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ABSTRACT

Context. We present here an analysis of the potential sources of oxygen species in the Uranus atmosphere.

Aims. Our aim is to explain the current measurements of H,O, CO, and CO, in the Uranus atmosphere, which would allow us to
constrain the influx of oxygen-bearing species and its origin in this planet.

Methods. We used a time-dependent photochemical model of the Uranus atmosphere to ascertain the origin of H,O, CO, and CO,.
We thoroughly investigated the evolution of material delivered by a cometary impact, together with a combined source, i.e. cometary
impact and a steady source of oxygen species from micrometeoroid ablation.

Results. We find that an impactor in the size range ~1.2-3.5 km hitting the planet between 450 and 822 yr ago could have delivered
the CO currently seen in the Uranus stratosphere. Given the current set of observations, an oxygen-bearing species supply from ice
grain ablation cannot be ruled out. Our study also indicates that a cometary impact cannot be the only source for rendering the observed
abundances of H,O and CO,. The scenarios in which CO originates by a cometary impact and H,O and CO, result from ice grain
sublimation can explain both the space telescope and ground-based data for H,O, CO, and CO,. Similarly, a steady influx of water,
carbon monoxide, and carbon dioxide, and a cometary impact delivering carbon monoxide give rise to abundances matching the
observations. The time evolution of HCN also delivered by a cometary impact (as 1% of the CO in mass), when discarding chemical
recycling of HCN once it is lost by photolysis and condensation, produces a very low stratospheric abundance which could be likely
non-detectable. Consideration of Nj-initiated chemistry could represent a source of HCN allowing for a likely observable stratospheric
mixing ratio.

Conclusions. Our modelling strongly indicates that water in the Uranus atmosphere likely originates from micrometeroid ablation,
whereas its cometary origin can be discarded with a very high level of confidence. Also, we cannot firmly constrain the origin of
the detected carbon monoxide on Uranus as a cometary impact, ice grain ablation, or a combined source due to both processes can
give rise to the atmospheric mixing ratio measured with the Herschel Space Observatory. To establish the origin of oxygen species in the
Uranus atmosphere, observations have to allow the retrieval of vertical profiles or H,O, CO, and CO,. Measurements in narrow pressure
ranges, i.e. basically one pressure level, can be reproduced by different models because it is not possible to break this degeneracy about
these three oxygen species in the Uranian atmosphere.
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planets and satellites: composition

1. Introduction

The presence of water vapour in the stratosphere of the outer
planets, as established by the Infrared Space Observatory (ISO),
has raised the question of the origin of external oxygen in these
reducing environments. While the gross similarity of the H,O
fluxes into the four giant planets (Feuchtgruber et al. 1997)
might have been taken as evidence that micrometeorite abla-
tion is the dominant source, recent observations, especially using
the Herschel Space Observatory and Spitzer Space Telescope
(hereafter Herschel and Spitzer), have revealed a different pic-
ture. These datasets outline the likely role of recent cometary
impacts in delivering oxygen species to the atmospheres of the
outer planets.

The current abundance of H,O and CO in Jupiter can be
explained by the Shoemaker—Levy 9 impact (Lellouch et al.
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1997, 2002; Cavalié et al. 2013), whereas for Saturn and Neptune
the CO observations point to three potential sources: (1) microm-
eteoroid ablation, (ii) cometary impacts, and (iii) local sources
(satellites, rings; Feuchtgruber et al. 1997; Moses et al. 2000b;
Cavalié et al. 2009, 2010; Lellouch et al. 2005, 2010; Fletcher
et al. 2012). The case of oxygen species in Titan’s atmosphere
reflects a complex scenario where the Enceladus source seems
to be variable with time (Moreno et al. 2012; Lara et al. 2014).
The abundance of CO in the Uranus stratosphere (200—
100 mbar) is only constrained by an upper limit of 2.1 x 10~
(Teanby & Irwin 2013) constant with altitude (or 9.4 x 10~ for
a stratosphere-only profile). Cavalié et al. (2014) used Herschel
data to set up a stratospheric CO mixing ratio of 7.1-9 x 107°.
Diffusion models (i.e. discarding photochemical and conden-
sation processes) by Cavalié et al. (2014) studied whether an
internal source of CO, a cometary impact delivering this species
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at 0.1 mbar, or a steady CO influx could explain the currently
available observations. The least favoured scenario by these
authors is the internal source. Although the core of the line
observed by Herschel can be fitted, the needed CO mixing ratio
(gco) in the deep atmosphere that diffuses upwards to match the
Herschel-HIFI data is ~10 times higher than the upper limit
set by Herschel-SPIRE (Teanby & Irwin 2013). Therefore, the
results of their investigation indicate that current observations
cannot help to discriminate between a cometary impact or a
steady source of CO being responsible for its currently measured
abundance in the Uranus stratosphere. This leaves open the pos-
sibility that a combination of the two processes could give rise
to the measured CO.

Recently, Moses & Poppe (2017; MPI17) have developed
sophisticated micrometeoroid ablation models, both for water
ice grains and refractory material entering the atmospheres of
Jupiter, Saturn, Neptune, and Uranus. These ablation profiles
are used as oxygen sources in the frame of a photochemical
model which couples hydrocarbon and oxygen chemistry. Their
conclusion regarding Uranus is that the H,O abundance mea-
sured by ISO (Feuchtgruber et al. 1997), and the CO, obtained
with the Spitzer infrared spectrometer (Orton et al. 2014b) and
the CO with Herschel (Cavalié et al. 2014) can be reproduced
for the following integrated ablation fluxes: 1.2 x 10° cm™2 s7!,
3.0x 10° cm™2 57!, and 2.7 x 10° cm™2 s7!, respectively (total
oxygen influx of 4 x 10° cm™ s!), these values not being very
dependent on the assumed eddy diffusion coefficient within the
range explored by Orton et al. (2014b).

In this work (TW18), by means of a time-dependent pho-
tochemical model, we explore in more detail the scenario of a
cometary impact, as well as a combination of cometary impact
and ice grain ablation as likely sources of oxygen in the Uranus
atmosphere. By analysing the event of a cometary impact, we
aim to address whether this phenomenon, which seems proba-
ble on the other giant planets, could also have taken place on
Uranus some time ago such that the oxygen species currently
seen on Uranus originated from a single event. We also explore
a combined source (i.e. cometary impact and steady source of
ice grain ablation) as precursor of H,O, CO, and CO; on this
planet.

2. Model description

The number density n at altitude z for every constituent i at time
t is solved by means of the usual continuity equations in plane-
parallel geometry:

6ni 6(13,
L =p —nl - —, 1
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The variables n;, P;, and [; are the number density, volu-
mic production rate, and volumic specific loss rate, and the
altitude runs from —75 to 2800 km, with an altitude bin size
of 5 km. The pressure levels covered in the model range from
5.3 bar to 1.05 x 10~7 mbar, and the 0 km altitude level is set at
1 bar.

The parameter D; is the molecular diffusion coefficient,
T is the temperature, H; and H are the individual and
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atmospheric scale heights, respectively, K(z) is the eddy diffu-
sion coefficient, and «; is the thermal diffusion coefficient.

The equations are solved for H, He, methane (CHy),
methyl radical (CH3), acetylene (C,H,), ethylene (C,Hy), ethane
(C,Hg), methyl acetylene (CH3C,H), propene (C3;Hg), propane
(C3H3), C3H2, C3H5, C3H7, diacetylene (C4H2), CH, C2, C4H,
C3Hs, C,H, lCHz, 3CHz, C,H;, C,H;s, C4H§, C4H;, water
(H,0), carbon monoxide (CO), carbon dioxide (CO,), methanol
(CH30H), CH,0H, CH30, HCCO, CH3CO, C,H4OH, molec-
ular oxygen (O,), CH,CO, CH3;CHO O(CP), formyl (HCO),
formaldehyde (H,CO), hydroxyl (OH), O('S), O('D), CH;O0,
and CH;CO.

