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Introduction to the ISM
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m Observations

m Interstellar gas phase chemistry
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m Transition probabilities

Applications
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m CO hydrogenation



m Regions of space between stars not empty but filled with
very dilute gas

m Molecules are found in the cold, neutral component of
the interstellar medium (ISM)



m Interstellar clouds are birthplaces of new stars

m Evolution abundances molecules:
m Molecules as physical diagnostics:

m Progress strongly driven by observations:



Lifecycle
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What are building blocks for life elsewhere in the Universe?
How have they formed?




Molecular clouds

Diffuse

UV photon flux

Gas composition

Gas Temperature (K)
Grain Temperature (K)
Densities (cm~3)

High
Atomic
~ 50-100
~ 20

~ 102

Dense Sea level
Low

Molecular Molecular
~ 10 ~ 300

~ 10

~ 10% ~ 310%°



Molecular clouds

Collision time: ~ 1 month at 10* cm—3

"
m Chemical time: ~ 10° yr (~ 100 collisions/particle)
m Star formation: ~ 10° yr
m Lifetime cloud: ~ 107 yr

— Not expected to find molecules since reactions are slow



Molecular clouds

Star formation in the Rho Ophiuchi Cloud
In blue 2800 cm ™, green 1250 cm™" and red 410 cm™' (PAH's)



Molecular clouds

Diffusezglgsjug3
n,=10" cm
Tgas =20 K
Taust = 50-100 K

Dense cloud
n,=10"2m>
Tgas = 10K
Tqust = 10 K

Star formation in the Rho Ophiuchi Cloud
In blue 2800 cm ™, green 1250 cm™" and red 410 cm™' (PAH's)
Large range in temperatures and densities



Photon Dominated Regions (PDR'’s)
35 -3
Molecular clouds n,= 10° cm
Tgas = 20-400 K
Taust = 100-2000 K

Diffusezglgsjug3
n,=10" cm

Tgas =20 K

Taust = 50-100 K

Dense cloud
n,=10"2m>
Tgas = 10K
Tqust = 10 K

Star formation in the Rho Ophiuchi Cloud
In blue 2800 cm ™, green 1250 cm™" and red 410 cm™' (PAH's)



Photon Dom|nated Regions (PDR'’s)
n,= 10%28m°

Tgas = 20-400 K

Taust = 100-2000 K

Molecular clouds

Young Stellar Object
n,= 10*

Tgas = 10— 300 K
Taust = 10-1000 K

Diffuse (:Ioud3
n,= 10 ém
Tgas =20 K

Taust = 50-100 K

Dense cloud
n,=10"2m>
Tgas = 10K
Tqust = 10 K

Star formation in the Rho Ophiuchi Cloud
In blue 2800 cm ™, green 1250 cm™" and red 410 cm™' (PAH's)



Observations Mostly atomic gas in diffuse clouds

m Observed primarily by absorption lines at visible (since
1900's) and UV wavelengths (since 1970’s)

m Spectra show sharp interstellar lines super-imposed on
broad spectral lines

intensity

interstellar lines stellar line

—> A



Observations

E= Eel + Evib + Erot

excited
electronic
state

2 '\ ov=l
0 ul \
vibrational |

electronic absorption
at VIS/UV

abs. at IR N ground
2 I Y electronic
3=0 i qu 0 state

rotational emission
at (sub)millimeter



Observations

BGS
(VLT ANTU + FORS1)



Observations

Seeing Through the Pre-Collapse Black Cloud B68
(VLTANTU + FORS 1 - NTT + SOFI)

ESO PR Bt )
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m Opaque at visible and UV wavelength — molecules
shielded from dissociating UV radiation

Observations

m Millimeter emission: transitions

Limitation: molecule must have permanent dipole
moment — cannot observe Hy, Co, CHy,
CoHo, ...

Advantage: many molecules down to low abundances;
lines in emission — map

m Infrared absorption: transitions

Limitation: need background IR source — only info
along line of sight
Advantage: symmetric molecules + solid state

m Earth’s atmosphere prevents observations of key
molecules: H,O, O, CO,



Observations

. CH4OCH,

. __ CH,0CHO

LWL T AL WAFTAN L ARY

1 1 1 1 1
151.5 151.6 151.7 151.8 151.9

Rest Frequency (GHz)

Gibb et al. (2000)
Hot Core G327.3-0.6 (Swedish-ESO Submillimetre Telescope)

m Doppler shift: measured with respect to CO
m Not all lines identified



hot dust
300-1000 K Flux

10" em?®
ga&pgﬂ(;c Zlgg]gukx Continuum due to hot dust

cold dust "

(ice manles)
10-100 K
10* cm? Absorption by cold dust

Wavelength

i

Vibrational transitions of gases and solids
Mostly spacebased — lower resolution, higher detection limit




Interstellar gas phasd
chemistry

Exotic chemistry: unique laboratory
m Astrochemical evolution

m Molecules as diagnostics of temperature Ty,, density
ng, velocity, ?

m Molecules as coolants
Radiation escapes from cloud — net kinetic energy lost
— cloud cools down



Ice mantles on interstellar grains

IR observations

ISM

Molecular clouds

Observations
Interstellar gas phasd
chemistry

Interstellar grain
surface chemistry

W33A: INVENTORY OF ICES

) Silicate
Modelling surface
chemistry

Monte Carlo
technique -\ Silicate

Applications

CHZO0H?
NH,*HCO,™?

