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Abstract. We present the basic features of a steady state chemical model of Photon Dominated Regions (PDR), where the deu-
terium chemistry is explicitly introduced. The model is an extension of a previous PDR model (Abgrall et al. 1992; Le Bourlot
et al. 1993; Le Bourlot 2000) in which the microscopic processes relative to HD have been incorporated. The J-dependent pho-
todissociation probabilities have been calculated and included in the statistical equilibrium of the rotational levels of HD where
the latest collision molecular data are also introduced. The thermal balance is calculated from the equilibrium between the
different heating and cooling processes. We introduce a standard model of density ny = 500 cm™ embedded in the Interstellar
Standard Radiation Field (ISRF) from which we derive the main properties of HD in PDR. The D/HD transition does not de-
pend only on the density, radiation field but also on the chemical processes and especially on the dust formation efficiency. In
standard radiation field conditions, the D/HD transition occurs in a narrow range of visual extinctions as long as density is less
than 1000 cm™3 and HD is formed through the D* + H, reaction. At higher densities a logarithmic dependence of the location
of the transition is derived. The model is applied both to ultraviolet absorption observations from the ground rotational state
of HD performed in diffuse and translucent clouds and infrared emission detectable at high densities and for high ultraviolet
radiation fields coming from the bright surrounding stars.
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1. Introduction

Since deuterium has been formed only at the early beginning
of the universe, the elemental deuterium to hydrogen ratio is
one pivotal parameter to understand the evolution of astrophys-
ical media. In the interstellar medium (ISM), deuterium may be
present in atomic but also in molecular form and over 20 sin-
gle D-bearing molecules and two doubly deuterated ones have
been found in cold molecular clouds and star forming regions
(Roueff et al. 2000; Loinard et al. 2000). Last but not least,
the triply deuterated ammonia has been detected towards two
dense cold clouds (Lis et al. 2002; van der Tak et al. 2002).
However, chemical fractionation processes and mantle desorp-
tion from grains take place in these molecular clouds and it
is not straightforward to derive the elemental deuterium abun-
dance from such observations (Roberts & Millar 2000a,b).
Atomic deuterium has first been observed with the
Copernicus satellite in the local interstellar medium and in dif-
fuse clouds in absorption towards bright stars where HD has
also been detected (see Lemoine et al. 1999 for a review). The
successful launch of the FUSE (Far Ultraviolet Spectroscopy
Explorer) mission allows to search for molecular HD towards
fainter sources, in translucent clouds which are intermediate
between diffuse and molecular clouds. FUSE detections
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of interstellar HD have been reported in a variety of galactic
lines of sight (Ferlet et al. 2000; Rachford et al. 2001; Lacour
et al. 2002; Boissé et al. 2002) and in the LMC (Bluhm &
De Boer 2002). Moreover, the short wavelength spectrograph
(SWS) of the ISO (Infrared Space Observatory) satellite has
allowed the observations of the pure rotational emission tran-
sitions of HD at 112 ym (J = 1-0) (Wright et al. 1999) in the
Orion Bar and at 19.43 um (J = 6-5) (Bertoldi et al. 1999) in
Orion KL. Finally, the 2.64 um, (1-0) R(5) line of HD has also
been detected in Orion Peak 1 by Ramsay Howat et al. (2002)
at UKIRT. These two last detections have been performed in
shocked regions where the present paper does not apply.

From the modelling point of view, Black & Dalgarno
(1973) have first considered the atomic to molecular transi-
tion of deuterium in diffuse clouds to interpret Copernicus ob-
servations. Viala et al. (1988a) have developed a more elab-
orate model of diffuse clouds in the same context where the
photochemical equilibrium is solved at a fixed temperature.
Meanwhile, the rotational and rovibrational collisional exci-
tation of HD by H, He and H, has been studied with quan-
tal close coupling techniques and new molecular potential sur-
faces (Roueff & Zeippen 1999, 2000; Flower & Roueff 1999).
Transition and photodissociation probabilities of H, and HD
have been improved (Abgrall et al. 2000; Abgrall & Roueff
2002) taking into account the rotational coupling and new tran-
sition moments calculations.
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We present in this paper an updated PDR model where the
chemistry as well as the microscopic processes of HD have
been introduced. The chemical and statistical equilibrium are
solved together with the thermal balance and the most recent
molecular data have been included. The basic features of the
model are discussed in Sect. 2. In Sect. 3, a standard model
is presented and the influence of the various physical param-
eters (density, intensity of the incident radiation field, rate of
formation of HD on dust) is considered. Comparison with ob-
servations are reviewed in Sect. 4.

2. PDR model
2.1. General features

The present study is a straightforward extension of the steady
state PDR model of Abgrall et al. (1992), Le Bourlot et al.
(1993) and Le Bourlot (2000). We consider a steady state
model of an interstellar cloud as an infinite slab of gas and
dust irradiated by an ultraviolet radiation field impinging on
one side of the cloud. The incoming ultraviolet radiation field
is expressed in units of the ISRF model of Draine (1978). The
radiative transfer is solved in decoupling the continuum extinc-
tion due to dust and gas and the absorption in lines of H,, HD
and CO. In addition, we use the approximation introduced by
Federman et al. (1979) to estimate the self-absorption in the
dissociating lines of H,, HD and CO, and we neglect the over-
lap between the lines of H, and other molecules. This approx-
imation reproduces the main physical properties as shown by
Abgrall et al. (1992) and allows rapid computations.

The abundances of 139 chemical species linked by a net-
work of 1416 chemical reactions are computed as a function of
the visual extinction. These species consist of H, D, He, O, C,
N, S and a representative metal M. The elemental depletions
are taken from the recent HST observations and the gas phase
abundances are displayed in Table 1. Since the elemental abun-
dance of deuterium is not well known, it can be considered as
a free parameter with a value close to 1.6x107> (Linsky et al.
1995), the mean value in the local ISM. In the present model,
we have arbitrarily fixed it at 2x107.

The chemical equations are solved in parallel to the excita-
tion processes (see next section) and include J-dependent pho-
todissociation rates of H,, HD and CO.

