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ABSTRACT

We present a dynamical-chemical model of massive star-forming regions, in which gas and dust grains are
included. We consider the last 10° yr of the accretion phase of a protostellar object embedded in a dense and
massive cloud with a density and temperature gradient. We follow the gas and grain chemical evolution of
two collapsing shells of this cloud, until the end of the protostar accretion phase, at which time the density no
longer increases. At this point, the temperature rises, the molecular mantles of the grains evaporate, and we
follow the time evolution of the resultant gas chemistry. The scenario is based on earlier models of Millar,
Brown, Charnley, and Tielens. We find that differences in thermal history during the gravitational collapse of
the two circumstellar shells can lead to chemical differentiation between the Orion Hot Core and Compact
Ridge, two clumps of OMC-1 very close to the luminous infrared source IRc2. Detailed comparison between
our model results and observations of these two sources shows a mixed pattern of agreement and disagree-
ment. The adoption of dynamical histories to achieve good agreement with observation for the abundances of
the complex organic molecules leads to some large discrepancies for small species such as NH;.

Subject headings: ISM: abundances — ISM: molecules — molecular processes — stars: formation —

stars: pre-main-sequence

1. INTRODUCTION

Recent gas-grain models of interstellar chemistry in dense
and quiescent clouds (Hasegawa, Herbst, & Leung 1992;
Herbst 1993; Hasegawa & Herbst 1993) reproduce observa-
tions of CO and H,O ices in the Taurus region reasonably
well. They are also successful in reproducing observed gas
phase abundances in TMC-1 (see Herbst & Leung 1990). In
these pseudo-time dependent models the dust and gas tem-
perature is fixed at 10 K and the gas density n = n(H) + 2n(H,)
remains approximately at 2 x 10* ¢cm~3. Desorption via
impulsive cosmic ray heating of the entire grains (Léger, Jura,
& Omont 1985), together with thermal desorption, have been
considered. At the low temperatures typical of quiescent inter-
stellar clouds, the gas phase is almost totally depleted of
complex neutral molecules after a sufficient period of time
(~107 yr).

Here we focus on star-forming regions, in which higher tem-
peratures and densities can seriously alter the chemistry com-
pared with that of quiescent clouds. Small (~0.1 pc), dense
(~107 cm™3), and hot (T ~ 100-200 K) clumps have been
recently detected in star-forming molecular clouds (Sweitzer
1978; Pauls et al. 1983; Henkel et al. 1987; Jacq et al. 1990). In
general, the strongest spectral signatures of these regions are
the enhanced abundances of certain polyatomic molecules
relative to their abundances in cold, dark clouds (Walmsley
1989). For example, Pauls et al. (1983) detected emission from
metastable transitions of NH; in the Orion-KL region. They
concluded that NH; emission came from a hot, dense region,
and they suggested that the fractional abundance of ammonia,
about two orders of magnitude larger than that observed in
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cold, dark clouds, arose from the evaporation of molecular
mantles on interstellar grains. The same interpretation, based
on the release of surface species into the gas phase, was used to
explain the enhanced abundances of methanol, CH;OH
(Menten et al. 1986) and deuterated water, HDO (Olofsson
1984; Moore, Langer, & Huguenin 1986; Henkel et al. 1987) in
hot clumps close to young stellar objects, generally called “hot
cores.” Although there are several similarities involving
density, temperature, and size among these “hot cores,” there
are also some striking differences in chemical abundances
(Blake et al. 1987; Irvine, Goldsmith, & Hjalmarson 1987;
Genzel & Stutzki 1989), suggesting that some physical param-
eter must play an important role in determining the different
chemical evolution of different star-forming clouds or, more
surprisingly, of different parts of the same star-forming cloud.
In this paper, we try to reproduce the well-known chemical
differentiation between two clumps of the Orion-KL cloud
core, very close to the luminous (L ~ 10° Lg), and massive
(M ~ 25 M) young stellar object IRc2: the Hot Core and the
Compact Ridge.

The Hot Core is a particularly warm (T ~ 200 K), compact
(angular size less than 10”), and dense (n > 107 cm ™~ 3) region of
material centered ~2” southeast of IRc2 (Wright et al. 1992).
This clump may be the remnant of the dense parental cloud
out of which IRc2 has formed and that now interacts with its
outflow and radiation (Genzel & Stutzki 1989). The chemistry
of the Hot Core is characterized by unusually high abundances
of H-rich complex nitrogen-bearing molecules, such as vinyl
cyanide (CH,CHCN) and ethyl cyanide (CH;CH,CN) (Blake
et al. 1987).

The Compact Ridge is a 15” size condensation of gas
(n = 10° cm™3) extending to the southeast of the Hot Core
(Wright et al. 1992). It is warmer (T ~ 100 K) than the rest of
the Orion Ridge (T ~ 50 K), and it is characterized by high
abundances of large oxygen-bearing molecules; namely, meth-
anol (CH;OH), methyl formate (HCOOCH ), and dimethyl
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ether (CH;OCHj;) (Blake et al. 1987). The Compact Ridge also
contains several CH;OH masers (Plambeck & Wright 1987;
Menten et al. 1988). Blake et al. (1987) suggested that this
clump was created by an interaction of the outflowing material
from IRc2, the so-called Plateau source, with the quiescent gas
of the Orion Ridge. Such an interaction is also made plausible
by the spatial coincidence between the Compact Ridge and the
low-velocity H,O masers, that could be the locations of clump-
cloud shocks (Genzel & Stutzki 1989).

