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ABSTRACT

Context. N2 is rarely found in comets, or when it is present, it is found only in small quantities despite its abundance on the surfaces
of different outer Solar System objects. A few comets presented N+

2 emission lines in their optical spectra. One of them, C/2016 R2,
showed an unusually high abundance of this species in 2018, with dozens of bright N+

2 emission lines. A robust model of the N+
2

fluorescence in comets would permit us to perform a detailed quantitative analysis of this species and enlarge our comprehension of
the surprisingly wide range of N2 abundances in comets.
Aims. The goal of this work is to provide the necessary tools to interpret N+

2 spectra. Computing production rates for a cometary
species necessitates a good knowledge of the number of molecules located along the line of sight of the spectrometer. This in turn
requires a good modeling of the emission spectrum with detailed fluorescence efficiencies for the different bands.
Methods. We developed a model based on available laboratory data and new theoretical results relative to the N+

2 to compute the
emission spectrum of this species observed in 8.2 m Very Large Telescope high-resolution spectra of comet C/2016 R2. Because of
some significant differences between spectra obtained on the nucleus and at a cometocentric distance of about 6000 km, it became
apparent that a classic fluorescence equilibrium spectrum could not be used. A synthetic spectrum based on a Monte Carlo method and
producing spectra at different times from an initial relative population was developed and compared to our observational data.
Results. Our modeling of the cometary N+

2 emission spectrum satisfactorily fits our observed spectra of comet C/2016 R2, leading to
the first modeling at high resolution. Different fluorescence efficiency factors are computed.

Key words. comets: general – comets: individual: C/2016 R2 – molecular data

1. Introduction

Comets are small icy bodies that have undergone little alteration
since their formation in the outer part of the Solar System. Study-
ing their composition provides insight into the primitive Solar
System and into the physical and chemical properties of their
formation place. Many studies have shown that comets present
a variety of compositions. A typical cometary coma contains
mostly water molecules with CO and CO2 as the second species
(typically about 10–20% relative to water). The relative abun-
dances of the other species can vary significantly among comets,
such as C2 and C3 in carbon-chain-depleted comets.

Nitrogen atoms are usually found in molecules such as NH3
or HCN (their dissociation products NH2 and CN have bright
emission lines at optical wavelengths). Surprisingly, N2 is usu-
ally not detected in cometary comae, even though both Pluto
and Triton, which also formed in the outer Solar System, exhibit
an N2-rich surface (Cruikshank et al. 1993; Owen et al. 1993;
Quirico et al. 1999; Merlin et al. 2018). No emission lines of
the N2 molecule itself appear in the visible range, but this
molecule can be ionized to N+

2 . The emission lines of this ion
are clearly detectable in the optical range. The brightest band is
the (0, 0) with a bandhead near 3914 Å. Until recently, only a few
detections of N+

2 emission lines in comets have been reported
from ground-based facilities. This mainly concerns the follow-
ing comets: C/1908 R1 (Morehouse; de La Baume Pluvinel &
Baldet 1911), C/1961 R1 (Humason; Greenstein 1962), 1P/Halley

(Wyckoff & Theobald 1989; Lutz et al. 1993), C/1987 P1 (Brad-
field; Lutz et al. 1993), 29P/Schwassmann-Wachmann 1 (Korsun
et al. 2008; Ivanova et al. 2016, 2018), and C/2002 VQ94 (LIN-
EAR; Korsun et al. 2008, 2014). It should be noted that some
spectra might have been contaminated by telluric N+

2 emission
lines. The first in situ detection of N2 in a comet was reported
in the coma of 67P by the ROSINA mass spectrometer on board
the Rosetta spacecraft (Rubin et al. 2015); the N2/H2O ratio was
8.9× 10−4 near perihelion (Rubin et al. 2020).

The interpretation of this N2 depletion in comets is a mat-
ter of debate in the scientific community and could provide
interesting constraints on the formation process of comets. It
was interpreted as the result of the selective trapping of CO at
the expense of N2 in the building blocks of comets presum-
ably agglomerated from clathrates (Iro et al. 2003), or as the
result of their partial devolatilization due to radiogenic heating
(Mousis et al. 2012). One scenario for the only comet rich in N2
observed in the recent years with a large telescope (see below) is
that it formed in a colder environment than the other comets,
which share more typical compositions (Mousis et al. 2021).
In any case, constraining the N2 abundance in comets provides
important constraints on the formation scenario of comets.

