h ic h  is a  c o n tin u a t io n  o f  th is  w o rk , i t  is o u r  p u rp o s e  

to  sh o w  t h a t  in  a  r e g u la r  te t r a h e d r a l  m o le cu le  th e re  a re  in  a ll  fo u r  p o ss ib le  

d is t in c t  ty p e s  o f  C orio lis p e r tu r b a t io n .  T w o  o f  th e se  d o  n o t  p ro d u c e  a  s p l i t t in g  

o f  th e  ro ta t io n a l  leve ls  b u t  m e re ly  a  d is p la c e m e n t o f  th e  ro ta t io n a l  lev el a s  

a  w h ole , w h ils t th e  o th e r  tw o  p ro d u c e  a  s p l i t t in g  a s  w e ll a s  a  d is p la c e m e n t,  

o ne  o f  th e se  l a t t e r  p e r tu rb a t io n s  b e in g  id e n tic a l  w ith  th e  ty p e  o f  p e r t u r b a 

t io n  p re v io u s ly  in v e s t ig a te d .

G e n e ra l fo rm u la e  a re  d e r iv e d  fo r  th e  m a tr ix  e le m e n ts  o f  th e s e  n ew  ty p e s  

o f  p e r tu rb a t io n ,  a n d  in  th e  case  o f  th e  n ew  p e r tu r b a t io n  w h ic h  p ro d u c e s  a  

s p l i t t in g  o f  th e  lev els, w e fa c to r iz e  th e  p e r tu r b a t io n  m a tr ic e s  u p  to  th e  t e n th  

r o ta t io n a l  q u a n tu m  n u m b e r , u s in g  th e  g ro u p - th e o re tic a l  m e th o d  p re v io u s ly  

d e v e lo p e d . T h ese  re s u lts  w ill b e  u se fu l in  e lu c id a tin g  th e  r o ta t io n a l  s t r u c tu r e  

o f  th e  o v e r to n e s  a n d  c o m b in a tio n  to n e s  o f  m e th a n e .

1. Cl a s s i f ic a t io n  o f  Co r io l is  p e r t u r b a t io n s

I n  P a r t  I I I  o f  th is  se ries  (C h ild s a n d  J a h n  1939) w e g a v e  a  g ro u p - th e o re tic a l  

c la ss if ic a tio n  o f  th e  C orio lis te rm s  in  th e  v ib ra t io n a l- r o ta t io n a l  H a m il to n ia n  

o f  th e  m e th a n e  m o lecu le . T h e se  te rm s  a ll  h a v e  th e  fo rm

_  L x  S x  -l- L y  S Y + L z  S z

w h e re  I  is th e  m o m e n t o f  in e r t ia ,  L x , L Y , L z  a re  th e  c o m p o n e n ts  o f  th e  

to ta l  a n g u la r  m o m e n tu m  o f  th e  m o le cu le  a n d  S x , S Y , S z  a re  c o m p o n e n ts  o f
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Coriolis perturbation in the methane spectrum 4 5 1

v ib ra t io n a l  a n g u la r  m o m e n tu m . I n  th e  re fe re n c e  ju s t  q u o te d , w e  sh o w e d  

t h a t  th e s e  l a t t e r  q u a n t i t ie s  t r a n s fo rm  a c c o rd in g  to  th e  ir re d u c ib le  r e p r e 

s e n ta t io n  Fx o f  th e  fu ll  t e t r a h e d r a l  s y m m e try  g ro u p  Td o f  th e  m o le cu le . 

T h is  f a c t  e n a b le s  u s  to  c la ss ify  th e  m a tr ix  e le m e n ts  o f  th e se  C orio lis te rm s . 

A ll in f ra - re d  a c t iv e  fu n d a m e n ta l ,  c o m b in a tio n  o r o v e r to n e  s u b v ib ra t io n a l  

le ve ls  o f  th e  m o le cu le  t r a n s fo rm  a c c o rd in g  to  th e  re p re s e n ta t io n  (no 

m a t t e r  h o w  la rg e  th e  a n h a rm o n ic i ty  m a y  be). F ro m  th e  r e d u c t io n  o f  th e  

p ro d u c t  r e p re s e n ta t io n  o f  Fx a n d  F2;

w e see  t h a t  th e  C orio lis te rm s  c a n  h a v e  n o n -v a n is h in g  m a tr ix  e le m e n ts  

c o n n e c tin g  th e  a c tiv e  v ib ra t io n a l  le v e l w ith  fo u r  d iffe re n t ty p e s  o f  

v ib ra t io n a l  leve ls , v iz . o f  ty p e s  A 2, E , Fx a n d  F2. W e  sh a ll see  t h a t  th e se  g iv e  

rise  to  fo u r  d is t in c t  ty p e s  o f  C oriolis p e r tu r b a t io n  o f  th e  a c tiv e  v ib ra t io n a l  

le ve l F2.We d e s ig n a te  th e se  fo u r  ty p e s  o f  C oriolis p e r tu r b a t io n  a s  fo llow s:

T o  o b ta in  g e n e ra l fo rm u la e  fo r th e  m a tr ix  e le m e n ts  o f  th e se  p e r tu rb a t io n s  

w e m a k e  use  o f  th e  e x p lic it r e d u c tio n  o f  th e  a b o v e  p ro d u c t  r e p re s e n ta tio n . 

D e n o tin g  q u a n ti t ie s  w h ic h  t ra n s fo rm  a cc o rd in g  to  th e  re p re s e n ta tio n s  A 2, 

E , Fx, F2 b y  a ;  e, f ;  X ,  Y , Z; x, y, z re sp e c tiv e ly , w e fin d  eas ily  th e  e x p lic it  

re d u c tio n  o f  Fx x  F2 g iv e n  in  T a b le  I  be low  (cp. T a b le  I I ,  P a r t  I I ) .

S ince th e  c o m p o n e n ts  o f  v ib ra t io n a l  a n g u la r  m o m e n tu m  S x , S Y , S z  

t r a n s fo rm  acc o rd in g  to  Fx, th e  a b o v e  e x p lic it re d u c tio n  o f  Fx x  F2 g iv es  u s  

a t  once th e  w a y  in  w h ic h  th e  v ib ra t io n a l  a n g u la r  m o m e n ta  a c t  o n  th e  w a v e  

fu n c tio n s  vx, vy, vzo f  th e  a c tiv e  v ib ra t io n a l  level F 2 in  th e  fo u r  ty p e s  

p e r tu rb a t io n , v iz .