20

Wavelength (um
gth (um) Gibb, Whittet et al. 2000

Schutte et al. 1999



Interstellar gas phasd
chemistry

7 8

9

CH CHy
cHt NH,
NH Hy0
OH Hyot
OHT  CoH
HF HCN
G HNC
CN HCO
cNT Hcot
co HNp T
cot Hoct
Nyt HNO
SiH HpS
NO Hyst
CFT C3
HS 0
Hs+ CO,
HCI o™
sic NyO
SiN HCsT
CcP NaCN
cs MgCN
Sio MgNC
PN c-SiCy
AIF AINC
NS SiCN
SO SiNC
sot C5S
sis ocs
AICI SO,
S2

FeO

KCl

CH3
NH3
Hz0T
CoHy
HyCO
HCNHT
HyCN
c-C3H
I-C3H
HCCN
HNCO
HNCO—
Hocot
HyCS
C3N
C30
HNCS
SiC3
C3S

CHy
NH,
CHyNH
Hzcot
SiHg
c-C3Hy
HpCCC
CHpCN
HyCCO
NH,CN
HCOOH
C4H
CuH™
HC3H
HCCNC
HNCCC

SiCq

CoHy
CH30H
CH3CN
CH3NC
NHoCHO
CH3SH
HoCy
HC4H
cHyC30
HC,CHO
CgH
CsN
HyC3Nt
HC4N

CH3NHy CH3CH3 CyH5OH
CH3CCH C3H40 CH30CH3
c-CyH,0 CHyOHCHO  CH3CHoCN
CH3CHO CH3COOH CH3CONH,
CH,CHCN HCOOCH3 CH3C4H
CeH CHyCCHCN  CgH
CeH™ CH3C3N CgH™
HC5N CgHy HC7N
HCgH
C7H
10 11 13
CH3CH,CHO CH3CgH ACI N
CH3COCH; HCoN
HOCH, CH,OH

NHp CHy COOH 77




Interstellar gas phasd
chemistry

More than 150 different
molecules found

m Ordinary molecules (NH3,
H,0, H,CO, CH30H, ...)
m Exotic molecules (HCO,
N,H*, HCCCCCCCN, ...)

m Many unsaturated molecules
— no thermodynamic
equilibrium



Interstellar gas phasd
chemistry

m More than 150 different
molecules found

m Ordinary molecules (NH3,
H>0, H2CO, CH30H, ...)

m Exotic molecules (HCO,
NoHT, HCCCCCCCN, ...)

m Many unsaturated molecules

— no thermodynamic
equilibrium

Astronomers’
Periodic Table

He

B. McCall 2001



Interstellar gas phasd

chemistry m Formation of bonds

m Radiative association: X+Y — XY + hv

m Grain surface: X + Y:grain — XY + grain

m Associative detachment: XT4+Y - XY +e
m Destruction of bonds

m Photo-dissociation: XY+ hy - X+Y

m Dissociative recombination: Xt +e—-X+Y

m Collisional dissociation: XYY+M—-X+Y+M
m Rearrangement of bonds

m lon-molecule reaction: Xt +YZ - XYt +Z

m Charge-transfer reaction: Xt +YZ - X+YZT

m Neutral-neutral reaction: X+YZ—> XY +7Z



Interstellar gas phasd
chemistry

Because of low temperatures and densities in clouds,
chemistry is in thermodynamic equilibrium but

controlled by two body reactions — abundances depend
on physical conditions (T, n, radiation field), history,...

m Three body reactions do not become important until
n>10*? cm—3

m Although models contain thousands of reactions, only
few different types of processes are important

m How would you model these reactions?



Interstellar gas phasd
chemistry

m Typical gas phase network contains over 4000 reactions
m Few reactions are studied in the laboratory

m Obtaining unstable species
m Low temperature regime (sticking of reactants)

m Three body reactions

m Some reactions studied theoretically

m Other rates determined by analogy



Grain surface chemistry

il Langmuir-Hinshel wood

surface chemistry

—> low T
Carbonaceous or x
silicate grain Z A
high T
—> physisorption

chemisorption

Eley—Rideal



Interstellar grain
surface chemistry

CH,0H
methanol
TZH

H.CO
formaldehyde T
H

CHa3(CHz):0H
n-propanol
T:H
CH;CH,OH CH,CH,CHO
ethanol propicnaldehyde
T:H T:H
CH,CHO CH,CHCHO
acetaldehyde acrolein
TBH T:H
CHCO HC,CHO
ketene propynal
r r

CO -F HO=0-5» HU=C=0 5 ¢=C-C=0

N

-+ 0=C-OH HNCO

lH

HCOOH  NH.(=0

formic acid l

CHz(OH),

methanediol

0=C-CH=0
| isocyanic

iH o acid i[—]

¥

CHOCHO

glyoxal
lH l:-H

NH>CHO HOCH>CHO
formamide glycolaldehyde
lEH lZ-H
NH,CH,OH HOCH,CH,OH
aminomethanol ethylene glycol

m Mostly addition
reactions

m Photodissociation
plays important role

m Only handful of
reactions are
studied



Hopping rate

ol %

Diffusion for two reactants to meet

Interstellar grain
surface chemistry




Desorption rate

ol %

Diffusion for two reactants to meet

Interstellar grain
surface chemistry

Desorption for residence time of reactants

Flux for surface abundance of reactants



Hopping rate
Interstellar grain DeSOrptiOn rate
surface chemistry )

Reaction rate

O

%

Diffusion for two reactants to meet

Desorption for residence time of reactants
Flux for surface abundance of reactants

Competition of diffusion, desorption and reaction



Interstellar grain
surface chemistry

O '~
e REL PSRN,

Diffusion for two reactants to meet
Desorption for residence time of reactants
Flux for surface abundance of reactants
Competition of diffusion, desorption and reaction

Penetration depth : how many layers are affected



Reactants: Mainly mobile atoms and radicals

Interstellar grain

surface chemistry A L B — AB

H+ X — XH(X = H,0,C, N, CO, etc)

which converts
H— H,

O — OH — H,0
C - CH — CHy; — CH3 — CHy4
N — NH — NH; — NHj3
CO — HCO — H,CO — H3CO — CH30H



Grain surface chemistry

Diffuse clouds Dark clouds

Interstellar grain
surface chemistry
Modelling surface D
chemistr (p
silicates &
carbonaceous
material ‘
Circumstellar
envelopes
e

Desorption

m Surface chemistry important for simple molecules (Ha,
H,O, CH30H)

m Different processes important in different regimes

m Different modelling problems in different regimes



Interstellar grain
surface chemistry

Small grains in diffuse clouds
Number densities can become very small and mean field
methods cannot be applied. Diffusion is not the rate limiting
step for reaction. (accretion limit) (Tielens (1982))

Icy mantles

Ice layers start to build-up. Due to layered structure some
processes are blocked. (UV processing/accesibility of
accreting species)




