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ABSTRACT

Context. The 13;-1y; lines of ortho and para—N#D (o/p-NH,D), respectively at 86 and 110 GHz, are commonly observedawige
constraints on the deuterium fractionation in the intdiestenedium. In cold regions, the hyperfine structure duéagortitrogen ¥*N)
nucleus is resolved. To date, this splitting is the only oihéctvis taken into account in the NB column density estimates.

Aims. We investigate how the inclusion of the hyperfine splittimysed by the deuterium (D) nucleuSeats the analysis of the
rotational lines of NHD.

Methods. We present 30m IRAM observations of the above mentioned liag well as APEX /p-NH,D observations of theyl-0g
lines at 333 GHz. The hyperfine patterns of the observed liveze calculated taking into account the splitting inducgdhe D
nucleus. The analysis then relies on line lists that eitlegtatt or take into account the splitting induced by the Deus

Results. The hyperfine spectra are first analyzed with a line list tmi sncludes the hyperfine splitting due to tH& nucleus. We
find inconsistencies between the line widths of thel, and 4;-10; lines, the latter being larger by a factor-ef.6+0.3. Such a large
difference is unexpected given the two sets of lines are liketyignnate from the same region. We next employ a newly coegbut
line list for the gp-NH,D transitions, where the hyperfine structure induced by bidtbgen and deuterium nuclei is included. With
this new line list, the analysis of the previous spectraddadinewidths which are compatible.

Conclusions. Neglecting the hyperfine structure owing to D leads to ouerege the linewidths of the/p-NH,D lines at 3 mm.
The error for a cold molecular core is about 50%. This erra@ppgates directly to the column density estimate. It isetfoze
recommended to take into account the hyperfine splittingsexaby both thé&*N and D nuclei in any analysis relying on these lines.

Key words. Astrochemistry — Radiative transfer — ISM: molecules —ISMundances

1. Introduction cbMd), the line lists of the NWD microwave spectra are
based on the measurements|/ by De | ucia & Helminger (1975),
The first firm identification of singly deuterated intersaelam- [Cohen & Pickett(1982) and Fusina et al. (1988). These d#da se
monia, NHD, was reported by Olberg etlal. (1985) towardsnly consider the nitrogen quadrupole hyperfine structarthis
three molecular clouds at 86 and 110 GHz, the frequencies|@fter, a new theoretical analysis of the plhyperfine structure
the Jk, k. =111-101 lines of gp-NHD, respectively. The identifi- js presented which takes into account the nitrogen quadgupo
cation was unambiguous thanks to the narrow linewidths whignteraction, the deuteron quadrupole interaction and ttre-n
allowed to resolve the hyperfine splitting due to the nitroge- gen spin-rotation interaction. It is based on the measunésne
cleus. These two lines have since been detected in a vafietyhg[Kukolich (1968)] Cohen & Pickétt (1982), ahd Fusina ét al.
cold astronomical sources and they are routinely emploged ). We show that the inclusion of the three coupling germ
derive the (PH) ratio in ammonia (see e.g. Rdtiet al. 2005). in the analysis provides a simple explanation for the origtif-
This ratio is a sensitive tracer of the physical conditiomd pro-  ferent linewidths in the §i-Ogo and 41-10; lines of NH,D, as ob-
vides strong constraints to deuterium fractionation madel served recently towards the prestellar core H-MM1. Histly,

In the previous studies by Coudert & Rdiie(2006, the first astronomical observation resolving the hyperfili-s
[2009) and in the current spectroscopic databases](aRd ting owing to the D quadrupole coupling was presented by
|Caselli & Dore (2005) for DCO.

