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ABSTRACT

Context. Dynamical studies of prestellar cores search for smalloiialifferences betweenftierent tracers. The highest radiation
frequency precision is therefore required for each of tispeeies.

Aims. We want to adjust the frequency of the first three rotatioreatgitions of NH* and N.D* and extrapolate to the next three
transitions.

Methods. N,H* and ND* are compared to Nfthe frequency of which is more accurately known and whichthasdvantage to be
spatially coexistent with pH* and No\D* in dark cloud cores. With lines among the narrowests, agtd*Nand NH; emitting region
among the largests, L183 is a good candidate to compare shesees.

Results. A correction of~10 kHz for the NH* (J:1-0) transition has been found 0.03km st) and similar corrections, from a
few ms™ up to~0.05 km s'are reported for the other transitions,@\ (J:3—2) and ND*(J:1-0), (J:2-1), and (J:3—-2)) compared to
previous astronomical determinations. Einstein spomtasielecay cdcients (A,) are included.

Key words. Molecular data — ISM : kinematics and dynamics — ISM : lined bands — Radio lines : ISM

1. Introduction respective opacity reaches 1. A problem of opacity was iddee
) ) ) _ met in the comparison of CS with CCS made|by Kuiper ¢t al.
In the quest for star forming cores, kinematic studies plasua  (f99§) in their attempt to measure the frequency of the G lin
cial role, trying to unveil slowly contracting cores or fasil- 55 discussed irLlPagani el &, (2001).
lapsing ones, depending upon which theory we rely upon or - -
what moment along the evolutionary track the prestellae é®r Caselli et al. 5) performed such a measurement for
ﬁ!

: : 1 N2H*, comparing NH* (J:1-0) line emission to thesBl (J, -
standing. As already discussed ee Pl (1999), theratecy 212-1p7) line emission in L1512, confirming a sizeabldfei-

ence between laboratory measurement and astronomicat obse
- - ions.|Dore et al.| (20p4) expanding on a previous work by

ular clouds. Therefore, because these velocity shifts eaasb vations I :

small as a few tens of n§, millimeter line transitions should be [Gerin et al. [2001) also calculated and observed ti2"NJ:1-

known with a precision of at least 10and ideally 108, Some 0) transition in L183, and extrapolated to the hig
species are egsily measured in the Iaboratory,)/espectahr}es sitions, (giving slightly diferent values compared al.
species like CO, NH] etc,. Others are unstable and morgi€i ’ for the J:2-1 and J:3-2 transitions). They aligned the
cult to measure (such as OHpBI*,...). One possibility in the N2D* (J:1-0) observation onto their,N" (J:1-0) towards the
latter case, is to compare the transitions of the speciestef.i SaMe source with the same telescope. Thid Notational con-
est with the transitions of another well-known species irkdaStant was itself redetermined from a new evaluation of thié"N
:1-0) frequency from a comparison withé0 (J:1-0) in the

cloud cores where the lines are narrow enough to be acqarat([-} ¢ . .
measured. However, the obviousfiulty is to be sure that the -+o12 cloud (seg Dore etjdl. 2¢04, for more details). This new
Iéje gave anfiset of -4.2 kHz from their previous determina-

two species share the same volume of the cloud and undergo 't
same macroscopic velocity shifts. Even though, the linecbpa lon.

ties might be a problem if too fierent in presence of a velocity ~ While the direct comparison of the;®* and NoH* lines is
gradient: the two coexistent species might then emphasfize gresently the best option to choose becaugé™Norcibly exists
ferent parts of the cloud, depending on the depth for whielr thwhere ND* exists, the hypothesis thatB; is also present in
the same volume as;N* is more questionable because of dif-
ferential depletion problems. Dore ef 4l. (2P04) also niod tis-

Send offprint requests to: L.Pagani . 18 - ! .
* Based on observations made with the IRAM 30-m and the GBTY C™0 has the problem of tracingfiiérent regions but hoped

100-m. IRAM is supported by INSIENRS (France), MPG (Germany), for @ null velocity shift between the two tracers. We thinktta

and IGN (Spain). GBT is run by the National Radio Astronomypetter possibility exists to measure accurately the fraquef
Observatory which is a facility of the National Science Fdaion op- N2H*, namely by taking NH as the frequency reference. NH
erated under cooperative agreement by Associated Urtiestsinc. and NH* are clearly coexistent species in depleted prestellar

