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- A strong and unexplained absorption at 3.4 μm in Titan’s atmosphere has been 
revealed by solar occultations by the instrument CASSINI/VIMS

- Several simple molecules (like CH4 or C2H6) absorb in this region but their effect is 
not efficient enough to account for observations

- We show that Polycyclic Aromatic Hydrocarbon (PAH) or Hydrogenated Amorphous 
Carbons (HAC) could be introduced to reproduce this band
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Abstract

The complex organic chemistry harbored by the atmosphere of Titan has

been investigated in depth by Cassini observations. Among them, a series

of solar occultations performed by the VIMS instrument throughout the 13

years of Cassini revealed a strong absorption centered at ∼ 3.4 µm. Several

molecules present in Titan’s atmosphere create spectral features in that wave-

length region, but their individual contributions are difficult to disentangle.

In this work, we quantify the contribution of the various molecular species to

the 3.4 µm band using a radiative transfer model. Ethane and propane are

a significant component of the band but they are not enough to fit the shape

perfectly, then we need something else. Polycyclic Aromatic Hydrocarbons

(PAHs) and more complex polyaromatic hydrocarbons like Hydrogenated
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Amorphous Carbons (HACs) are the most plausible candidates because they

are rich in C-H bonds. PAHs signature have already been detected above

∼ 900 km, and they are recognized as aerosols particles precursors. High

similarities between individual spectra impede abundances determinations.

Keywords: planets and satellites: individual: Titan – planets and

satellites: general – solar system: general
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1. Introduction1

Titan is an extraordinary object among the planets and satellites of2

the solar system. Its thick atmosphere, mainly composed of nitrogen and3

methane, harbors a complex photochemistry producing organic compounds4

that participate to the formation of haze which produces its typical or-5

ange/brown color. Due to its unique and exotic properties, Titan’s atmo-6

sphere remains a very active field of research in investigating the possible7

origin and main properties (Johnson et al., 2016; Charnay et al., 2014; New-8

man et al., 2016). Its composition can be modeled by complex chemical9

network (Krasnopolsky, 2014; Lavvas et al., 2015), but also by laboratory10

experiments (Bourgalais et al., 2016; Romanzin et al., 2016) to match the11

observations made by Cassini’s instruments (Vinatier et al., 2015; Coustenis12

et al., 2016; Bellucci et al., 2009). In Bellucci et al. (2009), the authors raised13

an issue about the CH4 3.3 µm band.14

In 2006, during Cassini’s 10th flyby of Titan (T10), Bellucci et al. (2009) ob-15

served features in CH4 3.3 µm band with the Visible and Infrared Mapping16

Spectrometer (VIMS). VIMS is an imaging spectrometer onboard the Cassini17

spacecraft. This instrument is composed of a visible channel (0.3− 1.05 µm)18

and a infrared channel (0.89 − 5.1 µm). The FWHM of the 256 infrared19

spectral pixels are in the range 13 - 20 nm. VIMS can be used in different20

observation modes corresponding to nadir, limb and occultation geometry.21

Our study use the latter mode. More details can be found in Maltagliati22

et al. (2015). Bellucci et al. (2009) tentatively attributed the observed fea-23

tures in CH4 3.3 µm band to solid state organic compounds, similar to those24

observed in the InterStellar Medium (ISM) (Sandford et al., 1991; Pendleton25
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& Allamandola, 2002). However, this interpretation was far to be firm and26

Bellucci et al. (2009) concluded that precise comparison of their data with27

laboratory spectrum needed in future work.28

Interestingly, a similar feature had been observed by VIMS during a stellar29

occultations in Saturn’s atmosphere (Nicholson et al., 2006; Kim et al., 2012).30

Continued by Kim et al. (2012), these analysis shown that the optical-depth31

spectra exhibit a broad peak at 3.36-3.41 µm for the observations obtained32

at 12 pressure levels between 0.0150 and 0.0018 mbar in the Saturnian at-33

mosphere. Kim et al. (2012), in particular, attributed these 3.4 µm spectral34

features to the aliphatic C–H stretching bands of solid-state hydrocarbons,35

such as C5H12, C6H12, C6H14 and C7H14. Kim et al. (2011) reached a similar36

conclusion for Titan in analyzing the occultation T10. However, the forma-37

tion of such organic microcrystals in the atmosphere of Titan is questionable38

due to thermodynamic arguments (see Sec. 2).39

More recently, Maltagliati et al. (2015) analyzed an extended set of four40

VIMS solar occultations, performed between January 2006 and September41

2011. In Fig. 1, we reporte an example of transmission data derived from42

Maltagliati et al. (2015). Spectra have been normalized by a 3th order poly-43

nomial and data have been interpolated at the altitude of 145 km to allow44

easy comparisons. This value offers a good compromise: at lower altitudes,45

the stronger absorptions damp spectral features and at higher altitudes, the46

absorptions are weak and the spectra are more noisy due to a weaker signal.47

Deviations between the four curves ploted in Fig. 1 give an idea of transmit-48

tance uncertainties, and spatial or temporal variations in Titan’s atmosphere.49

50
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Table 1: Triple points coordinates for the sample of hydrocarbon species considered by

Kim et al. (2011). The temperatures have all been taken in the NIST database†, for

CH3CN, C5H12 and C6H12. The pressures are not available in this database, we then

estimated their values by using their Antoine’s equation at the triple point temperature.

