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Trace species on the Earth
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unambiguously when making the average of several spectra
in the smoke plume.
[14] Ethylene (C2H4), acetic acid (CH3COOH) and PAN

were observed by IASI before [Coheur et al., 2009]. The

ethylene signature is exceptionally strong, and easily distin-
guishable in the spectra of many fire plumes. The different
absorption bands of CH3COOH and PAN observations are
shown in the residual in Figure 1. Previously only the PAN

Figure 1. Observed IASI spectra of volcanic and pyrogenic events revealing 14 rare trace gas species. The spectra in black
are in brightness temperature in units Kelvin, while the spectra in blue are in radiance in units Wm−2m Sr−1, the horizontal
axes are in cm−1 units.

CLARISSE ET AL.: TRACE GAS OBSERVATIONS FROM IASI L10802L10802
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Line-by-line data in databases
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Reference data (10 µm region of C2H4)
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Theoretical 
modeling

Laboratory	spectroscopy
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Diversity of molecular structures
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Diversity of molecular spectra
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Purpose and outline

• Lecture = Overview of some of the building  
blocks of molecular spectra 

• Outline 

– Radiative transfer in a gas 

– Rotation, vibration and electronic motions 
of molecules (levels and transitions) 

– Line positions and intensities
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•	Molecular	properties	➙	frequencies	(		)⌫

Electromagnetic waves: the wavenumber

8

⇤̃ [cm�1] = 104/�0 [µm]

•	 Historically,	no	direct	frequency	measurements	
and	c0	not	accurate	
➙	measure	wavelengths	λ	in	air	
➙	correct	for	refractive	index	of	air	➙	λ0	
➙	de@ine	the	wavenumber

Refractive	index	of	air	n

(dry	air	at	15C,	1	atm,	450	ppm	CO2)

vacuum
⌫ �0 = c0

medium	(n)

⌫
�0

n
= ⌫ � =

c0
n
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Books

• “Spectra of atoms and molecules”, 
P.F. Bernath, Oxford University Press, 4th edition (2020) 

• “Handbook of high-resolution spectroscopy”, 
M. Quack and F. Merkt Editors, Wiley (2011) 

• “Rotational structure in molecular infrared spectra”, 
C. di Lauro, Elsevier, 2nd edition (2020) 

• “Fundamentals of molecular symmetry”, 
P.R. Bunker and P. Jensen, Institute of Physics Publishing (2005)
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Elements of molecular 
spectroscopy

Radiative	transfer	in	a	gas
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“Beer-Lambert spectroscopy”
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Sources

Detectors

Absorp'on 
cells ~ 3

.5
 m

Bruker IFS125HR Fourier 
transform spectrometer
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L = radiance (Wsr�1m�2)

Collimated beams
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�(sr) =
A

r2

P

Solid	angle	at	P

I = irradiance (Wm�2)

=
�

I�̃(�̃) d�̃

Spectral irradiance (Wm�1)
defined in the interval [�̃, �̃ + d�̃]

Sample
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High resolution IR spectroscopy

0.098 mbar, 1.46 cm, 296K 
Resolu'on = 0.002 cm–1

13

1 line = 1 transi'on

OCS	ν3	band
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I0
�̃ (�̃)

I�̃(�̃)

I⇥̃(�̃) = I0
⇥̃ (�̃) e��(⇥̃) ⇤

dI⌫̃(⌫̃) = �↵(⌫̃)I⌫̃(⌫̃) d`

Beer-Lambert law

14

�

d�

spectral	
irradiance

collimated	
beam

Homogeneous	medium

Ej � Ei = �̃ji

Ei

Ej

Bohr	condition

absorption	coef.icient

line	shape	function

↵(⌫̃) = ↵ji g(⌫̃ � ⌫̃ij)
↵ji =

Z
↵(⌫̃)d⌫̃

4983.10

↵(⌫̃)

⌫̃⌫̃ji

integrated	absorption	
coef@icient	(cm–2)	:

integrated	absorption	
cross	section	(cm/molecule)

particle	density

N =
P

kT

= �ji N g(⌫̃ � ⌫̃ij)

"line intensity" in databases
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Matter-radiation interaction
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Ni, gi, �i

Nj , gj , �j

I�̃(�̃)

Ej

Ei

AijBji Bij

B(�̃)
ji =

2⇤

3�2c

1
4⇤�0

⇥

f=X,Y,Z

����
⇤

⇧�
j µf⇧id⌅

����
2

B(⇥)
ji �

4�2

3�2
and B(�)

ji �
2�

3�2

Note.	First	factor	for

transition	moment

absorption “intensity”

↵ji = h⌫̃ji

✓
Ni

gi
� Nj

gj

◆
gi Bji

⌫̃ji = Ej � Ei

Semi-classical description (electric dipole interaction)
Interaction	of	a	quantized	two-levels	system	with	a	weak	classically-described	electro-
magnetic	wave

•	Molecule	=	collection	of	charges	qi	at	positions	
•	Radiation	=	oscillating	electric	@ield

Electric	dipole	moment
�⇥µ =

�
i
�⇥ri qi

~ri



J. Vander Auwera16 May 2022

Absorption “intensity”

16

(Note.�ji = ↵ji/N)

⌅ji =
8⇤3

3hc

1
4⇤�0

⇥̃ji

Q(T )
Ia e�hcEi/kT

�
1� e�hc�̃ji/kT

⇥
Sji

•	Integrated	absorption	cross	section	[cm−1/(molecule	cm−2)]	:

N

P
= nL

T0

T
(nL = 2.687⇥ 1019 molec cm�3 atm�1)

�P
ji ⇥

�ji

P
=

8⌅3

3hc

1
4⌅⇥0

⇤̃ji

P
Ia

N

Q(T )

�
e�hcEi/kT � e�hcEj/kT

⇥
Sji

⇥ 3.74� 1036 C�2

⇥ 4.16� 10�19 D�2cm2

273.15 K

•	Integrated	absorption	coef@icient	per	unit	pressure	[cm−2atm−1]	at	temperature	T	:

isotopic	
abundance

•	Integrated	absorption	coef@icient	(cm−2)	:

�ji =
8⇧3

3hc

1
4⇧⇥0

⌅̃ji

�
Ni

gi
� Nj

gj

⇥
gi

⇤

f=X,Y,Z

|⇥⌃j |µf |⌃i⇤|2

Dirac	notation

�ji(T2)

�ji(T1)
=

Q(T1)

Q(T2)
exp

⇢
�hc

k
Ei

✓
1

T2
� 1

T1

◆�
1� e�hc⌫̃ji/kT2

1� e�hc⌫̃ji/kT1

•	Note	–	Temperature	dependence	:

<latexit sha1_base64="5vTUQIajbWPnclB91/mHWcngLhE="></latexit>

Ni

gi
=

N

Q
exp

⇢
�hcEi

kT
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<latexit sha1_base64="L/W2gt0VzkTGJh6d4U/CrgM29Ac="></latexit>

Sji (“linestrength”)

"lower-state energy" in databases
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Elements of molecular 
spectroscopy

Molecular physics 
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E � Eelec + Evib + Erot (� = �elec �vib �rot)

Molecular motions and their energies

18

Molecule	=	ensemble	of	interacting	electrons	and	nuclei

Quantized	energies	:

motion	of	the	electrons motion	of	the	nuclei

�E
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�E � �Eelec + �Evib + �Erot

Observation of molecular motions

19

electronic	transitions

vibrational	transitions

rotational	transitions

Transitions	➙	Discrete	spectrum:	
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Elements of molecular 
spectroscopy

Molecular physics – Rotation 

20
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Rotational motion of a molecule

21

y�

N nuclei �⇥
L = I �⇥�

�

⇤
Lx�

Ly�

Lz�

⇥

⌅ =

�

⇤
Ix�x� Ix�y� Ix�z�

Iy�x� Iy�y� Iy�z�

Iz�x� Iz�y� Iz�z�

⇥

⌅

�

⇤
�x�

�y�

�z�

⇥

⌅

Ix�y� = Iy�x� = �
N�

i=1

mixiyi . . .

Ix�x� =
N�

i=1

mi(y
�2
i + z

�2
i ) . . .

•	Angular	momentum	in	a	Cartesian	coordinate	system

x�

z�

moments	of	inertia	:

products	of	inertia	:

inertia	tensor

�

⇤
Lx

Ly

Lz

⇥

⌅ =

�

⇤
Ix 0 0
0 Iy 0
0 0 Iz

⇥

⌅

�

⇤
�x

�y

�z

⇥

⌅

•	Angular	momentum	in	the	principal	axis	system

y

z

x

�⇥
L = I �⇥�

(classical	mechanics)
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Conventions and classes of molecules

22

•	Principal	axis	system	of	a	molecule	:	Conventions

–	z	axis	=	highest	order	axis	of	rotational	symmetry	
–	x	axis	=	out	of	the	plane	of	a	planar	molecule	
–	(x,	y,	z)	➙	(a,	b,	c)	such	that	 Ia � Ib � Ic a2

I2
a

+
b2

I2
b

+
c2

I2
c

= 1

The	moments	of	inertia	are	the	
half-axes	of	an	ellipsoid	:

•	ClassiBication	of	the	molecules

–	Linear	or	diatomic	molecules	:	Ia	=	0,	Ib	=	Ic	(CO2,	HCN,	CO)	
–	Spherical	tops	:	Ia	=	Ib	=	Ic	(CH4,	SF6)	
–	Prolate	symmetric	tops	:	Ia	<	Ib	=	Ic	(CH3Cl,	C2H6)	
–	Oblate	symmetric	tops	:	Ia	=	Ib	<	Ic	(CCl3H,	BF3)	
–	Asymmetric	tops	:	Ia	<	Ib	<	Ic	(H2O,	HNO3,	HCOOH)

c (z)

a (x)

b (y)
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Rotation of a linear molecule

23

x (c)

z (a)

y (b)

<latexit sha1_base64="lo7aQ6YnBUwo2h3bEUiukvOlDoU=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVRIp2mXBjbiqYB/QhjKZ3rZDJw9mboolBDf+ihsXirj1K9z5N07TLLT1wIXDOffOnXu8SHCFtv1trKyurW9sFraK2zu7e/vmwWFThbFk0GChCGXbowoED6CBHAW0IwnU9wS0vPH1zG9NQCoeBvc4jcD16TDgA84oaqlnHncRHjB7J/FEDGnSnQBLbtO0Z5bssp3BWiZOTkokR71nfnX7IYt9CJAJqlTHsSN0EyqRMwFpsRsriCgb0yF0NA2oD8pNstWpdaaVvjUIpa4ArUz9PZFQX6mp7+lOn+JILXoz8T+vE+Og6iY8iGKEgM0XDWJhYWjN8rD6XAJDMdWEMsn1Xy02opIy1KkVdQjO4snLpHlRdi7LlbtKqVbN4yiQE3JKzolDrkiN3JA6aRBGHskzeSVvxpPxYrwbH/PWFSOfOSJ/YHz+ANqQmFg=</latexit>

~J
Er(J) = BJ(J + 1) B =

h

8�2c I
[cm�1]

(J = 0�⇥)

with

•	Rigid	rotor

quantum	number	associated	with	
the	molecular	angular	momentum

0
3

5

8

J

E
ne

rg
y

rigid
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Rotation of a linear molecule

24

x (c)

z (a)

y (b)

Er(J) = BJ(J + 1)�DJ2(J + 1)2 + . . .

•	Semi-rigid	rotor

0
3

5

8

J

E
ne

rg
y

semi-rigidrigid

<latexit sha1_base64="lo7aQ6YnBUwo2h3bEUiukvOlDoU=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVRIp2mXBjbiqYB/QhjKZ3rZDJw9mboolBDf+ihsXirj1K9z5N07TLLT1wIXDOffOnXu8SHCFtv1trKyurW9sFraK2zu7e/vmwWFThbFk0GChCGXbowoED6CBHAW0IwnU9wS0vPH1zG9NQCoeBvc4jcD16TDgA84oaqlnHncRHjB7J/FEDGnSnQBLbtO0Z5bssp3BWiZOTkokR71nfnX7IYt9CJAJqlTHsSN0EyqRMwFpsRsriCgb0yF0NA2oD8pNstWpdaaVvjUIpa4ArUz9PZFQX6mp7+lOn+JILXoz8T+vE+Og6iY8iGKEgM0XDWJhYWjN8rD6XAJDMdWEMsn1Xy02opIy1KkVdQjO4snLpHlRdi7LlbtKqVbN4yiQE3JKzolDrkiN3JA6aRBGHskzeSVvxpPxYrwbH/PWFSOfOSJ/YHz+ANqQmFg=</latexit>

~J

<latexit sha1_base64="ePtiZn+Fb87xqHqZyr83jTLK0I0="></latexit>

B = 0.39022 cm�1

•	Example	:	CO2

<latexit sha1_base64="Fr4QAtr9C/Wz0Eea2KChewU0h7U="></latexit>

I = 7.1736⇥ 10�39 g cm2/molec, rCO = 1.162 Å
<latexit sha1_base64="ip9/9XhjE6reR6mMKjK1faKgbMg="></latexit>

D = 1.334⇥ 10�7 cm�1

Er(J) = BJ(J + 1) B =
h

8�2c I
[cm�1]

(J = 0�⇥)

with

•	Rigid	rotor

quantum	number	associated	with	
the	molecular	angular	momentum

Diatomic	molecules	:	
<latexit sha1_base64="nKh76qLblvoj2lrP6HBRMJqnPdY=">AAACFnicbVBNSwMxEM3W7/q16tFLsAiKWHelqBeh6sVjBatCW0o2nbahye6SzIpl6a/w4l/x4kERr+LNf2O29qDWBwMv780kkxfEUhj0vE8nNzE5NT0zO5efX1hcWnZXVq9MlGgOVR7JSN8EzIAUIVRRoISbWANTgYTroHeW+de3oI2Iwkvsx9BQrBOKtuAMrdR0d+sIdzi8Jw1kAoO0rhJ6TFXzxNYp3aNbGd3JDtuDplvwit4QdJz4I1IgI1Sa7ke9FfFEQYhcMmNqvhdjI2UaBZcwyNcTAzHjPdaBmqUhU2Aa6XCdAd20Sou2I20rRDpUf06kTBnTV4HtVAy75q+Xif95tQTbR41UhHGCEPLvh9qJpBjRLCPaEho4yr4ljGthd6W8yzTjaJPM2xD8v18eJ1f7Rf+gWLooFcpHozhmyTrZIFvEJ4ekTM5JhVQJJ/fkkTyTF+fBeXJenbfv1pwzmlkjv+C8fwFY352A</latexit>

µ = mAmB/(mA +mB)
<latexit sha1_base64="Xejjj+zrVQ5TjcSG/bdEyDLWbYg=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4CrshaC5CwIveIpgHJGuYnXSSIbMPZnrFsOTkxV/x4kERr36DN//GySYHTSxoKKq6p6fLi6TQaNvf1tLyyuraemYju7m1vbOb29uv6zBWHGo8lKFqekyDFAHUUKCEZqSA+Z6Ehje8nPiNe1BahMEtjiJwfdYPRE9whkbq5I6u6QVtIzxg+lbiyRjGSduPx1TdFTu5vF2wU9BF4sxInsxQ7eS+2t2Qxz4EyCXTuuXYEboJUyi4hHG2HWuIGB+yPrQMDZgP2k3S1WN6YpQu7YXKVIA0VX9PJMzXeuR7ptNnONDz3kT8z2vF2Cu7iQiiGCHg00W9WFIM6SQT2hUKOMqRIYwrYf5K+YApxtEklzUhOPMnL5J6seCcFUo3pXylPIsjQw7JMTklDjknFXJFqqRGOHkkz+SVvFlP1ov1bn1MW5es2cwB+QPr8wfz75jK</latexit>

I = µr2 withA B

•	Projection	of				on	Z	laboratory	axis	:
<latexit sha1_base64="204R0Jc1NvgbpJNxyc1nkALcNZo=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8EiCGKZkaJdFtxIVxXsBdphyKSZNjTJjElGGIb6Km5cKOLWB3Hn25i2s9DWHwIf/zmHc/IHMaNKO863VVhb39jcKm6Xdnb39g/sw6OOihKJSRtHLJK9ACnCqCBtTTUjvVgSxANGusHkZlbvPhKpaCTudRoTj6ORoCHFSBvLt8sXTThg5AFyP4fzpm9XnKozF1wFN4cKyNXy7a/BMMIJJ0JjhpTqu06svQxJTTEj09IgUSRGeIJGpG9QIE6Ul82Pn8JT4wxhGEnzhIZz9/dEhrhSKQ9MJ0d6rJZrM/O/Wj/RYd3LqIgTTQReLAoTBnUEZ0nAIZUEa5YaQFhScyvEYyQR1iavkgnBXf7yKnQuq+5VtXZXqzTqeRxFcAxOwBlwwTVogFvQAm2AQQqewSt4s56sF+vd+li0Fqx8pgz+yPr8ASnokyY=</latexit>�J  mJ  +J

levels,	degenerate	in	@ield-free	space
<latexit sha1_base64="rjlO9zUjsQ899sguqo+wvCKxUko=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkUQhJKUol0W3IirCvYBbSiTyU07dPJg5kYsoeCvuHGhiFu/w51/4zTtQlsPXDicc+/cucdLBFdo29/Gyura+sZmYau4vbO7t28eHLZUnEoGTRaLWHY8qkDwCJrIUUAnkUBDT0DbG11P/fYDSMXj6B7HCbghHUQ84IyilvrmcQ/hEfN3Mgn+JKvcXjiTvlmyy3YOa5k4c1IiczT65lfPj1kaQoRMUKW6jp2gm1GJnAmYFHupgoSyER1AV9OIhqDcLF87sc604ltBLHVFaOXq74mMhkqNQ093hhSHatGbiv953RSDmpvxKEkRIjZbFKTCwtiaZmH5XAJDMdaEMsn1Xy02pJIy1IkVdQjO4snLpFUpO5fl6l21VK/N4yiQE3JKzolDrkid3JAGaRJGMvJMXsmb8WS8GO/Gx6x1xZjPHJE/MD5/AGpFlb8=</latexit>

2J + 1

<latexit sha1_base64="ZwT0+Wl/RHDT+oVgdR34OXOuNh4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXsRTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9q7LlUalVKtmceThDM7hEjy4gRrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB6BtjM0=</latexit>

J



J. Vander Auwera16 May 2022

�J = +1

Pure rotation spectrum of 12C16O

25

0
2B

6B

12B

1

2

3
E

... J

0

Transitions	:

(Rigid	rotor)

�̃ (J � ⇥ J ��) = Er(J + 1)� Er(J) = 2B(J + 1)� 4D(J + 1)3

B = 1.923 cm�1, D = 6.12 10�6 cm�1

Line	positions	:
Wavenumber	(cm–1)

Tr
an
sm
itt
an
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R(J ��)
0 1 5 10 15

= 2B � 4D(3J2 � 9J + 7)

⇥(�̃) = e�N ⇤
P

k �k



J. Vander Auwera16 May 2022

Wavenumber	(cm–1)

⇥(�̃)

CO pure rotation spectrum : Intensities

26

⌅ji =
8⇤3

3hc

1
4⇤�0

⇥̃ji

Q(T )
Ia e�hcEi/kT

�
1� e�hc�̃ji/kT

⇥
Sji

Sji = gi

�

f=X,Y,Z

|�⇥j |µf |⇥i⇥|2 = 3 gi|�⇥j |µZ |⇥i⇥|2

(isotropic	space)

µZ =
�

�=x,y,z

⇥�Z(�,⌅,⇧) µ�with
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Coordinate systems

27

Euler angles : �,⇥, ⇤

⇥�f X Y Z

x cos � cos ⇤ cos ⌅� sin⇤ sin⌅ cos � cos ⇤ cos ⌅ + cos ⇤ sin⌅ � sin � cos ⌅

y � cos � cos ⇤ sin⌅� sin ⇤ cos ⌅ � cos � sin ⇤ sin⌅ + cos ⇤ cos ⌅ sin � sin⌅

z sin � cos ⇤ sin � sin⇤ cos �

Space-fixed axis system (X, Y, Z)

Molecule-fixed frame (x, y, z)

Y

X

y

x

z
Z

0

@
x
y
z

1

A =

0

@
�xX �xY �xZ

�yX �yY �yZ

�zX �zY �zZ

1

A

0

@
X
Y
Z

1

A

0  ✓  ⇡

0  �  2⇡

0  �  2⇡

Transformation matrix (��1 = �t)
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Wavenumber	(cm–1)

⇥(�̃)

CO pure rotation spectrum : Intensities
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⌅ji =
8⇤3

3hc

1
4⇤�0

⇥̃ji

Q(T )
Ia e�hcEi/kT

�
1� e�hc�̃ji/kT

⇥
Sji

Sji = gi

�

f=X,Y,Z

|�⇥j |µf |⇥i⇥|2 = 3 gi|�⇥j |µZ |⇥i⇥|2

(isotropic	space)

µZ =
�

�=x,y,z

⇥�Z(�,⌅,⇧) µ� �i = �i
e�

i
v�i

rwith and

µz = 1.098 D

Sji = gi 3 |�⇤j
r |�zZ |⇤i

r⇥|2 |µz|2 = (J + 1) |µz|2

=
J + 1
2J + 1

= 2J + 1 Permanent	
dipole	moment	:
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Line intensities – Effect of the temperature

29

Ethane
jet spectrum

room temperature spectrum
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Rotation of a symmetric top

30

z

x

(+) y

axis	of	highest	
symmetry

Er(J, K) = BJ(J + 1)�DJJ2(J + 1)2 + (A�B)K2�DKK4 �DJKJ(J + 1)K2Semi-rigid	prolate	top	:

A =
h

8�2cIa
� B =

h

8�2cIb
� C =

h

8�2cIc

Er(J, K) = BJ(J + 1) + (A�B)K2

•	Prolate	symmetric	tops	(Iz	<	Ix	=	Iy)	
➙	z	=	a,	x	=	b,	y	=	c	:	Ia	<	Ib	=	Ic	(CH3Cl)

Er(J, K) = BJ(J + 1) + (C �B)K2

•	Oblate	symmetric	tops	(Iz	>	Ix	=	Iy)	
➙	z	=	c,	x	=	a,	y	=	b	:	Ia	=	Ib	<	Ic	(CCl3H)

<latexit sha1_base64="lo7aQ6YnBUwo2h3bEUiukvOlDoU=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVRIp2mXBjbiqYB/QhjKZ3rZDJw9mboolBDf+ihsXirj1K9z5N07TLLT1wIXDOffOnXu8SHCFtv1trKyurW9sFraK2zu7e/vmwWFThbFk0GChCGXbowoED6CBHAW0IwnU9wS0vPH1zG9NQCoeBvc4jcD16TDgA84oaqlnHncRHjB7J/FEDGnSnQBLbtO0Z5bssp3BWiZOTkokR71nfnX7IYt9CJAJqlTHsSN0EyqRMwFpsRsriCgb0yF0NA2oD8pNstWpdaaVvjUIpa4ArUz9PZFQX6mp7+lOn+JILXoz8T+vE+Og6iY8iGKEgM0XDWJhYWjN8rD6XAJDMdWEMsn1Xy02opIy1KkVdQjO4snLpHlRdi7LlbtKqVbN4yiQE3JKzolDrkiN3JA6aRBGHskzeSVvxpPxYrwbH/PWFSOfOSJ/YHz+ANqQmFg=</latexit>

~J

Projection of   on the z molecule fixed axis :
<latexit sha1_base64="4Z+bvblv6cQDz0tiQpqrp297fP8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB4DXsRTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEN/6UyyQ1KNlyUZgKYmIy/5oMuEJmxMQSyhS3txI2oooyY7Mp2BC81ZfXSeuq7FXLlUalVKtmceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB5/TjMs=</latexit>

J
<latexit sha1_base64="ryjoZiq8zd0U+mWzPOStIoQXS60=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCIJYZKdVlwY3UTQX7gHYomTTThmYyY5JRSu2nuHGhiFu/xJ1/Y9rOQlsPXO7hnHvJzfFjzpR2nG8rs7K6tr6R3cxtbe/s7tn5/YaKEklonUQ8ki0fK8qZoHXNNKetWFIc+pw2/eHV1G8+UKlYJO70KKZeiPuCBYxgbaSunT+rog6n9+hm3k6rXbvgFJ0Z0DJxU1KAFLWu/dXpRSQJqdCEY6XarhNrb4ylZoTTSa6TKBpjMsR92jZU4JAqbzw7fYKOjdJDQSRNCY1m6u+NMQ6VGoW+mQyxHqhFbyr+57UTHVx6YybiRFNB5g8FCUc6QtMcUI9JSjQfGYKJZOZWRAZYYqJNWjkTgrv45WXSOC+65WLptlSolNM4snAIR3ACLlxABa6hBnUg8AjP8Apv1pP1Yr1bH/PRjJXuHMAfWJ8/nwGSRQ==</latexit>

