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A B S T R A C T 

Titan is r eg ar ded as a Solar system natur al labor at ory for studying atmospheric phot ochemistry and abiotic production 

of organic molecules on cold small e x oplanets. Since the Cassini-Huygens mission ended, telescope observations enabled 

new detections of increasingly complex carbon-based molecules at infrared and sub-mm wavelengths, while the optical 
regime has been largely overlooked. Following a recent t entativ e det ection of the 4050 Å absorption band of C 3 in Titan – a 

photochemical precursor to aromatic chemistry – in archived optical VL T -UVES spectra ( R ≈ 60 000), this work presents a 

8 σ detection of the C 3 4050 Å absorption band in Titan from dedicated ultra-high-resolution VL T -ESPRESSO observations 
of Titan ( R ≈ 190 000, highest spectral resolution observations of Titan in optical wavelengths ever). VL T -ESPRESSO 

spectrum is compared to a model spectrum of Titan, for varying C 3 abundances; a χ2 curve is drawn to assess the agreement 
of non-solar spectral features with C 3 absorption when varying C 3 abundance; and a Bayesian Markov chain Monte Carlo 

(MCMC) fit between model and observed spectra is performed. χ2 curve analysis yields an 8 σ C 3 detection, consistent with 

a C 3 column density of N = 1 . 5 × 10 

13 cm 

−2 , whereas the MCMC fit retrieved a C 3 column density on Titan’s atmosphere of 
N = (1 . 47 ± 0 . 30) × 10 

13 cm 

−2 at 5 σ , the same order of magnitude of predict ed C 3 abundances by phot ochemical models, 
reaching ppm levels on Titan’s mesosphere. This w ork show cases the usefulness of instruments and techniques originally 

dedicat ed t o e x oplanet r esear ch when applied t o Solar syst em targets and science cases. 

Key wor ds: astr obiology – molecular data – instrumentation: spectrographs – methods: observational – planets and satel- 
lites: atmospheres – planets and sat ellit es: individual: Titan. 
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 INTRODUCTION  

.1 On Titan’s atmosphere 

itan, with its dense and chemically rich atmosphere and likely 
ubglacial water ocean, stands out amongst the icy moons as one 
f the most ext ensiv ely studied bodies in the Solar system (S. M.
örst 2017 ) (S. MacKenzie et al. 2021 ). The diversity and unique-
ess of Titan’s distinct environmental, physical, and chemical 
haract eristics hav e sparked a long -lasting inter est in the largest
at ellit e of Saturn, cov ering a wide array of scientific ar eas, fr om
tmospheric chemistry to planetary geology and ev en t o astrobi-
logy S. M. Hörst 2017 ; S. MacKenzie et al. 2021 . 

A major reason for Titan’s uniqueness is the unusually large 
nd dense atmosphere for an icy sat ellit e, reaching Earth-like
ensities and pr essur es on its tr opospher e (A. Sánchez-Laveg a
011 ) and sharing the same major atmospheric constituent (N 2 )
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ith the Earth’s atmosphere (S. M. Hörst 2017 ). The photochem-
cal dissociation of atmospheric CH 4 (and to a lesser extent N 2 )
n Titan’s upper atmosphere leads to a complex chain of pho-
ochemical reactions that give rise to a diverse set of increas-
ngly comple x hydr ocarbons, nitriles and org anic compounds (S.

acKenzie et al. 2021 ). The vast photochemical production of 
rganic compounds on Titan creates precursors to the organic 
azes that enshroud its atmosphere, a process akin to the one

hat is believed to have occurred on the early Earth (M. Trainer
t al. 2006 ). While the extent of its contribution to the emergence
f life on Earth is unclear, it is believed that the production of 
hotochemical organic hazes could take place across the Galaxy 
n Titan-like e x oplanets (G. Arney et al. 2017 ). 

Understanding the chemical complexity of Titan’s atmosphere 
as benefited from parallel contributions from observations and 

odelling work (S. M. Hörst 2017 ). Early remote sensing observa-
ions from Voyager 1 and ground-based telescopes have hinted at 
he chemical complexity of Titan’s atmosphere which motivated 

reliminary studies on the atmospheric pr oduction of org anic 
olecules (Y. L. Yung, M. Allen & J. Pinto 1984 ). The Cassini-
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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uygens space mission enabled an in-depth study of Titan’s pho-
ochemical processes and products, characterizing profiles of 
igher-or der hydr ocarbons and nitriles (e.g . C 2 N 2 , HCN, HC 3 N,
 4 H 2 and C 3 H 4 ; N. Teanby et al. 2009 ; A. Coustenis et al. 2010 )
s well as simple aromatic compounds like benzene (C 6 H 6 ) (V.
uitton, R. V. Yelle & J. Cui 2008 ). 
Since the end of the Cassini mission in 2017, the observational

tudy of Titan’s atmosphere has been carried forward with sev-
ral new molecular discoveries from ground-based sub-mm (e.g.
etection of c-C 3 H 2 with ALMA, C. Nixon et al. 2020 ) and in-
rar ed high-r esolution observations (e.g . detection of CH 2 C CH 2 
ith IRTF-TEXES; N. Lombardo et al. 2019 ). Recent space-based

bservations from near to mid-infrared observations with James
ebb Space Telescope ( JWS T ) ha ve also contributed to this effort,

irectly detecting the methyl radical, CH 3 , one of the main actors
n Titan’s atmospheric photochemistry (C. Nixon et al. 2025 ). 

It is worth noticing that despite being less challenging than
nfr ared observ ations due to the transparency of Earth’s atmo-
pher e, gr ound-based high-r esolution observations of Titan in
isible wa velengths ha ve been largely overlooked (R. Rianço-
ilva et al. 2024 ). One of the reasons behind this is the fact
hat most of the strongest molecular absorption features of the

olecules present in Titan’s atmosphere are present in the near
nd mid infr ared spectr al regions (C. Nixon et al. 2025 ). A notable
 x ception to this is precisely the object of study of this work – the
olecule of propadienediylidene (C 3 ) also known as tricarbon

A. L ynas-Gr ay et al. 2024 ). 

.2 On the molecule of C 3 

escribed for the first time in an astrophysical setting by A. Dou-
las ( 1951 ), on the active coma of a comet, propadienediylidene
or tricarbon, fr om her e on, C 3 ) has ever since been found across
 wide range of carbon-rich, energetic environments – in par-
icular, int erst ellar dark clouds (M. R. Schmidt et al. 2014 ) and
he atmospheres of carbon-rich stars (P. Swings, A. McKellar &
. N. Rao 1953 ). These early astrophysical detections of C 3 re-

ied on its strong spectral features in the violet section of the
isible spectrum at 4050 Å which L. Gausset et al. ( 1965 ) iden-
ified as the ˜ A 

1 �u − ˜ X 

1 �+ 

g 000–000 electronic transition. With
he advent of very high-resolution spectroscopy, a continuous
 ork of improv ement of the resolution of molecular line lists
f C 3 (A. Tanabashi et al. 2005 ) has allowed the detection of C 3 
050 Å absorption on the int erst ellar medium with visible high-
 esolution spectr ographs such as VL T -UVES with resolving pow-
rs of R > 60 000 (e.g. M. R. Schmidt et al. 2014 ; H. Fan et al.
024 ). 

The thought of Titan’s upper atmosphere as a carbon-rich en-
rgetic environment with complex photochemical networks has
ed modelling works to consider the effect of highly unsaturated
 3 -hydrocarbons on their photochemical networks. Remarkably,
. Hébrard et al. ( 2013 ) and M. Dobrijevic et al. ( 2016 ) predicted

hat C 3 could be among the most abundant three carbon species
resent in the upper atmosphere of Titan, reaching molar ratios
f the order of ppm at 400 km (lower mesosphere) of tens of ppm
t altitudes of 800 km (upper mesosphere) (E. Hébrard et al. 2013 )
equivalent to a maximum predicted column density of C 3 in

itan’s atmosphere of 5 × 10 13 cm 

−2 . These relative abundances
re comparable with those of the most abundant det ect ed three-
arbon hydrocarbons, such as propane (C 3 H 8 ) at the ppm level
cr oss Titan’s stratospher e and mesospher e (M. Dobrijevic et al.
016 ). 
NRAS 548, 1–15 (2026) 
Indeed and unlike more chemically stable three-carbon hydro-
arbon species (C 3 H 8 , C 3 H 6 , CH 2 CCH 2 and CH 3 C CH) which ar e
bserved in Titan’s stratosphere (N. Lombardo et al. 2019 ), C 3 is
redict ed t o be significantly deplet ed in Titan’s strat osphere, with
elative abundances plummeting below ppt levels at altitudes
ower than 300 km (E. Hébrard et al. 2013 ). This effect has also
een described and observed for c-C 3 H 2 (C. Nixon et al. 2020 and
. Willacy et al. 2022 ), which is the most similar species to C 3 
et ect ed in Titan up to this point. Possible reasons for this dis-
inct vertical profile peaking in relative abundance at the upper

esosphere and stratospheric depletion for both C 3 and c-C 3 H 2 
ould be traced to the increase in the reaction with H atoms in the
ower mesosphere and stratosphere, described in (M. Dobrijevic
t al. 2016 ) and (K. Willacy et al. 2022 ). 

