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[Introduction]
• The Make-Up of Molecules and Solids

Atoms can be combined to form molecules or solids.

The properties of these compounds depend greatly on the way their constitutive atoms are bonded 
together, by their electrons.

• Molecular Bonding

Chemical bonds are the result of the overlap between the outer orbitals of two atoms whose 
valence shell is not full.

Despite their mutual repulsion, sharing electrons leads to a lower energy state, in which a stable 
bonded molecule is formed.

The atomic spacing in a molecule or a solid is of the order of a few Å.

• Valence shell

The outer shell is called the valence shell. It contains the electrons  responsible for molecular 
bonds and shaping the optical properties of solids.

The chemical bond depends on the tendency of its atoms: (i) to share electrons; (ii) to form 
cations, by losing one or several electrons; or (iii) to form anions, by gaining one or several 
electrons.

• So far, about 200 molecules have been detected in the interstellar and circumstellar medium by 
direct observation of their spectra. These molecules are ones which contain up to 13 atoms.
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• Molecules formed from two atoms are called diatomics while those formed from more than two 
atoms are described as polyatomic.

• Because molecular binding energies are relatively small, i.e., generally less than ionization 
energies, molecules are only found in cooler, or less active, astronomical environments.

Polyatomic molecules are only a significant component of matter at temperatures below about 
4000 K. Diatomic systems can survive to somewhat higher temperatures and may be found in 
environments with temperatures up to about 8000 K.

• The Structure, and hence the spectra, of molecules are more complicated than atoms in two ways:

- There is no single charge center about which electrons move. The electronic wavefunctions therefore 
have lower symmetry, making them harder to calculate and harder to work with.

- The nuclei themselves move, giving rise to both rotational and vibrational motions of the atoms within 
the molecule. These motions give rise to discrete spectra.
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[Born-Oppenheimer Approximation]
• Born-Oppenheimer approximation:

- To a very good approximation, the motions of the electrons and nuclei could be treated 
separately. The electrons move much faster than the nuclei.

- This come about because of the great difference between the masses of the electron and a typical nuclei. 

- The slowly moving nuclei only sense the electrons as a kind of smoothed-out cloud. As the nuclei move 
the electrons have sufficient time to adjust to adiabatically the new nuclear positions. (It is like flies 
buzzing round an elephant - as the elephant moves the flies move with it.) The nuclei then feel only an 
equivalent potential that depends on the internuclear distance and on the particular electronic state.

- One separates the wavefunction for the motions of electrons from the wavefunction for the 
motions of the nuclei. One can then consider the electronic wavefunction separately for each 
position of nuclei, as if the nuclei are held fixed. 

- Due to very different energies of the electronic, vibrational, and rotational states, these 
interactions can be assumed to be decoupled. The separation of wavefunctions is referred to as 
the Born-Oppenheimer approximation. Under the Born-Oppenheimer approximation, the total 
wavefunction is a product of the nuclear, electronic, vibrational, and rotational wavefunctions.

 tot =  nuc el vib rot
<latexit sha1_base64="icql86Rrxe1SJGSKcpMiKG/EMBk=">AAACL3icbVDLSsNAFJ3UV42PRl26CRZBNyWpgm7EgiguK9gHNCFMppN26GQSZiaFEvJHblz7F92IKOK2f+H0Aa2tFwbOOfce7tzjx5QIaVkfWm5tfWNzK7+t7+zu7ReMg8O6iBKOcA1FNOJNHwpMCcM1SSTFzZhjGPoUN/ze3bjf6GMuSMSe5SDGbgg7jAQEQakkz3hwYkG81OGhKSOZ3cwpS1A2Z5gukD7xFxhXPs8oWiVrUuYqsGegWCmMbs/1t/uqZwyddoSSEDOJKBSiZVuxdFPIJUEUZ7qTCBxD1IMd3FKQwRALN53cm5mnSmmbQcTVY9KcqIuOFIZCDEJfTYZQdsVybyz+12slMrh2U8LiRGKGpouChKpozHF4ZptwjCQdKAARJ+qvJupCDpFUEesqBHv55FVQL5fsi1L5SaVxCaaVB8fgBJwBG1yBCngEVVADCLyAIfgEX9qr9q59az/T0Zw28xyBP6WNfgF/Fq4G</latexit>
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• Order of magnitude of energy levels
- Electronic energy: 

(1) As the separation between the two atoms  (at very small ), the overall interactions are 
strongly repulsive. There is repulsion due to nuclear-nuclear interaction whose potential depends on 

. There is also repulsion due to the electron-electron interactions, which also behave 
approximately as . However, these repulsive interactions are largely cancelled by the attractive 
electron-nuclear interaction.

(2) As , the molecule is pulled apart and it separates into atoms in a process known as 
dissociation. The energy of the system at dissociation is clearly just the sum of the atomic exchange.

(3) At intermediate , to get binding there must be some region of  where the molecular energy is less 
than the sum of the atomic energies. In this case, the electronic state is described as ‘attractive’ and 
there is a minimum in the potential energy curve.

For a diatomic molecule, a stable chemical bond can form between two atoms that approach within a 
distance of each other comparable to the Bohr radius . Then, the electron energy will be 
given by

R → 0 R

ZAZB /R
1/R

R → ∞

R R

a0 = ℏ2/mec2

⇒ visible/UV (a few eV)

en
er
gy
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- Vibrational energy:

If the two nuclei are displaced from the equilibrium separation  by a displacement comparable to 
, they will vibrate about the equilibrium position with a frequency  such that the vibrational 

energy contained in the motion and displacements of the two nuclei (of typical mass ) will be 
comparable to the depth of the electronic potential well.

- Rotational energy:

The nuclei can also rotate about each other. Then, the energy of rotation is

where  I  is the moment of inertia of the molecule:   .  Therefore, we obtain 

In summary,  

R0
ξ ∼ a0 ωvib

M

I = Ma2
0

E = Eelect + Evib + Erot

⇒ Near-IR / Mid-IR

⇒ radio

Then, the vibrational energy is
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Chapter I. Propaedeutics in Dust Physics I.2. The Interaction of Light with Solids
;=<

FIGURE I.15 – Molecular transitions. The different types of transitions are illustrated with the CO
molecule. Licensed under CC BY-SA 4.0.

I.2.2 Grain Optical Properties

I.2.2.1 Why Are Most Dust Features in the MIR?

All but one spectral features of the interstellar grain candidates we have listed in Table I.3 are in the
MIR. This is a general trend (e.g. Table 1 of van der Tak et al., 2018a). It can be understood by making
an analogy with the different types of molecular transitions (cf. e.g. Chap. 2 of Tielens, 2005, for a
review). Those are illustrated in Fig. I.15.

Electronic transitions are transitions between the quantum harmonic oscillator levels of the bond-
ing electron. In the case of solids, they are transitions between bands, such as the º ! º?

transition of aromatic carbon, at 2175 Å (cf. Sect. I.1.4). The natural frequency of these reso-
nances is given by Eq. (I.6): !0 =

p
ke /me . The energy of these resonances is comparable to the

binding energy, or the band gap. They typically range between ' 4 and ' 20 eV. They are thus
in the UV domain (∏' 0.06°0.30µm).

Vibrational transitions are associated with the stretching or bending of a bond. These modes in-
volve the motion of the nuclei, which are much heavier than the electrons. Their frequency is
!v =

p
kv /µ1,2, where µ1,2 = m1m2/(m1 +m2) is the reduced mass of the two atoms, m1 and

m2. Typically, µ1,2 = 0.9,6,10£mp for C–H, C–C and Si–O bonds, respectively (mp is the proton
mass; cf. Table B.2). At first order, the new force constant is similar to previously, ke ' kv . The
frequency is now reduced by a factor '

p
me /µ1,2 ' 0.007°0.02. These transitions are thus in

the MIR (∏' 2°40µm). They are the most relevant transitions for ISD.

Rotational transitions are associated with the rotation of the molecule. Their energy depends on
the centrifugal force, which reduces the frequency by a factor ' me /mp . These transitions are
thus in the millimeter regime. Most dust grains do not have detectable rotational transitions,
because of their inertia. Only the smallest, charged grains have a non-negligible rotational
emission that will be discussed in Sect. II.2.2.3.

I.2.2.2 Dielectric Functions of Realistic Materials

The dielectric functions of Eq. (I.15) and Eq. (I.28) correspond to simple cases where there is only one
type of oscillator. Realistic materials have more complex structures, with several modes per bond.
Deriving dielectric functions of potential interstellar grain analogs is the subject of a rich literature.
There are three types of approaches to determine the dispersion relation of a medium.

The theoretical knowledge of the microscopic structure of the crystal can be used to determine the
different resonances that we have demonstrated in Sect. I.2.1. The resonant or plasma fre-

;F<
Frédéric GALLIANO 23 HDR, Université Paris-Saclay

Molecular transitions.
The different types of transitions are illustrated with the CO molecule.

[credit: Frédéric Galliano]
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Schrödinger equation for a diatomic molecule
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interactions between two atoms. Such curves, examples of which are given
in Fig. 9.2, only exist within the Born–Oppenheimer approximation.

To a less good approximation, one can also consider separately the
two types of nuclear motion: vibration and rotation. The energies of these
motions are such that the energy associated with motion of the electrons
(the electronic energy) is always very much greater than the energy con-
tained in vibrational motion which, in turn, is greater than the energy of
rotation. This ordering is very useful when considering molecular struc-
ture but it is important to remember that in molecular spectra a particular
transition can involve changes in more than one type of motion. For exam-
ple, one gets rotational structure on vibrational transitions, and electronic
transitions have vibrational structure and also fine structure due to simul-
taneous changes in rotational motion. The rotational fine structure in elec-
tronic transitions produces many lines close together. This fine structure
can only be resolved at very high resolution which is often not available
for astronomical spectra. If the rotational fine structure is not resolved,
then the result is characteristic molecular band spectra.

9.2 Electronic Structure of Diatomics
Within the Born–Oppenheimer approximation, consider the electronic
state of a diatomic molecule as a function of the separation, R, between
the two atoms. Figure 9.1 shows typical coordinates for a diatomic, AB,
where the atoms have nuclear charges ZA and ZB respectively. For clar-
ity only two electrons are shown explicitly, so this figure can be taken to
represent molecular hydrogen, H2.

When considering the electronic state of the molecule AB as a function
of R, the following considerations come into play:

As R → 0, at very small R the overall interactions are strongly
repulsive. There is repulsion due to nuclear–nuclear interaction

A B

e1 e2

R

r12

rB2

rA1

rB1 rA2

Fig. 9.1. Coordinates for a diatomic molecule, AB, with two electrons.

The first two terms are the kinetic energy operators for the motions of 
nuclei A and B, the third term gives the kinetic energy operator for the 
electrons,  is the potential and  is the total energy of the system.