Fx x F2 = A 2 + E + Fx + F2,

T y p e  I ,  A 2-F 2\ T y p e  I I ,  E -F 2\ T y p e  I I I ,  Fx-F 2, T y p e  IV , F2-F 2.

T y p e  I  (A 2-F 2):
V3

T y p e  I I  (E -F 2):

T y p e  I I I

3 0 - 2
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4 5 2 H . A . J a h n

T y p e  IV  (F2-F 2) : {Sr  vz -  Sz  =
Vz

=

^ 2  ) =

T a b l e  I .  R e d u c t io n  o e  p r o d u c t  r e p r e s e n t a t io n

P r o d u c t C o m p o n e n t L in e a r  c o m b in a t io n T y p e

F ±x F 2 ^ 2 - L f X x + Y y  + Z z ) ( a )

E ± ( X x + Y y - 2 Z z ) (e)

( / )

F i
7 2 ( Y z + Z y >

( X )

~ - ^ Z x  + X z ) ( T )

( Z )

F  2
T * ( r z - Z y )

(x)

~ ( Z x - X z ) ( y )

^ X y - Y x ) (*)

w h e re  ^a ; gre, gr,; <?x , gY , gz ; gx, gy, gz a re  th e  w a v e  fu n c tio n s  o f  

v ib ra t io n a l  levels (o f s y m m e try  ty p e  A 2, E , Fv  F2 re s p e c tiv e ly ) , a n d  k 3 

a n d  &4 a re  n u m e ric a l c o n s ta n ts  w h ic h  d e p e n d  u p o n  th e  e x a c t  fo rm  o f  th e  

a n g u la r  m o m e n ta  S x , S Y , S z  a n d  o f  th e  v ib ra t io n a l  w a v e  fu n

fo rm u la e  a re  q u ite  g e n e ra l, h o ld in g  fo r  a n y  v ib ra t io n a l  a n g u la r  m o m e n tu m  

(i.e. fo r a n y  C orio lis te r m  in  th e  H a m ilto n ia n )  a n d  fo r a n y  a c t iv e  v ib ra t io n a l  

leve l. W h e n  w e c o n s id e r a n y  g iv e n  le v e l w e m a y  fin d  t h a t  so m e  o f  th e  

c o n s ta n ts  k v  k 2, k3, &4 v a n is h  fo r a ll  th e  C orio lis te rm s  in  th e  H a m il to n ia n  

a n d  w e m a y  fin d , o n  th e  o th e r  h a n d , t h a t  th is  lev e l is  s u b je c t  to  tw o  o r  m o re
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Coriolis ‘perturbation in the methane spectrum 4 5 3

p e r tu r b a t io n s  o f  th e  sa m e  ty p e  (fo r w h ic h  w e w ill n e e d  a d d it io n a l  c o n s ta n ts ,  

e .g . k \, k 1* e tc .) . A ll p o ss ib le  cases  a re , h o w e v e r, c o v e re d  b y  th e s e  fo u r  s e ts  o f  

fo rm u la e .

2. Ge n e r a l  f o r m u l a e  f o r  t h e  m a t r ix  e l e m e n t s

W e  n o w  p ro c e e d , a s  in  P a r t  I I ,  to  d e d u c e  g e n e ra l fo rm u la e  fo r th e  m a t r ix  

e le m e n ts  o f  th e  C orio lis o p e ra to r

A  =  lxSx + lvSv + h Sz’

in  th e  fo u r  d if fe re n t ty p e s  o f  p e r tu rb a t io n .

A s b e fo re , w e in tro d u c e  th e  q u a n ti t ie s

h = = l ' x +

l - l  = lX~Hyl 

In == l*

S1 = Sx~^~isy’

S-1 =  S x ~ i S y> 

S 0 ~  S z>

so t h a t

F u r th e r  w e p u t

A  — ?{lis- i  + l - i si) +

V l  ~  V 2 ’

n  9 x ~ i 9 y9l~ V2 ’ n  9 x ~ W y

1_ V2
_  vx + ivv

a 1 + <s
>.

n  9 x ’k ^ 9 r

~ 1 -  V 2 y - 1 ~  v 2 ’ J - 1 ”  V2
=  ve, 9 o  =  9z>

II *5

F ro m  th e  e x p re ss io n s  g iv e n  in  § 1 ab o v e , w e fin d  th e  fo llow ing  re la tio n s  fo r 

th e  fo u r  ty p e s  o f  p e r tu rb a t io n :

T y p e  I :  

T y p e  I I :

W i ■J2s0v0 =  - V P i ? * ,

1 1 7
— s - i v- i  — l2S°V° ~ ~

— i k 3

«iV_i =  - s _ 1v1 =  - k 2gf ,

T y p e  I I I :  W - i  =  =  ik 3G0,

si vo = V2 s  

s_xv0 =  = —

T y p e  I V : s±vL = ik±gQ,

« ivo =  - V 25ov- i = ihd-i>  

S_iVQ =  V2 «0V1 =  ̂ 49i>  

th o se  p ro d u c ts  n o t  lis te d  b e in g  zero .
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4 5 4 H . A . J a h n

T h e  re la tio n s  fo r  T y p e  I I  p e r tu r b a t io n  a re  th e  sa m e  a s  th o s e  g iv e n  in  

P a r t  I I ,  p . 501, w ith  k 2 = 6, so t h a t  w e n e e d  n o t  c o n s id e r  th is  p e

a n y  fu r th e r .

