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Abstract. In this paper, we present a model to predict and explain the observed gradients in deuterium fractiona-
tion and molecular abundance along the TMC-1 ridge. In TMC-1, gradients in the level of deuterium fractionation
are observed for all the molecular species for which the measurement has been made; HCO", HC3N, C3Hs and
HNC. The model is based on the assumption that the chemical evolution of the TMC-1 ridge has been affected
by Alfvén waves. The structure of the model and its comparison with observations are discussed. We find that
the model qualitatively and somewhat quantitatively reproduces the observations of the aforementioned molec-
ular species. We present predictions of the fractionation gradients along the TMC-1 ridge for other molecules of

observational interest.
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1. Introduction

The cold, dark, interstellar cloud TMC-1 is most no-
table as a rich source of emission from complex organic
molecules, particularly of carbon-chain species such as the
polyacetylenes and cyanopolyynes, and for the strong spa-
tial abundance gradients exhibited by them and other,
simpler, molecules like SO, NH3 and CCS (e.g. Olano et al.
1988; Pratap et al. 1997; see Fig. 1). For almost 20 years
it has been the testbed for many theories of interstellar
chemistry and yet no concensus has been reached as to
the correct explanation of the apparently distinctive or-
ganic chemistry and its associated spatial differentiation.
TMC-1 displays large enhancements in the deuterium en-
richment of many molecules (Table 1), and also spatial
gradients in the associated deuterium fractionation ratios
along the ridge (Guélin et al. 1982; Bell et al. 1988; Howe
et al. 1994; Hirota & Yamamoto 1998; Butner & Charnley
2001). These ratios, R(XD), are defined as quotients of
number densities i.e. n(XD)/n(XH). Apart from the well-
known cyanopolyyne peak (CP) and ammonia peak (AP),
there is the DCO™ peak (DP). The DP is almost spatially
coincident with the AP and R(DCOT) is seen to increase
as one moves along the ridge from CP to AP (Guélin et al.
1982).
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Fig. 1. Schematic diagram of the TMC-1 ridge, adapted from
Fig. 6 of Olano et al. (1988). The solid contours trace HC7N
emission and the dotted contours show NHs. The distance
shown is calculated assuming that the CP and AP are at the
same distance from Earth.

Gas phase deuteration is driven by the molecular
ions HyDT, CHyD* and CoHDY, which, because of the
zero-point energy difference between Ho and HD, can
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Table 1. Deuteration at the CP position (04 38 38, +25 35 45).

Species R(XD) f(XD) f(XH) Refs.
CsHD 0.08 1.2(-9) 1.5(-8) 1)
CH3CCD <0.013  <2(-10) 1.7(-8) (2)
CH,DCCH 0.054  9.2(—10)  1.7(-8) (2)
CCD <0.03  <1.2(—11) 4(-9) (3)
CaD 0.004  2.3(—10)  5.6(—8) (4)
HDCS 0.02 1.2(—=10)  6.1(—9) (5)
DCsN 0.03 6.6(—11)  2.2(-9) (6)
DCsN 0016 - . (7)
DCO* 0013  12(-10)  8.4(-9) (8)

References: (1) Bell et al. (1988); (2) Gerin et al. (1992);
(3) Vrtilek et al. (1985); (4) Turner (1989); (5) Minowa et al.
(1997); (6) Langer et al. (1979); (7) Schloerb et al. (1981);
(8) Butner & Charnley (2001).

persist at the temperatures (~10 K) of dark clouds. The
R(XD) produced by ion-molecule reactions are sensitive
to the gas temperature 7', and the models of Millar et al.
(1989) demonstrate that, as T increases, the deutera-
tion due to each of these ions becomes less efficient.
Temperatures of about 20 K are sufficient to to drive the
reverse reaction of the primary deuteration process

Hf + HD — Hy,D" + H, (1)

and render it ineffective. However, even at 70 K, the reac-
tion

CHf + HD — CHDT + H, (2)

produces enough CoHD' to maintain some enhanced,
though residual, deuterium fractionation (Millar et al.
1989). Observations place the current gas temperature
along the TMC-1 ridge to be in the range 10-15 K or less.
This is insufficient to account for the spatial D/H gradi-
ents as being due to corresponding temperature gradients.
Reaction (1) could be driven nonthermally by ambipolar
diffusion caused by MHD wave motions cause ionized ma-
terial to move relative to the neutral component (Charnley
& Roberge 1991). Based on a crude treatment of the CO
cooling, and associated uncertainties in the precise kinet-
ics of reaction (1), Charnley (1998) showed that low wave
amplitudes, and hence sufficiently low ion-neutral drift
speeds, vy, such that there is negligible heating of the gas,
HyD* production could be suppressed to significant lev-
els. Hence, the declining D/H ratios running NW—SE
down the TMC-1 ridge (i.e. from the DP/AP region to
the CP) could simply be due to a corresponding increase
in vy;. Of the D/H gradients that have been determined,
namely those in DCO™, C3HD, DC3N, NoD* (Butner &
Charnley 2001) and DNC (Hirota & Yamamoto 1998), all
are consistent with this interpretation.

