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PDR CODE :

Computes the atomic and molecular structure of interstellar clouds. 

Analysis of physical and chemical processes

 - Abundances of hundreds species 
 - Excitation in levels 
 - Gas & grains temperatures 
 - Intensities (H2, CO, H2O, ...) 
 - Column densities of species

 MAIN PARAMETERS : 

- G0 (UV intensity radiation field), stellar spectrum 
- Density, pressure, user profile density : clumps 
- Metallicity and elemental abundances 
- Cosmic ray ionisation rate 
- Grain properties

MEUDON PDR CODE (Photo Dissociated Region)

Radiative transfer

Photo-reactions Photo-electric 
effect

Thermal Balance

Heating Cooling

Chemistry

Gas phase Surfaces
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H2 IN THE CHEMICAL CHAIN REACTION OF WATER FORMATION

Why the study of H2 is so important for the interstellar medium?

H2 is the most abundant molecule in the interstellar medium

For a given reaction, the reaction rate may be different depending on whether H2 is ortho or para (Dislaire et al A&A 537, A20 (2012))

 The OPR of H2 can have a great impact on the chemistry⟹
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PROCESSES THAT GOVERN THE ORTHO TO PARA RATIO IN THE PDR CODE

Chemical equation : 

A + X-o ⟶ B + C k1

Differential equations for X specie :

   
dn(X)

dt
= − k1n(A)f o

Xn(X)

Modification of reaction rates depending on  
the ortho / para aspect of the species
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(i) Chemistry (ii) Excitation 

Example for H3
+ with two equations :   

                                                 
{

H+
2 -o + H2-o ⟶ H+

3 -p + H k1

H+
3 -p + e− ⟶ H2-p + H k2

dn(H+
3 , i)

dt
= k1 ⋅ f o

H+
2

⋅ f o
H2

n(H+
2 )n(H2) Boltzpara(i) − k2 ⋅ f p

H+
3

n(e−)n(H+
3 ) ⋅ ZD

para(i)

Different processes that populate and depopulate a i-level  
for a given specie :

i

Energy levels for a given species

- Radiative processes 
- Collisional processes 
- Formation processes 
- Destruction processes

- The excitation is calculated for 4 ortho/para species : H2 , H2O, H2O18  and H3
+ 

- X-o and X-p are not chemical species in the PDR code 
- The excitation computation in quantum states is only made for the X specie

The population X-o and X-p are finally deduced from this computation
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IMPLEMENTATION OF A CHEMICAL NETWORKCOMPARISON BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRY

H+
2 + H2 ⟶ H+

3 + H
H2 + crp ⟶ H+

2 + e−

α β
2.27 ⋅ 10−9 −0.06

9.6 ⋅ 10−1 0.00

PDR without ortho/para chemistry PDR with ortho/para chemistry

H+
2 -o + H2-o ⟶ H+

3 -p + H
H+

2 -o + H2-o ⟶ H+
3 -o + H

H+
2 -p + H2-o ⟶ H+

3 -p + H
H+

2 -p + H2-o ⟶ H+
3 -o + H

H+
2 -o + H2-p ⟶ H+

3 -p + H
H+

2 -o + H2-p ⟶ H+
3 -o + H

H+
2 -p + H2-p ⟶ H+

3 -p + H

H2-o + crp ⟶ H+
2 -o + e−

H2-p + crp ⟶ H+
2 -p + e−

T. Oka, J. Mol. Spectr. 228 (2), 635-639 (2004)
K.N. Crabtree, and al. Atrophys. J. 729 (1), 15 (2011)

cm3s−1

α β
7.57 ⋅ 10−10

7.57 ⋅ 10−10

7.57 ⋅ 10−10

1.51 ⋅ 10−9

1.51 ⋅ 10−9

1.51 ⋅ 10−9

2.27 ⋅ 10−9

−0.06

−0.06

−0.06

−0.06

−0.06

−0.06

−0.06

9.6 ⋅ 10−1

9.6 ⋅ 10−1

0.00

0.00

cm3s−1

Tested model : Diffuse cloud

k = α( T
300 )

β

e−γ/T

γ = 0
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Excitation temperature of H3
+ deduced : 

-Without ortho/para chemistry :  

-With ortho/para chemistry : 

T(H+
3 ) = 47.860 K

T(H+
3 ) = 25.965 K

Excitation temperature of H2 deduced : 

-Without ortho/para chemistry :  

-With ortho/para chemistry : 

T01 = 63.565 K

T01 = 63.583 K

Good agreement with H3
+ and H2

 temperatures observed in the ISM

K.N. Crabtree, and al. Atrophys. J. 729 (1), 15 (2011)

Decrease of the H3
+ excitation temperature

The Astrophysical Journal, 729:15 (12pp), 2011 March 1 Crabtree et al.