knowledge of every species line frequency is of the uttetinos
portance to track small systematic velocity gradients inemo
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N,H® (1-0) NHz (1,1) sampling is 10 kHz, 10 or 20 kHz for the (J:2—-1) and 40 kHz for
: the (J:3-2) lines, providing comparable velocity resalntfor
all lines in the range 30-50 m’s Spatial resolution ranges from
33’at 77 GHz to 9at 279 GHz. For all lines, the spatial sam-
pling is 12’ for the main prestellar core and’ifér the southern
extension and for the northern prestellar core. We use [Casel
al. (1995) and Dore et pl. (2004) frequencies fgHN and Nb\D*
transitions, respectively.
We performed observations of NK{1,1) and (2,2) inversion
lines towards the whole core at the new Green Bank 100-m
telescope (GBT) in November 2006 and March 2007 with
velocity sampling of 20 ms and a typical Tys of 50 K, in
frequency—switch mode. The angular resolutieBY’) is close
to that of the 30-m for the low-frequency (J:1-0)D¥ line. The
spatial sampling is 24 all over the source. We use the accu-
rate measurement ¢f Kukollch (1967) for NH1,1), namely
v = 23694495487 £48) Hz which is an average estimated
from the whole HFS (see al§o Hougfen 1972, who revisited the
NH3 and *®NH; frequencies. The reported accuracy is higher
but the NH (1,1) frequency remains basically unchanged,
namelyy = 23694 495 481 22 Hz). For this frequency, the two
strongest hyperfine components have the following frequenc
offsets :

200

AV(F1F: 25/, — 25/,) = 10463 Hz
-200

AV(F1F: 283/, — 223/,) =-15196 Hz

Clecibon bl b Samples of these spectra i, No.D* and NH) are dis-
100 50 0 -50100 50 0 -50 played in[Pagani et hl[ (20007).

Fig. 1. NoH* (J:1-0) (left) and NH (1,1) (right) integrated in-

tensity maps. The dotted lines AAnd BB indicate the profiles 3 gpatial coexistence of ammonia and diazenylium

along which the velocity gradients are traced in Figs. ﬂ& 3

Reference positiond,gp = 15'54™08.5° 62000 = -2°5248” Though depletion of molecules was predicted in the 70'sais w
only a few years after the publication of the Caselli ét[289%)
aper on the frequency of,NI" that depletion was actually dis-
cores (e.g[ Tafalla et Hi. 24022, 2004), having a common C‘hergb\rl)ered and traged (em . 1p98). Therefordzme
cal origin and showing similar extents in most cores. pothesis made by Caselli et|dl. (1P95) thatig and NoH* are
In this Note, we present a detailed comparison ofsNHth  spatially coexistent is probably refutable as it is cleawibat
NoH" and NbD™ in L183, checking that the measurable velocitg,ch heavy Carbon carrier should be depleted in the same re-
shifts across the core are the same for all three speciesto c@ion as CO which is the region where* appears. Indeed,
vince ourselves of their coexistence and the absence oftgpagn,e detection of BD* in L1512 as a large fraction of J*
effect on the velocity peak position. Schmid—Burgk étlal. (J004Roberts & Millaf [2007) is a clear sign of heavy depletion of
developed a similar strategy in their study ofBO* and“CO  gther molecules. Therefore the velocity coincidence betwe
hyperfine structure (hereafter HFS) towards another dankdil these two species is questionable.
L1512, with similar very narrow linewidths. With these coatp  Ammonia and diazenylium have the same chemical origin,
isons in hand, we give all corrections for the 5 most curgenltt  starting from Ny _and are well-known to be coexistent as dis-
served transitions together with their Einstein spontasetecay cyssed by e.d. Tafalla et]al. (2042, 2004). This is in paeicu
codficients (Ay), determine the best fitting rotational constantg e in L183 as can be seenlﬁ(fl]g. 1 (but not fgkgwhich has
and compute the expected frequencies for the next 3 ro&tiog mych smaller extent, mostly concentrated towards théeort
transitions (J:4-3, 5-4, 6-5). prestellar core as can be seeif in Sijade]1989). Interestingly
velocity along the dense filament is constantly changing.(Fi
B), evoking a flow towards the prestellar cores and the cut per
pendicular to the filament (marked BB Fig. ﬂ) is suggest-
The whole elongated dense core of L183 (reference positimgy a rotation of the filament around its vertical axis (Flm.. 3
: @000 = 15'54M08.5° 55000 = -2°5248”) has now been fully NHz (1,1), NbH* and ND* (J:1-0) all trace exactly the same
mapped wih the IRAM 30-m telescope in a series of observgradients and it seems therefore compulsory that theircitede
tions spanning several years from November 2003 to July 20®¢ identical as there is no obvious possibility that the sigjo
The NbH™ and NbD* (J:1-0) lines have been fully mapped whilggradients be exactly parallel buffset from each other, espe-
the NbHY (3:3-2), ND* (J:2-1) and (J:3-2) lines have beerrially in the probable case of the cylinder rotation. Witlegent
mapped mostly towards the main core and its elongated ridgeH* (J:1-0) frequency as given Iy Caselli e} al. (1995), there
and partly towards the peak of the northern core (see Pagarindeed a clearfiset with respect to the Nf-elocity gradient,
et aI). All observations have been performed d@tose to 40 ms' (and to 26 ms!' compared to the new value
frequency—switch mode. For the (J3:1-0) lines, the frequenin .4). Note also thet Amano e} fl. (4005) have

