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ABSTRACT

Context. The high degree of deuteration observed in some prestaitas aepends on the ortho-to-para tdtio through the £
fractionation.

Aims. We want to constrain the ortfara H ratio across the L183 prestellar core. This is required toectly describe the deuter-
ation amplification phenomenon in depleted cores such a8 bh@ to relate the total (orthpara) HD* abundance to the sole
ortho—H,D* column density measurement.

Methods. To constrain this orthipara H ratio and derive its profile, we make use of thgDN/N,H* ratio and of the ortho—
H,D*observations performed across the prestellar core. Wewsssimple chemical models limited to an almost totally degde
core description. New dissociative recombination andsthibgen cation—dihydrogen reaction rates (includingsaltopologues) are
presented in this paper and included in our models.

Results. We estimate the §D* orthgpara ratio in the L183 cloud, and constrain thedithgpara ratio : we show that it varies across
the prestellar core by at least an order of magnitude, bdithyery high (~ 0.1) in most of the cloud. Our time-dependent model
indicates that the prestellar core is presumably older th&n2x 10 years but that it may not be much older. We also show that it
has reached its present density only recently and thatiisaation from a uniform density cloud can be constrained.

Conclusions. A proper understanding of deuteration chemistry cannotttaénad without taking into account the whole orthara
family of molecular hydrogen and trihydrogen cation isatimgues as their relations are of utmost importance in thkajlscheme.
Tracing the orthfpara H ratio should also place useful constraints on the dynaneiazallition of prestellar cores.

Key words. ISM: abundances — ISM: clouds — ISM: structure — Astrochémis Molecular processes — ISM: individual objects :
L183

1. Introduction the center of prestellar cores (¢€.g. Caselli ¢} al. [1999iBest

i ) i _ al.[2002 ) Bacmann etldl. 2002, Tafalla et|al. 2004, Pagari et a
Studles of the earllest_ stages of star formation _have |Bed3_q'200 )y which seems to be typical of the majority of dense cores
in the last ten years with the advent of new receivers aawliriNirogen—bearing species like CN, NHind NeH* appear to

better spatial and spectral resolution. Prestellar caeslense ¢,psist longer before freezing-out onto the dust grainta(a

and cold cores where gravitational collapse has not yetredcu o g [2006[ Pagani ef| HIve
: : . gani et|dl. 207, Hily-Blant ef[al. 2008).
In the d%nsesEgregmns of the core (whegg s greater than |, conditions under which heavy species are depletédait
a few 10 cm™) most heavy molecules containing carbon,+ (and its deuterated counterparts) are the most abundast ion

nitrogen and oxygen seem to deplete onto the dust gragl%bsisting in the gas phaseBt h i
. ; L 2 as been widely detected
and only light ions remain in the gas phase. There has b mapped in protostars and prestellar cofes (Caselli]et al

extensive observational evidence of CO and CS depletionm’wastd et [ 20p4, Caselli ef fl. 2008) through ithmrt
fundamental line, with abundances high enough to be exgdiain

Send g@print requests toL.Pagani



2 L. Pagani et al.: Chemical modeling of L1831(134N) : an estimate of the ortfmara H ratio
by the CO depletion theofgbservations. Although flicult to HaD
observe from Earth, the BI* molecule has been detected with i ]
its para line towards the 16293E prestellar core in the LN589 H o rﬂ.“lnnl o
molecular cloud [(Vastel et Hl. 204) with an abundance aimil Y A Lt L
to the ortho—HD*molecule as suggested py Phillips & Vastel ! ]
)_ o gl il “‘m‘i"illl'lm"
Consequently many theoretical studies were performed that A R
included all the deuterated forms of the kbn (e.g. Roberts et o el gl
al.[2008 | Walmsley et al. 2004). However all nuclear spitesta O T
(ortho, meta, para, corresponding to the spin state of thi®ps o
or deuterons) must be taken into account in order to compare )
with the observational sets. Moreover the thermicity of the
forwardbackward reactions strongly depends on the symmetric ™ ]
state of the species. Though the influence of the gotima H o uhql’n'-r u’i‘wl A
ratio on the chemistry of jD* (Pagani et gl 1992) had been osf }p o ]
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described several years before the first detection of the ion

(Stark et 4[1999), it is only recently that this specificsptate
tail ( ]

dependent chemistry has been studied in de Flower|et al i
2004,[2006a). :
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The motivation for our study is the many deuterated observa- ,
tions performed in the L183 prestellar core (PSC) and thenmai o gy el
aim of this paper is to study the ortpara H ratio from some s T T e
of these deuterated species observations. To ffeéstewe con- ]
strain two chemical models including all the symmetricesaif
H2, Do, H} and its deuterated counterparts with observations of
ortho—$D*, combined with previous ™ and ND* observa- g 1 csO map of the bD* (110-111) line. The position is in-
tions. These models have been set up using recent dissecialicareq in arcseconds for each spectrum and the (0,0) guositi
recombination rates computed fog Hnd its isotopologues ascorrespondstozooo = 151547 08°50,6,000 = — 02 52 48"
well as all non negligible reaction rates betweenand H; and The Y-axis represents the antenné témperature .
their isotopologues (both presented for the first time is pa-

per).
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2. Observations 0.3

2.1. Deuterated Hj —-2°51'00"

We first observed the ortho-B* (and para—BH*) with

the Caltech Submillimeter Observatory (CSO) monopixel re-
ceiver and subsequently took advantage of the newly in-
stalled Heterodyne ARray Program, 16 channel 350 GHz band
("B-band”) (HARP-B) camera on the James Clerk Maxwell
Telescope (JCMT) to fully map its emission.

0.2

—2°52'00"

K km s '

2.1.1. CSO observations

The HbD* and DH* observations were carried out at the CSO,
between August 2004 and April 2005, under good weather con-
ditions (225 GHz zenith opacity always less than 0.06). Scan
were taken, using the chopping secondary with a throw of
3, using the reference positiomsoee = 15" 54™ 08550, —2°53'00"
62000 = — 02252 48",
The 345 GHz (respectively 650 GHz) sidecab receiver with
a 50 MHz acousto-optical spectrometer backend was used
for all observations with an average velocity resolution of
0.04 km s* (respectively 0.02 km3). At the observed fre-
quencies of 372.421385(10) GHz for the® (130-1;;) and
691.660483(20) for the fH* (110-101) lines (Amano et gl. 15"54™M10°
p00%), the CSO 10.4 meters antenna has a HPBW of abdut 20
and 11’ respectively. We performed a cut in declination acro$gg. 2. JCMT map of the bHD* (110-111) line. The dust peak po-
the main dust peak in L183 between (0/21@nd (0,130) for sition (Pagani et &]. 20D3) is indicated by a cross and cporeds
H,D* and concentrated on the reference position fgfiD The 10 @2000 = 15" 54™ 08°50, 62000 = — 02° 52 48”. Contour
system temperature was typically 1000 to 2000 K febiand levels are 0.1, 0.2 and 0.3 K km's
2500 to 3500 K for BH*.

0.1
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Table 1. Line parameters from the JCMT and CSO observations. Thetipasiare @fsets to the dust peak emission at
o000 = 15" 54M08°50,8,000 = — 02° 52 48”. For non—detected lines we give the 8pper limit. For JCMT and p—EH* at
CSO, we give both the Monte Carlo (MC) and the LTE column dgrestimates.

JCMT
Positon rms v Av T:  NO-H,D")2 N(o-H.D")°. ta,
@) (KY kms?! kms? K cm2 cm?
(-45,00 0.08 0.049 0.3 0.11 3.6%0 2.910° 0.11
(-30,0)0 0.08 0.049 0.26 0.28 8.1%0 8.110°2 0.31
(-150) 0.09 0049 051 041 2.0%0 1.310° 0.49
(0,0) 0.09 0.049 0.41 0.57 2.3%0 2.010° 0.77
(15,0) 0.08 0.049 0.47 0.46 2.0%0 1.510° 0.57
(30,0) 0.08 0.049 0.39 0.21 8.1%0 5.7 102 0.22
(45,0) 0.08 0.049 0.50 0.13 3.6%0 3.4 102 0.13
(60,0) 0.08 0.049 <0.06 <1.810? <1.6 10?2 < 0.06
CSO
Position rms  6v Av T; N(o—H,D*)P,.  tatfe
@) (K)Y kms?! kmst? K cm
(0,130) 0.08 0.077 <0.1 <3.0102 <0.1
(0,110) 0.08 0.039 0.50 0.25 8.0'%0 0.28
(0,90) 0.08 0.039 0.43 0.36 1.0*%0 0.42
(0,70) 0.08 0.039 0.40 0.39 1.1%0 0.47
(0,50) 0.10 0.039 0.36 0.64 2.0%0 0.95
(0,30) 0.08 0.039 0.50 0.48 1.8%0 0.63
(0,0) 0.10 0.039 0.41 0.66 2.4%0 1.00
(0,-20) 0.06 0.039 0.56 0.33 1.2%0 0.38
(0,-40) 0.10 0.039 0.48 0.30 9.5%0 0.34
Positon rms  6v Av T N(p-DH )5 NPE-DH)Ge  tadie
@) (K) kms?! kmst? K cm2 cm?
(0,0) 0.07 0.042 <0.07 <2.410° <15103 <0.48

a8 Column densities have been computed after averaging speicsymmetrical distances from center.
b Column densities and opacities have been computed withra beapling correction of 70% for both JCMT and CSO.
¢ Upper limit column density and opacity have been computal avbeam coupling correction of 60% at CSO.

The beam fficiency at 372 GHz (respectively 692 GHz) wasame & spectrum subtracted, the spatial average did not bring
measured on Saturn and Jupiter and found te B8% (respec- much improvement and we subsequently changed to position
tively ~ 40%) for point sources. Pointing was monitored evergwitch mode because deep integration on weak signal appears
1.5 hrs and found to be better thafi. 3f the emission is ex- more important than Nyquist sampling for this work. In PSw
tended compared to the beam size of CSO, as appears to batbde, we made>22 pointings to fill the gaps in the camera, thus
case for HD* then the #iciency is about 70% at 372 GHz andachieving a full beam sampling. Two such sets were performed
60 % at 692 GHz. The data reduction was performed using tteecover the main dust peak and its northern extensionEFig 2)
CLASS program of the GILDAS software developed at IRAMvith one pixel row overlap between the two.
and the Observatoire de Grenoble and the LTE data analytsiswi Most of the observations were run in band 1 weather
CASSIS developed at CESR (h#ymww.cassis.cesr.fr). (T2256Hz < 0.05) while a few were done in band 2 weather lead-

These CSO observations confirmed that th®Hemission ing to rapid degradation of the system temperature. Theceour
was extended in this source as we could hypothesize from ses&s observed only above 48levation and the band 1 weather
eral tracers and we carried on the project at the JCMT, ricergystem temperature was in the range 500-1000 K depending on
equipped with a new 16-pixel camera to be able to fully map tllee pixels and on the elevation. To observe bogpHand NH*
source in a reasonable amount of time. (J:4-3)(at 372.672509 GHz), we tuned the receiver half veay b
tween the two lines and used a frequency resolution of 61 kHz
so that the backend could cover both lines at once.

