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ABSTRACT 
We report calculations of the intensities of rovibrational transitions of H2 emitted from C-type 
shock waves propagating in molecular gas. Attention was paid to the thermal balance of the 
gas and to the rates of collisional dissociation and ionization of H2. We found that the 
maximum shock speeds which can be attained, prior to the collisional dissociation of H2 

(which results in a sonic point in the flow and hence a J-type shock wave), can be much higher 
than had previously been believed. Thus, adopting the ‘standard’ scaling of the transverse 
magnetic induction with the gas density, 5((xG) = [nnicm-3)]172, we established that the 
maximum shock speed increased from 20-30 km s_1 at high pre-shock densities (^h ^ 
106 cm-3) to 70-80km s-1 at low densities (ftH — 104 cm-3). The critical shock speed, ^crit, 
also increases significantly with the transverse magnetic induction, B, at a given pre-shock 
gas density, wH- By way of an application of these results, we demonstrate that a two- 
component model, comprising shock waves with velocities î;s = 60 and 40km s_1, 
reproduces the column densities of H2 observed by ISO-SWS up to the highest level 
(possibly) detected, z; = 0, 7 = 27, which lies 42 515 K above the ground state. We found no 
necessity to invoke mechanisms other than thermal collisional excitation in the gas phase; but 
the z; = 1 vibrational band remains less completely thermalized than is indicated by the 
observations. Fine structure transitions of atoms and ions were also considered. The intensity 
of the [Sii] 68.5 pum transition, observed by Gry et al. using ISO-LWS, is satisfactorily 
reproduced by the same model and may also originate in OMC-1, rather than Orion-KL as 
originally believed. The transitions of [Fe n] and [S i] observed by Rosenthal et al. may also 
arise in the shock-heated gas. 

Key words: molecular processes - shock waves - ISM: individual: Orion OMC-1 - ISM: 
molecules. 

1 INTRODUCTION 

The properties of continuous (C-type) shock waves, propagating in 
dense molecular clouds of the interstellar medium, have been 
investigated by Draine, Roberge & Dalgamo (1983), Pineau des 
Forêts, Flower & Dalgarno (1988), Smith & Brand (1990), 
Kaufman & Neufeld (1996a,b), Timmermann (1998) and recently 
by Wilgenbus et al. (2000). Such studies contribute to our 
understanding of molecular outflows observed in regions of star 
formation. By means of the models, predictions have been made of 
the intensities of atomic fine structure transitions and of rotational 
transitions of molecules such as CO and H20. In addition, the 
intensities of rovibrational transitions of H2 have been calculated, 
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assuming various initial values of the ortho:para H2 ratio, and 
compared with ISO and ground-based observations of outflow 
sources, notably HH54 (Timmermann 1998; Neufeld, Melnick & 
Harwit 1998; Wilgenbus et al. 2000). 

The heating of the gas associated with the shock wave can give 
rise to the excitation of H2 and to its dissociation. The greater is the 
speed of a shock wave, propagating into a medium with a given set 
of initial conditions, the higher are the maximum temperature 
attained and the rate of collisional dissociation of H2. Because H2 is 
the main coolant, the dissociation of H2 is accompanied by a rapid 
increase in the kinetic temperature of the gas, resulting in a sonic 
point in the flow - i.e. the shock wave becomes jump (J) type. 
Ionization of H2, H and He by streaming ions might also limit 
the maximum speed, z;crit, which is consistent with a C-type 
shock wave. For pre-shock gas densities in the range 
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104 < «h < 106 cm-3, Draine et al. (1983) deduced critical speeds 
49 > fcrit — 40 km s-1. However, the dissociation/ionization of 
the gas and the dynamics of the fluid flow were not treated self- 
consistently in their calculations. As will be seen in Section 3 
below, when the physico-chemical rate equations are solved in 
parallel with the conservation equations describing the flow, it is 
found that C-type shock waves can exist up to higher values of the 
shock speed than was previously believed. For example, when the 
pre-shock gas density is 104 cm-3, the shock wave remains C-type 
up to a velocity = 70km s '. 

We have taken the opportunity to extend and update the grid of 
C-type shock models computed by Wilgenbus et al. (2000). In 
Section 2, we outline the methods that we have employed and 
summarize the modifications that we have made to the code since 
the calculations of Wilgenbus et al. In Section 3, we specify the 
parameter ranges used to construct the grid of models, which is 
made available in electronic form at http://ccp7.dur.ac.uk/. We 
calculate the maximum speed compatible with the existence of a 
C-type shock wave, as a function of the pre-shock gas density and 
magnetic field strength. As an application, we model the spectrum 
of H2 and the emission in optically forbidden lines of atoms and 
ions from the outflow source in Orion and compare with 
observations made by the Infrared Space Observatory. Section 4 
contains our concluding remarks. 

2 THE THEORETICAL MODEL 

We specify here the salient features of the model which has been 
used to perform the present calculations. 

