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  Molecules are ubiquitous in astrophysics

IRT -  radiative transfer

204 individual molecular species
comprised of 16 different elements
composed of 2 to 70 atoms

In summary, in 2018

B. McGuire (2018)

detected from tens-cm wavelength to ultraviolet
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  Radiative transfer equation

 • absorption coefficient


 • diffusion coefficient


 • emissivity


 • opacity


 • source function
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F. Levrier - radiative transfer lecture

IRT -  radiative transfer
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  Questions related to molecules in radiative transfer

IRT -  radiative transfer

through which processes do molecules interact with light ?

dissociation / ionization / fluorescence

absorption / emission
polarization

what are the properties of the microphysical processes ?

interaction cross sections
products of ionization and dissociation

transitions (energy structure / selection rules)

how to implement these processes in radiative transfer codes ?

what data are required ?
couplings expected ?
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Energy structure of molecules
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  Complexity of the task

IRT -  radiative transfer

 Outline


 • introduction


 • energy 

    structure


 • molecular

    lines


 • photo-

    processes


 • conclusion



  Complexity of the task

IRT -  radiative transfer

complexity

symmetry

Compared to atomic energy structure

less symmetry, complicated electronic wavefunctions

nuclei move, additional freedom, rotational and vibrational motions

Focus on diatomic (homonuclear or heteronuclear)

gives a strong foothold to understand molecular spectra
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  Stationary states and usual hypothesis

IRT -  radiative transfer

Stationary Schrödinger equation for diatomic molecules
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Usual simplifications & hypothesis

Born-Oppenheimer  (RA,RB , ri) =  e(ri) n(RA,RB)

center of mass frame  n(RA,RB) !  n(R)

separation vibration - rotation  n(R) =  v(R) r(✓,�)
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  Electronic structure

IRT -  radiative transfer

Stationary Schrödinger equation for electronic wavefunction
 
� ~2
2me

NX

i=1

r2
i + Ve � Ee

!
 e(ri) = 0

solve at each internuclear  
separation R

gives eigenvalue Ee(R)

gives potential V(R)  
seen by nuclei

Potential energy curves of  
several H2 electronic states

J. Tennyson (2005)

gives 𝛹e & quantum numbers 
without couplings
S,⇤, g/u,+/�

gives equilibrium radius & 
dissociation energy
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  Electronic structure

IRT -  radiative transfer

Labelling of electronic states

total electronic spin 
(careful with paired e- in closed shells)

S =
X

i

si

⇤ =

 
L =

X

i

li

!

|z

total angular momentum projected on z

⇤ 0 1 2 3 4 ...
states ⌃ ⇧ � � � ...

parity upon nuclei swap 
(for homonuclear only)

+/� (parity)

g/u (gerade/ungerade)

parity upon reflexion through nuclei plane  
(for Σ states only)

letter(2S+1)⇤+/�
g/u

letter label states of same quantum numbers
X           = ground electronic state (GES)

A, B, … = same spin multiplicity as GES

a,b, …   = diff spin multiplicity than GES
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  Vibrational structure

IRT -  radiative transfer

Stationary Schrödinger equation for nuclei vibration

for V(R) approx by a parabolic potential

zero point energy

✓
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wavefunction derived from  

Hermite polynomials
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  Rotational structure

IRT -  radiative transfer

Stationary Schrödinger equation for nuclei rotation
✓
� ~2
2µR2
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d
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◆
 r(✓,�) = 0

spherical harmonics solution  r(✓,�) = YJ,MJ (✓,�)

Er =
~2

2µR2
J(J + 1)rotational eigenvalues

J

MJ

rotational angular momentum

projection of J onto molecular axis

if rotation as rigid body Er = B0J(J + 1)

µ reduced mass

already seen for H atom
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YJ,MJ

degeneracy of rotational levels
<latexit sha1_base64="Ci/nB1taCoo3oPNLyJwtuU+F8qE="></latexit>

gr = 2J + 1



  Fine structure / hyperfine structure

IRT -  radiative transfer

Couplings between angular momenta

electron angular momentum and spin, nuclei rotational motion and spin

Hund’s case (a) Hund’s case (b)

R = rotational angular momentum

1 - ⇤ = L|z, ⌃ = S|z

2 - ⇤+ ⌃ ! ⌦

3 - ⌦+R ! J

1 - ⇤ = L|z

2 - ⇤+R ! N

3 - N + S ! J

coupling schemes known as Hund’s cases - (a) and (b) most common 

hyperfine coupling

coupling with nuclear spin I

J + I ! F
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  Detailed electronic / vibrational / rotational structure

IRT -  radiative transfer

In reality, anharmonic & non rigid rotation with rot / vib couplings

example for CH+

corrections terms (used in a polynomial expansion)

derived from spectroscopic measurements of molecular lines

anharmonic correction, centrifugal distorsion, correction of rot constant

Hakalla et al. (2006)
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  Detailed electronic / vibrational / rotational structure

IRT -  radiative transfer

Hierarchical energy structure 

Godard et al. (2013)

rule of thumb Ee > Ev > Er

ladders are not separated but superimposed

CH+ energy structure

en
er

gy
 (K

)

Mihály Benedict
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Molecular spectra

IRT -  radiative transfer
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  Electric dipole transitions

