
Lecture 5: "Gas-phase Processes 
and First Molecules"



I. Chemical Processes in Space
Table 2: Key chemical processes in protoplanetary disks

Name Representation Example Rate*

Radiative 
association

A + B → AB + ν C+ + H2 → CH2+ ~10-10-10-17 cm3 s-1

Ion-molecule A+ + B → C+ + D CO + H3+ → HCO+ + H2 ~10-7-10-10 cm3 s-1

Neutral-neutral A + B → C + D O + CH3 → H2CO + H ~10-10-10-16 cm3 s-1

Charge transfer A+ + B → B+ + C C+ + Mg → C + Mg+ ~10-9 cm3 s-1

Radiative 
recombination

A+ + e- → A + ν Mg+ + e- → Mg + ν ~10-12 cm3 s-1

Dissociative 
recombination

AB+ + e- → A + B HCO+ + e- → CO + H ~10-7 cm3 s-1

Ionization A + hν → A+ + e- C + hν → C+ + e- ~10-10 x RF** cm3 s-1

Dissociation AB + hν → A + B CO + hν → C + O ~10-10 x RF cm3 s-1

Accretion A + g → A(g) H2O + g → H2O(g) ≳ 4 10-6 cm3 s-1

Surface reaction A(g) + B(g) → AB(g) H(g) + H (g) → H2(g) ≳ 10-9 cm3 s-1

Desorption A(g) → A (hν or T) H2CO(g) → H2CO ~0-105 s-1

* - chemical reaction rates vary widely in disks due to strong gradients of  physical conditions,
** - RF designates the local UV radiation field in the disk.

We present a general scheme of a PPD structure based on observational results and theoretical predictions in 
Fig. 2 [23, 40-44]. The viscous evolution of the disk gas is driven by the angular momentum transport due to 
turbulent torques. This leads to inward transport of the bulk of disk matter (~80%), while a minor fraction 
of the disk gas carries the angular momentum outward (mostly along midplane). This leads to a steady-state 
power-law surface density profile that is roughly Σ(r) ∝ r-3/2 (~1700 g cm-2 at 1 AU for the Solar nebula 
model). In vertical direction, the gas density drops exponentially, as in the Earth atmosphere. The average 
temperature in disks decreases outward, and, for a given distance, increases from disk midplane to disk 
atmosphere. The stellar radiation heats up the upper layer such that the disk becomes flaring. The disk 
atmosphere has low density, resulting in higher gas temperature compared to dust temperature. Closer to the 
star gas temperature in the atmosphere rises so high (T ~ 1000-5000 K) that the matter starts to evaporate. 
Below the atmosphere disk density increases and the gas and dust temperatures reach an equilibrium value. In 
the very inner part, the disk midplane is again warmed up by the viscous accretion heating.

The intensity of ionizing and dissociating UV radiation is determined by the dust opacities, while penetration 
of the stellar X-ray radiation into the disk is controlled by the gas density structure. The larger the energy of 
a photon or a particle, the deeper disk regions it can reach. The X-ray emitting source is often located high 
above the stellar photosphere, at distances of several stellar radii (~0.01 AU), and thus X-ray photons reach 
the disk atmosphere at an oblique angle and able to penetrate deeper into the inner disk interior compared to 
the UV photons. The stellar UV intensity drops down as r-2, while the X-ray intensity decreases even faster, 
and the interstellar UV radiation start to prevail in outer disk region (r ≳ 100 AU). The FUV continuum 
radiation is blocked by a gas column of <0.01 g cm-2, hard X-ray photons (~1-5 keV) are stopped at a gas 
column of  0.1-1 g cm-2, and ~ GeV cosmic ray particles penetrate as large gas columns as ~100 g cm-2.

Arrhenius rate:



Radiative Association: bond formation

H + C  ⇒ CH*

CH* ⇒ CH + hν

or (more likely)

CH* ⇒ C + H

k ≈ 10-17-10-12 cm3s-1

Formation of a excited collisional complex 

Energy conservation => emission of 
photon 

A key process to form first molecules & 
chemical bonds (early Universe)

(Courtesy of Tom Millar, David Williams, Eric Herbst)



Radiative Association: bond formation

Timescales:
10-2 s - vibrational transition,
10-8 s - electronic transition,
10-13 s - collisional timescale (or lifetime of collisional complex)

=> molecule formation only after ~1011 collisions (105 if electronic 
transitions are available)!

Slow for small reactants, but can be rapid for complex radicals

Hard to measure in laboratory (3-body processes dominate)

Hard to calculate for complex species



Photodissociation: bond destruction
Bonding energies: 5-10 eV => FUV 

Direct dissociation: transition to a 
continuum of excited electronic state

Predissociation: excited electronic state 
is mixed with dissociative state

Spontaneous radiative dissociation: 
sometimes electronic excited states 
decay into continuum of the ground-
state 

Summary processes small molecules

Direct p.d.

Predissociation

Spontaneous
radiative
dissociation

Ex: H2
+, OH, H2O

Ex: CO

Ex: H2



Photodissociation: bond destruction

Examples:

H2O, OH, ...

CO

Only H2

Summary processes small molecules

Direct p.d.

