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The molecular Universe

« ISM molecular clouds are dusty, icy and chemically rich.
» More than ~160 (gas-phase) molecular species have been detected.
« The numberof C, N, O, S ... atoms represents <0.1% of atoms.

» Molecules are probes of the physical conditions: T, n, Av, (B, age, e ...)
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Los seres humanos inhalan cerca de ciento cincuenta mil
trillones de moléculas cada 5-6 segundos

150,000.000,000.000,000.000,000=150,000e18!

De las cuales 21% son moléculas de oxigeno
77% son moléculas de nitrogeno
2% (vapor de agua y otras)

La sangre distribuye el oxigeno a las células donde se
realizan procesos de combustion del tipo :

Glucosa (C.H,,0() + O, = CO, + H,0
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e The structure of
molecular clouds is quite
complex with strong
gradients (T, n...)
between different
regions of the same
cloud.




In the external layers the visual absorption
increases quickly and protects the inner
regions against the UV interstellar field.
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There are not precise
laws given the density
and the temperature as
a function of the radius.

The clouds are very
inhomogeneous and the
physical conditions
could change strongly.

Understanding and
modelling the physical
and chemical properties
of molecular clouds is
difficult...
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* 1926 - Eddington proposed that molecules could be formed in
dark clouds (only atomic species had been observed).

* In 1930-1940 three molecules were observed through optical
observations of slightly reddened stars : CN, CH and CH".
The observed clouds are not protected against the UV
galactic field (T,, ~ 3 K).

* Between 1960 and 1970 a new branch of Astrophysics
was born : Astrochemistry. Several molecular species were
detected using radioastronomical techniques : OH, NH; and
H,CO. These molecules were detected in dense, heavily
obscured, molecular clouds.



* In the 1970-1980 period several observations in the UV from
space telescopes showed the presence of H,, HD, OH and CO
in regions of low visual absorption.

* In the same period a large number of molecular species were
detected through radioastronomical observations : CH,;OH, SiO,
CS, HCN, HNGC, SiS, CN, HCO", N,H7, ...

* Those observations were carried out with the Kitt Peak, Bell
Labs and Onsala radiotelescopes. Although the number of
detected species was large and several line surveys were
performed, it appeared that the chemical complexity had reached
its maximum. During near 10 years the number of detected
species was rather stable compared with the large number of
molecules initially discovered.



* In 1985 the 30-m telescope (Pico Veleta, Spain) started scientific
operations. Nobeyama radiotelescope was also in operation at the
same time.

* In a few years the complexity of the interstellar medium was
increasing after the detection of almost 30 new molecular species
with these instruments.

* Species like C:H, C.H, C-H, CgH, C.N, CCS, CCCS, SiC,

SiC;, SiC,, SICN, metals (NaCl, KCl, AICI, AIF, MgN(C, ....)
CH;NC, HCCN, CP, H,C,, H,C,, ¢-C;H, H,CCN.,...) and a huge
variety of isotopic species have been detected using radioastrono-
mical techniques in the last 15 years

(=50 species detected for the first time in space by our group)



* In 1984 Puget and Léger (among others) proposed the presence
of PAHs to explain the UIBs and the IRAS emission at 12 pm in
the ISM.

* ISO has shown that PAHs are detected in almost all lines of
sight and also in external galaxies.

* Infrared observations with ISO have shown the presence of
polyynes (C H,) and of benzene (C,H) in proto-planetary
nebula.

*>2006: Detection of molecular anions: CH, C.H-, C;N- ,CN-
* May 2009: Herschel is launched (FIR & smm)
New molecules detected in 2010: H,O", OH", H,CI", HCI"...

*~2012 ALMA (the largest radio observatory ever built)



How are these molecules formed ?

H, is the most abundant molecule but H, gas-phase formation
is extremely improbable.

How it is possible to have a such important chemical
complexity when the formation of H, is not obvious at all?

Can we be sure that our chemical models are correct when
most reactions rates are unknown ?

What can we say about the large molecules, e.g., PAHs,
that are present across the galaxy under all physical conditions?

Some notation...



BIMOLECULAR REACTIONS (ISM)

A+B LA M+ N A,B = neutrals, ions (atoms, molecules , ¢)
M = molecule
N = molecule, atom or photon

M+hy 5 ...

Which is the abundance (or density) of molecule “M”?
n(A) = density of “A” molecules [n(A)]= (molecules) cm
k = “rate coefficient” [k] =cm® s! ~ o (cm?) - v(cm s?)

p = “photodissociation rate” [P] = (molecules) s

typical f=10"° s — molecule lifetime
in diffuse ISM = 1/ = 300 yr!



BIMOLECULAR REACTIONS (ISM)

A+B LA M+ N A,B = neutrals, ions,(atoms, molecules , ¢)
M = molecule
N = molecule, atom or photon

M+hv P ..

Formation rate of M =k n(A) n(B) [cm? s7]

Destruction rate of M = ff n(M) [cm3 s71]

Which is the abundance (or density) of M molecule?

d/dt n(M) = Formation — Destruction = k n(A) n(B) — f n(M)



A+BS5M+N M+hv-& ...

d/dt n(M) = Formation — Destruction = k n(A) n(B) — ff n(M)
Steady state — d/dt n(M) =0 — n(M) =k n(A)n(B) /
k= k(T)?? B2?

-k and 8 can be determined from quantum calculations
and / or through sophisticated laboratory measurements

k(T)=A(T) exp (-E, /KT) “Arrhenius law”




General bibliography on chemical processes in the ISM
(Books)

* “The Physics and Chemistry of the ISM”
A.G.G. Tielens, Cambridge University Press, 2005.

* “Interstellar Chemistry”
W.W. Duley and D.A. Williams, Academic Press, 1984.

* “Physical Processes 1n the Interstellar Medium”
L. Spitzer, Jr., New York: Wiley, 1978.



1) Low Temperatures
2) Low Volume Density
3) The Formation of H, in gas phase not possible !!!

In all chemical processes the interaction between two species
(atoms or molecules) produces an activated complex that has to
loss energy in_a very short time period, often similar to the
vibration time of the nuclei that form the molecule. There are
many ways for the activated complex to loss energy. But, while in
terrestrial laboratories we can use catalysers or a third body,
in_space three body collisions are very uncommon and the only
possible catalysers are dust grain surfaces.