Markwick et al. (2000; hereafter Paper I) have modeled
the spatial abundance gradients of TMC-1 as being due to
the propagation of MHD waves along the ridge. The source
of these waves could either be relative clump motions
or, as favoured in Paper I, the embedded IRAS source
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TRAS 04381+4-2580. Markwick et al. showed that many of
the molecular gradients observed by Pratap et al., includ-
ing those of the large carbon-chain compounds, could be
explained if simple hydrocarbons, such as methane and
acetylene, were rapidly injected from dust grain mantles.
Grain heating due to the relative drift of charged and neu-
tral grains (at speed vp), induced by MHD waves, was as-
sumed to lead either to thermal evaporation of the most
volatile species, or to complete mantle removal in an ex-
plosive event.

In this paper we combine the work described in Paper I
with that in Charnley (1998) to model the deuterium
chemistry of TMC-1 in which gas phase deuteration
through HyD™ is largely suppresed in the vicinity of the
CP, and simultaneously, enhanced abundances of heav-
ily deuterated neutral molecules have been released from
grain mantles into the gas. The deuterium fractionation
in these mantles could have been set either by surface re-
actions or by a previous epoch of gas phase chemistry in
which the products condensed out on to the dust (Tielens
1983; Brown & Millar 1989). Since little is known about
the deuterium content of grain ice mantles, we assume
throughout this work that the ratios in the ice are the
same as the ratios in the gas. We are particularly inter-
ested in the injection of deuterated CoHo, CoHy and CHy
since these molecules are mainly responsible for the gradi-
ents seen in more complex organics and ions derived from
them, CH,D " and CoHD™, can enhance specific gas phase
deuteration pathways. In this scenario the D/H ratios ob-
served in DC3N, DCsN, CCD, CH3CCD and CH,DCCH
should reflect the competition between their production
from the surface reservoir of D in CoHD and CH3D and
deuteron-hydrogen exchange in gas-phase reactions.

For example, deuterated acetylene should form deuter-
ated cyanoacetylene through

CN 4+ CyHD — DC3N + H (3)

and we wish to see if the observed gradient in R(DC3N)
(Howe et al. 1994) can be produced in spite of D atom
exchanges. Furthermore, as it has two detectable deuter-
ated isotopomers, CH3CCH is a potentially important
molecule. Methyl acetylene is understood to take up D
in structurally different sites through gas phase reactions
whose rates will be enhanced by the injection of deuter-

ated mantles, e.g.
CH,DT + CoHy

—

CHQDCCH; + Hso (4)

CHs;" + CoHzD — CH3CCDH" + H, (5)
C,H,* 4+ CH3D — CH,DCCHS + H (6)
C,HDT + CH, — CH3CCDH" 4+ H (7)

where we have listed only those channels incorporating a
D atom into protonated methyl acetylene. The ability to
reproduce the CH3CCD/CH,DCCH ratio in spite of gas
phase D atom exchange reactions offers a detailed test of
the theory proposed in Paper I.
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The aims of this paper are to model the deuterium
chemistry under the constraints imposed by the observed
fractionation ratios, R(XD), as well as their spatial gradi-
ents, and to predict associated values for potentially de-
tectable species like C3D, DC7N and DCS*. In Sect. 2,
we briefly review the relevant observations of deuterated
molecules in TMC-1. The modification of our model of the
chemistry along the TMC-1 ridge to include the effects of
non-zero vy; on the gas phase chemistry is described in
Sect. 3. The extension of the chemical network to include
deuterium and the initial conditions of the problem are
also addressed in Sect. 3. The results of the study are
presented in Sect. 4, and their sensitivity to model pa-
rameters is discussed in Sect. 5. The model itself can be
applied to any cold dark interstellar clouds which support
low-velocity Alfvén waves.