Predissociation

Spontaneous
radiative
dissociation

Ex: H2
+, OH, H2O

Ex: CO

Ex: H2



Photodissociation: bond destruction

CO + hν ⇒ C + O 

HCO+ + hν ⇒ no

Line dissociation: H2, CO

Lymanα dissociation: OH, CN, NH3

Continuum dissociation: CH4

Calculated only for a few tens species

Strongly depends on radiation energy 
distribution

van Dishoeck et al. (2006)



Cosmic Ray & UV Ionization

H2 + CRP/UV ⇒ H2
+ + e- 

H2
+ + H2 ⇒ H3

+ + H

He + CRP ⇒ He+ + e- 

From observations:

kCRP ≈ 10-17 s-1

Relativistic energy particles (89% 
protons, 10% 4He, 1% heavy elements)
⇒  penetrate a large gas columns ⇒ 

energy source even in “dark” regions

Key process to form H3
+ 

⇒ enables proton transfer reactions 

⇒ rich molecular chemistry

I.P. of He is 24.6 eV ⇒
He+ breaks chemical bonds ⇒ 

destruction of molecules (CO!)



Ion-Molecule Reactions: bond 
rearrangement

H3
+ + CO  ⇒ 

H2 + HCO+

H2
+ + H2 ⇒ H3

+ + H

k ≈ 10-9-10-7 cm3s-1

Ion induces dipole moment => long-range 
strong attraction => no activation barriers

Rates increase at low T if a molecule is 
polar due to a long-distance Coloumb 
attraction

Langevin rate:

(μ - reduced mass, α - polarizability)

A key process to form complex ions and 
complex neutrals (after DR)
=> ~50% of all processes in astrochemical 
models

92 Chemical processes

Table 4.6 Radical reactionsa

reaction ! "

C+OH ! CO+H 1.1 ("10) 0#5
C+O2 ! CO+O 3.3 ("11) 0#5
O+CH ! CO+H 4.0 ("11) 0#5
O+CH ! HCO++ e 2.0 ("11) 0#44
O+CH2 ! CO+H+H 2.0 ("11) 0#5

a Reaction rates are of the form k= !$T/300%".

4.1.3 Ion–molecule reactions

Exothermic ion–molecule reactions, as a rule, occur rather rapidly because the
strong polarization-induced interaction potential can be used to overcome any
activation energy involved. For an ion and a neutral, the induced-dipole interaction
potential is given by

V$r%="! e2

2r4
& (4.13)

with ! the polarizability of the neutral species (#10"24). The “hard” collision
reaction rate coefficient – the so-called Langevin rate – is then

kL = 2' e

!
!

(

"1/2

& (4.14)

with ( the reduced mass. Typically, kL $ 2% 10"9 cm3 s"1 with no tempera-
ture dependence (cf. Table 4.7). This is some two orders of magnitude faster
than neutral–neutral reactions, even disregarding the activation barriers generally
involved in the latter. It is clear, then, that a small amount of ionization can
be very effective in driving interstellar chemistry. If the ion–molecule reaction
involves a neutral species possessing a permanent dipole, then the reaction rate
coefficient can be much larger than the Langevin rate coefficient. If we assume
that the dipole becomes locked in a close collision with an ion, the reaction rate
coefficient is given by average dipole orientation theory as

kdip = 2'e

#!
!

(

"1/2

+(D

!
2

'(kT

"1/2
$

& (4.15)

with (D the dipole moment of the neutral molecule and ! its polarizability. This
leads to an enhanced rate compared with the Langevin rate, particularly at low
temperatures with values at 10K of up to 10"7 cm3 s"1 for a strong dipole.

Proton transfer reactions from one species to another are of particular relevance.
These will occur if the proton affinity of the “receptor”-species is larger than that



Neutral-Neutral Reactions: bond 
rearragement

N + CH  ⇒ CN + H

N + CH3 ⇒ HCN + H2

Long-range attraction is weak

Usually have barriers due to bond breaking 
for molecular rearrangement

Some are rapid reactions even at ~ 10 K
(radical-radical, radical-neutral)

Particularly competitive at high 
temperatures, >100 K

Many barriers are ‘guessed’ values, 
~100-1000 K

k ≈ <10-11-10-9 cm3s-1



Dissociative Recombination: bond destruction

HCO+ + e- ⇒ CO + H 

H3O+ + e- ⇒ H2O + H                         

                      OH + 2H

Capture of e- by an ion => formation of  
neutral in excited electronic state => 
dissociation

Rapid processes,  increased rates at low T 

If radiative (no break-up), then usually slow

A final step in formation of neutral species

Branching ratios and products are not well 
known

k ≈ 10-7 cm3s-1



Radiative Attachment
C6H  + e- ⇒ C6H- +  hν Effective for molecules with large e- 

affinities

Excess of energy is re-radiated => 
less efficient for small molecules

<10% of anion/neutral for 
hydrocarbons
(predicted by Herbst 1981)

Discovered in ISM with predicted 
abundances (McCarthy et al. 2006, 
Bruencken et al. 2007, etc.)

Important in chemistry of the early 
Universe

k ≈ <10-7 cm3s-1



Chemical Reaction Databases

•Ohio State University (OSU), now Kinetic Database for 
Astrochemistry (KIDA): 	
 	
                                                 
5000 reactions, 500 species, 12 elements

•Manchester University (UMIST):	

 Rate06: 4600 reactions, 420 species, 12 elements

•NIST Chemical Kinetics Database:  ~30,000 neutral-neutral reactions 
(T>300K)

• JPL (Anicich): Compilation of all ion-molecule reactions with 
references

•Only ~10-20% of accurate rates!

