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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 mandatorpicectly describe the deuter-
ation amplification phenomenon in depleted cores such a8 kb8 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 pD* orthgpara ratio in the L183 cloud, and constrain thedfthgpara ratio : we show that it is varying
across the prestellar core by at least an order of magnitaohe Istill very high & 0.1) in most of the cloud. Our time-dependent
model indicates that the prestellar core is presumablyrdidm 1.5-2x 10° years but that it may not be much older. We also show
that it has reached its present density only recently artdttheontraction from a uniform density cloud can be constd.
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 give useful constrains on the dynamicalugion of prestellar cores.

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

1. Introduction in the center of prestellar cores (e.g. Caselli ¢} al. 19%9¢gB
i ) i et al.|200p| Bacmann etjal. 2002, Tafalla g} al. 2004, Pagaitji e

Studle_s qf the earliest stages of star formation have .b ) which seems to be typical of the majority of dense cores
boon_n_ng in the last ten years with the adve_nt of new receiv rogen—bearing species like CN, NHind NH* appear to
acqléllrlng bettgr sqgnal and srﬁ)ectral re_sol_utlor;. P?tebrretz subsist longer before freezing-out onto the dust grainfa(&a
are dense and cold cores where gravitational collapse Has &, [2005[ Pagani et|4l. 2007, Hily-Blant et[al. 2008).

yet occured. In theﬁderls:sgest regions of the core (Wheteis |, conditions under which heavy species are depletedait
larger than a few 10cm™) most heavy molecules containingy+ and its deuterated counterparts) are the most abundast ion

Carbon, Nitrogen and Oxygen seem to deplete onto the dgtc}bsisting in the gas phaseyBt has been widely detected
grains and only light ions remain in the gas phase. There mapped in protostars and prestellar cofes (Caselli]et al

been extensive observational evidence of CO and CS de'plem,IVastel et [ 20p4, Caselli ef fl. 2008) through ithmrt
fundamental line, with abundances large enough to be exgilai

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 e 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 germinated which 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 e
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 pD* (Pagani et glf 1992) has been sob T e
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described several years before the first detection of théStark
et al.[199D), it is only recently that this particular, sgtate N L LA A

dependent chemistry has been studied in det al o]
P004 [2006k). :
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The motivation for our study is sparked by the many deuter- ,
ated observations performed in the L183 prestellar cor€{PS o gy el
and the main aim of this paper is to study the oflana H ra- 1
tio from some of these deuterated species observationfigo t 1
effect, we constrain two chemical models including all the sym-
metric states of b D,, H} and its deuterated counterparts with
observations of ortho—D*, combined with previous pH" and ;1 CSO map of the bD* (110-111) line. The position is in-

N2D* observations. These models have been set up using reqflllieq in arcseconds for each spectrum and the (0,0) @osit
dissociative recombination rates computed fgr &hd its iso- corresponds tasose = 15" 54™ 085,50, 6000 = —02° 52 48"

topologues as well as all non negligible reaction rates eetw 1, ;

€ . The Y-axis represents the antenna temperature
H> and H; and their isotopologues (both presented for the first P P
time in this paper).
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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 distance 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) wagls had the sameflospectrum subtracted, spatial average did
measured on Saturn and Jupiter and found te 6% (respec- not give much improvement and we subsequently changed to
tively ~ 40%) for point sources. Pointing was monitored every Rosition switch mode because deep integration on weaklsigna
hour and half and found to be better thah & the emission is appears more important than Nyquist sampling for this wiork.
extended compared to the beam size of CSO, as appears to b&®®w mode, we madex2 pointings to fill the gaps in the cam-
case for HD* then the #iciency is about 70% at 372 GHz andera, achieving thus a full beam sampling. Two such sets were
60 % at 692 GHz. The data reduction was performed using therformed to cover the main dust peak and its northern exten-
CLASS program of the GILDAS software developed at IRAMsion (Fig[?) with 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 band 1 weather sys-
eral tracers and we carried on the project at the JCMT, fyeshiém temperature was in the range 500-1000 K depending on the
equipped with a new 16-pixel camera to be able to fully map tipéxels and on the elevation. To observe botyDH and 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 Starlink software

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

cated in a corner, was una&\)/ailable). A third of the obseoweti

was obtained in Jiggle—chopnode and two thirds in Position ;

switch (PSw) mode. The Jiggle—chop mode appeared to bezricz)' CO depletion and dust content

faster, the displacement of the telescope in PSw mode sgemiil other observations used in this paper have been obtained
minor compared to other overheads, and because the Jiggiéd published previously. The dust content of L183, both in
chop mode works in the Nyquist regime each pixel receivesnission and in absorption has been describdd in Pagari et al
much less integration time than in PSw mode. As adjacent p;,)_ The source size is half a degree and contains a
long filament extending or6’ from north to south. Two peaks

1 httpy/www.jach.hawaii.edisoftwargicmtoyhet obsmodes.html  are clearly visible, one just south of the middle of the filatne

2.1.2. JCMT observations
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Table 2. Source parameters: diStance from the COTe CENEEN, 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 s
(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[). Spacing between spectra i§ 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
(which we call the main peak) with an opacity-e150 A, and a sets of cofficients and a large set of observations in a PSC. The

second one,’orth of the first one (the north peak) with an esr,+ : ;
i ; L + H, (+isotopologues) set of rate dfieients are extracted
timated opacity of-70 Ay. These peaks have the characterlst@?gm thé (PhD wgrk gf E.)Hugo in advance of publication and

vaprestellar cores. Most of the filament has an opacity adéve the H; (and deuterated counterparts) recombination rates have
Two large scale €0 and C’O maps obtained with the Kitt gﬁggggg:gﬁgg r|r;[ m?)‘\)l\é%r&'f é_vﬁg;gg@ém; gg%gﬁﬁﬁ%ﬂe