�J  K  +J
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Er(J, K) = BJ(J + 1) + (C �B)K2Er(J, K) = BJ(J + 1) + (A�B)K2

> 0 < 0

Ka Kc

Rotation of a symmetric top

31

Prolate Oblate

�K = 0

�J = +1

two-fold 
degeneracy

<latexit sha1_base64="cmBABtXtCjnRNudKgmFuSXvANDM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXgQvEcwDkiXMTnqTIbOzm5lZIYT8hBcPinj1d7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbut55QaR7LRzNJ0I/oQPKQM2qs1L4nXYlj4vaKJbfsLkDWiZeREmSo94pf3X7M0gilYYJq3fHcxPhTqgxnAmeFbqoxoWxEB9ixVNIItT9d3DsjF1bpkzBWtqQhC/X3xJRGWk+iwHZG1Az1qjcX//M6qQmr/pTLJDUo2XJRmApiYjJ/nvS5QmbExBLKFLe3EjakijJjIyrYELzVl9dJ86rsXZcrD5VSrZrFkYczOIdL8OAGanAHdWgAAwHP8Apvzth5cd6dj2VrzslmTuEPnM8fzVWPJA==</latexit>

K 6= 0
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Pure rotation spectrum of 12CH3D

32

<latexit sha1_base64="Mn1cUwdOOkBJOLvuAthWGliQeBI=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxCvIQZiZpjwIvHKGaBJISeTiVp0rPQXSOGcQ7+ihcPinj1N7z5N3aWgyY+KHi8V9XV9bxICo2O820tLa+srq1nNrKbW9s7u/befk2HseJQ5aEMVcNjGqQIoIoCJTQiBcz3JNS94dXYr9+D0iIM7nAUQdtn/UD0BGdopI592EJ4wMk7iSdjSJPb/Plp2rFzTsGZgC4Sd0ZyZIZKx/5qdUMe+xAgl0zrputE2E6YQsElpNlWrCFifMj60DQ0YD7odjLZm9ITo3RpL1SmAqQT9fdEwnytR75nOn2GAz3vjcX/vGaMvVI7EUEUIwR8uqgXS4ohHYdBu0IBRzkyhHElzF8pHzDFOJrIsiYEd/7kRVI7K7gXheJNMVcuzeLIkCNyTPLEJZekTK5JhVQJJ4/kmbySN+vJerHerY9p65I1mzkgf2B9/gA9uZY2</latexit>

R(5)

<latexit sha1_base64="i5PutEsI/yG+ftSwvnDLj13o+pg=">AAACAHicbVC7TgJBFJ3FF+Jr1cLCZiMxwYbsKlFKEhtLNPJIYENmhwtMmH1k5q6RbLbxV2wsNMbWz7DzbxxgCwVPcpOTc+6dO/d4keAKbfvbyK2srq1v5DcLW9s7u3vm/kFThbFk0GChCGXbowoED6CBHAW0IwnU9wS0vPH11G89gFQ8DO5xEoHr02HAB5xR1FLPPOoiPOLsncQTMaTJXcm5OEt7ZtEu2zNYy8TJSJFkqPfMr24/ZLEPATJBleo4doRuQiVyJiAtdGMFEWVjOoSOpgH1QbnJbHFqnWqlbw1CqStAa6b+nkior9TE93SnT3GkFr2p+J/XiXFQdRMeRDFCwOaLBrGwMLSmaVh9LoGhmGhCmeT6rxYbUUkZ6swKOgRn8eRl0jwvO5flym2lWKtmceTJMTkhJeKQK1IjN6ROGoSRlDyTV/JmPBkvxrvxMW/NGdnMIfkD4/MHsoaWbw==</latexit>

R(13)

1.0

0.8

0.6

0.4

0.2

0.0

Tr
an

sm
itt

an
ce

140120100806040

Wavenumber / cm–1

2.0

1.5

1.0

0.5

0.0

In
t. 

/ 1
0–2

4
<latexit sha1_base64="NJL/9HZNabxc7sNBe2AawIdoTqA=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3FiTUqrLghuXFewD2hgm00k7dmYSZiZCiVn4K25cKOLW33Dn3zitWWjrgQuHc+7l3nuCmFGlHefLKiwtr6yuFddLG5tb2zv27l5bRYnEpIUjFslugBRhVJCWppqRbiwJ4gEjnWB8OfU790QqGokbPYmJx9FQ0JBipI3k2wd9RYcc+ekdzeAZdJ3b9LRay3y77FScGeAicXNSBjmavv3ZH0Q44URozJBSPdeJtZciqSlmJCv1E0VihMdoSHqGCsSJ8tLZ/Rk8NsoAhpE0JTScqb8nUsSVmvDAdHKkR2rem4r/eb1EhxdeSkWcaCLwz6IwYVBHcBoGHFBJsGYTQxCW1NwK8QhJhLWJrGRCcOdfXiTtasWtV2rXtXKjnsdRBIfgCJwAF5yDBrgCTdACGDyAJ/ACXq1H69l6s95/WgtWPrMP/sD6+AYax5TU</latexit> �
ji
/1
0�

2
4

AILES beamline @ SOLEIL (10 hPa, 152 m, RT)

<latexit sha1_base64="IW878D+mgNavHD/18piyHOYcNEc=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8UgxEvYlaA5Brx4jGIekCxhdraTDJmdXWZ6xbDm4K948aCIV3/Dm3/j5HHQxIKGoqp7err8WHCNjvNtZVZW19Y3spu5re2d3b38/kFDR4liUGeRiFTLpxoEl1BHjgJasQIa+gKa/vBq4jfvQWkeyTscxeCFtC95jzOKRurmjzoIDzh9J1UQjNPbols+G3fzBafkTGEvE3dOCmSOWjf/1QkiloQgkQmqddt1YvRSqpAzAeNcJ9EQUzakfWgbKmkI2kune8f2qVECuxcpUxLtqfp7IqWh1qPQN50hxYFe9Cbif147wV7FS7mMEwTJZot6ibAxsidh2AFXwFCMDKFMcfNXmw2oogxNZDkTgrt48jJpnJfci1L5plyoVuZxZMkxOSFF4pJLUiXXpEbqhJFH8kxeyZv1ZL1Y79bHrDVjzWcOyR9Ynz/gT5X5</latexit>

R(14)

prolate	symmetric	top
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Pure rotation spectrum of 12CH3D

33

AILES beamline @ SOLEIL 
10 hPa, 152 m, RT ~2B ≈ 7.76 cm–1

K = 3

K = 6
K = 12

K = 3

K = 9

J” = 14J” = 13H2O

<latexit sha1_base64="wSd9wlaLqTPyLAN1gvGlO4EjniA="></latexit>

�2DJK(J 00 + 1)(2K + 1)

K = 12
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Pure rotation spectrum of 12CH3D

34

K = 3

K = 6
K = 12

K = 3

K = 9

J” = 14J” = 13H2O

⌅ji =
8⇤3

3hc

1
4⇤�0

⇥̃ji

Q(T )
Ia e�hcEi/kT

�
1� e�hc�̃ji/kT

⇥
Sji

<latexit sha1_base64="S1r+2jIs0nYxAk0PGdIraKVRy1M=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtm1RXsRCl4ELxXsB7RLyabZNjTJrklWKEv/hBcPinj173jz35i2e9DWBwOP92aYmRfEnGnjut/Oyura+sZmbiu/vbO7t184OGzqKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYxupn7riSrNIvlgxjH1BR5IFjKCjZXad+galeV5uVcouiV3BrRMvIwUIUO9V/jq9iOSCCoN4VjrjufGxk+xMoxwOsl3E01jTEZ4QDuWSiyo9tPZvRN0apU+CiNlSxo0U39PpFhoPRaB7RTYDPWiNxX/8zqJCat+ymScGCrJfFGYcGQiNH0e9ZmixPCxJZgoZm9FZIgVJsZGlLcheIsvL5PmRcm7LFXuK8VaNYsjB8dwAmfgwRXU4Bbq0AACHJ7hFd6cR+fFeXc+5q0rTjZzBH/gfP4A6pKOkA==</latexit>

K = 3n+ 3

<latexit sha1_base64="7X5y6gMITng7+W2ZdCKJqzLCQHI=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KUoj0WvHisYD+gjWGz3bRLN5uwO1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgkRwDY7zbRU2Nre2d4q7pb39g8Mju3zc0XGqKGvTWMSqFxDNBJesDRwE6yWKkSgQrBtMrud+94EpzWN5B9OEeREZSR5ySsBIvl0e3XM/03KGB8AjpnHNtytO1VkArxM3JxWUo+XbX4NhTNOISaCCaN13nQS8jCjgVLBZaZBqlhA6ISPWN1QSs8bLFqfP8LlRhjiMlSkJeKH+nshIpPU0CkxnRGCsV725+J/XTyFseBmXSQpM0uWiMBUYYjzPAQ+5YhTE1BBCFTe3YjomilAwaZVMCO7qy+ukU6u6l9X6bb3SbORxFNEpOkMXyEVXqIluUAu1EUWP6Bm9ojfryXqx3q2PZWvBymdO0B9Ynz/Ij5Oq</latexit>

gisn ⇥ 2
K = 12

<latexit sha1_base64="Ca6hr9/771pZU1BuPVvEVQ5s+5c="></latexit>

Sji = gisn
(J 00 + 1)2 �K2

J + 1
|µz|2

<latexit sha1_base64="AehImTe+rMei8HwNj2Gc+EReiwU=">AAACEXicbZC7TsMwFIadcivlFmBksaiQuhAlUKBslWBgLBK9SE2JHNdtrdpJZDuIEuUVWHgVFgYQYmVj421w2g7Q8kuWPv3nHPmc348Ylcq2v43cwuLS8kp+tbC2vrG5ZW7vNGQYC0zqOGShaPlIEkYDUldUMdKKBEHcZ6TpDy+yevOOCEnD4EaNItLhqB/QHsVIacszSy6PvQfooigS4T08sc6hCx37Njk8TjW5HKmB4Mll6plF27LHgvPgTKEIpqp55pfbDXHMSaAwQ1K2HTtSnQQJRTEjacGNJYkQHqI+aWsMECeyk4wvSuGBdrqwFwr9AgXH7u+JBHEpR9zXndmGcraWmf/V2rHqVToJDaJYkQBPPurFDKoQZvHALhUEKzbSgLCgeleIB0ggrHSIBR2CM3vyPDSOLOfUKl+Xi9XKNI482AP7oAQccAaq4ArUQB1g8AiewSt4M56MF+Pd+Ji05ozpzC74I+PzB44um5M=</latexit>

µz ⇡ 5.9 10�3 D
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Rotation of an asymmetric top

35

near	oblate	asymmetric	top<latexit sha1_base64="S0/iDrvT821V/Ryz1qsq/R93BHk=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIRdeGi4MZlBfuANpTJ5LYdOnkwcyOtIb/ixoUibv0Rd/6N0zQLbT1w4XDOvXPnHi8WXKFtfxultfWNza3ydmVnd2//wDystlWUSAYtFolIdj2qQPAQWshRQDeWQANPQMeb3M79ziNIxaPwAWcxuAEdhXzIGUUtDcxqH2GK+TupBD9Ln7KBWbPrdg5rlTgFqZECzYH51fcjlgQQIhNUqZ5jx+imVCJnArJKP1EQUzahI+hpGtIAlJvmOzPrVCu+NYykrhCtXP09kdJAqVng6c6A4lgte3PxP6+X4PDaTXkYJwghWywaJsLCyJoHYflcAkMx04QyyfVfLTamkjLUcVV0CM7yyaukfV53LusX9xe1xk0RR5kckxNyRhxyRRrkjjRJizAyJc/klbwZmfFivBsfi9aSUcwckT8wPn8AVwCVRw==</latexit>z

<latexit sha1_base64="AskKig9kP0ALyqsQnidGBneAy8A=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIp6sJFwY3LCvYBbSmT6U07dPJg5kYaQn7FjQtF3Poj7vwbp2kW2nrgwuGce+fOPW4kuELb/jZKG5tb2zvl3cre/sHhkXlc7agwlgzaLBSh7LlUgeABtJGjgF4kgfqugK47u1v43SeQiofBIyYRDH06CbjHGUUtjczqAGGO+TuphHGWJtnIrNl1O4e1TpyC1EiB1sj8GoxDFvsQIBNUqb5jRzhMqUTOBGSVQawgomxGJ9DXNKA+qGGa78ysc62MLS+UugK0cvX3REp9pRLf1Z0+xala9Rbif14/Ru9mmPIgihECtlzkxcLC0FoEYY25BIYi0YQyyfVfLTalkjLUcVV0CM7qyeukc1l3ruqNh0ateVvEUSan5IxcEIdckya5Jy3SJozMyTN5JW9GZrwY78bHsrVkFDMn5A+Mzx9Ve5VG</latexit>y
<latexit sha1_base64="WBdxnk2tLkgOMZ0OeVPOg/QLqPk=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkUQhJJIURcuCm5cVrAPaEOZTG/boZMHMzfSEOqvuHGhiFs/xJ1/4zTNQlsPXDicc+/cuceLBFdo299GYW19Y3OruF3a2d3bPzAPj1oqjCWDJgtFKDseVSB4AE3kKKATSaC+J6DtTW7nfvsRpOJh8IBJBK5PRwEfckZRS32z3EOYYvZOKmEwS8+ns75Zsat2BmuVODmpkByNvvnVG4Qs9iFAJqhSXceO0E2pRM4EzEq9WEFE2YSOoKtpQH1QbpotnVmnWhlYw1DqCtDK1N8TKfWVSnxPd/oUx2rZm4v/ed0Yh9duyoMoRgjYYtEwFhaG1jwJa8AlMBSJJpRJrv9qsTGVlKHOq6RDcJZPXiWti6pzWa3d1yr1mzyOIjkmJ+SMOOSK1MkdaZAmYSQhz+SVvBlPxovxbnwsWgtGPlMmf2B8/gDBi5V6</latexit>

+x

<latexit sha1_base64="kWFNrw3K0WuPlwsC+PdZa3N5sGk=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC0sAjaWEcwHJEfY2+wlS/Z2j905NR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up37pn2nAl72CcsCAmA8kjTglYqeeWH3FX88EQiNbqAdOeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARGbCOpZLEzATZ7PAJPrZKH0dK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFKLLIOMySYFJOl8UpQKDwtMUcJ9rRkGMLSFUc3srpkOiCQWbVcmG4C++vEyap1X/vHp2e1apXeVxFNEhOkInyEcXqIZuUB01EEUpekav6M15cl6cd+dj3lpw8pkD9AfO5w+OL5ME</latexit>x ! c
<latexit sha1_base64="HhkB2bR+qc08l0lW8mzC1sISZMw=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOglpYBGwsI5gPSI6wt9lLluztHrtzyhnyS2wsFLH1p9j5b9wkV2jig4HHezPMzAsTwQ143rdTWFvf2Nwqbpd2dvf2y+7BYcuoVFPWpEoo3QmJYYJL1gQOgnUSzUgcCtYOxzczv/3AtOFK3kOWsCAmQ8kjTglYqe+WM9zTfDgCorV6xKTvVryqNwdeJX5OKihHo+9+9QaKpjGTQAUxput7CQQTooFTwaalXmpYQuiYDFnXUkliZoLJ/PApPrXKAEdK25KA5+rviQmJjcni0HbGBEZm2ZuJ/3ndFKKrYMJlkgKTdLEoSgUGhWcp4AHXjILILCFUc3srpiOiCQWbVcmG4C+/vEpa51X/olq7q1Xq13kcRXSMTtAZ8tElqqNb1EBNRFGKntErenOenBfn3flYtBacfOYI/YHz+QOMuZMD</latexit>y ! a
<latexit sha1_base64="UCpj43fp2LiNrVIdRc9ONEkjEBA=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC0sAjaWEcwHJEfY2+wlS/Z2j905JTnyS2wsFLH1p9j5b9wkV2jig4HHezPMzAsTwQ143rdTWFvf2Nwqbpd2dvf2y+7BYdOoVFPWoEoo3Q6JYYJL1gAOgrUTzUgcCtYKR7czv/XItOFKPsA4YUFMBpJHnBKwUs8tT3BX88EQiNbqCYc9t+JVvTnwKvFzUkE56j33q9tXNI2ZBCqIMR3fSyDIiAZOBZuWuqlhCaEjMmAdSyWJmQmy+eFTfGqVPo6UtiUBz9XfExmJjRnHoe2MCQzNsjcT//M6KUTXQcZlkgKTdLEoSgUGhWcp4D7XjIIYW0Ko5vZWTIdEEwo2q5INwV9+eZU0z6v+ZfXi/qJSu8njKKJjdILOkI+uUA3doTpqIIpS9Ixe0ZszcV6cd+dj0Vpw8pkj9AfO5w+Pz5MF</latexit>

z ! b

(IIr representation)

A  0.305 cm–1 
B  0.300 cm–1 
C  0.151 cm–1

≈
≈
≈

K	splitting	➚	when	J	➚	or	K	➘

(J = 1)

K = 0

K = 1

Er

A + B

C + A

C + B

degeneracy	
removed

symmetric	top
asymmetric	top

<latexit sha1_base64="L+90t0AmsBLz85rPQIouawWqlhU=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEhdWiVVBWVAKnRhLBJ9SE1UOa7TWnWcyHYQVdRfYOFXWBhAiJWNjb/BaTNAy5Hu1dE598q+x4sYlcqyvo2V1bX1jc3cVn57Z3dv3zw4bMswFpi0cMhC0fWQJIxy0lJUMdKNBEGBx0jHGzdSv3NPhKQhv1OTiLgBGnLqU4yUlvpm0RmjKELwEjq+QDipXJeuSo1pkjboaEuED9AqX1T7ZsEqWzPAZWJnpAAyNPvmlzMIcRwQrjBDUvZsK1JugoSimJFp3okliRAeoyHpacpRQKSbzC6awlOtDKAfCl1cwZn6eyNBgZSTwNOTAVIjueil4n9eL1Z+zU0oj2JFOJ4/5McMqhCm8cABFQQrNtEEYUH1XyEeIZ2M0iHmdQj24snLpF0p22fl6m21UK9lceTAMTgBRWCDc1AHN6AJWgCDR/AMXsGb8WS8GO/Gx3x0xch2jsAfGJ8/wkibDA==</latexit>

 =
2B �A� C

A� C
⇡ 0.94

Ray asymmetry parameter
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� =
2B �A� C

A� C
� = �1 � = +1

Ka, Kc = pseudo-quantum numbers

Rotational levels of asymmetric tops

36

(Ia < Ib < Ic)
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c-type (µc �= 0) : �Ka = odd,�Kc = even

b-type (µb �= 0) : �Ka = odd,�Kc = odd

a-type (µa �= 0) : �Ka = even,�Kc = odd

Asymmetric top: rotational transitions

37

�J = 0,±1
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µa = 2.3316 (5) D

Pure rotation spectrum of H2CO

38

* *

*
*

* H2O

(a-type transitions)

<latexit sha1_base64="s2x1ddWEPRLzShvHjw5wcANgCv8=">AAACFXicbVDLSgMxFM3UV62vqks3wSJU1DJTSnVZ7MZlBfuAzlgyadqGJpMhyYhl6E+48VfcuFDEreDOvzHTVtDWA4GTc+7l3nv8kFGlbfvLSi0tr6yupdczG5tb2zvZ3b2GEpHEpI4FE7LlI0UYDUhdU81IK5QEcZ+Rpj+sJn7zjkhFRXCjRyHxOOoHtEcx0kbqZE9dFIZS3MP85Un1GP78ioUSdKHLkR5IHmN+G58543Enm7ML9gRwkTgzkgMz1DrZT7crcMRJoDFDSrUdO9RejKSmmJFxxo0UCREeoj5pGxogTpQXT64awyOjdGFPSPMCDSfq744YcaVG3DeVyZ5q3kvE/7x2pHsXXkyDMNIkwNNBvYhBLWASEexSSbBmI0MQltTsCvEASYS1CTJjQnDmT14kjWLBKRdK16VcpTyLIw0OwCHIAwecgwq4AjVQBxg8gCfwAl6tR+vZerPep6Upa9azD/7A+vgGo8KdPg==</latexit>

⇡ (B + C) ⇡ 2.4 cm�1

near	prolate	asymmetric	top
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Pure rotation of H2CO – qrR(18)
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<latexit sha1_base64="IRhejo5Cvs1yVaw9vN9WI/04rV4=">AAACDnicbZC7TgJBFIZn8YZ4W7W02UhILJTsGoLQkdhYYiKXBAiZHQ4wYfaSmbNGstknsPFVbCw0xtbazrdxWCgUPMkkX/7/nJkzvxsKrtC2v43M2vrG5lZ2O7ezu7d/YB4eNVUQSQYNFohAtl2qQHAfGshRQDuUQD1XQMudXM/81j1IxQP/Dqch9Dw68vmQM4pa6puFLsIDpvfEroggiZ1qP7bPnWpy4VRSqiRJ38zbRTstaxWcBeTJoup986s7CFjkgY9MUKU6jh1iL6YSOROQ5LqRgpCyCR1BR6NPPVC9OF0jsQpaGVjDQOrjo5Wqvydi6ik19Vzd6VEcq2VvJv7ndSIcVnox98MIwWfzh4aRsDCwZtlYAy6BoZhqoExyvavFxlRShjrBnA7BWf7yKjQvi065WLot5WvlRRxZckJOyRlxyBWpkRtSJw3CyCN5Jq/kzXgyXox342PemjEWM8fkTxmfP65bmys=</latexit> 19
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<latexit sha1_base64="u53sIdQdkSvJMo+Rzrsp6gGh3B0=">AAACDnicbZC7SgNBFIZn4y3G26qlzWIQLDTsSNDYBWwsFUwiJEuYnZzokNkLM2fFsOwT2PgqNhaK2Frb+TZO1i008cDAx/+fM3Pm92MpNLrul1Wam19YXCovV1ZW19Y37M2tto4SxaHFIxmpa59pkCKEFgqUcB0rYIEvoeOPziZ+5w6UFlF4heMYvIDdhGIoOEMj9e29HsI95vekvkwgS+lpP6UH9DQ7pI2cGlnWt6tuzc3LmQVaQJUUddG3P3uDiCcBhMgl07pL3Ri9lCkUXEJW6SUaYsZH7Aa6BkMWgPbSfI3M2TPKwBlGypwQnVz9PZGyQOtx4JvOgOGtnvYm4n9eN8Fhw0tFGCcIIf95aJhIByNnko0zEAo4yrEBxpUwuzr8linG0SRYMSHQ6S/PQvuoRo9r9ct6tXlcxFEmO2SX7BNKTkiTnJML0iKcPJAn8kJerUfr2Xqz3n9aS1Yxs03+lPXxDbF3my0=</latexit> 19
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<latexit sha1_base64="q9oCyWB9IWgkSCBlcYZ6uLjPBVI=">AAACDnicbZC7SgNBFIZnvcZ4i1raLIaAhYYdCRq7gI2lgrlAsoTZyUkyOHth5qwYln0CG1/FxkIRW2s738bJuoUmHhj4+P9zZs78XiSFRsf5shYWl5ZXVgtrxfWNza3t0s5uS4ex4tDkoQxVx2MapAigiQIldCIFzPcktL3bi6nfvgOlRRjc4CQC12ejQAwFZ2ikfqnSQ7jH7J7EkzGkCT3vJ/SI1tNjWs/oLE37pbJTdbKy54HmUCZ5XfVLn71ByGMfAuSSad2lToRuwhQKLiEt9mINEeO3bARdgwHzQbtJtkZqV4wysIehMidAO1N/TyTM13rie6bTZzjWs95U/M/rxjisu4kIohgh4D8PDWNpY2hPs7EHQgFHOTHAuBJmV5uPmWIcTYJFEwKd/fI8tE6q9LRau66VG6d5HAWyTw7IIaHkjDTIJbkiTcLJA3kiL+TVerSerTfr/ad1wcpn9sifsj6+Aa5hmys=</latexit> 19
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<latexit sha1_base64="FTav6y9H1sKxBVBxItiETDYsQH4=">AAACDnicbZC7TgJBFIZnvSLeVi1tNhISCyW7hAB2JDaWmMglAUJmhwNMmL1k5qyRbPYJbHwVGwuNsbW2820cFgoFTzLJl/8/Z+bM74aCK7Ttb2NtfWNzazuzk93d2z84NI+OmyqIJIMGC0Qg2y5VILgPDeQooB1KoJ4roOVOrmd+6x6k4oF/h9MQeh4d+XzIGUUt9c18F+EB03tiV0SQxM5VPy5eONXk0qmmVEmSvpmzC3Za1io4C8iRRdX75ld3ELDIAx+ZoEp1HDvEXkwlciYgyXYjBSFlEzqCjkafeqB6cbpGYuW1MrCGgdTHRytVf0/E1FNq6rm606M4VsveTPzP60Q4rPZi7ocRgs/mDw0jYWFgzbKxBlwCQzHVQJnkeleLjamkDHWCWR2Cs/zlVWgWC065ULot5WrlRRwZckrOyDlxSIXUyA2pkwZh5JE8k1fyZjwZL8a78TFvXTMWMyfkTxmfP7F9my0=</latexit> 19
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<latexit sha1_base64="f0CYinrK8/t/HHSm6T51+g9cAzg=">AAACDnicbZC7TgJBFIZnvSLeVi1tNhISCyW7hAB2JDaWmMglAUJmhwNMmL1k5qyRbPYJbHwVGwuNsbW2820cFgoFTzLJl/8/Z+bM74aCK7Ttb2NtfWNzazuzk93d2z84NI+OmyqIJIMGC0Qg2y5VILgPDeQooB1KoJ4roOVOrmd+6x6k4oF/h9MQeh4d+XzIGUUt9c18F+EB03tiV0SQxM5VPy5eOJXk0qmmVE6SvpmzC3Za1io4C8iRRdX75ld3ELDIAx+ZoEp1HDvEXkwlciYgyXYjBSFlEzqCjkafeqB6cbpGYuW1MrCGgdTHRytVf0/E1FNq6rm606M4VsveTPzP60Q4rPZi7ocRgs/mDw0jYWFgzbKxBlwCQzHVQJnkeleLjamkDHWCWR2Cs/zlVWgWC065ULot5WrlRRwZckrOyDlxSIXUyA2pkwZh5JE8k1fyZjwZL8a78TFvXTMWMyfkTxmfP65nmys=</latexit> 19
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<latexit sha1_base64="jqvaAkT9PFG1rrTgGdp5mnGjWng=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWLgbBxrArIcYuYGMZwTwgWcLs5CYZMvtg5q4Yli1t/BUbC0Vs/QQ7/8bJJoUmHhjmcM69d+4cLxJcoW1/G7mV1bX1jfxmYWt7Z3fP3D9oqjCWDBosFKFse1SB4AE0kKOAdiSB+p6Alje+nvqte5CKh8EdTiJwfToM+IAzilrqmcddhAfM5iSeiCFNnKteUk7Pner0Sntm0S7ZGaxl4sxJkcxR75lf3X7IYh8CZIIq1XHsCN2ESuRMQFroxgoiysZ0CB1NA+qDcpNsgdQ61UrfGoRSnwCtTP3dkVBfqYnv6Uqf4kgtelPxP68T46DqJjyIYoSAzR4axMLC0JqmYvW5BIZiogllkutdLTaikjLU2RV0CM7il5dJ86LkVErl23KxVpnHkSdH5IScEYdckhq5IXXSIIw8kmfySt6MJ+PFeDc+ZqU5Y95zSP7A+PwB0UGZzA==</latexit> 19
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<latexit sha1_base64="U8QHGfral+qazcltrRaGbuKkY9I=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRKRqruCG5cV7APaUCbTm3bo5MHMjRhC/RU3LhRx64e482+cpllo64ELh3PunTv3eLHgCm372yitrW9sbpW3Kzu7e/sH5uFRR0WJZNBmkYhkz6MKBA+hjRwF9GIJNPAEdL3pzdzvPoBUPArvMY3BDeg45D5nFLU0NKsDhEfM38k8kcAsu54NzZpdt3NYq8QpSI0UaA3Nr8EoYkkAITJBleo7doxuRiVyJmBWGSQKYsqmdAx9TUMagHKzfOnMOtXKyPIjqStEK1d/T2Q0UCoNPN0ZUJyoZW8u/uf1E/Sv3IyHcYIQssUiPxEWRtY8CWvEJTAUqSaUSa7/arEJlZShzquiQ3CWT14lnfO606hf3F3Umo0ijjI5JifkjDjkkjTJLWmRNmEkJc/klbwZT8aL8W58LFpLRjFTJX9gfP4AxF+Vdw==</latexit>