Courtesy of Eric Herbst



Gas-phase Formation of Water

H2   +   CRP ⇒  H2
+  +  e-

H2
+  +  H2 ⇒ H3

+  +  H

H3
+  + O ⇒ OH+  +  H2

OHn
+   +  H2 ⇒ OHn+1

+  +  H

H3O+  +  e- ⇒ H2O + H; OH + 2H, etc



Gas-phase formation of complex 
molecules

C+ + H2          ⇒ CH2
+ 

CH2
+ + H2      ⇒ CH3

+ + H

CH3
+ + H2/O  ⇒ CH5

+/HCO+ + H2

CH5
+ + e-       ⇒ CH3 + H2

CH3 + O         ⇒ H2CO 

CH3
+ + H2O    ⇒ CH3OH2

+

CH3OH2
+ + e- ⇒ CH3OH + H

X                    (too low rate,   Luca et al. 2002)

  (3 ± 2%, Geppert et al. 2006)



Chemical Kinetics

•Physical conditions
• (For last 2 terms): dynamical parameters (wind, turbulence, advection) 
• Initial abundances
•A chemical network 
•A numerical solver

• Steady-state: ni(t) = const (derivative is 0) => algebraic equations



Chemical codes

•ALCHEMIC (MPIA Heidelberg): gas-grain

•GADGET  (ITA Heidelberg): gas-phase, early Universe

•NAHOON (Bordeaux Obs.): gas-grain, uncertainties

•MONACO (Univ. of Virginia): gas-grain, Monte Carlo stochastic 

chemistry

•ASTROCHEM (Grenoble): gas-grain

•OSU codes (now at Univ. of Virginia): gas-grain, warm-up 

•Many codes for photon-dominated chemistry (CLOUDY, Meudon, 

Leiden, etc., see Roellig et al. 2007)



Computed abundances have error bars
• Chemistry of planetary atmospheres:  Dobrijevic et al. (1998, 2001)
• Molecular clouds, protoplanetary disks:   Vasyunin et al. (2004, 2007), 
Wakelam et al. (2005, 2006)

Modeled abundances are uncertain by factor of >3



Pause



II. Chemistry in the Early Universe

• Simple chemistry, only light elements: H, D, He, Li

•Almost isotropic physical conditions (no structures)

•First molecules: cooling of gas ⇒ formation of first stars (Pop III)

•High-z molecules are detected (z ~ 7)! 



The Universe after Big Bang

Epoch Time, s TR, K nH, cm-3

Lepton 10-4 10 12 –

Radiation-
dominated 2 10 10 –

Мatter-
dominated

1011-1012 4000 500

Present 10 18 2.73 2 10-7

Radiative temperature:

Density:



Standard Cosmological Model
Composition at the beginning of the matter-dominated era: 
H :     D   : 4He    : 3He : 7Li
1  : 4 10-5 : 8 10-2 : 10-5 : 2 10-10

(all atoms fully ionized) 

(1) H + hν → H+ + e, rate ~ ambient radiation field
(2) H+ + e → H , rate ~ T-0.61

Temperature of matter TM = TR due to Thompson scattering of 
photons on electrons 

As Universe cools,  recombination becomes more important:
n(H+)=n(H) at z=1340,  TR=TM=3630 K

After that no thermodynamical equilibrium => chemical 
kinetics has to be considered to predict molecular abundances



First neutral & molecule: He and He2+

Recombination
T < 380000 yr 

Ionization potentials [in eV]

1st 2nd 3rd 4th

H 13.6 

He 24.6 54.4

Li 5.4 75.6 122.5

He+ recombines first to form the first neutral atoms He

H+ recombines second to form neutral H

Li3+ + e       Li2+  + γ

Li2+ + e       Li+ + γ

Li+  + e       Li    + γ

He2+  + e         He+ +   γ
He+ + e        He +   γ

H+ + e      H +  γ



First MoleculesR62 Topical Review
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Figure 2. Fractional abundances of molecules and molecular ions in the early Universe at high
redshift z. The cosmological parameters correspond to the standard cosmology model III of Stancil
et al (1996, 1998): !0 = 1, !b = 0.0367, h = 0.67.

variation in spacing is proportional to ". The measurements were all consistent with no time
dependence and the best limit was #"/" = 3.5 (±5.5) ! 10"6 (Cowie and Songaila 1995)
back to z = 2.811. More recently a new technique, the many-multiplet method, has been used
which simultaneously compares the wavelengths of many multiplets to get a more sensitive
determination (Webb et al 1999). The alkaline doublet method compares two lines with the
same ground state, whereas the many-multiplet method compares many lines with different
ground states. Using this method, Webb et al (2001) suggest that the fine structure constant is
varying with time, with #"/" = "0.72 (±0.18)!10"5 over the redshift range 0.5 < z < 3.5.
The result is provocative, but the analysis to get it is complicated and errors which could result
in such a small effect are many including: unresolved velocity structures, uncertainties in
wavelength calibrations or laboratory wavelengths, and, since their lines come from different
levels, sensitivity to variations in temperature or excitation within the cloud.

4. Standard chemistry in the early Universe

The chemistry of the early Universe was investigated by Lepp and Shull (1984), Dalgarno and
Lepp (1987), Latter and Black (1991), Puy et al (1993), and Palla et al (1995). All of these
examined one or more of the molecules which might be formed in the early Universe. More
recently, Galli and Palla (1998) and Stancil et al (1996, 1998) attempted a comprehensive
review of all the reactions involved in the study of the early Universe. In particular, Stancil
et al (1998) included 23 atomic and molecular species and 144 chemical processes. Figure 2
is adapted from Stancil et al (1998) and shows the abundance of molecular ions and molecules
with redshift.

In table 1, we list 41 reactions which we have considered since Stancil et al (1998). They
can be added to the lists given in table 1 of Stancil et al (1996, 1998) for a more complete
set. Most of these reactions are new to our models, but some are improved rate coefficient fits
which supersede those previously given. We will discuss some of these reactions below.