Data pre-reduction was done with the Starlink software

The JCMT observations were obtained during semester 07A(fAPPA, SMURF and STLCONVERT packages) and subse-
service mode, using the HARP-B 16 pixel camera (one pixel, iguently translated into CLASS format for final reduction.

cated in a corner, was unavailable). A third of the obseowati
was obtained in jiggle—chdgmode and two thirds in position 2
switch (PSw) mode. The jiggle—chop mode appeared to be n
faster, the displacement of the telescope in PSw mode sgemill other observations used in this paper have been obtaindd
minor compared to other overheads, and because the jidgip—cpublished previously. The dust content of L183 both in emis-
mode works in the Nyquist regime, each pixel receives mugsh lesion and in absorption has been describdd in Paganj ¢t &3(20
integration time than in PSw mode. As adjacent pixels had tp804). The source size is half a degree and contains a IoRg fila
ment extending-6’ from north to south. Two peaks are clearly

1 httpy/www.jach.hawaii.edisoftwargicmtoyhet obsmodes.html  visible, one just south of the middle of the filament (which we

2.1.2. JCMT observations

.g. CO depletion and dust content
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Table 2. Source parameters: diStance from the COTe CENEEI, H 1 ooy
density, NH* abundance and /D*/N,H*ratio. The position is , T , ] ]
measured away from the PSC center along the R.A. axis (frorg os | T T T 1

Pagani et g[. 2007). 2
0 RV S e e e e || e N P N ¥ T |
Position H density NH* abundance bD*/N,H* RV P 152 2800 152 25 8
(AU) (arcsec) (cm®)

0 0 2.09 16 2.40E-11 0.6% 0.15 Fig. 3. ortho—HD* spectra across the main dust peak. East and
1310 12 9.2319 8.50E-11 0.42- 0.05 west sides are folded together and fitted with a Monte Carlo
2620 24 5.3319 1.10E-10 0.25¢ 0.02 model. Density and temperature profiles are taken from Ragan
3930 36 3.2219 1.53E-10 0.16: 0.03 et al. (200[7). The spacing between spectra is 15
5240 48 1.86 19 1.27E-10 0.06: 0.02
6550 60 7.08 10 1.00E-10 <0.03

Compared to previous works, we benefit here from two new
sets of cofficients and a large set of observations in a PSC. The
call the main peak) with an opacity 6f150 A, and a sec- H; + Hz (+isotopologues) set of rate ddieients are extracted
ond one, 3 north of the first one (the north peak) with an esfrom the PhD work of E. Hugo in advance of publication and the
timated opacity o&70 Ay. These peaks have the characteristidd; (and deuterated counterparts) recombination rates hare be
of prestellar cores. Most of the filament have an opacity abogomputed for this work by V. Kokoouline and C. Greene and
40 A. are presented in Appendix B. Rate Gogents, as computed by
Two large scale &0 and G70 maps obtained with the Kitt E- Hug0, describe all possible interactions betwegraHd H
Peak 12-m telescope fail to trace the dense filament (Pagaris@ioPologues, including reactive and non-reactive,tiel@nd
al. p00). It is now well established that this is due to depie Nelastic collisional rates, while recombination 6ogents de-
of CO onto grains. Surprisingly, the opacity at which theldep scribe the dissociative recombination (DR) rates of triigen
tion begins £20 Ay) is two times higher than what is usua"ycatlon isotopologues. Both sets take into account all tiieoor
observed in other clouds (elg. Aives e}[al. 1999, Kramer Jet Br@ and () meta states.
f[999 [Bergin et [ 2002) though it still appears at a der{si8y
x 10* cm™°) that is a typical depletion density threshold (Pagami 1. [ ine emission
et al.|200p). Possibly, the low density envelope where digple ) o
has not yet occurred is very extended in this cloud (whiclois c We have analysed the line emission of both orthg>Hand
firmed by its large influence on the'®D (J:2-1) line intensity para—DH* using a two-level Monte Carlo code (adapted from
(Pagani et 3. 2002). The depletion factor in volume for C® h9) with our new collisional diieients. Because the
been estimated to be 43 on average (Paganil £t al] 2005) ontgaperature of the PSC is around 7 K for both the gas (Pagani
line of sight of the main dust peak and is probably much highet al.[200]) and the dust (Pagani eft|al. 2003, P004), the possi
in the inner part of this core where density is abovelio® cm™3.  bility of populating the next rotational level, J» = 2, at 114
Kand 75 K above ground level for ortho-Bi* and para—bH*
respectively, is so low that it can be safely ignored. Wit tlew
2.3. NoH" and N;D* codficients, the critical densities are 1x110° and 4.9x 1(°

N,H* and N-D* have been mapped at both low (Kitt Peak 129m‘3 respectively and thus the lines are close to thermal equilib
m, [Pagant et [ 20p5) and high (IRAM 30-m) resolutions. Frofum in the inner core. In the(():gse gfzorthozm, the diterence
the high resolution data, a strip crossing the main dust peak between LTI%(~2._02¢ 0.25x 10 ¢ ) ar_1d Monte Caf'°f2-3
been extracted and publishe¢d (Pagani gt al. [2007). In thn';ﬂrpair 00'2.5X 101. cm ) column density estimates is typically 10—
we performed a detailed analysis of theHN and Nb\D* emis- 15% in the d|rect|9n. of the dust peak. .
sion with a Monte Carlo model treating exactly the hyperfine The para—_H" line has_ not been detected (see Caselli et
structure and line overlap of these species. We derivedtalevé-[2008) and the & ‘;ppefz"m'.t corresponds to a total column
physical properties, namely a maximum density sf0f cm3, density 0f~2.4 x 10" cm using the Monte Carlo code. The
with a radial dependence proportional td up to 4000 AU and LTE estimate yields-1.5x 10'* cm™2.
proportional to T2 beyond, a kinetic temperature of Z () K,
a slight depletion of BH* in the inner 3000 AU of the core and 3. 2. peuteration
a deuterium fractionation which is non-measurable &t AQ _ ) o
(< 0.03) and reaches0.7 (= 0.15) in the center. As far as weHj3 ions are formed at a rate 0.9@y cosmic ray ionization of
know this is the highest fractionation reported yet for agin H2 (Walmsley et di[2044), rapidly followed by reaction with-an
deuterated species. However this may not be exceptionai wigéher H to form H;, and are destroyed in reactions with neutral
compared to the detection of triply deuterated species Nik;  Species and in dissociative recombination with free ebexsty
(is_et al.[200p[ van der Tak et]dl. 2002) and 40IH (Parise Nnegatively charged grains and possibly negatively chapgéd
et al.[200) or to the fact that most reported fractionatiares Ccyclic aromatic hydrocarbons (PAHs In prestellar cores, the
line-of-sight averages and are not derived from detailediles. Primary reservoirs of hydrogen and deuterium ageaid HD,
with HD/H, = 2(D/H)cosmic ~ 3.2 X 107° p0OOY). The
proton exchanging reaction ofiHwith H, partly regulates the
3. Analysis H ortho—to—para ratio but has néfect on the H abundance.
Concurrently, the reaction with HD formsB* and this primary
We present 3 models in this paper : a Monte Carlo model to cofractionation is then followed by the subsequent fractimmes
pute HD* and D:H* line intensities, a chemical steady-statand produces fH* and D} (Phillips & Vaste]| 2008, Roberts et
model and a chemical time-dependent model. al.[2008):
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Boltzmann factor of endothermic reactions. In some cases, r
actions which are endothermic with parg-t&n turn out to be
exothermic with ortho—Hli.e. fast and temperature independent.
In fact, the ortho—to—para ratio of His found to be a crucial

rrllcl_c'): o, parameter for the entire chemistry of deuterium.
2
DZ
HCO* ) ) . ) _
N,H* The key reactions involving ortho-Hare essentially with
D) Df [H, JHD DCO* meta-0, para-RBH* and ortho-HD* as well as para—

H,D*(see rates in Appendix A) because the internal energy of
the ortho—H alone is not enough to overcome the endother-

DCO* co i HD micity of reactions 1 to 3. Thus only those species which also
N | Dat [ H, have an internal energy high enough (so that the sum of the
ole two internal energies is higher than the endothermicityesf r
actions 1 to 3) can react with ortho-tt the Langevin rate
D, D PRy T B K in cold gas. Thus, the three reactions involving orthg-ith

meta—0), para-BH" and ortho-HD* present exothermic or
: . . . : . thermoneutral channels to rehydrogenate the cations figrmi
Fig. 4. Main reactions involved in the Hchemical network. ortho—DH*, para—HD* and ortr?/qiparga—l-g while the reac':filgn
When C_O and M are depleted, the reactions with bold arroWgetyween or'Eho—b-Iand para—KD" can dficiently convert the lat-
are dominant ter to ortho—HD™. The ortho—H molecule thus opens a path
to climb the 4 step energy ladder back from pargHDto Hj
via para—HD™* and ortho—HD* which can be veryféicient in
the presence of large ortho-fftactions. However, thisfecient
Hi + HD «— H,D* + Hp + 232K (1) Ia?ﬁeréahftme doesa:j'c:t_ incélycilg ]Lbetc):%tase t_he clcl?n_versio_r;hof
: + ortho— 0 para— is strictly forbidden in collisions wi
H2D+ +HD — DfH +Hz + 187K ) H, and very indicient in collisons with HD. Nevertheless, these
DoH" +HD «— D3 +Hz + 234K (3) reactions can be a strong limit to the isotopic fractionatoH;
) o hence of other species. Any chemical model which includes de
The backward reactions are endothermic with an energy bgdrium chemistry must distinguish between ortho and pataest
rier of about 200 K (when considering only the ground levejf gihydrogen and trinydrogen cation isotopologues antiiae
for each species) and were thought to be negligible at the lgactions between theftiirent spin states followinlg Pagani ef al.
temperatures found |:|1 gre]stellar coresZ0 K), in which case (L992) [Flower et gl | (200H},b) and the present work.
i nN-3-n
the abundance rathémnzo’lz would be greatly enhanced.

However, such enhancement can be limited by various presess

(see Fig[}):

— dissociative recombination off{and its deuterated counter-3-3 €O and Nz chemistry
parts) with free electrons or negatively charged graingl (an
PAHS ?).

— reactions with "proton-friendly” molecules such as CO an - ; g
N, which destroy the trihydrogen cations to produce |_J[CO‘Iihe CO and M abundances are critical parameters in the deuter

. ation of the H ion. CO is expected to freeze-out onto the grain
and NoH*. . o Ham3 |
— ortho—H which can react with the deuterated trihydroge antles at high dens_mes (afew )_and ow temperatures
cation and remove the deuterium (see below). < 20 K) (e.g.|Caselli et al. 1999, Berqln etlal. 2D01, B_acmann
et al.|200p| Tafalla et &|. 20pP, Pagani dt/al. 2005). With an N
In this modeling, we introduce the backward reactions finding energy similar to the CO binding energyterg et .
equations (1), (2), and (3) as we distinguish between ortieta 200%, [Bisschop et gl. 2006), these two molecules are expecte
and para states of theffirent species. When these reactions até behave similarly. However, observations towards pleste
completely neglected, the deuteration fractionation issaer- cores prove that pH* (produced from I¥) remains in the gas
ably enhanced and observations towards pre-stellar caremt Phase at higher densities than CO. This can be explained by
be reproduced (Roberts ef &I. 2D03). Indeed, the importahcahe fact that NH* is mainly destroyed by CO[ (Cask|li 2002,
considering ortho and para states of varioyB idarriers in the Pagani et 3 2004, Aikawa et]dl. 2005), so that the CO freeze-
chemistry of the trihydrogen cation and isotopologues was fiout implies a drop in the destruction rate ofH\'. This would
discussed bly Pagani el dl. (1p92) and subsequently expanaedpartially balance the lower formation rate due to thefiéeze-
eries of papers by Flower and coworkdrs (Walmsley|¢t a20@ut. Consequently, " is observed to survive in the gas phase
Flower et a}[ 2004, 200Ha,b, hereafter collectively rafeno as at higher densities~10° cm™). In the case of L183, we have
FPdFW).Not only is this important in comparing the chemicaghown that NH* partially survives but siiers from depletion
model predictions on the abundance oflM to the observa- at densities starting at5 x 10° cm to reach a factor §2 at
tions of the ortho—kD™* species alone but also because sonte core centre§2 x 10° cm™3). Because of growing deuterium
important reactions are much faster with ortho-than with fractionation, ND* abundance still increases towards the PSC
para—H, hence no longer negligibléndeed, the 170K internal center until the N depletion becomes predominant over the deu-
energy of the lowest ortho—=Hevel (J1) is large with respect terium enhancement, and in turn, theIN abundance slightly
to the temperatures of interest and can significantly erdéive  decreases in the inner most part of the cpre (Pagarfifet al)200
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The NbD* and NeH* ions can be produced via the followingwherer is the reduced temperature £ agkT/€?, e being the