2.1 Dynamics 

The dynamical variables of the problem are vn, pn, pi, p_, rn, Th 
Te, nn, ni, where v denotes a flow velocity, p a mass density, T a 
kinetic temperature, and n a number density; the subscript ‘n’ 
specifies the neutral fluid, T the positively charged fluid, and 
the negatively charged fluid, which comprises electrons and PAH— 
negative ions. The fractional abundance of the generic polycyclic 
aromatic hydrocarbon (PAH), C54H18, in neutral, positively and 
negatively charged forms, was /ipah/^h = 10 7, where /?h = 
n(H) + 2«(H2). Grains were assumed to be negatively charged, and 
the dust:gas mass density ratio was initially 0.0085. We correct a 
oversight of Wilgenbus et al. (2000) and May et al. (2000) by 
allowing for the differential compression of the charged grains, 
relative to the neutral fluid, in the shock wave. We also allow for 
the variation of the grain radius and mass, owing to sputtering 
within the shock wave, using the sputtering probabilities for 
silicates computed by May et al. (2000). The probability of 
sputtering carbon from graphite grains was assumed to be the same 
as for sputtering silicon from silicate grains. 

2.2 Chemistry 

The chemical species are atoms and ions, molecules, radicals and 
molecular ions containing the elements H, He, C, N, O, Mg, Si, S 
and Fe. The initial H:H2 abundance ratio was in chemical 
equilibrium, and the initial ortho :para H2 ratio was equal to its 
statistical value of 3, unless otherwise stated. The grains were 
assumed to have a core consisting of the representative silicate 
MgFeSi04 (olivine) or graphite and, initially, a mantle comprising 
species which included CH4, NH3 and H20. The abundances of the 
elements, in all forms, were = 0.10, nc/nn = 3.62 X 10-4, 

nN/nn = 1.12 X 10 4, «q/^h — 8.53 X 10 4, nMg/nH = 3.85 X 
10 nsi/nn = 3.58 X 10 3, ns/n^i = 1.85 X 10 3, wpe//7H = 3.23 X 
10 5 (Anders & Grevesse 1989); these values are the same as those 
adopted by Wilgenbus et al. (2000). 

The 124 chemical species were connected by a set of 895 
chemical reactions, including ion-neutral, neutral-neutral and 
electron-ion recombinations in the gas phase. The grain mantles 
are rapidly eroded in the shock wave. At sufficiently high shock 
speeds, the grain cores are also eroded (cf. May et al. 2000). 

2.3 Dissociation of H2 

The collisional dissociation of H2 by atoms and ions has been 
discussed by Wilgenbus et al. (2000). For thermal collisions with 
H, the rate coefficient [1.0 X 10-10 exp(—52000/Tn) cm3 s_1] 
derives from the calculations of Dove & Mandy (1986). We have 
adapted this expression to allow for the excitation energy E(v, J) of 
the initial rovibrational level (v, 7), and the rate coefficient 

1 0 X 10 10 

^ V«(?;,/) exp{— [56 644 — £(z;,/)]/rn}cm3 s-1 

was adopted, in which n(v, I) is the level population density and 
rc(H2) = E(v = 4,J = 29) = 56 644 K is the energy 
of the highest bound level of H2, relative to the v = 0, J = 0 
ground state (Dabrowski 1984). The rate coefficient for the 
collisional dissociation of H2 by H2 was taken to be eight times 
smaller than for dissociation by H (Jacobs, Giedt & Cohen 1967), 
and the rate coefficient for dissociation by He was estimated to be a 
factor of 10 smaller than for dissociation by H. Electron collisional 
dissociation was similarly taken into account, following Flower 
et al. (1996, section 2.1). 

2.4 Ionization of H2 and H 

Draine et al. (1983) derived formulae for the rates of collisional 
ionization of H2, H and He by streaming ions, based on estimates of 
the corresponding ionization cross-sections. In view of the 
uncertainties involved, we have assumed a constant cross-section 
(equation 26 of Draine et al.) for this process and a threshold 
energy equal to the ionization potential of H2 (15.43 eV) or H 
(13.60 eV); this approach tends to overestimate the importance of 
the process. Ionization of He was neglected, in view of its much 
larger ionization potential (24.59 eV). The adopted rate coefficients 
were 1.1 X KT13 exp[-179 160/reff(H2)] cm3 s^1 for H2 and 1.3 X 
10~13 exp[ —157 890/reff(fi)] cm3 for H. The effective tem- 
perature, Tcít, appearing in these expressions makes allowance for 
the contribution to the impact energy from ion-neutral streaming, 
as well as for the thermal energy of the gas. Thus, in the case of H, 

m^mfvn - v{f (mnTi + miTn) 
f eff (ff) — o / / \ \ ' i ’ 3k(mH + mi) mn + ni[ 

where ‘i’ denotes the ion. 
We took into account additionally electron collisional ionization 

of H and H2. For H, we adopted the rate coefficient 
9.2 X 10-10(re/300)a5 exp[—157 890/Te] cm3 s“1. This expression 
derives from Hummer (1963), who made use of experimental 
measurements by Fite & Brackmann (1958), which were 
normalized to the Born approximation at high energies. More 
recent measurements by Shah, Elliott & Gilbody (1987) are in 
good agreement with those of Fite & Brackmann (1958) up to the 
cross-section maximum, at a collision energy of approximately 
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50 eV. For H2, we fitted the cross-sections measured by Rapp & 
Englander-Golden (1965) and hence obtained a rate coefficient 
1.4 X 10-9(7y300)°‘5 exp[—179 160/re] cm3 s-1. In the case of 
ionization by electrons, the contribution of streaming can be 
neglected, owing to the small mass of the electron. 