Lepp, Stancil, Dalgarno, J. Phys. B., At. Mol. Opt. Phys 35 (2002)



Chemistry of He 
He+ recombines earlier than H+:
He2+ + e → He+ + hν 
He+ +e→ He + hν

First molecules were He2+ and HeH+:
He+ + He → He2+ + hν (radiative association)
He + H+ → HeH+ + hν (radiative association)

They were removed by photodissociation & dissociative 
recombination:
He2+ + hν → He+ + He
He2+ + e → He + He



Reaction rates of He-chemistry

Galli, Palla (1998), A&A, 335, 403

410 D. Galli & F. Palla: The chemistry of the early Universe

Table 3. Reaction rates for Helium species

reaction rate (cm3 s!1 or s!1) notes reference

He1) He++ + e! He+ + ! 1.891 " 10!10

!

"

Tg

9.37

#

1 +

"

Tg

9.37

$0.2476

"

#

1 +
"

Tg

2.774"106

$1.7524
%

!1

VF

He2) He+ + ! ! He++ + e 5.0 " 101T 1.63
r exp

&

# 590000
Tr

'

fit Os

He3) He+ + e! He + ! 3.294 " 10!11

!

"

Tg

15.54

#

1 +

"

Tg

15.54

$0.309

"

#

1 +
"

Tg

3.676"107

$1.691
%

!1

VF

He4) He + ! ! He+ + e 1.0 " 104T 1.23
r exp

&

# 280000
Tr

'

fit Os
He5) He + H+ ! He+ + H 4.0 " 10!37T 4.74

g Tg $ 8000, fit KLDD
He6) He+ + H! He + H+ 3.7 " 10!25T 2.06

g "
(

1 + 9.9 exp
)

#
Tg

2570

*+

fit by KF Tg > 6000 ZDKL
He7) He + H+ ! HeH+ + ! 5.0 " 10!21 rad. ass. RD, KLDD
He8) He + H+ ! HeH+ + ! 7.6 " 10!18T !0.5

g Tg % 103,
3.45 " 10!16T !1.06

g Tg > 103 (inv. prediss.) RD
He9) He + H+

2 ! HeH+ + H 3.0 " 10!10 exp
)

# 6717
Tg

*

Bl
He10) He+ + H! HeH+ + ! 1.6 " 10!14T !0.33

g Tg % 4000, fit
1.0 " 10!15 Tg > 4000, fit ZD

He11) HeH+ + H! He + H+
2 9.1 " 10!10 KAH

He12) HeH+ + e! He + H 1.7 " 10!7T !0.5
g YM

He13) HeH+ + H2 ! H+
3 + He 1.3 " 10!9 Or

He14) HeH+ + ! ! He + H+ 6.8 " 10!1T 1.5
r exp

&

# 22750
Tr

'

fit RD
He15) HeH+ + ! ! He+ + H 7.8 " 103T 1.2

r exp
&

# 240000
Tr

'

fit RD

Bl: Black (1978); KAH: Karpas et al. (1979); KLDD: Kimura et al. (1993); Or: Orient (1977); Os: Osterbrock (1989); RD: Roberge &
Dalgarno (1982); VF: Verner & Ferland (1996); YM: Yousif & Mitchell (1989); ZD: Zygelman & Dalgarno (1990); ZDKL: Zygelman et al.
(1989);

The chemical network is completed by the equation for the
redshift
dt

dz
= !

1

H0(1 + z)2
"

1 + !0z
, (5)

where H0 = 100 h km s!1 Mpc!1 is the Hubble constant and
!0 the closure parameter.

The density n(z) of baryons at redshift z is

n(z) = !bncr(1 + z)3, (6)

where ncr = 9.19 # 10!6h2 cm!3 is the critical density,
and !b is the ratio of the total to the critical density. This
quantity is related to the baryon-to-photon ratio ! by !b =
3.66 # 10!3!10h!2, with !10 = 1010!.

4. Results

4.1. The standard model

Our standard model is characterized by a Hubble constant h =
0.67 (van den Bergh 1989), a closure parameter !0 = 1, and a

baryon-to-photon ratio !10 = 4.5 (Galli et al. 1995). The initial
fractional abundance of H, D, He and Li are taken from the
standard big bang nucleosynthesis model of Smith et al. (1993).

The results are shown in Fig. 4, separately for each atomic
element. The residual ionization fraction at z = 1 is [e/H] =
3.02#10!4. Comparison with Model III of SLD which has the
same values of the cosmological parameters (see Table 5) shows
that the freeze-out ionization fraction is a factor of 2 smaller in
our case, owing to the different treatment of H recombination.

The evolution of the abundance of H2 follows the well
known behaviour (e.g. Lepp & Shull 1983, Black 1991) where
the initial steep rise is determined by the H+

2 channel (reac-
tions H9 and H10) followed by a small contribution from H!

at z $ 100 (reactions H3, H4 and H5). The freeze-out value of
H2 is [H2/H]= 1.1#10!6, a value somewhat lower than found
in similar studies, as a consequence of the net reduction of the
ionization fraction.

Fig. 4 shows that all the ionic species reach very low frac-
tional abundances. In particular, the steady drop of H! at
z <% 100 is determined by mutual neutralization with H+ (reac-



Chemistry of H 

Molecular hydrogen cannot form on dust grains as at 
present time => slow gas-phase reactions

Direct formation by radiative association:
H + H → H2 + hν is too slow 

(H2 does not have a dipole moment => difficult to get rid 
of excess of energy via radiation)



Formation of H2 from HeH+

First H2 were formed via ion-molecule reactions with HeH+:
He + H+ → HeH+ + hν 
HeH+ + H → H2+ + He
H2+ + H → H2 + H+

(here He and H are catalysts!)

