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H2D1 observations give an age of at least one million
years for a cloud core forming Sun-like stars
Sandra Brünken1, Olli Sipilä2,3, Edward T. Chambers1, Jorma Harju2, Paola Caselli3,4, Oskar Asvany1, Cornelia E. Honingh1,
Tomasz Kamiński5, Karl M. Menten5, Jürgen Stutzki1 & Stephan Schlemmer1

The age of dense interstellar cloud cores, where stars and planets form,
is a crucial parameter in star formation and difficult to measure. Some
models predict rapid collapse1,2, whereas others predict timescales of
more than one million years (ref. 3). One possible approach to deter-
mining the age is through chemical changes as cloud contraction
occurs, in particular through indirect measurements of the ratio of
the two spin isomers (ortho/para) of molecular hydrogen, H2, which
decreases monotonically with age4–6. This has been done for the dense
cloud core L183, for which the deuterium fractionation of diazeny-
lium (N2H1) was used as a chemical clock to infer7 that the core has
contracted rapidly (on a timescale of less than 700,000 years). Among
astronomically observable molecules, the spin isomers of the deu-
terated trihydrogen cation, ortho-H2D1 and para-H2D1, have the
most direct chemical connections to H2 (refs 8–12) and their abun-
dance ratio provides a chemical clock that is sensitive to greater cloud
core ages. So far this ratio has not been determined because para-
H2D1 is very difficult to observe. The detection of its rotational
ground-state line has only now become possible thanks to accurate
measurements of its transition frequency in the laboratory13, and
recent progress in instrumentation technology14,15. Here we report
observations of ortho- and para-H2D1 emission and absorption,
respectively, from the dense cloud core hosting IRAS 16293-2422 A/B,
a group of nascent solar-type stars (with ages of less than 100,000 years).
Using the ortho/para ratio in conjunction with chemical models, we
find that the dense core has been chemically processed for at least
one million years. The apparent discrepancy with the earlier N2H1

work7 arises because that chemical clock turns off sooner than the
H2D1 clock, but both results imply that star-forming dense cores have
ages of about one million years, rather than 100,000 years.

We detected the ground-state rotational transition of the para spin
isomer of the deuterated trihydrogen cation (para-H2D1) at 1.370085 THz
(ref. 13) (wavelength l 5 219mm) towards IRAS 16293-2422 A/B using
the German REceiver for Astronomy at Terahertz frequencies (GREAT14)
onboard the Stratospheric Observatory For Infrared Astronomy (SOFIA15).
This line has so far only been tentatively detected in absorption against
the bright high-mass star-forming region Orion Irc2 by the Kuiper Air-
borne Observatory16. We also observed the ground-state line of ortho-
H2D1 at 372.421 GHz (ref. 17) (l 5 0.8 mm) towards the same source
using the Atacama Pathfinder EXperiment (APEX)18 submillimetre tele-
scope located in the Chilean Atacama desert at an altitude of 5,100 m.
IRAS 16293-2422 A/B consists of a triple system of young (,100,000
years) solar-type protostars, comprising a close protobinary (A1/A2)
and a third protostar (B) about 600 astronomical units (AU) away from
these19,20, surrounded by a massive envelope (a dense core of about two
solar masses) with steeply decreasing (from the inside outward) tem-
perature and density distributions21,22. This dense core still bears the
physical characteristics typical of starless cores on the verge of star for-
mation (the so-called pre-stellar cores23), with the bulk of the material
still at low temperatures (T , 20 K) and densities (number density of

H2 molecules n(H2) , 106 cm23). The dense core is embedded in the
dark cloud Lynds 1689N in Ophiuchus at a distance of 120 pc (ref. 24).

The present observations provide the measurement of the ortho/para
H2D1 ratio, and thus the corresponding ortho/para H2 ratio across the
dense core (see Methods). The para-H2D1 spectrum observed with
SOFIA and the ortho-H2D1 spectrum observed with APEX are shown
in Fig. 1, together with the model predictions (detailed below). We note
that para-H2D1 shows a strong and narrow absorption profile against
the far-infrared continuum emission caused by the central protostellar
heating of the surrounding dust grains, while ortho-H2D1 is observed
in emission with a similar width. These observational facts are related
to the cold temperatures of the environment, where almost all para-
H2D1 is in its rotational ground state (000) and is therefore observed in
absorption (see the energy level diagram in Fig. 1). Owing to the nuclear
spin conversion discussed in the Methods, the ground (111) and the first
excited rotational state (110) of ortho-H2D1 are populated even at the
low temperature of the dense core. As a consequence, in combination
with the lower continuum brightness at larger wavelengths, the major
contribution to the ortho-H2D1 signal observed at 372 GHz is due to
emission (see the energy level diagram in Fig. 1). In what follows, we
estimate the amounts of para-H2D1 and ortho-H2D1 in the line of sight
causing the observed absorption and emission features by radiative trans-
fer modelling. It turns out that the ortho/para ratio of H2D1 is below
0.1 in the cool outer part of the dense core where the lines originate.
This implies a very low ortho/para H2 ratio in this region.

We model the observed lines using the previously derived dense core
structure22 in conjunction with chemistry and radiative transfer calcu-
lations11,25,26 (see Methods). The radial density distribution of the dense
core is described by a power law between the central cavity (radial dis-
tance 30 AU from the centre) and the outer edge of the core (6,100 AU).
The gas temperature increases strongly inwards in this model owing to
gas compression in the collapse and to radiation from the protostars. In
agreement with several previous studies of this region27, we assume that
the dense core is embedded in an ambient cloud with typical dark cloud
conditions (n(H2) < 104 cm23, T < 10 K; see Extended Data Fig. 1). Ac-
cording to our modelling results, most of the para-H2D1 absorption
(83%) and nearly all ortho-H2D1 emission (91%) originate in the dense
core at radial distances from the centre between 2,000 AU and 6,100 AU,
where the kinetic temperature decreases from ,20 K to ,13 K, and the
hydrogen density n(H2) decreases from about 106 cm23 to about 105 cm23

(see Extended Data Fig. 1). This region still preserves the conditions
of the original pre-stellar core. The para- and ortho-H2D1 spectra pro-
duced by our best-fit model are displayed in Fig. 1, together with the ob-
served spectra. The best-fit model predicts an average ortho/para H2D1

ratio of 0.07 6 0.03 between 2,000 AU and 6,100 AU.
Such a low value for the ortho/para H2D1 ratio can only be under-

stood as a temporal decrease in parallel with a decreasing ortho/para
H2 ratio. The time evolution of the chemical abundances in different
parts of the dense core and in the ambient cloud was calculated using
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ABSTRACT

We report on the detection of the ground-state rotational line of ortho-D2H+ at 1.477 THz (203µm)
using the German REceiver for Astronomy at Terahertz frequencies (GREAT) onboard the Strato-
spheric Observatory For Infrared Astronomy (SOFIA). The line is seen in absorption against far-
infrared continuum from the protostellar binary IRAS 16293-2422 in Ophiuchus. The para-D2H+

line at 691.7 GHz was not detected with the APEX telescope toward this position. These D2H+

observations complement our previous detections of para-H2D+ and ortho-H2D+ using SOFIA and
APEX. By modeling chemistry and radiative transfer in the dense core surrounding the protostars,
we find that the ortho-D2H+ and para-H2D+ absorption features mainly originate in the cool (T < 18
K) outer envelope of the core. In contrast, the ortho-H2D+ emission from the core is significantly
absorbed by the ambient molecular cloud. Analyses of the combined D2H+ and H2D+ data result in
an age estimate of ⇠ 5⇥ 105 yr for the core, with an uncertainty of ⇠ 2⇥ 105 yr. The core material
has probably been pre-processed for another 5⇥ 105 years in conditions corresponding to those in the
ambient molecular cloud. The inferred time scale is more than ten times the age of the embedded
protobinary. The D2H+ and H2D+ ions have large and nearly equal total (ortho+para) fractional
abundances of ⇠ 10�9 in the outer envelope. This confirms the central role of H+

3 in the deuterium
chemistry in cool, dense gas, and adds support to the prediction of chemistry models that also D+

3

should be abundant in these conditions.
Keywords: astrochemistry — ISM: molecules — ISM: individual objects (IRAS 16293-2422) — stars:

formation

1. INTRODUCTION

The deuterated variants of the H+
3 ion are believed to be the most important agents of deuterium fractionation in

cool (T < 20 K) interstellar clouds (Millar et al. 1989). Deuteration driven by H+
3 should be particularly e�cient in

cold, dense cores. Firstly, substitution of H by D is favored in cold gas because it lowers the zero-point vibrational
energy of a molecule. Secondly, H+

3 and its isotopologs are predicted to be enhanced greatly in conditions where
common molecules like CO and N2 freeze onto dust grains (Dalgarno & Lepp 1984; Caselli et al. 2003; Roberts et al.
2003; Walmsley et al. 2004; Roberts et al. 2004). These chemistry models predict that gas with a large degree of CO
depletion can have abundances of H2D+ and D2H+ similar to that of H+

3 , and that D+
3 can become the most abundant

molecular ion. The detection of multiply deuterated species in dense cores supports strongly these ideas (Millar 2005).
On the other hand, it has proven di�cult to determine observationally the total abundances of deuterated isotopologs
of H+