The contributions of the above processes to the thermal balance 
of the neutral and charged fluids were also incorporated. In the 
centre of mass system, the fraction of the kinetic energy lost by A, 
in an endothermic binary reaction with B, is mB/(mA + mB). Thus, 
ionization of H2 or H by streaming (predominantly heavy) ions 
results in kinetic energy loss mainly by the neutral fluid, whereas 
ionization of H2 or H by electrons results in kinetic energy loss by 
the negatively charged fluid. 

2.5 Level populations of H2 

The level population densities n(v, J) were computed in parallel 
with the dynamical and chemical variables, allowing for collisional 
and radiative transitions between the levels and for chemical 
reactions that create or destroy H2. 

Molecular hydrogen is collisionally and chemically destroyed in 
the shock wave but reforms, on grain surfaces, at a rate (cm-3 s-1) 
that is given by 

n{H)n(gY)i:r2
& 

8&reff -i 0.5 

/rTMH(l + Teff/30) 

where 

T eff mH(Vn - Vif 
3k 

+ T 

and n(gr) and rgr are the local values of the grain density (the 
number of grains per unit volume of gas) and the root mean square 
grain radius, respectively. The grains are assumed to be negatively 
charged and to move with the charged fluid at velocity Vi. The H2 
formation rate incorporates a probability that the H atom sticks to 
the grain, 1/(1 + reff/30)°‘5, which tends to 1 at low temperatures 
(Teff 30 K) and yields a temperature-independent formation rate 
at high temperatures (reff ^ 30 K). 

Population transfer in collisions with H, He and H2 and with 
grains was taken into account, using the data of Le Bourlot, Pineau 
des Forêts & Flower (1999) and Pineau des Forets et al. (2001). We 
note that collisions with H strongly favour vibrational, compared 
with pure rotational transitions. At Tn = 1000 K, the rate 
coefficients for v = 0 — 1 vibrational transitions, induced by 
collisions with H, are typically two orders of magnitude larger than 
for collisions with He or H2 (cf. Le Bourlot et al. 1999, fig. 1). 

Levels (v, J) up to approximately 45 000 K above the (0, 0) 
ground state were included in the calculations, i.e. up to 200 levels. 
Lor E{v, J) > 20 000 K, the limit of the quantum mechanical 
determinations of the rate coefficients, collisions with H and with 
grains were taken into account, the rate coefficients being taken 
from the quasi-classical trajectory computations of Mandy & 
Martin (1993) and Pineau des Lorêts et al. (2001), respectively. 

2.6 Coolants 

As the temperature falls towards its post-shock equilibrium value, 
the rate of cooling by H2 (which includes the cooling arising from 
its collisional dissociation, discussed in Section 2.3) decreases and 
radiative cooling by species such as H20 and CO assumes 
importance. The contributions of rotational transitions of H20, CO, 

© 2002 RAS, MNRAS 332, 985-993 

OH and NH3 to the cooling of the gas have been incorporated, as 
will be described in Section 3.2 below. We have also performed 
benchmark calculations in which the contributions of H20 and CO 
to the cooling of the gas have been calculated following the ‘escape 
probability’ approach of Neufeld & Kaufman (1993); the results of 
these calculations are reported in Section 3.2. 

The code additionally calculates the cooling owing to fine 
structure transitions of C+, C and O, using the rate coefficients for 
collisional excitation by H, He and H2 specified by Le Bourlot et al. 
(1993) and by e_ from the sources compiled by Mendoza (1983). 
For Si+, the rate of collisional excitation by H derives from the 
work of Roueff (1990). The collisional rate coefficients for the 
excitation of the fine structure transitions of Si were assumed to be 
identical to those for C, as data specific to Si are not yet available. 
We also allowed for the 3P-1D 630-nm transition of [O i], induced 
by collisions with H, taking the rate coefficient for excitation 
(3P—d D) from a fit to the data of Federman & Shipsey (1983) 
[5.47 X i(n14r¡¡-245 exp(—22 719/Tn) cm3 s“1]. 

2.7 Numerical solution of the differential equations 

The general form of the N differential equations to be solved is 

dyi dyi 
(i) 

where y ¡(i = 1, A) are the dependent variables and z, the distance, 
is the independent variable. Equation (1) assumes that a steady 
state (dyi/cfi = 0) has been attained; we shall consider the issue of 
time-scales below. The number of coupled equations, A, is the sum 
of the number of dynamical variables (10), the number of chemical 
species (124), and the number of rovibrational levels of H2 (up to 
200). 

The computer program that has been used to perform the present 
calculations is a completely revised version of that employed by 
Wilgenbus et al. (2000), updated to fortran 90. The yode 
algorithm (Brown, Byrne & Hindmarsh 1989) is now used to solve 
the coupled ordinary differential equations. A complete model of a 
C-type shock wave takes typically 1 minute to run on a Compaq 
alpha processor. The execution time is greater when the cooling by 
H20 and CO is computed following the approach of Neufeld & 
Kaufman (1993). The calculation of the escape probability requires 
a knowledge of the velocity gradient, ávjáz. However, the 
equation, of the form (1) above, for the velocity gradient involves 
the rate of radiative cooling of the neutral fluid (cf. equation 1 of 
Heck, Llower & Pineau des Forêts 1990) and hence, implicitly, 
d^n/dz. This circumstance leads to small step lengths being taken in 
the region of the shock wave in which the velocity of the neutral 
fluid is changing rapidly - which includes that in which H20 and 
CO are significant coolants. 