Modelling surface
chemistry

Rate equations
Pickles & Williams (1977) ApJSS, 52, 443
m Macroscopic Monte Carlo simulations
Stantcheva, Shematovich & Herbst. (2002) A&A, 391, 1069,
Charnley (1998) ApJ, 509, L121
m Master equation
Biham et al. (2001) ApJ, 553, 595, Green et al. (2001) A&A, 375,
1111

m Microscopic Monte Carlo simulations
Chang, Cuppen & Herbst (2005) A&A,434, 599



Z Z kreact,i,j (khop,i + khop,j) ns(i)ns(j)

y J

- ns(A) Z kreact7AJ (khop,j + khop,A) ns(j)
J

+ kaccn(A) - [kevap,A + knonthermal,A]ns(A)

m Second order reactions
m First order desorptions
m Mean field method

m Deterministic



Rate equations

Advantages:
m Fast
m Easy to couple with gas phase rate equations
Disadvantages:

m No layering or positional information (intrinsic of mean
field)

m Problem in accretion limit — could be circumvented
with modified rate method



Rate equations

2.2

ar = g eans(H)
ain kaccn(H) - [kevap a4 knonthermal]ns(H)
dn(Hz) 2
= S hopjns(H)?

dt 2



Rate equations

L O 4
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1000 10000 le+05 le+06

Number of Sites on Grain
Chang, Cuppen & Herbst (2005) A&A, 434, 599
Rate equations break down when

< n(X)n(Y) >#< n(X) >< n(Y) >



kreact,A,B (Khop,A + knop,8) [(m 4+ 1)(n 4+ 1)Pry1,ny1
—mnPp, ]

+  kace,AN(A)[Pm—1,n — Pm,n]

+  kace,8N(B)[Pm,n—1 — Pm,n]

—  [kevap,A + Knonthermal Al[(m + 1)Pmi1,n — mPm ]

—  [kevap,B + Knonthermal Al[(7 & 1)Pm nt1 — nPm,n]

m Second order reactions
m First order desorptions
m Mean field method

m Stochasitic



Master equations

Write down equations for all combinations necessary
(Po,o, P10, Po1, P11, etc.)

Integrate all equations numerically

For two species system: P,
For three species system: Pp o
For four species system: Pp ;0.
etc.



E————— Advantages:
m Treats low surface densities correctly (uses
< n(X)n(Y) > instead of < n(X) >< n(Y) >)
m Relatively easy to couple with gas phase rate equations
Disadvantages:

m Number of equations increases rapidly with abundance
— smart cut-off, moment equations (Lipshtat & Biham
(2003) A&A 400, 585)

m Large changes in density are not straightforward



dP;
dt

aP,
dt

dH;
dt

2knop P2 — kacen(H) Po

e 7 Mot/

6khop P3 + kacen(H)[Po — P1]

e A Rewaznil |[20% = 174
Qkhop[12P4 — P3] + kacen(H)[P1 — Pa]
s 2= Bwatmaami 9P = 2073

2khop[P2 —+ 12P4 =+ .. ]



Master equations
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Rate equations break down when

< n(X)n(Y) >#< n(X) >< n(Y) >



Interstellar chemistry

Master equations
m Very extreme conditions (temperature, pressure,
timescales)

m Gas phase: mostly unsaturated molecules

m Solid phase: mostly saturated molecules
Modelling techniques

m Rate equations: deterministic, easy

m Master equations: stochastic, requires many equations
for simple systems



Monte Carlo
technique

Monte Carlo started and is mostly seen as a numerical way to
calculate integrals

If we draw pairs of random numbers (x;, y;)
/ where the x; and the y; are uniformly distributed
\‘ t in [0, 1] the probability for the point to lie within
the circle is equal to 7/4.




Monte Carlo We would like to know average distribution of species at t

technique

Start with initial grain abundance (no species, same as
for master equation)

Propagate in time by using transition probablities and
random numbers (same probabilities as in master
equation)

Repeat for many different initial seeds and average

Follow one grain’s populations instead of integrating
possibilities



Monte Carlo
technique

Two ways of sampling:

At each time interval, evaluate if/which process will
happen (slow if probablities changes significantly over
time)

Propagate time with At =1/ (R) and evaluate which
process will happen (P; = R;/ > (R))

B Propagate time with At = In(X)/>_(R) and evaluate
which process will happen (P; = Ri/ > (R))



Monte Carlo
technique

Advantages:
m Works for both low and high surface coverage
Disadvantages:

m Hard to couple to gas phase rate equations (gas phase
MC)

m Hard to get enough resolution (sample over many
trajectories)



Equilibrium
statistical mechanics

Random sampling
Randomly choose x on interval [x1, xo]
Evaluate f(x)

Average over many iterations (M)

Is correct for M — oo



Equilibrium
statistical mechanics

Random sampling
Randomly choose x on interval [x1, xo]
Evaluate f(x)

Average over many iterations (M)

Is correct for M — oo

““8{5\}:}:: Many samples ‘wasted’ on parameter space that
*2 does not contributed to /. Becomes worse with
increasing dimensions.




Equilibrium
statistical mechanics

A
"/o w(x(u))

Randomly choose u on interval [0, 1]

Importance sampling

Find matching x
Evaluate %

Average over many iterations (M)




- 2 (fl <o)

(e <1>)

if / and j are independent

o L~ /(fxw) Y
? ‘M2§<<w(x(ui» =7/ >)>

1
o2 =

W [< (F/w)? > — < f/w >?]



In statistical physics often

sEt(;:iigt?;iaulmmechanics A e U rN kT drN
_ a o JAE) exp(=U(™)/KT)

Let's choose

then



Metropolis algorithm (JCP 21 (1953) 1087)

Eauiom Choose initial condition

Kneic e Make small displacement to obtain new configuration

Evaluate E for new configuration

If AE < 0, accept new configuration, else accept with
exp(—AE/kT) probability

Repeat from step 2

This algorithm only works if the system is , i. e. there
is a finite probability to reach any point in configuration space



'Dn(Xm tn; Xn—1, th—1; -

ix1,t1) = Prjp—1(Xn, te;
Equilibrium ;
statistical mechanics| o Xp—1 y tn_ iy coop 24l 5 t]_ )

Pn—1(Xn—1, tn—1; -.-; X1, t1)

Let us assume a , which means that

Pn(Xn, th Xn—1, th—1; .- X1, tl) = Pl\l(Xna th; Xn—1, tnfl)

Pn—1(Xn—1, tn—1; ...; X1, t1)



Equilibrium
statistical mechanics

Pii(xs, talxa, 1) = > Pia(xs, t3xe, 22) Prs (2, 2l xa, 1)

x2

For a stationary Markov process, we can write
Piji(xe; t2|x1, t1) = Pe(x, x1), t = ta — t1,

where we want P; to denote a transition probability within
the time interval t from state x; to state x».