The potential is given by the various Coulomb interactions within the 
molecule:

(1) attraction of the electrons by nucleus A
(2) attraction of the electrons by nucleus B
(3) electron-electron repulsion
(4) nuclear-nuclear repulsion

Ve E

• Born-Oppenheimer approximation: One can write the wave function as a product of electronic and nuclear 
wave functions.

For a diatomic molecule with N electrons,

Ve = �
NX

i=1

ZAe2

rAi
�

NX

i=1

ZBe2

rBi
+

NX

i=2

i�1X

j=1

e2

rij
+

ZAZBe2

R

<latexit sha1_base64="Kyh7QgwXiV2HLbSD+ChCoch3YIg="></latexit>
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Then the equation becomes

• In this case the electronic wavefunction satisfies the following equation:

This equation is solved separately for each value of the internuclear separation R.

Then, the resulting eigenvalue Ee is the electronic energy at R and gives the electronic potential  
upon which the nuclei move.

The equation for the wavefunction of nuclei is obtained to be

Here,  (the eigenvalue) is the total energy of the system.

V(R) = Ee

E

✓
� ~2
2MA

r2
A � ~2

2MB
r2

B + V (R)� E

◆
 n(RA,RB) = 0

<latexit sha1_base64="3l6EqQ60kKphaRuFUWKLopDWCSQ="></latexit>

where V (R) ⌘ Ee.
<latexit sha1_base64="NeA9AVY2ifB9UZx0he0KsOlLLSc=">AAACBXicbVDLSgNBEJz1bXzFx00Pg0GIl7AbBT0KIniMYhIhWZbZSW8yOPtwpjcalnjw4q948aCIV//Bm3/jJPGg0YKGoqqb7i4/kUKjbX9aE5NT0zOzc/O5hcWl5ZX86lpNx6niUOWxjNWlzzRIEUEVBUq4TBSw0JdQ96+OB369C0qLOLrAXgJuyNqRCARnaCQvv9VEuMXspgMK+ne14vluE65T0aUnHpS8fMEu2UPQv8T5JoWjjWCIipf/aLZinoYQIZdM64ZjJ+hmTKHgEvq5ZqohYfyKtaFhaMRC0G42/KJPd4zSokGsTEVIh+rPiYyFWvdC33SGDDt63BuI/3mNFINDNxNRkiJEfLQoSCXFmA4ioS2hgKPsGcK4EuZWyjtMMY4muJwJwRl/+S+plUvOXql8ZtLYJyPMkU2yTYrEIQfkiJySCqkSTu7JI3kmL9aD9WS9Wm+j1gnre2ad/IL1/gXDZpr1</latexit>

10



• The Schrödinger equation for the nuclei:

The equation deals with three types of motions of the nuclei: (1) translation of the whole system, 
(2) vibrations, and (3) rotations. The motions can be separated into the translational motion of the 
center-of-mass of the system plus the internal motion of one body in a ‘central’ potential, which 
depends on the distance between the particles. The effective mass of this one-body problem is the 
reduced mass:

The Schrödinger equation for nuclear motion, neglecting the translational motion, becomes:

where . R is the internuclear separation,  is the orientation of the molecular 
axis relative to the laboratory z-axis.

The vibrational and rotational motion cannot be separated rigorously. However, as a good first 
approximation, the vibration and rotational motion may be separated.

R = (R, θ, ϕ) (θ, ϕ)

µ =
MAMB

MA +MB
<latexit sha1_base64="YH383i4GmIDBUNFgrJrw1wWEHPk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFEISSVEE3QtWNm0IFe4E2hMl00g6dTMLMRCihSzf6JOLGhSJufQPd+QQ+hBunaRfa+sPAx3/O4cz5vYhRqSzr08jMzM7NL2QXc0vLK6tr5vpGTYaxwKSKQxaKhockYZSTqqKKkUYkCAo8Rupe73xYr18TIWnIr1Q/Ik6AOpz6FCOlLdfcbgUxPIEtXyCclN1TWHbPBinsp+iaeatgpYLTYI8hX7Le77+/2F3FNT9a7RDHAeEKMyRl07Yi5SRIKIoZGeRasSQRwj3UIU2NHAVEOkl6yADuaqcN/VDoxxVM3d8TCQqk7Aee7gyQ6srJ2tD8r9aMlX/sJJRHsSIcjxb5MYMqhMNUYJsKghXra0BYUP1XiLtIZ6J0djkdgj158jTUigX7oFC81GkcgpGyYAvsgD1ggyNQAhegAqoAgxvwAJ7As3FrPBovxuuoNWOMZzbBHxlvP/n9nHo=</latexit>

 n(R) =  vib(R) rot(✓,�)
<latexit sha1_base64="mOQFsw119HRNhXi9EYj3GjB0XDo="></latexit>


� ~2
2µ

r2 + V (R)� E

�
 n(R) = 0

<latexit sha1_base64="yEo+EMgcTP8g/9b66Ip4BSDt42Q="></latexit>
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where V (R) ⌘ Ee.
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Then, we obtain two equations for the rotational motion and vibrational motion:

(1) The solution of the angular equation is: 

(2) The potential V(R) is not a simple function and thus the radial equation has no general 
algebraic solution. But, we can approximate V(R)  about its minimum by a parabola:

⇢
� ~2
2µR2


1

sin ✓

@

@✓

✓
sin ✓

@

@✓

◆
+

1

sin2 ✓

@2

@�2

�
� Er

�
 rot(✓,�) = 0

<latexit sha1_base64="cQLjedC0d/VzCChubdQ/8UW3tKo="></latexit>

the angular part of the Laplacian operator r2
<latexit sha1_base64="C22kPjCJAp1ELN60FbE9StCsNOY="></latexit>


� ~2
2µ

d2

dR2
+ V (R)� Ev

�
 vib(R) = 0

<latexit sha1_base64="5COYXQGnTVjKBnvg03OgPgyGQNY="></latexit>

angular equation:

radial equation:

 rot(✓,�) = YJM (✓,�)

Er =
~2

2µR2
J(J + 1)

<latexit sha1_base64="uNwrM+/SGrPABZbrjeyuXKGDEts="></latexit>

V (R) = V (Re) +
1

2

d2V

dR2

����
R=Re

(R�Re)
2 +O

�
(R�Re)

3
�

= V0 +
1

2
k(R�Re)

2 + · · ·
<latexit sha1_base64="BVBpLAqF3IhmMi2Dg3IhDMvXlPw="></latexit>

dV

dR
= 0 at R = Re

<latexit sha1_base64="FIKyA0wtvtiyF9bCcWs8CXxWuFs=">AAACCnicbVDLSgNBEJz1GeMr6tHLqgiCEHZV0Esg4MVjDOYBSQizs73J4OyDmV4xLJurIJ79Ac9ePCji1S/w5gf4H04SD5pY0FBUddPd5USCK7SsT2NqemZ2bj6zkF1cWl5Zza2tV1UYSwYVFopQ1h2qQPAAKshRQD2SQH1HQM25PB34tSuQiofBBfYiaPm0E3CPM4paaue2mp6kLHGraeKW04LV7zcRrjGhmPb75UK5De3cjpW3hjAnif1Ddor7D9X7r9vDUjv30XRDFvsQIBNUqYZtRdhKqETOBKTZZqwgouySdqChaUB9UK1k+Epq7mrFNb1Q6grQHKq/JxLqK9XzHd3pU+yqcW8g/uc1YvROWgkPohghYKNFXixMDM1BLqbLJTAUPU0ok1zfarIu1dmgTi+rQ7DHX54k1YO8fZg/ONdpHJERMmSTbJM9YpNjUiRnpEQqhJEb8kieyYtxZzwZr8bbqHXK+JnZIH9gvH8DJWWe0w==</latexit>
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Setting the zero of energy at the minimum potential,   , the radial equation becomes

This is the QM equation for the harmonic oscillator with the spring constant k.  The energy levels 
of this equation are:

V0 = V(Re) = 0

� ~2
2µ

d2

dR2
+

1

2
k(R�Re)

2 � Ev

�
 vib(R) = 0

<latexit sha1_base64="e5umsHdt3/SbgSYbYYwlfupt79w="></latexit>

Ev = ~!
✓
v +

1

2

◆

<latexit sha1_base64="i0YesMoTrYad5+uX1foVvElJx8o="></latexit>

where ! =

✓
k

µ

◆2

, v = 0, 1, 2, · · ·
<latexit sha1_base64="rIazpIjk5kXVjxvlp16g2Io2ETA="></latexit>
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inversely proportional to the reduced mass.



• Heteronuclear diatomic molecules (e.g., HD, OH, or CO): The notation of the electronic structure of 
a diatomic molecule is similar to the spectroscopic notation for atomic structure under LS coupling. 
Each electronic state is designated by the term symbol.

• The uppercase Greek letters are used to denote the total “orbital” angular momentum.

• If the term symbol    is  (Lz = 0), then additional superscript    is applied. Λ Σ ±

Nearly all 𝚺 states are  + state  .
One exception is O2, of which the 
lowest electronic state is           .

⌃+
<latexit sha1_base64="CTgO6NY+HXHKK+ulklB4pzvkkVg=">AAAB73icbZDLSgMxFIbP1Futt6pLN8EiCEKZqYLuLLhxWdFeoB1LJs20oUlmTDJCKX0JN+IFcesj+BrufBszbRfa+kPg4//PIeecIOZMG9f9djILi0vLK9nV3Nr6xuZWfnunpqNEEVolEY9UI8CaciZp1TDDaSNWFIuA03rQv0jz+j1VmkXyxgxi6gvclSxkBBtrNVrXrCvw7VE7X3CL7lhoHrwpFM4/n1I9V9r5r1YnIomg0hCOtW56bmz8IVaGEU5HuVaiaYxJH3dp06LEgmp/OJ53hA6s00FhpOyTBo3d3x1DLLQeiMBWCmx6ejZLzf+yZmLCM3/IZJwYKsnkozDhyEQoXR51mKLE8IEFTBSzsyLSwwoTY0+Us0fwZleeh1qp6B0XS1duoXwCE2VhD/bhEDw4hTJcQgWqQIDDA7zAq3PnPDpvzvukNONMe3bhj5yPH6eblCE=</latexit>

[Labelling of Electronic States of Diatomic Molecules]

ENERGY LEVELS OF MOLECULES 39

by the electrons, resulting in “hyperfine splitting”: the energy will depend on the
orientation of the nuclear angular momentum (or angular momenta) relative to the
axis. As in atoms, this splitting is small, of order ∼ 10−6 eV.

