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Summary
• Collisions in the ISM: elastic, inelastic and reactive
• Elastic collisions: momentum transfer
• Reactive collisions: chemical networks
• The reaction rate coefficient for some classes of reactions
• Application of gas-phase chemistry: the early Universe

Textbooks (for astronomers):
• X. Tielens, The Physics and Chemistry of the ISM (2005)
• A. Shaw, Astrochemistry, from Astronomy to Astrobiology (2006)
• B. Draine, Physics of the Interstellar and Intergalactic Medium (2011)
• S. Yamamoto, Introduction to Astrochemistry (2017)
• C. Vallance, Astrochemistry from the BB to the Present Day (2017)
• D. Williams, T. Hartquist, J. Rawlings, C. Cecchi-Pestellini, S. Viti, Dynamical
Astrochemistry (2017)
Lectures:
• E. van Dishoeck, Astrochemistry slides
http://home.strw.leidenuniv.nl/~vthoff/astrochem/
Chemistry of the Early Universe (articles):
• D. Galli, F. Palla, The Dawn of Chemistry, ARAA (2013)
• S. Bovino, D. Galli, Thermodynamics and Chemistry of the Early Universe,
in Formation of the First Black Holes, eds. M. Latif & D. Schleicher (2019)

The ISM as a fluid
The ISM is far from Local Thermodynamic Equilibrium (LTE):
• the level populations of atoms and molecules do NOT follow
a Boltzmann distribution with temperature Tgas;
• the ionization fraction is NOT given by the Saha equation;
• the radiation field is NOT described by a Planck function;
non-LTE → variety of phenomena, complex behaviour
However:
• Large spatial scales
→ fluid description (hydrodynamics, MHD)
• long time scales
→ kinetic equilibrium (Maxwellian velocity distributions)

Different kinds of collisions in the ISM
• Elastic collisions → only kinetic energy is exchanged
Determine momentum transfer, hence the transport coefficients:
viscosity (resistance to flow), electrical conductivity (resistance to
electric currents), thermal conductivity (resistance to heat flow).
• Inelastic collisions → kinetic and internal energy is exchanged
Control the transfer of energy in astrochemical environments
(excitation/de-excitation of rovibrational and electronic transitions).
• Reactive collisions → the chemical structure of the collision
partners is changed
Control the chemistry. Studied in the lab and with quantal methods
(NB: the cost of solving the Schrödinger increases dramatically with
the number of degrees of freedom!)
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Phelps (1990)

Two broad classes of reactions
1. Gas-phase reactions
2. Grain-surface reactions (→ D. Semenov's lecture on Wed)
Strong interplay:
• gas-phase formation → absorption onto grains (freeze-out) →
chemical reactions → release as new species in the gas phase
(desorption) → further chemical reactions
• grain destruction by shocks (sputtering, shattering) → release
the mantle components and part of their refractory material
into the gas phase → further chemical reactions
General characteristics of gas-phase reactions in the ISM:
• Low temperatures: T =10-100 K, E =1-10 meV → only exothermic
reactions are possible (exception: shocks)
• Low density: n =102-106 cm-3 → only 2-body reactions are
possible (exception: late phase of gravitational collapse)

Reactions and reaction rates
• A + B → P (two-body reaction)
units of k2b [cm3 s-1]
• A + B + C → P (three-body reaction)
units of k3b [cm6 s-1]
• A + hn → P (photoreaction)
units of kph [s-1]
Two-body reaction rate coefficient:

where s(v) is the cross section of the process, f(v) the Maxwellian
distribution of relative velocities.

Chemical networks
A system of ODEs of the form:

for the density of each species.
kjk depend on Tgas; kj depend on the radiation field.
→ need Tgas , Jn , n. In general, they are functions of space and time
Pseudo-time-dependent approximation, adopted in many
chemical models of dense interstellar clouds:
•
•
•

physical conditions are independent on space and time
initial state already dense and cold with all H in H2 and heavy
elements assumed to be atomic
technically a stiff initial-value problem (A. Hindmarsch's software)

Abundances of C-bearing molecules as function of time
computed with a pseudo-time-dependent chemical model
for dense cloud conditions (n = 2 x 104 cm-3, T =10 K)

Leung, Herbst & Huebner (1984)

Fully time-dependent models
To couple a chemical network to a dynamical model is not easy:
• The dynamical and chemical timesteps are different:

• Dtdyn set by Courant-Friedrichs-Lewy condition to ensure

convergence of the finite-differences numerical scheme

• Dtchem adjusted to ensure a sufficient accuracy on the

computed abundances. Reaction rates are tightly
coupled to Tgas . If Dtchem too large, the chemical network
is unstable.