The paper is organized as follows. In SEtt. 2, we describe the
* Based on observations carried out with the IRAM 30m TelescopRAM and APEX observations of the/m-NH,D lines detected

|RA|\£| is SU)IOIOorted by INSUCNRS (France), MPG (Germany) andtowards H-MM1. Sec{]3 gives the details of the spectroscopy

IGN (Spain).
1 spec.jpl.nasa.gov 2 httpy//www.astro.uni-koeln.gedms
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calculations. In Seckl4, we discuss the impact of the new ligonsists of microwave and far infrared transitions invotvthe
list on the derivation of radiative transition parametand s&ve two inversion substates of the ground vibrational statés fitst
conclude in Seck]5. set includes 174 microwave transitions (Cohen & PickettZ) 98
and 297 far infrared transitions_(Fusina eflal. 1988) foralhi
) no hyperfine structure is resolved. The second set invohes t
2. Observations 76 microwave transitions listed in Table IX lof Cohen & Pidket

The target of the present NB observations is the dense, star(1982) for which the nitrogen atom quadrupole couplingatru
less core H-MML1 lying in the eastern part of Lynds 1688 i#f/r€ IS resolved. The last data set comprises the 21 hyperfine
Ophiuchus (Johnstone et &1, 2004; Parise €t al.|2011). The fgmponents measured by Kukolich (1968) for the paradds
sition observeda=16"27"5%0, 5=—24°3333”, was chosen as rotation-inversion transition at 25023.8 MHz. For thistldata

the H, column density peak, as derived from pipeline-reducé§t: the quadrupole coupling structure due to both theggmo
Herschel far-infrared maps. These were downloaded from tRgd deuterium atoms is resolved.

Herschel Science Architie Rotation-inversion energies were computed with the help of
a semi-rigid rotator Hamiltonian for both inversion sulbs$sand
2.1. APEX 12m a second order Caoriolis coupling term between these seisstat
- (Cohen & Pickett 1982). Molecule-fixed components of the hy-
The ground-state ¢1-Opo transitions of ¢p-NH;D at ~333 perfine coupling tensors are written using the IAM axis syste
GHz were observed using the upgraded version of the Fitthis reference. Quadrupole and magnetic spin-rotatjmeh
Light APEX Submillimeter Heterodyne instrument (FLASHfine couplings were taken into account leading to a hyperfine
Heyminck et all 2006) on APEX (Gusten etlal. 2006). The twamiltonian depending on four coupling constants: two Far t
lines separated by about 40 MHz were covered by one of thgadrupole coupling of the nitrogen and deuterium atoms and
MPIfR Fast Fourier Transform Spectrometers (XFTTS) cofwo for the magnetic spin-rotation coupling of the same &om
nected to the 0.8 mm receiver. The original spectral regwiut sin equations similar to Egs. (3) and (17) of Thaddeuslet al
at 333 GHz is about 35 m the spectra shown in this paper ), these four constants can be expressed as diagonal ma
are Hanning smoothed to a resolution of 69T(@6 kHz). The  trix elements of four operators involving four rank two hy-
APEX beam size (FWHM) is-20” at 333 GHz. The observa- perfine coupling tensors: the zero trac and y°, describing
tions were carried out between 29 and 31 May, 2015 in stakjgadrupole coupling of the nitrogen and deuterium atoms, re

and fairly good weather conditions (PWV 0.7-1.2 mm), usingpectively, andCN andCP, corresponding to the magnetic spin-
position switching for sky subtraction. The average sysm- rotation coupling of the same atoms.
perature at 333 GHz was 260 K. The resulting RMS noise at a
resolution of 69 m<t is 0.017 K on thel'; scale. Hyperfine energies were calculated taking the coupling
schemeJ + Iy = F; andFy + Ip = F wherelJ is the rota-
tional angular momentum, ang andlp are angular momenta
2.2. IRAM 30m of the nitrogen and deuterium nuclei, respectively. Theeor
The %L1-1o1 lines of gp-NH,D at ~86 and~110 GHz were ob- sponding coupled baS|s. set fungthagN; Fi, IP; F, MF.> were
served at the IRAM 30m telescope using the EMIR 090 redgivetsed to setup the hyperfine Hamiltonian matrix. Matrix eletae
and the VESPA autocorrelator. The spectral resolutionisfith  Were taken from Thaddeus ef al. (1964).
strument, 20 kHz, is 68 nT$ at 86 GHz and 53 nT$ at 110
GHz. At these frequencies, the beam sizes of the telescepe gt
29" and 23, respectively. The observations were performed gp,q
July 5, 2015, in acceptable weather conditions (PWV 8—10.m
The observing mode was position switching. The integrati<§r'

