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DETECTION OF TRIPLY DEUTERATED AMMONIA IN THE BARNARD 1 CLOUD
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ABSTRACT

We report the detection of the ground-state rotational transijos 1,— 0, 0Oa—(0s ) of triply deuterated
ammonia at 309.91 GHz in the Barnard 1 cloud, obtained with the Caltech Submillimeter Observatory. The observed,
integrated, line intensity 08.307+ 0.019 K km$ implies an ND column density of(2+ 0.9) x 10" cn¥,
for excitation temperatures in the range 5-10 K. Using previously publishesdHNH, column density estimates
in this source, we derive an NBractional abundance with respect tg f (1.5 = 1) x 10 ** and an NQ-to-NH,
abundance ratio o8 x 10*. The observed abundance ratios can be explained in the framework of gas-phase
chemical models, in which the dissociative recombination of partially deuterated ions results in a somewhat higher
probability for the ejection of hydrogen atoms than deuterium.

Subject headings. ISM: abundances — ISM: individual (Barnard 1) — ISM: molecules

1. INTRODUCTION the computational estimates of the line frequencies given in Ta-
ble 1 are based on the later work of Fusina, Di Lonardo, & Johns
(1985) for the rovibrational constants and the work of Ruben &
Kukolich (1974) for the hyperfine coupling constants.

Chemical models indicate that highest deuterium fractionation
levels occur in cold, high-density regions. The best targets to
search for NI are thus high column density condensations in
dark clouds without embedded luminous sources. Barnard 1 is
one of the highest column density molecular sources in the Per-
seus complex. Bachiller, Menten, & deldrAlvarez (1990) pre-
sented a comprehensive study of this region in a variety of mo-
lecular tracers. The presence of several low-luminokdR&S
sources indicates some ongoing low-mass star formation. Inter-
ferometric observations of Hirano et al. (1997) suggest that the
IRAS source 0330+3057, located within the dense Nidore,
is a protostellar candidate, in an early evolutionary stage, having
a molecular outflow in a nearly pole-on configuration. Hirano
et al. (1999) derive an ¥CO" fractional abundance a factor of
3-4 lower than the canonical value (Frerking, Langer, & Wilson
1987), indicating significant depletions of gas molecul&sQ)
onto the dust grains.

The low kinetic temperature and high density make Barnard
1 an excellent target for studies of multiply deuterated molecular
species. We present here results of a sensitive search for the
ground-state rotational line of Nin this source, which, together
with separate observations of NGC 1333 (van der Tak et al.
2002), constitute the first astrophysical detection of a triply deu-
terated molecule.

The initial detection of deuteration in heavy molecules in the
interstellar medium (ISM) was for HCN (Jefferts, Penzias, &
Wilson 1973), where DCN was found to Bex 10°°*  of HCN
(Wilson et al. 1973), compared to the local ISM D/H ratio of
(1.5+ 0.1) x 10°® (Wilson 1999 and references therein). This
surprising result was explained by chemical fractionation under
low-temperature conditions (Solomon & Woolf 1973). Recent
detections of doubly deuterated ammonia and formaldehyde in
L134N and L1689N (Roueff et al. 2000; Ceccarelli et al. 1998;
Loinard et al. 2001) have renewed interest in deuterium frac-
tionation in cold, dense molecular gas. The concept of the de-
tection of triply deuterated species was, until now, so remote
that the lines were omitted from the line catalogs for astrophysics,
even though laboratory-measured frequencies were available
Amazingly, under the right conditions, N2an indeed be de-
tected, providing clues to the physics of the dense, cold ISM.

ND, is a symmetric top molecule with the energy diagram
similar to that of NH (see, e.g., Fig. 12-10 of Bunker 1979).
However, owing to the difference in nuclear spin between the
proton and deuteron, the levels in tie= 0 ladder that in the
case of NH are only populated for odd@values in the inversion
sstate and for evenl-values in the inversiora-state (see
Fig. 12-10 of Bunker 1979) are all populated in the case of. ND
Consequently, the NDJ, = 1, — 0, transition is split into two
componentsfa— 0s anfs— 0a , by the inversidithe sta-
tistical weight ratio of the two components due to the nuclear
spinis 10 : 1 (see Table 3-6 of Townes & Schawlow 1975). Each
of the two components is further split by th#&\N quadrupole
coupling into a closely spaced triplet with the statistical weight
ratios of 3:5: 1. The submillimeter spectrum of Nas first Spectroscopic observations of the Barnard 1 cloud presented
measured in the laboratory by Helminger & Gordy (1969), and here were carried out in 2002 February using the 345 and

