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ABSTRACT

Context. NH, a product of dissociation of ammonia, NH3, produces emission lines in the visible spectral range and its (0-0) band has
largely been observed in cometary spectra. An updated fluorescence model of NH allows measurement of the abundance of the NH
radical. This fluorescence model can also shed light on the ongoing question of isotopic ratios in comets, particularly the D/H ratio.
Aims. The aim of this NH fluorescence model is to have an updated model to access the line positions and intensities in order to identify
{1Sew liries in the observed cometary spectra, compute new fluorescence efficiencies, and measure the isotopic ratios “ND/*NH and
NH/“NH.

Methods. New laboratory Einstein coefficients from ExoMol enabled new fluorescence models for “NH, “ND, and 'SNH to be
computed. To increase the signal-to-noise ratio, we then coadded selected emission lines to measure the isotopic ratios “NH/“ND
and PNH/"“NH in high-resolution spectra of the bright comets C/2002 T7 (LINEAR), C/2006 F6 (Lemmon), and 73P/Schwassmann-
Wachmann obtained with UVES at the ESO Very Large Telescope.

Results. Comparisons of the modeled spectrum of “NH and observed comet spectra taken at various heliocentric distances confirmed
the accuracy of our model. New fluorescence efficiencies were calculated for the three isotopologs and found to be about 20% higher
than in previous studies. We were able to measure an isotopic ratio “ND/*NH of (2.7 + 1.8) x 1073 in comet 73P, while no average
ND line was detected in the two other comets. This is the first D/H ratio measured in the NH radical and it is in agreement with the
ND/"“NH upper limit of 0.006 found in Comet Hyakutake, and with the ratio (D/H)xu,= 1.1 X 107> measured in Comet 67P during the
Rosetta mission. Our measurement confirms that the D/H ratio is about one order of magnitude larger for cometary nitrogen-bearing
molecules compared to water. No measurements could be carried out regarding the SNH/"NH ratio, due to the limited shift between

the lines of both isotopologs.

Key words. line: identification — molecular processes — instrumentation: spectrographs — comets: general —
comets: individual: C/2002 T7 (LINEAR) — comets: individual: C/2012 F6 (Lemmon)

1. Introduction

Comets are small celestial bodies that contain some of the most
pristine material remaining from the early stages of planetary
formation, and thus preserve valuable information about the evo-
Iution of the Solar System. The study of their chemical and
physical properties uncovers insights into planetary formation.
Spectroscopic observations, among other methods, have enabled
the chemical composition of comets to be studied.

The imidogen radical, NH, was probably observed as far
back as 1911 in the spectrum of Comet C/1911 Ol (Brooks)
(Lockyer 1912) at 3360 A but it was only identified as being due
to this species by Swings et al. (1941) in the spectrum of Comet
C/1940 R3 (Cunningham). Since these pioneering observations
it has been detected in a large number of comets. Much of the
cometary NH comes from the parent molecule ammonia, NHj3,
which decays either directly to NH or first to NH; , which then
forms NH (Huebner et al. 1992).

The first modeling of the intensities of the NH band appear-
ing near 3360 A and due to the A’II; — X33~ electronic system
((0-0) band) was published by Litvak & Kuiper (1982). This
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theoretical work was first confronted with observational data by
Cochran (1986), with high-resolution spectra obtained on Comet
1P/Halley, resulting in a poor-quality fit. Kim et al. (1989) man-
aged to get a satisfactory fit of these data thanks to another model
that, similarly to the original, did not account for collisional
effects, which have since been shown to be negligible for NH.
Spectra obtained on the bright Comet C/1996 B2 (Hyakutake)
with a spectral resolution of 18 000 later permitted Meier et al.
(1998b) to test a more detailed fluorescence model of NH. These
authors derived an isotopic ratio of (D/H)xg < 0.006. Updated
experimental Einstein coefficients (Perri & McKemmish 2024),
as well as high-resolution and high signal-to-noise-ratio (S/N)
cometary spectra obtained of Comet C/2002 T7 (LINEAR),
Comet C/2012 F6 (Lemmon), and Comet 73P/Schwassmann-
Wachmann (hereafter T7, F6, and 73P in short) with the Euro-
pean Southern Observatory (ESO) Very Large Telescope (VLT),
justify the rebuilding of fluorescence models for NH and its iso-
topologs in this paper. Comet T7 is a dynamically new comet
on a hyperbolic orbit and came directly from the Oort Cloud. Its
short perihelion distance of 0.615 au allowed spectra with a very
high S/N to be obtained. The accuracy of our models was also
verified using observations from the external comet F6 observed
at a larger heliocentric distance (R;, = 1.175 au). In addition, we
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Table 1. Observing circumstances.

