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Abstract. The characteristic chemistry of hot cores arises from the abrupt evaporation of icy mantles when a
massive star begins to irradiate the interstellar gas in its vicinity. Such stars are also likely to generate powerful
winds which may initiate shocks in the same interstellar gas. In this paper, we consider whether chemical signatures
of the passage of a shock through a hot core can be identified. We find that if hydrogenation occurs on surfaces
and freeze-out of heavy gas-phase atoms and molecules is complete before the hot core is established then no
such chemical signature exists. However, if some residual material is present in the gas when the hot core is
established then the following molecular abundance ratios are significantly affected by the presence of a shock:
NS/CS, SO/CS, and HCO/H2CO. This result is more evident if injection of ices into the gas occurs over a finite
period, rather than instantaneously. We conclude that these molecular abundance ratios may be useful tracers of
the dynamical history of hot cores, and that follow-up observational studies are required.
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1. Introduction

Hot cores are dense, small, warm clumps of gas found close
to young massive stars (see, e.g., reviews by Millar 1993;
Walmsley & Schilke 1993 and more recently Kurtz et al.
2000). They contain abundances of molecules that appear
somewhat anomalous when compared with those in the
much larger and cooler interstellar molecular clouds, be-
ing richer, for example, in saturated hydrocarbons. Hot
core chemistry arises generally as a consequence of high
mass star formation, although it has also been observed
towards the low-mass protostar IRAS 16293 (Ceccarelli
et al. 2000). In the case of massive star formation, the
newly formed star heats dust in its vicinity, and the
warmed dust then evaporates the icy mantles that were
deposited in the pre-stellar phase. Thus, the molecules re-
leased into the gas trace directly the physical conditions
during the cloud collapse that led to star formation.

There have been many studies of the chemical evolu-
tion of the molecules from the evaporated ices (e.g. Brown
et al. 1988; Caselli et al. 1993; Charnley 1997; Millar et al.
1997; Cesaroni et al. 1998; Hatchell et al. 1998a; Millar &
Hatchell 1998; Viti & Williams 1999). These have shown
that observed hot cores must have ages limited to 104 to
105 years. Therefore, the study of hot cores gives insight

Send offprint requests to: S. Viti, e-mail: sv@star.ucl.ac.uk

into events close in time as well as space to the forma-
tion of the star. For most models it is assumed that ice is
evaporated from the dust instantaneously, immediately af-
ter the star has formed. However, Viti & Williams (1999)
noted that the star will not attain its maximum luminos-
ity instantaneously, but over a finite period that may be
comparable with the normal age of a hot core. The dust
would in this case be warmed up over a comparable pe-
riod, so that initially only weakly bound molecules such
as CO and N2 would be released from the ice while more
strongly bound molecules (e.g. H2O) would be released
later. In this view, the chemical composition of material
entering the gas phase changes with time. Therefore, the
contraction time of high mass stars to the main sequence
(a poorly known quantity; Hanson 1998) might possibly
be inferred from the time dependent chemical composition
of hot cores.

However, this is not the only possible generalization of
the commonly accepted picture of hot core evolution. In
addition to their luminosities, young stars generate winds
that may strongly influence the stellar environments. It
is well known that low-mass pre-zero age main sequence
(ZAMS) stars have strong winds (Bachiller 1996). Given
the present lack of knowledge about high mass stars
at a similar stage of evolution, we assume that they
also may have winds with mechanical luminosities of the
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order of 10 L� (Shepherd & Churchwell 1996). This view
is supported by observations that show the existence of
outflows around stars without UCHII regions (Reid et al.
1995; Shepherd & Churchwell 1996; Molinari et al. 1998;
Cesaroni et al. 1999). We therefore consider the possi-
ble consequences of winds from the star impacting on
the material that will become the hot core, and address
the following question: if wind-generated shocks desorb
molecules from ices, are there any observational tracers of
this effect? We shall assume that the shock may arrive on
the core gas before, during or after the thermal evapora-
tion process driven by the stellar radiation.