In this context, a surprising comet, detected on September 7,
2016, by the Panoramic Survey Telescope And Rapid Response
System (PanSTARRS; Weryk & Wainscoat 2016) presented an
unusual composition during its perihelion passage at the end of
2017 and the beginning of 2018 at a distance of 2.8 au. Called
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C/2016 R2 (PanSTARRS), it is a returning comet (i.e., a nearly
isotropic comet with a semimajor axis smaller than 10 000 au
(see Levison 1996). It comes from the Oort cloud, and has a
period of about 20 000 yr and a semimajor axis of 735 au. Nick-
named “the blue comet”, it developed a coma at large (∼6 au)
heliocentric distance and exhibited a rapidly changing mor-
phology. These changes were attributed to ions dominating the
emission of the coma and emitting mainly in the blue part of
the optical spectrum. Different authors published observational
results showing that C/2016 R2 had a highly unusual composi-
tion: no water molecules (or OH radical) could be detected, and
the abundances of commonly observed radicals (CN, C2, C3)
were unusually low, with a surprising coma composition dom-
inated by CO, CO2, and N2 molecules. A high CO production
rate of about 1029 molecules s−1 was measured (Biver et al. 2018;
Wierzchos & Womack 2018) as well as a high CO2 production
rate (CO2/CO = 1.1 from Opitom et al. 2019), and a high ratio
N2/CO that varied between ∼0.06 and 0.09 (Biver et al. 2018;
Cochran & McKay 2018b,a; Opitom et al. 2019; Venkataramani
et al. 2020).

The detection of N+
2 in the very peculiar comet C/2016 R2

highlighted the necessity of robust modeling of the N+
2 fluores-

cence spectrum to enable a quantitative analysis of the amount
of N2 in comets. The high quality of the spectra published by
Opitom et al. (2019) also provides a good opportunity to test such
a model.

The aim of this paper is to present a first-ever model of the
N+

2 fluorescence spectrum and a comparison of the model with
observations. Section 2 presents our observational data, Sect. 3
the model, Sect. 4 compares the model with observational data,
and we discuss these results in Sect. 5.

2. Observational data

The spectra used for this work have been obtained with the
Ultraviolet-Visual Echelle Spectrograph (UVES) mounted on the
ESO 8.2 m UT2 telescope of the Very Large Telescope (VLT).
They correspond to the dichroic 1 (390+580) setting, covering
the range 326–454 nm in the blue and 476–684 nm in the red.
We only used the blue part here. Three different observing nights
were used, corresponding to February 11, 13, and 14, 2018. Dur-
ing each night, one single exposure of 4800 s of integration time
was obtained. We used a 0.44′′ wide slit, providing a resolving
power of R∼ 80 000. The slit length was 8′′, corresponding to
about 14 500 km at the distance of the comet (geocentric distance
of 2.4 au). The average heliocentric distance was 2.76 au and the
heliocentric velocity was 5.99 km s−1.

As explained in Opitom et al. (2019), the data were reduced
using the ESO UVES pipeline, combined with custom routines
to perform the extraction and cosmic ray removal, and were
then corrected for the Doppler shift due to the relative velocity
of the comet with respect to the Earth. The spectra were cali-
brated in absolute flux using either the archived master response
curve or the response curve determined from a standard star
observed close to the science spectrum (both were used for
C/2016 R2 without significant differences). This data processing
produced 2D spectra calibrated in wavelength and absolute flux
units. Because a close examination of the ESO UVES sky emis-
sion spectrum1 permits verifying that telluric lines are below
the noise level in this part of the spectrum, no specific data
processing was made to remove these lines.