3 .
The asymmetric isotopologs H2D+ and D2H+ have permanent electric dipole moments. Their ground-state rotational

transitions lie at submillimeter and far-infrared wavelengths. Like molecular hydrogen, H2D+ and D2H+ exist as ortho
and para modifications, depending on the symmetries of the nuclear spin functions of the two protons or deuterons.
The lowest rotational transitions of the four species are listed in Table 1. While ortho-H2D+ has been observed in
several dense clouds (e.g., Caselli et al. 2008; Pillai et al. 2012), para-H2D+ has only been detected once so far (Brünken
et al. 2014). The para modification of D2H+ has been previously detected toward two starless cores (Vastel et al. 2004;
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This presentation is based on the following two papers:
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• first confirmed detection of para-H2D+ in space, toward IRAS 16293-2422 A/B (SOFIA 
Cycle 2)

• we modeled the emission/absorption of ortho and para H2D+ using a pseudo-time-
dependent chemical model + radiative transfer

• H3+ + H2 chemistry from Hugo et al. (2009), rest of non-D chemistry from OSU

• deuterium and spin-state chemistry from Sipilä et al. (2013), where the spin-state 
chemistry was generated using the method of Oka (2004)

• physical model static, consists of two phases: 1) homogeneous dark cloud; 2) 
protostellar core (structure from Crimier et al. (2010))
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density, temperature of the source model
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Extended Data Figure 1 | Temperature and density distribution of the
source model. Physical model of IRAS 16293-2422 A/B, consisting of a widely
used core model22 and a low-density ambient cloud. a, The number density
n(H2) as a function of radius. b, The radial profile of the kinetic temperature,

T. The ambient cloud is assumed to have n(H2) 5 104 cm23 and T 5 10 K.
The shaded interval, between a radius of 3,000 and 6,100 AU, represents the
outer envelope of the core, which dominates the observed para-H2D1

absorption and ortho-H2D1 emission.
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our gas-grain chemistry model25. The resulting radial abundance distri-
butions of para- and ortho-H2D1, together with the density, temperature
and velocity profiles, were used as input for a Monte Carlo radiative
transfer program26 designed to predict observable line profiles. The ex-
citation of the rotational transitions of H2D1 in collisions with para- and
ortho-H2 are calculated using theoretical state-to-state rate coefficients11.
The slow conversion of ortho- to para-H2, together with the coupling
of the ortho/para H2 ratio to that of H3

1 and its deuterated species
through proton exchange reactions (see Extended Data Fig. 2) allows
us to use the observed ortho/para H2D1 ratio as a chemical clock for the
dense core age since the time of its formation within the ambient cloud.

Using conservative values of the initial ortho/para H2 ratio in our
time-dependent chemical models (see Methods), the low values of the
ortho/para H2D1 ratio (,0.065 6 0.019) found in the outermost layers
of the dense core with T 5 13–16 K can only be reached after about a
million years of chemical evolution, preceded by a period at least equally
long in conditions corresponding to the embedding ambient dark cloud.
To illustrate the temporal evolution of the ortho/para H2D1 ratio in
conditions corresponding to the dense core surrounding IRAS 16293-
2422 A/B, we plot this ratio in Fig. 2 as a function of the kinetic temper-
ature of the environment for different evolution times after the formation
of the dense core. Owing to the restrictions in dense core temperature
and the observed ortho/para H2D1 ratio (shown as vertical and hori-
zontal shaded areas, respectively, in Fig. 2), the temporal evolution of
the dense core is at least one million years (see Methods).

Therefore, we have verified that the observed ortho/para H2D1 ratio
is setting limits on the core age. The ortho/para H2D1 ratio gives a more

direct estimate of the ortho/para H2 ratio than the previously used
deuterium fraction measurement of N2H1 (that is, N2D1/N2H1; ref. 7),
in particular for evolved regions with ortho/para H2 ratios of less than
0.01. Below this value, the N2D1/N2H1 ratio loses correlation with the
ortho/para H2 ratio (see Extended Data Figs 3 and 4). Therefore, at this
point, the N2D1/N2H1 chemical clock stops while the clock based on
the ortho/para H2D1 ratio keeps running. Our results indicate that the
average ortho/para H2 ratio is about 2 3 1024 between radii of 3,000 AU

and 6,100 AU (T 5 13–16 K), which can be reproduced only at very late
times of chemical evolution (see Extended Data Fig. 5). Our conserva-
tive analysis gives an age estimate of at least one million years. The very
low value of ortho/para H2 found in the core around IRAS16293-2422
is hardly possible to probe by any other means, and we conclude that
the timing set by the ortho/para H2D1 ratio is most relevant for con-
straining the duration of the dense cloud core phase in the course of
star formation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 1 | Observed and modelled H2D1 spectra. a, The histograms show the
ortho-H2D1 (top) and para-H2D1 (bottom) rotational ground-state lines as
observed with APEX/FLASH and SOFIA/GREAT, respectively; the orange
lines show the modelled line profiles. Intensities are given as antenna
temperatures T*A and vLSR denotes the velocity with respect to the local
standard of rest. b, Energy level diagram (in units of temperature, E/k, where
k is the Boltzmann constant) of the lowest rotational states of ortho- and
para-H2D1.
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H2D+ seems to be a more robust chemical age tracer than N2D+/N2H+
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our gas-grain chemistry model25. The resulting radial abundance distri-
butions of para- and ortho-H2D1, together with the density, temperature
and velocity profiles, were used as input for a Monte Carlo radiative
transfer program26 designed to predict observable line profiles. The ex-
citation of the rotational transitions of H2D1 in collisions with para- and
ortho-H2 are calculated using theoretical state-to-state rate coefficients11.
The slow conversion of ortho- to para-H2, together with the coupling
of the ortho/para H2 ratio to that of H3

1 and its deuterated species
through proton exchange reactions (see Extended Data Fig. 2) allows
us to use the observed ortho/para H2D1 ratio as a chemical clock for the
dense core age since the time of its formation within the ambient cloud.

Using conservative values of the initial ortho/para H2 ratio in our
time-dependent chemical models (see Methods), the low values of the
ortho/para H2D1 ratio (,0.065 6 0.019) found in the outermost layers
of the dense core with T 5 13–16 K can only be reached after about a
million years of chemical evolution, preceded by a period at least equally
long in conditions corresponding to the embedding ambient dark cloud.
To illustrate the temporal evolution of the ortho/para H2D1 ratio in
conditions corresponding to the dense core surrounding IRAS 16293-
2422 A/B, we plot this ratio in Fig. 2 as a function of the kinetic temper-
ature of the environment for different evolution times after the formation
of the dense core. Owing to the restrictions in dense core temperature
and the observed ortho/para H2D1 ratio (shown as vertical and hori-
zontal shaded areas, respectively, in Fig. 2), the temporal evolution of
the dense core is at least one million years (see Methods).

Therefore, we have verified that the observed ortho/para H2D1 ratio
is setting limits on the core age. The ortho/para H2D1 ratio gives a more

direct estimate of the ortho/para H2 ratio than the previously used
deuterium fraction measurement of N2H1 (that is, N2D1/N2H1; ref. 7),
in particular for evolved regions with ortho/para H2 ratios of less than
0.01. Below this value, the N2D1/N2H1 ratio loses correlation with the
ortho/para H2 ratio (see Extended Data Figs 3 and 4). Therefore, at this
point, the N2D1/N2H1 chemical clock stops while the clock based on
the ortho/para H2D1 ratio keeps running. Our results indicate that the
average ortho/para H2 ratio is about 2 3 1024 between radii of 3,000 AU

and 6,100 AU (T 5 13–16 K), which can be reproduced only at very late
times of chemical evolution (see Extended Data Fig. 5). Our conserva-
tive analysis gives an age estimate of at least one million years. The very
low value of ortho/para H2 found in the core around IRAS16293-2422
is hardly possible to probe by any other means, and we conclude that
the timing set by the ortho/para H2D1 ratio is most relevant for con-
straining the duration of the dense cloud core phase in the course of
star formation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 1 | Observed and modelled H2D1 spectra. a, The histograms show the
ortho-H2D1 (top) and para-H2D1 (bottom) rotational ground-state lines as
observed with APEX/FLASH and SOFIA/GREAT, respectively; the orange
lines show the modelled line profiles. Intensities are given as antenna
temperatures T*A and vLSR denotes the velocity with respect to the local
standard of rest. b, Energy level diagram (in units of temperature, E/k, where
k is the Boltzmann constant) of the lowest rotational states of ortho- and
para-H2D1.
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this model.
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observed + modeled spectra

• observed H2D+ o/p ratio (0.065±0.019) 
implies a very low H2 o/p ratio

• best-fit chemical age based on this 
analysis is 106+106 yr

• the model is rather simple, for example 
the continuum is added after the RT 
calculations

• we only had one pair of lines to fit
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• in SOFIA Cycle 3, we obtained the first detection of ortho-D2H+ in space

• coupled with an APEX observation of para-D2H+, we now have data on both spin states 
of H2D+ and D2H+ towards the same line of sight

• we proceeded to reanalyze the problem using an improved modeling approach

• the chemical model was updated based on Sipilä et al. (2015a,b); spin chemistry derived 
using a group-theoretical approach

• now using KIDA instead of OSU

• the RT calculations now consider the continuum as well; small velocity shift introduced 
between the core and the ambient cloud
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• in Sipilä et al. (2015b; A&A 581, A122) we discussed the spin-state chemistry of 
deuterated ammonia in detail

• we constructed new gas-phase and grain-surface reaction sets where the spin chemistry 
of deuterated species was derived based on symmetry rules (H3+ + H2 chemistry still 
taken from Hugo et al. 2009)

• the underlying assumption is complete scrambling
O. Sipilä et al.: Spin-state chemistry of deuterated ammonia

Table A.1. Statistical nuclear spin branching ratios for reactions H2 +
H!H3 and D2 + D!D3.