W e  in tro d u c e  now , a s  in  P a r t  I ,  p . 477, th e  w a v e  fu n c tio n s  fo r  th e  th re e  

C orio lis v ib r a t io n a l- r o ta t io n a l  leve ls  o f  d e fin e d  b y

1) = J(J + K) ( J  + K +  1) 

2J{2J+1) u K+lV- l ~
t(J + K ) ( J - K )  

V  J ( 2 J  + 1 )UK V0

w f 'X J j )
( J - K ) ( J  + K +  1) 

2J(J+1) VK + 1  —1^-1 +

2J(2J  + 1 )  

K

\]{J  ( J  +  1)}

W P ( J J+1)
( j J - K ] ( P - K +  1) 

2 ( J  +  1) (2  + 1 )
l K + 1

( J - K + 1 H J  + K)

(J  + 1 )  (2 J  + 1 )

l { J  + K )(J +  f f + l )  J

v  2(J + 1 )  (2J +  1) ^  1

w h e re  th e  u JK a re  th e  r o ta t io n a l  w a v e  fu n c tio n s . U s in g  th e  re la tio n s  g iv e n  

a b o v e  a n d  th e  re la tio n s

h u K =  + K ) ( J - K + l ) } u P 1}

1- i u k  = UJ{(J-K)  1

IqUr  — % -I\. ,

o n e  fin ds  eas ily  fo r T y p e  I  p e r tu r b a t io n

A W P { J j _ x) = A W p ( J J =  0 ,

A W (P ( J j )  =  1 ) } ^

w h e re  W p ( J )  =  uJK ga.

T h u s  in  a  T y p e  I  p e r tu r b a t io n  (i.e. in  a  C orio lis co u p lin g  o f  th e  r o ta t io n a l  

leve ls  o f  a n  F 2 v ib ra t io n a l  le v e l w ith  th e  r o ta t io n a l  le v e ls  o f  a n  2 v ib

t io n a l  leve l)  th e  R  b ra n c h  (J T_x) a n d  P  b ra n c h  ( /+1) le v e ls  o f  

p e r tu r b e d  a t  a ll, w h ils t th e  Q b ra n c h  (Jj)  lev els  u n d e rg o  a  p e r tu r b a t io n  

w h ic h  is p ro p o r tio n a l to  J ( J  + 1) i f  th e  p e r tu r b a t io n  is sm a ll (i

a n d  A 2 levels d o  n o t  lie  v e ry  c lose  to g e th e r ) .
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Coriolis perturbation in the methane spectrum 4 5 5

F o r  T y p e  IV  p e r tu r b a t io n  o n e  fin d s  in  th e  sa m e  w a y

i)  =  ( J +  1) ^ |  F £ - " V . r - i ) ,

A W £ ‘'">(JJ+1) = ~ J j 2

so t h a t  h e re  ( p e r tu r b a t io n  o f  a n  F2 v ib ra t io n a l  le v el b y  a

h a v e  th e  re v e rse  case  to  T y p e  I :  th e  P  a n d  R  b ra n c h  levels a re  p e r tu rb e d , 

w h ils t  th e  Q b ra n c h  leve ls  a re  n o t. I t  is c le a r  t h a t  n e i th e r  o f  th e se  tw o  

p e r tu r b a t io n s  p ro d u c e s  a  s p li t t in g  o f  th e  in d iv id u a l r o ta t io n a l  levels.

T h e  c o rre sp o n d in g  fo rm u la e  fo r  T y p e  I I I  p e r tu r b a t io n  (C oriolis co u p lin g  

o f  th e  ro ta t io n a l  le v els  o f  a n  Fx a n d  a n  F2 v ib ra t io n a l  lev el) a r

c a te d . T h e  C orio lis v ib ra t io n a l- ro ta t io n a l  w a v e  fu n c tio n s  (w ith

L  = J  + 1, J or J  — 1) o f th e  v ib ra t io n a l  le v el Fx a re  g iv e n  b y  th e  sam e  fo rm u la e  

d e fin in g  th e  fu n c tio n s  ( JL), e x c e p t o f  co u rse  w ith  v0, 

Gx, G0, G_x. W e  in tro d u c e  re a l v ib ra t io n a l- ro ta t io n a l  w a v e  fu n c tio n s  fo r Fx 

a n d  F2 d e fin ed  in  b o th  cases b y

Uk (Jl ) = ±{W _ k (Jl ) + ( - 1 )KWk (Jl )},

vK(JL) =

W(JL) =  W„(JL)

(see P a r t  I ,  p . 481). I n  te rm s  o f  th e se  fu n c tio n s  th e  m a tr ix  e le m e n ts  o f  th e  

C oriolis o p e ra to r  A  in  T y p e  I I I  p e r tu rb a t io n  a re  th e n  fo u n d  to  b e  as  fo llow s. 

(T he  co m m o n  fa c to r  k3 h a s  b e e n  o m itte d .)

General formulae for the matrix elements o f Type I I I  perturbation

R  branch (J j- i)  levels.

A W ^ H J j - , )  =  -  W  + 2) ( J  + 3 )J C / '- ( . / J+1)

+

, ___ 3 _  / ) ( J - 2 ) ( J - 1 ) ( J + 1 )

2 (2< / + l ) V \  J
u fHJ j - 1).
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4 5 6 H . A . J a h n

A U m , j  ) _ _ _ _ _ 1 2 J - 3 K - 2
AU k  K r - i ) -  2 ^ 2 2 J + 1

x  y ( ( J  +  ■g )  ( J  +  ^  +  j » J +̂  +  2 > <J  g  +  3 )[ p g j ,  (J , +1)

1 2 J  + 3 K - 2  / l ( J - K ) ( J - K + l ) ( J - K  + 2)(J-  ,

_ 2 ^ 2  2J + 1  "  V  \ J ( J + 1) I U k - 2( ^ +1)

1 J - 3 K - 3  l \ ( J - K - \ ) ( J  + K ) ( J  + K + l ) ( J  + K  + 2 ) \ in^  , T1 

+  2 , / 2  J  V l  ( J + 1 ) ( 2 J + 1 )  . p x + s K r )

1 J  + 3K  — 3 H (J  — K ) (J — K  + 1) ( J  — K + 2 )  ( J  + K

2^2 j  v i  ( j + i ) ( 2 j + i )  r * - 2 ™

+  2 ^  ^  -  2) ^  -  1) ( ^  +  A') ( 7  +  i :  +  1 »  C / ® 2

- 2 ^ 2 j j | V Tj V { ^ - - ^ ) ^ - - K + 1 ) ^  +  ^ - 1) ^  +  ^ - 2 )} ^ 2 ( ^ - i ) >

A  Fg*> ( J j - i ): th is  c a n  b e  o b ta in e d  fro m  th e  e x p re ss io n  fo r A  Z7^s) a b o v e

b y  re p la c in g  U b y  Van d  V b y  U o n  th e  r ig h t -h a

sam e  tim e  c h an g in g  th e  s ign s b e fo re  th e  tw o  J j  fu n c tio n s .