Comet UTDate R, R, A A Exp. Time
dd/mm/year (au) (km/s) (au) (km/s) (s)
T7  06/05/2004 0.680 15.8 0.607 -65.6 1080
F6  02/02/2013 1.175 -239 099 45 6600
73P  27/05/2006 0.952 42 0.151 123 4800

Notes. R;, and Ry, are the comet heliocentric distance and radial velocity;
A and A are the geocentric distance and velocity; Exp Time is the total
exposure time on the target.

applied our models to the spectra of the Jupiter-family comet
73P, which has an orbital period of 5.36 years.

In this paper, we first present our observational data
(Section 2) before explaining the fluorescence models
(Section 3) and comparing them with our observations
with fluorescence efficiencies (Section 4). We also try to use
our observational data and models to measure isotopic ratios
(Section 5).

2. Observational data

The cometary data used in this study are high-resolution and
high S/N spectra obtained a few years ago using the 8.2-m UT2
telescope of ESO’s VLT with the Ultraviolet and Visual Echelle
Spectrograph (UVES) instrument in an effort to measure iso-
topic ratios of light elements in comets (e.g., Jehin et al. 2006;
Hutsemékers et al. 2008; Manfroid et al. 2009). This instrument
is a cross-dispersed echelle spectrograph designed to operate
with high efficiency from the atmospheric cutoff at 300 nm and
it is then especially well suited for studying the NH bands. The
spectra selected were taken in the blue standard setting 346 of
the UVES Dichroic#1 (covering the spectral range 300—400 nm)
with a 0.44” wide (8.0” long) slit providing a resolving power
of R = A/AA1 ~ 65000. The spectra were reduced using the
UVES pipeline (Ballester et al. 2000), modified to accurately
merge the orders, taking into account the two-dimensional nature
of the spectra. The continuum, including sunlight reflected by
cometary dust grains, was removed using the BASS2000 solar
spectrum! (Delbouille et al. 1973), adjusted to match the comet
slope. Consequently, the final spectrum includes only the gas
component. Finally, when several spectra were available, they
were averaged with cosmic ray rejection. More details on the
data reduction process are available in Manfroid et al. (2021),
and references therein. The observing circumstances for each
comet are summarized in Table 1.

3. Fluorescence models of *NH, *ND, and "*NH

Our fluorescence models of NH and its isotopologs consider
the A3TI, — X3~ electronic system, whose emission lines are
observed in the near-UV wavelength range. This is a triplet state
so the AT, is divided into three branches *II,, 3II;, and 3TI,
(in increasing energy order). Rotational levels are split because
of the A doubling. The first energy levels of the A®II; state and
the XX~ state as well as some rovibrational transition lines are
presented in Figure la. Figure 1b illustrates some of the pure
rotational transitions in the XX~ electronic state that have been

I https://bass2000.obspm. fr/home.php
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included in the model. The pure vibrational transitions inside
X3~ have also been taken into account.

The energy levels and the Einstein emission coefficients A (in
per seconds) for electronic, vibrational and rotational transitions
for the different isotopologs “NH, “ND, and "NH used for this
work have been computed by Perri & McKemmish (2024) and
are available on the ExoMol database (Tennyson et al. 2024).