We use a fully implicit finite difference scheme (uncondi-
tionally stable) with a variable time step, Az, to accommodate
the wide range of characteristic lifetimes (i.e. turbulent transport,
molecular diffusion, and chemical) for every species. The abun-
dance of every species at every atmospheric level is determined
by the balance of photochemical and transport processes. If the
computed number density n; due to these processes is higher than
the value allowed by the saturation law at the prevailing pressure
and temperature at that level n;q, i.e. % =S > 1, then a con-
densation term is added to the photochemical loss. Lavvas et al.
(2008a,b) recommend

1 )exp(—O.S/]nz(Si +1)

lﬂ' =A(l -
( S; In*(S; + 1)
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Here A is a constant in the range (0.1-1) X 1077 s™! as in Lavvas

et al. (2008b) and Krasnopolsky (2009). The above expression
provides increasing condensation loss rates with increasing sat-
uration ratios S ;. By varying the A values within the range given
above, the resulting mixing ratio profiles below the condensa-
tion levels are noticeably affected, whereas at the pressure region
where H,0 and CO, observations are available the resulting pro-
files differ only by 3-4%. Thus, we set A = 1 X 1077 s71, as
Lavvas et al. (2008b) considered for Titan’s atmosphere.

At 5.3 bar, the lower boundary of our model computations,
the condition is set as maximum downward velocity for every
species except He and CO having constant mixing ratio (gco =
5.0 x 1071% as in Moses & Poppe 2017). For CHy4, the mixing
ratio is set to 1.0 x 107>, which corresponds to its stratospheric
value (Orton et al. 2014a; Lellouch et al. 2015). We note that we
discard its condensation as it is unimportant for the study of the
water, carbon monoxide, and dioxide stratospheric abundances.

At the upper boundary of the model placed at 1.05 x
10~7 mbar (or 2800 km above the 0 km altitude level placed
at 1 bar), every species is in diffusive equilibrium (i.e. zero
flux). Atomic hydrogen is injected in the atmosphere at a rate of
4% 107 cm™2 s~! (Moses et al. 2005) due to the photodissociation
of H, taking place above 1.05 x 10~/ mbar.

Our models are run for K(z) = 5000 cm? s™!, as in Moses &
Poppe (2017), for a better comparison of our results with theirs.
Since our aim is to determine whether a cometary impact could
have been responsible for the CO abundance observed today,
once the size D of the impactor and the time of the event fimpact
are constrained, we will study how fiypact varies as a function of
K(z), for one particular D, to check whether it is compatible with
estimates by Zahnle et al. (2003). We assume that the cometary
material is delivered at a pressure level of 0.1 mbar (Lellouch
et al. 1997, 2002). Model results for K(z) = 1200 cm? s
(Cavalié et al. 2014) will be obtained and conclusions will be
drawn.

The model, which was originally derived from Gonzilez
et al. (2011), has been adapted to the Uranus atmosphere by
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Fig. 1. Thermal vertical profile of the Uranus atmosphere from Orton
et al. (2014a).

Table 1. Hydrocarbon column abundances at p < 10 mbar versus Spitzer
observational results (Orton et al. 2014b).

Species Spitzer This model
(cm™2) (cm™2)
CH, 45+1.1x10"° 43x10"
C,H, 62+1.1x10'% 4.8x10'°
C,oHg 3.1+04x10' 1.7 x 10"
CH;C,H 8.6+1.6x 103 4.1x 10!
C4H, 1.8+0.3x10% 93 x10'"
CH; <3.3x10"? 4.4 %102

Notes. The derived column abundances of stratospheric species result
from the nominal model in Orton et al. (2014b) and the uncertainties
represent the spectral fitting uncertainty and the uncertainty derived
from the range of acceptable methane mixing ratios and eddy diffusion
coefficients.

using the pressure—temperature profile in Orton et al. (2014a)
shown in Fig. 1, considering a chemical network both for hydro-
carbons and oxygen species derived from Moses et al. (2000a,b,
2005) and references therein. Some of the hydrocarbon reac-
tion rates are updated as in Orton et al. (2014b) to allow for a
more efficient recycling of C,;H,, and we have also considered
ethylene absorption cross sections measured at low temperatures
by Wu et al. (2004). Comparison of the column densities that
best match the measurements by Spitzer (Orton et al. 2014b)
and the values computed in this work can be seen in Table 1.
For this comparison, we have set gcy, at the lower boundary
of the model to 1.6 x 107, as in Orton et al. (2014b). On the
other hand, the analysis of the oxygen species origin and abun-
dance uses gcp, = 1.0 X 1073, as in Moses & Poppe (2017), for a
more consistent comparison between our results and theirs. We
note that this work does not focus on reproducing the hydrocar-
bon measurements, whose abundances derive from the chemistry
initiated by methane photodissociation.

The hydrocarbon column densities obtained in this work
vary by <1% when the considered total oxygen steady influx is
within the results given in Moses & Poppe (2017) (i.e. 8.9191 X
10* cm~2 s7! oxygen atoms). This almost negligible difference
is due to the strong depletion of hydrocarbons at p <0.5 mbar,
whereas ice grain ablation produces oxygen species at those
pressure levels. Therefore, oxygen species and hydrocarbons are

chemically decoupled. On the other hand, the column abun-
dances of species listed in Table 1 show variations of <13% for
the different cometary impact cases analysed in this work. As
the CO delivered by the impactor at p < 0.1 mbar is downward
transported, it reaches atmospheric regions at the 0.2—1.0 mbar
pressure level where methane abundance has not been consid-
erably reduced by diffusive separation. Hence, some chemical
interaction between hydrocarbons and oxygen species develops.
Nevertheless, these variations are within the error bars derived
from Spitzer data and photochemical modelling.

The oxygen species chemical network considered in this
work is given in Appendix A. It derives from Moses et al.
(2000b). The H,O, CO, and CO, abundance profiles are very lit-
tle dependent on this network and on the hydrocarbon chemical
reactions (see above), their vertical mixing ratio profiles being
mostly determined by the influx of oxygen (steady or single
event such as a cometary impact in the past) and the diffus-
sion processes. This is so because low values of K(z) like those
in the Uranus atmosphere result in methane homopause located
at ~0.3-0.8 mbar; H,O and CO, condense at relatively high
atmospheric levels, and CO is highly stable, thus hydrocarbons
and oxygen species turn out to be located in different strato-
spheric layers, and thus oxygen—carbon coupling chemistry can
be considered unimportant.

3. Radiative transfer model

The Herschel CO spectra have been modelled with a line-by-line
radiative transfer model, which takes into account the spherical
geometry and broadening due to planetary rotation, developed
for Jupiter (Moreno et al. 2001) and also used for Neptune
(Moreno et al. 2017). The CO opacity parameters were taken
from the Jet Propulsion Laboratory molecular line catalogue
(Pickett et al. 1998); the collision-induced absorption opacity
due to the main compounds of the Uranus atmosphere (H,—
H,, H,-He, and H,—CHy) adopt codes developed by Borysow
et al. (1985, 1988) and Borysow & Frommhold (1986). We
adopted a He mole fraction of 0.149 from Conrath et al. (1987),
and the CHy tropospheric value of 0.023 derived from Lindal
et al. (1987). The Uranus thermal profile is from Orton et al.
(2014a). The adopted CO pressure broadening coefficient ycos-7
is 0.066 cm~' atm™!, with a temperature dependance n=0.64
(Sung 2004; Mantz et al. 2005). We note that the continuum level
around the CO(8-7) line probes above ~0.6 bar pressure level.