230 GHz facility receivers and spectrometers of the Caltech

* Downs Laboratory of Physics, California Institute of Technology, Ms 320- Submillimeter Observatory (CSO) on Mauna Kea, Hawaii. The
47, Pasadena, CA 91125; dcl@submm.caltech.edu. data were taken under average weather conditions (225 GHz

% Laboratoire Univers et Theie, FRE 2462 du CNRS, Observatoire de  zenith opacity~0.06—-0.18). CSO FWHM beam size at 309 GHz

Paris, Section de Meudon, Place Jules Janssen, 92195 Meudon, France. i« o i s ; .
% Laboratoire d'Etude du Rayonnement et de la Matien Astrophysique, is ~25', and the main-beam eff|C|ency at the time of the obser

2. OBSERVATIONS

FRE 2460 du CNRS, Observatoire de Paris and Ecole Normalérigupe vations, determined from total-power observations of Mars and
24 Rue Lhomond, 75231 Paris Cedex 05, France. Saturn, was~60%. Typical calibration uncertainties ar@5%.

* Laboratoire de Photophysique Moldaire, CNRS, Batiment 350,  The pointing of the telescope was stable to witkil’. We used
Universite Paris-Sud, 91405 Orsay, France. the 1.5 GHz, 500 MHz, and 50 MHz bandwidth acousto-optical

Bon'\r/]'aéepr';gcr;'”snt“t fu Radioastronomie, Auf dem tgel 69, D-53121  ga:ility spectrometers. The spectral resolution of the high-

s The corresponding NHransition at 572.5 GHz was first detected in the ~ r€solution, 1024-channel 50 MHz bandwidth spectrometer, mea-
ISM by Keene, Blake, & Phillips (1983). sured from a frequency comb scan, was 3.4 spectral channels,
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TABLE 1

CoMPUTED FREQUENCIES OF THE ND,
HYPERFINE COMPONENTS

v
Transition (GHz) Strength
J = 1, 0, (0s— 0a)
F=1-1...... 306.7353031 0.058
F=2-1..... 306.7365301 0.097
F=0-1...... 306.7383706 0.019
J« = 1, 0, (0a— 0s)
F=1-1...... 309.9081112 0.60
F=2-1..... 309.9093382 1.00
F=0-1...... 309.9111787 0.20

or 0.16 MHz. The 50 and 500 MHz spectrometers give consistent
line intensities, typically within <5%—-10%. However, the
1.5 GHz spectrometer, which offers the largest spectral band-
width, suffers intensity calibration errors due to power com-
pression. Consequently, an empirical scaling factor of 0.82 was

applied to the 1.5 GHz data presented here. All the spectra were
taken in the beam-switched observing mode with a secondary

chopper throw of 180

3. RESULTS
Figure 1 shows the distribution of the DC@-2) emission

in Barnard 1 that can be used as an indicator of the approximate [ Iy™ 4] |

spatial distribution of other deuterated molecular species. The
FWHM CSO beam for the NDobservations described here,

shown as a dotted circle, encompasses the two compact mil-

limeter continuum sources (Hirano et al. 1999).

3.1. Line Identification

Since the CSO facility receivers operate in double-sideband
mode, two spectra taken with different frequency settings are
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Fic. 1.—Gray-scale image of the DCQ3-2) intensity in Barnard 1 in-
tegrated over the 5.5-8 km’svelocity range at a 35angular resolution,
observed with the 230 GHz CSO facility receiver. Contour levels are 25%,
45%, 65%, and 85% of the peak integrated intensity, 2.47 K kin(Ey).
Symbols mark the locations of tH&AS source 033013057 (riangle) and
the 3 mm continuum sourcesqgares, Hirano et al. 1999). FWHM size of
the CSO beam at 309 GHz is shown as a dotted circle. Offsets, in units of
arcseconds, are relative to the posities, = 3"30"15 6,05, = 30°57 305
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Fic. 2.—Upper panel: Low-resolution spectra of the 309.91 GHz jan-
sition taken with the 1.5 GHz spectrometer for two frequency settings shifted
by 10 MHz. Three of the four spectral features seen in the spectra can be
identified with transitions of SO, C)/H-A, and CHOH-E with the help of
the JPL line catalog. The absence of a frequency shift between the two spectra
uniquely assigns the 309.91 GHz feature to the signal sideband. Vertical arrows
mark the location of the 306.74 GHz Nine in the image sideband. A3
lower limit of ~4.3 for the intensity ratio of the 309.91-306.73 GHz Nibes
is consistent with the optically thin ratio of 10 : lower panel: High-resolution
spectrum of the 309.91 GHz NDine taken with the 50 MHz spectrometer.
The total integration time of 78 minutes on-source resulted in an rms noise
level of 17 mK after Hanning-smoothing the spectrum once (0.094 Km s
channel width). The hyperfine structure fit obtained using the frequencies given
in Table 1 is shown as a thin solid line.