Pryv(x3lx1) = Z Pt(x3|x2) Py (x2|x1)

X2

Equilibrium
statistical mechanics

Peyv(xslx1) — Pe(xa|x1) = Z Py (x3]x2) Pt (x2|x1)

X2

= Pu(xalx3) Pe(xs]x1)

X2

Pere(xalxa) — Pe(xalxa) = > w(xa|xe)t' Pe(x]x)

X2

= Zw(xz|X3)t/Pt(X3|X1)

X2



Here we are at the general master equation

Equilibrium : Pt-i—At(a) - Pf(a) H
statistical mechanics| At_ — Z Pt(/)leaAt — Z Pt(a)waﬂjAt
i J

t

dF(’i(Oé) _ Z P(i)wj—q — Z P(@)wa—j
; J

w is independent of history of events
In the case of a times can
be described by a

P(tx — tk—1 < t) = exp(—wt) (2)



In equilibrium, or

Equilibritm eq .. . _— ped ,. .
statistical mechanicsj P, wl—>j —_— F)J UJJ_”

and the states are distributed according to

_ exp(—U(a)/kT)
Q

P

which leads to
T ped
L= =g = exp(—(U(j) — U(i))/kT)

— (5]
wj*}i ’Diq




Wi—j 'Djeq o o
Wi PO exp(—(U() — U(7))/kT)

Metropolis: wj_.; = wo min(1,exp [—(U(j) — U(i))/kT])
Glauber: wj_; = wo3(1 — tanh [—(U(j) — U(i))/kT])




In is the end result independent of the choice of
the transition scheme.

Monte Carlo method is used to obtain < A >.

the result depends on the transition
scheme —

Monte Carlo method is mostly used to obtain

Kinetic/Dynamic Monte Carlo use rates that describe this
regime






Kinetic regime

Vibrations help losing the history of the trajectory between
states.



MULTISCALE MODELLING

TOOLS FOR VAPOR DEPOSITION

10 T T T
Reactor scale simulation
" (CFD, DSMC, plasma models, ...)
Kinetic regime 101 Hyperthermal, 7
‘é‘ alloy kinetic MC
=4 : =
Hybrid (atomistic
o i continuum) models
]
& : :
g 107 : simulation 4 ove) seufast marching, 7
N Atomic scale | Ginsberg - Landau
B simulations (three reaction-diffusion
b3 -
(5] (dm:l:;:i:)r kinetic
- V! MonteCarlo)
-10 %
19 Electronic =
scale simulations
(DFT, N Interatomic potentials
Ab-initio MD) (BOP, EAM alloy potentials)
10

14 | 1 | | L
10718 1071 10710 1076 1072 102 108

Time scale (sec)

Wadley et al. Prog. Mater. Sci. 46 (2001) 329



Lattice-gas assumption

Kinetic regime

Often (Q)TST is used.

Approximation using Harmonic TST:
Mug,
Winj = g, ©P(=(Esp — Emin)/KT)



Kinetic regime

AE

WASB _ <_AE>_exp(—E§3t_>B/kT)
P\TKT ) T exp (—EBAJKT)

act



Ideal case:

Use very accurate PES to determine rates using QTST or
Kinetic regime
TST.

Unfortunately,
m interstellar surfaces not well defined (material)
m amorphous/mixed ice layers
m high degree of roughness

we have to use different methods.



Temperature Programmed Desorption

Transition Standard technique for desorption temperature determination

probabilities

Phase 1

Deposition of interesting
species at constant low
temperature on the substrate
of interest

Phase 2

Linear increase of the
temperature as a function of
time. Measuring desorption
using QMS.



Transition
probabilities

QMS signal intensity (normalized to 100 for 80 L)

23

24

25

26

27

28 29

Temperature (K)

32

33

34



m Fitted to Polanyi-Wigner equation:

do
c r=4, = v0"exp(—E/RT) (3)

m Fit to rate equation model
m Fit using MC program
Points to consider:
m The influence of lateral interactions
m The order of the process

m Use of the model: what do you put in?



TPD experiments

ISM

_ Surface segregation

Modelling surface

chemistry during desorption
Monte Carlo
technique
\EtL:Lt‘w‘ i“:‘\”;\%[hdmlfs 2()_III|III|III|III|III|III TTT[T)
Kinetic e L i .
© Desorption
- L . ]
probabilties < BV ] ,
= 15[ 15 ML - pattern explained
Applications =) [ 8 ML ]
2t 1 by surface
< 10 -] segregation
e B 1 .
E T {1 before orduring
2 L 2 .
a B - desorption for
Q 3 §
= _——/\-——JL—; H.0:CO, 4:1 ices
il rwn s PN WS FWWE SETE A

20 40 6u ou 100 120 140 160
Temperature / K




Remember for time-independent rates:
P(tx — ty—1 < t) = exp(—wt)
At = —In(X)/w
Rate is generally of the form:
w=vexp(—E/kT)

For TPD, T changes in known manner — w becomes
temperature dependent.

Way to handle this suggested by A. P. J. Jansen,
Comp. Phys. Comm. 86 (1995) 1




P(t — te_1 < t) = exp(— /O (t)dt) (7)

Assume a constant ramp of T = Ty + Bt

t E ,
~In(X) :/0 Ve (—W> dt’ = Q(t)-0(0) (8)

with

Transition
probabilities

Q(t) = 2(To + BY)Es {k(mist)} (9)

A. P. J. Jansen, Comp. Phys. Comm. 86 (1995) 1



Different T(t) function possible as well.
Numerical effort depends on the integration of
Transition

robabilities t E /
° fo v exp (-m) dt
Example:
m thermalization of species on the surface

m different temperature ramps for TPD (thermal
conductance)



Determine all possible events Calculate a time for each new

and probabilities event (t = In[X]/R)

Transition

probabilities Choose surface structure Determine first event Determine new
and possible reactions possible events

and probabilities

Evaluate event and update
START time list

no
t> t(end) ?