Let us consider the reaction
A+B > AB’ (k)

It may happen that AB” interacts with a third body (catalyser) to
remove the energy excess produced in the formation of the

activated complex. However, also AB® could dissociate into the
initial particles A and B

E{A+B)

AB* +M > AB+M (k,)
AB* —> A+B (k)




The formation rate of the molecule AB, assuming that the activated
complex reaches an equilibrium between formation and
destruction is given by

dn(AB)/dt = n(AB") x n(M) k,
dn(AB")/dt = n(A) x n(B) x k- n(AB") x n(M) x k,-n(AB") x Kk,

dn(AB*)/dt = 0

n(A) n(B) k;
n(AB%) =

(k;tk, n(M) )
and
k; k, n(A) n(B) n(M)
dn(AB)/dt=

k,+k, n(M)



If A, By M are neutral species then k; =~ 10-"! cm3s-!
and k, = 101 cm’s!, but k; 10*1! s !!, and

dn(AB)/dt ~ 1032 n(A) n(B) n(M) cm>s!

The best case in the ISM occurs for A=B=M=H
H+H+H< H,+H

and we will see that formation times are very long...

NOTE: For other molecules the optimal case is when:
A=H, M=H and B € (C,N,0),i.e., n(B)~ 10+ n(H) and

dn(BH)/dt ~ 1034 n?(H) n(B) cm3s! B € (C,N,O) (even worse...)



Let us consider an atomic cloud without dust grains and without
radiation field. For t=0 the density of atomic hydrogen is n and
that of molecular hydrogen is 0. The formation of H, occurs
through the reaction

H+H+H=H,+H

with a k rate of 1032 cm®s!

The formation rate of H, is given by (““molecular fraction”)
dn(H,) 2 ny,(t) 2 ny,(1)
= k ndy(t); S()= -
dt ng(t) + 2 ny,(t) n
df(t)

—— =kn*(1- fit) )’
dt



(Earth at sea level density~10!° cm)

(ultra-high vacuum chamber density~10° cm-3)

f(t))=0.5
n(cm?) ... 1012 1015 1016 1018
tO (years) 6 6 10-° 6108 61010

600s)  (6s) (0.0006s)

3-body reactions are only efficient for densities larger than 10'° cm-.
Even in this case, the density is not enough taken into account the
dynamical time scale of evolution of the object.

H+H+H=H,+H  DOES NOT WORK!

BUT MOLECULES HAVE BEEN DETECTED, )
THUS, WE HAVE TO FIND OTHER MECHANISMS
TO FORM MOLECULES IN THE SPACE



MOLECULE FORMATION ON INTERSTELLAR GRAINS

W. D. Wartsonw anp E. E. SALPETER

THE ASTROPHYSICAL JOURNAL, 174:321-340, 1972 June 1

Adsorption binding energies D depend greatly on the particular adsorbed particle,
and on the chemical nature and surface condition of the dust grain. For saturated

molecules on an inert surface only physical adsorption (van der Waals interaction)
occurs. The corresponding adsorption energy I for nunpu]ar molecules depends on the
polarizability of the molecule but seems to be similar for likely nonmetallic grain
materials, such as ice, graphite, and silicates (cf. Williams 1968 ; Dormant and Adamson
1968; Augason 1970; HS1). Based on this available data and extrapolatmn according to
the pﬂlarlza,hlllt}?, the lowest possible values {dlsregardlng ecial case of Hj) are
expected to be D/k (& = Boltzmann constant) ~ (80071 J. These values are
appropriate for particles of modest polarizability such as CHy (as well as for radicals
such as C, N, O, CO, etc., if these are not bound by chemical forces). For small polar
molecules (e.g., HyO, NHy, H;CO) on a regular inert surface D/k may be ~1000°-
2000° K.

Binding energies in pure molecular crystals are slightly larger than the adsorption
energies quoted above (methane ~ 1100° K, ammonia ~ 3300° K, water ~ 6200° K).
If a molecule like Ho0O, CH,, etc., is adsorbed on a pure molecular crystal of the same
material, it could migrate to a “growth edge” on the surface and become a part of the
crystal. Similarly, a carbon atom adsorbed on a graphite grain could in principle find a
growth edge and become chemically bound into the crystal. We disregard these possi-
bilities for most of this paper but return to them in § IVe.
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Porous chondrite interplanetary dust particle
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FORMATION OF MOLECULAR HYDROGEN ON AMORPHOUS WATER ICE: INFLUENCE OF
MORPHOLOGY AND ULTRAVIOLET EXPOSURE

J. E. Roser.! G. ManNicO.!2 V. PIRRONELLO.? AND G. VIDALI!

Received 2002 April 26; accepted 2002 August 14

ABSTRACT

In this paper, we report on the formation of molecular hydrogen on different types of amorphous water
1ice. We show that mass spectra of desorbing molecules upon formation are sensitive to the way in which iceis
deposited on a cold substrate, to its thermal history, and to the action of UV photons. Implications that these
results bear on H» formation in dense quiescent clouds are presented and discussed.

Subject headings: astrochemistry — dust, extinction — ISM: molecules — methods: laboratory —

molecular processes
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Fig. 3.—Recombination efficiency of molecular hydrogen vs. sample
temperature of H atoms. Filled circles are for high-density amorphous ice
(Manico et al. 2001), open circles are for low-density amorphous ice pre-
pared by heating high-density amorphous ice, and open squares are for
walter vapor—deposited low-density amorphous ice. The error bars are com-
parable to the size of the symbols. The scatter in the data points reflects the
variability in the ice preparation methods.

H atoms are adsorbed
in ice-surfaces and H, forms

T typical of ISM !
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Fig. 4. —Desorption rate (dNyp/dT) vs. ramp temperature after
adsorption of H and D for 4 minutes on high-density amorphous water ice
at ~10 K before ( filled circles) and after (open circles) UV exposure for 15
minutes. Traces have been scaled to vield the same area.

H, in grain evaporates and
leaves the surface
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FiG. 5.—Same as in Fig. 4, except for low-density amorphous ice
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FiG. 6.—Desorptionrate (dNyp/dT) vs. ramp temperature after adsorp-
tion of H and D for 4 minutes with a sample temperature of ~10 K. Graphs
from top to bottom are for desorptions from high-density amorphous ice,
low-density amorphous ice prepared by heating a high-density amorphous
ice, and water vapor—deposited low-density amorphous ice. The solid line 1s
a fit using the method and parameters described in the text.



Some old “pionering” papers on the formation of H, on dust
grains

* Katz et al., 1999, Apl, 522, 305
Molecular Hydrogen Formation on Astrophysically Relevant Surfaces

* Pirronello et al., 1999, A&A, 344, 681

Measurements of molecular hydrogen formation on carbonaceous grains

* Takahashi et al., 1999, Apl, 520, 724

Product Energy Distribution of Molecular Hydrogen Formed on Icy Mantles of
Interstellar Dust

* Takahashi et al., 1999, MNRAS, 306, 22

The formation mechanism of molecular hydrogen on icy mantles of interstellar dust



Let assume that H, has been formed on the surface of the dust
grains. How do we form other molecular species ?