Peak 12-m t_elescope fail to trace the den_se_ filament (Ffagarw E. Hugo, describe all possible interactions betweery+rih

al.[2009). Itis now WeII-es_ta_bllshed that th'.s is due to aéph drogen cation and dihydrogen isotopologues, includingtiea

of CO onto grains. Surprisingly, the opacity at which the dey, "o reactive, elastic and inelastic collisional ratsle re-

pletion begins £20 Ay) is twice higher than what is us%‘ib'combination cofficients describe the dissociative recombination

served in other clouds (e]g. Alves eflal. 1999, Kramer (DR) rates of trih P

. ‘ — - ydrogen cation isotopologues. Both waske
Ee[gsm et a)[2042) though it sfill appears at a densi§ £ 10° jrio'account all the ortho, para andj(Dmeta states.
cm™) which is a typical depletion density threshold (Pagani et

al.|200%). Possibly, the low density envelope, where diplet

has not yet occurred, is very extended in this cloud (which 1. [ ine emission

confirmed by its large influence on thé%O (J:2-1) line inten-

sity (Pagani et @[ 2002). Finally, the depletion factor siume We have analysed the line emission of both orthgbHand

for CO has been estimated to be 43 on averfge (Paganj epata—DH* using a two-level Monte-Carlo code (adapted from
p00%) on the line of sight of the main dust peak and is probatfgerneff 1999) with our new collisional diieients. Because the
much higher in the inner part of this core where density israbotemperature of the PSC is around 7 K for both the gas (Pagani
1x10° cm 2. et al.[200f7) and the dusk (Pagani €f[al. 303, P004), the-possi
bility to populate the next rotational level,J. = 21> at 114 K

. . and 75 K above ground level for ortho-bBI" and para—BH*

2.3. N2H™ and NzD respectively, is so low that it can be safely ignored. Wit lew

N,H* and NoD* have been mapped at both low (Kitt Peak 12c0éficients, the critical densities are 1410° and 4.9x 100
m, 5) and high (IRAM 30-m) resolutions. Froﬁfn*3 respectively and thus the lines are close to thermal equilib
the high resolution data, a strip crossing the main dust pagk "umiIn the inner core. In the Cgse og orthoEM, the diference
been extracted and publishéd (Pagani Ht al.]2007). In timrpaPetween LTE £2.0+ 0.25x 10'° cm™?) and Monte-Carlo{2.3

we performed a detailed analysis of theH-N and ND* emis- * 0.25x 10 cm™?) column density estimates is typically 10—
sion with the help of a Monte-Carlo model treating exactly th15% in the direction of the dust peak.

hyperfine structure and line overlap of these species. Weatkr _The para—DH* line has not been detected (see Caselli et
several physical properties, namely : a maximum density ofa®. [2008) and the 3- upper limit corresponds to a total column
x 10° cm 3, with a radial dependence proportional t up to  density of~2.4 x 10** cm2 using the Monte-Carlo code. The
4000 AU and proportional tof beyond, a kinetic temperatureLTE estimate yields-1.5x 10" cm™2.

of 7 (x 1) K, a slight depletion of pH" in the inner 3000 AU of

the core and a deuterium fractionation which is non-medderra )

at 10" AU (< 0.03) and reaches0.7 (+ 0.15) in the center. As 3-2- Deuteration

far as we know this is the highest fractionation reportedget H; fons are formed at a rate 0.9y cosmic ray ionization of

singly deuterated species. This may however not be excmi[ttion (Walmsley et al[ 2004), rapidly followed by a reaction with

when compared to the detection of triply deuterated spgidies ™ ; : :
4 ; another H to form H; and destroyed in reactions with neutral
NDs; (Lis et al[200p] van der Tak etll. 2002) and LI (Parise species and in dissociative recombination with free edersty

et al.[200p) or to the fact that most reported fractionatiares negatively charged grains and possibly negatively chapgg
line-of-sight averages and not derived from detailed pesfil cyclic aromatic hydrocarbons (PAHs in prestellar cores, the
primary reservoirs of hydrogen and deuterium ageafdd HD,
respectively, with HPH, = 2(D/H)cosmic~ 3.2 x 107°
P00T). The proton exchanging reaction gf With Hy partly reg-
We present 3 models in this paper : a Monte-Carlo model to conlates the H ortho—to—para ratio but has ndfect on the H
pute HD* and D:H* line intensities, a chemical steady-statabundance. Concurrently, the reaction with HD form®EHand
model and a chemical time-dependent model. this primary fractionation is then followed by the subseague

3. Analysis
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internal energy of the lowest ortho-Htevel (J=1) is large with
respect to the temperatures of concern and can significantly
hance the Boltzmann factor of endothermic reactions. Inesom
cases, reactions which are endothermic with pagaedh turn

Hco* H, out to be exothermic with ortho—H.e. fast and temperature in-
NH* dependentn fact, the ortho—to—para ratio of is found to be
D, e a crucial parameter for the whole deuterium chemistry.
N,H* The key reactions involving ortho-Hare essentially with
Dy) Dl M IHD DCO* meta-0, para-RQH* 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 endothermic-
ity of reactions 1 to 3. Thus only those species which have als

[:l(:l())" c;: Dt [ H, an internal energy high enough (so that the sum of the two in-
- ternal energies is higher than the endothermicity of reasti
e 1 to 3) can react with ortho—Hat the Langevin rate in cold
D,, D HD; By B, H gas. Thus, the three reactions involving orthg-with meta—[},

para—DQH* and ortho—HD™* present exothermic or thermoneu-
) ] ) ) ] ] tral channels to rehydrogenate the cations forming reyadygt
Fig. 4. Main reactions involved in the Hchemical network. ortho-D:H*, para-HD* and orthgpara—H while the reaction
When C_O and N are depleted, the reactions with bold arrowgenyeen ortho—band para—pD* 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 H; via
para—HD* and ortho—HD* which can be veryfécient in pres-
ence of large ortho—ifractions. However, thisfécient ladder
scheme does not includeiecause the conversion of ortho—
D,H* to para—DQH™* is strictly forbidden in collisions with K
and very indficient in collisons with HD. Nevertheless, these re-
actions can be a strong limit to the isotopic fractionatibig
hence of other species. Any chemical model which includes de
terium chemistry must distinguish between ortho and patast
of dihydrogen and trihydrogen cation isotopologues antlioe
The backward reactions are endothermic with an energy begactions between theftérent spin states foIIowin§ Pa§ani et al.
rier of about 200 K (when considering only the ground levefl992)[Flower et 31[(200H,b) and the present work.
for each species) and were thought to be negligible at the low
temperatures found in prestellar cores40 K) in which case

the abundance ratiqé'%g‘;”]] o1z would be greatly enhanced.
n+1=2-ni n=0,1, . .