3

Table 2
Absorption Line Parameters

Object Transition vLSR FWHM Wλ σ (Wλ) N(J,K) σ (N )
(km s−1) (km s−1) (10−6 µm) (10−6 µm) (1013 cm−2) (1013 cm−2)

ζ Per R(1, 1)u 7.7 11.0 0.99 0.13 4.09 0.53
R(1, 0) 6.1 9.0 1.00 0.11 2.53 0.29

X Per R(1, 1)u 8.2 9.1 0.80 0.17 3.34 0.69
R(1, 0) 6.3 10.2 1.30 0.18 3.29 0.45

HD 154368 R(1, 1)u 5.4 6.0 1.79 0.30 7.43 1.24
R(1, 0) 5.2 5.6 1.12 0.29 2.83 0.74

HD 73882 R(1, 1)u 5.9 3.9 1.44 0.21 5.97 0.86
R(1, 0) 5.7 3.2 1.16 0.19 2.94 0.48
R(1, 1)l 5.4 3.5 1.34 0.15 6.15 0.69

HD 110432 R(1, 1)u −3.8 6.9 0.74 0.06 3.08 0.24
R(1, 0) −3.3 7.5 0.83 0.07 2.11 0.17
R(1, 1)l −3.1 8.1 0.69 0.06 3.15 0.28

Notes. Column 3 (vLSR) gives the interstellar gas velocity in the local standard of rest frame. Column 4 (FWHM) gives the full
width at half-maximum of the absorption features. Columns 5 and 6 show the equivalent width, Wλ, and its 1σ uncertainty, σ (Wλ),
respectively. Columns 7 and 8 give the column density of H+

3 in the state each transition probes, N(J,K), and its uncertainty, σ (N ),
respectively. Values for these parameters in the ζ Per and X Per sight lines were previously reported in Indriolo et al. (2007). The
new values for both absorption lines toward ζ Per and the R(1, 0) line toward X Per are consistent with the previously published
results within uncertainties. However, the new and old results for the R(1, 1)u line toward X Per are inconsistent. Upon inspection,
we found this to be due to a bad fit to that line during the 2007 analysis. In all cases, the values published herein should be taken to
supersede those from Indriolo et al. (2007).

Table 3
Target Sight Line Properties

Quantity Units ζ Pera,b X Pera,c HD 154368c HD 73882c HD 110432c,d

H+
3 Results

N (1, 1) (1013 cm−2) 4.09 ± 0.53 3.34 ± 0.69 7.43 ± 1.24 6.08 ± 0.12 3.11 ± 0.05
N (1, 0) (1013 cm−2) 2.53 ± 0.29 3.29 ± 0.45 2.83 ± 0.74 2.94 ± 0.48 2.11 ± 0.17
p3

e 0.62 ± 0.04 0.50 ± 0.06 0.72 ± 0.06 0.67 ± 0.04 0.60 ± 0.02
T (H+

3 ) (K) 28 ± 4 46+21
−13 20 ± 4 23 ± 3 30 ± 2

H2 Results

log[N (0)] (cm−2) 20.51 ± 0.09 20.76 ± 0.03 21.04 ± 0.05 20.99 ± 0.08 20.40 ± 0.03
log[N (1)] (cm−2) 20.18 ± 0.09 20.42 ± 0.06 20.54 ± 0.15 20.50 ± 0.07 20.27 ± 0.04
p2

f 0.68 ± 0.06 0.69 ± 0.04 0.76 ± 0.07 0.76 ± 0.05 0.57 ± 0.03
T01 (K) 58 ± 6 57 ± 4 51 ± 8 51 ± 6 68 ± 5

Notes. Measured column densities for the lowest lying ortho and para states of H2 and H+
3 are shown for the five sight lines with

all such data available. Also shown are the para-fractions for each species and the rotational temperatures derived from a simple
two-state system analysis.
a Updated analysis of H+

3 data originally presented in Indriolo et al. (2007).
b H2 data from Savage et al. (1977).
c H2 data from Rachford et al. (2002).
d May be affected by multiple velocity components (Crawford 1995).
e p-H+

3 fraction: N (1, 1)/(N (1, 0) + N (1, 1)).
f p-H2 fraction: N (1)/(N (0) + N (1)).

