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Abstract. We present the first laboratory measurements of the hyperfine structure éfthé& <« O rotational transition

of N,D*, a good tracer of the dense regions of molecular cloud cores, and the spectra of unresoljadamgitions recorded

in the 308-463 GHz region. Together with a high sensitivity radio-astronomical spectrum of bé Bl= 1 — O rotational
transition in a quiescent cloud core, we determined with high precision the frequencies of the seven hyperfine components
and the molecular spectroscopic constants, allowing us to make predictions opOhdrbguencies of highed transitions
occurring in the submillimeter-wave region.
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1. Introduction Tafalla et al. 2002) and star forming regions (McMullin et al.

Deuteri fractionation i i . Id 1994; Kramer et al. 1999; Jorgensen et al. 2002). In particu-
euterium fractionation 1S an activé process In coid ar r, the central zones of starless cores, future sites of star

dense molecular clouds, mainly due to the deuteron—pro%rl)mation, are likely to be almost completely deprived of

; ¢ . o
exc?r?nge_ r%aCt'zogoa'*K"’ I\l/l_|::l) ~ |_I|2f989+ _HZ’thth'Ch 'Sd gaseous CO molecules, so that the abundance of related
exothérmic by~ (Millar et al. ) in the forwar species such as HCOand DCO is also drastically re-

direction. Once formed, i-lD*_transfers the deuteron to abunauced (e.g. Caselli et al. 2002b; Lee et al. 2003). On the other
dant gaseous neutral species, such as CO andoféduc- hand, NH* and N:D* are not significantly fiected by de-

ing DC+U and ':L’DJr' Indeed, theN(DCO™)/N(HCO") and 104 (Caselli et al. 1999; Bergin et al. 2001; Tafalla et al.
N(N2D*)/N(N2H*) column density ratios observed toward§h 02), given that the parent species I more volatile

cold cloud cores (e.qg. B_utner et al. 1995; Caselli et al. 200 n CO and thus it maintains a large fractional abundance
are much larger1000 times) than the elemental abund(:mc&,en at densities as large a$ bom-3 (Bergin & Langer 1997:

. 6 1
of dgt::tgrgumé[DY[[;i] ~ 16X j(r : L'”Sk%’ o al. 19|95)é mﬁk‘ Aikawa et al. 2001; Caselli et al. 2002b; Aikawa et al. 2003).
Ing and NbD™ two good tracers of physical and ¢ emI'\/Ioreover, deuterium fractionation increases with deple-

ical conditions of molecular cloud cores, and allowing the d?ibn of neutral species reacting with*Hand HD*, such
3 1

termination of the electron fraction (e.g. €in et al. 1982; } ; .
! CO (e.g. Dalgarno & Lepp 1984; Roberts & Millar 2000
Caselli et al. 1998; Williams et al. 1998; Caselli et al. 2002 S (g g PP . S I '

. . acmann et al. 2003). Thus, theD/N,H* abundance ratio
fundamental parameter which controls the dynamical eVOI&ﬁd the ND* fractional abundance increase towards the core

tion of molecular clouds and regulates the star formation raégnter, so that pD* is particularly suitable to investigate the
(McKee 1989). o kinematics as well as the physical and chemical conditions of
At H, number densities larger than abouf X0n* (and e highly CO-depleted core nuclei. In facsDf observations
dust temperatures20 K), another process becomes impOy e recently allowed an accurate analysis of the velocity field
tant for cloud core evolution: the @lierential molecular freeze ;. inematics across the core nucleus of L1544, a well-known
out onto dust grains. Evidences of gas phase CO depletiqigegg core (Caselli et al. 2002a)IN lines can be used to
have been found toward starless cores (Willacy et al. 19960 mine the line of sight component of the velocity of ions

Caselli et al. 1999; Bacmann etal. 2002; Bergin etal. 20G¢/ 1o gensest portions of cloud cores. These values can then
Send gprint requests toL. Dore, e-mail dore@ciam. unibo. it be compared with those obtained from lines of chemically re-

* Tables 4 to 8 are only available in electronic form at the CDS v‘gted neUtral, species ((f:"g' MBI, observable W't,h similar an- .
anonymous ftp tadsarc.u-strasbg. fr (130.79.128.5) or via gular resolution), to estimate the speed of the ion—neutral drift

http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/413/1177
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in the core nucleus and to quantify the importance of magnetic A =0 =2<—12
fields in the dynamical evolution of star forming clouds. i

In summary, it is extremely important to determine with
high precision the frequencies of,N* rotational lines for
kinematic studies (see e.g. Lee et al. 2001). Also, a more pre-
cise determination of the JD* spectroscopic constants will
be important to more accurately deriveI¥ column densi-
ties and abundances, given that the hyperfine splitting allows a
direct determination of the transition optical depth.