Although the stellar wind is likely to have a very high
velocity (much larger than 100 km s−1) as it leaves the
star, the perturbation it creates in the dense hot core trav-
els with a much smaller velocity. In this paper, we consider
the effects of relatively slow C-type shocks, with velocities
around 10 to 20 km s−1. Shocks of much higher speed
would be easily traceable through SiO emission (Lada
et al. 1978) from sputtered grains. Shocks of much smaller
speeds than 10 km s−1 are unlikely to make a significant
contribution to the chemistry in hot cores as the postshock
temperatures would be too low to affect the chemistry sig-
nificantly. We are making the first detailed study of the
possible effects of shocks that may leave subtle evidence
of their existence within hot cores. If this initial study in-
dicates that shock tracers can be identified, then future
studies will have to develop a detailed treatment of the
shock passage. We consider only the effect of the passage
of a single shock. It is possible to envisage that the wind
may vary in such a way as to generate a succession of
shocks. However, a steady wind acting on a smooth core
will send only a single shock through it, and this is the
system that we explore in this initial calculation. Multiple
shocks are beyond the scope of the present calculation.

In Sect. 2 we describe the details of the models evalu-
ated, and in Sects. 3, 4, and 5 we give results for several
different classes of model. Section 6 contains our conclu-
sions from this first detailed study of this complex prob-
lem. These conclusions are quite straightforward, and are
given briefly here. Firstly, if all species more massive than
helium are completely frozen-out so that none of them re-
mains in the gas phase and hydrogenation occurs on sur-
faces, then we can find no chemical signature of the pas-
sage of a shock through the hot core, regardless of when
the shock arrives in the core’s evolution. Secondly, if –
as observations suggest – there is always a small residual
amount of matter containing elements more massive than
helium in the gas phase, then the following ratios of molec-
ular abundances are specific indicators of shock passage:
NS/CS; SO/CS; and HCO/H2CO. Thirdly, these ratios
are useful indicators both in cases where the warming of
the dust by stellar radiation takes place instantaneously
and where it occurs over a finite period.

These clear conclusions highlight, however, the present
paucity of suitable high resolution observations in lines
of molecules that are appropriate for testing the shock
hypothesis. The over-riding conclusion is, therefore, that

further specific observations still need to be made if we are
to assess whether dynamical as well as radiative effects are
likely to be important within hot cores.

2. The model

We follow the chemical evolution in a cloud that is collaps-
ing in a “modified” free–fall (Ruffle et al. 1999) in the pro-
cess of forming a massive star. The collapse is ultimately
arrested, and a star is assumed to be formed. Our calcula-
tions are space- and time-dependent as described in Viti &
Williams (1999) but with only five depth points of increas-
ing visual extinction up to 620 mags, taken to be the col-
lapse centre. The chemical evolution of the remnant core is
explored during the collapse and after its arrest, including
the passage of a shock. The molecular cloud is assumed
to have initial and final densities of 104 H2 cm−3 and
107 H2 cm−3, respectively, and an initial and final visual
extinction at the centre of the core of 1.2 and 620 mags,
respectively. We have included 119 gas–phase species and
39 surface species interacting in 1729 chemical reactions
taken from the UMIST data base (Millar et al. 1997). The
surface reactions included in this calculation have been
described by Viti & Williams (1999), and are briefly as
follows: It is assumed that all species that can be hydro-
genated on dust grain surfaces will be fully saturated, e.g.
O atoms are converted to H2O and C atoms to CH4, and
retained on the surface. In addition, a small fraction of
CO, 0.01 per cent (as suggested by models such as those
of Charnley et al. 1992), is assumed to be converted to
methanol on the surfaces of grains.

The initial elemental abundances by number relative
to hydrogen were taken to be 0.14, 4.0 10−4, 1.0 10−4,
7.0 10−5, 1.3 10−7, 1.0 10−7 for helium, oxygen, carbon,
nitrogen, sulphur and magnesium. Note that, as we start
from a purely atomic chemistry (apart from hydrogen)
after freeze out is completed, NH3 will contain much of
the nitrogen. The sulphur abundance was chosen to be a
factor of one hundred lower than solar (Oppenheimer &
Dalgarno 1974). The temperature is held at 10 K through-
out the collapse. After the collapse phase, the temperature
rises from the initial value of 10 K to a value of 226 K at
the centre of the core. In the models explored here, this
temperature rise may be instantaneous (as is convention-
ally assumed) or occur over a period of some tens of thou-
sands of years (as discussed by Viti & Williams 1999).
The gas and dust temperatures (assumed to be the same
because of the very high densities considered) also vary
as a function of depth (Viti & Williams 1999). Hot core
kinetic temperatures range from 90 K to 300 K, with a
mean value of ∼170 K (Kurtz et al. 2000). Most the reac-
tions included in our rate file and discussed in this paper
are not significantly affected by the difference between our
estimate and the mean value. Away from the centre of the
core our temperature is higher, reaching 300 K at the edge
(AV = 3.6 mag); if the source of heating is internal, rather
than external, the material at a given temperature would
be spatially distributed somewhat differently but a range
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of temperatures, similar to the ones considered here, would
be present in either case. Rowan-Robinson (1980) derived
an expression for the temperature distribution dependence
on depth which we have fitted with an exponential expres-
sion and have extended to include a linear dependence on
time (see Viti & Williams 1999). However, in this paper
we mainly present and discuss the evolution at the cen-
tre of the core. For a full discussion of the effect of grain
evaporation through the core the reader is referred to Viti
& Williams (1999).