H, + (CC,0,0,N,SL,Si",S,S7) — 222
A+B— AB ??

let us consider the following reaction;

A+ B—>AB + hy (radiative association)

is it possible? is it fast enough to be efficient in
the ISM?



A

ENERGY

A+B=AB+ hv

Collision rate coef. =6 v=10"1 ¢cm3 s1

/! C=Collision duration 10!s

R= Radiative time 10% s (1/A;)

Ecoll Probability: C/R=10" per collision

>

A-8B
SEFARATION

7 Rate k = Collision rate x Probability = 1017 ¢m? s-!

(in general slow...)

Fig. 3.4 A diagram showing possible types of potential energy curves belonging to the
diatomic molecule AB. The colliding partners have relative kinetic energy E.o.



H, + (C,C,0,0,N,Si,Si",S,S") — 222

The reaction will occur if the change of energy in the reaction is
positive in order to account for the low temperatures of the
interstellar medium (reactions must be exothermic)

For example, let us consider the reaction

C"+H,->CH + H

Remember all reactions in ISM have to be bimolecular !!

A+B+M=AB+M only good for the Earth and AGBs



D(products) — D (reactants) > 0 — exothermic
< (0 — endothermic

The dissociation energy of H, is 4.48 eV and that of CH" is 4.09 eV

C"+H,»>CH" + H

The reaction will be
produced if we add
0.39 eV to the system
(about 4000 K).

This reaction is endo-
thermic and has
little probability

to occur in the ISM
as we need

Tgas=E/k > 4000 K
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The reaction
S*™+H,>SH"+ H
Has also to occur in the ISM
D(H,)=4.49eV and D(SH")=3.5eV
However, the reaction
O"+H,>OH"+H

could occur as D(H,)=4.49 ¢V, D(OH")=5.1 eV and it is
exothermic by 0.61 eV!

0% ot & on* & B0t & H,0* S OH, H,0.
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O*+H,—> OH'+H

The reaction rate has been measured in the laboratory and is
rather fast, k = 1.6 10" cm? s’1. But, how do we form O" in
molecular clouds protected against the UV field ?

As the ionization potentials of H and O are nearly identical,
(“accidental resonance”) the process of

(charge exchange) H + 0o OF+ H

could occur efficiently. (H™ formation a few slides ahead)



Are all ion-neutral reactions fast enough?
AT+BC —> AB"™ + C
—> AC" + B

—-> AB + C*
—> AC + B St e ?

We start studying:

AT+ BC — AB" + C



The formation rate of the product AB™ is given by

AT™+BC —> AB"™ + C
formation =k n(A+) n(BC)

Jk [em? s ]? ;depends on the gas temperature?

Several ion-neutral reactions have been measured in the labora-
tory. For most of these reactions (exothermic and BC non-polar ):

k does not depend on the temperature
and is of the order of 10 cm3 s-1 (high!)

Why?
Let us consider the classical treatment of the collision problem.
Let BC is a non polar molecule.

A+ induces a dipole moment in BC during the collision process.




The interaction energy is - 2ae?/r4, where a is the polarizability
of the molecule BC.

For impact parameters >

a critical value, b, although the
particles interact, the particle A
is only deviated from its trayec-
tory but it is not captured by BC.

For impact parameters <b,,
A is captured by BC. b, is
given by

b,=(4oe?/ p v?)/4

where p=(M ,Myz-/M ,+Mg) and
v is the relative velocity

AT+BC — AB' + C



The energy produced in the collision could reorder the
orbitals and overcome any possible activation barrier.

(In the case of an impact parameter equal to b, the particle A
remains moving around BC. )

The collisional cross section ¢ is 7b,* (area) and the reaction rate
is given by

k=c-v=nb?2v=..=2ne(a/W"? [cm’s!]

and does not depend on T, only on the polarizability and on the
reduced mass of the system !!!

This reaction rate is known as “The Langevin rate”




H 0.67 H, 0.79 H,0 1.40 C,H, 3.33
He 0.20 N, 1.76 CO, 2.65 NH, 2.26
N 1.13 o0, 1.58 SO, 4.27 CH, 2.60
o 0.77 CO 1.95 OCS 5.20 C,H, 4.47
Na 24.75 CN 2.59 HNC 2.46
K  42.40 HCN 2.59

a varies very little and the reaction rate could
be very similar for all the reactions !!



Example:
O"+H,—>O0H" +H

Langevin value 1.6-10° cm’s™!
Experimental value 1-2-10-° cm3s!

The other reaction “channel” :

O"+H, > OH +H"

is slightly endothermic
D(H,)=4.48 eV y D(OH)=4.39 eV

and thus less probable than the OH" formation



However, this simple theory does not always work
(as expected ...)

Ne® +0, > O™ + O + Ne
(highly exothermic)
Langevin value (approx) 0.9 10 cm?s!
Experimetal value (real) 0.06 10° cm?s!
Or
He" +H, > H" + H + He

Langevin value (approx) 1.8 10 ¢m3s!
Experimetal value (real) 1.0 103 ¢m3s1 !!!

Why?



The following reactions

Ne® + 0, > O, + Ne (Ne" + 0O, > O™ + O + Ne)
He"™ +H, > H,” + He (He* +H, > H" + H + He)

Are much faster (charge exchanges) !

A"™+BC —> AB"™ + C

What happens in ion-neutral reactions if the BC molecule is polar ?

A classical treatment of the problem (ADO = Averaged Dipole
Orientations) of the dipole interaction

kipo=2me @+ cppy2/ ®TKkT)?)

Where p is the dipole moment of the molecule, T is the gas
temperature and c is a function of py/ a2



Reaction

H=+ + Hg—"}Ha'P +H.......oiiii..
CO* + Hg—HCO* + H................
Met* + Hoe—HN;" +H.................
He* + Hy; —wproducts....................
O+ Hg—OH* -+ H...................

~D -

-

N*+H;—-NH*"+H.............
OH* + H; - OH;* 4+ H...........
NH* + Hy—NH;" + H.................
OH;* + Ho—-=OH;* + H..........
NH.* + H;—=NH;* + H...............
NH;* + H;, —NH,* 4+ H.........
CH*" + Hy—-CH:* + H...........
CH:;* + Hy—-CHz* + H..........
HCN* + Hy -+ H,CN* + H..............
Het + CO—=-C* + O+ He........
He* + N - N* + N+ He........
u—#Ngil +He............
Het + O =+ 0"+ O+ He...............
_')'02+ e H'E! ............
He* + CN—-C* 4+ N+ He........