4. Oxygen steady flux

By making use of our chemical network, treatment of condensa-
tion processes, and transport (turbulent and molecular diffusion),
we first established the steady influx of H,O, CO, and CO,
needed for an overall agreement with the observations from ISO
(Feuchtgruber et al. 1997), Herschel (Cavalié et al. 2014), and
Spitzer (Orton et al. 2014b), respectively.

For an eddy diffusion coefficient K(z) = 5000 cm? s7!, a
production rate profile (in molecules cm™ s~!) of water, car-
bon monoxide, and carbon dioxide due to the ice grain ablation
(Moses & Poppe 2017) is considered. We tune the integrated
flux of each species to better match the available observations
for every species. Table 2 lists the water and carbon dioxide
fluxes needed in this work to obtain mixing ratios and column
densities in good agreement with data. We have also run our
model with the integrated ablation rates in Moses & Poppe
(2017) for a comparison with their results. Figure 2 shows
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Table 2. Comparison of theoretical results with available observations versus the integrated flux of oxygen due to ice grain ablation.

H,O
ISO* [ q Column
g, cm™2 em2 5! at 0.03 mbar cm™2
40x 107, (5 - 12) x 1013
TWI18 6.0x10* 44x10° 43x108
MP17? 12x10°  79x107° 1.3x10"
CO,
Spitzer (0] q Column
g, cm™2 em2 s at0.15 mbar cm™2
8.0x 107" 1.7+ 0.2 x 1013
TWIS8 45%x10° 83x107'""  9.6x10"?
MP17> 30x10°  6.0x107""  6.9x 10"

Notes. “Mixing ratio at 0.03 mbar and column density in cm~2 by Feuchtgruber et al. (1997). ®Our model run with the CO, H,0, and CO,
integrated flux as in Moses & Poppe (2017). YBest-fit mixing ratio at 0.15 mbar from photochemical modelling in Orton et al. (2014b).
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a 102 17 : _11 10 - ‘_9 e ‘-8 * IS0, Spitzer and Herschel observations. Best-
10 10 10 10 10 fit profiles from Moses & Poppe (2017) are also
Mixing ratio shown for comparison.

the mixing ratio profiles obtained in both models, TW18 and
MP17, as well as the observational data. For the same influx
of CO, 2.7 x 10° cm™2 s7!, our modelled carbon monoxide
reproduces that of Moses & Poppe (2017) at p > 0.1 mbar and
at lower pressure slight discrepancies appear between TW18
and MP17.

However, the use of the integrated flux in Moses & Poppe
(2017) for water and carbon dioxide (model MP17) gives rise
to noticeably different mixing ratio values and column densi-
ties when compared to our computations in model TW18. More
concisely, Moses & Poppe (2017) require twice the water influx
we derive to match the observations (~4.4 x 10~ at 0.03 mbar)
and 50% less in the case of carbon dioxide. Regarding water,
Fig. 3 clearly shows that at pressure lower than 0.015 mbar, our
model MP17 computes a water mixing ratio profile that largely
coincides with that in Moses & Poppe (2017). However, below
this level the two profiles are noticeably different, ours over-
estimating the water abundance at 0.03 mbar by a factor of
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~7 versus the ISO measurements. A mixing ratio in agreement
with ISO observations can be achieved with a water integrated
ablation rate of ~6.0 X 10* cm™2 s~! (model TW18). We have
also compared the theoretical water column density for water
ablation rates 6.0 x 10* and 1.2 x 10° cm™? s~! (model MP17)
resulting in 4.3 x 10'® and 1.3 x 10" cm~2, respectively, approx-
imately within the range given by Feuchtgruber et al. (1997)
(5-12) x 1013 cm™2

An important difference between models in Moses et al.
(2000b) and this work is how condensation is included in the
photochemical modelling. Moses et al. (2000b, 2005) follow a
sophisticated condensation treatment where a vertical distribu-
tion of condensation nuclei and re-sublimation of ices are taken
into account. We have considered a very simplified condensa-
tion scheme (see Eq. (3)). We note that the water profile derived
in this work is highly supersaturated below the condensation
level, whereas the profile in Moses & Poppe (2017) is under-
saturated. The vapour pressure law used in this work is from
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Fig. 3. Comparison of the H,O and CO, profiles obtained in models TW18 and MP17, with ISO (Feuchtgruber et al. 1997) and Spitzer observations
(Orton et al. 2014b), respectively. Best fits in Moses & Poppe (2017) are also shown.

Mauersberger & Krankowsky (2003):

3059.5

T
where the pressure P is in Pa, the temperature 7 is in K, the
expression is valid in the region 165 < T < 273 K, and we
assume it remains valid at lower temperatures. On the other hand,
Moses & Poppe (2017) considered log,, P = 12.537 — 266%
(Marti & Mauersberger 1993). We have used this law in our
model as well, and it does not account for the differences shown
in Fig. 2. Since for the same water influx, the vertical mixing
ratio profiles of water at p < 0.015 mbar in MP17 and TW18
coincide, we believe that condensation is the main driver of the
discrepancies shown in Fig. 3. Thus, with current information
about the water content in the Uranian atmosphere, the influx
needed in this work and that in Moses & Poppe (2017) could
both give rise to H,O mixing ratio profiles potentially reproduc-
ing the ISO observations. Comparison of ISO data with synthetic
spectra generated with the theoretical water profiles obtained in
this work would help to better determine the H,O influx.

We have also analysed why our modelling (TW18) requires
50% more carbon dioxide to match the Spitzer observations.
Unlike the case of H,O where using the same influx as Moses &
Poppe (2017) renders basically the same water vertical profile at
p < 0.01 mbar (see Fig. 3), the computed carbon dioxide col-
umn abundance shows some dependency on the reaction rate
for CO + OH — CO, + H (kyp; in Table A.l1) in addition to
the ice grain integrated flux. Table 3 shows the computed CO,
column density and mixing ratio varying both the integrated
oxygen influx and the rate coefficient kpo; (Moses et al. 2000b;
Wakelam et al. 2012). The results indicate that a CO, influx of
3.0x 10° cm™2 s7! (see row MP17 in Table 2), despite the kg,
gives rise to carbon dioxide column abundances (6.9—7.6 x 10'?)
that are considerably below the Spitzer observations (1.7 + 0.4 X
10'3). Therefore, although the CO, abundance slightly depends
on kyo;, this cannot account for the large dissimilarity with
Spitzer observations.

Obtaining the same results as in Moses & Poppe (2017)
would require the use of exactly the same chemical network
(reactions and their rate coefficients), which is beyond the scope
of the current work. As the aim of this paper is to ascertain
whether a cometary impact could be responsible for the cur-
rent presence of oxygen species in the Uranus atmosphere, the
conclusions on this open issue can be tackled regardless of the

log,, P = 14.88 — “)

concise value of water and/or carbon dioxide integrated steady
flux due to ice grain ablation. Nevertheless, the inconsistency
between the required H,O influx in Moses & Poppe (2017) and
in these computations with respect to the ISO observations is
only ~50%, well within the observational errors.

5. Cometary impact as the only oxygen source

In this section we explore in detail whether the time evolution
of the material (mostly CO and H,O) delivered by a cometary
impact could be responsible for the observed abundances of
these species. Cavalié et al. (2014) and Moses & Poppe (2017)
mention in their works that a cometary source of CO is not an
unexpected possibility for Uranus, supplying an external amount
of oxygen that is of the same magnitude as the dust influx (Poppe
2016).

We first considered that a cometary impact brought the cur-
rently observed carbon monoxide; that is to say, CO did not
diffuse upwards from deep atmospheric levels. As in Moreno
et al. (2012) and Lara et al. (2014) and references therein,
we assume that this cometary impact behaves like that of
Jupiter/Shoemaker-Levy 9 where the cometary oxygen ended up
as CO and H,O during the shock chemistry at plume re-entry
near the 0.1 mbar and lower pressure levels, and both species
have since then slowly diffused vertically. No CO, was produced
in this shock chemistry.