We have computed an extensive grid of models to in-
vestigate the effects of a shock on the chemistry of the
remnant core. Results for selected models are listed in
Tables 1 and 2 where we selected species shown to be
good shock indicators. In this paper we will mainly dis-
cuss results shown in Table 1 (centre of the core) although
results for a different depth point in the core where the
temperature is ∼270 K, are shown for completeness in
Table 2 and will be briefly discussed. The shock is low
velocity and its consequences are assumed to be two–fold:
the removal of all mantles, and the increase of temper-
ature to 1000 K for a period of 100 years, representing
the temperature structure of a C–shock. This tempera-
ture profile was adopted from the calculation of Bergin
et al. (1998) who studied the chemistry of H2O and O2

in postshock gas. To designate the models, we use T and
S to signify the time dependence of the radiative heat-
ing and the presence of the shock. The letter T is always
followed by the time (measured in thousands of years)
over which the grain temperature attains its maximum.
Thus, T(70) means that the grains reach this tempera-
ture 70 000 years after the star switches on. Instantaneous
heating is represented by T(0). The shock may occur at
any time during the warming period or after the grains at-
tain their maximum temperature. Thus, S(0) implies that
the shock passed at the moment when radiative heating
by the star began. S(20) implies that the shock passed
20 000 years after the onset of radiative heating. Finally,
the models were run for different percentages of elemen-
tal carbon in all forms remaining in the gas at the end of
the collapse phase; these percentages are written at the
end of the model name. For instance, T(70)S(20)15% is
the model in which the radiative heating rate rises over
a period of 70 000 years, after freeze–out left 15% of the
elemental carbon in gas phase in all forms, and in which
a shock passed 20 000 years after the onset of radiative
heating.

3. Simple models with total freeze–out and
shocks

The chemistry during the collapse is an entirely conven-
tional interstellar chemistry (cf. van Dishoeck 1998) in
which ion-molecule and neutral reactions create molecules
of increasing complexity. Ultimately, freeze-out of atoms
and molecules on to dust grains removes all species other
than H2 and He from the gas. It is then assumed that
the star switches on and that the core is heated by stellar

radiation and possibly shocked by its wind. In this sec-
tion, we compare the results of two models to explore the
consequences of shock chemistry in the core.

For model S(0)T(28)0% a shock was assumed to sput-
ter all mantle material and to maintain the core material
at 1000 K for 100 years after which rapid cooling was
assumed to occur; we supposed that the shock has a fast–
mode Mach number not greatly in excess of unity so that
the density remained reasonably constant during and af-
ter its passage. After the post–shock cooling, freeze–out
was assumed to occur at the same rate as during the ini-
tial freeze–out phase. Postshock freeze–out was assumed
to be total. Then time dependent heating of mantle ma-
terial was assumed to increase linearly over 28 000 years.

Model T(28)0% is of a core in which no shock, and
therefore no second freeze–out, occurs. Otherwise the evo-
lution is similar to that in model S(0)T(28)0%; that is,
time dependent grain heating to 200 K taking 28 000 years
is assumed.

Figure 1 gives results for some species of interest for
model S(0)T(28)0%. These are the species having results
(displayed in Fig. 1a) depending significantly on whether
or not a shock is incorporated in the models. The other
species (results displayed in Fig. 1b) are those which are
important in the chemical network, and an inspection of
the time evolution of their abundances provides insight
into why the abundances of a number of observable species
behave as they do. Note that the fractional abundance of
HCO does not reach a steady state until the fractional
abundance of oxygen starts declining: in fact, the first rise
of HCO corresponds to its evaporation from the grain; as
soon as oxygen reaches its peak (at ∼6000 yrs) HCO is
efficiently destroyed, but it also continues to be efficiently
formed by H2CO + O and H2CO + OH reactions. It fi-
nally reaches steady state at ∼25 000 yrs when the oxy-
gen abundance starts falling steeply. In general, the non-
steady behaviour of many species at early times is due
to the selective evaporation treatment. Table 1 gives val-
ues of abundance ratios at several times for both models
S(0)T(28)0% and T(28)0%.