IRT -  radiative transfer

Interaction of a molecule with EM field

electric dipole, magnetic dipole, electric quadrupole, …

electric dipole transition probability from Ψ’’  to Ψ'

electric dipole moment integral

dipole moment operatorµ

electric dipole terms ~105 -106 times larger than the others

symmetry properties of Ψ’,Ψ’’ and μ give the selection rules

P / |M |2 with M =

Z
 0⇤µ 00dr

M

�S,�⇤,�v,�J, ...
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  Selection rules on electronic quantum numbers

IRT -  radiative transfer

for allowed electric dipole transitions

�S = 0 spin conserving selection rule

�⇤ = 0,±1 projection of orbital momentum

for Σ states only⌃+ $ ⌃+

⌃� $ ⌃�

g $ u for homonuclear diatomic molecules

⇒ no dipole allowed vibration-rotation transition 

     within an electronic state for homonuclear species
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  Selection rules on vibrational quantum number

IRT -  radiative transfer

transitions from two different electronic states

Franck-Condon principle

transition probability proportional to 
 

/
����
Z
 0
v(v

0)⇤ 00
v (v

00)dr

����
2

= wavefunction overlap

wavefunctions overlap

nuclei static during elec transition

�v = ±1

transition within the same electronic state

�v = any for anharmonic oscillators


stronger transitions for 

no selection rule�v = any
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  Selection rules on rotational quantum number

IRT -  radiative transfer

for allowed electric dipole transitions

�J = ±1 for ⇤ = 0� 0 transitions

�J = 0,±1 (0 = 0) for other �⇤

labelling: J’ (J’’) associated with the upper (lower) energy level

name R(J 00) Q(J 00) P (J 00)
�J = J 0 � J 00 +1 0 �1

for transition within the same electronic state → regular structure

CO2 simulated spectrum Hertel & Schultz
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  Oscillator strength and Einstein coefficients

IRT -  radiative transfer

for allowed electric dipole transitions

with the oscillator strength

under the Born-Oppenheimer and the r-centroid approximations
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the Einstein coefficient
<latexit sha1_base64="3TEIC4MOven6eCiekg8kb2a0S6w="></latexit>
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S⇤0J 0

⇤00J 00 Hönl-London factor, dependence on nuclear angular momentum

electronic transition moment

Franck-Condon factor



UKIRT Uranus spectrum

  Pure vibration-rotation of homonuclear diatomic molecules

IRT -  radiative transfer

electric dipole transitions forbidden within an electronic state of  
homonuclear diatomic molecules (e.g. H2, C2, N2, …)

selection rule for pure vibration-rotation

example : H2 - quadrupole electric transitions

dipole magnetic and quadrupole electric transitions

labelling: J’ (J’’) associated with the upper (lower) energy level

�J = 0,±2 (0 = 0)

name S(J 00) Q(J 00) O(J 00)
�J = J

0 � J
00 +2 0 �2

Trafton et al. (1993)
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Ionization / dissociation / fluorescence

IRT -  radiative transfer
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  Principles of photo-processes 

IRT -  radiative transfer

photoionization and photodissociation processes are fundamental

to compute radiative transfer in molecular environments

to compute chemical composition of diffuse & dense ISM, 
PDRs, protoplanetary disks, cometary & exoplanetary atmosphere, …

microphysical process

1 - excitation of any (bound or not) electronic state

AB + photon ! AB⇤

2 - relaxation towards a lower state

AB⇤ ! AB + photon

AB⇤ ! AB+ + e�

AB⇤ ! A+B

k =

Z

�
�(�)N�d�

branching ratios

⌘i(�)

⌘d(�)

⌘e(�)
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  Continuous or discret absorption

IRT -  radiative transfer

Several pathways to photodissociation
Heays et al. (2017)

photodissociation may be a line or a continuum mechanism

cross sections must account for all possible process

line processes favor self-shielding
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  Threshold and cross sections

IRT -  radiative transfer

derived from Heays et al. (2017)
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photo-processes threshold examples of cross sections
dissociation

ionization
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  Threshold and cross sections
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derived from Heays et al. (2017)

 Outline


 • introduction


 • energy 

    structure


 • molecular

    lines


 • photo-

    processes


 • conclusion

photo processes threshold examples of cross sections
dissociation

ionization
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  Self-shielding process
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Consider a cloud illuminated by energetic photons

X

the abundance of X at any point depends on photo-processes

intensity of the radiation field at specific wavelength

absorption processes from the border of the cloud

by dust grains

by atoms and molecules
Y

X

dust shielding

cross shielding

self-shielding



  Self-shielding process
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Consider a cloud illuminated by energetic photons

X

Example : H2



  Self-shielding process

IRT -  radiative transfer
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IRT -  radiative transfer

Molecular structure and spectroscopy

 • simplifications gives strong insight on molecular structure


    Born-Oppenheimer → elec orbitals & quantum numbers


    separation vibration / rotation → vib oscillator & rotational orbitals


    additional couplings → fine & hyperfine structure


 • electric dipole transitions obey to stringent transition rules 

    molecular spectra highly structured (band, branches, fine / hyperfine) 
 
• homonuclear diatomic molecules radiate through quadrupole transitions

Interactions with radiation field

 • ionization / dissociation / fluorescence originate from mol transitions 


 • non linear coupling between transfer and composition (e.g. self-shielding)
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