Q branch (Jj)  levels.

A W {Fi)(Jj)
J j j 2  

2

/ f ( ^  +  2) (J  +  3)

V  \(J"f 1) (2 +  1)
} y f ° ( J j +1)

3

2

J  + 3 

2

/ f ( J - 2 ) ( J - l )  

>\/ \ J (2 J  +  1)
j n FiW - i ) ,

A U P '( J j )  =
1 J - S K - 2  

2 ^ 2  J + l

x  / f ( ^ - W  +  ^ + l ) ( J r +  -g  +  2 ) ( J  +  i r  +  3 ) j T̂ (Jr i} 

/y | J (2J  +  1) j

1 J  + Z K - 2  / f ( J  + K ) ( J - K + l ) ( J - K  + 2 ) ( J - K  + 3 )) ,„ F,i , T , 

2,/2 ./+ 1  a/ (  J (2J+ 1 ) j  * - ‘ ™ 1

-  A  j ^ y) -  1) (^  -  ^ )  ( ^ + ^ + 1) ( ^ + ^ + 2 »  C /®  2 W

+ ^ 2  J p T T ) ' -■K + y ) (J ~ K  +  2) (J + K ~  1> (J  + K )) U<£-*'(Jv

1 J  + 3K  + 3 H ( J - K - 2 ) ( J - K - l ) ( J - K ) ( J  + K + l ) } , 7IF,7 , t  

2^/2 J  V l  ( J +  1) ( 1)

1 J - 3 K  + 3 / i { j - K + l ) ( J + K - 2 ) ( J  + K - l ) ( J  s

“ 2 V2  J VI  ( J + 1 ) ( 2 J + 1 )
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Coriolis perturbation in the methane spectrum 4 5 7

A  F (j P  ( J j ): o b ta in e d  fro m  A  J J \^ { J j )by in te rc h a n g in g  U

h a n d  s id e  a n d  c h a n g in g  th e  s ign s b e fo re  th e  Jj+1 a n d  

fu n c tio n s .

P  branch ( J) levels. 

A W ^ ( J J+1)
2 ( 2 J +1 )  

J  + 4

J ( J  + 2) ( J  + 3) 

J +  1
U f'H J j+ i)

/ ( ( J - l ) ( J  +  2 ) )

+ 2 (Jj )

J  1  o

+  i j T l  -  2 ) ( ^  - 1)}

X  7 { ( J  -  K )  (J  _  K  +  1) ( J  +  K  +  2) (J  +  i f  +  3)} D<ii, (Jj+1)

- i j 2 ( j + m 2 j + C { { J ~ K + 2 ) { J ~ K + S ) ( J + K ) { J + K + 1 ) } D ' ^ {J j *i)

1 J  + S K + 4

2 V 2 J  +  1 -v \ J  (2 J  + 1 )  j

1

+  2 V 2

J - S K  + 4 I’j ( J - K  + 2 ) ( J  + K - l ) ( J  + K ) ( J  + K + l ) )

J  +  1 \ j \ J  (2J  + 1 )

1

+  2 V 2

2 J  + 3 K + 4: I j ( J - K - 2 )  { J - K - 1 )  ( J - K)  ( J - K  + l)

2 J + 1  A,1 \ J ( J +

1
+  ^ - r r

2 J - 3 K  + 4 H{J  + K - 2 ) ( J  + K - 1 ) ( J  + K ) ( J  + K + 1 )

2 ^ 2  2J + 1 J  ( J  +  1)

m  m )

m , a , )

j p i t M - i )

J U<£-2M_i),
x4F(̂ 2)(J/+i ): o b ta in e d  fro m  A U ^ ( J J+1)in th e  sam e  w a y  as  A

o b ta in e d  fro m  A  U{̂ { J / _1).

W e see fro m  th e se  fo rm u la e  t h a t  T y p e  I I I  p e r tu rb a t io n  w ill p ro d u c e  a  

s p li t t in g  o f  th e  ro ta t io n a l  levels ju s t  as  T y p e  I I  p e r tu rb a t io n  p ro d u c e d  a  

sp litt in g . T h e  en erg ies  o f  th e  re s u ltin g  su b lev e ls  c a n  b e  fo u n d  in  th e  sam e  

w a y  as w e ca lc u la te d  th e m  fo r T y p e  I I  p e r tu rb a t io n  in  P a r t  I I .  W e m a k e  use  

o f th e  p ro p e r  lin e a r  c o m b in a tio n s  fo r th e  te tr a h e d r a l ly  s y m m e tr ic a l v ib r a 

t io n a l- ro ta tio n a l w a v e  fu n c tio n s  o f  F2 g iv en  in  P a r t  I ,  T a b le  IV . T h e  sam e  

ta b le  c a n  b e  u sed  to  d e riv e  th e  te t r a h e d r a l  v ib ra t io n a l- ro ta t io n a l  w av e  

fu n c tio n s  fo r th e  p e r tu rb in g  v ib ra tio n a l level Fx: w e h a v e  m e re ly  to  n o te  t h a t  

th o se  lin e a r  co m b in a tio n s  w h ich  g av e  us  th e  (a), (a), (e), ( (£) w av e  fu n c tio n s
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T a b l e  I I .  W a v e  f u n c t io n s  o f  t y p e  (e) f o r  t h e  Co r io l is  s u b l e v e l s  o f  F 1

W a v e

f u n c t i o n

L i n e a r  c o m b i n a t i o n

(1«). - W ( l 2)

( 2 , ) . U 2(22)

(3 ,).

(3*)e

- W (  3 . )  

2 ^ P * < 3 ‘ ) - 2

(44)e

(4«). 1 
1

~
 

—
 

£
 

£

(« 4) .