Thermal balance is solved as discussed in Le Bourlot et al.
(1993). The heating due to photoelectric effect on grains has
been updated following Le Bourlot (2000) where the actual
magnitude of the ISRF is calculated at the different
visual extinctions. The charge of the grains and the resulting
photoelectric heating are functions of the grain size, following
the derivation of Bakes & Tielens (1994). Cooling processes
are principally due to radiative emission following excitation
of abundant atoms and molecules. We derive the level popu-
lations of the various coolants (C, C*, O, H,, HD, CO, CS,
HCO™) by solving the corresponding statistical equilibrium.
Then we compute the local emissivities corresponding to the
cooling emission, taking into account possible optical depths
effects.
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Table 1. Elemental gas phase abundances.

D/HD 2% 107
O/H® 3.19x 107
He/H 1% 10!
N/H® 7.5% 1075
C/H® 1.32x 107
S/H® 1.85% 10°°
M/H 1.5x1078

! free parameter in our model.
2 Meyer et al. (1998).

3 Meyer et al. (1997).

* Savage et Sembach (1996).

At the edge of the cloud, all atoms with ionization ener-
gies smaller than 13.6 eV, the ionization threshold of atomic
hydrogen, are mainly ionic and the others are predominantly
neutral. Formation of H, takes place on grains in competition
with destruction by photodissociation. The medium becomes
progressively molecular as the visual extinction increases
and photodissociation probability decreases, (van Dishoeck &
Black 1986; Abgrall et al. 1992). The H/H, and the C*/C/CO
transitions in the envelopes of interstellar clouds have been
the subject of many modelling studies (van Dishoeck & Black
1988; Viala et al. 1988b; Hollenbach & Tielens 1999), includ-
ing those undertaken in our own group (Le Bourlot et al. 1993).
There have been much less studies on the D/HD transition
(Black & Dalgarno 1973; Viala et al. 1988b), regarding to the
very few observational data available up to now.

The H, molecule and its deuterated substitute, HD, present
very similar properties. The photodissociation mechanisms re-
sulting from fluorescence towards the continuum of the ground
electronic state following discrete absorption transitions in the
Lyman and Werner band systems are identical. However, the
substitution of a proton by a deuteron, leads to some signif-
icant differences with H,. First, HD possesses a small per-
manent dipole moment of 8.3 x 10~* Debye due to the shift
between the center of mass and the center of charge. So elec-
tric dipole transitions, whose probabilities have been calculated
by Abgrall et al. (1982), occur between rovibrational levels
within the ground state, whereas only electric quadrupole tran-
sitions are possible for H,. Secondly, the chemical formation
processes of HD and H; are different as discussed in Sect. 2.3.

The parameters of the models are the proton density ny
(in cm™), the cosmic ray ionization rate of Hy, ¢ (in s7!), the
Doppler turbulent parameter b (in km s~!) and the scaling fac-
tor y of the ISRF in Draine’s unit. The grain properties play
a considerable role, both for the chemistry (formation of H,
and HD) and for the thermal balance. In the actual model, we
take the standard galactic values of the mass per unit volume,
the albedo and asymmetry factor of the grains (g) as well as
the dust to gas mass ratio (G). We introduce the size distribu-
tion of the grains as a power law with exponent 3.5 following
Mathis et al. (1977) and an analytic dependence of the extinc-
tion curve from the UV to the visible using the Fitzpatrick &
Massa (1990) expansion coefficients. The corresponding values
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Table 2. Standard values of the grain parameters.

albedo 0.42
g 0.6
p (g/em™) 3
G 0.01
Finin (M) 0.003
Fmax (M) 0.3
Ny/A,D 1.87 x 10?!
cl -0.38
c2 0.74
3 3.96
c4 0.26
y 1.05
4 4.59

(1) from Bohlin et al. (1978) expressed in cm™ mag ~'.
Values in the second part of the chart are the coefficients of the galactic

extinction curve parameterized by Fitzpatrick & Massa (1990).

as well as the relation between the total proton column density
and the visual extinction are given in Table 2.

2.2. Excitation of HD

We solve the statistical equilibrium of the nine first rotational
levels of HD, with energy terms below the first excited vibra-
tional level. The corresponding energies are given in Table 3.

We consider three possible contributions to the exci-
tation: radiative pumping, collisions and chemical forma-
tion. Radiative pumping involves absorption by the electronic
Lyman and Werner transitions. The excited B and C electronic
states decay towards the discrete rovibrational levels of the
ground state or towards the continuum, which leads to dis-
sociation of the HD molecule (occurs in approximately 15%
of cases). The excited rovibrational levels of the ground elec-
tronic state cascade towards the rotational ground state via faint
electric dipole transitions with |AJ| = 1 selection rule as calcu-
lated by Abgrall et al. (1982). Collisional excitations occur with
the most abundant species in the cloud: H, He, H, and elec-
trons. Finally, the chemical formation processes of HD may
also contribute to its excitation. We apply the cascade formal-
ism introduced first by Black & Dalgarno (1976) for molecular
hydrogen and extended to HD and C, respectively by Viala
et al. (1988b) and Le Bourlot et al. (1987). We assume that the
rovibrational levels of the ground electronic state with energies
higher than 4 445 K (corresponding to the level v = 0, J = 8)
are only decaying via spontaneous radiative transitions. Then,
the equations governing the time evolution of the abundances
of the nine first rotational levels of HD, ny;, can be written:

dno; (dnw) +(dn01) +(dn01) )
dr B dr rad. dr coll. dr chemistry
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Table 3. Energies of the first levels of HD.

Level Energy in Kelvin
v=0 J=0 0.
v=0 J=1 128.38
v=0 J=2 384.26
v=0 J=3 765.89
v=0 J=4 1270.7
v=0 J=5 1895.4
v=0 J=6 2635.9
v=0 J=7 3487.5
v=0 J=8 44453
v=1 J=0 5226.7

The equation describing the excitation by radiative processes
can be written as:

dn
(ﬂ) = dos + Doj — noy Z Aosor
dt Jrad. J<J
—nos )" D Boswr | u(d) - o r(dl (2)
912
B.C vJ

where u(A) is the density of the energy of the interstellar ultra-
violet radiation field and ¢, is the profile of the line for the
considered transition. B and C refer to the excited electronic
states, and v’J’ labels a rovibrational level belonging to one of
these excited electronic states. dy; is the summation of the di-
rect radiative de-excitation terms from the electronic excited
levels v'J’ toward level 0J of the ground electronic state and
Dy, is the total de-excitation term due to the radiative cascades
inside the ground electronic state:

doj = Z Z Ay ity

BC vj

Doy = Z Ay .07 R g (3)

v

Levels v’J” and 0J belong to the ground electronic state with
E@"J")> EJ).