2. Observations
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Fig.2. NoH*, NoD* (J:1-0) and NH (1,1) line of sight velocity along the AlAcut (see Fig[|1). The MH* data are displayed with
the original frequency (uncorrected) and with a correctibrdl ms*. The uncorrected D* (J:1-0) points are consistent with

the uncorrected pH* points despite the ffierent opacities

reinterpreted Caselli et [al. (1995) observations along waw
laboratory measurements but are therefore plagued by the
locity difference betweenM* and GH, which appears to ex-
ist in view of the present discrepancy betweensNtid NoH*.

(v = vo(1 - ‘%"), 6v being the velocity fiset, ¢ the celerity of
Neght, v andyg the corrected and original frequencies). The HFS
method, in order to fit all the hyperfine components individua
requires that we provide their list with their relative veites

Consequently, their best fit (#2 of their Table 2) is to be @bns and relative weights, these parameters not being adjusted d
ered cautiously. Finally, the fact thatDI* velocity centroids are ing the fit. Therefore, we have used the detailed HFS provided
almost identical with those of M* indicates that the dierent by[Caselli et g.[(1995], Dore etlal. (2004) dnd Kukdlith (206
opacities of the lines are not introducing any measuralds biSince an accurate determination of the hyperfine spectpasco
here (though a very tiny shift is possibly visible in Fj}). 3avd constants depends only slightly on the adopted rotatioo@ ¢
the NbD* displacement is symmetrically slightly less than thetants B and B, we can safely use the previously determined

N2H* displacement).

In conclusion, the three species are spatially coexistedt aoffsets between the hy
trace the same velocities and one must adjust the frequeniciewith [Caselli et . [19

NoH* and NoD* to that of NHs.

4. Frequency corrections
4.1. NoH* (J:1-0) correction

Frequency was measured using the MINIMIZE function i
CLASS' with the HFS method for all species (for NHthe
HFS method is similar to the internally built NH3(1,1) medho
Because it is easier to deal with velocitffsets in CLASS, es-
pecially as we have to compare two species #itetént fre-

quencies, the measurements have all been made in the ve

ity scale. Velocity diferences are subsequently converted in

ones. Doing so, our own determination for the relative vigyoc
perfine components in the J:1-0 line agree
5) with a typical dispersion of 0.7 XH
Though this is twice as much as the r.m.s. error on our fregyuen
determination of each individual componeat { 0.3 kHz), we
find that using their fisets or ours, introduces a negligiblédi-
ence of 0.13 kHz in the J:1-0 transition frequency detertiina
which is comparable to the r.m.s. error of the fit (0.12 kHzg W
also did not find an improvement on the r.m.s. error of the fit
Hself. For the NH* and N.D* transitions, the strongest hyper-
fine transition was given null velocityfiset as it was also the
strongest hyperfine transition frequency which was usedre t
the receivers. The advantage of a complex and strong HF&tis th
it lowers the uncertainty on the velocity fit, compared tora si
gig line estimate (fitting individually the ¥* J:1-0 lines with

to

frequency drsets using the approximate doppler shift formula? indeed, it can be noted that the HFS splitting is in first apiona-

1 httpy/www.iram.ffIRAMFR/GILDAS

tion identical for both NH* and N.D*despite a large;20% variation
in B rotational constant
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tio (~10). Therefore, we can only make a direct comparison for

oo comested NH* (41-0) A this position. The Jet Propulsion Laboratory (JPL) cataéofge-

25l e K= ) P . quency for this line (279511.70% 0.05 MHz) is too vague
o to be useful for a precise velocity determination. The Coéog

Database for Molecular Spectroscopy (CDMS) cataloguesgive

= 279511.8577 MHz for the (fF: 4,5-3,4) strongest hyperfine

component based on various works while Crapsi ¢t|al. (2005)

give 279511.863 MHz determined from the new rotational and

centrifugal distorsion constants frdm Dore & I. (2004)eJe

new values are respectively 26 and 31 kHz above our own deter-
mination.

— % x-- uncorrected NH" (J:1-0) I

~-a-a-- uncorrected N,D* (J:1-0)

-1
Vige (km s77)

2.4 |-

23 %0 > o 4.3. N,D* corrections

Right Ascension offset (arcsec)

Fig. 3. NoH*, NoD* (J:1-0) and NH (1,1) line of sight velocity For all three transitions of AD*, we took advantage of the
along the BB cut (see Fig[|1). The M+ data are displayed with Similar sampling with NH* (J:1-0) to have a larger number
the original frequency (uncorrected) and with a correctibat1  Of comparison points. We obtained 83, 73 and 51 comparison
msL. The uncorrected MD* (J:1-0) points are consistent withPOINts -with i—|5lmCIen't &hnal-to-nmse ratio between "

the uncorrected pH* points despite the fierent opacities (J:1-0) (using Caselli et {l. 1995, frequency) andDN (J:1-0),
(J:2-1), and (J:3-2) transitions respectively. The ganski to
each histogram yielded:

71 ] (J:1-0): -5.1 ms! (o = 10.5 ms?)
1 (J:2-1):12.5m$ (0 = 14.4 ms?)
(J:3-2):18.4m% (0 =8.1ms?)

