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Figure 1. Processes included in the model. In this example, the PACs provide primary particles which then coagulate to form an aggregate. Eventually the surface
chemistry acting on the aggregate provides a new, larger primary particle.

of primary particles pa and pb if they are neighboring and is
zero if the primaries are not neighbors. We use S to calculate
the coalescence level C(a, b) between each pair of neighboring
primary particles, described below.

2.2. Particle Rounding

Two primary particles, pa and pb, are in point contact directly
after a collision. The initial common surface Sa,b and volume
Va,b of these two connected primary particles is the sum of
the individual surfaces and volumes. The particles get more
spherical due to surface growth and can coalesce to one single
primary particle. We calculate the coalescence level, C(a, b),
between two touching primaries pa and pb from (Sander et al.
2011)

C(a, b) =
Ssph(a,b)

Sa,b
! 2!1/3

1 ! 2!1/3
, (3)

where Ssph(a, b) is the spherical surface (the surface of a
sphere with the same volume as the two primary particles)
and the matrix element Sa,b is the common surface of the
two neighboring primary particles pa and pb. C(a, b) is zero
directly after a coagulation event for two same volume particles,
and is greater than zero if pa and pb have a different volume
(Figure 2). The mass deposited at the common surface of the
two primary particles in contact controls their volume change,
!Va,b, assuming a mass density of 1 g cm!3. The corresponding
increase in surface area, !Sa,b, is calculated from (Patterson &
Kraft 2007)

!Sa,b = !Va,b

s

Rc

, (4)

where the radius of curvature, Rc, is the radius of a sphere with
the volume of the two connected primary particles. A smoothing
factor of s = 2 implies that the common surface Sa,b increases
as if the two primary particles would be spherical (Patterson &
Kraft 2007). Smaller values of s lead to faster rounding of the
particles. The coalescence level C(a, b) increases due to surface
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Figure 2. Coalescence level C(1, 2) of two neighboring primary particles p1
and p2 as a function of the volume added relative to the sum of initial volume
of the two primaries. Three different initial volume relations are compared.

growth and two individual primary particles are replaced by one
primary particle if C(a, b) is larger than 0.99. We assume that the
rounding of the primary particles is independent from each other,
which means that a coalescence event between primary particles
pa and pb does not affect the coalescence level between primary
particles pa and pc. In order to ensure this independence, the
common surface Sa,b of pa and pc is modified in such a way that
their coalescence level does not change due to the coalescence
of primary particles pa and pb (Sander et al. 2011).

2.3. Fractal Dimension

The particle shape is an important property for their physical
properties (settling velocity, optical properties) and can be
described by a fractal dimension, Df , that correlates the number
of primary particles, n, with their distribution around the center
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Figure 8. Shape of the particles at different altitudes.

The increase of the fractal dimension toward the lower al-
titudes of our simulation is not consistent with Titan’s strato-
spheric aerosol observations, which clearly show the presence
of aggregates with a characteristic fractals dimension of Df =
2 (Tomasko et al. 2008; Lavvas et al. 2010). This is probably
a result of the uncertainties in the abundance of HCCN, and
also due to the lack of feedback in the gas-phase density of
radicals used for the surface growth. In addition, the interaction
of atomic hydrogen with the aerosol surface will also affect the
results in this region. Laboratory experiments find that hydro-
genation of the aerosols by incorporation of atomic hydrogen to
the aerosol surface is an important process (Sekine et al. 2008a),
while inclusion of the measured heterogeneous reaction rates to
photochemical models (Lavvas et al. 2008b; Sekine et al. 2008b)
shows that this process has the largest impact close to 400 km
in Titan’s atmosphere. Hydrogenation of the aerosols will result
to a decrease of the unsaturated bonds in the particle surface,
which can affect the sticking efficiency of other radicals and
explain why the aerosols in Titan’s main aerosol layer in the
stratosphere are characteristic of Df = 2. A self-consistent in-
vestigation that will couple between the aerosol production and
the gas-phase abundances along with the effects of atmospheric
mixing and hydrogen heterogenous chemistry will be addressed
in the future.