2. Observations of deuterated molecules
in TMC-1

Compared to previous studies on nondeuterated species
(e.g. Olano et al. 1988; Pratap et al. 1997), there is far less
detailed information on the spatial gradients in R(XD)
and for many species the level of fractionation has only
been determined at TMC-1:CP. Exceptions are the DCO™*
map of the entire ridge by Guélin et al. (1982) and the par-
tial map in DC3N around the CP by Howe et al. (1994).
Hirota & Yamamoto (1998) report a DNC map with the
conclusion that the DNC/HN!3C ratio increases as one
moves from the CP to the DP/AP. A similar conclusion is
reached by Butner & Charnley (2001) who also find that
the NaDT /NoH™ ratio increases more rapidly than that
of DCOT/H®¥CO™*. This information is summarised in
Table 2. To convert the numbers into a test for the model
presented here, we must consider the positions along the
ridge at which the measurements were made. These po-
sitions are shown in Fig. 2. This spatial information, to-
gether with the values of fractionation allow us to estimate
the fractionation gradients. From the data in Table 2, we
see that R(DCO™) increases from 0.013 to about 0.040
between the CP and AP; R(DC3N) goes from 0.03 to at
least 0.11 (this value is about halfway along the ridge,
see Fig. 2); R(C3HD) increases from 0.08 to 0.12. For all
the molecules for which spatial information is available, a
positive gradient in fractionation from CP to AP is seen.

3. Chemical model

To study the deuteration gradients, the model in Paper I
has to be augmented in three ways.

Firstly, the reaction set obviously needs to include
deuterated species, not a trivial process but one which
can be accomplished algorithmically if care is used.

Secondly, the level of the ion-neutral drift attained
in the Alfvén wave gives ion-neutral reaction rates a
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Fig. 2. Positions of mapping observations in DC3N (triangles),
C3HD (squares) and DCO™ (stars). The (0,0) position is the
CP (04 38 38, +25 35 45); (—276, 420) is the AP

Table 2. Deuterium fractionation along the ridge. The offsets
are in arcsec relative to the CP position (04 38 38, +25 35 45).

DCO* DC3N
Offset R(XD) Offset R(XD)
(120, —120)  0.010 (75, —105) _ 0.03
(0, 0) 0.013 (-4, 15) 0.03
(—60, 120) 0.015 (—44, 95) 0.06
(=150, 240)  0.030  (—124,215) 0.1
(—240, 360)  0.040
(—360, 480)  0.037
CsHD DNC
Offset R(XD) Offset R(XD)
(0, 0) 0.08 (0, 0) 0.028
(—276, 420) 0.12 (=276, 420) 0.042

References: Butner & Charnley (2001); Howe et al. (1994); Bell
et al. (1988); Hirota (2000).

non-thermal component, so we need to follow the wave
profile in real time, recalculating these rates as we go.

Finally, because we are following the wave profile prop-
erly, the grain ice mantles can be exploded at exactly the
right time, i.e. when vy; > 0.139 kms™! (see Paper I).
The species desorbed are the same as in Paper I, with the
addition of their deuterated counterparts. This introduces
a new parameter in the model — the level of fractionation
in grain ice mantles, but as noted above, we assume the
ratios to be the same as in the gas phase.

We now consider the first two modifications in more
detail.
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3.1. Fractionating a chemical network

The method described in this section is applied to hy-
drogen isotope fractionation, but could equally well be
applied to carbon, oxygen, or nitrogen for example.

There is not enough experimental data to create
a deuterated ratefile by a literature search alone, so
some iterative procedure must be used. Such procedures
have been discussed previously (e.g. Bennett 1988) — the
method used here is as follows.

Deuterating a ratefile can greatly increase the number
of species and reactions it contains. On investigation, it is
found that the number of species will typically increase by
75% and the number of reactions by a factor of three. From
a computational point of view, the important number to
watch is the number of species, since this determines the
number of ordinary differential equations which have to
be integrated. Therefore, for this study, we chose to start
from a smaller chemistry than that used in Paper I, with
250 species instead of 390. Briefly, all the species involving
phosphorus, chlorine and silicon, and some of the larger
organic molecules were removed from the Paper I chemical
network. This returned a ratefile of around 2900 reactions.
However, because in this study we are particularly inter-
ested in, for example, CH3CCD and CHy;DCCH, many of
the species which were previously designated by empirical
formulae like C,H, had to be split up to allow us to follow
the abundances of the different isomers separately.

In general, the deuteration process is performed in a
series of steps:

1. isolate individual species and work out the deuterated
analogues;

2. totally deuterate the ratefile;

3. filter the result;

4. work out the rates assuming statistical branching
ratios;

5. add fractionation reactions.