1 https://www.eso.org/observing/dfo/quality/UVES/
pipeline/sky_spectrum.html

A close examination of the emission lines permits detect-
ing, as explained in Opitom et al. (2019), numerous emission
lines attributed to N+

2 . The modeling presented Sect. 4 shows
the exact match between theoretical and observed wavelengths,
computed taking the Doppler shift due to the geocentric veloc-
ity into account. This Doppler shift corresponds to a geocentric
velocity of 19.9 km s−1, that is, to a wavelength shift of 0.26 Å,
which is well above the full width at half maximum (FWHM)
of the instrument response function (0.06 Å). It clearly separates
the cometary lines from the unshifted telluric lines. This good
agreement confirms that the detection of N+

2 in comet C/2016 R2
is robust.

3. Model

The transition visible in comets corresponds to the first neg-
ative group, that is, the B2Σ+

u → X2Σ+
g electronic transition

with the (0, 0) bandhead appearing near 3914 Å. Because they
are Σ states, they follow Hund’s coupling case b with a quan-
tum number N associated with the interaction between the
molecule rotation and the electronic orbital angular momentum,
and J is the quantum number associated with the total angular
momentum. We have J = N ± 1/2.

The selection rules for this transition imply that ∆N = N′ −
N′′ = ± 1. Because two different J values exist for each value
of N (F1 and F2 levels), it is possible to have ∆N = ∆J (main
lines labeled P1, P2, R1, and R2) or ∆N , ∆J (satellite lines PQ12
and RQ21). Figure 1 presents the energy level diagram with the
different types of lines involved in this group.

The spontaneous transition probability for a given line is
given by the Einstein coefficients Av′J′→v′′J′′ (expressed in s−1)
such that

Av′J′→v′′J′′ =
2 − δ0,Λ′

2 − δ0,Λ′+Λ′′

(
16π3ν3

3ε0hc3

)
| < v′N′|µΛ′Λ′′ |v′′N′′ >R |2

S J′J′′

(2J′ + 1)
, (1)

where h is the Planck constant, ν is the frequency, c is the
speed of light, | < v′N′|µΛ′Λ′′ |v′′N′′ >R |2 is the transition dipole
moment, δ is the Kronecker symbol, ε0 is the permittivity of the
vacuum, and S J′J′′ is the Hönl-London factor. Λ′ and Λ′′ are the
component of the electronic orbital angular momentum along the
internuclear axis of the upper and lower electronic states, respec-
tively. Because these states are Σ states, these numbers are equal
to 0, and consequently, (2 − δ0,Λ′ )/(2 − δ0,Λ′+Λ′′ ) = 1.

The Einstein coefficients Av′J′→v′′J′′ giving the spontaneous
transition probability (in s−1) were computed with Ã, a, and b
coefficients computed by Ferchichi et al. (2022) and with the
Hönl-London factors given in their Table 4 that were taken from
Mulliken (1931). The Einstein absorption coefficients Bv′′J′′→v′J′
were computed from the Av′J′→v′′J′′ coefficients,

Bv′′J′′→v′J′ =
2J′ + 1
2J′′ + 1

1
8πhσ3 Av′J′→v′′J′′ , (2)

where σ is the wavenumber (expressed in cm−1). The probabil-
ity of absorption is given by Bv′′J′′→v′J′ × ρν , where ρν is the
radiation density at the corresponding wavelength, expressed in
erg cm−3 Hz−1. We used the high-resolution solar spectrum pub-
lished by Kurucz et al. (1984) to compute the solar radiation
density.

The energy levels were computed with the parameters pub-
lished by Zhang et al. (2015) for the X2Σ+

g state and those by
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Fig. 1. Energy level diagram showing the N+
2 first negative group

B2Σ+
u → X2Σ+

g and the different types of lines allowed by the selection
rules. The number in brackets corresponds to the N′′ value (N value in
the X2Σ+

g state).

Gottscho et al. (1979) for the B2Σ+
u state. They were recomputed

more accurately for most of the v = 0 and 1 levels (both for the
X2Σ+

g and B2Σ+
u state) using the wavenumbers of the (0, 0), (0, 1),

and (1, 1) bands measured by Dick et al. (1978).
Because N+

2 has no permanent dipole moment, the pure rota-
tional and vibrational transitions are forbidden (or have a very
low probability, through quadrupolar transitions; this is not taken
into account in our model). For this reason, it takes a long time
for this species to reach its fluorescence equilibrium because it
needs a few dozen absorption or emission cycles between the
X2Σ+

g and B2Σ+
u states to reach this equilibrium. At the heliocen-

tric distances of C/2016 R2, this corresponds to a few tens of
thousands of seconds, or a path of a few tens of thousands of
kilometers for the N+

2 ions inside the coma.
Instead of computing the fluorescence equilibrium, we there-

fore decided to use a Monte Carlo method similar to the method
presented in Rousselot et al. (1994). In this type of method, an
initial relative population has to be defined, as well as the time

for which we wish to compute the relative population. A large
number of molecules are considered (105), each of them follow-
ing a random series of absorption or emission mechanisms based
on the computed transition probabilities.