( 5 B)e

(5fl)e

w m

F 4(5 5)

( « . ) .

(6«)e

( « 7 ) .

- F 2(6 5)

^ C 2 ( 6 6 )  +  ^ t 7 6 ( 6 6 )

- S F a (6 ,)+ S F,<6’)

(7 .).

(7t).

<7.)<1)

(7.)®

- 2 7 2

- F 4(7  7)

- J I \ u u ^ + m u m

W a v e

f u n c t io n
L in e a r  c o m b in a t io n

(87 ) .

(8 S)<1>

(8 8) f

( 8 , ) . - ^ F 2( 8 9) - ^ F 6(8 9)

(98)?>

(98)<2)

(9,). ^ F i (9.) + ^ 6 F . ( 9 . )

(Qio)̂

(9i0)«2)

( 1 0 , ) . - ^ F 2( 1 0 9) - ^ F 6( 1 0 9) 
4  4

(1 0 x o )^

(io10)i2)
M 3 . 2 9 )  ^ 1 0 “ > - 4 V ( 6 . 2 9 ,  U ^

4
5

8
 

H
. 
A
. 

J
a

h
n
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Coriolis perturbation in the methane spectrum 4 5 9

fo r F 2 g iv e  u s  th e  (a ), (a), ( / ) ,  (£), (z) fu n c tio n s  fo r  S in ce  w e l is te d  th e  (e) 

b u t  n o t  th e  ( / )  fu n c tio n s  o f  F2 in  T a b le  IV , P a r t  I ,  w e g iv e  b e lo

th e  (e) fu n c tio n s  fo r  Fx(or th e  ( / )  fu n c tio n s  fo r  F2).

3. Ma t r ix  e l e m e n t s  f o r  t h e  s u b l e v e l s  i n  T y p e  I I I  p e r t u r b a t io n

W h e n  w e  in tro d u c e  th e  w a v e  fu n c tio n s  fo r  th e  t e t r a h e d r a l  su b lev e ls  o f  F2 

a n d  Fx, th e  p e r tu r b a t io n  m a t r ix  fa c to r iz e s  in  th e  m a n n e r  d e sc rib e d  in  P a r t  I I .  

T h e  c o rre sp o n d in g  m a tr ix  e le m e n ts  a re  l is te d  in  T a b le  I I I  b e lo w  (u p  to  

J  =  10). S inc e  e a c h  in d iv id u a l ( J L) le v e l o f  c a n  b e  p e r tu r b e d  b y  th e  th re e  

lev els  (Jj+i), (Jj),  (Jj-i) o f  Fx,w e h a v e  in tro

b, c a re  u s e d  to  d e n o te  th e  m a tr ix  e le m e n ts  o f  th e s e  th re e  p e r tu rb a t io n s  in  

th is  o rd e r. T h u s  w e find , fo r  in s ta n c e , f ro m  T a b le  IV , P a r t  I ,

A M { =  r « ( 3 , ) ,

a n d  ( in te rc h a n g in g  z a n d  £ in  th e  ta b le )

(Ji 34)c =  F f ' f S A

A A \  =  t7f->(3,) ,

=  w y .

N o w  fro m  th e  g e n e ra l fo rm u la e  g iv e n  in  § 2 a b o v e  fo r  th e  m a tr ix  e le m e n ts  o f  

T y p e  I I I  p e r tu r b a t io n  w e find

A r F-»(33) =  ^  F f •> A ) - 0 2 P f ->(3,) -  ® Ff■>(3a).

T h u s  w e h a v e

^ « 3 a){ =  0 g A i 3 4 ) t - 0 ( f A ) ( - J ^ FM c-

T h is  is ex p re ssed  in  th e  ta b le  b y  p u t t in g  fo r th e  lev el

J u s t  as  in  P a r t  I I ,  w h e n  tw o  o r  m o re  su b lev e ls  o f  th e  sam e  s y m m e try  ty p e  

oc cu r, w e u se  su b sc r ip ts  to  d is tin g u ish  th e  m a tr ix  e le m en ts . T h u s  th e  

e q u a tio n s  fo r th e  levels 5 6F2,viz .

4 « 5 6)<« =  2 A 5 (J-, 56)s -  J A  5S)«> + ( J i 5 S)<?> +  A  34)s>

a  A M ?  =-§jnAM.+¥  AA
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4 6 0 H . A . J a h n

T a b l e  I I I .  Ma t r ix  e l e m e n t s  o f  T y p e  I I I  p e r t u r b a t io n

R b r a n c h  ( J y_ x) l e v e l s

L e v e l M a tr ix  e le m e n t

lo 4Li — 0

2 i f2a
b i 

i
trl 

H- 1
?| »

oi

3 2 E a
c

2 V 3 0

7

V 6

7

F* a
b

Jt
J[

4 S A b ji
Ft «x

b
c

2 V 2

V3
V 3 5

2 V 6

V5
2 V 6

f2a
b
c

3 |« 
io|£

^
 

l<N 
*|<N

1

54 At a 4 V 6  

' Vii
E a

b
c

4 V 4 2

11

4 V 2 1

5 V H

1 8 ^ /6

5 5

$  b r a n c h  (J ^ ) l e v e l s

L e v e l M a tr ix  e l e m e n t

lx * 1 b i
" V 2

2 2 b J l
a
c

2 V 3

V 5

1

V i o

^3 ^ 2 a f i
a
b
c i 

i
t»

|<
^

 
to

 
^

^ 2 a
b

5

” 2 V 2

V 1 5

2 V 2

4 4 ^ 2 c - J l
a
b

2 V 1 4

5

9 V 3

5 V 2

'

Ft at
a2
b
c

4 V 2

V 5

2 V 1 4

5

9 V 7  

10  V 2  

1

“ 2 V 2

F2 a
b
c

7 V 2

5 V 3

9 V 7

10  V 2

V 3 5

2 V 6

P  b r a n c h  l e v e l s

L e v e l M a t r ix  e le m e n t

Ox ^ 2 — 0

12 £7 a Ji
^ 2

b 1

V2
2 3 x̂ — 0

A a
c

-Jl
2

V5
^ 2 a

b
/ i

2 V 3  

\ /  5

3 4 A 6

,E7 a
c

9 V 3

7V '2

2 V 3 0

7

a
b
c

9

2 V 1 4

5

2 V 2

- V t

^ 2 a
b

9

2 V 1 4

V 1 5

2 V 1 4

4 5 £7 a
b

3 V 6  

’ 5

2 V 1 4

5
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Coriolis 'perturbation in  the m ethane spectrum  