The C 3 molecule is particularly interesting for the evolution
f chemical complexity in Titan’s atmosphere, as it is thought to
lay a role on the production of aromatic chemistry in Titan (J.
oison, M. Dobrijevic & K. Hickson 2019 ) since its reaction with

he CH 3 radical significantly impacts the production of C 4 H 2 (A.
ebel et al. 2023 ). C 4 H 2 is then a direct precursor of benzene and

ther aromatics in Titan (including PAH) (J. Loison et al. 2019 )
hich are known to play a pivotal role in prebiotic processes

P. Ehr enfr eund et al. 2006 ). Hence, giv en the great int erest for
strobiology of the atmospheric production of aromatic species, it
s critical to gain understanding of the many ‘missing links’ – such
s the reaction rates of C 3 + CH 3 which are challenging to study
xperimentally (A. Mebel et al. 2023 ). Detecting and retrieving
he atmospheric abundance of C 3 in Titan will ther efor e pr ovide
ey observational constraints to the models that attempt to de-
cribe the production of prebiotic molecules on the atmosphere
f Titan (J. Loison et al. 2019 ). 

How ev er, in spit e of its importance and high predict ed abun-
ance in Titan’s mesosphere, no direct and conclusive detec-
ion of C 3 has been reported thus far. Possible reasons for this

ight be connected to the lack of an infrared, detailed line list
f C 3 – r ecently addr essed by the Ex oMol pr oject (A. Lynas-

Gray et al. 2024 ) – and the largely overlooked visible spectrum
f Titan, where the strongest spectrum features of C 3 are present
R. Rianço - Silva et al. 2024 ). The sole indirect evidence for the
resence of C 3 in Titan stems from the INMS peak at 37 m / z units
ttribut ed t o the C 3 H 

+ (V. Vuitt on, R. V. Yelle & M. McE w an 2007 )
hich is the most likely loss mechanism for C 3 (M. Dobrijevic

t al. 2016 ). 
Apart from this, a recent study with VL T -UVES has claimed a

 entativ e det ection of the C 3 4050 Å-band in Titan’s atmosphere
rom very high resolution visible spectroscopy (R. Rianço - Silva
t al. 2024 ). Despite this encouraging result, which was consistent
ith the presence of C 3 in Titan at a column density of 10 13 

m 

−2 , the small number and a low signal-to-noise ratio (SNR) of 
et ect ed spectral features of C 3 in R. Rianço - Silva et al. ( 2024 )
 equir e further observations at increased spectral resolution and
NR to allow confirming the detection of C 3 in Titan. This is the
urpose of this work which is organized as follows: In Section 2
e describe the VL T -ESPRESSO observations of Titan and their
ata reduction. In Section 3 we describe our model for Titan’s
pectrum with C 3 absorption. In Section 4 we show our obser-
ational results and compare them to the spectral model of Titan
hrough a χ2 analysis and through a Markov chain Monte Carlo
MCMC) Bayesian retrieval, and in Section 5 we discuss and con-
lude. 
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 O B S E RVAT I O N S  AND  DATA  REDUCTION  

.1 Observations 

he dedicated observations used for this w ork w ere obtained 

ith the E ur opean Southern Observatory’s Very Large Tele- 
cope (VLT) ESPRESSO (Échelle SPectrograph for Rocky Exo- 
lanets and Stable Spectroscopy Observations) instrument. VL T - 
SPRESSO is a visible, high-resolution, fibre-fed, cross-dispersed, 
chelle spectrograph at the Incoherent Combined-Coudé Labora- 
ory (ICCL) of the VLT, allowing this instrument to receive light
rom any of the four 8 m-class Unit Telescopes (F. Pepe et al.
014 ). Although originally built with the goal of searching for and
haracterizing e x oplanets, VL T -ESPRESSO has alr eady pr oven
o be a very useful instrument for Solar system science, having 
nabled Doppler velocimetry studies of the atmosphere of Jupiter 
P. Machado et al. 2023 ). 

Titan was observed for 2 h 20 min with VL T -ESPRESSO, start-
ng at 00:17 utc on 2024 December 4, as part of the ESO observing
rogram 114.277N, using the ultra-high-resolution (UHR) mode 
f VL T -ESPRESSO (F. Pepe et al. 2021 ). This is the highest spec-
ral resolution mode available with VL T -ESPRESSO, reaching a 
esolving power of 190 000 – making these the observations of 
itan at the highest spectral resolution ever done in optical wave- 

engths. During the course of the observation the seeing (FWHM) 
as below 0.8 arcsec and the sky was clear. Titan’s solid body

diameter = 5150 km) corresponded on the observation night to 
n apparent angular diameter of 0.74 arcsec. How ev er, due t o its
hick, opaque atmosphere, Titan’s optical radius at λ = 400 nm 

s about 300 km high in its atmosphere (R. Lorenz et al. 1999 ).
his yields a Titan optical diameter of 5750 km at λ = 400 nm,
orresponding to an apparent angular diameter of 0.826 arcsec on 

he observation night. This implies that the VL T -ESPRESSO 0.5 
r csec fibr e was fully covered by Titan’s disc – with implications
or modelling Titan’s atmosphere described In Appendix B . At 
he time, Titan had an apparent V-band magnitude of + 8.62, a
urface brightness of 7.71 mag arcsec −2 and an illuminated frac- 
ion of 99.73 per cent. Target ephemerides were obtained from the
orizons System – Solar System Dynamics Ephemerides Calcu- 

ator from NASA/JPL (J. Giorgini et al. 1996 ). 
The set of seven e xposur es (each 20 min long) of Titan enabled

 coverage of the entire visible, backscattered spectrum of Titan 

at the wavelength range of 378.2–788.7 nm), reaching an SNR 

f 60 at 405 nm on each e xposur e. This would imply a total SNR
lose to 100, after stacking the seven e xposur es. 

.2 Data reduction 

.2.1 Removing telluric effects and stacking exposures 

he data were reduced with ESPRESSO Data R eduction Softw are 
 ersion 3.3.0. Aft er obtaining individual flux-calibrat ed spectra 
or each Titan e xposur e, we r emoved the effects of the variation
f air mass in multiple e xposur es, which ar e evident in Fig . A1 . To
o so, we obtained a thir d-degr ee polynomial fit of the division of 
ach e xposur e’s Titan spectrum by the spectrum of the e xposur e
t the lowest airmass (see Fig. A2 ). The spectrum of each expo-
ure was then divided by the respective normalized polynomial fit 
 o remov e the effect of varying air mass on the spectral continuum
a value between 0 and 1 for each spectral wavelength bin). The
pectral flux errors, δS λ,i , associated with the i th e xposur e spectral
ux measurement, S λ,i , were obtained in a similar fashion: each 
 xposur e’s spectral flux error ( δS λ,i ) was divided by the respective
ormalized polynomial fit to the airmass (a value between 0 and
 for each wavelength bin), maintaining each e xposur e’s SNR
fter removing the effect of varying airmass acr oss e xposur es.
fter this, the Titan spectra (corrected for airmass variation, as 

hown in Fig. A3 ) w ere av eraged t ogether t o obtain a single Titan
pectrum, S λ, for the entire observation night (equation 1 ). 

 λ = 

1 
N 

N ∑ 

i 

S λ,i (1) 

The respective spectral flux errors for each i e xposur e wer e
lso combined into a single spectral flux error per wavelength 

in, δS λ, as shown in equation ( 2 ), the equation for the stan-
ar d err or of the mean, which depends on tw o t erms: the first
erm accounts for the average of the intrinsic spectral flux error
 δS λ,i ) per wavelength bin, per e xposur e, i.e. the spectral flux
rror associated with each spectral flux measurement per each 

 xposur e. The second term depends on the scatter of the spectral
ux values per e xposur e and wavelength bin ( S λ,i ) around their
verage, obtained in equation ( 1 ), corresponding to the variance
catt er betw een the multiple stacked e xposur es ( s 2 ). Both terms
re summed in quadrature in equation ( 2 ), allowing us to account
or both the intrinsic uncertainties in each e xposur e as well as the
catt er betw een the differ ent e xposur es. Stacking these spectra
ncreased the total SNR, reaching ≈ 100 at 405 nm, as shown in
ig. A4 . 

S λ = 

√ √ √ √ 

1 
N 

( 

1 
N 

N ∑ 

i =1 

δS 2 
λ,i + s 2 

) 

, where s 2 = 

1 
N − 1 

N ∑ 

i =1 

(S λ,i − S λ ) 2 (2) 

One extra step in data reduction inv olv es normalizing the a ver -
ge Titan spectrum by its spectral continuum, to make it directly
omparable with the normalized solar spectrum as described in 

ection 3 . To do so, we obtain the spectrum continuum using a
avitzk y–Gola y filter (A. Savitzky & M. Golay 1964 ) as shown in
ig. A5 . 
It is also worth noticing that the spectral flux errors per ex-

osur e ar e dominat ed by the phot onic err or, as e xpected fr om
SPRESSO’s e xposur e time calculator (ET C) (F. Pepe et al. 2021 ),
here for the conditions of these observations and for a target

kin to Titan, the combined contributions to the error from sky,
ark current and read-out-noise are below 2 per cent of the pho-
onic noise from Titan’s brightness. Hence, an SNR roughly scales 
ith the square root of the observation time, as these observations

re photon-noise limited. 
After removing the continuum telluric contributions to the ob- 

erv ed spectrum, w e solely focus on the spectral region of int erest
orresponding to the C 3 ˜ A 