The inversion-rotation transitions belonging to the firatad
were analyzed first allowing us to determine a set of spec-
copic parameters analogous to that listed in Table flll o

i t1(1982). Components of the four hyperfine cou-
ing tensors were then fitted to the frequencies of traowssti
longing to the second and third data sets evaluating therhy
coupling constants with the eigenfunctions retrievethe
analysis. For lines belonging to the first (second) data
an experimental uncertainty value of 0.1 MHz (1 kHz) was as-
sumed and compares well with a root mean square deviation of
3. Hyperfine pattern calculations the observed minus calculated r_esidual of 8.4 kHz (1.5 kHz).

Table[1 reports the values obtained for fitted components of

Justlike in NH, the nitrogen nucleus in N4 can tunnel across the hyperfine coupling tensors. These components are given i
the plane made by the H and D nuclei. Each rotational tramsitithe axis system of Cohen & Pickeitt (1982). Due to the fact that
is thus splitinto a doublet by this inversion motion. Theuléieg  the rotation-inversion transition measured|by KukdlicB&g)
rotation-inversion levels are either symmetric or antihgyetric is characterized bywJ = 0, calculated hyperfine frequencies
under the exchange of the two protons and they will either canainly depend on the suwf, + x1,. For this reason, only

respond to para or ortho level. _ _was varied in the analysis apd, was constrained to a value re-
Hyperfine patterns were calculated from a fit of highgieved from the deuteron coupling constaatiQ)p reported by
resolution data that can be divided into three sets. Thedatst (1968) and using the fact that angle between the ND

3 www.cosmos.esa.ifwelherschekcience-archive bond and the-axis [__C_oLen_&ﬂLdthZ) is 78.98Vlagnetic

4 This publication is based on data acquired with the Atacanfin-rotation coupling féects could only be retrieved for the
Pathfinder Experiment (APEX). APEX is a collaboration beswe Nitrogen atom. As all three diagonal components of the eorre
the Max-Planck-Institut fur Radioastronomie, the Eurap&authern sponding tensor could not be determined separately, theg we
Observatory, and the Onsala Space Observatory constrained to be equal, as for the normal Spemmich

5 www.iram.eg RAMES/mainWiki/EmirforAstronomers [1967).

times for the ¢gp-NH,D lines were 15 and 22 minutes, and th
average system temperatures at 86 and 110 GHz were 17
and 250 K, respectively. The resulting RMS noise levels ef th;
0/p—NH.D spectra were 0.07 K and 0.08 K on thig scale.
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Table 1: Hyperfine parameters. Ta () o NHD p—NHD

T
86 GHz 110 GHz _
Av=0.24 km s Av=0.23 km s

Parameter Value Parameter Value
XN/MHz — 1.906(84) 2 /kHz 274.67
Xy /MHz 2.040(98) xy/kHz ~-114.9(15)
CN/kHz  4.993(100)

Notes.Numbers in parentheses are one standard deviation in the sam
units as the last digif? Constrained valué? The three diagonal com- sl L,.3336m ogf .S cHs
ponents of this tensor were constrained to be equal. ' O VT