Several attempts have been made to model these regions
chemically (e.g., Brown, Charnley, & Millar 1988 ; Brown 1990;
Millar, Herbst, & Charnley 1991; Charnley, Tielens, & Millar
1992). The basic idea of most of these previous models is to
follow the chemical evolution of a cold (T = 10 K) collapsing
clump of gas and dust until some heating event, associated
with the formation of a nearby star, liberates the molecular
mantles into the gas phase (Brown et al. 1988). However, differ-
ent initial abundances of key molecules (NH;, CH;OH;
Charnley et al. 1992) after mantle evaporation, or injection of
methanol (Millar et al. 1991), were needed to reproduce the
different chemical compositions of the Hot Core and the
Compact Ridge.

In this paper, we discuss a more unified view of the varying
chemical compositions. In particular, we consider a massive
spherical cloud containing a luminous protostar able to heat
the circumstellar environment. Following the radiative transfer
calculations of Scoville & Kwan (1976), we assume that the
cloud has a density and temperature gradient, and we fix our
attention on two distinct shells of this cloud. If the central
protostar is in its accretion phase, these two shells will collapse
in free-fall and increase their density until the inversion of the
inflow, likely due to radiation or powerful stellar winds able to
halt the accretion (Larson & Starrfield 1971; Lada 1985, Shu,
Adams, & Lizano 1987; Churchwell 1991). The interaction of
the shells with the outflowing material, together with their
decreased distance from the stellar heating source, causes a
sudden increase of temperature and the release of surface mol-
ecules into the gas phase.

In the next sections we show how the assumed different
thermal conditions during the gravitational collapse can lead
to different spectral signatures in the Orion Hot Core and
Compact Ridge.

2. MODEL

2.1. Chemical Network

The model results have been obtained by solving coupled
kinetic differential equations of the type (Hasegawa et al.
1992):

dn(i)/dt = Z,Z; K;;n(Dn(j) — n()Z; K;;n(j)

— kaee (i) + {Keyap(i) + kera(i)}n(i) (1
dn(i)/dt = %, Zj klj nDny(j) — ns(i)zj kij nyj)

+ Koo N() = {Keyapli) + keea@ingi), ()

where n(i) and ny(i) are, respectively, the gas and the surface
concentration of species i; K;; and k; are, respectively, the gas
phase and surface rate coefficients of reactions between species
I and j; k, (i) is the grain accretion rate for species i, k.y,(i) is
the thermal evaporation rate for species i, and kq4(i) is the
cosmic-ray induced nonthermal desorption rate coefficient for
species i. All rate coefficients have been discussed extensively in
Hasegawa et al. (1992). Unlike the 10 K grains studied by

Hasegawa et al. (1992), and by Hasegawa & Herbt (1993), the
warmer grains (20 < T < 40 K) here permit themal evapo-
ration of selected surface species to occur rapidl during the
collapse phase and to affect the chemistry severely The desorp-
tion energies utilized in this work are listed in Tate 3 of Hase-
gawa & Herbst (1993) except for the newly adcd value for
methyl formate, which has been estimated to be 31'0 K.

The elemental abundances used to describe tle gas phase
and the grain mantle are the so-called “low-netal” abun-
dances (Graedel, Langer, & Frerking 1982; Leun;, Herbst, &
Huebner 1984). We assume a sticking probabilityof 1.0 for all
neutral atoms and molecules that strike a grain dwring the low
temperature (collapse) phase.

Schematically, the chemical scenario on grains s the follow-
ing: gas phase neutral atoms and molecules (1) iccrete onto
surfaces of classical grains, (2) migrate from poteitial wells to
adjacent wells on grain surfaces, (3) encounter raction part-
ners, (4) react to form molecules that are nomally more
complex. Thermal evaporation and nonthermal dsorption via
impulsive cosmic ray heating of the entire grain (Lger, Jura, &
Omont 1985; Hasegawa & Herbst 1993) return ;urface mol-
ecules to the gas phase. The effect of the cosmic ra desorption
is negligible compared with thermal desorption or values of
the temperature greater than 20 K.

There are 255 surface reactions in our chemial network,
involving 146 neutral surface species. These arediscussed in
Hasegawa & Herbst (1993) and Hasegawa et al. 1992). Some
examples are addition reactions with atomic carbam and nitro-
gen,

C+C-Cin>1) 3

N+C,-»C,Nnzx1), @

and the hydrogenation of unsaturated radicals t form more
stable saturated forms:

C,+H - HC, ®)
C,N +H - HC,N ©6)
HC,+H-C,H, . (7

For hydrocarbons with more than one carbon aom, we also
consider the following surface reactions:

C,+H,»C,H+H ®)
C,H+H,>C,H, +H ©)

where 2<n<9, with activation energies f 2100 K
(Hasegawa & Herbst 1993). Surface formation of te saturated
species C,Hs;CN via hydrogenation of HC;N i considered
due to the observed high abundance of the formr species in
the Hot Core. Although analogous saturated orgmo-nitrogen
species with more carbon atoms are also producd on grains,
they are not included in the model, which artificialy limits the
degree of saturation to the species H;C,,, . ; Nforz> 1.