H3 H2 + H
A ⊗ A B ⊗ A

∑

4 A1 4 0 4
0 A2 0 0 0
2 E 2 2 4∑

6 2 8

D3 D2 + D
A ⊗ A B ⊗ A

∑

10 A1 10 0 10
1 A2 0 1 1
8 E 8 8 16∑

18 9 27

Appendix A: Calculation of nuclear spin branching
ratios using symmetry rules

The method used in deriving the nuclear spin branching ratios
is demonstrated by three examples, all dealing with varieties of
the reaction H+3 + NH3 → (NH+6 )∗ → NH+4 + H2. The method
is described in Quack (1977) and in Park & Light (2007b). The
collision partners are classified, or labeled, according to the ir-
reducible representations of an appropriate permutation group.
These labels tell how the symmetrized nuclear spin functions be-
longing to this species transform under operations of the group,
such as the transposition of two identical nuclei and the per-
mutation of n identical nuclei (e.g., Bunker & Jensen 2006).
The branching ratios are obtained from correlations between
the group of the intermediate reaction complex and the direct
product groups representing the reactants and products (Quack
1977). The statistical weight of each channel corresponds to the
number of nuclear spin functions belonging to that symmetry
species.

A.1. Three identical nuclei

As the first example we consider the reaction D2H+ + NH2D →
(NH3D+3 )∗ → NHD+3 + H2. The H and D symmetries are treated
separately. The same result is obtained by considering the mixed
system in appropriate direct product groups. From the hydro-
gen point of view, H2 and H form H3 which dissociates back
to H2 + H. On the deuterium side, the reaction forms D3 from
D2 + D. In the present model we assume that the branching ra-
tios are equal to the pure nuclear spin symmetry induction and
subduction statistical weights, which for these reactions can be
read from Tables 3 and 4 of Hugo et al. (2009). We reproduce
the appropriate tables in Table A.1.

The numbers in the leftmost columns of Table A.1 are the
frequencies of the irreducible representations A1, A2, and E, in
the representations of the permutation group S 3 generated by
the nuclear spin functions of H+3 and D+3 . This means that the
symmetry representations of H3 and D3 in S 3 can be reduced
into the following direct sums (denoted by ⊕):

Γn.s.(H3) = 4 A1 ⊕ 2 E, Γn.s.(D3) = 10 A1 ⊕ 1 A2 ⊕ 8 E (A.1)

(e.g., Bunker & Jensen 2006; Hugo et al. 2009). According to
Mulliken’s notation used here, one-dimensional representations
are labeled as either A or B, two-dimensional ones are labeled E,
three-dimensional F, four-dimensional G, etc. The total nuclear
spin statistical weight of each symmetry species can be read
from these decompositions by multiplying the frequency by the
dimension of the representation, f (Γi) × dim(Γi). The Greek ap-
pellations, para, meta, and ortho are used to indicate these sta-
tistical weights for the simplest molecules, so that “ortho” has
the highest statistical weight. The “para” (E, I = 1/2) and “or-
tho” (A1, I = 3/2) species of H+3 have, however, equal statistical
weights. H+3 has no nuclear spin functions of species A2, which is

antisymmetric with respect to interchange of two nuclei4. H2 and
D2 can have the symmetries A or B, and the single nuclei H and
D have the A symmetry. The number in the bottom righthand cor-
ner of each table gives the total number of linearly independent
nuclear spin functions of the molecule, (2I + 1)3, where I = 1/2
for H3 and I = 1 for D3. The branching ratios in Table A.1 are
obtained by multiplying the correlation table between S 3 and the
product group S 2 ⊗ S 1 by appropriate frequencies. This correla-
tion table is given by

S 3 S 2 ⊗ S 1
A ⊗ A B ⊗ A

A1 1 0
A2 0 1
E 1 1

The correlation table S 3 ↔ S 2 ⊗ S 1 presented above is derived
using the standard methods of group theory, i.e., by forming the
character table of direct product group S 2 ⊗ S 1, and the char-
acter table for the subduced representations of S 3 on S 2 ⊗ S 1,
S 3 ↓ S 2 ⊗ S 1. The latter is obtained from that of S 3 by strip-
ping it from operations that are unfeasible in the direct product
group S 2 ⊗ S 1, i.e., the class of cyclic permutations of three nu-
clei, {(123), (132)}. Finally, the orthogonality relation between
the characters of irreducible representations is used.

Tables A.1 can be read either from left to right (“subduc-
tion”) or top down (“induction”). For example, one can see that
the A1 species of H3 and D3 dissociate exclusively to the A sym-
metry of H2 or D2, whereas the E species dissociate to both A
and B symmetries (“ortho” and “para”, respectively) of H2 or
D2 with equal probability. In the reaction oD2 + D (A ⊗ A), the
A1 (“meta”) and E (“ortho”) species of D3 are formed with the
probabilities 10/18 and 8/18, respectively, whereas in the reac-
tion pD2 +D (B⊗ A), the A2 (“para”) and E (“ortho”) species of
D3 are formed with the probabilities 1/9 and 8/9. These branch-
ing ratios determine relative abundances of NHoD+3 , NHmD+3 ,
and NHpD+3 resulting from the reaction D2H+ + NH2D.

A.2. Six identical nuclei

To determine the nuclear spin branching ratios of the reactions
H+3 +NH3 → (NH+6 )∗ → NH+4 +H2 and D+3 +ND3 → (ND+6 )∗ →
ND+4 + D2, one needs to determine the nuclear spin symmetry
species of H6 and D6 in the permutation group S 6. We first cal-
culate the characters, χ(R), of the representations generated by
the nuclear spin functions of H6 and D6 under the operations R
of S 6. Crabtree & McCall (2013) give a convenient formula for
this:

χ(R) = (2I + 1)n−x, (A.2)

where I is the nuclear spin (1/2 for H and 1 for D), n the number
of identical nuclei (here 6), and x the number of transpositions or
pairwise permutations, which correspond to the operation R. The
number of interchanges corresponding to a cyclic permutation of
k elements is k − 1, and so x = k − 1. For example, x = 2 for
the ternary permutation (123). The character table of S 6 is easily
obtainable using GAP (2015). By applying the orthogonality re-
lation of the characters of irreducible representations, we derive
the following decompositions for the symmetry representations

4 The fulfillment of the symmetrization postulate for each nuclear spin
species is taken care of by the complete internal wavefunction consist-
ing of the nuclear spin, ro-vibrational and electronic parts.

A122, page 11 of 13
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Table A.4. Statistical nuclear spin branching ratios of the reaction D6!D3 + D3.

D6 D3 + D3
A1, A1 A1, A2 A1, E A2, A1 A2, A2 A2, E E, A1 E, A2 E, E

∑

28 A1 28 0 0 0 0 0 0 0 0 28
35 H1 35 0 70 0 0 0 70 0 0 175
1 H3 0 0 0 0 1 0 0 0 4 5

10 H4 10 0 0 0 0 0 0 0 40 50
27 L1 27 0 54 0 0 0 54 0 108 243
10 M1 0 10 20 10 0 0 20 0 40 100

8 S 0 0 16 0 0 16 16 16 64 128
∑

100 10 160 10 1 16 160 16 256 729

Table A.5. Statistical nuclear spin branching ratios of the reaction D6!D4 + D2.

D6 D4 + D2
A1, A A1, B E, A E, B F1, A F1 , B F2 , A F2, B

∑

28 A1 28 0 0 0 0 0 0 0 28
35 H1 35 35 0 0 105 0 0 0 175
1 H3 0 0 2 0 0 0 0 3 5
10 H4 0 0 0 20 30 0 0 0 50
27 L1 27 0 54 0 81 81 0 0 243
10 M1 0 10 0 0 30 30 30 0 100

8 S 0 0 16 16 24 24 24 24 128
∑

90 45 72 36 270 135 54 27 729
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Table A.4. Statistical nuclear spin branching ratios of the reaction D6!D3 + D3.

D6 D3 + D3
A1, A1 A1, A2 A1, E A2, A1 A2, A2 A2, E E, A1 E, A2 E, E

∑

28 A1 28 0 0 0 0 0 0 0 0 28
35 H1 35 0 70 0 0 0 70 0 0 175
1 H3 0 0 0 0 1 0 0 0 4 5

10 H4 10 0 0 0 0 0 0 0 40 50
27 L1 27 0 54 0 0 0 54 0 108 243
10 M1 0 10 20 10 0 0 20 0 40 100

8 S 0 0 16 0 0 16 16 16 64 128
∑

100 10 160 10 1 16 160 16 256 729

Table A.5. Statistical nuclear spin branching ratios of the reaction D6!D4 + D2.

