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ORTHO TO PARA RATIO (OPR) IN THE INTERSTELLAR MEDIUM (ISM)

Why look at the OPR in the ISM?

#*; Parameter tracer such as the temperature of the medium?

% Impact on the chemistry of the ISM?

Hartley 2 Comet R R -~ Orion Bar

' Spitzer Space Telescope NASA/JPL-Caltech

‘ | NASA, ESA, M. Robberto, and the Hubble |
NASA/JPL-Caltech/ UMD < : e SR e vhe * Space Telescope Orion Treasury Project Team '

OPR = 2.59 + 0.13 OPR=3.2x0.1 OPR=0.2-0.5

Bonev and al. Icarus 222 (2013) N. Flagey and al. ApJ 762 11 (2013) Y. Choi and al. A&A 572 L10 (2014)
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ONE OF THE LOWEST OPR VALUES REPORTED IN THE ISM
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MEUDON PDR CODE (Photo Dissociated Region)

PDR CODE :

#; Computes the atomic and molecular structure of interstellar clouds.

# Analysis of physical and chemical processes

Cold molecular gas

Radiative transfer
. L - Abundances of hundreds species
Photo-reactions . . .
effect - Excitation in levels

- Gas & grains temperatures
- Intensities (H,, CO, H,0, ...

Chemistry Thermal Balance




H2 IN THE CHEMICAL CHAIN REACTION OF WATER FORMATION

Why the study of H, is so important for the interstellar medium?

#; H, is the most abundant molecule in the interstellar medium

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

—> The OPR of H, can have a great impact on the chemistry
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E. F. van Dishoeck and al. Chem. Rev. 2013, 113, 12, 9043-9085
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H2 IN THE CHEMICAL CHAIN REACTION OF WATER FORMATION

Why the study of H, is so important for the interstellar medium?

#; H, is the most abundant molecule in the interstellar medium

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

—> The OPR of H, can have a great impact on the chemistry

lon-Molecule High-T s SUIACE e

ORTHO OR PARA?
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PROCESSES THAT GOVERN THE ORTHO TO PARA RATIO IN THE PDR CODE

(i) Chemistry

(i1) Excitation



PROCESSES THAT GOVERN THE ORTHO TO PARA RATIO IN THE PDR CODE

(i) Chemistry

Chemical equation :

A+X-0— B+C Kk

Differential equations for X specie :

dn(X)
dt

= — kn(A)fyn(X)

—» Modification of reaction rates depending on
the ortho / para aspect of the species
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PROCESSES THAT GOVERN THE ORTHO TO PARA RATIO IN THE PDR CODE

(i) Chemistry (il) Excitation
Different processes that populate and depopulate a i-level
Chemical equation : for a given Specie :
1
AtX-o—B+C K - Radiative processes
- Collisional processes
Differential equations for X specie : - Formation processes
dl”l(X) - Destruction processes Energy levels for a given species
= kin(A)fyn(X)

Hf-o + H-o — Hf-p + H k
Hfp + e — Hop + H k

—» Modification of reaction rates depending on
the ortho / para aspect of the species

Example for H3™ with two equations : {

dn(H7, 1)
dt

=k, - f]fl2+ I, n(H)n(H,) Boltz,,, (i) — k- Z; n(e )n(H;) - Zﬁlm(i)

- The excitation is calculated for 4 ortho/para species : H, , H,O, H,O'8 and H,*

- X-o0 and X-p are not chemical species in the PDR code
- The excitation computation in quantum states is only made for the X specie

—p The population X-o and X-p are finally deduced from this computation
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COMPARISON BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRY

Tested model : Diffuse cloud

PDR without ortho/para chemistry PDR with ortho/para chemistry
cm>s~!
a p
H}-o + Hro — Hf-p + H | 757107 | =006
Hi-0 + Hyo — Hf-o + H | 151-10° | 006 5
3.1
e Hi-p + Hro — H-p + H | 151-107° —0.06 b= o T €_y/T
o p | H;'-p + Hy,-0 — H3+_0 + H | 757-107% —0.06 300
+ + 109 _ i
Hy + Hy — Hy + H | 22719 o0 - Hf-0 + Hyp — H-p + H | 151107 ~0.06
Hy + crp — Hy + e | 96-107 Y] Hf-o + Hyp — Hf-o + H |757-100 | —0.06 y =0
H-p + H-p — H-p + H | 227107 | -0.06
Hy-0 + crp — Hj-0 + e~ 9.6 - 107! 0.00
Hz_p + crp —)H;'_p 4+ e~ 9.6 - 107! 0.00

T. Oka, J. Mol. Spectr. 228 (2), 635-639 (2004)
K.N. Crabtree, and al. Atrophys. J. 729 (1), 15 (2011)
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COMPARISON BETWEEN TWO MODELS WITH AND WITHOUT ORTHO PARA CHEMISTRY

Excitation temperature of H;™ deduced :

T(H}) = 47.860 K

Excitation temperature of H, deduced :

-Without ortho/para chemistry -Without ortho/para chemistry :

-With ortho/para chemistry (T,; = 63.583 K

— Decrease of the H;* excitation temperature

-With ortho/para chemistry 1

—p (Good agreement with Hy* and H, temperatures observed in the ISM

Quantity Units ¢ Per®? X Per®°© HD 154368°¢ HD 73882¢ HD 110432¢-4
H; Results
N(1, 1) (1013 cm™2) 4.09 4+ 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 4+ 0.45 2.83 + 0.74 2.94 + 0.48 2.11 + 0.17
p3e 0.62 4+ 0.04 0.50 £ 0.06 0.72 £+ 0.06 0.67 4+ 0.04 0.60 &+ 0.02 More results on I—l + tem peratu re In Le
T (HY) (K) 28 + 4 46721 20 + 4 23 + 3 30 + 2 3
H, Results Bourlot et al. (coming very soon)
log[N(0)] (cm™?) 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 4+ 0.09 20.42 4+ 0.06 20.54 4+ 0.15 20.50 + 0.07 20.27 4+ 0.04
ot 0.68 + 0.06 0.69 + 0.04 0.76 + 0.07 0.76 £+ 0.05 0.57 + 0.03
To1 (K) 58 + 6 57 + 4 51 + 8 51 + 6 68 + 5

K.N. Crabtree, and al. Atrophys. J. 729 (1), 15 (2011)
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ORTHO-PARA SELECTIVITY OF H, OF DESORPTION PROCESSES

Behaviour of the nuclear spin isomers at the solid-gas interface ?

5 &
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v \ ot® <
« P pae
« )
- « 5 Grain
“. Gas “ rtho [€]ortho
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Ortho Para Para ?
Solid/Gas
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NUCLEAR SPIN CONVERSION (NSC) DYNAMICS ON SURFACES

Molecular hydrogen on ASW

NSC in presence of O, traces o o

Molecular Hydrogen Diffusion

Amorphous Solid Water (ASW)

At 10K
. . t (min) Laser t (min) Laser t (min) Laser
t IR Vib
(min) [R Vi FORMOLISM (1) Sugimoto (2) Ueta (3)
H., : 3.7 (1
0.2 % 2 1)
D, : 11 (1)
0.1 % H, : 30 (2)
0.02 % D, : 51 (4)
0% H,, : 220 (17) H,, : >300 12:80) H, : 52 (5)
D, : 49 (38)
Coverage TML 0.3-0.75 ML 1-2 ML 0.3-1ML

il WRMAy Jogusr
(1) Che.hroun, Fillion et cti| PCCP 201 1. FRMAy /y Solid H, at 4 K : 1.5 days
(2) Sugimoto & Fukutani Nature Physics 2011 Gas H, (2 bars, 293K) : 12.8 days (DG)