9
<latexit sha1_base64="vWNLJ8H/tyZd8wk910y6wXGPcY0=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRKR2mXBjcsK9gFtKJPpTTt08mDmRgyh/oobF4q49UPc+TdO0yy09cCFwzn3zp17vFhwhbb9bZQ2Nre2d8q7lb39g8Mj8/ikq6JEMuiwSESy71EFgofQQY4C+rEEGngCet7sZuH3HkAqHoX3mMbgBnQScp8ziloamdUhwiPm72SeSGCeNecjs2bX7RzWOnEKUiMF2iPzaziOWBJAiExQpQaOHaObUYmcCZhXhomCmLIZncBA05AGoNwsXzq3zrUytvxI6grRytXfExkNlEoDT3cGFKdq1VuI/3mDBP2mm/EwThBCtlzkJ8LCyFokYY25BIYi1YQyyfVfLTalkjLUeVV0CM7qyeuke1l3GvWru6taq1HEUSan5IxcEIdckxa5JW3SIYyk5Jm8kjfjyXgx3o2PZWvJKGaq5A+Mzx/C2pV2</latexit>
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<latexit sha1_base64="RTvRgydBLL5ULKB7tc2714n3wcw=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRKR1mXBjcsK9gFtKJPpTTt08mDmRgyh/oobF4q49UPc+TdO0yy09cCFwzn3zp17vFhwhbb9bZQ2Nre2d8q7lb39g8Mj8/ikq6JEMuiwSESy71EFgofQQY4C+rEEGngCet7sZuH3HkAqHoX3mMbgBnQScp8ziloamdUhwiPm72SeSGCeNecjs2bX7RzWOnEKUiMF2iPzaziOWBJAiExQpQaOHaObUYmcCZhXhomCmLIZncBA05AGoNwsXzq3zrUytvxI6grRytXfExkNlEoDT3cGFKdq1VuI/3mDBP1rN+NhnCCEbLnIT4SFkbVIwhpzCQxFqgllkuu/WmxKJWWo86roEJzVk9dJ97LuNOpXd1e1VqOIo0xOyRm5IA5pkha5JW3SIYyk5Jm8kjfjyXgx3o2PZWvJKGaq5A+Mzx/BVZV1</latexit>
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<latexit sha1_base64="zcSuCr2aHpch3sPWjYQZdPWKvxk=">AAACDnicbZC7TgJBFIZnvSLeVi1tNhISCyW7iogdiY0lJnJJgJDZ4QATZi+ZOWskm30CG1/FxkJjbK3tfBuHhULBk0zy5f/PmTnzu6HgCm3721haXlldW89sZDe3tnd2zb39ugoiyaDGAhHIpksVCO5DDTkKaIYSqOcKaLij64nfuAepeODf4TiEjkcHPu9zRlFLXTPfRnjA9J7YFREksXPVjc9PnFJy6pRTukiSrpmzC3Za1iI4M8iRWVW75le7F7DIAx+ZoEq1HDvETkwlciYgybYjBSFlIzqAlkafeqA6cbpGYuW10rP6gdTHRytVf0/E1FNq7Lm606M4VPPeRPzPa0XYL3di7ocRgs+mD/UjYWFgTbKxelwCQzHWQJnkeleLDamkDHWCWR2CM//lRaifFZxSoXhbzFVKszgy5JAckWPikEtSITekSmqEkUfyTF7Jm/FkvBjvxse0dcmYzRyQP2V8/gCubZsr</latexit> 19
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<latexit sha1_base64="l2isOVDoxgNvwMiiXT7gfoQA9DA="></latexit>

Ka � / cm�1

1 2.647640
2 1.735818
3 0.393353
4 0.027113
5 0.000904
6 0.000017

K splitting
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qrR(18) of H2CO – Levels & transitions

40

J' Ka' Kc' Energy K splitting J" Ka" Kc" Energy K splitting Transition

19 0 19 450.290804 18 0 18 405.959812 44.330992

19 1 19 451.437602 29.003850 18 1 18 407.342427 26.356211 44.095175

19 1 18 480.441452 18 1 17 433.698638 46.742814

19 2 18 491.755061 10.896075 18 2 17 446.089149 9.160257 45.665912

19 2 17 502.651136 18 2 16 455.249406 47.401730

19 3 17 535.936777 1.503140 18 3 16 489.696030 1.109788 46.240747

19 3 16 537.439917 18 3 15 490.805818 46.634099

19 4 16 592.892958 0.078728 18 4 15 546.645476 0.051615 46.247482

19 4 15 592.971686 18 4 14 546.697091 46.274595

19 5 15 665.896911 0.002178 18 5 14 619.720549 0.001274 46.176362

19 5 14 665.899089 18 5 13 619.721823 46.177266

1

<latexit sha1_base64="UX1dfNLxig1zEoXsjmzTP1cSW6o=">AAACGXicbVDLSgMxFM34rPU16tJNsAgupMxI0W6Egi5ENxXsAzrDkEnvtKGZB0lGKKW/4cZfceNCEZe68m/MtLOwrQcCJ+ecS3KPn3AmlWX9GEvLK6tr64WN4ubW9s6uubfflHEqKDRozGPR9okEziJoKKY4tBMBJPQ5tPzBVea3HkFIFkcPapiAG5JexAJGidKSZ1rONXBF8C2+xPYpdnB+v/OIVqwZhWYZzyxZZWsCvEjsnJRQjrpnfjndmKYhRIpyImXHthLljohQjHIYF51UQkLogPSgo2lEQpDuaLLZGB9rpYuDWOgTKTxR/06MSCjlMPR1MiSqL+e9TPzP66QqqLojFiWpgohOHwpSjlWMs5pwlwmgig81IVQw/VdM+0QQqnSZRV2CPb/yImmele3zcuW+UqpV8zoK6BAdoRNkowtUQzeojhqIoif0gt7Qu/FsvBofxuc0umTkMwdoBsb3L7Bsm7c=</latexit>

�J = 1, �Ka = 0, �Kc = 1 (a-type transitions) K	splitting	➚	when	J	➚	or	K	➘

(values in cm–1)
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µa = 1.4071 (8) D

µb = 0.227 (10) D

B = 0.4021 cm�1

C = 0.3474 cm�1

A = 2.586 cm�1

� = �0.951

b

0.4

0.5

0.6

0.7

0.8

0.9

1.0

qRKa’’(41)
41387566354

qRKa’’(42)

qRKa’’(40)

6 3 6 5 7 8 9 13 4 2 3

54

Tr
an
sm
itt
an
ce

32.65 32.39 32.13 31.87 31.61 31.35
0.4

0.5

0.6

0.7

0.8

0.9

1.0

Wavenumber / cm-1

qRKa’’(44)

qRKa’’(43)

rR5(J")

rR4(J")

2 1

0,11

32

910

16 15

Pure rotation spectrum of HCOOH
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Rotation of a spherical top – CH4

42

<latexit sha1_base64="euxOHsEiJo5pRPpofy+v/Xv3wXM=">AAAB+3icbVDLSsNAFJ3UV62vWpdugkVwVRIp6sJFwY3LCvYBbSiTyU07dPJg5kZaQn7FjQtF3Poj7vwbp2kW2nrgwuGce+fOPW4suELL+jZKG5tb2zvl3cre/sHhUfW41lVRIhl0WCQi2XepAsFD6CBHAf1YAg1cAT13erfwe08gFY/CR5zH4AR0HHKfM4paGlVrQ4QZ5u+kErwsnWWjat1qWDnMdWIXpE4KtEfVr6EXsSSAEJmgSg1sK0YnpRI5E5BVhomCmLIpHcNA05AGoJw035mZ51rxTD+SukI0c/X3REoDpeaBqzsDihO16i3E/7xBgv6Nk/IwThBCtlzkJ8LEyFwEYXpcAkMx14QyyfVfTTahkjLUcVV0CPbqyeuke9mwrxrNh2a9dVvEUSan5IxcEJtckxa5J23SIYzMyDN5JW9GZrwY78bHsrVkFDMn5A+Mzx9T9pVF</latexit>x

<latexit sha1_base64="S0/iDrvT821V/Ryz1qsq/R93BHk=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIRdeGi4MZlBfuANpTJ5LYdOnkwcyOtIb/ixoUibv0Rd/6N0zQLbT1w4XDOvXPnHi8WXKFtfxultfWNza3ydmVnd2//wDystlWUSAYtFolIdj2qQPAQWshRQDeWQANPQMeb3M79ziNIxaPwAWcxuAEdhXzIGUUtDcxqH2GK+TupBD9Ln7KBWbPrdg5rlTgFqZECzYH51fcjlgQQIhNUqZ5jx+imVCJnArJKP1EQUzahI+hpGtIAlJvmOzPrVCu+NYykrhCtXP09kdJAqVng6c6A4lgte3PxP6+X4PDaTXkYJwghWywaJsLCyJoHYflcAkMx04QyyfVfLTamkjLUcVV0CM7yyaukfV53LusX9xe1xk0RR5kckxNyRhxyRRrkjjRJizAyJc/klbwZmfFivBsfi9aSUcwckT8wPn8AVwCVRw==</latexit>z

<latexit sha1_base64="1WmlH6Cs7Nda+W2cPf1/nbQUBv4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyxCRSiJFHXhouDGZQX7gLaUyeS2HTqZhJkbMYSCv+LGhSJu/Q53/o3Tx0KrBy4czrl37tzjx4JrdN0vK7e0vLK6ll8vbGxube/Yu3sNHSWKQZ1FIlItn2oQXEIdOQpoxQpo6Ato+qPrid+8B6V5JO8wjaEb0oHkfc4oGqlnH3QQHnD6TqYgGGel0/Rk3LOLbtmdwvlLvDkpkjlqPfuzE0QsCUEiE1TrtufG2M2oQs4EjAudRENM2YgOoG2opCHobjZdO3aOjRI4/UiZkuhM1Z8TGQ21TkPfdIYUh3rRm4j/ee0E+5fdjMs4QZBstqifCAcjZ5KFE3AFDEVqCGWKm786bEgVZWgSK5gQvMWT/5LGWdk7L1duK8Xq1TyOPDkkR6REPHJBquSG1EidMJKRJ/JCXq1H69l6s95nrTlrPrNPfsH6+AaXfJXg</latexit>

(+y)

<latexit sha1_base64="0y7hdqrlYVShFhxZe8il8XrXPLw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyWRoi4UCm7sroJ9QBvCZDpph04ezEzEtPRL3LhQxK2f4s6/cZpmoa0H7uVwzr3MnePFnEllWd9GYW19Y3OruF3a2d3bL5sHh20ZJYLQFol4JLoelpSzkLYUU5x2Y0Fx4HHa8ca3c7/zSIVkUfig0pg6AR6GzGcEKy25ZrnhPqEb1HDTrE9cs2JVrQxoldg5qUCOpmt+9QcRSQIaKsKxlD3bipUzxUIxwums1E8kjTEZ4yHtaRrigEpnmh0+Q6daGSA/ErpChTL198YUB1KmgacnA6xGctmbi/95vUT5V86UhXGiaEgWD/kJRypC8xTQgAlKFE81wUQwfSsiIywwUTqrkg7BXv7yKmmfV+2Lau2+Vqlf53EU4RhO4AxsuIQ63EETWkAggWd4hTdjYrwY78bHYrRg5DtH8AfG5w9pxpGh</latexit>

Ix = Iy = Iz

No preferred direction (i.e. "K" for symmetric rotors)

<latexit sha1_base64="T/RrKIa50hIuIGFAQa8XcKwfQ14=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0FIEMKuBPWgEBRBcopgHpAsy+xkNhky+2BmVgkxn+LFgyJe/RJv/o2TZA+aWNBQVHXT3eXFnEllWd/G0vLK6tp6ZiO7ubW9s2vm9hoySgShdRLxSLQ8LClnIa0rpjhtxYLiwOO06Q2uJ37zgQrJovBeDWPqBLgXMp8RrLTkmrkbVxSqRXSJrlC1UD22i66Zt0rWFGiR2CnJQ4qaa351uhFJAhoqwrGUbduKlTPCQjHC6TjbSSSNMRngHm1rGuKASmc0PX2MjrTSRX4kdIUKTdXfEyMcSDkMPN0ZYNWX895E/M9rJ8o/d0YsjBNFQzJb5CccqQhNckBdJihRfKgJJoLpWxHpY4GJ0mlldQj2/MuLpHFSsk9L5btyvnKRxpGBAziEAthwBhW4hRrUgcAjPMMrvBlPxovxbnzMWpeMdGYf/sD4/AHjopEp</latexit>

Er(J) = BJ(J + 1)

(2J+1 degenerate levels for each J)

Semi-rigid molecule : degeneracy partly lifted Identification of the levels?

Position Intensity E_lower g_lower rot_upper rot_lower

134.711449 1.214E-27 815.1315 75 13F2  1 12F1  3

134.725561 1.513E-27 815.1159 75 13F1  1 12F2  3

134.833386 9.471E-28 815.0081 75 13F1  1 12F2  2

134.958636 2.073E-25 814.8843 75 13F2  1 12F1  2

134.974968 2.149E-25 814.8665 75 13F1  1 12F2  1

135.020471 2.369E-26 815.1159 75 13F1  2 12F2  3

135.064743 3.851E-25 815.0890 125 13A1  1 12A2  1

135.128296 2.751E-25 815.0081 75 13F1  2 12F2  2

135.136144 2.207E-25 814.9931 50 13E   1 12E   2

135.188872 2.525E-25 815.1159 75 13F1  3 12F2  3

135.195062 1.226E-28 814.6479 75 13F2  1 12F1  1

135.205313 2.763E-25 815.1315 75 13F2  2 12F1  3

135.241444 5.221E-25 815.1436 125 13A2  1 12A1  2

135.269878 7.510E-27 814.8665 75 13F1  2 12F2  1

135.296672 7.780E-26 815.0081 75 13F1  3 12F2  2

135.355732 2.517E-26 815.1315 75 13F2  3 12F1  3

135.406327 9.531E-27 815.1159 75 13F1  4 12F2  3

135.438272 7.527E-27 814.8665 75 13F1  3 12F2  1

135.452513 1.453E-26 814.8843 75 13F2  2 12F1  2

135.480448 5.657E-28 814.6488 50 13E   1 12E   1

135.511823 2.612E-26 814.9931 50 13E   2 12E   2

135.514127 1.027E-26 815.0081 75 13F1  4 12F2  2

135.602932 6.088E-27 814.8843 75 13F2  3 12F1  2

135.655727 3.934E-26 814.8665 75 13F1  4 12F2  1

135.688913 4.600E-27 814.6479 75 13F2  2 12F1  1

135.739044 2.959E-26 814.6460 125 13A2  1 12A1  1

135.839332 6.085E-27 814.6479 75 13F2  3 12F1  1

135.856123 4.162E-27 814.6488 50 13E   2 12E   1

E_lower g_lower rot_lower

814.6460 125 12A1  1

815.1436 125 12A1  2

815.0890 125 12A2  1

814.6488 50 12E   1

814.9931 50 12E   2

814.6479 75 12F1  1

814.8843 75 12F1  2

815.1315 75 12F1  3

814.8665 75 12F2  1

815.0081 75 12F2  2

815.1159 75 12F2  3

Level E / cm–1 Level E / cm–1

A1  1 814.6460 F1  1 814.6479
A1  2 815.1436 F1  2 814.8843
A2  1 815.0890 F1  3 815.1315
E   1 814.6488 F2  1 814.8665
E   2 814.9931 F2  2 815.0081

F2  3 815.1159

4

<latexit sha1_base64="IcN2dpgd3DhljK/b6SHh+HUAU14=">AAAB/3icbVA9SwNBEN2LXzF+nQo2NodBsAp3IWgaIWAjVhHMByQh7G0myZK9vWN3TgxnCv+KjYUitv4NO/+Nm0sKTXww8HhvZmfn+ZHgGl3328qsrK6tb2Q3c1vbO7t79v5BXYexYlBjoQhV06caBJdQQ44CmpECGvgCGv7oauo37kFpHso7HEfQCehA8j5nFI3UtY/aCA+YvpP4IoZJcnPpFSddO+8W3BTOMvHmJE/mqHbtr3YvZHEAEpmgWrc8N8JOQhVyJmCSa8caIspGdAAtQyUNQHeSdO/EOTVKz+mHypREJ1V/TyQ00Hoc+KYzoDjUi95U/M9rxdgvdxIuoxhBstmifiwcDJ1pGE6PK2AoxoZQprj5q8OGVFGGJrKcCcFbPHmZ1IsF77xQui3lK+V5HFlyTE7IGfHIBamQa1IlNcLII3kmr+TNerJerHfrY9aaseYzh+QPrM8fWSGWSA==</latexit>

J = 12
• symmetry in Td(M) group 
• ranking index ( )α
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Pure rotation spectrum of CH4
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<latexit sha1_base64="tNihtW3kHXl92Bpi82wlXDO5bVM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhnSq0uC25cVrAPaMchk6ZtbJIZkoxQxln4K25cKOLW33Dn35i2s9DWAxcO59zLvfcEEaNKO863lVtaXlldy68XNja3tnfs3b2mCmOJSQOHLJTtACnCqCANTTUj7UgSxANGWsHoauK3HohUNBS3ehwRj6OBoH2KkTaSbx90FR1w5Cf3NIVn0HXuktPyeerbRafkTAEXiZuRIshQ9+2vbi/EMSdCY4aU6rhOpL0ESU0xI2mhGysSITxCA9IxVCBOlJdM70/hsVF6sB9KU0LDqfp7IkFcqTEPTCdHeqjmvYn4n9eJdf/SS6iIYk0Eni3qxwzqEE7CgD0qCdZsbAjCkppbIR4iibA2kRVMCO78y4ukWS651VLlplKsVbM48uAQHIET4IILUAPXoA4aAINH8AxewZv1ZL1Y79bHrDVnZTP74A+szx8cTJTV</latexit> �
ji
/1
0�

2
5

Centrifugal distortion induced 
dipole moment

<latexit sha1_base64="gYC1X1QZUAGxom3le++fdRHpCpM="></latexit>

µD ' 2.4⇥ 10�5 D
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R(12) manifold of CH4
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<latexit sha1_base64="hmJPOktt37M3UTG7qI3Q02lzbi4=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahhVJmSqkuC4K4rGAf0A5DJs20oZlkSDJKKd248VfcuFDErf/gzr8xbWehrQcuHM65l3vvCWJGlXacbyuztr6xuZXdzu3s7u0f2IdHLSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXz2/dEKir4nR7HxIvQgNOQYqSN5NunhWu/UoJuEfYYCTWSUjxAo7klWCn6dt4pO3PAVeKmJA9SNHz7q9cXOIkI15ghpbquE2tvgqSmmJFprpcoEiM8QgPSNZSjiChvMv9iCs+N0oehkKa4hnP198QERUqNo8B0RkgP1bI3E//zuokOL70J5XGiCceLRWHCoBZwFgnsU0mwZmNDEJbU3ArxEEmEtQkuZ0Jwl19eJa1K2a2Vq7fVfL2WxpEFJ+AMFIALLkAd3IAGaAIMHsEzeAVv1pP1Yr1bH4vWjJXOHIM/sD5/ALJ8lXw=</latexit> (F
2
,1
)
 

(F
1
,2
)

<latexit sha1_base64="p3A1Xci5qglkSCOMu7Dzy8hCeGo=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqCBlppTqsiCIywr2Au0wZNJMG5pJhiSjlKEbN76KGxeKuPUd3Pk2ZtoutPWHwM93zuHk/EHMqNKO823lVlbX1jfym4Wt7Z3dPXv/oKVEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6yevueSEUFv9PjmHgRGnAaUoy0Qb59XLr23XPonsEeI6FGUooHaFglY75ddMrOVHDZuHNTBHM1fPur1xc4iQjXmCGluq4Tay9FUlPMyKTQSxSJER6hAekay1FElJdOr5jAU0P6MBTSPK7hlP6eSFGk1DgKTGeE9FAt1jL4X62b6PDSSymPE004ni0KEwa1gFkksE8lwZqNjUFYUvNXiIdIIqxNcAUTgrt48rJpVcpurVy9rRbrtXkceXAETkAJuOAC1MENaIAmwOARPINX8GY9WS/Wu/Uxa81Z85lD8EfW5w+w45V7</latexit> (F
1
,1
)
 

(F
2
,1
)

<latexit sha1_base64="EiSCQb9kwAsU2PSZQ7SrSIi5zms=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqCBlppTqsuLGZQV7gXYYMmmmDc0kQ5JRytCNG1/FjQtF3PoO7nwbM20X2vpD4Oc753By/iBmVGnH+bZyK6tr6xv5zcLW9s7unr1/0FIikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORtdZvX1PpKKC3+lxTLwIDTgNKUbaIN8+Ll357jl0z2CPkVAjKcUDNKySMd8uOmVnKrhs3Lkpgrkavv3V6wucRIRrzJBSXdeJtZciqSlmZFLoJYrECI/QgHSN5SgiykunV0zgqSF9GAppHtdwSn9PpChSahwFpjNCeqgWaxn8r9ZNdHjppZTHiSYczxaFCYNawCwS2KeSYM3GxiAsqfkrxEMkEdYmuIIJwV08edm0KmW3Vq7eVov12jyOPDgCJ6AEXHAB6uAGNEATYPAInsEreLOerBfr3fqYteas+cwh+CPr8wehG5Vx</latexit> (A
1
,1
)
 

