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Abstract. Fast conversion of orthbk, to paraH, can occur evaporation prevents any significant physical process to occur.
(and has been observed in the laboratory) on the surfaceEateptions are the works pf Sandford & Allamandola (1993),
non magnetic, non metallic grains. In a PDR, the fraction @fissly et al. (1994) and Buch & Devlin (1994) on the incorpo-
H, converted depends on the ratio of the characteristic timation of Hy into H>O ices, but these authors did not consider
of conversion (of the order of 1 minute) to the residence tintee O/P ratio.

of physisorbedH,. This later time is itself an exponentially = However, the physics dfl; adsorbed on a surface has been
varying function of the grain temperature and of the adsorptitime subject of considerable work within the condensed matter
binding energy ofl,. Conversion is very efficient in cool PDRsphysics community, and, to my knowledge, most astrophysicists
if the dust temperature is below a critical temperature that \@ee not yet aware of some very significant results:

determine, and leads to a much reduced ortho to para ratio of

H, in the gas phase. Emission lines within para leveld pére

o — First of all, conversion of ortho to parél, adsorbed
significantly enhanced.

on a cold (10K) surface has been observed in the
laboratory on non magnetic surfaces, both non-metallic
(graphite) (Palmer & Willis (1987)) and metallic (Ag, Cu)
(llisca (1991h)).
— Second, that conversion can be fast: in less than one minute
there is only pardd, left (Palmer & Willis (1987)).
1. Introduction — Third, theoretical mechanisms that explain both how that
conversion occurs and why it is so efficient have been pro-
posed (e.d. llisca (1992), llisca (19911a) and llisca (1901b)).

Key words: molecular processes — ISM: molecules — ISM:
abundances — ISM: dust, extinction

Due to the nuclear spin of its constituent atorHs, exists in
two modifications: pardl, with evenJ rotational numbers,
and orthoH, with odd J rotational numbers in its lowest elec-
tronic state. Conversion from one modification to the othedl mechanisms involve the interaction of an adsorbedvith
requires a nuclear spin flip and is therefore forbidden for @m electron of the substrate leading to a transfer of angular mo-
isolated molecule. To date, the only mechanisms consideradntum to the electron. The induced magnetic dipole may then
for connecting the two modifications within interstellar clouditeract with the nuclear spin and result in a change of modifica-
have been gas phase reactions Wittt or H which involve tion. On graphite, the process is believed to occur with unpaired
an exchange of a proton. Those reactions are slow in modelectrons at point defects in the crystalline structure.

ately bright PDRs, leading to a relaxation time for the ortho Thus, there is no reason why the same transition could not
to para ratio (thereafter O/P ratio) typically much longer thasccur within an interstellar cloud. The complete mechanism can
the thermalization time within each modification. General rebe split into four steps:

erences and a study of the O/P ratio in shocks can be found in

Wilgenbus et al. (2000).
|g_;r(;n fus { ) T — Collision of anH, molecule in the gas phase with a grain
e fact that a nuclear spin flip without exchange of a proton leads to an adsorbed (physisorbiid) The sticking coefi-

requires a magnetic interaction leads to the common belief that ™ t should be cl ; i
it does not occur under interstellar conditions. Although spin _(I:_fn Sd oub de ¢ olse ? utr;: Y- i t th in t
conversion of molecules adsorbed on grains is mentioned in € adsorbed molecu’e thermalizes at the grain tempera-

Tielens & Allamendola (1987), it has usually been neglected. turelllr; a time scale Qf the order of the vibration time sgale
It is also well known that, in the molecular part of PDRs, §r110 | 5)- Moth pilysolsgrbet(l;{gorqolecqfstgre tretretfore n

collisions of Hy with grains is by far the dominant gas-grain Ce Owe_St(”’ f) 7th( ;0) Ian (I ;1) rovibra .'t%na tS a esi.t'

interaction, but the fate of those interactiig molecules have onversion of ortho molecules occurs with a typical ime

been seldom considered, probably through the belief that rapid scaler Of_ one minute. .
P y ¢ PIC Evaporation removell, from the surface. The residence

Send offprint requests td. Le Bourlot time k! depends on the grain temperatdteand the ad-
Correspondence tdlacques.Lebourlot@obspm.fr sorption binding energy,q.
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The fraction ofH, converted is proportional taxp (—7. kev). T4 in the outer layers of the cloud (where heating of dust results
In the following, we show that this process may be very efficiemainly from absorption of U.V. radiation) is:
in regions where the grains are not too hot.