Taking methanol as an example species, we see from
step (1) that there are 2 possible analogues, CH3OD and
CH,;DOH (we don’t consider double deuteration yet). In
step (2), the ratefile is fractionated by brute force, that
is, for a reaction involving n (m) distinct groups of reac-
tant (product) hydrogen atoms respectively, there will be
n X m new reactions, e.g. for the reaction

CH' 4+ CH30H — CH30H] + C (8)
in which n = 3 and m = 2, there will be 6 new reactions,

CD' + CH30H — CH,DOHJ + C (9)
— CH30HD™ +C (10)

CH' + CH,DOH — CH,DOHJ +C
— CH30HD™ +C

CH' + CH30D — CH,DOHJ + C
— CH30HD™ +C.
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Some of the reactions resulting from this are removed,
either because they do not preserve the reaction type, or
because of the way the deuteron moves in the reaction.
In the above set, for example, reactions (12) and (13) will
be rejected, because we assume that a deuterium atom
will not end up in the same molecule but in a different
functional group. For the reaction

CHJ + CH30H — CH30HT + CHy, (15)

though there are 9 possible deuterium reactions, only the
ones which preserve the charge transfer nature of the orig-
inal reaction will be kept, that is, only

CH3D" + CH;0H — CH30H" + CH3D
CH; + CH,DOH — CH,DOH* 4 CH,4
CH; 4+ CH;0D — CH30D™ + CH,.

The last stage is to work out the branching ratios, which
we take as statistical, except where there is experimental
evidence to the contrary. Therefore, the reactions

CH,DOHJ + C

CH;OHD* + C (16)

CD" + CH30H — {
have rates %k and %k respectively, where the undeuterated
reaction rate is k. This simply reflects the probability of
the deuteron finishing in either group, assuming it has an
equal chance of replacing any hydrogen atom.

The whole chemistry is deuterated in this manner, in-
cluding experimental reaction rates and branching ratios
wherever such data exists. The fractionation reactions (re-
actions with no undeuterated analogue) are well known
and can be found in Millar et al. (1989). The result is a re-
action scheme with 8969 reactions connecting 434 species.

There is almost certainly a great deal of inaccuracy in
the statistical branching ratio approach, especially given
that there are some reactions whose rates are unstatistical
and that not many of the reactions have been studied
experimentally.

3.2. Ambipolar diffusion

The effect of ambipolar diffusion or ion-neutral drift in-
duced by the Alfvén waves is to increase the rates at which
all the ion-neutral reactions occur. The non-thermal rate
can be calculated from the ion-neutral velocity vy; using
an “effective temperature”, Teg, given by
2
e =T 4 Ttk
(Draine 1980; Flower et al. 1985), where my; is the reduced
mass of the reactants and k is Boltzmann’s constant. The
ion-neutral velocity vn; was taken from a model of MHD
disturbances in dense clouds developed by Roberge and
co-workers (Roberge & Hanany 1990; Roberge et al. 1995)

(17)
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and which was kindly made available to us. These nu-
merical values of vy,; are presented in terms of the dis-
sipation time of Alfvén waves due to ion-neutral damp-
ing, ;. Therefore, given the physical conditions of the
cloud, we can work out what the ion-neutral velocity is
at any time in the model, and hence calculate the rate
coefficients for that time step. The method as described
only applies to reactions which have a temperature depen-
dence, a relatively small number of reactions, as it turns
out. Furthermore, some of the reactions affected in this
way have such severe energy barriers that they will still
not proceed. Some do however, and these are precisely the
reactions which are most important for fractionation, for
example, the reaction

HoDF 4 Hy — Hf + HD. (18)
Normally at 10 K this reaction does not happen as it has
an energy barrier. It is this fact which allows species to
get chemically fractionated in the interstellar medium at
all. However, when the temperature (effective or actual) is
above 20 K, the reaction rate increases dramatically. The
rate for this particular reaction is obtained from a poly-
nomial fit to the equilibrium constant calculated by Sidhu
et al. (1992). The equilibrium constant is approximated by

log K = 0.009814737 — 1.23309 + 99.6287 ! (19)

and then the rate coefficient comes from & = 1.70 x
1079 K= em3 s 1.

The higher reaction rate coefficient decreases the
amount of HoD1 and therefore the level of fractionation
in all species which are fractionated through this ion. A
similar thing occurs for the other fractionating reactions.
The net effect of all this is that deuterium fractionation is
heavily suppressed during the passage of the Alfvén wave.
After the wave has passed, the reaction rate returns to
its normal 10 K value and fractionation has a chance to
recover.

