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H2D1 observations give an age of at least one million
years for a cloud core forming Sun-like stars
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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 determining 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 diazenylium (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 deuterated trihydrogen cation, ortho-H2D1 and para-H2D1, have the
most direct chemical connections to H2 (refs 8–12) and their abundance ratio provides a chemical clock that is sensitive to greater cloud
core ages. So far this ratio has not been determined because paraH2D1 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 5 219 mm) 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 Airborne Observatory16. We also observed the ground-state line of orthoH2D1 at 372.421 GHz (ref. 17) (l 5 0.8 mm) towards the same source
using the Atacama Pathfinder EXperiment (APEX)18 submillimetre telescope 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) temperature and density distributions21,22. This dense core still bears the
physical characteristics typical of starless cores on the verge of star formation (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 paraH2D1 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 transfer 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 calculations11,25,26 (see Methods). The radial density distribution of the dense
core is described by a power law between the central cavity (radial distance 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). According 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 produced by our best-fit model are displayed in Fig. 1, together with the observed 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 understood 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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Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany.

1 1 D E C E M B E R 2 0 1 4 | VO L 5 1 6 | N AT U R E | 2 1 9

©2014 Macmillan Publishers Limited. All rights reserved

RESEARCH LETTER
a 0.8

E/k (K)

b
110

0.6

ortho-H2

1 × 105 yr
2 × 105 yr
5 × 105 yr
1 × 106 yr
5 × 106 yr

100
D+

1.0

ortho-H2D+ 372 GHz

ortho/para-H2D+

111

0.4

80

APEX

101
0.8

60

T *A (K)

0.1

0.6
40
0.4

para-H2D+

20

0.2

0.0

para-H2D+ 1,370 GHz
0

2

4

SOFIA
6

8

000

0

vLSR (km s–1)

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.

our gas-grain chemistry model25. The resulting radial abundance distributions 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 excitation 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 H31 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 162932422 A/B, we plot this ratio in Fig. 2 as a function of the kinetic temperature 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 horizontal 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
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Figure 2 | Modelled ortho/para H2D1 abundance ratio. At kinetic
temperatures T above ,12 K, the ortho/para H2D1 ratio is completely
determined in reactions with ortho- and para-H2, and it is closely tied to the
evolution of the ortho/para H2 ratio. The shaded vertical region indicates the
temperature range applicable to the dense core surrounding IRAS 162932422 A/B (at radial distances from the core centre of 3,000–6100 AU), while the
horizontal shade indicates the observed ortho/para H2D1 ratio. Together, these
limits suggest a dense core age of at least one million years. The gas density,
n(H2) 5 105 cm23, and the visual extinction, AV 5 10 mag, are kept constant in
this model.