A
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Some typical ion-neutral reactions

Hy* + O—-0H* + Ha... ... oL,
Hy* + C—CH" + Ha... . .oovoiviiiininnn
Hs* + CO—->HCO* 4+ Ha..ooovvvvenoine
H3+ + Ng-':ﬁ'HNg-‘- + Hg .................
Hy* + OH—-H,O" + Hy................
Hy* + CN—-HCN* 4+ Ha.....ooovvnnut
H3+ e HEG—FHQO_‘- -+ Hg ...............
H3+ + CDE_‘}HCDQ‘F + Hg ..............
H3+ -+ NH;—FNHi-l- <+ Hg ...............
Hy* + HCN - H,CN* + Ha.............
Ha* + HoCO - H,CO*Y + Hgo . oooaol s
HCO* + OH—-+HCOx* + H.............
HCO* + H; O - H;0* +CO............

CENNWEWNN=SNNNOSSONNSD
MO OMNODQOWMADOS WAoo



1) H, is formed in dust grain surfaces
2) We need atomic or molecular ions (ok for diffuse ISM)

But, how are molecules ionized inside molecular clouds ?

With cosmic rays !!! (e.j. high speed p*, He nuc... with E~1000 MeV)

CR + H —> + CR

CR + He —> + CR

CR + H, — H,” + CR (unimolecular

H, + H,” - + H reaction)
and H3+ a key molecule !!!! Formation rate = (. n(H,)

with {zx=101¢-10"s! “CR ionization rate”

H;" does not react with H,
He™ does not react with H, , ionization source for other species



THE FORMATION AND DEPLETION OF MOLECULES
IN DENSE INTERSTELLAR CLOUDS*

Eric HERBSTT AND WILLIAM KLEMPERER

THE ASTROPHYSICAL JOURNAL, 185:505-533, 1973 October 15

Ionization is produced in dense clouds by cosmic rays sufficiently energetic to
penetrate the interior. Since H,; and He are the dominant species, the major mitial
ions produced are H,*, H* (Solomon and Werner 1971), and He*. The exothermic
reaction Hy* + Hy; — H;* + H is rapid (Bowers, Elleman, and King 1969), but the
highly eXothermic reaction of He™ with H, does not occur for kinetic reasons
(Fehsenfeld ef al. 1966b). Thus He*, unlike H,*, will exist in appreciable concentra-
tion. Having an electron affinity of 24 eV, He* ionizes most neutral species other than
H, rapidly. The reactions of the primal ions—H*, Hy*, He *—with abundant neutral
species such as CO, O, N, O,, and N, produce secondary ions such as C*, N*, O*,
Nyt, O,7, HCO*, and HN, .

CR + H, — H,* +e+ CR 2%)
CR + H, — H+H" +e+CR  (88%)
CR + H, — H+H+ CR (10%)
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OBSERVATIONS OF H} IN THE DIFFUSE INTERSTELLAR MEDIUM 0.5 ]
B.J. McCarr,*? K. H. HinkLEg,? T. R. GEBALLE,* G. H. MORIARTY-SCHIEVEN,® N. J. Evans II,° K. KawaGucHr,’
S. Takano,® V. V. SmiTH,” AND T. Oka!
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ABSTRACT
Surprisingly large column densities of H; have been detected using infrared absorption spectroscopy 1.00
in seven diffuse cloud sight lines (Cygnus OB2 12, Cygnus OB2 5, HD 183143, HD 20041, WR 104, WR
118, and WR 121), demonstrating that HY is ubiquitous in the diffuse interstellar medium. Using the
standard model of diffuse cloud chemistry, our H] column densities imply unreasonably long path 0.99
lengths (~1 kpc) and low densities (~3 cm™*). Complimentary millimeter-wave, infrared, and visible
observations of related species suggest that the chemical model is incorrect and that the number density 098
of HY must be increased by 1-2 orders of magnitude. Possible solutions include a reduced electron frac- : B CO {1,0) R1 |
tion, an enhanced rate of H, ionization, and/or a smaller value of the HY dissociative recombination = )
rate constant than implied by laboratory experiments. b |
Subject headings: cosmic rays — infrared: ISM: lines and bands — ISM: clouds — ISM: molecules — o 1.0 =
molecular processes =
o 08 —
=
< 06 -
" & C,2-0 Q(2)
5
PAN AND OKA 04 18761 =
H +
Viem™ ; T(K) 1.00
Ground State
[ I 0.95
1000}
41400 0.90 .
] CN A-X R,(0)
] AT8TS -
80Of 1200 0.85
I 11000 1.04
600r 1
1 800 1.02
wool | P 1.00
i 0.98 |-
1 400 ' '
2001 1
[ ] 200 -40 20
] Vi gr (km/s)
o-0 -—-- 0
0 1 2 3 4 5 K F1G. 13.—Summary of spectra of Cygnus OB2 12, in velocity space. The
Fig. 1.—Rotational energy levels of H} in the ground vibrational state. Three types of “stable " levels are indicated; the lowest (J = 1, K = 1) level by a bold line, s_tructure near 30 and 60 km s~ ! In the lOWel’ trace 1s duc to atmospherlc
the (J = 1, K = 0) level which is metastable hoth collisionally and radiatively by a broken bold line, and the (J = 5, K = 5) and (J = 3, K = 3) levels which are ].lnﬁS.

metastable for radiative transitions by shadowed lines. The forbidden rotational transitions are shown by lines connecting levels.
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F1G. 2.—Rest ISO LWS/FP spectrum of Sgr B2 around 117 and 126 um,
corrected by the averaged velocity of far-IR lines toward the source (62.7 km s™").
Lines due to o-NH, (fop panel) and p-NH, plus o-H,D™ (bottom panel) are shown.
The expected absorption for the NH, lines 1s shown by solid lines in both panels

(see text).

An NH, ortho/para ratio of 3 has been assumed. Note that the NH, lines

show absorption only at the velocity of Sgr B2. [See the electronic edition of the
Journal for a color version of this figure.]



PROTON TRANSFER

AH™ +B — BH™ + A

The reaction is efficient if it is exothermic and it will depend on
the proton affinity of the reactants.

H, has a low proton affinity and the reactions of H;" with neutral
species (B) will always produce BH™

H,; +B — BH' + H,

If the reaction is exothermic the main channel for the reaction is
the proton transfer.