(A
2
,1
)

<latexit sha1_base64="1lh1bMe5CVNzujoQlDTmOZchtK8=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqCBlppTqsiCIywr2Au0wZNJMG5pJhiSjlKEbN76KGxeKuPUd3Pk2ZtoutPWHwM93zuHk/EHMqNKO823lVlbX1jfym4Wt7Z3dPXv/oKVEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6yevueSEUFv9PjmHgRGnAaUoy0Qb59XLr23XNYOYM9RkKNpBQP0LBKxny76JSdqeCyceemCOZq+PZXry9wEhGuMUNKdV0n1l6KpKaYkUmhlygSIzxCA9I1lqOIKC+dXjGBp4b0YSikeVzDKf09kaJIqXEUmM4I6aFarGXwv1o30eGll1IeJ5pwPFsUJgxqAbNIYJ9KgjUbG4OwpOavEA+RRFib4AomBHfx5GXTqpTdWrl6Wy3Wa/M48uAInIAScMEFqIMb0ABNgMEjeAav4M16sl6sd+tj1pqz5jOH4I+szx+0AZV9</latexit> (F
1
,2
)
 

(F
2
,2
)

<latexit sha1_base64="DIXsRcB+9nzETuM3v5O+RS5foNc=">AAACAXicbVDLSgMxFM34rPU16kZwEyxCC1JmSqkuCyK4rGAf0A4lk2ba0EwyJBmlDHXjr7hxoYhb/8Kdf2OmnYW2HrhwOOde7r3HjxhV2nG+rZXVtfWNzdxWfntnd2/fPjhsKRFLTJpYMCE7PlKEUU6ammpGOpEkKPQZafvjq9Rv3xOpqOB3ehIRL0RDTgOKkTZS3z4uXp9DtwR7jAQaSSkeYKpUSn274JSdGeAycTNSABkaffurNxA4DgnXmCGluq4TaS9BUlPMyDTfixWJEB6jIekaylFIlJfMPpjCM6MMYCCkKa7hTP09kaBQqUnom84Q6ZFa9FLxP68b6+DSSyiPYk04ni8KYga1gGkccEAlwZpNDEFYUnMrxCMkEdYmtLwJwV18eZm0KmW3Vq7eVgv1WhZHDpyAU1AELrgAdXADGqAJMHgEz+AVvFlP1ov1bn3MW1esbOYI/IH1+QNHDpQx</latexit> (E
,1
)
 

(E
,2
)

<latexit sha1_base64="kEuRDU9xtmKX0jvOUOLryT1YcO8=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqCBlppbqsiCIywr2Au0wZNJMG5pJhiSjlKEbN76KGxeKuPUd3Pk2ZtoutPpD4Oc753By/iBmVGnH+bJyS8srq2v59cLG5tb2jr2711IikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORpdZvX1HpKKC3+pxTLwIDTgNKUbaIN8+LF357ik8O4E9RkKNpBT30LBKxny76JSdqeBf485NEczV8O3PXl/gJCJcY4aU6rpOrL0USU0xI5NCL1EkRniEBqRrLEcRUV46vWICjw3pw1BI87iGU/pzIkWRUuMoMJ0R0kO1WMvgf7VuosMLL6U8TjTheLYoTBjUAmaRwD6VBGs2NgZhSc1fIR4iibA2wRVMCO7iyX9Nq1J2a+XqTbVYr83jyIMDcARKwAXnoA6uQQM0AQYP4Am8gFfr0Xq23qz3WWvOms/sg1+yPr4Btx+Vfw==</latexit> (F
1
,3
)
 

(F
2
,3
)

<latexit sha1_base64="N6nwNdEMIk5zD03Smy9gUYX6cLE=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahhVJmaqkuC4K4rGBboR2GTJppQzPJkGSUMnTjxl9x40IRt/6DO//G9LHQ1gMXDufcy733BDGjSjvOt5VZWV1b38hu5ra2d3b37P2DlhKJxKSJBRPyLkCKMMpJU1PNyF0sCYoCRtrB8HLit++JVFTwWz2KiRehPqchxUgbybePC1d+pQQrRdhlJNRISvEAjeaW4FnRt/NO2ZkCLhN3TvJgjoZvf3V7AicR4RozpFTHdWLtpUhqihkZ57qJIjHCQ9QnHUM5iojy0ukXY3hqlB4MhTTFNZyqvydSFCk1igLTGSE9UIveRPzP6yQ6vPBSyuNEE45ni8KEQS3gJBLYo5JgzUaGICypuRXiAZIIaxNczoTgLr68TFqVslsrV2+q+XptHkcWHIETUAAuOAd1cA0aoAkweATP4BW8WU/Wi/VufcxaM9Z85hD8gfX5A7WalX4=</latexit>

(F2, 2) (F1, 3)

<latexit sha1_base64="UGI9KkxbLxCWMj8VItLI3HDtp3U=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahhVJmSqkuK25cVrAPaIchk2ba0EwyJBmllG7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733BDGjSjvOt5VZW9/Y3Mpu53Z29/YP7MOjlhKJxKSJBROyEyBFGOWkqalmpBNLgqKAkXYwup757XsiFRX8To9j4kVowGlIMdJG8u3TwpVfKUG3CHuMhBpJKR6g0dwSrBR9O++UnTngKnFTkgcpGr791esLnESEa8yQUl3XibU3QVJTzMg010sUiREeoQHpGspRRJQ3mX8xhedG6cNQSFNcw7n6e2KCIqXGUWA6I6SHatmbif953USHl96E8jjRhOPFojBhUAs4iwT2qSRYs7EhCEtqboV4iCTC2gSXMyG4yy+vklal7NbK1dtqvl5L48iCE3AGCsAFF6AObkADNAEGj+AZvII368l6sd6tj0VrxkpnjsEfWJ8/orSVcg==</latexit>

(A2, 1) (A1, 2)

<latexit sha1_base64="Qoqu58KkDYcW/K6vLwbx+49oWiA=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahhVJmaqkuC4K4rGBboR2GTJppQzPJkGSUMnTjxl9x40IRt/6DO//G9LHQ1gMXDufcy733BDGjSjvOt5VZWV1b38hu5ra2d3b37P2DlhKJxKSJBRPyLkCKMMpJU1PNyF0sCYoCRtrB8HLit++JVFTwWz2KiRehPqchxUgbybePC1e+W4JnRdhlJNRISvEAjVYpwUrRt/NO2ZkCLhN3TvJgjoZvf3V7AicR4RozpFTHdWLtpUhqihkZ57qJIjHCQ9QnHUM5iojy0ukXY3hqlB4MhTTFNZyqvydSFCk1igLTGSE9UIveRPzP6yQ6vPBSyuNEE45ni8KEQS3gJBLYo5JgzUaGICypuRXiAZIIaxNczoTgLr68TFqVslsrV2+q+XptHkcWHIETUAAuOAd1cA0aoAkweATP4BW8WU/Wi/VufcxaM9Z85hD8gfX5A7WalX4=</latexit> (F
1
,3
)
 

(F
2
,2
)

28 lines

<latexit sha1_base64="rS9KuT38fDQ3vQuFxExx5dgnJSc=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FSSUrTHFi8eK9gPaEPYbDft0k027E6UEnrxr3jxoIhXf4Y3/43bNgdtfTDweG+GmXlBIrgGx/m21tY3Nre2CzvF3b39g0P76LitZaooa1EppOoGRDPBY9YCDoJ1E8VIFAjWCcY3M7/zwJTmMr6HScK8iAxjHnJKwEi+fdrwXdwXLATFhyMgSslH3PArvl1yys4ceJW4OSmhHE3f/uoPJE0jFgMVROue6yTgZUQBp4JNi/1Us4TQMRmynqExiZj2svkDU3xhlAEOpTIVA56rvycyEmk9iQLTGREY6WVvJv7n9VIIa17G4yQFFtPFojAVGCSepYEHXDEKYmIIoYqbWzEdEUUomMyKJgR3+eVV0q6U3aty9a5aqtfyOAroDJ2jS+Sia1RHt6iJWoiiKXpGr+jNerJerHfrY9G6ZuUzJ+gPrM8fndCVww==</latexit>

A1 $ A2
<latexit sha1_base64="UhibdLe0im5bfQDsVRLmGJz7gfk=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FSSUrTHglA8VrAf0Iaw2W7apZts2J0oJfTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/OCRHANjvNtra1vbG5tF3aKu3v7B4f20XFby1RR1qJSSNUNiGaCx6wFHATrJoqRKBCsE4xvZn7ngSnNZXwPk4R5ERnGPOSUgJF8+7Thu7gvWAiKD0dAlJKPuOFXfLvklJ058Cpxc1JCOZq+/dUfSJpGLAYqiNY910nAy4gCTgWbFvupZgmhYzJkPUNjEjHtZfMHpvjCKAMcSmUqBjxXf09kJNJ6EgWmMyIw0sveTPzP66UQ1ryMx0kKLKaLRWEqMEg8SwMPuGIUxMQQQhU3t2I6IopQMJkVTQju8surpF0pu1fl6l21VK/lcRTQGTpHl8hF16iOblETtRBFU/SMXtGb9WS9WO/Wx6J1zcpnTtAfWJ8/rXCVzQ==</latexit>

F1 $ F2
<latexit sha1_base64="onMHvDQ1pJhNa+4K8dE5OZlBNVM=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JI0R4LUvBYwX5AG8pmu2mXbjZhd6KEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZ58eCa3Ccb6uwsbm1vVPcLe3tHxwe2ccnHR0lirI2jUSkej7RTHDJ2sBBsF6sGAl9wbr+9Gbudx+Y0jyS95DGzAvJWPKAUwJGGtrlJh4IFoDi4wkQpaJH3BzaFafqLIDXiZuTCsrRGtpfg1FEk5BJoIJo3XedGLyMKOBUsFlpkGgWEzolY9Y3VJKQaS9bHD/D50YZ4SBSpiTghfp7IiOh1mnom86QwESvenPxP6+fQFD3Mi7jBJiky0VBIjBEeJ4EHnHFKIjUEEIVN7diOiGKUDB5lUwI7urL66RzWXWvqrW7WqVRz+MoolN0hi6Qi65RA92iFmojilL0jF7Rm/VkvVjv1seytWDlM2X0B9bnD0TKlII=</latexit>

E $ E

Allowed transitions

grey bars = H2O

<latexit sha1_base64="tNihtW3kHXl92Bpi82wlXDO5bVM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhnSq0uC25cVrAPaMchk6ZtbJIZkoxQxln4K25cKOLW33Dn35i2s9DWAxcO59zLvfcEEaNKO863lVtaXlldy68XNja3tnfs3b2mCmOJSQOHLJTtACnCqCANTTUj7UgSxANGWsHoauK3HohUNBS3ehwRj6OBoH2KkTaSbx90FR1w5Cf3NIVn0HXuktPyeerbRafkTAEXiZuRIshQ9+2vbi/EMSdCY4aU6rhOpL0ESU0xI2mhGysSITxCA9IxVCBOlJdM70/hsVF6sB9KU0LDqfp7IkFcqTEPTCdHeqjmvYn4n9eJdf/SS6iIYk0Eni3qxwzqEE7CgD0qCdZsbAjCkppbIR4iibA2kRVMCO78y4ukWS651VLlplKsVbM48uAQHIET4IILUAPXoA4aAINH8AxewZv1ZL1Y79bHrDVnZTP74A+szx8cTJTV</latexit> �
ji
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Elements of molecular 
spectroscopy

Molecular physics – Vibration 

45
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Molecular vibration

46

carbon 
monoxide

Molecule = N atoms

modes of vibration

(non-linear)

<latexit sha1_base64="DvAv8VFxaUNeeitgORDY1Izeq5g=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJS7AIXiyJltpjwYsnqWA/oC1ls522SzebsDsRSyj4V7x4UMSrv8Ob/8Ztm4O2Phh4vDezs/P8SHCNrvttZVZW19Y3spu5re2d3T17/6Cuw1gxqLFQhKrpUw2CS6ghRwHNSAENfAENf3Q99RsPoDQP5T2OI+gEdCB5nzOKRuraR22ER5y9kyjoTZLL2/PSpGvn3YI7g7NMvJTkSYpq1/5q90IWByCRCap1y3Mj7CRUIWcCJrl2rCGibEQH0DJU0gB0J5mtnTinRuk5/VCZkujM1N8TCQ20Hge+6QwoDvWiNxX/81ox9sudhMsoRpBsvqgfCwdDZ5qF0+MKGIqxIZQpbv7qsCFVlKFJLGdC8BZPXib1i4JXKhTvivlKOY0jS47JCTkjHrkiFXJDqqRGGEnIM3klb9aT9WK9Wx/z1oyVzhySP7A+fwB8jpXL</latexit>

3N � 6
(linear)

<latexit sha1_base64="7EhYvgSGvVz909d8z4PhXlVw1FE=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTEIXgy7GjXHgBdPEsE8IFnC7KSTDJl9MNMrhnUP/ooXD4p49Te8+TdONjloYkFDUdU9PV1eJLhC2/42FhaXlldWc2v59Y3NrW1zZ7euwlgyqLFQhLLpUQWCB1BDjgKakQTqewIa3vBq7DfuQSoeBnc4isD1aT/gPc4oaqlj7rcRHjB7J/FEDGlydnNynnbMgl20M1jzxJmSApmi2jG/2t2QxT4EyARVquXYEboJlciZgDTfjhVElA1pH1qaBtQH5SbZ3tQ60krX6oVSV4BWpv6eSKiv1Mj3dKdPcaBmvbH4n9eKsVd2Ex5EMULAJot6sbAwtMZhWF0ugaEYaUKZ5PqvFhtQSRnqyPI6BGf25HlSPy06F8XSbalQKU/jyJEDckiOiUMuSYVckyqpEUYeyTN5JW/Gk/FivBsfk9YFYzqzR/7A+PwBTleWQQ==</latexit>

3N � 5

furane
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Modes of vibration of ethylene

47

Stretching 
CH Stretching 

CH  
Stretching 

CH 

ν1                       ν11             ν5 

+ 

+ 

- 

- 

Stretching 
CH Stretching 

C-C Torsion 
CH2  

Bending 
CH in 
plane 

Bending 
CH in 
plane 

Bending 
CH in 
plane 

- 

- 

- 

- 

+ 

- 

- 

+ 

- + 

Bending 
CH in 
plane 

Bending CH 
out  

of plane 
Bending CH 

out 
of plane 

+ + 

ν1     ag     3022 cm�1 

ν11   b1u    2989 cm�1  

ν5     b3g    3083 cm�1

ν9     b2u    3015 cm�1 

ν2     ag     1625 cm�1  

ν4     au     1026 cm�1

ν3     ag     1343 cm�1 

ν6     b3g    1222 cm�1  

ν10   b2u      826 cm�1

ν12    b1u   1442 cm�1 

ν7      b3u     949 cm�1  

ν8      b2g     940 cm�1

ν9                         ν2                                               ν4 

ν3                         ν6               ν10 

 ν12                            ν7                                               ν8 

C2H4 

7.20 

(D2h) 
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re

⇤e =
1

2⇥c

�
k/µ

Vhar =
1
2
k(r � re)2

Ev = �e(v + 1/2)

Vibration of diatomics

48

E
ne

rg
y

r

r

•	Harmonic	oscillator	:

1
µ

=
1

m1
+

1
m2

Reduced	mass	:

1	degree	of	freedom	of	vibration 1	mode	of	vibration

<latexit sha1_base64="i0t4uyqFveMAJQciFzZvlGa8NqU=">AAACFHicbVA9SwNBEN3z2/gVtbRZDIIghLsQ1EYQbCwVTAzkkmNvby5ZsvfB7pwQzvsRNv4VGwtFbC3s/DduYgpNfDDweG+GmXl+KoVG2/6y5uYXFpeWV1ZLa+sbm1vl7Z2mTjLFocETmaiWzzRIEUMDBUpopQpY5Eu49QcXI//2DpQWSXyDwxQ6EevFIhScoZG88tGAnlFXQohV6oaK8Tzo1ppFHqhurXCV6PXx3svVmfKg8MoVu2qPQWeJMyEVMsGVV/50g4RnEcTIJdO67dgpdnKmUHAJRcnNNKSMD1gP2obGLALdycdPFfTAKAENE2UqRjpWf0/kLNJ6GPmmM2LY19PeSPzPa2cYnnZyEacZQsx/FoWZpJjQUUI0EAo4yqEhjCthbqW8z0w0aHIsmRCc6ZdnSbNWdY6r9et65bw+iWOF7JF9ckgcckLOySW5Ig3CyQN5Ii/k1Xq0nq036/2ndc6azOySP7A+vgFF8J5b</latexit>

k =
d2V

dr2

����
r=re

��exe(v + 1/2)2 + . . .

�exe = � 5 k2
3

48 �e
+

k4

16

Ev = �e(v + 1/2)

•	Anharmonic	oscillator	:

dissociation

Vanh =
�

i

1
i!

ki(r � re)i

Force	constants	:

<latexit sha1_base64="oEcvxT+cEupoJMf5yg6IL4Lh9UM=">AAACFnicbVA9SwNBEN3zM8avqKXNYhBsDHciaiMINpYRTAzkkmNvby5ZsvfB7pwQzvsVNv4VGwtFbMXOf+MmptDEBwOP92aYmeenUmi07S9rbn5hcWm5tFJeXVvf2KxsbTd1kikODZ7IRLV8pkGKGBooUEIrVcAiX8KtP7gc+bd3oLRI4hscptCJWC8WoeAMjeRVDgeeoOfUlRBijbqhYjwPuqJZ5IHqisJVotfHey9X58qDwqtU7Zo9Bp0lzoRUyQR1r/LpBgnPIoiRS6Z127FT7ORMoeASirKbaUgZH7AetA2NWQS6k4/fKui+UQIaJspUjHSs/p7IWaT1MPJNZ8Swr6e9kfif184wPOvkIk4zhJj/LAozSTGho4xoIBRwlENDGFfC3Ep5n5lo0CRZNiE40y/PkuZRzTmpHV8fVy/OJnGUyC7ZIwfEIafkglyROmkQTh7IE3khr9aj9Wy9We8/rXPWZGaH/IH18Q2SMJ+p</latexit>

ki =
diV

dri

����
r=re
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re

Diatomics – Vibrational spectrum

49

E
ne

rg
y

r

r

⌅ji =
8⇤3

3hc

1
4⇤�0

⇥̃ji

Q(T )
Ia e�hcEi/kT

�
1� e�hc�̃ji/kT

⇥
Sji

<latexit sha1_base64="m4oDcVfilrk6gaKJVX/mXAGVJWM="></latexit>

Sji = gi 3
��h j

r |�zZ | i
ri
��2 |�µz|2

dipole	moment	variation
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re

Diatomics – Vibrational spectrum

50

E
ne

rg
y

r

r

⌅ji =
8⇤3

3hc

1
4⇤�0

⇥̃ji

Q(T )
Ia e�hcEi/kT

�
1� e�hc�̃ji/kT

⇥
Sji

<latexit sha1_base64="m4oDcVfilrk6gaKJVX/mXAGVJWM="></latexit>

Sji = gi 3
��h j

r |�zZ | i
ri
��2 |�µz|2

dipole	moment	variation

heteronuclear 
diatomics

✓

homonuclear 
diatomics

✘
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Vibrational bands of carbon monoxide

51

3 Pa 
20 cm

520 Pa 
20 cm

600 Pa 
28 m

⌫̃0 = 2143.27 cm�1
<latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit><latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit><latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="JkUwlETNbi/txVOnEaCa0kYkYRs=">AAACBnicbZDNSgMxFIXv+Ftr1erWTbAIurDMVKG6EAQ3LitYW+iMJZOmbWiSGZKMUIZ5Bje+ihsXKj6CO9/GTNuFth4IfJyTkHtPGHOmjet+O0vLK6tr64WN4mZpa3unvFu611GiCG2SiEeqHWJNOZO0aZjhtB0rikXIaSscXed565EqzSJ5Z8YxDQQeSNZnBBtrdcvHvmG8R1NfJlnXRZeo5p2dVmt1H/kCm6ESKRHZQ3riZd1yxa26E6FF8GZQgZka3fKX34tIIqg0hGOtO54bmyDFyjDCaVb0E01jTEZ4QDsWJRZUB+lkpQwdWqeH+pGyRxo0cX+/SLHQeixCezOfU89nuflf1klM/zxImYwTQyWZftRPODIRyvtBPaYoMXxsARPF7KyIDLHCxNgWi7YEb37lRWjWqhdV79aFAuzDARyBB3W4ghtoQBMIPMELvMG78+y8Oh/TtpacWW178EfO5w9X4pqM</latexit><latexit sha1_base64="JkUwlETNbi/txVOnEaCa0kYkYRs=">AAACBnicbZDNSgMxFIXv+Ftr1erWTbAIurDMVKG6EAQ3LitYW+iMJZOmbWiSGZKMUIZ5Bje+ihsXKj6CO9/GTNuFth4IfJyTkHtPGHOmjet+O0vLK6tr64WN4mZpa3unvFu611GiCG2SiEeqHWJNOZO0aZjhtB0rikXIaSscXed565EqzSJ5Z8YxDQQeSNZnBBtrdcvHvmG8R1NfJlnXRZeo5p2dVmt1H/kCm6ESKRHZQ3riZd1yxa26E6FF8GZQgZka3fKX34tIIqg0hGOtO54bmyDFyjDCaVb0E01jTEZ4QDsWJRZUB+lkpQwdWqeH+pGyRxo0cX+/SLHQeixCezOfU89nuflf1klM/zxImYwTQyWZftRPODIRyvtBPaYoMXxsARPF7KyIDLHCxNgWi7YEb37lRWjWqhdV79aFAuzDARyBB3W4ghtoQBMIPMELvMG78+y8Oh/TtpacWW178EfO5w9X4pqM</latexit><latexit sha1_base64="2gL5wq/mx2VrtF4fxTYQAenxRoY=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XQhSWpQutCKLhxWcHYQlPDZDJth85MwsxEKCHf4MZfceNCxa07d/6N08dCWw9cOJxzL/feEyaMKu0431ZhaXllda24XtrY3NresXf37lScSkw8HLNYtkOkCKOCeJpqRtqJJIiHjLTC4dXYbz0QqWgsbvUoIV2O+oL2KEbaSIF94mvKIpL5Is0DB17Cqnt+VqnWfOhzpAeSZ5jn99mpmwd22ak4E8BF4s5IGczQDOwvP4pxyonQmCGlOq6T6G6GpKaYkbzkp4okCA9Rn3QMFYgT1c0mL+XwyCgR7MXSlNBwov6eyBBXasRD0zm+U817Y/E/r5PqXr2bUZGkmgg8XdRLGdQxHOcDIyoJ1mxkCMKSmlshHiCJsDYplkwI7vzLi8SrVi4q7o1TbtRnaRTBATgEx8AFNdAA16AJPIDBI3gGr+DNerJerHfrY9pasGYz++APrM8fBkWb+g==</latexit><latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit><latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit><latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit><latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit><latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit><latexit sha1_base64="lnDglYNCBMiIKsIfZ7LWTv6z3qc=">AAACEXicbVDLSsNAFJ34rPUVdelmsAi6sCS10LoQCm5cVjC20NQwmUzboTOTMDMRSsg3uPFX3LhQcevOnX/j9LHQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7dypOJSYejlks2yFShFFBPE01I+1EEsRDRlrh8Grstx6IVDQWt3qUkC5HfUF7FCNtpMA+9TVlEcl8keaBAy9hxa2elys1H/oc6YHkGeb5fXbm5oFdcsrOBHCRuDNSAjM0A/vLj2KcciI0ZkipjuskupshqSlmJC/6qSIJwkPUJx1DBeJEdbPJSzk8NkoEe7E0JTScqL8nMsSVGvHQdI7vVPPeWPzP66S6V+9mVCSpJgJPF/VSBnUMx/nAiEqCNRsZgrCk5laIB0girE2KRROCO//yIvEq5Yuye1MtNeqzNArgEByBE+CCGmiAa9AEHsDgETyDV/BmPVkv1rv1MW1dsmYzB+APrM8fB4Wb/g==</latexit> ⌫̃0 = 4260.06 cm�1