KROME is already interfaced to Enzo, FLASH, and RAMSES
(→ D. Schleicher's lecture on Tue, S. Bovino, T. Grassi)

The reaction rate coefficient
Simple Collision Theory (classical): for a reaction to occur, the
reactants must have:
• a sufficiently close encounter, or "collision" ( → cross section s)
• a sufficient collision energy ( → activation energy Eact)
Number of collisions per unit time and unit volume:
For a Maxwellian velocity distribution:
• the average thermal speed is
• the fraction of particles with E>Eact is

Simple Collision Theory
A + B → products
• Reaction rate according to SCT:

reaction rate coefficient

or

• Strengths:
Simple, intuitive, qualitatively consistent with data (Arrhenius law)
• Weaknesses:
s and Eact undetermined, products of reaction undetermined
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© Kirk A. Peterson http://tyr0.chem.wsu.edu/~kipeters/chem537

DE(OH)

Activation DE(H )
2
Energy

exothermic

DE(CH+)
DE(H2)

endothermic

OH + H → O + H2

C+ + H2 → CH+ + H

DE(OH)=4.46 eV
DE(H2)=4.52 eV
exothermic by 0.06 eV
but 0.17 eV barrier

DE(H2)=4.52 eV
DE(CH+)=4.08 eV
endothermic by 0.44 eV
N.B.: also endothermic reactions
can possess activation barriers

reaction

reaction rate

• ion-neutral

A+ + B → C+ + D

~10-9 cm3 s-1 (fast)

• neutral-neutral

A+B→ C+D

~10-11 cm3 s-1 (slow)

• charge transfer

A + + B → A + B+

~10-9 cm3 s-1 (fast)

A + B → AB + hn
A- + B → AB + e

~10-17 cm3 s-1 (slow)
~10-9 cm3 s-1 (fast)

• dissociative recombination

AB+ + e → A + B

~10-7 cm3 s-1 (fast)

• photodissociation

AB + hn → A + B

~ 10-8 – 10-11 s-1

• photoionization

AB + hn → AB+ + e ~ 10-8 – 10-11 s-1

rearrangement of bonds:

formation of bonds:
• radiative association
• associative detachment

destruction of bonds:

© E. van Dishoeck http://home.strw.leidenuniv.nel/~vthoff/astrochem/

see M.
Wolfire's
lecture
on Tue

Rearrangement of bonds: ion-neutral reactions
A+ + B → C+ + D
• Often have no activation barrier
• The approaching ion induces an electric dipole in the neutral
that attracts the ion
ion Zi e
r
d-

neutral
d+

• Long-range attractive potential

an ≈ 1 Å3 polarizability of neutral species
• NB applies to non-polar molecules only

Orbits in r-4 potential
Langevin theory (classical)

b=1.2 b0
b=1.1 b0
b=0.999 b0

q(b) deflection angle
b0

deflection trajectories
(momentum transfer)

orbiting trajectory
(capture)

•
•

If b > b0 deflection trajectories (momentum transfer)
If b < b0 orbiting trajectories (capture → reaction)

© B. Draine Physics of the interstellar and intergalactic medium

Langevin reaction cross section:

Langevin reaction rate coefficient is
independent on T

Numerical value, with a ≈ 1 Å3, µin ≈ mH:
kL≈ 10-9 cm3 s-1

Example: H2+ + H2 → H3+ + H
• a “cornerstone” reaction in molecular clouds:
H2 ionized by photons, CRs, X-rays, reacts with ambient H2

e
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reactions among
neutral molecules

electronic
recombination
CH, NH, OH
H2O, NH3, H2CO

H2+ + H2 → H3+ + H (experiments)
Langevin reaction cross section
vibrationally excited H2+
~E-1/2
(proton transfer enhanced)

vibrationally excited H2
(proton transfer inhibited)

Linder, Janev & Botero (1995)

Ion-neutral reactions (experiments)
CRESU experiment (Reaction kinetics in supersonic flows)

N+ + NH3

N+ + H2O

Langevin

He+ + N2
N+ + H2

Smith (2006)

Ion-neutral collisions: elastic cross section
•
•

Can be obtained by the same formalism
Important for electrical resistivity (MHD codes)

Langevin elastic cross section for ion-neutral collisions:

where q(b) = scattering angle. The factor (1-cosq ) takes into
account the average momentum transferred to the neutral in
azimuthal symmetry.
Only 2.21/2=1.105 times the Langevin reaction cross section

Ion-neutral collisions: ambipolar diffusion
neutrals
ions, electrons

g

• Charged particles (ions and
electrons)are "attached" to B-field lines.
• Neutrals feel the gravitational field and
"slip" trough the B-field.

B • However neutrals collide with ions

→ the B-field acts on neutrals indirectly
through collisions (ambipolar diffusion).

• The process is controlled by elastic
collisions (momentum-transfer cross
section).