The contribution of collisions to the rotational populations
of HD is:

dno J
OJ” 0s7" g
coll.

q J'=

- Z Z 010.11011g- “)

q J'=

In this equation, Kg 7oy 18 the collision rate of HD with a per-
turber g for the transition from the level 0J” toward the level
0J. In the present case, we consider as possible perturbers, elec-
trons, H, He and H,.

Finally, the contribution of chemistry to the excitation of

HD gives:

dn()j)
knanxn kinzn 5
( ety Z xnypg; — Z mznoj (5)
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where ny, ny and nyz are the densities of the reagents, k,, is
the rate coefficient of the m chemical reaction and pj, is the
probability to produce HD in the level 0J through this reaction.

The various contributions are calculated with the most re-
cent molecular data. Previous transition probabilities in the
Lyman and Werner band systems have been calculated by
Allison & Dalgarno (1970) in a single state approximation and
assuming that J = 0. We introduce the values calculated by
Abgrall & Roueff (2002) where the rotational coupling and
centrifugal barrier potential are taken into account in the resolu-
tion of the Schrodinger equation. The rovibrational collisional
excitation and de-excitation rate coefficients of H, and HD by
H, He and Hy, are those reported in Flower et al. (2000). They
are expressed as analytical functions of the temperature and can
be found at url: http://ccp7.dur.ac.uk.

The critical density (the minimum density required to reach
thermodynamical equilibrium in a two-level approximation) is
the ratio between the Einstein spontaneous de-excitation rate
and the collisional de-excitation rate coefficient:

Neie(J) = KY : :
JJ-

In this equation, K _, is the weighted sum of the collisional
de-excitation rate coefficients of all the perturbers:

Ky-1 = Z @K31—1
. "
where n is the value of the actual density.

We have computed the critical densities of levels J = 1
to J = 8 of HD in function of the temperature, both for
an atomic gas and a molecular gas. Results are presented in
Tables 4 and 5. We note that the values are typically larger than
1000 cm™3 for J = 1 and that they decrease with temperature,
reflecting the temperature dependence of the collisional rate co-
efficients. Critical density values increase significantly with J.
Chemical excitation seems unlikely to compete with collisional
or radiative processes.

2.3. Chemistry of HD

The gas phase chemistry of HD has been discussed in the con-
text of primordial clouds by Galli & Palla (1998) and Stancil
et al. (1998). We have introduced the corresponding reactions
in the present model, in addition to the previous updated net-
work that has been used in the context of shock chemistry
(Pineau des Foréts et al. 1989).

Whereas H, formation occurs only on dust, the formation
of HD may involve surface as well as gas phase processes.
Formation on dust is assumed to occur similarly to H,. A first
step involves the adsorption of D and H at the surface of the
grains. The two adsorbed atoms meet then on this surface and
gaseous HD is desorbed. We note D: and H: respectively the
adsorbed deuterium and adsorbed hydrogen.

kads

D + dust — D: kags = 5 <ngo> v )
ks . ’ ’ ’ -1 (6)
H + dust — H: k=5 <ngo>v (s7)

Kaust

D: +H: — HD
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Table 4. Critical densities 7. in cm™ of HD levels in a neutral gas
mixture of H and He with a fractional abundance of He equals to 0.1.

Level | T=10K 50K 100 K 200 K 500 K
J=1] 6.1x10*> 4.5x10° 3.3x10° 2.0x10° 9.4x10?
J=2 ] 58x10* 4.1x10* 29x10* 1.7x10* 7.1x10°
J=3 1 23x10° 1.6x10°  1.1x10° 6.3x10*  2.5x10*
J=4| 74x10° 5.0x10° 3.3x10° 1.8x10° 6.8x10*
J=5] 37x105 2.1x10® 1.2x10°® 5.2x10° 1.5x10°
J=6| 79x105 4.5x10° 2.6x10° 1.1x10° 3.0x10°
J=7 1| 1.5x107 8.8x10° 5.0x10° 2.2x10° 5.7x10°
J=8 | 2.1x107 1.3x107 8.2x10° 3.8x10° 1.0x10°

Table 5. Critical densities 7. in cm™ of HD levels in a neutral gas
mixture of H, and He with the number density ratio of He to H, of
0.2. Ortho and para populations of H, have been taken at the thermal
equilibrium.

Level | T=10K 50K 100 K 200 K 500 K
J=11 33x10° 2.6x10° 2.0x10° 1.4x10° 8.0x10?
J=2 1| 20x10* 1.7x10* 1.4x10* 1.0x10* 5.7x10°
J=3| 9.1x10* 7.2x10* 5.6x10* 3.9x10* 2.0x10*
J=4| 3.6x10° 2.8x10° 2.0x10° 12x10° 5.5x10*
J=5 | 81x10° 62x10° 5.1x10° 3.4x10° 1.4x10°
J=6 | 59x10° 3.6x10° 2.1x10° 9.4x10° 2.8x10°
J=71| 13x107 8.7x10° 5.1x10° 2.3x10° 6.1x10°
J=8| 3.6x107 22x107 1.3x107 53x10° 1.2x107

In these equations, the adsorption rate coefficient k,qs can be
expressed as the product of the sticking coefficient, s, the rela-
tive velocity of the atom to the grain, v, and the average over the
size distribution of the grains of the product of the geometric
cross section of the grains, o, by the density of grains ng.. The
sticking coefficient s is a decreasing function of temperature
(Hollenbach & Mc Kee 1979). We assume here that the stick-
ing coefficient equals 1 when T is smaller than 10 K and varies
as T~'/2 at larger temperatures. The adsorption rate coefficient
becomes then independent on the temperature for values larger
than 10 K since the atomic velocity is proportional to V7. The
formation rate of H, and HD on grains (respectively ¥ R(H,)
and ¥ R(HD)) can be expressed respectively as:

dn(Hy) _1 K. n(H) = FR(H,)n(H)
dr  dust form. 2

dn(HD) = kaasn(D) = FR(HD)n(D). )
dr dust form.