TABLE 1

CosMmic ABUNDANCES

H o, 4.34 e ————
H2 4 .34 CO 6.20 Rﬂ]?!;;fi tﬁ?ﬁ;ﬁma
He NO 4.99 1
0 5.03 C, 7.20 '-f_%:%ié'T
C 6.46 CN 4.99 ;;
N N, 5.03 32
1.4
CS 7.57 3.2

H,* will transfer protons to
all atoms (except N, Hy He) and

to most molecules _
n(HY) gonse = ({/ k co)[n(H,) /n(CO)]

and

n(HS) gitruse = ({/k)[n(Hy) /n(e)].




A"+H, —> AH"+ H

Classic theory does not work well in this case and the reaction
rates are poorly determined. In addition, these reactions have
often activation energy barriers. Some of them have been studied
in the Lab and could be important paths to formation of ionized
molecular species

O* + H,—OH* + H,
OH* + H; - OH,* + H,
OH;‘*‘ + H;"’"‘"DH3+ + H,

OH* +H —>0OHz* +H.................
NH* + Hj —»NHT+ + H

OH,* + HE — OH;* + H
NH.* + H, - NH;* + H
NH;" + H;—-NH,* +H...............

N* + H, - NH* + H,
NH* + H, —»NH,* + H,
N.H.Eq‘ + Hg - NH3+ + H.




PROTON ELIMINATION

A"+BH —»> AB + HT

Not very efficient although some of them could be important
in the ISM.:

C-+NH - CN + HT

C*+NH, — HCN + H*



CONDENSATION REACTIONS

New bonds between heavy atoms are created
CH;" + NH;, —» CH,NH,” + H,

And they occur often through the removal of H o H,. They
often have very efficient alternative channels

CH,* + NH;, — CH,+NH,

(proton transfer)



CHARGE TRANSFER REACTIONS

They are the KEY reactions for the chemistry of the ISM
A+ B —-> B" +A

Example
H +0 —> O"+H (hasasmallE))

The reactions
A"+ B -5 A+ BT

could be important in HII regions with high
ionization fractions but not in molecular clouds.



ERIC HERBST AND WILLIAM KLEMPERER

TABLE 4
CHARGE-TRANSFER REACTIONS

Reaction k(10-% cm® 5°7)
57. H* + NO—->NO*+ H.............. 1.9
38, H* 4+ 0, =0 +H................ 1.0 1.2
59, H* +OH—-OH*+ H.............. 1.0
60. H* + H,O—-H;,0* + H............. 1.0 8.2
6. H* + NHy—-+NH;* + H............. 1.0 5.2
62, H* + H.CO - H CO* + H.......... 1.0
63. C*+NO—-NO*+ C............... ig 0.85

64. E‘E‘ﬂg"'-'—‘r":* +ﬂg .................

Values in red have been measured
in the laboratory



RADIATIVE RECOMBINATION

X"+ e — X+ hv (reverse of photoionization)

These mechanisms produce neutral species from
a chemistry based on ion-neutral reactions.

In this reaction the energy excess of the system is released as
radiation.

e.g. (deep in molecular clouds) Fe® + ¢ — Fe+ hv

Typical reaction rates are slow k,, =102 cm? s

Molecular ions recombine much faster through other
mechanism...



DISSOCIATIVE RECOMBINATION

Molecular positive ions recombine with electrons to dissociate
into neutral species (not by radiating a photon)

ABC"+e —- BC+A
Besides, the reaction rates have a T dependency as T-1/?!

Typical values for the dissociative recombination rate are
kpr =10°-107 cm?3 s! (fast)

e.g. (in molecular clouds) HCO™ + e — CO+H

Hence, these reactions are very important in ISM.



Table 3.8 Some measured values of kpg.

Rate coefficient (cm®s™ ")

Rate coefficient (cm?s—1)

Species 100 K 40 K Species 100 K 40 K
Diatomics Polyatomics
CH™ 3.3x 1077 52x 1077 H;* 7.2x 1077 1.1 x10-¢
NH* 1.9x 1077 3.0x 1077 H-O* 1.3x10°° 2.1x10°°
OH* 1.4x10-7  22x1077 H;O* I.1x10°¢ [.7x10°°
Cy™ 1.0x10-° 1.6 x 107° CH>™* 8.7x 1077 [.4x10°°
N>~ 6.2x 107 9.8x 107 CH;™* [.2x10°° [.9x10°¢
O," 3.3x 1077 52x1077 CH4™ 1.3x107° 2.1x10°¢
NO™ 4.1 x 1077 6.5x 1077 CHs™* 1.3x107¢  2.1x10°¢
CHT [.0x 10~° 1.6 x10°¢
C,H,* [.0x10-° 1.6 x 10°°
C,H;™ [.6 x 107° 2.5x107°
N>H* 1.5x10°% 24x10°°




A+BC=AB+C

Strong temperature dependence has been found for many
of these reactions + activation energy barriers E_

A
ENERGY

REACTANTS

PRODUCTS

REACTION PATH OF MINIMUM ENERGY




k(T)=A(T) exp (-E, /KT)

H + H,CO = H, + HCO
H + H,S = H, + SH
H+ O, =O0H+ O

O + H,S = OH + SH
OH + CO = H + CO,

A(cm’s 1)

6.
5.

2.7
1.
3.7

3

6
1

10—11
10—11
10—10

10—13
10—13

E,(K)
1300
860
8500

900
300



Non-thermal reactions may overcome endothermicities
or activation energy barriers E_

H,+C" — CH"+ H (endothermic by 0.37 eV or 4300 K)

ENERGY

E

a
REACTANTS
PRODUCTS

REACTION PATH OF MINIMUM ENERGY

Energy of
vibrationally
excited levels

The H, (v=1) level has an energy of ~0.5 eV (~5800 K)

- In some particular cases the H," levels can be significantly populated
e.g. by absorption of UV photons in Photodissociation Regions.