The dominant hyperfine interactions ip,DI" are those
between the molecular electric field gradient and the elec-
tric quadrupole moments of the two nitrogen nuclei: for the
J =1 — 0 rotational transition of pH*, these produce a split-
ting into seven hyperfine components (Caselli et al. 1995). The
quadrupole coupling of the D nucleus, with spin 1, may add
complexity to the hyperfine structure opD* (1-0), but its ef-
fect is likely to be negligible (see Sect. 3).

The hyperfine structure of th8 = 1 « 0 transition
of NoD* was observed for the first time by Anderson et al.
(1977), who were able to detect thid= = 0 and+1 compo-
nents due to the outer N nucleus; all the three components were
later detected in L134 by Snyder et al. (1977). Recently, Turner
(2001) has reported observations ofiN (1-0) in several as-
tronomical objects where the hyperfine structure due to both
the N nuclei is fully resolved into seven components.

As far as highe transitions are concerned, Sastry et al.
(1981) observed unresolved rotational lines up to dhe=
6 < 5 one in the positive column of a DC glow discharge,
while some hyperfine structure for tlle= 2 - 1 and 3— 2
transitions has been detected by several radioastronomers A
(Gerin et al. 2001; Turner 2001; Caselli et al. 2002a).

In this paper, we report the first laboratory measurements
of the N,D*(1-0) hyperfine structure and we compare these
measurements with a high sensitivity astronomical observa-
tion of the same transition toward the dense cloud core L183.
This analysis allowed us to derive all the determinable hyper-
fine parameters. In addition, laboratory spectra of unresolved
high J transitions were recorded up to 463 GHz, in order to
determine accurate rotational and distortion constants for pre-
dictions in the submillimeter-wave region.

A =+1 =3<—-2

=1<—-0,1,2

=1<—-0,1,2

1l
|
=

Fig. 1. The three hyperfine components of the= 1 « 0 transition

of N,D* due to the outer N nucleus. Thad-; = 0 and+ 1 components

2.1. Laboratory measurements show the hyperfine structure due to the inner N nucleus: their profile

(continuous) has been fit to a model lineshape (dotted) to recover the

The laboratory spectrum was observed with a frequendyyperfine frequencies.

modulated millimeter-wave spectrometer (Cazzoli & Dore

1990a) equipped with a double-pass negative glow discharge

cell (Dore et al. 1999). The radiation source was a frequerfggid up to 165 G was applied throughout the length of

multiplier driven by a Gunn oscillator working in the rethe discharge. With this longitudinal magnetic field ap-

gion 77-116 GHz (J. E. Carlstrom Co) or the Gunn itself foplied, ions are produced and observed in the negative glow

measurements at 77 GHz; the signal, detected by a liqu{®e Lucia et al. 1982), which is a nearly field free region and

helium-cooled InSb hot electron bolometer (QMC Instr. Ltdvhere they are expected to show negligible Doppler shift due

type QFJ2), was demodulated atfhy a lock-in amplifier. to the drift velocity, occurring, instead, in the positive column
N.D* was produced by discharging a 1:1 mixture of N(Sastry et al. 1981) where a low axial electric field is present. In

and Dy in Ar buffer gas with a total pressure of about 5 mToraddition, the double-pass arrangement would compensate for

The discharge current was a few mA, the cell was cooledsatch a shift, if present. Figure 1 shows the hyperfine structure

77 K by liquid nitrogen circulation, and an axial magnetiof theJ = 1 « 0 transition of ND* observed in laboratory.

2. Observations
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Fig. 2. Spectrum of the = 1 — 0 transition of ND* towards the starless core L188¢y histogran The black curve is the hfs fit obtained with
the data reduction package CLASS (see URils.iram. fr/IRAMFR/GS/class/class.html) using the frequencies of the seven hyperfine
components as found in this paper. The fit parameters are: excitation temp@&gataré1 + 0.5 K, LSR velocityV, sg = 2.444+ 0.001 km s?,

line width Av = 0.331+ 0.004 km s?, and total optical deptior = 1.8+ 0.3. Each hyperfine is indicated by the correspondiag- quantum
numbers (see also Table 1).