Another clarification we should make is related with the gas
to particle transformation pathways. In our calculations, we only
consider a pathway based on the growth of aromatic structures
(homogeneous and heterogeneous polycyclic hydrocarbons),
which is based on theoretical calculations for the growth of
these structures on reaction with C2H and CN (Mebel et al. 2008;
Landera & Mebel 2010). Other pathways including both aro-
matic and aliphatic precursors are suggested in previous investi-
gations based on photochemical considerations (Lebonnois et al.
2002; Wilson & Atreya 2003; Lavvas et al. 2008b; Delitsky &
McKay 2010), but the detailed information for the intermedi-
ate steps that will allow the description of these processes in
our models is lacking. What we need is a better description
of the interaction of large molecules with themselves and also
with radicals, in order to identify the possible mechanisms that

would provide a stable growth pathway. We hope our current
investigation will motivate further theoretical and laboratory
investigations that could aid to this goal.
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High detail spacecraft observations

Need for detailed studies

All this chemical complexity starts
from the photodissociation of N2 & CH4
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Variation of  EUV emissions and electron 
temperature between night and day side 
suggest that their contribution is smaller 
than that of  photons 

[Ajello et al. 2007, 2008; Agren et al. 2009, Cui et al., 2009, 
Cravens et al. 2009, Galand et al., 2010, Lavvas et al., 2011a]
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Neutral DissociationN2
tion has never been observed to the lowest limit,
N(4S)+N(4S) (Walter, Cosby and Helm, 1993),
while the mechanisms accessing the other two lim-
its must necessarily involve spin-orbit coupling
to triplet states, as demonstrated by Lewis et al.
(2005) for predissociation of the lowest-energy 1!u

states. The present CSE model includes spin-orbit
and rotational couplings which provide a realis-
tic treatment of the N2 predissociation, including
strong vibrational and rotational variations, es-
pecially at the longer wavelengths. Qualitatively
consistent with the detailed observations of Walter,
Cosby and Helm (1993), the computed dissociation
branching ratios between the N(2P )+N(4S) and
N(2D)+N(2D) limits display a complex behavior,
predominantly favoring the lower limit for 1021 Å
> ! >891 Å, and the higher for 891 Å > ! >854 Å.
The first allowed predissociation channel for N2,
i.e., involving singlet-singlet coupling, opens at the
N(2D)+N(2D) dissociation limit and branching to
this limit can be safely assumed to dominate for
! < 854 Å. Because of remaining uncertainties in
the branching mechanisms at shorter wavelengths,
we have adopted the following simplified assump-
tions for the dissociation products:

1021 Å > ! > 891 Å : N(2D) + N(4S)

891 Å > ! > 854 Å : N(2P ) + N(4S)

! < 854 Å : N(2D) + N(2D)

Moreover, the lifetime of N(2P) is very small and
rapidly de-excitates to the longer leaving N(2D)
state (Zipf et al., 1980). In addition N(2P) is chem-
ically less active than N(2D) (Herron, 1999), thus
a"ects the following chemistry is a smaller degree.
Based on these arguments, and also because the
production of N(2P) relative to N(2D) is not well
constrained by measurements, both for photons and
photoelectrons, we assume in the calculations that
all N(2P) formed results to N(2D).

The CSE cross sections are quantitative over
the longer wavelength region of the spectrum, but
their accuracy is expected to decrease at shorter
wavelengths due to the omission of higher-principal-
quantum-number Rydberg states in the current
model (Liang, 2007). This is confirmed by compar-
ison with laboratory measurements. In Fig. 2, we
compare the experimental room-temperature cross
section of Carter (1972), as tabulated in (Fennelly
and Torr, 1992), with the relevant CSE cross sec-
tion. Both sets have been convoluted to a resolution
of 10 Å full-width at half-maximum (FWHM) for

Table 1
Band nomenclature of the N2 ionization emerging photo-
electrons and the threshold energy. Data from Baltzer et al.
(1992) and Krummacher et al. (1980).