D6 D4 + D2
A1, A A1, B E, A E, B F1, A F1 , B F2 , A F2, B

∑

28 A1 28 0 0 0 0 0 0 0 28
35 H1 35 35 0 0 105 0 0 0 175
1 H3 0 0 2 0 0 0 0 3 5
10 H4 0 0 0 20 30 0 0 0 50
27 L1 27 0 54 0 81 81 0 0 243
10 M1 0 10 0 0 30 30 30 0 100

8 S 0 0 16 16 24 24 24 24 128
∑

90 45 72 36 270 135 54 27 729

A122, page 13 of 13

energy effects neglected so far,
no vibrational excitation
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Figure 3. Assumed density and temperature distributions of IRAS16293. The core model (up to R = 6900 AU) is adopted from
Crimier et al. (2010). The core is likely to be embedded in the L1689N molecular cloud. The two alternative ambient cloud
models used here are 1) a homogeneous dark cloud-type model (solid lines), and 2) extension of the density power-law and the
corresponding temperature profile from Crimier et al. (dashed lines).

the dense core, which gives rise to asymmetric absorption profiles as observed in our SOFIA spectra of ortho-D2H+

and para-H2D+.

3.2. Chemistry model

The chemical abundances in di↵erent parts of IRAS16293 and the ambient cloud were calculated using a chemistry
model containing reaction sets for both gas-phase and grain surface chemistry. The code is described in detail in
Sipilä et al. (2015a) and in Sipilä et al. (2015b). The chemistry model distinguishes between the di↵erent nuclear spin
states of light hydrogen molecules, nitrogen hydrides, water, and their deuterated forms. The reaction rate coe�cients
for the H+

3 + H2 isotopic system, which is most relevant for the present study, are adopted from Hugo et al. (2009).
For dissociative recombination reactions of H+

3 and its deuterated forms with electrons we used the rate coe�cients
presented in Pagani et al. (2009). In the present work we use the KIDA gas-phase network (Wakelam et al. 2015) as
the basis upon which the deuterium and spin-state chemistry is added with the prescriptions detailed in Sipilä et al.
(2015a) and Sipilä et al. (2015b).
The method of calculation is similar to that described in Brünken et al. (2014). The physical model is divided into

concentric shells where the density and temperature are assumed to be constant. Chemical evolution is calculated
separately in each shell. The model is pseudo-time dependent, i.e., we follow the chemical evolution assuming that the
protostellar envelope and the ambient cloud are static.
We use di↵erent assumptions about initial chemical composition of the cloud. In one of the models, we assume that

the gas is initially atomic, with the exceptions of hydrogen and deuterium, which are completely bound to H2 and HD.
We also calculated a series of models, for which the initial composition depends on the processing time in conditions
corresponding to the outskirts of the ambient cloud (n(H2) ⇠ 104 cm�3, T ⇠ 14 K). For the elemental abundances,
we have adopted the set of low-metal elemental abundances labelled EA1 in Wakelam & Herbst (2008). We have fixed
the cosmic-ray ionization rate to ⇣ = 1.3⇥ 10�17 s�1, the grain radius to ag = 0.1µm, and the initial ortho/para-H2

6

to 10�3, corresponding to a spin temperature of Tspin ⇠ 18 K.

3.3. Simulation of spectral lines

The abundance distributions extracted from the chemistry model are used, together with the density, temperature,
and velocity profiles of the core, as input for predicting observable spectral line profiles. Our radiative transfer
calculations include the emission and absorption by dust, and the e↵ect of dust emission on the line excitation. We
use programs described in Juvela (1997) and Juvela (2005). The input parameters of the physical model are the cloud
density structure, the luminosity of the central protostar, the intensity of the interstellar radiation field (ISRF), and
the dust opacity spectrum. We adopted the dust opacity model of Ossenkopf & Henning (1994) for dust grains with
thin ice coatings processed at the density n(H2) = 105 cm�3. The spectrum of the unattenuated interstellar radiation
field (ISRF) was taken from Black (1994). The program produces a high angular resolution spectral map of the source
model, including the dust continuum. For comparison with observations, the map is smoothed to a given resolution.
The excitation of the rotational transitions of D2H+ and H2D+ in collisions with para- and ortho-H2 are calculated
using the state-to-state rate coe�cients from Hugo et al. (2009). The hyperfine patterns of the lines are adopted from
Jensen et al. (1997). These are, however, overwhelmed by the Doppler broadening.

4. RESULTS

4.1. Abundance distributions

Figure 4. Distributions of the H2D
+, D2H

+, and D+
3 abundances (relative to H2) in the outer envelope of the core at the time

5 ⇥ 105 yr from the beginning of the simulation. Also shown are the fractional CO and HD abundances multiplied by 10�5.
The ambient cloud is assumed to be homogeneous with n(H2) = 104 cm�3, T = 10 K.

The abundances of deuterated ions can become significant only in cool, shielded parts of the core envelope and the
ambient dark cloud. This is illustrated in Figure 4, which shows the radial abundance distributions of the deuterated
forms of H+

3 at an advanced stage (t = 5 ⇥ 105 yr) of the simulation that has been started from an atomic initial
composition (except for H2 and HD). Also shown are the fractional CO and HD abundances. Here we have used the

physical structure of the model core
+ ambient cloud

abundances of selected species at
t = 5x105 yr

the ambient cloud is a bit denser than in
the previous paper (temperature was
varied too)
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a) b)

Figure 5. Time evolution of the average fractional abundances of ortho- and para-D2H
+ and ortho- and para-H2D

+ in the outer
layers (R = 2500� 6900 AU) of the protostellar envelope model using two di↵erent initial compositions: (a) atomic abundances
and (b) abundances from the dark cloud stage after 5 ⇥ 105 yr. Also shown are the fractional abundances of H+

3 , HD, and
ortho-H2.

same ambient cloud model as Brünken et al. (2014) with n(H2) = 104 cm�3 and T = 10 K. The highest fractional
abundances of H2D+ and D2H+ (X > 10�10) are found in the outer layers of the core envelope at radii R & 2500
AU. The inner boundary marks the distance where the temperature decreases below 20 K, making CO desorption
ine�cent. There is an abrupt change in the abundances of H2D+, D2H+, and D+

3 at the outer edge of the core because
of the density drop; the chemical evolution is slower in the ambient cloud. The abundances of deuterated ions fall
steeply near the extreme outer boundary of the ambient cloud (AV . 5, not shown). This decrease is caused by active
CO production and a high ortho-H2 abundance close to the surface of the cloud. Ultimately, CO is photodissociated
in the outermost layers with AV < 1mag.
We next examine the chemical evolution of the coolest part (R ⇠ 2500� 6900 AU, T < 18 K) of the envelope. The

average abundances of ortho- and para-H2D+ and D2H+ as functions of time using two di↵erent initial gas compositions
are shown in Figure 5. Also shown are the abundances of H+

3 , HD, and ortho-H2. The fractional abundances are column
density-weighted averages, N(X)/N(H2), over the mentioned layers of the envelope.
The initial composition influences the evolution of the ortho-D2H+ abundance. When starting the simulation from

unprocessed abundances (we call this simulation “a”), the ortho-D2H+ abundance decreases substantially after an
early peak at t ⇠ 2⇥ 105 yr (see Figure 5 a). On the other hand, if the chemistry is first allowed to evolve for 5⇥ 105

yr (Figure 5 b; we call this simulation “b”), or any time of that order in dark cloud conditions, the ortho-D2H+

abundance remains high until the late stages of chemical evolution. The di↵erence is related to a slower depletion of
HD and a faster decrease of o/p-H2 in simulation b as compared with simulation a. This in turn can be attributed to
a higher H+

3 abundance in the beginning of simulation b. In the presence of HD, the H+
3 ion is e�ciently deuterated,

and all its isotopologs contribute strongly to the ortho-para conversion of H2. The decrease of o/p-H2 further enhances
deuterium fractionation. Individual deuterium atoms are not deposited in H2D+, D2H+ or D+

3 molecules for long, but
they are released by dissociative recombinations with electrons. The abundance of D atoms in the gas phase and on
grains is, therefore, higher in simulation b than in simulation a. This is reflected in the replenishment of HD from
grains. In simulation b, the rate of HD formation on grains is higher than in simulation a until very late stages. To
summarize, our interpretation is that the distribution of deuterium between many di↵erent gas- and solid-phase species
in the beginning of simulation b helps to sustain high HD and D2H+ abundances longer than in simulation a, where
all deuterium is initially bound to HD.
The radial distributions of the o/p ratios of D2H+, H2D+, and H2, and the meta/ortho (m/o) ratio of D+

3
3 are shown

in Figure 6. The ratios correspond to the time 5⇥ 105 yr in the simulation presented in Figure 5 (a), where the initial
gas composition is mainly atomic. The dashed curves show the spin ratios in thermal equilibrium. These are calculated

3 The D+
3 ion has three permutation symmetry species in S3: E (“ortho”, with nuclear spins I = 1 or I = 2), A1 (“meta”, I = 1, 3),

and A2 (“para”, I = 0). The statistical weights (the numbers of possible nuclear spin states belonging to these species) are 16, 10, and 1
for ortho, meta, and para, respectively.