<latexit sha1_base64="5+IaqcACgwcjJ6Nrae1fgtD6D1Q=">AAACEXicbVBNS8NAEN34WetX1aOXxSLowZKUUutBKHjxWMHaQhPLZrtpl+5uwu5GKCG/wYt/xYsHFa/evPlv3LQ5aOuDgcd7M8zM8yNGlbbtb2tpeWV1bb2wUdzc2t7ZLe3t36kwlpi0cchC2fWRIowK0tZUM9KNJEHcZ6Tjj68yv/NApKKhuNWTiHgcDQUNKEbaSP3SqaspG5DEFXHat+ElrFXrdsWuu9DlSI8kTzBP75MzJ+2XysaYAi4SJydlkKPVL325gxDHnAiNGVKq59iR9hIkNcWMpEU3ViRCeIyGpGeoQJwoL5m+lMJjowxgEEpTQsOp+nsiQVypCfdNZ3anmvcy8T+vF+ug4SVURLEmAs8WBTGDOoRZPnBAJcGaTQxBWFJzK8QjJBHWJsWiCcGZf3mRtKuVi4pzUys3G3kaBXAIjsAJcMA5aIJr0AJtgMEjeAav4M16sl6sd+tj1rpk5TMH4A+szx8F/pv9</latexit><latexit sha1_base64="5+IaqcACgwcjJ6Nrae1fgtD6D1Q=">AAACEXicbVBNS8NAEN34WetX1aOXxSLowZKUUutBKHjxWMHaQhPLZrtpl+5uwu5GKCG/wYt/xYsHFa/evPlv3LQ5aOuDgcd7M8zM8yNGlbbtb2tpeWV1bb2wUdzc2t7ZLe3t36kwlpi0cchC2fWRIowK0tZUM9KNJEHcZ6Tjj68yv/NApKKhuNWTiHgcDQUNKEbaSP3SqaspG5DEFXHat+ElrFXrdsWuu9DlSI8kTzBP75MzJ+2XysaYAi4SJydlkKPVL325gxDHnAiNGVKq59iR9hIkNcWMpEU3ViRCeIyGpGeoQJwoL5m+lMJjowxgEEpTQsOp+nsiQVypCfdNZ3anmvcy8T+vF+ug4SVURLEmAs8WBTGDOoRZPnBAJcGaTQxBWFJzK8QjJBHWJsWiCcGZf3mRtKuVi4pzUys3G3kaBXAIjsAJcMA5aIJr0AJtgMEjeAav4M16sl6sd+tj1rpk5TMH4A+szx8F/pv9</latexit><latexit sha1_base64="5+IaqcACgwcjJ6Nrae1fgtD6D1Q=">AAACEXicbVBNS8NAEN34WetX1aOXxSLowZKUUutBKHjxWMHaQhPLZrtpl+5uwu5GKCG/wYt/xYsHFa/evPlv3LQ5aOuDgcd7M8zM8yNGlbbtb2tpeWV1bb2wUdzc2t7ZLe3t36kwlpi0cchC2fWRIowK0tZUM9KNJEHcZ6Tjj68yv/NApKKhuNWTiHgcDQUNKEbaSP3SqaspG5DEFXHat+ElrFXrdsWuu9DlSI8kTzBP75MzJ+2XysaYAi4SJydlkKPVL325gxDHnAiNGVKq59iR9hIkNcWMpEU3ViRCeIyGpGeoQJwoL5m+lMJjowxgEEpTQsOp+nsiQVypCfdNZ3anmvcy8T+vF+ug4SVURLEmAs8WBTGDOoRZPnBAJcGaTQxBWFJzK8QjJBHWJsWiCcGZf3mRtKuVi4pzUys3G3kaBXAIjsAJcMA5aIJr0AJtgMEjeAav4M16sl6sd+tj1rpk5TMH4A+szx8F/pv9</latexit><latexit sha1_base64="5+IaqcACgwcjJ6Nrae1fgtD6D1Q=">AAACEXicbVBNS8NAEN34WetX1aOXxSLowZKUUutBKHjxWMHaQhPLZrtpl+5uwu5GKCG/wYt/xYsHFa/evPlv3LQ5aOuDgcd7M8zM8yNGlbbtb2tpeWV1bb2wUdzc2t7ZLe3t36kwlpi0cchC2fWRIowK0tZUM9KNJEHcZ6Tjj68yv/NApKKhuNWTiHgcDQUNKEbaSP3SqaspG5DEFXHat+ElrFXrdsWuu9DlSI8kTzBP75MzJ+2XysaYAi4SJydlkKPVL325gxDHnAiNGVKq59iR9hIkNcWMpEU3ViRCeIyGpGeoQJwoL5m+lMJjowxgEEpTQsOp+nsiQVypCfdNZ3anmvcy8T+vF+ug4SVURLEmAs8WBTGDOoRZPnBAJcGaTQxBWFJzK8QjJBHWJsWiCcGZf3mRtKuVi4pzUys3G3kaBXAIjsAJcMA5aIJr0AJtgMEjeAav4M16sl6sd+tj1rpk5TMH4A+szx8F/pv9</latexit>

⌫̃0 = 6350.44 cm�1
<latexit sha1_base64="5iCjf1PhDxGpowGsrSg4M1yDrRs=">AAACEXicbVDLSsNAFJ34rPVVdelmsAi6sCRatS6EghuXFYwtNDFMJtN26MwkzEyEEvINbvwVNy5U3Lpz5984fSy09cCFwzn3cu89YcKo0rb9bc3NLywuLRdWiqtr6xubpa3tOxWnEhMXxyyWrRApwqggrqaakVYiCeIhI82wfzX0mw9EKhqLWz1IiM9RV9AOxUgbKSgdepqyiGSeSPPAhpfw7OTUrlSrHvQ40j3JM8zz++zIyYNS2a7YI8BZ4kxIGUzQCEpfXhTjlBOhMUNKtR070X6GpKaYkbzopYokCPdRl7QNFYgT5Wejl3K4b5QIdmJpSmg4Un9PZIgrNeCh6Rzeqaa9ofif1051p+ZnVCSpJgKPF3VSBnUMh/nAiEqCNRsYgrCk5laIe0girE2KRROCM/3yLHGPKxcV56ZartcmaRTALtgDB8AB56AOrkEDuACDR/AMXsGb9WS9WO/Wx7h1zprM7IA/sD5/AAxjnAE=</latexit><latexit sha1_base64="5iCjf1PhDxGpowGsrSg4M1yDrRs=">AAACEXicbVDLSsNAFJ34rPVVdelmsAi6sCRatS6EghuXFYwtNDFMJtN26MwkzEyEEvINbvwVNy5U3Lpz5984fSy09cCFwzn3cu89YcKo0rb9bc3NLywuLRdWiqtr6xubpa3tOxWnEhMXxyyWrRApwqggrqaakVYiCeIhI82wfzX0mw9EKhqLWz1IiM9RV9AOxUgbKSgdepqyiGSeSPPAhpfw7OTUrlSrHvQ40j3JM8zz++zIyYNS2a7YI8BZ4kxIGUzQCEpfXhTjlBOhMUNKtR070X6GpKaYkbzopYokCPdRl7QNFYgT5Wejl3K4b5QIdmJpSmg4Un9PZIgrNeCh6Rzeqaa9ofif1051p+ZnVCSpJgKPF3VSBnUMh/nAiEqCNRsYgrCk5laIe0girE2KRROCM/3yLHGPKxcV56ZartcmaRTALtgDB8AB56AOrkEDuACDR/AMXsGb9WS9WO/Wx7h1zprM7IA/sD5/AAxjnAE=</latexit><latexit sha1_base64="5iCjf1PhDxGpowGsrSg4M1yDrRs=">AAACEXicbVDLSsNAFJ34rPVVdelmsAi6sCRatS6EghuXFYwtNDFMJtN26MwkzEyEEvINbvwVNy5U3Lpz5984fSy09cCFwzn3cu89YcKo0rb9bc3NLywuLRdWiqtr6xubpa3tOxWnEhMXxyyWrRApwqggrqaakVYiCeIhI82wfzX0mw9EKhqLWz1IiM9RV9AOxUgbKSgdepqyiGSeSPPAhpfw7OTUrlSrHvQ40j3JM8zz++zIyYNS2a7YI8BZ4kxIGUzQCEpfXhTjlBOhMUNKtR070X6GpKaYkbzopYokCPdRl7QNFYgT5Wejl3K4b5QIdmJpSmg4Un9PZIgrNeCh6Rzeqaa9ofif1051p+ZnVCSpJgKPF3VSBnUMh/nAiEqCNRsYgrCk5laIe0girE2KRROCM/3yLHGPKxcV56ZartcmaRTALtgDB8AB56AOrkEDuACDR/AMXsGb9WS9WO/Wx7h1zprM7IA/sD5/AAxjnAE=</latexit><latexit sha1_base64="5iCjf1PhDxGpowGsrSg4M1yDrRs=">AAACEXicbVDLSsNAFJ34rPVVdelmsAi6sCRatS6EghuXFYwtNDFMJtN26MwkzEyEEvINbvwVNy5U3Lpz5984fSy09cCFwzn3cu89YcKo0rb9bc3NLywuLRdWiqtr6xubpa3tOxWnEhMXxyyWrRApwqggrqaakVYiCeIhI82wfzX0mw9EKhqLWz1IiM9RV9AOxUgbKSgdepqyiGSeSPPAhpfw7OTUrlSrHvQ40j3JM8zz++zIyYNS2a7YI8BZ4kxIGUzQCEpfXhTjlBOhMUNKtR070X6GpKaYkbzopYokCPdRl7QNFYgT5Wejl3K4b5QIdmJpSmg4Un9PZIgrNeCh6Rzeqaa9ofif1051p+ZnVCSpJgKPF3VSBnUMh/nAiEqCNRsYgrCk5laIe0girE2KRROCM/3yLHGPKxcV56ZartcmaRTALtgDB8AB56AOrkEDuACDR/AMXsGb9WS9WO/Wx7h1zprM7IA/sD5/AAxjnAE=</latexit>

1 – 0 2 – 0 3 – 0

�e = 2169.73 cm�1

�exe = 13.2 cm�1
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Band intensities
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(001)

(002)

(003)

(011)

(012)

(000)

Transitions	in	C2HD	(stretching	vibrations)

ν1

ν2

ν3 <latexit sha1_base64="+wzr3SkzPyCuqMXeC6NKnuSJ108=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmKCF9IiUY4kXjxiIkgCTbNdtrBhu6272yak4Xd48aAxXv0x3vw3LtCDgi+Z5OW9mczM82POlLbtb6uwsbm1vVPcLe3tHxwelY9PuipKJKEdEvFI9nysKGeCdjTTnPZiSXHoc/roT27n/mNKpWKReNDTmLohHgkWMIK1kdxq6jko9eqmri69csWu2QugdeLkpAI52l75azCMSBJSoQnHSvUdO9ZuhqVmhNNZaZAoGmMywSPaN1TgkCo3Wxw9QxdGGaIgkqaERgv190SGQ6WmoW86Q6zHatWbi/95/UQHTTdjIk40FWS5KEg40hGaJ4CGTFKi+dQQTCQztyIyxhITbXIqmRCc1ZfXSbdec65rjftGpdXM4yjCGZxDFRy4gRbcQRs6QOAJnuEV3qzUerHerY9la8HKZ07hD6zPH4ockKE=</latexit>

(v1v2v3)

|Rv�v|2 (D2)

<latexit sha1_base64="ZGsxcvIkuMgm/4QUVw405xUtQAo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyAfMByRH2NnPJmr29Y3cvEEJ+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++3kNja3tnfyu4W9/YPDo+LxSVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo/u53xqj0jyWj2aSoB/RgeQhZ9RYqT7uFUtu2V2ArBMvIyXIUOsVv7r9mKURSsME1brjuYnxp1QZzgTOCt1UY0LZiA6wY6mkEWp/ujh0Ri6s0idhrGxJQxbq74kpjbSeRIHtjKgZ6lVvLv7ndVIT3vpTLpPUoGTLRWEqiInJ/GvS5wqZERNLKFPc3krYkCrKjM2mYEPwVl9eJ82rsnddrtQrpepdFkcezuAcLsGDG6jCA9SgAQwQnuEV3pwn58V5dz6WrTknmzmFP3A+fwDkUYz9</latexit>v

<latexit sha1_base64="oFqr2KPtxhadKF9eXq8rtUYElLY=">AAACDHicbVDLTgIxFO34RHyhLt00EhPckBlClCWJLFxiIo+EAdIpHWhoO5O2Y4IDH+DGX3HjQmPc+gHu/Bs7MAsFT9Lk5Jxz03uPFzKqtG1/W2vrG5tb25md7O7e/sFh7ui4qYJIYtLAAQtk20OKMCpIQ1PNSDuUBHGPkZY3vk781j2RigbiTk9C0uVoKKhPMdJG6ufyU+jWCNMIujzqP8BprwRdw5EeSR4Xar3Sxcyk7KI9B1wlTkryIEW9n/tyBwGOOBEaM6RUx7FD3Y2R1BQzMsu6kSIhwmM0JB1DBeJEdeP5MTN4bpQB9ANpntBwrv6eiBFXasI9k0y2VMteIv7ndSLtV7oxFWGkicCLj/yIQR3ApBk4oJJgzSaGICyp2RXiEZIIa9Nf1pTgLJ+8SpqlonNZLN+W89VKWkcGnIIzUAAOuAJVcAPqoAEweATP4BW8WU/Wi/VufSyia1Y6cwL+wPr8AWbNmes=</latexit> |�
µ
z
|2

(D
2
)
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<latexit sha1_base64="/CjTHD1zC+3xh2Opx6rWVjLpZgg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkpSi3rwUPCgxwrWFtoQNtttu3SzCbubQAn9J148KOLVf+LNf+O2zUFbHww83pthZl4Qc6a043xbhbX1jc2t4nZpZ3dv/8A+PHpSUSIJbZGIR7ITYEU5E7Slmea0E0uKw4DTdjC+nfntlErFIvGoJzH1QjwUbMAI1kbybfvOdyqp76LUr5m6OPftslN15kCrxM1JGXI0ffur149IElKhCcdKdV0n1l6GpWaE02mplygaYzLGQ9o1VOCQKi+bXz5FZ0bpo0EkTQmN5urviQyHSk3CwHSGWI/UsjcT//O6iR5cexkTcaKpIItFg4QjHaFZDKjPJCWaTwzBRDJzKyIjLDHRJqySCcFdfnmVPNWq7mW1/lAvN27yOIpwAqdQAReuoAH30IQWEEjhGV7hzcqsF+vd+li0Fqx85hj+wPr8AcJfkco=</latexit> G
0
(v

1
v 2
v 3
)

<latexit sha1_base64="Eq+ReJcegq3UJ7bUW2r/vQv1Qdo=">AAACB3icbVC7SgNBFJ2NrxhfUUtBBoMQm7Abg1pYBGwsI5gHJGGZndwkQ2YfzNwNhiWdjb9iY6GIrb9g5984eRSaeODC4Zz7mDleJIVG2/62Uiura+sb6c3M1vbO7l52/6Cmw1hxqPJQhqrhMQ1SBFBFgRIakQLmexLq3uBm4teHoLQIg3scRdD2WS8QXcEZGsnNHrcQHnC6J1HQGSf5oevQoVs0dX42drM5u2BPQZeJMyc5MkfFzX61OiGPfQiQS6Z107EjbCdMoeASxplWrCFifMB60DQ0YD7odjK9P6anRunQbqhMBUin6u+JhPlaj3zPdPoM+3rRm4j/ec0Yu1ftRARRjBDw2aFuLCmGdBIK7QgFHOXIEMaVMG+lvM8U42iiy5gQnMUvL5NaseBcFEp3pVz5eh5HmhyRE5InDrkkZXJLKqRKOHkkz+SVvFlP1ov1bn3MWlPWfOaQ/IH1+QNRT5jr</latexit>

(v1v2v3)

<latexit sha1_base64="K/5kCA/7vtT4WLUPg95Jfp+Rf68=">AAACF3icbVDLSgMxFM3UV62vUZdugkWomzLTFu2mUHChywr2AX0MmTRtQ5PJkGQKZehfuPFX3LhQxK3u/BvTdhbaeuDC4Zx7ufceP2RUacf5tlIbm1vbO+ndzN7+weGRfXzSUCKSmNSxYEK2fKQIowGpa6oZaYWSIO4z0vTHN3O/OSFSURE86GlIuhwNAzqgGGkjeXb+1nNyE8+FE69gqngJK7CjIu7FtOLOekXYEZwMUc/xqLGpZ2edvLMAXCduQrIgQc2zvzp9gSNOAo0ZUqrtOqHuxkhqihmZZTqRIiHCYzQkbUMDxInqxou/ZvDCKH04ENJUoOFC/T0RI67UlPumkyM9UqveXPzPa0d6UO7GNAgjTQK8XDSIGNQCzkOCfSoJ1mxqCMKSmlshHiGJsDZRZkwI7urL66RRyLtX+dJ9KVstJ3GkwRk4BznggmtQBXegBuoAg0fwDF7Bm/VkvVjv1seyNWUlM6fgD6zPH5YonRg=</latexit>

G0(v1v2v3) =
3X

i=1

!0
i vi

+ anharmonicity

Vibration of non-linear molecules
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<latexit sha1_base64="khZVxjS2cnBtDC6N+ZNwNGKJUno=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLImWqqBQcOOygn1Ak4bJdNoOnUnCzEQoIT/gxl9x40IRt+7d+TdO2iy09cCFwzn3cu89fsSoVJb1bSwsLi2vrBbWiusbm1vb5s5uU4axwKSBQxaKto8kYTQgDUUVI+1IEMR9Rlr+6CbzWw9ESBoG92ocEZejQUD7FCOlJc88dEJOBsizuxa8hmdV6xI60OFIDQVPMO8mJ3aaembJKlsTwHli56QEctQ988vphTjmJFCYISk7thUpN0FCUcxIWnRiSSKER2hAOpoGiBPpJpNvUniklR7sh0JXoOBE/T2RIC7lmPu6M7tTznqZ+J/XiVX/wk1oEMWKBHi6qB8zqEKYRQN7VBCs2FgThAXVt0I8RAJhpQMs6hDs2ZfnSfO0bFfLlbtKqXaVx1EA++AAHAMbnIMauAV10AAYPIJn8ArejCfjxXg3PqatC0Y+swf+wPj8AWcImeU=</latexit>

!0
1 = 3609 cm�1

<latexit sha1_base64="vCQqSg4nTnaZ+UsJe+UNP2NSv1E=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLEkt2oVCwY3LCvYBTRom00k7dCYJMxOhhPyAG3/FjQtF3Lp35984abvQ1gMXDufcy733+DGjUlnWt7G0vLK6tl7YKG5ube/smnv7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o5vcbz8QIWkU3qtxTFyOBiENKEZKS5557EScDJBX6VnwGtqV8xp0oMORGgqeYt5Lz+ws88ySVbYmgIvEnpESmKHhmV9OP8IJJ6HCDEnZta1YuSkSimJGsqKTSBIjPEID0tU0RJxIN518k8ETrfRhEAldoYIT9fdEiriUY+7rzvxOOe/l4n9eN1FBzU1pGCeKhHi6KEgYVBHMo4F9KghWbKwJwoLqWyEeIoGw0gEWdQj2/MuLpFUp2xfl6l21VL+axVEAh+AInAIbXII6uAUN0AQYPIJn8ArejCfjxXg3PqatS8Zs5gD8gfH5A2JBmeI=</latexit>

!0
2 = 1238 cm�1

<latexit sha1_base64="G6Tj2bTI8VPRmMgW8WLkgtEIdrg=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4sczUYl0oFNy4rGAf0JmWTJq2oUlmSDJCGeYD3Pgrblwo4tYPcOffmGlnoa0HAodzziX3Hj9kVGnb/rZyK6tr6xv5zcLW9s7uXnH/oKWCSGLSxAELZMdHijAqSFNTzUgnlARxn5G2P7lJ/fYDkYoG4l5PQ+JxNBJ0SDHSRuoXS27AyQj1z3s2vIa1ShW60OVIjyWPMe/FZ06SmJRdtmeAy8TJSAlkaPSLX+4gwBEnQmOGlOo6dqi9GElNMSNJwY0UCRGeoBHpGioQJ8qLZ8ck8MQoAzgMpHlCw5n6eyJGXKkp900y3VMteqn4n9eN9PDSi6kII00Enn80jBjUAUybgQMqCdZsagjCkppdIR4jibA2/RVMCc7iycukVSk7F+XqXbVUv8rqyIMjcAxOgQNqoA5uQQM0AQaP4Bm8gjfryXqx3q2PeTRnZTOH4A+szx/sGJmo</latexit>

!0
3 = 724 cm�1

❓

allowed transitions
<latexit sha1_base64="RLYNYOfB286bFOAhJ9ln2lW08Rg="></latexit>

�µ↵ 6= 0 (↵ = x, y, z)

z

+x y

(HOCl)
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Geometrical symmetry
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•	Symmetry	based	on	the	structure/geometry	of	the	molecule Point	groups

C2v E C2 �v ��
v

A1 1 1 1 1 z
A2 1 1 �1 �1
B1 1 �1 �1 1 y
B2 1 �1 1 �1 x

•	Symmetry	of	the	water	molecule

�v

��
v

C2
E,C2, �v, ��

v

4	symmetry	operations: Point	group	C2v
Character	table

Irreducible	
representations
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Vibration of polyatomics

55

z

+x y

symmetric stretch
⌫1 (a1) 3657 cm�1

bending
⌫2 (a1) 1595 cm�1

antisymmetric stretch

⌫3 (b2) 3756 cm�1

1 2 3( )v v v(000)

(100)

(010)

(020)

(030)
(001)

2000

4000

6000

1cm-

(110)
(011)

1a

1a

1a

1a
1a
1b

1b

1a

b2

b2

(000)

C2v E C2 �v ��
v

A1 1 1 1 1 z
A2 1 1 �1 �1
B1 1 �1 �1 1 y
B2 1 �1 1 �1 x

<latexit sha1_base64="eryAH/ID0np2ZzbRWi0RAszKBTI=">AAACBnicbVC7SgNBFJ31GeMrainCYBCswq4EtbAIaGEZwTwgu4TZyU0yZPbBzF0xLqls/BUbC0Vs/QY7/8bJJoUmHrhwOOfeuXOPH0uh0ba/rYXFpeWV1dxafn1jc2u7sLNb11GiONR4JCPV9JkGKUKooUAJzVgBC3wJDX9wOfYbd6C0iMJbHMbgBawXiq7gDI3ULhy4CPeYvZMq6IxS9wokMuoGSfth1C4U7ZKdgc4TZ0qKZIpqu/DldiKeBBAil0zrlmPH6KVMoeASRnk30RAzPmA9aBkasgC0l2brR/TIKB3ajZSpEGmm/p5IWaD1MPBNZ8Cwr2e9sfif10qwe+6lIowThJBPFnUTSTGi40xoRyjgKIeGMK6E+SvlfaYYR5Nc3oTgzJ48T+onJee0VL4pFysX0zhyZJ8ckmPikDNSIdekSmqEk0fyTF7Jm/VkvVjv1sekdcGazuyRP7A+fwBs4Zm4</latexit>

�µz

<latexit sha1_base64="eryAH/ID0np2ZzbRWi0RAszKBTI=">AAACBnicbVC7SgNBFJ31GeMrainCYBCswq4EtbAIaGEZwTwgu4TZyU0yZPbBzF0xLqls/BUbC0Vs/QY7/8bJJoUmHrhwOOfeuXOPH0uh0ba/rYXFpeWV1dxafn1jc2u7sLNb11GiONR4JCPV9JkGKUKooUAJzVgBC3wJDX9wOfYbd6C0iMJbHMbgBawXiq7gDI3ULhy4CPeYvZMq6IxS9wokMuoGSfth1C4U7ZKdgc4TZ0qKZIpqu/DldiKeBBAil0zrlmPH6KVMoeASRnk30RAzPmA9aBkasgC0l2brR/TIKB3ajZSpEGmm/p5IWaD1MPBNZ8Cwr2e9sfif10qwe+6lIowThJBPFnUTSTGi40xoRyjgKIeGMK6E+SvlfaYYR5Nc3oTgzJ48T+onJee0VL4pFysX0zhyZJ8ckmPikDNSIdekSmqEk0fyTF7Jm/VkvVjv1sekdcGazuyRP7A+fwBs4Zm4</latexit>

�µz
<latexit sha1_base64="lUKiDjqIPHya6dv9rziA+buP21o=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuxKUAuLgBaWEcwDsiHMTm6SIbMPZu6KYdnKxl+xsVDE1m+w82+cPApNPHDhcM69c+ceP5ZCo+N8W7ml5ZXVtfx6YWNza3vH3t2r6yhRHGo8kpFq+kyDFCHUUKCEZqyABb6Ehj+8GvuNe1BaROEdjmJoB6wfip7gDI3UsQ89hAecvJMq6Gapdw0SGfWCpDPKOnbRKTkT0EXizkiRzFDt2F9eN+JJACFyybRuuU6M7ZQpFFxCVvASDTHjQ9aHlqEhC0C308n6jB4bpUt7kTIVIp2ovydSFmg9CnzTGTAc6HlvLP7ntRLsXbRTEcYJQsini3qJpBjRcSa0KxRwlCNDGFfC/JXyAVOMo0muYEJw509eJPXTkntWKt+Wi5XLWRx5ckCOyAlxyTmpkBtSJTXCySN5Jq/kzXqyXqx362PamrNmM/vkD6zPH2tcmbc=</latexit>