The surface reaction network is combined with our gas
phase reaction network that consists of 2918 reacions involv-
ing 304 gas phase species. In particular, for.the :omplex O-
bearing molecules, the gas phase network ontains the
reactions

CH,OH; + H,CO - H,COOCH} + 1, (10)
CH,OH} + CH,OH - (CH,),0OH* + BO. (1)

that lead to methyl formate and dimethyl ether, espectively,
upon dissociative recombination (Millar et al. 1991.
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2.2. Dynamical Evolution

We assume that the central protostar is accreting matter
from the surrounding envelope, which continues to collapse at
the free-fall rate. Because of the existence of a density gradient
in the cloud, the free-fall time is different for different mass
shells; the inner regions will collapse first, whereas the outer
ones will fall in at progressively later times (Spitzer 1978). In
this situation we have to distinguish between the initial density
of the shell, or the initial “chemical density,” and the initial
mean density within a sphere of radius equal to the radius of
the shell, or initial “dynamical density.” This “dynamical
density,” nyy,, regulates the free-fall rate by entering into the
formulas that describe the collapse. In the calculations dis-
cussed below, the solution to the free-fall equation is approx-
imated by the empirical equation

Maya(®)/Mayal0) = {1 — [t/te 11} 72, (12)

where t; is the standard free-fall time (Spitzer 1978). On the
other hand, the initial “chemical density ” is one of the param-
eters that determines the initial conditions at the starting point
of our chemical calculations. The ratio of chemical density to
dynamical density is fixed during the collapse phase. With this
method we can approximately simulate a nonhomologous col-
lapse of the cloud, after the formation of the central “embryo
star” that continues to grow in mass through accretion of the
remaining protostellar material (Larson 1969, 1972).

We follow the chemistry of two separated cloud shells
during their dynamical evolution lasting 10° yr. After 105 yr we
assume that the protostar accretion phase is finished, and that

Compact Ridge
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the two shells stop collapsing and heat up due to interaction
with IRc2. The two shells represent the Orion Hot Core and
Compact Ridge (Fig. 1).

For the Hot Core we start with a dense (n = 1 x 105 cm ™3),
warm (Ty,, = Ty, = 40 K) shell, in which all the hydrogen is in
molecular form and the easily ionized heavy atoms are found
in their ionized form. Considering an accretion rate dM/
dt ~ 1073 M yr~ ! (Stahler, Shu, & Taam 1980; Shu, Adams,
& Lizano 1987) and current mass M = 25 M, for IRc2, and
the mass-luminosity relation L,/Lg = (M,/Mg)*? (Allen
1963), we can estimate the initial mass (M;) and luminosity (L;)
of IRc2 at the starting point of our calculation, ie., 105 yr
before the end of the accretion phase. We obtain M; = 24 M,
and L, = 8.7 x 10* L. With these values of M; and L;, and
with the temperature and density relations of Scoville & Kwan
(1976), the Hot Core shell can be located at an average distance
r; =0.24 pc from the central protostar with a dynamical
density of about 2 x 10° cm ™3, at the beginning of the calcu-
lation. At the end of the accretion phase, the Hot Core shell has
increased its chemical density to 1.3 x 10’7 cm~3, and
decreased its distance from IRc2 to ~5 x 1072 pc. At this
point, it interacts with the outflowing material and/or radi-
ation from IRc2; the resultant effect is assumed to be a sudden
increase of dust and gas temperature (T = 200 K) and the
evaporation of the grain mantles. Then we follow the gas phase
chemistry at our assumed temperature of 200 K and constant
(chemical) density n = 1.3 x 107 cm ™3 for 10° yr.

For the Compact Ridge, the initial chemical density
(n=20x 10* cm™3) and temperature (T, = Ty, = 20 K)

F1G. 1.—Schematic picture of the cloud at the beginning of the calculation. The cloud is a sphericai shell, with a density and temperature gradient (shaded region),
centered on the star. From the star to the cloud a wind-blown central cavity exists (white region). The Orion Hot Core and Compact Ridge are depicted as two

different shells of the same collapsing cloud.
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were chosen considering this region as a more external shell of
the same collapsing cloud (Fig. 1). Here the hydrogen is ini-
tially in atomic form. With the same approach used for the Hot
Core, we locate the initial Compact Ridge shell at an average
distance r; = 1.38 pc from IRc2 and a dynamical density of
3 x 10* cm~3. With this value of the dynamical density, a
free-fall lasting about 3 x 10° yr is needed to increase the
Compact Ridge chemical density to 10° cm™3; however, to
avoid complicating our oversimplified dynamical model, we
consider a faster dynamical contraction so that the Compact
Ridge shell and the Hot Core shell will cease their collapse at
the same time of 103 yr. This further approximation does not
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play an important role in the final chemical results. With this
simplification, the chemical density of the Compact Ridge
reaches 10° cm ™3 after 1 x 10° yr. At this time, r ~ 0.37 pc and
temperature is assumed to be raised suddenly to T = 100 K.
This temperature is high enough so that the surface molecules
are evaporated, and the gas phase chemistry is followed for
10°yr at T =100 K and (chemical) density fixed at
n=10x 10°cm™3.