3 RESULTS 

3.1 The grid 

We have recomputed and extended the grid of C-type shock models 
of Wilgenbus et al. (2000). The ranges of the shock parameters are 
as follows: 

(i) initial densities hh = 103,104,105,106,107 cm-3; 
(ii) initial magnetic induction i?(|jiG) = [«H(cm 3)]1/2; 
(iii) shock speeds 10 < < “ZArit, in increments not exceeding 
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Figure 1. Maximum shock speed, vcrit, consistent with the existence of a C- 
type shock wave, as a function of the pre-shock gas density, 
rin = n(H) + 2n(H2). The initial magnetic induction is given by 
5(^0) = [)iH(cm-3)]1/2, and the initial ortho:para H2 ratio is 3.0. 

i 1 1 1 1 i 1 1 1 1 i 1 11 1 i 11 11 i 11 11 i 

J - shock 

C- shock 

I i i i i I i i i i I i i i i I i i i i Ui i i i 

lOkms \ where vcrit depends on the initial value of nH; the 
maximum shock speeds are plotted in Fig. 1. 

The initial ortho :para H2 ratio was taken equal to its statistical 
value of 3.0. The column densities of the rovibrational levels of H2, 
obtained by integrating the population densities along the direction 
of shock propagation, are available in electronic form at http:// 
ccp7.dur.ac.uk/. 

The maximum shock speed, ^1^, compatible with the existence 
of a C-type shock wave, is plotted in Fig. 1 as a function of the pre- 
shock gas density, As may be seen from Fig. 1, the maximum 
shock speed that can be attained, prior to dissociation of H2 within 
the shock wave (which leads to a sonic point in the flow, owing to 
the accompanying rapid increase in rn), attains 70 km s_ 1 for a pre- 
shock density «h = 104cm-3 and 80kms_1 for = 103cm-3. 
Thus vcrit exceeds the value of about 50 km s-1, given originally by 
Draine et al. (1983) and subsequently confirmed by Smith & Brand 
(1990). We now consider the reasons for this apparent discrepancy. 

In Fig. 2, we show the variation of the temperature Tn of the 
neutral fluid and of the fractional abundances of atomic and 
molecular hydrogen for models in which, initially, «h = 104 cm-3, 
n(ortho H2)/n(para H2) = 3.0, and vs = 60 and 70km s_1; the 
ratio n(H)/«(H2) initially has its equilibrium value of 7.4 X 10 4. 
The temperature is plotted as a function of the flow time of the 
neutral fluid, derived as tn = \( \lvn) dz. At the maximum of the 
temperature, the rate of collisional dissociation of H2 is much 
greater than the rate of formation of H2 on grains. In static 
equilibrium, the rates of formation and destruction can be equated, 
leading to the conclusion that n(H) §> n(H2), i.e. that H2 has been 
dissociated. However, conditions within the shock wave are not 
consistent with the assumption of static equilibrium. It may be seen 
from Fig. 2 that the time taken by the neutral particles to flow 
through the region of the temperature maximum remains much 
shorter than the time required to traverse the entire shock width. In 
Fig. 3, the time-scale for collisional dissociation of H2 is plotted as 
a function of the flow time for the model in which v^ = 10 km s-1. 
The dissociation time varies rapidly with rn, owing to the 
exponential dependence of the dissociation rate coefficient (cf. 
Section 2.3). Thus, the dissociation time can become comparable 
with the flow time in the region of the maximum of Tn but increases 
rapidly as the gas cools. The time-scale for dissociation becomes 
too large for dissociation to be completed within the flow time, 

Figure 2. The profile of the temperature of the neutral fluid, Tn, and the 
abundances of atomic and molecular hydrogen, relative to nH = 
n(H) + 2n(H2), for models in which, initially, /rH = 104cm-3, 
n(ortho H2)/n(para H2) = 3.0, n(H)/n(H2) = 7.4 X 10“4 and (a) z;s = 
60 km s_1, (b) = 70kms_1; tn is the flow time of the neutral fluid. 
Note the difference in the scales of the abscissa. 

Figure 3. The time-scale for collisional dissociation of H2 plotted as a 
function of the flow time of the neutral fluid for the model in Fig. 2(b), i.e. 
initially nn = 104cm-3, n(ortho H2)//i(para H2) = 3.0, n(H)/n(H2) = 
7.4 X 10-4, and = 70kms_1. 
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Figure 4. The maximum temperature attained by the neutral fluid, as a 
function of the pre-shock gas density, for shock velocities which are just 
subcritical. The initial value of the transverse magnetic induction is given 
by 5(1x0) = [«„(cm-3)]1'2. 

even though a large fraction of the hydrogen is converted into 
atomic form, as is evident from Fig. 2(b). However, a small 
increase in vs beyond its critical value is sufficient to precipitate a 
catastrophic rise in the kinetic temperature, associated with the 
dissociation of H2, which is the major coolant, and a sonic point is 
rapidly attained. The feedback loop involving the temperature and 
the rate of dissociation of H2 is intrinsically non-linear, and the 
simultaneous solution of the equations specifying the relevant 
chemical and energetic effects and of the equations describing the 
fluid flow is essential to the reliable determination of vcrit. 