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 conservative 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 constraining 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
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Observational strategy. Although the rotational ground-state emission line of orthoH2D1 has been observed towards several cold starless and low-mass star-forming
cores21,28, para-H2D1 has previously been detected only tentatively, in absorption
towards the Orion IRc2 region using the NASA Kuiper Airborne Observatory
(KAO)16. The ground-state rotational transition of para-H2D1 at 1.37 THz is extremely difficult to observe from the ground owing to poor atmospheric transmission
and the resulting large system temperatures at terahertz frequencies. The transition
frequency was not covered by the Herschel/HIFI bands29. The GREAT14 receiver
onboard SOFIA15 now enables us to observe para-H2D1. Despite its rather high
upper-state energy (66 K above ground) the para-H2D1 line at 1.37 THz can be
excited in cold, dense cores. However, the expected brightness temperature of the
emission line is very weak. Absorption against a bright continuum source is the best
way of detecting the line with currently available instruments in a reasonable observing time. Because H2D1 is most abundant in cold gas deficient in CO30, the best
chance of detecting the para-H2D1 line is by observing it towards a young (Class 0)31
protostar with bright continuum emission surrounded by a massive, cool envelope.
IRAS 16293-2422 A/B is one of the best targets fulfilling these criteria.
SOFIA observations. We observed the para-H2D1 ground-state transition JKaKc 5
000–101 at 1370.085 GHz (l 5 219 mm)13 towards IRAS 16293-2422 A/B using the
GREAT instrument14 onboard SOFIA15 on 23 July 2013 during SOFIA’s southern
deployment to New Zealand in Cycle 1 operations. The target position was: right
ascension 16 h 32 m 22.9 s, declination 224u 289 390 (J2000). We used the GREAT
L1a channel (1.25–1.40 THz) with the XFFTS backend32, which has a bandwidth of
2.5 GHz and a channel spacing of 88 kHz (17 ms21). We operated the instrument
in the double beam-switch mode, with a chopping frequency of 1 Hz, a chop amplitude of 200 (for a total beam throw of 400), and a chop angle of 0u from horizontal in the telescope reference frame. In total, we had an on-source integration
time of ,26 min (system temperature Tsys 5 1,760 K). We calibrated the data using
the standard pipeline (kalibrate33), which fits an atmospheric model to the observed
sky to calculate the atmospheric opacity. The forward and main beam efficiencies
for the L1 channel on GREAT are 0.97 and 0.67, respectively. The half-power beam
width (HPBW) of the 2.5-m SOFIA telescope is ,220 at 1,370 GHz.
During observations we noticed a slow drop-off of the continuum level as the
telescope drifted away from the nominal source position, caused by the lack of good
tracking stars in the heavily extinct region around IRAS 16293-2422 A/B. We had to
re-acquire the source three times. Because the continuum level is of vital importance
for this absorption measurement, we averaged our data in such a way that the nominal continuum value of the source was conserved. To determine this continuum
level, we averaged the continuum level calculated in each of the spectra obtained after
reacquisition (four chop-nod pairs) using a large number of line-free channels. The
nominal continuum intensity, measured on the equivalent antenna temperature
scale, of T *A,C 5 0.79 6 0.03 K, obtained in this way agrees very well with the flux
density of 460 Jy that we obtained from an analysis of archival Herschel/SPIRE
(Spectral and Photometric Imaging Receiver) and PACS (Photoconductor Array
Camera and Spectrometer) continuum maps. This nominal value was then used to
re-scale all of the other averaged pairs. We calculated the weighted average of the
remaining spectra using a 1/s2rms weighting, so that the spectra with the weakest original continuum (the highest root-mean-square (r.m.s.) noise after re-scaling) have
the smallest contribution to the final spectrum. Finally, to correct for the doublesideband reception of GREAT, we subtracted half of the continuum from the spectrum (assuming equal gains in the two sidebands). A Gaussian fit to the para-H2D1
absorption spectrum smoothed to a velocity resolution of 0.13 km s21 gives the following line parameters: velocity with respect to the local standard of rest vLSR 5
4.24 6 0.02 km s21, line width (in units of velocity) Dv 5 0.73 6 0.05 km s21, and
T *A 2 T *A,C 5 20.70 6 0.07 K (the difference between the 219-mm continuum and
the antenna temperature at the line centre). The observed para-H2D1 spectrum is
compatible with total absorption in the line centre, which implies a very large optical depth and a low excitation temperature for the para-H2D1 line.
APEX observations. The target position as indicated above was observed in the
JKaKc 5 110–111 ortho ground-state transition of H2D1 at 372.421 GHz (l 5 805 mm)17
using the 12-m APEX telescope18 on 5 and 14 August 2013 in excellent weather
conditions. We used the lower-frequency module (covering 262–374 GHz) of the
upgraded version of the First Light APEX Submillimetre Heterodyne instrument
(FLASH34). FLASH is a two-sideband receiver with a bandwidth of 4 GHz for each
sideband. On the two observing days we used different frequency settings that covered the sky frequency of the ortho-H2D1 line. We employed the 4-GHz total bandwidth (per intermediate frequency) of the newest version of the APEX facility Fast
Fourier Transform Spectrometer (FFTS35). The FFTS band was split into 104,859
channels with a spacing of 38.2 kHz, which corresponds to 31 m s21 at 372.4 GHz.
The calibration was achieved by the standard chopper-wheel method. The background was subtracted by means of wobbling sub-reflector, using a beam throw
of 1500 and a switching rate of 0.7 Hz. In total we spent ,50 min on source

