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Today we know: Molecules Everywhere!

McGuire, ApJS 259, 30 (51pp), 2022

“It is difficult to admit the existence 
of molecules in interstellar space 
because when once a molecule 
becomes dissociated there seems 
no chance of the atoms joining up 
again.”

A. Eddington 1926

Recap Lecture 1: Molecules in Space



Molecules are everywhere!

Molecules are found everywhere in the Universe:

• Appeared in the Early Universe, a few min after Big Bang

• High-z quasars and galaxies

• Milky Way: interstellar and circumstellar medium

• Solar system: solar photosphere, planet. atmospheres, comets, meteorites

Recap Lecture 1: Molecules in Space



Importance of molecules

• Unique probes of physical conditions 

- Temperature

- Density

- Ionization balance

• Molecules may change the physical conditions

- Coolants of gas

- Electron recombination

• Chemical composition and evolution

- Organic chemistry

- Biology

Recap Lecture 1: Molecules in Space



Outline

1) Atomic Hydrogen 
2) Di-atomic Molecules
3) Born Oppenheimer Approximation
4)   Molecular Vibrations (harmonic oscillator)
5) Molecular Rotations (rigid rotor)

6) Polyatomic molecules: adding complexity
7) Consequences for Astrophysics
8)  Transitions strength: Einstein coefficients, selection rules, etc …
9)  Molecular and astronomical Spectroscopy 
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Basics: Atomic Hydrogen
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Eigenvalue equation:

Discrete solutions with quantum numbers:

n :  principle (energy) quantum number               1, 2, 3 ….
𝑙:  angular momentum 0, 1, 2, … , (n-1)
m : magnetic quantum number                       - 𝑙, −𝑙 + 1 ,… . , 𝑙
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Atomic Hydrogen: Transitions
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Atomic Hydrogen: Complete level scheme

Demtröder
Experimentalphysik III



Molecular Orbitals

Electron orbitals of H atoms



Antibonding orbital

Energy [eV]

R   Internuclear 
Distance [a0]

Bonding orbital

H2 potential energy curves
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H2 electronic potential curves

Internuclear distance Ra   [a0]

Electronically
excited states

Bonding orbital

Antibonding
orbital

Notation

Λ
2S+1 (+/-)

S: spin quantum number

Λ: projection of orbital 

angular momentum along 
internuclear axis

u/g: parity (inversion 
operation)

(+/-): reflection symmetry
(through a plane containing 
the molecular axis)

(g/u)

• X labels the electronic ground state

• A,B,C … labels states with the 

same spin multiplicity as the ground state

• a,b,c … labels states with different spin multiplicity

compared to the ground state

J. Tennyson, „Astronomical Spectroscopy“



The Born-Oppenheimer Approximation

The Born Oppenheimer Approximation assumes that electrons in a molecule 
move much faster than the nuclei, and adapt instantaneously, finding the 
lowest potential energy for each nuclear configuration. Therefore, it is 
possible to calculate an electronic energy for each nuclear configuration, 
considering the nuclei frozen.

The nuclear Hamiltonian is:

nuclear masses electronic potential 

Coulomb potential 
between the nuclei 



Molecular Vibration: Harmonic Oscillator Potential 

Anharmonicity
leads to lowering 
of energy levels
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Isotopic Fractionation
Consider energy balance of:     H2 + D ↔ HD + H
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Harmonic Oscillator Potential Zero point energy:
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Harmonic 
approximation
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2
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, 𝜇𝐻𝐷 =

𝑀𝐻 𝑀𝐷

𝑀𝐻 + 𝑀𝐷
=
2

3
𝑀𝐻

zpe(H2) = 2198 cm-1   while zpe(HD) = 1903 cm-1 ΔE = 289 cm-1

(exothermic,
kT:  415K)At low temperature chemical reactions favor heavier isotopes!