Species Chemical Ttriple Ptriple

formula (in K) (in bar)

Ethane C2H6 91.0 1.1× 10−5

Methane CH4 90.7 1.2× 10−1

Methylcyanide CH3CN 229.3 2.2× 10−3 *

Pentane C5H12 143.5 3.9× 10−7 *

Cyclohexane C6H12 279.7 5.3× 10−2 *

†http://webbook.nist.gov/chemistry/

* Our estimation

In their line-by-line radiative transfer model, Maltagliati et al. (2015)51

took into account the absorption caused by 9 molecules : CH4 , CH3D, CO,52

CO2, C2H2, C2H4, C2H6, HCN and N2. In spite of the level of sophistica-53

tion of their approach, Maltagliati et al. (2015) found a clear disagreement54

between the observed absorption in the 3.4 µm band and their computed55

spectra. It appears then that the atmosphere of Titan is a more efficient56

absorber than in this model. By comparing the observed residual absorption57

and the ethane cross sections measured by the Pacific Northwest National58

Lab (PNNL - Sharpe et al., 2004), and given the lack of C2H6 spectral lines59

in major databases (HITRAN and GEISA), Maltagliati et al. (2015) inter-60

preted the strong absorption band centered at 3.4 µm as the effect of ethane.61

These authors also tentatively attribute the narrow absorption at 3.28 µm62
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Figure 1: Transmittance curves derived from solar occultations T10E, T53E, T78E and

T78I studied by Maltagliati et al. (2015). Altitude interpolations, at 145 km, have been

performed to allow easy comparisons. Boxes delineate domains where data are significantly

noisy.

to the presence of Polycyclic Aromatic Hydrocarbons (PAHs) in the strato-63

sphere. Indeed, a few years before, López-Puertas et al. (2013) identified the64

presence of these aromatic molecules in Titan’s upper atmosphere around65

650 km up to ∼ 1300 km. Their results rely on the emission near 3.28 µm66

detected by VIMS.67

68

It is well accepted that a strong absorption at 3.2− 3.5 µm is related to69

the C-H stretching bands, but the C-H bonds can be present in icy hydro-70

carbons, in simple molecules, in more complex polyaromatic hydrocarbons71
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or in aerosols particles. In this paper, we try to disentangle the problematic72

attribution of this strong absorption around 3.4 µm. In Fig 1, transmittances73

corresponding to box 1 and box 2 are clearly too noisy to allow a clear anal-74

ysis. In this work, we specifically focus our efforts on the highest absorption75

spectral range, i.e. between 3.3 and 3.5 µm. In Sec. 2 we examine, in the76

light of an advanced thermodynamic model, the possibility of the existence77

of hydrocarbon ices in the stratosphere of Titan, as proposed by Kim et al.78

(2011). In Sec. 3 and 4 we revisit the absorption of gases in the 3.4 µm79

spectral region while in Sec. 5 we discuss the possible presence of PAHs80

or more complex polyaromatic hydrocarbons like Hydrogenated Amorphous81

Carbons (HACs). In Sec. 6, we further discuss these issues and present our82

conclusions.83

2. Solid-Vapor equilibria in Titan’s stratosphere84

An explanation for the nature of Titan’s 3.4 µm absorption was put for-85

ward by Kim et al. (2011) who could reproduce the VIMS solar occultations86

by using hydrocarbon ices like C2H6, CH4, CH3CN, C5H12 and C6H12 ices.87

However, the real existence of such ices in the stratosphere of Titan needs88

to be discussed. Indeed, as mentioned by Kim et al. (2011), above 130 km89

(the lowest altitude explored by these authors) the temperature remains in90

160 − 190 K interval while the pressure decreases below 5 × 10−3 bar. A91

look at Table 1, in which we have gathered the triple points coordinates of92

involved species, shows that at least C2H6, CH4 and C5H12 should not be in93

solid form at these relatively high temperatures. In order to investigate more94
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Figure 2: Panels (a) and (b) stand respectively for the temperature and pressure profiles,

provided by HASI instruments, between the altitudes 127 km and 800 km in the atmo-

sphere of Titan (Fulchignoni et al., 2005). Panel (c) represents the molar fraction of ethane

as computed by Lavvas et al. (2008a,b). In panel (d) the thermodynamic quantities ∆1

and ∆2 (defined in the text by Eq. (1) and Eq. (2)) for ethane. We recall that ∆1 and ∆2

correspond respectively to the chemical potential, of a given species, in the gas phase and

in the solid phase, the coexistence of both is reached when ∆1 = ∆2 (see Eq. (3)). ∆1(1)

corresponds to the abundances found by Lavvas et al.’s while ∆1(10
3) has been obtained

by multiplying the mole fraction xC2H6 by 103.

deeply the existence of these ices, we introduce two quantities, the first is:95

∆1,i = ln (Γvap
i yi) (1)
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where yi is the mole fraction of the compound i at equilibrium, in the vapor,96

and Γvap
i is the activity coefficient of the considered species. The second97

introduced term is written as :98

∆2,i = −∆Hi,m

RTi,m

(
Ti,m

T
− 1

)
(2)