initial abundances (obviously) make a difference to the time evolution
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Figure 6. Ortho/para ratios of D2H
+, H2D

+, and H2, and the meta/ortho ratio of D+
3 (solid lines) as functions of the radial

distance from the core center. The corresponding ratios in thermal equilibrium are shown with dashed curves. The plot shows
the situation at t = 5⇥105 yr in the simulation starting from a mainly atomic gas composition (simulation a). The ambient cloud
is homogeneous at n(H2) = 104 cm�3, T = 10 K. Note that ortho-D2H

+ and meta-D+
3 are the lowest-energy spin modifications

of D2H
+ and D+

3 , whereas for H2 and H2D
+, the para modifications represent the lowest energies.

from the partition functions, for example o/p-H2(T) = QoH2(T)/QpH2(T). At low temperatures, the equilibrium ratios
can be approximated by o/p-H2 ⇡ 9 exp(�170.5/T), o/p-H2D+ ⇡ 9 exp(�86.4/T), o/p-D2H+ ⇡ 6/9 exp(+50.2/T),
and m/o-D+

3 ⇡ 10/16 exp(+46.5/T) (Flower et al. 2004; Hugo et al. 2009). The modeled ortho/para ratios experience
both radial and temporal changes. In the dense and warm inner parts, o/p-H2 is thermalized, and also o/p-H2D+,
o/p-D2H+, and m/o-D+

3 follow their thermal ratios (the perceptible o↵set of o/p-H2D+ from the thermal ratio is
discussed in Section 4.3). In the cool, outer envelope the spin ratios deviate clearly from their thermal values. In the
outermost layers with T  16 K (R & 3500 AU), all the plotted spin ratios are suprathermal, i.e., the species with the
higher ground-state energies, ortho-H2, ortho-H2D+, para-D2H+, and ortho-D+

3 , have clearly larger abundances than
expected from thermal equilibrium. The deviations in o/p-H2 and o/p-H2D+ from thermal ratios become smaller as
time advances. For o/p-D2H+ and m/o-D+

3 , no substantial changes occur after 105 yr in this model. The spin ratio
plot for simulation b (not shown) is very similar to that shown in Figure 6 except that the o/p ratios of H2 and H2D+

follow the thermal ratios up to larger distances from the core center than in simulation a.
The time evolution of the averaged ortho/para ratios of H2, H2D+, D2H+, and the ortho/meta (o/m) ratio of D+

3

are presented in Figure 7. The averages are column density ratios calculated over the outer envelope, R = 2500� 6900
AU. The figure shows the abundance ratios of the higher energy modification to the lower energy modification for all
molecules. The predicted ratios from simulation a, starting from atomic abundances, are shown with solid lines, and the
ratios from simulation b, which starts from re-processed abundances, are shown with dashed lines. In simulation b, the
ortho/para ratios of H2 and H2D+ decrease more steeply and reach lower values than in simulation a. Correspondingly,
p/o-D2H+ and o/m-D+

3 in simulation b are lower at late times as compared to simulation a. In both simulations,
o/p-H2D+ correlates closely with o/p-H2. As discussed in Brünken et al. (2014), this correlation is established by
proton exchange reactions between (ortho or para)H2D+ and (ortho or para)H2. The o/p-H2D+ ratio as a function of

o/p ratios at t = 5x105 yr

9

Figure 7. Average ortho/para ratios of H2D
+ and H2, para/ortho-D2H

+, and ortho/meta-D+
3 as functions of time in the outer

envope of IRAS16293. The averages are calculated over the distance range R = 2500 � 6900 AU from the center. Predictions
from simulation a are shown with solid lines, and those from simulation b are shown with dashed lines.

o/p-H2 can be calculated to a great accuracy from the analytical formula given in Brünken et al. (2014). At advanced
stages of the simulation, the dominant reaction is

pH2D
+ + oH2

k+
1⌦

k�
1

oH2D
+ + pH2 . (1)

In this case the mentioned formula can be simplified to o/p-H2D+ ⇠ k+1 /k
�
1 o/p-H2.

The temporal evolution patterns of p/o-D2H+ and o/m-D+
3 resemble each other, but show no obvious correlation with

o/p-H2. The lowest energy spin modifications, meta-D+
3 and ortho-D2H+ are coupled by the reaction oD2H++HD $

mD+
3 +o/pH2. The forward reaction is the principal pathway to meta-D+

3 , and the reverse reaction can only decompose
to oD2H+ +HD because of symmetry rules. Besides the fractionation reactions, the spin states of D2H+ and D+

3 are
influenced by spin conversion reactions with HD: pD2H+ + HD ! oD2H+ + HD, oD+

3 + HD ! mD+
3 + HD (Flower

et al. 2004; Flower et al. 2006; Hugo et al. 2009; Sipilä et al. 2010).

4.2. Simulated spectra

We calculated the spectral line profiles of the ortho and para modifications of H2D+ and D2H+ at di↵erent times,
using the cloud models described in Section 3.1. The evolution of chemical abundances in the model clouds were
calculated using di↵erent initial gas compositions, determined by the duration of the preceding “dark cloud” stage.
The following durations of the initial dark cloud stage were tested: 1⇥105, 3⇥105, 5⇥105, 7⇥105, and 1⇥106 yr. The
dense core plus ambient cloud evolution was followed up to 3⇥ 106 yr. The cloud models di↵er by the ambient cloud
parameters, and in terms of how the transition from the dense core to the ambient cloud occurs (see Figure 3). The
purpose of the calculations was to find a physical model that at a certain stage could reproduce the observed H2D+

and D2H+ spectra. The appropriateness of the model and the timing was controlled with the help of diagrams showing
the time-dependence of the integrated emission/absorption line intensity. The method is explained in Appendix A.

average o/p ratios
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APPENDIX

A. DETERMINING THE BEST-FIT MODEL AND TIME

a) b)

Figure 11. Integrated (continuum subtracted) line areas as functions of time after the beginning of the dense core phase (solid
lines) for the Crimier et al. core plus ambient dark cloud model. These are shown for two di↵erent initial gas compositions
which are taken a dark cloud stage at 3 105 yr (a) and 5 105 yr (b). The hatched horizontal bars describe the observed integrated
intensities and their 1-� errors. The ambient cloud is assumed to be homogeneous with T = 10 K and n(H2) = 3 104 cm�3.
Both calculations are done using a modified backward rate coe�cient of reaction (1) explained in Section 4.3.
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Figure 8. Observed ortho-D2H
+, para-H2D

+, ortho-H2D
+, and para-D2H

+ spectra (histograms) toward IRAS16293. The red
solid curves are predictions from our best fit model when the dense core is assumed to be embedded in a homogeneous dark
cloud with n(H2) = 104 cm�3, T = 10 K, and there is no velocity shift between the foreground component and the core. The
green curves show the predicted line emission without the continuum of the embedded far-IR source.

lead to an overestimate of o/p-H2D+. The possible overestimate could contribute to the overly bright ortho-H2D+

line produced by the present simulations. A similar tendency of over-predicting ortho-H2D+ emission with the same
chemistry model was observed in a study of the starless core H-MM1 (Harju et al. 2017).
For reaction (1) and other reactions between the isotopologs of H+

3 and H2, we have adopted the ground state-to-
species rate coe�cients given in Table VIII of Hugo et al. (2009). The ↵ and � parameters in the Arrhenius-Kooij
expressions for the rate coe�cients presented in this table were fitted in the temperature range 5� 20 K. Pagani et al.
(2013) have extended the fits to the range 5� 50 K. The anomalous o/p-H2D+ ratio is seen also at temperatures for
which the original fit is valid.
In the reaction set used, the ratio k+1 /k

�
1 of the forward and backward reactions (1) is ⇠ 2.25 exp(87.7/T ), whereas
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Figure 9. Same as Figure 8, but the predicted spectra (red
curves) are calculated using a model where the ambient cloud
density is higher, n(H2) = 3 104 cm�3, and where its nearside
moves toward the core at a speed of 0.2 km s�1.

The situation with ortho-H2D+ becomes even worse
when using the extended Crimier et al. (2010) core
model, where the density and temperature distributions
are continuous. The best-fit spectra are shown in Ap-
pendix B. In this model, there is less low-density cold
gas serving as an absorbing layer as compared with the
homogeneous ambient cloud model. On the other hand,
the model can quite well reproduce the two absorption
lines.