5.1.3 Designation of Energy Levels: Term Symbols

Diatomic molecules with identical nuclei (e.g., H2, N2, O2) are referred to as
homonuclear. Note that the nuclei must be truly identical – HD and 16O17O are
not homonuclear molecules. The energy levels of homonuclear diatomic molecules
are designated by term symbols

(2Σ+1)Lu,g ,
where

L = Σ, Π, ∆, ... for Λ = 0, 1, 2, ..., where Λh̄ = projection of the electron
orbital angular momentum onto the internuclear axis,

Σh̄ = projection of the electron spin angular momentum onto the internuclear
axis.

u, g =

⎧
⎪⎪⎨

⎪⎪⎩

g (“gerade”) if symmetric under reflection through the
center of mass,

u (“ungerade”) if antisymmetric under reflection through the
center of mass.

For the special case of Σ states, a superscript + or – is added to the term symbol:

(2Σ+1)Σ±
u,g ,

where the superscript

± =

⎧
⎪⎪⎨

⎪⎪⎩

+ if symmetric under reflection through (all) planes
containing the nuclei,

− if antisymmetric under reflection through a plane
containing the nuclei.

In the case of a heteronuclear diatomic molecule (e.g., HD, OH, or CO), the
energy levels are designated

(2Σ+1)LJe,z

where L and Σ have the same meaning as for homonuclear diatomic molecules,
but now Je,z is indicated as a subscript. As for homonuclear molecules, if the term
symbol is Σ, then an additional superscript ± is applied, specifying the symmetry
of the wave function under reflection through planes containing the nuclei.

Because a given molecule may have more than one electronic state with the same
term symbol, the electronic states are distinguished by a letter X, A, B, ..., a, b, ...

2S+1⇤⌦
<latexit sha1_base64="TL76BVVHmbkI5/180DIIXj0AZgg=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLIAglqQVdFty4EKxoH9DEMJlM2qGTSZiZCCVk46+4caGIWz/DnX/jtM1CWw8MHM65hzv3+AmjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT90eXE7z4SIWnM79U4IW6EBpyGFCOlJc88yB6y+t2pnefOtU4FyHNuIjJAnlm1atYUcJHYBamCAi3P/HKCGKcR4QozJGXfthLlZkgoihnJK04qSYLwCA1IX1OOIiLdbHpADo+1EsAwFvpxBafq70SGIinHka8nI6SGct6biP95/VSFF25GeZIqwvFsUZgyqGI4aQMGVBCs2FgThAXVf4V4iATCSndW0SXY8ycvkk69Zp/V6reNarNR1FEGh+AInAAbnIMmuAIt0AYY5OAZvII348l4Md6Nj9loySgy++APjM8f+VSV9w==</latexit>

3⌃�
g
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• Homonuclear diatomic molecule: Diatomic molecules with identical nuclei (H2, N2, O2, C2) are 
referred to as homonuclear. The energy levels of homonuclear diatomic molecules are designated 
by

For the special case of 𝛴 state, a superscript + or - is added.

• The electronic states of diatomic molecules are also labelled with one of the following letters, 
appearing in front of the term symbol.

X                labels the ground electronic state
A, B, C, … label states of same spin multiplicity as the ground state
a, b, c, …    label states of different spin multiplicity to the ground state

⇒ even

⇒ odd

(게하드)

(운게하드)
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by the electrons, resulting in “hyperfine splitting”: the energy will depend on the
orientation of the nuclear angular momentum (or angular momenta) relative to the
axis. As in atoms, this splitting is small, of order ∼ 10−6 eV.

5.1.3 Designation of Energy Levels: Term Symbols

Diatomic molecules with identical nuclei (e.g., H2, N2, O2) are referred to as
homonuclear. Note that the nuclei must be truly identical – HD and 16O17O are
not homonuclear molecules. The energy levels of homonuclear diatomic molecules
are designated by term symbols

(2Σ+1)Lu,g ,
where

L = Σ, Π, ∆, ... for Λ = 0, 1, 2, ..., where Λh̄ = projection of the electron
orbital angular momentum onto the internuclear axis,

Σh̄ = projection of the electron spin angular momentum onto the internuclear
axis.

u, g =

⎧
⎪⎪⎨

⎪⎪⎩

g (“gerade”) if symmetric under reflection through the
center of mass,

u (“ungerade”) if antisymmetric under reflection through the
center of mass.

For the special case of Σ states, a superscript + or – is added to the term symbol:

(2Σ+1)Σ±
u,g ,

where the superscript

± =

⎧
⎪⎪⎨

⎪⎪⎩

+ if symmetric under reflection through (all) planes
containing the nuclei,

− if antisymmetric under reflection through a plane
containing the nuclei.

In the case of a heteronuclear diatomic molecule (e.g., HD, OH, or CO), the
energy levels are designated

(2Σ+1)LJe,z

where L and Σ have the same meaning as for homonuclear diatomic molecules,
but now Je,z is indicated as a subscript. As for homonuclear molecules, if the term
symbol is Σ, then an additional superscript ± is applied, specifying the symmetry
of the wave function under reflection through planes containing the nuclei.

Because a given molecule may have more than one electronic state with the same
term symbol, the electronic states are distinguished by a letter X, A, B, ..., a, b, ...

2S+1⌃±
u,g
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• Examples:

• For most (stable) diatomic, the electronic ground state is a closed shell, meaning that it is .

- Examples include H2, N2 and most other homonuclear diatomics. The exception is O2 which has a  
ground state. (Each O has 4 valence electrons, and thus S = 1) 

- CO and many other heteronuclear diatomics with an even number of electrons also have  ground 
states. ( )

- Diatomics with an odd number of electrons usually have S = 1/2. For example,       ,          , and         all 
have        ground state.

- CH, OH and NO all have  and thus their ground states are       . These molecules have extra lines 
in their spectra due to a process called -doubling. (In this case, it is necessary to consider the coupling 
of the rotational motion to the spin and/or orbital angular momenta.)
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Letter designations for projected total orbital angular momentum.
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by the electrons, resulting in “hyperfine splitting”: the energy will depend on the
orientation of the nuclear angular momentum (or angular momenta) relative to the
axis. As in atoms, this splitting is small, of order ∼ 10−6 eV.

5.1.3 Designation of Energy Levels: Term Symbols

Diatomic molecules with identical nuclei (e.g., H2, N2, O2) are referred to as
homonuclear. Note that the nuclei must be truly identical – HD and 16O17O are
not homonuclear molecules. The energy levels of homonuclear diatomic molecules
are designated by term symbols

(2Σ+1)Lu,g ,
where

L = Σ, Π, ∆, ... for Λ = 0, 1, 2, ..., where Λh̄ = projection of the electron
orbital angular momentum onto the internuclear axis,

Σh̄ = projection of the electron spin angular momentum onto the internuclear
axis.

u, g =

⎧
⎪⎪⎨

⎪⎪⎩

g (“gerade”) if symmetric under reflection through the
center of mass,

u (“ungerade”) if antisymmetric under reflection through the
center of mass.

For the special case of Σ states, a superscript + or – is added to the term symbol:

(2Σ+1)Σ±
u,g ,

where the superscript

± =

⎧
⎪⎪⎨

⎪⎪⎩

+ if symmetric under reflection through (all) planes
containing the nuclei,

− if antisymmetric under reflection through a plane
containing the nuclei.

In the case of a heteronuclear diatomic molecule (e.g., HD, OH, or CO), the
energy levels are designated

(2Σ+1)LJe,z

where L and Σ have the same meaning as for homonuclear diatomic molecules,
but now Je,z is indicated as a subscript. As for homonuclear molecules, if the term
symbol is Σ, then an additional superscript ± is applied, specifying the symmetry
of the wave function under reflection through planes containing the nuclei.

Because a given molecule may have more than one electronic state with the same
term symbol, the electronic states are distinguished by a letter X, A, B, ..., a, b, ...
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be considered. Of course, all diatomic molecules are linear molecules and
only two separate symmetry cases need to be considered:

Homonuclear diatomics, where both atoms are the same, e.g. H2, N2, O2.

Heteronuclear diatomics, where the atoms are different, e.g. CO, HF, CH.

As the electron spin is usually not strongly coupled to the frame of the
molecule, the treatment of spin follows very much the same principles as
in the atomic case. Each electron has its individual spin angular momen-
tum, si. These can be summed to give a total spin angular momentum,
S, again remembering that paired electrons in closed shells make zero
contribution to this sum. The electronic states of molecules are designated
by their spin multiplicity, 2S + 1, which is given as a leading superscript,
exactly as in the atomic case.

In an atom the treatment of the individual orbital angular momenta,
li, follows along similar lines to the treatment of spin. However molecules
are not spherical and the orbital angular momentum of the individual
electrons is no longer a conserved quantity. For diatomic molecules, the
total orbital angular momentum L is strongly coupled to the nuclear axis.
It is therefore necessary to consider the components of L, designated Λ,
along the diatomic nuclear axis which, by convention, is taken to define
the z-axis of the system. What this means is that while the value of the
total orbital angular momentum in a diatomic molecule can change, its
projection onto the diatomic axis is conserved. As the projection of L onto
z-axis can be either positive or negative, states with Λ ̸= 0 are
twofold degenerate while Σ states, which have Λ = 0, are singly
degenerate.

Electronic states are labelled by their value of Λ rather than L. Values
of Λ are denoted using the Greek letter equivalent of the Latin letter
used to denote L (see Table 9.1), thus Σ, Π, ∆ are equivalent to the atomic

Table 9.1. Letter designations for projected
total orbital angular momentum quantum
number, Λ.

Λ = 0 1 2 3 4 . . .
Orbitals σ π δ φ γ . . .
States Σ Π ∆ Φ Γ . . .
Degeneracy 1 2 2 2 2 . . .
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[Energy levels of Molecular Hydrogen]
• The short horizontal lines in each of the bound 

states indicate the vibrational levels.

• The transition from the ground state               to 
the excited states                               are called 
Lyman and Werner bands.

X1⌃+
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Werner band:  at 
Lyman band:  at 

C1Πu − X1Σ+
g λ ≈ 970 − 1650Å

B1Σ+
u − X1Σ+

g λ ≈ 930 − 1240Å
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Fig. 11.2. Potential energy curves for the lowest seven electronic states of molecular 
hydrogen , H2 . The lowest two curves both dissociate to two ground state , ls H atoms ; 
the higher curves dissociate to one H atom in its ls state and the other into either a 2s 
or a 2p excited state. [Reproduced from D .T. Stibbe, PhD thesis , University of London 
(1997).] 

11.2.1. Labelling of electronic states 

Electronic states of atoms are labelled according to the so-called 
spectroscopic notation (see Sec. 4.8). The notation for electronic states of 
molecules follows a similar system but is more complicated because of their 
lower symmetry. In general terms, the labelling scheme used is based on 
the symmetry of the molecule in question. All diatomic molecules are linear 

In principle, states are labelled alphabetically in 
ascending energy order. However, there are many 
exceptions.