routes: electron charge, k the Boltzman constant). Therefore thame
bination rate of the Hion on a negatively charged grain can be
H3 + N2 — NoH* + Hy (4) expressed as:
H2D+ + N, — N,D* +H, (fOf 1/3) (5)
S NoH*+HD  (for 2/3) ©) ke = | T 2 (S x J(Z = ~1)) (12)
DH* + N, — N,D* +HD  (for 2/3) 7) 7mH
— NoH* + D, (for 1/3) (8) Where g is the grain radiusny, is the hydrogen mass, T the ki-

netic temperature and S is the sticking fméent (S< 1). The
latter represents the probability that a colliding speuigisstick
;pnto the grain surface. For ions, Draine & Sutjn (11987) con-
é:luded that the sticking cdigcient should be unity. The same

root of the reduced mass of the colliding system, hence to th m}?]uta_tlon can be inade EO eftlmatt)e the retl:omblnatlt_)n rate
mass of the El isotopologue) and that deuterium and hydroge other IOI’]S-, H, HzD", D2H_ » D3, by a_3|mp e correction
nuclei are equiprobably transferred. Consequently, HpD*, ~ of the atomic mass of the ions (respectively/ K3, kgi/ V4,
DoH" and D) respectively produce an®*:N,H" ratio of 0:3, kg,/\/E, kgr/\/é, --+). In the case of collisions between charged
1:2, 2:1 and 3:0. The measured ratio of @.15 in the cen- particles and neutral grains, the attraction due to therjzalion

ter of L183 thus implies significant fractions obB* and .  of the grain by the charged particle can be expressed through

It has been showr| (Walmsley et|@l. 2D04) that in the case of

complete depletion of heavy species (C, N, O..),vilould be jz=0)=1+ \/ZZ

D + N, — N,D* + Dy. (9)

We assumed that all thefHsotopologues react at the Langevi
rate ky, with N2 (which is inversely proportional to the squar

the dominant trihnydrogen cation isotopologue which wouatd i (13)

ply that NbD* is more abundant than N*. This is not the case
here ; nevertheless the,N* deuterium fractionation is a good Therefore the sticking rate of electrons on neutral graarstze
constraint to the abundance of the four trihydrogen catson i expressed as:
topologues in our chemical model.

At _ste_ady state (d[bH*]/dt:O and_ d[NzD+]/d_t=O), reaction ke = 8k—T7ra§r(S x J(z = 0)) (14)
A and its isotopic variant§](5 f¢ 9) being the main path to peed me

+ + -
N2D* and NH", we obtain: wherem is the electron mass and S is the stickingfioent. S

+ + + + is about unity (Umebayashi & Nakgdho 1980) for a planar serfac
[N.D*]  [H2D*]+ 2[DoH*] + 3[D3] : . .

= = — " f (10) but a curvature of the grain surface will tend to reduce tlais p
[N2H*]  3[Hg] + 2[H2D*] + [D2H*]. rameter. However in the following we will use a factor of abou

. . , unity as this parameter did not seem to have a large influemce o
This ratio has been measured in the cut through the L183 MR results in our runs.

PSC. We describe in the following how our method can provi
an estimate of the orthjpara HD*ratio using this variable and

e grain abundance [gr] can be expressed using:

subsequently, of the ortfymara H ratio itself as well as some M, fa/g

indication of the cosmic ionization rate and mean grain.size [or] = s (15)
3 r

3.4. Grain distribution wheres is the mean grain density (assumed to be 3 g%rfyq

is the dust—-to—gas mass ratio, amgd, is the mass of molecu-

Recombination of ions with electrons on negatively chargear hydrogen. Another important parameter in our model és th
grain surfaces is an important process since it can be mstérfaabundance of the negatively charged graigsg](E [gro]+[gr-]).
than in the gas phase, especially in the case biBraine & At steady-state, assuming partial depletion of CO apdid to-
Sutin[198[). The negatively charged grain surface areai®th tal depletion of all the other heavy species:
fore a crucial parameter (we can safely ignore positivelgt and[gr]
multiply negatively charged grains, considered to be varg r — Tar0e=Tl — T * 1l — Teyr—10d +
in cold environmentg, Draine & Sutn 1987). The grainsiz di dt [9r7]ie7Tke — [9rIH "Tkor — [0 1H 3] kgrs
tribution in prestellar cores is unknown since it mostly elegs —[gr7][H2D"1kgra — [gr7][D 2H Tkgis — [9r7][D 31Kgr6
on grain condensation and also on ice condensation (e.tglVas T + . Tar + .
et al.[200p). We thus treat the grain radiysas a parameter of [gr,][NZH +]kN2H lor ],[NZD ]+kN2D
the model, assuming all the grains to have the same size and th = [gr'HCO Jkicor — [9r][DCO Tkocor =0
dust to gas mass ratio to be 0.01ffbient values could be advo-(here we have neglected HPDZ, Het,...)
cated (for example, in places where depletion is importiet, 2’ '
ices increase the dust mass by up to 2b%, Walmsley| gt al} 2004)
but the net result is to change only slightly the averagengie 3.5. Steady-state chemical model
which is not well constrained in the PSCs in any case.

The focusing #&ect of the Coulomb attraction betwee
charged particles and oppositely charged grains has bee
cluded using th¢ Draine & Sulin (1987) formalism:

The code we describe in the following is used to calculate the
rkteady—s;tate abundances of the chemical species founadgifth
Ntdtent layers of the L183 prestellar core as listed in Tﬂ)le 2

In the steady-state approximation the abundance spe@es ar
interlinked via their production rates and their destruttiates

Tr7 _ _ 1 / 2 (productior-destruction).
Jz=-1= (1 " ¥)[1 " 2+ r) (11) Since H is produced at a rate 0.86the H* abundance can be
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expressed as (including only the main reactions) : The production rate for para4Hs :
1 _ 0.04¢ Ker—p + (K-Loopd 0—Hp][0-H2D] +
[H'] = - - (16) N .
Krec[€7]NH, + Kor[9r~]Nh, (KOoopp + kOoopo)[0—H3][0—H] + Klogpd HDI[0-H3] +
The main production path of Hs via cosmic ray ionization K- Lpopd0-Ho][p-HD Y, (27)
of Hz and proceeds in two steps : and the destruction rate is:
{+0-H— O_Hz +e (17) (PKrecle] + (kopoop+ kOpOOO)[O_HZ]
+(k1pdod + klpdpo + klpdop + klpdoo)[H D]
{+p-H > p-H; +€ (18)  +keo[CO] + knz[N2] + Kgra[gr 1) [p—H3]nw, (28)
and H, rapidly reacts with anotherzo form Hj butthe branch-  The N, abundance has been solved numerically to obtain the
ing ratios between dierent combinations of spin states are norgbserved MH* abundance. Electronic abundance is adjusted to
trivial (Dkd R0OH) : reach equilibrium.

In our steady-state model, the idrthgpara ratio, the aver-
age grain radius and the cosmic ionization gagee the varying

p—H; + p—H — p—H; + H (19)  input parameters. Within each layer of the PSC model (Tﬂ})le 2
these parameters are adjusted to match the following:
p_|_|;2+ +0-H, — p—Hér +H 2/3 (20) — the H density
—o-Hy+H 1/3 — the NbD*/N,H* ratio at 7K
— the observ_ed_ortho—jﬂ)* column density _
0—H; +p-Hp > p-H, +H 2/3 QL - the upper limit on the p—H* column density
—»o-H;+H 1/3 Although the full range of grain sizes and ortho—to—pasaédi

tios have been explored for each Hensity, we have not al-
lowed solutions in which, for example, the grain size woudd o
O—H;+o-Hp > p-H;+H 1/3 (22) cillate from one layer to the next. Wg have s?earched for Emiat
—o-Hy;+H 2/3 throughoutthe layers in twofierent scenarios : (i) the grain size
and the ortho-to-para ratio were both kept constant; oith#)
These are dierent from those advocated by FPdFW who toograin size was allowed to increase and the ortho—to—paraH
branching ratios of /2 for both species. The orthotHorma- tjo to decrease with the Hiensity. In both scenarioswas kept
tion rate from cosmic ray ionizatiork, is therefore the sum of ¢gnstant throughout the layers. We neglected detailedioeac

several terms: with D, as|Flower et g1.[(2004) have shown that its role is neg-
B . . ligible in general and we have kept the HD abundance constant
Ker—o = 0.96(1/3[p—Hy][0-Hy] + 1/3[0—+p][p-Hy] + which is generally a good approximation.

2/3[o—Hg][o-H3]) (23)

The production rate for ortho-}tan be expressed as (including3.6. Time-dependent chemistry
only the main reactions. The rates are listed in TEbI A.1): In a second step, we have constructed a pseudo time-degenden

Ker—of + K-Loood 0—Hz2][0—H2D* Nk, + (KOpoop + model based on NAHOON, a chemical model, a version of
KO ' Oi[ —H*??S{H ]r?][ N ki z{l'TD][ (_;2;;)] (24) which has been made publicly available by V. Wakelakve
pood P~ 21T, pdo P=F3lNk, have modified this model in two ways : 1) we have replaced

which represent respectively the formation from cosmic re/ectron (resp. ion) reactions with neutral (resp. chargeains
ionization, backward destruction of ortho Bt with ortho—+, s provided in the Ohio State University (OSU) reaction file-(
spin conversion of para-Hwith ortho—H and finally, spin con- livered with NAHOON) by the set of equations described above
version of para—iwith HD. (Sect[3} anfi 35), which we have directly included in the pr

The destruction rate for ortho-¢Htan be expressed as (in-9ram, to take into account Coulomb focusing; 2) we have in-
cluding only the main reactions) : cluded the formation of HD and Don grain surfaces and we

have introduced the spin state of Hnd D, with the usual as-

(0krec[€7] + (KOgopp + KOoopo)[0—H2] sumption that they are formed with the statistical oftawa spin
K1 K1 K1 K1 HD state ratio of 3 and 2 respectively. We have used the formatio

+ Odpd; odpo+ K odop OdOO)E ] rate provided in the OSU reaction filex5.01" cm®st) for
+keo[COJ + knz2[N2] + Kgra[gr-D)0-Hz]n, (25)  the formation of molecular hydrogen. Because grains are cov

ered by ice in the environments concerned here, we consider
that the only interaction between the atoms and the surface i
physisorption. In this case, the formation rates of HD and D
(in cm® s71) is half for HD and 16 times lower for B with
respect to H formation (as dicussed ip Lipshtat ef gl. 20004).
In environments where grains are not covered by icy mantles,
on the other hand, one would have to consider chemisorption,

which respectively represents its destruction by dissiveiae-
combination with electrons, spin conversion with orthg-gpin
conversion and deuteration with HD, proton transfer reacti
with CO and N and dissociative recombination on grains.