The results of the above analysis were used to predict hyper-
fine patterns of other rotation-inversion transitions, lexng HUA
hyperfine intensities with Eq. (29) of Thaddeus etlal. (1964 -2
note that hyperfineféects due to the two hydrogen atoms may
be important for ortho transitions. Theseets were evaluated Fig. 1: The left column shows the fit of the o-MBl lines at 86
taking into account the spin-spin coupling, calculatedrfrihe GHz (upper panel) and 333 GHz (lower panel) with the hyper-
equilibrium structure of the molecule, and the spin-ratatou- fine structure due to the D nucleus. The right column shows the
pling, evaluating the coupling constant f@£1 from[Kukolich fit of the p-NH,D lines at 110 GHz (upper panel) and 333 GHz
(1967) and_Garvey et all (1976). Inclusion of these addition(lower panel). Note that fits of similar quality are obtairiktthe
hyperfine couplings were found téfact marginally the line pa- hyperfine structure due to D is omitted.
rameters and in particular, the linewidth is at most altdrgc
few percents (see Section 4). Therefore, thékects have been
neglected in the following.

-2 -1 0 1
Velocity (km/s)

0
Velocity (km/s)

the N nucleus. Doing so, the HFS method applied to the H-
MM1 observations described in the previous section leadtto d
4. Modelling rive the following parameters for the p-NH lines :

The HFS method of the CLASS softwBrallows to quickly —— 110 GHz 7yt = 2.2+0.6 andAv = 0.33:0.02 km 5“1
analyse hyperfine spectra. In particular, it gives somechaesi  — 333 GHZ i1iot = 2.0+0.8 andAv = 0.20:0.02km s
rameters of the lines as the widily of the individual transitions and for the 0-NHD lines -

or the opacity summed over all the hyperfine componegts :
The total column density of a molecule can be inferred from. 86 GHz : 7y, = 5.1+0.3 andAv = 0.37+0.01 km st

the parameters obtained with the HFS fit using relation (sge e — 333 GHz i1y = 2.2+0.3 andAv = 0.24+0.01 km st
Bacmann et al. 2010; Mangum & Shirley 2015)

Different transitions of a molecule should have similar intcins

8173 Q(Te) exp(kbETuex) linewidths if they originate from the same region of the dou
N = & A, o Ty dv. (1) In astrophysical sources, this condition is not necesséult
Yu Au exp(kaex) -1 filled: if the source harbours density or temperature gragie

. . . . lines with diferent critical densities are formed irfidirent parts

As explained in_Bacmann etlal. (2010), the integration of thg 1o cloud. The factor 1.6+0.3 found between the linewidths

opacity over vel_ocny f(_)r ther — | comp_onent can be relatedof the L1-1; and by-Ogo transitions of gp-NH,D is, however,

to the total opacityot given by the HFS fit, through puzzling because all four transitions have high criticahsie
ties (7 10—7 1 cm3), all the observations have similar spatial

f Tu AV o Tyor Sy AV, (2) resolutions (see Seéill 2), and finally, becauseMishould be
strongly concentrated on the centre of the core for chemaeal

where s, is the line-strength associated with the isolated hypons. We would thus expect these lines to probe the same golum

perfine transition. The linewidth which enters this expi@sss 0f gas and we should, in principle, derive similar valuesXor

associated to thermal and non-thermal processes, i.e. the m By taking into accountthe splitting induced by the D nucleus

tion of molecules at microscopic (temperature) and macyuisc (See Tablgl2 arfd 3), the parameters derived from the HFS ghetho

(turbulence) scales. Such an expression is routinely used-i are, for p-NHD:

trophysical applications. In the particular case of dlkisuch a o B 1

relation is often applied to the analysis of the 86 or 110 GHz éég gnz ot = 54%8; an%v: 8%&882 Ilzm gl

lines, with the aim to put constraints on the deuterium foact Z Tt = 1.4£0.0 AN0AV = 0. 120, ms

12005; and for the 0-NHD :

0; Fontani etlal. 2015).
In the case of NkD, the hyperfine structure induced by the — 86 GHz 7y = 5.2+0.5 andAv = 0.24+0.01 km s*
D nucleus is not resolved in astrophysical media since thadr — 333 GHz 7ot = 2.3+0.4 andAv = 0.23:0.01 km s
ening of the lines due to non-thermal motions is larger thmen t
hyperfine splitting. Hence, it seems reasonable to analyze
lines just taking into account the hyperfine structure iretlioy