The lowest triplet state of H2 is the    with 
the    lying somewhat higher.

b3Σ+
u

a3Σ+
g

D. T. Stibbe, PhD thesis, Univ. of London (1997)



Ground Terms of Molecules
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Table 5.1 Selected Diatomic Moleculesa

Ground B0/hc b B0/k b r0 d µ c ν0/c b

term ( cm−1) (K) (Å) (D) ( cm−1) Λ-doubling
H2

1Σ+
g 59.335f 85.37 0.741 0 4161 –

CH 2Π1/2,3/2 14.190 20.42 1.120g 1.406g 2733. ν ≈ 3.3GHz

CH+ 1Σ+
0 13.931 20.04 1.131 1.679e 2612. –

OH 2Π3/2,1/2 18.550 26.69 0.9697 1.6676 3570. ν ≈ 1.61GHz

CN 2Σ+
1/2 1.8910 2.721 1.1718 0.557i 2042. –

CO 1Σ+
0 1.9225 2.766 1.1283 0.1098 2170. –

SiO 1Σ+
0 0.7242 1.042 1.5097 3.098 1230. –

CS 1Σ+
0 0.8171 1.175 1.5349 2.001h 1272. –

a Data from Huber & Herzberg (1979) unless otherwise noted.
b E(v, J) ≈ hν0(v + 1

2 ) +B0J(J + 1) [see Eq. (5.2)].
c µ = permanent electric dipole moment. g Kalemos et al. (1999).
d r0 = internuclear separation. h Maroulis et al. (2000).
e Folomeg et al. (1987). i Neogrády et al. (2002).
f Jennings et al. (1984).

appearing in front of the term symbol. The letter X is customarily used to designate
the electronic ground state. The ground terms for a number of diatomic molecules
of astrophysical interest are given in Table 5.1, along with the internuclear separa-
tion r0 and the electric dipole moment µ.

5.1.4 O, P, Q, R, and S Transitions

A diatomic molecule can vibrate (stretch) along the internuclear axis, and it can
rotate around an axis perpendicular to the internuclear axis. The rotational angular
momentum adds (vectorially) to the electronic angular momentum.

The rotational levels of diatomic molecules are specified by a single vibrational
quantum number v and rotational quantum number J . Transitions will change J
by either 0, ±1, or ±2. It is customary to identify transitions by specifying the
upper and lower electronic states, upper and lower vibrational states, and one of the
following: O(Jℓ), P (Jℓ), Q(Jℓ), R(Jℓ), S(Jℓ), where the usage is given in Table
5.2. Thus, for example, a transition from the vℓ = 0, Jℓ = 1 level of the ground
electronic state to the vu=5, Ju=2 level of the first electronic excited state would
be written B–X 5–0 R(1).

Table 5.2 Usage of O, P , Q, R, and S

Designation (Ju−Jℓ) Note
O(Jℓ) −2 Electric quadrupole transition
P (Jℓ) −1 Electric dipole transition
Q(Jℓ) 0 Electric dipole or electric quadrupole; Q(0) is forbidden
R(Jℓ) +1 Electric dipole transition
S(Jℓ) +2 Electric quadrupole transition
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The electronic ground state of  (two electrons) has zero electronic 
orbital angular momentum ( ), has zero electron spin ( ), 
is symmetric under reflection through the center of mass (g), and is 
symmetric under reflection through planes containing the nuclei (+). 
The ground state is .

CO has two p electrons contributed by C and four p electrons 
contributed by O; together these six p electrons fill the 2p subshell, 
and as a result, the ground electronic state of CO has zero electronic 
angular momentum and zero electronic spin: , just like .

OH is an example of a molecule with the ground electronic state 
having nonzero electronic orbital angular momentum: with five 
electrons (one s and four p electrons), the OH ground state has 

 and , and is therefore designated by . The 
electron spin and orbital angular momenta can couple to give  = 1/2 
or 3/2, with energies that are separated due to spin-orbit coupling 
(i.e., fine-structure splitting in atoms or ions); the  = 3/2 state has 
the lower energy (inverted case).

H2
Le = 0 Se = 0

X1Σ+
g

1Σ+
0 H2

Lez = 1 Sez = 1/2 2Π1/2,3/2
Je

Je



[Pure rotational & ro-vibrational transitions] 
• Energy Levels

An electronic transition consists of vibrational bands, which in turn are made up of rotational 
transitions.

Here, q denotes an electronic state.

• Pure rotational spectrum: In the lowest vibrational and electronic states, it is possible to have 
transitions solely among the rotational states. Such transitions give rise to a pure rotational 
spectrum.

• Rotational-vibration spectrum: Because the energies required to excite vibrational modes are 
much larger than those required to excite rotation, it is unlikely to have a pure vibrational 
spectrum in analogy to the pure rotational spectrum. The transitions then yield a rotation-
vibrational spectrum, in which both the vibrational state and the rotational state can change 
together.
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Eq(v, J) = Vq(r0) + h⌫0

✓
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1

2

◆
+BvJ(J + 1)
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I = µr20
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= moment of inertia of the molecule.
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90 Molecular Regions

wave function can be factored into separate parts. This is known as the
Born–Oppenheimer approximation and it means that the vibrational and
rotational energy levels are almost fully independent of each other,

E(v,J ) = Evib + Erot. (7.5)

There can also be a separate electronic term due to the arrangement of
the electron shells which we will come back to later. Here, we restrict
our attention to vibration and rotation modes that are excited in the cold
and dusty regions where most molecular line observations are made.

The vibrational energies are linearly spaced,

Evib =
(

v + 1
2

)
hωvib, (7.6)

where ωvib is the vibrational constant. Classically, this can be modeled
as a harmonic oscillator with a spring constant relating to the bond
strength. Typical ωvib values for diatomic molecules are several 1013 Hz.
Note that the ground state energy, v = 0, is greater than zero. This is
known as the zero point energy and is a consequence of the uncertainty
principle which implies that the two nuclei can never be completely at
rest with respect to each other.

The rotational energies have a quadratic form,

Erot = hBJ(J + 1), (7.7)

where B is the rotational constant and has units of Hz. Classically, this
can be viewed as a rotating, and therefore accelerating, charge. From
Equation 7.4, B ∼ 1/Ma2

0 so heavier molecules generally rotate slower
and have lower rotational energy levels. Typical B values for abundant
molecules in the ISM are several 1010 Hz. Note that the ground state is at
zero so molecules can stop rotating, although they will still be vibrating.

Fig. 7.2. The rotational and
vibrational energy levels for
carbon monoxide. The left
side shows the vibrational
energy for each level v. The
rotational transitions are
illustrated by the gray
shading at each level. The
rotational energies are about
100 times smaller than the
vibrational and the inset on
the right hand side shows a
zoomed-in region of the
J-ladder.

v = 0

1

2

E = 0.108eV

0.324eV

0.541eV

J = 0

1

2

3

∆E = 0

0.839

2.518

5.036
×10−3eV

CO

The rotational and vibrational energy levels for CO. The left side show the vibrational energy 
for each level . The rotational transitions are illustrated by the gray shading at each level. The 
rotational energies are about 100 times smaller than the vibrational and the inset on the right 
hand side shows a zoomed-in region of the J-ladder.

[J. Williams, Introduction to the interstellar medium]
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[Selection Rules]
• Electric-dipole selection rules for electronic transitions in a diatomic molecule.

• Electric-dipole selection rule for ro-vibrational transitions:

• But, note that H2 has no electric-dipole for rotational transition.

The electric-quadrupole are allowed for   within the ground electronic state.�J = ±2
<latexit sha1_base64="358YuXxYxk6WZkt1xxl4VnRO8FI=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4KrtV1ItQ0IN4qmA/oFtKNs22oUl2SWYLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz88JEcAOe9+2srK6tb2wWtorbO7t7++7BYcPEqaasTmMR61ZIDBNcsTpwEKyVaEZkKFgzHN5O/eaIacNj9QTjhHUk6SsecUrASl3XDe6YAIIf8A0OEokrXbfklb0Z8DLxc1JCOWpd9yvoxTSVTAEVxJi27yXQyYgGTgWbFIPUsITQIemztqWKSGY62ezyCT61Sg9HsbalAM/U3xMZkcaMZWg7JYGBWfSm4n9eO4XoupNxlaTAFJ0vilKBIcbTGHCPa0ZBjC0hVHN7K6YDogkFG1bRhuAvvrxMGpWyf16uPF6Uqpd5HAV0jE7QGfLRFaqie1RDdUTRCD2jV/TmZM6L8+58zFtXnHzmCP2B8/kDHa6R+w==</latexit>

�v = any

�J = 0, ± 1 not J = 0 $ 0
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O, P, Q, R, and S transitions

 

• The rotational levels of diatomic molecules are specified by a single vibrational quantum 
number      and rotational quantum number J.

- Transitions will change  J  by either  .

- It is customary to identify transitions by specifying the upper and lower electronic states, 
upper and lower vibrational states, and one of the follows: 

- The usage of the symbols are shown in the following table.

- For instance, a transition from the the                          level of the ground electronic state to 
the                            level of the first electronic excited state would be written to be              
B-X 5-0 R(1)

0, ± 1, ± 2

v
<latexit sha1_base64="SLelyW72LD6vAHYWge4jnRAd468=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQYhN2I6idARvLBMwFkhBmJ2eTMbMXZmYDYckTWGihiK3PYeUj2Pkg9k4uhSb+MPDx/+cw5xw3Elxp2/6yUiura+sb6c3M1vbO7l52/6CmwlgyrLJQhLLhUoWCB1jVXAtsRBKp7wqsu4PrSV4folQ8DG71KMK2T3sB9zij2liVYSebswv2VGQZnDnkrt7z3x8PrdNyJ/vZ6oYs9jHQTFClmo4d6XZCpeZM4DjTihVGlA1oD5sGA+qjaifTQcfkxDhd4oXSvECTqfu7I6G+UiPfNZU+1X21mE3M/7JmrL3LdsKDKNYYsNlHXiyIDslka9LlEpkWIwOUSW5mJaxPJWXa3CZjjuAsrrwMtWLBOSsUK3audA4zpeEIjiEPDlxACW6gDFVggHAPT/Bs3VmP1ov1OitNWfOeQ/gj6+0HKoCQ3A==</latexit>

O(J`), P (J`), Q(J`), R(J`), S(J`)
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O, P, Q, R, S transitions

40 CHAPTER 5

Table 5.1 Selected Diatomic Moleculesa

Ground B0/hc b B0/k b r0 d µ c ν0/c b

term ( cm−1) (K) (Å) (D) ( cm−1) Λ-doubling
H2

1Σ+
g 59.335f 85.37 0.741 0 4161 –

CH 2Π1/2,3/2 14.190 20.42 1.120g 1.406g 2733. ν ≈ 3.3GHz

CH+ 1Σ+
0 13.931 20.04 1.131 1.679e 2612. –

OH 2Π3/2,1/2 18.550 26.69 0.9697 1.6676 3570. ν ≈ 1.61GHz

CN 2Σ+
1/2 1.8910 2.721 1.1718 0.557i 2042. –

CO 1Σ+
0 1.9225 2.766 1.1283 0.1098 2170. –

SiO 1Σ+
0 0.7242 1.042 1.5097 3.098 1230. –

CS 1Σ+
0 0.8171 1.175 1.5349 2.001h 1272. –

a Data from Huber & Herzberg (1979) unless otherwise noted.
b E(v, J) ≈ hν0(v + 1

2 ) +B0J(J + 1) [see Eq. (5.2)].
c µ = permanent electric dipole moment. g Kalemos et al. (1999).
d r0 = internuclear separation. h Maroulis et al. (2000).
e Folomeg et al. (1987). i Neogrády et al. (2002).
f Jennings et al. (1984).

appearing in front of the term symbol. The letter X is customarily used to designate
the electronic ground state. The ground terms for a number of diatomic molecules
of astrophysical interest are given in Table 5.1, along with the internuclear separa-
tion r0 and the electric dipole moment µ.