(3) Ueta, Watanabe, Hama, Kouchi PRL 2016 15



COSPINUZ2

Methods :

Experimental set-up under Ultra High Vacuum chamber (3.10719 mbar) at
low temperature (6K) to produced controlled icy films coated with H,, isotopologues

Cryostat
CRYOMECH
- [-‘- hosition
: craom R |
1 systom Cou sunstte
Spectrométre g% = |
de masse l Pompe A 1= @I ’
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COSPINUZ2

Detector

- -
L4
L4
L4

UHYV chamber

QMS P ~ 10~ Ombar

Ice growth system

Sample holder
6K < T < 300K

Bayard Alpert gauge



USING IR SPECTROSCOPY

Equivalent to 1000 ML of
compact ices

H,O amorphous and
pPOrous

» 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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USING IR SPECTROSCOPY

19

Surface (interface H,O —
vacuum) saturated with H»

Equivalent to 1000 ML of
compact ices

H,O amorphous and
pPOrous




NSC ON ASW USING IR SPECTROSCOPY

Fourier Transform IR spectroscopy (RAIRS)

Surface (interface H,O —

/¢ \Q~ vacuum) saturated with H,
Equivalent to 1000 ML of
/ compact ices
H,O amorphous and
DOrous

Cu polycristallin, T = 9-10 K
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NSC ON ASW USING IR SPECTROSCOPY

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

0.0045 -
0.0040 ortho line
0.0035 -
0.0030 - _
3 : para line
< 0.0025
S ] :
3 0.0020 (
) 2 ‘ 1l .
Gas phase 0.0015 - A BT
. ~ AWRRAL
Q(0) line 0.0010 - ‘ “‘ :‘ .')ﬂ"j" k ' ﬁ
4159.5 cm-’ 0 0005 "I '.‘\.1‘ H.‘. ’: ‘ ) {'3 (” .‘”“‘ \\n l
Q(1) line . ' W ” | )hf
4153.4 cm-! 0.0000 1L W) ‘t t“ . “'."MM

4180 4160 4140 4120 4100 4080
Wavenumbers (cm™)



NSC ON ASW USING IR SPECTROSCOPY

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

4144 | I 4132
0.0045
0.0040 | |
0.0035 | |
|
0.0030
S |
-
< 0.0025
-+
3 0.0020
<
Gas phase 0.0015
Q(0) line 0.0010 ﬂ
4159.5 cm-! ‘ 1 ‘ it ‘ \ 'y
Q(1) line 0.0005 w‘ ’ ." A ‘ "l !  |' / - ‘ \ \ ' l
4153.4 cm"’ 0.0000 1L il L —— ’h“' .'NM

4180 4160 4140 4120 4100 4080
Wavenumbers (cm™)



NSC ON ASW USING IR SPECTROSCOPY

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

GAS (RAMAN)
Q(0) Q(1)
0.0045
| |
0.0040
| |
0.0035 -
0.0030 - I
@ |
= |
< 0.0025
=
3 0.0020 |
g .
Gas phase p——
Q(0) line 0.0010 AR AN
4159.5 cm- oone ‘} .‘ 1'% N i R \ m
. r * ~
Q(1) line (| U
4153.4 cm-! 0.0000 W) \ . “'.”NM
4180 4160 4140 4120 4100 4080

Wavenumbers (cm™)



NSC ON ASW USING IR SPECTROSCOPY

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

Solid n-H,

0.0045 -
- Q(1)
0.0040 - Q(0)
0.0035 -
0.0030 -
® .
e
< 0.0025 -
2
S 0.0020
0
Solid n-H2 <C |
0.0015 -
Q(0) line 0.0010 - ﬁ
41530 Cm_1 0.0005 - my.' . f","” | / ‘ ,l ]rl {“lh: gl | [ 1 \ |'
Q(1) line L N o W L
4146.8 cm-] 0.0000 il . - ! , : b B b -“lll l‘m\

4180 4160 4140 4120 4100 4080
Wavenumbers (cm™)