Non-thermal reactions may overcome endothermicities
or activation energy barriers E_
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Non-thermal reactions may overcome endothermicities
or activation energy barriers E_
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Table 1
Thermal and State-specific Rate Constants for Chemical Reactions of Ha Relevant for Astrophysics

No. Reaction &(em® 571y AT (K AHYOK) (K) Reference
I H2+C* - CH" +H 7.4 % 1079 exp(—4537/T) 400-1300 +4280 (1)
2 Haj=0T+Ct - CH"+H 1.58 x 10719 exp(—[4827 — E;/ &1/ T)° 200-1000 (+4280. =310} (2)
3 Ha(v =1)+C* — CH* + H 1.6 % 1077 800-1300 —1710 (1)
4 H, + Het — He+ H+ H* 3.7 % 107" exp(=35/T) 10-300 —75560 (3)
5 Hy(v = 1)+ He* — He + H + H* 0.18-1.8 x 1077 300 —87190 (4)

1 Ho+0— OH+H 3.52 x 10713 (7/300)>% exp(—3241/T) 297-3532 +920 (5)
6 Ha(v = 1)+ 0O — OH+H 1.68 > 10716 (T /300" ** exp(943/ T 100-500¢ —5070 (6)
7 Ha(v =2)+ 0O — OH+H 1.52 % 1073 (T /300 % exp(209/ T') 100-500¢ —10720 (6)
8 Ha(v =3)+ 0O — OH+H 2.07 x 10711 (7/300)"% exp(—412/T) 1004000 —16040 (6)
9 H, + OH - H,0 +H 2.22 % 10712 (T /300043 exp(—1751/T) 200-3000 —7370 (5)

10 Hy(v = 1)+ OH — H,0 +H 1.52 5 1011 (T /300)" 33 exp(—902/T) 250-2000 —13360 (7)

11 H> +CN — HCN +H 117 % 10712 (7 /300> exp(—1188/7) 200-3500 —10250 (5)

12 Hz(v = 1)+ CN — HCN+H 9.65 x 10712 (7 /3000 ™ exp(—1397/7) 200-1000 —16240 (8)




(UV) Photodissociation and photoionization

The main path to destroy molecules in UV illuminated gas is

photodissociation and photoionization

What do we need to know ?

1) The electronic, vibrational

and rotational levels of each molecule

2) The far-UV radiation field (>911 A)

Hence, photo rates () will be different
in each source (SFRs, planetary disks...)

(a) X
{/ A+
X
\

(b) = At

INTERNUCLEAR DISTANCE

g

*'\‘S

A +Bt+e
(e) IP(4)
(4)
A+8
\ /_
(d)é <
§ (5)| |r6)
Wy
X

Fig. 4.1 Potential energy curves and transitions illustrating (a) photodissociation, (b)
photo-predissociation, (c) photoionization, and (d) dissociation via fluorescent

emission.
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Energy

(/)

AB X

Internuclear distance

“Direct Photodissociation”
AB + hy ? A+ B



Energy

Internuclear distance

“Photo-Predisociation”
AB+hv? AB® — A+ B

_A%+ B

A+B



Energy

AB

AB*

(4)

Internuclear distance

“Photoionization”
AB + hy 5 AB™




(d)

ENERGY

P
INTERNUCLEAR DISTANCE

“Dissociation via fluorescent emission”
AB + hy - A+ B



107 , . T

Interstellar : AV — 1-086'TV
radiation

(dust attenuation)

far-UV field ;
F=F() %~ ‘
or
F=F(E) ¢

104

1 I
2000 1500 /1000 911A
WAVELENGTH (A)

Fig. 4.4 The interstellar radiation flux F(E) photons cm~?s~'eV~!ster~! in un-
obscured regions of the interstellar medium, in a typical diffuse cloud with 7,~ 0.5, and
in a denser cloud with 7, ~2.

Mean interstellar radiation field flux, F(E)
F, (E)=1.658 10° E - 2.152 105 E? + 6.919 103 E° photons cm s°! ster! eV-!



energy density (A)

B photodissociation rate (complex calculation)

BA) =4z F(E,4,)0,,(E)dE
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b =5, exp(—oltAV)

Table 4.1 Dissociation rates, fo, and « [equation (4.14)] for simple

molecules exposed to the unshielded interstellar radiation field.

(S. S. Prasad and W. T. Huntress, Jr, Astrophysical Journal
Supplement Series, 1980, 43, 1.)

Molecule Po(s™H o Molecule Bo(s™ o
H> 5 x10-1 —— HCN I %101 1.8
HD 5 x10~1 — HCO 8.8 x 1010 1.6
CH 1.4 x 1010 1.5 H,CO 8.8 x 1010 1.6
(@0 5 x10-1"? 3.0 NH; 5.5x 1010 2.0
CN 5 x10-1 1.7 H->O 3.2x 10710 1.7

CI‘I}+ 2 x107? 1.7




H,(X'Z,*,v"=0)+thv— H,(B'E,*v’) A <1109A . . .
T S HACLY) A <1109A H, photodissociation

“Lyman and Werner bands” N
< /st 7
There are not allowed electric dipole N /7/
transitions from X'Z " to repulsive %’
Electronic states with energies <13.6 eV !! g / ot
b~
H,(B'Z,*,v’) > H,y(B'Z,",v”) + hv E S
—->H-+H+hv N <
ot
and o 16 24 32

INTERNUCLEAR DISTANCE (4)
1ITT + v° 1y + v*) + Fig. 4.6 Energy levels in H> molecule participating in absorption and dissociation via
HZ(B Hll Y ) — HZ(B Zg Y ) hv fluorescent emission. (The designation of molecular states follows G. Herzberg,
—>H-+H+hv Spectra of Diatomic Molecules, Van Nostrand, Princeton, NJ, 1950.)

23% of the X-B transitions produce photodissociation
1% of the X-C transitions produce photodissociation

Photodissociation is produced by lines !!! => shelf-shielding of H, (and CO) in clouds...



PDR Chemical Models

Model Name  Authors

Cloudy G. J. Ferland, P. van Hoof, N. P. Abel, G. Shaw (Ferland et al. 1998; Abel et al. 2005; Shaw et al. 2005)
COSTAR [. Kamp, F. Bertoldi, G.-J. van Zadelhoft (Kamp & Bertoldi 2000; Kamp & van Zadelhoft 2001)
HTBEW D. Hollenbach, A. G. G. M. Tielens, M. G. Burton, M. J. Kaufman, M. G. Wolfire

(Tielens & Hollenbach 1985: Kaufman et al. 1999: Wolfire et al. 2003)
KOSMA-T H. Stérzer, J. Stutzki, A. Sternberg (Storzer et al. 1996), B. Kdster, M. Zielinsky, U. Leuenhagen

Bensch et al. (2003), Réllig et al. (2006)
Lee9%6mod H.-H. Lee, E. Herbst, G. Pineau des Foréts, E. Roueff, J. Le Bourlot, O. Morata (Lee et al. 1996)
Leiden J. Black, E. van Dishoeck, D. Jansen and B. Jonkheid

(Black & van Dishoeck 1987: van Dishoeck & Black 1988: Jansen et al. 1995)
Meijerink R. Meijerink, M. Spaans (Meijerink & Spaans 2003)
Meudon J. Le Bourlot, E. Roueff, E. Le Petit (Le Petit et al. 2005, 2002: Le Bourlot et al. 1993)
Sternberg A. Sternberg, A. Dalgarno (Sternberg & Dalgarno 1989, 1995; Boger & Sternberg 2003)
UCL_FDR S. Viti, W-FE. Thi, T. Bell (Taylor et al. 1993; Papadopoulos et al. 2002; Bell et al. 2005)




Summary

Cosmic ray ionization en 10717 g1
Ion-Molecule reaction k 10799 em3 s?
Charge Transfer reaction k 107%° cm3 s!
Radiative association -diatomic 10717 em3 s7?
-polyatomic 107%° cm? st
Neutral exchange k,E. 10712 cm3 s7?
Radiative recombination K or 10712 cm® s!
Dissociative recombination k,, 107°°¢ cm® s

Photodissociation B, 1079°-10712 cm?® s7?!