The corresponding correction with respect to J{H1)
is:

(J:1-0):35.7mS or-9.2 @ 2.7) kHz

] (3:2-1): 53.3 ms or -27 ( 7.4) kHz
1 (J:3-2):59.2 md or -49 (+ 6.7) kHz
ol

; - Direct comparison of the reference position with NH1)
velocity difference (km s™') Spectrum y|e|ds

Fig.4. NoH* (J:1-0) and NH (1,1) line of sight velocity dier- _ _

ence histogram. The gaussian fit is centered on 40.8 nvith (J:1-0):37.7ms! (0 = 0.85 msi)

a dispersionr = 12.9 ms? (J:2-1):47.7md (o = 0.92 ms?)
(J:3-2):63.6 M3 (0 = 4.7 ms?)

independent gaussians, gives errors between 0.85 and 12 ms
instead of 0.38 m'$ with the global HFS fit for the reference 4 4 Rrotational constants and Einstein—-A coefficients
spectrum).

Though the reference position has been observed oftexcept for the MH* (J:3-2) line which has only one measure-
enough to get very high signal-to-noise ratios for mostdiran ment, we have used the averaged comparisons for correhting t
tions, it seems more secure to measure tfgebbetween bH*  frequencies of all these transitions.

and NH; on all common positions (every other position in the  we have derived from these new frequencies the rotation (B)
central core, a few positions in the rest of the cloud) andsuea and centrifugal distortion (D) constants fogi" and NoD*, us-

the average dierence. We have identified 65 common positiongqg the h perfine constants given py Caselli dt pl. (1995) and
with sufficient signal-to-noise ratios and we have obtained tif§re et a). [2004) respectively. The error budget has been es
dispersion histogram of the velocityfiérence (Fig[l4). Fitting fimated by adding 1 to one of the frequency measurements
the histogram with a gaussian, we find a velocitifefence of and subtracting 1 to the other which we use to determine B
40.8 ms! with a dispersionr = 12.9 m st. This corresponds gnq D, e.g.+2.7 kHz to the ND* (J:1-0) line and -6.7 kHz

to a frequency correction of -184 kHz (or -8.8 kHz compared for the N,D* (J:3-2) line. For the BH* (J:3—-2) transition, as
t04)- For the reference position alone, tiierdi \ye have only one measurement, we have taken the average of
ence is also 40.8 nTswith an erroro = 0.56 m s* (due to the  the 1 dispersion for all the other transition measurements as a
very high signal to noise ratio obtained for both lines ta¥ear probable dispersion for that measurement if we had had ag man

that position). observations. We have found an average velocity disperdion
11.5m s which corresponds to 10.7 kHz at that frequency. The
4.2. NoH* (J:3-2) correction new constants are listed in Tatﬂe 1. As expected from the fact

that[Amano et g41.[(2005) make use of {he Caselli t[al. (1995)
For the NH* (J:3-2) transition, only the reference positiorirequency determination of ¥* and the related Dore et [al.

has been observed with a reasonably good signal-to-noise (004) NbD* measurements, their rotational constants are dif-
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ferent from ours by an amount directly related to thellence Crapsi, A.,Caselli, P., Walmsley, C. M., et al. 2005, Ap® 6379
between GH, and NH; velocity determinations. The fierence gaﬂlelL F-éCefﬂ_'Cgafgy J., &,ngeme}, gﬂdbli' 358(‘)2, ﬁf;}%m
. AN e g ore, L., Caselli, P., Beninati, S., et al. ) ) 5
(5'3 kHz for B(NZH ) an(.j 9.2 kHz for B(ND )) IS. Slgmﬂcantly Gerin, M., Pearson, J. C., RdtieE., Falgarone, E., & Phillips, T. G. 2001, ApJ,
larger than the error estimate (conservatively given to.b@fd 55} | 193

1.7 kHz respectively for us and 1.3 and 1.2 kHz for Amano efordy, W., & Cook, R.L. 1984Microwave molecular spectra Techniques of

al. 2005%). It would be interesting to repgat Amano ¢tfal. J00 chemistry, vol 18

analysis with our new frequency determinations to bettemgae Hougen, J.T. 1972, J. Chem. Phys., 57, 4207

these values. o _ Kukolich, S.G. 1967, Phys. Rev, 156, 83

Line strengths, from which Einstein—A cdeients are de- | ee, c.w., Myers, P.C., & Tafalla, M. 1999, ApJ, 526, 788

ments of the dipole moment operator: +Erratum : Pagani, L., Gallego, A. T., & Apponi, A. J. 2002, A&381, 1094