Band Threshold energy (eV) Products

X 2!+
g 15.58 N+

2

A 2"u 16.926 N+
2

B 2!+
u 18.751 N+

2

C 2!+
u 25.514 see text

F 2!+
g 28.8 N+(3P) + N(2D)

E 2!+
g 33.6 N+(3P) + N(2D)

G+H 36.8 N+(3P) + N(2D)

the comparison. The two sets appear to be in rela-
tive agreement for ! > 845 Å, but for shorter wave-
lengths the CSE cross section decreases sharply
relative to the experimental cross section. For this
reason, we have used the computed CSE cross sec-
tions for ! > 845 Å, but experimental cross sections
at shorter wavelengths. The variation of the atmo-
spheric temperature on the computed CSE cross
sections is also taken into account.

Before proceeding, it is important to note that the
existing experimental cross sections in the highly-
structured regions of the spectrum are compromised
significantly by the e"ects of limited instrumental
resolving power. In particular, the measurements of
Carter (1972) were taken at a resolution of 0.04 Å
FWHM and the resulting cross sections are pres-
sure dependent, representing a lower limit to the
true cross sections. The systematic di"erence be-
tween the computed and experimental cross sections
in the longer wavelength region of Fig. 2 is thus ex-
plained. It follows that the biggest deficiency in our
adopted cross sections is the use of currently avail-
able experimental results in the structured spectral
regions with ! < 845 Å. It will be possible to ex-
tend the CSE calculations to shorter wavelengths
by the inclusion of further Rydberg states, but this
approach will only cover part of the gap between
845 Å and the ionization limit at 796.8 Å. There-
fore, supplementary high-resolution absolute exper-
imental cross sections will still be necessary to over-
come the identified deficiency. Such data is likely to
become available through the use of a unique EUV
Fourier-transform spectrometer, recently installed
at the SOLEIL synchrotron in France, with a reso-
lution of !0.001 Å FWHM, su#cient to define even
the narrowest Doppler-limited lines in the N2 spec-
trum.

The threshold for N+
2 formation is at 796.8
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Photons penetrate deeper at 
wavelengths between N2 bands 

and are absorbed by CH4

Why is high resolution 
important ?

High resolution

Low resolution

Photon Penetration



Photons Electrons

N2

Photons Electrons

CH4

for more details see Lavvas et al. 2011

N2

CH4



Vuitton et al. 2007/8
Lavvas et al. 2008a,b

Horst et al. 2008
Yelle et al. 2010

Further down the chemical pathways...



Figure 2. (a) UVIS FUV data from 22 June 2009 at 1000 ± 50 km altitude, where a total of 163 spectra
have been coaveraged. The composite fit to the data is shown overplotted in red, and the transmission is
shown in blue, referenced to the right‐hand axis. (b–d) Three important spectral contributions to the com-
posite fit: the N2 LBH bands, where the different vibrational progressions are indicated as is the integrated
radiance within the passband; the N2 VK bands with the vibrational progressions and total radiance indi-
cated; and the N I multiplets with the total radiance for all 10 indicated.

STEVENS ET AL.: TITAN’S ULTRAVIOLET NITROGEN AIRGLOW A05304A05304
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Figure 3. (a) UVIS EUV data from 1000 ± 50 km altitude for the same time period as Figure 2. As in
Figure 2, the composite fit is in red, and the transmission is shown in blue. Spectral contributions to the
composite fit: (b) the N I and N II multiplets in red and H Lyman‐b in green, with the radiance for the
brightest N II 1085 Å feature indicated; (c) the N2 CY(3,4,6) bands as well as the N2 BH I(1) bands; and
(d) the CY(0,v″) bands.

STEVENS ET AL.: TITAN’S ULTRAVIOLET NITROGEN AIRGLOW A05304A05304
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Airglow

Stevens et al. 2011
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et al., 1994). Given the complexity of this state, we
treat its pre-dissociation as a free parameter.

For the triplet states, pre-dissociation starts within
a narrow range of vibrational levels of the B state (12
! ! ! 18). This process occurs due to the close align-
ment of these energy levels to those of the A! 5!+

g con-
tinuum, as for the " state (Geisen et al., 1990). Sim-
ilarly, the C state pre-dissociates for ! " 5 (Lofthus
and Krupenie, 1977). Theoretical calculations for the
D state show that pre-dissociation rapidly increases
with increasing vibrational levels and rotational en-

Table 1: Average dissociation yields for singlet states. States in
boldface characters have pre-dissociation yields less that 95%.