However, such enhancement can be limited by various presesthe CO and Nabundances are critical parameters in the deuter-

(see Fig[}): ation of the H ion. CO is expected to freeze-out onto the grain

_ o o _ mantles at large densities (a few*16m=) and low temper-
— dissociative recombination ofH{and its deuterated counter-atyres ¢ 20 K) (e.g.[Caselli et aff 1999, Bergin et] &I. 2001,

parts) with free electrons or negatively charged grainsl (@Bacmann et 3I[ 2002, Tafalla et|&l. 2p)2, Pagani Ff al.[2005).
PAHs™ ?). _ With an N, binding energy similar to the CO binding energy
— reactions with ”proton-f_rlendly” mole<_:u|es such as CO a”(’ﬁberg et g1/ 2049, Bisschop e fI. 2P06), these two molecules
N2 which destroy the trihydrogen cations to produce HCOgre expected to behave similarly. However, observationarits
and NpH*. ) ) ) prestellar cores prove thabN* (produced from M) remains in
— ortho—H which can react with the deuterated trihydrogethe gas phase at larger densities than CO. This can be esglain
cation and remove the deuterium (see below). by the fact that NH* is mainly destroyed by Cd (CasH]li 2§02,
Pagani et dll 2003, Aikawa et|al. 2005), so that the CO freeze-

. S out implies a drop in the destruction rate ofH. This would
equations (1), (2), and (3) as we distinguish between ortieta Jartially balance the lower formation rate due to thefiéeze-
and para states of theffiirent species. _When these reactio but. Consequently, MH* is observed to survive in the gas phase
are completely neglected, the deuteration fractionatocon- -, higher densities~10° cm™3). In the case of L183, we have
siderably enhanced and observations towards pre-steltasc shown that NH* partially survives but sffiers from depletion
cannot be reproduced (Roberts ef|al. 2003). Indeed, therimpg e nsities starting at5 x 10° cm to reach a factor 83 at
tance of considering ortho and para states of vario(> ¢ar- -

riers in the chemistry of trihydrogen cation and isotopoleg e COre centre~2 x 10° cm%). Because of growing deuterium
was first discussed H/ Pagani e} &l (1992) and subsequemtlyf ctionation, ND abur)dance still increases towards the PSC
pardedasees o papers by e and ouarters (asfgPLe Ll e eepien becomes predor et over e e
et al.[200¢} Flower et dl. 2004, 200(a,b, hereafter collelgtire- ; o ' X

ferred to as FPAFWNot only is thig important to compare thedecréases in the inner most part of the chre (Paga fiet )200
chemical model predictions on the abundance ebHto the The N;D* and NH™ ions can be produced via the following
sole observations of the ortho-BI* species but also because’Outes:

some important reactions are much faster with orthe-thln

with para—H hence not anymore neglectabledeed, the 170K H3 + N, — NoH™ + H» 4)

fractionations and produces,B* and D; (Phillips & Vastell
P003 [Roberts et {l. 2003):

H3 + HD «— HoD* + Hy + 232K 1)
HoD* + HD «— DyH* + Hp + 187K @)

D,H* + HD «— Dj + H, + 234K ®)

3.3. CO and N, chemistry

In this modeling, we introduce the backward reactions
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HoD* + N - N,D* + H,  (for 1/3) (5) wherer is the reduced temperature £ agrkT/ez, e being the
electron charge, k the Boltzman constant). Therefore thame
— NoH* + HD  (for 2/3) (6) bination rate of the Hion on a negatively charged grain can be
expressed as:
DoH* + N, > NoDY + HD  (for 2/3) 7) T
) Kgr = 1 /—nagr(s x J(Z =-1)) (12)
— NoH™ + D (fOf 1/3) (8) My
where g, is the grain radiusiny is the hydrogen mass, T the
D3 + N2 — NoD* + D, (9)  «kinetic temperature and S is the sticking fimgent (S< 1). The

_ latter represents the probability that a colliding spewigisstick
We assumed that all the jHisotopologues react at thegnto the grain surface. For iorfs, Draine & Sutjn (1987) con-
Langevinrate k, with N> (which is inversely proportional to the cjyded that the sticking céiécient should be unity. The same
square root of the reduced mass of the colliding system,éhergmputation can be made to estimate the recombination rate
to the mass of the Hisotopologue) and that deuterium and hypf gther ions, H, H,D*, DoH*, D,--- by a simple correction

drogen nuclei are equiprobably transferred. Consequetifly . . .
H,D*, D;H* and D; respectively produce aJ®*:N,H* ratio on the atomic mass of the ions (respectivedy/ K3, kgr/\/z—l,

of 0:3, 1:2, 2:1 and 3:0. The measured ratio of 8.9.15 in the K/ V5, Kgt/ V6, - ). In the case of collisions between charged
center of L183 thus implies significant fractions ofH and Particles and neutral grains, the attraction due to therjzalion
D;. It has been showr] (Walmsley e{ BI. 2D04) that in the cagbthe grain by the charged particle can be expressed through
of complete depletion of heavy species (C, N, O..),viould

be the dominant trihydrogen cation isotopologue which wouljiz = 0) = 1 + T (13)
imply that ,D* be more abundant than,N*. This is not the 2t

case here; nevertheless theHN deuterium fractionation is a
good constraint to the abundance of the four trihydrogeiocat
isotopologues in our chemical model.