The thermodynamic equilibrium between the species i in the vapor, and its99

icy counterpart , is reached when the equation :100

∆1,i = ∆2,i (3)

is satisfied (Poling et al., 2007). Eq. (3) correspond to a thermodynamic101

equilibrium between the considered organic ice i and the vapor – Eq. (3)102

is an equality of chemical potential. The activity coefficient Γvap
i is given103

by the Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT).104

Originally proposed by Gross & Sadowski (2001), PC-SAFT is now widely105

employed in the chemical engineering community, due to its very good perfor-106

mances. This theory has been successfully employed in several recent studies107

of Titan to model liquid-vapor and solid-liquid equilibria (Tan et al., 2013;108

Luspay-Kuti et al., 2015; Tan et al., 2015; Cordier et al., 2016; Cordier, 2016).109

In Eq. (1) the activity coefficient Γvap
i quantifies the degree of ideality110

of the considered gas mixture. When Γvap
i ∼ 1 the system has an ideal111

behavior, i.e. all the molecules of the same species and those of different112

species interact with the same intensity. In our context, for all the molecules113

listed in Table 1, we found the Γvap
i ’s very close to unity, whatever the alti-114

tude. This indicates an ideal behavior of the gases, which is not a surprise at115

densities provided by HASI measurements (Fulchignoni et al., 2005). Prac-116

tically, this means that Eq. (3) can be satisfied only if ∆2,i is negative,117
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meaning that the molar fraction yi has to be smaller than unity. In the case118

of ethane, ∆2,i remains slightly larger than zero (see Fig. 2.d), then, in the119

conditions of pressure and temperature in the Titan’s stratosphere, accord-120

ing to the present model, C2H6 can never form solid particles. For the other121

species, even if ∆2,i < 0, the measured or estimated values of their mole122

fractions are order of magnitude too small for Eq. (3) to be satisfied. For123

instance, concerning CH3CN, Lara et al. (1996) (see their Fig. 10 p. 279) re-124

ported abundances, derived from ground-based millimeter-wave observations125

(Bézard et al., 1993), between roughly 10−9 and 10−7 in molar fraction, while126

Lavvas et al. (2008a,b) computed values around 10−8. Our calculations show127

that even in the most favorable case (i.e. when the abundances of CH3CN128

is taken equal to 10−7) the term ∆1,i is more than ten orders of magnitude129

smaller than the typical value of ∆2,i in stratospheric conditions. As a con-130

sequence, we conclude that the compounds proposed by Kim et al. (2011)131

cannot exhibit solid-vapor equilibria in the stratosphere of Titan. The only132

possibility remaining is the presence of these icy hydrocarbon aerosols in a133

non-equilibrium state, but such a situation seems unlikely.134

3. Radiative transfer modeling of the 3.4 µm absorption135

In order to simulate the properties of the flux of photons that emerges136

from the Titan’s atmosphere during a solar occultation, we have built a sim-137

ple radiative transfer model. On one hand, the structure of the atmosphere138

is represented by a set of concentric spherical shells; on the other hand, the139

solar radiations are assumed to follow a straight optical path througth the140

atmosphere. The refraction is neglected in our entire approach, this approx-141
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imation is relevant due to the low density probed in these explored regions.142

For a given altitude z, the transmittance T (λ, z) of the atmosphere at the143

wavelength λ is estimated using144

T (λ, z) = exp(−
∑

i,j,k

Njxi,jσi,klj) (4)

where the indexes i, j and k denote respectively the chemical species, the145

atmospheric layers and the spectral lines. The cross-sections are σi,k, Nj146

represents the total number of molecules (per units of volume) in layer j,147

while xi,j is the molar fraction of species i in the same layer. Finally lj148

stands for the distance travelled by photons in the layer j (see Fig. 3). Doing149

several tests on the number of layers, we found Nlayers = 70 to be a suffi-150

cient total number of shells, linearly distributed between the ground and a151

maximum altitude of 700 km. The pressure and temperature profiles come152

from HASI measurements (Fulchignoni et al., 2005). The cross-section σi,k153

(in cm2/molecule) are written as154

σi,k(ν̃) = Ii,k(ν̃i,k) f(ν̃ − ν̃i,k) (5)

where f is a Voigt profile, ν̃ and ν̃i,k are respectively the wavenumber (in155

cm−1) and the spectral line k wavenumber of the chemical species i, Ii,k are156

the intensities (in cm/molecule) of the spectral line k of the chemical species157

i. In the cases where high resolution spectral data are available, the cross-158

section σi,k are computed using k−correlated coefficient method (Arking &159

Grossman, 1972; Chou & Arking, 1980; Fu & Liou, 1992). When only low160

resolution spectral data are available in the literature or when the lines are161

wider than the spectral resolution of VIMS (16-20 nm), the k−correlated162
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Figure 3: A schematic representation of our “onion-skin” radiative tranfer model, used

in this paper and suitable for the analysis of Titan’s solar occultations data published by

Maltagliati et al. (2015). In the text, the term altitude refers to the parameter called “z”

in this figure. After tests with different numbers of layers, a total number Nlayers = 70

of atmospheric layers was found sufficient to describe the atmosphere. Layers have been

linearly distributed between the ground and 700 km.