1 �u − ˜ X 

1 �+ 

g 000–000 band, on the 
arrow wavelength region between 4040 Å and 4060 Å as shown 

n Fig. A6 . This allows a search for possible telluric absorption
r emission lines that could have contaminated the spectral sec- 
ion that is crucial for this analysis. Following the approach of 
. Dias, P. Machado & J. Ribeiro ( 2022 ) for high spectral resolu-
ion observations of other Solar system targets, we used NASA’s 
pen-access Planetary Spectrum Generator (PSG) radiative trans- 
er suit e t o simulat e the transmission of the Earth’s atmosphere
G. Villanueva et al. 2018 ) for VLT. From the simulated trans-

ission spectrum of Earth’s atmosphere at the ESPRESSO UHR 

ode resolution (shown in grey in Fig. 1 ), no telluric absorption
r emission line causing a variation of transmission above 0.01 
er cent is present in the 4040 Å and 4060 Å wavelength range,
ell below the sensitivity allowed by a high SNR of these observa-

ions, thus discarding the need for additional telluric correction. 
MNRAS 548, 1–15 (2026) 
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M

Figure 1. VL T -ESPRESSO normalized spectrum of Titan (black data points) at the spectral region of interest for the ˜ A 

1 �u − ˜ X 

1 �+ 
g 000–000 band of 

C 3 compared to an arr ay of spectr al models of Titan with varying column densities of C 3 ( N). Spectral models based on the H. Fan et al. ( 2024 ) C 3 line 
list. Telluric transmission obtained from Planetary Spectrum Generat or, shift ed upwards by 1 per cent for clarity (G. Villanueva et al. 2018 ). The triangles 
mark the identified spectral features we associate with C 3 absorption features, described in Table D1 . 
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.2.2 Removing Doppler shifts 

 key st ep t o take int o account when dealing with observations of 
olar system objects in high spectral resolution is the correction
f the orbital Doppler shift. This Doppler shift is a consequence
f the relative motions between the observer (on Earth) and the
bserved body, causing a shift on the observed wavelengths 	λ

iven by 

λ = λ0 
v 
c 
, (3) 

where λ0 is the rest-frame wavelength, before Doppler shift
ccurs. The absorption lines that we aim to detect on Titan’s
tmospheric spectra ought to occur on Titan’s rest frame. Hence,
t is key to shift the observed spectrum to Titan’s rest frame,
y subtracting from each wavelength bin the associated Doppler
hift, given by equation ( 3 ). For r efer ence, during the observation,
itan’s radial velocity with respect to the observer at VLT was 5.33
m s −1 , towards the observer (from J. Giorgini et al. 1996 ), which
mounts to a Doppler shift of 0.072 Å at 4050 Å. 

 M O D E L L I N G  C  3 A B S O R P T I O N  I N  T I T A N  

hen analysing the observed spectrum, it makes sense to directly
ompare it with the modelled spectrum of Titan in the wave-
ength r egions of inter est. Her e we follow the approach used in
. Rianço - Silva et al. ( 2024 ), whereby this very short wavelength

pan of Titan’s spectrum (2 nm-wide) is modelled as a normal-
zed backscattered solar spectrum upon which occurs the C 3 line
bsorption. This is a valid appr o ximation since 

(i) The absorption of C 3 is expected to occur on the upper la y -
rs of Titan’s atmosphere (altitudes above 400 km), significantly
bove the optical radius of Titan at 405 nm (below 250 km, from
. Lorenz et al. 1999 ) where backscatter occurs. 
(ii) The spectrum of Titan in this short wavelength section is

ominated by continuum haze absorption and scatter, which do
NRAS 548, 1–15 (2026) 
ot pr oduce high-r esolution featur es. In R. Rianço - Silva et al.
 2024 ), it was shown that the continuum haze absorption of Titan
aries by less than 0.04 per cent per Ångstrom over the 400–500
m region, which is negligible for the w avelength r ange and SNR
f the observed spectrum. 

(iii) Ther e ar e no other known absorbing g ases in Titan’s at-
osphere (apart from C 3 ) that showcase absorption lines on the

040–4060 Å w avelength r ange, as w as also shown in R. Rianço-
ilva et al. ( 2024 ). 

Hence, we model the UHR spectrum of Titan in the 4040–
060 Å w avelength r ange as a product of a UHR solar spectrum
the R. Kurucz ( 2006 ) solar spectrum at R = 500 000, with a spec-
r al resolution degr aded to ESPRESSO UHR R = 190 000) multi-
lied by the modelled C 3 transmission spectrum, M(λ, T, N ) . 
The C 3 transmission spectrum, M(λ, T, N ) , was based on the
ost recent line list of C 3 covering its ˜ A 

1 �u − ˜ X 

1 �+ 

g 000–000
and, by H. Fan et al. ( 2024 ), by combining multiple previous

ine lists, such as the ones from A. Tanabashi et al. ( 2005 ) and M.
. Schmidt et al. ( 2014 ). It is worth noticing that these line lists
er e obtained thr ough comparison with observational data fr om
L T -UVES, with a spectral resolution of R ≈ 80 000 (H. Dekker
t al. 2000 ), less than half of the UHR mode of VL T -ESPRESSO.
hese line lists solely contain the following information for each
 3 line: its wavelength, λ j , its corresponding transition within the
, Q, and R branches (associated with its J-level), and its oscillator
trength, f j (H. Fan et al. 2024 ). 

The first step to model the C 3 transmission spectrum in Ti-
an’s atmosphere is to obtain its partition function across the

ultiple molecular energy states ( J) associated with the vibronic
ransitions. Assuming thermal equilibrium, this partition is given
y a Boltzmann distribution as shown in equation ( 4 ), where B
 0.431 cm 

−1 , from A. Tanabashi et al. ( 2005 ). For the partition
unction sum at the denominator of equation ( 4 ), k are summed
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cross all the observed rotational levels, from H. Fan et al. ( 2024 ).

p( J, T ) = 

( 2 J + 1) exp 

[ 
− BJ (J +1) 

k B T 

] 
∑ 

k 

(
( 2 k + 1) exp 

[ 
− Bk (k +1) 

k B T 

] ) . (4) 

This distribution of the gas molecules across the multiple states 
J) is used t o calculat e the line strength, S j , of each transition from
he wavelengths, λ j , and oscillator strengths, f j , provided in the
 3 line lists, as shown in equation ( 5 ) (A. Sánchez-Lavega 2011 ).
onsidering thermal equilibrium, the line profiles of individual 
bsorption lines of C 3 are Gaussian and given by G j (λ, T ) , as
escribed in equation ( 6 ), where the Doppler broadening coef- 
cient, γ j,D (T ) , is given by equation ( 7 ), which depend on m C 3 ,

he mass of the C 3 molecule. 

 j = 

e 2 λ2 
j 

4 m e c 2 ε 0 
p(J, T ) . f j (5) 

 j ( λ, T ) = 

S j 

γ j,D ( T ) . 
√ 

π
. exp 

[ 

−
(

λ − λ j 

γ j,D ( T ) 

)2 
] 

(6) 

j,D (T ) = 

λ j 

c 

√ 

2 k B T 

m C 3 
. (7) 

Finally, the optical depth profile of each absorption line, 
j (λ, T, N ) is given by the product of the line profile G j (λ, T )
nd the column density of C 3 in Titan’s atmosphere, N and a
actor of ˜ A � 2.2155 which accounts for the spherical geometry of 
itan’s atmosphere in equation ( 8 ). This accounts for the varying
lant paths of photons across the illuminated disc, by adopting 
n effective path length enhancement factor of ˜ A � 2.2155, inte- 
rating the effect of the varying airmass over the observed disc of 
itan compared to the vertical two- w ay path at the disc centre.
his factor is an appr o ximation for a Lambertian spher e, wher e
hotons near the planetary limb traverse a longer atmospheric 
olumn (P. Palmer et al. 2001 ). 

j (λ, T, N ) ≈ ˜ A G j (λ, T ) N. (8) 

In order to get the complete model transmission spectrum of 
he C 3 absorption band on Titan, M(λ, T, N ) , we multiply all
f the individual lines (of all absorption lines identified in H. 
an et al. 2024 ) transmission profiles, M j (λ, T, N ) , which result

rom the Beer–Lambert law considering a two- w ay path of light
own to the optically thick layer where backscattering is assumed 

o occur (effective airmass of ˜ A � 2.2155, described above), as 
hown in equation ( 9 ). 

(λ, T, N ) = 

∏ 

j 

M j (λ, T, N ) = 

∏ 

j 

e −τ j (λ,T,N ) ≈
∏ 

j 

e − ˜ A G j (λ,T ) N . 

(9)

Finally, the synthetic spectrum of Titan is obtained by multi- 
lying the Transmission spectrum of C 3 by the normalized solar 
pectrum, and then conv olv ed with a g aussian pr ofile with a full
idth at half-maximum (FWHM) equal to the VL T -ESPRESSO 

pectral resolution, so that the synthetic spectrum of Titan is 
howcased at the same spectral resolution as the observed data 
again following the procedure described in R. Rianço - Silva et 

l. ( 2024 ). 
 R E S U LT S  AND  DISCUSSION  

.1 Comparing model spectra and observations 

n order to compare the observed VL T -ESPRESSO spectrum of Ti-
an with the synthetic model spectra with C 3 absorption, we have
reated an array of model spectra by varying the column density
f C 3 , N, from 0 to 3 × 10 13 cm 

−2 , with 2 × 10 12 cm 

−2 steps and
ssuming T = 200 K – the temperature of Titan’s atmosphere at
n altitude of 400 km (S. M. Hörst 2017 ). This comparison is
hown in Fig. 1 . 