5.1.4 O, P, Q, R, and S Transitions

A diatomic molecule can vibrate (stretch) along the internuclear axis, and it can
rotate around an axis perpendicular to the internuclear axis. The rotational angular
momentum adds (vectorially) to the electronic angular momentum.

The rotational levels of diatomic molecules are specified by a single vibrational
quantum number v and rotational quantum number J . Transitions will change J
by either 0, ±1, or ±2. It is customary to identify transitions by specifying the
upper and lower electronic states, upper and lower vibrational states, and one of the
following: O(Jℓ), P (Jℓ), Q(Jℓ), R(Jℓ), S(Jℓ), where the usage is given in Table
5.2. Thus, for example, a transition from the vℓ = 0, Jℓ = 1 level of the ground
electronic state to the vu=5, Ju=2 level of the first electronic excited state would
be written B–X 5–0 R(1).

Table 5.2 Usage of O, P , Q, R, and S

Designation (Ju−Jℓ) Note
O(Jℓ) −2 Electric quadrupole transition
P (Jℓ) −1 Electric dipole transition
Q(Jℓ) 0 Electric dipole or electric quadrupole; Q(0) is forbidden
R(Jℓ) +1 Electric dipole transition
S(Jℓ) +2 Electric quadrupole transition

O, P, Q, R and S Transitions

 

v` = 0, J` = 1
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vu = 5, Ju = 2
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7.2 Rotational and Vibrational Lines 91

Fig. 7.3. Model spectrum of
ro-vibrational lines for CO
v = 1−0, illustrating the two
branches corresponding to a
positive or negative change
in J and a central gap at
!J = 0.

Figure 7.2 plots the energy levels for carbon monoxide, 12C16O
(hereafter CO). This is the most frequently observed molecule in the
ISM. Each vibrational level has its own rotational ladder and transitions
are from (v,J ) → (v′,J ′). Certain transitions are much more likely
than others due to the similarity between the wavefront solutions for the
start and end states. Such selection rules show that neighboring pairs
are preferred, !v = ±1,!J = ±1. This is a more stringent criterion
for the latter case, i.e., vibrational transitions can occur between more
widely spaced levels but this is very rare for rotations.

A change in vibrational state can be accompanied by a change
in many pairs of rotational states. This produces a multi-lined
ro-vibrational spectrum, and a simple model for CO v = 1−0
is shown in Figure 7.3. The symmetry comes from the sign of the
!J = ±1 jump and produces two branches in the spectrum. The R
branch corresponds to a higher energy jump, J → J − 1, and lies at
shorter wavelengths. The P branch is a smaller jump, J → J +1, and is
at longer wavelengths. The envelope shape arises from the population
level distribution that is small at low levels due to the degeneracy,
gJ = 2J + 1, and at high levels due to the Boltzmann exponential,
eE/kTex . The difference between the relative intensity of the P and R
branches is due to different values in the Einstein A coefficient. This
emission spectrum shown here requires gas at several thousand kelvin
for collisions to excite the vibrational levels. Alternatively an absorption
spectrum can be detected in colder gas against a bright mid-infrared
source, such as an embedded protostar.

The extra bonds and degrees of freedom in molecules with three
or more atoms allow many more transitions. This requires additional
quantum numbers to describe the vibrational modes and axes of rotation,
and different selection effects. Possibilities include a Q-branch with

Model spectrum of ro-vibrational lines 
for CO , illustrating the two 
branches corresponding to a positive or 
negative change in J and a central gap at 

.

The R branch corresponds to a higher 
energy jump, , and lies at 
shorter wavelengths. The P branch is a 
smaller energy jump, , and is at 
longer wavelengths.

The envelope shape arises from the 
population level distribution that is small 
at low levels due to the degeneracy,  

, and at high levels due to the 
Boltzmann exponential, . The 
difference between the relative intensity 
of the P and R branches is due to different 
value of the Einstein A coefficient.

ν = 1 − 0

ΔJ = 0

J → J − 1

J → J + 1

gJ = 2J + 1
e−E/kTex
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• Hyperfine splitting: If one or more nuclei have nonzero nuclear spin and  , then there will be 
an interaction between the nuclear magnetic moment and the magnetic field generated by the 
electrons, resulting in “hyperfine splitting.” The energy will depend on the orientation of the nuclear 
angular momentum relative to the axis.

• Ortho-H2 and Para-H2

In the case of H2, the electronic wave function is required to be antisymmetric under exchange of the 
two electrons.

The two protons, just like electrons, are identical fermions, and therefore, the Pauli exclusion 
principle antisymmetry requirement also applies to exchange of the two protons. The protons are 
spin 1/2 particles - the two protons together can have total spin 1 (parallel) or total spin 0 
(antiparallel).

The consequence of the antisymmetry requirement is that

Because the nuclear spins are only weakly coupled to the electromagnetic field, ortho-H2 and para-
H2 behave as almost distinct species.

Jez 6= 0
<latexit sha1_base64="xRMsPqjwxOXY4caRm19uorcAUXc=">AAAB83icbVC7SgNBFJ31mcRXooWFzWAQrMJuBLUM2IhVBPOA3SXMTu4mQ2Zn15lZIS75BFsbC0Vsbf0QC8G/cfIoNPHAhcM593LvPUHCmdK2/W0tLa+srq3n8oWNza3tnWJpt6niVFJo0JjHsh0QBZwJaGimObQTCSQKOLSCwcXYb92BVCwWN3qYgB+RnmAho0QbybvqZHA/8gTcYrtTLNsVewK8SJwZKddKD/n9rw+33il+et2YphEITTlRynXsRPsZkZpRDqOClypICB2QHriGChKB8rPJzSN8ZJQuDmNpSmg8UX9PZCRSahgFpjMiuq/mvbH4n+emOjz3MyaSVIOg00VhyrGO8TgA3GUSqOZDQwiVzNyKaZ9IQrWJqWBCcOZfXiTNasU5qVSvTRqnaIocOkCH6Bg56AzV0CWqowaiKEGP6Bm9WKn1ZL1ab9PWJWs2s4f+wHr/AXqMlDs=</latexit>

[Hyperfine Splitting & Ortho-H2 and Para-H2]

If the protons have spin 0, the rotational quantum number J must be even.  ⇒  para-H2 (even J)
(an antisymmetric nuclear spin wave function (I = 0) and a symmetric spatial wave function 
involving  even values of the rotational quantum number J)

If the protons have spin 1, the rotational quantum number J must be odd.    ⇒  ortho-H2 (odd J)
(a symmetric nuclear spin wave function (I = 1) and an antisymmetric spatial wave function 
involving odd values of the rotational quantum number J)
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H2 has no permanent electric dipole moment.
- The vibrational states and the rotational states radiate very weakly, via the time-variation of the electric 

quadrupole moment and the molecule vibrates or rotates.

- Because the nuclear spin state does not change, the ro-vibrational radiative transitions of H2 must have

The vibration-rotation emission spectrum of H2 therefore consists of electric quadrupole transitions.  
Therefore, the H2 emission lines are faint and hard to detect. The downward transitions are identified by

For example, 1-0 S(1) refers to the transition                                                               .

- Spin-exchange collisions with H0 or H+, and a process in which H2 is captured on a grain surface, can 
cause an ortho-para conversion.

- The statistical weight of an ortho-H2 rotational level J is 3(2J+1).  [because Snucleus = 1]

For a para-H2 it is (2J+1). [because Snucleus = 0]

�J = 0 or �J = ±2, i.e., ortho ! ortho or para ! para
<latexit sha1_base64="UWwTbXoch5JGYQ/utWGm4+LV+hY="></latexit>
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Because H2 has no permanent electric dipole moment, the vibrational states
and the rotational states radiate very weakly, via the time-variation of the elec-
tric quadrupole moment as the molecule vibrates or rotates. Because the nuclear
spin state does not change, the rovibrational radiative transitions of H2 must have
∆J = 0 or ∆J = ±2 – i.e., ortho→ortho or para→para.

The vibration–rotation emission spectrum of H2 therefore consists of electric
quadrupole transitions. The downward transitions are identified by

vu−vℓ S(Jℓ) if Jℓ = Ju−2 ,

vu−vℓ Q(Jℓ) if Jℓ = Ju ,

vu−vℓ O(Jℓ) if Jℓ = Ju+2 .

For example, 1–0 S(1) refers to the transition (v=1, J=3) → (v=0, J=1). This
transition is indicated in Fig. 5.2.

5.1.7 CO

CO has 2 p electrons contributed by C and 4 p electrons contributed by O; together,
these 6 p electrons fill the 2p subshell, and as a result, the ground electronic state
of CO has zero electronic angular momentum and zero electronic spin: 1Σ+

0 , just
like H2. The reduced mass of CO is (12×16/28) amu ≈ 6.9 amu. The C=O
chemical bond is extremely strong; r0 is unusually small, the spring constant k
is unusually large, and the electric dipole moment (only µ = 0.110D) is unusu-
ally small. The fundamental vibrational frequency corresponds to a wavelength
λ0 = c/ν0 ≈ 4.6µm. (The energy is ∼ 50% of the energy in the H2 funda-
mental frequency.) The fundamental rotational frequency 2B0/h = 115GHz, and
h̄2/Ik ≈ 5.5K (versus 170K for H2). Because the moment of inertia of CO is
much larger than that of H2, the rotational levels of CO are much more closely
spaced than those of H2, and therefore there are many more allowed rotation–
vibration levels.

If µ is the permanent electric dipole moment, the Einstein A coefficient for a
rotational transition J → J−1, radiating a photon with energy h̄ω, is given by

AJ→J−1 =
2

3

ω3

h̄c3
µ2 2J

2J + 1
(5.4)

=
128π3

3h̄

(
B0

hc

)3

µ2 J4

J + 1
2

s−1 (5.5)

=1.07× 10−7 J4

J + 1
2

s−1 (5.6)

=7.16× 10−8 s−1 for J = 1 → 0 . (5.7)

the next Figure.