Table 1 shows that the time variation of abundances,
after thermal evaporation begins, differs very little be-
tween the two models. This is a consequence of the fact
that hydrogenation on grain surfaces has been supposed
to occur, producing ices such as H2O, CH4, NH3 and H2S.
When these species return to the gas phase due to sputter-
ing in a shock, the high temperature chemistry in the H2

rich gas does not remove them. Though the qualitative
nature of the agreement between the results in Table 1
may not be totally unexpected, the rather precise quanti-
tative agreement between the results from the two models
is striking, and illustrates that the evaporated products of
surface chemistry and of high temperature shock chem-
istry can be similar. Abundances of deuterated species
may be also used as a way to differentiate between ther-
mal evaporation and shock chemistry as they would be
more efficiently destroyed in a shocked hot core. However,
at temperatures of the order of 200 K, deuterated species
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Fig. 1. Evolution of fractional abundances for S(0)T(28)0%. The fractional abundances are relative to the number of hydrogen
molecules. Time is measured from when the grain temperature increase, due to radiative heating, begins

would eventually be destroyed even if a shock has not oc-
curred (Hatchell et al. 1998b); therefore the abundances
of deuterated species may not be able to distinguish be-
tween a young shocked core and a more evolved thermally
heated core unless other species are used as tracers.

Clearly, if hydrogenation is strongly dominant and
freeze–out in the collapse and postshocked phases is to-
tal, observations of hot core chemistry will give no insight
into the hot core dynamics, nor into the manner in which
stellar winds turn on. This is the first important result of
this study.

4. Simple models with partial freeze–out
and shocks

Although a number of cold dense cores are known where
very substantial depletion, by a factor of about 10, of gas
phase CO obtains (e.g. Willacy et al. 1998; Caselli et al.
1999; Kramer et al. 1999), it is possible that freeze–out
is never total, as a variety of desorption processes should
operate even in cold, dark regions (e.g. Williams 1993).
In cold dense cores observed in Orion a few percent of the
elemental carbon is retained in the gas phase in CO (Gibb
& Little 1998). Sulphur is more highly depleted in many
environments than other elements, but a few tenths of a
percent or more of sulphur is always found in gas phase

species within dense cores. Another explanation (cf. Ruffle
et al. 1999) might account for some sulphur remaining in
the gas phase even when it is highly depleted, but it is pos-
sible that a continuous desorption process may limit the
sulphur depletion. Other studies of depletion (e.g. Bergin
et al. 1997) always use some molecular tracers of the gas,
implying that freeze-out on to dust is never total. We have
taken the observations of Gibb & Little as a guide to de-
pletions in very dense cores, and have assumed that freeze-
out halts when a small fraction (3% in most models) of
the elemental carbon is left in gas phase species; a good
fraction of the gas phase carbon is in CO, but the halt
in freeze-out also leaves similar fractional abundances of
other more reactive species in the gas phase which can
take part in shock-induced high-temperature chemistry.
We explore the possibility that the passage of a shock
through the core (which still contains at least some gas
phase species) – either before it is warmed, or after – can
be detected from the core’s chemical composition.

In this section we present results for two simple mod-
els in which partial freeze–out has been assumed to take
place. Model S(0)T(0)3% is for a core through which a
shock passes after collapse has occurred; sputtering in the
shock of all mantle material without subsequent freeze–
out was assumed (so that the focus was on the shock
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Table 1. Abundance ratios at three times (in years) for selected models at the centre of the core corresponding to AV = 600 mags
and T = 220 K

HCO/H2CO SO/CS SO2/SO H2S/CS NS/CS

2.5 104

T(0)3% 0.53(−2) 0.24(+2) 0.14(+3) 0.71(+2) 0.17(+0)

T(28)15% 0.29(−3) 0.61(+4) 0.47(+5) 0.75(+4) 0.48(−4)

T(28)0% 0.11(−1) 0.32(+1) 0.16(+2) 0.66(+1) 0.10(−1)

T(28)S(10)3% 0.44(−1) 0.68(+1) 0.38(+2) 0.18(+2) 0.50(+0)