STOP

m Ranks atoms by event time
m Montroll & Weiss, J. Math. Phys., 6 (1965) 167



Determine all possible events Calculate a time for each new

and probabilities event (t = In[X]/R)

Transition

probabilities Choose surface structure Determine first event Determine new
and possible reactions possible events

and probabilities

Evaluate event and update
START time list

?
Separate MC program o)t
for surfaces yes

STOP

no

m Ranks atoms by event time
m Montroll & Weiss, J. Math. Phys., 6 (1965) 167



Transition
probabilities

Automated from a given
reaction list

Determine all possible events Calculate a time for each new

and probabilities event (t = In[X]/R)

Choose surface structure Determine first event Determine new
and possible reactions possible events

and probabilities

Evaluate event and update
START time list

?
Separate MC program o)t
for surfaces yes

STOP

no

m Ranks atoms by event time
m Montroll & Weiss, J. Math. Phys., 6 (1965) 167



Transition
probabilities

Automated from a given
reaction list

Determine all possible events Calculate a time for each new

and probabilities event (t = In[X]/R)

Choose surface structure Determine first event Determine new
and possible reactions possible events

and probabilities
Evaluate event and update

S time list
no
?
Separate MC program et SR .
for surfaces yes Output \!vrltten at
regular intervals

STOP

m Ranks atoms by event time
m Montroll & Weiss, J. Math. Phys., 6 (1965) 167



Advantages:
m Treats low surface densities correctly

Correct treatment of backdiffusion

Transition

pretizlifiics m Can handle both low and high densities

m Can include surface specific processes

Layering

Disadvantages:
m Hard to couple to gas phase rate equations
m Computationally expensive

m Not easy to use for large reaction network




Transition
probabilities

according to transition probabilities

Top view of the surface (50 x 50 sites)
~1 day

Sequence of processes is chosen using random numbers

Free parameters

m temperature
m flux

m surface
m energy barriers

= Grain

Hydrogen

. Oxygen




MC.mpg
Media File (video/mpeg)


Transition
probabilities

Recombination Efficiency

0 1000 10000 le+05 le+06
Number of Sites on Grain

Chang, Cuppen & Herbst (2005) A&A,434, 599

Difference due to backdiffusion



Bortz, Kalos & Lebowitz, J. Comp. Phys. 17 (1975) 10

Construct list with all possible events that can occur

Transition
probabilities

Choose event according to relative occurance
Propagate time with In(X)/Rot
Update list

Advantage: Very fast
Disadvantage: Need to know all possible events (lattice-gas)



Monte Carlo technique

pobabie m Detailed balance for transition probabilities

m Transition probabilities very important in kinetic regime

m Different sampling techniques can reduce the error and
increase the running speed




Applications

atomic H abundance

(= 100 cm™3 ~ 3 x 10°

Cm72 Sfl) Langmuir-Hinshel wood

o— o
@

low T

B gas temperature
(60-100 K)

m grain temperature e
(N 20 K) chemisorption

i i Eley-Rideal
B energies of evaporation

m hopping barriers




Temperature Programmed Desorption

Applications

Phase 1 Phase 2
\ \ HD /
H D
H D
e~
Analog of interstellar grain surface Analog of interstellar grain surface

Constant low temperature Temperature ramp



Applications

H+ D — HD

08

0.6

04

0.2

0.0

Desorption rate (a.u.)

Temperature (K)

Pirronello et al., ApJ. 483 (1997)
L131

Desorption under laboratory conditions



Applications

m Fitted with simple rate equations

m Translated to interstellar conditions (very low fluxes)



Applications

m Fitted with simple rate equations

m Translated to interstellar conditions (very low fluxes)

— Only efficient for 6-10 K



Applications

m Fitted with simple rate equations
m Translated to interstellar conditions (very low fluxes)

— Only efficient for 6-10 K
— Not a possible formation route



m have a "fluffy” shape

m are bare in these conditions
Applications

‘ 10-500 nm ‘
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Applications ‘-‘
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kh,O

+IE|
khop = v exp —?

1 g
Kdes = 1 €xp _?



Applications

+IE|

)
)

+ IE|
kdes = I/eXp kT

khop = v €xp <




Applications

£
L

—-6-0-6-o-6-9- -6 | I

(=)

I
10 12 14 16 18 20 22 24
Temperature (K)

O
N

S

o

o]

m Efficient H, formation for rough surface

Cuppen & Herbst, MNRAS (2005), 361, 565-576
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Applications

Temperature (K)
=
[9)]
T
Il

=
o

T
|

" — 00— —0 00— 0 9
5( [e-efla 8
rough 1
0 L. . | - PR | PR | P Y N
0 0.2 0.4 0.6 0.8 1

Lateral bond strength (E)

m Strong dependence of temperature range on lateral bond
m For small lateral bond still increase in temperature range

Cuppen & Herbst, MNRAS (2005), 361, 565-576



Applications

H+ D — HD

15000~

e
5
=
a

10000f

w
S
=1
=]
T

Desor

S
5

1 1

Vidali et al. J. Phys. Chem. A (2007)
111, 12611

Experimental confirmation of simulation results at higher

4]

Temperature (K)

)

temperatures



Applications

Interstellar grains are pulse heated by photons from stars in a

stochastic manner

RRRLLL T T 10
q B
= —~ o[ :
5 W ~ —. A,=Lr=01pum
o *é‘ Mo AL =01 pm
1 & F 3
i w 10—2 - —
3 b
\
E E
L J E 3
S [ | v 3 104 L | | | | ]
o 107 10° 0 02 0.4 06 0.8 1
Energy (eV) X

Py = 7r? I\ Qaps(\) Dy



Interstellar grains are pulse heated by photons from stars
(Draine, ARAA, 41 (2003) 241)

50
40

Applications

Temperature (K)
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Applications

Temperature (K)

40
35

25
20
15
10

35
30
25
20
15
10

o

A, =0

A, =05

0.01

r(um)

0.1

0.01

0.1

m Small grains have a lower temperature most of the time.

m Small grains have a stronger temperature fluctuations.