Similarly, the para—gi formation from cosmic ray ionization
can be expressed as:

Ker-p = 0.96([p—Hb][p-H;] + 2/3[p—Hel[o-H3] + 2 httpy//www.obs.u-bordeaux1/fadigVWakelanfValentine%20
2/3[o—H,][p—H3] + 1/3[o—H][0-H3]) (26) WakelaniDownloads.html
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which strongly changes thefiencies of the formation of HD 3.7.2. HJ isotopologue dissociative recombination rates

and Dy (Cazaux et g|. 2008) We have reduced the set of species .. . L G

and reactions to our needs, limiting ourselves to the mosbim € dlssouatlvga rec:)rlrlwblr;atlont(r]DR) r?te of Hb dlﬂ‘icultbto

tant reactions (see below) butfidirentiating all ortho and parameasureteTpigmjn ally. since tte eatr yhmeasuremend )e-gd-
(plus meta—D) species as independent species and including éﬁwdu ), numd%sa?ml Sg;ge;: een m% €andare
the detailed rates between the trihydrogen cation and dilgyh summarized in two papers ( ates gial. , Fonseca dossSant
isotopologues (see Se7.1) including spin state ceiores. et al.|200[). In parallel,_theoretlcal work has also beerhiped
However we have included more reactions than in the stead{/th the_ latest one published by Fonseca dos Santo Bt al{(20
state model, taking into account reactions with B3, He', etc. xtending upon that work, we present here, in Tablg B.1, the

; : HZ updated DR ratd (Fonseca dos Santos|¢t al.|2007) along with
Il h hip he HD 3 )
and allowing the orthfpara b ratio and the abundance toneWIy calculated KD7, D,H, and D, DR rates (see appendix B

vary- . ] o for more details). These calculations do not predict thadiang
The main path to convert orthoHhto para—H is via the atio of the DR products. We have thus adopted the branching
reaction ratios published elsewherf (Datz e} [al. 1905h.b, Strassalf e
P004,[Zhaunerchyk et HI. 2408) which we have applied to the
0+ H" — p—Hy + H* (29) calculated rates. The resulting DR rates at 7 K are listecbieT

A.7. several remarkableffects at low temperature are visible

which proceeds seven orders of magnitude faster at 7 K thean {ﬁee F'QE'EA) :

reverse reaction. — the strong departure of the orthoj-#R rate from that of

para—H. The diference is a factor of 10 at 10 K.

— D,H* shows a large DR rate drop, by a factor of 10 at 10 K
for both ortho and para species compared to the extrapolated
value used by FPdFW.

— On the contrary, a large increase of thg DR rate is pre-

3.7. Rate coefficients

Many groups have made available gas-phase ratdficoe
cients. The University of Manchester Institute of Scienod a . .
Technology (UMIST) Database for Astrochemistry contams i Q|cted to occur but mostly at temperatures where deuteratio
formation on 4500 reactions of which 35% have been measured IS |0W and therefore the consequences fgrabundance are
experimentally, some at temperatures down to 20 K (Woodall mited.

et al.[200]). The OSU group provides approximately the same

database but focuses more on low temperature chemistry. Weresults and discussion

accordingly use in our modeling some of the reactions inahe |

ter (with the most recent version OSU2007), considerinddive 4.1. H,D* linewidth

temperatures found in L183. Apart from the rates presented . . )
low, all reaction rates involving deuterium have been tdkem i order o ft the observed ortho-B" line profiles, we run the

FPAFW (except recombination on grains for which we have usifPnte Carlo model using the "best model” velocity, densitgda

: L i ; : temperature profiles derived from thef* and N\D* data ana-
different sticking probabilities). We disregard the odd bramgh . I—H ; .
ratio of N,H* dissociative recombination reported by Geppert &f2€d injPagani et I[(20p7). However, the linewidth for tive

al. [200k) to consider a single possibility, namely theriion >° ON9er spectra {fets (0,0) and (150), Fig.[3) is too wide to

— be reproduced with the same micro—turbulent width which we
of dinitrogen [MllZ_O(IW)- have used for BH* (Avym(FWHM) ~ 0.14 kms?). Indeed, the

central spectrum linewidth measured by fitting a Gaussielayi
0.45 (0.03) km s. The thermal contribution is

3.7.1. Hj + Hy isotopologue reaction rates

Phase space theory (PST) was used to derive thermal state-to ,,, FWHM) = 2.336 k_T — 028 km st 30
state rate ca@icients for the whole Bl + H, — H + Hp sys- thern ) =2:336x Vm (30)

tem and isotopic variants in the temperature range 5-50I6. Th o S
statistical method accounts for such quantities as massggn at 7 l} ;Vg'c.h |mpl)l|es thﬁﬂvt}”b(FVYHm) cck)rjtrlgutg)nl Is 0.35
rotational angular momentum, nuclear spin symmetry anig th&M S s 2- tldn:]e_s zra]rgert an foer;I f erekis the otzgmlmn
respective conservation laws. The ergodic hypothesistwikia constant andn is the mass of ED". If we Jlrmpose a turbulent
requisite for PST as well as the full-scrambling hypotheses velocity S'(T':?r to E)he_one r?]odeI%d fl‘.JrZN ' ”}gnbthiéﬁmpher'h .

; ; to obtain such a wide line would be which is
assumed according to the topology of the PES (Yamaguchi®d{'e neede ! .
al. [1987,| Xie et dIf 2005). Reactant (product) trajectodes completely ruled out by pH* observat|on07).
treated with the classical Langevin model. The resultirtge Infall motion limited to the inner core could have explairtad

+ 1 H +
state-to-state rate cfigients deviates from the detailed balanc;EzD W.'gth i n%_HZI(Dj sf![ohectlrum ottjherl t?.an th:Nce%t]r_al_onethad
principle by a few percent at worst and is consistent with-th €en wide combinéd with a largeé depietion GirN. 11IS 1S no

modynamical equilibrium constants. Details will be givenai POSSible because the;B" spectrum at (15,0) has the largest
forth)éoming put?lication (Hugo et al., in prep.) 9 width (0.49+0.03 km s?) in a region where BH* is hardly

i . depleted. This remains therefore a pending problem.
In the present astrochemical model, nuclear spin statéeof t

different molecules are treated as distinct species but thair ro

tional states are not considered individually. We thus ntade 4.2. NoH" deuteration
assumption that only the rotational ground states of eacleau
spin species were populated and used the ground statettesp
thermal rate coicients obtained by summing ground state-toAle next discuss the main parameters that control thd*N
state thermal rate céiecients over the product channels. deuteration using the steady-state chemical model.

4.2.1. Requested conditions
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Fig.5. No,D*/N,H* ratio as a function of the orthpara H ratio for all possible electronic abundances and total etepi (the
steady-state chemical model). The lower row correspondseialensest part of the PSC (njH= 2 x 10° cm™3) and the two
horizontal dashed lines the measured range of gig"\N,H* ratio while the upper row corresponds to the external patePSC
(n(H2) = 7 x 10* cm~3) with the dashed line representing thegN/N,H* ratio upper limit. The three columns represeriatient/
values as indicated abov& (= 1 x 10717 s) . The large arrow indicates the direction of increasingtetsic abundance
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Fig. 6. Same as FidJS but with a @B, abundance of 10 in the outer layer (n() = 7 x 10* cm™3) and 10° in the inner layer
(n(H2) = 2 x 10°%cm™°)

The models have been run for a temperature of 7 K which As discussed above, the abundance of orthasthe main
prevails in all the layers where J®* has been detected in thecontrolling factor of the trihydrogen cation isotopologaieun-
PSC cut presented n Pagani e} &l. (2007). We have also dances and therefore of the/N,H* ratio (and similarly of
the models for the corresponding densitgHN abundance and the DCO/HCO" ratio, see e.d. Maret & Bergin 2007). We have
N.D*/NoH* ratio of each layer (the parameters are listed itherefore explored the range of possible solutions for the o
TabIeB). tho/para H ratio in the two extreme layers of our core profile
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(n(Hp) = 7 x 10* cm2 and 2x 10°cm3) for which we have a  We have therefore run the modified Nahoon model to search
N,D*/N,H"* ratio of <0.03 and 0.7 0.15 respectively (Fi%S). for a simultaneous solution for all layers which would get th
We have done this for three cosmic ray ionization rates{10 necessary orthipara H gradient across the PSC to achieve both
10716, and 10%° s71) covering the values generally discussed ithe observed pbD*/N,H* ratio and ortho—BHD* abundance pro-
the literature (e.gl Maret & Berdih 2007) and for all possiblfiles. In this model, we have no direct measurement of the CO
electronic abundances (or average grain sizes as theyh&eglli abundance but for the credibility of the model, we have set th
via the abundance of Hwhich is mostly controlled by the grain CO abundance to 18in the outer layer and increased the deple-
surface area). In this first run, we have simulated totaletepi tion to reach a factor of 100 (i.e. a CO abundance of)Lih the

by adjusting the CO and Nabundanc&to 10°8. We have also core. The results are presented in FE;S. E] & 8. We have sahrche
indicated the range of AD*/N,H* ratio measured in both lay- for a solution where each modeled layer meets the two obser-
ers. The average grain radius has been varied from@®10 vational constraints (PD*/N,H* ratio and ortho—KED* abun-

5 um and electronic abundance from1bto 10°® which cover dance) at the same time, but these solutions are not sineolisn
the usually accepted values. We can see th&t'fN,H* ratios between the dierent layers. We varied the average grain radius
above 100 are possible in dense gas though they requireovery hnd the cosmic ray ionization ratg&, We could find solutions
electronic abundances and therefore very small grainshwrie  for grains of average radius 0.025 to @u® . No solution has
probably absent from these dense and cold regions due to gtzen found for grains above Qudn. Figs.|]7 &@ show the case
coagulation (see e.p. Stepnik effal. 2003). for which the grain average radius is Qufh andZ = 2 x 107/

In the lower density outer layer where nelX" has been de- sL In this case, the time range inside which all layers meet the
tected, the orthpara H ratio must be high enough, i.e. abovéequested conditions is 0.6 to 1x710° years. Figurd]8 shows
~0.01, to prevent any deuteration from occuring whatever th@w the orthgpara b ratio evolves for 3 selected layers. We
cosmic ray ionization rate. On the contrary, the densengtyo have marked the appropriate time which is the solqtlon fohea
deuterated layer has solutions only below a maximum ¢gptira.  Of these layers as established from flg. 7. In that figure, ave ¢
H., ratio of 0.01 (or lower for higlt rates). Thus the orthpara See that the fp H; ratio is below 0.01 for the dense layers and
H, ratio across the PSC clearly must vary from above 0.01 $§ll above 0.01 for the outer layer for which neBf" has been
below 0.01. In the case of low cosmic ray ionization rates¥10 detected, as expected from the steady-state model. We s@n al
s 1), though the orthfpara H ratio of 0.01 seems to be a com-S€e that the full fp H, relaxation has not yet occurred even for_
mon solution for both layers, it requires a high electroriora  the densest part of the cloud. Smaller grains have a larger in
dance (and large grains) in the outer layer and a low eleictroferacting surface and therefore lower the abundancedbhis
abundance (and small grains) in the inner dense part. ThigMBich preferentially recombine on negatively chargedrsgor
clearly improbable. The temperature being low enough ithall PAHS"), consequently slowing down the dominant orthe-rét
layers, warm layers (above 20 K) cannot be invoked insteadaxation reaction (ed. £9). Though smaller grains also ynzp!

a high orthgpara H ratio to limit the deuteration in the outerlower electronic density, therefore favouring a highertdear
parts of the PSC. CO total depletion is however questioraide tion of N;H* as shown in Fig[]5, the slower disappearance of
in the model we also used a CO depletion factor of 10 (abu@ttho—his the dominant process here and finally, smaller grains
dance of 16°) in the outer layer and a CO depletion factor oflow down the deuteration process. For grains of averagesad
100 (abundance of 18) in the inner layer (Fig[]6). This only 0-025um, the range of ages matching the range gfilyN,D*
limits the maximum |\§D+/N2HJr ratio which decreases by OnQObserve_d ratios Is 27—3}8105 years, while for grains of aver-
order of magnitude. Indeed, the destruction gftyy CO domi- age radius 0.m, the time range is only 3.8-7:210" years.
nates over recombination with electrons when their abucelarFigure[$ suggests that,Bhould become a sizeable fraction of
is very low and vice versa. However, the conditions to rea@vailable deuterium a short while after the present statsi-(t
the observed BD*/N,H* ratio remain unchanged and thereforéally 2-3x 10° years) and that HD correspondingly should drop
only a variable orthgpara H, ratio can be invokedSuch a vari- slightly.
able orthgpara H ratio cannot be investigated with a steady-
state model because in all layers, the orthgablundance would
eventually decrease to values about of*£1.0* as discussed by
FPAFW. Though it is normal that dense layers evolve faster than less
dense ones, at least to account for fiedential orthgpara H
ratio, the layers are evolving too fast in our model. The dens