required to uniquely assign a line of interest to the signal or
image sideband. Figure 2idper panel) shows low-resolution
spectra, taken with the 1.5 GHz spectrometer, for two frequency
settings shifted by 10 MHz. Of the four spectral features seen
in the spectrum, three, including the 309.91 GHz line, show no
frequency shift and are assigned to the signal sideband. One
shows a 20 MHz shift and is assigned to the image sideband,
where, with the help of the JPL line catalog (Pickett et al. 1998),
it is found to be the CEOH-A (4,~4,,) line with a lower level
energy of 23.2 K. Two other lines in the signal sideband are
assigned to SO (21) with a lower level energy of 4.5 K and
CH,OH-E (3,—2,,) with a lower level energy of 19.9 K. ND

is the identification for the 309.91 GHz spectral feature.

Figure 2 {ower panel) shows a high-resolution spectrum of
the 309.91 GHz line taken with the 50 MHz spectrometer. No
lines within 5 MHz of the frequency of the emission peak are
found in the JPL line catalog. The hyperfine structure fit, ob-
tained using the computed NMine frequencies and intensity
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TABLE 2

MoLECULAR COLUMN DENSITIES AND ABUNDANCES IN BARNARD 1

T, = 12 K in the high column density regions, and a volume
densityn,,, = 7 x 10* cm®in Barnard 1. The lack of knowl-
edge of the collisional cross sections for N&nd the limited

Molecule N X Model A Model B . . e
" 3% 157 n 1 n signal-to-noise ratio in t_h_e observed_ NEpectrum prevent us
co 30x 10° 3 x 10° 26x 10° 26 x 10° from accurately Qeterm|n|ng the excitation temperature. Gerin
NH, 25x 10° 19 x 10° 21 x 10° 21 x 10°® et al. (2001) derive an JD* (3-2) excitation temperature of
NH,D ......... 27x 10° 29 x 10° 4.4 K from a hyperfine structure fit. Given our present knowl-
NDH ......... e e 89x 107 15 x 1070 edge of the physical conditions in the Barnard 1 core, an ND
EB;N‘H'; """" 20% 10 10t Tewios o ios excitation temperature in the range 5-10 K is justified.

In the case of the NDJ, = 1,— 0, (0a— 0s) transition,
<1

v = 309.9091337 GHz, g, = 30, A =2516x 10* s,
ratios given in Table 1, is shown as a gray line. Features at theE, = 14.87K, andQ(10 K) = 38.30. Therefore, for this value

frequencies of the two strongest jByperfine components are
clearly detected in the spectrum a5 o level in a single

of the excitation temperature, the observed integrated line in-
tensity 0of 0.307+ 0.019 K km s* leads to an ND column

channel. The weakest component is also probably detected. Thelensity of(1.3 + 0.3) x 10" cm?, assuming a 25% calibration

fit gives a line center velocity 06.47+ 0.04 km~§ an
FWHM line width of 0.82+ 0.07 km s*, and a line center
optical depth of the strongest componentdf+ 0.8 . Theline
center velocity and line width given by the fit agree to within
0.3 and 0.05 km 8, respectively, with those of the NHn-
version line in Barnard 1 (Bachiller et al. 1990).

uncertainty (30). The derived ND column density depends
critically on the assumed value of the excitation temperature.
For a 5 K excitation temperature, the partition function
Q(5 K) = 17.23 and the corresponding NRolumn density is
(2.8 = 0.7) x 10" cm™2 Our final estimate of the N[xolumn
density toward Barnard 1 is thi& = 0.9) x 10**  ¢i(3 o),