�µy

Intensity ↘︎Δv ↖︎

⚠
all transitions allowed
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Infrared absorption spectrum of H2O
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P.F. Coheur et al, JQSRT 82 (2003) 133
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�1 = 859 cm�1

�2 = 520 cm�1

�3 = 2062 cm�1

Vibration of triatomic linear molecules

57

4	vibrational	degrees	of	freedom

 

(Q1)

(Q2)

(Q3)

carbonyl	sul@ide	(OCS)
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Vibration of "XYZ" triatomics

58

P.F. Bernath, Spectra of atoms and molecules

<latexit sha1_base64="VQvJbR2WNv0yQiViHmbWhTb9u+w=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpWykqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQw1vO+0dr6xubWdmGnuLu3f3BYOjpumTjVjDdZLGPdCajhUijetMJK3kk0p1EgeTsY38789hPXRsTqwU4S7kd0qEQoGLVOalc88ki8i36p7FW9OfAqITkpQ45Gv/TVG8QsjbiyTFJjusRLrJ9RbQWTfFrspYYnlI3pkHcdVTTixs/m507xuVMGOIy1K2XxXP09kdHImEkUuM6I2pFZ9mbif143teGNnwmVpJYrtlgUphLbGM9+xwOhObNy4ghlWrhbMRtRTZl1CRVdCGT55VXSuqySqyq5r5XrtTyOApzCGVSAwDXU4Q4a0AQGY3iGV3hDCXpB7+hj0bqG8pkT+AP0+QM/Uo4p</latexit>

(0110)

<latexit sha1_base64="sw0YeHNG+d8+GPf60Rd4poR5i+M=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXkq2FPVY8OKxgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zM82PBtcH42ylsbG5t7xR3S3v7B4dH5eOTjo4SRVmbRiJSPZ9oJrhkbcONYL1YMRL6gnX96W3md5+Y0jySD2YWMy8kY8kDTomxUreK648YXw7LFVzDC6B14uakAjlaw/LXYBTRJGTSUEG07rs4Nl5KlOFUsHlpkGgWEzolY9a3VJKQaS9dnDtHF1YZoSBStqRBC/X3REpCrWehbztDYiZ61cvE/7x+YoIbL+UyTgyTdLkoSAQyEcp+RyOuGDViZgmhittbEZ0QRaixCZVsCO7qy+ukU6+5VzX3vlFpNvI4inAG51AFF66hCXfQgjZQmMIzvMKbEzsvzrvzsWwtOPnMKfyB8/kDP1SOKQ==</latexit>

(0200)

<latexit sha1_base64="6Uyjn2o/HOfPMHiJmsTx9CoIYyo=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS8lKUY8FLx4r2A9o15JNs21oNlmSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvb219Y3Nru7BT3N3bPzgsHR23jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSu4Jrjxhf9EtlXMVzoFXi56QMORr90ldvoGgaM2mpIMZ0fZzYICPacirYtNhLDUsIHZMh6zoqScxMkM3PnaJzpwxQpLQradFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10U2QcZmklkm6WBSlAlmFZr+jAdeMWjFxhFDN3a2Ijogm1LqEii4Ef/nlVdK6rPpXVf++Vq7X8jgKcApnUAEfrqEOd9CAJlAYwzO8wpuXeC/eu/exaF3z8pkT+APv8wdCZI4r</latexit>

(0400)

<latexit sha1_base64="LbbAXA4h3WzscT8hyS1MJDmY/l0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V2mW39lh1L/vFkltxFyDrxMtICTI0+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLc2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McMbP+UyTgxKtlw0TAQxEZn/TgZcITNiagllittbCRtTRZmxCRVsCN7qy+ukVa14VxXvvlaq17I48nAG51AGD66hDnfQgCYwmMAzvMKbEzsvzrvzsWzNOdnMKfyB8/kDRXCOLQ==</latexit>

(0420)

<latexit sha1_base64="Ojtkx3pSug/qcE3LE2g/Vch4LOk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0kkqMeCF48V7Ae0sWy2m3bpZhN2J0Ip/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVLDpVC8gQIlb6ea0ziUvBWObmd+64lrIxL1gOOUBzEdKBEJRtFKrYrrP/ruRa9UdqvuHGSVeDkpQ456r/TV7Scsi7lCJqkxHc9NMZhQjYJJPi12M8NTykZ0wDuWKhpzE0zm507JuVX6JEq0LYVkrv6emNDYmHEc2s6Y4tAsezPxP6+TYXQTTIRKM+SKLRZFmSSYkNnvpC80ZyjHllCmhb2VsCHVlKFNqGhD8JZfXiXNy6p3VfXu/XLNz+MowCmcQQU8uIYa3EEdGsBgBM/wCm9O6rw4787HonXNyWdO4A+czx9IfI4v</latexit>

(0440)

<latexit sha1_base64="RJCUcloXco7vcY+b1kgG5Te8+Y4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSW8yZHZ2mZkVQshHePGgiFe/x5t/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb+d++wmV5rF8MJME/YgOJQ85o8ZK7bJbfay6l/1iya24C5B14mWkBBka/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8X587IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasIbf8plkhqUbLkoTAUxMZn/TgZcITNiYgllittbCRtRRZmxCRVsCN7qy+ukVa14VxXvvlaq17I48nAG51AGD66hDnfQgCYwGMMzvMKbkzgvzrvzsWzNOdnMKfyB8/kDQmCOKw==</latexit>

(0220)

<latexit sha1_base64="Rlhub2QPRusk1+RHM2MMX+4Aapw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXg3oMePEYwTwgWcPsZDYZMju7zPQKIeQjvHhQxKvf482/cZLsQRMLGoqqbrq7gkQKg6777eTW1jc2t/LbhZ3dvf2D4uFR08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup35rSeujYjVA44T7kd0oEQoGEUrtcru5aPnnveKJbfizkFWiZeREmSo94pf3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfu6UnFmlT8JY21JI5urviQmNjBlHge2MKA7NsjcT//M6KYY3/kSoJEWu2GJRmEqCMZn9TvpCc4ZybAllWthbCRtSTRnahAo2BG/55VXSvKh4VxXvvlqqVbM48nACp1AGD66hBndQhwYwGMEzvMKbkzgvzrvzsWjNOdnMMfyB8/kDQmKOKw==</latexit>

(0310)

<latexit sha1_base64="SCyPgFuMaISXbdx16HedeMBV960=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyaoB4DXjxGMA9I1jA76U2GzM4uM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uIBFcG9f9dtbWNza3tnM7+d29/YPDwtFxU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFSq+RWHivuRa9QdMvuHGSVeBkpQoZ6r/DV7ccsjVAaJqjWHc9NjD+hynAmcJrvphoTykZ0gB1LJY1Q+5P5uVNybpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDGn3CZpAYlWywKU0FMTGa/kz5XyIwYW0KZ4vZWwoZUUWZsQnkbgrf88ippXpa9q7J3Xy3WqlkcOTiFMyiBB9dQgzuoQwMYjOAZXuHNSZwX5935WLSuOdnMCfyB8/kDRW6OLQ==</latexit>

(0330)

<latexit sha1_base64="q6R+T17+oCFi/JzDIrEmCTAF40Y=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpWSlqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQwlpBvtLa+sbm1Xdgp7u7tHxyWjo5bJk41400Wy1h3Amq4FIo3rbCSdxLNaRRI3g7GtzO//cS1EbF6sJOE+xEdKhEKRq2T2hVCHgm56JfKpErmwKvEy0kZcjT6pa/eIGZpxJVlkhrT9Uhi/YxqK5jk02IvNTyhbEyHvOuoohE3fjY/d4rPnTLAYaxdKYvn6u+JjEbGTKLAdUbUjsyyNxP/87qpDW/8TKgktVyxxaIwldjGePY7HgjNmZUTRyjTwt2K2YhqyqxLqOhC8JZfXiWty6p3VfXua+V6LY+jAKdwBhXw4BrqcAcNaAKDMTzDK7yhBL2gd/SxaF1D+cwJ/AH6/AE8RI4n</latexit>

(0000)

<latexit sha1_base64="mbAylGe4tqjL/i4vApQIeFkxBik=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS0mkqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQwFuNvb219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2Mb2d++4lrI2L1YCcJ9yM6VCIUjFontSsEP2J80S+VcRXPgVYJyUkZcjT6pa/eIGZpxJVlkhrTJTixfka1FUzyabGXGp5QNqZD3nVU0YgbP5ufO0XnThmgMNaulEVz9fdERiNjJlHgOiNqR2bZm4n/ed3Uhjd+JlSSWq7YYlGYSmRjNPsdDYTmzMqJI5Rp4W5FbEQ1ZdYlVHQhkOWXV0nrskququS+Vq7X8jgKcApnUAEC11CHO2hAExiM4Rle4c1LvBfv3ftYtK55+cwJ/IH3+QM9zY4o</latexit>

(1000)

<latexit sha1_base64="DLL7/Yoc0jb4fXQsgCEiy+AQCGA=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXkq2FPVY8OKxgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zM82PBtcH42ylsbG5t7xR3S3v7B4dH5eOTjo4SRVmbRiJSPZ9oJrhkbcONYL1YMRL6gnX96W3md5+Y0jySD2YWMy8kY8kDTomxUrdax48YXw7LFVzDC6B14uakAjlaw/LXYBTRJGTSUEG07rs4Nl5KlOFUsHlpkGgWEzolY9a3VJKQaS9dnDtHF1YZoSBStqRBC/X3REpCrWehbztDYiZ61cvE/7x+YoIbL+UyTgyTdLkoSAQyEcp+RyOuGDViZgmhittbEZ0QRaixCZVsCO7qy+ukU6+5VzX3vlFpNvI4inAG51AFF66hCXfQgjZQmMIzvMKbEzsvzrvzsWwtOPnMKfyB8/kDP1aOKQ==</latexit>

(2000)

<latexit sha1_base64="xXM+EuQVmBtNawRbWBOdndgFJbE=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS0mkqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQwFuNvb219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2Mb2d++4lrI2L1YCcJ9yM6VCIUjFontSsYP2Jy0S+VcRXPgVYJyUkZcjT6pa/eIGZpxJVlkhrTJTixfka1FUzyabGXGp5QNqZD3nVU0YgbP5ufO0XnThmgMNaulEVz9fdERiNjJlHgOiNqR2bZm4n/ed3Uhjd+JlSSWq7YYlGYSmRjNPsdDYTmzMqJI5Rp4W5FbEQ1ZdYlVHQhkOWXV0nrskququS+Vq7X8jgKcApnUAEC11CHO2hAExiM4Rle4c1LvBfv3ftYtK55+cwJ/IH3+QM9yY4o</latexit>

(0001)

<latexit sha1_base64="x8jkYF2H8PBSs2QH3iGSEXsTy7Y=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpWykqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQw1vO+0dr6xubWdmGnuLu3f3BYOjpumTjVjDdZLGPdCajhUijetMJK3kk0p1EgeTsY38789hPXRsTqwU4S7kd0qEQoGLVOaleI9+iRi36p7FW9OfAqITkpQ45Gv/TVG8QsjbiyTFJjusRLrJ9RbQWTfFrspYYnlI3pkHcdVTTixs/m507xuVMGOIy1K2XxXP09kdHImEkUuM6I2pFZ9mbif143teGNnwmVpJYrtlgUphLbGM9+xwOhObNy4ghlWrhbMRtRTZl1CRVdCGT55VXSuqySqyq5r5XrtTyOApzCGVSAwDXU4Q4a0AQGY3iGV3hDCXpB7+hj0bqG8pkT+AP0+QM/Uo4p</latexit>

(1001)
<latexit sha1_base64="D4PiNjv2HN3VDJUlrmevCW2NVgs=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V2mW3+uh6l/1iya24C5B14mWkBBka/eJXbxCxJERpmKBadz03Nn5KleFM4KzQSzTGlE3oCLuWShqi9tPFuTNyYZUBGUbKljRkof6eSGmo9TQMbGdIzVivenPxP6+bmOGNn3IZJwYlWy4aJoKYiMx/JwOukBkxtYQyxe2thI2poszYhAo2BG/15XXSqla8q4p3XyvVa1kceTiDcyiDB9dQhztoQBMYTOAZXuHNiZ0X5935WLbmnGzmFP7A+fwBQNmOKg==</latexit>

(0201)

<latexit sha1_base64="Fx8Zhd8cuEnr3kGIyCVl8sjWh+0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeCF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFK7Ypbe3S9i36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6R1WfWuqt59rVyv5XEU4BTOoAIeXEMd7qABTWAwhmd4hTcncV6cd+dj0brm5DMn8AfO5w9D6Y4s</latexit>

(0401)

<latexit sha1_base64="rLVcCnG/5zeba1EZQDuLaSh/EDE=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsqmFPVY8OKxgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zM82PBtXHdb6ewsbm1vVPcLe3tHxwelY9POjpKFGVtGolI9XyimeCStQ03gvVixUjoC9b1p7eZ331iSvNIPphZzLyQjCUPOCXGSt0qrj+6+HJYrrg1dwG0TnBOKpCjNSx/DUYRTUImDRVE6z52Y+OlRBlOBZuXBolmMaFTMmZ9SyUJmfbSxblzdGGVEQoiZUsatFB/T6Qk1HoW+rYzJGaiV71M/M/rJya48VIu48QwSZeLgkQgE6HsdzTiilEjZpYQqri9FdEJUYQam1DJhoBXX14nnXoNX9XwfaPSbORxFOEMzqEKGK6hCXfQgjZQmMIzvMKbEzsvzrvzsWwtOPnMKfyB8/kDQmKOKw==</latexit>

(1201)

<latexit sha1_base64="8ZW7Hb1njEke1yFr2HZKHL2pOLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V2uWq++h6l/1iya24C5B14mWkBBka/eJXbxCxJERpmKBadz03Nn5KleFM4KzQSzTGlE3oCLuWShqi9tPFuTNyYZUBGUbKljRkof6eSGmo9TQMbGdIzVivenPxP6+bmOGNn3IZJwYlWy4aJoKYiMx/JwOukBkxtYQyxe2thI2poszYhAo2BG/15XXSqla8q4p3XyvVa1kceTiDcyiDB9dQhztoQBMYTOAZXuHNiZ0X5935WLbmnGzmFP7A+fwBQNuOKg==</latexit>

(2001)

<latexit sha1_base64="4Dyhfd4pYjADdznQWgpJb4hleq0=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpWykqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQw1vO+0dr6xubWdmGnuLu3f3BYOjpumTjVjDdZLGPdCajhUijetMJK3kk0p1EgeTsY38789hPXRsTqwU4S7kd0qEQoGLVOalcIeSTeRb9U9qreHHiVkJyUIUejX/rqDWKWRlxZJqkxXeIl1s+otoJJPi32UsMTysZ0yLuOKhpx42fzc6f43CkDHMbalbJ4rv6eyGhkzCQKXGdE7cgsezPxP6+b2vDGz4RKUssVWywKU4ltjGe/44HQnFk5cYQyLdytmI2opsy6hIouBLL88ippXVbJVZXc18r1Wh5HAU7hDCpA4BrqcAcNaAKDMTzDK7yhBL2gd/SxaF1D+cwJ/AH6/AFA244q</latexit>

(1110)

<latexit sha1_base64="kWEyXuubKtwWx2sXweJhPnKRpaI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V2mWv+ui6l/1iya24C5B14mWkBBka/eJXbxCxJERpmKBadz03Nn5KleFM4KzQSzTGlE3oCLuWShqi9tPFuTNyYZUBGUbKljRkof6eSGmo9TQMbGdIzVivenPxP6+bmOGNn3IZJwYlWy4aJoKYiMx/JwOukBkxtYQyxe2thI2poszYhAo2BG/15XXSqla8q4p3XyvVa1kceTiDcyiDB9dQhztoQBMYTOAZXuHNiZ0X5935WLbmnGzmFP7A+fwBQN2OKg==</latexit>

(1200)

<latexit sha1_base64="iCV0XRNGw2E3dOhMqUHuhuPy24s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSW8yZHZ2mZkVQshHePGgiFe/x5t/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb+d++wmV5rF8MJME/YgOJQ85o8ZK7bJXfay6l/1iya24C5B14mWkBBka/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8X587IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasIbf8plkhqUbLkoTAUxMZn/TgZcITNiYgllittbCRtRRZmxCRVsCN7qy+ukVa14VxXvvlaq17I48nAG51AGD66hDnfQgCYwGMMzvMKbkzgvzrvzsWzNOdnMKfyB8/kDQ+mOLA==</latexit>

(1220)

<latexit sha1_base64="ZwWp+u/Etl2jkvelS6IWsabm7mk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W966rXrFXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AdtuMrA==</latexit>

0

<latexit sha1_base64="5f2ytgzyW5/toeWxXrKmrPy1xe0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8lKUY8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nd7nffWLa8Fg92lnCAknGikecEptLPsZ4WK3hOl4ArRO/IDUo0BpWvwajmKaSKUsFMabv48QGGdGWU8HmlUFqWELolIxZ31FFJDNBtrh1ji6cMkJRrF0pixbq74mMSGNmMnSdktiJWfVy8T+vn9roNsi4SlLLFF0uilKBbIzyx9GIa0atmDlCqObuVkQnRBNqXTwVF4K/+vI66VzV/eu6/9CoNRtFHGU4g3O4BB9uoAn30II2UJjAM7zCmye9F+/d+1i2lrxi5hT+wPv8AcKDjVs=</latexit>

1000

<latexit sha1_base64="/v0rrIarQOpqpav7QCNOBZjgubQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mWoh4LXjxWsK3QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLG5tb2Tnm3srd/cHhUPT7pmjjVlHVoLGL9GBLDBFesY7kV7DHRjMhQsF44vc393hPThsfqwc4SFkgyVjzilNhcamCMh9UaruMF0DrxC1KDAu1h9WswimkqmbJUEGP6Pk5skBFtORVsXhmkhiWETsmY9R1VRDITZItb5+jCKSMUxdqVsmih/p7IiDRmJkPXKYmdmFUvF//z+qmNboKMqyS1TNHloigVyMYofxyNuGbUipkjhGrubkV0QjSh1sVTcSH4qy+vk26j7l/V/ftmrdUs4ijDGZzDJfhwDS24gzZ0gMIEnuEV3jzpvXjv3seyteQVM6fwB97nD8QKjVw=</latexit>

2000

<latexit sha1_base64="zUyq1K6LgWA5RQUZ9F4YRGb9BMw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8lqUY8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ3FuMvr7S2vrG5Vd6u7Ozu7R9UD486Jk41ZW0ai1j3QmKY4Iq1LbeC9RLNiAwF64bT29zvPjJteKwe7CxhgSRjxSNOic2lS4zxsFrDdbwA+kv8gtSgQGtY/RyMYppKpiwVxJi+jxMbZERbTgWbVwapYQmhUzJmfUcVkcwE2eLWOTpzyghFsXalLFqoPycyIo2ZydB1SmInZtXLxf+8fmqjmyDjKkktU3S5KEoFsjHKH0cjrhm1YuYIoZq7WxGdEE2odfFUXAj+6st/Seei7l/V/ftGrdko4ijDCZzCOfhwDU24gxa0gcIEnuAFXj3pPXtv3vuyteQVM8fwC97HN8WRjV0=</latexit>

3000

<latexit sha1_base64="2HOSS8iebw19zn3SJL42KB7cRK8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8lKUY8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nd7nffWLa8Fg92lnCAknGikecEptLDYzxsFrDdbwAWid+QWpQoDWsfg1GMU0lU5YKYkzfx4kNMqItp4LNK4PUsITQKRmzvqOKSGaCbHHrHF04ZYSiWLtSFi3U3xMZkcbMZOg6JbETs+rl4n9eP7XRbZBxlaSWKbpcFKUC2Rjlj6MR14xaMXOEUM3drYhOiCbUungqLgR/9eV10rmq+9d1/6FRazaKOMpwBudwCT7cQBPuoQVtoDCBZ3iFN096L96797FsLXnFzCn8gff5A8cYjV4=</latexit>

4000

<latexit sha1_base64="OK7H4wgGT/4CNO3l4c8hKQ1I39M=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqmTE17LgxmUF+4B2KJk004YmmSHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64STu9zvPDFteKwe7TRhgSQjxSNOic2lK4zxoFrDdTwHWiV+QWpQoDmofvWHMU0lU5YKYkzPx4kNMqItp4LNKv3UsITQCRmxnqOKSGaCbH7rDJ05ZYiiWLtSFs3V3xMZkcZMZeg6JbFjs+zl4n9eL7XRbZBxlaSWKbpYFKUC2Rjlj6Mh14xaMXWEUM3drYiOiSbUungqLgR/+eVV0r6o+9d1/+Gy1rgs4ijDCZzCOfhwAw24hya0gMIYnuEV3jzpvXjv3seiteQVM8fwB97nD8ifjV8=</latexit>

5000

<latexit sha1_base64="MKouCqgtihSlFIbcN7fj5tqX97I=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKVI8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nd7nffWLa8Fg92lnCAknGikecEptLDYzxsFrDdbwAWid+QWpQoDWsfg1GMU0lU5YKYkzfx4kNMqItp4LNK4PUsITQKRmzvqOKSGaCbHHrHF04ZYSiWLtSFi3U3xMZkcbMZOg6JbETs+rl4n9eP7XRbZBxlaSWKbpcFKUC2Rjlj6MR14xaMXOEUM3drYhOiCbUungqLgR/9eV10rmq+426/3Bda14XcZThDM7hEny4gSbcQwvaQGECz/AKb570Xrx372PZWvKKmVP4A+/zB8omjWA=</latexit>

6000
<latexit sha1_base64="7fPtGlwl1WzaJiVOeFxUnWeoHGQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbMVKkuCy50WcE+oB1DJs20oZnMkGQKZagbf8WNC0Xc+hfu/BvTdhbaeuDC4Zx7ufceP+ZMacf5tnIrq2vrG/nNwtb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vJ76rRGVikXiXo9j6oW4L1jACNZGQvbRDXJKI+TCEao8pF3KOapMRuj8DNlFp+zMAJeJm5EiyFBH9le3F5EkpEITjpXquE6svRRLzQink0I3UTTGZIj7tGOowCFVXjr7YAJPjdKDQSRNCQ1n6u+JFIdKjUPfdIZYD9SiNxX/8zqJDq68lIk40VSQ+aIg4VBHcBoH7DFJieZjQzCRzNwKyQBLTLQJrWBCcBdfXibNStmtlt27i2KtmsWRB8fgBJSACy5BDdyCOmgAAh7BM3gFb9aT9WK9Wx/z1pyVzRyCP7A+fwA77pVx</latexit>

G0(v1v
`2
2 v3)

fundamental

combination

overtone

�`2 = 0,±1
all transitions allowed



J. Vander Auwera16 May 2022

0.6

0.4

0.2

0.0

Tr
an

sm
is

si
on

75007000650060005500
Wavenumber / cm–1

Vibrational spectrum of N2O

59

Intensities⚠

<latexit sha1_base64="HZF5gs8yjljXfC5yEg4O8tBtBVo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCIJSkFO2y4MZlBfuANobJdNoOnUzCPIQa+iVuXCji1k9x5984abPQ1gOXezjnXubOCRNGpXLdb6uwsbm1vVPcLe3tHxyW7aPjjoy1wKSNYxaLXogkYZSTtqKKkV4iCIpCRrrh9Cbzu49ESBrzezVLiB+hMacjipEyUmCX6wOuA++ylrXagxvYFbfqLuCsEy8nFcjRCuyvwTDGOiJcYYak7HtuovwUCUUxI/PSQEuSIDxFY9I3lKOISD9dHD53zo0ydEaxMMWVs1B/b6QoknIWhWYyQmoiV71M/M/razVq+CnliVaE4+VDI80cFTtZCs6QCoIVmxmCsKDmVgdPkEBYmaxKJgRv9cvrpFOrelfV+l290mzkcRThFM7gAjy4hibcQgvagEHDM7zCm/VkvVjv1sdytGDlOyfwB9bnD/+Akf4=</latexit>

4⌫1 + 2⌫02

<latexit sha1_base64="kRT35AjaDHU3L/NRzcKStQT9c9k=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9m1RXssePFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc387hNVmknxYGYx9SM8FixkBBsrdWoDkQxrw3LFrboLoHXi5aQCOVrD8tdgJEkSUWEIx1r3PTc2foqVYYTTeWmQaBpjMsVj2rdU4IhqP11cO0cXVhmhUCpbwqCF+nsixZHWsyiwnRE2E73qZeJ/Xj8xYcNPmYgTQwVZLgoTjoxE2etoxBQlhs8swUQxeysiE6wwMTagkg3BW315nXSuqt51tX5frzQbeRxFOINzuAQPbqAJd9CCNhB4hGd4hTdHOi/Ou/OxbC04+cwp/IHz+QP8DI65</latexit>