Example: HCO+ + H2 elastic

Langevin elastic cross section
quantal theory
(Flower 2000)

Rearrangement of bonds: neutral-neutral reactions
A+B→C+D
• "hard-sphere" interaction

About 1 order of magnitude lower than ion-neutral
• "dipole-dipole" interaction: the instantaneous dipole of one
species induce a dipole in the other (Van der Waals forces).
Let IA , IB the ionization potentials:

Neutral-neutral reactions (experiments)
CN + NH3 → products
CRESU data
CN + C2H2 → products

CN + C2H6 → products

At T=20 K, experimental rates
fall in the range 1-5 x10-10 cm3 s-1.
However, the T-dependences is
reaction-specific
Smith et al. (2006)

Formation of bonds: radiative association
A + B → AB + hn
• Collision product stabilized through photon emission
• tcollision ≈ a0 / v ≈10-13 s
if v=0.5 km s-1
• tradiative ≈ Aul-1 ≈10-7 s
dipole electronic transition
s ≈ (p a02 ) (tcollision/tradiative) ≈ 10-6 a02
krad. ass.≈ 10-17 cm3 s-1 at T=20 K
• Generally slow, weak T-dependence. Needs large dipole
moments because Aul ~ d2. Obtained by theoretical calculations:
C + H → CH + hn
C+ + H → CH+ + hn
C+ + H2 → CH2+ + hn

krad. ass. =1.0 x10-17 cm3 s-1
krad. ass. =1.7 x10-17 cm3 s-1
krad. ass. = 6.0 x10-16 cm3 s-1

Li + H → LiH + hn
semi-classical

fully quantal

Formation of H2 by radiative association H + H → H2 + hn
negligible (no dipole transition allowed)
• In the gas phase, H2 is formed by
• H2+ channel
H+H+ → H2+ + hn
H2+ + H → H2 + H+

(radiative association)
(charge exchange)

• H- channel
H + e- → H- + hn
H-+H → H2 + e-

(electron attachment)
(associative detachment)

and by 3-body reactions (only at n >108 cm-3)
H + H + H → H2 + H
H + H + H2 → H2 + H2
• On dust grains (surface chemistry)
H+H (grain)→ H2
→ see D. Semenov's lecture on Wed.

Destruction of bonds: dissociative recombination
AB+ + e → A + B
• Electron excites transition of stable AB+ ion to a repulsive state
of AB molecule which crosses the energy curve of the ion AB+.
potential
energy

AB
AB+

A++B

A+B

internuclear
separation

• Examples: HCO+ + e → H + CO, H3+ + e → 3H
• Theoretically complex, experimentally difficult
• Fast rate coefficient: 10-7 – 10-6 cm3 s-1 at T=10 K prop. to T-1/2

Dissociative recombination of H3+
H3+ + e → H + H + H (64%)
H3+ + e → H2 + H
(36%)
CRYRING storage ring experiment
(Kreckel et al. 2005)

T-1/2

theory

(Kokoouline & Green 2003)

Temperature (eV)

Chemistry in the early Universe
Unfavorable environment for chemical enrichment:
• rapid expansion
• strong radiation field (CMB)
• gas chemically inert (H=0.924, He=0.076, D=2x10-5, Li=4x10-10)
• no dust grains
→ low molecular abundances
Main molecules and ions, mostly hydrides
• Hydrogen subsystem: H2, H2+, H3+, H-, H3+
• Deuterium “
“: HD, HD+, H2D+
• Helium
“
“: He2+, HeH+
• Lithium
“
“: LiH, LiH+, LiHe+

COBE
LOFAR

WMAP
PLANCK

SKA

?

The Dark Ages
The Dawn of Chemistry

CMB
z~1000
400,000 yr after BB

First stars
Reionization
z~10
completed
400 Myr after BB
z~7

HST

Temperature of matter and radiation
first stars and galaxies
~ (1+z)3

Tgas= Trad

Trad =T0 (1+z)

radiative
coupling

← T0=2.725 K
Tgas ~ (1+z)2
adiabatic
cooling

LCDM model:

X-ray
heating by
galaxies

from WMAP-7 (Komatsu et al. 2001)

Ions and atoms in the Early Universe

H2 formation in the Early Universe
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Molecules in the early Universe

Galli & Palla (2013) Ann. Rev. Astron. Astrophys., Vol. Galli
51, 163
& Palla (2013)

KROME!

The formation of the first stars

Temperature (K)

adiabatic collapse T ~ n2/3
virialization
H2 cooling
H2 cooling saturates (LTE)

H2 fraction

3-body reactions

Yoshida et al. (2006)

"Summary" of gas-phase chemistry
• Driven by FUV photons in diffuse clouds, by CRs in molecular
clouds. Important ions: C+, H+, He + (diffuse clouds), H3+, HCO+,
H3O+ (molecular clouds).
• General rules:
•

Ions removed by: (1) ion-neutral reactions (mostly with H2)
unless inhibited by an activation barrier, (2) dissociative
recombination with electrons;

•

Neutrals removed by: (1) reactions with ions (2) neutralneutral reactions.

• Formation of diatomic molecules by radiative association of
neutral atoms is slow → grain surface reactions come to rescue.
• Interaction between gas-phase and solid-state phase drives the
great molecular diversity of MCs.