The absorption transition probabilities are given by

1 2J + 1

Bip, = ——
il 87rhvl3ine 2J7 + 1

Ai Py ( 1 )
where i and j are the upper and lower states respectively, Vji,,
is the wavenumber of the considered transition (in per centime-
ter), A;; is the corresponding emission coefficient, J’ is the total
angular momentum of the i state, and J” is the total angular
momentum of the j state. p, is the radiation density, given by the
high-resolution spectrum of Kurucz (2005), expressed in erg per
cubic centimeter per hertz. As B;; is in cubic centimeter hertz
per erg per second, both transition probabilities, A;; and B;;p,,
are expressed in per second.

The relative populations of the energy levels were calculated
following the equations described by Zucconi & Festou (1985).
Their method is based on fluorescence equilibrium, which is jus-
tified by the heteronuclear nature of imidogen that permits pure
rotational and vibrational transitions. Thanks to these transitions
the fluorescence timescale to reach the fluorescence equilibrium
is much smaller than the lifetime of these molecules in the
coma. Spectra obtained with ground-based facilities correspond
to spectra close to fluorescence equilibrium.

We can write

N
=1

N
n; Zpij = anpji
Jj=1

J

where p;; represents the transition probabilities from level i to
level j. It corresponds either to the spontaneous desexcitation
given by the Einstein coefficient, A;;, or to the probability of
absorbing a photon given by Bj;p, (if energy level i > j). We
also have the conservation equation, Zfil n; = 1, if N represents
the total number of energy levels considered.

The model starts with a N x N matrix T, defined by

N
ﬂj=Pu—5u§:pm i,j=1LN. 2)
k=1

T can be divided into four sub-matrices such that

T = (TXX TXE) (nx) 3)

Tex  Tee)\ng

where X refers to the electronic ground state, X, E refers to
the electronic excited state, I, ny = (n,...,ny,), and ng =
(nny+1, ... 1y). The equilibrium solution for the relative popu-
lations is then

x=-A"b )
where

X = (nl, ...,I’le,l)
b = (Txx — TxeTeeTex)in, i=1,Nx—1
Aij = (Txx = TxeTppTex)ij—bi  j=1,Nx -1
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(a) Energy level diagram and first rovibrational lines of the NH A’[l; — X3%-
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(b) First pure rotational lines in the X3Z~ state that have been included in the

fluorescence model. P lines are purple, Q lines are blue, and R lines are red.
Notice that only the R lines are non-satellite, due to the fact that AN is always

Fig. 1. Energy level diagram of the NH A’IT; — X3~
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In this work, Eq. (4) was solved directly under the assump-
tion of equilibrium conditions to obtain the level populations,
rather than implementing the full time-dependent approach. This
method developed by Zucconi & Festou (1985) has the advantage
of reducing the number of equations from N to Ny. The relative
populations of the excited electronic state, necessary to compute
the emission spectrum, were finally computed by writing

NX NX
anBjipy = ZA,‘jl’li, (5)
j=1 j=1

with Ny being the number of considered levels in the ground
electronic state, X>~~. From this equation it is possible to com-
pute the relative populations, n;, of the levels belonging to the
upper electronic state, A3T1;:

> niBjipy
== ©)
Zj:1 Aij

The luminosity per molecule of a given emission line, also
called the fluorescence efficiency or “g factor”, is given by
(expressed in photons per second per molecule)

1= I’l,‘A,’j. (7)

Finally, the emission lines were convolved by an instrument
response function similar to the one of the spectrometer, after,
if necessary, being converted in units of erg per second per
molecule.

The files provided by (Perri & McKemmish 2024) include
rovibrational transitions where AN and AJ range from -3 to +3.
For pure rotational transitions, they include transitions where
AN = +1 and AJ = +1,0. These transitions were incorporated
into our models, with threshold values for v and N defined as fol-
lows. After a first examination of the modeled spectrum where
vibrational levels v" and v’ < 6 were considered, we decided to
keep v" and v < 2 and angular momenta without spin N’ and
N < 10. Indeed, the intensities of the emission lines decrease
rapidly with v and N, as is confirmed by the values of the
fluorescence efficiencies calculated in Section 4.1.