T(28)S(10)15% 0.56(−1) 0.87(+1) 0.12(+3) 0.27(+2) 0.30(+0)

T(70)3% 0.37(−2) 0.11(+2) 0.64(+1) 0.21(+2) 0.31(−4)

T(70)15% 0.69(−3) 0.26(+2) 0.82(+2) 0.32(+2) 0.30(−5)

T(70)S(20)3% 0.14(−1) 0.57(+1) 0.41(+2) 0.21(+2) 0.56(+0)

T(70)S(20)15% 0.37(−1) 0.12(+2) 0.21(+3) 0.54(+2) 0.74(−1)

T(70)S(50)3% Same as T(70)3%

T(70)S(50)15% Same as T(70)15%

S(0)T(0)3% 0.43(−2) 0.38(+1) 0.47(+2) 0.26(+2) 0.18(−1)

S(0)T(28)0% 0.12(−1) 0.32(+1) 0.16(+2) 0.67(+1) 0.10(−1)

5.0 104

T(0)3% 0.47(−2) 0.13(+2) 0.62(+2) 0.29(+2) 0.20(+0)

T(28)15% 0.97(−3) 0.82(+3) 0.65(+4) 0.81(+3) 0.37(−3)

T(28)0% 0.61(−2) 0.34(+1) 0.14(+2) 0.54(+1) 0.34(−1)

T(28)S(10)3% 0.36(−1) 0.52(+1) 0.28(+2) 0.13(+2) 0.57(+0)

T(28)S(10)15% 0.41(−1) 0.53(+1) 0.70(+2) 0.16(+2) 0.76(+0)

T(70)3% 0.12(+0) 0.30(+1) 0.10(+2) 0.32(+1) 0.39(−2)

T(70)15% 0.79(−3) 0.46(+3) 0.23(+4) 0.23(+3) 0.18(−4)

T(70)S(20)3% 0.21(−1) 0.37(+1) 0.30(+2) 0.15(+2) 0.55(+0)

T(70)S(20)15% 0.30(−1) 0.43(+1) 0.92(+2) 0.23(+2) 0.57(+0)

T(70)S(50)3% 0.41(−1) 0.23(+1) 0.93(+1) 0.25(+1) 0.12(+0)

T(70)S(50)15% 0.11(−1) 0.35(+3) 0.18(+4) 0.23(+3) 0.14(−2)

S(0)T(0)3% 0.12(−1) 0.28(+1) 0.34(+2) 0.18(+2) 0.38(−1)

S(0)T(28)0% 0.63(−2) 0.33(+1) 0.14(+2) 0.54(+1) 0.34(−1)

1.0 105

T(0)3% 0.39(−2) 0.82(+1) 0.29(+2) 0.11(+2) 0.19(+0)

T(28)15% 0.35(−2) 0.20(+2) 0.13(+3) 0.13(+2) 0.79(−1)

T(28)0% 0.48(−2) 0.34(+1) 0.11(+2) 0.35(+1) 0.61(−1)

T(28)S(10)3% 0.23(−1) 0.36(+1) 0.19(+2) 0.78(+1) 0.71(+0)

T(28)S(10)15% 0.27(−1) 0.33(+1) 0.42(+2) 0.89(+1) 0.11(+1)

T(70)3% 0.81(−2) 0.28(+1) 0.87(+1) 0.22(+1) 0.26(−1)

T(70)15% 0.32(−2) 0.75(+2) 0.46(+3) 0.33(+2) 0.28(−1)

T(70)S(20)3% 0.20(−1) 0.26(+1) 0.20(+2) 0.90(+1) 0.68(+0)

T(70)S(20)15% 0.22(−1) 0.25(+1) 0.48(+2) 0.12(+2) 0.11(+1)

T(70)S(50)3% 0.34(−1) 0.20(+1) 0.83(+1) 0.21(+1) 0.19(+0)

T(70)S(50)15% 0.25(−1) 0.17(+2) 0.10(+3) 0.12(+2) 0.11(+1)

S(0)T(0)3% 0.42(−2) 0.35(+1) 0.22(+2) 0.99(+1) 0.11(+0)

S(0)T(28)0% 0.43(−2) 0.33(+1) 0.11(+2) 0.36(+1) 0.61(−1)

processing of material). Model T(0)3% is of a core which
is never shocked and in which instantaneous thermal evap-
oration of grain mantles takes place.