Following Cavalié et al. (2014), discarding CO photochemi-
cal processes, that is, using a purely diffusive model with K(z) =
1200 cm? s~!, considering that a comet of 640 m diameter (i.e.
9.3 x 10" CO molecules cm™ or 3.5 x 103 g were produced
by the cometary impact in the Uranus atmosphere) hit the planet
370 yr ago, our CO mixing ratio profile perfectly matches that
in Fig. 2 of Cavalié et al. (2014). These results validate both
diffusion models.

Our work then focused on determining the impactor size
(diameter D in km) and when it occurred (fimpact Yr ago) in
order to obtain a CO mixing ratio whose synthetic spectrum
matches the Herschel observations (Cavalié et al. 2014) and
gco < 2.0 x 107 in the 200-100 mbar range (Teanby & Irwin
2013). For this modelling, we fixed the eddy diffusion coefficient
to our nominal value of K(z) = 5000 cm? s~!.

To determine which stratospheric CO mixing ratio best
matches the observations, as a starting point, we arbitrarily con-
sidered an impactor of 2 km in diameter and let the system evolve
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Table 3. CO, column density and mixing ratio obtained for several oxygen influx and CO + OH — CO, + H reaction rate coefficients.

k201 as in Table A.1

koo = 1.5 % 1078 ecm? 57!

Model g“ at 0.15 mbar Column (cm™?) g* at 0.15 mbar Column (cm™)
TWI8 8.3x 107! 9.6 x 10'2 8.8 x 107! 1.0 x 10"
MP17 6.0x 107! 6.9 x 102 6.7x 1071 7.6 x 1012
TW18a? 9.4 x 107! 1.1x 10"
TW18a® 8.6x 101 9.9 x 10'?

Notes. TW18 and MP17 refer to models with nominal values of the oxygen-bearing influx (see Sect. 4). “CO, best-fit mixing ratio at 0.15 mbar

from photochemical modelling in Orton et al. (2014b) is 8.0 x 107!!. ®Ice grain ablation influx giving rise to 1.2 x 10° and 4.5 x 10° cm

H,0 and CO,, respectively.

over several hundred years (i.e. to determine when the impact
happened, fimpact) t0 Obtain several gco profiles that are used as
input in the sub-mm radiative transfer computations (see Sect. 3).
Aiming for a realistic study, we allowed chemistry to distribute
the oxygen influx among the different species considered in
the model (see Sect. 2). For those species whose resulting par-
tial pressure is higher than that allowed by the vapour pressure
law, an additional term loss due to condensation is considered
following Eq. (3).

The outcome of this sensitivity test indicates that a CO rela-
tive abundance of 7.0 x 10~ at 0.4 mbar allows an optimal match
of the line core and wings. Table 4 lists different cases where
(D, timpact) have been tuned to obtain gco = (7.0 = 0.1) x 107
at the ~0.4 mbar region, the delivered CO mass (in g), and the
CO mixing ratio obtained in 200—100 mbar. The resulting pro-
files in the 200—100 mbar region reflect that larger impactors give
rise to larger CO abundances although below the upper limits in
Teanby & Irwin (2013). Table 4 shows that the solution is degen-
erate; in other words, the same stratospheric CO mixing ratio
abundance can be obtanied with pairs of (D, fimpact) that repre-
sent larger impacts having taken place longer ago, or smaller
impactors occurred more recently. For instance, the temporal
evolution of the material delivered by a cometary impact indi-
cates that the CO currently observed in the Uranus stratosphere
could be due to a comet nucleus of 3.5 km diameter that hit the
planet 822 yr ago.

Figure 4 shows the comparison of the measured spectra and
the modelled radiative transfer as a function of the different CO
vertical distribution resulting from steady ice grain ablation and
cases 3 and 4 for cometary impact. Any other of the cases in
Table 4 will give rise to a CO mixing ratio of ~7.0 x 10~ at
the 0.4 mbar pressure level that will give good match to the
Herschel data. Stratospheric CO mixing ratio profiles with an
abundance larger than the value in the pressure range probed by
Herschel (i.e. between 3 and 0.4 mbar) can in principle be dis-
carded as they will overestimate the observations. Similarly, the
tropospheric CO mixing ratio profile has to be lower than the
upper limit 2.1 x 10~ established by Teanby & Irwin (2013).

Equations (14) and (15) in Zahnle et al. (2003), adapted to
Uranus where the impact frequency is ~4 times smaller than
on Jupiter, allow us to plot the frequency of impact versus the
impactor size. Figure 5 displays two different scenarios depend-
ing on the origin of the impactors: the size-number distribution
of impactors is like that inferred at Jupiter (ecliptic comets), and
those impactors more representative of nearly isotropic comets
(as long-period or Halley-type comets). Zahnle et al. (2003) con-
clude that known craters on the Saturnian and Uranian satellites
are consistent with either case; that is, both kinds of impactors
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are in the Uranian system and they could have entered the Uranus
atmosphere. Also, Zahnle et al. (2003) assume that the impact
rate on Uranus is ~0.00125 comets per year (i.e. one impact
every ~800 yr) with D > 1.5 km with an uncertainty to a fac-
tor of 6. Hence, to constrain the most likely size of the impactor
and time, (D, timpact), that could be responsible for the CO in the
Uranian stratosphere, we can follow two approaches: (i) either
we consider that one impact takes place every ~800 yr, the size
of the impactor being D > 1.5 km, and this is fulfilled in cases
4,5, and 6 (and every other case where D and fiypac are larger
with the only constraint that the tropospheric CO mixing ratio
remains below the upper limit in Teanby & Irwin 2013), or (ii)
we distinguish the two types of impactors—those at ecliptic orbits
(known as Uranus A), or those in nearly isotropic orbits (known
as Uranus B) — to assess the origin of the impactor on the planet
and the subsequent shock chemistry that gave rise to the cur-
rently detected CO. In the latter consideration, impactors with
~1 < D <2 km and ~450 < fimpact < 630 yr are in the range
allowed by the curves in Fig. 5.

The cometary impact delivers 10 times less H,O than CO,
and no CO;. The resulting water and carbon dioxide profiles for
cometary impacts pertaining to cases 0-3 in Table 4 are shown
in Fig. 6 together with ISO and Spitzer measurements.

As most of the oxygen released by a shock chemistry induced
during the cometary impact is in the form of CO (90%) and
H,0 (10%), the only source of CO, is subsequent oxygen chem-
istry. The process CO + OH — CO, + H produces negligible
amounts of CO; as the abundance of the reactants is very low
at the p < 0.5 mbar once the evolution time is such that CO
stratospheric mixing ratio matches the Herschel data and H,O
is highly reduced in the upper atmosphere where its photolysis
gives rise to OH. The resulting CO,; integrated column densi-
ties range from 3.9 x 10" to 2.4 x 10'"' cm=2 for the cases in
Table 4, clearly well below the Spitzer measurements (Orton
et al. 2014b) (1.7 = 0.4 x 10'3). Similarly, our computed mixing
ratio is considerably lower than 8 x 10~!! in Orton et al. (2014b).

Feuchtgruber et al. (1997) derived a relative abundace of
6-14 x 107 at p < 0.03 mbar. The cometary impact delivers the
CO and H,O at p < 0.1 mbar (Lellouch et al. 2005). The H,O
profile resulting from the time evolution of the water delivered
by a cometary impact is noticeably below the ISO observations
(see Fig. 6). The H,O rapidly dissociates given the poor UV
shielding by hydrocarbons absorbing at the same wavelengths
as water does, and it is rapidly transported downwards as
condensation represents the most important sink for this species
between 3.1 bar and 2.6 mbar. The gaseous water deposited
by the impact diffuses downward to the 0.03 mbar region to
give a mixing ratio of 6-14 x 10~ in only ~50 yr. In that time



L. M. Lara et al.: Time-dependent Uranus photochemistry and oxygen source

Table 4. Impactor size and time to reproduce CO available observations and upper limit, respectively (Cavalié et al. 2014; Teanby & Irwin 2013).