NSC ON ASW USING IR SPECTROSCOPY

- Equivalent to 1000 ML of compact ices H,O amorphous and porous saturated with H; 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)

4 107 Test fit Q0 et Q1 2, AEMA A G
| Qf |

3.5 " _

3 I:' |‘,\llt', ]

|-

25 [ || '%x

2 [ QO { ||| “s U‘
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- ’ " \ | f ' ]
1.5 M r Ll | / i

1 I‘:‘ "u‘ Lv’nt\')'

0.5 T
H| "IﬂJ. f | 1|

l
0 [ “:

-0.5 |
«10
20F

1 O [ N\ /’| j,"\/_/pll ; Y N\ (/\’\ }’ l\,{\‘ .'\jf\ A
i A f a A N \ / . } 'l \ \ [ V J ,J ‘.
OF '»"'u,/\f \.’ \/,\I.-.\}(\M,VV\A\}'. \J '\/‘A’J\‘”\.’V ‘U/\u\f ),(\/ \,\r/ "l.,‘ \ I"\/ v’ q\\,\[ vV g’ ﬁ'u j A\ AS

4200 4150 4100 4050
Nombre d'ondes (cm'1)
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NSC ON ASW USING IR SPECTROSCOPY

Equivalent to 1000 ML of compact ices H,O amorphous and porous saturated with H; at 10K

Time evolution of the fractional populations of the two species

1.0 - Characteristic time :

m n(ortho) :
® n(para) 390 = 40 minutes

t (min) IR Vib t (min) Laser t (min) Laser t (min) Laser
FORMOLISM (1) Sugimoto (2) Ueta (3)
H, : 220 (17) H, : >300 H, :8(2) H, : 52 (5)
1ML 0.3-0.75 ML 1-2 ML 0.3-1 ML

—> Same order of magnitude for the

characteristic time of nuclear spin

conversion

0.0

' I ' I ' ! ' ! ' I ' I ' I ' (1) Chehrouri, Fillion et al PCCP 2011 & RMAy /W,,
0 200 400 600 800 1000 1200 1400 (2) Sugimoto & Fukutani Nature Physics 2011

t (min) 26 (3) Ueta, Watanabe, Hama, Kouchi PRL 2016



CONCLUSION

Modelisation :

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

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

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

L, Integrate the UGAN network (University ot Grenoble Alpes Astrochemical network)

- Gas phase chemical reaction network H,0%-0 + Hy-0 —> H,0*-0 + H

- Qrain surface interaction H,O0%-0+ H-o — H,0"-p+ H

H,O% -0+ H,-p — H;0™-0+ H
H,0"-0+ H,-p — H,0"-p+ H
H,O"-p+ Hy-o — H,0"-0+ H
H,0*-p+ Hy-o — H.0"-p+ H

- Ortho/para aspect of the species

Reactional chain for water production in gas phase :

O"+Hyo— OH"+H
O"+Hyp— OH"+H

O"+H, — OH" +H ORTHO/PARA CHEMISTRY OH* + Hy-0 —> H0 0o +H 0P+ Hyp— H,0%-p+H
OH" + H, — H,0" + H g OHY+ Hy,0 — H,O"-p+ H

H,0t*+H, — H,O"+ H OH* + Hyp — H,0*-0+ H H,O*-0+e¢~ — H,0-0+ H
HyO" +e” — H0+ H OH* + Hyp — HO0*-p+H |0 PHe — oo+ H

H,O*-p+e  — H,O-p+ H

27



CONCLUSION

Experiment :

® The NSC of H2 on ASW has been studied with different techniques.
The measurements we made with SPICES and COSPINUZ2 give characteristic times very close.

There is a large discrepancy with the data collected in the literature.

® Measurements with COSPINUZ2 will be done on a large time scale to

investigate the temporal dynamics and the temperature dependence of the
NSC

® Development are in progress to investigate the link between the OPR of H, 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.

28
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