Figures 2 and 3 present the results for Models
S(0)T(0)3% and T(0)3%. Table 1 gives results for the ra-
tios of some abundances for each of the two models at
three different times. At 5 104 years, the differences be-
tween the results for models S(0)T(0)3% and T(0)3% are
fairly small. The most pronounced differences between val-

ues of measurable abundance ratios at 5 104 years for mod-
els S(0)T(0)3% and T(0)3% are for the ratios of NS to CS,
SO to CS, and HCO to H2CO.

The main cause for the contrasts between the results
for S(0)T(0)3% and T(0)3% is the much higher early–
time fractional abundance of atomic oxygen in T(0)3%;
O is a very reactive species which removes many radi-
cals but in shocks is reduced significantly in abundance
by the neutral–neutral sequence in which O and OH
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Table 2. Abundance ratios at three times (in years) for selected models at the centre of the core corresponding to AV = 13 mags
and T = 275 K

HCO/H2CO SO/CS SO2/SO H2S/CS NS/CS

2.5 104

T(0)3% 0.32(−2) 0.35(+2) 0.35(+1) 0.11(+3) 0.51(+0)

T(28)15% 0.35(−2) 0.81(+2) 0.51(+1) 0.91(+2) 0.77(−1)

T(28)0% 0.40(−2) 0.55(+1) 0.42(+1) 0.22(+2) 0.34(−1)

T(28)S(10)3% 0.37(−1) 0.69(+1) 0.40(+1) 0.23(+2) 0.61(+0)

T(28)S(10)15% 0.41(−1) 0.97(+1) 0.92(+1) 0.34(+2) 0.31(+0)

T(70)3% 0.34(−2) 0.76(+1) 0.39(+0) 0.17(+2) 0.34(−4)

T(70)15% 0.64(−3) 0.17(+2) 0.20(+1) 0.23(+2) 0.88(−6)

T(70)S(20)3% 0.17(−1) 0.84(+1) 0.39(+1) 0.27(+2) 0.70(+0)

T(70)S(20)15% 0.36(−1) 0.22(+2) 0.83(+1) 0.71(+2) 0.74(−1)

T(70)S(50)3% Same as T(70)3%

T(70)S(50)15% Same as T(70)15%

S(0)T(0)3% 0.37(−2) 0.62(+1) 0.34(+2) 0.45(+2) 0.41(−1)

S(0)T(28)0% 0.45(−2) 0.54(+1) 0.43(+1) 0.22(+2) 0.38(−1)

5.0 104

T(0)3% 0.29(−2) 0.25(+2) 0.24(+1) 0.45(+2) 0.53(+0)

T(28)15% 0.35(−2) 0.81(+2) 0.51(+1) 0.91(+2) 0.77(−1)

T(28)0% 0.27(−2) 0.77(+1) 0.27(+1) 0.17(+2) 0.15(+0)

T(28)S(10)3% 0.23(−1) 0.61(+1) 0.36(+1) 0.18(+2) 0.92(+0)

T(28)S(10)15% 0.32(−1) 0.67(+1) 0.89(+1) 0.22(+2) 0.11(+1)

T(70)3% 0.14(−1) 0.37(+1) 0.30(+1) 0.77(+1) 0.12(−1)

T(70)15% 0.23(−3) 0.44(+4) 0.54(+1) 0.56(+4) 0.91(−4)

T(70)S(20)3% 0.28(−1) 0.59(+1) 0.44(+1) 0.20(+2) 0.72(+0)

T(70)S(20)15% 0.31(−1) 0.90(+1) 0.96(+1) 0.32(+2) 0.64(+0)

T(70)S(50)3% 0.30(−1) 0.34(+1) 0.29(+1) 0.60(+1) 0.27(+0)

T(70)S(50)15% 0.05(−1) 0.42(+1) 0.15(+4) 0.25(+3) 0.14(−1)

S(0)T(0)3% 0.05(−1) 0.39(+1) 0.31(+2) 0.23(+2) 0.55(−1)

S(0)T(28)0% 0.29(−2) 0.76(+1) 0.27(+1) 0.17(+2) 0.16(+0)

1.0 105

T(0)3% 0.25(−2) 0.19(+2) 0.16(+1) 0.16(+2) 0.44(+0)

T(28)15% 0.22(−2) 0.24(+2) 0.36(+1) 0.13(+2) 0.18(+0)