Therefore the sticking rate of electrons on neutral graéms ¢
be expressed as:

At steady state (d[pH*]/dt=0 and d[ND*]/dt=0), reaction 8kT .
A and its isotopic variant§(5 {$ 9) being the main path to peed ke = /—na5,(S x J(Z = 0)) (14)
N2D* and N\H*, we obtain: mMe

wherem is the electron mass and S is the stickingfioent. S
[(N2D*] _ [H2D"] + 2[D2H"] + 3[D;] (10) is aboutunity [Umebayashi & Nakdho 1980) for a planar serfac
[NoH*]  3[H}] + 2[H2D*] + [D2H*] but curvature of the grain surface will tend to reduce thispa

eter. However we will use in the following a factor of abouttyn
This ratio has been measured in the cut throughout the L183this parameter did not seem to have a large influence on the
main PSC. We describe in the following how our method ca@sults in our runs.
provide an estimate of the ortm‘ara HgD+rati0 using this vari- The grain abundance [gr] can be expressed using:
able and subsequently, of the ortpara H ratio itself as well
as some indication of the cosmic ionization rate and meain gr?gr] _ My, fyyg
size. 35,0

(15)

wheres is the mean grain density (assumed to be 3 g¥%rfq

is the dust—-to—gas mass ratio, amgd, is the mass of molecu-
Recombination of ions with electrons on negatively chargéar hydrogen. Another important parameter in our model és th
grain surfaces is an important process since it can be mstérfaabundance of the negatively charged graigsl(E [gr°]+[gr7]).
than in the gas phase, especially in the case bfBraine & At steady-state, assuming partial depletion of CO apdiN to-
Sutin[198[). The negatively charged grain surface areaigth tal depletion of all the other heavy species:

fore a crucial parameter (we can safely ignore positivelgt an,. _

multiply negatively charged grains, advocated to be very i digr] = [grl[e Tke — [gr I[H Tkgr — [Or 1[H1kgrs

cold environmentd, Draine & Suln 1987). The grain sizerdist  dt 3

3.4. Grain distribution

bution in prestellar cores is unknown since it mostly deeor —[gr ][H2D"1kgra — [gr ][ D2H"1kgrs — [gr~1[ D3]Kgrs
grain condensation and als_o on ice c_onder_lsation (e.g.\éste —[gr IN2H Tknn+ — [ 1[N2D* Tk, o+
al.[2006). We are thus treating the grain radiysaa a parameter —[9r][HCOTkuco — [gr[DCO*Tkoco = O

of the model, assuming all the grains to have the same size and

the dust to gas mass ratio to be 0.01{f@ent values could be (we have neglected here HPD;, He',...)

advocated (for example, in places where depletion is i rt

the ices increase the dust mass by up to 2p%, Walmsleﬁ et al. )

P00%) but the net result is to change slightly the averagi gra->- Steady-state chemical model

size which is not well-constrained in the PSCs in any case. g code we describe in the following is used to calculate the
The focusing #ect of the Coulomb attraction betweeryioaqy-state abundances of the chemical species founeldifh

charged particles and oppositely charged grains has beenffent |ayers of the L183 prestellar core as listed in Thble 2

cluded using thg Draine & Suin (1987) formalism: In the steady-state approximation the abundance species ar
interlinked via their production rates and their destruttiates

Jz=-1)= (1+ }) (1+ 2 ] (11) (productior=destruction).
T

2+71 Since H is produced at a rate 0.86the H" abundance can be
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expressed as (including only the main reactions) :

0.04,
Krec[€ N1, + Kgr[ar-1nw,

The main production path of Hs via cosmic ray ionization
of H, and proceeds in two steps :

[H] =

(16)

{+0-H; > 0H] +e a7)

{+pHy— p-H +e€ (18)

and H; rapidly reacts with anotherHo form Hj but the branch-
ing ratios between étierent combinations of spin states are no

trivial (Dkd 200}) :

p-H; + p-H, - p-Hj + H (19)

p-Hj +0-H, - p-H +H 2/3 (20)
—»o-Hi+H 1/3

oHy +p-H, > p-Hj+H 2/3 (21)
—-o-Hj+H 1/3

oH; +oH, > p-Hj+H 1/3 (22)
—»o-Hi+H 2/3

These are dierent from those advocated by FPdFW who to
branching ratios of /2 for both species. The orthozHorma-
tion rate from cosmic ray ionizationk, is therefore the sum of
several terms:

Kero = 0.96(1/3[p-H][0-H}] + 1/3[0-H][ p-H3] +

2/3[0-HzJ[o-H3])  (23)

The production rate for ortho-}-tan be expressed as (includin
only the main reactions. The rates are listed in Tabl¢ A.1):

kcr—og + k_loood[O—Hg][O—H2D+] Ny, + (k0p00p+
kOpooo)[ P—H31[0-H2]nH, + K1 pdod HD][ p-H3 1Nk,

which represent respectively the formation from cosmic r
ionization, backward destruction of orthoxbtwith ortho—H,
spin conversion of para-Hwith ortho—H, and finally, spin con-
version of para—giwith HD.

The destruction rate for ortho4Han be expressed as (in
cluding only the main reactions):

(0—*Krec1[€7] + (KOoopp + kOoopo)[0—H2]
+(klog pd+ Klog pot klodop + klodoo)[HD]

+Keo[COJ + knz[N2] + Kgra[gr 1)) [0-H3]1nw,

which respectively represents its destruction by dissiveiae-
combination with electrons, spin conversion with orthg-gpin
conversion and deuteration with HD, proton transfert rieast
with CO and N and finally,
grains.

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

ker—p = 0.96([p-H2][ p-H;] + 2/3[p-Hz][0-H]] +
2/3[0-H2][ p-H3] + 1/3[0-H][0-H])

(24)

(25)

(26)

dissociative recombination on

The production rate for para4Hs :

kcr_pg + (k_loopd[o—Hz][O—H2D+] +
(KOoopp + kOoopo)[0-H3][0—H2] + kloapd HDJ[0-H3] +
K Lpopd 0—H2][ p~H2D*])ni,

and the destruction rate is:

(PKrear[€7] + (kopoop+ kOpOOO)[O_HZ]
+(k1pdod + klpd po + klpdop + klpdoo)[H D]

+keo[COJ + kna[N2] + Kgra[gr D) p-Hz 1w,

The N, abundance has been solved numerically to obtain the
"5bserved MH* abundance. Electronic abundance is adjusted to
reach equilibrium.