Following Le Bourlot et al. (1995) and Roueff (2002), kugs
can be expressed by:

k 1.4 G !

s=8— 14 - mpy————=vn
w 4 Hp V7 max * F'min "
with my the mass of the atom of hydrogen and ny the density
of protons. Using the parameters in Table 2, we obtain:

FR(H>)
FR(HD)

®)

44x107 " xnyg (sH
63x 107" xny (s7H.
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These values are very close to the first derivation of the forma-
tion rate of Hy by Jura (1975) from Copernicus observations in
diffuse clouds and to the one deduced by Gry et al. (2002) from
FUSE observations.

As soon as Hj is present, gas phase chemical processes may
contribute efficiently to the formation of HD. In diffuse clouds,
the relevant reaction is:
D' +H, 5 H +HD  k =2x 107 (ecm’s™). 9)
The reverse reaction involving an endothermicity of about
464 Kelvin is not efficient in cold regions.

On the other hand, in dense PDRs illuminated by a strong
radiation field, the temperature may reach several hundred
Kelvin. Then the neutral neutral reaction between D and H,,
may become the most efficient process of formation of HD:

D+H, B H+HD k=75x 107130 (cmds). (10)

The corresponding chemical formation rates are respectively:

D) D (i)
dt  |p++n,
= 2.1 x 10°n(D")n(Ha,) (11)
WD) D)
dt  |p+m,
=7.5x 10713820/ y(Dyn(H,). (12)

It can be shown that the abundance of D* is almost indepen-
dent on the density. Then, the rate of formation of HD through
the reaction between D* and Hj is proportional to the density
(Eq. (11)). This is no more the case when formation of HD on
dust or when the reaction between D and H, takes place. The
rate of formation of HD is then proportional to the square of
the density (Eqgs. (7, 12)). We infer that in diffuse clouds, the
main route of formation of HD is the reaction in gas phase be-
tween D* and H, as noted previously by Black & Dalgarno
(1973). However, formation on dust or formation by the reac-
tion between neutral atomic deuterium and molecular hydro-
gen becomes competitive and even dominant when the density
is larger than about 5x103 cm™. In such clouds, formation of
HD occurs on dust at low temperatures and by the gas phase re-
action between D and H, for high temperatures. Nevertheless,
we should keep in mind that the rate of formation on dust is not
well known whereas a relative good agreement between differ-
ent studies is achieved for the reaction rate coefficient involving
D and H,.

At the edge of the cloud and up to regions where
atomic deuterium becomes molecular, destruction of HD oc-
curs mainly by photodissociation. Nevertheless, in the case of a
dense and warm molecular cloud, the reaction between HD and
H, which is the reverse reaction of Eq. (10), is not negligible:

K,
HD+HSH,+D k) =75x10""e T em?s™). (13)

Once photo-processes are negligible, destruction by chemi-
cal processes becomes dominant. Chemical fractionation of
deuterated molecules occurs as reviewed recently by Roberts &
Millar (2000a,b) and Le Petit & Roueff (2002). The important

373

step towards other deuterated molecules is the proton transfer
reaction of HJ in the reaction with HD forming H,D™:
k=35%x10""" (cm®s7™).

HI + HD < H,D* + H, (14)

The reverse reaction is endothermic when Hj is in its ground
rotational state J = 0 and its efficiency depends on the amount
of ortho H; present in the environment (Gerlich et al. 2002).

3. Results
3.1. Standard model

We consider a standard chemical model of translucent cloud
where the elemental gas phase abundances and dust properties
are given in Tables 1 and 2. In addition, we take the following
physical parameters: density 7 = 500 cm ™3, cosmic ray ioniza-
tionrate { = 5 X 10717 s~ turbulent velocity b = 2 km s~!and
an incident radiation field corresponding to the ISRF (y = 1).

Figure 1 displays on its upper panel, the photodissociation
rates of H, and HD as a function of Ay and on its lower panel,
the normalized abundances, on one hand, of H and H,, and on
the other hand, of D and HD as a function of Ay. The photodis-
sociation rates (in s™!) of H, and HD are the same when Ay = 0.
This reflects the identity of the microscopic processes. The re-
spective decrease of the photodissociation rates of H, and HD
is due to the absorption of the radiation field by grains and to
the self-shielding. Self-shielding becomes efficient as soon as
the optical depths of the discrete absorbing transitions is of the
order of 1. The optical depth in the center of the lines of H,
or HD, Ty, /up, is given by:

7re2f Ao

THy/HD = —Jlu

MeC \/E . \/Ulzurb + 2kT/mH2/HD
X Ni(Hy/HD)

1.497 x 10722 u
_ o/ N (H,/HD) (CGS)

NP+ 26T

with fj, the oscillator strength of the Lyman and Werner band
systems, Ay the wavelength in the center of the line, N;(H,/HD),
the column density of H, or HD in the lower level, m, the mass
of the electron and my,,/up the mass of H, or HD. As oscillator
strengths of the Lyman and Werner band systems are typically
of the order of 1073 and the wavelength of the order of 100 nm,
the optical depth reaches a value of 1 when the column den-
sity of H, or HD is about 10'> cm=2. As deuterium is typically
107 times less abundant than hydrogen, self-shielding effects
take place at larger visual extinctions; the formation of HD oc-
curs deeper in the cloud than H,. The comparison of both pan-
els of Fig. 1 shows that the H/H; transition and the D/HD one
are strongly linked to the photodissociation rates.

Temperature profile, obtained as a result of the thermal
equilibrium in the gas phase, is displayed in function of Ay
in Fig. 2. Temperature ranges from 70 Kelvin at the edge of the
cloud to 10 Kelvin at visual extinctions larger than 2. The H/H,
transition takes place for Ay ~ 3 x 1073 at about 70 Kelvin
whereas the D/HD transition occurs at Ay ~ 0.5 where the tem-
perature is close to 50 K.

5)




374

1le-09

le-10 | k!

le11 | 1
le12 | i
le-13 kY B

H
le-14 2 .