T(28)0% 0.24(−2) 0.10(+2) 0.16(+1) 0.97(+1) 0.25(+0)

T(28)S(10)3% 0.13(−1) 0.49(+1) 0.32(+1) 0.11(+2) 0.15(+1)

T(28)S(10)15% 0.18(−1) 0.39(+1) 0.80(+1) 0.10(+2) 0.21(+1)

T(70)3% 0.41(−2) 0.52(+1) 0.19(+1) 0.52(+1) 0.94(−1)

T(70)15% 0.18(−2) 0.51(+2) 0.43(+1) 0.33(+2) 0.14(+0)

T(70)S(20)3% 0.16(−1) 0.46(+1) 0.38(+1) 0.13(+2) 0.12(+1)

T(70)S(20)15% 0.16(−1) 0.41(+1) 0.86(+1) 0.11(+2) 0.22(+1)

T(70)S(50)3% 0.20(−1) 0.31(+1) 0.28(+1) 0.49(+1) 0.47(+0)

T(70)S(50)15% 0.22(−1) 0.20(+2) 0.08(+3) 0.23(+2) 0.15(+1)

S(0)T(0)3% 0.40(−2) 0.37(+1) 0.20(+2) 1.05(+2) 0.48(+0)

S(0)T(28)0% 0.23(−2) 0.10(+2) 0.16(+1) 0.97(+1) 0.25(+0)

abstract H from H2 to form H2O (Bergin et al 1998; O’neill
& Williams 1999). For example, SO/CS is about one or-
der of magnitude smaller in the shocked case in which the
abundance of free oxygen is much reduced. This result is
to be expected: ∼70% of SO is formed by the reaction
O + HS and therefore free oxygen is required to form SO
from its precursors such as HS. The reduction of the SO
formation rate leaves more sulphur available for the pro-
duction of NS which is facilitated by the fact that even at
a temperature of 1000 K the reaction N with H2 is slow.

5. Models with partial freeze–out, time
dependent radiative heating and shocks

We have already seen that some abundance ratios of
sulphur-bearing species and of HCO to H2CO are can-
didate diagnostics of the radiative heating of grains and
the hot core dynamical history. We now consider cases
in which the radiative heating of the dust and the con-
sequent injection of molecules from the ice into the gas
phase, takes place over a finite period of time.
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Fig. 2. Evolution of fractional abundances with respect to molecular hydrogen, of species which evaporate at early times for
simple models in which freeze–out is incomplete. In each model freeze–out reduces the elemental carbon in gas phase CO to
three percent. Top: Results for Model S(0)T(0)3%. Bottom: Results for Model T(0)3%

For models T(70)S(20)15%, T(70)S(20)3%,
T(70)S(50)3%, T(70)S(50)15%, T(28)S(10)3% and
T(28)S(10)15%, freeze–out after the shock passed was
assumed not to take place as grains had already reached
temperatures that hindered further freeze–out. As stated
in Sect. 2, it is assumed that no second freeze–out phase
occurred in model S(0)T(0)3%; also, no second freeze–out
occurred in model S(0)15%. However, in all other models
for which a shock was assumed to pass before the onset of
radiative heating, a second freeze–out phase was supposed
to occur. We terminated this second phase when the
same percentage of carbon was left in gas phase species
as after the original freeze-out.

Table 1 gives results for abundance ratios for selected
computed models at three different times. We concentrate
on results for the time of 5 104 years. We do not present
the O/CO, H2O/O, and O2/O ratios as those abundance
ratios are particularly difficult to measure (note that the
SWAS (Bergin et al. 2000) beam is unfortunately much
too wide to be of use in observations of a single hot core).

It is evident that the HCO/H2CO, SO/CS, SO2/SO,
and NS/CS ratios span particularly large ranges for mod-
els at this time. The reasons are exactly the same as stated
in Sect. 4.

With the exception of model T(70)3%, the models
without shocks have HCO to H2CO abundance ratios of
less than 1 10−2 at 5 104 years. Model T(70)3% has a very
high HCO to H2CO ratio of 0.12; it is the only model with-
out a shock but with slow radiative heating, and high but
incomplete depletion. While the presence of a shock in
models in which there is less depletion and/or more rapid
radiative heating generally leads to a significant increase
in the HCO to H2CO ratio, by itself a high HCO to H2CO
ratio cannot be used to surmise that a shock has passed.