3. RESULTS

In Table 1 the theoretical results at 3.2 x 10* yr and
1.0 x 10° yr after evaporation are compared with observed

TABLE 1
COMPARISON WITH OBSERVATIONS OF THE ORION HOT CORE AND COMPACT RIDGE

Species FRACTIONAL ABUNDANCES
COMPACT RIDGE HOT CORE
Observed  Ref. Theory Observed  Ref. Theory
3210%yr 1.010%yr 3210%yr 1.0 109 yr
CN 33927 1 3.6(-10)  1.5-9) <50(-10) 1 6.6(-12) 3.1(-12)
co 50(-52 1 2.8(-5) 3.0(-5) 1.2(-4) 1 1.4(-4) 1.4(-4)
0, - 7.7(-6) 1.7(-5) <1.0(-4) 1 1.4(-5) 2.6(-5)
cs 2.5(-92 1 8.8(-10)  3.1(-9) <5.5(-10) 1 6.2(-13) 3.7(-13)
SO <9.3(-102 1 3.8(-8) 7.7(-9) <2.0(-8) 1 1.7(-8) 2.6(-8)

. H0 1.0(-4) 2 2.5(-4) 2.5(-4) >53(-6) 1 49-6) 1.2(-6)
C,H 53(-92 1 3.9(-11)  3.3(-9) <5.5(-10) 1 2.5(-13) 1.7(-13)
HCN 50(-92 1 6.1(-7) 5.0(-7) 3.0(-7) 1 42(-10) 1.7(-10)
HNC 53(-1002 1 3.2(-7) 3.4(-7) 1.0(-9) 3 3.6(9) 3.8(-10)
co, - 9.7(-7) 1.5(-6) <1.0(-5) 1 7.0(-7) 7.1(-7)
ocs 3.3(-9) 1 9.2(-9) 9.1(-9) - 1.5(-9) 3.4(-10)
S0, B39 1 1.2(-8) 4.7(-8) <2.4(-8) 1 1.3(-7) 1.3(-7)
NH, 6.7(-8) 4 23(-5) 1.2(-5) 5.7(-7) 5 1.3(-9) 3.3(-9)
H,CO 3.7(-8) 6  2.0(-5) 1.9(-5) 2.6(-8) 1 1.2(-8) 4.5(-9)
HNCO - 8.3(-8) 8.1(-8) 5.8(-9) 1 1.6(-8) 1.1(-8)\
H,CS 1.6(-9) 1 9.2(-8) 8.9(-8) - 1.9(-9) 4.3(-10)
CoN <L7¢-112 1 1.5(-12)  5.2(-10) - 3.0(-12) 1.3(-12)
CH, - 7.5(-5) 7.5(-5) <1.0(-5) 1 5.7(-7) 4.8(-7)
CH,CO 67(-100 1 9.7(-9) 1.8(-8) - 2.2(-8) 4.5(-9)
HCOOH 50(-10) 1 1.3(-10)  3.9(-10) - 5.6(-9) 1.4(-9)
CH <13(-100 7  4.5(-13)  7.7(-11) - 1.2(-14) 9.8(-15)
HC3N 13(-102 1 1.8(-9) 2.1(-8) 1.6(-9) 1 1.5(-8) 1.8(-9)
CH;OH 1-10(-77 8  2.0(-5) 1.8(-5) - 1.0(-10) 9.2(-12)
CH,;CN 32(-10)0 1 5.9(-9) 1.6(-8) 7.8(-9) 1 3.6(-8) 1.4(-10)
CH;NH,  <L.0(-9) 1 1.5(-7) 2.1(-7) - 4.1(-11) 6.5(-12)
CH, 20(-92 7 1.2(-9) 1.3(-9) - L1(-8) 1.4(-9)
CH;CHO  <1.7(-10) 1 2.0(-8) 1.9(-8) - 1.1(-11) 1.2(-12)
CH,CHCN - 1.8(-10)  48(-9) 1.8(-9) 1 1.4(-8) 1.8(-9)
HCN 2312 7 2.5(-11)  3.2(-10) - 7.7(-10) 3.0(-11)
CH;OCH;  1.0(-8) 1 1.3(-8) 3.8(-8) - 1.0(-13) 1.8(-14)
CHOOH  <50(-10) 1 8.5(-12)  2.7(-11) - 4.4(-13) 2.9(-13
CH;CH,CN - 1.0(-9) 8.4(-10) 9.8(-9) 1 9.8(-8) 2.4(-8)
HCOOCH;  8.7(-9) 1 3.7(-8) 8.4(-8) - 1.3(-13) 1.9(-14)
HCO* - 9.7(-13)  9.7(-13) <5.0(-10) 1 6.5(-11) 2.8(-10)
H;0* 5.0(-9) 9 2.3(-10) 3.5-10) - 8.7(-10) 8.0(-10)
e - 5.1(-9) 5.0(-9) - 1.4(-9) 1.5(-9)

NoTEs:—a(—b) refers to a x 10~". Fractional abundances are relative to H, + 0.5 H.