T a b l e  I I I  ( )

4 6 1

R  b r a n c h  (J le v e l s

54

65

L e v e l  M a tr ix  e le m e n t

Fx

h

b*

a 2

2V10

11

6 V2

y n

14

5V11

9V14

5 5

V84

1 1

8V3

V55

4V21

5 y n

9714

C 2

4 V 1 6 5

13V7

6 y i5

V 9F

9V3

13V2

16 V 5  

13

4V165

13V 7

3 y i5

'y i8 2

y io 5

' i 3 y 2

9 y 3

i3 y 2

Q b r a n c h  ( J , )  l e v e l s

L e v e l  M a tr ix  e le m e n t

Ai

« n

a 2 1

a 2 2

6ll

fe21

C11

C 2 1

6y3

y n

9y3

5y2

4 y 2 i

5 y n

fei

fe2

! 21

n
3 y i5

2 y n

3y3

2

21  

10 

9y3  

5y2  

8 y 3  

y55  

4 y 2 i

s y n

3y3

V 2 2

/ -v  10

9 y s

-5y2

14

s y n

1 6 5

T i

4 y 6

y?
1 6 5

T i

4y66

7 y i3

5y3

7y2

6 y i5

y 9 i

P  b r a n c h  ( J j+i) l e v e l s

L e v e l M a tr ix  e le m e n t

4 5 ^ 1 « i
-  / -

V  15

«2
s y 6

5

6
7 y 2

5 y 3

,
/» / 1 4
V

v  3

2 P 2 «11 / -V  15

«21
3 y 6

5

fell
4 y 2

y 5

fe 2 i

2 y i 4

5

C11
2 y 2

y 3

6̂ a
/1 0 5

J ~ 2 2

1105
a

y  ”2 2

4 y 6
c

y T T

5 y 3
E a

11 y 2

6 y 3
0

y n

4 y 4 2
c

11

F i a x
9 y i 5

22

5 y 3

2 y n

3 y 3

y 2 2

2 y 2 i
0/

11
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4 6 2 H . A . J a h n

Ta b l e  I I I  ( )

R  b r a n c h  ( J j - x )  l e v e l s

L e v e l M a tr ix  e le m e n t

65 2 P 2 a n
3 0  V 2  

13

a 21
1 1 7 1 0

1 3 V ?

a 22
/ 1 1 0  

V  o f

feu I —
V  13

&21
1 5 V 3

2 V 9 1

622

3 V 1 6 5

2 V 9 1

cn

V '105

1 3 V 2

C21

9 V 3  

13 V 2

7 6 A i b
2 V 7 8

V 3 5

c
/ 6 6  

v  3 5

a
6 V 2

~J5

c
166

35

E a i
6 V 6

V 3 1

a 2
6 V 2 8 6

V 1 0 8 5

b
2 V 6 6

7 V 5

c
V 6

y

Q b r a n c h  (J y )  l e v e l s

L e v e l M a tr ix  e le m e n t

6 6 2 F 1 ® n
1 0 V 1 0

V 9 1

a i2
V 3 3 0

7 V 1 3

a 22
1 1  v®

7 a/13

&u
9 V 1 5

14

&21
5 V 3 3

14

C11 -  / 15
v  13

1 5 V 3
°12

2 V 9 1

C22
3 V 1 6 5

2 V 9 1

4 0  V 2
« i

7 V 1 3

a 2
4 V 2 2

7

61

9 ^ /1 5

14

62
5 V 3 3

14

3 ^ 1 5
c

V 1 8 2

A 2 a
/ 1 4 3

V  T o

c
2 V 7 8

V 3 5

E « i

1 1 V 3 3

V 3 1 0

a 2
5 V 1 3

2 V 4 3 4

6
4 5 V 3  

1 4  V 2

2 V 6 6
c

7 V 5

P  b r a n c h  (J  l e v e l s

L e v e l 1 M a tr ix  e le m e n t

^6 2 P 2 « u

a 21

611

612 

^22 

Cll 

C21

9 V I 5  

2 2  

5 V 3  

2 V H

-  / -V  11

3 V 1 5

2 V H

3 V 3

2

2 V lO  

11 

6 V 2  

V n

6 7 6
4 V 6

~ ^ J f

P a

b

c

9 0  V 6  

91

4  V 6 6  

7 V l 3  

4  V I 6 5  

13 V 7

2 P X a n

al2

a 22

611

&21

C11

C12

C22

18  V 3  

13  V 7  

4 5 V 1 1

91

4 5

7 V l 3  

4 0  V 2  

7 V l 3  

4  V 2 2  

7

3 0  V 2  

13

1 1 V 1 0

1 3 V 7  

/ 1 1 0  

V  T T
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Coriolis perturbation  in  the m ethane spectrum

T a b l e  I I I  (

4 6 3

R  b r a n c h  ( J j  le v e l s Q b r a n c h  ( J 7 ) l e v e l s P  b r a n c h  (<7/+1) l e v e l s

L e v e l  j  ]M a tr ix  e le m e n t L e v e l M a tr ix  e le m e n t L e v e l M a tr ix  e le m e n t