4. Comparison with observational data and g
factors

4.1. “NH

To check the accuracy of our *NH model, we compared it to the
very high-resolution, high S/N optical spectrum of Comet T7 as
well as to the spectrum of the external comet F6, where “exter-
nal” refers to comets that have a semimajor axis of a<10000 au.
The observed spectra of these two comets were taken at R, =
0.68 au for T7 and R, = 1.175 au for F6, giving us a large range
of heliocentric distances to compare our model to. The high res-
olution allows us to analyze other bands besides the well-known
(0-0) band. Figure 2 shows the (0-0) band of the “NH fluores-
cence spectrum computed for the observational conditions of T7
(Fig. 2a) and F6 (Fig. 2b), respectively.

Combining the high-resolution spectrum of T7 and the new
fluorescence model for “NH has allowed us to identify new
emission lines of the (0—1) band in the observational spectrum of
T7 in the 3750 A region . This weak band, never detected before,
is shown in Figure 3. These lines are of low intensity, making
them difficult to detect in the continuum-subtracted spectrum of
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Fig. 2. '“NH model compared to observed cometary spectra. The mod-
eled spectra have been shifted by 0.3 A to the left for clarity. Note that
the prominent features of both the observed and the modeled spec-
tra are the (0-0) band, but some weak lines of the (1-1) and (2-2)
bands are also present in the 3340-3380 A wavelength range. (a) Com-
parison between the modeled NH A°II; — X>%~ (0-0) band (red) and
the observational spectrum of Comet C/2002 T7 (LINEAR) (blue) at
a heliocentric distance of R, = 0.680 au and a heliocentric veloc-
ity of R, = 15.8 km s™'. (b) Comparison between the modeled NH
A’TL; — X3Z~ (0-0) band (red) and the observational spectrum of Comet
C/2012 F6 (Lemmon) (blue) at a heliocentric distance of R, = 1.175 au
and a heliocentric velocity of R, =-239kms™.

Table 2. Total band fluorescence efficiencies of “NH.

/ 0 1 2

6.3485x10718
7.1270x10718
6.0745x107'8

4.9444x10716
5.2508x 1071
5.1225x1071

0 7.2138x 107
1 1.6049x 107"
2 2.3451x107%

Notes. Fluorescence efficiencies have been calculated for a heliocentric
distance R, = 1 au and a heliocentric velocity R, = 0 km s™'. In units of
erg per second per molecule .

T7. However, the confident identification of the strongest '“NH
(0-1) lines supports the reliability of the detection.

We computed the total fluorescence efficiencies for the
different bands up to v = 2, for a heliocentric distance of
R, = 1 au and a null heliocentric velocity of B, = 0 km s7'.
The values are given in Table 2. Our values are higher than
the values found by Meier et al. (1998b) and Kim et al.
(1989), which are around 6 x 107 erg s' molecule™
for the (0-0) band. Meier et al. (1998b) reported ratios of
g(1-1)/g(0-0) = 1 x 1072 and g(2-2)/g(0-0) = 8 x 107°.
The ratios we find are g(1-1)/g(0-0)=7.2789 x 10~ and
2(2-2)/g(0-0) = 8.4206 x 1075.
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Fig. 3. New identification of the weak '“NH A’II; — X3~ (0-1) band
(red) in the observed spectrum of T7 (blue). Individual modeled emis-
sion lines of the (0-1) band are represented by the dashed red lines.
(@) The most intense NH lines in the spectral region 3730-3750 A are
identified in the observed spectrum of T7. (b) The most intense “NH
lines in the spectral region 3750-3770 A are identified in the observed
spectrum of T7.

Figure 4 depicts fluorescence efficiencies of the (0-0) band
as a function of heliocentric velocities, R),, and for different
heliocentric distances, R;,. The fluorescence efficiencies have a
high variability as a function of R, due to the Swings effect
(Swings 1941), which is sensitive to the comet’s radial velocity
with respect to the Sun. The trends seen in Figure 4 of the fluo-
rescence efficiencies are in good agreement with the plots found
in Meier et al. (1998b) and Kim et al. (1989) except that, again,
our values are higher by about 20%.