However, the NS to CS abundance ratio at 5 104 years
is much lower in model T(70)3% than in many models
with shocks. Hence, a high NS to CS abundance ratio
and a high HCO to H2CO abundance ratio together in-
dicate that a shock occurred. Although we reached this
conclusion from abundances calculated at a temperature
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Fig. 3. Evolution of fractional abundances with respect to molecular hydrogen, for species that evaporate at late times for
simple models in which freeze–out is incomplete. Top: Results for Model S(0)T(0)3%. Bottom: Results for Model T(0)3%

of ∼220 K, Table 2 shows that it is still valid at a higher
core temperature.

The utility of the abundances of other sulphur–bearing
species has been emphasized by previous authors (e.g.
Hatchell et al. 1998a), and these species have played a cen-
tral role in the attempts to derive the “ages” of hot cores.
The models with the lowest CS to CO ratios at 5 104 years
are T(28)15%, T(70)15%, and T(70)S(50)15%, which are
also the three models having the highest SO to CS ra-
tios at that time; the CS to CO and the SO to CS ratios
depend on how much elemental oxygen is in reactive gas
phase species, so it is not surprising that models in which
the most material is left in the gas phase at the end of a
freeze–out phase show low CS to CO and high SO to CS
ratios. The passage of a shock early in the development
of a hot core with high remnant gas phase abundances of
elements more massive than helium greatly alters these
two ratios by causing more oxygen to become contained
in H2O.

In the centre of the core, the three models that have
the highest SO to CS ratios at 5 104 years also have the
highest SO2 to SO ratios at that time. The SO2 to SO ra-

tio is reduced if a shock occurs fairly early in a hot core’s
evolution. Those same three models show the highest H2S
to CS ratios. This result is consistent with CS being re-
moved to form SO in reactions with O sufficiently rapidly
that the CS/CO ratio is kept low.

6. Conclusions

As found previously (Hatchell et al. 1998a), the frac-
tional abundances of various sulphur–bearing species de-
pend rather sensitively on depletions, hot core “age”, and
grain thermal history. The work presented here shows that
the abundance ratios of HCO/H2CO and NS/CS seem
particularly well suited to infer whether a shock has passed
through a hot core. However, they are probably useful in
this way only if freeze–out during the pre-stellar phase is
not total.

It should be noted that we have made some rather
strong assumptions about the role of surface reactions
in the chemistry of the hot cores. We have assumed
that hydrogenation of species to form saturated hydrocar-
bons dominates on grain surfaces. In fact, the use of an
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approach like that of Caselli et al. (1998) might well lead
us to conclude that the grain surface reactions lead to far
richer surface compositions than we have supposed. We
have also assumed that the shock is not powerful enough
to destroy the refractory material. The release of the lat-
ter, however, would not change the conclusion of this study
as the silicon released should not significantly affect the
NS/CS nor the HCO/H2CO ratios.

At a fractional abundance of ∼10−10, HCO is probably
too weak to be detectable other than in the (3 mm) ground
state transitions, even in Orion and Sgr-B2 (Turner 1989)
but measurements of the NS to CS abundance ratios in
hot cores should be made. NS is not a commonly observed
species but detections of NS emission towards a number
of hot cores were reported by Hatchell et al. (1998b): their
observations of NS and CS give ratios close to ∼0.1. The
hot cores in their sample are believed to be all at the same
evolutionary stage as the authors did not find a large vari-
ation in their chemistry. Also, McGonagle & Irvine (1997)
reported an extensive survey for nitrogen sulfide in Giant
Molecular Clouds (GMC). They found that its fractional
abundance is of the order of few 10−10. In general, this
is consistent with the estimates of our models. Their esti-
mate for the column density of NS is, however, too uncer-
tain to substantiate our conclusions that the CS/NS ratio
could be a good indicator of shocks in hot cores: their ob-
servations were performed with spatial resolution of 86,
45 and 35 arcsec for observations of NS J = 3/2 ⇒ 1/2,
NS J = 5/2 ⇒ 3/2 and NS J = 7/2 ⇒ 5/2 respectively,
and they conclude that much higher spatial resolution ob-
servations of NS are indeed needed. Comparisons should
be made with high resolution (interferometric) observa-
tions for a large sample of hot cores where a resolution of
about 1 arcsec (necessary even for the nearest hot core)
can be achieved. Indeed, the low rotational and excita-
tion temperatures deduced from their observations sug-
gest that NS emission arises from extended material of
relatively modest density (<∼ 105 cm−3).
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