(Tsys 5 590 K). Conversion of the measured antenna temperatures to flux density
units (in Jy) and a main-beam brightness temperature, TMB, scale (in K) was established by interpolating previously determined aperture and main-beam efficiencies18,
gA and gMB, which yielded gA 5 0.58 and gMB 5 0.68. The HPBW of the antenna is
170 at 372 GHz. Fitting a Gaussian to our pointing drift scans yields a deconvolved
source size of 120 (FWHM). The baseline level in the spectra gave a flux density of
18.6 6 1.7 Jy for the continuum source (antenna temperature at APEX T *A,C 5 0.47
6 0.04 K). These values are in good agreement with previous measurements21. We
estimate a 20% error for our intensity calibration from the difference of the two
spectra summed up for each observing date. This is larger than typical FLASH calibration errors, but explainable by the fact that the line frequency lies in the wings
of deep atmospheric O2 and H2O absorption lines (at 368 GHz and 380 GHz, respectively). A Gaussian fit to the ortho-H2D1 spectrum smoothed to a velocity resolution of 0.12 km s21 gives the following line parameters: vLSR 5 4.17 6 0.02 km21,
Dv 5 0.62 6 0.05 km21, and T *A 2 T *A,C 5 0.21 6 0.02 K, consistent with the velocity position and width of the para-H2D1 line at 1.37 THz.
Both our peak and our integrated main-beam brightness temperatures are a factor of ,3 lower than the published values measured with the 15-m James Clerk
Maxwell Telescope (JCMT)21. These previous measurements were probably positioned within a few arcseconds of our pointing. The large difference is not explainable by the slightly different antenna sizes. We found archival H2D1 spectra towards
our target source taken with the HARP instrument on the JCMT on three different
dates, 7 and 8 August 2007, and 21 February 2008. The summed spectrum, while
noisy, agrees with ours within the uncertainties.
Source model. The dense core surrounding IRAS 16293-2422 A/B is known to have
steep density and temperature gradients. Therefore, the standard method for deriving column densities from observed spectra based on the assumption of line-ofsight homogeneity is not likely to give reliable results. We adopt a frequently used
physical model for IRAS 16293-2422 A/B (ref. 22), where the radial density distribution of the dense core is described by a power law, n(H2) / r21.8, between the
central cavity (30 AU) and the outer edge (6,100 AU, corresponding to 510 at a distance of 120 pc), see Extended Data Fig. 1. The gas temperature increases strongly
inwards in this model because of gas compression in the collapse and due to the
radiation from the protostars. Infall speeds are significant in warm inner parts of
the dense core where the abundance of H2D1 is negligible. Recent observations with
Herschel/HIFI27,36 imply the presence of a low-density absorbing layer in front of the
dense core, which can probably be attributed to the ambient dark cloud Lynds 1689.
We therefore add to the dense core a spherically symmetric, ambient cloud (n(H2)
5 104 cm23, T 5 10 K) with a thickness causing a visual extinction of AV 5 10 mag
to the outer edge of the dense cloud. Our radiative transfer calculations show that
this ambient cloud deepens slightly the para-H2D1 absorption, and causes selfabsorption to the ortho-H2D1 emission. For the purposes of chemistry modelling
and radiative transfer calculations, the model is divided into concentric shells where
the density and temperature are assumed to be constant.
The ortho/para H2 ratio. Molecular hydrogen is formed when two hydrogen atoms
react on dust grains. The spins of the two protons (I 5 1/2) in H2 give rise to four
nuclear spin states, three with total nuclear spin I 5 1 (ortho-H2) and degenerate
spin orientations (mI 5 21, 0, 1), and one with total nuclear spin I 5 0 (para-H2)
and no degeneracy (mI 5 0). Each of those states is formed with equal probability,
implying a statistical ortho/para ratio of H2, of 3:1. As a result of the Pauli exclusion
principle, ortho nuclear spin states are connected to the energy states with odd rotational quantum numbers J, while para spin states are found at rotational levels with
even J. As a consequence, the odd (ortho) and even (para) rotational state populations of H2 are far from thermodynamical equilibrium upon formation, especially
in cold molecular clouds. After entering the gas phase, the ortho/para-H2 ratio
is altered by proton-exchange reactions, whereas conversion between ortho- and
para-H2 by radiation and inelastic collisions is spin-forbidden. The dominant spinchanging reactions are those with H1 and H31. These well-studied reactions9,11,37,38
can thermalize ortho/para-H2 efficiently in warm gas, whereas below 20 K, ortho/
para-H2 approaches thermal equilibrium very slowly as proton exchange reactions
have to compete with the more favoured ortho production on grains. At the typical
dark cloud kinetic temperature, T 5 10 K, the thermal ortho/para-H2 is as low as
3.6 3 1027. However, this value is probably never reached. According to chemistry
models5,25,39, ortho/para-H2 remains suprathermal in very cold gas (,12 K). It is
the subtle detail of the indistinguishable two fermions (protons) in H2, in combination with the spin changing proton exchange reactions, that turn ortho/paraH2 into a robust chemical clock in cold molecular clouds4,5,39 (see also Extended
Data Fig. 5).
Analytical relation between the H2 and H2D1 ortho/para ratios. The ortho/
para ratio of H2D1 in molecular clouds is mainly regulated by the following chemical reactions9,10:
para-H2D1 1 ortho-H2 u ortho-H2D1 1 para-H2
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ortho-H2D1 1 ortho-H2 u para-H2D1 1 para-H2