Case D timpact CO mass qco
(km) yrago (&) 0.5-0.3 mbar 200-100 mbar

04 0.64 250 3.5x 108 (7.0+£0.1)x 107° (5.2-5.3)x 10710
1 1.5 524 46x%x10"% (7.0+0.1)x 107 (6.5-6.8) x 10710
2 1.6 549 57x 10" (7.0+0.1)x 107° (6.7-7.0) x 10710
3 2.0 629 1.1x10% (7.0+£0.1)x 107° (7.4-7.8) x 10710
4 3.5 822 56x10° (7.0+0.1)x10™°  (9.8-10.0) x 10710
5 4.0 872 8.6x10% (7.0+0.1)x10™° (10.1-11.4) x 10710
6 4.9 950 1.6x 10" (7.0+0.1)x 107 (12.1-13.0) x 1071°

Notes. “Model run for a size of the impactor as in Cavalié et al. (2014), the eddy diffusion coefficient being K(z) = 5000 cm? s~

! our nominal

value for K(z), unlike in Cavalié et al. (2014) who consider 1200 cm? s™'. The evolution time needed to obtain a CO mixing ratio that matches the
Herschel observations is shorter than the 370 yr needed in Cavalié et al. (2014) mainly due to a higher eddy diffusion coefficient.
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Fig. 4. Comparison of the CO line observed with Herschel and the spectra computed with the resulting CO vertical profile pertaining to model
MP17, nominal case 3 (K(z) = 5000 cm? s7'), 40% of gco resulting from case 3 with K(z) = 1200 cm? s~', and case 4 in Table 4. WF denotes the

weighting function at the line centre.
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Fig. 5. Inverse of the impact frequency (in units of years ago) ver-
sus impactor size D on Uranus for two different scenarios: impactors
in which the size-number distribution of impactors represent ecliptic
comets (red solid line), and nearly isotropic comets such as long-period
and Halley-type comets (blue dashed line; see Zahnle et al. 2003, and
references therein). Stars show the (D, finpa) from Table 4 that allows
for an optimal match of Herschel CO data in the stratosphere and below
the upper limit in the troposphere (Teanby & Irwin 2013).

lapse, CO abundance at ~0.4 mbar is orders of magnitude
higher than ~7.0 x 107 as it takes centuries to diffuse to the

atmospheric region where Herschel has detected it (Cavalié
et al. 2014). Figure 7 displays the water, carbon monoxide, and
carbon dioxide profiles obtained for impactors of 1.6 and 2.0 km
diameter. The evolution time is set to ~50 yr, which provides an
H,0O mixing ratio matching the ISO observations. However, the
carbon monoxide and carbon dioxide noticeably overestimate
the Herschel and Spitzer measurements, respectively.

From this analysis, we can conclude that the current CO
stratospheric abundance can derive from a cometary impact that
occurred several centuries ago, whereas the observed water and
carbon dioxide observed mixing ratios cannot be explained by
this event alone. In summary, from the modelling presented in
this section, we can discard a single cometary impact as the
only origin of the current stratospheric H,O and CO, measured
abundances, whereas CO best fit to Herschel observations can
be obtained if a comet of ~1.2-2.0 km diameter impacted the
planet ~450-630 yr ago, or a large impact (D ~ 3.5 km) took
place ~800 yr ago.

Considering an eddy diffusion coefficient K(z)
1200 cm? s~! (as in Cavalié et al. 2014) and assuming that
the shock chemistry produces CO at the 0.1 mbar level, the
diffusion times needed to reach gco ~ 7.0 x 10~ at 0.4 mbar
are considerably longer than the values listed in Table 4. More
concisely, for D = 1.6 km, the diffusion time is ~900 yr,
whereas for D = 3.5 km, fimpace ~ 1600 yr ago. In principle,
these old impacts cannot be discarded according to Zahnle
et al. (2003). However, the CO stratospheric profiles render
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Fig. 6. Vertical profiles of H,O and CO, derived from the time-dependent model assuming three different scenarios for a cometary impact on
Uranus (cases 0-3 in Table 4) delivering 10 times less H,O than CO, and no CO,. Available observational data on H,O (Feuchtgruber et al.
1997) and best-fit gco, matching the Spitzer measured column density (Orton et al. 2014b) are also shown. Photochemical, condensation, turbulent
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Fig. 7. Mixing ratio profiles of H,O, CO, and CO, ~50 yr after a comet nucleus of size 1.6 and 2.0 km impacted Uranus. The evolution time is tuned
to reproduce the water ISO observations, which in turn produces carbon monoxide and carbon dioxide clearly above the available measurements.

Photochemical, condensation, turbulent transport with K(z) = 5000 cm? s~!, and molecular diffusion are taken into account.
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synthetic spectra that are more intense and broader than the
observed spectrum. Nevertheless, decreasing the CO abundance
by 40%, the resulting profile can fit the Herschel observations
(see Fig. 4).

6. Combined oxygen source: meteoroid ablation
and cometary impact

The best-fit model to CO, H,O, and CO, by Moses & Poppe
(2017) requires a total oxygen influx rate that is a factor of 4
higher than original predictions from the ablation of ice grains
(4.0 x 10° versus 8.9 x 10* cm™2 s7!). They give different
arguments to explain the origin of this mismatch, for example
uncertainties in the ablation modelling or additional external
sources of oxygen to Uranus, such as satellite/ring debris or
cometary impact. In this section, we analyse whether a combined
source of oxygen entering the Uranus atmosphere can reproduce
the water, carbon monoxide, and carbon dioxide observations.

6.1. H,O and CO, steady source and CO of cometary origin

This scenario contemplates a combined source in which water is
mainly produced by the injection rate (in molecules cm™ s7!)
shown in Fig. 6 of Moses & Poppe (2017) due to the abla-
tion of ice grains. We considered an H,O integrated ablation
rate of 6.0 X 10* cm™2 s~! because in our study, and for the
case of a steady oxygen source, it is the best value that reproduces
the ISO observations (Feuchtgruber et al. 1997; see Sect. 4).
The gas—gas chemistry contemplated in our chemical scheme
gives contributes very little to the overall production of water.
On the other hand, carbon monoxide and water originate from a
cometary impact in a ratio of 90:10. In this line, we have arbitrar-
ily chosen case 3 in Table 4 (D = 2.0 km, fimpace = 630 yr ago).
We note that any other cometary impact case studied in Sect. 5
leads to the same general conclusions. The upper panel of Fig. 8
displays the results of this combined source of oxygen entering
the Uranus atmosphere. As expected, the predicted CO and H,O
perfectly match the observations, but carbon dioxide is severely
underestimated: the reaction R201 (CO + OH — CO; + H) can-
not efficiently proceed as the two involved reactants are present
at different atmospheric regions. This makes the CO, produc-
tion very inefficient. Additionally, carbon dioxide irreversibly
condenses between 410 and 7 mbar. The measured column den-
sity of CO, by Spitzer can be achieved by considering a carbon
dioxide integrated external flux of 4.5 x 10°> cm™2 s~ due to ice
grain ablation (lower panel in Fig. 8). In this way, the currently
available set of water, carbon monoxide, and carbon dioxide
observations can be reproduced by invoking a cometary impact
~630 yr ago bringing 1.1 x 10'> gr of CO, and an external steady
source of 4.5 x 10° and 6.0 x 10* cm™2 s~! of CO, and H,0,
respectively.