At that time, H2 is quickly destroyed by background 
radiation (photodissociation)



Formation of H2 from H+

Later, formation H2 involves RA & ion-molecule reaction:
H + H+ → H2+ + hν 
H2+ + H → H2 + H+

H2+ is destroyed by photodissociation and DR:
H2+ + hν → H + H+

H2+ + e → H + H

Photodissociation of H2+ is efficient when TR > 4000 K => 
no H2 at earlier times! 



Formation of H2 from H-

At z~100, H2 can be formed through H-:
H + e → H- + hν (radiative attachment)
H- + H → H2 + e (associative detachment)

H- is destroyed by photodetachment reaction: 
H- + hν → H + e (barrier is 0.75 eV) 
=> TR < 1000 K are needed to slow down this process



New experiments on H- + H

Kreckel et al. (2010), Science

New experiments H- + H

Kreckel et al. 2010, Science



Destruction of H2

H2 is efficiently destroyed by photodissociation, ion-molecule 
reactions with H+, and collisional dissociation:
H2 + H+ → H2+ + H 
H2 + e → H + H-

=> small molecular fraction in the early Universe: X(H2)~ 10-6
R62 Topical Review
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Figure 2. Fractional abundances of molecules and molecular ions in the early Universe at high
redshift z. The cosmological parameters correspond to the standard cosmology model III of Stancil
et al (1996, 1998): !0 = 1, !b = 0.0367, h = 0.67.

variation in spacing is proportional to ". The measurements were all consistent with no time
dependence and the best limit was #"/" = 3.5 (±5.5) ! 10"6 (Cowie and Songaila 1995)
back to z = 2.811. More recently a new technique, the many-multiplet method, has been used
which simultaneously compares the wavelengths of many multiplets to get a more sensitive
determination (Webb et al 1999). The alkaline doublet method compares two lines with the
same ground state, whereas the many-multiplet method compares many lines with different
ground states. Using this method, Webb et al (2001) suggest that the fine structure constant is
varying with time, with #"/" = "0.72 (±0.18)!10"5 over the redshift range 0.5 < z < 3.5.
The result is provocative, but the analysis to get it is complicated and errors which could result
in such a small effect are many including: unresolved velocity structures, uncertainties in
wavelength calibrations or laboratory wavelengths, and, since their lines come from different
levels, sensitivity to variations in temperature or excitation within the cloud.

4. Standard chemistry in the early Universe

The chemistry of the early Universe was investigated by Lepp and Shull (1984), Dalgarno and
Lepp (1987), Latter and Black (1991), Puy et al (1993), and Palla et al (1995). All of these
examined one or more of the molecules which might be formed in the early Universe. More
recently, Galli and Palla (1998) and Stancil et al (1996, 1998) attempted a comprehensive
review of all the reactions involved in the study of the early Universe. In particular, Stancil
et al (1998) included 23 atomic and molecular species and 144 chemical processes. Figure 2
is adapted from Stancil et al (1998) and shows the abundance of molecular ions and molecules
with redshift.

In table 1, we list 41 reactions which we have considered since Stancil et al (1998). They
can be added to the lists given in table 1 of Stancil et al (1996, 1998) for a more complete
set. Most of these reactions are new to our models, but some are improved rate coefficient fits
which supersede those previously given. We will discuss some of these reactions below.
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Table 1. Reaction rates for Hydrogen species

reaction rate (cm3 s!1 or s!1) notes reference

H1) H+ + e! H + ! Rc2 see text
H2) H + ! ! H++ e R2c see text
H3) H + e! H! + ! 1.4 " 10!18T 0.928

g exp
!

#
Tg

16200

"

fit DJ
H4) H! + ! ! H + e 1.1 " 10!1T 2.13

r exp
#

# 8823
Tr

$

fit DJ
H5) H! + H! H2 + e 1.5 " 10!9 Tg $ 300

4.0 " 10!9T !0.17
g Tg > 300, fit LDZ

H6) H! + H+ ! H+
2 + e 6.9 " 10!9T !0.35

g Tg $ 8000
9.6 " 10!7T !0.9

g Tg > 8000, fit Po
H7) H! + H+ ! 2H 5.7 " 10!6T !0.5

g + 6.3 " 10!8#

9.2 " 10!11T 0.5
g + 4.4 " 10!13Tg fit by PAMS MAP

H8) H + H+ ! H+
2 + ! dex[#19.38 # 1.523 log Tg+

1.118(log Tg)
2 # 0.1269(log Tg)

3] 1 $ Tg $ 32000, fit RP, SBD
H9) H+

2 + ! ! H + H+ 2.0 " 101T 1.59
r exp

#

# 82000
Tr

$

v = 0, fit Du
1.63 " 107 exp

#

# 32400
Tr

$

LTE, fit Ar, St
H10) H+

2 + H! H2 + H+ 6.4 " 10!10 KAH
H11) H+

2 + e! 2H 2.0 " 10!7T !0.5
g v = 0, fit SDGR

H12) H+
2 + ! ! 2H+ + e 9.0 " 101T 1.48

r exp
#

# 335000
Tr

$

fit BO
H13) H+

2 + H2 ! H+
3 + H 2.0 " 10!9 TH

H14) H+
2 + H! H+

3 + ! irrelevant KH
H15) H2 + H+ ! H+

2 + H 3.0 " 10!10 exp
!