* For the Orion Extended Ridge; reliable observations are unavailable for the Compact Ridge.

REFERENCES:—(1) Blake et al. 1987; Moore et al. 1986; (3) Goldsmith et al. 1986; (4) Turner 1990; (5) Walmsley
et al. 1987;(6) Magnum et al. 1990; (7) Johansson et al. 1984; (8) Menten et al. 1988; (9) Wootten et al. 1991.
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molecular fractional abundances in the Hot Core and
Compact Ridge; the more favorable times are listed in bold for
each source —3.2 x 10* yr for the Compact Ridge, and
1.0 x 10° yr for the Hot Core. For several molecules not
observed directly in the Compact Ridge, we adopted fractional
abundances found in the Orion Extended Ridge. In effect, the
distinction between the Extended and Compact Ridge is often
ill-defined, especially for the simpler species which possess
extended emission (Blake et al. 1987).

From the table we note mixed agreement with observations.
The agreement is best for complex molecules. In the Hot Core,
105 yr after the evaporation of the grain mantles, calculated
abundances of vinyl cyanide (CH,CHCN) and ethyl cyanide
(CH;CH,CN), two complex N-bearing molecules, are very
close to the large observed values, whereas the complex O-
bearing molecules are under the detectability limit. For the
Compact Ridge we obtain good agreement with the observed
large abundances of HCOOCH; and CH;OCH,;, 3.2 x 10* yr
after the evaporation; here the complex N-bearing molecules
are one order of magnitude less abundant than in the Hot
Core. If the calculated abundances of the Compact Ridge at
103 yr after grain mantle evaporation are utilized, the complex
O-bearing molecules and several complex N-bearing species,
such as HC;sN, have abundances that are somewhat large com-
pared with observation; indeed, the abundance of vinyl
cyanide (CH,CHCN) increases to a level equivalent to its value
in the Hot Core. In the Hot Core, contrary to the situation of
the Compact Ridge, important molecular abundances decrease
going from 3.2 x 10* to 1.0 x 10° yr; for some lighter species
such as HNC and H,CO the best agreement with observations
is at 3.2 x 10* yr; however, from Table 1 we see that the theo-
retical fractional abundances are generally overestimated at
this earlier time, in particular the vinyl cyanide and ethyl
cyanide abundances are one order of magnitude larger than at
1.0 x 10% yr.

The differing times for best agreement with observations in
the Hot Core and the Compact Ridge may reflect a real differ-
ence in the time of grain mantle release between the two
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=
b L
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s | -
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S :
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0 1 2 3 4 5
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FIG. 2a
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regions. In effect, the Hot Core, being closer to Irc2, could have
interacted with the outflowing material from the central star
before the Compact Ridge. In particular, the adopted differ-
ence between optimum post mantle evaporation times for the
Hot Core and the Compact Ridge is 6.8 x 10* yr; this value is
only 4 times larger than the time delay obtained by dividing
the approximate distance between the two regions, achieved at
the end of our dynamical calculation (Ar ~ 0.32 pc), by the
velocity of the outflow interacting with the two studied clumps
(v ~ 18 km s~ !; Genzel & Stutzki 1989).

The calculated abundances in Table 1 result from gas phase
and grain chemistry occurring in the isothermal gravitational
collapse phase as well as gas chemistry in the constant-density
high-temperature phase. In Figures 2 and 3 the time evolution
of the most abundant O-bearing and N-bearing molecules in
the two cloud shells during the gravitational collapse phase are
shown. Figures 2a and 3a show the different behavior of
surface species in the Hot Core and the Compact Ridge,
respectively. The equivalent figures for the gas phase species
are shown as Figures 2b and 3b. During the gravitational col-
lapse, the surface chemistry in the two shells is very different
from each other, leading to high surface abundances of vinyl
and ethyl cyanide, and cyanoacetylene in the Hot Core (Fig.
2a), whereas the grain mantles in the Compact Ridge shell
become rich with water, ammonia, methanol, and formalde-
hyde (Fig. 3a). The fractional abundance of the most abundant
surface species in the Compact Ridge at the end of the collapse
(H,0), however, is more than three orders of magnitude
greater than that of the most abundant surface species in the
Hot Core at the end of the collapse (CH;CH,CN). This reflects
the higher initial temperature considered in the Hot Core,
which is exponentially linked to the evaporation rate of the
surface molecules (see eq. [2] in Hasegawa, Herbst, & Leung
1992); therefore, the molecular fractional abundances on the
grain surfaces will tend to be smaller in the warmer region. The
gas composition of the two collapsing shells is also completely
different: the Compact Ridge is dominated by ammonia (Fig.
3b), whereas the most abundant gas phase molecules in the Hot