In our steady-state model, the idrthgpara ratio, the aver-
age grain radius and the cosmic ionization gagee the varying
input parameters. Within each layer of the PSC model (Tﬂ})le 2
these parameters are adjusted to match the following:

(27)

(28)

— the H, density

— the NbD*/N,H" ratio at 7K

— the observed ortho—B* column density

— the upper limit on the p—H* column density

Though the full range of grain sizes and ortho—to—paradtios
have been explored for each Hensity, we have not allowed so-
lutions in which, for example, the grain size would oscél&iom

one layer to the next. We have searched solutions for these tw
parameters all through the layers which are either constame

opave allowed grain size to increase and ortho—to—pareatio

to decrease with theHlensity. In any case,was kept constant
throughout the layers. We neglected detailed reactiorts Wt
as[Flower et 41.[(2004) have shown that its role is negligible
general and we have kept the HD abundance constant which is
generally a good approximation.

g3.6. Time-dependent chemistry

In a second step, we have constructed a pseudo time-degenden
model based on NAHOON, a chemical model, a version of
which has been made publicly available by V. Wakelaive

have modified this model in two ways : 1) we have replaced
electron (resp. ion) reactions with neutral (resp. chargegins

%s provided in the Ohio State University (OSU) reaction file-(

livered with NAHOON) by the set of equations described above
(Sect[3} anfi 35), which we have directly included in the pr
gram, to take into account Coulomb focusing; 2) we have in-
“cluded the formation of HD and Don grain surface and we
have introduced the spin state of Bind D taking the usual as-
sumption that they are formed with the statistical oftaoa spin
state ratio of 3 and 2 respectively. We have used the formatio
rate provided in the OSU reaction fileX301" cm®s™1) for the
formation of molecular hydrogen. Because grains are covere
by ice in the environments here concerned, we considerltbat t
only interaction between the atoms and the surface is pbrysis
tion. In this case, the formation rates of HD ang (@ cm® s™1)

is twice lower for HD and 1®times lower for B with respect

to H, formation (as dicussed [n Lipshtat e} pl. 2D04). In environ-
ments where grains are not covered by icy mantles, on the othe
hand, one would have to consider chemisorption which styong
changes theficiencies of the formation of HD and,[§Cazaux

2 httpy//www.obs.u-bordeaux1/fadigVWakelanfValentine%20
WakelamiDownloads.html
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et al.[200B) Finally, we have reduced the set of species and 8e7.2. H} isotopologues dissociative recombination rates

actions to our needs, limiting ourselves to the most imprt : o I
reactions (see below) butftgrentiating all ortho and para (plugThe dissociative recombination (DR) rate of Has a long story

meta—[}) species as independent species and including all ghind it due to the high dliculty to measure it experimentally.

detailed rates between trihydrogen cation and dihydrogen i ince the early measurements e.g|by Adams|ef al. {1984), nu-

; ttempts have been carried out and summarized in two
topologues as computed by E. Hugo (see §ect]3.7.1) ingud[H€"OUS 2
spin state conversions. We have however included more reBgP€'S (Bates et |4l 1998, Fonseca dos Santog fet al. 2007). In

tions than in the steady-state model, taking into accouaxt-re parallel, theoretical work has also been developed withate
tions with Dy, H5, He, e¥c. and allowing the (?rtlﬁpara H ratio ESt achievement published by Fonseca dos Szlintor; et al|)(2007
and the HD abundance to vary. xtending upon that work, we present here, in Tgble B.1, th_e
, . o H? updated DR ratq (Fonseca dos Santos|¢t al.| 2007) along with
The main path to convert ortho-hhto para-H is via the newly calculated LD*, D,H", and D} DR rates (see appendix B
reaction for more details). These calculations do not predict thedina
ing ratio of the DR products. We have thus adopted the branch-
ing ratios published elsewherf (Datz ef[al. 1)d5a,b, Strasts
al.|2004] Zhaunerchyk etfal. 2008) which we have applieddo th
calculated rates. The resulting DR rates at 7 K are liste@dbiel
which proceeds seven orders of magnitude faster at 7 K thean @ Several remarkablefects at low temperature are visible

reverse reaction. (see Fig$ B]1 B|4,B.3.8.4):

— the strong departure of orthoZHDR rate from that of para—
3.7. Rate coefficients H3. The diterence is a factor of 10 at 10 K.
— D,H* shows a large DR rate drop, by a factor of 10 at 10 K
Many groups have made available gas-phase ratdficoe for both ortho and para species compared to the extrapolated
cients. The University of Manchester Institute of Scienod a  value used by FPdFW.
Technology (UMIST) Database for Astrochemistry contams i — On the contrary, a large increase of the DR rate is pre-
formation on 4500 reactions of which 35% have been measured dicted to occur but mostly at temperatures where deuteratio
experimentally, some at temperatures down to 20 K (Woodall is low and therefore the consequence ch dbundance is
et al.[200f). The OSU group provides approximately the same limited.
database but focuses more on low temperature chemistry. We
accordingly use in our modeling some of the reactions in tI}le . .
latter (with the most recent version 0SU2007), considetiigg 4 Results and Discussion
low temperatures found in L183. Apart from the rates catewa 4.1, H,D* linewidth
by E. Hugo, V. Kokoouline and C. Greene that are presented ) ) )
below, all reaction rates involving deuterium have beeretak In order to fit the observed ortho>B" line profiles, we run the
from FPdFW (except recombination on grains for which we haldonte-Carlo model using the "best model” velocity, densityl
used diferent sticking probabilities). We have given up the odgmperature profiles derived from thel” and N.D* data ana-
branching ratio of MH* dissociative recombination reported byyzed in[Pagani et gl (20p7). However, the linewidth for tive
Geppert et 31.[(2004) to consider a single possibility, rigrtiee _Stronger spectra {Esets (0,0) and (150), Fig.[3) is too wide to
liberation of the dinitroge‘07). be reproduced with the same micro—turbulent width which we
‘ have used for BH* (Avym(FWHM) ~ 0.14 kms?). Indeed, the
central spectrum linewidth measured by fitting a gaussiaigy

o-Hy+ H* — p-H, + H* (29)