(v = 1, J = 3) ! (v = 0, J = 1)
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Ortho/Para Ratios
- The ortho state of a molecule is defined as having the larger statistical spin weights and para 

as having the smaller weight. 

- Since the typical energy separation between the ortho and para states of a molecule is 
comparable to the gas and dust temperature in the ISM and much smaller than the energy 
released in formation reactions, it is expected that the abundance ratio between the two states 
will reflect the equilibrium values at high temperatures, that is, the ratio of their statistical 
weight. 

‣ Since , the usual ortho to para ratio is (2×1+1)/(2×0+1) = 3 for spin 1/2 systems such as 
H2. 

- If a molecule cannot be converted from ortho to para (or vice versa) by radiative or collisional 
processes, the two states can effectively be considered as two separate molecules. In this case, 
the ortho to para ratio at the time of molecule formation will be preserved.

g = 2I + 1
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is in: the excited electronic states will have different values of ω0 and Bv than the
ground state.

Each electronic state q therefore supports a vibration–rotation spectrum of en-
ergy levels, with energies Eq(v, J). In Figure 5.2, we show the vibration–rotation
levels of the ground electronic state of H2.

5.1.6 Ortho-H2 and Para-H2

In the case of H2, the electronic wave function is required to be antisymmetric under
exchange of the two electrons. The two protons, just like the electrons, are identical
fermions, and therefore the Pauli exclusion principle antisymmetry requirement
also applies to exchange of the two protons. The protons are spin 1/2 particles –
the two protons together can have total spin 1 (spins parallel) or total spin 0 (spins
antiparallel). Without going into the quantum mechanics, the consequence of the
antisymmetry requirement is that if the protons have spin 0, the rotational quantum
number J must be even; this is referred to as para-H2, with J =0, 2, 4, .... If the
two protons are parallel, with total spin 1, the rotational quantum number J must
be odd: this is referred to as ortho-H2, with J = 1, 3, 5, .... Because the nuclear
spins are only weakly coupled to the electromagnetic field, ortho-H2 and para-H2

behave as almost distinct species, with conversion of ortho to para, or para to ortho,
happening only very slowly.

Figure 5.2 Vibration–rotation energy levels of the ground electronic state of H2 with
J ≤ 29. The (v, J)=(1, 3) level and 1–0S(1) λ = 2.1218µm transition are indicated.
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Interstellar Molecules
• Interstellar Molecules 

- Interstellar molecules were first 
discovered in the late 1930s through 
the identification of optical lines 
seen in absorption against 
background starlight with electronic 
transitions of molecules. 

- The molecules first detected were 
CN (  at 3876.84Å), 
CH (  at 4300.30Å) and 
CH+ ( at 4232.54Å) 

- Over 200 interstellar molecules 
have been detected.
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190 Interstellar Molecules 

Table7.1 
Interstellar molecules listed by number of atoms 

Four Five Six Seven Eight 
Diatomic Triatomic atoms atoms atoms atoms atoms 

H2 C3 c-C3H Cs C5H C6H CH3C3N 

AlF C2H l-C3H C4H l-H2C4 CH2CHCN HCOOCH3 

AICl C2O C3N C4Si C2~ CH3C2H CH3COOH(?) 

C2 C2S C3O l-C3H2 CH3CN HC5N C7H 

CH CH2 C3S c-C3H2 CH3NC HCOCH3 H2C6 
CH+ HCN C2H2 CH2CN CH3OH NH2CH3 CH2OHCHO 

CN HCO CH2D+(?) c~ CH3SH c-C2~O CH2CHCHO 

co Hco+ HCCN HC3N HC3NH+ CH2CHOH 

co+ Hes+ HCNH+ HC2NC HC2CHO 

CP Hoc+ HNCO HCOOH NH2CHO 

CSi H2O HNCS H2CHN C5N 
HCl H2S Hoco+ H2C2O HC4N 

KCl HNC H2CO H2NCN 

NH HNO H2CN HNC3 
NO MgCN H2CS Si~ 
NS MgNC H3O+ HzCOH+ 

NaCl N2H+ NH3 
OH N2O SiC3 
PN NaCN C4 Nine Ten Eleven Twelve Thirteen 
so ocs atoms atoms atoms atoms atoms 
so+ SO2 CH3C4H CH3C5N(?) HC9N CH30C2H5 HC11N 

SiN c-SiC2 CH3CH2CN (CH3)zCO 

SiO CO2 (CH3)zO NH2CH2COOH 

SiS NH2 CH3CH2OH CH3CH2CHO 

cs Ht HC7N 
HF SiCN CgH 

SH AINC 

FeO(?) SiNC 

Table from A. Wootten (www.cv.nrao.edu/~awootten/allmols.html). [Table 7.1, Kowk]



• Given the ubiquity of hydrogen in the ISM, and the inability of helium to form chemical 
bonds, we expect molecular gas in the ISM to consist primarily of H2. 
- A hydrogen molecule, with the dissociation energy D0 = 4.52 eV, is not very tightly bound. An 

UV photon can photo dissociate it. 

- In a gas with temperature  , collisions with other gas particles can 
collisionally dissociate it. Thus, we expect molecular hydrogen to survive for long periods of 
time only in cold regions of the ISM that are shielded from UV radiation. 

- Hydrogen has the lowest, reduced mass of any molecule, , hence, hydrogen 
molecules have a particularly high fundamental frequency of vibration compared to other 
diatomic molecules.

T > D0/k ∼ 50,000 K

μ = mH/2
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Table 7.1: Properties of some diatomic molecules 

Molecule Do ro Bo hw0 J,to 
[eV] A [meV] [eV] [debye] 

H2 4.52 0.74 7.36 0.516 0.000 
co 11.1 1.13 0.24 0.269 0.110 
CH 3.51 1.12 1.76 0.339 1.406 
OH 4.39 0.97 2.30 0.443 1.668 
CN 7.57 1.17 0.23 0.253 0.557 

we expect molecular hydrogen to survive for long periods of time only in cold 
regions of the ISM that are shielded from UV radiation. 

In a diatomic molecule, two atoms, of mass m 1 and m 2, have a distance r 
between their nuclei. The potential energy V(r) between the two atomic nuclei 
has a minimum at some separation r0 • A sketch of the potential V(r) for the 
hydrogen molecule is given in Figure 7.1. In the molecule's ground state, the 
distance r 0 is typically ~ 1 A; more accurate values are given in Table 7.1 for 
astrophysically interesting molecules. In the neighborhood of r0, the potential 
V(r) can be approximated as a parabola: 

V(r) V(r0 ) + ½k(r-r 0 ) 2 , (7.1) 

which is the equation for a harmonic oscillator with spring constant k. Thus, a 
classical cartoon version of a diatomic molecule would consist of two spherical 
masses connected by a spring. The fundamental frequency of the spring's 
vibration is w 0 = (k!mr) 112 , where 

m1m2 mr=---
m1 +m2 

(7.2) 

is the reduced mass of the molecule. Typical values of hw0 for diatomic molecules 
are hw0 ~ 0.3 eV; more accurate values are given in Table 7.1 for astrophysically 
interesting molecules. The reduced mass of H2 is mr = mH/ 2, the lowest of 
any molecule. Thus, hydrogen molecules have a particularly high fundamen-
tal frequency of vibration compared to other diatomic molecules. Quantum 
mechanically, the vibrational energy of a diatomic molecule must be 

Evib = hw 0 (v + 1 /2), (7.3) 

Properties of some diatomic molecules [Table 7.1, Ryden]

D0 = dissociation energy

r0 = speration

B0 ⌘ ~2
2I

!0 =
p

k/µ fundamental frequency of vibration
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CO
• For any molecule to undergo a pure rotation transition, it must have a permanent dipole moment, 

. This means that for any molecule to have a dipole-allowed rotational spectrum it must have an 
asymmetric charge distribution which gives rise to a permanent dipole moment.

Heteronuclear diatomics poses a permanent dipole moment but homonuclears, such as , do not.

• CO

Carbon monoxide, CO, is a particularly important species for astronomical observations. CO is 
the most stable diatomic molecule.

It has a dissociation energy  of 11.1 eV, which is more than double the  value found for most 
other diatomic molecules. As a result, in astronomical environments where molecules form, C 
and O usually combine to form CO, which is very stable and long-lived.

The wavelengths of the first few rotational transitions are 1-0 at  = 2.60 mm, 2-1 at 1.30 mm, 
and 3-2 at 0.87mm.

The J = 1-0 transition of CO is the second most important spectral line in radio astronomy after 
the hydrogen 21 cm line.

μ

H2

D0 D0

λ
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CO is widely distributed in the interstellar medium and maps of the CO J = 1-0 transition are a 
standard tool for investigating the ISM.

One reason for this is that cold  is very difficult to observe directly because its pure 
rotational transitions are not only very weak but lie in the near-infrared where ground-
based observations are not possible. The abundance of CO is therefore often used to estimate 
the total amount of molecular gas present in a given environment. It is generally assumed that the 
number density of CO is approximately  of that of .

If, as often happens, the CO 1-0 line is optically thick, one can use higher transitions such as the 
CO 2-1 line instead. Another option to avoid the effects of optical thickness is to observe an 
isotopologue , which is present with much lower densities and whose transitions are 
therefore much less optically thick.

An isotopologue is a molecule that consists of at least one less abundant isotope of its constituent 
elements. They have the same transitions at nearby frequencies with similar decay and excitation 
rates. The main difference is in their abundance and observations of the rarer species help 
diagnose conditions in dense regions where lines from the primary species are optically thick.

H2

10−4 H2

13CO
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Vibrations in Polyatomic Molecules
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A judicious choice of molecular coordinates renders this model separable 
into soluble, one-dimensional problems for each vibrational mode. The 
coordinates are called normal modes of vibration; examples are given in 
Figs. 13.1 and 13.2. While for a few molecules , such as CO 2 , it is possible 
to derive the normal modes purely on symmetry grounds, procedures for 
doing this in the general case exist; see Wilson, Decius and Cross (1980) in 
the further reading. 