Photodissociation rate (in 5'1)

1e-15 | 1

le-16 ‘ : : L
0.0001 0.001

0.6

04 |

Normalized abundances

0.2 |

0.001

0
0.0001

Fig. 1. Transition H/H, and D/HD in the standard models. On top
panel, photodissociation rates in s~! of H, and HD versus Ay. On bot-
tom panel, normalized abundances of H, H,, D and HD as a function
of A V.

The contributions of the different chemical processes re-
lated to the formation and the destruction of HD are displayed
in Fig. 3. In this model, formation of HD on dust takes place as
long as no molecular hydrogen is present. Once H; is available,
HD is formed through the reaction between D* and H, (reac-
tion 9). Photodissociation of HD dominates over other chem-
ical destruction processes up to a visual extinction of about
1 magnitude.

There is a significant range of visual extinctions where deu-
terium is mainly atomic whereas hydrogen is predominantly
molecular (cf. Fig. 1). The molecular fraction derived from the
observations is defined as:

_ 2N(Hy)
f= N(H) + 2N(H,)

where N(H) and N(H,) are the atomic and molecular column
densities of hydrogen. Figure 4 displays the ratio of the atomic
column densities, N(D)/N(H), and of the molecular column
densities, N(HD)/2N(H,), as a function of the molecular frac-
tion for the same standard model. We note that the atomic ra-
tio, N(D)/N(H), is larger than the elemental D/H ratio as soon
as HD is present. The corresponding enhancement can reach
about one order of magnitude for molecular fractions larger

(16)
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Fig. 2. Profile of the gas temperature as a function of Ay in the standard
model.
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Fig. 3. Formation and destruction rates of HD in cm™ s~

extinction in the case of the standard model.

versus visual

than 0.3. Such a possibility was already pointed out by Black
& Dalgarno (1973). On the other hand, the molecular ratio,
N(HD)/2N(H,), is lower than the elemental ratio as long as
deuterium is not totally in molecular form contrary to hydro-
gen. So, the derivation of the elemental value of deuterium
from either atomic or molecular observations should be taken
with care.

3.1.1. Excitation of HD

We display in Fig. 5 the column densities of the three first rota-
tional levels of HD (J = 0, 1 and 2). The column density of HD
J = 0 increases as a function of the visual extinction, whereas
those of J = 1 and J = 2 levels become stationary from Ay
about 0.5, where the temperature is lower than 40 K (cf. Fig. 2).
We find that the corresponding populations are sub-thermal as
the density is below the critical density (cf. Tables 4 and 5). The
column densities at Ay = 1, are respectively 2.8x10' cm=2,
3.0x10" cm2 and 6.9%10'° cm™2, for J = 0, 1 and 2.
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Fig. 4. Ratio of column densities N(D)/N(H) and N(HD)/2N(H,) as
a function of the molecular fraction for the standard model. The hor-
izontal line displays the D/H elemental ratio adopted in the model:
2x 1073,
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Fig. 5. Column densities of HD in the fundamental and first rotational
levels, J = 0, J = 1 and J = 2 in function of Ay in the case of the
standard model.

3.2. Dependence on the cloud parameters
3.2.1. Role of the cosmic ray ionization rate

Hartquist et al. (1978) have shown that the cosmic ionization
rate could be derived from the observations of OH and HD.
Approximate formulae of the steady state abundances of HD
and OH have been obtained by Federman et al. (1996), for a
molecular fraction of 1/3, i.e. when n(H)/n(H,) ~ 2.

The first step of the chemistry of OH and HD involves the
cosmic ray ionization of atomic hydrogen:

k
H+cr. — H +e” (17)

where c.r. stands for cosmic ray. This reaction is followed by
slightly endothermic charge exchange reactions between H*
and D (AH = 43 K) or O (AH = 227 K) producing D* and
O*. Then, reactions of D* and O* with H, lead respectively to
the formation of HD (Eq. (9)) and to a sequence of reactions
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leading to the formation of OH. As long as photodissociation
dominates the destruction of HD, the steady state abundance of
HD can be expressed by:
_ ki ks n(H) n(D)

#-(HD)

k{ I’t(H) + k? n(Hy) + k4 n(Hy) I’l(H;)

X

[k} n(H) + ki n(H2)][ks n(O) + a(H*) n(e™)]
with

n(HD)

(18)

kg n(He)
(H) n(e™) + kg n(Hy)
where P, (HD) is the photodissociation rate (in s~') of HD at the
optical depth 7. The corresponding reaction rate coefficients, k;,
are given in Table 6.
As for OH, its steady state abundance can be written:
ar + a3 ks n(O)
a) t+ap +a3 PT(OH) + k6 n(C*)
k; n(H) + k’(’ n(Hy) + ks n(Hp) n(HY)
ks n(O) + a(H*) n(e™)

n(H{) = -

n(OH) ~

P-(C) n(C)
a(CHne)
In this equation, P(C) and P.(OH) are respectively the pho-
toionization rate of carbon and the photodissociation rate of
OH at the optical depth 7.

Our expressions differ slightly from those given by
Federman et al. (1996). In particular, they remain valid in the
range where H is mainly molecular whereas HD is still pho-
todissociated efficiently. This can be seen in Egs. (18) and (19),
where the numerator of the second fraction expresses the pro-
duction of H* not only through cosmic ray ionization of atomic
hydrogen (sole case considered by Federman et al.) but also via
cosmic ray ionization of molecular hydrogen and via He* + H,.
So, the abundances of HD and OH are proportional to the cos-
mic ionization rate, £.

Once chemical destruction of HD by HJ is dominant, the
proportionality to £ is no more fulfilled since the abundance of
HJ is itself proportional to the cosmic ray ionization rate.