Pagani, L., Bacmann, A., Motte, F., et al. 2004, A&A, 417, 605
a3 2

S(1 - 2) = [{yaldily2) | gan
Pagani, L., Bacmann, A., Cabrit, S., & Vastel, C. 2007, A&A74179

involved in the radiative transition. In the case of hyperfiiruc- Schmid-Burgk, J., Muders, D. , Miller, H. S. P., & Brupbaetatehouse, B.

tures, the wave—functions can be defined according to amexpa 2004, A&A, 419, 949

. . L . - Tafalla, M., Myers, P.C., Caselli, P., Walmsley, C.M., & Citon C. 2002, ApJ,

determined by diagonalisation of the hyperfine Hamiltonlan 569 g15 Y Y P

a given hyperfine wave—function can be accuretaley definad a4illacy, K., Langer, W. D., & Velusamy, T. 1998, ApJ, 507, L1.7

pure Hund’s case (b) wave—function. Doing so, the line sfites

for NoH*, the relevant expressions being giver] in Daniel ¢t al.

({2008). The Einstein—A cdicients are then given by:

Kuiper, T.B.H., Langer, W.D., & Velusamy, T. 1996, ApJ, 4681
fined, are determined from the reduced transition matrix eleagani, L., Gallego, A. T., & Apponi, A. J. 2001, A&A, 380, 384
(1) Pagani, L., Pardo, J.-R., Apponi, A.J., Bacmann, A., & GaBri2005, A&A429,
wherely, > and|y, > are the wave—functions of the two levelSkoberts, H. & Millar, T.J. 2007, A&A471, 849
sion on Hund’s case (b) wave—functions, theflioents being >"ade: D-A. 1989, ApIS, 71, 219
the case of BH* and N,D*, the mixing of states is low so thatTafalla, M., Myers, P.C., Caselli, P., & Walmsley, C.M. 200&A, 416, 191
can be expressed in a closed form (Gordy & Gpok 1984), and

6471* 5 3
Ak FoaRF = FhaH VIETEE X I SIFLF-IFF (2

(this is the same equation as[in Daniel d{al. 2006, but cdec

for two typos)

The calculated line frequencies and, Aodficients (the
dipole moment 4 = 3.37 D — is taken fro84)
are given in Table 2 {o]L0 for all rotational transitionsir@l: 1—
0) to (J:6-5) for both BH* and ND*. The frequency uncer-

tainty is estimated by varying the rotational B and D contstan
by 1 0.

Table 1. Rotation (B) and centrifugal distortion (D) constants for
NoH* and ND*. Errors in parentheses are given for the last two
digits

Species B D
MHz MHz
NoH*  46586.8713(25) 0.08796(24)
N.D*  38554.7479(17) 0.06181(15)

5. Conclusions

1. New, more accurate rotational constants and line fregjasn
are given along with the detailed Einstein spontaneous coef
ficients (Ay) for each of the hyperfine components.

2. The Tain prestellar core LSR velocity is 2.367M(0004)
kms-.

Acknowledgements. We thank an anonymous referee for/hés critical reading
which helped to improve the manuscript.
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Table 2. Hyperfine components and, AEinstein spontaneousTable 3. Hyperfine components and,AEinstein spontaneous
emission cofficients of the (J:1-0) transition of;N*. The fre- emission cofficients of the (J:2-1) transition of,N*. The fre-
quency uncertainty is 4.0 kHz for all hyperfine components.quency uncertainty is 2.3 kHz for all hyperfine components.
Summing Ay over all the hyperfine components with the same

frequency always give the same tota}; A3.628 x 107° s™1. Y F, FF->J F F  Frequency A
3.628(-5) means 3.62810° (MHz2) (s

186342666 1306(-5)
186348570 1354(-5)
186347883 6530(-5)
186342123 7739(5)
186342537  6046(-5)
186348459 1935(-4)
186342091 9674(-6)
186342577 1935(-4)
186342755 2177(-5)
186343098 1935(-4)
186348808  1959(-4)
1863441444  3870(-5)
186344158 6530(-5)
186344026 1088(-4)
186344412  3096(-4)
186344615 2925(-4)
186344711 2612(-4)
186348375 7255(-6)
186348419 3483(-4)
186344519 1548(-6)
186343343 1451(-4)
186342487 5417(-5)
186343441 2418(-6)
186345559  9674(-8)
186345462 8126(-6)
186348080 9674(-6)
186348312 7256(-6)
186340430 1451(-6)
186342584 3628(-5)
186348933  6046(-5)
186344701 3628(-5)
18634B050 1088(-4)
18634B901  4837(-5)
186347222  1451(-4)

