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 A B S T R A C T

The study of cometary molecular emissions provides crucial insights into the primordial composition of the 
Solar System and the physical and chemical processes shaping these icy bodies. Comets, as remnants of the 
early Solar System, serve as natural archives of volatile compounds that offer a glimpse into the conditions 
of the protoplanetary disk. In this work, we analyze an optical pre-perihelion spectrum of comet C/2023 A3 
(Tsuchinshan-ATLAS), obtained using the DOLORES spectrograph at the Telescopio Nazionale Galileo (TNG) 
on May 1, 2024. The cometary spectrum was reduced using standard procedures implemented in the IRAF 
software package. To characterize the volatile inventory of comet C/2023 A3, we derived the production rate 
of CN, the only detectable molecular emission, and calculated upper limits for undetected species, including 
C2, C3, and NH2. These constraints were obtained by analyzing the noise level in continuum regions and 
integrating theoretical line profiles, accounting for instrumental resolution and observational conditions. We 
calculated a CN production rate of (3.89±0.21)×1025 molec/s. Despite significant dust contamination, which 
likely obscures weaker molecular emission lines typically associated with cometary activity, we derived upper 
limits for the production rates of key volatile species: Q𝐶3

< 3.12×1024 molec/s, Q𝐶2
< 1.30×1025 molec/s, and 

Q𝑁𝐻2
< 2.79×1025 molec/s, respectively. We also determined the 𝐴𝑓𝜌 parameter, obtaining a value of 4329±56

cm, which confirms the high dust production rate previously reported for this comet. The logarithmic ratio of 
production rates, log (𝑄(C2)∕𝑄(CN)

)

< −0.48, indicates that C/2023 A3 is a carbon-depleted comet, consistent 
with previous classifications of dynamically new comets. These findings contribute to a deeper understanding 
of the compositional diversity and evolutionary processes of such objects.
1. Introduction

Comets are among the most pristine remnants of the early Solar 
System, preserving the primordial materials that contributed to the 
formation of the Sun and planets (Morbidelli and Rickman, 2015). 
Composed primarily of volatile ices, refractory dust, and organic com-
pounds, comets offer a unique opportunity to investigate the conditions 
and composition of the protoplanetary disk (Russo et al., 2016; Mumma 
and Charnley, 2011; Lippi et al., 2024). When they approach the 
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Sun, sublimation processes result in the release of gas and dust that 
form a coma and tails. These features make comets invaluable for 
studying the chemical and physical evolution of Solar System bodies. 
The molecular species observed in the comae of comets provide key 
insights into their volatile inventories and photochemical processes. 
These species are both parent volatiles that sublimate from the nucleus 
and daughter species produced through the photodissociation of these 
parent volatiles in the coma. Understanding the abundances of these 
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Table 1
Observing parameters at the moment of observations. The heliocentric distance, Right Ascension (RA), Declination (DEC), the geocentric distance 
(𝛥), the geocentric velocity (𝛥̇), the exposure time, and the airmass are reported.
 Date Heliocentric distance RA DEC 𝛥 𝛥̇ Exposure time Airmass 
 AU HH MM SS.ff sDD-MN-SC.f AU km/s s  
 01-05-2024 2.76 13 22 48.42 −00 50 19.9 1.81 −12.32 300 1.15  
molecules not only aids in reconstructing the volatile composition 
of comets but also provides critical information about the chemical 
pathways operating in their comae (Biver et al., 2024).

Discovered by the Tsuchinshan Observatory and the ATLAS sur-
vey on January 9, 2023, the dynamically new comet C/2023 A3 
(Tsuchinshan-ATLAS) reached its perihelion on September 27, 2024, 
at a distance of 0.391 au from the Sun. As C/2023 A3 approached the 
inner Solar System and perihelion, its activity increased significantly, 
with a substantial production of dust (Mugrauer, 2024). While such 
dust activity contributes to the striking visual features often associated 
with comets, it also poses substantial challenges for detailed spectro-
scopic analyses. The strong dust continuum observed in comet C/2023 
A3 significantly impacts the detectability of weak molecular emission 
features. The intense background continuum lowers the signal-to-noise 
ratio, making it challenging to distinguish faint lines such as C2, C3, 
and NH2 from spectral noise. Additionally, dust scattering can dilute 
intrinsic molecular emissions, reducing their observed intensity. While 
a solar analog star was used to model and subtract the dust continuum, 
variations in dust reflectance properties and broad-band spectral resid-
uals may still obscure weak emission bands. These factors contribute to 
the stringent upper limits derived for undetected molecular species in 
this study.