T v T T v T

4 L HOT CORE collapse (gas species) 4

Log n(X)/0.5n

0 1 2 3 4 5

Log t(yr)
FiG. 2b

FiG. 2.—Time evolution of the fractional abundances of important N-bearing and O-bearing (a) surface and (b) gas phase species for the Orion Hot Core during

the gravitational collapse.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...408..548C

No. 2, 1993

T T T M T

I COMPACT RIDGE collapse (surface species)

-10

Log n(X)/0.5n

BF =

CH3CH2CN

-16

Log t(yr)
FiG. 3a

ORION HOT CORE AND COMPACT RIDGE 553

4 } COMPACT RIDGE collapse (gas species) 4

Log n(X)/0.5n

HCN

' /* cH3on
4

Log t(yr)
FiG. 3b

FI1G. 3.—Time evolution of the fractional abundances of important N-bearing and O-bearing (a) surface and (b) gas phase species for the Orion Compact Ridge

during the gravitational collapse.

Core are water, formaldehyde, and cyanoacetylene (Fig. 2b). As
in the case of the surface molecules, Figures 2b and 3b reflect
the difference in temperature of the two regions. In the Hot
Core, gas phase chemistry plays a more important role than in
the Compact Ridge, given the higher evaporation rates of the
molecules, especially the lighter ones. In the Hot Core, species
like ammonia, water, formaldehyde, and cyanoacetylene are
primarily formed in the gas, whereas the formation of the same
molecules in the Compact Ridge is mostly linked to surface
chemical processes followed by evaporation. From Figures 2a
and 2b we note that the higher initial density in the Hot Core
compared with the Compact Ridge allows the gaseous mol-
ecules, and some surface molecules like H,CO and HC;N
coupled to the gaseous ones through accretion and efficient
evaporation at T = 40 K, to reach well-known “early time”
peaks at about 3 x 10* yr after the start of the collapse, at
which time complex molecules reach their maximum abun-
dances (Leung, Herbst, & Huebner 1984; Herbst & Leung
1989). On the other hand, the Compact Ridge shell density
during the gravitational collapse does not permit the gas phase
species to reach their peak abundances before the inversion of
the inflow (see Fig. 3b). Although not emphasized here, it is
entirely possible that the collapse phase of our calculations
corresponds to other sources in which the central protostar has
not yet stabilized the contraction. In particular, the high
gaseous ammonia abundance predicted for late stages of the
Compact Ridge collapse might be a signature of such phases,
although it rests on our small adopted adsorption energy for
surface ammonia (Hasegawa & Herbst 1993).

In Figures 4 and 5, the time dependence of selected gas phase
abundances after grain mantle evaporation in the Hot Core
and Compact Ridge, respectively, is shown. In both regions,
many molecular abundances remain relatively constant for at
least 10* yr. In the Compact Ridge, however, the complex
O-bearing molecules HCOOCH; and CH;OCH,; increase
their abundances sharply on a short time scale via ion-
molecule processes starting from CH;OH and H,CO, which
maintain very high abundances (Millar et al. 1991). In the Hot
Core (and to a lesser extent the Compact Ridge), vinyl cyanide

(CH,CHCN) is formed rapidly from copious amounts of ethyl
cyanide (CH;CH,CN) via reactions such as

H* + CH;CH,CN -» C;H,N* + H, (13)

Hf + CH;CH,CN - C;H,N* + 2H, (14)
followed by dissociative recombination of the C;H,N* into
C; H3;N(CH,CHCN) and H.

After 10° yr, many of the molecules in the Hot Core tend to
decrease sharply in abundance. This decrease is related to the
transitory nature of large abundances of organic molecules in
ion-molecule chemistry as well as the higher density of the Hot
Core compared with the Compact Ridge. In general, the frac-
tional ionic abundance is inversely proportional to the square
root of the overall gas density, so that the absolute ion density

T M T T M T T T T T T

—
4 | HOT CORE after evaporation 4

[ CH3CH2CN

P @ e e e @ e e

-7 ‘__.

Log n(X)/0.5n

Log t(yr)

FiG. 4—Time evolution of the fractional abundances of important N-
bearing and O-bearing gas phase species for the Hot Core after the evapo-
ration of the grain mantles.
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F1G. 5—Time evolution of the fractional abundances of important N-
bearing and O-bearing gas phase species for the Compact Ridge after the
evaporation of the grain mantles.

increases as the square root of the density (Leung, Herbst, &
Huebner 1984). Thus, the ion-molecule chemistry proceeds in
general more rapidly in the Hot Core.

4. DISCUSSION

The chemical differentiation between the Orion Hot Core
and Compact Ridge can be better understood by looking at the
schematic diagrams of surface chemical pathways in Figures 6
and 7. Figure 6a shows the most important pathways that lead
to the formation of O-bearing molecules such as CH;OH and
H,CO in the Compact Ridge during the collapse phase; an
analogous diagram for the Hot Core is shown in Figure 6b. In
these figures the gas phase is represented by shaded circles. The
molecules CH3;OH and H,CO are precursors for the forma-
tion of methyl formate and dimethyl ether through gas phase
reactions (10) and (11). From Figure 6b we can infer that the
higher temperature of the Hot Core during gravitational col-
lapse leads to an increase in the evaporation rates of the lighter
and more volatile O-containing species. In particular, for CO,
this drastically reduces the rate of the surface processes

CO - HOC — HOCH — HOCH, — CH,OH
CO - HCO - H,CO .