H, from reactions in the grain surfaces

1)H+cr=H"
2)H"+0=0"+H
3) O"+ H,=0OH"+ H
4)OH +H,=H,0"+H
5) H,O" + H, = H;O0" +H (H;0" does not react with H,)
6) H;O"+e=H,O0+H
= OH + H,

A total of six steps are needed to form H,O or OH. But now

C"+OH=CO+H" CO only reacts with H, H;” and He"
C"+H,0=CO + H,"

H,"+ CO=HCO"+ H, the reverse does not occur but
HCO"+e=CO+H
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Fig.1. Spectra of H,O" 1,,-0y (green) and OH™ N = 1-0
(blue) transitions obtained toward W49N. The velocity scale applies
to the strongest hyperfine component, with assumed frequencies of
971803.8 MHz for OH" and 1 115204 MHz for H,O". Note that be-
cause HIFI employs double sideband receivers, the complete absorption
of radiation at a single frequency will reduce the measured antenna tem-
perature to one-half the apparent continuum level.
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Stationary Chemical Models

(Sternberg & Dalgarno 1995)

SELECTED MOLECULAR DIAGNOSTICS®

Hot HiH/H; Cn Sn Sin 51 Dark Core
Density Ratio Ay=06 Ap=1.5 Ay=3 Ap=35 Ap=T Ap=10
OH/H,O0 ............. 4.5(1)° 2.3(1) 9.3 9.2(-2) 4.4(—3) 34(-4)
OH*/H;07 ........... 1.8 1.3 7.5(—2) 92.6(—3) 1.3(—3) 1.4 (—5)
CO'"/HCO" ........... 5.1(=2) 3.5(-2) 1.5(—4) 1.7 (—6) 29(-7) 20(-7)
SO*/ 80 ..eneee. 1.7 23(=1) 2.8(-3) 6.4 (—4) 1.2(—4) 5.7(—4)

SiI0H/SI0 .. L6(—1) 5.7(—3) 3.0(=5) 1.2(=T7) 1.8(—9) 1.7 (—10)
NH/NH; ............... 7.8(4) 2.2(3) 9.2(3) 9.3(-1) 1.7 (—2) 4.9 (—4)
CN/HCN .......... . 4.7 LI g4 33(-1) 1.3(=3) 1.8(—4)

* Selected molecular density ratios at specific locations in the different chemical zones present in a photon-dominated region with a total
hydrogen particle density nr = 10° em™?, which is exposed to a FUV radiation field with ¥ = 2 % 10°, and a cosmic-ray ionization rate of { =
5 % 107'" s, The total elemental abundances are listed in Table 1.

® Numbers in parentheses are exponents. For example, 4.5 (1) = 4 x 10",
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Stationary Chemical Models

(Sternberg & Dalgarno 1995,ApJ SS 99, 565)

TABLE 2
ATOMIC AND MOLECULAR SPECIES IN DENSE PDRS?

Hot H1H/H; Cu Su Sin S1 Dark Core

Family Ay=0-07 0.7 1.7 1.7 3.7 3.7 6 37176 Ap> 10
Hydrogen ...........cccccoviveess H H* Hf H} Hi H, H} H. H, H, H, Hi
OXYEEN «.ooeeeeeeereessienisensens 0 O* OH H,0 OOH 0 0 0 OH,0

OH* H,0* H,0* H;0*
0,03 0,08
Carbon ......ccoovvivieeiiiciiane cct cct
CH CH, CH; CH CH, CH; CH,
CH* CH} CH} CH* CH} CH} CH!
CHj CH} CH{ CH?
SULUT ©.cooeeveeenieessseesiens S*SH* S* S*SH H,8* S S H,S H,S*
NIEFOREM oo veeerieenerienenes N N N N N N* NN*
NH NH, NH, NH,
NH* NH} NH} NH;
N, N, N,H*
7] (Te') | R Si* Sit Si* SiSit Si Sit
SiH SiHZ
Oxygen intermediates .......... CO CO* HCO* CO* HCO* CO CO Cco CO HCO*
SO+ SO SO SO, SO*
No NO* NO NO*
SiO* SiOH* SiOH*
SiO SiO,
Carbon intermediates .......... CS*HCS* CS* HCS* .. .. CSHCS HCS* HCS*
CN HCN CN HCN HCN HCN
CN* HCN* H,CN* CN* HCN* 0CS 0Cs

* This table lists the atomic and ﬂmlecuiar species that are preferentially produced in the different chemical zones present in a photon-dominated region
with a total hydrogen particle density ny = 10° cm™*, which is exposed to a FUV radiation field with x = 2 % 10°, and a cosmic-ray ionization rate of { = 5 X
1077 57!, The total elemental abundances are listed in Table 1.



H." + HD=H,D" + H, + AE

The forward reaction is exothermic by an amount AE/k = 230 K and, therefore, at low
temperatures, the primary destruction mechanism for H,D™ is via recombination with
electrons. Formation of DCO™ follows through the reaction:

H,D* + CO - DCO" + H, (2)

R. Plume et al. 49

Fig. 1 Schematic diagram representing the chemical network responsible for the creation and
destruction of DCO™ and HCO™, reproduced from ref. 19 with kind permission

Similar effects for 2CO +B3C*=> 13CO + C*+ AE (35K)
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The most abundant
molecule in space, H,,
cannot be formed in gas
phase. Must be formed
on grain surfaces.

Grain-surface reactions
are also key to explain
the abundances of other
molecules such as
CH,OH, H,CO, NH, or
H,0.

ACCRETION

DIFFUSION

O000C00BBO000000000 REACTION

Evaporation
Photo-desorption
e / Chemi-desorption
Sputtering

EJECTION




Forming interstellar ice:

- M, Atoms and malecules stick
= f gHﬁ + H anto the cold dust,
- H,0 reacting to ferm H. and H.O
or freczing to form “solids®.