This paper is divided into three parts. In the first, the relevaf = (8.910"! vy G exp (—1.8 AV))O'2 (1)
parameters are reviewed and reasonable ranges of variation are
estimated for the lesser known ones. In the second, the influeMéaerew, is a cut-off frequency which they estimate toge—=
of that conversion mechanism on various steady state modeld 4¢'°s ™', andGy the radiation field strength in “Habing” units.

PDR is discussed. In the third part, comparisons with select@dhe following computations, we have used their full formula
observations are made. to derive the dust temperature as a functiomof

Recent I.R. observations (e.g. Laureijs (1999)) suggest that
Ty could be significantly smaller than what Eg. 1 gives, maybe
2. Physical parameters by as large as a factor @f The consequences of this possibility

. . re explored in Se€il 4.
Basics of interstellar dust structure and processes are taﬁen P e

from|Tielens & Allamendola (198]) when no other reference
is given. 2.5. Conversion efficiency

The fraction of orthaH; converted to par&f, depends

2.1. Sticking coefficient on the residence time ofl; on the grain. Here we de-
. - rive analytical results valid if desorption is dominated by
The sticking coefficient ofl; on cold dust should be close toevaporation. Evaporation from grains proceeds at a rate

1. That value is adopted and not varied in the following, since 2 - .
value of(0.3 would not qualitatively change the results. (Tielens & Allamendola (1987), Egs. (4) and (6) p. 432):

Feo(Taa, Ta) = 347/ 55 0t exp (— %)

= VT exp (— )

The binding energy of physisorb&l} molecule varies between
T.a = 800K on a bare grair (Tielens & Allamendola (1987)whered, is the mean distance between adsorption sites on the
and only a few hundred K if an ice mantle has growmyrain surface. We usé, = 2.6 A. Numerically, this leads to
Sandford & Allamandola (199B) derive a binding energy of = 1.110'! s~ 1K—-1/2,
T,a = 555K on H,O : CH30H ices from laboratory ex- If conversion is described by a characteristic timethe
periments and Katz et al. (1999) derive a binding energy fhction ofH, molecules that undergoes a transition varies expo-
T.a = 541K on amorphous carbon. The binding energy afentially with the ratio of the conversion timgto the residence
Hy on aH, layer should be as low a$)0 K, which prevents a time k_!. This leads to an efficiency:
large depletion of molecular hydrogen from the gas phase.

The full range fronfl,q = 100 K to T,q = 1000 K hasbeen 7c(Tad, Ta) = exp (—7¢ kev)
explored, but no variation as a function.4f has been allowed = exp (_TC Te VTad €Xp (_%»
yet. Since the grain surface state changes from the edge to the

core of the cloud, we plan to include a depth dependant binding This double exponential leads to a sharp transition in the

2.2. Binding energy

energy in a near future. (Tna, Ty) plane between a region wheye = 0 (high dust tem-
perature, low binding energy) and a region wheye= 1. The
2.3. Conversion time scale frontier can be determined analytically by computing where the

second derivative of. is zero. One finds that the first derivative
Little can be said on the conversion time scale else than it maybigh respect tdl,4 is proportional to the product, - ke, (Up to

fast. From Palmer & Willis (1987), we deduce that it is smalleg slowly varying term), so thagz’;f (1 — 7o key). Thus we
H T o v/

than7, = 60.0 s on graphite at 0 K. That value is used in the . - 3 o
C . ind a critical dust temperature for the ortho to para transition:
following and has not been varied. It may also depend on tRe

grain temperature in an unknown way, but this has not (yet?) . 2T0a

rit
been considered. In SECLR.5 we showthatavariation of this tithe  (Lad) = In (7272 Toq) (2)
scale by an order of magnitude would not change qualitatively o
the results. The resulting critical curve is displayed on Hijj. 1. One can

see that itis close to a straight line, although there is a small log-
arithmic correction. The fact that free parameters appear only
within theln () function renders it quite insensitive to uncertain-
The dust temperatureTy; as a function of depth tiesinthe parameters: @4 = 500K, a variation by a factor
into the cloud is computed froni Burton etal. (19909f 10 of the factorr27? leads to only a% variation of T§"it.

and [Hollenbachetal. (1991). Using their notation Eqs[d and2 may be combined to determine a critital
(Hollenbach et al. (19911), Eg.(5)), the dust temperatuvehere conversion becomes effective (i.e. whErdalls below

2.4. Grain temperature
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Fig. 1. Critical dust temperature as a functiontdf binding energy for
7o = 60s andr, = 1.110" s 'K~ 1/2,
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Fig. 2. Critical A, as a function ofl,q for different radiation fields
(labels are scaling factors of a “Mathis” radiation field) usifigfrom
Hollenbach et al. (19911) (full expression).