In practice, we found that the dissociation of H2 is initially 
dominated by non-thermal collisions with drifting ions but that 
thermal collisions with H2 and H take over as the temperature of 
the neutrals rises; dissociation by electrons remains relatively 
unimportant throughout. However, ionization processes affect 
indirectly and significantly the rate of dissociation of H2 and the 
value of the critical shock speed. The higher is the degree of 
ionization of the gas, the greater are the strength of ion-neutral 
coupling and hence the maximum kinetic temperature attained by 
the neutrals. The coupling of the neutral to the ionized fluid 
enhances the rate of decrease of vn towards the adiabatic sound 
speed, which increases with the kinetic temperature. In Fig. 4, we 
plot the maximum temperature attained by the neutral fluid, as a 
function of the pre-shock gas density, for shock velocities which 
are just sub-critical, and for which a C-type solution exists. The 
curve in this figure represents the maximum temperature which can 
be reached in a C-type shock wave, assuming Z?(|jiG) = 
[ftH(cm-3)]1/2 initially. The maximum temperature decreases 
with increasing density, but collisional dissociation of H2 still 
takes place: because of the tendency towards thermalization of the 
energy levels at high density, dissociation occurs increasingly from 
excited molecular states, which have lower dissociation threshold 
energies. The rate of cooling of the gas by H2 tends to vary linearly 
(rather than quadratically) with nH at high densities, and hence the 
energy dissipated by the shock wave is less rapidly evacuated and a 
sonic point is more readily attained. 

The variation of vcrit with the initial value of the 
magnetic induction, -S(p.G) = b[rii{(cm~3)]1/2, at a density of 

© 2002 RAS, MNRAS 332, 985-993 
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Figure 5. Maximum shock speed, ^crit, consistent with the existence of a C- 
type shock wave, as a function of the pre-shock magnetic induction, 
transverse to the flow, ¿?(jjiG) = ¿>[nH(cm_3)]1/2. The initial density is tîh = 
104 cm-3 and the initial ortho:para H2 ratio is 3.0. 

«h = 104 cm 3, is shown in Fig. 5. As ß increases, the maximum 
temperature attained and hence the rate of collisional dissociation 
of H2 decrease; but the time of flow through the (wider) shock wave 
increases, leaving sufficient time for dissociation to occur. Owing 
to the exponential dependence of the rate of dissociation on rn, the 
net effect is an increase of vcrit with b; vcrit is equal to 70 km s 1 for 
the reference value of b = 1. 

3.2 Other molecular line cooling 

Neufeld & Kaufman (1993) described an ‘escape probability’ 
approach to computing the rate of cooling of the interstellar 
medium owing to emission in lines of H20 and CO. We have 
implemented their method and compared our results with the 
results obtained using a much simpler approximation, in which the 
cooling rates (ergcm_3s_1) were calculated from the following 
expressions, appropriate to the limit of low densities: 

rH,o =i.o x io_2fTn 
(2) 

[n(H) + «(H2)/2'/2]n(H20)exp( —35/7Y), 

rCo = U X 10_28r„[n(H) + «(H2)/2
1/2]n(CO)exp(-5/rn); (3) 

the factor of 21/2 accounts for the larger mass (and lower collision 
frequency) of H2, relative to H. The fit, equation (2), to the rate of 
cooling by H20 was derived by Flower (1989) on the assumption of 
low optical depths in the lines. The rate of CO cooling, equation 
(3), has the same functional form and is based on the assumption 
that only 13CO cools significantly, as the lines of 12CO become 
optically thick; the adopted 12CO:13CO abundance ratio is 90:1. 
The rates of cooling by OH and NH3 were also taken into account, 
using expressions analogous to (2) but with 120 K (for OH) and 
40 K (for NH3) in the numerator of the argument of the exponential 
(cf. Flower & Pineau des Forêts 1994, section 2.3). 

In Fig. 6, we compare the H20 and CO cooling rates predicted 
using equations (2) and (3) with those calculated following 
Neufeld & Kaufman (1993), for a model in which 

= 60kms_1, and initially «h — 104cm-3, B = 100 pG, and 
n(ortho H2)/n(para H2) = 3.0. It may be seen that the rates of 
cooling by H20, computed by means of the escape probability 
method and by using equation (2), agree well in the hot gas, where 

n i i J i i i J i i i J i i i J i i i J i i i J i i i J i i n 

C-shock 

J- shock 
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Figure 6. (a) Rates of cooling by H20 and CO, computed following the 
‘escape probability’ approach of Neufeld & Kaufman (1993) (full lines) or 
by means of equations (2) and (3), respectively (broken lines). The 
corresponding velocity and temperature profiles of the neutral fluid are 
plotted in (b). 

the velocity gradient is large and optical depth effects are small. 
However, equation (3) underestimates the rate of cooling by CO in 
the hot gas and appears to overestimate this cooling rate as the 
temperature of the gas decreases towards its (post-shock) 
equilibrium value. The discrepancy in the hot gas arises because 
the 12CO lines are optically thin, owing to the large velocity 
gradient in this part of the shock wave. The escape probability 
method then yields a CO cooling rate which is larger than that 
derived from equation (3) by approximately the 12C:13C isotope 
ratio. In the post-shock gas, on the other hand, the lines of 12CO 
become optically thick and the associated cooling rate falls steeply. 
Cooling by 13CO might then predominate, as Fig. 6(a) suggests, but 
the implications for the column densities of the excited 
rovibrational levels of H2 are minimal, as higher temperatures 
are required to populate these states. 

