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ABSTRACT

We have developed a model for molecular hydrogen formation under astrophysically relevant conditions. This
model takes fully into account the presence of both physisorbed and chemisorbed sites on the surface, allows
gquantum mechanical diffusion as well as thermal hopping for absorbed H atoms, and has been benchmarked
versus recent laboratory experiments onfétrmation on silicate surfaces. The results show thatdAamation
on grain surfaces is efficient in the interstellar medium up to some 300 K. At low temperafil@3 K), H,
formation is governed by the reaction of a physisorbed H with a chemisorbed H. At higher temperajures, H
formation proceeds through a reaction between two chemisorbed H atoms. We present simple analytical expressions
for H, formation that can be adopted to a wide variety of surfaces once their surface characteristics have been
determined experimentally.

Subject headings: dust, extinction — ISM: molecules — molecular processes

1. INTRODUCTION of these atoms (Leitch-Devlin & Williams 1984; Tielens &

. . Allamandola 1987). Surface diffusion can occur through quan-
Molecular hydrogen is the most abundant molecule in the 1,1 mechanical tunneling (at low temperatures) and through
universe and dominates the mass budget of gas in regions O{hermal hopping (at high temperatures). For a proper descrip-

star formation. His also an important chemical intermediate {jon of molecular hydrogen formation in the ISM, both types
in the formation of larger species and can be an important gasy¢ pinging diffusion processes have to be taken into account
coolant in some conditions, particularly in the early universe. (Cazaux & Tielens 2002).

Yet, despite its importance, the, Hormation process is still
not well understood. Observationally, it has been shown that
H, can be efficiently formed over a wide range of temperatures
(Jura 1974; Tielens & Hollenbach 1985a, 1985b; Hollenbach Recently, we have developed a model for fermation on

& McKee 1979). Theoretically, Gould & Salpeter (1963) grain surfaces based on Langmuir kinetics in which species
showed the inefficiency of Hformation in the gas phase and accrete, migrate, and react and in which the product species,
concluded that the recombination of physisorbed H on “dirty” possibly assisted by thermal energy, evaporate. This model is
ice surfaces is efficient between 10 and 20 K. Hollenbach & based on two main points: (1) The atomic mobilities are due
Salpeter (1970, 1971), recognizing that this small temperatureto a combination of quantum tunneling and thermal diffusion,
range presents a problem, considered reactions involving Hand this is controlled by the temperature of the grain and the
atoms bound to dislocations and impurities, with energies ex- mass of the species; and (2) atoms can bind to the surface in
ceeding normal physisorbed energies, and obtained a recomtwo energetically different sites, a chemisorption site and a
bination efficiency of=1 up to a critical temperature between physisorption site. These interaction energies set the migration
25 and 50 K. Goodman (1978) calculated the quantum andbetween the different sites and the reactions among the species.
thermal mobility of the atoms on graphite grains assuming that We have compared the results of our model with laboratory
these atoms could only be physisorbed. Many studies focusecexperiments on molecular hydrogen formation on olivine sur-
for various reasons on icy surfaces where H is physisorbedfaces (Pirronello et al. 1999; Katz et al. 1999) to determine the
(Buch & Zhang 1991; Takahashi, Masuda, & Nagaoka 1999). relevant parameters. Here we extrapolate this model to study
However, most astrophysically relevant material (e.g., silicates, H, formation under astrophysically relevant conditions (e.g.,
graphite) can also bind H in chemisorbed sites (Barlow & Silk low accretion rates and long timescales). We consider three
1976; Aronowitz & Chang 1980; Leitch-Devlin & Williams  different populations: physisorbed H, chemisorbed H, and
1984; Klose 1992; Fromherz, Mendoza, & Ruette 1993). On physisorbed H The surface concentrations of these species
these surfaces, binding can occur in a physisorption layerare described by three rate equations. Using the surface con-
(E~500K) at a distance of som&~3 As well as in a  centration of these species, the desorption rate, which con-
chemisorption layerE ~ 10,000 K) deeper into the surface tains two contributions, can be determined. First-order desorp-
(2~ 0.5 A; Barlow & Silk 1976; Zangwill 1988). Recently, tion occurs when the grain temperature is high enough to allow
Katz et al. (1999) developed a model foy fdrmation bench- evaporation of previously formed molecules. Second-order de-
marked by two sets of experiments. This model considers thesorption occurs when two atoms come together, and the newly
atoms bound only in physisorbed sites and diffusing only ther- formed molecule is directly released into the gas phase. We
mally on the surface, colliding and recombining to form mol- define H, H. and H, as the physisorbed H, chemisorbed H,
ecules. As for the ice models studied earlier, this model allows and molecular hydrogen concentrations, respectively; their
molecule formation only below 15 K for olivine grains and evaporation rates are written@g, 8.,, ,dhd . The different
only below 20 K for carbon grains, which contradicts the in- mobilities that go from a sité to a sitej are given byo;; ,
terstellar medium (ISM) observations. Perusing these models,wherei andj are either a physisorbed site)(or a chemisorbed