< fdis >
State 100K 150K 200K
b(1) 0.634 0.657 0.678
b(4) 0.994 0.994 0.994
b(5) 0.979 0.974 0.968
b(6) 0.957 0.958 0.959
b(7) 0.969 0.972 0.974
b!(1) 0.453 0.444 0.440
b!(4) 0.903 0.920 0.926
b!(5) 0.683 0.683 0.684
b!(6) 0.938 0.938 0.938
b!(7) 0.485 0.531 0.579
b!(8) 0.930 0.930 0.930
b!(9) 0.730 0.751 0.768
b!(10) 0.965 0.965 0.966
b!(11) 0.946 0.946 0.946
b!(12) 0.834 0.827 0.819
b!(13) 0.971 0.971 0.971
b!(14) 0.981 0.980 0.980
b!(15) 0.978 0.978 0.978
b!(16) 0.949 0.950 0.951
b!(17) 0.988 0.987 0.986
b!(18) 0.975 0.975 0.975
b!(19) 0.975 0.976 0.977
c(0) 0.980 0.979 0.978
c(1) 0.976 0.980 0.983
c(2) 0.985 0.985 0.985
c!4(0) 0.109 0.133 0.155
c!4(1) 0.689 0.694 0.699
c!4(2) 0.800 0.797 0.795
c!4(3) 0.826 0.826 0.827
c!4(4) 0.752 0.779 0.798
c!4(6) 0.922 0.924 0.928
e(0) 0.925 0.927 0.928
e!(0) 0.491 0.494 0.524
o(0) 0.951 0.959 0.962
o(1) 0.989 0.990 0.990
o(2) 0.991 0.991 0.991
o(3) 0.990 0.990 0.990
o(4) 0.712 0.716 0.717

ergy (Lewis et al., 2008). Thus, we consider that all
levels above the ground level pre-dissociate for this
state. Similarly, for the E state pre-dissociation dom-
inates for ! " 2. For all other states we do not con-
sider pre-dissociation.

2.2. Radiative Transitions

Table 2 provides a complete list of the radiative
transition included in our calculations. The radiative
de-excitation rates among the di"erent vibrational
levels are taken from the studies of Cartwright (1978),
Gilmore et al. (1992) and Campbell et al. (2010) for
the double and triplet states. Typically, transitions
occur from a higher laying state to a lower laying
state. Depending though on the involved levels the
transitions can take place on the inverse direction as
well (intrasystem crossing). The bands for which in-
verse transitions are possible are presented by the
double arrows in Table 2. We also provide the largest
radiative transition rate for each band in order to
present the relative lifetimes of the di"erent states.
For the w#X transition, we estimated the rates for
the di"erent levels using the total radiative lifetime
for the w state and the FC factors reported in Gilmore
et al. (1992), while for the a! #X transition we fol-
lowed a similar approach using the lifetime (13 ms)
reported for this state by Tilford and Benesch (1976).

For the singlet states, Gilmore et al. (1992) provide

Figure 6: Comparison between radiative emission rates of the
b(!=1) levels to di!erent levels of the ground state. Lines
present the theoretical rates evaluated with a pre dissociation
yield of 65% at di!erent temperatures (solid for 200 K, dashed
for 100 K and dash-dotted for 150 K) and the symbols the rates
from Gilmore et al. (1992) assuming a pre dissociation yiled of
the 10.5% for the b(!=1) level.

8

Figure 5: Yields for pre-dissociation (black) and photo-
excitation (blue) for the b(!=1) state.

do not describe our system at such high detail, the
pre-dissociation of the di!erent vibrational levels con-
sidered in our study corresponds to the average prop-
erties over the rotational population of each level.
Thus, we use a constant pre-dissociation probabil-
ity, fdis, for each state/level the value of which is
retrieved from the literature or is subject to investi-
gation.