3.3 Comparison with ISO observations of Orion 

3.3.1 H2 lines 

Rosenthal, Bertoldi & Drapatz (2000) reported observations of the 

Figure 7. Excitation diagram for the H2 lines observed in emission from 
Orion by ISO-SWS (Rosenthal et al. 2000: open circles). The column 
densities, Nvj, of the rovibrational levels (v, J) are divided by their 
statistical weights, gvJ = (2/ +1) for / even or 3(2/ + 1) for / odd, and 
plotted against their energies, Evj, relative to the ^ = 0, / = 0 ground state. 
Calculated points (filled circles) from a model in which vs = 60km s_1, 
nH = 104 cm-3, B = 100 jxG, n(ortho H2)/n(para H2) = 3.0, and, initially, 
(a) n(H)/n(R2) = 7.4 X 10 4, (b) n(H)/n(H2) = 0.5. 

Orion Molecular Cloud Peak 1 (OMC-1) in emission lines of H2, 
made with the short-wave spectrometer (SWS) on the Infrared 
Space Observatory {ISO). Lines were observed from rovibrational 
levels with a wide range of excitation energies, extending from 
v = 0,J = 3 {EvJ = 1015 K, relative to z; = 0, / = 0) to a possible 
detection of z; = 0, / = 27 {EvJ = 42515 K), and including levels 
with 0 < z; < 4. All but two of the lines which were detected are 
from levels with excitation energies EvJ < 30 000 K; we consider 
first this energy range. 

In Fig. 7, we compare the observations of Rosenthal et al. (2000) 
with the results of our model, using the initial values z;s = 
60kms1, «H=104cm 3, 5=100^0, and «(ortho H2)/ 
«(para H2) = 3.0. In Fig. 7(a), the ratio «(H)/«(H2) has its pre- 
shock equilibrium value of 7.4 X 10-4, whereas, in Fig. 7(b), this 
ratio is set initially equal to 0.5. The rate coefficients for vibrational 
excitation of H2 by H are typically two orders of magnitude larger 
than for excitation by He or H2 (see Le Bourlot et al. 1999). 
Consequently, the vibrational thresholds are less prominent in the 
theoretical results plotted in Fig. 7(b), in which the initial 
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Figure 8. Excitation diagram, in the range of energies EvJ < 45 000 K. The model (filled circles) is that of Fig. 7(b), to which the contributions to the column 
densities from a lower excitation C-type shock (?;s = 40km s_1, = 104 cm-3, ß = 400 jxG, and n(ortho H2)/n(para H2) = 3.0) have been added. The open 
circles denote the observations of Rosenthal et al. (2000). The best-fitting excitation temperatures are also given. 

abundance of H is comparable with those of He and H2, than in 
Fig. 7(a). In this respect, the results in Fig. 7(b) are in better 
agreement with the observations of Rosenthal et al. (2000). With 
the exception of the still incompletely thermalized v = \ 
vibrational band, we consider that, from level z; = 0, / = 7 {EvJ = 
4587 K) upwards, the calculations in Fig. 7(b) are in good 
agreement with the observations. For levels z; = 0, 3 < / < 6, the 
measured points are up to an order of magnitude (for / = 3) above 
the corresponding calculated points. The existence of high column 
densities of H2 in the low levels of excitation suggests the presence, 
in the ISO-SWS field of view, of another shock wave in which the 
kinetic temperature attains a lower maximum value. 

Pre-shock gas densities higher than the above value (tzh = 
104 cm-3) were indicated by previous studies of OMC-1 (Draine & 
Roberge 1982; Chemoff, Hollenbach & McKee 1982), and we also 
have computed models with higher initial densities (see below). 
However, we found that increasing the pre-shock density to 
7?h — 105 cm-3, for example, leads to overestimating the column 
densities at intermediate levels of excitation (5000 < Evj < 
15 000 K), by factors of typically 5. 

In Fig. 8, we plot the complete set of observations of Rosenthal 
et al. (2000), together with the sums of the values of Nvjlgvj from 
the model in Fig. 7(b) [z;s = 60kms-1, ftH = 104cm-3, B = 
100 fxG, rc(ortho H2)/n(para H2) = 3.0, n(H)/n(H2) = 0.5] and a 
lower excitation model in which z;s = 40kms_1, «h = 104 cm-3, 
B = 400 fiG, «(ortho H2)/«(para H2) = 3.0, «(H)/«(H2) = 7.4 X 
10-4 initially. The lower excitation model contributes exclusively 
to the populations of the levels z; = 0, / < 7; the combination of a 
lower shock speed (z;s = 40 km s_1) and a higher initial magnetic 
induction (B = 400 p,G) suppresses the maximum kinetic tem- 
perature, from approximately 8000 K (cf. Fig. 2) to approximately 
1450 K, and increases the width of the shock wave by more than an 
order of magnitude. The initial value of the ratio «(H)/«(H2) is 
unimportant in this case, as vibrational excitation of H2 is 
insignificant. We see from Fig. 8 that, apart from the deviation of 
the points just above the vibrational thresholds (particularly z; = 1), 
the agreement with the observations is good. Nonetheless, we do 
not underestimate the possible significance of the sub-thermal 
excitation of z; = 1 in the model. This discrepancy merits further 
investigation and will form part of a more comprehensive study of 
the OMC-1 region, which we plan to undertake in the near future. 