Figure 5 displays the ratio between the total fluorescence effi-
ciencies of the (1-1) band and the total fluorescence efficiencies
of the (0-0) band as a function of heliocentric velocities, R, and
for different heliocentric distances, Rj,. The overall values of this
ratio are small because, as it was already noted in Table 2, the
(0-0) band is ~137 times more intense than the (1-1) band.
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Fig. 4. Fluorescence efficiencies of the “NH (0-0) band for different
heliocentric velocities, Ry, and different heliocentric distances, R;,. The
values have been normalized to R, = 1 au.
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Fig. 5. Ratio of the g factors of the (1-1) band and the g factors of (0-0)
band (g(1-1)/g(0-0)) of NH as a function of heliocentric velocity, K,
and for different heliocentric distances, Rj,.
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©
< 20000
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Fig. 6. Modeled “ND spectrum in green compared to the modeled
“NH spectrum for R;, = 0.68 au and K, = 15.8 km s~! (values of the
observed spectrum of T7). The intensity of the *ND model is based
on a "“ND/“NH ratio of 1. Notice the clear shift between the ND
and the “NH spectra that allows us to measure the “ND/*NH ratio in
Section 5.1.

Table 3 regroups the wavelengths of the five most intense
4NH lines of the well-known (0-0) band for R, = 1 au and
R;, = 0 km s~!. This table also lists the most intense lines of the
4NH (0-1) band that has led to new line identification.

4.2. “ND

Figure 6 compares the*ND model to the YNH model, where
the relative intensities of the *ND lines correspond to a hypo-
thetical isotopic ratio, *ND/"“NH, of 1. The *ND (0-0) band is
intertwined with the “NH (0-0), (1-1), and (2-2) bands, which
makes the detection of the *ND lines difficult.
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Table 3. Most intense lines of NH.

Isotope Band Transition Wavelength (A)
UNH (0-0) RQ,(D) 3353.9207
YNH (0-0) Ri(1) 3358.0511
UNH (0-0) PQas(1) 3364.9351
UNH (0-0) QR5(0) 3357.5527
UNH (0-0) Rps (1) 3351.7096
UNH (0-1 RQu (1) 3746.8204
UNH (0-1) R (1) 3751.97592
UNH (0-1 PQx(1) 3760.0218
YNH (0-1 QR3(0) 3751.1711
UNH (0-1 P.(3) 3765.2373
BNH  (0-0) RQu (1) 3353.9126
BNH  (0-0) R (1) 3358.0430
LBNH  (0-0) PQ,3(1) 3364.8780
BNH  (0-0) QR3(0) 3357.5281
LBNH  (0-0) Rp.i(1) 3351.6995
UYND  (0-0) QR,3(0) 3354.9674
UND  (0-0) R (1) 3357.1871
UND  (0-0) QPs(1) 3352.2955
UND  (0-0) Ri(2) 3354.5356
UND  (0-0) Qp,,(2) 3355.0811

Notes. The five most intense lines of the “NH (0-0) band, the “NH
(0-1) band, the NH (0-0) band, and the “ND (0-0) band, sorted in
order of decreasing intensities. These lines are the output of our fluo-
rescence models of the A’II; — X3~ electronic system for a comet at
R,=1lauand R, =0km s

Table 4. Total band fluorescence efficiencies of “ND.

’ 0 1 2

6.5124x107'8
7.4564x10718
2.5134x10718

4.8270x10710
7.7186%1071
1.2892x1071

0 9.3239x107
1 1.5240%x107"
2 2.8412x10722

Notes. Fluorescence efficiencies have been calculated for a heliocentric
distance R, = 1 au and a heliocentric velocity R, = 0 km s™'. In units of
erg per second per molecule.

Similarly to "*NH, we computed the fluorescence efficiencies
of “ND at a heliocentric distance of R, = 1 au and a helio-
centric velocity of R, = 0 km s~'; they are shown in Table 4.
Detailed *ND line positions can be found in Table 3 and in the
Supplementary Material.