it is clear that the process of,Hormation is governed by the site (C) and where the barrier between two sites is assumed to
binding of atomic H to the surface and the concomitant mobility be square. However, the shape of the barrier is found to be

L29

2. MODEL



L30 MOLECULAR HYDROGEN FORMATION IN ISM Vol. 575

TABLE 1
MODEL PARAMETERS FOR SILICATE SURFACE

Parameter Value

Ep, (K) oo 320 L i

.......................... 0.005 L J
Eq(K) v 200 08 _|
Ep, (K) oo 600 T i
B K) oove 10000 | |
P, (57 e 3 x 10% | |
Ve (871 e 1.3 x 10©

©
foN
I

Note.—E,,, E,,, andE,_ are the desorption energies
of H,, physisorbed H (H ), and chemisorbed H.(H ),
andE;g is the energy of the saddle point between a phys-
isorbed and a chemisorbed sijeis the fraction of the
newly formed H that stays on the surface, ang  and
vy are the vibrational frequencies of, ldnd H in their
surface sites. For more details about the determination
and calculation of these parameters, see Cazaux & Tie-

Recombination efficiency
o
.
I

lens 2002. 0.2 - .
unimportant (see below)j is the fraction of H that stays on i " i
the surface upon formation. The rate equation can then be oLl g i N T R WA S AW
written as (for details, see Cazaux & Tielens 2002) 1 1.5 2 R.5

LOG(Temperature in K)
Ho = F(1—Hy,—H,) - O‘chP - Zapp HS Fic. 1.—H, recombination efficiency for three different fluk0**  mono-
layers per secondsglid curve), 10*° monolayers per secondashed curve),
+ acpHC(l - Hp) - 5HPHP, (1) and10® monolayers per secondof-dashed curve).

H fluxes. All curves are characterized by a very low efficiency

He = apeHp (1 —He) — apcHeHe — o He at low temperatures, a steep rise arotddK (whose location
) depends on the actual H flux), an efficiency of unity until some
— 2a,HeBy He, 2) 25 K, followed by a gradual decline t0.2 at~100 K, and

a final drop to very low efficiency around 300 K (whose lo-
cation again depends on the actual H accretion rate). In steady

|'-|2 = uap,HZ + oy HoHe + e HoHp + a i H2) — B H,, state, the system of equations (1)—(3) can be simplified by
setting the time derivatives equal to zero. We can now discern
(3) two different temperatures regimes, low temperatures (

100 K) and high temperaturestT & 100  K), where different
whereF is the accretion rate in units of monolayers per second. processes dominate,Hormation. In these limits, the set of
The first-order H desorption rate is given by steady state equations can be further simplified, and this yields

much insight in the numerical results.

kl = BHZH 2- (4)

. . 2.1. Physisorbed H

For second-order desorption, several processes contribute,
depending on whether physisorbed atoms, chemisorbed atoms, By far, at low temperatures, the most efficient way to form
or both are involved: H, is when a physisorbed atom reacts with a chemisorbed atom.

Other routes toward Hformation as well as the evaporation
k; = (1 — p)(apHeHc + o HoHp + agHE + o HE);  (5) of chemisorbed atoms are negligible. Realizing tHat  is al-
ways small compared with 1 (physisorbed H quickly migrate