4.2.2. The ortho/para Hy variation est layers would have reached their present status 2 to 3 time
. I . faster than the outer, less dense layers. This could belpessi
We discuss here th_e possibilities of making the oftiaca H only if the denser layers had reacheyd their steady-staﬁda'tfllba-?qu
ratio vary across a single PSC. _ rium. This is not the case here where the densest layer would

_ Itis commonly accepted thatzHs formed on grain surfacesreach its steady-state equilibrium only aftex2.0° years and
with an orthgpara ratio of 3 because of spin statistics and thgis would imply a ND*/N,H* ratio of 6, almost an order of
exothermicity of the reaction H H — H,. Subsequently, the magnitude higher than observed. The most probable reason fo
ortho—h is converted into para—Hollowing equatior{ 20 and to this time discrepancy is that the core has undergone a entra
a lesser extent with reactions involving ldnd its isotopologues. tion and therefore all layers were not so dense in the pasteWh
As already discussed by FPAFW, this conversion is slow asd lige outer layers have only little evolved in density (the treos
probably not reached steady state in clouds with ages betwesrnal one probably started at 0.5<1.0* cm 3 to reach 7x 10
10° and 16 years. cm~3 today), the inner ones have undergone a much greater den-
sity increase. As constant density through the core would gi

3 Here, we look for general solutions of theM/N,H* ratio as a no chemical dferentiation while a time-frozen denSity prOﬁle
function of several parameters, we thus do not try to fit theabun- as measured here gives too muchatientiation, the solution is
dance to obtain the observedhi abundance in between the two. Starting from a uniform gas, the chemical

4.3. Age of the core and collapse
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differential evolution of the core should therefore help us te co4.4. Para-D,H*

strain the duration of the contraction and the type of catia.

Of course the model should also include the evolution ofeleptt 7 K, the strongest possible line intensity (LTE case) foe t

tion which also plays a role in the acceleration of the preces ground transition of para—i* is below 0.3 K because of the
Rayleigh-Jeans correction at 691 GHz which becomes large.

Moreover the thermalization of the line isfii¢ult to obtain in

As the core must have started to contract from a lower deffiiS source beyond the radius of 3000 A.U. because the PSC
sity region, typically 16 cm3, it is clear that all layers have 4€nSity df3°ps below the para,B-critical density (Bt = 4.9
accelerated their chemical evolution while their densiggin- < 10° cm) and a_sllght drop of the excitation temperature turns
creasing. Therefore, the layer with the longest time tohiehe into an exponential decrease of the brightness temperdtare
observed ND*/N,H" ratio gives a lower limit to the age of the Tex = 6 K, Toright < 0.13 K. Therefore searches for pargtD
cloud. Depending on the exact average size of the grairs, tflust réach very low noise levels to have a chance of detection
lower limit is 1.5-2x 1C° years here. It is even larger becausE"0™M the models we present here, we predict an integrated lin
before the cloud underwent contraction, depletion had ot yntensity of 11 mK ks (34 mK peak) with the Monte Carlo
occured and therefore species like atomic sulfur, S, mus han©del, and an upper limit of 16 mK kis1(48 mK peak) in the
been present in quantities large enough to transfer notiale- ©25€ of LTE. This is a factor of 3 to 4 below the upper limit we
tities of electric charges fromHto S (H* + S— H + S*) and OPtained from the observations.
PAHs must have also been abundant enough to help destroy H
ions [quglam & HerbHt 2008). All these phenomena_ conteibug 5 The chemical profile
to the diminution of the Hlabundance, therefore slowing down
the ortho—H relaxation process. Indedd, Flower e} &l. (2Q06l5inally, we obtain a detailed profile of the PSC which we pnése
show that the relaxation process in some cases taked@ in Fig.[9. It represents the solution for the model we presgnt
years, typically 50 times slower than in the case presergeel hin Figs. &@ taking for each layer the values at their respec-
(and 15 times slower for similar conditions of grain size ang- tive best-fit time. The large variation of the ortho;-Bpecies
mic ray ionization rate but without depletion in their case) across the core (a factor of 15) make$ Change by an even
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larger amount (2 orders of magnitude) but it does not becorimg the estimate df Flower etfal. (2006b). However, this dejse
the most abundant trinydrogen cation isotopologue in thre covery much upon several factors, for example the C:O elerhenta
center at this stage because the orthoaHundance is not yet abundance ratio. Consequently this information is onlydad
low enough. In the present case, for a density of 20° cm™3,  tive.

the inversion betweenHand D} occurs when the abundance of  Though our model does not deal with the nitrogen chemistry,
ortho-H, drops below 3« 103, it seems to indicate that low abundances efd¥e stficient to

The orthgpara H ratio in the outer layer is 0.04 (as expecteéxplain the observed W™ abundance and therefore, the die-
from Fig.[$ which indicates a lower limit of 0.01). As discads pletion seems not to be a critical factor as long as CO is a@so d
above, the orthfpara H ratio evolution speed is linked to den-pleted. The much debated contradiction between the presgnc
sity and grain size, both of which are lower outside the P8C, NoH* in depleted cores while Nshould deplete like CO would
its embedding parental cloud. We can thus expect this mtiet thus be a false problem. Low CO and electronic abundances,
at least 0.05 and probably above 0.1 in the envelope of thelclolimiting the destruction rate of pH*, seem to be dficient to

N2 is an input parameter in our model because we have f¥mPensate for the Niepletion itself to a large extent. Finally,
included all the nitrogen chemistry. As reactions witf) ido- N the inner core, Nand NbH™ (+ NoD*) follow a similar de-
topologues are the main path to destroy this molecule (Fletve creaflng trend, suggesting that Nepletion eventually forces
al.]2006p), we do not introduce a large error in determintag iN2H" t0 decrease.
abundance directly from the,N* abundance itself and obtaina  While ortho—HD™* is 83 K above the para ground state, it
N, profile which is probably closer to reality than if we had leis more abundant all over the core profile by almost an order
the whole N-chemistry freely establish its abundance beeawf magnitude whereas the thermal equilibrium ratio would be
of too many unknowns. The abundance profile thus starts at brfhgpara BD* ~ 2 x 10°° at 7 K. This demonstrates the ef-
x 1077 with respect to H in the low density layer to diminish ficiency of the ortho—k in converting para—kD* into ortho—
to 3 x 1078 in the densest layer. The undepletegdbundance H,D*and therefore limits the total abundance offH, as the
after attaining the steady state<8 x 10-° (Flower et a|[2006b) backward channel to Hremains open even at 7 K. This or-
but this is reached only after 5 x 1P years. As depletion of thg/para population inversion does not occur fofHY as the
N2 in the outer layer is possibly still small, we can concluda thspecies needed to perform this inversion is no longer oklho—
N> has not yet reached its steady state abundance which putbainthe much rarer ortho—=DTherefore, the para—Bl* remains
upper limit on the age of the cloud of abouk1L0° years follow- the least abundant of the two spin state species which, cadbi
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Appendix A: The reaction rate table used in the Nahoon modifie d chemical model

Reaction Rate a Reference
cm st
H* + o-H > H* ¥ p-h 22100 1)
p—H; + o0-Hp — p—H; + p-H 3.31010 (2)
- 0—Hj + pH kOpoop 3.91010 2
— o—-Hj + 0-Hp KOpooo 7.81012 (2)
0—H} + o-H - p-H; + p-H kOoopp 1.01010 )
— p—H; + o0-Hp KOoopo 4.11010 (2)
— o—-Hj + p—H KOoo0p 1.0101° (2)
p—H; + HD - o—Hj + HD K1pdod 8.21013 (2)
- p-H.D* + p—H KLpdpp 3.21010 (2)
— p-H.D* + o—H; K1pdpo 4.31010 (2)
- o—-H,D* + p—Hg klpdop 6.81010 (2)
N o—-H,D* + o-Hp k1pdoo 1.6101 2)
o-H; + HD > p—H:D*  + o-H, kLodpo 1.7 1010 2)
N p—H; + HD kLodpd 435101 2)
N o-H,D* + p-H, k1odop 2.31010 )
— o—-H,D* + o-H, k1odoo 1.010° (2)
p—HgDJr + o0—Hp e O—HgDJr + p—Hg 1.3 109 (2)
N p—H} + HD K-Lpopd 3.9104 2)
— o—-H,D* + o-H; 2.0101 (2)
o-H,D* + o-H, > p—H; + HD K_Loopd 7.7101 2)
— o0—Hj + HD K_1o00d 8.3104 (2)
- p—H.D*  + p-Ho 9.210 )
— p-H.D* + o—H; 1.810710 (2)
— o—-H,D* + p-H; 2.351010 (2)
o—-H,D* + p-H; — p-H.D* + o—H; 42101 (2)
o—HD* + HD N p—H; + o-D, 1.210% 2)
— p-H,D* + HD 54104 (2)
— p-DoHY  + p—H 7.3101 (2)
— p-DHY + o—H; 3.81010 (2)
- o-D,H* + p-H 1.81010 )
— o-DH" + o-Hp 6.8101° (2)
p-H,D* + HD — p-DoHY  + p—H 481010 (2)
— p-DoHY  + o—H; 211012 (2)
> o-D:H* + p-Hs 751010 2)
— o-D)H* + o-H, 2.31010 (2)
p-DoHY  + o—H; — p-H.D* + HD 31104 (2)
— p-DoHY  + p—H 3.31010 (2)
> o—HD* + HD 1.21013 2)
o-DH* + o-H, N p—H,D* + HD 3.81012 2)
N o-DH* + p-Hs 4.45 1010 2)
p-D,H* + HD N p—HbD*  + 0-D, 2.8101 2)
N o-D,H* + HD 9.1101 2)
- p-Dj + p-H 3.310% )
- p-Dj + o-H 9.75 101! 2
— m-Df + p—H 2.61010 (2)
— m-D} + o0-H, 7.81010 (2)
o-D,H* + HD — m-Df + p—H 1.6 1010 (2)
— m-D} + o0-H, 451010 (2)
— 0-Dj + p—H 1.91010 (2)
- 0-Dj + o-Hp 471010 )
— p-D.H* + HD 9.910% (2)
m-Di + ot N o-D,H* + HD 1.3101 2)
— p-D.H* + HD 1.910% (2)
o-Df + o0-Hp — o-D,H* + HD 44101 (2)
p-Dj + o0-H - p-D:H* + HD 261013 )
p— + HD N m-Di + HD 7.751010 2)
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Reaction Rate a Reference
cmist
mD;  + HD > oD + HD 25100 (2
- p-Dj + HD 9.51012 2
o-D; + HD —~ mD; + HD 84510  (2)
o-H + oD, —>  o-HD* + HD 2.110°%° )
> oDH' + o-Hp 1.310° )
o-H  + p-D, - o-H,D* + HD 5.0 1020 )
=~ pDH' + o-H 9.7 1010 @)
p-H, + oD, —  p-HD* + HD 1.6 1010 )
~  o-HD* + HD 1.4 10°%0 )
5 oDH' + p-He 59510 (2
> oDH' + o-Hp 6.2 1010 @)
p—H; + p-D - p-H,D* + HD 2551010 ()
>  o-HD* + HD 345100 (2
=~ pDH' + p-Ho 4.0 1010 )
> pDH' + o-Hp 4.9 10710 )
o-HD* + o0-D, N p-DH* + HD 1.7 1010 )
= o-D,H* + HD 3.91010 )
S mD} + oH 3.21010 @)
- 0-Dj + o-H 5.3101° 2
o-H,D* + p-D, N o-H,D* + o-D, 48104 2
~  pDH* + HD 4.110°%° @)
N o-D,H* + HD 3.6 10°10 )
- p-Dj + o-Hp 6.110% )
> mD; + oH 505100 (2
p-H,D* + o0-D» N p-DH* + HD 1.2 1010 )
~  0DH* + HD 2.7 1010 @)
S mD} + p-Hs 4.31010 @)
- 0-Dj + pH 5.8101° 2
p-H.D*  + p-D» - p—H.D* + o-D» 6.55 101! )
- p—-DH* + HD 411010 )
N o-D,H* + HD 2.81010 )
> pDf  + p-Hs 6.9 1011 )
- m-Dj + p-H 5.8101° 2
o-DH* + oD, —  pDH + oD 3.8510% (2
- m-Dj + HD 5.7101° 2
~ oD + HD 6.4 1010 )
o-D,H* + p-D, - p-DH  + p-D, 2.110% )
- p-DoHt* + o-D» 1.6101° 2
> 0DH' + oD 8.8 101 @)
~  p-D + HD 8.4 101 @)
- m-Dj + HD 6.4 1010 2
~ oD + HD 3.51010 )
p—-DH*  + o-D; - o-D,H" + p-D» 5010% )
> oDH' + oD 3.7101 )
~  p-D + HD 7.7 101 )
- m-Dj + HD 8.6 1010 2
- 0-Dj + HD 3.0510%° (2)
p-DH* + p-D, —  pDH + oD, 3.7101% )
> 0DH' + p-D 20101 )
- o-DbH* + o-D, 8.5101 2
= p-Di  + HD 1.15 1010 )
~  mD} + HD 9.5 100 )
m-Dj + oD - p-Dj + oD 8.6 1012 2
- m-Dj + p-D 1.710% )
- oD + pD, 1.210%2 @)
- 0-Dj + oD 3.0101° 2
m-Dj + p-D - p-Dj + p-D 5910% )
-~  pD + oD, 4.7 101 )