The corresponding fits of th¢mNH,D hyperfine transitions are
compared to the observations in Hig. 1. For both spin isomers
we find that the dferences between the linewidths are largely
6 the HFS acronym stands for “HyperFine Structureteéduced, the dierences being now at mos20%. In particular,
and a description of the method is available awe find that the fiect is most important for the 86 and 110 GHz
www.iram.eg RAMES/otherDocumentpostscript&lassHFS. ps lines while the two lines at 333 GHz have similar linewidthgw
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85.925 GHz 332.781GHz 1 1o p-NH,D 0-NH,D

i T T T T AR F F F’ F v (MHz) Ag (5D v (MHz) Ag (5D
I 0.5 km.s 06 [ 0.11 km.s ] 0 1] 1 0 | 110151.982 1.95(6)|| 85924.691 9.23(7)
04l ] 1 0o 1] 1 2 || 110152.040 9.18(6)|| 85924.749  4.35(6)
L ] 0 1 1 1 110152.072 5.20(6)|| 85924.781 2.46 (6)
0.4 + - 0 1 2 2 110152.565 6.21(8)|| 85925.273 2.93(8)
L ] 0 1 2 1 110152.662 1.52(7)|| 85925.370 7.17 (8)
0.2 - Bl ] 2 1 1 0 110152.935 1.99 (6)|| 85925.644 9.43(7)
b 02 . 2 2| 1 2 || 110152.954 6.05(7)|| 85925.662 2.87(7)
r ] 2 3 1 2 110152.980 4.44 (6)|| 85925.688 2.10 (6)
i “ L L; | “‘ ‘ | ‘ | ] 2 2| 1 1 || 110152.986 2.52(6)|| 85925.694  1.20(6)
or " e L] oor ‘ ‘ My 2 1| 1 2| 110152.993 4.85(8)| 85925.702 2.30(8)
2 1 1 1 110153.025 3.36 (6)|| 85925.734 1.59 (6)
-5 o 5 -05 0 05 2 2| 2 2| 110153478 881(6)|| 85926.186 4.18(6)
Vigg (km.s™) Visg (km.s ) o 1| o0 1 || 110153.484  2.82(10)| 85926.191  1.33(10)
. i i 2 3 2 2 110153.504 1.07 (6)|| 85926.212 5.09 (7)
Fig. 2: Line-strengths, normalized and centered on reguia- 2 1| 2 2 || 110153517 2.72(6)| 85926.225 1.29 (6)
cies, for the 86 GHz and 333 GHz lines of o In black, the 1110 110158584 - 1.58(6)) 85926.243 - 7.47(7)
: . ; 2 2| 2 3 || 110153536 2.09(6)| 85926.244 9.92(7)
spectroscopy accounts for the coupling with D while the spec 2 3| 2 3 | 110153562 1.10(5)|| 85926.270 5.23(6)
troscopy obtained just accounting for N is shown in red. 1 2| 1 2| 110153574 2.92(6)| 85926.282  1.38(6)
2 2 2 1 110153.576 2.48 (6)|| 85926.284 1.18 (6)
1 0| 1 1 | 110153580 2.73(6)| 85926.288  1.30 (6)
1 1] 1 2 || 110153.592 2.10(6)|| 85926.301  9.96 (7)
] o ) ) 1 2| 1 1 || 110153.606 1.04(6)|| 85926.314 4.91(7)
or without taking into account the hyperfine structure iretliby 2 1| 2 1| 110153615 8.30(6)| 85926.323  3.94(6)
the D nucleus. This dierence between the lines comes fromthe 1 1| 7 1 | 110133625 135 E g; Soare s ggigg
spectroscopy and is illustrated in Higy. 2 for the o-NHspin iso- 1 1| 2 2| 110154117 5.18(6)| 85926.825 2.46 (6)
mer (the description that follows would be similar for p-pb). 1 2| 2 3| 110154156 5.63(6)| 85926.864  2.67 (6)
In this figure, we see that the number of hyperfine componentsi > 0| 2 1| 110154170 9.22(6)) 85926.877  4.37(6)
nthisngure, 1€ ornyp pol 1 2| 2 1| 110154196 1.11(7)|| 85926.904 5.25(8)
limited for the J1-0gp transitions. Additionally, for these lines, 1 1| 2 1| 110154215 6.91(7)| 85926.922 3.28(7)
the spread in velocity of the hyperfine componentsisredbged 2 2| 0 1 | 110154397 264(8)|| 85927.104  1.25(8)
. . . e 2 1] o0 1 || 110154.437 1.24(7)|| 85927.143 5.85(8)
comparison to the spread of hyperfines in the Iy, transitions. 1 0| 0 1| 110154991 459(6)|| 85927.698 2.18 (6)
Hence, for the latter transitions, taking into account theding 1 2] 0 1| 110155017 540(6)|| 85927.724  2.56(6)
with D leads to a reduceflv. Finally, we see thatforthe86and 1 11 0 1 | 110155036 585(6)|| 85927.743  2.77(6)