4.3. ®NH

Figure 7 compares the 'Y'NH model to the '*NH model, with the
relative intensities of the "NH lines corresponding to a hypo-
thetical isotopic ratio, "NH/"NH, of 1. The "NH model is
shifted by 0.3 A for clarity. Indeed, the 'NH lines are very close
in wavelength to the “NH lines. Figure 8 shows a zoom on a
2 A-long region to highlight just how close the lines of the two
isotopologs are (the intensities of both models have been shifted
upward for readability). The brightest lines of “NH and "NH at
3358 A are only separated by 0.008 A
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Fig. 7. Comparison between the modeled spectra of “NH (red) and
SNH (green) for R, = 0.68 au and R, = 15.8 km s™! (values of the
observed spectrum of T7). The "NH fluorescence model has been
shifted to the left by 0.3 A for clarity. The relative intensities of the
SNH lines correspond to a hypothetical isotopic ratio, >’NH/"*NH, of 1.
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Fig. 8. Zoom on the most intense NH and NH line of the (0-0) band
at 3358 A. Both modeled spectra have been shifted to higher fluxes in
order to visualize the small wavelengths shift between the "NH and
NH lines (therefore, no flux values are given).

Table 5. Total band fluorescence efficiencies of " NH.

U 0 1 2
U
0 7698110  5.2667x10°6  6.7340x10°8
1 24577x10°7  8.0686x10°6  1.0925x10°"7
2 2.3069%102  5.0639%101°  6.0280x10°8

Notes. Fluorescence efficiencies have been calculated for a heliocentric
distance R, = 1 au and a heliocentric velocity R, = 0 km s In units of
erg per second per molecule.

Table 5 gives the fluorescence efficiencies of '’NH for all the
bands with vibrational numbers up to 2 for a heliocentric velocity
of B, = 0 km s~! and a heliocentric distance of R, = 1 au. The
same trends as in Section 4.1 apply for "'NH, meaning that the
brightest band is the (0-0) one and that the (1-1) band is weaker
by a factor of 100.

5. Measurements of isotopic ratios
5.1. ¥ND/™#NH isotopic ratio

Meier et al. (1998b) determined an upper limit of 0.006
for the isotopic ratio “ND/“NH in Comet C/1996 B2
(Hyakutake). We attempted to further constrain this ratio
using our higher-resolution observational spectra and the new
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Table 6. Wavelengths in A of the ND lines and their “NH counter-
parts coadded to measure the “ND/"“NH ratio.

Band Line UND YNH

(0-0) Rs(1) 3348.3241 3346.4246
(0-0) RP3(2) 3349.6819 3349.4441
(0-0) RQu(2) 33514165 3350.8440
0-0) Ri(3) 3352.1168  3349.5395
(0-0) QP;(1) 3352.2955 3355.1684
(0-0) RQy (1) 3353.0795 3353.9207
0-0) R;(2 3354.5356  3353.6357
(0-0) P5(1) 3356.4108 3362.7095
(0-0) PQx(2) 3361.2799 3369.2649
(0-0) PQu(2) 3363.2095 3369.2187

fluorescence models. The isotopic ratio measurement is enabled
by the wavelength shift of the emission lines of both isotopologs,
as is depicted in Figure 6. Because of the small *ND/"*NH ratio,
ND lines are 10°-10* times weaker than the bright *NH lines.
Therefore, in order to increase the S/N of the “ND lines, we co-
added a selection of “ND lines. This “ND line selection was
based on two criteria: we wanted to select “bright” lines that are
“not blended” with emission lines from other molecules. Based
on the values of the fluorescence efficiencies given in Table 4
and the (0-0) band being the brightest one, the selected lines
should be taken from the (0-0) band to increase the S/N as much
as possible. Then, we compared the theoretical “ND spectrum
to the theoretical “NH spectrum and to the observed spectrum in
order to eliminate '“ND lines that are blended with *NH lines or
emission lines from other molecules. This significantly reduced
the number of selected lines because, as is seen in Figure 6, the
strong MNH (0-0) band and weaker (1-1) and (2-2) bands are
intertwined with the '*ND lines.