Y F F->J F F Frequency A
(MHz) (s

93175081 3628(-5)
9317D049  2721(-5)
9317D049  9069(-6)
93172398 1209(-5)
93172398 1512(-5)
9317D398  9069(-6)
931731669 2721(-5)
93173669  9070(-6)
93173637 3628(-5)
93173540 1008(-6)
93173540 1512(-5)
93173540 2016(-5)
9317@522 1209(-5)
9317@522 2016(-5)
9317@522 4031(-6)
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L. Pagani et al.: On the frequency ofN* and NoD* (RN), Online Material p 2

Table 4. Hyperfine components and AEinstein spontaneousTable 5. Hyperfine components andyAEinstein spontaneous
emission cofficients of the (J:3-2) transition of,N*. The fre- emission cofficients of the (J:4-3) transition of,N*. The fre-
quency uncertainty i 11 kHz for all hyperfine components. quency uncertainty is 41 kHz for all hyperfine components.

Y F F->J F F Frequency A J F F->J F F Frequency A
(MHz) (s (MHz) (s

27950861  1110(-5) 37267005  9404(-6)
27950471  1124(-5) 37267062  9457(-6)
27950995  1244(-4) 37267867  1814(-4)
27950849  1312(-4) 37267600  1857(-4)
27950868  1176(-4) 37267610  1746(-4)
27951@46  8745(-6) 37267048  7738(-6)
27951302  1555(-5) 37267072  1209(-5)
27951103  2644(-4) 37267904  3158(-4)
27951B15  7933(-4) 37267D46  1238(-4)
27951855  5876(-4) 37267046 1814(-4)
27951884  7870(-5) 37267280  2527(-3)
27951801  1244(-4) 37267280  2388(-3)
27951879  1058(-3) 37267348  2843(-3)
27951607  2938(-5) 37267398  2467(-7)
27951856  9950(-4) 37267208  1263(-5)
27951768  9402(-4) 37267223  2720(-3)
27951778  1119(-3) 37267252  2665(-3)
27951780  1156(-3) 37267284  2902(-3)
27951781  1181(-3) 37267286  2942(-3)
27951B19  4407(-4) 37267294  2971(-3)
27951832  1259(-3) 37267508  3701(-6)
27951834  4975(-6) 37267526  3095(-3)
27951890  1606(-6) 37267544  1528(-6)
27951897  6218(-7) 37267784  4422(-4)
27951D90  1741(-4) 37267842  3046(-9)
27951273 1269(-8) 37267385  2332(-4)
27951287  1012(-4) 37267899  3753(-6)
27951383  5140(-6) 37267802  3948(-6)
27951201  5597(-6) 37267803  3701(-6)
27951205  4975(-6) 37267292  1513(-4)
27951781  4442(-7) 37267347  1919(-7)
27951870  2938(-5) 37267883  1974(-5)
27951937  3047(-5) 37267439  1999(5)
27951492  1360(-4) 37267816  2090(-4)
27951813  1741(-4) 37267883  2332(-4)
27951874  1469(-4) 37267887  2211(-4)
27951468  2177(-5) 37267260  1555(5)
27951496  4897(-5) 37267820  2764(-5)
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L. Pagani et al.: On the frequency o and NoD* (RN), Online Material p 3

Table 6. Hyperfine components and AEinstein spontaneousTable 7. Hyperfine components andyAEinstein spontaneous
emission cofficients of the (J:5-4) transition of;N*. The fre- emission cofficients of the (J:6-5) transition of,N*. The fre-
quency uncertainty i 95 kHz for all hyperfine components. quency uncertainty i& 0.18 MHz for all hyperfine components.