L. Pagani et al.: Chemical modeling of L183 (134N): an estimate of the ortfgara H ratio, Online Material p 3

Reaction Rate a Reference
cm st
= m-Dj + o-D 6.110%0 2)
- 0-Dj + p-D 47104 )
- o-Dj + o-D 51104 )
oD} + o-D - m-D} + oD 1.01012 )
- 0-Dj + p-D 1.15107%° )
o-Dj + p-D - p-Dj + o-D 9.210% )
- m-Dj + p-D 1.61013 )
- m-D} + o-D 571010 )
- 0-Dj + oD 1.6 1012 2
p-Dj + o-D - m-Dj + p-D 2810 (2)
- m-D} + o-D 7.010%0 )
- 0-Dj + p-D 1.7101 )
p-Dj + p-D - m-Dj + p-D 481010 )
- m-D} + oD 441010 (2)
o-Hj + CO - HCO" + o-H, kco 1.6 10° (3)
p—H; + CO - HCO* + p-H 1/2 kco 8.1101° (3)
- HCO" + o-H, 1/2 kco 8.1101° (3)
o-H,D* + CO - HCO" + HD 2/3 kot 9.4101° (3)
- DCO* + o-H, 1/3 ko 4.7 1010 (3)
p—H.D* + CO - HCO* + HD 2/3 k:co 9.4 1012 (3)
- DCO" + p-H 1/3 ko 4.7 10 (3)
o-D,H* + CO - HCO" + o-D, 1/3 ko 431010 (3)
) - DCO* + HD 2/3 ko 8.6 1012 (3)
p-D,H* + CO - HCO* + p-D, /3K, 4310 (3)
x s D b Lo &% uE 8
0-Df + — + 0— 260 .
m-D} + CO - DCO* + o-D, 1/2 kg, 6.0 1010 (3)
o - ch + p-D i/z A 6.0 10190 E3g
p-Dj + CO - DC + p-D ua 1.210 3
p-H; + N - NoH* + 0-H 1/2 kn, 8.51010 (3)
- NoH* + p-Ho 1/2 Ky, 8.5101° (3)
o—H: + N - NoH* + 0-H KN, 1.710° (3)
o-H,D* + N - NoH* + HD 23k, 1.010° (3)
- N,D* + 0-H, 13k, 5.0101° (3)
p-H:D*  + Ny - NoH* + HD 23Kk, 1.010° (3)
- N,D* + p-Ho 13k, 5.0101° (3)
o-DH* + N, - NoH* + p-D 13 kY, 451010 (3)
- N,D* + HD 23Ky, 9.110%0 (3)
p-D:HY  + N - NoH* + p-D 13 kY, 451010 (3)
- N,D* + HD 2/3 Ky, 9.110%0 (3)
o-Dj + N - N,D* + o-D ki, 1.310° (3)
m-Dj + N, - N,D* + o-D Y2k, 6.31010 (3)
- N,D* + p-D 2k, 6.3101° (3)
p-Dj + Ny - N,D* + p-D kg, 1.310° (3)
H* + € d H Krec 4.9 10" (3)
o-Hj + e - H + H + H  3/40-kKea 3.6108 (4,5)
- o0-H, + H 1/4 0—kect 1.2108 (4,5)
p—Hs*  + & - H + H + H 34 p-kea 5.6 107 (4,5)
- p—H, + H 1/8 p—kect 9.410°8 (4,5)
- o0-H, + H 1/8 p—kect 9.410°8 (4,5)
o—HD* + e - H + H + D 340kKee 2.6107 (4,6)
- o0-H, + D ~0.07 0-kez 2.510°8 (4,6)
- HD + D ~0.18 0-ker 6.2510°8 (4,6)
p—-HD* + e - H + H + D 34pkee 1.8107 (4,6)
- p—H, + D ~0.07 p—~Hee 1.7 10°% (4,6)

! ki and K, indicate that the o and ky, rates have been corrected for the higher reduced mass ofsfegrsbecause of the presence gbH
instead of H. Similarly, K’ and K” are given for QH* and D, isotopologues.
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- HD + D ~0.18 p—Hee 4.310° (4,6)
o-DH* + € — H + D + D ~0.77 0-kees 4.310°8 4,7)
~  HD + D ~0.13 0-keg  7.310° (4,7)
N o-D, + H ~0.10 0—kees 5.6 10° (4,7)
p-DH* + e - H + D + D ~0.77pke 4.6108 4,7)
- HD + D ~0.13 p-hees  7.810° (4,7)
- p-D, + H ~0.10 p—Hes  6.010° 4,7
o-Dy* + € ~ D + D + D 34 0-kex 1.8107 (4,8)
- o-D, + D 1/4 0—Keot 6.110°8 (4,8)
p-Ds* + e - D + D + D 34 p—Ken 1.5107 (4,8)
- p-D, + D 1/4 p—kecs 5.0108 (4,8)
m-Ds* + e ~ D + D + D  34m-ken  3.6107 (4,8)
- o-D, + D 1/8 M—kes 6.0108 (4,8)
- p-D, + D 1/8 M—kes 6.0108 (4,8)
NoH* + e - H + N Kn,H 6.8107 9)
N,D*  + e ~ D + Ny Kn,o- 6.8 107 9)
HCO" + € - H + CO Kico 3.210° (2)
DCO* + e ~ D + CO Kocor 3.210° )
gr° + e - gr Ke 3.710°3 4)
H* + gr - H + g Kgr 6.0 10 4)
HD* + gr - H + D + g 2/3kgn 2.310% 4)
~  HD + g 1/3 kg1 1.210% (4)
o-D;  + gr ~ D + D + g0 23Ky 2.0 10 ()
- o-D, + g 1/3 Kgr2 1.0 10 (4)
p-Dj + gr - D + D + g0 23Ky 2.010% 4)
= p-D, + g 1/3 Kgr2 1.0 10 (4)
He* + gr - He + gr 3.010* 4)
p—Hj + gr - p-Ho + H + g0 1/6 kys 5.810° 4)
- 0-H, + H + g0 1/6Kys 5.810° (4)
~  3H + g 4+ 2/3 Kgr 2.310* (4)
o—H} + gr - 0-Hy + H + g 1/3Kkgs 1.210% 4)
~  3H + g 4+ 2/3 Kgr 2.310* (4)
p—HD* + gr - p-Hs + D + g 1/6kga 5.010° 4)
N HD + H + g 1/3kg4 1.0 10 (4)
- 2H + D +oo0 12Ky 1.510% (4)
o-HD* + gr - 2H + D +o00 12Ky 1.510% ()
- 0-H, + D + g 1/6 kg 5.0 10° (4)
N HD + H + g 1/3kgy 1.0 10 (4)
o-D,H* + gr - 2D + H + 00 12 ks 1.310% ()
- o-D, + H + g0 1/6Kkgs 4.410° ()
~  HD + D + g 1/3Kgs 8.910° (4)
p—-DH*  + gr - p-D, + H + g0 1/6 kys 4.410° 4)
~  HD + D + g0 1/3Kys 8.910° ()
- 2D + H + 00 12 ks 1.310% ()
oD} + gr - 3D + g 2/3 Kgr6 1.6 10% 4)
- o-D» + D + g0 1/3Kkye 8.110° 4)
m-Dj + gr - 3D + gf 2/3 Kgr6 1.210% 4)
- o-D, + D + g0 1/6 Kye 4.110°% (4)
= p-D, + D + g0 1/6 Kye 4.110% (4)
p-Dj + gr - 3D + gnr 2/3 Kgr6 1.6 10 4)
N p-D, + D + g0 1/3Kge 8.110° ()
HCO* +  gr - H + CO + gro Kncor 1.110* (4)
DCO* + gr ~ D + CO + g° Koco 1.110% (4)
NoHY o+ gr ~ H + N2+ 00 K 1.110* (4)
N.D*  + gr N D + N+ 90 Kuo 1.110% (4)
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Reaction Rate a Reference
cmé st

Table A.1. Reactions used in the model. The ratefiiognts are given for 7K.
Reaction rates less than1®cm 3s* are not taken into account in our models.
Reference (1) corresponds|to Gelii¢h (1990), referengeg3p and (4) corre-
spond to E. Hugo, OSU 07, and this paper respectively. For @8Wranching
ratios involving spin states have been infered from quantuechanical rules.
For reactions involving grains, a grain radius of Qrih and a sticking cdécient
of 1 have been con&dered@%b 6) Datt|¢[L9954), (7)
Ehaunerchyk et AII 20])8) (8) Larsson gt pl. (1997)] (9)eMadt af. [207).
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Appendix B: On the rate coefficients for Dan and Aq, Ay, By, andB; for Cy,. We use the rigid rotor ap-
dissociation recombination of H ~ } and its proximation, i.e. the vibrational and rotational parts loé to-
isotopologues Fal wave function are calcu_lateql independently by diaganal

ing the corresponding Hamiltonians. In our approach, tha-ro

The dissociative recombination (DR) rate ffo@ents for ortho— tional wave functions must be obtained separately for tie io

and para—El have been published fy Fonseca dos Santog etarid for the neutral molecules. They are constructed irffardi

). Here, we present the results obtained for all foliisd-  ent way for theDs, andCy, cases. The rotational eigenstates

topologues. The DR rate cfiieients for diferent species of the and eigenenergies of th#y, molecules are symmetric top wave

nuclear spin are calculated using the approach descriteedén functions (see, for example Bunker & Jernsen 1998). They ean b

ries of papers devoted to DR theory for triatomic molecwasi obtained analytically if the rotational constants are knowhe

Sed Kokoouline & Greehé (2008p.b), Fonseca dos Santo etatational constants are obtained numerically from vibrl

2007) for H, and D} calculations and Kokoouline & Gregnewave functions, i.e. they are calculated separately fan géa-