8., the desorption rate for a populationis written asg@, = to a chemisorbed well), the steady state equations can be sim-
v, exp (-E/KT), wherey, is the frequency factor of species  plified to
perpendicular to the surface, aBfl is the desorption energy
of species. The total H formation rateR is the sum of the F(1-H,) — apHs — ByHs = 0, (6)
first- and second-order terms, and the rdcombination effi-
ciency—the fraction of the accreted hydrogen that desorbs as
H,—is defined bye = 2R/F . The parameters in this model @, Ho(1—2H.) = 0 )
are summarized in Table 1. They have been discussed exten- P ¢ '
sively elsewhere (see Cazaux & Tielens 2002). We have in-
tegrated this set of time-dependent equations using a Runge-
Kutta method with adaptive step size control (“odeint,” a u(apcHeHe) — B H, = 0. (8)
subroutine package from Press et al. 1992) until steady state
was achieved. Under astrophysically relevant conditions, steady The different populations can easily be determined in this
state is generally achieved. These steady state results are showsystem [e.g.Hc = 3 Hp = (pat,o/28y, + apo/F + By JF) ™"
as a function of temperaturein Figure 1 for three different  andH, = (u«,./28,,,) He]; the H, desorption rate is calculated,
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and we deduce the recombination efficiency:

pF By )1
= +1+— . 9
6H2 (26'_'2 apc ( )

temperatures at which these parameters play a role, these mo-
bilities are dominated by thermal hopping. Therefore, the H
recombination efficiency is independent of the width of the
considered barriers, and we can approxingéands, /o, by

We can recognize three different regimes in this temperature
range. At really low temperatures, below some 10 K, the high ¢ = {1 n

the following expressions:

1.5, JEy. — Es N
mobility of H atoms due to tunneling permits the recombination PHe exp( kT ) (1+ Ey — Esﬂ /(ZF) } '
of incoming H atoms. The Hormed stays on the surface, since
the temperature is not high enough to allow evaporation and (16)
blocks further H-atom accretion. Then, the recombination effi-
ciency ise,, = (uF/28,,)"*. At higher temperatures (6—25 K), )
the desorption rate depends only on the flux because all the Bue _ }(1 + |En. — Es ex (_ Es)
incoming H atoms adsorb, recombine, and desorbagnHhis o, 4 E,.— E P\" k)
temperature regime, hydrogen accretes into a physisorbed site
but quickly drops into a chemisorbed well. If this chemisorbed  The parameters in these expressions have been determined
site is empty, the H atom will be trapped. If an H atom is already from experimental data (Table 1; Cazaux & Tielens 2002). The

present, reaction will occur, and the product will evaporate H, recombination efficiency for the three different fluxes is
quickly either upon formation or thermally assisted; thtis,= reported in Figure 1. In astrophysical environments, the re-
3 ande,,, = 1. Between~25 and~100 K, evaporation of phys-  compbination rate is written as

isorbed atoms competes with recombination, and the desorption
rate decreases considerably.

17

Ry, = %nHUHndo—deHZSﬂ(T)! (18)

2.2.Chemisorbed H

With increasing temperature, the physisorbed(at100 K)
and then the chemisorbed atoms Tat 300 K) will start to
evaporate. The most efficient reaction to form isl then the
“collision” of two chemisorbed atoms. The system of equations
reduces to

wheren, andv,, are the number density and the thermal ve-
locity of H atoms in the gas phase, respectively, is the
total cross section of the interstellar grains, &dT) is the
sticking coefficient of the H atoms, which can depend on
temperature.

F—apHs — BHPHP =0, (10) 3. DISCUSSION

Our study reveals the presence of two distinct regimes of
H, formation, which reflect directly the presence of two types

apeHp = 20 HE — By He = 0, (11)  of atomic H-binding sites. At low temperatuf® £ 100  K),H
formation involves the migration of physisorbed H atoms. At
, higher temperaturesT& 100 K), Hormation results from
wlaeHe) = Bu,H, = 0, (12)  chemisorbed H recombination. The presence of these two types

and the H recombination efficiency can be written as

B -1
€= (1 + ﬂ) £, (13)
Olpc
where£ is the correction factor at high temperatures,
Ba.Bw )
=1+ ZHc=Fe , 14
£ ( 2Fa et (14)

which reflects the evaporation of chemisorbed H. This factor

is flux-dependent.

2.3. General Expression for the Recombination Efficiency
The above expression for the, llecombination efficiency

of binding sites allows KHformation to proceed relatively ef-
ficiently even at elevated temperatures. The study of Hollen-
bach & Salpeter (1971) focused on icy surfaces on which H
can only physisorb. As a result,,Hormation ceased at tem-
peratures in excess 620 K. Recognizing this problem, Hol-
lenbach & Salpeter added the presence of enhanced binding
sites on the ice with ill-determined parameters. These sites
allowed H, formation to proceed up to some 75 K. Since their
study, it has become abundantly clear that interstellar grains
are not covered by ice in the diffuse ISM (Whittet et al. 1983,
1988). Silicate and graphitic surfaces are now widely accepted
as astrophysically relevant grain surfaces (Mathis & Lee 1991),
and those surfaces intrinsically possess enhanced binding sites
(e.g., chemisorbed sites). The parameters of these chemisorbed
sites have not yet been well determined because experiments
have focused on low-temperatureg férmation (Pirronello et

al. 1997a, 1997b; Katz et al. 1999). The values adopted in this

can be combined into one general expression that is valid atstydy, however, are quite reasonable and illustrate well the

any temperature:

F -1
eH2=(1+“—+%) £,
pc

T (15)

The mobilities o, ande,, are due to a combination of quantum

efficiency of H, formation at elevated temperatures. When fu-
ture experiments determine the values of the parameters in-
volved E,,.,E,,, andu), the results can be directly adjusted.
Inside dense clouds, interstellar grains are covered by ice. Of
course, in such environments, almost all hydrogen is already
in molecular form, and KHformation is perhaps only of aca-

mechanical tunneling and thermal hopping, but considering thedemic interest. Nevertheless, we note that in such environ-
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ments, molecular hydrogen formation may proceed mainly

through H abstraction from molecules such g$tnd NH,

MOLECULAR HYDROGEN FORMATION IN ISM
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3.1. Summary and Conclusions

(Tielens & Hagen 1982). In a sense, these species act as “chem-

isorption” sites for hydrogen. Migrating atomic H may tunnel
through the reaction barriers involved and form Bventually,

these ice-covered grains are transported back into the diffus
ISM, when the molecular cloud is disrupted. Photodesorption
and sputtering in strong shocks quickly remove their ice on a

timescale of some £0/r (Tielens & Hagen 1982; Jones et al.
1994; Draine & Salpeter 1979; Barlow 1978). At that point,

molecular hydrogen formation is again governed by the prop-
erties of bare grain surfaces. Similarly, any (thin) layer accreted

in the diffuse ISM will be quickly sputtered in even a modest
velocity (~30 km s*) shock (Jones et al. 1994). Finally, the
formation efficiency of molecular hydrogen will also depend
on the sticking coefficient of H atoms colliding with the grain.
In our model and the formulae derived, the sticking coefficien
is subsumed in the incident fluk. Astrophysical studies of

Recently, we have modeled molecular hydrogen formation
on grain surfaces. This model consider hydrogen atoms bound

&o the surface at two energy levels (i.e., chemisorption and

physisorption). The H mobility from one site to another is a
combination of tunneling effect and thermal diffusion. This
model has been experimentally benchmarked (Pirronello et al.
1997a, 1997b, 1999), and the relevant surface characteristics
have been determined. These characteristics allow us to extend
our model for H formation under astrophysically relevant con-
ditions. The results show efficient,Hormation from~6 to
~300 K. The different processes involved in férmation at
different temperatures have been discussed. Until about 100 K,

t H. forms by recombination of a physisorbed H with a chem-

isorbed H and is highly efficient. At higher temperatures, when

the sticking of H on grain surfaces have concentrated on phys_physisorbed atoms evaporate quickly, the recombination of two

isorbed interactions, and the sticking coefficient{s at low

chemisorbed atoms is required to form H, formation is then

temperatures and decreases with increasing temperature t£ss efficiente,, ~ 0.2 . The parameters involved in H chem-

about 0.3 aff = 300 K (Hollenbach & Salpeter 1970; Hol-
lenbach & McKee 1979; Burke & Hollenbach 1983; Leitch-
Devlin & Williams 1985). However, if the interaction occurs

isorption and H formation at high temperatures are presently
not well known. The adopted values are very reasonable, and
the gross characteristic—Hfbrmation at high temperatures—is

through much stronger chemisorption, then the sticking coef- undoubtedly correct. Nevertheless, future experiments are very
ficient might be large even at high temperatures (Tielens & important to determine the maximum temperature to which H

Allamandola 1987; Duley & Williams 1984).

formation in the ISM can occur.
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ERRATUM: “MOLECULAR HYDROGEN FORMATION IN THE INTERSTELLAR MEDIUM” (ApJ, 575, 29 [2002])

S. Cazaux AND A. G. G. M. TIELENS
Kapteyn Astronomical Ingtitute

The origina equation (16) is incorrect. The correct equation is as follows:

E:

2F KT E, — Ec

p

The Press regrets this error.
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2]-1
1+ Zoexp (— —1'5E“°) (1 + Eu—Es ES) ] .

(16)