Y F F->J F F Frequency A J F F->J F F Frequency A
(MHz) (s (MHz) (s

46582236  8093(-6) 5589631  7.094(6)
46582254  8118(-6) 5589633  7081(-6)
46582704  2374(-4) 5589689  2929(-4)
46582729  2404(-4) 5589641  2951(-4)
46582734  2311(-4) 5589642  2871(-4)
46582202  9891(-6) 5589688  8368(-6)
46582209  6869(-6) 5589682  6148(-6)
46582491  3673(-4) 5589681  4195(-4)
46582279  2374(-4) 5589687  2929(-4)
46582885  1717(-4) 5580688  2213(-4)
46582846  1221(-7) 5589688  6916(-8)
46582427  5397(-3) 5589688  9969(-3)
46582435  5509(-3) 5589689  1007(-2)
46582473  5877(-3) 5589689  5179(-6)
46582487  7496(-6) 5589682  1049(-2)
46582417  5697(-3) 55806@4  2421(-6)
46582423  5642(-3) 55896@4  1020(-2)
46582447  2931(-6) 55806@5  1025(-2)
46582454  5935(-3) 55896@6  1310(-6)
46582456  5978(-3) 5589687  1054(-2)
46582465  6010(-3) 55896@7  1059(-2)
46582474  1419(-6) 55896@8  1062(-2)
46582488  6182(-3) 5589660  1085(-2)
465828529  1009(-9) 5589667  2490(6)
46582842  3053(-6) 5589667  2421(-6)
46582945  2931(-6) 5589668  2431(6)
46582847  2952(-6) 5589669 409210
46582831  4722(-4) 5589688  5127(-4)
46582985  2901(-4) 5589601  3462(-4)
46582254  2029(-4) 5589686  2554(-4)
46582527  9991(-8) 5589618  5852(-8)
46582666  1469(-5) 55896827  1169(5)
46582690  1478(-5) 5589623  1165(5)
46582D28  2728(-4) 5589690  3327(-4)
46582062  2833(-4) 5589692  3418(-4)
46582D72  2902(-4) 5589694  3462(-4)
46582510  1209(-5) 5580649  1424(5)
46582B24  1889(-5) 5589621  9890(6)
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L. Pagani et al.: On the frequency ofN* and NoD* (RN), Online Material p 4

Table 8. Hyperfine components and AEinstein spontaneous Table 10. Hyperfine components and,AEinstein spontaneous
emission cofficients of the (J:1-0) transition of;®*. The fre- emission cofficients of the (J:3-2) transition of,®*. The fre-
quency uncertainty is 2.8 kHz for all hyperfine components. quency uncertainty is 6.2 kHz for all hyperfine components

Y F F->J F F Frequency A J F F->J F F Frequency A
(MHz) (sh (MHz) (sh

77104757  2056(-5) 231319552 6294(-6)
77107671 1542(-5) 231318743 6373(-6)
771077671 5140(-6) 231318904 7049(-5)
77108023 5140(-6) 231319411 7435(-5)
TrioB0ss  8960(6) Sa130m997  a9ari o)
77108248 1542(-5) 231323981 8812(-6)
77108248 5141(-6) 231321993 1499(-4)
7710%162  2056(-5) 231328023 4497(-4)
77108104 1142(-5) 231328445 3331(-4)
77108104 5712(-7) 231328756 4461(-5)
77108104 8568(-6) 231328930 7050(-5)
77112085 1142(-5) 231325630 5996(-4)
77112085 2285(-6) 231327041 1665(5)
77112085 6855(-6) ggi ggg}é ggggg—g
231328599 6345(-4)
231328643 6692(-4)
231328645 6555(-4)
231329071 2498(-4)
231329120 7138(-4)
231329283 2820(-6)
231329836 9104(-7)
231329940 3525(-7)
231324764 9870(-5)
231323577 7194(-9)
231323722 5736(-5)
231322768 2913(-6)
231322988 3172(-6)
231325017 2820(-6)
231328654 2518(-7)
231323578 1666(-5)
231320318 1727(-5)
231322799 7711(-5)
231328955 9870(-5)
231324626 8328(-5)
231324436 1234(-5)
231324847 2776(-5)
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Table 9. Hyperfine components and, AEinstein spontaneous
emission cofficients of the (J:2—1) transition of J®*. The fre-
guency uncertainty is 2.1 kHz for all hyperfine components

J/

T
o~

F—-J F F Frequency A
(MHz) (sH

154218196 7402(-6)
154219138  7676(-6)
154218417 3701(-5)
154218619  4387(-5)
154218052  3427(-5)
154218991  1097(-4)
154215533  5483(-6)
154216021 1097(-4)
154216273  1234(-5)
154218617 1097(-4)
154216277 1110(-4)
154216920 2193(-5)
154218629 3701(-5)
154210498  6169(-5)
154210834  1755(-4)
154211055 1658(-4)
154217110 1481(-4)
154211807 1974(-4)
154211850 4113(-6)
154212998 8773(-7)
154214764 8225(-5)
154216912 3071(-5)
154216972 1371(-6)
154218002 5483(-8)
154218944  4606(-6)
154218598 5483(-6)
154218828 4113(-6)
154218858 8225(-7)
154216053  2056(-5)
154219405 3427(-5)
154218083  2056(-5)
154219435 6169(-5)
154220320  2742(-5)
154220679  8225(-5)
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Table 11. Hyperfine components and AEinstein spontaneous Table 12. Hyperfine components and,AEinstein spontaneous
emission cofficients of the (J:4-3) transition of;®*. The fre- emission cofficients of the (J:5-4) transition of,®*. The fre-
quency uncertainty is 25 kHz for all hyperfine components  quency uncertainty i 58 kHz for all hyperfine components