coefficient method is not necessary to compute cross-section and therefore a163

Gauss profile has been proved to be sufficient.164

Our initial composition is based on the one published by Maltagliati et al.165

(2015) and include the following molecules : CH4, CH3D, CO, C2H2, C2H4,166

C2H6, H2O, C6H6 and HCN. In this entire paper, we adopt this list of species167

as our First Guess composition (hereafter FG composition), the influence168

of other compounds will be made by comparing what it is obtained using169

this FG composition. Nitrogen is voluntarily omitted since it is extremely170

poor absorbant in the domain of interest. Moreover, the collision-induced171

effects are negligible within the band 3.3 − 3.5 µm. The CH4, C2H2, C2H4,172

C2H6, C6H6 and HCN vertical mixing ratio profiles come from photochemical173

models developed by Krasnopolsky (2014). The abundance of deuterated174
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methane (CH3D) with respect to the methane has been kept constant with175

a CH3D/CH4 ratio of about 5.3 × 10−4 (Bézard et al., 2007). Concerning176

water, we performed tests including molar fractions corresponding to the177

highest value given by Coustenis et al. (1998). Finally, the abundance of CO178

has been taken from Flasar et al. (2005).179

2 2.5 3 3.5 4 4.5 5
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1

T
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n
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n
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T78I - Altitude: 145 km

Figure 4: Comparison between observed transmittance (dashed line) acquired during oc-

cultation T78I at the altitude of 145 km (Maltagliati et al., 2015), and the computed

transmittance due to our FG composition: with only CH4, CH3D, CO, C2H2, C2H4,

C2H6, H2O, C6H6 and HCN. For C2H6, only spectral lines provided by HITRAN have

been taken into account.

The spectral data of CO, C2H2, H2O and HCN were mainly taken in HI-180

TRAN1 (Rothman et al., 2013) and GEISA2 (Jacquinet-Husson et al., 2008).181

For CH4, CH3D and C2H4 we used the up-to-date theoretical line lists com-182

puted by Rey et al. (2016) and available at the Theoretical Reims-Tomsk183

1http://hitran.org/
2http://www.pole-ether.fr/geisa/
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Spectral database3. For benzene, due to the lack of data in these database,184

we performed ab initio computations of its absorption frequencies and their185

respective intensities. Based on the MP2/6-311G** level of the theory, devel-186

oped by Moller & Plesset (1934), we obtained frequencies, which were scaled187

by 0.95, according to that is the recommended in such a situation. The only188

none zero intensities near the 3.4 µm band are for the frequencies 3064.0917189

cm−1 (3.26 µm) and 3064.0949 cm−1 (3.26 µm) (including the scaling factor190

of 0.95) corresponding to two C-H asymmetric stretching normal modes. The191

intensities were found quite low with values of 32.63 km/mole for both tran-192

sitions. Considering the vertical profile of C6H6, we find that the benzene is193

a minor absorber around 3.26 µm.194

Maltagliati et al. (2015) selected a set of four occultations data, T10195

Egress (T10E), T53 Egress (T53E), T78 Egress (T78E) and T78 Ingress196

(T78I) acquired during three flybys, T10, T53 and T78 respectively. For197

each occultation, the altitude ranges between ∼ 50 km and ∼ 690 km. We198

provide, in supplementary material, four cube’s name lists used in our analy-199

sis, one name list by occultation. The name lists are in Excel cvs format and200

can be downloaded from the pds-rings site 4. For all these occultations, the201

retrieved transmittance curves, at a given altitude, are extremely similar (see202

for instance Fig. 11 of Maltagliati et al., 2015). In order to facilitate com-203

parison between our theoretical output, and observational determinations,204

we have chosen the Ingress occultation T78 (T78I) as a typical case. We also205

selected the altitude of 145 km because it offers a good compromise between206

3http://theorets.tsu.ru
4https://pds-rings.seti.org/cassini/vims/
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high altitudes data for which the transmittance curves are pretty flat, and207

low altitudes measurements presenting a global strong absorption that masks208

or damps spectral features.209

A first model-observation comparison can be seen in Fig. 4, the disagree-210

ment is clear, particularly around 3.4 µm our domain of interest. This nicely211

confirms the findings by Maltagliati et al. (2015).212

4. The possible absorption of ethane, propane and butane around213

3.4 µm214

4.1. Ethane215

As already mentioned, the C-H stretching bands produce a strong absorp-216

tion at 3.2−3.5 µm, this is why any compound containing one or several C-H217

bounds can potentially contribute to the observed 3.4 µm absorption. In this218

context, ethane, quantitatively the main product of Titan’s photochemistry219

(Lavvas et al., 2008a,b; Krasnopolsky, 2014), should be the object of our220

first intentions. The presence of ethane in the Titan’s atmosphere is firmly221

established by previous observations, e.g. it has been detected by Cassini’s222

instruments: UVIS (Koskinen et al., 2011), INMS (Cui et al., 2009) and CIRS223

(Vinatier et al., 2010). Unfortunately, in HITRAN and GEISA databases,224

ethane spectral lines in the band of interest are pretty scarce. Surprisingly,225

the absorption spectrum of the C-H stretching region of ethane, measured226

by Pine & Lafferty (1982) (hereafter PL82) at T= 119 K, is not available in227

these compilations. Then, we included the ∼ 3000 lines provided by PL82228

data in our model; 1614 entries specify wavenumbers, intensities and the229

lower state energies whereas for 1426 other entries the lower state energy is230
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not available. Thus, in the latter case, we have neglected the temperature231

corrections of the intensities. The contribution to the absorption around 3.4232

µm, of ethane alone, is plotted in Fig. 5(a).233

Unfortunately, Pine & Lafferty (1982) did not include ethane PQ-branches234

which should have a non-negligible contribution in the domaine of interest.235

To tackle the issue, we used an empirical pseudo-line list based on the cross-236