In this work, we analyze an optical spectrum of comet C/2023 A3 
obtained with the DOLORES spectrograph at the Telescopio Nazionale 
Galileo (TNG) on May 1, 2024, calculating the production rate of 
CN, deriving upper limits for the production rates of key molecular 
species, and comparing them with those of other comets reported in 
the literature.

2. Observations and data reduction

The observation of comet C/2023 A3 was conducted using the 
DOLORES (Device Optimized for the LOw RESolution) spectrograph 
mounted on the 3.58 m Telescopio Nazionale Galileo (TNG). For this 
study, the LR-B grism was employed in combination with a 1.0’’ slit 
width, providing a spectral resolution of R = 𝜆/𝛥𝜆 = 600, sufficient to 
resolve key molecular emission features typically observed in cometary 
spectra. The spectrum was obtained on May 1, 2024. Table  1 shows the 
observing circumstances at the moment of observations. The cometary 
spectra (see Fig.  1) were reduced using standard procedures imple-
mented in the IRAF (Tody, 1986) software package, following the 
classical extraction method by Horne (1986). The reduction process 
included bias subtraction (the bias is computed on the over-scan re-
gions of the frame), flat-field correction, and wavelength calibration. 
Wavelength calibration was performed using comparison spectra from 
He and Ne+Hg lamps. Subsequently, the spectra were flux-calibrated 
using observations of a spectrophotometric standard star (SA 107–684). 
To isolate the molecular emission features and remove the continuum 
contribution from dust, we used the solar analog star Land102-1081. 
The calibration accounted for instrumental response and atmospheric 
extinction, ensuring the spectra were suitable for quantitative analysis 
of the cometary emissions (see Fig.  2).

3. Methods

To characterize the volatile content of comet C/2023 A3, we an-
alyzed the obtained spectrum to determine the CN production rate, 
the only molecular emission detected, and to establish upper limits for 
undetected species, including C2, C3, and NH2. The following sections 
detail the methods employed for these analyses.
2 
Fig. 1. 2D-emission spectrum of comet C/2023 A3 (Tsuchinshan-ATLAS). The spectrum 
refers to 1 May, 2024.

3.1. Determination of the CN production rate

The production rate of CN (B-X) was derived by analyzing its 
emission band centered at 3883 Å. The integrated flux of the emission, 
𝐹obs, was measured in IRAF through a fit of a Gaussian profile, centered 
at the catalog wavelength (see Fig.  3). The spatial distribution of CN 
emission along the slit was modeled using the Haser model (Haser, 
1957), which assumes isotropic expansion of the molecules in the coma. 
To convert the observed flux into a production rate, we applied the 
method by Fink and Hicks (1996), which is given by: 

𝑄 =
4𝜋𝛥2𝑉𝑜𝑢𝑡

𝑔𝛽𝑑
⋅ 𝐹𝑜𝑏𝑠 ⋅𝐻, (1)