Although the most prominent features in this region of the 
pectrum are the backscattered solar absorption lines, it is note- 
orthy that several features in the VL T -ESPRESSO spectrum of 
itan match those in the simulated Titan spectrum that include 
odelled C 3 absorption lines. A comparison between modelled 

nd observed spectral features is provided in Table D1 . These
eatur es deviate fr om the normalized solar spectrum, which r ep-
esents Titan’s baseline spectrum without any C 3 absorption. 
his is particularly evident for the spectral features at 4052.27 Å,
052.77 Å, and 4053.19 Å. How ev er, it is also noticeable that in
ome cases, the C 3 absorption lines in the modelled spectra are
hifted by a few hundr edths of Ångstr om fr om the observed
pectral features that diverge away from the normalized solar 
pectrum. This is particularly evident for the spectral features at 
051.60 Å, 4051.90 Å, 4052.11 Å, and 4052.67 Å. 

A possible explanation for this are uncertainties on the C 3 
ine lists used to model the C 3 absorption spectrum, taken from
. Tanabashi et al. ( 2005 ), M. R. Schmidt et al. ( 2014 ) and H.
an et al. ( 2024 ). This is since the C 3 line lists were empirically
btained and validated through the observation of int erst ellar 
 3 absorption lines using VL T -UVES observations with resolving 
owers of R ≈ 80 000 (H. Fan et al. 2024 ). This implies a spectral
esolution for past VL T -UVES observations no better than 	λ =
/λ, or 	λ = 0.05 Å at λ = 4050 Å, which compares to a VL T -
SPRESSO spectral resolution at the UHR mode of 	λ = 0.02 Å.

t is possible that this observation with impr oved r esolving power
 equir es a correction in some of the wavelengths associated with
he centre of some of the C 3 lines, as was done in past works
ollowing an improvement in spectral resolution compared to the 
r evious literatur e (A. Tanabashi et al. 2005 ; M. R. Schmidt et al.
014 ; H. Fan et al. 2024 ). 

.2 �χ2 analysis 

o assess whether non-zero values of modelled C 3 absorption 

ctually return an improvement to the quality of the model fit
o the VL T -ESPRESSO data, we have calculated a 	χ2 curve to
he model fit to the data, as a function of column density of 
bsorbing C 3 , N(C 3 ) . This analysis follows the approach of C.
ixon et al. ( 2020 ), where χ2 is defined by equation ( 10 ), with
 λ corresponding to the VL T -ESPRESSO measured Titan spectral 
ux, M λ(N ) corresponding to the modelled Titan flux as a func-

ion of C 3 column density, N, and δS λ corresponding to the VL T -
SPRESSO measured uncertainty (i.e. the measured spectral flux 
t wavelength λ by VL T -ESPRESSO is given by S λ ± δS λ). 

2 (N ) = 

∑ 

λ

(
S λ − M λ(N ) 

δS λ

)2 

, 	χ2 (N ) = χ2 (N ) − χ2 (N = 0) .

(10

Based on the framework of C. Nixon et al. ( 2020 ), we calculate
he difference of χ2 , 	χ2 (N ) , by subtracting χ2 (N = 0) (the χ2 
MNRAS 548, 1–15 (2026) 
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M

Figure 2. 	χ2 curve as a function of column density of C 3 , N(C 3 ) , 
following the approach of (C. Nixon et al. 2020 ). This plot shows an 
increase in the quality of the spectrum as the column density approaches 
N(C 3 ) = 1 . 5 × 10 13 cm 

−2 , suggesting a detection of C 3 in Titan. 
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Figure 3. Posterior plots from the MCMC fit to the VL T -ESPRESSO 

spectrum of Titan. Fit for the column density of C 3 ( N) and for the temper- 
ature ( T ). Retrieved values showcased with 1 σ errorbars. Contour plots 
on the 2D histogram correspond to the 0.5 σ , 1 σ , 1.5 σ , and 2 σ confidence 
regions for a 2D Gaussian distribution. Histogram y -axis correspond to 
the retrieved probability distribution, unitless. 

f  

c  

s  

m  

s  

M
 

d  

a  

a  

g

 

f  

d  

h  

e
a
c  

f  

f  

M  

h  

b

T  

o  

p  

u  
alue for the no C 3 case) to each calculated χ2 (N ) . If the spectral
t improves with the inclusion of C 3 absorption in the model,
 e w ould expect 	χ2 (N ) t o decr ease until a str ong minimum

s reached – which should indicate the N(C 3 ) for which the best
odel fit is obtained. It should also be noted that unlike for

tandard χ2 analysis, the approach followed by C. Nixon et al.
 2020 ) is indicative of a good spectral fit for χ2 ∼ n , where n is
he number of data points used in the fit, set at n = 1000 . 

In Fig. 2 we show the 	χ2 (N ) curve we obtained by calculating
he 	χ2 (N ) for a set of 50 values of N spaced in logspace from
 = 10 11 cm 

−2 to N = 10 14 cm 

−2 . The χ2 (N = 0) in this distri-
ution is 1080, which secures that the model fit to the spectral is
ood. As would be expected for a C 3 det ection, w e observ e a strong
inimum emerging in the 	χ2 (N ) curve as N increases, imply-

ng that adding C 3 absorption to the spectral model improves the
uality of the spectral fit (up to an inversion point on this trend,
 χ2 minimum). The 	χ2 (N ) strong minimum is observed at
(C 3 ) = 1 . 5 × 10 13 cm 

−2 , a column density in agreement with
he past t entativ e estimat es of C 3 abundance in Titan’s upper
tmosphere (R. Rianço - Silva et al. 2024 ). 

Furthermore, the local minimum’s depth in 	χ2 is of −64.2.
gain, following the approach of C. Nixon et al. ( 2020 ), we re-

rieve this result’s significance as 
√ 

64 . 2 , thus yielding a detection
ignificance of C 3 in Titan of 8.0 σ . 

.3 MCMC likelihood fit to the spectrum 

n order to further and independently clarify this detection of 
 3 in Titan and retrieve the atmospheric abundance of C 3 in a
or e r obust way, w e turn t o Bay esian statistics as is standard

r ocedur e in atmospheric retrievals based on planetary spectra,
n particular for atmospheric retrievals on e x oplanet spectra (e.g .
. P. Waldmann et al. 2015 , J. Taylor et al. 2023 , Q. Xue et al.
024 ). Although not widely used for Solar system targets, where
NRs are often high enough to produce unequivocal detections
f individual spectral lines, Bayesian statistical analysis provides
 useful t ool t o examine situations such as this, where absorption
eatur es ar e of the order of magnitude of errorbars (I. P. Wald-

ann et al. 2015 ) as is the case here. 
Taking as a starting point our simple model spectrum of Titan,
 λ(T, N ) , which considers a single absorbing layer of C 3 , the 2
NRAS 548, 1–15 (2026) 
ree variables that we aim to r etrieve fr om the spectrum are the
olumn density of C 3 , N(C 3 ) , and its temperature, T . In order to
ample and assess the probability distribution of the fits to the
ultiple models to the spectral data, we use an MCMC ensemble

ampler based on the emcee python package (D . F oreman-
ackey et al. 2013 ). 
For an MCMC ensemble sampler, with spectral data points

escribed by λ, S λ, and δS λ (w avelength, measured spectr al flux,
nd respective spectral flux error, respectively), and fitted vari-
bles with N and T , the Bayesian argument to the spectral fit is
iven by equation ( 11 ) 

p(N, T | λ, S λ, δS λ) ∝ p (N, T ) .p (S λ| λ, δS λ, N, T ) . (11) 

From equation ( 11 ) we get that the probability distribution
unction of the retrieved variables N and T applied to the spectral
ata set is proportional to its prior function p(N, T ) and the likeli-
ood function, p(S λ| λ, δS λ, N, T ) , following D. Foreman-Mackey
t al. ( 2013 ) and I. P. Waldmann et al. ( 2015 ). The priors for N 

nd T were defined as uniform priors with bounds 0 and 10 14 

m 

−2 and 0 to 500 K, respectively. These wide prior ranges allow
or the MCMC sampler to e xplor e a wide range of realistic values
or these variables’ parameter space. Also following D. Foreman-

ackey et al. ( 2013 ) and I. P. Waldmann et al. ( 2015 ), the likeli-
ood function can be defined as a log-likelihood function, given
y equation ( 12 ), which we aim to maximize. 

log (L ) = −1 
2 

∑ 

λ

[
(S λ − M λ(N, T )) 2 

(δS λ) 2 

]
− log 

(√ 

2 π (δS λ) 2 
)

. (12) 

This MCMC likelihood fit to the VL T -ESPRESSO spectrum of 
itan was run for 5000 iterations, resulting in the posterior plots
f Fig. 3 . Unlike the χ2 curve shown in Section 4.2 , retrieval
osterior plots do not show the quality of the spectral fit in
nits of noise standard deviations. Instead, these correspond to
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Figure 4. Posterior plots from the MCMC fit to the VL T -ESPRESSO 

spectrum of Titan. Fit for the column density of C 3 ( N) for a fixed tem- 
per ature v alue of T = 200 K. R etrieved v alue showcased with 1 σ error- 
bar. Histogram y -axis correspond to the retrieved probability distribution, 
unitless. 

r  

c
1  

N  

r  

t  

d  

t
 

E
r  

p
s  

fi
o
w
d  

w  

a
p  

b  

d
 

m  

t  

S  

f
c
t

5

I  

h
v
o
a
i  

4
s  

t

robability distribution hist ograms, show casing the variable ( N 

nd T ) values for which the spectral fit log-likelihood function is
aximized. It is their distribution as a function of the assessed

ree parameters ( N and T ) that yields the most likely value for
hese variables (the histogram’s median) as well as the retrieved 

alue’s errorbars (based on the standard deviations of the prob- 
bility distribution; I. P. Waldmann et al. 2015 ). These posterior
lots showcase a good consistency in the model’s fit to the VL T -
SPRESSO spectrum of Titan for C 3 column density, allowing 
onstraints to be placed on the abundance of C 3 . Based on the
osterior probability distribution to the MCMC fit and using the 
riginal H. Fan et al. ( 2024 ) C 3 line list, we retrieve a column
ensity of C 3 in Titan of N = ( 1 . 47 ± 0 . 09 ) × 10 13 cm 

−2 and an
ssociat ed t emperature of T = 445 + 38 

− 52 K, for 1 σ uncertainties, as
hown in the histograms of Fig. 3 . 