section measurements developed by Harrison et al. (2010) (hereafter H10237

dataset) and freely available on the web5. Compared to the absorption ob-238

tained with PL82 spectral lines, the effect of ethane is significantly enhanced239

by the use of this more comprehensive list (Fig. 5.b). If both, the PL82240

and H10 spectral data, are simultaneously included in our model (Fig. 5.c),241

the actual effect of PL82 is not noticeable. Finally, if we merge PL82 and242

H10 spectral lines sets, with those employed for our FG composition model,243

the disagreement with Cassini/VIMS observations is considerably reduced244

(Fig. 5.d). This clearly demonstrates the prominent role of ethane, as an245

absorber, at wavelengths around 3.4 µm. Nonetheless, the simulated trans-246

mittance remains significantly above the observed one. This fact suggests247

the presence of other absorbers, possibility which we discuss further in next248

paragraphs.249

4.2. Propane250

According to photochemical models (Lavvas et al., 2008a,b; Krasnopol-251

sky, 2014), propane should also be produced in Titan’s upper-atmosphere.252

This C3 hydrocarbon has been detected by several Cassini’s instruments:253

5http://mark4sun.jpl.nasa.gov/pseudo.html
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T78I occultations - Altitude 145 km

Figure 5: Comparison between simulated transmittances and VIMS for the T78I occul-

tation data (Maltagliati et al., 2015). Observational data are in dashed line, the altitude

is 145 km. This figure shows the transmittance of C2H6 using: (a) only Pine & Lafferty

(1982) spectral lines (red), (b) only pseudo-lines lists based on the cross-section measure-

ments (Harrison et al., 2010) (red), (c) the combination of PL82 and H10 spectral data

(red), (d) the combination of our FG composition model with PL82 and H10 (blue), the

absorption computed with our FG composition is also plotted for comparison (green solid

line).
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Figure 6: Occultation T78I at 145 km (observed transmittance in dash line) : (a) Absorp-

tion due to propane alone, (b) computed absorption using our FG composition comple-

mented by propane (ethane is not taken into account).

Nixon et al. (2013) determined its mixing ratio using CIRS, while Cui et al.254

(2009) and Magee et al. (2009) retrieved abundances from INMS measure-255

ments. Similarly to the ethane case, HITRAN and GEISA are very poor in256

spectral data around 3.4 µm for this molecule. Then, we used the propane257

pseudo-lines list based on the cross-section measurements of Harrison &258

Bernath (2010) (freely available on the web6). Taking into account the259

propane abundance profil predicted by Krasnopolsky (2014), we have esti-260

mated the corresponding absorption in our domain of interest: in Fig. (6) we261

have displayed the absorption of propane alone a), the effet of this molecule262

is combined with that of our FG composition sample b), clearly the con-263

tribution of propane is comparable to that of ethane, even is propane is264

6http://mark4sun.jpl.nasa.gov/pseudo.html
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Figure 7: Dashed line : T87I observations, dot-dashed line: our computation taking into

account gases of our FG composition and ethane (including pseudo-lines and Lafferty

data), solid line: the same simulation including propane pseudo-lines list based on the

cross-section measurements of Harrison & Bernath (2010).

approximately one order of magnitude less abundant than ethane. In fact,265

due to its larger numbers of C-H, propane is an absorber roughly one order266

of magnitude more efficient than ethane.267

4.3. Butane268

Butane has not yet been detected, in the atmosphere of Titan. The pres-269

ence of butane is predicted by photochemical models (Krasnopolsky, 2009,270

2010, 2014). The quantity of butane should be lower than what it is measured271

and computed for propane. Available models indicate a butane mixing ratio272

about four order of magnitude smaller than what Krasnopolsky (2014) ob-273

tained for propane. Since no data concerning butane were found in HITRAN274
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and GEISA databases, we used cross-sections provided by the NIST7. Ac-275

cording to this approach and taking vertical profile provided by Krasnopolsky276

(2014), we have checked that butane has no detectable influence on the 3.4277

µm atmospheric transmittance.278

4.4. Conclusion about ethane, propane, butane and others linear hydrocarbon279

We have summarized our simulations results in Fig. 7, clearly the addition280

of propane to our set of considered gaseous species reduced the disagreement281

between theoretical output and solar occultation data. However, the situa-282

tion is far from satisfactory, and there is room for other efficient absorbers283

around 3.4 microns. It is likely that other larger linear hydrocarbons are284

present in the atmosphere, but they are not yet retrievable from the occulta-285

tion data. Moreover, their molar fractions could be very small in comparaison286

with the molar fraction of butane. Thus, no additional linear hydrocarbon287

larger than butane was considered in our model.288

5. The absorption due to Polycyclic Aromatic Hydrocarbons and289

Hydrogenated Amorphous Carbons290

As mentioned in the introduction, PAHs or more complex polyaromatic291

hydrocarbons like HACs (Dartois et al., 2004, 2005, 2007), considered as or-292

ganic compounds in solid state, are detected in the ISM (Sandford et al., 1991;293