This point is illustrated in Fig. 6 where we display the col-
umn densities of HD and OH divided by ¢, computed for mod-
els of constant density (ng = 500 cm™) and different values of
{ as a function of the visual extinction. The ratios are indepen-
dent of { in a range of Ay between 0.001 and 0.1 for HD and
0.001 and 1 for OH.

with  n(C*) = (19)

3.2.2. Dependence on the density and radiation field
D/HD transition

Figure 7 displays the normalized abundances of D and HD cal-
culated in models with densities between 100 and 10° cm™
and y = 1. The respective atomic and molecular abundances of
deuterium at the edge of the cloud are directly obtained from
the balance between photodissociation and formation on dust.

n(HD) _ FRMHD) 63X 10"y

= = =24x107°
(D) legge . Po(ED)  2.6x 1011 XD
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Table 6. Reaction rate coeflicients.
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Reactions Reference Reactions Reference
D* H, — H* HD (a) H cr — H* e ®
ki 2x107° k,  046x¢
H* HD — D* H, (a) He cr — He* e ®
Kk 1 x 107 %e~464/T kz 05x%x¢
D H, — H HD (b) H, cr — H* H e (2)
k> 7.5 x 10"11e=3820/T K/ 0.04 x¢
HD H — H, HD (b) H, hy — H H (h)
Kk, 7.5 x 10~ 1e=4240/T Po(Hy) 3.2x 1071
H* D — D* H (©) HD hy — H D (h)
k3 1.0 x 1079417 Po(HD) 2.6x 1071
D* H — H* D (©) C hy — Cct e (h)
A 1x107° Po(C) 1.7 x 1071° . exp(—2.96Ay)
He* H, — H H* He (d) H* e — H hy ®)
k4 1.1 x 10~13(T/300)~0-2 a(HY) 3.5 x 107'12(T/300)~070
H* (0] — o+ H (e) He* e — He hv ®
ks 6 x 10710g=227/T a(He") 4.5 x 10712(T /300)~%¢7
Cc* OH — CcO* H ) H;0* e — H,O H 17 @)
ke 7.7 x 10710 OH H, 0%
OH H H o
a 1.1 x 1077(T/300)~9-6
s 5.8 x 1078(7/300)~06
;3 1.5 x 1077(T/300)~0-65

All rates are in cm® s~

excepted those of photodissociation, photoionization and ionization by cosmic rays wich are in s

-1, References: (a)

Smith, D., Adams, N. G., & Alge, E. 1982, ApJ, 263, 123. (b) Stancil, P. C., Lepp, S., & Dalgarno, A. 1998, ApJ, 509, 1. (c) Watson, W. D.
1976, Rev. Mod. Phys., 48, 513. (d) Boringer, H., & Arnold, F. 1986, J. Chem. Phys., 84, 1459. (e) Federer, W., et al. 1984, Phys. Rev. Lett., 52,
2084. (f) Prasad, S. S., & Huntress, W. T. 1980, ApJS, 43, 1. (g) Private communication from Alex Dalgarno. (h) Obtained from our numerical

model computing the photodissociation of the chemical species. (i) Vejby-Chriestensen, J., et al. 1997, ApJ, 483, 531.

where Py (HD) is the photodissociation rate of HD in s~! at the
edge of the cloud.

We introduce Ay, the value of the visual extinction
where n(D) = n(HD) = &p - ny/2 with &p, the elemental abun-
dance of deuterium relative to H.

In the case where HD is formed by D* + Hj;, neglect-
ing the contribution of atomic hydrogen and assuming that C
is the main source of electrons, we obtain a relation between
the photodissociation rate at the D/HD transition, the different
rate coefficients, and the elemental abundances relative to H
of He (§ne), C (£c) and O (o).

kalkléne + K7 /2]

PT(HD)|Lransiti0n = m

(20)

The photodissociation rate (in s™!) at the optical depth 7 can be
expressed as:

P(HD) = yPo(HD) f(NHD))e v (s7)

where exp(—BAy) corresponds to the continuum absorption by
grains and f(N(HD)) represents the self-shielding function and
depends only on N(HD). We ignore the possible overlap with
H; lines which is a complex function of the column density
of Hz .

The substitution of this expression in Eq. (20) implies at
first sight that Ay, up should not depend on the density. This
first guess should be tempered since the thermal profile is den-
sity dependent and Ay, is a sensitive function of the kinetic
temperature via the rate coefficients. This can be seen in Fig. 8

ey
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which displays Ay, ., as well as the temperature at the D/HD
transition, Tp/up, for different densities and for y = 1. This
behaviour is different from the H/H, transition where the for-
mation rate on dust is proportional to the square of the density.
The dependence of Ay, .., on x is In(y).

derive that Ay, ,,, is now a function of In(y/ny). This logarith-
mic behaviour can be seen in Fig. 8 for densities higher than
5000 cm™ when standard formation rate of HD on dust is
assumed.

Dependence on the formation rate of HD on dust

The formation rate of HD on dust is not well known. We dis-
cuss the significance of the mechanism introducing a formation
rate with a sticking factor 10 times less than the standard hy-
pothesis. Considering the full squares symbols in Fig. 8 two
different regimes are still found for Ay, ;.

As expected, the regime corresponding to formation on dust
is taking place at larger densities (ny > 20000 cm~3) than with
the standard rate.

We have compared the computed column densities of HD
at a visual extinction of 1, obtained using the two different HD
formation rates on dust. The differences in the column densities
are smaller than 10% for densities between 10° and 10* cm™
and of the order of 30 % for higher densities.

Dependence on the intensity of the incident radiation field

Figure 9 displays Ay, ,,, and the temperature at the transition
as a function of the scaling factor y of the ISRF for models
with densities 500 and 10° cm™3. When nyg = 500 cm™2, the
formation of HD occurs always through the gas phase reaction
between D* and H; and the variation of Ay, with y is almost
logarithmic as predicted by Eq. (20). For ny = 10° cm™ and y
lower than 2600 the formation of HD occurs on dust. For larger
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Fig. 9. Position of the transition D/HD, Ay, (squares) and tempera-
ture (lines) at the transition versus y. Black squares and full line corre-
spond to models of density 500 cm™ while blank squares and dashed
line correspond to models of density 10> cm=.

values of y, the temperature may reach several hundred Kelvin
allowing the neutral-neutral reaction D + H; to become domi-
nant. The high efficiency of this process moves the position of
the transition D/HD closer to the edge of the cloud, producing
a discontinuity as shown on the figure. Under these conditions,
Ay 18 given by:

P.(HD) + kin(H) = kon(Hy) = %HH (23)

where the reverse reaction may not be negligible. Once more, a
logarithmic dependence on y as In(y/ny) is obtained for Ay, ,,;,
as displayed in the figure.