(15)
(16)

The surface syntheses are so inefficient that H,CO and
CH,;OH are formed mainly in the gas and then accreted onto
the grain surfaces where they remain unreactive. Therefore, in
the Hot Core, the O-bearing molecules are almost unaffected
by grain chemistry.

This is not true at 20 K, the initial temperature of the
Compact Ridge (Fig. 6a). At this value of the temperature, CO
remains on grain surfaces long enough so that formation of
large amounts of methanol and formaldehyde is mainly due to
the rapid surface hydrogenation of CO, through the surface
processes (15) and (16), leading, consequently, to high abun-
dances for the related species HCOOCH, and CH;OCHj after
the evaporation of the grain mantles.

In general, the surface chemistry at T =40 K in the Hot
Core resembles Model D of Hasegawa et al. (1992). In Model
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D, hydrogenation of the heavy atoms C, N, O is slow enough
that these reactive atoms can combine with one another to
form reactive diatomic species, which can further combine to
form unsaturated polyatomic molecules. Hydrogenation even-
tually occurs, but it is not rapid enough to interfere with the
synthesis of complex species. The slowness of hydrogenation in
the Hot Core is due to the low surface abundances of the
volatile species H and H,. In the Compact Ridge, on the other
hand, H and H, have higher surface abundances and the
surface pathways to molecular complexity are less pro-
nounced. This aspect can be seen in Figure 7, where the most
important processes related to the production of multicarbon
N-bearing complex molecules in the Compact Ridge (Fig. 7a),
and in the Hot Core (Fig. 7b), during the collapse phase, are
shown. As in the case of the O-bearing molecules (Fig. 6), the
great chemical differentiation between the two regions is
shown by these schematic diagrams. In the Compact Ridge, the
relatively high efficiency of the surface saturation processes for
oxygen, carbon, nitrogen, and carbon monoxide, leading to the
very abundant, and mostly unreactive H,0O, CH,, NH;,
CH;O0H, and H,CO molecules, causes the surface reaction
pathways related to the production of multicarbon species to
be less efficient. From Figure 7a, we see that the surface precur-
sor of CH;3;CH,CN, C;N, is mostly formed in the gas and then
accreted onto the grains, where it is successively hydrogenated
to form ethyl cyanide. Here, C;N is not formed via surface
chemical pathways as in the Hot Core (see Fig. 7b).

The complexity of Figure 7b, in which the most important
surface processes related to the production of complex N-
bearing molecules in the Hot Core are depicted, is primarily
due to the higher mobility of carbon and the shortage of
hydrogen (both H and H,) on grain surfaces. The addition of
carbon and nitrogen atoms at 40 K, through reactions (3) and
(4), becomes a very efficient process that leads rapidly to the
formation of the most complex unsaturated species in the
model, namely C4 and CyN. Once these molecules are formed,
saturation starts to be important primarily because hydro-
genation remains the only process chemically active. From
Figure 7b we can see that the final products of the carbon-
nitrogen chemistry on the grains, at 40 K, are the most
complex organic molecules in the model; these accumulate on
the surfaces during the collapse phase because of their low
evaporation rates. Note also that surface synthesis of complex
species dominates over gas phase synthesis.

To confirm our understanding of how the temperature influ-
ences the production of surface multicarbon N-bearing and
single-carbon O-bearing molecules, we have run 10 gas-grain
pseudo—time-dependent cloud models with fixed density and
temperature that differ from each other only in the value of the
temperature; the density is fixed at 2 x 10* cm 3. The tem-
perature range considered is 10-100 K, in steps of 10 K. For all
these models we chose initial conditions in which hydrogen is
molecular in form and considered the abundances of some
important surface N-bearing and O-bearing species 10° yr
after the start of the calculation. In the 10 K model, this time
marks the end of the “accretion phase,” when the surface
abundances begin to dominate the gas phase ones (Hasegawa
et al. 1992). The abundances are plotted versus temperature in
Figure 8. From Figure 8a, we see that abundances of most
O-bearing surface species decrease rapidly to chemically insig-
nificant values for T > 20-30 K. The complex molecules
HCOOCH; and CH,OCH,; show a different behavior,
because these surface species are typically formed in the gas
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constant density models.

phase from desorbed methanol (see reactions [10] and [11]).
Still, HCOOCH; and CH3;OCH; never achieve large abun-
dances in these low-density models because a high gas phase
density of methanol is not achieved. On the other hand, Figure
8b shows that the multicarbon N-bearing molecules first
increase their abundances as temperature increases, and then
decrease rapidly when their evaporation rates, exponentially
dependent on temperature, become high enough for complete
evaporation of these species from grain mantles; this happens
for T > 50 K.