The retrieved values for 3 σ uncertainties are N = 

1 . 47 + 0 . 25 
− 0 . 26 

) × 10 13 cm 

−2 and an associated temperature of T = 

45 + 57 
− 134 K. For 5 σ uncertainties, we get N = (1 . 47 ± 0 . 30) × 10 13 

m 

−2 and an associat ed t emperature of T = 445 + 58 
− 171 K. The

osterior plot histogram showcases nearly symmetrical errorbars 
or the retrieval of C 3 column density, with errorbars confidently 
 x cluding the N = 0 scenario (equivalent to no C 3 on Titan). This
urther suggests the detection of C 3 on Titan’s upper atmosphere 
ith a confidence above 5 σ , which is the standard to claim a
ew detection. 
The histogram concerning the retrieval of T is not symmetrical, 

resenting a heavier tail skewed to higher temperature values 
evealing a challenging constraint in the temperature on this 
etrieval. Alongside the larger relative uncertainties in the tem- 
erature (uncertainties close to 50 per cent for the retrieved T 

t 5 σ ), this skewed distribution suggests a lower sensitivity to
emperature on this fit. It may result as a consequence of the
ppr o ximations applied to this model, in particular r eg ar ding
hermal equilibrium and a constant temperature across the entire 
bsorbing layer of C 3 which deviates from observed temperature 
rofiles of Titan (K. Willacy et al. 2022 ). It may also stem from
he aforementioned putative errors in some C 3 line positions in 

. Fan et al. ( 2024 ) which would become more evident at these
npr ecedented spectral r esolutions. Indeed, given the wide pa- 
 ameter r ange which this retriev al allow ed for T (0K t o 500K),
t can be argued that the retrieval could have tended towards
igher temperatures in order to enable substantial line broaden- 

ng which would appr o ximate the model fit to the slightly off-
et spectral features. In Appendix E we test whether a slightly
dapted line list for C 3 , based on the original H. Fan et al. ( 2024 )
ine list, provides a better constrained posterior plot for T . This
s verified in the posterior plots of Fig. E1 – pointing towards a
ossible improvement of the available C 3 line list, based on the
act that C 3 is clearly det ect ed from an independent method, as
as the χ2 curve using the original line list. These small shifts

hat we suggest applying to the original H. Fan et al. ( 2024 ) C 3 
ine list are provided at the last column of Table D1 . Despite this,
he retriev ed t emperature’s large uncertainties broadly match the 

aximum expected temperature for the altitude where the high- 
st abundance of C 3 was predicted to occur – at an altitude of 
00 km (E. Hébrard et al. 2013 ) (M. Dobrijevic et al. 2016 ), with a
emperature of about 200K (S. M. Hörst 2017 ). 

Nonetheless, these Bayesian retrievals also enable us to fit T to
ore physically motivated values (in our case, T = 200K, from

. M. Hörst 2017 ), which is helpful t o t est if ev en without the
forementioned non-physical line broadening enabled by the re- 
rieval, the fit is still able to provide a 5 σ detection of C 3 . The
esult of such a fit is showcased in Fig. 4 . It also shows a well-
onstr ained retriev al for N (C 3 ) , with N (C 3 ) = ( 1 . 38 ± 0 . 09 ) ×
0 13 cm 

−2 at 1 σ , N(C 3 ) = 

(
1 . 38 + 0 . 26 

− 0 . 27 
) × 10 13 cm 

−2 at 3 σ and
(C 3 ) = 

(
1 . 38 + 0 . 36 

− 0 . 35 
) × 10 13 cm 

−2 at 5 σ , for T fixed at 200K. This
etriev ed value mat ches the results obtained by the χ2 fit and
he MCMC retrieval for N and T , which further confirms the
et ection described abov e, when fixing the t emper ature v alue, as
he N(C 3 ) = 0 scenario is e x cluded at 5 σ . 

A plot showcasing the best-fitting model for this VL T -
SPRESSO spectrum of Titan obtained from the best-fitting pa- 
 ameter v alues for N(C 3 ) and T , 3 σ respective uncertainties, com-
ared with the backscattered solar spectrum (a proxy for Titan’s 
pectrum with no C 3 absorption), is shown in Fig. 5 . This best-
tting plot with respective uncertainties further highlights the 
bserved spectrum’s deviation from the solar spectrum on the 
avelengths subject to C 3 absorption – further confirming the 
etection of C 3 on Titan. In Appendix C , particularly in Fig. C1 ,
 e show case the residual plots relative to the observed spectrum

nd the MCMC best-fitting spectral model – and one residuals 
lot relative to the spectral model with no C 3 . As expected, the
est-fit ting MCMC spectr al model (with C 3 ) improves the fit,
ecreasing the residual’s deviation to closer to zero. 
Inter estingly, the r etrieved column density for C 3 in Titan
atches the estimated column density value found at the first

 entativ e det ection of C 3 in Titan with VL T -UVES in R. Rianço-
ilva et al. ( 2024 ), and within the predicted upper and lower limits
or N(C 3 ) from M. Dobrijevic et al. ( 2016 ), which suggested C 3 
olumn densities across Titan’s mesosphere from 5 × 10 12 cm 

−2 

o 5 × 10 13 cm 

−2 . 

 CONCLUSIONS  

n this w ork, w e hav e obtained and analysed VL T -ESPRESSO
igh-resolution visible spectra of Titan – which are to date, the 
isible spectra of Titan at the highest spectral resolution ever 
btained. This unprecedented spectral resolution has enabled 

n increased sensitivity within the short w avelength r ange of 
nterest for the search for C 3 absorption features, mostly in the
050–4055 Å range, as compared to previous high-resolution ob- 
ervations of Titan (R. Rianço - Silva et al. 2024 ). Most impor-
antly, this increased spectral resolution and sensitivity enabled 
MNRAS 548, 1–15 (2026) 
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Figure 5. VL T -ESPRESSO normalized spectrum of Titan (black data points) at the spectral region of interest for the ˜ A 

1 �u − ˜ X 

1 �+ 
g 000–000 band of C 3 

compared to the backscattered solar spectrum (a pr o xy for Titan’s spectrum with no C 3 absorption, in red) and to the best-fitting model obtained from the 
MCMC likelihood fit, associated with the retrieved values for N(C 3 ) and T , in blue. The shaded blue area corresponds to the best-fitting model uncertainty 
based on the retrieved N(C 3 ) and T values with 3 σ errorbars. The triangles mark the identified spectral features we associate with C 3 absorption features, 
described in Table D1 . 
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y VL T -ESPRESSO disentangles more effectively the underlying
nd deeper solar spectral features from possible C 3 absorption
eatures on Titan’s spectrum, which was a considerable issue at
ower resolutions (R. Rianço - Silva et al. 2024 ). 

Hence, despite the significantly deeper solar spectral fea-
ures, comparison with a set of model spectra of Titan’s at-

ospher e with incr easing abundances of C 3 has enabled iden-
ifying matching features that deviated away from the R. Ku-
ucz ( 2006 ) solar spectrum. We identify 10 absorption fea-
ures deviating by more than 1 σ away from the solar spec-
rum, and matching the depth and position of C 3 absorp-
ion features. Although some of these observed non-solar spec-
ral features may appear to slightly deviate from the predicted
 3 absorption line position, from H. Fan et al. ( 2024 ), in all
ases the deviation is within this line list errorbar of 0.05 Å
see Table D1 ). 
NRAS 548, 1–15 (2026) 
Despite the compelling case for the detection of C 3 in Titan
ith the 10 matching absorption features described above, none

f the individual potential C 3 features deviates from the N = 0
pectrum by 5 σ , which would be r equir ed to claim a detection
ust by observing one individual line. This was addressed by per-
orming 2 independent statistical analysis to the model fit to the
L T -ESPRESSO spectrum. The first consisted in calculating the
2 curve of the model fit as a function of C 3 column density

following the approach used in C. Nixon et al. 2020 ). This yielded
 strong minimum at N = 1 . 5 × 10 13 cm 