3.3. Validity of the equilibrium model

Our model is steady state. A characteristic timescale can be
derived from the destruction processes of HD.

destruction rate in cm=3 s1

1 (HD )desl. =

While photodissociation is the main process of destruction of
HD, the characteristic timescale is equal to the inverse of the
photodissociation rate (in s~!). Its value is 1000/y years at
the edge of the cloud and it increases when self-shielding and
dust absorption become significant. In the absence of photo-
processes, HD is principally destroyed by HY, via reaction 14.
As Hj is directly formed via the reaction between Hj and Hy
and destroyed by reactions with O, CO and dissociative recom-
bination, the chemical time associated to HD is inversely pro-
portional to ny. As long as this chemical timescale is smaller
than a dynamic time scale, for example the free fall time, the
steady state approximation is adequate. This condition is rea-
sonably fulfilled in the translucent part of the model. Time de-
pendent models such as those presented by Lee et al. (1996)
for H, and CO may be more appropriate in the more obscured
regions.
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4. Comparison with observations
4.1. UV absorption of HD

The present model enables interpretation of the available and
forthcoming observations of UV absorption transitions of H,
D, H,, HD, and other species towards diffuse and translu-
cent clouds. At present, the high sensitivity of FUSE allows
to extend the sample of diffuse clouds in front of bright stars
obtained by Copernicus and IUE satellites towards lines of
sight involving more reddened stars. However, derivation of
the column density of HD is subject to large uncertainties since
HD lines are partially saturated and several components may
be present on the lines of sight. We have shown in Sect. 3.1,
that the elemental deuterium to hydrogen ratio is not sim-
ply given by N(HD)/2N(H,). Table 7 displays N(D)/N(H) and
N(HD)/2N(H,) for different values of the molecular fraction
deduced from our standard model (ny = 500 cm™3, y = 1).
Results are given for elemental D/H ratios of 1x107 and of
2x107>. The values of both N(D)/N(H) and N(HD)/2N(H,) are
proportional to the elemental ratio ép. As expected they bracket
the actual value of &p.

For high z objects, UV absorption transitions are shifted
to the visible. The first detection of HD (N(HD) =
1-4x10'* cm™2) in front of a quasar (PKS 1232+082) is
reported by Varshalovich et al. (2001). On the other hand,
Petitjean et al. (2000) find a column density of H, of
6x10'® cm™2 and a molecular fraction of 1.5x107* towards
the same line of sight. We can deduce from these values
N(HD)/2N(H2) of 8.3x10™* — 3.3x1073. This surprising result
may come from the specific physical conditions present in ex-
tragalactic environment.

4.2. Infrared intensities of HD rotational transitions

Our model of the HD excitation allows to derive the intensi-
ties of the pure rotational transitions of HD. As the transitions
probabilities are low, the intensities /;;_; are directly obtained
from an optically thin approximation:

N(J)
I = ?AJ,J—IEJ,J—I

where N(J) is the column density of the upper level of the tran-
sition, A _1, the Einstein emission probabilities and E;;_; the
energy of the transition. We display the corresponding values
in Tables 8 and 9 for the transitions at 112 yum (J/ = 1 — 0) and
56 um (J = 2 — 1). Results are expressed in erg s~'cm2sr™!
and have been calculated for a total visual extinction of 10 mag-
nitudes and densities between 100 and 103 cm ™3 and y between
1 and 10°. The kinetic temperature at the emission maximum of
the transition and the corresponding visual extinction are also
displayed in Tables 8 and 9 for each model in order to better
explain the intensity values. The models sample a large range
of physical conditions.

The magnitudes of the intensities of both infrared transi-
tions are principally driven by the magnitude of the radiation
field. The position of the local emissivity maximum is shifted
towards larger values of the visual extinction as y increases and
the temperature increases as well. The two transitions are not
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Table 7. Column densities ratios in function of f. Table 8. Intensities at 112 ym.
f N(D)/N(H)® N(HD)/(2xN(H,))" ny (cm™)
0.1 2.2(-5) 3.0(-6) 100 1000 1x10* 1x10° 1x10°
1.1(-5) 1.5(-6) X
0.2 2.5(-5) 2.0(-6) 1 2.5(-8) 2.3(-8) 2.3(-8) 1.2(-8) 2.2(-9)
1.2(-5) 1.1(-6) 78 40 104 143 155
0.3 2.8(-5) 1.6(-6) 0.45 0.26 1.8(-5) 6.3(-7) 1.0(=7)
1.4(-5) 7.8(-7)
0.4 3.2(-5) 1.3(-6) 10 7.7(-8) 1L.1(-7) 2.1(-7) 2.5(-7) 1.7(-7)
1.6(-5) 6.7(-7) 111 59 47 50 46
0.5 4.1(-5) 1.0(-6) 1.3 1 0.78 0.35 0.07
2.0(-5) 5.1(=7)
0.6 5.0(-5) 8.2(-7) 100 1.9(-7)  4.4(-7) 7.8(-7) 8.6(-7) 8.7(-7)
2.4(-5) 4.0(-7) 145 97 76 70 69
0.7 6.7(-5) 6.7(-7) 2 1.9 1.5 1 0.45
3.3(-5) 3.4(-7)
0.8 9.6(-5) 5.5(=7) 10° 3.7(=7) 1.2(-6) 2.0(-6) 2.2(-6) 2.6(-6)
4.8(-5) 2.8(-7) 176 156 124 108 111
0.9 2.0(-4) 6.7(-7) 2.8 2.8 2.35 1.7 1.0
1.0(—4) 3.2(-7)
0.99 2.7(-4) 1.9(-5) 10* 5.6(=7) 2.1(-6) 4.2(-6)  4.7(-6) 4.9(-6)
1.4(-4) 9.3(-6) 190 207 208 157 151
(a) Values have been obtained in the case of the standard model (ny = 3.6 3.6 3.1 2.1 2.1
500 cm™3, y = 1). For each value of f (molecular fraction), the first
line corresponds to &p = 2x1075 and the second one to &p = 1x1075. 10°  7.0(=7) 3.1(=6) 59(-6) 57(-6) 6.4(—6)
Numbers in parentheses refer to power of ten. 189 238 248 165 154
4.8 44 4.3 4.1 35