4.3. Adjusting the ortho-para conversion of H2D+

Inspection of Figure 6 reveals that o/p-H2D+ lies a
constant factor of ⇠ 2 above the thermal value when
o/p-H2 is thermalized. This is contrary to intuition and
pointed us to the fact that the rate coe�cients used
in the simulation lead to an overestimate of o/p-H2D+.
The possible overestimate could contribute to the overly
bright ortho-H2D+ line produced by the present simula-
tions. A similar tendency of over-predicting ortho-H2D+

emission with the same chemistry model was observed in
a study of the starless core H-MM1 (Harju et al. 2017).
For reaction (1) and other reactions between the iso-

topologs of H+
3 and H2, we have adopted the ground

state-to-species rate coe�cients given in Table VIII of
Hugo et al. (2009). The ↵ and � parameters in the
Arrhenius-Kooij expressions for the rate coe�cients pre-
sented in this table were fitted in the temperature range
5 � 20 K. Pagani et al. (2013) have extended the fits
to the range 5 � 50 K. The anomalous o/p-H2D+ ratio
is seen also at temperatures for which the original fit is
valid.
In the reaction set used, the ratio k+1 /k

�
1 of the for-

ward and backward reactions (1) is ⇠ 2.25 exp(87.7/T ),
whereas according to statistical mechanics, the equilib-
rium constant of this reaction,

K1(T ) ⌘ k+1
k�1

=
QoH2D+(T )

QpH2D+(T )

QpH2(T )

QoH2(T )
, (2)

can be approximated by K1(T ) ⇠ exp(84.1/T ) at low
temperatures (see, e.g., Eq. 61 in Hugo et al. 2009).
The use of ground state-to-species coe�cients omits in
particular “backward” reactions involving ortho-H2D+

in the first excited rotational level, 110, which lies ap-
proximately 18 K above the ground level (111). The
110 � 111 transition gives rise to the 372 GHz emission
line observed here. The critical density of this transi-
tion, ⇠ 1.3 105 cm�3 at 15 K, is exceeded in the core
model except for the outermost shells, so it seems ap-
propriate to include the contribution of the 110 level to
the reaction rate. This inclusion brings the backward
rate coe�cient, k�, close to the thermal value. Because
reaction (1) mainly determines o/p-H2D+, the factor
2.25 in the ratio k+1 /k

�
1 in the adopted reaction set ex-

plains the suprathermal o/p-H2D+ in the inner part of
the envelope (R < 2500 AU). The situation is likely
to be di↵erent for the “forward” reaction. The first ex-
cited level of para-H2D+, lying ⇠ 66 K above the ground
state, is not easily excited in the cool outer layers of the
cloud. The critical density of the 101 � 000 transition is
⇠ 8.1 106 cm�3.
We tested the e↵ect of increasing the rate coe�cient

of the backward reaction (1) so that k+/k� obtains the
value given by Eq. 2. As expected, the ortho-H2D+

abundance decreases, and the o/p-H2D+ ratio follows
closely the thermal ratio in the inner parts of the core
after this change.

4.4. Applying the modified rate coe�cient

Spectra predicted using abundances from the modi-
fied chemistry model in the core (but keeping to the
original ground state-to-species coe�cients in the low-
density ambient cloud) are shown in Figure 10. The are
the best-fit spectra from the homogeneous ambient cloud
with n(H2) = 3 104 cm�3and T = 10 K. The simulation
time is again 5 105 +5105 yr. The corresponding model
spectra from the extended Crimier et al. core model
are shown in Appendix B. For both physical models the
agreement with the observed ortho-H2D+ line has im-
proved, but the homogeneous ambient cloud model gives
a clearly better fit.
Reaction (1) is probably one of the most important

cases in which ground state-to-species coe�cients can
deviate from the species-to-species coe�cients, when the
gas density is high enough. Figure 6 suggests further-
more that this e↵ect needs to be taken into account in
reactions determining the o/m-D+

3 ratio. In the present

observed + modeled spectra, Harju et al. (2017)

best-fit chemical age is refined to 5x105+5x105 (±2x105) yr, i.e., still of the order of 106 yr in total

no velocity shift with velocity shift (0.2 km/s)
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• the dominant reaction that influences the H2D+ o/p ratio is

• an in-depth analysis of the reaction rates revealed that

  while the equilibrium constant is

  hinting that ortho-H2D+ is overproduced in the model
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model, where the density and temperature distributions
are continuous. The best-fit spectra are shown in Ap-
pendix B. In this model, there is less low-density cold
gas serving as an absorbing layer as compared with the
homogeneous ambient cloud model. On the other hand,
the model can quite well reproduce the two absorption
lines.
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rate coe�cient, k�, close to the thermal value. Because
reaction (1) mainly determines o/p-H2D+, the factor
2.25 in the ratio k+1 /k

�
1 in the adopted reaction set ex-
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state, is not easily excited in the cool outer layers of the
cloud. The critical density of the 101 � 000 transition is
⇠ 8.1 106 cm�3.
We tested the e↵ect of increasing the rate coe�cient

of the backward reaction (1) so that k+/k� obtains the
value given by Eq. 2. As expected, the ortho-H2D+

abundance decreases, and the o/p-H2D+ ratio follows
closely the thermal ratio in the inner parts of the core
after this change.

4.4. Applying the modified rate coe�cient

Spectra predicted using abundances from the modi-
fied chemistry model in the core (but keeping to the
original ground state-to-species coe�cients in the low-
density ambient cloud) are shown in Figure 10. The are
the best-fit spectra from the homogeneous ambient cloud
with n(H2) = 3 104 cm�3and T = 10 K. The simulation
time is again 5 105 +5105 yr. The corresponding model
spectra from the extended Crimier et al. core model
are shown in Appendix B. For both physical models the
agreement with the observed ortho-H2D+ line has im-
proved, but the homogeneous ambient cloud model gives
a clearly better fit.
Reaction (1) is probably one of the most important

cases in which ground state-to-species coe�cients can
deviate from the species-to-species coe�cients, when the
gas density is high enough. Figure 6 suggests further-
more that this e↵ect needs to be taken into account in
reactions determining the o/m-D+

3 ratio. In the present
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4.4. Applying the modified rate coe�cient

Spectra predicted using abundances from the modi-
fied chemistry model in the core (but keeping to the
original ground state-to-species coe�cients in the low-
density ambient cloud) are shown in Figure 10. The are
the best-fit spectra from the homogeneous ambient cloud
with n(H2) = 3 104 cm�3and T = 10 K. The simulation
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proved, but the homogeneous ambient cloud model gives
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reaction (1) mainly determines o/p-H2D+, the factor
2.25 in the ratio k+1 /k

�
1 in the adopted reaction set ex-

plains the suprathermal o/p-H2D+ in the inner part of
the envelope (R < 2500 AU). The situation is likely
to be di↵erent for the “forward” reaction. The first ex-
cited level of para-H2D+, lying ⇠ 66 K above the ground
state, is not easily excited in the cool outer layers of the
cloud. The critical density of the 101 � 000 transition is
⇠ 8.1 106 cm�3.
We tested the e↵ect of increasing the rate coe�cient

of the backward reaction (1) so that k+/k� obtains the
value given by Eq. 2. As expected, the ortho-H2D+

abundance decreases, and the o/p-H2D+ ratio follows
closely the thermal ratio in the inner parts of the core
after this change.

4.4. Applying the modified rate coe�cient

Spectra predicted using abundances from the modi-
fied chemistry model in the core (but keeping to the
original ground state-to-species coe�cients in the low-
density ambient cloud) are shown in Figure 10. The are
the best-fit spectra from the homogeneous ambient cloud
with n(H2) = 3 104 cm�3and T = 10 K. The simulation
time is again 5 105 +5105 yr. The corresponding model
spectra from the extended Crimier et al. core model
are shown in Appendix B. For both physical models the
agreement with the observed ortho-H2D+ line has im-
proved, but the homogeneous ambient cloud model gives
a clearly better fit.
Reaction (1) is probably one of the most important

cases in which ground state-to-species coe�cients can
deviate from the species-to-species coe�cients, when the
gas density is high enough. Figure 6 suggests further-
more that this e↵ect needs to be taken into account in
reactions determining the o/m-D+

3 ratio. In the present
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Hugo et al. 2009). The modeled ortho/para ratios expe-
rience both radial and temporal changes. In the dense
and warm inner parts, o/p-H2 is thermalized, and also
o/p-H2D+, o/p-D2H+, and m/o-D+

3 follow their ther-
mal ratios (the perceptible o↵set of o/p-H2D+ from the
thermal ratio is discussed in Sect. 4.3). In the cool,
outer envelope the spin ratios deviate clearly from their
thermal values. In the outermost layers with T  16 K
(R & 3500 AU), all the plotted spin ratios are suprather-
mal, i.e., the species with the higher ground-state en-
ergies, ortho-H2, ortho-H2D+, para-D2H+, and ortho-
D+

3 , have clearly larger abundances than expected from
thermal equilibrium. The deviations in o/p-H2 and o/p-
H2D+ from thermal ratios become smaller as time ad-
vances. For o/p-D2H+ and m/o-D+

3 , no substantial
changes occur after 105 yr in this model. The spin ratio
plot for simulation b (not shown) is very similar to that
shown in Figure 6 except that the o/p ratios of H2 and
H2D+ follow the thermal ratios up to larger distances
from the core center than in simulation a.

Figure 7. Average ortho/para ratios of H2D
+ and H2,

para/ortho-D2H
+, and ortho/meta-D+

3 as functions of time
in the outer envope of IRAS16293. The averages are calcu-
lated over the distance range R = 2500� 6900 AU from the
center. The data are from simulation b.

The time evolution of the averaged ortho/para ratios
of H2, H2D+, D2H+, and the ortho/meta (o/m) ratio
of D+

3 are presented in Figure 7. The averages are col-
umn density ratios calculated over the outer envelope,
R = 2500 � 6900 AU. The figure shows the abundance
ratios of the higher energy modification to the lower en-
ergy modification for all molecules. A tight relationship
between o/p-H2D+ and o/p-H2 is evident from this fig-
ure. As discussed in Brünken et al. (2014), this relation-
ship is established by proton exhange reactions between
(ortho or para)H2D+ and (ortho or para)H2. The o/p-
H2D+ ratio as a function of o/p-H2 can be calculated
to a great accuracy from the analytical formula given in
Brünken et al. (2014). At advanced stages of the simu-

lation, the dominant reaction is

pH2D
+ + oH2

k+
1⌦

k�
1

oH2D
+ + pH2 . (1)

In this case the mentioned formula can be simplified to
o/p-H2D+ ⇠ k+1 /k

�
1 o/p-H2.