4. General results from the model

As in Paper I, the chemistry is evolved for 10® yr using
the initial abundances in Table 3. In this study, we took
more representative values of the density and cosmic ray
ionisation rate along the TMC-1 ridge, of 2 x 10* cm™3
and 1.3 x 10717 s7! respectively (see Sect. 5 below). After
10% yr, the effects of the Alfvén wave propagation were
introduced and followed.

Figure 3 shows the variation of the ion-neutral veloc-
ity and the effective temperature of reaction (18) given by
Eq. (17), starting from the steady state cloud composition.
The rate of this reaction increases by 6 orders of magni-
tude during the wave passage — the effect of this on the
abundance of HoD ™, and of derivative fractionating ions is
shown in Fig. 4. How the fractionation suppression effect
is passed on to other deuterated species in the network

A. J. Markwick et al.: Deuterium fractionation along the TMC-1 ridge

Table 3. Initial abundances and abundances of desorbed
species (relative to total hydrogen).

Initial Desorbed

H 0.5 CH4 1.0(—6)

HD 1.6(—5) CH,  5.0(=7)

He 0.14 Ca2Hy 5.0(—8)

O 9.2(—5) H>O 1.0(-5)

N 2.0(—5) CH3D  see

C 4.4(-5) CoHD text

S 1.0(*8) C2H3D fOI‘

Fe  2.5(-8) HDO details
0.60F 1

E 24
0.50; £22§
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- 1+
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Fig. 3. The variation of the ion-neutral velocity vn; (solid line)
and the effective temperature of the reaction (18) (dashed line)
in the model.
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Fig.4. The level of fractionation in certain important ions
throughout the Alfvén wave model.

depends on the formation routes of these species. The pri-
mary fractionating ions are HoD™, CHyD™ and CoHD™,
but at 10 K, the most significant ion is by far HoD™. For
example, we see that HoD* /Hy is roughly a factor of three
greater than DCO™ /HCO™, as expected (e.g. Millar et al.
1989). We return to a detailed explanation of Fig. 4 below.

In Fig. 5, the variation of the fractionation in cer-
tain other species is shown. The curves show some in-
teresting behaviour, with the fractionation increasing and
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Table 4. Evolution towards steady-state.

Epoch Time (yr) Comments

1 t <103 vni too low to cause effects

2 t ~ 103 wave triggers mantle explosions

3 10° < t < 10° ion-neutral reaction rates affected
4 10° <t < 10° fractionation recovers

5 t > 10° steady state

decreasing in seemingly arbitrary ways, and in different
ways for different species. This is due to the combination
of the effects of the mantle desorption and the fraction-
ation suppression. The behaviour of the fractionation is
much simpler if the two effects are treated separately.

In general, the fractionation goes through several
changes, described below and briefly in Table 4.

Consider the curve of R(HoDV) in Fig. 4 as an exam-
ple. When ¢ < 102 yr, the ion-neutral velocity is too low
to cause any of the effects on the chemistry considered
here. In this region, R(HoD™T) remains at its steady state
value. Then, at ¢t ~ 1.5 x 103 yr, vy; is large enough to
trigger wave mantle explosions, and through the instan-
taneous desorption of mantle species, the fractionation is
hit quite dramatically. Whether the fractionation goes up
or down depends on how significant a mantle species is for
the formation of either the species or its deuterated ana-
logue. R(H3D™) drops because the introduction into the
gas-phase of the mantle species HoO is more significant for
the destruction of HoDT than for the destruction of H;f

At times between 103 < ¢ < 10° yr, the ion-neutral
reactions are affected most, causing severe fractionation
suppression. In fact, most of the deuterated ions depend
on HyD™ for their formation, and the suppression takes
longer to occur for derivative ions. This effect means that
the fractionation troughs are not coincident, reflecting the
distance in the network of the species from HyD™. That is
why the curves of R(DCO™) and R(NoD™) in Fig. 4 are
almost coincident with that of R(HyD™), but the curve of
DC7N in Fig. 5 is not.

The next epoch starts when wv,; drops back to a level
where the ion-neutral reaction rates return to their normal
10 K values. This happens at ¢ ~ 3x10* yr, and the chemi-
cal fractionation recovers as HoD T now survives. After this
point the chemistry is dominated by the addition of man-
tle species (as in Paper I) and eventually a steady state
is reached. It is worth noting that the final steady state
reached by the chemistry is not the same steady state as
when the model began, because through the desorption
of ice mantle species, the chemical composition of the gas
has been altered.