−2 consistent with a C 3 
etection at 8 σ . The second approach consisted in applying a
imple Bayesian MCMC retrieval (I. P. Waldmann et al. 2015 )
D . F oreman-Mackey et al. 2013 ), fit ting the spectr al model to
he observed spectrum. With this approach, it was possible to
etriev e the t otal C 3 column density, N, and temperature, T ,
hat would provide the best model fit to the observed spectrum.
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Figur e 6. Vertical pr ofile of C 3 column density (fr om the top of the 
atmosphere down to the altitude shown in the y -axis), obtained from the 
integration in altitude of the E. Hébrard et al. ( 2013 ) predicted vertical 
profile of C 3 , for the median profile obtained from the uncertainty propa- 
gation study of C 3 (in red) and for the first 20-quantile distribution (in 
green, described as C 3 minimum predicted profile). The blue line and 
err orbar corr espond to the C 3 column density retriev ed in this w ork, with 
the 5 σ associated errorbar. 
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1  
rucially, this fit has enabled retrieval of a C 3 column density of 
 = 

(
1 . 38 + 0 . 36 

− 0 . 35 
) × 10 13 cm 

−2 (at 5 σ ), hence ruling out the N = 0
cenario (no C 3 on Titan) at 5 σ , enabling a detection of C 3 on Ti-
an. In spite of the larger relative errorbars and poorly constrained
osterior (which does not show a strong peak), the retrieved 

emper ature v alue for the C 3 absorbing layer, T = 422 + 58 
− 171 K, is

roadly in agreement with the expected temperature in Titan’s 
esosphere ( T ∼ 200K), where M. Dobrijevic et al. ( 2016 ) predict

hat C 3 is more abundant. 
The retrieved value of C 3 column density on Titan’s upper 

tmosphere in this work can be compared to the predicted C 3 
bundance pr ofiles fr om pr evious modelling studies of Titan’s
tmospheric chemistry (E. Hébrard et al. 2013 ; M. Dobrijevic et al.
016 ). Taking the predicted vertical profile of C 3 mixing ratio
r om fig . 4 of E. Hébrar d et al. ( 2013 ) and int egrating it ov er the

ultiple altitude layers, using the (N. Teanby et al. 2009 ) atmo-
pheric density profile, we have obtained the equivalent predic- 
ion of column density of C 3 as a function of altitude, down to 400
m of altitude, which is shown in Fig. 6 . It is worth mentioning
hat the (E. Hébrard et al. 2013 ) vertical abundance profiles are
our ced fr om 900 MCMC runs of the photochemical model, for
hich a median profile and 20-quantile profiles are obtained. 
he median predicted C 3 column density down to 400 km of 
ltitude from the (E. Hébrard et al. 2013 ) photochemical model 
s of 7 . 8 × 10 14 cm 

−2 (column density vertical profile shown in
ed), 50 times higher than our C 3 column density measurement 
ith VL T -ESPRESSO. How ev er, for the first 20-quantile of the
redicted C 3 distribution (column density vertical profile shown 

n green), the predicted column density of C 3 down to 400 km is of 
 . 5 × 10 13 cm 

−2 , a value 3 times higher than our VL T -ESPRESSO
easur ement. The observed discr epancy betw een our observ ed

alue and the lower limit for the (E. Hébrard et al. 2013 ) photo-
hemical model prediction of a factor or 3 is significantly smaller
han the prediction’s uncertainty window (the model’s median 

r ofile compar ed to the first 20-quantile) which spans over a
act or of 12. How ev er, this slight discrepancy but could point
owards chemical processes unaccounted for in (E. Hébrard et al. 
013 ) that could result in a slight C 3 depletion in Titan’s upper
tmosphere. Updat es t o Titan’s hy drocarbon chemistry hav e been
urther e xplor ed r ecently (J. Loison et al. 2019 ; K. Willacy et al.
022 ), but no updated C 3 vertical profiles have been published
ince (E. Hébrard et al. 2013 ), hence we suggest future modelling
 orks t o e xplor e updat es t o C 3 phot ochemistry in Titan. 
In order to further constrain the vertical profile of C 3 in Ti-

an’s mesosphere and draw direct comparisons between its ob- 
erv ed v ertical profile with other photochemical species and pho-
ochemical model predictions, we suggest using a more thorough 

 adiative tr ansfer model of Titan’s atmospher e, with vertical r eso-
ution, rather than a simple one-layer model as used in this work.
his one-layer model can be thought of as an oversimplification 

f the line formation, treating it as a ‘screen’ on the spectrum ab-
orbing only at a fixed altitude. How ev er, in order t o accomplish
his altitude-dependent spectrum, more information r eg ar ding 
he C 3 electronic transitions is required when compared to the 
vailable information for the 4050 Å absorption band (H. Fan et 
l. 2024 ) (e.g. the air-br oadened line width, and pr essur e shifts
n line position). Nonetheless, the fact that C 3 absorption occurs 
o high in Titan’s atmosphere (above 300 km) in a low-pr essur e
nvironment causes Doppler-broadening to dominate the line 
hape, making a Gaussian line profile a reasonable assumption 

J. Tennyson et al. 2014 ). One such complete line list of C 3 was
ecently published by ExoMol (A. L ynas-Gr ay et al. 2024 ) for
 3 mid-infr ared tr ansitions for w avelengths longw ard of 5 μm.
ence we recommend further search and modelling efforts of C 3 

bsorption on Titan on observational data spanning mid-infrared 

avelengths, such as those recently published based on JWST - 
IRI (C. Nixon et al. 2025 ). 
To conclude, we further highlight the great usefulness of in- 

truments originally designed for e x oplanet r esear ch, such as
L T -ESPRESSO (F. Pepe et al. 2021 ), or even techniques devel-
ped to address the low-SNR nature of exoplanet spectra, such 

s the Bayesian MCMC likelihood spectral retrievals (I. P. Wald- 
ann et al. 2015 ), when applied to Solar system targets and sci-

nce cases. On the advent of a golden era of technical and scien-
ific development aimed at e x oplanet r esear ch [e.g . with futur e
elescopes and instruments such as Ariel (G. Tinetti et al. 2018 )
nd EL T -ANDES (E. Palle et al. 2025 )] it is also worth taking a
ook back at our own cosmic backyard and revisit many of its

yst eries y et t o be solv ed with the light of this new knowledge. 
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Figure A1. Seven spectral exposures of Titan obtained by VL T - 
ESPRESSO, each 20 min long (zoomed into a narrow spectral region, for 
clarity). 

Figure A2. Seven spectral exposures of Titan obtained by VL T - 
ESPRESSO divided by the spectral e xposur e observed with the lowest 
airmass (third exposure), and their respective third-degree polynomial fits 
aper, the spectral data used in this study (Titan’s spectrum and
he model spectra used in this analysis). 
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P P E N D I X  A:  SPECTRAL  DA  T  A  REDUCTION  

ere we show in detail the steps taken to perform the data re-
uction of the spectral data obtained from the observations with
L T -ESPRESSO. As mentioned in Section 2 , we have obtained

even spectral e xposur es of Titan, each 20 min long, encompass-
ng a total observation time of 2 h 20 min. Over the course of 
his time, Titan is observed between airmasses of 1.15 and 1.80,
eading to distinct telluric extinctions on the observed spectrum
ver the course of the night. Fig. A1 shows a comparison between
he differing spectra originated on each of the seven e xposur es,
ighlighting the distinct continua across exposures taken when
itan was observed at distinct airmasses. 
To correct this, each spectral e xposur e was divided by the spec-

ral e xposur e with the lowest airmass (the thir d e xposur e), and
his r atio w as fit by a thir d-degr ee polynomial acr oss the entir e
pectrum, as shown in Fig. A2 , which zooms in on the same short
 avelength r ange as Fig. A1 . Each spectral e xposur e was then
zoomed in the same spectral region as Fig. A1 for clarity). 
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Figure A3. Seven spectral exposures of Titan obtained by VL T - 
ESPRESSO corrected for different airmass extinctions (zoomed in the 
same spectral region as Fig. A1 for clarity). 

Figure A4. Seven spectral exposures of Titan obtained by VL T - 
ESPRESSO corrected for different airmass extinctions with spectral a ver - 
age and r espective err orbars (zoomed in the same spectral region as Fig. 
A1 for clarity). 

Figure A5. Continuum extraction from the average spectrum of Titan 
with a Savitzk y -Gola y filt er t o enable the normalization of the spectrum 

– across a larger spectral region, for clarity. The spectral region of interest 
for this study (4040–4060 Å) is shown in gray. 
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Figure A6. Top: Average normalized spectrum of Titan in the spectral 
r egion of inter est for the sear ch for C 3 (4040–4060 Å). Bot tom: Spectr al 
flux errors of the averaged, normalized spectrum as a function of wave- 
length in the spectral region of interest for the search of C 3 . 
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ivided by the polynomial fit to their respective ratio with re-
pect to the e xposur e with the lowest airmass, allowing to correct
he continuum differences across spectral exposures – allowing 
he distinct spectral e xposur es to shar e the same continuum, as
hown in Fig. A3 . 

After sharing a similar spectral continuum, the spectral ex- 
osur es wer e averaged into a single spectrum of Titan, with an

ncreased SNR, as shown in black, in Fig. A4 . In Fig. A5 we show
he obtention of the spectral continuum using the Savitzk y -Gola y
lter (A. Savitzky & M. Golay 1964 ) – across a larger spectral
egion, for clarity – used to normalize the average spectrum of 
itan. Finally, in the joint plot of Fig. A6 , we show the final a ver -
ged and normalized spectrum of Titan on top, in the region of 
nterest for the search for C 3 (4040–4060 Å). At the bottom of Fig.
6 we plot the spectral flux errors of the averaged, normalized

pectrum shown at the top of this figure. We observe that despite
ome modulation that reflects that of the spectral flux (indicating 
hat uncertainties are dominated by photonic error), the spectral 
rror does not vary widely as a function of wavelength on the
pectral section used in this study. 