# 21050
Tg

"

Tg $ 104, fit

1.5 " 10!10 exp
!

# 14000
Tg

"

Tg > 104, fit HMF

H16) H2 + e! H + H! 2.7 " 10!8T !1.27
g exp

!

# 43000
Tg

"

v = 0, fit SA

H17) H2 + e! 2H + e 4.4 " 10!10T 0.35
g exp

!

# 102000
Tg

"

fit by MD Co
H18) H2 + ! ! H+

2 + e 2.9 " 102T 1.56
r exp

#

# 178500
Tr

$

fit OR

H19) H+
3 + H! H+

2 + H2 7.7 " 10!9 exp
!

# 17560
Tg

"

fit SMT
H20) H+

3 + e! H2 + H 4.6 " 10!6T !0.65
g Su

H21) H2+H+ ! H+
3 + ! 1.0 " 10!16 GH

H22) H+
3 + ! ! H+

2 + H irrelevant KH

Ar: Argyros (1974); BO: Bates & Opik (1968); Co: Corrigan (1965); DJ: de Jong (1972) ; Du: Dunn (1968) ; GH: Gerlich & Horning (1992) ;
HMF: Holliday et al. (1971) ; KAH: Karpas et al. (1979); KH: Kulander & Heller (1978); LDZ: Launay et al. (1991); MAP: Moseley et al.
(1970) ; MD: Mitchell & Deveau (1983); OR: ONeil & Reinhardt (1978); PAMS: Peterson et al. (1971); Po: Poulaert et al. (1978); RP:
Ramaker & Peek (1976); SA: Schulz & Asundi (1967); SBD: Stancil et al. (1993); SDGR: Schneider et al. (1994); SMT: Sidhu et al. (1992);
St: Stancil (1994) Su: Sundström et al. (1994); TH: Theard & Huntress (1974)

to the data of Bieniek (1980). On the other hand, Abel et al.
(1997) favor a rate increasing with temperature for T > 1000
K, assuming a rate based on the cross section of Browne &
Dalgarno (1969).

(H7) Mutual neutralization of H! and H+

This rate is still subject to large uncertainties at low temperatures
(T <! 2000K). Our fit in Fig. 1 (solid line) is based on the cross
sections of Peterson et al. (1971) and Moseley et al. (1970) and
the experimental point atT = 300KofMoseley et al. (1970).At
temperatures below !103 K, we have extrapolated as a power-
law (" E!1) the cross section of Moseley et al. (1970). The
rate used by Abel et al. (1997) is the same as Dalgarno & Lepp
(1987) and it is shown by the long-dashed line. Finally, the

rate adopted by Shapiro & Kang (1987), taken from Duley &
Williams (1984), is shown by the dashed line.

(H8) Radiative association of H and H+

This reaction rate has been computed quantum-mechanically
by Ramaker & Peek (1976) and more recently by Stancil et al.
(1993). The two calculations agree to within 3% fromT = 10K
up to T = 106 K. In Fig. 1 we show the values tabulated by
Ramaker & Peek (1976) (triangles), our polynomial fit (solid
line), and the fit by Abel et al. (1997) (dashed line) taken from
Shapiro &Kang (1987). Since this reaction is important at large
redshifts when the temperature is well above !103 K, the de-
parture of the fit at low T is of little consequence on the final
H2 abundances.

Galli, Palla (1998), A&A, 335, 403



Chemistry of D

Formation of HD is dominated by ion-molecule and charge 
transfer processes:
H+ + D → H + D+

D+ + H2 → HD + H+

and minor processes:
H + D → HD + hν (RA)
H+ + D → HD+ + hν (RA)
H + D+ → HD+ + hν (RA)
HD+ + H → HD + H+  (charge transfer)

HD is destroyed by similar processes as H2

 => X(HD) ~ (D/H) * X(H2) ~ 10-10 – 10-9



Reaction rates of D-chemistry

Galli, Palla (1998), A&A, 335, 403
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Table 2. Reaction rates for Deuterium species

reaction rate (cm3 s!1 or s!1) notes reference

D1) D+ + e! D + ! see text
D2) D + ! ! D++ e see text
D3) D + H+ ! D+ + H 3.7 " 10!10T 0.28

g exp
!

# 43
Tg

"

fit WCD
D4) D+ + H! D + H+ 3.7 " 10!10T 0.28

g fit WCD
D5) D + H! HD + ! 1.0 " 10!25 estimate LS
D6) D + H2 ! H + HD 9.0 " 10!11 exp

!

# 3876
Tg

"

Tg > 250, fit ZM
D7) HD+ + H! H+ + HD same as H+

2 + H KAH
D8) D+ + H2 ! H+ + HD 2.1 " 10!9 SAA
D9) HD + H! H2 + D 3.2 " 10!11 exp

!

# 3624
Tg

"

Tg > 200 Sh

D10) HD + H+ ! H2 + D+ 1.0 " 10!9 exp
!

# 464
Tg

"

SAA
D11) HD + H+

3 ! H2 + H2D+ (2.1 # 0.4 log Tg) " 10!9 fit ASa, MBH
D12) D + H+ ! HD+ + ! same as H + H+ RP
D13) D+ + H! HD+ + ! same as H + H+ RP
D14) HD+ + ! ! H + D+ same as H+

2 + !
D15) HD+ + ! ! H+ + D same as H+

2 + !

