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1. Gas Phase Chemistry

2. A Case Study in Modelling: outflows from AGB stars
3. Solid State Astrochemistry
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Cosmic rays drive chemistry
including gas/solid interactions
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- rate ~10-17 s-1,

- H,, CO, N,, OI, HCO*.

- cyanopolyynes and carbenes
- dust grains with icy mantles
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UV photon

s drive the chemistry

UV field: 108 photons/cm?/s

- HI, CIL, NI, OI
= CH, CN, Cz, HCN, C'C3H2

- Soot. A 1A °PAHS,

carbonaceous networks




CHEMICAL REACTION PROCESSES

Table 4.1. Summary of basic chemical processes for molecules in a molecular cloud operating within the prescribed

chemucal network

Associative detachment
Charge exchange

Cosmic ray ionization
Dielectronic recombination
Dissociation

Dissociative attachment
Dissociative ionization
Dissociative photoionization
Dissociative recombination
Electronic excitation
lon—molecule reaction
Neutral-neutral reaction
Photodissociation
Photoionization

Radiative association

Rotational and vibrational excitation

AT+ B = AB+e”

AB+(CY — ABT + C

AB = 4AB* 4¢”

¢~ 4+ AB* — AB™ — AB" + hv
e” + AR — A4+ B +e”

e” + AB— A+ B~

" 4+ AB—= A+ B* +2e”
hv+ AB— A4+ B* +¢”

e +AB*— A4+ B

e” 4+ AB —e + AB”
AB+CY = DY+ E

AB+C = A+ BC

hy+ AB— A+ B

hir+ AB — AB* 42~
A+ B — AB+hv

¢~ + AB(vj) — e + AB(v')")

** indicates an intermediate resonance state where two electrons are in excited electronic orbitals.



Important Reactions

H, +crp. --> H,"+e¢ ~1017 g1,

H;t+e --> 2H+H ~10° cm’s-! at 10K.
O + OH --> O,+H ~10-1T, 12 cm’s!

C + O, -->CO+H ~10-1T, 12 cm’s!

CH,OH,* + CH,OH -->(CH,),OH*+H ~10"lcm3s’!
CN +C,H, --> HC;N+H ~10-19 cm’s-!

Ct+H, ->CH'+H = [0 10% >l em s
OH + H, ->H,O + H ~1011e2600T cmig-!
SO + OH -> SO, +H ~10"°T;Y? cm’s’!



Basic chemistry of UV-radiated diffuse clouds

soft X-rays

coSmic rays

'CO
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Cyanopolyynes




Formation of C-chains and grains C-chains recently detected
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Deuterium Fractionation

0.00033

0.001 -0.2




Isotopic Fractionation
IN 10K GAS: XH* + HD --> XD* + H, + E,

Roberts, Herbst & Millar (2003)

L . | e
B B B | --> H,D*+ H,
i ¥V e
* H,D* +1 --> D,H*+ H,
] o || ] + H
* D,H" +1 --> Dt +H,

Terzieva & Herbst (2000), Charnley & Rodgers (2002)

Langer et al. 1984, 1989)
e 30+ 4 1200 o> 120+ 4+ 13CO



Chemical Modelling

chemical network: 1000s reactions, 100s species
UMIST database for astrochemistry: www.rate99.co.uk

physical parameters: temperature, density, cosmic ray
ionisation rate, visual extinction etc.

ODE system to solve for number densities n. = X./V

Alternatively: Monte Carlo simulation of chemical master
equation for the joint PDF : P({X};t), and obtain <X,(t)>
from statistics (Gillespie 1976; Charnley 1998)



Chemical models (
of AGB outflows




AGB stars

old, cold stars; T = 2000 -

undergo mass loss; 107

classified chemically O-ric
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AGB CIRCUMSTELLAR ENVELOPE




Photospheric Chemistry

chemical equilibrium

%)
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} +In P +In (

at equilibrium, G is a minimum
find x; that minimize G

inputs: total pressure, elemental abundances,
C/0 ratio, temperature



Astrochemical kinetic models

ﬂ = pmacs@difichlet
wuffers Files

chemical network:

rate of change of abundance of X =

formation rate of X
- destruction rate of X



Astrochemical kinetic models

emacs@dirichlet
Buffers Files Tools

... chemical ODE
system to solve

plus equations for
n(r), T(r) & G(r).