F ,
6 V 2

7 7 2 P , « n
5 7 3

6 7 2 P 2 « n
18  7 3

7 3 5 4 1 3  7 7

4 V 1 0

7
«21

1 7 7 1 1

8 7 7
®2X

4 5 7 1 1

91

b 2
2 V 2 8 6

a 22
7 7 3 9

a 22
4 5

7 ^ 5 8 7 5 7 7 1 3

f i x

9 V 3

7 ^ 5
6l l

9 7 3

4 7 7 &11

1 0 7 1 0

7 9 1

C2
V 3 3

7 ^21
4 5 7 1 1

5 6 ^21

7 3 3 0

7 7 1 3

2 P 2 ® n
3 V 3 3

V 7 0

/  3

^22
4 5 7 1 3

5 6 &22

1 1 7 6

7 7 1 3

C11
5 7 2 16 7 5

a 21
~ J  Ti

7 7 C11 13

/7 8
7 3 3 4 7 1 6 5

a 22
V  T  

5 V 2  

V 7

°21
7 7 2  

1 1 7 3  

7 7 1 0

C21 1 3 7 7

6 u C22

7 8
J

6

/1 4 3

&12
7 3 3

7 V 2 2 P 2 a l l

7 5 5

8 7 7

V  T o  

6 7 2

^22
1 1 V 3

7 V 1 0 a 21

2 3 7 1 3

8 7 3 5

c
7 5

9 V 3
2 1 7 3^11

7 7 5 a 22
13

2 P ^11

V 3 3
4 3 1 7 2

C21 7
* > u

9 7 3

4 ^ 7
a l 2

3 7 1 0 0 1

3 1 7 1 0

87 A 1 a
2 V H 0

7 5 1
&12

4 5 7 1 1

5 6 «21
3 7 1 0 0 1  

3 1 7 1 0

6
/1 0 0 1

&22
4 5 7 1 3

1 3 5 7 3

1
V  1 0 2 5 6

4 7 1 0

7

a 22
6 2 7 2

E a
2 V 9 1 0

1̂1
6u

1 1 7 3 3

7 3 1 0

b x

1 7 V 3

1 1 7 7 7

7 1 0 5 4

C21

2 7 2 8 6

7 7 5 ” &21
5 7 1 3

2 7 4 3 4

b2
5 7 6 5  

2 7 3 1 6 2
s 8 ^2 a

2 7 1 0

7 1 7
C11

6 7 6

7 3 1

4 5  7 3 /1 0 0 1
C21

6 7 2 8 6
c

3 4 7 2
c

v  T0 2 7 1 0 8 5
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4 6 4 H . A . J a h n

Ta b l e  I I I  ( )

R  b r a n c h  le v e l s Q  b r a n c h  ( J j )  l e v e l s P  b r a n c h  (J y+1) l e v e l s

j L e v e l M a tr ix  e le m e n t L e v e l M a tr ix  e le m e n t L e v e l M a tr ix  e le m e n t

8 7 2  F 1 « n

1 0 V 4 2
S 8 2 E a n

2 V 1 4 3 0
7 8 2 F 1 a n

9 V l l

17 s / 5 2 1 8 V  5

!

i
i
1

a l2
2 V 1 4 3 0  

17 V 3
a 21

1 0 V 4 2

s / 5 2 1 a i2
s / 2 1 3

8

8 V 1 0
b n

3 5  s / 3

a 22
17 V 3 31  s / 2 a 22

1 V 3

a 2S

b n

2 s / 1 0

V 5 1

5 V 1 1

8 V 5 1

b Xo

b 2i

1
 

>
o

 
5

^

^
>

 
M

 
>

lc
o
 

1 
1

b n

4  V 5  

s / 5 5

8  s / 1

2 3  V l 3
2 3 V 1 3

b 22
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Coriolis perturbation in the methane spectrum 4 6 5

T a b l e  I I I  (<

R  b r a n c h  (J y_ j) l e v e l s Q b r a n c h  (J 7 ) l e v e l s P  b r a n c h  (J j+1) l e v e l s
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4 6 6 H . A . J a h n

Ta b l e  I I I  (continued)
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Coriolis perturbation in the methane spectrum 4 6 7

a re  e x p re s s e d  in  th e  ta b le  b y  p u t t in g

_  9 ^ 1 5  

~  ~ 2 2 ~  ’

5 V 3

° 2 1 _ _ 2 V 1 1 '

3^/15

2 7 0  ’

2 y i 0

C n ~  11  ’

. _ hH 
Cal ~  11 '

T h o se  m a t r ix  e le m e n ts  w h ic h  a re  n o t  l is te d  v a n ish .

T h e  m a tr ix  e le m e n ts  l is te d  h e re  h a v e  b e e n  s u b je c te d  to  a  ch eck  in  th e  

fo llo w ing  m a n n e r . I f  w e t a k e  £ =  0 fo r  th e  p e r tu rb in g  s e t  o f  lev els, th e n  

th e  Fx Jj+1, Fx J j ,  FXJ T_x leve ls  co in cid e. W h e n  th e  p e r tu r b a t io n  o f  th e  

leve ls  is e v a lu a te d  in  th is  sp ec ia l case  o n e  o b ta in s  a  s p li t t in g  w h ic h  is 

id en tic a l  in  n a tu r e  w ith  t h a t  cau se d  b y  th e  E -F 2 p e r tu r b a t io n  p re v io u s ly  

e v a lu a te d .  T h e  c e n tre  o f  g ra v i ty  o f  th e  p a t te r n s  fo llow s a  s im p le  la w  w ith  

re s p e c t to  J  a n d  fu r th e rm o re  th e  p a t te r n  o f  th e  P  a n d  R  b ra n c h  su b le v e ls  

re fe rre d  to  th e i r  c e n tre s  o f  g ra v i ty  a re  s im p le  m u ltip le s  (d ep e n d in g  o n  J )  o f  

th e  p a t t e r n  o f th e  Q b ra n c h  su b le v e ls  re fe rre d  to  th e i r  c e n tre s  o f  g ra v i ty . 

T h e  re la tio n s  a re

9 ( J j )  =  y q ( 2 J  — ) , 

9 ( J j + 1) =  T o J  ( J  +  2 ) ,

9(Jj-i) == t o ( ^— 1)

w h ere  g d en o te s  th e  c e n tre  o f  g ra v i ty  ta k in g  in to  a c c o u n t th e  w e ig h ts  o f  th e  

su b le v e ls  a n d

p W J ) }  =  _  J  

p{Q(J)} 2«7 +  3

p{P(J )\ =  _

p{Q (J)}  1 ’

fo r th e  r a t io  o f  th e  p a t te rn s .  T h e  p e r tu rb a t io n s  fo r th is  sp ecia l case  h a v e  

b e e n  e v a lu a te d  fo r a ll th e  levels h e re  lis te d  a n d  th e se  re la tio n s  ve rified . W e 

a re  h en ce  p r e t ty  c o n f id e n t th a t  th e  m a tr ix  e le m en ts  lis te d  a re  free  from  

e rro rs .