The initial population distribution is in the v = 0 vibrational
level of the ground electronic state and follows a Boltzmann
distribution such that

xi =
gi

Q
e−

Ei
kT , (3)

with T the Boltzmann temperature, Ei the energy value for the
level i, g the statistical weight of the considered level, and Q the
partition function, given by

Q =
∑

i

gi e−
Ei
kT . (4)

The statistical weight gi is the product of the statistical
weight related to the nuclear spin gns and (2J + 1): gi =
gns(2J + 1).

The statistical weight gns can be computed by considering the
nuclear spin, and it depends on the considered isotopolog and N
value. For 14N2 we have gns = 6 for even N values and gns = 3
for odd N values for the X2Σ+

g levels. For B2Σ+
u , it is the opposite

(gns = 3 for even N values and gns = 6 for odd N values).
We decided to use a Boltzmann temperature close to the

kinetic temperature of the gas in the inner coma, that is a few
dozen K. We used a value of 80 K, but this parameter has little
influence on the final result (the range ∼30 to ∼200 K provides
similar results for evolution times in the order of a few thousand
seconds).

Our Monte Carlo modeling starts with a Boltzmann dis-
tribution for the lower states (X2Σ+

g ) and provides the relative
populations of the levels belonging to this state. From these rel-
ative populations, it is easy to compute the relative populations
of the upper levels by writing

NX∑
j=1

B jiρν =

NX∑
j=1

Ai jxi, (5)

with NX being the number of considered levels in the ground
electronic state X2Σ+

g , and i and j corresponding to the ith and
jth levels. From this equation, it is possible to compute the rela-
tive populations xi of the levels belonging to the upper electronic
state,

xi =

∑NX
j=1 B jiρν∑NX

j=1 Ai j
. (6)

The luminosity per molecule of a given emission line, also
called fluorescence efficiency or g factor, is given by

I = xiAi j, (7)

with xi being the relative population of the upper level i and Ai j
the Einstein coefficient corresponding to the transition from the
level i to the level j. We considered the first three vibrational
levels (v = 0, 1, 2) for X2Σ+

g and B2Σ+
u , each of them with all the

levels from N = 0 to 40.
Because our observational spectra are in units of

erg s−1 cm−2 Å−1, the intensities above were multiplied by
hν to obtain units of energy. The observed intensity is then
the product of this luminosity per molecule by the number of
molecules along the line of sight.
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Fig. 2. Comparison in red of the observed average spectrum of C/2016 R2 extracted on the nucleus (corresponding to about 250 km on either side
of the nucleus) and in blue at the extremity of the slit (cometocentric distance ∼6000 km). The R branch of the (0, 0) band starts at 3909.7 Å and is
degraded to the blue side (i.e., lines appear at shorter wavelengths for increasing values of quantum number N), and the P branch starts at 3910.9 Å
and returns at the bandhead at 3914.3 Å to shorter wavelengths. Some lines are identified by their type and N′′ value (see Fig. 1 for the details), all
of them belong to the (0, 0) band. The two spectra are different.

4. Comparison with observational data

In order to improve the signal-to-noise ratio of the N+
2 emission

lines as much as possible and to confirm the evolution of the
emission spectrum with cometocentric distance, we computed
average spectra for the three different observing nights and at
different cometocentric distances. From the 2D spectra, which
have a spatial extent of 30 lines (each of them corresponds to
0.25 arcsec on the slit with different cometocentric distances),
we computed an averaged spectrum representative of the region
near the nucleus (five rows, centered on the nucleus, in the mid-
dle of the slit) and another averaged spectrum representative of
the maximum cometocentric distances (2× 4 rows at the two
extremities of the slit). The solar continuum was subtracted from
each spectrum by adjusting a solar spectrum convolved with a
similar instrument response function and coming from Kurucz
et al. (1984). The artifacts were suppressed before we computed
the average spectrum for the three different observing nights.