For the gerund singlet bound states only the ! 1"g

state is observed to dissociate for vibrational levels
" ! 7. The dissociation is believed to occur through
coupling to the A! 5#+

g continuum, yielding N(4S) +
N(4S) (van der Kamp et al., 1994).

Pre-dissociation of the lowest 1"u states (b,c,o) was
quantitatively explained for the first time through
spin-orbit coupling of the singlet manifold states with
the 3"u manifold (Lewis et al., 2005b, 2008). More
specifically this coupled-channel Schröndinger equa-
tion (CSE) model showed that the b state is strongly
coupled to the C state, while the latter is strongly pre-
dissociated electrostaticaly by the C! continuum that
yields N(4S) + N(2D). Moreover, the pre-dissociation
yields of each state/level depend on the rotational lev-
els involved (Haverd et al., 2005; Lewis et al., 2005a;
Wu et al., 2012), thus can be used as probe of the ro-
tational temperature. This particularly holds for the
b("=1) level that exhibits the strongest emission for
this state, and has an important contribution in the
UVIS EUV observations of Titan’s airglow (Stevens
et al., 2011). The pre-dissociation theoretical yield
for b("=1) ranges from "20% for J=1 to "100% at
J=25 (Lewis et al., 2005a).

Pre-dissociation of the c!4 proceeds through rota-

tional coupling to the c3 1"u state that readily dis-
sociates through spin-orbit coupling to the C and C!

states (Liu et al., 2008, 2009). There is a strong de-
pendence on the rotational energy of the molecule
with no pre-dissociation for J=0, and increasing e$-
ciency for higher rotational levels. This picture be-
comes more complex through the interaction of the c!4
Rydberg state with the b and b! valence states: inter-
action with the b! state modifies the energy levels and
Franck-Condon factors for both states. As a results
of this interaction there is a strong crossing between
the c!4(0) and b!(1) levels for specific rotational lev-
els that results to an overlap of their emissions. This
phenomenon further a!ects the pre-dissociation rates
because the J dependence of the b! pre-dissociation is
weaker than that of the c!4.

The latest theoretical calculations for the N2 cross
sections allow us to quantitatively evaluate the pre-
dissociation yield for each of the singlet states at any
temperature. Figure 5 presents an example of the
yields (pre-dissociation versus photo-excitation) for
the b("=1) state that demonstrates the variable char-
acter of the yields over the spectral range of the this
band. The band average yield for pre-dissociation,
< fdis > for this state would be "90%. Yet, the cross
section, #!, within the band is variable (see Fig. 2).
Thus, an accurate averaging for the yield would be :

< fdis >=

!

#!fdis,!
!

#!
, (1)

which for the b("=1) state gives an average pre-
dissociation yield of "65%. Note that #! is the par-
tial cross section of each state/level and that the de-
rived yields correspond only to the partial state cross
section and not the total cross section. The corre-
sponding yields for all pre-dissociating singlet states
included in the model are provided in Table 1. Val-
ues are provided for three di!erent assumed temper-
atures in the calculations of the cross sections (100,
150, and 200 K). The variance of the yields among
these conditions is small and in our calculations we
assumed the yields at 150 K.

In addition to the above, resonant scattering of the
c!4(0)-X(0) emission also a!ects the pre-dissociation of
this state, because of the gradual population of the
X(1) vibrational level through the c!4(0)-X(" !!) tran-
sitions. Photons emitted from the c!4(0)-X(1) transi-
tion are resonantly absorbed by the near coincident
b("=2) state that completely pre-dissociates, reduc-
ing in this way the emission from the c!4 state (Stevens