Many of the concepts derived in Chapter 11 for a diatomic harmonic 
oscillator are simply generalised to the polyatomic case. Thus the vibra-
tional energy of a system with M vibrational modes, Ev, becomes 

H 

H / 

H 

Ev=ntwi(vi+½), (13.1) 

• 0 

0 

H 

/ 

H 

/ 

H 

Symmetric stretch,v1 
- I ro 1 = 3667 cm 

Bend, v2 

ro2 = IS9Scm - 1 

Asymmetric stretch, v3 

ro3 = 3676 cm- • 

Fig. 13.1. The three normal modes of the water molecule. 
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---0--C-- O 

t t 
0--C-- O 

i 

0-- C----0 

Symmetric stretch, v 1 

Bend (degenerate), v2 

Asymmetric stretch, v3 

co3 = 2349 cm- 1 

Fig. 13.2. Normal modes of carbon dioxide; note that the bending mode is doubly 
degenerate as the motion can occur in the plane of the page, as drawn, or identically, 
perpendicular to the plane of the page. 

where Vi gives the number of quanta in mode i which has a harmonic 
frequency of Wi- Similarly, the zero point energy (zpe) is generalised to 

1 M 
zpe = -n'""'wi. 2~ 

•=1 

13.2. Vibrational Transitions 

(13.2) 

Within the harmonic oscillator approximation, there is a simple and rigor-
ous electric dipole selection rule: 

~v = ±1, (13.3) 

where, for a polyatomic molecule, the other vibrational modes remain 
unchanged. This leads directly to 

~Ev = nw ( V + 1 + ½) -nw ( V + ½) = nw, (13.4) 

where w is known as the fundamental frequency. 
For anharmonic molecules any change in ~v is allowed in principle, 

but in practice, ~v = ±1 always leads to much stronger transitions. The 
intensity of individual transitions falls off rapidly with increasing ~v. Vibra-
tional transitions which change v by more than one quantum are generally 

The vibrational modes of carbon dioxide; 
note that the bending mode is doubly 
degenerate as the motion can occur in the 
plane of the page, as drawn, or identically, 
perpendicular to the plane of the page.The three vibrational modes of the water 

molecule

H2O CO2



Excitation Temperature
• The excitation temperature for a given transition is defined as:

For pure rotational transitions, the excitation temperature is often called the rotation temperature.

For vibrational transitions, it is called the vibrational temperature.

This nomenclature is analogous to the “spin temperature” defined for the H I 21-cm hyperfine 
transition.

nu

n`
=

gu
g`

e�h⌫ul/kTexc
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Maser Emissions
• Microwave amplification stimulated emission of 

radiation (maser) action is observed from at least 
36 molecules including SiO, OH and water, usually 
at IR and microwave frequencies.

• The population inversion necessary to cause maser 
action can be created by a number of mechanisms 
including optical pumping, radiation trapping in 
certain long-lived levels and selective collisional 
excitation of the masing molecule.

• In the righthand side figure, the levels are 
vibration-rotation levels of the electronic ground 
state. If level A is excited in some collision process, 
such as scattering with H2 , and level B is not, then 
the population of level A can be greater than the 
population of level B. The situation gives a non-
thermal population and can lead to maser action.

May 17, 2005 14:40 WSPC/SPI-B267: Astronomical Spectroscopy ch10

Molecular Spectra 171

Transitions between the Λ-doublets are allowed. The lowest of these
lies at radio frequencies with a wavelength of 18 cm. Observation of this
transition in 1963 led to OH becoming the fourth molecule observed in the
interstellar medium and the second species observed at radio frequencies.

To add one more layer of angular momentum coupling, the Λ-doublets
are themselves split by hyperfine coupling, which couples the rotational
motion quantum number J to the total nuclear spin quantum number I. In
the case of OH, 16O has a zero nuclear spin and the hyperfine effects arise
from coupling J to the i = 1

2 of the H nucleus. Hyperfine effects cause the
18-cm line to split into four components (see the inset in Fig. 10.17). These
lines can be observed in high-resolution studies.

10.5 Maser Emissions
Microwave amplification stimulated emission of radiation (maser) action
is observed from at least 36 molecules including SiO, OH and water, usu-
ally at infrared or microwave frequencies. The population inversion nec-
essary to cause maser action can be created by a number of mechanisms
including optical pumping, radiation trapping in certain long-lived levels
and selective collisional excitation of the masing molecule.

Figure 10.18 depicts a simplified case of a maser driven by collisional
excitation. In this figure the levels are vibration–rotation levels of the elec-
tronic ground state. If level A is excited in some collision process, such as

A

B

Ground state

Rapid
emission

maser actionCollisional
excitation

Fig. 10.18. Typical scheme for a three-level masing system driven by selective
collisional excitation.

36



Dust / Solid Particles

37



[Interstellar Dust: Observed Properties]
• Extinction = Absorption + Scattering 

- Dust particles can scatter light, changing its direction of 
motion. When we look at a reflection nebula, like that 
surrounding the Pleiades, we are seeing light from the 
central stars that has been scattered by dust into our line 
of sight. 

- Dust particles can also absorb light. The relative amount 
of scattering and absorbing depends on the properties of 
the dust grains. 

• Thermal radiation from Dust 
- When dust absorbs light, it becomes warmer, so dust 

grains can emit light in the form of thermal radiation. 
Most of this emission is at wavelengths from a few 
microns (near IR) to the sub-mm range (Far-IR). 

• Polarization 
- The polarization of starlight was discovered in 1949 (Hall 

1949). 
- The degree of polarization tends to be larger for stars 

with greater reddening, and stars in a given region of the 
sky tends to have similar polarization directions.

146 Chapter 6. Interstellar Dust 

PLATE II. 

PHOTOGRAPH OF THE MILKY WAY NEAR THE STAR THETA OPHIUCHI. 

Figure 6.1: Photograph by E. E. Barnard of the dark structures near 8 Ophiuchi. 
[Barnard 18 9 9] 

north and south of the bright star ... seem to me to be undoubtedly dark structures, 
or obscuring matter in space, which cut out the light from the nebulous or 
stellar regions behind them." To our experienced eyes, the dark structures near 
8 Ophiuchi are undeniably dust features, but the contemporaries of Ranyard 
had their doubts. The existence of interstellar dust wasn't universally accepted 
until the work of Robert Trumpler in 1930. 

Trumpler was making a study of open clusters within our galaxy. Assuming 
that clusters with similar numbers of stars had a similar physical diameter, he 
used them as standard yardsticks to compute a "diameter distance". Assuming 
that clusters with similar numbers of stars had a similar luminosity, he used 
them as as standard candles to compute a "photometric distance". What he 
found when he plotted diameter distance versus photometric distance is shown 
in Figure 6.2. If Trumpler assumed that open clusters were dimmed solely by 
the inverse square law of flux, then the photometric distances that he estimated 

148 Chapter 6. Interstellar Dust 

Figure 6.3: The Pleiades cluster and surrounding reflection nebulae 
[NASA/BSA/Caltech/ AURA] 

6.1 Observed Properties of Dust 

Although sample-return missions have given us samples of interplanetary dust 
to play with, the properties of more distant interstellar dust must be deduced 
indirectly, primarily by the effect of dust on electromagnetic radiation. Dust 
particles can scatter light, changing its direction of motion. When we look 
at a reflection nebula, like that surrounding the Pleiades (Figure 6.3), we are 
seeing light from the central stars that has been scattered by dust into our line 
of sight. Dust particles can also absorb light. The relative amount of scattering 
and absorbing depends on the properties of the dust grains. When we look 
at a distant star through the intervening dust, the excess dimming of the star 
is caused by a combination of scattering and absorbing. Usually, astronomers 
refer to the net result of scattering and absorbing as extinction. Extinction can 
be dependent on the polarization of the light being extinguished, so dust can 
polarize light from distant stars. 

When dust absorbs light, it becomes warmer, so dust grains can emit light 
in the form of thermal radiation. Most of this emission is at wavelengths from 
a few microns (near infrared) to the sub-millimeter range (far infrared). By 

The Pleiades cluster and surrounding 
reflection nebulae (Fig. 6.3, Ryden)

The dark structures near θ Ophiuchi 
(Barnar 1899; Fig. 6.1, Ryden)
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[Interstellar Dust]
• Silicates 

- The two main types of silicates in dust are pyroxene and olivine.

pyroxene

olivine

MgxFe1�xSiO3
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Carbonaceous grains and silicate grains 119

Si

O

pyroxenes

FIGURE 5.9 Left: The building blocks of silicates are SiO4 tetrahedra.
Middle: In pyroxenes, which have a chain structure, two adjacent tetrahedra
share one oxygen atom; the chain repeats after two tetrahedra. The triangles
represent the SiO4 units. In interstellar grains, the chains are usually not very
regular and linear, as in crystals, but may more resemble worms because of
widespread disorder. Right: Other chain types are realized in silicates, too;
here is a double chain where more than one O atom per tetrahedron is shared
(amphiboles).

– forsterite: Mg2SiO4 and
– fayalite: Fe2SiO4.

To visualize the three-dimensional structure of olivine, imagine that each
Mg2+ or Fe2+ cation lies between six O atoms of two independent tetra-
hedra. These six O atoms are at corners of an octahedron around the
cation. The ratio r of the ionic radius of the metal cations to that of O2−

is about 0.5. Because the O atoms are so big, they form approximately
an hexagonal close packed structure (figure 5.8).

• One, two, three or even all four oxygen atoms are shared among neigh-
boring tetrahedra.
Astronomically relevant is bronzite, (Mg,Fe)SiO3. It is a pyroxene (see
figure 5.9), so two O atoms are common to neighboring SiO4 units. The
pure forms are

– enstatite: MgSiO3 and
– ferrosilite: FeSiO3.

In orthopyroxenes the unit cell is orthorhombic. They dominate at low
temperatures (and when there is no big cation, like Ca2+) and should
therefore be favored in astronomical crystals, but a monoclinic structure
of the unit cell is also possible (so-called clinopyroxenes).

 

olivine - tetrahedra
(building block)

amphiboles
[Left] Olivine is the simplest silicate structure, which is 
composed of isolated tetrahedra bonded to iron and/or 
magnesium ions. No oxygen atom is shared to two 
tetrahedra. 

[Middle] In pyroxene, silica tetrahedra are linked together 
in a single chain, where one oxygen ion from each 
tetrahedra is shared with the adjacent tetrahedron. 

[Right] Other types are possible. In amphibole structures, 
two oxygen ions from each tetrahedra are shared with the 
adjacent tetrahedra. 

In mica structures, the tetrahedra are arranged in 
continuous sheets, where each tetrahedron shares three 
oxygens with adjacent tetrahedra. Fig 5.9 Krugel 

[An Introduction to the Physics of Interstellar Dust]
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• Polycyclic  Aromatic Hydrocarbons 
- The IR emission spectra of spiral galaxies show emission features at 3.3, 6.2, 7.7, 8.6, 11.3, and 

12.7 µm that are attributable to vibrational transitions in polycyclic aromatic hydrocarbon (PAH) 
molecules. 

- PAH molecules are planar structures consisting of carbon atoms organized into hexagonal rings, 
with hydrogen atoms attached at the boundary.