Y F F->J F F Frequency A J F F->J F F Frequency A
(MHz) (s (MHz) (s

30841923  5330(6) 38551488  4587(-6)
30841994  5361(-6) 38551425  4601(-6)
30842088  1028(-4) 385518562  1346(-4)
30842@18  1053(-4) 38551484  1363(-4)
30842@31  9896(5) 38551591  1310(-4)
30842655  4386(-6) 385518950  3894(-6)
30842696  6853(-6) 38551965  5607(6)
30842627  1790(-4) 38551051  2082(-4)
30842764  7018(-5) 38551836  1346(-4)
30842765  1028(-4) 38551841  9734(5)
30842991  1432(-3) 38551@06  6922(-8)
30842993  1353(-3) 38551@74  3059(-3)
30842P56  1611(-3) 38551@80  3123(3)
30842420  1399(-7) 38551616  3331(-3)
30842432  1542(-3) 38551653  4249(6)
30842434  7161(-6) 38551660  3230(-3)
30842462  1511(-3) 38551668  3198(-3)
30842489  1645(-3) 38551695  3364(-3)
30842295  1668(-3) 38551699  3388(3)
30842200  1684(-3) 38551607  3407(-3)
30842230  1754(-3) 38551610  1661(-6)
30842231  2098(-6) 38551627  3504(-3)
30842266  8664(-7) 38551636  8045(-7)
30842298  2506(-4) 38551871  5721e-10
30842549  1727(-9) 38551807  1731(-6)
30842598  1322(-4) 38551808  1673(6)
30842821  2127(-6) 38551608  1661(-6)
30842328  2238(-6) 38551882  2677(-4)
30842528  2098(-6) 38551034  1645(-4)
30842703  8577(-5) 38551102  1150(-4)
30842857  1088(-7) 38551873  5663(-8)
30842994  1119(-5) 38551812  8328(-6)
30842463  1133(-5) 38551854  8376(-6)
30842530  1185(-4) 38551878  1546(-4)
30842692  1322(-4) 38551814  1606(-4)
308424602  1253(-4) 38551819  1645(-4)
30842459  8812(-6) 385518343  6853(-6)
30842937  1567(-5) 38551879  1071(5)

B R IR I R S e S e i i i i i il i i i T T el Sl S S S S S S S A S S S
WWWWWWwWwWwawwWwWwhwwudhadomoahr,h,wWwhr,WWWWARTaWbrAMAPAMRADMDD
NEANPWWWRARWNDWRANPAPWOUODMNAOWNPAPWANWRMRIOWWAORMTOWRASNS
WWWWWWWWwWwWwWwWwWwWwwWwwWwwWwWwWwWwWwWwWwwWwwWwwWwWwWwWwwWwwWwwWwwwwwww
WWWWWWwWwhbhbEA,RADPWANPMPWEAPERPWWONWEANNNWEANAAEALADADDD
WWNRARWAEANDEDDIMDDOWAWWNOORARWANWWWWRERNDMPOWRARMPMTOWOW
[GEGEOGEGEGEOEOROEO NSO NONONGNGNGNONONO NG NG NN NN NN NN N6 N6 N N N N NN N N
A phbooobbdbbdbbdbbhoovuoooobhhdpbhbhbhooboooaioiorola
Woowhbhbhbhboobwbhbowoou~Nbooohr,owoabhwbooaohhphbooo oo
B R il i i e i i i i i i i s el i i T T i e Sl S S S S S S S A S S S
A poobwooooooOh~,OODMDMOWWWOODRWOaOOIOTIOTOTOTO
ArbhowbhpowououhbrhwoobphrbooouonbhbhoawbhhpbhbwNNphoobhoooopr~obs




L. Pagani et al.: On the frequency ofN* and NoD* (RN), Online Material p 6

Table 13. Hyperfine components and,AEinstein spontaneous
emission cofficients of the (J:6-5) transition of J®*. The fre-
quency uncertainty i 0.11 MHz for all hyperfine components

Y F F->J F F Frequency A
(MHz) (s

46260D5  4014(-6)
4626006  4021(-6)
4626053  1660(-4)
4626054  1673(-4)
4626055  1627(-4)
4626002  A744(-6)
46260D3  3485(-6)
4626084  2378(-4)
4626030  1660(-4)
4626031  1255(-4)
4626032  3920(-8)
4626030  5651(-3)
4626031  5707(-3)
4626033  5945(-3)
4626034  2936(-6)
4626036  5780(-3)
4626036  5811(-3)
4626038  1372(-6)
4626039  5977(-3)
4626039  6002(-3)
4626080  6022(-3)
4626080  7.424(-7)
4626081  6148(-3)
4626031  2320e-10
4626081  1411(-6)
4626081  1372(-6)
4626081  1378(-6)
4626000  2906(-4)
4626004  1962(-4)
4626009  1448(-4)
4626080  3317(-8)
4626085  6605(6)
4626037  6626(-6)
4626083  1886(-4)
4626085  1938(-4)
4626086  1962(-4)
4626082  5606(-6)
4626082  8073(-6)
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