D16) HD+ + e! H + D 7.2 " 10!8T !1/2
g fit St

D17) HD+ + H2 ! H2D+ + H same as H+
2 + H2 TH

D18) HD+ + H2 ! H+
3 + D same as H+

2 + H2 TH
D19) D + H+

3 ! H2D+ + H 2.0 " 10!8T !1
g uncertain ASb

D20) H2D+ + e! H + H + D 1.0 " 10!6T !1/2
g " 0.73 Da, La

D21) H2D+ + e! H2 + D 1.0 " 10!6T !1/2
g " 0.07 Da, La

D22) H2D+ + e! HD + H 1.0 " 10!6T !1/2
g " 0.20 Da, La

D23) H2D+ + H2 ! H+
3 + HD 4.7 " 10!9 exp

!

# 215
Tg

"

Tg $ 102

5.5 " 10!10 Tg > 102 ASa, MBH, He
D24) H2D+ + H! H+

3 + D 2.0 " 10!8T !1
g exp

!

# 632
Tg

"

ASb

ASa: Adams & Smith (1981); ASb: Adams & Smith (1985); Da: Datz et al. (1995); He: Herbst (1982); KAH: Karpas et al. (1979) La: Larsson
et al. (1996); LS: Lepp & Shull (1984); MBH: Millar et al. (1989); RP: Ramaker & Peek (1976); SAA: Smith et al. (1982); Sh: Shavitt (1959);
St: Strömholm et al. (1995); TH: Theard & Huntress (1974); WCD: Watson et al. (1978); ZM: Zhang & Miller (1989);

(Li10) Photodissociation of LiH

The solid line shows the analytical fit to the rate obtained by
detailed balance of reaction (Li9).

(Li18) Radiative association of Li+ and H

We have fitted (solid line) the results of Dalgarno et al. (1996)
(squares). The values obtained by Gianturco & Gori Giorgi
(1996a) are shown by triangles. The dashed line represents the
analytic fit by Stancil et al. (1996).

(Li19) Radiative association of Li and H+

As in the case of (Li18), we have adopted the results of Dalgarno
et al. (1996) (triangles and solid line).

(Li25) Photodissociation of LiH+

The dashed line shows the rate obtained by detailed balance
applied to the radiative association reaction (Li18) adopting the
rate by Dalgarno et al. (1996). Our fit is shown by the solid line.

3. Evolutionary models

We consider now the chemical and thermal evolution of the
pregalactic gas in the framework of a Friedmann cosmological
model. We start the calculations at z = 104 with all atomic
species fully ionized and we follow their recombination down
to to z = 0 assuming that no reionizing events have taken place
in the Universe.

In order to calculate the abundances of the 21 elements in-
cluded in the network, we have solved the set of coupled chem-
ical rate equations of the form

dni

dt
= kformnjnk ! kdestni + . . . , (1)



Chemistry of Li
I.P. of Li is 5.4 eV => relevant chemistry begins at z<450:

Major species are LiH and LiH+:

LiH+ chemistry:
Li+ + H → LiH+ + hν (RA)
LiH+ + e → Li + H (DR)
LiH+ + hν → Li+ + H (photodissociation)

LiH chemistry:
Li + H → LiH + hν (RA) 
Li + H- → LiH + e (associative detachment)
Li- + H → LiH + e (AD)
LiH + hν → Li + H (PD)
LiH + H → Li + H2 (PD)

Minor species: X(LiH) ~ 1% of X(LiH+) ~ 10-18



Summary: abundances of early molecules
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Fig. 4. The evolution of all the chemical
species considered in the standard model as
a function of redshift. The four panels show
the results for H (upper left), D (upper right),
He (lower left), and Li (lower right).

(1976) that the reverse reaction (H8) forms H+
2 preferentially

in excited states. In such a case, photodissociation would take
place from high vibrational levels and the LTE rate may un-
derestimate somehow the actual rate. Thus, we conclude that
the uncertainty is limited to the redshift of formation of H2

molecules and not to their final abundance.
As for deuterium, Fig. 4 shows that the evolution of D+ is

very sensitive to the charge exchange reactions (D3)–(D4). At
z < 40, the abundance of D+ drops precipitously due to the
exponential factor in the reaction rate (D3). The only molecule
formed in significant amount is HD, whose evolution with red-
shift follows closely that of H2. However, its abundance at
freeze-out is [HD/H2]! 10!3. More important, the asymptotic
value of [HD/H2] becomes about 10!3 with an enhancement
factor of "30 from the initial [D/H] abundance. This is due to
the large fractionation implied by reaction (D8). The behaviour
of HD+ follows that of H+

2 up to z ! 100, while at lower
redshifts its evolution is dominated by reaction (D12). The flat-
tening at z < 10 reflects the behaviour of the reaction rate at
temperatures below " 20 K.

The case of H2D+is of interest after the suggestion by
Dubrovich (1993) and Dubrovich & Lipovka (1995) that in the
early universe this molecule could reach significant abundances
(up to [H2D+/H2] = 10!5) and that spectral features associ-
ated with the rovibrational transitions might be detectable in

the spectrum of the CBR. Such a high abundance would result
from the complete conversion of H+

3 into H2D+ because of deu-
terium fractionation at low temperatures (T < 50K). However,
it is very unlikely that this mechanism could work in the condi-
tions of the primordial gas, since the abundance of H+

3 ions is
quite low due to the absence of ionizing sources (see Fig. 4). In
present-day molecular clouds, searches for the rotational transi-
tions of H2D+ have yielded a fractional abundance of 3#10!11

(Boreiko & Betz 1993). The results shown in Fig. 4 indicate
that the final abundance of H2D+is extremely small [H2D+/H]
! 5 # 10!14, and [H2D+/H+

3 ] ! 10!2. It is clear from our
models that the presence of H2D+ molecules can hardly affect
the shape of the CBR (in order to see detectable effects on the
CBR, Dubrovich & Lipovka (1993) assume an abundance of
10!8). On the other hand, the isotopic ratio is greatly enhanced
with respect to the primordial abundance [D/H] = 4 # 10!5,
due to fractionation effects.