7

Pre-dissociation Yields



FUV

EUV

Lavvas et al. 2014



THE N2 GROUND STATE
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The N2 hot population reduces the CY(0,1) 
emission and modifies the peak emission altitudes



is comprised of the N2 LBH bands, the N2 VK bands and
N I multiplets. The brightest two UV systems are the LBH
and VK, where the total predicted peak radiances are
within 5% of the observations and calculated peak altitudes
are within uncertainty of the observations, indicating that
solar forcing alone can quantitatively explain the observed
airglow.
[55] Although the overall agreement between model pre-

dictions and the observations is mostly very good, there are
some important differences, primarily in the EUV. One
significant discrepancy is that the peak brightness for the
CY(3,4,6) bands is a factor of five less than the observa-
tions. It is unlikely that these emissions are misidentified
because higher‐resolution terrestrial airglow observations
reported by Feldman et al. [2001] clearly show the bright
CY(3,2)+CY(4,3) bands at 943 Å and the CY(3,4)+CY(4,5)
bands at 985 Å without significant blending. Our model
calculations of CY(3,4,6) for Titan do not include any
contribution to the extinction by overlapping N2 bands
discussed in section 5, which would worsen the discrepancy
with observations. We currently have no explanation for the
source of this discrepancy, but we note that the CY(3,4,6)
bands borrow their intensity from the b′‐X levels [Ajello
et al., 1989, 1998] and we cannot detect the b′ bands in
Titan’s airglow. The exchange of intensity between these
two systems in the atmosphere of Titan is beyond the scope
of this work but is a topic worthy of future study.
[56] Another discrepancy is that the predicted CY(0,1)

peak radiance at 980 Å is a factor of three larger than the
observations. Although this might suggest a missing source
of opacity, we note that the predicted peak altitude is over
100 km higher than observed so that additional opacity
would worsen the peak altitude comparison. This is also
unlikely because the CY(0,1) band radiances were fit to
within 20% in terrestrial airglow data [Bishop et al., 2007].
Additional observations of this important progression would
lend critical insight to these differences.
[57] Table 1 also shows that the FUV atomic features

arising primarily from photofragmentation are predicted to
be 50% larger than the observations. It is unlikely that the
solar irradiance used is the source of the discrepancy since
the VK bands and the bright LBH bands are fit so well. It is
more likely that the emission cross sections used [Bishop
and Feldman, 2003] are too large. This underscores the

critical need for laboratory measurements of photo-
fragmentation cross sections of N2 in the EUV and FUV.
[58] We emphasize that limb radiance of many emission

features modeled herein are sensitive to the prescribed CH4
mixing ratio. A comprehensive analysis of the Titan data
would result in constraints on the CH4 abundance. As a first
step, we consider the sensitivity of our analysis to two dif-
ferent CH4 density profiles reported from a UVIS stellar
occultation [Shemansky et al., 2005] and from an atmospheric
model constrained by INMS observations [Yelle et al., 2008],
both of which are shown in Figure 4. We use the N I 1200 Å
feature for this sensitivity study; Figure 10a shows the cal-
culated VPRs for this feature. Figure 10b shows the optically
thin calculation of the limb radiances as well as the UVIS
observations.We remove the calculated CH4 opacity from the
observations using the inferred transmission (see Figure 2a)
and scale the optically thin calculation down to this result
(a factor of 0.55). This scaling removes any systematic
uncertainties from the calculation, such as those from emis-
sion cross sections. We then calculate the emergent radiances
for the two different CH4 profiles shown in Figure 4 and find
that the larger CH4 abundances reported by Shemansky et al.
[2005] are slightlymore consistent with our observations of N
I 1200 Å. We caution that the Shemansky et al. profile, the
Yelle et al. profile, and the airglow data presented here are all
based on separate Titan observations so that a variable CH4
abundance for each set of conditions may well reconcile the
discrepant results. Additional observations with latitude and
at other times of year would be helpful in this regard. The
airglow retrievals are not sensitive to absorption by other
hydrocarbons such as acetylene (C2H2) and ethane (C2H6)
due to their relatively low abundances.
[59] A significant finding of this work is that the altitude

of peak emission is sensitive to the N2 densities. Larger N2
densities from HASI produce an altitude of peak emission
60–70 km higher in Titan’s atmosphere, which is inconsis-
tent with the June 2009 peak airglow observations shown in
Table 1. Scaling the HASI densities down by a factor of 3.1
is consistent with the INMS (T5) densities at 950 km and
yields radiance profiles that are more consistent with the
airglow peaks of the different emission features.
[60] The CY(0,1)/CY(0,2) ratio observed by UVIS at peak

emission is found to be 1.5 at 1000 km altitude. The opti-
cally thin (0,1)/(0,2) ratio is 10 [Ajello et al., 1989], whereas