2.2. Detection toward L183 N2H*(1-0) frequency to 93176.2608 MHz for tHe F =

. . 1-12 component. This value has been obtained from Lee
The observations of L183 were performed with the NRAcg . .
12-m telescope (now the Steward Observatory 12-m tele-tal' (2001), where a comparison between the velocities of the

; F1F = 01—-12 component of the fH*(1-0) line with that of
scope) during October 1999 {N*) and February 2000 ~ig~.4_. . . . )
(NoD*). The position observed was the peak of th% 0(1-0) was considered, but using the nelf@1-0) fre

N,H"* (1-0) integrated emission map made by Lee et al. (200 gency, recently redetermined with high precision (0.15 kHz,

e am - ; Sée Cazzoli et al. 2003). Caselli et al. (1995) deduced a value
(RA(J2000)= 15. 54. 0&S5, Dec (320005 .0205223 )- Two which is 4.2 kHz more than that one deduced here; on the other
orthogonal polarizations were observed simultaneously and And they gauged the;N*(1-0) frequency from the compari-
eraged together_to produce the _fina_l spectra. AI_I observatiosnsn V\,/ith the GH, (21 — 1o1) line, measured in the laboratory
were performed in frequency switching mode, with a throw (\)/\f/?th an uncertainty of 6 kHz (Vrtilek et al. 1987). However, al-

+9 MHz. The backend used was the MiIIimeterAutocorrelatot:;10u h the @80(1-0) frequency is known with higher preci-
configured with a channel spacing of 6.1 kHz, correspondig%n%han the gH, line v?/e no'[)/e that BH* and CgO dopnot

itto ? Sp??ir"’: risoogugg)ﬂn?fgllfz}szﬂ{ ';hg cg\éezrtsé:j)za Vféof;r'ace the same regions in low mass cloud cores (the latter be-
y resolution of ©. or NoH" (1-0) (93. )a ing significantly depleted in the central regions, where the for-

1 + . .
O.'O:'7 kvn\]/i fo;rgzgs, S 9%) %ﬁ GaHné)ézgfggsf gcl_t:ve bean?ner peaks; see e.g. Tafalla et al. 2002), wheregs,@&nd
sizes EWHM) ) z , z 2H* seem to have a similar behaviour (Benson et al. 1998).

System temperatures were typically 200 K during the ob-

. Th trah b ted for th inb O freeze out is also present in L1512 (see Lee et al. 2003),
servations. The spectra have been corrected for the main ?ﬁlg]quiescent core where all the above frequency determina-
efficiency and are in unit oT,p. The final spectra have rms

I tions have been performed. Therefore, the presence of velocity
+ p—
pNerDc+ha;m8I s?/Cia/'t'eS Ofk14ﬂ_meNl 6(1K 022] andHl+51mOK fields along the line of sight of L1512 may cause a shift be-
(N2 ‘ ( _h))- ! akpe.a OI tmb s t', fe No 10'0 th\/veen NH* and G20 lines, although current kinematic studies
spectrum has a peak sighal-to-noise ratio ot over ) tpl%sent L1512 as a dynamically stable core (Lee et al. 2003).
N,>D*(1-0) spectrum is shown in Fig. 2. It is interesting to note o . .
; o s ; .~ For the above reason, it is thus very important to determine
that this transition does not present excitation anomalies, unlike " . L .
N . a precise value of the JM*(1-0) frequency in the laboratory,
N2H*(1-0) (see Caselli et al. 1995). : . . .
to overcome the radioastronomical uncertainties. However, this
is a dificult task, since sub-Doppler spectroscopy can not be
3. Analysis and discussion exploited with electric discharges, and pressure line shift may

. ) occur (see Bfia et al. 1994): we are actually working on this
The frequencies of the seven hyperfine components @; ( ) y g

+ ; ore et al., in preparation).
N2D™(1-0) observe(_j toward the denge CIOUd. L183 (S.(?e F'gi ) The measured hyperfine frequencies, both from laboratory
have been determined by comparing their velocities w%h

. P = hd space, are listed in Table 1, and the determined spectro-
those obtained from the JM"(1-0) spectrum, and fixing thescopic constants are reported in Table 2, where the hyperfine

1 The National Radio Astronomy Observatory is a facility of th€onstants of hbH* are also reported for comparison purposes.