Pendleton & Allamandola, 2002). For instance in Dartois et al. (2004) the294

features observed in the ISM spectra fitted very well with those observed in295

7http://webbook.nist.gov
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spectra of HACs produced in laboratory (Dartois et al., 2004, 2005). Further-296

more, PAHs are detected on the Iapetus’ and Phoebe’s surface (Cruikshank297

et al., 2008), in micro-meteorites in Antarctic (Becker et al., 1997) and in the298

meteorite Allende (Becker & Bunch, 1997). Observations of comets reveal299

the presence of PAHs (Li, 2009) and in addition they were considered in Ti-300

tan’s upper atmosphere to explain an unidentified emission at 3.3 µm (Dinelli301

et al., 2013; López-Puertas et al., 2013). According to Bellucci et al. (2009)302

for Titan’s atmosphere and Dartois et al. (2004, 2005, 2007); Sandford et al.303

(1991); Pendleton & Allamandola (2002) for the ISM, the features observed304

between 3.38 µm and 3.48 µm are due to the symmetric and asymmetric305

stretching of the C-H bond in -CH2 and -CH3 groups of the aliphatic chains.306

Likewise the features around 3.3 µm are signatures of stretching of aromatic307

C-H bond (Bellucci et al., 2009; Dartois et al., 2004, 2005, 2007). These308

latter signatures emphasize the presence of aromatic compounds like PAHs309

and the signatures at 3.38 µm and 3.48 µm together with the signatures of310

aromatic C-H stretching show the presence of complex particles containing311

aromatic cycles and aliphatic chains as it would expect in HACs. In Dartois312

et al. (2005), possible structures of HACs compatible with the ISM spectra313

were simulated with a neuronal network simulation: The resulting structure314

shows aromatic cycles and aliphatic chains as expected.315

Thus, to clarify the observed transmission in the 3.3−3.5 µm spectral region316

we considered PAHs and HACs compounds in our model.317
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5.1. Polycyclic Aromatic Hydrocarbons318

The information on PAHs’s transition intensities come from the NASA319

Ames PAHs IR Spectroscopic Database 8. In our calculations the line widths320

were fixed to a reasonable value of 30 cm−1. This value is approximatively321

comparable to the different values used for HACs (Dartois et al., 2007). we322

introduce a correction factor αi,k for the intensities Ii,k, with the same mean-323

ing for index i and k than the index in Eq. (4), to account for two sources324

of uncertainty : (1) the temperature dependence of the intensities Ii,k, (2)325

the uncertainties on the Ii,k’s themselves. Indeed, the spectral data provided326

by the Ames Database are valid for a temperature of 296 K while the actual327

temperature in Titan’s stratosphere is substantially lower (see for instance328

Fig. 2a). In the spectral window of interest (i.e. 2700 cm−1–3570 cm−1), for329

the 716 species reported in the Ames database, we counted a total of 11, 307330

calculated spectral lines against only 127 coming from an experimental de-331

termination. Even if some overlaps are present, we see that the majority of332

available spectral data are calculated theoretically. This rises the question of333

the degree of confidence that can be placed in these computed data. In this334

context, we have searched for theoretical and experimental spectral lines that335

coincide in terms of wavelength, adopting a given tolerance, respectively: 1336

cm−1, 2 cm−1 and 3 cm−1. This way, we identified 52 lines that correspond to337

both theoretical and laboratory determinations with a tolerance of 1 cm−1,338

108 when is increased to 2 cm−1 and 144 when the tolerance is increased to339

3 cm−1. Consequently, we formed the log ratio Ith/Iexp for each identified340

8http://www.astrochem.org/pahdb/
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couple of lines, with Ith the theoretical intensity and Iexp the correspond-341

ing laboratory measurement. The histograms of log ratio Ith/Iexp values is342

plotted in Fig. 8. This figure shows clearly that the theoretical intensities343

tend to be underestimated, compared to their experimental counterparts, by344

a factor up to two orders of magnitude. Then, these results motivated our345

introduction of a factor αi,k that represents the uncertainties that affect the346

spectral lines intensities available in the Ames database. In this manner, the347

intensity Ii,k in Eq. (5) is replaced by the product αi,kIi,k. Finally, if we348

combine Eq. (4) with Eq. (5), the product βi,j,k = xi,jαi,k, with the same349

meaning for index j than the index in Eq. (4), appears in the expression350

of the transmission. In first approach, we considered that the correction351

factors αi,k are independent of the spectral lines. Therefore, βi,j,k = xi,jαi,k352

becomes βi,j = xi,jαi. We took 118 neutral and charged PAHs in the Ames353

database. We have chosen PAHs with less than 100 carbon atoms, free of Fe,354

Mg, Si (not relevant for Titan’s atmosphere) and for which the intensities355

are significant in the 3.3− 3.5 µm band.356

5.2. Hydrogenated Amorphous Carbons357

The HACs (sometimes noted a-C:H or a-C:H:N if the HACs contain nitro-358

gen), are considered as smallest haze particle and precursor of more complex359

haze particle (called tholins) Lavvas et al. (2011) (and p. 304 of Müller-360

Wodarg et al. (2014)). In Dartois et al. (2004, 2005, 2007) no identified361

structure was given but just different vibration modes together with their vi-362

brational frequencies or wavelengths. Analyzing the spectrum of the galaxy363

named IRAS 08572+3915, Dartois et al. (2007) fitted the intensities, wave-364

lengths and widths of the lines for these vibration modes. Then, we use365
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spectrum parameters given in Table 1 of Dartois et al. (2007). We do not366