where 𝛥 is the geocentric distance, 𝑉𝑜𝑢𝑡 is the outflow velocity of 
molecules in the coma (Faggi et al., 2021; Rauer et al., 2003), 𝑔
is the fluorescence efficiency (i.e., 𝑔-factor) of the molecule, and 𝛽𝑑
is the molecule’s daughter scale length. 𝐹𝑜𝑏𝑠 is the flux emitted by 
the molecule, and 𝐻 is the Haser correction. The uncertainty on the 
outflow velocity (𝑉𝑜𝑢𝑡) was estimated based on empirical variations 
observed in previous studies (e.g., (A’Hearn et al., 1995; Biver et al., 
2024)), and given the lack of direct measurements and for consistency 
with previous works, we assumed the same outflow velocity for all 
molecular species, scaled according to the heliocentric distance. In the 
Haser model calculation, molecular 𝑔−factor, scale length and their 
errors were taken from (Fink and Hicks, 1996; Langland-Shula and 
Smith, 2011; Meier et al., 1998; Schleicher, 2009). The Haser model 
parameters, including the scale lengths, were optimized to match the 
observed flux distribution along the long slit, following the method-
ology described by Fray et al. (2005) (see Table  2). This approach 
ensures that the derived production rate is consistent with the spatial 
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Fig. 2. 1D-emission spectrum of comet C/2023 A3 (Tsuchinshan-ATLAS). Spectral range: 350–820 nm. The spectrum refers to 1 May, 2024. Top panel: Comparison between the 
observed spectrum of comet C/2023 A3 (black) and the solar analog spectrum (purple). Bottom panel: The spectrum of C/2023 A3 after division by the solar analog.
Table 2
Parameters and production rates used to determine the molecular abundances in comet C/2023 A3. 𝑉𝑜𝑢𝑡 is the gas outflow velocity, 𝑔 is the 
molecular 𝑔-factor, 𝛽𝑑 is the daughter scale length, and 𝐹𝑜𝑏𝑠 is the observed flux. The production rates and corresponding mixing ratios are 
shown in the last two columns. Values are scaled to the heliocentric distance of the observation.
 Molecule 𝑉𝑜𝑢𝑡 𝑔 𝛽𝑑 𝐹𝑜𝑏𝑠 Production Rate log[Q(X)/Q(CN)] 
 10−14 105 10−13  
 km s−1 erg s−1 mol−1 km erg cm−2 s−1 molec/s  
 CN 0.48 ± 0.12 3.99 6.9 3.45 (3.89 ± 0.21) × 1025 –  
 C2 " 5.91 1.7 – < 1.30 × 1025 < −0.48  
 C3 " 13.10 61.2 – < 3.12 × 1024 < −1.10  
 NH2 " 1.03 4.58 – < 2.79 × 1025 < −0.14  
emission profile. Errors in the model parameters, including the ob-
served flux, the scale lengths and outflow velocity, were propagated to 
estimate the uncertainty in the production scale calculation, as shown 
in Langland-Shula and Smith (2011).

3.2. Upper limits for other molecular species

We looked for the C2 (0−0) emission band near 516.7 nm, which 
is typically the second most prominent species in the optical spectrum 
of comets, but it was not detected. No emission from C3 (A−X) band 
around 405 nm, or the main NH2 (0−0) band centered around 553 nm 
could be detected either (see Fig.  4). For undetected molecular species, 
upper limits were derived based on the noise level in the spectrum at 
the wavelengths corresponding to their expected emissions. The root 
mean square (RMS) of the continuum flux, 𝜎cont, was calculated around 
the wavelengths of C2, C3, and NH2. This RMS was taken as the 1𝜎
threshold for undetected lines. The upper limit for the flux, 𝐹lim, was 
approximated as: 
𝐹lim = 3𝜎cont𝛥𝜆, (2)

where 𝛥𝜆 represents the width of the expected molecular band. The 
upper limit fluxes were then converted into production rates using 
3 
the same formalism described for CN, substituting the appropriate 
𝑔−factors for C2, C3, and NH2 using a Haser model as mentioned 
above (see Table  2). The upper limit production rates were calculated 
assuming the same expansion velocity as for CN, ensuring consistency 
in the coma model. These upper limits provide constraints on the 
maximum abundance of the undetected species under the observational 
conditions.