Figure 2 presents the spectral region near the (0, 0) bandhead
for the spectra obtained on the nucleus and at the end of the slit
(corresponding to a varying cometocentric distance of 2.75 and
3.75 arcsec, i.e., between 4800 and 6600 km at that geocentric
distance). Some significant differences are clearly seen between
these two spectra, confirming that N+

2 is far from equilibrium in
the slit. The relative intensity of lines with low rotational quan-
tum number N is higher near the nucleus than the intensity of
emissions corresponding to regions farther out in the coma. This
is typical of relative populations increasing with time, as we
could expect from successive absorption or emission cycles with
typical lifetimes of about 1000 s each.

From these spectra, we tried realistic parameters to fit the
spectrum corresponding to the highest cometocentric distance,
that is, to the spectra closer to fluorescence equilibrium that
are less dependent on the initial relative population distribution.
Because 6000 km corresponds to a projected distance (i.e., to a
minimum physical distance to the nucleus), we used an evolu-
tion time of 10 000 s (i.e., a rough average estimated from the
physical distances to the nucleus; these distances vary along the
line of sight from about 6000 km up to infinity with a decreasing

density and an expansion velocity of about 1 km s−1), with an
initial Boltzmann distribution corresponding to a temperature of
80 K. This temperature is approximately the kinetic temperature
in the inner coma.

The resulting spectrum superimposed on the observations is
shown in Fig. 3. Figure 4 shows the emission of the (0, 0) and
(1, 1) band, respectively, at the same intensity scale. This figure
shows that the brightest band is the (0, 0) and that many emission
lines belonging to this band are mixed with those of the (1, 1)
band.

Figure 3 shows that our model is able to reproduce the
observed intensities with very good accuracy. It is useful to com-
pute fluorescence efficiencies in order to perform quantitative
measurements of the number of N+

2 molecules along the line of
sight. Because the emission lines belonging to the (0, 0) band
and the (1, 1) band are mixed, as are the CN emission lines, we
decided to compute the fluorescence efficiency not only for the
(0, 0) and (1, 1) bands, but also for the lines of the (0, 0) band that
appear in the spectral region that is not covered by (1, 1) or CN
emission lines. It is also worth highlighting that the emission
lines of the (0, 0) band are still present at wavelengths shorter
than the CN emission lines. In some cases, this makes measuring
the entire (0, 0) band intensity difficult.

Table 1 provides the resulting values computed for
C/2016 R2 at the time of our observations. Because these fac-
tors are usually computed at the reference heliocentric distance
of 1 au, this table also provides them for a heliocentric velocity
of 0 km s−1 for all the bands taken into account in our model.

Another interesting result is the importance of the Swings
effect, which is related to the influence of the heliocentric veloc-
ity on the fluorescence efficiency. The absorption lines in the
solar spectrum change significantly, which affects the solar flux
that is available for a given transition and, consequently, the
relative line intensities. Because a relatively large number of
emission lines is involved in this spectrum, this effect is not as
strong as for some other radicals (e.g., OH), but it can create a
relative variation that reaches about 10%. Table 2 provides the
fluorescence efficiencies as a function of heliocentric velocity
for the (0, 0) and (1, 1) bands. These values are not very sensitive
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Fig. 3. Comparison of the observed spectra of C/2016 R2 obtained at the edges of the slit (nucleocentric distance ∼6000 km, averaged at four
different lines at the two extremities of the slit) with the model. The upper and lower parts corresponds to two different wavelengths intervals.
Some CN emission lines, not reproduced by the model, appear in the region around 3880 Å. The observational data are plotted in blue, and the
modeling is shown in red. For more clarity, the wavelengths of the observed lines are given by vertical bars above the spectra. The R branch is
degraded to the blue side, and the P branch is first degraded to the red side and returns to the bluer wavelengths after the bandhead. The first three
PQ12 and RQ21 satellite lines are also plotted above (vertical black bars at about 3910 Å). Their intensity is negligible compared to the P or R lines
for higher values of N.