4.1. Fractionation gradients

The time ordinate in the models can be converted into
a spatial ordinate corresponding to distance along the
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0.6 ) \*

| DCN (obs) ” i

|- // .

5 04 (obs) -

EREE ]
S

2 L ]

° L _ B

g 02 DC3N7<m.o‘q‘);".ﬁ:./i, R |

I / . ,/'/‘/ |

r S .~ DCO" (mod) l

L L |

e e e -

n n n n n n 1 n n n 1 n n n 1

—200 0 200 400 600

offset (")

Fig. 6. The observed fractionation compared to the model re-
sults for DC3N and DCO™. The offsets have been calculated
assuming that the AP and CP are equidistant from Earth.
Although the sense of the gradients is correct, we significantly
underestimate them.

TMC-1 ridge, and from this, a spatial gradient can be
determined. The observed data on deuteration in TMC-1
was shown in Tables 1 and 2. As was previously discussed
in Paper I, the limiting factor in choosing the times which
correspond to the endpoints of the ridge is just the wave
speed, which at 2 km s~! gives the age difference of the
CP and AP as 1.5 x 10° yr. The choice of the absolute age
at the CP position is arbitrary, but since we wish to retain
the result of Paper I, namely the production of molecular
abundance gradients, we choose the time at the CP to be
when HC7N is at a maximum. The spatial gradients in the
level of deuterium fractionation produced by the model are
shown in Table 5. The molecular abundance gradients are
shown in Table 8 and will be discussed below.

All the molecular species exhibit a gradient in the cor-
rect sense and of comparable magnitude to the observa-
tions. However, the model underestimates the gradients,
sometimes significantly. This is most apparent in Fig. 6,
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Table 5. Comparison of the model results with observations of
fractionation gradients along the TMC-1 ridge. The gradients
are the change in log (fractionation) between TMC-1:CP (0,0)
and the point indicated.

Species Endpoint Observed  Model
DCO™T  (—240, 360) 0.50 0.25
DCsN (—124, 215) 0.56 0.22
CsHD  (—276, 420) 018  0.10
DNC AP 0.18 0.16

Table 6. Comparison of the model with the observed deuter-
ation at TMC-1:CP. The column RM2000 shows the steady
state fractionation obtained by Roberts & Millar (2000). * Only
CH2DCCH is included in model RM2000, not CH3CCD.

Species Observed Model  RM2000
CsHD 0.08 0.017  0.020
CH3;CCD <0.013 0.008 -
CH,DCCH 0.054 0.070  0.099*
CCD <0.03 0.020  0.027
C4D 0.004 0.017  0.029
HDCS 0.02 0.050  0.046
DCsN 0.03 0.014  0.026
DCsN 0.016 0.010  0.026
DCO* 0.013 0.056  0.087
DNC 0.028 0.022  0.015
DCN 0.023 0.022  0.025
HDCO 0.005-0.11  0.046  0.055
NoD* 0.08 0.056  0.052
NH,D 0.009-0.014 0.020  0.028

which shows the model results compared to the observa-
tional measurements of DC3N and DCO™ along the ridge.
Of the species for which mapping observations have been
made, C3HD and DC3N achieve levels of fractionation
in TMC-1 which continue to remain unexplained by gas
phase chemistry. While Table 6 shows that both the model
presented here and the model of Roberts & Millar (2000)
produce a level of fractionation in HC3N comparable to
the observed value at TMC-1:CP, the difference lies away
from the cyanopolyyne peak where the fractionation rises
sharply. Compared to the observed fractionation at TMC-
1:CP, where many more species have been observed, the
agreement is quite good.

Table 7 presents predicted gradients from the model
for various molecular species. The species which are most
interesting from the point of view of this study are species
which have already been observed in TMC-1 and for which
mapping observations may be possible, and species which
have not yet been observed but which could be in the fu-
ture. Deuterated methyl acetylene (CH,DCCH) is partic-
ularly interesting as it has one of the highest known levels
of fractionation in TMC-1 (see Table 1). From Table 7 we
see that it is predicted to have one of the steepest gradi-
ents. An observed value of the spatial fractionation gradi-
ent for this molecule would be a good test of the model
presented here.

A. J. Markwick et al.: Deuterium fractionation along the TMC-1 ridge

Table 7. Predicted gradients for some species of potential ob-
servational interest. The gradients are given as the change in
log fractionation along the ridge from TMC-1:CP to TMC-
1:AP.