and interstellar gas velocities. Our fitting procedure uses the
functional form of a Gaussian where the area (as opposed to
amplitude) is a free parameter, and includes a fit to the contin-
uum level, y0. In the case of the R(1, 1)u and R(1, 0) lines, both
absorption features are fit simultaneously and a single best-fit
continuum level is found. Uncertainties on the equivalent widths
(δWλ) and continuum level (δy)—both at the 1σ level—were
output by the fitting process. To estimate the systematic uncer-
tainties due to continuum placement, we forced the continuum
level to y0 + δy and y0 − δy and re-fit the absorption lines.
Variations in the equivalent widths due to this shift are small
compared to those reported by the fitting procedure and so are
not included in our analysis (i.e., σ (Wλ) = δWλ). Assuming
optically thin absorption lines and taking transition dipole mo-

ments and wavelengths from Goto et al. (2002) and references
therein, column densities were derived from equivalent widths
using the standard relation. All of these results are shown in
Table 2.

These observations increase the total number of sight lines
with both H+

3 and H2 detections from 2 to 5. Column densities,
para-fractions, and excitation temperatures for both species
along all five sight lines are collected in Table 3. H2 data
come from Savage et al. (1977) and Rachford et al. (2002).
Uncertainties on all values are 1σ . The excitation temperatures
inferred from the R(1, 0), R(1, 1)u, and R(1, 1)l absorption lines
of H+

3 range from 20 ! T (H+
3) ! 46 K, while those reported

for H2 vary from 51 ! T (H2) ! 68 K. In four sight lines
T01 is greater than T (H+

3) by about 30 K, while for X Per

More results on H3
+ temperature in Le 

Bourlot et al. (coming very soon)
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Behaviour of the nuclear spin isomers at the solid-gas interface ? 
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IMPLEMENTATION OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORK ON A DIFFUSE CLOUDDIFFERENCE BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRYNUCLEAR SPIN CONVERSION (NSC) DYNAMICS ON SURFACES

Molecular hydrogen on ASW  
NSC in presence of O2 traces 

Molecular Hydrogen Diffusion 

Amorphous Solid Water (ASW)

(1)  Chehrouri, Fillion et al PCCP 2011 
(2)  Sugimoto & Fukutani Nature Physics 2011 
(3)  Ueta, Watanabe, Hama, Kouchi PRL 2016   15

O2 t (min) IR Vib t (min) Laser 
FORMOLISM (1)

t (min) Laser 
Sugimoto (2)

t (min) Laser 
Ueta (3)

0.2 %
H2 : 3.7 (1) 

D2 : 11 (1)

0.1 % H2 : 30 (2)

0.02 % D2 : 51 (4)

0 % H2 : 220 (17) H2 : >300
H2 : 8 (2) 

D2 : 49 (38)
H2 : 52 (5)

Coverage 1ML 0.3 - 0.75 ML 1 - 2 ML 0.3 - 1 ML

At 10K



IMPLEMENTATION OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORK ON A DIFFUSE CLOUDDIFFERENCE BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRYCOSPINU2
Methods : 
Experimental set-up under Ultra High Vacuum chamber (3.10-10 mbar) at  
low temperature (6K) to produced controlled icy films coated with H2 isotopologues

16



IRIR

Sample holder 
6K < T < 300K

UHV chamber 
P ∼ 10−10mbarQMS

Ice growth system

Detector

Bayard Alpert gauge
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IMPLEMENTATION OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORK ON A DIFFUSE CLOUDDIFFERENCE BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRYNSC ON ASW USING IR SPECTROSCOPY

Equivalent to 1000 ML of 
compact ices  
H2O amorphous and 
porous 

Use of a special depostion technique to 
produce thick ices without destroying the 

background vacuum. 
Allows to avoid redeposition during the 

duration of the experiment. 
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Equivalent to 1000 ML of 
compact ices  
H2O amorphous and 
porous 

Surface  (interface H2O – 
vacuum) saturated with H2 

IMPLEMENTATION OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORK ON A DIFFUSE CLOUDIMPLEMENTATION OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORK ON A DIFFUSE CLOUDDIFFERENCE BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRYNSC ON ASW USING IR SPECTROSCOPY



20

Equivalent to 1000 ML of 
compact ices  
H2O amorphous and 
porous 

Surface  (interface H2O – 
vacuum) saturated with H2 

Fourier Transform IR spectroscopy (RAIRS) 
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Q(0) line  
4159.5 cm-1

Q(1) line  
4153.4 cm-1

Equivalent to 1000 ML of compact ices H2O amorphous and porous saturated with H2. IR spectrum in the 
spectral range 4050-4200 cm-1 obtained with COSPINU2