6.2. Steady source of H,O, CO, and CO,, and cometary
impact delivering CO

We also studied a combined CO source, namely carbon monox-
ide produced by a cometary impact as well as an oxygen steady
source due to ice grain ablation that also injects water and
carbon dioxide into the Uranus atmosphere. From a physical
point of view there is no reason to discard such a scenario.
Models are run by fixing the water and the carbon dioxide
steady influx to the values needed to match current observa-
tions (see above and Sect. 4), 6.0 x 10* and 4.5 x 10* cm™2 57!,

Pressure (mbar)

Teanby and Irvin (2013)
Feuchtgruber et al. (1997)
in Orton et al. (20J 4b)
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L L
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Mixing ratio

Fig. 8. Vertical profiles of H,O, CO, and CO, derived from the time-
dependent model under these assumptions: (i) 1.1 x 10'> gr of CO are
brought to the planet via a cometary impact ~630 yr ago (case 3 in
Table 4), and (ii) vapour water input is due to the ablation of ice grains
(Moses & Poppe 2017) with an integrated rate of 6.0 x 10* cm™ s~'. Red
solid line: CO, blue solid line: H,O, dashed green line: CO, only pro-
duced by chemical processes, and green solid line: carbon dioxide when
an integrated ice grain ablation rate of 4.5 X 10* cm~2 57! is considered
as well.
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Fig. 9. Mixing ratio profiles of H,O, CO, and CO, obtained when a
production rate due to ice grain ablation for every species with inte-
grated rates of 6.0 x 10*,2.45 x 10* and 4.5 x 10° cm™2 s~ is taken into
account. An additional source of cometary CO is considered as well, the
impactor size is D = 2 km, and the evolution time needed to match the
Herschel observations is 639 yr. The red dashed line refers to the carbon
monoxide profile resulting from the simulation of case 2 (see Table 4).

respectively. Thus, assuming as a total oxygen influx the nom-
inal result in Moses & Poppe (2017) (8.9 x 10* cm™ s71),
carbon monoxide has to be produced by ice grain ablation at
a rate of 2.45 x 10* cm=2 s~!. This gives the following rela-
tive influx rates 67% H,0, 28% CO, and 5% CO,. In addition
to this CO influx, we consider that a comet nucleus of ~2 km
(case 3 in Table 4) impacted the planet. After 639 yr the strato-
spheric carbon monoxide abundance allows for a good match
of Herschel measurements, as shown in Fig. 9. The result-
ing CO vertical profile in the pressure range p > 0.05 mbar
reflects the downward-transported carbon dioxide over 639 yr,
whereas at lower pressures the vertical profile reflects the steady
influx.
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Fig. 10. Mixing ratio profiles of the most abundant oxygen species in the Uranus atmosphere assuming an oxygen combined source due to ice grain
ablation and cometary impact. Upper panel: mixing ratio profiles resulting from assuming H,O and CO influx of 6.0 x 10* and 2.9 x 10* cm™2 57!,
respectively. Additionally, an impactor of 0.64 km in diameter hits the planet delivering only CO (see Table 4). Carbon dioxide is produced by
chemical reactions. The evolution time of the material delivered by the comet is tuned to produce a CO, abundance compatible with Spitzer
observations resulting into fimpaee = 67 yr. On the other hand, CO largely overestimates the data. Lower panel: as above, but the size of the impactor
is reduced to 0.56 km to inject a smaller amount of CO in the atmosphere. The evolution time needed to match the CO, observations is 19 yr giving
rise to a CO mixing ratio ~5 x 107 at 0.4 mbar, whereas H,O largely overestimates 1ISO data.

6.3. Steady source of H,O and CO, and cometary impact
delivering CO

Another possible scenario is to assume that only water and
carbon monoxide are produced during the ice grain ablation
with influxes of 6.0 x 10* and 2.9 x 10* cm~2 57!, respectively.
The total oxygen influx is thus the nominal result in Moses &
Poppe (2017), 8.9 x 10* cm™ s~!. The carbon dioxide chem-
ical production in this model run, i.e. no external source of
CO,, does not give rise to its measured abundance. Therefore,
our aim is to match the CO, observations by determining when
an impactor collided with the planet delivering CO and H,O
in the usual proportion (90:10) so that CO;, could attain the
observed mixing ratio. As an example, we consider case 0 in
Table 4, D = 0.64 km, 3.5 x 103 gr of CO delivered to the planet
and CO; only produced by the chemical reaction CO + OH —
CO, + H. After 67 yr of chemical and dynamical evolution, the
CO; stratospheric mixing ratio coincides with the value derived
from the Spitzer observations. However, the profile that matches
the Spitzer observations more closely according to Orton et al.
(2014b) is dramatically different from that obtained in this sim-
ulation. These photochemical models alone cannot conclude
whether the carbon dioxide profile shown in the lower panel
of Fig. 10 agrees with Spitzer data. Synthetic spectra should
be computed and compared with observational data, and this
is beyond the scope of the current paper. Whereas CO, might
reproduce the observations (with the caveats noted above), the
CO abundance at 0.4 mbar is one order of magnitude larger than
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Herschel data indicate (see upper panel in Fig. 10). Given the
degeneracy noted in Sect. 5, larger impacts should have taken
place longer ago; however, they are not favoured as the strato-
spheric CO would considerably exceed the measurements. In
order to have a stratospheric CO mixing ratio of ~7.0 x 107 at
0.4 mbar, the impactor size has to be smaller (D = 0.56 km) and
the event has to have occurred only 19 yr ago. This scenario is
fatal for the computed H,O abundance as it surpasses the mea-
surements by a factor of 10 (see lower panel in Fig. 10). We note
that the water diffusion time is ~60 yr, and the evolution time
requested in this simulation to obtain CO and CO, mixing ratios
in agreement with observations is only 20 yr. In both of these
cases, although the stratospheric CO, mixing ratio agrees with
the value that Orton et al. (2014b) consider their best fit, the col-
umn densities are a factor of 2 below the Spitzer measurements.

7. HCN as diagnostic of CO origin

The Shoemaker—Levy 9 impact on Jupiter in July 1994 evi-
denced the delivery of other minor species of cometary origin
in addition to CO (Lellouch et al. 1995). Bézard et al. (1997)
was able to detect emission from hydrogen cyanide over all the
impact sites they observed with the NASA Infrared Telescope
Facility. The total mass of HCN delivered by the SL9 impact
was 1.1 +£0.4 x 1013 g. On the other hand, the total mass of CO
was estimated to be 1.5+ 0.6 x 10" g (Lellouch et al. 1997). This
gives a mass ratio CO/HCN ~ 100 for the material delivered by
the cometary impact.
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Table 5. Fit (Y/N) to current H,O, CO, and CO, observations with models developed in this work.

H,O CO CO,
Steady source” Y Y Y
6.0x10* cm™2 57! 2.7%10° cm™2 57! 45x10° cm™2s7!

Cometary impact” N Y N
(D, timpact) (2 kma 629 yr)c
Combined source® Y Y N
Influx 6.0x10* cm™2 57! (2 km, 629 yr)°

Y Y Y

Influx / (D, timpact) 6.0 X 10* cm™ 57!

Influx 6.0 x 10* cm™2 57!

(D’ timpact)d

(2 km, 629 yr)° 45%x10> cm™2 57!

(245x10*ecm™2 s 45x 103 cm™%s7!

(2 km, 639 yr)?

Notes. @Steady source due to ice grain ablation with integrated fluxes as indicated. ’Cometary impact delivering CO and H,O. ©Impactor size
and time of the event listed in Table 4 as case 3. We note the degeneracy in (D, f) for the cometary impact cases in Table 4. ”Scenarios in which
the oxygen is supplied both by a cometary impact and by ice grain ablation.
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Fig. 11. CO and HCN mixing ratio profiles assuming both species are
delivered by a cometary impact with parameters (D, fimpaci) as indicated.
The resulting CO profiles match the Herschel observations.