According to the results shown in Fig. 4, themainmolecular
species containing helium is HeH+, formed by the radiative
association of He and H+. As emphasized by Lepp & Shull
(1984), this reaction is slower than the usual formation mode
via association of He+ and H, but since the abundance of He+
is quite small, reaction (He8) takes over. The HeH+ ions are
removed by CBR photons and at z <" 250 also by collisions
with H atoms to reform H+

2 (reaction He11). This explains the



Scheme: chemistry in the early Universe
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Table 6. Sensitivity of abundances to !10

z = 2000 z = 1
!10 X Y H He D Li [e/H] [H2/H] [HD/H] [HeH+/H] [LiH+/H] [LiH/H]
4.5 0.757 0.243 0.926 7.4(-2) 4.0(-5) 2.2(-10) 3.0(-4) 1.1(-6) 1.2(-9) 6.2(-13) 9.4(-18) 7.1(-20)
8.0 0.751 0.249 0.923 7.6(-2) 1.7(-5) 7.0(-10) 1.7(-4) 1.1(-6) 5.0(-10) 4.3(-13) 2.5(-17) 2.3(-19)

Fig. 6. The minimal model for the main chemical species

Finally, the chemistry ofLi ismore complex than the rest and
even the reduced network contains a large number of reactions
(14 out of 26). This is mainly due to the fact that lithium remains
partly ionized and the routes to the formation of LiH and LiH+

compete effectively with each other. Note also that at redshifts
z <! 100, the main route to LiH formation is from associative
detachment of Li! ions with H. This process gradually removes
Li! and the abundance of LiH reaches a constant value.

6. Comparison with previous work

In order to make accurate comparisons with the results obtained
in previous studies, we have run models with the same reaction
rates adopted in our standard case, but differing cosmological

Table 7. Values of the cosmological parameters

Model h !0 !b T0

(K)
PGS 67 1 0.0367 2.726
LS 50 0.1 0.1 3
PALLP 50 1 0.1 2.7
B 50 0.1 0.1 2.7
GS 75 1 0.02 2.7

PGS: Palla et al. (1995); LS: Lepp & Shull (1983); PALLP: Puy et al.
(1993); B: Black (1991); GS: Giroux & Shapiro (1996)

parameters to reproduce exactly the choices of the various au-
thors listed in Table 7.

The results are shown in Fig. 7, where we compare the pre-
dictions of our model (solid lines) with those of Palla et al.
(1995) (upper left panel), Lepp & Shull (1984) (upper right
panel), Puy et al. (1993) (lower left panel), and Black (1991)
(lower right panel), all indicated by dashed lines. A common
feature in the first three cases is a dramatic reduction of the
abundance of LiH by 7–9 orders of magnitude, due to the re-
placement of the semiclassical estimate of the rate of radiative
association (Lepp & Shull 1984) with the quantal calculations
by Dalgarno et al. (1996) and Gianturco &Gori Giorgi (1996a).

With respect to our earlier study of primordial chemistry,
the more accurate treatment of H recombination results in a
decreased residual electron fraction by a factor 2–3 (see also
Table 5). This, in turn, has a direct impact on the H2 and HD
abundances, which are lower by a factor ! 5. Otherwise, the
evolution with redshift of these two species follows the same
behaviour.

Similar considerations apply to the comparison with the re-
sults obtained earlier by Lepp& Shull (1984) for H, H+ and H2.
However, it is worth noticing that in their model the formation
ofHDoccurs through the analogues of theH! andH+

2 channels,
at rates diminished by the cosmological D/H ratio, plus a negli-
gible contribution from direct radiative association of H and D.
In contrast, we have found that the main reaction responsible
for the formation of HD is the isotope exchange reaction (D8)
which has no counterpart in the hydrogen chemical network.
Therefore, despite their higher residual electron fraction, their
asymptotic abundance of HD is underestimated by about one
order of magnitude.

Puy et al. (1993) obtained abundances of H2 and HD about
one order of magnitude larger than ours, owing to their unreal-
istic choice of the photodissociation rate (H9) by von Bush &



Sensetivity to cosmological parameters

E. van Dishoeck, "Master course in Astrochemistry" (2011) 

Sensitivity to cosmological 
parameters

Hatched area covers range of variation of 0=0.1-1,
h=H0/100=0.3-1 and 10=baryon/photon=1-10



Homework

1) Calculate the value of TR and average density in the 
Universe, assuming the standard cosmological model with 
Ω = 0.1 and Hubble constant H0=50 km/s Mpc-1:
  
  a) At z = 6.4
  b) At z = 0

2) Get the frequencies of HeH+ transitions in the CDMS 
(http://www.astro.uni-koeln.de/cdms/) and find out if there 
are transitions detectable at (sub-)mm wavelength region 
from a high-z redshift objects (z~10–100)

3)  How large could be the fraction of HeD+ molecule 
compared to HeH+ in the early Universe?

http://www.astro.uni-koeln.de/cdms/
http://www.astro.uni-koeln.de/cdms/
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The End



Observations vs Theory

About 75% agreement for 50 observed molecules in TMC1