T, This is displayed on Fifl 2 for different radiation field
(in units of the standard ISRF of Malﬂ)s

2.6. Other desorption mechanisms
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Fig. 3. Conversion efficiencyrf;) and ratio of residence time(s) to
evaporation time,!) for the last model of Sedil 4(= 300, T x0.7)

the dominant mechanism deeper into the cloud where grains
are too cold to lead to a significant evaporation rate. Desorp-
tion is then dominated by photo processes involving internally
produced secondary photons. However the point wheitge-
comes significantis controlled by evaporation in all the cases we
have checked: the worst case (high U.V. flux and reduced grain
temperature) is displayed on HigJ. 3. The corresponding model
is described in Secil 4.

3. Models

The reference model has a constant density:pf= 10* cm 3,
exposed to a radiation field enhanced by a fagter 10 above

the standard Mathis field, and a cosmic ray ionisation rate of
5.0 10717 s—1. Abundances are those of tgeOph cloud, al-
though those values have no influence on the excitatidib,of

H, is formed on grains with an initial O/P ratio 8f conver-

Zion by collision withH, H* andHJ is always included and

dissociative recombination df; givesH, with an O/P ratio

of 2. Detailed balance dfl; rovibrational levels is computed
at each point into the cloud. We use the new collisional cross
sections withH, He andH, from D. Flower and coworkers (see

The validity of EQ[2 depends on the fact that desorption prgye references in Le Bourlot (2000)).

ceeds through evaporation. Alternative mechanisms are photo-tpe grain size distribution follows a power law with an in-
desorption (either with incident U.V. photons or internally progex of —3.5. with radii ranging from8 10~7 to 3 107 cm. Al
duced secondary photons) or grain collisions. These tWo Pfgpcesses concerning grains, including adsorption and evap-
cesses have been included in the model and the computed igision, are described [0 Le Bourlot et al. (1995). Desorption

dence time is

[H(ad)]

d[Hz(ad)]
dt

Tres =
desorb

We have checked that., = k_.! in the region wherél, is
hot enough to emit vibrational lines. Photo-desorption beco

1 Note that the Habing flux i5.6 102 erg cm ~2s " at1000A. The
resulting conversion betweer, of Eq[1 andy is: x = 1.31 Go.

through grain-grain collisions and photons interactions are in-
cluded. The dust temperature is not allowed to fall bel&uK,
although this is somewhat arbitrary.

H, abundance and gas and grains temperature as a function
of depth into the cloud are exhibited in Aig. 4 &d 5 fo= 10
and y = 100. Most H, line emission arises from the outer

mes .

région wherél, has formed and the gas is still hot enough, that
is betweend, = 10~* and A, = 1 here. This is the region of
interest which is discussed below.
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3.1. Influence of the binding ener
9 oy Fig. 7. Integrated (from the surface t,) intensity ratios for the same

The binding energy of an adsorb&d molecule on a grain is binding energies as in Figl 6, excefils = 450 and 500 K which are
varied betweerT,q = 450 K andT,4 = 800 K. Outside that too close to the “No adsorption” case.

range, we have checked that the curves fall onto one another.

Fig.[d shows the resulting local O/P ratio. With a higher radiation field, the point whe#g falls be-

Itis seen thatin that the total O/P ratio falls frao 0.2 in 1oy 7<rit s pushed further and further into the cloud, as is the
the hotH, region asl’.q increases. The effect on emission linegy /11, transition. However, the later depends on screening of
of H, can be evaluated from one particular raﬂi@%whose UV photons by self-shielding in the lines &f, which is more
integrated intensity ratio is plotted as a function of depth intfficient than the mere effect of grains extinction. Therefore,
the cloud on Fid.J7. One sees that this ratio is reduced by mdhere is a higher and higher fraction of “hdf; in front of the
than a factor oB! critical point and less conversion of ortfify; on grains occurs
(see Figl2 for the position of¢ as a function of 4 for different
3.2. Influence of the radiation field strengths of the radiation fiel).

If the radiation field is increased, formation Bf, takes place 4. C . . .