3.7.1. H + Hy isotopologues reaction rates 0.45 0.03) km s*. The thermal contribution being
Phase space theory (PST) was used to derive thermal state:to _ KT 1
state rate cdécients for the whole B + H, — H} + H, sys- AVihern(FWHM) = 2.336x [ — = 0.28km s (30)

tem and isotopic variants in the temperature range 5-5016. Th . N
statistical method accounts for such quantities as massggn at 7 K, k being the Boltzmann constant amithe mass of bD*,

rotational angular momentum, nuclear spin symmetry anid th :r?\]fg‘;b'(\fﬂH:\pzvzoﬁr'%iiog izr%jgrlﬁn\quocznts grrﬁlsélr%[??r:e
respective conservation laws. The ergodic hypothesistwikia : P y

o ) : . one modeled for BH*, then the temperature needed to obtain
requisite for PST as well as the full-scrambling hypotheses Séltch a wide line would be 16K which is completely ruled out

assumed according to the topology of the PES (Yamaguchi . : S
: : -~ by N,H* observationd (Pagani ef . 2P07). Infall motion limited
al.|198y | Xie et | 2005). Reactants (products) trajeetogire to the inner core could have explained thgDH width if only

treated with the classical Langevin model. The resultirigo$e e central HD* spectrum had been wide combined with a large
state-to-state rate cficients deviates from the detailed balancg] . +p o ; 9
epletion of NH*. In fact it is not possible because thebt

principle by few percents at worst and is well consistenhwit , it
thermodynamical equilibrium constants. Details will beegi in spectrum at (15,0) has the largest width (0.49.03 km s7) in

a forthcoming publication (Hugo et al., in prep.) a region where pH" is hardly 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. NH" 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-tdA/e next discuss here the main parameters that control thié 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 orthipara H ratio for all possible electronic abundances and total etepi (steady-
state chemical model). The lower row corresponds to theastmmrt of the PSC (n@)= 2 x 10° cm3) and the two horizontal
dashed lines the measured range eDINYN,H™* ratio while the upper row corresponds to the external pathePSC (n(H) = 7
x 10* cm3) with the dashed line representing theIN/N,H* ratio upper limit. The three columns represerffatent; values as
indicated abovesp = 1 x 1077 s7%) . The large arrow indicates the direction of increasingtetamic 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 coincidental solution for all layers which would geeth
We have done this for three cosmic ray ionization rates{10 necessary orthipara B gradient across the PSC to both explain
10716, and 10%° s71) covering the values generally discussed ithe observed pD*/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 size as they &eglinabundance but for the credibility of the model, we have set CO
via the abundance of Hwhich is mostly controlled by the grain abundance to 18 in the outer layer and increased the depletion
surface area). In this first run, we have simulated totaletepi to reach a factor of 100 (i.e. a CO abundance ofLih the core.

by adjusting CO and Nabundanc&to 10°8. We have also in- The results are presented in Fiﬂs. ﬂ& 8. We have searched for a
dicated the range of ;D*/N,H"* ratio measured in both layers.solution where each modeled layer meets the two obsenation
The average grain radius has been varied from Qrito 5um constraints (MD*/N,H* ratio and ortho—BLD* abundance) at
and electronic abundance from=18to 10°° which are largely the same time, but it must be noticed that these solutions are
covering usually accepted values. We can see thBttfN,H* not coincidental in between theftiirent layers. We varied the
ratios above 100 are possible in dense gas though they eegairerage grain radius and the cosmic ray ionization zat&ye

very low electronic abundances and therefore very smaihgracould find solutions for grains of average radius 0.025 tqun3
which are probably absent from these dense and cold regiens dNo solution has been found for grains above/hB8 Figs[V &I]B

to grain coagulation (see elg. Stepnik g al. 2003). show the case for which the grain average radius igfhaAnd/

In the lower density outer layer where neD has been =2x 107*"s™. In this case, the time range inside which all lay-
detected, orthgpara H ratio must be high enough, i.e. abovﬁfs meet the requested conditions is 0.6 tod1P° years. Figure
~0.01, to prevent any deuteration to occur whatever the apsrfi Shows how the orthipara b ratio evolves for 3 selected lay-
ray ionization rate. On the contrary, the dense, strongiytete €rs. We have marked the appropriate time which is the solutio
ated |ayer has solutions 0n|y below a maximum O/mjama H for each of these |ayers aS_eS_tabllShed fromlﬂ:lg. 7.1n thmélg
ratio of 0.01 (or lower for higlt rates). Thus the ortfipara Hy W€ can see that theéqmH; ratio is below 0.01 for t_he dense layers
ratio across the PSC clearly must vary from above 0.01 tanbel@nd still above 0.01 for the outer layer for which nelH has
0.01. In the case of low cosmic ray ionization rate ®Gs"1), been detected, as expected from the steady-state modeaWe c
though the orthgpara H ratio of 0.01 seems to be a commorlso see that the full/p H; relaxation has not yet occurred even
solution for both layers, it must be noticed that it requidarge for the densest part of the cloud. Smaller grains have afarge
electronic abundance (and large grains) in the outer layeaa teracting surface and therefore lower the abundancedbhis
low electronic abundance (and small grains) in the inneseenhich preferentially recombine on negatively chargedrggor
part. This is clearly improbable. Temperature being lomegio PAHS"), consequently slowing down the dominant orthe-+ét
in all the layers, warm layers (above 20 K) cannot be invokd@xation reaction (ed. £9). Though smaller grains also ynzp!
instead of a high orthpara H ratio to limit the deuteration in lower electronic density, therefore favouring a highertdear
the outer parts of the PSC. CO total depletion is however-quéi@n of N2H* as shown in Fig[]5, the slower disappearance of
tionable and we also used in the model a CO depletion fac@jtho—ttis the dominant process here and finally, smaller grains
of 10 (abundance of 1) in the outer layer and a CO dep|eslow down the deuteration process. For grains of averagesad
tion factor of 100 (abundance of 19) in the inner layer (Fig. 0.025um, the range of ages matching the range gfilyN,D*