(2)

ortho-H2D1 1 ortho-H2 u para-H2D1 1 ortho-H2

(3)

The reaction ortho-H2D1 1 ortho-H2 R ortho/para-H31 1 HD, returning deuterium back to deuterated hydrogen (HD), occurs about three times more slowly
than the ortho-to-para conversion described by reactions (2) and (3) (ref. 11). Also,
the further conversion of H2D1 to D2H1 is slower than the ortho-to-para conversion because ortho-H2 is always more abundant than HD. From the reaction system
described above, the following analytic expression can be derived for the equilibrium ortho/para-H2D1 (ref. 10):
{
{


½orthoH2 Dz  (kz
1 zk3 )|½ortho H2 =½para H2 zk2
z
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where kz
1 ,k1 ,k2 ,k2 ,k3 and k3 are the rate coefficients of the forward (1) and
backward (2) direction of reactions (1), (2) and (3). As shown below, this simple
relation, using the Arrhenius behaviour of the rate coefficients9,10, approximates
the ortho/para-H2D1 predicted by comprehensive chemical models. This emphasizes the direct correlation between the ortho/para ratios of H2D1 and H2 that is
the central tool of this work.
Chemistry model. The time-evolution of the chemical abundances in different parts
of the dense core surrounding IRAS 16293-2422 A/B and in the embedding ambient cloud is calculated using a chemistry model containing reaction sets for both
gas-phase and grain surface chemistry25. The gas-phase reaction set is based on the
publicly available Ohio State University reaction set (available upon request from
Eric Herbst, eh2ef@virginia.edu), which has been expanded to include the spin
states of the light hydrogen-bearing species H21, H2, and H31. In addition, deuterated species with up to four atoms and their reaction rates are included. Similar
ortho/para separation and deuteration as in the gas phase is applied to the surface
reaction set, which is based on a previously published model40. The model is pseudotime-dependent, that is, we follow the chemical evolution assuming that the dense
core and the ambient cloud are static. We assume that the initial chemical composition of the dense core is determined in conditions corresponding to the ambient
cloud (n(H2) 5 104 cm23). Therefore, we calculate molecular abundances at different times in the ambient cloud and use these abundances as initial conditions for
the dense core model. In the ambient cloud, the gas is assumed to be initially atomic,
with the exception of hydrogen, which is molecular. We have fixed the cosmic-ray
ionization rate to f 5 1.3 3 10217 s21, the grain radius to ag 5 0.1 mm, and the initial ortho/para-H2 to 1.0 3 1023, corresponding to a spin temperature of Tspin <
20 K. This assumption is based on the fact that the ortho/para ratio is possibly thermalized by collisions with protons (H1) in warm gas down to ,20 K during the contraction and cooling phase of the cloud. Efficient thermalization down to ,30 K has
been demonstrated previously5,39,41. Starting the simulation from an initial ortho/
para-H2 of 0.5 (Tspin < 60 K), which is typical for diffuse interstellar clouds42, it takes
about 3–4 million years of chemical processing in conditions corresponding to the
ambient cloud to reduce ortho/para-H2 to ,1023. By comparison with the observed
ortho- and para-H2D1 lines, we obtain the same chemical age of about a million
years for the dense core (see below) using either the high and the low initial ortho/
para-H2 ratio, although in the former case the ambient cloud has to be very old
(more than 3 million years).
The ortho/para-H2D1 ratio, as a function of ortho/para-H2, resulting from the
full simulation closely follows the analytical formula presented above10. This is illustrated in Extended Data Fig. 2, which shows the relationship for different kinetic
temperatures and for ortho/para-H2 , 0.1, roughly corresponding to times after
100,000 years of chemical evolution. The fact that reactions (1) to (3) dominate the
relative abundances of ortho-H2D1 and para-H2D1 in this regime can also be verified by inspecting the actual reaction rates during the simulation. At low values of
ortho/para-H2 for which (k21 1 k31) 3 ortho/para-H2 = k12, ortho/para-H2D1
is linearly proportional to ortho/para-H2. For high values of ortho/para-H2 for which
(k21 1 k31)3 ortho/para-H2 ? k12, ortho/para-H2D1 approaches a constant, which,
according to the analytical formula, is determined by the ratio (k11 1 k32)/(k21 1
k31). The full simulation predicts a slightly lower asymptotic value of ortho/paraH2D1, which can be attributed mainly to the reaction ortho-H2D1 1 ortho-H2 R
ortho/para-H31 1 HD.
The disagreement between the analytical formula and the simulation is most
marked at very low temperatures (,10 K), where the deuteration reactions H31 1
HD R H2D1 1 H2 and H2D1 1 HD R D2H1 1 H2 influence ortho/para-H2D1.
The importance of these reactions depends on the H31 abundance, which is sensitive to the cosmic-ray ionization rate f and the grain radius ag. When T . 10 K, the
relationship between ortho/para-H2D1 and ortho/para-H2 is almost independent
of other physical conditions than the kinetic temperature. The ortho/para-H2 ratio
has been previously derived by modelling the deuterium fraction of the HCO1 and