Species  Gradient Species Gradient
CD 0.23 CH.DCCH 0.27
oD 0.14 DCsN 0.40
N.D* 0.24 DC7N 0.20
DCS™ 0.30 C3D 0.07
CCD 0.12 C4D 0.19
HDCS 0.30 HDCO 0.20
NH:2D 0.13 DCN 0.21

4.2. Molecular abundance gradients

Table 8 shows the molecular abundance gradients ob-
tained in the same way as Table 4 in Paper I, for com-
parison. The “goodness” of each model, shown in the
Table, is defined as the number of abundance gradients
which the model places inside the observed constraints
from Pratap et al. (1997). In terms of this quantity, the
models presented in this paper and in Paper I are identi-
cal. However, while some species gradients are produced
better in this new model than before (e.g. CN, HCN),
some are not, most noteably methanol. The chemistry of
methanol in a mantle desorption model was discussed in
Paper I, in the context of the formation of cumulenone
molecules (HoC,,O, n > 2). In this sense, and because of
the results shown in Table 8, the chemistry of methanol in
TMC-1 is very interesting indeed, and will be the subject
of a future paper.

5. Effects of model parameters

The model presented here has a high number of adjustable
parameters, not only physical, such as T', n, ¢ and A, but
chemical as well. These include the ionisation fraction =,
the composition of ice mantles, and the level of fractiona-
tion therein. Because of the sheer number of adjustable
parameters and the lack of data available to constrain
them, the problem of fitting the observational data cor-
rectly could degenerate into a simple problem of optimisa-
tion. However, it is appropriate to examine the parameter
space a little further.

5.1. Physical

In the model presented here and in Paper I, the tem-
perature has always been 10 K and the visual extinction
15 mag. The density and cosmic ray ionisation rate have a
special role in the fractionation gradients model, because
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Table 8. Comparison of models, adapted from Table 8 of Pratap et al. (1997). The gradients are the change in log (abundance
relative to HCO™) along the ridge. The bold value in each row indicates which model is closest to reproducing the observed
gradient. The “Goodness” of each model is defined as the number of gradients it places inside the observed constraints.

Species Obs  Mod1l Mod2 Mod3  Mod4
time C/0 ices
C2H —0.25(0.09) —0.47 —-0.23 -040 —0.34
CH3CCH —0.57(0.05) —0.84 -0.15 —-0.70 —0.41
CH30H 0.01(0.09) —0.27 —-0.14 0.00 —0.29
CO —0.22(0.06) 0.02 0.02 0.00 —-0.05
CN —0.08(0.02) —0.45 -0.49 -0.09 -0.08
CS —0.19(0.09) -0.17 -0.13 —-0.10 —0.05
HCN —0.18(0.10) —0.31 -0.32 -0.10 -0.21
HCsN —0.50(0.09) —0.73 -0.34 -0.64 —-0.26
HNC —0.12(0.10) —0.14 —0.16 0.00 —0.04
N.H*t 0.09(0.07) 0.01 —0.02 0.02 0.08
NH;3 —0.02(0.25) 0.01 0.06 —0.01 0.01
SO 0.43(0.02) 0.25 0.34 0.22 0.25
“Goodness” - 3 4 6 6
@ The observed gradient. Error in brackets.

b Gradients between 1.2 x 10° < ¢ < 1.8 x 10° yr in a model without

grain mantle desorption.

¢ Gradients between a C/O ratio of 0.4 and 0.5 at t = 1.2 x 10° yr.

¢ The model presented in Paper L.
¢ This work.

they determine the wave profile. Recall that the dissipa-
tion time is given by

-1
-7 8,

Tni = 2.65 x 1010t
where ny4 is the molecular hydrogen density in units of
10% molecules cm™2 and z_7 is the fractional abundance
of electrons in units of 10~7 (see Paper I). Throughout the
model, the ionisation fraction is calculated as the sum of
all the abundances of gaseous ions. A higher value for ¢
increases this value and therefore decreases 7,;, as does a
higher value of the density. Because wvy; is obtained from
a profile which depends on ¢’ = t/7y;, a lower dissipation
time means that the gas is less affected by the propagation
of the wave. This is particularly important for the fraction-
ation gradients, because it determines the length of time
that the ion-neutral reaction rates are influenced, which
in turn controls the suppression of the fractionation pro-
cess. Therefore, the gradients can be directly influenced
by changing n and (. It is this fact which prompted the
change of the values of these parameters from the values
quoted in Paper I, although, as noted above, this makes
little difference to those results.