consider HACs with nitrogen (a-C:H:N) because the vibrational modes con-367

taining N are not present in 3.3 − 3.5 µm band (Dartois et al., 2005). As368

with PAHs, we also introduce a correction factor αi,k on the intensities Ii,k,369

with the same meaning for index i and k than the index in Eq. (4), tak-370

ing into account for an uncertainty source: the temperature dependence of371

the intensities Ii,k. Indeed, the intensities coming from the study of IRAS372

08572+3915 spectrum the temperature must be different than that in Titan’s373

stratosphere. In Dartois et al. (2007) no distinction was made between the374

different HACs but just between the vibration modes. Consequently, in our375

model for HACs we omit index i. Thus, our correction factor αi,k becomes376

αk and the intensities are Ik. In first approach, as with PAHs, the correction377

factors αk are independent of the spectral lines. Consequently, we define a378

product βj = xjα.379

5.3. Results380

For PAHs, xi,j is the molar fraction of PAHs number i with respect to381

the C6H6 abundance profile in layer j. As a first approximation, the vertical382

profile of this molar fraction of PAHs number i vs the C6H6 (used as proxy)383

abundance and the vertical profile of the molar fraction of HACs were kept384

constant. Thus for PAHs and HACs respectively, βi,j = xi,jαi turns into385

βi = xiαi and βj = xjα turns into β = xα. Considering the uncertainties386

on PAHs and HACs intensities, we have fitted, respectively, the product387

βi = xiαi and not xi alone, and β = xα and not x, to get the best fit to388

occultation data. However, the resulting values do not provide information389

about the actual abundances of these PAHs and HACs because the problem390
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is degenerated: the correction coefficient to apply remains unknown. Taking391

into account the log ratio Ith/Iexp and according to the PAHs number i, we392

obtain as best fit for βi, values in the range of (4.75 × 10−4 − 3.32)×molar393

fraction of C6H6. Concerning the HACs, the best fit for β is found for the394

value 10−7.395

Fig. 9 shows that the combination of all gases, plus the 118 PAHs and HACs396

allow a satisfactory modelization of the observed transmittance at 145 km.397
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Figure 8: Histograms of the log ratios Ith/Iexp for the Ames database PAHs for which

theoretical and experimental spectral lines features determinations are available. We have

considered 3 cases: (1) the wavelengths of theoretical and experimental match with a

maximum tolerance of 1 cm−1, (2) the same with 2 cm−1 and finally 3 cm−1.
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Figure 9: Computed transmittance (solid line) at 145 km during occultation T78I (ob-

served transmittance in dash line), the radiative transfert model takes into account all

studied gases plus the best fit of 118 PAHs (from NASA Ames database) and HACs (from

Dartois et al. (2007)).

6. Discussion and Conclusion398

6.1. Discussion399

Observations of Saturn’s stratospheric auroral regions (Guerlet et al.,400

2015) seem to underline the remarks made on the features observed in Ti-401

tan’s atmosphere. Indeed, spectral signatures of benzene and aerosols in the402

range 680-900 cm−1 and 1360-1440 cm−1 have been observed with CIRS on403
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board Cassini, around the 80◦S. In particular, vibrational modes in aliphatic404

and aromatic hydrocarbons were observed revealing the presence of PAHs or405

HACs in stratosphere of Saturne (Guerlet et al., 2015). Moreover, as men-406

tioned, VIMS observations of Procyon’s occultation through Saturn’s atmo-407

sphere around the 55◦N, reported by Nicholson et al. (2006) and discussed408

by Bellucci et al. (2009), show similar features in the 3.4 µm band to those409

observed in our study. Nevertheless, the observations reveal slight differences410

with the Titan’s 3.4 µm band spectra. But these differences could be due411

to a lower amount of nitrogen compounds in Saturn’s atmosphere (Bellucci412

et al., 2009). Thus, the PAHs and HACs in Titan’s atmosphere could be413

slightly different from those in Saturn’s atmosphere.414

Our study of 3.4 µm band observed by solar occultation at 145 km of415

altitude suggests the presence of aromatic molecules like PAHs and more416

complex like HACs at low altitudes. Some insights can be gained by exam-417

ining the results from laboratory experiments. Dartois et al. (2004, 2005)418

synthesized HACs (called a-C:H in these references) by ultraviolet photolysis419

of methane (Dartois et al., 2004) and other hydrocarbons and nitrogen com-420

pounds to form a-C:H:N compounds (Dartois et al., 2005) by UV radiation421

with wavelengths shorter than 120 nm in the EUV domain. Then, they made422

spectral Infra-Red (IR) analysis of the residues. The aim of these previous423

studies was to explain the spectral features observed in the ISM. Due to the424

presence of methane, others hydrocarbons and nitrogen compounds as well425

as the ultraviolet radiation in EUV domain going down to 600 km (Yoon426

et al., 2014), the same HACs production process as in the ISM could occur427

in the Titan’s upper atmosphere.428
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But this explanation is not completely satisfactory, mainly because we429

should find absorptions in the wavelength range 3.38 µm–3.48 µm in high al-430

titude occultation spectra which is not the case (Courtin et al., 2015). In this431

latter reference, the authors do not observe strong features (in extinction)432

in this wavelength range above 500 km but rather below 480 km (Courtin433

et al., 2015, Fig. 2). The authors computed the ratio extinction coefficient434

at 3.33 µm / extinction coefficient at 3.38 µm, the wavelength at 3.33 µm be-435

ing characteristic of aromatic C-H stretching and the wavelength at 3.38 µm436

characteristic of aliphatic C-H stretching. Thus, this ratio is function of the437