We were unable to retrieve an isotopic ratio from our obser-
vational spectrum of Comet T7 despite its high S/R. Indeed, T7
was observed at a short heliocentric distance of R, = 0.68 au,
meaning that it was very active at the time of observation. This
activity may have created a very large number of weak, uniden-
tified lines in the 3358 A region. These lines could be the reason
we do not manage to measure the isotopic ratio in these spec-
tra. It is worth noting that the same spectra of T7 allowed a
detection of OD to derive D/H = 2.5 +0.7 x 107 in water.
This measurement was compatible with other values of D/H in
cometary water and marginally higher than the terrestrial value
(Hutsemékers et al. 2008).

73P, on the other hand, was observed at a heliocentric dis-
tance of R, = 0.952 au. This comet was found to be extremely
depleted in carbon chains by Schleicher & Bair (2011), resulting
in a spectrum that is less crowded in carbonated emission lines.
This may be the reason we could retrieve an isotopic ratio from
73P and not from T7. Table 6 lists the ten ND lines that were
chosen for coaddition as well as their NH counterparts.

The coaddition was performed following the method
described by Jehin et al. (2004) and Hutsemékers et al. (2008).
The result of the coaddition of the ND lines of Table 6 is
shown in Figure 9. The coadditions of the *NH counterparts
are presented in Figure 10. The adjustment of the *ND modeled
intensity to the observational spectrum allows us to retrieve the
isotopic ratio ND/“NH =2.7 x 1073 + 1.8 x 1073.

2500 ND model

73P observed spectrum
{ -~ selected lines for coaddition
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v o u o
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© © o o
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Fig. 9. Coaddition of “ND lines. Top panel: “ND lines selected
for coaddition are indicated by vertical, dotted, purple lines listed in
Table 6. The modeled “ND spectrum in green has been intensified to
have a flux similar to the observed spectrum of 73P in blue. Notice that
some of the most intense lines of the *ND modeled spectrum have not
been selected for the coaddition, as they were blended with “NH lines.
Bottom panel: result of the coaddition of the ND lines of the observed
spectrum of 73P in blue and the modeled ND lines in green.

equivalent lines of NH
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73P observed spectrum

------ 14NH counterparts
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Fig. 10. Coaddition of “NH counterparts. Top panel: “NH counterparts
indicated by vertical, dotted, purple lines. The modeled “NH spectrum
in red coincides for the most part with the observed spectrum of 73P in
blue, as is discussed in Section 4.1. Bottom panel: result of the coaddi-
tion of the NH lines of the observed spectrum of 73P in blue and the
modeled “NH lines in red.

Several factors contribute to the uncertainty in our derived
isotopic ratio. These include uncertainties in the energy levels
and Einstein coefficients, the imperfect subtraction of the solar
continuum, and the omission of collisional effects in our models
(while previous studies found no evidence for collisional effects
in NH fluorescence, the possibility that collisions could intro-
duce second-order effects has been considered). While some of
these sources are difficult to quantify, the dominant source of
uncertainty comes from the background noise and the presence
of a forest of weak, unidentified emission lines in the observed
spectrum of 73P. To estimate this uncertainty, we measured the
standard deviation, o, in three spectral regions between 3320—
3400 A. Ideally, these regions would be free of emission lines,
allowing us to isolate the noise. However, the 3320-3400 A
region is likely densely populated with weak, unidentified emis-
sions, making it impossible to identify truly line-free intervals.
As aresult, our oo measurements inherently include contributions
from these faint lines. We then weighted the measured noise by
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the same weights, w;, used for the coaddition of the observed
emission lines. These weights are proportional to the modeled
line intensities. By summing the products, o X w;, across all
selected lines, we obtained an estimate of the noise level in the
coadded spectrum (shown in Figure 9). The final uncertainty
in the isotopic ratio was determined by adjusting the model
intensity to match this estimated coadded noise level.