N2H1 molecular ions6,7,39. This is based on the fact that the DCO1/HCO1 and N2D1/
N2H1 abundance ratios show a general increasing trend with a decreasing ortho/
para-H2. As shown in Extended Data Figs 3 and 4, the relationships N2D1/N2H1
and DCO1/HCO1 (not plotted) versus ortho/para-H2 also depend (besides on T)
on n(H2), f, and ag. The ortho/para-H2D1 versus ortho/para-H2 relationship for
the same parameter space is shown for comparison. It is evident that in conditions
where ortho/para-H2 , 0.01 (corresponding roughly to N2D1/N2H1 . 0.01), ortho/
para-H2D1 gives a better estimate for ortho/para-H2 than N2D1/N2H1. We note,
however, that the accuracy of the N2D1/N2H1 method can be substantially improved by mapping observations of the N2D1 and N2H1 distributions7. At even
longer evolutionary times N2D1/N2H1 actually becomes independent of ortho/
para-H2, whereas ortho/para-H2D1 can still be used as a chemical clock. This is the
regime of ortho/para-H2 that is relevant in studies of old pre-stellar cores.
Radiative transfer calculations. The resulting radial abundance distributions of
para-H2D1 and ortho-H2D1, together with the density, temperature and velocity
profiles, were used as input for a Monte Carlo radiative transfer program26 to predict the line profiles observed with the telescopes used in the present study. The excitation of the rotational transitions of H2D1 in collisions with para- and ortho-H2
are calculated using theoretically determined state-to-state rate coefficients11. We
calculate the radial distributions of the optical thicknesses and the excitation temperatures of the ground-state transitions of para- and ortho-H2D1 as a function of
velocity, and construct the observable absorption/emission spectra, taking into account the continuum source in the centre of the dense core, and the beam profile
of the respective telescopes. We ran multiple models corresponding to different ages
of the initial cloud and of the dense core itself. Six different time steps between
10,000 years and 2 million years were considered. We searched for the best match
between the modelled and observed line profiles by performing a x2 test for each
model, simultaneously for the two lines. From this analysis, we find that the model
with a million years of chemical evolution in both the initial cloud stage and in the
dense core yields the best fit to the observations. In this case the optical thickness
in the line centre is determined to be to 5 0.33 for the ortho-H2D1 line and to be
tp 5 2.7 for the para-H2D1 line. The fractional abundance relative to H2 of both
ortho- and para-H2D1 increases with the distance from the source centre, reaching
10210 and 1029, respectively, at the outer edge of the envelope (at a radius of 6,100 AU).
Possibility of detecting para-H2D1 in other sources. IRAS 16293-2422 A/B is
one of the brightest far-infrared sources in nearby molecular clouds and provides a
particularly favourable target for observing para-H2D1 in absorption. A quick look
at archival Herschel continuum maps of nearby complexes43, including Chamaeleon,
Corona Australis, Ophiuchus, Perseus, Serpens and Taurus, reveals eight embedded Class 0/I protostars or protoclusters with far-infrared flux densities at least
25% of that of IRAS 16293. We estimate that para-H2D1 absorption from a dense
core similar to that surrounding IRAS 16293 could be detected towards these weaker
sources in approximately 1.5 h with SOFIA/GREAT. The Herschel maps, together
with Spitzer archival catalogues, can be used to select embedded sources with massive envelopes that are likely to be most appropriate for para-H2D1 absorption
observations44.
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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,