ratio between the aromatic and aliphatic components in the haze particles.438

This ratio is about 3 at 700 km and decreases to about 0.5 below 300 km.439

Then the conclusion of Courtin et al. (2015) is a growth of molecules from440

PAHs to more complex organics by particle-aging and coating process when441

the altitude decreases. So, even if the explanation in Dartois et al. (2004,442

2005) about the HACs production in the ISM is not completely relevant for443

Titan’s upper atmosphere, it is possible to have HACs at low altitude, by444

particle-aging and coating process. This process was also studied in labora-445

tory (Carrasco et al., 2018) by ultraviolet irradiation of analogs of Titan’s446

thermosphere aerosols (and Couturier-Tamburelli et al. (2018)). Carrasco447

et al. (2018) analyzed the absorption peaks of residues and their time evolu-448

tion. They found shifts and modifications of vibrational signatures reflecting449

aerosols transformation during the irradiation. The observed spectra after450

24 h of irradiation appear to tend toward Titan’s spectra observed in VIMS451

spectra at altitude 200 km. The conclusion of Carrasco et al. (2018) is that a452

particle aging process by ultraviolet irradiation occurs in Titan’s atmosphere453
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from aerosol embryos in thermosphere to more complex haze particles in low454

altitudes according the following process : (1) aerosol embryos generation,455

(2) sedimentation and (3) chemical evolution by UV irradiation.456

Other studies were conducted (Gudipati et al., 2013; Yoon et al., 2014).457

In Yoon et al. (2014), the authors experimentally studied the role of ben-458

zene photolysis in the PAHs and more complex particles (tholins) produc-459

tion. They stipulated that UV radiation with wavelengths longer than 130460

nm (FUV domain) leads to the photodissociation of benzene. Likewise, in461

the FUV domain the photons could reach low altitudes bringing a benzene462

photolysis in the lower atmosphere. Then this photolysis would lead to the463

production of PAHs and more complex particles. In the same way, Gudipati464

et al. (2013); Couturier-Tamburelli et al. (2014) proceeded to photochem-465

ical experiments with C4N2 ice and photons in FUV domain, reproducing466

the environment of Titan’s lower atmosphere and highlighting the fact that467

at low altitudes (below 200 km) the UV flux at 350 nm is comparable to468

the upper radiation field at shorter wavelengths. Their conclusion is that469

photoabsorption by haze particles in this FUV domain would trigger a rich470

solid-state chemistry at low altitudes. In a similar way photolysis of HC5N led471

to residues containing aromatic signatures around 3.3 µm and C-H stretching472

around 3.4 µm (Couturier-Tamburelli et al., 2015). The authors concluded473

that this photolysis drives the formation of more and more complex polymers474

which are precursors of haze particles. These results about the PAHs and475

HACs production at low altitudes are in agreement with our spectral analysis476

of the 3.4 µm band for the occultation at 145 km of altitude.477

Finally, NASA has recently announced the selection of the Dragonfly478

29

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



mission (Turtle et al., 2019) as part of its New Frontiers program. This479

revolutionary quacopter is planned to explore Titan’s surface, in the region of480

Shangri-La dune fields and Selk impact crater, during the mid-2030s. Among481

onboard instruments, the Dragonfly Camera Suite will allow PAH detection482

via fluorescence, excited by a controlled UV illumination (Lorenz et al., 2018).483

6.2. Conclusion484

To conclude, the present study was to explain the strong absorption485

around 3.4 µm observed in the occultation spectra by VIMS at low altitudes486

typically lower than 450 km. We opted for the altitude 145 km which offers a487

good compromise : at lower altitudes, the stronger absorptions damp spectral488

features and at higher altitudes, the absorptions are too weak to be extracted489

from the signal. As a first step in our radiative transfer modeling, we have490

included 9 molecules following Maltagliati et al. (2015) : CH4, CH3D, CO,491

C2H2, C2H4, C2H6, H2O, C6H6 and HCN. This composition leads to a poor492

reproduction of the observed transmittance curve. The disagreement was re-493

duced by including C2H6 spectroscopic data as the data coming from Pine &494

Lafferty (1982) or the more exhaustive data, but empirical pseudo-line, com-495

ing from Harrison et al. (2010). This way, the agreement has been improved,496

but the simulated transmittance remained above the observed one. The in-497

clusion of propane improved the result but there was still a lack of efficient498

absorbers around 3.4 µm. Knowing that spectral signatures around 3.4 µm499

are present in the ISM and identified as PAHs or HACs, we have considered500

these complex hydrocarbon compounds in our model as possible absorbers501

in the Titan’s atmosphere at about 145 km of altitude. The fit of abundance502

of PAHs and HACs, taking into account some uncertainty by means of a503
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correction factor, allowed a rather satisfactory modelization of the observed504

transmittance at 145 km of altitude. Thus, the model suggests the presence505

of complex hydrocarbon compounds and precursors of haze particles at low506

altitudes. This result is also consistent with several laboratory studies show-507

ing a complexification of hydrogenated molecules from small hydrocarbons508

to more complex by UV irradiations (Yoon et al., 2014; Couturier-Tamburelli509

et al., 2015, 2018; Carrasco et al., 2018).510
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