3.3. Baseline determination and uncertainty estimation

The determination of the spectral baseline in comet C/2023 A3 
(Tsuchinshan-ATLAS) presented a particular challenge due to the strong 
dust continuum, which significantly contaminated the spectrum and 
obscured weaker molecular emission features. To address this, we 
adopted a two-step method:

1. Continuum fitting: we fitted the continuum using a low-order 
polynomial function applied to regions of the spectrum free from 
known molecular emissions. These regions were carefully se-
lected to avoid contamination from prominent emission features 
such as CN, C2, C3, and NH2. The fit was performed iteratively, 
minimizing the residuals between the observed spectrum and 
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Fig. 3. 𝑇 𝑜𝑝 𝑝𝑎𝑛𝑒𝑙. Gaussian fit to the CN emission band centered at 3881.68 Å in the 
comet’s spectrum. The black line represents the observed spectrum, the red line is the 
fitted Gaussian profile, the blue dashed line indicates the central wavelength, and the 
shaded area corresponds to the total flux under the curve. 𝐵𝑜𝑡𝑡𝑜𝑚 𝑝𝑎𝑛𝑒𝑙. Zoomed-in 
view of the CN emission band and its Gaussian fit. The detailed view highlights the 
agreement between the fitted Gaussian profile (red line) and the observed data (black 
line), with the shaded area representing the integrated flux. The central wavelength is 
marked by the blue dashed line.

the fitted model to ensure an accurate representation of the 
underlying dust contribution.

2. Solar analog subtraction: to account for the reflected solar con-
tribution from dust particles, we subtracted a scaled spectrum of 
a solar analog star observed with the same instrumental setup.

The uncertainties in the baseline determination were estimated by 
analyzing the root-mean-square (RMS) fluctuations in regions of the 
spectrum free from molecular emissions.

4. Results and conclusions

4.1. Determination of production rates and mixing ratios

The production rate of CN was determined to be (3.89 ± 0.21) ×
1025 molec/s. This value reflects the significant presence of CN in the 
comet’s coma, making it the dominant detectable molecular species in 
our observations. The derived upper limits for C2, C3, and NH2 are: 
𝑄C3

< 3.12 × 1024 molec/s, 𝑄C2
< 1.30 × 1025 molec/s, and 𝑄NH2

<
2.79×1025 molec/s. The results underscore the dominance of CN in the 
volatile inventory of comet C/2023 A3, as it is the only species detected 
with a production rate well above the derived upper limits of the 
other molecules. These findings contribute to a better understanding of 
the molecular composition and photochemical processes in the coma 
of comets, particularly those with significant dust contamination that 
can obscure fainter emissions. A comparison with the results reported 
by Ahuja et al. (2024) reveals some differences. Ahuja et al. (2024) 
measured a CN production rate of (4.73 ± 0.23) × 1025 molec/s, slightly 
higher than our measurement. Additionally, they derived upper limits 
for C2, C3, and NH2 that are comparable to ours: 𝑄C2

< 1.49 × 1025

molec/s, 𝑄 < 3.36 × 1024 molec/s, and 𝑄 < 2.95 × 1025 molec/s. 
C3 NH2

4 
Fig. 4. Top panel: Observed spectrum of comet C/2023 A3 in the spectral region of 
the C2 bandhead at 5168.64 Å. The black line represents the observed spectrum, while 
the blue dashed line marks the expected central wavelength of the molecular feature. 
The shaded red region indicates the area where the emission would be expected, but 
no significant detection is observed. Middle panel: Same as the top panel but for the 
C3 bandhead at 4003.65 Å. Bottom panel: Same as the previous panels but for the NH2
bandhead at 5537.27 Å.

Furthermore, Jehin et al. (2024) reported a CN production rate of 
(5.39±0.52)×1025 molec/s, which is higher than both our measurement 
and that of Ahuja et al. (2024). Notably, Jehin et al. (2024) also 
detected C2 with a production rate of (1.66 ± 0.42) × 1025 molec/s, 
whereas in our observations and those of Ahuja et al. (2024), C2 was 
not detected, and upper limits were established. Jehin et al. (2024) 
reported a log(Q(C2)/Q(CN)) ratio of −0.58± 0.15, indicating a carbon-
chain depleted composition. These discrepancies could be attributed to 
several factors, including differences instrumentation sensitivity, or the 
comet’s activity levels at the times of observation. Our observations 
were conducted on May 1, 2024, at a heliocentric distance of 2.76 AU, 
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while (Ahuja et al., 2024)’s observations took place on May 31, 2024, 
at 2.33 AU, and Jehin et al. (2024)’s on July 4, 2024, at 1.81 AU. 
The closer proximity to the Sun in the latter observations could have 
resulted in increased sublimation rates, leading to higher production 
rates of volatile species.