The temporal evolution patterns of p/o-D2H+ and
o/m-D+

3 resemble each other, but show no obvious cor-
relation with o/p-H2. The lowest energy spin modifi-
cations, meta-D+

3 and ortho-D2H+ are coupled by the
reaction oD2H+ + HD $ mD+

3 + o/pH2. The forward
reaction is the principal pathway to meta-D+

3 , and the
reverse reaction can only decompose to oD2H+ + HD
because of symmetry rules. Besides the fractionation re-
actions, the spin states of D2H+ and D+

3 are influenced
by spin conversion reactions with HD: pD2H+ +HD !
oD2H+ + HD, oD+

3 + HD ! mD+
3 + HD (Flower et al.

2004; Flower et al. 2006; Hugo et al. 2009; Sipilä et al.
2010).

4.2. Simulated spectra

We calculated the spectral line profiles of the ortho
and para modifications of H2D+ and D2H+ at di↵erent
times, using the cloud models described in Sect. 3.1.
The evolution of chemical abundances in the model
clouds were calculated using di↵erent initial gas com-
positions, determined by the duration of the preceding
“dark cloud” stage. The following durations of the ini-
tial dark cloud stage were tested: 1 105, 3 105, 5 105,
7 105, and 1 106 yr. The dense core plus ambient cloud
evolution was followed up to 3 106 yr. The cloud models
di↵er by the ambient cloud parameters, and in terms of
how the transition from the dense core to the ambient
cloud occurs (see Figure 3). The purpose of the calcula-
tions was to find a physical model that at a certain stage
could reproduce the observed H2D+ and D2H+ spectra.
The appropriateness of the model and the timing was
controlled with the help of diagrams showing the time-
dependence of the integrated emission/absorption line
intensity. The method is explained in Appendix A.
Typical of almost all simulations is that the ortho-

D2H+ and para-H2D+ absorption features are weak in
the beginning but grow stronger with time. This is
opposite to the behavior of the ortho-H2D+ emission
line which generally diminishes in intensity (but in most
cases remains overly strong compared with the observed
line, see below). However, the ortho-D2H+ absorption
line weakens again and the ortho-H2D+ emission line
typically gets stronger toward the end of the simula-
tion. The weakening of the ortho-D2H+ absorption is
caused by the depletion of HD in the outer envelope.
The opposite tendency of ortho-H2D+ emission is re-
lated to a redistribution of the ortho-H2D+ abundance
discussed below. The para-D2H+ emission/absorption
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• a simple test where the rate coefficient 
of the backward reaction is increased 
yields a much better agreement with the 
observations

• this implies that the effect of excited 
rotational states on the rate coefficients 
should not be ignored

• this makes sense also because H2D+ is 
detected in emission ubiquitously
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Figure 10. Same as Fig. 9, but the predicted spectra (red
curves) are calculated using abundances from modified rate
coe�cient for reaction (1) in the core.

paper, we do not follow up this matter, but intend to do
so in a future study (Sipilä et al., in preparation).
We conclude this section by listing in Table 2 the av-

erage fractional abundances of the observed molecules
according to the models used to produce the spectra
shown in Figs. 10. We give separately the average abun-
dances in the outer envelope (R = 2500 � 6900 AU)
and in the homogenous foreground dark cloud (extend-
ing to R ⇠ 20000 AU). For the extended Crimier et al.
power-law model, the abundances are averages over the
range R = 2500 � 10000 AU. The abundances in the
core (R  6900 AU) are calculated using the modified
k� coe�cient for reaction (1). Also given in this table,
in columns 4, 5, and 7, are the fractional abundances
and their uncertainties derived using the observed spec-
tra and the physical models assuming that the abun-
dances are constant in the regions where the observed
emission/absorption is likely to originate, and zero else-
where (that is, within the radial distance R = 2500 AU
from the center).
According to the Crimier et al. core plus ambient

dark cloud model, the average fractional ortho-D2H+

and para-H2D+ abundances are higher in the outer en-
velope than in the ambient cloud. Column densities
give, however, a better idea of which component domi-
nates the absorption features. The ratios of the beam-
averaged column densities are ⇠ 4 for ortho-D2H+ and
⇠ 6 for para-H2D+ in favor of the core according to this
model. As suggested by the simulated spectra shown in
Figure 10, the situation is opposite for ortho-H2D+: the
beam-averaged column density in the ambient cloud is
three times higher than that in the core.

5. DISCUSSION AND CONCLUSIONS

The deepest absorption features of ortho-D2H+ and
para-H2D+ toward IRAS16293 are found at a LSR ve-
locity of vLSR = 4.2 km s�1. This velocity agrees with
the velocities of the previously observed absorption fea-
tures in the spectra of D2CO (Loinard et al. 2000), HDO
(Stark et al. 2004; Coutens et al. 2012), and D2O (Vastel
et al. 2010; Coutens et al. 2013). In these previous stud-
ies the most prominent absorption has been attributed
to the cold outer envelope of the protostellar core. This
idea is supported by the present modeling results which
indicate that most of ortho-D2H+ and para-H2D+ ab-
sorption occurs in the relatively dense outer envelope.
The ortho-D2H+ and para-H2D+ spectra are very dif-
ferent from the spectra of deuterated water, for exam-
ple, which show toward the same position broad emis-
sion from the in-falling warm inner core, in addition to
the absorption dip at vLSR ⇠ 4.2 km s�1 (Coutens et al.
2012).
The origin of the ortho-H2D+ emission is less clear be-

cause this line is likely to be substantially self-absorbed
in the ambient cloud. The contribution of the ambient
or “foreground” cloud (Coutens et al. 2013) can be par-
tially separated thanks to a line-of-sight velocity gra-
dient which gives rise to asymmetric ortho-D2H+ and
para-H2D+ absorption profiles. The velocity shift be-
tween the foreground cloud and the core was not taken
into account in Brünken et al. (2014). This made the
modeled ortho-H2D+ emission lines generally weaker
than in the present calculations. To serve as an ab-
sorbing component, the foreground cloud must have a
moderate density of the order of 104 cm�3, and to de-
velop a high ortho-H2D+ abundance of ⇠ 10�9 at this
density, the cloud must be cold. Our spectral line simu-
lations give the best agreement with the observed lines
when the kinetic temperature of the foreground cloud
is T ⇠ 10 K and the density is n(H2) ⇠ 3 104 cm�3.
These numbers are not far from the estimates Menten
et al. (1987) obtained for the temperature and the den-
sity of the ambient cloud using the inversion lines of
NH3: T = 11.5+3

�1 K, n(H2) � 2� 3 104 cm�3.
The ortho-D2H+ abundance in the cool outer enve-

lope of IRAS16293 is similar to that derived for para-
H2D+. As these two species are found to be dominant
forms over the variants para-D2H+ and ortho-H2D+, re-
spectively, the conclusion is that the total abundances
of D2H+ and H2D+ are approximately equal. This
agrees with what is expected for deuterium chemistry
in cool, CO-depleted gas since the pioneering model-
ing works of Roberts et al. (2003) and Walmsley et al.
(2004). The mentioned studies predict furthermore that
in these conditions also D+

3 should be very abundant,
perhaps the most abundant of the H+

3 isotopologues.
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• upcoming publication on the effect of excited rotational states on the abundances of the 
H3+ isotopologs (Sipilä, Harju & Caselli subm.)

• we construct a new set of species-to-species rate coefficients based on the state-to-state 
rate coefficients calculated by Hugo et al. (2009)

• we find that the new model produces the kind of behavior for H2D+ and D2H+ that we 
expected based on the simple test in Harju et al. (2017)

• the new rates decrease deuteration at high density and for T > 10 K
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Fig. 2. Total abundances (sums over spin states) of the various H+3 isotopologs as functions of time. The medium density is n(H2) = 106 cm�3 (upper
row) or n(H2) = 107 cm�3 (lower row). From left to right, the panels show calculations assuming Tgas = Tdust = 10 , 15, or 20 K. Species-to-species
rate coe�cients are adopted in two of the models (method 1, dashed lines; method 2, solid lines). The dotted lines show the results of calculations
using the ground state-to-species rate coe�cients.

environments. We checked that at T = 50 K the di↵erence be-
tween methods 1 and 2 remains smaller than a factor of two.
However, at such a high temperature the abundances of the H+3
isotopologs are so low that the chosen method is of no practical
significance.

The total abundances of the H+3 isotopologs are una↵ected
by the changes in the H+3 + H2 rate coe�cients at T = 10 K.
The di↵erence between the ground state-to-species model and
the species-to-species model increases slightly with temperature,
but more strongly with density, which is expected since the ef-
fect of the higher rotational states becomes larger as consecu-
tively higher states are populated. The general tendency in the
species-to-species model is that the H+3 deuteration degree de-
creases with respect to the ground state-to-species model toward
higher temperatures and densities. This is due to the activation
of several backward reaction channels that are suppressed when
using the ground state-to-species coe�cients. The simplistic ap-
proach of method 1 slightly underestimates the deuteration de-
gree at n(H2) = 107 cm�3 and T = 20 K. We discuss the rate
coe�cients of key reactions in Sect. 4.

