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INTRODUCTION



500

400

< 300

Energy (cm

100

para-H,0 (/=0, singlet)

04 ==

02 m—

00 —

Dl —

D0 —

15 e

2() —

31—

31—

Basics

500 —
400 —

~_ 300

Energy (cm

100 —

ortho-H,0 (/=1, triplet)

05

03_

O —

S5 —
lyp—
40—
4
1 31—
3o —
25 —
2

32—

30 w—

No interconversion by inelastic collisions




Non-LTE excitation

22 GHz

* |In the ISM, collisions
cannot maintain LTE

* Collisional rates
are critical parameters

LN
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n(H,0) (cm™)

Gray et al. MNRAS (2016)



Water collisions in the ISM

,O-He everywhere (but second-order)
,O-H J-type shocks

,0-e diffuse ISM, shocks, PDRs
,O-H, dense ISM



Historical review (before 2006)

* H,0-He
— De Jong (1973)
— Green (1980), Palma et al. (1988)
— Maluendes et al. (1992)

* H,O-H,
— Phillips et al. (1996)
— Dubernet & Grosjean (2002)
— Grosjean et al. (2003)

* H,O-electron
— Xie & Mumma (1992)



THEORY



Theoretical ingredients

Quantum chemistry

Analytic fit

Classical trajectories

Quantum dynamics

Born-Oppenheimer
approximation

Bound-states
1. Interaction Virial coefficients
potential Dissociation energy

S-matrix

Differential cross sections
2. Scattering Integral cross sections
calculations Rate coefficients



PES topology
H,0-He H,0-H

(Hodges et al. 2002) (Dagdigian & Alexander 2013)




PES topology

(Hodges et al. 2002) (Faure et al. 2005)




COMPARISONS TO EXPERIMENT



Testing the PES

e Spectroscopic studies
— Probe the shape of the potential well

* Collision experiments

— Probe the short-range (repulsive) part

* Resonances (cold regime)
— Probe the global shape, including long-range



A benchmark system: H,0-H,



Elastic cross sections

* Molecular-beam
apparatus

* Glory quantum
effect
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Bound-states

oH,0-oH,
: : | -
* High-resolution IR S & ) Experiment
spectroscopy | =
= Simulation
* Rovibrational states 1T=38@3)K || ©°7=7 M0

5 (1,0,) < 1 (1,1,)

supported by the PES I
7228 7230 7232 7234
Frequency (cm'1)

Ziemkiewicz et al. ) Chem Phys (2012)
+ van der Avoird & Nesbitt J Chem Phys (2011)
+ Wang & Carrington J Chem Phys (2011)

+ van der Avoird et al. Chem Phys (2012)

+ Harada et al. Chem Phys Lett (2014)



Broadening cross sections

the interaction

oH,0-nH,

100 ]

. R S I 556 GHz

* Cryogenic gas R W N e 7 (Ig;—11)

apparatus S %i*g\

g Sum of
SE; 10 inelastic
_ =5 rate |
* Absolute metrics of 2 coefficients
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Faure et al. JQSRT (2013)
+ Drouin & Wiesenfeld Phys Rev A (2012)
+ Wiesenfeld & Faure Phys Rev A (2010)
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Inelastic cross sections

H,O-pH,
E. =575cm™
e Crossed molecular P | — 101_)110 ...........
map imaging oMV
2-“..

* Probe both attractive .

and repulsive parts
of the PES

0 45 90 135 180

Yang et al. ) Chem Phys (2010)



« Propensity » rules

e There is no selection
rules in collisions

e But transitions with
AJ =0, 1 are favored

Relative ICS (arb. units)

— -1
E.oi =574 cm
] | exp
| I cal
4 M rad
ortho-H,O para-H,O
L 00—

110 212 221 312 321 414 331‘.1 111 2!]2 211 220 3‘!3

Transitions

Yang et al. ) Chem Phys (2011)



Inelastic cross sections

oH,0-nH,

e Crossed molecular o=y Fer71700m =
beams + variable e
crossing angle .

1o, > 1y, Ju

* Near-threshold 1.

regime 2

.. . -1
Collision energies / cm

Bergeat et al., in preparation



H,O-electron



Inelastic cross sections

H,O-electron

E., =6¢eV
6 | [ | |
. I —— Faure et al. (2004) }
e Electron-im pa ct 5 \ ° g:zk;o;télbéi?w _
i \ & Jungetal. (1982) 7

spectrometer

* Dipole-induced
transitions favored

Differential Cross Section (Azsr'1)
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Zhang et al. Phys. Scr. (2009)



H,0-He



Inelastic rate coefficients
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Summary of experiments

* Current PES are accurate to about 1% (= 1 cm1)

* |nelastic cross sections have a 10-30% accuracy
rivaling or exceeding experiment



Scaling relationship ?

oH,01,, > 1,, @ 556 GHz

* No simple scaling
laws between H, He
and pH, Bl

* Specific scattering ;
calculations required ol Ll o ]

Temperature (K)

Daniel et al. MNRAS (2015)



Isotopologues

e Kinematic effects
— Mass and velocities

e PES effects

— Monomer geometries
— Centre of mass

* Can be neglected in
H,’0 and H,!®0

O\

Wiesenfeld et al. PCCP (2011)
Scribano et al. J Chem Phys (2010)




FUTURE ISSUES



Available data

H,O-He
— Yangetal. ApJ (2013)
— First 10 levels of oH,0 and pH,0, T=1-3000 K

H,O-H
— Daniel et al. MNRAS (2015)
— First 45 levels of oH,0 and pH,0O, T=5-1500 K

— Daniel et al. A&A (2011)
— First 45 levels of oH,0 and pH,0, T=5-1500 K

HDO/DZO-H2
— Faure et al. MNRAS (2012)
— First 30 levels of HDO, first 12 levels of D,0, T=5-300 K

H,0/HDO/D,0-electron
— Faure et al. MNRAS (2004)
— First 28 levels of H,0, HDO and D,0, T=10-5000 K



Rovibrational excitation

e Current rovibrational 5000
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Related oxygen hydrides

OH + He * H,O"+H
— Kalugina et al. Phys Chem
Chem Phys (2015)

* H;0"+H,

OH + H,
— Schewe et al. J Chem Phys

(2015) * H,0 +H,O (for comets)
OH* + He — PES from Cencek et al.
— Gomes-Carrasco et al. ApJ PCep 2012

(2014)
OH*+H

— Stoecklin et al. JPCA (2015)
— Bulut et al. JPCA (2015)



Conclusion

« Altogether, the collisional rate coefficients
have now reached such high accuracy that they
are no longer the limiting factor in the
interpretation of the astronomical water data.
This conclusion is a testimony to the decade long
effort by molecular physicists and quantum
chemists to determine them »

van Dishoeck, Herbst, Neufeld Chem Rev (2013)