: . g . Comparison with observations
deeper into the cloud and grains are hotter. For a binding energy
of T.q = 800 K, Figs[8 and® show the same information &ao assess the possible importance of the conversion mechanism
Figs[6 and ¥ for a radiation field increasing from= 10 to on the interpretation of observational results, we have built a
x = 100. rough model of the PDR on the western edge ojtghiuchus



J. Le Bourlot: Ortho to para conversiontdf on interstellar grains

Fig. 8. O/P ratio for radiation fields increased Ry= 10, 20, 25, 30,

40, 50 and 1007, = 800 K.
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Fig. 9. Integrated intensity ratios with radiation fields of Fi}. 8. Fig. 11.Integrated O/P ratio, excluding (v=0, J=0) and (v=0, J=1).

cloud as described in Boulanger et al. (2000). We use a constant
density ofny = 810% cm™3, a radiation field enhanced by alowing we present results for four models: without adsorbtion
factor of y = 300 and a binding energy dfl; on grains of of Hy on grains, and with adsorption using those three grain
T.qa = 800 K. The extinction curve is that of HD 147889, andemperature curves.
we use only small graing (07 < r < 31075 cm) to take into Evaluating an observational O/P ratio is not an easy task.
account the steep rise of that curve in the far UV. However, vnce the information is derived from 1SO observations (by
made no further attempts to match the observations and whature) integrated along the line of sight and includes only
follows should be taken only as tendencies. emission lines, we have computed an “integrated” O/P ratio
Using Eq[1, the dust temperature at the edgé is, which  excluding the two lowest lying levels (v=0, J=0) and (v=0, J=1)
is well above the critical dust temperature. The transition occws H, (ratio of column densities). The resulting profiles are
aroundA¢ = 1, so that the effect of our conversion mechanisshown in Fig[TIl. Alternatively, an “observed” O/P ratio can be
is expected to be small. However, recent observations in the d@emputed following the prescriptionjof Wilgenbus et al. (2000),
fra red suggest that the dust temperature may be much smaheir Sect. 4. The resulting ratio, averaged ayet 3, 5 is dis-
(maybe as low a80 K) so that it is worth exploring the conse-played in Fig[IR.
quences of different dust temperature curves. A scaling of the The switching on of grain surface conversion is clearly dis-
pre-exponential factor in EQL 1 may be mimicked by changimgayed. The effect on afew selected linesis shown in Table 1 and
1. Changingy, to 1015 s~ reduces the dust temperature t&ig.[I3. As expected, lines arising from ortho levels are reduced
32K at the edge, and the transition occurs around= 0.5 and lines arising from para levels are enhanced, and the effect
(see Fid1D). Alternatively, a constant scaling factod.Gfcan is larger for lines emitted from deeper into the cloud (lowest
be applied, resulting in a transition arouAd = 0.2. In the fol-  rotational levels in each vibrational level).
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Sect. 4.
50 : — Table 1. Selected lines emissivities (integrated up 49 = 10)
VNo_aéjsl%fI%t'gl‘ — (erg cm™2s~*sterad~!). Numbers in parentheses are powers of 10,
o Vg 1108t v | moisin10'PsT
40 TgX 0.7 —oeeen .
5 35 1 Model Noads. vp=3 wvo=1 T4x0.7
g 30 | 0-0S(0) 28(5) 36(5 6.6(-5 8.6(-5)
3 Yo 0-0S(1) 7.4(-4) 7.3(-4) 58(4) 3.7(-4)
= 25 ¢ 1 0-0S(2 38(4) 38(4) 49(4) 7.6(-4)
» 20 | k 0-0S(3) 4.4(4) 444 43(4) 3.6(-4)
g 15 | 1-0S(0) 7.1(-6) 7.6(6) 7.7(-6) 8.7(-6)
1-0S(1) 1.8(5 1.7(5) 1.7(5) 1.6(-5)
10 1-0S(2) 8.7(-6) 8.8(6) 9.4(6) 1.0(-5
5 1-0S(3) 1.3(5) 1.3(-5) 1.3(-5) 1.2(-5)
0 ‘ ‘ ‘ ‘ ‘ 2-1S(1) 9.1(-6) 9.0(-6) 8.7(-6) 8.0(-6)
0 05 1 15 5 25 3 2:1S(2) 44(6) 45(6) 48(6) 54(-6)

2-1S(3) 5.6(6) 56(-6) 55(-6) 5.1(-6)

Fig. 13.Ratio of pure rotational S(0) and S(1) lines.
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