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Deuterium Chemistry for ISM
D+ + H2 → HD + H+

represents the major source of HD in diffuse interstellar clouds
Dalgarno, Weisheit & Black, Ap.Lett., 14,77 (1973)

⇒ a low temperature rate constant k(T ) is thus needed in order to
get a correct estimation of H2/HD ratio in the interstellar medium



and for Primordial Universe

• just after the recombination era, atomic and molecular
process occur and play a role in the formation of first stars

• first structures are efficiently formed thanks to the molecular
cooling of proto-molecular clouds

• H2 and HD are the most efficient cooling molecules thus an
accurate know ledg of their molecular abundance is required



and for Primordial Universe

• HD is less abundant than H2 ([D]/[H]'2.10−5)
• but has a dipole moment (µ ' 8.3× 10−4Debyes) and thus its
cooling can equal or surpass the H2 cooling rate



Chemical Network

Galli and Palla. Astron. Astrophys., 335, 403, 1998
Kinetic equation :

dnx

dt = kform
x (Tm)njnw − kdest(Tm)xnxnu − ξdest

x (Tr)nx + ξform
x (Tr)nz + . . .



Non-LTE effect
In many studies, molecular level populations are assumed to
follow a Maxwell-Boltzmann law (LTE) but . . .
• strong non-LTE effect have been shown for H2(v) in the early
universe at low z

Coppola et al. ApJ. Series, 193, 7, 2011
• several order of magnitude for the abundance of H+

2 in the
photodissociation H +

2 + hν → H + H +

Galli and Palla. Astron. Astrophys., 335, 403, 1998



State-to-State resolved kinetic

The population of a molecule should be solved self-consistently :

dnx,i

dt = kform
x,i (Tm)ny,knw,l − kdest(Tm)xnx,inu,m

− ξdest
x (Tr)nx,i + ξform

x (Tr)nz,o +

+
∑
j 6=i

nx,j [Ax,ji + Bx,jiJji(Tr) + Cx,ji(Tm)]

− nx,i
∑
j 6=i

[Ax,ij + Bx,ijJij(Tr) + Cx,ij(Tm)]



State-to-State resolved kinetic

Galli and Palla, Annu. Rev. Astron. Astrophys., 51, 163 (2013)
⇒ state-resolved rate constant are required for early universe !
⇒ ab initio results at the state-of-the-art are very useful !



Experimental data for the HD
formation

• First experimental study :

• singles cross section values :

. . . but experimental data obtained at room temperature thus not
really useful for astrochemical models



Experimental data for the HD
formation

• Second experimental study of k(T ) at 80 K :

. . . but no temperature dependency of k(T ) available from this
work



Experimental data for the HD
formation

• More recent experience :



First Principles calculations

In both dynamical approaches (TIQM/SQM) we have used the
recent accurate H+

3 PES of Velilla et al.
L. Velilla, B. Lepetit, A. Aguado, J.A. Beswick and M. Paniagua, J.
Chem. Phys. 129, 084307 (2008)
Collinear Representation of the H+

3 potential :



Theoretical method : TIQM

Hyperspherical formulation of the close-coupling approach

σv′j′,vj(E) = π

k2
vj

1
2j + 1

∑
JΩ′ Ω

(2J + 1)
∣∣SJ

v′j′Ω′,vjΩ(E)
∣∣2

and the Differential Cross Section (DCS) :

σv′j′,vj(θ,E) = 1
8µEc(2j + 1) ×

∑
Ω′ Ω

∣∣∣∣∣∑
J

(2J + 1)dJ
ΩΩ′(π − θ)

× TJ
v′j′Ω′,vjΩ(E)

∣∣2
P. Honvault and J.-M. Launay, in Theory of Chemical Reaction
Dynamics, edited by A. Lagana and G. Lendvay (Kluwer, Dordrecht,
The Netherlands, 2004), Vol. 145, pp. 187215.



Adiabatic channels
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• For J = 0, more than 200 channels
• For J 6= 0, more than 1930 channels



Theoretical method : SQM

Assumption of a complex-forming dynamics of the process in
which the state-to-state probability can be expressed as :

| SJ
v′j′Ω′,vjΩ(E) |2'

pJ
v′j′Ω′(E)pJ

vjΩ(E)∑
v′′j′′Ω′′ pJ

v′′j′′Ω′′(E)

which can be used to determine the ICS σv′j′,vj(E). The DCS are
approximated by :

σSQM
v′j′,vj(θ,E) = 1

8µEc(2j + 1) ×
∑
Ω′ Ω

∑
J

(2J + 1)2 [dJ
ΩΩ′(π − θ)2

+ dJ
ΩΩ′(θ)2] ∣∣SJ

v′j′Ω′,vjΩ(E)
∣∣2



J = 0 Reaction Probability

T. Gonzalez-Lezana, Y. Scribano and P. Honvault, J.Chem.Phys. 139,
054301 (2013)



Integrated cross sections σ(E)



Integrated cross sections σ(E)



ICS : TIQM vs SQM



ICS : TIQM vs SQM



ICS : TIQM vs SQM



Energy-Rate constant k(E)

P. Honvault and Y. Scribano, J.Phys.Chem. A 117, 9778 (2013)
• Very good agreement with experimental data of D. Gerlich
• Only a slight decrease when we go to low collisional energy



Rotational distribution
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SQM calculations provides a reasonably good counterpart for the
TIQM rotational distribution



Temperature-Rate constant k(T )

k(T) = 1
kBT

(
8

πµkBT

)1/2 ∫ ∞
0

σ(Ec)e−Ec/kBT EcdEc

T. Gonzalez-Lezana, Y. Scribano and P. Honvault, J. Phys. Chem. A,
2014, 118 (33), pp 6416-6424
An Analytical formula was fitted for KIDA



How to get the convergence ?

T. Gonzalez-Lezana, P. Honvault and Y. Scribano, J.Chem.Phys. 139,
054301 (2013)

• For low temperature (less than 10 K) the propagation should be
done until a large asymptotic matching distance

• or use a more efficient propagation scheme (see Launay and Lara
development of HYP3D)



Perspectives
• Perform the complementary study of HD+H+ →D++H2
(TIQM/SQM)

• Investigate the role of vibrationally excited H2(v) and HD(v′)
in the rate constant (SQM/TIQM)

• Calculations for higher temperature than 100 K for early
universe application but . . .

D+ + H2 → HD + H +

→ HD+ + H (charge transfer)

• use of more efficient methods for such higher collisional
energy range (such as TDWP method).
see HeH++H reaction, DeFazio, 2014

• use the state-to-state rate constant in a chemical model to
evaluate the HD abundance for low temperature
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