103
Radius (AU)
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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.

©2014 Macmillan Publishers Limited. All rights reserved

RESEARCH LETTER
10.0

ortho/para-H2D+

Hugo et al. (2007)

1.0

T= 8K
T = 10 K
T = 12 K
T = 14 K
T = 16 K
0.1
10-4

10-3

0.01

0.1

1.0

ortho/para-H2

Extended Data Figure 2 | The relationship between ortho/para-H2D1 and
ortho/para-H2. The ortho/para-H2D1 ratio as a function of ortho/para-H2
resulting from chemistry simulations for different values of the kinetic

temperature T, indicated with colours. The dashed curves represent the
approximation given by the analytical formula from Hugo et al.10.

©2014 Macmillan Publishers Limited. All rights reserved

LETTER RESEARCH

a
n (H2)=104 cm-3
n (H2)=105 cm-3

1.0

N2D+/N2H+

n (H2)=106 cm-3

0.1

T=

10-2

8K

T = 12 K
T = 16 K
10-3
10-4

10-3

ortho/para-H2

0.01

0.1

10

ortho/para-H2D+

b

1.0

T=

8K

T = 10 K
T = 12 K
T = 14 K
T = 16 K
0.1
10-4

10-3

0.01

0.1

ortho/para-H2

Extended Data Figure 3 | N2D1/N2H1 and ortho/para-H2D1 as functions
of ortho/para-H2, for different values of T and n(H2). a, The N2D1/N2H1
abundance ratio versus the ortho/para H2 ratio for selected values of the kinetic

temperature, T, and the H2 number density, n(H2). b: The ortho/para H2D1
ratio versus the ortho/para H2 ratio for different temperatures and densities.
One can see that this relationship depends on T but not on n(H2).
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Extended Data Figure 4 | N2D1/N2H1 and ortho/para-H2D1 as functions
of ortho/para-H2, for different values of T and f. a, The N2D1/N2H1
abundance ratio versus the ortho/para H2 ratio for selected values of the kinetic
temperature, T, and the cosmic ray ionization rate, f. b, The same for the

ortho/para H2D1 ratio versus the ortho/para H2 ratio for different
temperatures and densities n(H2). Hardly any dependence on f is seen except
at the lowest temperatures.
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Extended Data Figure 5 | The H2 spin temperature. Variation of the H2 spin
temperature Tspin as a function of kinetic temperature and time in a dark cloud
according to our gas-grain chemistry model. The corresponding ortho/paraH2 is indicated on the right. The gas density, n(H2) 5 105 cm23, and the visual

extinction, AV 5 10 mag, are kept constant. Ortho/para-H2 tends for long
evolutionary times towards the thermal values (dashed line) above Tkin < 12 K.
The blue-hatched region indicates the T range applicable to the dense core
surrounding IRAS 16293-2422 A/B (between a radius of 3,000 and 6,100 AU).
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