Given the absence of any alternative candidate lines in thewhere the uncertainty includes both the calibration and modeling
JPL line catalog, the characteristic line shape consistent withuncertainties, due to the unknown excitation temperature, added
the ND, hyperfine splitting, and the velocity agreement with in quadrature.
other molecular species in Barnard 1, we confidently identify  Hirano et al. (1999) derive Hcolumn densities of(1.3—
the spectral feature at 309.91 GHz with tde= 1,— 0, 1.5) x 10*® cm ™2, in a 18 beam, along the ridge connecting
(Oa— 0s) ground-state rotational transition of NDThe pos- the two millimeter continuum sources in Barnard 1, based on
sibility of the feature being an uncataloged, excited-state line their observations of the 85@m dust continuum emission. The
of an ISM molecule is very low owing to the low kinetic position we have observed is withirlQ’ of the two continuum
temperature of the medium. peaks. Taking..3 x 10?® cnt as an estimate of the,ldolumn
density within our beam, we derive an Nfractional abun-
dance of(1.5 + 1) x 10°**, where the uncertainty includes a
50% uncertainty in the Hcolumn density added in quadrature
to the uncertainty of the NDcolumn density derived above.
Using the NH column density oR.5 x 10** cn? (Bachiller
et al. 1990), we derive an NINH, abundance ratio of &

10 Table 2 gives a summary of the molecular column den-
sities and fractional abundances in Barnard 1.

3.2. ND, Column Density and Fractional Abundance

The observed NDintegrated line intensity in the 5.5-8.5
km s velocity range (which includes the two strongest hy-
perfine components) i8.164+ 0.010 K km™$ Correcting
for the intensity of the weakest hyperfine component and ap-
plying a 60% main-beam efficiency, we derive an integrated
line intensity 0f0.307+ 0.019 K km s* for the ND, J, =
1,— 0, (0a— 0s) line.

The column density of NDis given by 3.3. COAbundance in Barnard 1

As discussed by Tinet al. (2000), abundances of multiply
jr dv, deuterated ammonia in gas-phase chemical models depend on
1 the elemental depletion of carbon and oxygen relative to ni-
. . . . . trogen. The observed abundance of CO, an important reservoir
wherey is the line frequencyQ(T) is the partition function,  of carbon and oxygen in the gas phase, can thus be used as an
To. is the excitation temperaturg, is the upper level degen- ghseryational constraint for the chemical models. To estimate
eracy including the statistical weight due to the nuclear spin, {he CO abundance in Barnard 1, we uséaCand GO (2—1)
A is the Einstein spontaneous emission coefficiént, is the gpactra obtained with the IRAM 30 m telescopd {5 beam;
upper level energy, andis the optical depth. The optical depth £ Roueff et al. 2002, in preparation).
is not adequately constrained by the hyperfine structure fit, | 5y9e velocity gradient (LVG) modeling, assuming a 12 K
which is consistent with optically thin emission. Therefore, we jnetic temperature aril x 10°  criwolume density (Bachiller
derive the optical depth from the observed line intensity using et g, 1990), gives a0 column density o x 10'° cr? and
the formulaT, = [J,(Te,) — J(Typ)l(1 — €7) , wherel(T) = a line center optical depth of1.3.
(hwlk) /(e™"™ — 1) is the radiation temperature of a blackbody  \ne also derive a €0 column density of..8 x 10 cn?
at a temperaturg, andT,, is the cosmic background temper- anq a line center opacity of 0.2. Thé®0-to-C’O abundance
ature (2.7 K). In the optically thin case, = To/[J(T.) = ratio of 3.8 is consistent with the averaj©/”’O isotopic ratio
J.(Tyg)l, and equation (1) can be written as of 3.6 = 0.2 for the local ISM sources (Wilson 1999). With
an H, column density o1.3 x 10?® , we derive a'®O fractional
1 f T.dv. (2) abundance relative to tbf 5.4 x 1078, a factor of~3 lower
1 - [J,(To) (Tl R than the canonical value (Frerking, Langer, & Wilson 1982).
Assuming a standaréfO/*®0 isotopic ratio of 557 in the
local ISM (Wilson 1999), we derive a CO fractional abundance
of 3 x 10 ® relative to H, indicating that a significant fraction
of CO molecules is frozen onto the dust grains.