National Science Foundation operated under cooperative agreemdig error associated with the radioastronomical determination
by Associated Universities, Inc. of vy does not include the 6 kHz uncertainty in theHN (1-0)
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Table 1. Hyperfine transition frequencies (MHz) and residuals (MHz) gbN

Laboratory Radioastronomy
J F F J F F? Obs? Obs.-calc. Obs. Obs.-calc. Lab.-radio.
1 1 0 0 1 1 7710498 —-0.002 771074872(23) 00020 0011
1 1 2 0 1 1.2 7710798 Q001 771077753(8) —0.0012 0023
1 1 1 0 1 012 7710934 Q001 77107147(13) 00028 0019
1 2 2 0 1 1.2 7710338 Q002 77 109W342(5) 00000 0004
1 2 3 0 1 2 77 10%32 -0.002 77109%259(5) 00001 0006
1 2 1 0 1 012 7710830 Q000 77 109B196(8) —0.0003 0010
1 0 1 0 1 012 7711230 Q000 771121180(8) 00000 0012

a The rotational ground level is split in three states viate: F; + Iy = 0, 1, 2: they are degenerate becaudse 0.

b Statistical uncertainty estimated from repeated measurements is about 5 kHz for well resolved components; however, line frequencies m
shifted by dfect of the pressure (see Baiet al. 1994) of about10-15 kHz.

¢ Quoted errors do not take into account of the uncertainty on g 1—0) frequency (see text).

Table 2. Ground state spectroscopic constamtfsN,D*.

Parameter (MHz) Laboratory Radioastronomy HHXP

Vo J=1-0 77 1092697(10) 771025811(61y

eQq quadrupole coupling —-5.6587(42) -5.6806(31) -5.6902(21)
eQqg quadrupole coupling -1.3713(73) —1.3461(48) —1.3586(38)
Cy spin—rotation 80(84)x 1072 9.77(53)x 1072 11.8(4)x 1073
C, spin—rotation B(11)x 108 6.51(70)x 1072 8.7(6)x 10°3

a Standard errors are reported in parentheses in units of the last quoted digits.
b Caselli et al. (1995).
¢ The reported uncertainty is the standard error from the fit, ffeetve accuracy is 6 kHz (see text).

frequency, due to the errors associated with the velocity dseven hyperfine components as expected in the case of cou-
termination of the line (0.02 knr$, see Table 2 of Lee et al.pling of both N nuclei were detecteii) the residuals of the fit
2001). In the same way, the error of the laboratory determinaithout D coupling are well consistent with the measurement
tion does not account for the possible pressure line shift, whiaghcertainties for both sets of hyperfine data (see Tabié JLg
can be estimated in the order-10-15 kHz from our prelim- prediction of the D contribution estimated with accurate hyper-
inary measurements of théfect. The better precision of thefine constants of DEN obtained in a sub-Doppler experiment
hyperfine constants derived from the radiostranomical data(éxQ, = 2006,Cp = —1.9 kHz, Cazzoli & Dore 1990b) gives
due to their better resolution, which also appears in the highshifts of the blended hyperfine components of 2 kHz at most:
accuracy of th&€, spin—rotation constant. therefore, the hyperfine parameters for outer and inner N nu-
The analysis was carried out by means of Pickett's SPF¢Tei are the only determinable ones. The analysis carried out by
fitting program (Pickett 1991), which uses the following hyTurner (2001) included the Deuterium hyperfine parameters,
perfine Hamiltonian for plural unequal quadrupole and spihut this approach led to undetermined values for both N spin
rotation couplings: rotation constants and the D quadrupole constant, and to a large
unrealistic value for the D spin rotation constant.
N
Hir = 2(qY . T2(O. mY. Tl Table 3 compares the measured highénansition frequen-
e ;‘[T (@) THQ)+THm) - T (ﬂ')]’ @) cies with the old measurements of Sastry et al. (1981) corrected
for the Doppler shift. The new data were analyzed with the pre-
where T denotes a spherical tensor of rakikHpss accounts viously mentioned SPFIT code, which accounts for the shift of
for the electrostatic interaction between the quadrupole nthe apparent line center from the unperturbed frequency when
ment Q) of a nucleus withl > 1 and the electric field gra- the hyperfine parameters are fixed to the values derived above
dient (@) at the nucleus, and for the interaction between tliem the radio-astronomical data. The newly determined ro-
magnetic dipole momeniuf of a nucleus withl > % and tational and centrifugal distortion constants agree within 3
the magnetic field ) due to the molecular rotation. In thewith the constants of Sastry et al. (1981), but they are more
present case, the sum should run over all the three nuclepodcise and allow a fairly accurate prediction of thédN tran-
the molecule. The Deuterium coupling, however, can be rgtions occurring in the submillimeter-wave region. In Table 4

glected, as proved by the following argumem}sto more than are reported the calculatéd= = +1 hyperfine components of
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Table 3.Rotational transition frequencies and spectroscopic constal@boratory measurements, these constants has been used to pre-
of No.D*. dict the hyperfine structure of J0* transitions occuring in the
submillimeter-wave region.
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