2004,1200p) for HD* and D:H*. The scope of this paper doegional level of the target molecule. The rotational funotdor

not allow us to review the theoretical approach in detail.dMy theC,, ions are obtained numerically by diagonalizing the asym-

list its main ingredients. metric top Hamiltonian|(Bunker & Jensén 1998, Kokoouline &
The theoretical approach is fully quantum mechanical ar@greeng 20Q5).
incorporates no adjustable parameters. It reliealoimitio cal- Once the rovibrational wave functions are calculated, we

culations of potential surfaces for the ground electrotatesof construct the electron-ion scattering matr8¢ifatrix). TheS-
the H; ion and several excited states of the neutral molecyle Hnatrix is calculated in the framework of quantum defect theo
performed by Mistrik et g1.[(2001). (QDT) (see, for exampl¢, Chang & Faho 1972, Kokoouline &
The total wave function of the system is constructed tﬁreena) using the quantum defect parameters ob-
an appropriate symmetrization of products of vibrationala- tained from theab initio calculation [Mistrik et al{ 2001). The
tional, electronic, and nuclear spin factors. Therefareifaronic  constructed scattering matrix accounts for the Jahn-Tefllect
and nuclear spin degrees of freedom are explicitly takemdnt and is diagonal with respect to thefférent irreducible repre-
count. sentationd” and the total angular momentulh of the neutral
The electronic Born-Oppenheimer potentials for the foyir Hnolecule. Thus, the actual calculations are made sepgafatel
(and H) isotopologues have th@s, symmetry group. Th€;, eachl’ andN. Elements of the matrix describe the scattering am-
symmetry group has a two—dimensional irreducible reptasenplitudes for the change of the rovibrational state of thedtiar
tion E. The ion has a closed electronic shell. The lowest elea-collision with the electron. However, tf&matrix is not uni-
tronic state of the outer electron inzHhas p-wave character. tary due to the presence of the dissociative vibrationahobs
The p-wave state of the electron also belongs to Fneepre- (i.e. continuum vibrational states of the ion, discusseoveh
sentation. Due to the Jahn-Teller theorgm (Landau & Lifshitvhich are not explicitly listed in the computegtmatrix. The
p003), this leads to a strong non-adiabatic coupling betwiee "defect” from unitarity of each column of thiS-matrix is asso-
E-degenerate vibrational modes of the ion andgheave states ciated with the dissociation probability of the neutral smile
of the incident electron. The coupling is responsible ferfiist formed during the scattering process. The dissociatiobaiib-
DR rate [Kokoouline et g|. 20p1) inH In the present model, ity per collision is then used to calculate the DR crossisast
only thep-wave electronic states are included because other paird rate cofiicients.
tial waves have a much smallefect on the DR probability: the ~ The nuclear spin states are characterized by one oAthe
swave states have rie-type character and, therefore, are only,, or E irreducible representations of the symmetry gr&4p
weakly coupled to the dissociative electronic states gf ¢d  for Dz, molecules and by tha or B irreducible representations
wave electronic states are coupled to hibrational modes, of the symmetry groufs, for C, molecules. The irreducible
but the coupling is rather small because th@ave of the in- representatioti,s of a particular nuclear spin state determines
cident electron does not penetratdfimiently close to the ionic its statistical weight and is related to the total nuclean $pof
core owing to thel-wave centrifugal potential barrier. the state. Herd, is the vector sum of spinsof identical nuclei.
All three internal vibrational coordinates are taken inte a ~ For Hj, thel'ns = A; states &, andA] rovibrational states)
count. Vibrational dynamics of the ionic core are describgidg correspond td = 3/2 (ortho); thel'h,s = E states £’ andE”
the hyper-spherical coordinates, which represent the tikea- rovibrational states) correspondlte- 1/2 (para). The statistical
tional degrees of freedom by a hyperradius and two hypeeanglortho:para weights are 2 : 1.
The hyperradius is treated as a dissociation coordinatedpa For H,D*, thel'hs = A states B; andBsy rovibrational states)
resents uniformly the two possible DR channels, the thiahb correspond td = 1 (ortho); thel'ns = B states A; and A, rovi-
(such as HH+H) and two-body (such asHH). Although the brational states) correspond lto= 0 (para). The statistical or-
initial vibrational state of the ion is the ground stategafte- tho:para weights are 3 : 1.
combination with the electron, other vibrational statesthe For D,H*, thel'hs = A states Ay andA rovibrational states)
ionic target molecule can be populated. Therefore, in génercorrespond td = 0,2 (ortho); thel',s = B states B, and B,
many vibrational states have to be included in the treatnient rovibrational states) correspond to= 1 (para). The statistical
particular, the states of the vibrational continuum haveddn- ortho:para weights are 2 : 1.
cluded, because only such states can lead to the dissocadtio  Finally, for D, thel'ys = A; states A] andAY rovibrational
the neutral molecule. The vibrational states of the continare states) correspond to= 1, 3 (ortho); thel',s = A, states &, and
obtained using a complex absorbing potential placed atge la’\) rovibrational states) correspondite- O (para); thens = E
hyperradius to absorb the flux of the outgoing dissociatigeey states E’ and E” rovibrational states) correspond ko= 1,2
Since the rovibrational symmetry B, for H and O and  (meta). The statistical ortho:para:meta weights are 108.1 :
Cy for HoD* and DH*, the rovibrational functions are clas-  Figures [B.]L), [(B]2),[(B]3), and (B.4) summarize the ob-
sified according to the irreducible representations of threec  tained DR thermal rate cfiecients calculated separately for each
sponding symmetry groups, i.8], A7, A,, A7, E’, andE” for  nuclear spin species of the foug lisotopologues and the numer-
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Fig. B.1. Theoretical DR rate cdcients as functions of tem- Fig. B.3. Theoretical DR rate cdicients for the ortho— and
perature for the ortho— and para—species f Fhe figure also para—species of fH* as a function of temperature. The rate co-
shows the species-averaged ratefioient. For comparison, we efficient averaged over the two species and the analytical sxpre
show the rate cdicient obtained from measurements in theion used in earlier models are also shown.
TSR storage ring by Kreckel et|al. (2005) and the analytieal d

pendence for the céigcient used in earlier models of prestelle 10° ‘ T T
cores by FPdFW. Para, A rovib symmetries

Ortho, A rovib symmetries
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ol . il Fig. B.4. Theoretical DR rate cdgcients for the ortho—, para—,
10 100 1000 and meta-species ofiDThe rate coflicient averaged over the
T(K) two species and the one used in earlier models are also shown.

Fig.B.2. Theoretical DR rate cdgcients for the ortho— and

— I + 1 -
para-Species of 4", as functions of temperature. The rate C?fé)r the thermal average at temperatures below or similainéo t

energy dfference between ground rotational levels dfetent
nuclear spin species. At higher temperatures, the exaagné
the resonances is not important. The averaged rate is dagstm
ical values are listed in Tab[e B.1. For comparison, the &gurby the density and the widths of the resonances, which are sim
also show the analytical dependences used in previous mod@r for all nuclear spin species over a large range of doltis
of prestellar core chemistry (FPdFW). As one can see, tles ragnergies.

for different nuclear spin species are similar to each other (for

a given isotopologue) at high temperatures. However, foeto

temperatures, the rates foffdirent orth¢gparadmeta-nuclear spin

species significantly étier from each other. Thefdiérence in be-

havior at low temperatures is explained byfelient energies of

Rydberg resonances present in DR cross-sections at lowaiec

energies. The actual energies of such resonances are anport

sion used in earlier models are also shown.
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Temperature para—i;H ortho-H; para-HD* ortho—HD* ortho-D:H* para-DH* ortho-D} meta-0 para—l%

K cmis cm’s? cmist cm’st cmist cmist crs?t  comPst oms
1.28 1.81e-06 8.21e-08 6.63e-07 8.74e-07 2.18e-07 9.89e-®.33e-07 2.38e-06 2.61e-07
1.41 1.71e-06 7.86e-08 6.23e-07 8.46e-07 2.02e-07 9.86e-®%.90e-07 2.22e-06 2.47e-07
1.56 1.61e-06 7.52e-08 5.85e-07 8.17e-07 1.87e-07 9.86e-(b.49e-07 2.06e-06 2.34e-07
1.72 1.52e-06 7.20e-08 5.48e-07 7.87e-07 1.72e-07 8.98e-(b.10e-07 1.90e-06 2.22e-07
1.90 1.44e-06 6.90e-08 5.14e-07 7.56e-07 1.58e-07 8.82e-01.73e-07 1.75e-06 2.10e-07
2.10 1.36e-06 6.61e-08 4.81e-07 7.25e-07 1.45e-07 8.85e-(31.39e-07 1.61e-06 1.98e-07
2.32 1.29e-06 6.34e-08 4.51e-07 6.93e-07 1.32e-07 8.87e-1.08e-07 1.48e-06 1.88e-07
256 1.22e-06 6.08e-08 4.23e-07 6.60e-07 1.21e-07 8.28e-B.79e-07 1.35e-06 1.79e-07
2.83 1.16e-06 5.84e-08 3.97e-07 6.27e-07 1.11e-07 8.88e-B.52e-07 1.23e-06 1.72e-07
3.12 1.11e-06 5.62e-08 3.73e-07 5.94e-07 1.02e-07 787e-B.29e-07 1.12e-06 1.66e-07
3.45 1.06e-06 5.42e-08 3.51e-07 5.60e-07 9.35e-08 7.84e-B.08e-07 1.01e-06 1.62e-07
3.81 1.01e-06 5.23e-08 3.31e-07 5.28e-07 8.62e-08 781le-®.90e-07 9.18e-07 1.61e-07
420 9.63e-07 5.08e-08  3.13e-07 4.95e-07 7.98e-08 787e-®@.74e-07 8.30e-07 1.63e-07
4.64 9.19e-07 4.94e-08 2.96e-07 4.63e-07 7.41e-08 6.94e-®.62e-07 7.49e-07 1.66e-07
5.13 8.77e-07 4.83e-08 2.81e-07 4.33e-07 6.90e-08 6.80e-®.52e-07 6.75e-07 1.73e-07
5.66 8.36e-07 4.76e-08  2.67e-07 4.04e-07 6.45e-08 6.87e-®@.46e-07 6.07e-07 1.80e-07
6.25 7.95e-07 4.71e-08 2.54e-07 3.76e-07 6.04e-08 6.24e-®.43e-07 5.46e-07 1.90e-07
6.90 7.55e-07 4.69e-08 2.42e-07 3.51e-07 5.69e-08 6.82e-@.45e-07 4.92e-07 1.99e-07
7.62 7.14e-07 4.71e-08 2.31e-07 3.28e-07 5.37e-08 581e-®@.50e-07 4.42e-07 2.09e-07
8.41 6.74e-07 4.75e-08 2.22e-07 3.08e-07 5.08e-08 58le-®.59e-07 3.98e-07 2.18e-07
9.29 6.35e-07 4.81e-08 2.14e-07 2.91e-07 4.82e-08 583e-@.72e-07 3.59e-07 2.27e-07