exactly peaking at the same visual extinctions since the 56 um
transition corresponds to a higher excitation. The intensity of
the 112 um transition reported by Wright et al. (1999) towards
the Orion Bar is (8.7 + 1.5) x 1076 erg sThem™? srl. As the
radiation field in this environment is estimated to be close to
4.4x10* times the ISRF (Parmar et al. 1991; Hogerheijde et al.
1995) and the mean density value is 2.5%10° cm™ (Jansen
et al. 1995), the observed value is compatible with our results.
However, the knowledge of the actual geometry is critical to
make quantitative predictions. The ratio of the emissivities of
the 112 ym and 56 um transitions is a very sensitive function of
both ny and y. However, the 56 um has a lower intensity except
for very high density and very large radiation field conditions.
It has not been detected with ISO. The future HERSCHEL mis-
sion will allow to search for the 112 um transition at a much
higher sensitivity than ISO with the PACS instrument. A sen-
sitivity of some 1074 erg s™! cm™2 in a field of view of 47" x
47" is expected. The 56 um transition is unfortunately beyond
the reserved wavelength range of HERSCHEL.

5. Conclusion and perspectives

We have presented PDR models where chemistry and rotational
excitation of HD is explicitly introduced with the most recent
molecular data. Thermal balance is solved in parallel to chem-
ical equilibrium. As for Hj, photodissociation in the discrete
UV transitions of Lyman and Werner electronic bands con-

For each couple of density and y, the first line gives the intensity of the
transition calculated for Ay = 10 in erg s™' cm™2 sr™!. The second and
third lines give the temperature and the visual extinction correspond-
ing to the local emissivity maximum. Numbers in parentheses refer to
power of ten.

trols the atomic to molecular deuterium transition. However,
contrary to H,, gas phase chemical formation of HD is oc-
curring via the D* + Hj; reaction in low and medium density
clouds. Competing formation mechanisms of HD are taking
place for high density conditions. Formation on dust may be
preponderant in cold dense regions whereas the neutral-neutral
reaction between D and H2 takes place under high interstel-
lar radiation field conditions where the temperature may reach
several hundred Kelvin at the edge of the cloud. The D/HD
transition occurs for larger visual extinctions than for H/H,
since self-shielding effects are much less efficient due to the
small elemental abundance of deuterium. We have also given
the critical densities for different temperatures: at low densities
(ng < 1000 cm™3), the excitation of the level J = 1 of HD is
sub-thermal whether the medium is atomic or molecular. The
critical density values increase significantly when J increases.
This remains true for vibrational energy levels for which the
Einstein emission coefficients are several 107 s™! and the vi-
brational de-excitation coefficients are of the order of 10715 at
maximum.
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Table 9. Intensities at 56 um.

ny (cm™)
100 1000 1x10* 1x10° 1x10°
X
1 29(-10) 7.0(-11) 1.0(=10) 6.1(-11) 7.2(-12)
87 45 111 142 161
0.35 0.14 1.2(-5) 6.3(-7) 6.8(—8)
10 24(=9) 1.8(=9) 85(-9) 23(-8)  7.6(-9)
122 65 51 54 52
1.1 0.9 0.6 0.28 0.025
100 1.2(-8)  35(=8) 18(=7) 33(=7)  3.3(-7)
152 109 84 75 75
1.9 1.8 1.4 0.9 0.36
10° 3.2(-8) 2.9(-7) 1.7(-6) 3.7(-6) 6.3(—6)
181 168 142 128 143
2.7 2.6 2.1 1.4 0.74
10* 5.6(-8) 8.9(-7) 1.2(-5) 2.7(-5) 2.4(-5)
190 215 272 390 404
3.6 34 2.6 1.6 1.2
10° 6.7(-8) 1.6(-6) 2.5(-5) 3.9(-5) 3.4(-5)
189 242 378 439 402
4.8 4.2 3.0 2.8 2.5

For each couple of density and y, the first line gives the intensity of the
transition calculated for Ay = 10inerg s™' cm™2 sr™!. The second and
third lines give the temperature and the visual extinction correspond-
ing to the local emissivity maximum. Numbers in parentheses refer to
power of ten.

We have derived the main properties of the atomic to
molecular deuterium transition for different densities and en-
hancement factors of the ISRF. The sensitivity of the results
to the cosmic ray ionization rate, the formation rate on dust
and the elemental deuterium abundance are studied. We extend
the previous analytical expressions of the steady state abun-
dance of HD in the case where H;, is prevailing but when photo-
processes are still dominant for HD.

The present model is valuable to interpret the observations
of H, and HD in a variety of physical conditions. We have
shown that N(HD)/2N(H,) is a lower limit to the elemental
deuterium abundance in diffuse and translucent clouds whereas
N(D)/N(H) leads to an upper limit. So, the recent detections
of HD with FUSE should be analyzed with care. The intensi-
ties of the pure rotational transitions are predicted for a large
range of density and enhancement factors of the ISRF. The val-
ues are compatible with the detection of the 112 ym transi-
tion in the Orion Bar by Wright et al. (1999). It is also shown
that the intensity of the 56 um transition is below that of the
112 um transition for density below 10° cm™ and y < 10°.
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Up to now, this transition has not been detected by ISO. The fu-
ture HERSCHEL mission will allow to search for HD 112 um
at a higher sensitivity. A natural extension of our model is
to include the vibrational excitation of HD. Detection of the
1-0 R(5) transition of HD at 2.46 ym by Ramsay Howat et al.
(2002) is interpreted as a result of chemical excitation. This
could be tested in such models. However the fast vibrational
radiative decay of HD of several 10~ s~! implies critical den-
sities at least of the order of 10'° cm~ and the vibrational level
populations will be sub-thermal in most cases. It is therefore
not surprising that vibrationally excited HD has not been de-
tected in the Hubble Space Telescope (HST) spectra towards
HD39603, a PDR region of density of several 10* cm™ in the
NGC2023 nebula whereas a rich spectrum of vibrationnally ex-
cited hydrogen has been obtained by Meyer et al. (2001).

Future efforts will also be put on MHD shock models
following the treatments developed for H, (Wilgenbus et al.
2000). The detection of the 0-0 R(5) transition of HD at
19.43 um by Bertoldi et al (1999) in the OMCI1 cloud is due
to shock excitation.
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