I

Fortran software to write chemical routines and
ODE stiff solver



Outer envelope photochemistry

1D radial model

assume constant
mass loss rate
and geometric dilutic

time dependent
chemistry, t=r/v

choice of parent
species depend
on type of CSE

log fractional pbundance

16.0
log radius (em)

185 i17.0




Application to IRC+10216

parent species: He, CO,
CH,, C,H,, HCN, N,,
NH,, SiS

DECLINATIGN

- Inol fll'ﬂ.hl tnrlmcefHZ}

09 45 17.0 16.5 16.0 155

&
8

BDII
15

13°3000"




- . - . e - - Tl
: : - W e e




[D0T — Sy WY N — BT ANSIUaid0nsy — UIom] UOsef

SILIOJBAIIS(O pPaIeyju]

wnnuuod wnadads
.Apog yoeid,, Al uondiosqe |

VI10S

(aD
IYSI| paejuy

" ysnp ﬁ_wm 201 V"

P1O3 JOSPNO[D (3 0001-0065)
- Ie)s AQ pajeay 1snp
20INOS WNNUNUOD Y]

I181S0101J

isnp (3] O1) P[O° ﬂ..:\,p PNOJO JB[NO9[OW ® JO m:oﬁm?ﬂmao Al




8661 ‘I8 1@ 91INYDE
0002 ‘1® 1@ 1IPWNHUM 'qqiD
(wr’) yjsusiasepy

Ol G

HO®HD
|

&_P00H","HN

6 _NDO
¢HO™HO

00+

_ 0°H

93}BOI[IS

9718II[IS
1 _ [

SHIl 40 AHOLNHANI -VEEM




CATALYSIS ON GRAIN SURFACES

Accretion of atoms on interstellar grains slow: 1 atom/day
At low T the sticking coefficients are close to unity.

Accreted atoms such as H, C, N, O are very mobile:

migration time scales range from 10-2to 103 s
quantum tunnelling or thermal hopping

H,O, NH;, CH, can be formed by exothermic H addition
reactions without activation energy barriers.

Many neutral molecules, such as CO possess activation barriers.

co — % HCO —1» H,cO —» CH,0 —» CH,OH



Interstellar icy dust particles

Adsorption

H

Desorption

/ CH,OH




SURFACE CHEMISTRY MODELS

Conceptual problem:

1) Deterministic ODE treatment with n.(t) as

variable 1s fundamentally flawed (Pickles &
Williams 1977).

2) Must use X, explicitly and a stochastic Monte
Carlo simulation of the master equation
(Charnley 2001; Biham et al. 2001).



Solid State Astrochemistry
Experiments

e COLD ATOM ADDITION REACTIONS ON
SURFACES (Hiraoka, Kouchi, Schutte, Vidali)

e« PHOTOLYSIS OF BULK ICE MIXTURES
(Allamandola, Bernstein)

e RADIOLYSIS OF BULK ICE MIXTURES
(Moore & Hudson, Strazulla) )



Interstellar Dust: ice mantle evolution

ULTRAVIOLET PHOTONS

POLYCYCLIC
METHANOL AROMATIC
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Bernstein, Sandford, Allamandola , Sci. Am. 7,1999, p26




Photochemical Evolution of H,O : CH,OH : CO : NH,
100:50:1:1
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Photoproducts from Realistic Interstellar Ice Laboratory
Simulations

Species evident at 200 K Species remaining at 300 K

CH3;CH»-OH (ethanol)

¢ N\IN (CHy)eN,

N'N—// (HMT)
o %
I (formamide)
H” O NH H
2 I
HO-[C-O},-NH, (POMs)
|
R
(": (acetamide)
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CH; NH,

CH;CH,-OH (ethanol)

I (ketones)

2: (amides)

Courtesy Max Bernstein
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Combination of CO with the radicals *H, *OH, *CH, and *NH, yields a

*(2) FORMAMIDE

7{2) CARBAMIC ACID

?(2) ACETAMIDE

*(2) ACETALDEHYDE

?(2) ACETIC ACID

? ACETONE

?(2) ACETAMIDE

rich chemistry

/ ;
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RADICAL*
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WATER *

CARBON DIOXIDE ?

ACETIC ACID ?(2)

CARBAMIC ACID ?




Evolution of dust grains in star-forming regions

Thermal effects segregation, crystallization

Cosmic ray induced UV radiation ~ 10° photons/cm?/s




Summary

1. Main chemical pathways in gas known for
simple species

2. Deterministic modelling OK for gas but surface
reactions need stochastic treatment

3. Solid state lab. experiments at an advanced stage but

difficult to distinguish between specific processes in the
ISM _

4. More obsvns. needed! " R - e o
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Interstellar Ice Infrared Absorption Features Compared with the Spectra
of Laboratory Analogs

Soifer eral., Ap.J., 232, L.53,

Interstellar Ice
Absorption W33A
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Basic chemistry in dense clouds
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