Detection of fully deuterated ammonia ND3
Lis et al, ApJ 571, L55 (2002)

reduced mass



Rotations: the Rigid Rotor approximation 

m1

m2 center of mass

Energy levels 𝑬𝒓 =
ℏ𝟐

𝟐𝝁𝑹𝟐
𝑱(𝑱 + 𝟏)

Example: Diatomic

rotational 
quantum 
number

Moment of inertia 𝐼 =

𝑖

𝑚𝑖𝑟𝑖
2

Large and heavy molecules have
small rotational constants!

𝜓𝑁 𝑅, 𝜗, 𝜑 = 𝜓𝑣𝑖𝑏(𝑅) 𝜓𝑟𝑜𝑡(𝜗, 𝜑)

Separate nuclear wavefunction into
vibrational and rotational terms:

−ℏ2

2𝑀𝐴
𝛻2 + 𝐸𝑒𝑙𝑒𝑐 𝑅 − 𝐸 𝜓𝑁 𝑹 = 0

𝑅

Laplace operator
in spherical coordinates:

Rotational constant B

In the denominator:

Solution: 𝜓𝑟 𝜗, 𝜑 = 𝑌𝐽,𝑀𝐽
(𝜗, 𝜑) Spherical harmonics

More details: J. Tennyson, “Astronomical Spectroscopy”, 2nd ed., World Scientific (2010)



Rigid Rotor Levels and Transitions

Energy levels

𝐸𝑟 = 𝐵 𝐽(𝐽 + 1)

Selection rule:  

∆𝐽 = ±1

𝐸𝑟 𝐽 + 1 − 𝐸𝑟 𝐽
= 𝐵 𝐽 + 1 𝐽 + 2 − 𝐽(𝐽 + 1)

Transitions:

∆𝐸 = 2𝐵 𝐽 + 1

ν frequency
2B 4B 6B 8B

1→0 2→1 3→2 4→3

0B
2B

6B

12B

20B

30B



Summary: Molecular Transitions

Electronic
Transitions: 

∆E = 1-15 eV

Visible-UV

Vibrational
Transitions: 

∆E ≈  0.1 eV

Infrared

Rotational
Transitions: 

∆E ≈ 0.001-0.01 eV

(sub)-Millimeter



Vibration-Rotation Spectra Diatomics

P-Branch ΔJ=-1 R-Branch ΔJ=+1

Rotational 
state populations

𝑃𝐽
𝑃0

=
𝑔𝐽
𝑔0

𝑒
−

𝐸𝐽
𝑘𝑇

Boltzmann distribution

rel. populations

multiplicities



Vibration-Rotation Energy Diatomic Molecules

𝐸𝑣𝑖𝑏−𝑟𝑜𝑡 = 𝜔𝑒 𝑣 +
1

2
+ 𝐵 𝐽 𝐽 + 1 − 𝜔𝑒𝑥𝑒 𝑣 +

1

2
2

− 𝐷𝑒 𝐽
2 𝐽 + 1 2 − 𝛼𝑒 𝑣 +

1

2
𝐽 𝐽 + 1 + …

𝜔𝑒 : harmonic (vibrational) frequency
𝐵 : rotational constant
𝜔𝑒𝑥𝑒 : leading anharmonic correction
𝐷𝑒 : centrifugal distortion
𝛼𝑒 : variation of 𝐵 with vibrational state



Example: which molecule is it

Vibrational band at 4.65 microns  ≈2100 cm-1

Model with PGopher:
CO at 500K



Interstellar CO (rotational lines)



Polyatomic Molecules: Example H3
+

• Simplest Polyatomic molecule
• Consists of 3 protons and 2 electrons
• 3 internuclear distances
• 3 vibrational degrees of freedom

Electronic Potential curve is a Hyper-Surface of 3 coordinates,
can not be plotted!