Table 1. Comparison of Modeled and Observed Titan Limb Airglow Radiances

Observed
Peak (R)a

Modeled
Peak (R)b

Model
Observed

Observed
Peak (km)

Modeled
Peak (km)

Model! Observed
(km)

N2 LBH
c 136.0 ± 12.5 143.9 1.1 900 ± 55 933 33

N2 VK
d 67.8 ± 7.4 52.0 0.8 900 ± 55 928 28

N Ie 31.8 ± 4.8 47.4 1.5 900 ± 55 956 56
N II 1085 Å 4.1 ± 0.2 4.5 1.1 900 ± 55 996 96
BH I(1) 2.0 ± 0.3 1.6 0.8 900 ± 55 1009 109
CY(3,4,6) 6.5 ± 0.4 1.4 0.2 1000 ± 55 1014 14
CY(0,1) 1.4 ± 0.2 4.2 ± 1.9f 3.0 1000 ± 55 1120 120
CY(0,2) 0.9 ± 0.2 0.7 ± 0.3f 0.8 1000 ± 55 1080 80

aAll observations also have a 15% systematic calibration uncertainty that is not shown.
bCalculations use a solar incidence angle of 56°, CH4 densities of Shemansky et al. [2005], and N2 densities shown in Figure 4. Limb radiances are

smoothed over 90 km (FUV) or 120 km (EUV), and all model results have a 30% uncertainty due to the XUV solar irradiance used.
cObservations and model results represent 87% of the N2 LBH system.
dObservations and model results represent 5% of the N2 VK system.
eIncludes all N I features between 1150 and 1900 Å.
fUses 1 to 30% predissociation of the c′4(0) state and 6% CH4.

STEVENS ET AL.: TITAN’S ULTRAVIOLET NITROGEN AIRGLOW A05304A05304

14 of 17

Figure 8

ST
E
V
E
N
S
E
T
A
L
.:
T
IT
A
N
’S

U
L
T
R
A
V
IO

L
E
T
N
IT
R
O
G
E
N

A
IR
G
L
O
W

A
05304

A
05304

12
of

17

Stevens et al. 2011

Is this variation consistent with observations?



EFFECTS ON THE ATMOSPHERE



IONOSPHERE CH4  V3 EMISSION

this case the agreement is very good up to 300 km. Overall,
our predictions for daytime are in agreement with those
from Richards and Torr, except for the calculated electron
density. Hence the more elaborate model incorporated in
this study substantiates the conclusions drawn by these
previous studies.
[72] As would be expected, we predict a much greater

production of quanta for an IBC III+ aurora than for
daytime. However, because of the higher electron density
and temperature also produced by the aurora, the cascade
contribution to production of vibrational quanta is quite
small at all altitudes relative to direct electron excitation.

5. Role of Vibrationally Excited N2 in the
Thermosphere
5.1. Enhancement Factors for O+ Charge Exchange

[73] The chemical reaction

O! ! N2 ! NO! ! N"R1#

has been known to be important in determining the electron
density in the ionosphere for many years, because diatomic
molecular positive ions generally have electron recombina-
tion rates which are faster than those for atomic ions. The
laboratory discovery [Schmeltekopf et al., 1967, 1968] that
the rate constant for reaction (R1) is strongly dependent on

the degree of vibrational excitation of the N2 molecule
stimulated research on both the reaction itself and its
consequences in the earth’s ionosphere. The dependence of
reaction (R1) on both the vibrational energy in N2 and the
relative kinetic energy of the O+ and N2 species has been
studied experimentally [Lindinger et al., 1974; Albritton et
al., 1977; Hierl et al., 1997], from a theoretical collision
physics perspective [O’Malley, 1970; Van Zandt and
O’Malley, 1973], and for particularly nonthermal conditions
in the thermosphere [St.-Maurice and Torr, 1978; St.-
Maurice and Laneville, 1998]. In a simulation, Newton et
al. [1974] found that deviations from the Boltzmann
distribution for the N2 vibrational population can produce
an enhancement of reaction (R1) by a factor of 4 in the F2
region. In their review of the formation of ionization troughs
in the ionosphere, Rodger et al. [1992] characterized the
general role of reaction (R1), and the analogous reaction
with O2, as the major electron loss processes in the F layer.
[74] We use the N2 vibrational distributions described