© 2002 RAS, MNRAS 332, 985-993 

Rosenthal et al. (2000) considered various physical processes 
which may give rise to the lines of H2. They concluded that the 
higher levels might be excited thermally in non-dissociative J-type 
shocks, non-thermally in C-type shocks (owing to the ion-neutral 
velocity difference), or during H2 formation. Regarding the highest 
level which they detected, (z; = 0, / = 27), they suggested that a 
process such as H2 formation in the gas phase, in the reaction 
H(H_, e_) H2, may have to be invoked to account for the observed 
column density. 

It is apparent from Fig. 8 that the theoretical points pass between 
those representing the two highest energy levels that were 
observed. Both the observed and the calculated points scatter about 
a line the slope of which corresponds to an excitation temperature 
Texc = 3335 K; this may be compared with the maximum 
temperature of almost 4500 K attained by the neutral fluid. 
Increasing the speed of the higher velocity component to, say, 
z;s = 65kms_1 enhances the excitation temperature and results in 
a theoretical curve which passes even closer to the column density 
of the highest energy level observed, (z; = 0, J = 27). Our 
conclusion is that thermal excitation in a single C-type shock can 
probably account for the observations of the two highest energy 
levels. The evidence for non-thermal excitation of the 0-0 S(25) 
transition is not compelling, in the light of the present results. 
Rovibrational excitation of H2 in collisions with charged grains 
(Pineau des Forêts et al. 2001) also proves to be of minor 
importance in the present context. 

The predictions of planar C-type shock models with higher 
initial values of the gas density have been compared with the 
observations of H2 in OMC-1. A model in which «H — 106 cm-3 

and z;s = 25kms_1 yields good agreement with the observations 
of levels with EvJ > 20 000 K but overestimates the column 
densities for 5000 < EvJ < 20 000 K. Planar J-type shock waves 
have also been considered. In this case, agreement with the shape 
of the excitation diagram observed for EvJ > 6000 K is obtained 
when the pre-shock density «h — 106cm-3 and zjs = lOkms-1. 
However, the absolute values of the column densities, integrated 
along the direction of propagation of the shock wave, are about 5 
times smaller than observed. Additional assumptions - of several 
similar shock waves being present within the telescope beam, or of 
the shock wave being observed 4edge-on’ - must then be made in 
order to bring the computed absolute values of the column densities 
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Figure 9. Contributions to the rate of cooling of the gas in the shock with 
= 60kms-1, /in = 104cm-3, B = 100 jxG, n(ortho tO/nCpara-kh) = 

3.0, n(H)/n(H2) = 0.5 initially. 

into accord with those observed. Even so, the model underestimates, 
by factors which attain approximately 50 for v = 0, J = 3, the 
column densities of levels with EvJ < 6000 K. Thus, the key 
factors which enable the two-component model of planar C-type 
shock waves, presented above, to reproduce the observations of 
OMC-1 are: 

(i) the high shock speeds which can be attained before the rapid 
onset of the dissociation of H2 (cf. Section 3.1); 

(ii) to a lesser degree, the assumption of an initial value of the 
ratio n(H)/n(H2), which is higher than that in equilibrium in cold 
gas. Given the long time-scale for the reformation of H2 (on 
grains), subsequent to its dissociation, a higher than equilibrium 
value of the H to H2 density ratio could obtain in the region which 
has been perturbed by the OMC-1 outflow. The outflowing material 
is collimated and affects directly only a small fraction of the gas 
surrounding the proto star; but the gas which lies within the beam 
may have undergone compression and heating by an earlier shock 
wave. Species, such as H2, the reformation time-scale of which 
could exceed the time between the passage of successive shock 
waves, would then have abundances which differ from the values in 
chemical equilibrium. 

3.3.2 Optically forbidden transitions of atoms and ions 

In addition to the emission lines of H2, Rosenthal et al. (2000) 
observed optically forbidden transitions of atoms and ions, both in 
OMC-1 and in the Orion Bar photodissociation region (PDR). 
Lines from ions whose formation requires energies in excess of the 
Hi Lyman limit (13.6eV) arise from the region of ionized 
hydrogen (‘Hu’ region). On the other hand, lines of [Si it], [S t] and 
[Le ii] might arise in shock-heated gas. 