P P E N D I X  B :  D E R I VAT I O N  OF  AIRMASS  

N T EG R AT I O N  ON  T I TA N ’ S  V I S I B L E  DISC  

ere w e deriv e the e xpr ession and value of the two- w ay airmass,
nt egrat ed across the entirety of Titan’s observed disc. 

We consider Titan as a fully illuminat ed sphere, observ ed as a
esolved disc. Let’s consider spherical coordinates for Titan. We 
efine the polar angle, θ , as the angle between a given position
n Titan’s observed sphere and the sub-Earth point on Titan. A
urface element of the observed sphere of Titan is given by dS 

n equation ( B1 ), whereas due to its spherical geometry, the ap-
arent surface element of the sphere projected onto the observed 

isc is given by d S APP = cos (θ ) d S, or by equation ( B2 ). 

 S = R 

2 sin (θ ) d θd φ (B1) 
S APP = R 

2 sin ( θ ) cos ( θ ) d θd φ. (B2) 

Considering Titan as a Lambertian reflector – rather than a 
erfect reflector – we shall include a further cos (θ ) term on dS APP ,
o account Lambertian scatter, as 

S APP = R 

2 sin ( θ ) cos 2 ( θ ) d θd φ. (B3) 

We define ’airmass’, A (θ ) , as the factor by which the Titan
tmospheric pathlength of a str aight line (tow ar ds Earth) fr om
MNRAS 548, 1–15 (2026) 
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 given position on Titan’s observed disc is enlarged with respect
o the minimum atmospheric pathlength, at the sub-Earth point
n Titan, where A (θ = 0) = 1 . This airmass is dependent on the
olar angle θ on Titan’s sphere, and is given by equation ( B4 )
ollowing the plane-parallel atmosphere approximation. 

 ( θ ) = 

1 
cos ( θ ) 

. (B4) 

We wish to calculate the integrated airmass < A > over the disc
f Titan observed by us. This r equir es an integration of airmass
 (θ ) over the whole of the observed apparent disc of Titan. Con-

idering we observed Titan centred on its apparent disc’s centre,
 e shall int egrat e ov er the polar angle betw een the centre of the
isc, θ = 0 , up until the maximum observed polar angle, θ = α,
hich is defined by the relative size of VL T -ESPRESSO’s fiber (0.5

r csec) with r espect to Titan’s appar ent size (0.826 arcsec), on the
ight of the observation, as 

= arcsin 

(
0 . ′′ 5 

0 . ′′ 826 

)
≈ 37 . 25 ◦. (B5) 

Hence, the integration of A (θ ) over the apparent observed disc
f Titan (normalized by the int egrat ed element of apparent sur-
ace area) is given by 

< A > = 

∫ ∫ 
A (θ ) dS APP ∫ ∫ 

dS APP 
= 

∫ 2 π
0 dφ

∫ α
0 A ( θ ) R 

2 cos 2 ( θ ) sin ( θ ) dθ∫ 2 π
0 dφ

∫ α
0 R 

2 cos 2 ( θ ) sin ( θ ) dθ
. 

(B6) 

Replacing A (θ ) by equation ( B4 ), we get 

< A > = 

∫ α
0 cos ( θ ) sin ( θ ) dθ∫ α

0 cos 2 ( θ ) sin ( θ ) dθ
= 

3 
2 

· 1 − cos 2 (α) 
1 − cos 3 (α) 

. (B7) 

We must consider a two- w ay airmass for Titan, given that the
 adiation inter acts twice with the column of C 3 absorbing gas:
hen it arrives to Titan, descending all the way to Titan’s optical

adius, and after being backscattered upwards, close to Titan’s
ptical radius at altitudes of 300 km (for 400 nm photons), on
ts way out of Titan’s atmosphere. Hence the int egrat ed tw o-way
irmass on the observed disc of Titan, ˜ A , is given by equation ( B8 ).

˜ 
 = 3 · 1 − cos 2 (α) 

1 − cos 3 (α) 
. (B8) 

If w e had observ ed the entirety of Titan’s disc, α = π/ 2 , which
ould yield an integr ated two- w ay airmass of 3. However, the

ncomplet e cov erage of Titan’s disc by the VL T -ESPRESSO fibre
r events a str onger contribution to the airmass fr om Titan’s limb.
his yields, for α given by equation ( B5 ), an integr ated two- w ay
irmass on Titan of ˜ A � 2 . 2155 , for this observation. 

To assess whether this plane-parallel atmosphere approxima-
ion is valid in the case of such an e xtended atmospher e as Titan’s,
e check how different the maximum observed polar angle, α′ ,
ould be in a spherical atmosphere at the altitude at the peak
f C 3 absorption (expect ed t o occur below altitudes of 500 km;
. Dobrijevic et al. 2016 ; R. Rianço - Silva et al. 2024 ), when the

lane-par allel α w as obtained for the optical radius altitude (300
m). This corrected maximum observed polar angle α′ is obtained
NRAS 548, 1–15 (2026) 
y equation ( B9 ): 

′ = arccos 

⎡ 

⎣ 

√ 

1 −
(

R 

R + H 

sin (α) 
)2 

⎤ 

⎦ (B9) 

ith R as the optical radius of Titan (equal to the solid body of 
itan + 300 km at λ = 400 nm; R. Lorenz et al. 1999 ) and H as the
ltitude of the lay er of int erest abov e R (i.e. the expect ed altitude
f maximum C 3 absorption at 500 km, and hence H = 200 km
bove the optical radius of Titan), and α as the maximum ob-
erved polar angle at the optical radius, given by equation ( B5 ).
sing this, we retrieve α′ = 34.36º. Applying this new angle to

he int egrat ed airmass formula (equation B8 ), we get ˜ A 

′ = 2.1845
hich compares to the ˜ A = 2.2155 integrated airmass obtained

rom the plane-parallel approximation, deviating by less than 1.5
er cent with respect to one another. 
One other example of the effect of spherical geometry on an

tmosphere which is not accounted by the plane-parallel ap-
r o ximation is the correct expression for the airmass at a given
enithal angle. The plane-parallel atmosphere approximation de-
cribes airmass by equation ( B4 ), which diverges for θ = 90 deg .
 commonly used spherical correction for this effect is given

n (F. Kasten & A. Young 1989 ). Using their formulation, we
umerically int egrat ed this airmass ov er an apparent planetary
isc, up to a maximum angle α. We noticed that for maximum

ntegration angles (maximum observed polar angles) below 40º,
he plane-parallel and the spherical geometry formulation of (F.
asten & A. Young 1989 ) do not differ by more than 0.1 per cent.
aking this into account, we conclude that the plane-parallel
ppr o ximation pr ovides a maximum deviation from spherical ge-
metry int egrat ed airmass ‘true’ value of less than 1.5 per cent,
nd hence constitutes a valid appr o ximation for this observa-
ion, when only the central regions of Titan’s apparent disc are
robed. 

P P E N D I X  C :  SPECTRAL  RESIDUALS  

e display here the residual plots resulting from the fit of two
pectral models, one without C 3 and another corresponding to the

CMC best fit to the data, with respect to the VL T -ESPRESSO
ata of Titan. This is a direct comparison with Fig. 5 where
pectral models are compared to the observed spectrum. In these
esiduals, we subtract the models to the observed spectrum, as-
essing how differ ent ar e the residuals for the no-C 3 case with
espect to the MCMC retriev al best-fit ting model which r equir es
he presence of C 3 as described in Section 4.3 . The shaded grey
r ea corr esponds to the r egion wher e r esiduals ar e smaller than
he observed spectrum’s uncertainty, which means that the model
grees with the observation in those wavelengths. 

As expect ed, w e observ e that the spectral r egions wher e the two
esiduals differ align with the C 3 modelled spectral lines. Inter-
stingly, in these r egions, the r esidual of the MCMC best-fitting
odel (with C 3 ) is overall closer or within the shaded region that

orresponds to the observations – i.e. as shown above with the
2 analysis and the MCMC fit, the spectral model containing C 3 
rovides a better fit to the observed spectrum of Titan than the
pectral model without C 3 . 
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Figure C1. Residual plots of two distinct spectral models with respect 
to VL T -ESPRESSO spectrum of Titan. This figur e dir ectly compar es with 
Fig . 5 , wher e in r ed w e show case the r esiduals r esulting fr om the sub- 
tr action of no-C 3 spectr al model to the observed spectrum of Titan, and 
in blue we showcase the residuals resulting from the subtraction of the 
MCMC best-fitting model (with C 3 ) to the observed spectrum of Titan. 
The shaded grey area corresponds to the region around residuals = 0 
smaller than the Titan’s observed spectrum 1 σ errorbars – i.e. region of 
model agreement with observation within its uncertainty. The shaded 
orange region corresponds to spectral regions dominated by deep solar 
absorption lines ( > 30 per cent of relative depth). Triangle markers show 

the central wavelength of the C 3 spectral lines according to (H. Fan et al. 
2024 ). 
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P P E N D I X  D:  C  3 L I N E  L I ST  AND  L I N E  

ETECTION  

e display here Table D1 containing the line list of C 3 used to
odel the absorption spectrum of C 3 in this work. It also includes

he det ect ed line wav elengths, line depth with respect t o the solar
pectrum and detection significance (ratio between line depth 

nd VL T -ESPRESSO err orbars at line centr e). 
MNRAS 548, 1–15 (2026) 
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M

Table D1. Line list for the C 3 ˜ A − ˜ X 000–000 band based in H. Fan et al. ( 2024 ), showcasing each identified transition 
(P(J), Q(J), R(J)), original wavelength, λ j , in Å, oscillator strength, f j , and the observ ed mat ching features in wav elength, λ, 
observ ed relativ e line depth and detection line significance (scaled by the data flux errorbars at the det ect ed line). ’ O .D .S.L.’ 
at the ’observed line’ column stands for ’Overlapping with a Deep Solar Line’, meaning that the expected C 3 absorption 
feature was overlapped with a deep solar absorption feature (solar line depth > 10 per cent), preventing its identification. 
∗∗ refers to C 3 lines which may be merged with other close C 3 lines, making individual detections challenging. The last 
column showcases the shifts applied to the original line list for the adapted line list test performed in Appendix E . 