110 GHz transitions, the estimatesrgjf are similar with the two
sets of line lists. As a result, according to Efy. 1 Bhd 2, therer
made in the linewidth estimate will translate directly te ttol-
umn density estimate. In the case of the H-MM1 observatio

Table 2: Line list of the 1;-101 o/p-NH2D transitions, with the
hyperfine structure due to both the nitrogen and deuterium nu
ei. The A, codficients are given in the formaib) such that

the two estimates will typically dier by a factor o~1.5, which Ay =alo®.

is well above calibration errors.

1o Ooo 0-NH;D p—NH.D
i FL. F|FR F vIMHZ)  Au (5D vIMHZ)  Au 5D

5. Conclusion 0 1| 1 2 || 332780875 4.68(6)|| 332821.618 4.37(6)
: 0 1 1 1 332780.875 2.26 (6)|| 332821.618 2.11(6)

We have observed thqitlo; and ba-Ogo lines of gp-NHoDto- o 7| 1§ || 332780875 120(6)|| 332821618 1.12(6)
wards the prestellar core H-MM1, and calculated the hyperfin 2 1| 1 2 || 332781.695 3.14(7)|| 332822.439 2.93(7)
patterns of the observed transitions. We found that whehyhe 2 1| 1 1 | 332781695 4.54(6)| 332822439  4.24(6)
fi litti ind d by the D | . lected d 2 1 1 0 332781.695 3.29 (6)|| 332822.439 3.07(6)
periine spliting Induced by the L nucleus Is neglecte (@edo 5 3| 1 2 | 332781735 814(6)| 332822.479  7.60(6)
in previous studies), the line analysis leads to inconsisesults 2 2| 1 2| 332781793 1.59(6)|| 332822537 1.48(6)
pertaining the linewidths of the two transitions gpeNH;D. A T 5o o ?ggggg BStcsadl ?;ggg;
For both spin isomers, the widths of the;dlo; and %:1-Ogo 1 1| 1 2| 332782285 3.15(6)|| 332823.029 2.94(6)
lines ditfer by a factor of 1.60.3 if the D coupling is not taken i ; i 2 gggggg?? i-ggggg ggggggggg i-ié E gg
into account. On the contrary, the new line list gives corapler 1 2| 1 2| 332782317 656(6)| 332823062 6.12(6)
linewidths for all the transitions. An error in the linewidtvill 1 0| 1 1| 332782375 8.14(6)|| 332823.120  7.60(6)

be transferred to the column density estimate, and ffexteis
particularly pronounced for the; 1o, lines of ortho and para-

NH.D at 86 and 110 GHz. In the case of H-MM1, the columiable 3: Same as TaH[é 2 but for the-Doo 0/p-NH.D transi-
density estimates derived from these lines with or withdt t tions.

hyperfine structure owing to D filer by a factor of~1.5.
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