8rr® Q(T,,) €%/ =
= c3 g A ehKTex —
u

@)

tot

8wkr? Q(T,
Ntol = hc?

x) Eu/kTex

9A

Based on their NE observations with the Effelsberg tele-
scope {40’ beam), Bachiller et al. (1990) derive an Nebl-
umn density of ~2.5 x 10" cm™?, a kinetic temperature
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4. CHEMISTRY OF ND, thus considered a chemical network, B, where we specifically
assume that the dissociative recombination results in the ejec-
Rodgers & Charnley (2001) suggested that,Miay be pro-  tjon of H atoms with a 75% probability, compared to 25% for
duced either by grain surface or gas-phase chemistry. Howevergeterium (experiments have shown ratios of about 2 : 1 for
in the absence of quantitative estimates of surface reactions, wgpe ejection probability of H and D in triatomic ions; Le Petit
have developed a gas-phase chemical model, in which all theg Roueff 2002). The enhanced deuterium branching ratios in
deuterium-substituted versions of NH, NHNH,, and the cor-  model B are used for all dissociative recombination reactions,
responding ions, NH NH;, NH3, andNHY, , have been in-  gxcept those that have been measured in the laboratory (i.e.,
cluded, as well as P D,H", and D; . Only monodeuterated pgse involving D™, D, H,0*, HDO").
species of oxygen and carbon molecules have been considered The results are extremely sensitive to the assumptions for the
at the present time. As a result, 152 species are linked by abouyjssociative recombination, as shown in Table 2. It should also
1800 gas-phase chemical reactions. As stressed by several ayse stressed that the results depend on the gas density, temper-
thors (e.g., Roberts & Millar 2000a, 2000b), the first step in atyre, and elemental depletion. It is thus encouraging that a good
deuteration of interstellar molecules relies on the fractionation agreement with the observations is obtained for the physical
reaction betweetd; and HD. We have introduced the recentcongitions derived previously for the Barnard 1 core. The rate
low-temperature reaction rate coefficients obtained in a trap ex-qgefficient of the reaction betweéti and HD also plays a key
periment (Gerlich, Herbst, & Roueff 2002), where the successive gje in the deuterium chemistry. Using the collisional value,
reactions ofH; and its deuterated substitutes with HD and D jnstead of that measured by Gerlich et al. (2002), results in high
have been measured. We assume thas ldntirely para, so that  fractionation of ammonia without the need for enhanced branch-
deuteration proceeds efficiently. With these assumptions, trlplying ratios for the retention of D atoms. The corresponding, ND
deuterated ammonia is formed essentially from dissociative re-zp5ndance i€.7 x 10°** . A more detailed discussion of the
combination oNHD; , where we follow the usual rules to extend Np, chemistry, beyond the scope of this Letter, will be presented
a standard chemistry to deuterated species (e.g., Roberts & Millarg|sewhere (E. Roueff et al. 2002, in preparation). Here we can
2000a). We have introduced the most recent branching ratiosomy state that the observed NBbundance~1.5 x 107 and
from the available storage ring experiments as reviewed by Lene ND;-to-NH, abundance ratio in Barnard 2§ x 10%) are
Petit & Roueff (2002). Nevertheless, many unknown reaction consistent with predictions of gas-phase chemical models, as long
rate coefficients remain in the chemical network. _ as the dissociative recombination of deuterated ions results in
Table 2 gives the steady-state molecular abundances, relat|v¢,ydrogen atoms being ejected with a higher probability than the
to H,, obtained from our chemical network. We have taken the geyterium atoms. However, we cannot exclude the possibility
various constraints derived from the observations, i.e., densnythat surface processes also contribute to the formation of ND
(7 x 10* cm™), temperature (12 K), and elemental depletion (see Rodgers & Charnley 2001). Searches fogDleind NDH
consistent with the CO abundance derived above. Model A gp, the same line of sight are urgent objectives, and determination

refers to a chemical network where the standard assumptionsy relative abundances of the isotopic variants will help to con-
of statistical ratios are used for the various reactions, when theysrain the chemical processes at work.

are not measured. However, the available experimental deter-

minations of the branching ratios have shown that this latter

approximation is rarely fulfilled (see, for example, the disso-  This research has been supported by NSF grant AST 99-
ciative recombination diHj by Vikor et al. 1999). Moreover, 80846 to the CSO. We thank J. Cernicharo for providing us
the ejection of the light hydrogen atom is favored in comparison with an LVG code for CO isotopes and F. Motte for carrying
to atomic deuterium for deuterated ions such g3 HWe have out the DCO (3-2) observations.
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