B). This only limits the maximum pD*/N,H* ratio which de- observed ratios is 2.7—_3>8105 years, while for grains of aver-
creases by one order of magnitude. Indeed, the destrudtioh o age radius 0.am, the time range is only 3.8-7:210% years.
by CO dominates over recombination with electrons wherr thé&iinally, Fig.[3 suggests thatBhould become a sizeable fraction
abundance is very low and conversely. However, the comitioof available deuterium a short while after present stateicgly
to reach the observed,B*/N,H* ratio remain unchanged and2-3x 10> years) and that HD should drop a little, correspond-
thereforeonly a variable orthgpara H, ratio can be invoked ingly.
Such a variable orthipara b ratio cannot be investigated with
a steady-state model because in all layers, the orth@hdn-
dance would eventually decrease to values about-1l0* as
discussed by FPdFW. Though it is normal that dense layers evolve faster than less
dense ones, at least to account for fiedential orthgpara H
ratio, they are evolving too fast in our model. The densegsria
4.2.2. The ortho/para Hy variation would have reached their present status 2 to 3 times fastar th
: I . the outer, less dense layers. This could be possible onheif t
We discuss her_e the possibilities to make the gpth H ratio denser layers had reach{ed their steady-statepequilibmbmtﬁ
vary across a single PSC. _ not the case here where the densest layer would reach itlystea
_ Itis commonly accepted thatzts formed on grain surfaces state equilibrium after % 10° years only and this would imply
with an orthgpara ratio of 3 because of spin statistics and the N,D*/N,H* ratio of 6, almost an order of magnitude larger
exothermicity of the reaction H H — H,. Subsequently, the than observed. The most probable reason for this time giscre
ortho—h is converted into para—Hollowing equatior{ 29 and to ancy is that the core has undergone a contraction and therefo
alesser extent with reactions involving ldnd its isotopologues. || layers were not so dense in the past. While the outer sayer
As already discussed by FPAFW, this conversion is slow asd ltge little evolved in density (the most external one hadaro
probably not reached steady state in clouds with ages batwgpy started at 0.5—-k 10* cm3 to reach 7x 10* cm3 today),
10° and 16 years. the inner ones have undergone a much larger density increase
As constant density through the core would give no chemical
3 Here, we look for general solutions of theDl'/N,H* ratio as a differentiation while a time-frozen density profile as measured
function of several parameters, we thus do not try to fit theabun- here gives too much flerentiation, the solution is in between
dance to get the observed abundance the two. Starting from a uniform gas, the chemicdtetiential

4.3. Age of the core and collapse
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case has been computed for an average grain radius ph0and; = 2 x 1077 s71

evolution of the core should therefore help us to constriaén t4.4. Para—D,H*
duration of the contraction and the type of contraction. @frse . .
the model should also include the evolution of depletionalvhi [t Must be noted that at 7 K, the strongest possible line sitgn
also plays a role in the process acceleration. (LTE case) for the ground transition of paraHD is below 0.3
K because of the Rayleigh-Jeans correction at 691 GHz which

becomes very important. Moreover the thermalization ofittee

As the core must have started to contract from a lower dggdifficultto obtainin th!s source beyondthe radius_ pf 3000 A.U.
sity region, typically 16 cm3, it is clear that all layers have ac-Pecause the PSC densgy drops below the paghi*-Eritical den-
celerated their chemical evolution while their density bagn SItY (Terit = 4.9 10° cm®) beyond and a slight drop of the exci-
increasing. Therefore, the layer with the longest time tche tation temperature turns into exponential decrease oftiigat
the observed pD*/N,H* ratio is giving a lower limit to the age N€SS temperature. ForT= 6 K, Torgn < 0.13 K. Therefore
of the cloud. Depending on the exact average size of the grafearches for para-B* must reach very low noise level to have
this lower limit is 1.5-2< 1P years here. In fact it is even larger® chance of detection. From the models we present here, we pre
because before the cloud underwent contraction, deplaton dict @n integrated line intensity of 11 mK Ken(34 mK peak)
not yet occured and therefore, species like atomic sulfumst  With the Monte-Carlo model, and an upper limit of 16 mK fem
have been present in quantities large enough to transfableot (48 MK peak) in the case of LTE. This is a factor of 3 to 4 below
quantities of electric charges fromHo St (H* + S — H + the upper limit we have obtained from the observations.

S*) and PAHs must have also been abundant enough to help de-

stroy H" ions (Wakelam & Herbdt 20P8). All these phenomen@ s The chemical profile

contribute to the diminution of the tdbundance, therefore slow-

ing down the ortho—hirelaxation process. Inde€d, Flower €}t aFinally, we obtain a detailed profile of the PSC which we pnése
(P006) show that the relaxation process in some cases 3akés Fig. . It represents the solution for the model which we-pr
x 10" years, typically 50 times slower than in the case presentsehted in Figsﬂ 7 <ﬂ8 taking for each layer the values at theeir r
here (and 15 times slower for similar conditions of grairsind spective best-fit time. The large variation of the orthgsplecies
cosmic ray ionization rate but without depletion in theisep ~ across the core (factor 15) make$ Ehange by an even larger
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amount (2 orders of magnitude) but it does not become the muogj the estimate df Flower etlal. (2006b). However, this deise
abundant trihydrogen cation isotopologue in the core ceatte very much upon several factors, like for example the C:O ele-
this stage because the orthg-#bundance is not yet low enoughmental abundance ratio. Consequently this informatiomig o

In the present case, for a density 0fx210° cm™3, the inver- indicative.