Rotational Original f j Observed line Observed Line detection Adapted line list, 
line λ j , Å (x 10 3 ) λ j , Å line depth (%) significance line shift 	λ j , Å

R(20) 4049.808 4.29 O .D .S.L. - - - 
R(18) 4049.861 4.32 O .D .S.L. - - - 
R(16) 4049.962 4.36 O .D .S.L. - - - 
R(14) 4050.075 3.49 O .D .S.L. - - - 
R(12) 4050.191 3.58 O .D .S.L. - - - 
R(10) 4050.327 3.73 O .D .S.L. - - - 
R(6) ∗ 4050.401 0.58 O .D .S.L. - - - 
R(8) 4050.484 3.95 O .D .S.L. - - - 
R(4) ∗ 4050.567 0.49 O .D .S.L. - - - 
R(6) 4050.661 4.21 O .D .S.L. - - - 
Q(2) ∗ 4050.746 0.45 O .D .S.L. - - - 
R(4) 4050.857 4.44 O .D .S.L. - - - 
R(2) 4051.055 3.78 O .D .S.L. - - - 
R(2) ∗ 4051.190 2.08 O .D .S.L. - - - 
R(0) 4051.255 4.22 O .D .S.L. - - - 
R(0) ∗ 4051.396 10.58 O .D .S.L. - - - 
Q(2) 4051.448 6.87 O .D .S.L. - - - 
Q(4) 4051.506 7.70 4051.54 4.3 3.2 σ + 0.04 
Q(6) 4051.578 7.89 4051.60 3.1 2.6 σ + 0.03 
Q(8) 4051.670 7.95 O .D .S.L. - - - 
Q(10) 4051.782 7.96 O .D .S.L. - - - 
P(2) 4051.820 1.06 O .D .S.L. - - - 
Q(12) 4051.918 7.97 4051.90 2.7 2.1 σ −0.01 
P(4) 4052.054 1.57 4052.02 2.4 2.2 σ −0.03 
Q(14) 4052.077 7.98 4052.11 ∗∗ 2.0 2.4 σ + 0.04 
Q(6) ∗ 4052.122 0.28 No match ∗∗ - - - 
P(4) ∗ 4052.180 0.86 No match ∗∗ - - - 
Q(16) 4052.257 7.98 4052.27 1.9 1.6 σ + 0.01 
P(6) 4052.412 2.56 O .D .S.L. - - - 
Q(18) 4052.459 7.99 O .D .S.L. - - - 
P(8) ∗ 4052.521 0.39 O .D .S.L. - - - 
Q(20) 4052.683 7.99 4052.67 3.2 2.2 σ −0.01 
P(8) 4052.782 2.82 4052.77 2.3 2.4 σ - 
Q(22) 4052.938 7.99 O .D .S.L. - - - 
P(10) 4053.169 2.87 4053.15 2.3 1.8 σ - 
Q(24) 4053.201 7.99 4053.19 3.5 2.7 σ - 
Q(26) 4053.479 7.99 O .D .S.L. - - - 
P(12) 4053.577 2.87 O .D .S.L. - - - 
Q(28) 4053.783 8.00 O .D .S.L. - - - 
P(14) 4054.005 2.86 O .D .S.L. - - - 
Q(30) 4054.108 8.00 O .D .S.L. - - - 
P(16) 4054.447 3.64 O .D .S.L. - - - 
P(18) 4054.902 3.68 O .D .S.L. - - - 
P(20) 4055.369 3.71 O .D .S.L. - - - 
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P P E N D I X  E :  A DA P T E D  C  3 L I N E  L I ST  AND  

ETRIEVAL  

CMC r etrievals pr ovide an inter esting way to compar e be-
ween distinct model fits to the same data set (I. P. Waldmann et
l. 2015 ). After noticing a slight mismatch between some iden-
ified spectral features on the VL T -ESPRESSO spectrum of Ti-
an and the expected C 3 line positions, we suggested these mis-

atches could be due to the empirical nature of the (H. Fan et al.
024 ) line list, which was obtained at a worse spectral resolution
NRAS 548, 1–15 (2026) 
han these VL T -ESPRESSO observations. Hence, in Table D1 we
uggest small shifts (below the (H. Fan et al. 2024 ) typical line
avelength uncertainty of 0.05 Å) that could be expected to im-
rov e the ov erall fit t o the data. This was t est ed by applying the
ame MCMC retrieval test described in Section 4.3 , comparing
he posteriors obtained by using the original (H. Fan et al. 2024 )
 ersus the adapt ed line lists – as shown in Fig. E1 , with the best-
tting plot shown in Fig. E2 and the residual plots in Fig. E3 . 
As expect ed, the adapt ed line lists corner plot and hist ograms

how a bett er t emperature constraint (in blue, following a dis-
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Figure E1. Posterior plots from the MCMC fit to the VL T -ESPRESSO 

spectrum of Titan – for the original (H. Fan et al. 2024 ) C 3 (black) and 
our suggest ed adapt ed line list, which improv es the spectral model mat ch 
to the observed spectral features (blue). Fit for the column density of C 3 
( N) and for the temper ature ( T ). R etrieved v alues showcased with 1 σ
errorbars. Contour plots on the 2D histogram correspond to the 0.5 σ , 1 σ , 
1.5 σ , and 2 σ confidence regions for a 2D Gaussian distribution. 

Figure E2. VL T -ESPRESSO normalized spectrum of Titan (black data 
points) at the spectral r egion of inter est for the ˜ A 

1 �u − ˜ X 

1 �+ 
g 000–000 

band of C 3 compared to the backscattered solar spectrum (a proxy for 
Titan’s spectrum with no C 3 absorption, in red) and to the best-fitting 
model obtained from the MCMC likelihood fit with the adapted C 3 line 
list described in Table D1 , associated with the retrieved values for N(C 3 ) 
and T , in blue. The shaded blue ar ea corr esponds to the best-fitting model 
uncertainty based on the retrieved N(C 3 ) and T values with 3 σ errorbars. 
The triangles mark the identified spectral features we associate with C 3 
absorption features, described in Table D1 . 
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igure E3. Residual plots of two distinct spectral models with respect
o VL T -ESPRESSO spectrum of Titan. This figur e dir ectly compar es with
ig. C1 , albeit with the adapted C 3 line list, rather than the original line

ist by (H. Fan et al. 2024 ). In red we showcase the residuals resulting from
he subtr action of no-C 3 spectr al model to the observed spectrum of Titan,
nd in blue we showcase the residuals resulting from the subtraction
f the MCMC best-fitting model (with C 3 ) to the observed spectrum of 
itan. The shaded grey area corresponds to the region around residuals
 0 smaller than the Titan’s observed spectrum 1 σ errorbars – i.e. region

f model agreement with observation within its uncertainty. The shaded 
range region corresponds to spectral regions dominated by deep solar 
bsorption lines ( > 30 per cent of relative depth). Triangle markers show
he central wavelength of the C 3 spectral lines according to our adapted
ine list. 

ribution closer to a Gaussian curve within the allowed prior 
ange) than the original line list (black). The retrieved C 3 abun-
ance using the adapted line list is shown (from its marginal-

zed hist ogram) t o be slightly higher for the original line list, at
 (C 3 ) , with N (C 3 ) = ( 1 . 61 ± 0 . 09 ) × 10 13 cm 

−2 at 1 σ , N(C 3 ) =
1 . 61 + 0 . 29 

− 0 . 28 
) × 10 13 cm 

−2 at 3 σ and N(C 3 ) = 

(
1 . 61 + 0 . 34 

− 0 . 36 
) × 10 13 

m 

−2 at 5 σ– still within the expected errorbars obtained with 

he original line list. Retrieved temperature values are nonethe- 
ess different, due to the better constraint this alternative line 
ist enabled: T = (390 +58 

−50 ) K at 1 σ , T = (390 +110 
−126 ) K at 3 σ , and

 = (390 +110 
−157 ) K at 5 σ . A possible explanation is that due to the

nhanced fit the spectrum obtained with the adapted line list, the
etrieval is not as skewed towards higher temperatures, which 

 end t o improv e this fit by broadening the modelled spectrum,
ringing them closer to the slightly shifted spectral features in 

he data. 
After confirming the detection of C 3 in Titan’s atmosphere 

hrough the χ2 method (Section 4.2 ) combined with an MCMC 

etrieval using the original (H. Fan et al. 2024 ) line list, the re-
rieval comparison shown could indicate that the adapted line list 

ay indeed be pr eferr ed when modelling the 405-nm band of C 3 
t ultra-high resolutions. 
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