In our modelling, we assume that the hypothetical comet that
could have impacted on Uranus injected hydrogen cyanide into
the planet’s atmosphere as 1% of the carbon monoxide (in mass)
at pressure levels p < 0.1 mbar. Once in the atmosphere, HCN
is subjected to eddy and molecular diffusion, condensation, and
photochemical processes.

As an exploratory work, we first ran a pure diffusive model
(hydrogen cyanide does not undergo either photochemistry or
condensation) in which an impactor of 0.64 km diameter hit
the planet 250 yr ago (case 0 in Table 4). Figure 11 shows the
CO and HCN resulting profiles. As expected, carbon monoxide
reproduced the Herschel observations in the stratosphere, and
the hydrogen cyanide mixing ratio is ~100 times lower than that
of CO: guen ~ 5.0 x 107!, Since the molecular mass of CO and
HCN are very similar, diffusive separation acts similarly on both
species at low pressures. On the other hand, at higher pressures,
carbon monoxide and hydrogen cyanide mixing ratio profiles
considerably differ due to the lower boundary condition imposed
on HCN (maximum downward flux) and on CO (constant mixing
ratio at 5.0 x 10719).

Aiming for a more realistic model, we also considered
that hydrogen cyanide suffers photodissociation and conden-
sation, whereas chemical recycling is not considered in this
work. Therefore, in this work HCN is irreversibly lost by pho-
todissociation in the upper atmosphere and condensation in the
~140-2 mbar region where the abundance drastically decreases
to very low mixing ratios. For three different cometary impact
scenarios (cases 0, 2, and 3 in Table 4), the model results are
shown in Fig. 11. The hydrogen cyanide mixing ratio is <3.0 X
107'7 at the 0.5 mbar pressure level, undetectable from ground
with ALMA (T. Cavalié, priv. comm.). More recent impacts (and
thus, smaller impactors than the ones in Table 4) give rise to
a higher concentration of hydrogen cyanide in the stratosphere,
whereas older events produce broader HCN profiles peaking at
much lower mixing ratio values.

To assess the importance of the chemical production of HCN,
we have studied likely sources involving nitrogen species such
as N, and NHj. For this, we ran a thermochemical model with
the (p,T) profile from Fig. 3 in Cavalié et al. (2014) and the
same O/H and C/H values (501 and 18 times the solar value),
and N/H solar value. The obtained NH; molar fraction is ~10~*
from ~10* bar up to 3.2 bar. Ammonia condenses considerably
below the tropopause, thus it cannot initiate gaseous chemistry
above this level. The N, molar fraction smoothly decreases with
decreasing pressure from ~10~7 at ~10* bar to ~107'% at 80 bar.
For K, = 108 cm? s7! as in Cavalié et al. (2014), the N, quench-
ing level might be between 2000 and 3000 bar, hence at lower
pressure levels, molecular nitrogen should have a fairly (and low)
constant mixing ratio of ~10~3. However, Fegley & Prinn (1986)
concluded that their thermochemical equilibrium calculations
(for a model enriched 500 times relative to solar abundances)
predict that N, is the most abundant non-equilibrium trace gas
which can be mixed upward from the deep atmosphere of Uranus
yielding 130 ppmv (1.3 x 107#) for an eddy diffusion coefficient
in the range 10’-10% cm? s~!. Conrath et al. (1993) estimated
N, could be as high as 0.3-0.6% in Neptune and thus, simi-
lar to Uranus if the He mixing ratio is 0.15 for both planets.
For an enrichment of nitrogen 500 times the solar value and
K.. = 10% cm? s7!, our thermochemical model predicts a molec-
ular nitrogen mixing ratio ranging from ~3% at p > 700 mbar
and ~7% at lower pressures. In either case, it might well be
possible that galactic cosmic rays (GCR) that impact on Nj
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can initiate an effective nitrogen chemistry (see e.g. Table II in
Lellouch et al. 1994) able to steadily produce HCN. We leave the
inclusion of nitrogen chemistry in the Uranus atmosphere for a
future paper.

A comparison of the likely HCN abundance in the Uranus
atmosphere and that detected in the atmospheres of Neptune
and Jupiter is also very instructive. In Neptune’s atmosphere, in
addition to the cometary impact delivering HCN, there might
be chemical sources forming HCN which would allow for a
higher stratospheric abundance versus the scenario where HCN
only originates from a cometary impact and is lost by photolysis
and condensation. Lellouch et al. (1994, 2005) took into account
chemical formation processes for HCN: nitrogen atoms escaping
Triton and entering Neptune’s upper atmosphere, and N, disso-
ciation by galactic cosmic ray impact reaching deep atmospheric
levels. In addition to this, Neptune orbits the Sun at ~30 AU (ver-
sus ~19 AU for Uranus) causing a lower radiation flux reaching
the planet. Additionally, the methane abundance is two orders of
magnitude higher in Neptune’s atmosphere than in the Uranus
atmosphere; the homopause in Neptune’s atmosphere is at lower
pressure levels than in that of Uranus; methane and the C,, Cs,
and C, hydrocarbons can absorb most of the UV solar radia-
tion high in the stratosphere shielding the photolysis of other
very minor species. As a conclusion, HCN photodissociation on
Neptune proceeds at a much slower rate than on Uranus.

Regarding HCN in Jupiter’s atmosphere, we note that
although Jupiter receives a much higher UV solar flux (orbit of
the planet at 5.2 AU from the Sun), the methane and hydro-
carbon abundances are considerably higher at Jupiter than at
Uranus, and the Jovian hompause is at ~10~* mbar at much
higher levels than on Uranus. Thus, the HCN photochemical life-
time in Jupiter’s atmosphere is much longer than in the Uranus
atmosphere.

This work leads us to conclude that, unless HCN is chem-
ically formed, once produced by the cometary impact, it is
irreversibly destroyed resulting in barely detectable abundances
in the stratosphere. A larger comet nucleus impacting the planet
(i.e. more HCN injected in the atmosphere) does not alleviate
the problem as the evolution time has to be longer to match the
measured CO giving rise to a drastic depletion of HCN.

Detecting and measuring the HCN abundance could help to
provide a further constraint on the origin of carbon monoxide
in the Uranus atmosphere. A non-detection, placing an upper
limit on the HCN abundance, would be also valuable to constrain
(D, timpact)- Hence, the hydrogen cyanide abundance predicted in
this work is a worst-case scenario and it has to be regarded with
caution.

8. Conclusions

The different scenarios analysed in this work that allow for a
good match to current observations of water, carbon monox-
ide, and carbon dioxide in the Uranus atmosphere are shown in
Table 5.

The available observations of H,O, CO, and CO, can be fit
by assuming that these oxygen-bearing species are solely pro-
duced by ice grain ablation, as shown in Moses & Poppe (2017),
with an influx rate of 3.75 x 10° cm™2 s™! (see first row in
Table 5).

Developing time-dependent photochemical models in which
the currently observed atmospheric CO is delivered by a
cometary impact alone, we were able to constrain the size (in km)
of the impact and when it could have taken place. Our results
indicate that impactors D < 3.5 km ocurring fippace < 822 yr give
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rise to CO in agreement with observations, and are compatible
with the impact rates at Uranus shown in Zahnle et al. (2003).
Whereas the cometary CO allows us to reproduce the observa-
tions, the cometary H,O renders stratospheric abundances much
lower than ISO data due to a much shorter lifetime than that
of CO, being necessary a steady influx of water to match ISO
observations. Similarly, the scenario of CO and H,O originated
from an impact (mass ratio of 90:10) fails to chemically pro-
duce enough CO,. A combined source of external oxygen (i.e.
CO due to a cometary impact and/or ice grain ablation, and H,O
and CO, supplied from ice grain ablation) provides a good fit
to the measured abundances of these three species. Current car-
bon monoxide observations (Cavalié et al. 2014) do no allow
us to discriminate between the three analysed scenarios, namely
oxygen-bearing species supplied by cometary origin, by ice grain
ablation, or both. The CO vertical mixing ratio profile shows a
very different shape when due to the ablation of ice grains, to
cometary impact, or to a combination of the two (see Fig. 17 in
Moses & Poppe 2017, and Figs. 8 and 9 in this work). Regard-
ing water and carbon dioxide, we can conclude that a cometary
impact is not the only cause of the current abundance of these
species in the Uranus atmosphere; instead, a steady source has to
be invoked.