We now proceed to compare our results with those reported for 
other comets to assess whether all comets share a similar compo-
sition or if fundamental differences exist. Should such differences 
be identified, further questions arise regarding their origin, whether 
they result from distinct formation environments or divergent evolu-
tionary processes. We compared our derived production rate ratios 
for comet C/2023 A3 with those reported in the literature (A’Hearn 
et al., 1995; Fink, 2009; Cochran et al., 2012). Our measured val-
ues are log[𝑄(C2)∕𝑄(CN)] < −0.48, log[𝑄(C3)∕𝑄(CN)] < −1.10, and 
log[𝑄(NH2)∕𝑄(CN)] < −0.14. These values are all lower than the 
average values observed in typical comets, which are 0.15±0.20, −0.68±
0.20, and −0.09 ± 0.27 for C2, C3, and NH2, respectively. According to 
the carbon-depletion classification criteria, the ratio of −1.10 for C3 and 
−0.48 for C2 indicate that the comet can be classified as carbon-depleted 
according to the definitions provided in previous studies (e.g., (Cochran 
et al., 2012)). The log[𝑄(𝑁𝐻2)∕𝑄(𝐶𝑁)] < −0.14 ratio, although slightly 
below the average value for typical comets, does not significantly 
deviate from the expected range for non-depleted comets. These results 
suggest that C/2023 A3 exhibits a clear carbon-chain depletion pattern, 
which could be indicative of intrinsic compositional differences or the 
result of evolutionary processes affecting its volatile inventory.

4.2. Determination of 𝐴𝑓𝜌 and dust production analysis

The dust production rate of comet C/2023 A3 was quantified using 
the 𝐴𝑓𝜌 parameter, following the method described by A’Hearn et al. 
(1995). In our observations, we derived an 𝐴𝑓𝜌 value of 4329 ± 56 cm 
at a heliocentric distance of 𝑟ℎ = 2.76 au and a geocentric distance 
of 𝛥 = 1.5 au. The uncertainty on the 𝐴𝑓𝜌 parameter was estimated 
by propagating the individual errors on the heliocentric distance (𝑟ℎ), 
geocentric distance (𝛥), observed cometary flux, and solar analog flux. 
This calculation was performed using standard error propagation tech-
niques, taking into account the contributions from both observational 
uncertainties and geometric parameters. This value reflects the comet’s 
significant dust production activity during our observation window. 
Our 𝐴𝑓𝜌 measurement is comparable to values reported in previous 
studies. Specifically, observations from July 4, 2024, reported 𝐴𝑓𝜌
values of 6007 ± 68 cm (Jehin et al., 2024). These observations were 
taken at 𝑟ℎ = 1.81 au and 𝛥 = 1.99 au. Although our measurement is 
slightly lower, this discrepancy can be attributed to the larger helio-
centric distance during our observation, as dust production typically 
increases with decreasing 𝑟ℎ.

A further point of comparison concerns the comet’s dust-to-gas ratio. 
Previous reports measured a dust-to-gas ratio of log (𝐴𝑓𝜌∕𝑄(𝐶𝑁)) =
−21.94 ± 0.04. Our calculated ratio of log (𝐴𝑓𝜌∕𝑄(𝐶𝑁)) = −21.87 ± 0.03
(assuming 𝑄(𝐶𝑁) = (3.89±0.21)×1025molec/s) is consistent with these 
earlier findings.

The comparison between our measurements and previous obser-
vations highlights both the temporal evolution of C/2023 A3’s dust 
production and the consistency of its carbon-chain depletion. The 
observed increase in dust activity aligns with trends seen in other 
observations closer to the comet’s perihelion, while the stable dust-
to-gas ratio suggests persistent compositional characteristics over time. 
These findings contribute to the broader understanding of the physical 
and chemical evolution of dynamically new comets from the Oort 
Cloud.
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