Fig. 4. Theoretical spectrum showing separately the (0, 0) and the (1, 1) emission band of N+
2 (red and blue, respectively).
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Table 1. Fluorescence efficiency (g factor) in photons s−1 ion−1 com-
puted for comet C/2016 R2 at the time of observations and for any comet
at 1 au and a heliocentric velocity of 0.0 km s−1).

Band (v′, v′′) g g (at 1 au)

(0, 0) 6.26× 10−3 4.90× 10−2

(0, 0)[3885.5–3915 Å] 5.41× 10−3

(0, 1) 2.05× 10−3 1.59× 10−2

(0, 2) 4.22× 10−4 3.31× 10−3

(1, 0) 1.43× 10−3 1.08× 10−2

(1, 1) 9.65× 10−4 7.24× 10−3

(1, 2) 1.02× 10−3 7.67× 10−3

(2, 0) 1.67× 10−4 1.24× 10−3

(2, 1) 1.39× 10−3 1.04× 10−2

(2, 2) 1.58× 10−4 1.18× 10−3

Notes. For C/2016 R2, the heliocentric distance is 2.76 au and the
heliocentric velocity is –5.99 km s−1. The g factor restricted to the
[3885.5–3915 Å] wavelength range is not given for 1 au because it can-
not be simply compared to the factor computed for the heliocentric
distance of C/2016 R2. The relative intensities between the different
lines are different.

to the cometocentric distance or to the time elapsed since the ini-
tial population distribution because so many emission lines are
involved in these bands.

The results given in these tables are not very sensitive to the
modeling parameters (i.e., initial kinetic temperature or elapsed
time, with reasonable limits of at least a few thousand seconds).
When these values were computed for different heliocentric dis-
tances, they followed the r−2

h dependence very well. The number
of molecules taken into account in our Monte Carlo simulation
(105) provided an uncertainty of about one digit in these tables.

The only g factors published for N+
2 so far were computed

by Lutz et al. (1993). Their computation corresponds to an
approximation for the whole band. Their value for the (0, 0)
band is slightly higher than our computed value (they found
g(0, 0) = 7× 10−2 photon s−1 ion−1 for 1 au). Our method of
computation, which takes all the lines into account one by one,
and compares them to an observational spectrum, is more accu-
rate. A good test is computing the ratio of the fluorescence
efficiencies of the (1, 1) band to the (0, 0) band. From the flu-
orescence efficiencies published by Lutz et al. (1993), this ratio
is 5.1× 10−3/7.0× 10−2 = 0.0728. In our results, it is close to
0.15 (either based on data for 1 au and 0 km s−1 or based on data
computed for C/2016 R2), that is, twice the ratio computed by
Lutz et al. (1993). Figure 3 clearly shows that the ratio we com-
puted is very close to the observed spectrum. A ratio twice lower
is clearly far from the observed intensity ratio.

5. Discussion

We presented the first modeling of the N+
2 fluorescence emission

spectrum in a comet. The main difficulty in computing such a
spectrum is related to the lack of pure vibrational and rotational
transitions, which means that a long time is required to reach flu-
orescence equilibrium. The spectra obtained in the near nucleus
region, which is the usually observed region in cometary comae
to obtain spectra with the best signal-to-noise ratio, cannot be
interpreted with the normal methods of computation based on a
steady-state solution. With our model, which was developed on
the basis of a Monte Carlo method, the important parameter is

Table 2. Fluorescence efficiency (g factor) in photons s−1 ion−1 com-
puted at 1 au and different heliocentric velocities ṙh.