3⌫3 <latexit sha1_base64="xfYXIl722s9+sbpEnq8/rrW+aZM=">AAAB83icbVDLSsNAFL2pr1pfVZduBosgCCWxRbssuHFZwT6gCWUynbRDJ5MwD6GU/oYbF4q49Wfc+TdO2iy09cDlHs65l7lzwpQzpV332ylsbG5t7xR3S3v7B4dH5eOTjkqMJLRNEp7IXogV5UzQtmaa014qKY5DTrvh5C7zu09UKpaIRz1NaRDjkWARI1hbyfeFGXhXtazVBuWKW3UXQOvEy0kFcrQG5S9/mBATU6EJx0r1PTfVwQxLzQin85JvFE0xmeAR7VsqcExVMFvcPEcXVhmiKJG2hEYL9ffGDMdKTePQTsZYj9Wql4n/eX2jo0YwYyI1mgqyfCgyHOkEZQGgIZOUaD61BBPJ7K2IjLHERNuYSjYEb/XL66RzXfVuqvWHeqXZyOMowhmcwyV4cAtNuIcWtIFACs/wCm+OcV6cd+djOVpw8p1T+APn8wfqkJDv</latexit>

⌫1 + 3⌫3

<latexit sha1_base64="EOstzbsytWHYiva8Y5ViyUwF0Fs=">AAAB/XicbVDLSsNAFL3xWesrPnZugkUQCiWpRbssuHFZwT6gjWEynbRDJ5MwMxFqKP6KGxeKuPU/3Pk3TtostPXAcA/n3Mu9c/yYUals+9tYWV1b39gsbBW3d3b39s2Dw7aMEoFJC0csEl0fScIoJy1FFSPdWBAU+ox0/PF15nceiJA04ndqEhM3RENOA4qR0pJnHvd54jnlWlaq93Y5qxeeWbIr9gzWMnFyUoIcTc/86g8inISEK8yQlD3HjpWbIqEoZmRa7CeSxAiP0ZD0NOUoJNJNZ9dPrTOtDKwgEvpxZc3U3xMpCqWchL7uDJEayUUvE//zeokK6m5KeZwowvF8UZAwS0VWFoU1oIJgxSaaICyovtXCIyQQVjqwog7BWfzyMmlXK85lpXZbKzXqeRwFOIFTOAcHrqABN9CEFmB4hGd4hTfjyXgx3o2PeeuKkc8cwR8Ynz+M65P6</latexit>

⌫1 + 4⌫02 + ⌫3
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Vibrational of "XYX" triatomics

60

P.F. Bernath, Spectra of atoms and molecules

<latexit sha1_base64="VQvJbR2WNv0yQiViHmbWhTb9u+w=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpWykqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQw1vO+0dr6xubWdmGnuLu3f3BYOjpumTjVjDdZLGPdCajhUijetMJK3kk0p1EgeTsY38789hPXRsTqwU4S7kd0qEQoGLVOalc88ki8i36p7FW9OfAqITkpQ45Gv/TVG8QsjbiyTFJjusRLrJ9RbQWTfFrspYYnlI3pkHcdVTTixs/m507xuVMGOIy1K2XxXP09kdHImEkUuM6I2pFZ9mbif143teGNnwmVpJYrtlgUphLbGM9+xwOhObNy4ghlWrhbMRtRTZl1CRVdCGT55VXSuqySqyq5r5XrtTyOApzCGVSAwDXU4Q4a0AQGY3iGV3hDCXpB7+hj0bqG8pkT+AP0+QM/Uo4p</latexit>

(0110)

<latexit sha1_base64="sw0YeHNG+d8+GPf60Rd4poR5i+M=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXkq2FPVY8OKxgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zM82PBtcH42ylsbG5t7xR3S3v7B4dH5eOTjo4SRVmbRiJSPZ9oJrhkbcONYL1YMRL6gnX96W3md5+Y0jySD2YWMy8kY8kDTomxUreK648YXw7LFVzDC6B14uakAjlaw/LXYBTRJGTSUEG07rs4Nl5KlOFUsHlpkGgWEzolY9a3VJKQaS9dnDtHF1YZoSBStqRBC/X3REpCrWehbztDYiZ61cvE/7x+YoIbL+UyTgyTdLkoSAQyEcp+RyOuGDViZgmhittbEZ0QRaixCZVsCO7qy+ukU6+5VzX3vlFpNvI4inAG51AFF66hCXfQgjZQmMIzvMKbEzsvzrvzsWwtOPnMKfyB8/kDP1SOKQ==</latexit>

(0200)

<latexit sha1_base64="6Uyjn2o/HOfPMHiJmsTx9CoIYyo=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS8lKUY8FLx4r2A9o15JNs21oNlmSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvb219Y3Nru7BT3N3bPzgsHR23jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSu4Jrjxhf9EtlXMVzoFXi56QMORr90ldvoGgaM2mpIMZ0fZzYICPacirYtNhLDUsIHZMh6zoqScxMkM3PnaJzpwxQpLQradFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10U2QcZmklkm6WBSlAlmFZr+jAdeMWjFxhFDN3a2Ijogm1LqEii4Ef/nlVdK6rPpXVf++Vq7X8jgKcApnUAEfrqEOd9CAJlAYwzO8wpuXeC/eu/exaF3z8pkT+APv8wdCZI4r</latexit>

(0400)

<latexit sha1_base64="LbbAXA4h3WzscT8hyS1MJDmY/l0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V2mW39lh1L/vFkltxFyDrxMtICTI0+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLc2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McMbP+UyTgxKtlw0TAQxEZn/TgZcITNiagllittbCRtTRZmxCRVsCN7qy+ukVa14VxXvvlaq17I48nAG51AGD66hDnfQgCYwmMAzvMKbEzsvzrvzsWzNOdnMKfyB8/kDRXCOLQ==</latexit>

(0420)

<latexit sha1_base64="Ojtkx3pSug/qcE3LE2g/Vch4LOk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0kkqMeCF48V7Ae0sWy2m3bpZhN2J0Ip/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVLDpVC8gQIlb6ea0ziUvBWObmd+64lrIxL1gOOUBzEdKBEJRtFKrYrrP/ruRa9UdqvuHGSVeDkpQ456r/TV7Scsi7lCJqkxHc9NMZhQjYJJPi12M8NTykZ0wDuWKhpzE0zm507JuVX6JEq0LYVkrv6emNDYmHEc2s6Y4tAsezPxP6+TYXQTTIRKM+SKLRZFmSSYkNnvpC80ZyjHllCmhb2VsCHVlKFNqGhD8JZfXiXNy6p3VfXu/XLNz+MowCmcQQU8uIYa3EEdGsBgBM/wCm9O6rw4787HonXNyWdO4A+czx9IfI4v</latexit>

(0440)

<latexit sha1_base64="RJCUcloXco7vcY+b1kgG5Te8+Y4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSW8yZHZ2mZkVQshHePGgiFe/x5t/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb+d++wmV5rF8MJME/YgOJQ85o8ZK7bJbfay6l/1iya24C5B14mWkBBka/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8X587IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasIbf8plkhqUbLkoTAUxMZn/TgZcITNiYgllittbCRtRRZmxCRVsCN7qy+ukVa14VxXvvlaq17I48nAG51AGD66hDnfQgCYwGMMzvMKbkzgvzrvzsWzNOdnMKfyB8/kDQmCOKw==</latexit>

(0220)

<latexit sha1_base64="Rlhub2QPRusk1+RHM2MMX+4Aapw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXg3oMePEYwTwgWcPsZDYZMju7zPQKIeQjvHhQxKvf482/cZLsQRMLGoqqbrq7gkQKg6777eTW1jc2t/LbhZ3dvf2D4uFR08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup35rSeujYjVA44T7kd0oEQoGEUrtcru5aPnnveKJbfizkFWiZeREmSo94pf3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfu6UnFmlT8JY21JI5urviQmNjBlHge2MKA7NsjcT//M6KYY3/kSoJEWu2GJRmEqCMZn9TvpCc4ZybAllWthbCRtSTRnahAo2BG/55VXSvKh4VxXvvlqqVbM48nACp1AGD66hBndQhwYwGMEzvMKbkzgvzrvzsWjNOdnMMfyB8/kDQmKOKw==</latexit>

(0310)

<latexit sha1_base64="SCyPgFuMaISXbdx16HedeMBV960=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyaoB4DXjxGMA9I1jA76U2GzM4uM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uIBFcG9f9dtbWNza3tnM7+d29/YPDwtFxU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFSq+RWHivuRa9QdMvuHGSVeBkpQoZ6r/DV7ccsjVAaJqjWHc9NjD+hynAmcJrvphoTykZ0gB1LJY1Q+5P5uVNybpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDGn3CZpAYlWywKU0FMTGa/kz5XyIwYW0KZ4vZWwoZUUWZsQnkbgrf88ippXpa9q7J3Xy3WqlkcOTiFMyiBB9dQgzuoQwMYjOAZXuHNSZwX5935WLSuOdnMCfyB8/kDRW6OLQ==</latexit>

(0330)

<latexit sha1_base64="q6R+T17+oCFi/JzDIrEmCTAF40Y=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpWSlqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQwlpBvtLa+sbm1Xdgp7u7tHxyWjo5bJk41400Wy1h3Amq4FIo3rbCSdxLNaRRI3g7GtzO//cS1EbF6sJOE+xEdKhEKRq2T2hVCHgm56JfKpErmwKvEy0kZcjT6pa/eIGZpxJVlkhrT9Uhi/YxqK5jk02IvNTyhbEyHvOuoohE3fjY/d4rPnTLAYaxdKYvn6u+JjEbGTKLAdUbUjsyyNxP/87qpDW/8TKgktVyxxaIwldjGePY7HgjNmZUTRyjTwt2K2YhqyqxLqOhC8JZfXiWty6p3VfXua+V6LY+jAKdwBhXw4BrqcAcNaAKDMTzDK7yhBL2gd/SxaF1D+cwJ/AH6/AE8RI4n</latexit>

(0000)

<latexit sha1_base64="mbAylGe4tqjL/i4vApQIeFkxBik=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS0mkqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQwFuNvb219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2Mb2d++4lrI2L1YCcJ9yM6VCIUjFontSsEP2J80S+VcRXPgVYJyUkZcjT6pa/eIGZpxJVlkhrTJTixfka1FUzyabGXGp5QNqZD3nVU0YgbP5ufO0XnThmgMNaulEVz9fdERiNjJlHgOiNqR2bZm4n/ed3Uhjd+JlSSWq7YYlGYSmRjNPsdDYTmzMqJI5Rp4W5FbEQ1ZdYlVHQhkOWXV0nrskququS+Vq7X8jgKcApnUAEC11CHO2hAExiM4Rle4c1LvBfv3ftYtK55+cwJ/IH3+QM9zY4o</latexit>

(1000)

<latexit sha1_base64="DLL7/Yoc0jb4fXQsgCEiy+AQCGA=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXkq2FPVY8OKxgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zM82PBtcH42ylsbG5t7xR3S3v7B4dH5eOTjo4SRVmbRiJSPZ9oJrhkbcONYL1YMRL6gnX96W3md5+Y0jySD2YWMy8kY8kDTomxUrdax48YXw7LFVzDC6B14uakAjlaw/LXYBTRJGTSUEG07rs4Nl5KlOFUsHlpkGgWEzolY9a3VJKQaS9dnDtHF1YZoSBStqRBC/X3REpCrWehbztDYiZ61cvE/7x+YoIbL+UyTgyTdLkoSAQyEcp+RyOuGDViZgmhittbEZ0QRaixCZVsCO7qy+ukU6+5VzX3vlFpNvI4inAG51AFF66hCXfQgjZQmMIzvMKbEzsvzrvzsWwtOPnMKfyB8/kDP1aOKQ==</latexit>

(2000)

<latexit sha1_base64="xXM+EuQVmBtNawRbWBOdndgFJbE=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS0mkqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQwFuNvb219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2Mb2d++4lrI2L1YCcJ9yM6VCIUjFontSsYP2Jy0S+VcRXPgVYJyUkZcjT6pa/eIGZpxJVlkhrTJTixfka1FUzyabGXGp5QNqZD3nVU0YgbP5ufO0XnThmgMNaulEVz9fdERiNjJlHgOiNqR2bZm4n/ed3Uhjd+JlSSWq7YYlGYSmRjNPsdDYTmzMqJI5Rp4W5FbEQ1ZdYlVHQhkOWXV0nrskququS+Vq7X8jgKcApnUAEC11CHO2hAExiM4Rle4c1LvBfv3ftYtK55+cwJ/IH3+QM9yY4o</latexit>

(0001)

<latexit sha1_base64="x8jkYF2H8PBSs2QH3iGSEXsTy7Y=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpWykqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQw1vO+0dr6xubWdmGnuLu3f3BYOjpumTjVjDdZLGPdCajhUijetMJK3kk0p1EgeTsY38789hPXRsTqwU4S7kd0qEQoGLVOaleI9+iRi36p7FW9OfAqITkpQ45Gv/TVG8QsjbiyTFJjusRLrJ9RbQWTfFrspYYnlI3pkHcdVTTixs/m507xuVMGOIy1K2XxXP09kdHImEkUuM6I2pFZ9mbif143teGNnwmVpJYrtlgUphLbGM9+xwOhObNy4ghlWrhbMRtRTZl1CRVdCGT55VXSuqySqyq5r5XrtTyOApzCGVSAwDXU4Q4a0AQGY3iGV3hDCXpB7+hj0bqG8pkT+AP0+QM/Uo4p</latexit>

(1001)
<latexit sha1_base64="D4PiNjv2HN3VDJUlrmevCW2NVgs=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V2mW3+uh6l/1iya24C5B14mWkBBka/eJXbxCxJERpmKBadz03Nn5KleFM4KzQSzTGlE3oCLuWShqi9tPFuTNyYZUBGUbKljRkof6eSGmo9TQMbGdIzVivenPxP6+bmOGNn3IZJwYlWy4aJoKYiMx/JwOukBkxtYQyxe2thI2poszYhAo2BG/15XXSqla8q4p3XyvVa1kceTiDcyiDB9dQhztoQBMYTOAZXuHNiZ0X5935WLbmnGzmFP7A+fwBQNmOKg==</latexit>

(0201)

<latexit sha1_base64="Fx8Zhd8cuEnr3kGIyCVl8sjWh+0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeCF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFK7Ypbe3S9i36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6R1WfWuqt59rVyv5XEU4BTOoAIeXEMd7qABTWAwhmd4hTcncV6cd+dj0brm5DMn8AfO5w9D6Y4s</latexit>

(0401)

<latexit sha1_base64="rLVcCnG/5zeba1EZQDuLaSh/EDE=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsqmFPVY8OKxgv2Adi3ZNNuGZrNLkhXK0h/hxYMiXv093vw3Zts9aOuDgcd7M8zM82PBtXHdb6ewsbm1vVPcLe3tHxwelY9POjpKFGVtGolI9XyimeCStQ03gvVixUjoC9b1p7eZ331iSvNIPphZzLyQjCUPOCXGSt0qrj+6+HJYrrg1dwG0TnBOKpCjNSx/DUYRTUImDRVE6z52Y+OlRBlOBZuXBolmMaFTMmZ9SyUJmfbSxblzdGGVEQoiZUsatFB/T6Qk1HoW+rYzJGaiV71M/M/rJya48VIu48QwSZeLgkQgE6HsdzTiilEjZpYQqri9FdEJUYQam1DJhoBXX14nnXoNX9XwfaPSbORxFOEMzqEKGK6hCXfQgjZQmMIzvMKbEzsvzrvzsWwtOPnMKfyB8/kDQmKOKw==</latexit>

(1201)

<latexit sha1_base64="8ZW7Hb1njEke1yFr2HZKHL2pOLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V2uWq++h6l/1iya24C5B14mWkBBka/eJXbxCxJERpmKBadz03Nn5KleFM4KzQSzTGlE3oCLuWShqi9tPFuTNyYZUBGUbKljRkof6eSGmo9TQMbGdIzVivenPxP6+bmOGNn3IZJwYlWy4aJoKYiMx/JwOukBkxtYQyxe2thI2poszYhAo2BG/15XXSqla8q4p3XyvVa1kceTiDcyiDB9dQhztoQBMYTOAZXuHNiZ0X5935WLbmnGzmFP7A+fwBQNuOKg==</latexit>

(2001)

<latexit sha1_base64="4Dyhfd4pYjADdznQWgpJb4hleq0=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpWykqMeCF48V7Ae0a8mm2TY0m12SrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvSKQw1vO+0dr6xubWdmGnuLu3f3BYOjpumTjVjDdZLGPdCajhUijetMJK3kk0p1EgeTsY38789hPXRsTqwU4S7kd0qEQoGLVOalcIeSTeRb9U9qreHHiVkJyUIUejX/rqDWKWRlxZJqkxXeIl1s+otoJJPi32UsMTysZ0yLuOKhpx42fzc6f43CkDHMbalbJ4rv6eyGhkzCQKXGdE7cgsezPxP6+b2vDGz4RKUssVWywKU4ltjGe/44HQnFk5cYQyLdytmI2opsy6hIouBLL88ippXVbJVZXc18r1Wh5HAU7hDCpA4BrqcAcNaAKDMTzDK7yhBL2gd/SxaF1D+cwJ/AH6/AFA244q</latexit>

(1110)

<latexit sha1_base64="kWEyXuubKtwWx2sXweJhPnKRpaI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V2mWv+ui6l/1iya24C5B14mWkBBka/eJXbxCxJERpmKBadz03Nn5KleFM4KzQSzTGlE3oCLuWShqi9tPFuTNyYZUBGUbKljRkof6eSGmo9TQMbGdIzVivenPxP6+bmOGNn3IZJwYlWy4aJoKYiMx/JwOukBkxtYQyxe2thI2poszYhAo2BG/15XXSqla8q4p3XyvVa1kceTiDcyiDB9dQhztoQBMYTOAZXuHNiZ0X5935WLbmnGzmFP7A+fwBQN2OKg==</latexit>

(1200)

<latexit sha1_base64="iCV0XRNGw2E3dOhMqUHuhuPy24s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlAsobZSW8yZHZ2mZkVQshHePGgiFe/x5t/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb+d++wmV5rF8MJME/YgOJQ85o8ZK7bJXfay6l/1iya24C5B14mWkBBka/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8X587IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasIbf8plkhqUbLkoTAUxMZn/TgZcITNiYgllittbCRtRRZmxCRVsCN7qy+ukVa14VxXvvlaq17I48nAG51AGD66hDnfQgCYwGMMzvMKbkzgvzrvzsWzNOdnMKfyB8/kDQ+mOLA==</latexit>

(1220)

<latexit sha1_base64="ZwWp+u/Etl2jkvelS6IWsabm7mk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W966rXrFXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AdtuMrA==</latexit>

0

<latexit sha1_base64="5f2ytgzyW5/toeWxXrKmrPy1xe0=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8lKUY8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nd7nffWLa8Fg92lnCAknGikecEptLPsZ4WK3hOl4ArRO/IDUo0BpWvwajmKaSKUsFMabv48QGGdGWU8HmlUFqWELolIxZ31FFJDNBtrh1ji6cMkJRrF0pixbq74mMSGNmMnSdktiJWfVy8T+vn9roNsi4SlLLFF0uilKBbIzyx9GIa0atmDlCqObuVkQnRBNqXTwVF4K/+vI66VzV/eu6/9CoNRtFHGU4g3O4BB9uoAn30II2UJjAM7zCmye9F+/d+1i2lrxi5hT+wPv8AcKDjVs=</latexit>

1000

<latexit sha1_base64="/v0rrIarQOpqpav7QCNOBZjgubQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mWoh4LXjxWsK3QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLG5tb2Tnm3srd/cHhUPT7pmjjVlHVoLGL9GBLDBFesY7kV7DHRjMhQsF44vc393hPThsfqwc4SFkgyVjzilNhcamCMh9UaruMF0DrxC1KDAu1h9WswimkqmbJUEGP6Pk5skBFtORVsXhmkhiWETsmY9R1VRDITZItb5+jCKSMUxdqVsmih/p7IiDRmJkPXKYmdmFUvF//z+qmNboKMqyS1TNHloigVyMYofxyNuGbUipkjhGrubkV0QjSh1sVTcSH4qy+vk26j7l/V/ftmrdUs4ijDGZzDJfhwDS24gzZ0gMIEnuEV3jzpvXjv3seyteQVM6fwB97nD8QKjVw=</latexit>

2000

<latexit sha1_base64="zUyq1K6LgWA5RQUZ9F4YRGb9BMw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8lqUY8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ3FuMvr7S2vrG5Vd6u7Ozu7R9UD486Jk41ZW0ai1j3QmKY4Iq1LbeC9RLNiAwF64bT29zvPjJteKwe7CxhgSRjxSNOic2lS4zxsFrDdbwA+kv8gtSgQGtY/RyMYppKpiwVxJi+jxMbZERbTgWbVwapYQmhUzJmfUcVkcwE2eLWOTpzyghFsXalLFqoPycyIo2ZydB1SmInZtXLxf+8fmqjmyDjKkktU3S5KEoFsjHKH0cjrhm1YuYIoZq7WxGdEE2odfFUXAj+6st/Seei7l/V/ftGrdko4ijDCZzCOfhwDU24gxa0gcIEnuAFXj3pPXtv3vuyteQVM8fwC97HN8WRjV0=</latexit>

3000

<latexit sha1_base64="2HOSS8iebw19zn3SJL42KB7cRK8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8lKUY8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nd7nffWLa8Fg92lnCAknGikecEptLDYzxsFrDdbwAWid+QWpQoDWsfg1GMU0lU5YKYkzfx4kNMqItp4LNK4PUsITQKRmzvqOKSGaCbHHrHF04ZYSiWLtSFi3U3xMZkcbMZOg6JbETs+rl4n9eP7XRbZBxlaSWKbpcFKUC2Rjlj6MR14xaMXOEUM3drYhOiCbUungqLgR/9eV10rmq+9d1/6FRazaKOMpwBudwCT7cQBPuoQVtoDCBZ3iFN096L96797FsLXnFzCn8gff5A8cYjV4=</latexit>

4000

<latexit sha1_base64="OK7H4wgGT/4CNO3l4c8hKQ1I39M=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqmTE17LgxmUF+4B2KJk004YmmSHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64STu9zvPDFteKwe7TRhgSQjxSNOic2lK4zxoFrDdTwHWiV+QWpQoDmofvWHMU0lU5YKYkzPx4kNMqItp4LNKv3UsITQCRmxnqOKSGaCbH7rDJ05ZYiiWLtSFs3V3xMZkcZMZeg6JbFjs+zl4n9eL7XRbZBxlaSWKbpYFKUC2Rjlj6Mh14xaMXWEUM3drYiOiSbUungqLgR/+eVV0r6o+9d1/+Gy1rgs4ijDCZzCOfhwAw24hya0gMIYnuEV3jzpvXjv3seiteQVM8fwB97nD8ifjV8=</latexit>

5000

<latexit sha1_base64="MKouCqgtihSlFIbcN7fj5tqX97I=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKVI8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhuLMbfXmljc2t7p7xb2ds/ODyqHp90TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nd7nffWLa8Fg92lnCAknGikecEptLDYzxsFrDdbwAWid+QWpQoDWsfg1GMU0lU5YKYkzfx4kNMqItp4LNK4PUsITQKRmzvqOKSGaCbHHrHF04ZYSiWLtSFi3U3xMZkcbMZOg6JbETs+rl4n9eP7XRbZBxlaSWKbpcFKUC2Rjlj6MR14xaMXOEUM3drYhOiCbUungqLgR/9eV10rmq+426/3Bda14XcZThDM7hEny4gSbcQwvaQGECz/AKb570Xrx372PZWvKKmVP4A+/zB8omjWA=</latexit>

6000
<latexit sha1_base64="7fPtGlwl1WzaJiVOeFxUnWeoHGQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbMVKkuCy50WcE+oB1DJs20oZnMkGQKZagbf8WNC0Xc+hfu/BvTdhbaeuDC4Zx7ufceP+ZMacf5tnIrq2vrG/nNwtb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vJ76rRGVikXiXo9j6oW4L1jACNZGQvbRDXJKI+TCEao8pF3KOapMRuj8DNlFp+zMAJeJm5EiyFBH9le3F5EkpEITjpXquE6svRRLzQink0I3UTTGZIj7tGOowCFVXjr7YAJPjdKDQSRNCQ1n6u+JFIdKjUPfdIZYD9SiNxX/8zqJDq68lIk40VSQ+aIg4VBHcBoH7DFJieZjQzCRzNwKyQBLTLQJrWBCcBdfXibNStmtlt27i2KtmsWRB8fgBJSACy5BDdyCOmgAAh7BM3gFb9aT9WK9Wx/z1pyVzRyCP7A+fwA77pVx</latexit>