Applications

Temperature (K)

|

L b 1]
0.5 i 15

Ay

0.5

Ay

15

m Small grains have a lower temperature most of the time.
m Small grains have a stronger temperature fluctuations.



Applications

1

T
flat rough
01 1 08} ]
o.08f E
oy 0.6F ]
B o0sf E
(5]
= 04f ]
% ooaf E
- E 02f ]
L . 1 L
0 0.01 01 0 0.01 01
r (um)

Efficiency is highly grain size dependent

Cuppen, Morata and Herbst, MNRAS (2006), 367,

1757



Ay =05 Ay =05 Ay =05

Applications

flat 6.50 x 1071 1.99x 10718 2091 x 1018
rough 3.12 x 107" 475 x 107 562 x 10717

a should be 2 x 10717 cm3 571

Rate is high enough for the rough surface to explain
observations




H2 (2)
=

m Plasma-wall interaction in fusion reactors
m H, formation in interstellar medium

m Hydrogen storage




H on graphite

To obtain an accurate description of the H-graphite system

using in order get more insight in
by using

in order to simulate Hy formation in



Hornekaer et al. PRL 96, 156104 (2006)



~85 % of atoms in multimer conf. at 0.01 ML

Hornekeer et al. PRL 96, 156104 (2006)



H on graphite

Known D coverage exposed to H forming HD

H— D/graphite(0001) T=150K
6, = 480" em*s”
25 35 ML
21| D preexposure
<
24 D, (g)
2,0 <
3
£
T &
[
®
2 sd HD (g) ¢ 100 200 300
E
5
E D presxposure [ML]
5
g 2.9
5 1.0 20
1.4
0.9
06
0.23
0.5 012
0.06
0.03
0.0

T T T T T T
0 50 100 150 200 250 300
time [s]

HD formation rate as a function of time

Zecho et al, Chem Phys Lett, 366 (2002) 188



H on graphite

Known D coverage exposed to H forming HD

S

Iog QMS signal amu 3 [A]

H—= Dfgraphite(0001)

HO (g}

T=150K

P

@, = 4.8°10" cm™s

D preexposure [ML]
2.9

2.0

14

08

06

0.23

012

0.06

0,03

50

d[HD]

7 = 0®[D]oexp (—o®t)
d[gltD]:HD formation rate
o :cross section

$d  flux

[D]o :initial D coverage

HD formation rate as a function of time

Zecho et al, Chem Phys Lett, 366 (2002) 188



H on graphite

integrated amu 3 [ML]

Abstraction cross section
depends on coverage

HD yield a
0.6 < ++ + + +
w*
0,4 .;:F'"H
Fa
0.2 4
0.0 T T T
[+] 4 6
D preexposure [ML]
64 F cross section b
124 ++
8 +
++
4 toh e e
0 T T T
itial HD
, initial HD signal -+ 4
1 +
o *
14 ++++
+H
# c
0 T T T
0.0 0.2 0.4 0.6

initial D coverage [ML]

Zecho et al, Chem Phys Lett, 366
(2002) 188



Hy(g)
[ ]
M
H(2)+C(0001)

H,(2)
o

H.(2)+C(0001)

°
51

H(g) H(g)
2

—2.04

—2.04
Hornekeer et al. PRL 96, 156104 (2006)




H on graphite

O dimers
+ tetramers

— 0.5AE +1.04
T
1

P I S S S S
0 0

AE (eV)
Cuppen & Hornekaer, JCP (2008) 128, 174707



H on graphite







Direct Eley-Rideal



Eley-Rideal with steering

- o
Y _C¥

Sha & Jackson, Surf. Sci., 496 (2002) 318




Dimer Eley-Rideal

o o
N

Bachellerie et al., Chem. Phys. Lett. (2007) 448, 223




Dimer mediated abstraction

-~ S S
T

Cuppen & Hornekaer, JCP (2008) 128, 174707




Fast diffusion of physisorbed atoms

™

Bonfanti et al., JPC C (2007) 111, 5825

H on graphite



m All mechanisms

m Combinations of
H on graphite meChaniSmS (Up
to three)

m Different input
parameters
(unknown or
uncertain)

movie surface: 50 x 60 A2
typical sizes: 800 x 920 A2

colour coding: multimers

Can reproduce experiments only for specific combinations



graphite.mpg
Media File (video/mpeg)


Dimer mediated abstraction — cross section
Fast diffusion of physisorbed atoms — dimer ratio

7P 7Y

Cuppen & Hornekaer, JCP (2008) 128, 174707




integrated amu 3 [ML]

HD yield

+++ + +
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initial D coverage [ML]

Zecho et al, Chem Phys Lett
(2002) 366, 188

! 1 ! 1 1
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Initial D coverage (ML)

Cuppen & Hornekeer, JCP (2008)
128, 174707



1x10"

- 31x10°
3l ]
1x10 : T §1><104
_ C / dust E o5
H on graphite E
9 [ ] 3 O
— 2l 11x10° —
- l><10 E E \I/
L T c
; 11x10°
1x10'F .
i 1x10
I T BT R R
0.0001  0.001 0.01 0.1 1 10

A, (mag)

Leiden model from Réllig et al, A. & A. 467 (2007) 187
V4 conditions; ng = 10°® cm~3; X = 10°;




H on graphite

Efficiency

1x10°F

Lol Lol
0.0001 0.001 0.01 0.1 1
A, (mag)

V4 conditions; nyg = 10°° cm—3; X = 10°;



H on graphite

TDS/D — HOPG T=150K
= 4.4 0" em?s”

_ B=1Ki
Z 04
=z + + exposure [ML]
%02 +
+

0.0

0.4
g
g 0.2 L
7 A

0.0

0o 2 4§
exposure [ML]

QMS signal amu 4

T T T T - : T
200 300 400 500 600 700
temperature [K]

Zecho et al., JCP 117 (2002) 8486
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Hornekaer et al. PRL 96, 156104 (2006)




m H, abstraction via two mechanisms

m Dimer mediated Eley-Rideal
m Fast diffusion of physisorbed atom

H on graphite

m Efficient Hp formation for high temperature ( Tgas > 200
K, Taust > 100 K)

m Surface structure can introduce a large amount of
complexity — how far do we want to go?