ṙh (km s−1) (0, 0) (1, 1)

–20 4.64× 10−2 6.98× 10−3

–18 4.60× 10−2 6.66× 10−3

–16 4.76× 10−2 6.88× 10−3

–14 4.79× 10−2 7.11× 10−3

–12 4.76× 10−2 7.24× 10−3

–10 4.64× 10−2 7.31× 10−3

–8 4.62× 10−2 7.41× 10−3

–6 4.72× 10−2 7.60× 10−3

–4 4.77× 10−2 7.85× 10−3

–2 4.84× 10−2 7.39× 10−3

0 4.90× 10−2 7.24× 10−3

+2 4.95× 10−2 7.27× 10−3

+4 4.97× 10−2 7.40× 10−3

+6 4.93× 10−2 7.57× 10−3

+8 4.88× 10−2 7.67× 10−3

+10 4.79× 10−2 7.65× 10−3

+12 4.73× 10−2 7.59× 10−3

+14 4.68× 10−2 7.53× 10−3

+16 4.63× 10−2 7.56× 10−3

+18 4.62× 10−2 7.67× 10−3

+20 4.62× 10−2 7.77× 10−3

the time that has elapsed from an initial Boltzmann distribution
of the relative populations.

Most of the species in cometary comae (with emission lines
in the optical region) rapidly reach their fluorescence equilibrium
because they are heteronuclear molecules and pure rotational
and vibrational electric dipole transitions are allowed. The main
exception is the C2 radical, which shows hundreds of emission
lines in the Swan bands because pure rotational and vibrational
electric dipole transitions are forbidden and only intercombi-
nation transitions (with a low probability) permit this radical
to deexcite to lower rotational and vibrational levels (Rousselot
et al. 2000).

The N+
2 ions located along the line of sight correspond to

different elapsed times since their creation, mainly by photoion-
ization (see Raghuram et al. 2021 for more details about an
estimate of the different processes leading to the formation of
N+

2 ions in the inner coma of comet C/2016 R2). Modeling the
resulting spectrum that is created by ions with different emission
spectra is therefore difficult. This work shows that we can obtain
an acceptable result for the spectra obtained at the end of the slit,
but this cometocentric distance remains relatively small com-
pared to the distance needed to reach a complete fluorescence
equilibrium.

A good test of our model and of how the different parameters
might be adjusted would be to obtain spectra at shorter helio-
centric distances and larger cometocentric distances. We would
expect to be closer to the fluorescence equilibrium because the
number of absorption or emission cycles are more important for
a given time at shorter heliocentric distances (the solar radiation
density is higher).

The revised values for the fluorescence efficiencies com-
puted in this work imply some revisions for the relative abun-
dances of N+

2 compared to CO+, for which they have been
published and based on the calculations of Lutz et al. (1993).
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Opitom et al. (2019) reported a N+
2 /CO+ ratio of 0.06± 0.01,

which agrees well with Cochran & McKay (2018b,a) and
Raghuram et al. (2021). Because this ratio is proportional to the
ratio of the CO+ fluorescence efficiency to the efficiency of N+

2 ,
the final N+

2 /CO+ ratio is expected to change from 6% to 8.8% if
gN+

2
changes from 7× 10−2 to 4.77× 10−2 photon s−1 ion−1 (i.e.,

the value computed for the time of observation scaled to 1 au).

6. Conclusion

We were able to model for the first time the emission spectrum
of N+

2 ions in a cometary coma based on high-quality and high-
resolution spectra observed at different cometocentric distances.
The data available from the literature enabled a modeling based
on a Monte Carlo simulation, which provided a good fit of the
observed spectrum. The main free parameter was the elapsed
time since the initial relative population. Other observations of
N+

2 spectrum are welcome so that the accuracy of this model can
be tested. The different fluorescence efficiencies computed with
our model are given in Tables 1 and 2 and allow a more detailed
quantitative study of this species, which is rare in comets.

Comets that are rich in hypervolatiles species such as N+
2

and CO+ are interesting for a better understanding of the origin
of comets. These species are often observed at large heliocen-
tric distances, and they place some constraints on the physical
properties at their place of formation and the differences of ini-
tial chemical composition in the protosolar nebula that explain
the currently observed difference of chemical compositions in
comets. In this context, the modeling of the N+

2 fluorescence
spectrum and the fluorescence efficiencies computed in this
work can help to interpret future observations better.

Some improvements of our model will be made, for instance,
for computing the emission spectrum of 14N15N+. Even if the
detection of such an isotopolog is challenging, future observing
facilities currently under construction (e.g., the Extremely Large
Telescope built by the European Southern Observatory) open the
possibilities for such a detection in other comets that are rich
in N2.
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