Co n c l u s io n

T h e  fo rm u la e  c o n ta in e d  in  th is  p a p e r  a n d  in  P a r t  I I  fo rm  a  basis w h e re w ith  

a  c o m p le te  an a ly s is  o f  th e  v ib ra tio n a l- ro ta tio n a l s p e c tru m  o f  m e th a n e  c an  

b e  c a rrie d  o u t. T h e  ro ta t io n a l  s t ru c tu re  o f  a n y  in fra -re d  a b so rp tio n  b a n d  o f 

m e th a n e  w ill be  d e te rm in e d  b y  th e  p re d o m in a n t C oriolis p e r tu rb a tio n s  to  

w h ich  th e  levels in v o lv ed  a re  su b je c t. I f  th e  p e r tu rb a tio n s  a re  sm all, th e ir  

effects w ill be  a d d itiv e , b u t  i f  th e y  a re  la rge , th e  c o rre sp o n d in g  e n e rg y

3 1 - 2
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4 6 8 H . A . J a h n

m a tr ix  m u s t  b e  d ia g o n a liz e d  d ire c tly . T h e  m a tr ix  e le m e n ts  l is te d  a b o v e  a n d  

in  P a r t  I I  w ill e n a b le  u s  to  w rite  d o w n  th e  e n e rg y  m a tr ix  a n d  c a r ry  o u t  th e  

c a lc u la tio n  in  a ll  cases, u p  to  th e  t e n th  ro ta t io n a l  q u a n tu m  n u m b e r . I t  

s h o u ld  b e  p o in te d  o u t  t h a t  i f  th e  a n h a rm o n ic i ty  is la rg e , th e n  th e  a n h a rm o n ic  

in te rc o m b in a tio n  w ill m ix  th e  h a rm o n ic  w a v e  fu n c tio n s  a n d  i t  is p o ss ib le  

t h a t  a  sm all in te rc o m b in a t io n  m a y  p ro d u c e  a  la rg e  C orio lis p e r tu r b a t io n .  

T h is  is s im ila r  to  th e  effect o f  in te rc o m b in a t io n  o n  th e  h y p e rf in e  s t r u c tu r e  

o f  a to m ic  leve ls : a  le v e l fo r  w h ic h  th e  s p in -o rb it  m a tr ix  e le m e n ts  a re  la rg e  

can , b y  in te rc o m b in a tio n , p ro d u c e  a  la rg e  h y p e rf in e  s p l i t t in g  o f  a n o th e r  

le ve l w h ic h  w o u ld  n o rm a lly  sh o w  o n ly  a  sm a ll h y p e rf in e  effect.

D e ta ile d  a p p lic a tio n s  to  specific  o v e r to n e s  a n d  c o m b in a tio n  b a n d s  o f  

m e th a n e  a re  b e in g  u n d e r ta k e n  a n d  w ill b e  r e p o r te d  u p o n  la te r .

T h e  a u th o r  is in d e b te d  to  th e  D ire c to r  a n d  M an a g e rs  o f  th e  R o y a l 

In s t i tu t io n  fo r  th e  fa c ilit ie s  a ffo rd ed  in  th e  D a v y - F a r a d a y  L a b o ra to ry  w h e re  

th is  re s e a rc h  w as  c a r r ie d  o u t.

Su mm a r y

I n  th is  p a p e r  a  g ro u p - th e o re tic a l  c la ss if ic a tio n  is m a d e  o f  th e  ty p e s  o f  

C orio lis p e r tu r b a t io n  w h ic h  a re  p o ss ib le  in  a  te t r a h e d r a l  m o le cu le . I t  is 

sh o w n  t h a t  th e re  a re  in  a ll fo u r  d i s t in c t  ty p e s  o f  C oriolis p e r tu r b a t io n  o f  a n  

in f ra - re d  a c tiv e  v ib ra t io n a l  lev el. T h e se  a rise  fro m  a  C orio lis co u p lin g  o f  th e  

r o ta t io n a l  leve ls  o f  th is  F 2ty p e  v ib ra t io n a l  le v e l w ith  th e  r o ta t

A 2, E , Fr a n d  F 2 ty p e  v ib ra t io n a l  levels re sp e c tiv e ly .  T h e  ty p e  p e r tu r b a 

t io n  h a s  b e e n  in v e s t ig a te d  in  p re v io u s  p a p e rs  a n d  h e re  g e n e ra l fo rm u la e  a re  

d e r iv e d  fo r th e  m a tr ix  e le m e n ts  o f  th e  Fx-F 2 a n d  F2-F 2 ty p e  p e r tu r b a 

tio n s . I t  is sh o w n  t h a t  th e  A 2-F 2 a n d  F2-F 2 ty p e  p e r tu r b a t io n s  d o  n o t  

p ro d u c e  a  s p l i t t in g  o f  th e  in d iv id u a l r o ta t io n a l  lev els, th e  f ir s t  c a u s in g  a  

d is p la c e m e n t o f  th e  Q b ra n c h  le v els  a lo n e  a n d  th e  sec o n d  a  d is p la c e m e n t o f  

th e  P  a n d  R  b ra n c h  levels a lo ne . T h e  Fx-F 2 ty p e  lik e  th e  E -F 2 ty p e  p e r tu r b a 

t io n  p ro d u c e s  a  s p l i t t in g  as. w ell a s  a  d is p la c e m e n t o f  th e  r o ta t io n a l  lev els. 

T h e  e n e rg y  m a tr ix  d e te rm in in g  th is  s p l i t t in g  is  fa c to r iz e d  u p  to  th e  t e n th  

r o ta t io n a l  q u a n tu m  n u m b e r  w ith  th e  h e lp  o f  g ro u p  th e o ry . T h e  fo rm u la e  

g iv e n  h e re  fo rm  th e  n e ce ssa ry  b as is  fo r a n  a n a ly s is  o f  a n y  in f ra - re d  a b s o rp t io n  

b a n d  o f  m e th a n e .
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