Cometary D/H ratio are often compared to the terres-
trial D/H value of ocean water of 1.557 x 107 given by the
VSMOW (Vienna standard mean ocean water) (Gonfiantini
1978). The D/H ratio measured in cometary water varies from
comet to comet, with, for example, D/H~2.1 X 10~* measured
in 1P/Halley (Brown et al. 2012) and D/H~5.3 x 10™* mea-
sured in 67P/Churyumov—Gerasimenko (Altwegg et al. 2015).
Cometary D/H ratios are generally higher for nitrogenated
molecules compared to D/H in water. Indeed, (D/H)gcn~2.3 X
10~ was measured in Comet Hale-Bopp (Meier et al. 1998a)
and (D/H)ng,~1.1 X 103 was measured with ROSINA in
67P/Churyumov—Gerasimenko (Altwegg et al. 2015). A com-
parison of our ratio, (D/H)xg~2.7 x 1073 + 1.8 x 1073, with
the latter value found with ROSINA is especially interesting as
NH; is a parent molecule of the imidogen radical. The value
we have found in 73P is in agreement with Altwegg et al.
(2015)’s value for NH; in comet 67P and with the upper limit,
(D/H)nu < 0.006, set by Meier et al. (1998b) in comet Hyaku-
take. As was noted by Meier et al. (1998a), the higher D/H ratios
observed in nitrogen-bearing molecules relative to water sug-
gest that cometary ices originated in the interstellar medium.
This is consistent with the expectation that, in the cold environ-
ments of interstellar clouds, nitrogen-bearing species undergo
more efficient deuteration than water.

5.2. "NH/"*NH isotopic ratio

The method described in Section 5.1 of measuring isotopic ratios
relies on the line shift between both isotopologs. However, as
is seen in Figure 7, the shift between 4NH and NH lines is
only 0.008 A. The resolving power of the observed spectrum
is R ~ 65000, meaning that the resolution in terms of wave-
lengths is 1% ~0.052 A. Despite the exceptional quality of the
observed spectra, their resolution is still not enough to measure
the SNH/*NH ratio.

It is interesting to note that the carbon and nitrogen isotopic
ratios were measured in 73P from the CN (0-0) violet band with
values of 2C/BC = 100 + 20 and “N/N = 215 + 30 (Jehin
et al. 2008). The nitrogen ratio appears to be significantly dif-
ferent from the average value of 147.8 + 5.7 obtained from 23
comets of different origins and dynamical classes, while the car-
bon ratio is solar (89) and in agreement with the average value
in comets (Manfroid et al. 2009).

6. Conclusions

Thanks to the spectroscopic data available in the Exomol
database, we have been able to build new fluorescence models
for “NH, ND, and "NH. The good match in terms of both the
positions and the intensities of the lines between the modeled
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“NH spectrum and our high-resolution and high S/N observa-
tional data of C/2002 T7 (LINEAR) and C/2012 F6 (Lemmon)
allowed us to test the accuracy of the model. The modeling of
the (0—1) band has led to new line identifications in the spec-
trum of C/2002 T7 (LINEAR). Additionally, the fluorescence
efficiencies of the v’,v”” < 2 have been tabulated and are found
to be about 20% larger than in previous studies. These fluores-
cence efficiencies can be used to measure the NH abundances
in comets. The “ND model has allowed us to measure the
“ND/"NH ratio equal to 2.7 x 107> + 1.8 x 1073 in the peri-
odic comet 73/P Schwassmann-Wachmann. This result is to be
compared to the value of (D/H)xg < 0.006 found by Meier et al.
(1998b) in Comet C/1996 B2 (Hyakutake), (D/H)ycn ~2.3 X
1073 found by Meier et al. (1998a) in Comet Hale-Bopp, and to
the ratio D/H~1.1 x 1073 in NH; measured by the Rosetta mis-
sion on 67/P Churyumov—Gerasimenko (Altwegg et al. 2019).
The value we have found is the first measurement of the D/H
ratio in the NH radical and is consistent with the very few values
already published for HCN and NHj;. It confirms that the D/H
ratio in nitrogen-bearing radicals is higher than the D/H ratio
in water (1.5-6 x 107*, Altwegg et al. 2015). No measurements
could be carried out regarding the "NH/'“NH ratio, due to the
limited shift between the lines of both isotopologs.
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