previously to estimate the enhancement of reaction (R1) due
to the presence of our predicted vibrational distribution and
its associated greater characteristic temperature than that of
the local neutral temperature. A convenient way to charac-
terize the enhancement of reaction (R1) is in terms of the
‘‘reaction rate enhancement factor’’, apparently first used by
Richards and Torr [1986] and employed by many studies
since then. This parameter is defined as

f $ k0n0 ! k1n1 ! k2n2 ! . . .% &= k0n0" #; "5#

where ni is the density of vibrational level i and ki is the
associated rate constant for reaction (R1) for vibrational
level i. The rate constants for reaction (R1) when the N2

molecule is in vibrational level i, also a function of the
translational (kinetic) temperature (Ttr) of the species in
reaction (R1), were obtained directly from the work of Van
Zandt and O’Malley [1973], as follows. Using the
semiempirical model of O’Malley [1970], Van Zandt and
O’Malley [1973] reported coefficients for the rate constant
for reaction (R1), for vibrational levels 0 through 8, which
reproduce the experimental results for Ttr = 300 K to 0.3%
and all the experimental data available at that time to within
3% for Ttr < 7000 K. That rate constant is shown in Figure 10,
as a function of the vibrational quantum number, for
translational temperatures from 1000 to 3000 K. The first
conclusion to be drawn from Figure 10 is that the rate
constant for reaction (R1) is a weak function of the
translational temperature relative to that demonstrated for
the dependence on the first four N2 vibrational quantum
numbers [!00]. The second conclusion is that since the
‘‘reaction rate enhancement factor’’ is defined as the rate for
reaction (R1) for excited vibrational levels [!00 > 0] relative
to that rate for !00 = 0, and the rate constant increases by a
factor of 1000 from !00 = 0 to !00 = 4, it is immediately
obvious that any appreciable vibrational population in levels
!00 > 1 will have a dramatically faster rate than that in !00 = 0.
[75] A second (fortuitous) characteristic of the rate con-

stant for reaction (R1) shown in Figure 10 is that predicted
values from Van Zandt and O’Malley [1973] demonstrate
virtually identical ‘‘damped’’ oscillations for !00 > 4 for all
translational energies in the range shown in Figure 10. This
behavior suggests that a reasonably accurate rate constant

Figure 10. Rate constant [cm3 s'1] for the O+ + N2* !
NO+ + N charge exchange reaction, as a function of the
vibrational quantum number and parametric on the transla-
tional temperature, extracted from the work of Van Zandt
and O’Malley [1973] (left). For !00 ( 9, an extrapolated
constant value (dot-dashed) was assumed. The equivalent
rate constants for the !00 = 0 value of St.-Maurice and Torr
[1978] multiplied by the rate coefficients of Schmeltekopf et
al. [1968] are shown on the right, with a similar indication
of extrapolation for !00 ( 7.
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O+ + N2 X(v)         NO+ + N 

From the Earth’s F region
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Figure 3. Residual emission after subtracting the radiance calculated using the CH4 concen-

tration inverted from the radiances at wavelengths longer than 3.3 µm. The UnE feature clearly

emerges (note the di!erent scale and the di!erent tangent height than in Fig. 1). The shaded

area represents the estimated error of the residual spectra due to the instrumental uncertainties

and to the error of the retrieved CH4 abundance, plotted only for the spectrum at 1000 km

(purple).
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N2(v) + CH4 > N2(v-1) + CH4*

CH4* > CH4 + hv

Ray et al. 2011

Which RV states are excited?



CONCLUSIONS

High resolution N2 cross sections have major 
implications for Titan’s photochemistry

The high quality observational constraints from 
Cassini/Huygens mission necessitate the detailed 

description of the complex processes taking place in 
Titan’s atmosphere.
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