10.25 5.96e-07 4.88e-08  2.09e-07 2.77e-07 4.59e-08 BR8e- 2.87e-07 3.25e-07 2.34e-07
11.32 5.58e-07 4.96e-08 2.07e-07 2.65e-07 4.38e-08 D85e- 3.04e-07 2.95e-07 2.39e-07
1250 5.21e-07 5.05e-08 2.09e-07 2.56e-07 4.19e-08 D86e- 3.22e-07 2.69e-07 2.44e-07
13.80 4.86e-07 5.12e-08  2.14e-07 2.49e-07 4.02e-08 BBle- 3.39e-07 2.48e-07 2.46e-07
15.24 4.53e-07 5.18e-08 2.24e-07 2.44e-07 3.87e-08 D8le- 3.55e-07 2.30e-07 2.48e-07
16.82 4.21e-07 5.22e-08 2.36e-07 2.41e-07 3.74e-08 D85e- 3.68e-07 2.16e-07 2.49e-07
18.57 3.92e-07 5.25e-08 2.52e-07 2.40e-07 3.65e-08 B85e- 3.79e-07 2.06e-07 2.48e-07
20.51 3.65e-07 5.26e-08 2.68e-07 2.39e-07 3.58e-08 080e- 3.85e-07 1.98e-07 2.46e-07
22.64 3.40e-07 5.26e-08 2.85e-07 2.39e-07 3.56e-08 D489e- 3.87e-07 1.92e-07 2.43e-07
25.00 3.17e-07 5.26e-08  3.01le-07 2.39e-07 3.58e-08 BDF3e- 3.85e-07 1.89e-07 2.40e-07
27.60 2.96e-07 5.27e-08 3.14e-07 2.38e-07 3.64e-08 088e- 3.79e-07 1.86e-07 2.35e-07
30.48 2.77e-07 5.29e-08 3.24e-07 2.38e-07 3.75e-08 @26e- 3.68e-07 1.83e-07 2.28e-07
33.65 2.59e-07 5.32e-08  3.31e-07 2.37e-07 3.92e-08 ®83e- 3.53e-07 1.81e-07 2.21e-07
37.15 2.44e-07 5.38e-08 3.33e-07 2.35e-07 4.14e-08 @38e- 3.34e-07 1.78e-07 2.12e-07
41.02 2.29e-07 5.46e-08 3.32e-07 2.32e-07 4.42e-08 D8le- 3.11e-07 1.75e-07 2.02e-07
4529 2.16e-07 5.57e-08  3.28e-07 2.29e-07 4.76e-08 D2le- 2.85e-07 1.71e-07 1.91e-07
50.01 2.04e-07 5.68e-08 3.22e-07 2.24e-07 5.15e-08 036e- 2.57e-07 1.66e-07 1.79e-07
55.21 1.92e-07 5.81e-08 3.13e-07 2.20e-07 5.59e-08 D48e- 2.29e-07 1.60e-07 1.67e-07
60.96 1.81e-07 5.95e-08  3.03e-07 2.14e-07 6.06e-08 D86e- 2.01e-07 1.54e-07 1.54e-07
67.31 1.71e-07 6.08e-08 2.91e-07 2.08e-07 6.54e-08 D8le- 1.76e-07 1.47e-07 1.42e-07
74.31 1.61le-07 6.21e-08 2.79e-07 2.02e-07 7.01e-08 083e- 1.54e-07 1.40e-07 1.30e-07
82.05 1.51e-07 6.33e-08 2.67e-07 1.95e-07 7.44e-08 D83e- 1.34e-07 1.33e-07 1.19e-07
90.59 1.41e-07 6.43e-08 2.54e-07 1.88e-07 7.82e-08 D8le- 1.18e-07 1.25e-07 1.09e-07
100.02 1.31e-07 6.52e-08 2.41e-07 1.81e-07 8.12e-08 -D86e 1.05e-07 1.18e-07 1.00e-07
110.43 1.22e-07 6.58e-08  2.29e-07 1.73e-07 8.33e-08 -D80e 9.35e-08 1.10e-07 9.21e-08
121.93 1.13e-07 6.61e-08 2.17e-07 1.65e-07 8.45e-08 -D82e 8.42e-08 1.03e-07 8.50e-08
134.62 1.05e-07 6.61e-08  2.05e-07 1.57e-07 8.46e-08 ‘D8le 7.65e-08 9.58e-08 7.87e-08
148.64 9.70e-08 6.58e-08  1.93e-07 1.48e-07 8.40e-08 -D89%e 7.00e-08 8.91e-08 7.31e-08
164.11 8.99e-08 6.50e-08 1.82e-07 1.40e-07 8.25e-08 -D84e 6.44e-08 8.27e-08 6.80e-08
181.20 8.35e-08 6.38e-08 1.71e-07 1.32e-07 8.05e-08 ©86e 5.94e-08 7.67e-08 6.34e-08
200.06 7.76e-08 6.23e-08  1.60e-07 1.23e-07 7.80e-08 ©87e 5.50e-08 7.09e-08 5.90e-08
220.89 7.23e-08 6.04e-08 1.50e-07 1.15e-07 7.51e-08 ©86e 5.11e-08 6.54e-08 5.49e-08
243.88 6.73e-08 5.83e-08  1.40e-07 1.08e-07 7.21e-08 ©23e 4.73e-08 6.02e-08 5.10e-08
269.27 6.28e-08 5.59e-08  1.31e-07 1.00e-07 6.90e-08 B8®9% 4.38e-08 5.53e-08 4.73e-08
297.31 5.87e-08 5.34e-08 1.22e-07 9.34e-08 6.58e-08 BDF4e 4.04e-08 5.07e-08 4.37e-08
328.26 5.48e-08 5.08e-08  1.14e-07 8.68e-08 6.27e-08 B39%e 3.73e-08 4.64e-08 4.03e-08
362.43 5.13e-08 4.81e-08  1.06e-07 8.07e-08 5.97e-08 B24e 3.43e-08 4.23e-08 3.71e-08
400.16 4.80e-08 4.54e-08 9.85e-08 7.51e-08 5.67e-08 £089%e 3.15e-08 3.86e-08 3.41e-08
441.82 4.49e-08 4.27e-08  9.17e-08 6.99e-08 5.38e-08 0g4e 2.88e-08 3.51e-08 3.12e-08
487.81 4.21e-08 4.01e-08  8.53e-08 6.50e-08 5.11e-08 08%le 2.63e-08 3.18e-08 2.85e-08
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Temperature para- %H ortho para-HD* ortho—HD* ortho-DH* para-BH* ortho-0¥ meta-0 para—l%
cm’s m s 1 cmist cm’st cmist cmist crs?t  comPst oms

538.60 3.95e-08 3.76e 08  7.94e-08 6.06e-08 4.85e-08 027e 2.40e-08 2.88e-08 2.60e-08
594.67 3.70e-08 3.52e-08  7.40e-08 5.65e-08 4.59e-08 08®5e 2.19e-08 2.61e-08 2.36e-08
656.58 3.47e-08 3.29e-08  6.88e-08 5.27e-08 4.35e-08 BB3e 1.99e-08 2.35e-08 2.14e-08
724,93 3.26e-08 3.08e-08 6.41e-08 4.91e-08 4.11e-08 BB2e 1.80e-08 2.12e-08 1.94e-08
800.40 3.05e-08 2.87e-08  5.96e-08 4.58e-08 3.88e-08 B8le 1.63e-08 1.91e-08 1.76e-08
883.72 2.86e-08 2.68e-08 5.55e-08 4.27e-08 3.66e-08 B20e 1.47e-08 1.72e-08 1.59e-08
975.72 2.68e-08 2.50e-08  5.15e-08 3.98e-08 3.43e-08 B®le 1.33e-08 1.55e-08 1.43e-08
1077.30 2.51e-08 2.33e-08 4.78e-08 3.70e-08 3.22e-08 ed81 1.20e-08 1.39e-08 1.29e-08
1189.45 2.35e-08 2.17e-08  4.43e-08 3.44e-08 3.00e-08 ed82 1.08e-08 1.25e-08 1.16e-08
1313.28 2.20e-08 2.02e-08  4.09e-08 3.19e-08 2.80e-08 eD83 9.70e-09 1.12e-08 1.04e-08
1450.00 2.05e-08 1.87e-08  3.77e-08 2.95e-08 2.59e-08 ed25 8.70e-09 1.00e-08 9.33e-09
1600.95 1.90e-08 1.73e-08  3.47e-08 2.72e-08 2.40e-08 eDB®8 7.80e-09 8.95e-09 8.36e-09
1767.62 1.76e-08 1.60e-08  3.18e-08 2.50e-08 2.21e-08 eD81 6.97e-09 7.99e-09 7.47e-09
1951.64 1.63e-08 1.47e-08 2.91e-08 2.29e-08 2.02e-08 eD85 6.23e-09 7.12e-09 6.67e-09
2154.81 1.50e-08 1.35e-08  2.66e-08 2.09e-08 1.85e-08 eDB80 5.55e-09 6.34e-09 5.94e-09
2379.14 1.38e-08 1.24e-08  2.42e-08 1.91e-08 1.69e-08 eD85 4.94e-09 5.64e-09 5.29e-09
2626.82 1.26e-08 1.13e-08  2.19e-08 1.73e-08 1.53e-08 eD82 4.39e-09 5.00e-09 4.70e-09
2900.28 1.15e-08 1.03e-08  1.98e-08 1.57e-08 1.38e-08 eD89 3.90e-09 4.44e-09 4.17e-09
3202.22 1.04e-08 9.36e-09  1.79e-08 1.42e-08 1.25e-08 eD87 3.46e-09 3.93e-09 3.70e-09
3535.58 9.48e-09 8.47e-09 1.61e-08 1.28e-08 1.12e-08 e®85 3.06e-09 3.48e-09 3.27e-09
3903.65 8.57e-09 7.66e-09  1.45e-08 1.15e-08 1.01e-08 e®86 2.71e-09 3.08e-09 2.90e-09
4310.04 7.75e-09 6.91e-09  1.30e-08 1.03e-08 9.04e-09 e-DF6 2.40e-09 2.72e-09 2.57e-09
4758.74 6.99e-09 6.23e-09  1.16e-08 9.26e-09 8.10e-09 e@95 2.13e-09 2.41e-09 2.27e-09
5254.15 6.31e-09 5.61e-09  1.04e-08 8.31e-09 7.26e-09 e®@23 1.89e-09 2.14e-09 2.02e-09
5801.13 5.70e-09 5.06e-09  9.39e-09 7.47e-09 6.51e-09 e®88 1.68e-09 1.90e-09 1.79e-09
6405.05 5.15e-09 4.58e-09  8.45e-09 6.73e-09 5.85e-09 ef92 1.50e-09 1.69e-09 1.60e-09
7071.85 4.67e-09 4.14e-09  7.63e-09 6.08e-09 5.27e-09 e4€©82 1.34e-09 1.51e-09 1.43e-09
7808.06 4.24e-09 3.77e-09  6.91e-09 5.50e-09 4.77e-09 e498 1.20e-09 1.36e-09 1.29e-09
8620.92 3.87e-09 3.43e-09 6.28e-09 5.01e-09 4.33e-09 ed®I1 1.09e-09 1.23e-09 1.16e-09
9518.40 3.55e-09 3.14e-09  5.73e-09 4.57e-09 3.95e-09 ed38 9.86e-10 1.11e-09 1.05e-09
10509.31 3.26e-09 2.89e-09 5.26e-09 4.20e-09 3.61e-09 9e®9 8.99e-10 1.01e-09 9.60e-10
11603.38 3.01e-09 2.67e-09  4.85e-09 3.87e-09 3.33e-09 5ed8 8.25e-10 9.29e-10 8.80e-10
12811.35 2.80e-09 2.48e-09  4.50e-09 3.58e-09 3.08e-09 3edD8 7.61e-10 8.56e-10 8.12e-10
14145.07 2.61e-09 2.31e-09  4.19e-09 3.34e-09 2.86e-09 5edDg  7.05e-10 7.94e-10 7.53e-10
15617.64 2.45e-09 2.16e-09  3.92e-09 3.12e-09 2.67e-09 9edD2 6.58e-10 7.40e-10 7.0le-10
1724351 2.30e-09 2.04e-09  3.68e-09 2.94e-09 2.51e-09 4ed9 6.16e-10 6.93e-10 6.57e-10
19038.65 2.18e-09 1.92e-09  3.48e-09 2.77e-09 2.37e-09 2edD9 5.80e-10 6.52e-10 6.19e-10
21020.66 2.07e-09 1.83e-09  3.30e-09 2.63e-09 2.24e-09 2eD9 5.49e-10 6.17e-10 5.85e-10
23209.01 1.97e-09 1.74e-09  3.15e-09 2.51e-09 2.13e-09 2eD8 5.22e-10 5.86e-10 5.56e-10

Table B.1.Dissociative recombination rates of HH,D*, D,H*, and [ for each
individual nuclear spin state species.