What is of more interest is whether the results
can be obtained using a lower value of the ion-neutral
speed. Currently, the maximum value attained is vy; ~
0.25 kms~!. The wave mantles explode when wvy;
0.139 kms™!, just over half the current maximum value.
Therefore we can afford a wave which is roughly half as
severe to still obtain mantle explosions. The effect of re-
ducing the maximum velocity goes as the square of vy,; for

~

Table 9. Assumed ice mantle composition prior to explosive
desorption.

Species A B
H>O 100 100
CH4 10 2
CoHo 5 -
CoHy 0.5 -
CH3;OH - 20
COq2 - 15
H2CO - 5
HCOOH - 5
NHs3 - 15
0CSs - 02

the ion-neutral rate change (Eq. (17)), so a 50% reduction
in vy translates to a 75% reduction in Teg.

5.2. Chemical

The level of fractionation in the ice mantles has been as-
sumed to be the same as in the gas phase. The only avail-
able measurement of a deuterated ice mantle species is of
HDO, observed in W33A and NGC 7538 IRS9 by Teixeira
et al. (1999). The observations, however, are based on a
tentative ISO detection of the O-D stretching mode at
4.1 pm, and so are not conclusive. Ignoring this, the value
reported corresponds to a ratio Rice(H20) ~ 0.003, a fac-
tor of ten lower than the gas phase value at the time of
mantle desorption in our model. Also, it appears that there
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Fig. 7. The level of fractionation throughout the model for
some species of interest where the desorbed mantle species
adhere strictly to observations. The marked difference in the
DCS™ curve is due to the desorption of OCS.

is little observational evidence for either acetylene or eth-
lyene in ice mantles, outside the indirect evidence inferred
from models like those presented here.

To study the effect of varying the species desorbed,
and how sensitive the results are to these species, a model
was run which adheres strictly to observations of mantle
species. Gibb et al. (2000) present an inventory of inter-
stellar ices towards infrared sources, reproduced here as
Col. B in Table 9. (Note that methanol appears as a 20%
fraction of water, cf. Paper 1.) The results of this model
run for our species of interest are shown in Fig. 7 for com-
parison with the original model, labelled column A in the
table. It can be seen that for the species in the figure, the
qualitative behaviour of the curves is similar, reflecting
the fact that it is only the possibility of extra carbon that
creates the gradient effects — it does not make much differ-
ence which species are desorbed, as long as these are able
to provide reactive carbon. Species containing sulphur are
greatly affected in this run of the model however, because
of the large amount of sulphur which is desorbed in the
form of OCS.

6. Conclusions

In this paper, we have described an investigation into the
effects of Alfvén waves on interstellar dark cloud chem-
istry, specifically applied to fractionation gradients ob-
served along the TMC-1 ridge. We considered the explo-
sive desorption of grain ice mantles and the alteration
of ion-neutral reaction rates by ambipolar diffusion as a
means for producing the molecular abundance and deu-
terium fractionation gradients observed along the TMC-1
ridge.

In Paper I, the Alfvén wave hypothesis was shown
to be capable of explaining the molecular abundance
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gradients along the TMC-1 ridge, and in this paper, we
have extended the model naturally to attempt to account
for the fractionation gradients as well. We find that the
model qualitatively and somewhat quantitatively repro-
duces the observations, although there is only relevant
published data for four molecular species. More observa-
tions of deuterated molecules at positions other than the
cyanopolyyne peak would be good tests of this model, and
we presented predicted gradients for this purpose.

The model presented here underestimates the fraction-
ation gradients, which suggests that there is a process
which contributes to the increase of levels of deuteration
which we have not included. This could be one of the
following. First, it is well known that accretion of gas-
phase material onto dust grains can increase fractionation
(Roberts & Millar 2000 and references therein). At present
we do not allow material to accrete back onto the grains
after it is desorbed, although the timescale for accretion is
similar to the time in the model at which our results are
produced. Second, the assumption of statistical branching
ratios in the process of creating a deuterium chemistry
is demonstrably incorrect for some species, where dissoci-
atve recombination favours the retention of deuterons (e.g.
Jensen et al. 2000). Where experimental data exists it has
been used, but this is only the case for a small number of
species. Finally, the effect of periodically sweeping the gas
with Alfvén waves has not been considered here and could
have important consequences for deuterium fractionation
in interstellar clouds. These topics will be discussed fur-
ther in a future paper.
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