The intensity of the [Sin] 34.8-p-m transition observed in 
OMC-1 was 1.5 X 1CT2 ergcm-2 s_1 sr_1, whereas the intensity 
predicted by the higher velocity component, for which the 
principal cooling rates are plotted in Fig. 9, is of the order of 
10-7ergcm-2s_1 sr_1. We conclude that the shock wave(s) 
responsible for the H2 emission do not contribute significantly to 
the intensity of the [Si ii] line. The [Fe ii] lines are observed to be 
one to two orders of magnitude less intense than the [Sin] line, 

whilst [Si] 25.2 jam has comparable intensity (1.2X 
1CT2 ergcm-2 s_1 sr_1). Although the intensities of the [Fen] 
and [S i] transitions are not currently calculated, we note that the 
fractional abundances of Fe+ and S are between four and five 
orders of magnitude higher than that of Si+ within the shock wave. 
It is conceivable, therefore, that the [Fe ii] and [S i] transitions have 
their origin, at least partially, in the shock wave. 

Gry et al. (1999) observed the Orion-KL nebula with the long 
wave spectrometer (LWS) on ISO and detected the / = 2 —► 1 fine 
structure transition of [Sii] at 68.5 p-m, with an intensity of 
(4.8 ± 2) X 10-5 ergcm-2 s-1 sr-1 at a signal:noise ratio (S:N) of 
5. Although Orion-KL is offset by about 25 arcsec from OMC-1, 
observed by Rosenthal et al. (2000), the /50-LWS aperture was 
81.5 X 84.5 arcsec2 at 68.5 pm, and so the field of view of Gry et al. 
(1999) would have included OMC Peak 1. The intensity that we 
calculate for the 68.5 pm transition is 10.7 X 10-5 ergcm-2 

s 1 sr \ about a factor of 2 higher than was observed. Given the 
low S:N ratio and the large aperture size, this level of agreement 
suggests that the [Sii] line may originate in OMC-1, rather than 
OMC-KL. On the other hand, the upper limit deduced by Gry et al. 
(1999) to the intensity of the / = 1 —► 0 transition at 129.7 pm 
(1.1 X 10-5 ergcm-2 s-1 sr-1) is lower than the intensity that we 
calculate for this transition (9.0 X 10-5 ergcm-2 s-1 sr-1). 

Silicon is released from the refractory grain cores through 
sputtering by neutral particles impacting on the (charged) grains, at 
the ion-neutral drift speed; the fraction of Si released from the 
grains rises with the shock speed, as do the [Sii] line intensities. In 
our two-component model, the dominant contribution to the [Si i] 
lines arises from the shock wave with the higher speed of 
60kms-1. 

4 CONCLUDING REMARKS 

We have summarized the characteristics of our C-type shock code 
mhd vode in Section 2 above. In Section 3, we specified the 
ranges of the shock parameters which define the grid of models that 
we are making available through http://ccp7.dur.ac.uk. We 
explained why the maximum permissible shock speed can exceed 
the values that had previously been believed to be upper limits. 

We have compared the predictions of the model with ISO-SWS 
and /SO-LWS observations of OMC-1 and OMC-KL. A two- 
component model, comprising shocks with speeds of 60kms-1 

and 40 km s \ is found to yield good agreement with the observed 
column densities of rovibrational levels of H2 extending up to 
v = 0,J = 21, which has an excitation energy of 42 515 K relative 
to the z; = 0, / = 0 ground state. These shock speeds are higher 
and the pre-shock gas density («h = 104 cm-3) is lower than were 
derived by Draine & Roberge (1982) and Chernoff et al. (1982). 
We simply note that the ISO observations of H2 rovibrational 
transitions (Rosenthal et al. 2000) and the rate coefficients 
pertaining to the collisional excitation of H2 by the principal 
perturbers (Fe Bourlot et al. 1999; Mandy & Martin 1993) 
represent vast improvements on the data available in 1982. 

The high shock speeds attainable by the present models, before 
the rapid onset of the dissociation of H2, suggest that it may be 
possible to account not only for the column densities, but also for 
the profile of the 1-0 S(l) line observed in the Orion outflow 
(Brand et al. 1989), the width of which is of the order of 
100 km s-1. We plan to pursue this issue in a future study. 

Draine & Roberge (1982) and Chernoff et al. (1982) also 
considered the emission by coolants other than H2, including CO, 
OH, H20 and [O i]. In Table 1, we list the intensities in the lines of 
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Table 1. Calculated intensities (erg cm-2 s-1 

sr-1) in the lines of the species listed, which 
contribute to the cooling of the two component 
shock model of Fig. 8. The contributions of the 
two components are given separately, identified 
by the shock speed. 

Coolant 60kms 1 40kms 1 Total 

H2 0.1761 
H20 0.00793 
CO 0.00195 
OH 0.00124 
[Oi] 0.000077 
[Si I] 0.000197 

0.0242 0.2003 
0.00693 0.0149 
0.00244 0.00438 
0.000005 0.00125 
0.000208 0.000284 
0.000001 0.000198 

these species, and also [Sit], which contribute to the cooling of the 
gas, and compare with H2. For the = 60kms_1 component, we 
show in Fig. 9 the spatial distribution of the principal contributions 
to the cooling of the gas. 

The dominance of the contribution of H2 to the cooling of the 
shock-heated gas is evident from Table 1 and Fig. 9. Whilst the 
other species are minor coolants, their lines undoubtedly have 
diagnostic potential; more detailed analysis is deferred to a future 
study. 
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