The spin-state abundance ratios are naturally also a↵ected
by the changes in the rate coe�cients. At n(H2) = 106 cm�3 and
T = 10 K, only the ortho/para ratio of H2D+ is modified, which
is expected based on the critical densities (Table 1) as oH2D+
is the only species with accessible excited rotational states at
n(H2) = 106 cm�3. Notably, the ortho/para ratios of H+3 and
D+3 are almost unchanged at these conditions even though the
species-to-species rate coe�cients are assumed to be applicable
at all densities for these two species. The overall di↵erence be-
tween the ground state-to-species and species-to-species models

increases with temperature and density as was the case with the
total abundances (Fig. 2). However, the di↵erence between the
two models for any given spin-state abundance ratio is typically
less than a factor of two.

3.2. Source model

It is not obvious based on the single-point models how and if the
abundances and spin-state ratios of the H+3 isotopologs change in
the context of source models with radially-varying density and
temperature profiles, when one switches from ground state-to-
species rate coe�cients to species-to-species rate coe�cients.
Potential problems arising from the use of ground state-to-
species rate coe�cients for the H+3 + H2 system in the interpre-
tation of observational data is discussed by Harju et al. (2017).
Following the discussion in that paper, we carried out chemical
calculations using a physical model for the protostellar system
IRAS 16293-2422 A/B (Crimier et al. 2010; see also Brünken
et al. 2014; Harju et al. 2017). The chemical modeling setup is
essentially the same as described in Brünken et al. (2014), where
the physical model is also described in detail. The source model,
which assumes spherical symmetry, is separated into concentric
shells and the chemical evolution in each shell is tracked us-
ing our pseudo-time-dependent chemical code (Sect. 2.1). The
model outputs the abundances of the various species as functions
of radius and time, allowing us to reconstruct the time-evolution
of the H+3 isotopologs (among others) in the model core. We car-
ried out chemical calculations using the ground state-to-species
and species-to-species rate coe�cients for the H+3 + H2 system
and compared the di↵erence in predicted radial abundance pro-
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Fig. 5. Rate coe�cients of the pH2D++oH2 �! oH2D++pH2 (left) and
oH2D+ + pH2 �! pH2D+ + oH2 (right) reactions as functions of tem-
perature. Red lines represent ground state-to-species rate coe�cients,
while blue lines represent species-to-species rate coe�cients. Note the
di↵erent y-axis scaling in the two panels.

4. Discussion

The results presented in Sect. 3 clearly show that the switch from
ground state-to-species rate coe�cients to species-to-species
rate coe�cients has a marked impact on the chemistry of the
H+3 isotopologs. As discussed in Brünken et al. (2014) and Harju
et al. (2017), the pH2D+ + oH2 $ oH2D+ + pH2 reaction, en-
dothermic in the backward direction, plays a major role in the
evolution of the H2D+ o/p ratio. Figure 5 shows the rate coe�-
cient of this reaction in the forward and backward directions. The
ground state-to-species model slightly overestimates the destruc-
tion of pH2D+ at T > 10 K, although the di↵erence between the
two cases is only ⇠20%. The backward rate coe�cient is how-
ever clearly higher in the species-to-species model (calculated
with method 1) throughout the temperature range considered;
the di↵erence is about a factor of 1.8 at T = 10 K, and ⇠1.5-2
throughout the temperature range considered. The large di↵er-
ence in the backward rate coe�cient translates to a decrease in
the H2D+ o/p ratio as evident in the figures presented in Sect. 3.

For many reactions pertaining to the H+3 + H2 system the
ground state-to-species and species-to-species rate coe�cients
are very similar, showing maximum di↵erences on the order of
10%. The general tendency is that large di↵erences are usually
seen in the rates of endothermic reactions, which are underes-
timated by the ground state-to-species model, as displayed in
Fig. 5. Sometimes the di↵erence may be over one order of mag-
nitude. It is therefore clear that one should employ the species-
to-species rate coe�cients in a chemical model to obtain a better
estimate of the abundances of the the spin states of the H+3 iso-
topologs.

The modeling estimates for the abundances of the H+3 iso-
topologs are tied to the critical densities, as this a↵ects when
the species-to-species rate coe�cients are assumed to apply. The
critical densities depend relatively strongly on the abundances of
the species at high density where optical depth e↵ects become
important. However, it is indeed the abundances that we wish
to obtain from the chemical modeling. To derive truly consis-
tent values for the various critical densities, one should iterate
the chemical calculations in order to obtain successively better
estimates for the critical densities and, in turn, the abundances.
In this paper we settled on a simple scheme where the criti-
cal densities (Table 1) were chosen on the basis of steady-state
abundances obtained from our rate coe�cient fitting test (Fig. 1).
Altering these values would a↵ect the radii where the disconti-
nuities in Fig. 4 appear, for example. Here we did not aim to
reproduce the modeling of process of Brünken et al. (2014) and

Harju et al. (2017) which involves radiative transfer calculations,
but it is understood that the use of species-to-species rate coef-
ficients with the associated uncertainties in the critical densities
would expand the parameter space in such a study. We present
the critical densities as functions of temperature and abundances
of H2D+ and D2H+ in Appendix A, including some additional
discussion.

5. Conclusions

We studied the chemistry of the spin states of the H+3 isotopologs
using a model where rotational excitation of the reactants is
taken into account (the species-to-species model), as opposed
to previous studies of the subject which have thus far assumed
that only the rotational ground state is populated (the ground
state-to-species model). We considered two di↵erent methods
to constructing the species-to-species rate coe�cients: the first
method assumes that all rotational states can be populated once
the medium density is higher than the critical density of the first
excited rotational state, while in the second method only those
rotational states whose critical densities lie below the medium
density are included.

We found that the two methods of constructing the species-
to-species rate coe�cients produce similar results in the phys-
ical conditions considered here, which means that the species-
to-species rate coe�cients can be conveniently read from a pre-
calculated table with good confidence, and are thus easily im-
plementable in a chemical model. On the other hand, the abun-
dances and spin-state ratios predicted by the ground state-to-
species and species-to-species models can di↵er greatly from
each other at high density, depending also on the temperature.
The species-to-species model is the more realistic one of the two.
We note however that the species-to-species rate coe�cients in-
troduce an additional uncertainty into the modeling through the
critical densities of the rotational transitions of H2D+ and D2H+,
which determine when the species-to-species model is applica-
ble.

The new model is a step toward full state-to-state modeling
of the H+3 isotopolog chemistry. A state-to-state model would
not su↵er from the problem of setting the appropriate values of
critical densities like the present model does, but the implemen-
tation of state-to-state rates into a complete gas-grain chemical
model including elements heavier than hydrogen is a monumen-
tal task. Such an e↵ort, although certainly called for, is left for
future work. In the meantime, the species-to-species rate coe�-
cients represent the next best thing, and should be implemented
in models of the chemistry of the H+3 + H2 reacting system.
Acknowledgements. P.C. acknowledges financial support of the European Re-
search Council (ERC; project PALs 320620).

References

Albertsson, T., Indriolo, N., Kreckel, H., et al. 2014, ApJ, 787, 44
Brünken, S., Sipilä, O., Chambers, E. T., et al. 2014, Nature, 516, 219
Caselli, P., van der Tak, F. F. S., Ceccarelli, C., & Bacmann, A. 2003, A&A, 403,

L37
Caselli, P., Vastel, C., Ceccarelli, C., et al. 2008, A&A, 492, 703
Crimier, N., Ceccarelli, C., Maret, S., et al. 2010, A&A, 519, A65
Dalgarno, A. & Lepp, S. 1984, ApJ, 287, L47
Flower, D. R., Pineau Des Forêts, G., & Walmsley, C. M. 2006, A&A, 449, 621
Friesen, R. K., Di Francesco, J., Bourke, T. L., et al. 2014, ApJ, 797, 27
Furuya, K., Aikawa, Y., Hincelin, U., et al. 2015, A&A, 584, A124
Harju, J., Sipilä, O., Brünken, S., et al. 2017, ArXiv e-prints

[arXiv:1704.02526]
Herbst, E. & Klemperer, W. 1973, ApJ, 185, 505

Article number, page 6 of 20

comparison of rate coefficients 
(blue: new, red: old)

abundances at n(H2) = 106 cm-3, T = 10 - 20 K

Sipilä, Harju & Caselli (subm.)



Spin states of H2D+ and D2H+ as chemical age tracers

Nuclear Spin Effects in Astrochemistry Grenoble 03.05.2017

• the spin states of H2D+ and D2H+ can be useful as tracers of the chemical age of cold 
and dense gas

• the main problem is the detection of p-H2D+ and o-D2H+

• a survey during SOFIA Cycle 4 produced no detections of p-H2D+ (sources too warm?); 
we are continuing the search in Cycle 5

• ongoing and future work: species-to-species rate coefficients for the H3+ + H2 system, 
spin-state chemistry in hydrodynamical simulations, ALMA observations of deuterated 
ammonia...