274 CHAPTER 23

on the crystalline fraction to <∼ 2.2% (Kemper et al. 2005).
However, the infrared spectra of some AGB stars (de Vries et al. 2010), as well

as some comets (e.g., Comet Hale-Bopp: Wooden et al. 1999) and disks around
T Tauri stars, (Olofsson et al. 2009) do show fine structure characteristic of crys-
talline silicates. The fine structure indicates that the crystalline material present is
predominantly of an olivine (Mg2xFe2−2xSiO4) structure, with a magnesium frac-
tion x ≈ 0.8.

In crystalline silicates, the Mg/Fe ratio can be diagnosed by well-defined shifts
in spectral features, but determining the Mg/Fe ratio in amorphous silicates is much
more challenging. From the observed interstellar extinction, Kemper et al. (2004)
infer that Mg/(Mg+Fe)≈ 0.5; Min et al. (2007), on the other hand, conclude that
Mg/(Mg+Fe)≈ 0.9 .

The overall strength of the silicate absorption feature requires that a substan-
tial fraction of interstellar silicon atoms reside in amorphous silicate grains. See
Henning (2010) for a recent review of silicates in the ISM and around stars.

23.5 Polycyclic Aromatic Hydrocarbons

The infrared emission spectra of spiral galaxies show conspicuous emission fea-
tures at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7µm that are attributable to vibrational
transitions in polycyclic aromatic hydrocarbon (PAH) molecules. PAH molecules
are planar structures consisting of carbon atoms organized into hexagonal rings,
with hydrogen atoms attached at the boundary. Figure 23.7 shows the 5 to 15µm

Figure 23.7 The 5 to 15µm spectrum of the reflection nebula NGC 7023 (Cesarsky
et al. 1996).

The IR spectrum of the reflection nebula NGC 7023 
(Cesarsky et al. 1996)
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the 6.2, 7.7, and 11.3µm features, and is presumed to also be emitted by PAHs.2

The 3.3µm feature (not shown in Fig. 23.7 or Fig. 23.8) is produced by the
C–H stretching mode in PAHs. The features at 6.2 and 7.7µm are produced by
vibrational modes of the carbon skeleton. The feature at 8.6µm is associated with
in-plane C–H bending modes, and the features at 11.3, 12.0, 12.7, and 13.55µm are
due to out-of-plane C–H bending modes, of H atoms at “mono,” “duo,” “trio,” or
“quartet” sites, defined by the number of adjacent H atoms. Figure 23.9 shows four
examples of PAHs, with examples of mono, duo, trio, or quartet sites indicated.

Figure 23.9 Structure of four PAHs. Examples of singlet, doublet, trio, and quartet H
atoms are indicated.

Interstellar PAHs may not be as perfect as the examples in Fig. 23.9 – for exam-
ple, one or more of the peripheral H atoms may be missing, perhaps replaced by
radicals such as OH or CN, or one of the carbons may be replaced by a nitrogen
(Hudgins et al. 2005).

A neutral PAH can be photoionized by the hν < 13.6 eV starlight in diffuse
clouds, creating a PAH+ cation, and large PAHs can be multiply ionized. Collision
of a neutral PAH with a free electron can create a PAH− anion. The fundamental
vibrational modes – C–H stretching and bending, and vibrational modes of the
carbon skeleton – remain at nearly the same frequency, although the electric dipole
moment of the different modes can be sensitive to the ionization state. For example,
the “solo” C–H out-of-plane bending mode at 11.3µm is much stronger for neutral
PAHs than for PAH ions, while the 7.7µm vibrational mode of the carbon skeleton
has a much larger electric dipole moment in PAH ions than in neutrals (see Draine
& Li 2007, and references therein).

2Table 1 of Draine & Li (2007) has a list of PAH features found in galaxy spectra.
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π (C2p,C2p)

(Csp  ,Csp  )σ 2 2 σ
2

(C
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  ,
 H
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)

ethylene

(Csp,Csp)σ

(C2p,C2p)π
(Csp,H1s)σ

acetylene

FIGURE 5.6 Four types of carbon binding, from top to bottom: sin-
gle bond in ethane (C2H6); double bond in ethylene (C2H4); triple bond in
acetylene (C2H2); resonance structure in benzene (C6H6) with three π-bonds
shared among six C atoms. Symbols: big circles: C atoms; small ones: H
atoms. σ-bonds are drawn with full lines, π-bonds broken. In the descrip-
tion of the bond, the type (σ or π) is followed by the atomic symbol and the
participating orbitals, for instance, σ(Csp2, H1s).

 

Bezene ring ( ) 
The simplest type of PAHs. 

[Fig 5.6 in Krugel]

C6H6

Structure of four PAHs. 
[Fig 23.9 in Draine]
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• Graphite (흑연) 

- Graphite is the most stable form of carbon (at low pressure), 
consisting of infinite parallel sheets of sp2-bonded carbon. 

‣ A single (infinite) sheet of carbon hexagons is know as 
graphene. Each carbon atom in graphene has three nearest 
neighbors, with a nearest-neighbor distance of 1.421Å. 

‣ Crystalline graphite consists of regularly stacked 
graphene sheets. 

‣ The sheets are weakly bound to one another by van der 
Waals forces. 

• Nanodiamond 
- Diamond consists of sp3-bonded carbon atoms, with each 

carbon bonded to four equidistant nearest neighbors 
(enclosed angles are 109.47o). 

- Diamond nanoparticles are relatively abundant in primitive 
meteorites. Based on isotopic anomalies associated with 
them, we know that some fraction of the nanodiamond was 
of premolar origin. 

- But, its abundance in the ISM is not known. 

• Amorphous carbon 

• Hydrogenated amorphous carbon (HAC) 

• Fullerenes

116 Structure and composition of dust

graphite sheets

3.
35

A

FIGURE 5.7 Graphite is formed by sheets of carbon atoms, each with
an hexagonal honeycomb structure. The side length of the hexagons equals
1.42Å; the distance between neighboring sheets is 3.35Å. In analogy to close-
packed spheres (figure 5.8), besides the sheet sequence ABABAB . . . also
ABCABC . . . is possible and combinations thereof.

next higher layer B

bottom layer A
FIGURE 5.8 A ground layer A of equal balls (dashed), each touching its
six nearest neighbors, is covered by an identical but horizontally shifted layer
B (solid). There are two ways to put a third layer on top of B; one only needs
to specify the position of one ball in the new layer; all other locations are then
fixed. a) When a ball is centered at the lower cross, directly over a sphere
in layer A, one obtains by repetition the sequence ABABAB . . .. This gives
an hexagonal close-packed structure (hcp). b) When a ball is over the upper
cross, one gets by repetition a sequence ABCABC . . . and a face-centered
cubic lattice.
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[Solid State Physics] - Bonding and Antibonding Orbitals
• Molecular Orbital Method: The molecular orbitals are created via the linear combinations of atomic 

orbitals. For instance, for a diatomic molecule,

Since the two protons are identical, the probability that the electron is near A must equal the probability 
that the electron is near B.

We have two possibilities that 
satisfy the above condition.

This is called a bonding orbital.

This is called a antibonding orbital.
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• Bonding orbitals are formed when atomic orbitals combine in ways that lead to predominantly 
constructive interference.

In the bonding orbitals, the electron density is found between the atoms. The leads to the idea that 
covalent bonding is “shared” electrons. The electrons have a high probability of being between 
the nuclei in the molecule.

The molecular orbital has a lower energy than the separated atoms.

• Anti-bonding orbitals are formed when atomic orbitals combine in ways that lead to 
predominantly destructive interference.

In this bonding, a “node” or place of zero electron density exists between the atoms.

The molecular orbital has a higher energy than the separated atomic orbitals.

We denote anti-bonding orbitals with a * symbol.
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σ-bonding is due to the end-to-end 
overlap of orbitals having 
constructive interference (in 
phase). All σ-bonding is “on axis” 
meaning the electron density is 
centered directly between the two 
bonding nuclei.



[Band Structure of Solids]

Chapter I. Propaedeutics in Dust Physics I.1. The Make-Up of Solids
;=<

a series of continuous functions, also called bands (e.g. Chap. 8 of Ashcroft & Mermin, 1976, for a
derivation from the Schrödinger equation). This can be viewed as a generalization of the molecular
level splitting (Fig. I.7). The spacing between a large number of levels is so small that it appears con-
tinuous. At T = 0 K, the lowest energy bands are filled in priority. Two of these bands are particularly
important.

The valence band is the highest energy band populated by valence electrons, at T = 0 K.

The conduction band is the lowest energy band where electrons can move freely through the solid.
It is the band immediately superior to the valence band.

The energy difference between the top of the valence band and the bottom of the conduction band
is called the band gap, noted Eg (Fig. I.7).

FIGURE I.7 – Origin of the band structure of a solid. From the left to the right, we represent: (i) typical
discrete atomic levels, (ii) the successive splitting of molecular orbitals, (iii) resulting in the quasi
continuous distribution of levels in bands. Electrons are represented with a vertical blue arrow (up
or down), corresponding to their spin. Licensed under CC BY-SA 4.0.

I.1.3.3 The Fermi Level

The probability distribution of identical fermions, such as electrons in a solid, over the energy states
of a system at temperature T, is given by the Fermi-Dirac distribution:

f (E) = 1

exp
µ

E°EF

kT

∂
+1

, (I.2)

where k is the Boltzmann constant (cf. Table B.2), E denotes the different energy levels and EF is
the Fermi level 4. This distribution is displayed in Fig. I.8.a. The Fermi level is an intrinsic quantity
characterizing a solid. It is the energy required to add an electron to the system. It also corresponds
to the maximum energy an electron can have at T = 0 K. The latter interpretation of EF can be seen in
Fig. I.8.a. The blue curve shows Eq. (I.2) at T = 0 K: (i) it gives equal probability to electrons to occupy

4. In the general Fermi-Dirac distribution, the Fermi level, which is proper to solids, is replaced by the chemical po-
tential of the system, µ. In our case, the Fermi level is the chemical potential of an electron.

;F<
Frédéric GALLIANO 11 HDR, Université Paris-Saclay

Origin of the band structure of a solid

A solid can be idealized as a periodic lattice of atoms bonded to each other. The permitted energy levels of a 
single valence electron, in the periodic electrostatic potential created by this lattice, are a series of continuous 
functions, also called bands. This can be viewed as a generalization of the molecular level splitting. The spacing 
between a large number of levels is so small that it appears continuous.

The valence band is the highest energy band populated by valence electrons (at T = 0 K).
The conduction band is the lowest energy band where electrons can move freely through the solid. It is the band 
immediately superior to the valence band.
The energy difference between them is called the band gap (often denoted to be ).Eg
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From the left to the right, we 
represents: (i) typical discrete 
atomic levels, (ii) the successive 
splitting of molecular orbitals, 
(iii) resulting in the quasi-
continuous distribution of levels 
in bands. Electrons are 
represented with a vertical blue 
arrow (up or down), 
corresponding to their spin.

[credit: Frédéric Galliano]