CO hydrogenation

Based on Tielens and Charnley
1997, from Bisschop et al. 2007

NH,CH,OH



CO hydrogenation

NH,CH,OH

Based on Tielens and Charnley
1997, from Bisschop et al. 2007



CO hydrogenation

NH,CH,OH

Based on Tielens and Charnley
1997, from Bisschop et al. 2007



CO hydrogenation

UHV system:
P < 3 x 1071° mbar.

Tsurf = 10 — 300 K.

H-fluxes:
1012 — 104 cm—2 57!

H-atoms cooled to
Troom Via surface
collisions.




Nose shaped pipe for

collisional cooling IR Beam

CO hydrogenation
Turnable

H-beam shutter

QMS

Thermal cracking Gold substrate

H-source

Dosing Line Main Chamber



co 2L H,co 2 CH50H

m Hiraoka et al. (1994, 2002) — efficient formaldehyde
O iy formation, no methanol

m Watanabe et al. (2002, 2003, 2004) — efficient
formaldehyde and methanol formation



co 2L H,co 2 CH50H

m Hiraoka et al. (1994, 2002) — efficient formaldehyde
€O hydrogenation formation, no methanol
— low flux (102 cm—2s71))
m Watanabe et al. (2002, 2003, 2004) — efficient
formaldehyde and methanol formation
— high flux (1013 — 10 cm—2s71))
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CO hydrogenation 8 0,002 H.CO |

2

é F CH,OH 1

-0.004 - -
(6{0)

-0.006 - -

PRI T IR T RN TN [N TN T T N S S T S N T SO S T B

2000 1750 1500 1250 1000
wavenumber [cm'l]

Both H,CO and CH30H are formed
(5 x 10" H atoms cm~—2)



CO hydrogenation

B R B B I I
0 'w-w Vet

oo ]

< -0.002|- H,CO L]

- CH,OH 1

-0.004 =

-0.006 =
v b by e by e ey w1

2000 1750 1500 1250 1000
-1
wavenumber [cm 7]

H>CO formed, CH30OH around detection limit
(1 x 10'® H atoms cm~2)
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CO hydrogenation

1x10MF

[

X

Pay

S,
S
T

Partial pressure [mbar]

L GH:0

50 200

1x10P

0 50

100
Temperature (K)

Both H,CO and CH30H are formed
(1 x 10%® H atoms cm~—2)



CO hydrogenation

a) DAGRPO000000C00000000 1

o OOoooooOOOO |
%EID Ooooo

O flux = 7.8x10" cm s g
CH,OH O flux=44x10"cm?s*

O flux=11x10" em”s*| |

Integrated Intensity

OOo
OOOOOooooooooooooo

PR SN SN (U S S N [T T S S [N T T S S I W S T [ S S
-0.04
1 2 5

3
Fluence [10™ cm’s™]

Methanol is formed for entire flux range.
For very low fluxes it is formed around the detection limit.

This suggests that there is not a change in reaction
mechanism going to lower fluxes.



CO hydrogenation

Tice =120 K

N(t) [ML]

0
2

1

Time [minutes]
20 40 60 80 100 120 140 160 180
H,CO
Formation
ate

paaly

Yield

CH,OH

1 1
11 I e o o i

\
co

1ol

1 2 3 4 5
Fluence [1017 atoms cm'z]



CO hydrogenation

Tice = 13.5 K

Time [minutes]
0O 20 40 60 80 100 120 140 160 180

—llllIllllIllllIllllIllllllllllllllllllllllll-
21 HZCO -
 Formation \D %ﬁ 3
— 1Hate 12 ) |:||:| "
— 1: EF'::‘:D B O 1|
S LB ® Yield
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= Y0 3 ]
= (o) .
Z 1L _
1: QDQ}%)D ]
_2:_ ]
C_1 1 1 1 I 1 1 1 1 I 1 IIWI 1 11 QOOOC)
0 1 2 3 4

FIuence[lO atomscm ]



CO hydrogenation

Tice = 15.0 K

N(t) [ML]

Time [minutes]

0O 20 40 60 80 100 120 140 160 180
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Fluence [1017 atoms cm'z]



CO hydrogenation

Tice =165 K

N(t) [ML]

1
=

1
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: _ H,CO
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Fluence [1017 atoms cm'z]



CO hydrogenation

.2]

N(t) [1015 molecules cm

50

Time [minutes)
100 150 0 50 100 150

oI
—~
o

1

2

34 50 1 2 3 45
17 -
Fluence [10™ atomscm 2]



CO hydrogenation

ktliesorption = vexp <_kT>

type of site Eping (meV) | (meV)*
H on flat CO (110) 27 28
H in kink site 33

H in vacancy 38 38
CO on flat CO (110) 53

CO in kink site 64

CO in vacancy 75 74

* Energy minimization with accurate potential (Stefan Andersson)




KA = pexp ——E‘Iﬁjﬁ
diffusion kT

i
Edi = Enop +

CO hydrogenation

flat,flat
m For E = Ehop — 5 meV

m However, diffusion is limited due to presence of Hy

m Diffusion only limited effect



€ iy Laboratory or interstellar fluxes
(1012715 cm=2s71 vs. 10772 cm2s71)

m Different reaction channels dominate depending on H
surface abundance



€O lygtwmeisin Varied to fit the experiments

Erea(:t
Kreact = vexp | — kT




Minimum energy path for penetration (no thermal effects)

CO hydrogenation



moviePen2.mpg
Media File (video/mpeg)


CO hydrogenation
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Fluence [1017 atoms cm'z]




CO hydrogenation

N(t) [ML]

Time [minutes]
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Fl uence[lO1 atomscm ]



CO hydrogenation

Varied to fit the experiments

k Eroact
react — VEXP | — WT

T (K) [ H + CO (K) [ H + H2CO (K)
12 390 £ 20 415 £ 20
13.5 445 + 20 445 + 20
15 495 + 20 490 £ 20

Tunneling important at these temperatures




€0 ihepeifer m Reaction rates have very little temperature dependence

m Decreasing production rate with temperature due to
increasing hopping and desorption

m Larger penetration depth for higher surface temperatures



CO hydrogenation

AN(t) (1015 molec. cm‘z)

[
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T T
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T

[ CHKOH, ISM .-
[ H,CO,ISM >l

C = -+ "H,CO, Exp.
t T T T = e L o
E-" ~» - X

—_— CH,OH, Exp
; CO, Exp.