UY photons

< couo Loion e L
AnICY GRAIN of o', % [ Sl

INTERSTELLAR DUST:

A “arust’ of ice entirely covers the dust. % MH,

Cominated by H.O, the ice ice o '."'_'L'I-_Hm o + H
centains many different chemicals - the o CO+N  w» . uco
least valatile molecules in the top layers. - OCH "

dEa:ljFF.‘!li.'ln

Processing interstellar ice:

Atoms ond molecules react at the ice
surface to form new, more complex
melecules. UV photens and electrons from
eosmic rays alse “kick start” chemical
co reactions in the ice. When the ice is
heated, many molecules are desorbed.

A schematic representation of the life cycle of an interstellar dust grain in star forming
regions. (from Fraser et al. Rev. Sci. Inst., 73, 2161 (2002)).



The accretion rate of a molecule into a dust grain is

a( T\
k,. =nqoqvS(T, Ty) =~ 10 (ﬁ) ns

. A o S B
S(T,Ty) = [ 14+4x107(T+T)"*4+2x107°T4+8x 107° T}

The depletion time for a cold core is (4 x10%)/n, i.e., less
than 10° yr in a dense core. We can also express this
lifetime as the time required for a species to arrive at a
grain. In a gas with kinetic temperature of 10 K, for

CO -
1 _[10*cm™7| 1000 A
Tar = { n;04 l’) ~3f — da}rsj

n

a
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E. energy

d, distance
to the surface
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Chemisorbed site
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L atom k
jr‘
Physisorbed site
Table 4.12 H—surface interaction energies
surface Energy(eV)
physisorbed chemisorbed

graphite 0.06 ~2.5
silicate 0.05 ~2.5

Figure 4.2 The interaction between an adsorbate and a surface as a function of
the distance to the surface. Two types of sites can be recognized: physisorbed
sites due to van der Waals interaction (binding energy, E) and chemisorbed
sites involving shared electrons (binding energy, E..,). The actual binding

energies of a species, E, and E_, take the zero-point energy into account. The
two types of sites are separated by a saddle point with energy, E..

From Tielens, The Physics and Chemistry of the ISM



The evaporation time is

Tey =V L exp(E,/kT,) E,=binding energy

The evaporation time is very sensitive to the dust
temperature Td.

In PDRs, the main mechanism to release molecules
from the grain mantles is photo-desorption. Assuming
the mean interstellar UV field, the grains will remain
clean of ices for

Y,

pd 10*cm™—
A, <4.14+In| G, 02
- n




Table 4.14

Radical-radical surface reactions

reactants

products

H + OH

H+ C

+ CH
CH,
CH,

Z
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OH
H,O

CH

CH,
CH,
CH,

NH

NH,
NH,
H,0,
HNO
HCN
HCNO
H,CO
HCOOH
CH,OH
NHCHO
NH,CHO
CHCHO
CH,CHO
CH,CHO
N,H,

0O,

NO

Cco
OCN
HCOO
CN
CCHO
N,

N,H
NCHO

Other important concept is
migration time. Migration time is
the time to move from one position
to another on the grain surface.
When the migration time is lower
than the evaporation time, surface
reactions occur

Table 4.15 Hydrogen reactions with
activation barriers

reactants products E,(K)
H + CO — HCO 1000
H+ H,CO — CH,0¢ 1000
H+ O, — HO, 1200
H+ H,0, — H,O0+4+OH 1400
H 4+ O, — O, + OH 450
H+ CH, — GC,H, 1250
H+ CH, — GC,H; 1100
H + H,S — SH + H, 860
H+ N,H, — N,H+H, 650
H+ N,H, — N,H;+H, 650

@ Product species could also be CH,OH.



Table 4.13 The interaction of atoms and molecules with an H,O surface

species E} (K) 0K 30K
Tev (5) T (5) o () T (8)

H 350 1.6 (3) [ (—12) I (=7) [ (—12)
H, 450 3 (7) 4 (—12) 3(—6) 4 (—12
C 800 [ (—2) 4 (—1) 2 (—9)
N 800 [ (—2) 4 (—1) 2 (—9)
O 800 [ (—2) 4 (—1) 2 (—9)
S [100 [ (2) 8 (13) 4 (—=8)
CO 1900 6 (12) 2 (—4)
N, 1700 [ (10) 2 (-95)
O, 1600 7 (8) 9 (—6)
CH, 2600 2 (=1
H,O 4000 2 (5

“ Estimated binding energy on an H,O surface.
b Evaporation time scale from an H,O surface. No value given when it exceeds the molecular
cloud lifetime.
¢ Migration time scale on an H,O surface. No value given when it exceeds the molecular
cloud lifetime.



PAHs

Table 6.3 Unimolecular dissociation

Sidegroup® Bond® E, (eV) P
Hydrogen PAH—-H 4.47 10"
Methyl PAHCH, —H 3.69 102

PAH —CH, 4.0 10~
Ethyl PAHCH, —CH, 3.1 0.9
Hydroxyl PAHO—-H 3.69 102

PAH—-OH 4.5 1018
Amine PAHNH—-H 3.47 10!

PAH —NH, 4.0 10~
Acetylene PAH' —C,H,“ 8.0 negligible

“ Structural formulae of these sidegroups are illustrated in

Fig. 6.11.
* Bond denoted by —.

© Estimated photodissociation probability for a 50 carbon atom
PAH, assuming E = 10eV and kj = 157! (cf. Eq. 6.82).

4 Loss of acetylene group from PAH skeleton.

I
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Incorporation of stochastic chemistry on dust grains
in the Meudon PDR code using moment equations

I. Application to the formation of H, and HD

E. I.e Petit!. R. Rarzel?. O. Riham?. E. Raneff!. and I. T e Rourlot!
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Fig. 1. The formation rate a(H,) (cm?s™") of H; molecules on grains, 6 14 16 18 20 22
obtained from the rate equations (solid line) and from the moment equa- T (K)
tions (dashed lines), where the grain sizes follow the MRN size distribu- dust
tion. Results obtained from the three models of Table 3 are presented: ‘ ] B o ]
Model A which includes no rejection (open circles), model B which Fig. 2. The formation rate a(HD) (cm”s™" ) of HD molecules on grains,
includes rejection only due to adsorbed H atoms (open squares), and obtained from the rate equations and the moment equations, where the
model C that includes rejection caused by both adsorbed H and ad- grain sizes follow the MRN size distribution. Same conventions as in

sorbed D (open diamonds). Fig. 1.