1

2 3

r12

r23

r31



Normal Modes of Vibration

Normal modes:
• independent modes of vibration
• diagonalize the Molecular Hamiltonian
• linear combinations of the internuclear distances

Finding Normal Modes: Use Molecular Symmetry / Group Theory



The Normal Modes of H3
+

Degenerate (the same frequency)



bending mode 2breathing modebending mode 1

+90 ̊ phase -90 ̊ phase

The Normal Modes of H3
+

Vibrational motion can induce angular momentum
Vibrational and rotational quantum numbers mix



Translational degrees of freedom

Rotational degrees of freedom

Vibrational degrees of freedom

Linear Non-linear

3 3

2 3

In general molecules have 3N degrees of freedom

3N -5 3N -6 

Vibrations bear a lot of Potential For Complexity

But: Symmetry helps!

H3
+ :   3 vibrational degrees of freedom           2 distinct normal modes

C60:   174 vibrational degrees of freedom             46 normal modes



General Rotational Structure of Polyatomic Molecules

A

B

C

Any arbitraryily shaped solid body has three principal axes of 
rotation (A<B<C), the principle axes are orthogonal and they 
diagonalize the moment of inertia matrix   

𝐼𝐴 ≤ 𝐼𝐵 ≤ 𝐼𝐶

Rotational constants:

𝐵 =
ℏ2

2𝐼𝐵
𝐴 =

ℏ2

2𝐼𝐶
𝐶 =

ℏ2

2𝐼𝐶

Class 1: linear molecules (IA=0, IB=IC)

H2, C2, C4, …
𝐸𝑟 = 𝐵 𝐽(𝐽 + 1)

Class 2: spherical molecules (IA=IB=IC) 𝐸𝑟 = 𝐵 𝐽(𝐽 + 1)
CH4, C60, …

Class 3: symmetric top molecules (IB=IC or IA=IB)

H3
+, NH3, …

𝐸𝑟 = 𝐵 𝐽 𝐽 + 1 − 𝐴 − 𝐵 𝐾2

𝐸𝑟 = 𝐵 𝐽 𝐽 + 1 − (𝐶 − 𝐵)𝐾2

Class 4: asymmetric top molecules (IA≠IB≠IC)

Water, H2CO, etc …
No simple general formula





Molecular Properties: more complexity

Diatomics (2 nuclei) Polyatomics (>2 nuclei)

Homonuclear (e.g. H2)

Heteronuclear (e.g. OH, CO)

Molecular binding energies are relatively small (1-5 eV), 
smaller than ionization energies (>10 eV)

Molecules are easily destroyed and  are found in cooler, 
less ionized environments.

Present in objects with T < 8000 K Present in objects with T < 4000 K



Typical bond energies

Molecules only survive at low to modest temperatures
T ≈ 10 - 4000 K    (molecular clouds, protoplanetary disks, …)

Hydrogen

Water

Carbon Monoxide



Summary: Molecular Transitions

Electronic
Transitions: 

∆E = 1-15 eV

Visible-UV

Vibrational
Transitions: 

∆E ≈  0.1 eV

Infrared

Rotational
Transitions: 

∆E ≈ 0.001-0.01 eV

(sub)-Millimeter



Transmission of Earth´s atmosphere

+

Elektronen-Übergang Molekül-Vibrationen Molekül-Rotationen

electronic vibration rotation



http://www.cfa.harvard.edu/hitran/

Resources: HITRAN database



https://www.astro.uni-koeln.de/cdms

Resources: Cologne Database for Molecular Spectroscopy



Computational Resources: 
PGOPHER: A program for simulating rotational, vibrational and electronic spectra

http://pgopher.chm.bris.ac.uk/



Literature

Molecules: Haken/ Wolf  
“Molecular Physics and Elements of Quantum Chemistry: 

Introduction to Experiments and Theory” 

Springer 

Herzberg, Gerald
“Molecular Spectra and Molecular Structure: Spectra of Diatomic 
Molecules”

Krieger

Khristenko, Maslov, Shevelko
“Molecules and their spectroscopic properties”

Springer

Astro-
Spectroscopy

Tennyson, Jonathan
“Astronomical spectroscopy”
World Scientific

Einstein
Coefficients,
linewidths, etc .

W. Demtröder
„Experimentalphysik III“
Springer