Gas phase
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4159.5 cm-1

Q(1) line  
4153.4 cm-1

Gas phase

Equivalent to 1000 ML of compact ices H2O amorphous and porous saturated with H2. IR spectrum in the 
spectral range 4050-4200 cm-1 obtained with COSPINU2
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Gas phase

Equivalent to 1000 ML of compact ices H2O amorphous and porous saturated with H2. IR spectrum in the 
spectral range 4050-4200 cm-1 obtained with COSPINU2
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Q(0) line  
4153.0 cm-1

Q(1) line  
4146.8 cm-1

Solid n-H2

Equivalent to 1000 ML of compact ices H2O amorphous and porous saturated with H2. IR spectrum in the 
spectral range 4050-4200 cm-1 obtained with COSPINU2
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- Equivalent to 1000 ML of compact ices H2O amorphous and porous saturated with H2 at 10K 

- IR spectrum in the spectral range 4050-4200 cm-1 obtained with COSPINU2 

- Fitting procedure to be improved to correct better the baseline. Only the intensities are fitted up to now. Width of the Q(1) line 
is twice the width of the Q(0)
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Characteristic time :  
390 ± 40 minutes   

0 200 400 600 800 1000 1200 1400
0.0

0.2

0.4

0.6

0.8

1.0
 n(ortho)
 n(para)

n

t (min)

Equivalent to 1000 ML of compact ices H2O amorphous and porous saturated with H2 at 10K
Time evolution of the fractional populations of the two species 
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t (min) IR Vib t (min) Laser 
FORMOLISM (1)

t (min) Laser 
Sugimoto (2)

t (min) Laser 
Ueta (3)

H2 : 220 (17) H2 : >300 H2 : 8 (2) H2 : 52 (5)

1ML 0.3 - 0.75 ML 1 - 2 ML 0.3 - 1 ML

(1)  Chehrouri, Fillion et al PCCP 2011 
(2)  Sugimoto & Fukutani Nature Physics 2011 
(3)  Ueta, Watanabe, Hama, Kouchi PRL 2016   

Same order of magnitude for the 
characteristic time of nuclear spin 

conversion
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IMPLEMENTATION OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORK ON A DIFFUSE CLOUDDIFFERENCE BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRYCONCLUSION AND PROSPECTS

Modelisation : 

- Same excitation temperature for H2 with and without ortho/para chemistry 

- Decrease of the temperature of H3+ with ortho/ para chemistry which is in good agreement with observations

• Next step : the oxygen chemistry to see the influence of H2 on the production of ortho and para H2O

Integrate the UGAN network (University of Grenoble Alpes Astrochemical network)

- Gas phase chemical reaction network 
- Grain surface interaction 
- Ortho/para aspect of the species

Reactional chain for water production in gas phase : 

O+ + H2 ⟶ OH+ + H
OH+ + H2 ⟶ H2O+ + H
H2O+ + H2 ⟶ H3O+ + H
H3O+ + e− ⟶ H2O + H

{O+ + H2-o ⟶ OH+ + H
O+ + H2-p ⟶ OH+ + H

OH+ + H2-o ⟶ H2O+-o + H
OH+ + H2-o ⟶ H2O+-p + H
OH+ + H2-p ⟶ H2O+-o + H
OH+ + H2-p ⟶ H2O+-p + H

H2O+-o + H2-o ⟶ H3O+-o + H
H2O+-o + H2-o ⟶ H3O+-p + H
H2O+-o + H2-p ⟶ H3O+-o + H
H2O+-o + H2-p ⟶ H3O+-p + H
H2O+-p + H2-o ⟶ H3O+-o + H
H2O+-p + H2-o ⟶ H3O+-p + H
H2O+-p + H2-p ⟶ H3O+-p + H

H3O+-o + e− ⟶ H2O-o + H
H3O+-p + e− ⟶ H2O-o + H
H3O+-p + e− ⟶ H2O-p + H

ORTHO/PARA CHEMISTRY

IMPLEMENTATION OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORKTEST OF A CHEMICAL NETWORK ON A DIFFUSE CLOUDDIFFERENCE BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRYCONCLUSION
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• The NSC of H2 on ASW has been studied with different techniques. 

    The measurements we made with SPICES and COSPINU2 give characteristic times very close. 

    There is a large discrepancy with the data collected in the literature.
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• Measurements with COSPINU2 will be done on a large time scale to 

investigate the temporal dynamics and the temperature dependence of the 

NSC 

Experiment : 

• Development are in progress to investigate the link between the OPR of H2 we 
measure in situ and the OPR when the molecules are released in the gas phase 
from the surface through thermal and non thermal processes. 
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