5. CONCLUSIONS

In the last few years, several theoretical attempts have been
made to understand the observed different spectral signatures
in the Orion Hot Core and Compact Ridge, two compact
sources close to each other and to the powerful source IRc2.
These two regions likely belong to the same molecular cloud
from which IRc2 was born, but they show a sharp chemical
differentiation: the Hot Core is replete with H-rich N-bearing
molecules, whereas the Compact Ridge is mainly characterized
by the presence of O-bearing molecules (Blake et al. 1987).

The spatial location of the two clumps (for a good picture of
the Orion-KL cloud core see Irvine et al. 1987) suggests con-
sideration of a simple dynamical model in which a massive
protostar is accreting material from the cocoon molecular
cloud, which possesses a density and temperature gradient
(Scoville & Kwan 1976). In our model, the Hot Core and the
Compact Ridge are described in an oversimplified manner as
two collapsing shells of this cloud at different distances from
the central heating source, and therefore at different initial
densities and temperatures. At the end of the IRc2 accretion
phase, due to radiation, energetic stellar winds, and outflows
that interact with the surrounding environment and halt the
collapse, the two shells become dense and suddenly hot regions
in which the grain mantles evaporate. The results of the chem-
istry which, following Brown et al. (1988), consists of both gas
phase and grain surface processes during the isothermal col-
lapse phase and purely gas phase processes after the regions
become hot, are in partial agreement with observations for an

isothermal collapse time of ~10° yr and times subsequent to
grain mantle evaporation of 3 x 10*-1 x 10° yr. The dynami-
cal picture chosen is undoubtedly oversimplified and should be
improved.

Several severe discrepancies exist in both sources for some
lighter molecules. Perhaps the most serious is the case of
ammonia. Although the observed fractional abundance of this
species in the Hot Core is large and exceeds its Compact Ridge
abundance, our model is unable to produce a large fractional
abundance in the Hot Core. Changing the conditions to
produce more ammonia on grain surfaces (by starting with
atomic hydrogen at a lower temperature) would harm the syn-
thesis of more complex nitrogen-containing species such as
C,H;CN. The Hot Core abundance of HCN that we calculate
is also far too low, because CN is not hydrogenated effectively
on grain surfaces.

In the Compact Ridge, the predicted abundance of NH; is
much too high. This discrepancy can be alleviated if we start
with molecular hydrogen rather than atomic hydrogen during
the collapse phase. However, if we do so, we approach the
chemical development of the Hot Core, in which large amounts
of N-containing organics are produced such as C,H,CN.
Moreover, we initially locate the Compact Ridge at the outer
edge of the collapsing cloud where the interstellar radiation
field can possibly maintain a high fraction of atomic hydrogen.
We also note that, especially for the simpler and more abun-
dant species, there are occasionally uncertainties associated
with the observations; given the clumpy nature of the two
material condensations, the more extended emission of lighter
species can sometimes “mask” contributions from the more
compact sources (Blake et al. 1987; Turner 1990). In any case,
large H-rich N-bearing or O-bearing molecules do not appear
to have an extended counterpart; therefore they stand out in
producing the different spectral signatures of the two regions
discussed here. Still, it would appear that in attempting to
reproduce the distinct organic chemistries of the Hot Core and
Compact Ridge sources, we have not been able to account for
some of the smaller molecule abundances. Assuming our physi-
cal picture of the cloud history to be an accurate one, it would
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appear that only a better understanding of grain chemical pro-
cesses can resolve the dilemma.

Even the distinctiveness of the organic chemistries of the two
sources is not totally secure observationally. In particular, the
abundance of methanol in the Hot Core may be seriously
underestimated by our calculations. Although the multiline
millimeter-wave studies of Blake et al. (1987) indicate that
methanol intensity peaks in the direction of the Compact
Ridge source, and that the methanol rotational temperature
and velocity are indicative of this source as well, single-line
VLA measurements by Wilson et al. (1989) as well as other
millimeter-wave observations by Menten et al. (1988) suggest,
on the other hand, comparable abundances of methanol in the
two sources. Very recent work by E. C. Sutton using the JCMT
in the 345 GHz band (1992, private communication) suggests
an order of magnitude greater abundance in the Compact
Ridge. A reduction of the temperature in our Hot Core col-
lapse phase from 40 to 30 K can account for the increased
methanol abundance, although the overall agreement with
observation is not improved. In particular, the abundances of
the complex N-containing organic molecules become much
too large.

Despite these uncertainties, which may indicate that we have

overemphasized the distinctiveness of the two sources, our
results do show that thermal effects, particularly efficient in
star-forming regions where the dust and gas surrounding a
protostellar object are heated above the temperature typical of
quiescent clouds, can deeply affect surface abundances, prin-
cipally through variations in grain surface processes. This can
be important in producing the chemical differentiation
observed in different star-forming clouds or in different parts of
the same circumstellar cloud. A true quantitative understand-
ing of the different chemistries in star-forming regions such as
the Hot Core and Compact Ridge sources awaits both more
interferometric observations and a better understanding of
grain chemistry.
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