G0(v1v
`2
2 v3)

fundamental

combination

overtone

�`2 = 0,±1
<latexit sha1_base64="YToexPz2zWA5wlDqTM3C+kBvb8Y=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9eCh4MVjBfsBbSib7aZdutkNuxMlhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvDAR3IDnfTsrq2vrG5ulrfL2zu7evntw2DIq1ZQ1qRJKd0JimOCSNYGDYJ1EMxKHgrXD8c3Ubz8wbbiS95AlLIjJUPKIUwJW6ruVIe4JFoHmwxEQrdUjTvtu1at5M+Bl4hekigo0+u5Xb6BoGjMJVBBjur6XQJATDZwKNin3UsMSQsdkyLqWShIzE+Sz4yf4xCoDHCltSwKeqb8nchIbk8Wh7YwJjMyiNxX/87opRFdBzmWSApN0vihKBQaFp0ngAdeMgsgsIVRzeyumI6IJBZtX2YbgL768TFpnNf+i5t+dV+vXRRwldISO0Sny0SWqo1vUQE1EUYae0St6c56cF+fd+Zi3rjjFTAX9gfP5A8O0lNU=</latexit>g $ u

<latexit sha1_base64="8xFJvq3iQtgZ/T3E2LB+xxp/k7g=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnk2TgfmnW7YRewlolTkjop0RqaX4NRxJIAQmSCKtV37BjdjErkTEBeHSQKYsqmdAx9TUMagHKzYmlunWhlZPmR1BWiVai/JzIaKJUGnu4MKE7UojcT//P6CfpXbsbDOEEI2XyRnwgLI2uWhDXiEhiKVBPKJNd/tdiESspQ51XVITiLJy+TzlnDuWg4d+f15nUZR4UckWNyShxySZrklrRImzCSkmfySt6MJ+PFeDc+5q0rRjlTI39gfP4ACyyVqA==</latexit>g

<latexit sha1_base64="8xFJvq3iQtgZ/T3E2LB+xxp/k7g=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnk2TgfmnW7YRewlolTkjop0RqaX4NRxJIAQmSCKtV37BjdjErkTEBeHSQKYsqmdAx9TUMagHKzYmlunWhlZPmR1BWiVai/JzIaKJUGnu4MKE7UojcT//P6CfpXbsbDOEEI2XyRnwgLI2uWhDXiEhiKVBPKJNd/tdiESspQ51XVITiLJy+TzlnDuWg4d+f15nUZR4UckWNyShxySZrklrRImzCSkmfySt6MJ+PFeDc+5q0rRjlTI39gfP4ACyyVqA==</latexit>g

<latexit sha1_base64="8xFJvq3iQtgZ/T3E2LB+xxp/k7g=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnk2TgfmnW7YRewlolTkjop0RqaX4NRxJIAQmSCKtV37BjdjErkTEBeHSQKYsqmdAx9TUMagHKzYmlunWhlZPmR1BWiVai/JzIaKJUGnu4MKE7UojcT//P6CfpXbsbDOEEI2XyRnwgLI2uWhDXiEhiKVBPKJNd/tdiESspQ51XVITiLJy+TzlnDuWg4d+f15nUZR4UckWNyShxySZrklrRImzCSkmfySt6MJ+PFeDc+5q0rRjlTI39gfP4ACyyVqA==</latexit>g

<latexit sha1_base64="8xFJvq3iQtgZ/T3E2LB+xxp/k7g=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnk2TgfmnW7YRewlolTkjop0RqaX4NRxJIAQmSCKtV37BjdjErkTEBeHSQKYsqmdAx9TUMagHKzYmlunWhlZPmR1BWiVai/JzIaKJUGnu4MKE7UojcT//P6CfpXbsbDOEEI2XyRnwgLI2uWhDXiEhiKVBPKJNd/tdiESspQ51XVITiLJy+TzlnDuWg4d+f15nUZR4UckWNyShxySZrklrRImzCSkmfySt6MJ+PFeDc+5q0rRjlTI39gfP4ACyyVqA==</latexit>g

<latexit sha1_base64="8xFJvq3iQtgZ/T3E2LB+xxp/k7g=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnk2TgfmnW7YRewlolTkjop0RqaX4NRxJIAQmSCKtV37BjdjErkTEBeHSQKYsqmdAx9TUMagHKzYmlunWhlZPmR1BWiVai/JzIaKJUGnu4MKE7UojcT//P6CfpXbsbDOEEI2XyRnwgLI2uWhDXiEhiKVBPKJNd/tdiESspQ51XVITiLJy+TzlnDuWg4d+f15nUZR4UckWNyShxySZrklrRImzCSkmfySt6MJ+PFeDc+5q0rRjlTI39gfP4ACyyVqA==</latexit>g
<latexit sha1_base64="8xFJvq3iQtgZ/T3E2LB+xxp/k7g=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnk2TgfmnW7YRewlolTkjop0RqaX4NRxJIAQmSCKtV37BjdjErkTEBeHSQKYsqmdAx9TUMagHKzYmlunWhlZPmR1BWiVai/JzIaKJUGnu4MKE7UojcT//P6CfpXbsbDOEEI2XyRnwgLI2uWhDXiEhiKVBPKJNd/tdiESspQ51XVITiLJy+TzlnDuWg4d+f15nUZR4UckWNyShxySZrklrRImzCSkmfySt6MJ+PFeDc+5q0rRjlTI39gfP4ACyyVqA==</latexit>g

<latexit sha1_base64="7PoKPnRBRlwRhvz2EhyK8oyBTBA=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnkWZIPzbrdsAtYy8QpSZ2UaA3Nr8EoYkkAITJBleo7doxuRiVyJiCvDhIFMWVTOoa+piENQLlZsTS3TrQysvxI6grRKtTfExkNlEoDT3cGFCdq0ZuJ/3n9BP0rN+NhnCCEbL7IT4SFkTVLwhpxCQxFqgllkuu/WmxCJWWo86rqEJzFk5dJ56zhXDScu/N687qMo0KOyDE5JQ65JE1yS1qkTRhJyTN5JW/Gk/FivBsf89YVo5ypkT8wPn8AIHKVtg==</latexit>u

<latexit sha1_base64="7PoKPnRBRlwRhvz2EhyK8oyBTBA=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnkWZIPzbrdsAtYy8QpSZ2UaA3Nr8EoYkkAITJBleo7doxuRiVyJiCvDhIFMWVTOoa+piENQLlZsTS3TrQysvxI6grRKtTfExkNlEoDT3cGFCdq0ZuJ/3n9BP0rN+NhnCCEbL7IT4SFkTVLwhpxCQxFqgllkuu/WmxCJWWo86rqEJzFk5dJ56zhXDScu/N687qMo0KOyDE5JQ65JE1yS1qkTRhJyTN5JW/Gk/FivBsf89YVo5ypkT8wPn8AIHKVtg==</latexit>u

<latexit sha1_base64="7PoKPnRBRlwRhvz2EhyK8oyBTBA=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnkWZIPzbrdsAtYy8QpSZ2UaA3Nr8EoYkkAITJBleo7doxuRiVyJiCvDhIFMWVTOoa+piENQLlZsTS3TrQysvxI6grRKtTfExkNlEoDT3cGFCdq0ZuJ/3n9BP0rN+NhnCCEbL7IT4SFkTVLwhpxCQxFqgllkuu/WmxCJWWo86rqEJzFk5dJ56zhXDScu/N687qMo0KOyDE5JQ65JE1yS1qkTRhJyTN5JW/Gk/FivBsf89YVo5ypkT8wPn8AIHKVtg==</latexit>u<latexit sha1_base64="7PoKPnRBRlwRhvz2EhyK8oyBTBA=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnkWZIPzbrdsAtYy8QpSZ2UaA3Nr8EoYkkAITJBleo7doxuRiVyJiCvDhIFMWVTOoa+piENQLlZsTS3TrQysvxI6grRKtTfExkNlEoDT3cGFCdq0ZuJ/3n9BP0rN+NhnCCEbL7IT4SFkTVLwhpxCQxFqgllkuu/WmxCJWWo86rqEJzFk5dJ56zhXDScu/N687qMo0KOyDE5JQ65JE1yS1qkTRhJyTN5JW/Gk/FivBsf89YVo5ypkT8wPn8AIHKVtg==</latexit>u

<latexit sha1_base64="7PoKPnRBRlwRhvz2EhyK8oyBTBA=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnkWZIPzbrdsAtYy8QpSZ2UaA3Nr8EoYkkAITJBleo7doxuRiVyJiCvDhIFMWVTOoa+piENQLlZsTS3TrQysvxI6grRKtTfExkNlEoDT3cGFCdq0ZuJ/3n9BP0rN+NhnCCEbL7IT4SFkTVLwhpxCQxFqgllkuu/WmxCJWWo86rqEJzFk5dJ56zhXDScu/N687qMo0KOyDE5JQ65JE1yS1qkTRhJyTN5JW/Gk/FivBsf89YVo5ypkT8wPn8AIHKVtg==</latexit>u

<latexit sha1_base64="7PoKPnRBRlwRhvz2EhyK8oyBTBA=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiKiLlwU3LisYB/QhjKZ3rRDJw9mbsQQ4q+4caGIWz/EnX/jNM1CWw9cOJxz79y5x4sFV2jb38bK6tr6xmZlq7q9s7u3bx4cdlSUSAZtFolI9jyqQPAQ2shRQC+WQANPQNeb3sz87gNIxaPwHtMY3ICOQ+5zRlFLQ7M2QHjE4p3MEwnkWZIPzbrdsAtYy8QpSZ2UaA3Nr8EoYkkAITJBleo7doxuRiVyJiCvDhIFMWVTOoa+piENQLlZsTS3TrQysvxI6grRKtTfExkNlEoDT3cGFCdq0ZuJ/3n9BP0rN+NhnCCEbL7IT4SFkTVLwhpxCQxFqgllkuu/WmxCJWWo86rqEJzFk5dJ56zhXDScu/N687qMo0KOyDE5JQ65JE1yS1qkTRhJyTN5JW/Gk/FivBsf89YVo5ypkT8wPn8AIHKVtg==</latexit>u

center of 
symmetry
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Vibrational selection rules
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centro-symmetrical molecule ➙ mutual exclusion rule
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��
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3 = 2396 cm�1 (⌃+

u )

z
+y

Infrared activeRaman active

z

+x y

symmetric stretch
⌫1 (a1) 3657 cm�1

bending
⌫2 (a1) 1595 cm�1 antisymmetric stretch

⌫3 (b2) 3756 cm�1

All modes of vibration are infrared and Raman active
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Raman vibrational spectrum
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⌫1 band of
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C
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O2

D. Bermejo, private communication
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Parallel and perpendicular bands

63

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

D
et

ec
to

r s
ig

na
l /

 a
.u

.

515051005050500049504900
Wavenumber / cm–1

4⌫1
<latexit sha1_base64="SN9mc7uynZTawsDDoEo+4vTVjRI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYL0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOo2BSIfesFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTNYOMiSQ1VJDloijlyEi0eB2NmKLE8JklmChmb0VkghUmxgZUsSF4qy+vE/+qflP37hu1VrNIowxncA6X4ME1tOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/ZHWOgw==</latexit><latexit sha1_base64="SN9mc7uynZTawsDDoEo+4vTVjRI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYL0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOo2BSIfesFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTNYOMiSQ1VJDloijlyEi0eB2NmKLE8JklmChmb0VkghUmxgZUsSF4qy+vE/+qflP37hu1VrNIowxncA6X4ME1tOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/ZHWOgw==</latexit><latexit sha1_base64="SN9mc7uynZTawsDDoEo+4vTVjRI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYL0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOo2BSIfesFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTNYOMiSQ1VJDloijlyEi0eB2NmKLE8JklmChmb0VkghUmxgZUsSF4qy+vE/+qflP37hu1VrNIowxncA6X4ME1tOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/ZHWOgw==</latexit><latexit sha1_base64="SN9mc7uynZTawsDDoEo+4vTVjRI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYL0VvHisYNpCG8pmu2nXbnbD7kYoof/BiwcVr/4gb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjpapItQnkkvVC7GmnAnqG2Y47SWK4jjktBtObxd+94kqzaR4MLOEBjEeCxYxgo2VOo2BSIfesFpz624OtE68gtSgQHtY/RqMJEljKgzhWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5YKHFMdZPm1c3RhlRGKpLIlDMrV3xMZjrWexaHtjLGZ6FVvIf7n9VMTNYOMiSQ1VJDloijlyEi0eB2NmKLE8JklmChmb0VkghUmxgZUsSF4qy+vE/+qflP37hu1VrNIowxncA6X4ME1tOAO2uADgUd4hld4c6Tz4rw7H8vWklPMnMIfOJ8/ZHWOgw==</latexit>

Resolution = 0.007 cm–1  
4.11 hPa, 42 m

2⌫1 + 4⌫02
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⌫12 + 2⌫3

<latexit sha1_base64="8aL5OnNVRjvlsHgjne/TadO9bIQ=">AAACCXicbZDLSsNAFIZP6q3WW9Slm8EiuCqJiLoRim5caQV7gTaUyXTSDp1MwsxEKKFbN76KGxeKuPUN3Pk2TtostO0PAx//OYc55/djzpR2nB+rsLS8srpWXC9tbG5t79i7ew0VJZLQOol4JFs+VpQzQeuaaU5bsaQ49Dlt+sPrrN58pFKxSDzoUUy9EPcFCxjB2lhdG3VCrAcyTG/Hlwvwbty1y07FmQjNg5tDGXLVuvZ3pxeRJKRCE46VartOrL0US80Ip+NSJ1E0xmSI+7RtUOCQKi+dXDJGR8bpoSCS5gmNJu7fiRSHSo1C33RmG6rZWmYuqrUTHVx4KRNxoqkg04+ChCMdoSwW1GOSEs1HBjCRzOyKyABLTLQJr2RCcGdPnofGScU9q5zen5arV3kcRTiAQzgGF86hCjdQgzoQeIIXeIN369l6tT6sz2lrwcpn9uGfrK9fn7ma8A==</latexit>

N = N = O

<latexit sha1_base64="mTsbUz/srD6eBhlDPqMUO6bosy0="></latexit>

�v2 = odd ! (�µx,�µy) (?)

<latexit sha1_base64="nCAfB66Wc8GMp89HQTBxiAnzqgw="></latexit>

�v2 = even ! �µz (k)

<latexit sha1_base64="RM0V36rkMDo+xsFus2dPiS0Qk7s=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyAfMByRH2NnPJmr29Y3dPiCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2i0jyW92acoB/RgeQhZ9RYqf7UK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDkPzovz7nwsWnNONnMMf+B8/gDqYY0B</latexit>z
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�3 band of 16O12C32S

Hot bands
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(v1v2�2v3)

�1
2 + �3 � �1

2 �1 + �3 � �1

(0000) � 0 cm�1

(0110) � 520 cm�1

(1000) � 860 cm�1

(0001) � 2060 cm�1

(0111) � 2575 cm�1
(1001) � 2920 cm�1E

N 0 = 1

N 0 =
Ni

N0
=

gi
g0

e�hc(Ei�E0)/kT

N 0 ⇡ 0.02

N 0 ⇡ 0.08
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Elements of molecular 
spectroscopy

Molecular physics – Vibration-
rotation transitions 

65
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re

Diatomics – Vibrational spectrum
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4⇤�0

⇥̃ji

Q(T )
Ia e�hcEi/kT

�
1� e�hc�̃ji/kT

⇥
Sji

<latexit sha1_base64="m4oDcVfilrk6gaKJVX/mXAGVJWM="></latexit>

Sji = gi 3
��h j

r |�zZ | i
ri
��2 |�µz|2

dipole	moment	variation

heteronuclear 
diatomics

✓

homonuclear 
diatomics

✘
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�J = +1�J = �1

Rotational structure of a parallel band
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2–0	band	of	12C16O

P-branch R-branch

origin
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⌅⌅⌅⌅⌅⌅⇥
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Structure of a perpendicular band
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2�1 + �1
5 band

of H13C12CH
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(v1v2v3v
`4
4 v`55 )

(2000011)

(0000000)
�`5 = ±1
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Q branch

cm–1

�J = 0

Q(J) = ⌫̃0 + (B0
v �B00

v )J(J + 1)

J 00 = 0 $ J 0 = 0
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Symmetric top molecule (C2H6)
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280	K,	20	cm,	0.2	hPa	
Resolution	=	0.005	cm–1

⌫5
(2896 cm�1)

⌫7
(2985 cm�1)

Q	branches

Perpendicular	band

Parallel	band
�K = 0

�K = ±1 (�` = ±1)

<latexit sha1_base64="WxX3dkslyc2evLx0yASzTqUrUcA="></latexit>

�J = 0,±1
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Asym. top – The  band of glyoxalν10
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a-type	band	
Resolution	=	0.1	cm–1



J. Vander Auwera16 May 2022

The  band of glyoxal – Cont.ν10

71

<latexit sha1_base64="WlpPb03JZk7RGXYupK1M9IGp3Y4="></latexit>

�Ka = even, �Kc = odd (�µa 6= 0)
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295	K,	1.5	cm,	5	hPa

rR4

rR6

rR8

rR10

The ν7 band of ethylene
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<latexit sha1_base64="cVQM9uNEppCjRxgBTtxawcCUTYQ="></latexit>

�Ka = odd, �Kc = odd (�µb 6= 0)

b-type band
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295	K,	1.5	cm,	5	hPa

rR4

rR6

rR8

rR10

The ν7 band of ethylene
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pQ7

pQ6
pQ1 rQ0

<latexit sha1_base64="cVQM9uNEppCjRxgBTtxawcCUTYQ="></latexit>

�Ka = odd, �Kc = odd (�µb 6= 0)

b-type band
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The  band of pyrroleν22

74

1.0

0.8

0.6

0.4

0.2

0.0

Tr
an

sm
itt

an
ce

750740730720710700
Wavenumber / cm–1

<latexit sha1_base64="S0/iDrvT821V/Ryz1qsq/R93BHk=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIRdeGi4MZlBfuANpTJ5LYdOnkwcyOtIb/ixoUibv0Rd/6N0zQLbT1w4XDOvXPnHi8WXKFtfxultfWNza3ydmVnd2//wDystlWUSAYtFolIdj2qQPAQWshRQDeWQANPQMeb3M79ziNIxaPwAWcxuAEdhXzIGUUtDcxqH2GK+TupBD9Ln7KBWbPrdg5rlTgFqZECzYH51fcjlgQQIhNUqZ5jx+imVCJnArJKP1EQUzahI+hpGtIAlJvmOzPrVCu+NYykrhCtXP09kdJAqVng6c6A4lgte3PxP6+X4PDaTXkYJwghWywaJsLCyJoHYflcAkMx04QyyfVfLTamkjLUcVV0CM7yyaukfV53LusX9xe1xk0RR5kckxNyRhxyRRrkjjRJizAyJc/klbwZmfFivBsfi9aSUcwckT8wPn8AVwCVRw==</latexit>z

<latexit sha1_base64="AskKig9kP0ALyqsQnidGBneAy8A=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIp6sJFwY3LCvYBbSmT6U07dPJg5kYaQn7FjQtF3Poj7vwbp2kW2nrgwuGce+fOPW4kuELb/jZKG5tb2zvl3cre/sHhkXlc7agwlgzaLBSh7LlUgeABtJGjgF4kgfqugK47u1v43SeQiofBIyYRDH06CbjHGUUtjczqAGGO+TuphHGWJtnIrNl1O4e1TpyC1EiB1sj8GoxDFvsQIBNUqb5jRzhMqUTOBGSVQawgomxGJ9DXNKA+qGGa78ysc62MLS+UugK0cvX3REp9pRLf1Z0+xala9Rbif14/Ru9mmPIgihECtlzkxcLC0FoEYY25BIYi0YQyyfVfLTalkjLUcVV0CM7qyeukc1l3ruqNh0ateVvEUSan5IxcEIdckya5Jy3SJozMyTN5JW9GZrwY78bHsrVkFDMn5A+Mzx9Ve5VG</latexit>y
<latexit sha1_base64="WBdxnk2tLkgOMZ0OeVPOg/QLqPk=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkUQhJJIURcuCm5cVrAPaEOZTG/boZMHMzfSEOqvuHGhiFs/xJ1/4zTNQlsPXDicc+/cuceLBFdo299GYW19Y3OruF3a2d3bPzAPj1oqjCWDJgtFKDseVSB4AE3kKKATSaC+J6DtTW7nfvsRpOJh8IBJBK5PRwEfckZRS32z3EOYYvZOKmEwS8+ns75Zsat2BmuVODmpkByNvvnVG4Qs9iFAJqhSXceO0E2pRM4EzEq9WEFE2YSOoKtpQH1QbpotnVmnWhlYw1DqCtDK1N8TKfWVSnxPd/oUx2rZm4v/ed0Yh9duyoMoRgjYYtEwFhaG1jwJa8AlMBSJJpRJrv9qsTGVlKHOq6RDcJZPXiWti6pzWa3d1yr1mzyOIjkmJ+SMOOSK1MkdaZAmYSQhz+SVvBlPxovxbnwsWgtGPlMmf2B8/gDBi5V6</latexit>

+x

<latexit sha1_base64="2MebvHaIFPD+tfkHcuyHLQy9uho="></latexit>

�Ka = odd, �Kc = even (�µc 6= 0)

c-type band

near-oblate asymmetric top
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The  band of pyrrole – Cont.ν22
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R(25)
<latexit sha1_base64="hWzRLZMukL9g0I47153TncudJo4=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNotBiE3YlaCxC9hYRjEPSJYwO7lJhsw+mLkrhmUbf8XGQhFbP8POv3GSbKGJBy4czrl37tzjRYIrtO1vI7eyura+kd8sbG3v7O6Z+wdNFcaSQYOFIpRtjyoQPIAGchTQjiRQ3xPQ8sbXU7/1AFLxMLjHSQSuT4cBH3BGUUs986iL8IizdxJPxJAmdyXn6iztmUW7bM9gLRMnI0WSod4zv7r9kMU+BMgEVarj2BG6CZXImYC00I0VRJSN6RA6mgbUB+Ums8WpdaqVvjUIpa4ArZn6eyKhvlIT39OdPsWRWvSm4n9eJ8ZB1U14EMUIAZsvGsTCwtCapmH1uQSGYqIJZZLrv1psRCVlqDMr6BCcxZOXSfO87FyUK7eVYq2axZEnx+SElIhDLkmN3JA6aRBGUvJMXsmb8WS8GO/Gx7w1Z2Qzh+QPjM8fu6qWdQ==</latexit>

R(19)

<latexit sha1_base64="7hMH2IPeMEKodBEtstCnIDx6KSI=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoqGVGSu2y6sZlBfuATi2ZNG1Dk5mQZMQyzE+48VfcuFDEreDOvzF9CNp6IHByzr3ce48vGFXacb6s1MLi0vJKejWztr6xuWVv79RUGElMqjhkoWz4SBFGA1LVVDPSEJIg7jNS9weXI79+R6SiYXCjh4K0OOoFtEsx0kZq28ceEkKG9zB3fnRxCH9+Tr4IPehxpPuSx5jfxidukrTtrJN3xoDzxJ2SLJii0rY/vU6II04CjRlSquk6QrdiJDXFjCQZL1JEIDxAPdI0NECcqFY8viqBB0bpwG4ozQs0HKu/O2LElRpy31SO9lSz3kj8z2tGultqxTQQkSYBngzqRgzqEI4igh0qCdZsaAjCkppdIe4jibA2QWZMCO7syfOkdpp3i/nCdSFbLk3jSIM9sA9ywAVnoAyuQAVUAQYP4Am8gFfr0Xq23qz3SWnKmvbsgj+wPr4BoQ6dPg==</latexit>

⇡ (A+B) ⇡ 0.6 cm�1
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Q-branch
�J = 0

Missing lines

76

�2 band of CO2 (0110)� (0000)

Pauli exclusion principle

permutation	of	two	paired	particles

121 2
P̂12

(bosons)	

(fermions)	P̂12  i = � i

P̂12  i = + i

 tot =  e vib rot espin nspin
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Conclusion

• Lecture = Overview of some of the building blocks of 
molecular spectra 

• Summary 
– Rotation, vibration and electronic energies, transitions 

and spectra 

• Much more 
– Instrumental contributions 
– Molecular symmetry, interactions 
– Line profiles 
– ...
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Line-by-line data in databases

78

position "intensity"
Lower-state 

energy
"global" 

(vibrational) 
quanta

"local" 
(rotational) 

quanta
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Conclusion

• Lecture = Overview of some of the building blocks of 
molecular spectra 

• Summary 
– Rotation, vibration and electronic energies, transitions 

and spectra 

• Much more 
– Instrumental contributions 
– Molecular symmetry, interactions 
– Line profiles 
– ...
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The end
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