T

T

iul

wonl

CH,OH, IS

ul

M "
L~
CH_OH, Exp.

1x10°

1x10°  1xa0'
Time (yr)

ng = 10° cm™3
n(H) = 10~*ny
Teas = 20K
m Fluence dependence
different

m Different sticking
m CO hydrogenation
becomes dominant

channel (Hz in
laboratory)



CO hydrogenation

100

120K

10 16.5K

e

n(H,CO)/n(CH,OH)

0.01 L vl L vl L vl
1x10° 1x10°  1x10° 1x10°
Time (yr)

Ratio agrees with observations
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CO hydrogenation

N(t) [1015 molecules cm‘z]

\

1x10° 1x10°
Time [years]

1x10°  1x10* 1x10"

FRRTTIT AT IPRTTYR, 1 RERTTTY EPRTTTTY IO

o IPRRTTTT IR |

1x10°

Monte Carlo simulations
ng = 10° cm—3
n(H) = 10~*ny
n(CO) = 10~*ny initial
Tz = VIS
m Sticking limited at
16.5 K

m Efficient methanol
conversion for CO
depletion




Rate equations

o
£ ng = 10° cm™3
CO hydrogenation g n(H) _ 10_4nH
L n(CO) = 10~*ny initial
o Tgas = 20K
= m CH30H/H,CO
Z ratio lower
m Large drop for CO

1x10°1x10°  1x10° 1x10°

Time [years]

1x10°  1x10*

depletion



1x10°

F F135KH oH 3
1x10'F 3 . E
1x10°F T2 O 3
2 - F oo H,CO E
P~ F s 2 ]
 ao'f o ¥ :
o E F ]
) 1x102F k3 3 3
CO hydrogenation 8 af b Wi \:
S 1x10,E, | | E | | 3 ‘= | , 3
€ Ix10° B—HHHH—HHHHH HHHHHI—H—HHHiH —HHHHH—
9 3 65K E
o 1[0 ]
o 0F CH.OH % 3
= : N2 3
e £ g b
Z 1xX1I0°F 3 -7 E
TP E E
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110t 770 ‘H,CO & Z 4 co
EZ - 3 .
KON 2 z ./i
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1x10° 1x10° 1x10°1x10° 1x10° 1x10° 1x10° 1x10° 1x10°1x10° 1x10° 1x10°
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m Initial composition differs
m Large drop for CO depletion
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CO hydrogenation

o
N
T

o
N
T

Fractional abundance per monolayer

T |~ HCO nco) _, [T n(co) _,|]
:/\\\Nn(H) I nM) |l
]L&& TR 1| ST T s = et

0 10 20 30 40 50 0 10 20 30 40 50
Monolayer number

m HyCO and CO locked up in lower layers
m n(CO)/n(H) ratio determines CH3OH and H,CO
formation




CO hydrogenation

& Ruffle & Herbst (2000)
O Stantchevaet al. (2002) | 4
A Garrod & Herbst (2006)
O Changetal. (2007) :

OH) Relative surface abundance

n(H,CO)/n(CH,
5
1S)

6f O
1x10°Fud

o
o @ Tas i VLA16234
i 120K % d
S r

o [
wol vl vl el

1x10°

1x10"  1x10° 1x10° 1x10™
. -3,
Timex n,, (year cm~)

Ratio agrees with observations



€O frogenation m CH30H and H,CO both efficiently formed
m Laboratory results can be explained by MC simulations.

m Layering due to changing gas phase abundance



Three different formation routes have been proposed:

o °, o O O3
CO hydrogenation H 2H H
\4 \4 \4
OH HO2 OH
H 2H H
\ 4 \ 4 \ 4
HO 2HLO HLO

Tielens & Hagen, A. & A. 114 (1982) 245



Three different formation routes have been proposed:

o °,| o O O3
CO hydrogenation H 2H H
\4 \4 \4
OH HLO2 OH
H 2H H
\ 4 \ 4 \ 4
HO 2HLO HLO

Only separate reaction channel
Tielens & Hagen, A. & A. 114 (1982) 245



CO hydrogenation -w-——-'—-"‘/\—w
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loppolo et al. ApJ. 686 (2008) 1474



CO hydrogenation

Column density (1015)

0, 22 H,0, 2L 2H,0

Time (minutes)

20 40 60 80 100 120 140 160 180

T T T T T

T T T T T T T T

/PN

e loppolo et al. ApJ. 686 (2008) 1474

Fluence (1017 atoms cm'z)

No temperature dependence at early times
penetration depth temperature dependent



CO hydrogenation

Column density (1015)

0

20

2H 2H
0, — H,05, — 2H,0
Time (minutes)

40 60 80 100 120 140 160 180

[T T T T T T T

gm0 o,y gl 00l

d[HzOQ](t)

T = k1[O2] — k3[H202]

sAmO||

loppolo et al. ApJ. 686 (2008) 1474

Fluence (1017 atoms cm'z)

No temperature dependence at early times
penetration depth temperature dependent



CO hydrogenation

Column density (1015)

0

20

2H 2H
0, — H,05, — 2H,0
Time (minutes)

40 60 80 100 120 140 160 180
T

pamaseaassessasnazs RARAREREsEaaaneazsseazans]

4 e DR om0,
: A0 _ 10,] - g1,0,]
e i I

He ik @ t

35»0 20K % = k{/ = ké[H2O2]

loppolo et al. ApJ. 686 (2008) 1474

Fluence (1017 atoms cm'z)

No temperature dependence at early times
penetration depth temperature dependent



Why zeroth order

behaviour?

€O hydrogenation m Hydrogen trapped in ice
matrix

m Trapping depends on
incoming beam (no
temperature dependence)

m Penetration depth depends
on temperature

O, (001) surface
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CO hydrogenation

CO (110) surface O, (001) surface
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Diffusion into ice is needed for zeroth order and penetration
depth.



CO hydrogenation
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O channel more important than previously thought




H205 and H2O more efficiently formed than previously
CO hydrogenation expected_

O> could be a major route for H,O formation

Diffusion into O, very important process

More data needed to fully understand how structure
determines reactions (CO vs. O2)
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