sion between Eland I occurs when the abundance of orthe-H - Though our model does not deal with the nitrogen chemistry,
drops below 3x 1073, it seems to indicate that low abundances efa¥e stificient 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 wit}j l4o- N the inner core, Nand NbH™ (+ NoD*) follow a similar de-
topologues are the main path to destroy this molecule (Flowg€asing trend, suggesting thaj Nepletion eventually forces
et al.J2006p), we do not make a large error in determining itH" 10 decrease.
abundance directly from the,N* abundance itself and obtaina  While ortho—HD™* is 83 K above the para ground state,
N, profile which is probably closer to the reality than if we hadt is more abundant all over the core profile by almost an or-
let the whole N-chemistry freely establish its abundan@abse der of magnitude whereas the thermal equilibrium ratio oul
of too many unknowns. The abundance profile thus starts at bé orthgpara HD* ~ 2 x 10> at 7 K. This demonstrates the
x 1077 with respect to Hin the low density layer to diminish to efficiency of the ortho—klto convert para—bD* into ortho—
3x 1078in the densest layer. The undepleteddundance after H,D*and therefore limits the total abundance offH, as the
attainment of the steady state~i8 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
N, in the outer layer is possibly still small, we can concluds thneeded species to perform this inversion is no more ortho—H
N> has not yet reached its steady state abundance which putbainthe much rarer ortho—=DTherefore, the para—Bl* remains
upper limit to the age of the cloud of abouk11.(° 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 )
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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 fi@ents for tional wave functions must be obtained separately for tie io

ortho— and para—Hhave been recently published by Fonsecand for the neutral molecules. They are constructed irffarei

dos Santos et al| (2407). Here, we present the results ebtaient way for theDs, and C,, cases. The rotational eigenstates
for the all four H; isotopologues. The DR rate d&ieients for and eigenenergies of th&s, molecules are symmetric top wave

different species of the nuclear spin are calculated using the Amctions (see, for example Bunker & Jernsen 1998). They ean b

proach described in a series of papers devoted to DR theory dbtained analytically if the rotational constants are knowhe

triatomic molecular ions. Sde Kokoouline & Grekehe (20{Ba, botational constants are obtained numerically from vibrel

Fonseca dos Santos e} al. (2007) fgrahd D calculations and wave functions, i.e. they are calculated separately fon gdra-

Kokoouline & Greerle|(2004, 2005) for,B* and DH*. The tional level of the target molecule. The rotational funatdor

scope of this paper does not allow to review the theoretigal e&theC,, ions are obtained numerically by diagonalizing the asym-

proach in detail. We only list its main ingredients. metric top Hamiltonian|(Bunker & Jengeén 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 matr8eifatrix). 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+Telle
and nuclear spin degrees of freedom are explicitly takemdot fect and diagonal with respect to theffdrent irreducible rep-
count. resentation§ and the total angular momentuxhof 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 insiHas thep-wave character. tary due to the presence of the dissociative vibrationahobs
The p-wave state of the electron also belongs to Fheepre- (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 cogiicients.
tial waves have a much smalleffect on the DR probability: the ~ The nuclear spin states are characterized by one oAthe
s-wave states don’t have titetype character and, therefore, aré\,, or E irreducible representations of the symmetry gr&4p
only weakly coupled to the dissociative electronic stafeldgy  for Day molecules and by tha or B irreducible representations
d-wave electronic states are coupled to Ergibrational 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) correspondite- 1/2 (para). The statistical
tional degrees of freedom by a hyperradius and two hypeeanglortho:para weights are 2 : 1.
The hyperradiusis treated as a dissociation coordinateghee- For H,D*, thel'hs = A states B; andBs; rovibrational states)
sents uniformly the two possible DR channels, three-bodgt{(s correspond td = 1 (ortho); thel',s = B states A; and A, rovi-
as H+H+H) and two-body (such as#H). Although the initial brational states) correspond to= O (para). The statistical or-
vibrational state of the ion is the ground state, after rduioar tho:para weights are 3 : 1.
tion with the electron, other vibrational states of the dotairget For D,H*, thel'hs = A states Ay andA rovibrational states)
molecule can be populated. Therefore, in general, mangvibrorrespond td = 0,2 (ortho); thel',s = B states B, and B,
tional states have to be included in the treatment. In pdeic rovibrational states) correspondito= 1 (para). The statistical
the states of the vibrational continuum have to be inclutbed, ortho:paraweights are 2 : 1.
cause only such states can lead to the dissociation of theaheu  Finally, for D, thel'ys = A; states A andAY’ rovibrational
molecule. The vibrational states of the continuum are olthi states) correspond to= 1, 3 (ortho); thd',s = A, states &, and
using a complex absorbing potential placed at a large hgperA] rovibrational states) correspondlte- O (para); thens = E
dius to absorb the flux of the outgoing dissociative wave. 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 cdicients are shown as functionsFig. B.3. Theoretical DR rate cdicients for the ortho— and

of temperature for the ortho— and para—species{ofithe figure para—species of fH* are plotted as a function of temperature.
also shows the species-averaged ratefmment. For compari- The rate cofficient averaged over the two species and the ana-
son, we show the rate cfiigient obtained from measurementsytical expression used in earlier models are also shown.

in the TSR storage ring by Kreckel et/ d. (2p05) and the ana-

lytical dependence for the cfigient used in earlier models o 168 ; ——ry ——ry
prestellar cores by FPdFW. Para, é rovib symmetries

Ortho, A rovib symmetries
Averaged
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NS I?/ara, A rovib symmetries

R
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Lo Ll N — Fig. B.4. Theoretical DR rate cdgcients for the ortho—, para—,
10 T &?)0 1000 and meta-species of{DThe rate cofficient averaged over the

two species and the one used in earlier models are also shown.
Fig.B.2. Theoretical DR rate cdgcients for the ortho— and
para—species of #D*, as functions of temperature. The rate co-

efficient averaged over the two species and the analytical sxpr@' the thermal average at temperatures below or similango t
sion used in earlier models are also shown. energy diference between ground rotational levels dfatient

nuclear spin species. At higher temperatures, the exaagggné
the resonances is not important. The averaged rate is dattm
ical values are listed in Tabfe B.1. For comparison, the éigurby the density and the widths of the resonances, which are sim
show also the analytical dependences used in previous modlelr 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 small temperatures is explained bijatent energies of
Rydberg resonances present in DR cross-sections at lowaiec
energies. The actual energies of such resonances are anport
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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.