Ideally, observations whose analysis retrieve vertical profiles
could provide the answer to the open question of the oxygen ori-
gin in the Uranus atmosphere. Another approach to shed light on
this open question could be the search for trace species, for exam-
ple HCN, as the aftermath of the collision of a comet on Uranus.
A simulation of the temporal evolution of cometary HCN indi-
cates that, once deposited at p < 0.1 mbar and in the absence
of nitrogen chemistry, its photodissociation and condensation
decrease its abundance to almost undetectable levels by current
ground-based facilities as ALMA. Chemical hydrogen cyanide
recycling initiated by GCR impact on N, could give rise to much
higher, and thus detectable, HCN stratospheric abundance.
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Appendix A: List of chemical reactions
Table A.1. C-H-O reactions.

Reaction

Rate coefficient

OCP)+H, > OH+H

O(CP) + CH; —» H,CO+H
OCP) + C,H — CO + CH
O(3P) + C,H, —» CO + 3CH2
O(CP) + C,H, —» HCCO + H
O(3P) + C;H; — OH + C;H;
O(3P) + C,H; — CO + CHj
O(SP) + C,H; —» HCO + 3CH2
O(3P) + C,H; - CH,CO + H
OCP) + C,Hs — HCO + CH;
O(3P) + C,H4 —» H,CO + 3CH2
OCP) + C,H; — CH,CO + H,
OCP) + C,H, — CH3CO + H
O(3P) + C,Hs — H,CO + CHj
OCP) + C,Hs — CH;CHO + H
OCP)+OH —> 0, +H
OCP)+CO+M — CO, +M

O(CP) + HCO - CO, + H

OCP) + H,CO — HCO + OH
O(%P) + CH50 — O, + CH3

O(CP) + CH;0H — CH,0H + OH
O(CP) + CH;0H — CH;0 + OH
OCP) + HCCO —» CO + CO + H
O(CP) + CH,CO - HCO + CO +H
O(CP) + CH,CO — H,CO + CO
O(3P) + CH3CO — CO, + CH;
O(P) + CH;CHO — CH;CO + OH
O(P) + C,H,OH — CH;CHO + OH
o('D) — O(P)

Oo('D)+H, - OH+H

O('D) + CH4 — OH + CH;

O('D) + CH4 — H,CO + H,

O('D) + H,0 — OH + OH

O('D) + CO, — CO, + OCP)
OH+H+M - H,0+M

OH+H, - H,0+H
OH + CH; —» H,0 + 1CH2
OH +CH; +M — CH;0H + M

OH + CH4 g HzO + CH3
OH + CH — O(SP) + C,H,
OH + C2H2 +M - CH3CO +M

OH + C,H; — H,0 + C,H,

kiso = 8.49 x 107207267 exp(~3160.0/T)
kigop = 1.4 X 10710

kiga = 1.7 X 101

kigsa = 1.5 x 1071 % exp(~1600.0/T)
kigsp = 5 x 107 % exp(-1600.0/T)
kigsa = 1.25 x 10711

kigep = 1.25 % 1071

ki66c 1.25x 1071

kieea = 1.25 X 10711

k167u =345 % 10_18T2'08

k167;, =15x 10719T2'08

kig7c = 1.5 % 10719T2‘08

kig7a = 2.0 X 10~ 187208

kigga = 1.7 X 1071

kiesp = 8.3 X 10~

ki = 2.3 x 10~ exp(110.0/T)

ko172 = 6.5 % 1073 exp(=2180.0/T)
keo172 = 2.66 X 10714 exp(—1459.0/T)
ki3, = 5.0 X 1071

k174 = 6.9 x 10737957 exp(-1390.0/T)
ki76p = 3.55 X 10! exp(—239.0/T)
k1774 = 3.2 x 1071923 exp(=1550.0/T)
kiznp = 3.2 x 10719725 exp(—1550.0/T)
k17g =1.6X% 10_10

ki70a = 1.3 x 10712 exp(=680.0/T)
kizoe = 1.3 % 1072 exp(=680.0/T)
kigop = 2.4 X 1010

kgt = 1.8 x 10~ exp(—1100.0/T)
kigp =1.5x% 10710

6.7 x 1073

kigz =1.5x% 10710

kigaa = 1.35 % 10710

kigap = 1.5 % 10~

kigs = 2.1 % 10710

kg = 7.4 x 10~ exp(120.0/T)

k(),187 =6.1x 10726 % 7720

keo 157 = 2.69 x 10710 exp(=75.0/T)
kigg = 7.7 x 10712 exp(=2100.0/T)
ki9os = 1.0 X 10712

ko191 = 6.4 % 107%° exp(1033.0/T)
koo,]9] =144 % 10_10T0'1

kiop = 3.9 x 10712 exp(~1885.0/T)
kig93q = 3.0 X 10~

k(),194,l =2.6x 107267-15

koo’194a =1.0x 10717T2'0

kigs = 5.0 % 107

Here we list the chemical reactions coupling oxygen species reactions, listing here only those involving oxygen species. All
and hydrocarbons. The models were also run considering the values are quoted in the cm s system. Three-body reaction rates
hydrocarbon—hydrocarbon reactions not listed here. The num- are computed according to the expression k = (kokoo)/ (koM +
bering of the reactions reflects the complete set of considered ko), where M denotes the total number density.
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Reaction

Rate coefficient

OH + C2H4 +M - C2H4OH +M

OH + C,H5 — O(3P) + C,Hg
OH + C2H5 - HzO + C2H4

OH + C,Hg — H,0 + C,H5

OH + OH — H,0 + O(P)
OH+CO—->CO,+H

OH + HCO — CO + H,0

OH + H,CO — HCO + H,O

OH + CH3;0H — CH,0H + H,O
OH + CH3;0H — CH;0 + H,O
OH + CH,CO — H,CO + HCO
OH + CH,CO — CH,0H + CO
OH + CH3;CHO — CH3CO + H,O
H,O0+CH+M — CH,OH + M

H20+1CH2+M—>CH3OH+M
CO+H+M —> HCO+M
CO+CH; +M — CH;CO + M

HCO+H — CO +H,

HCO +3CH, — CO + CH;

HCO + CH; — CO + CHy

HCO + CH; + M — CH3;CHO + M

HCO + C2H3 - CO + C2H4

HCO + C,H5 — CO + C,Hgq

HCO + CH30 — CH30H + CO
HCO + CH;CO — CH3CHO + CO
H,CO + H - HCO + H,

H,CO + CH — CO + CHj3

H,CO + CH —» CH,CO + H

H,CO + CH; —» HCO + CH4
CHZOH +H — OH + CH3

CH,OH + H — H,CO + H,
CH,OH + 3CH2 — OH + C,Hy
CH,0H + CH; — H,CO + CH,4
CHQOH + C2H3 — OH + C3H5
CHon + C2H3 d HzCO + C2H4
CH,OH + C,Hs — CH30H + C,Hy4
CH;0 + H — OH + CHj;

CH;0 +H — H,CO + H,

CH3O + 3CH2 - H2CO + CH3
CH3O + CH3 - HzCO + CH4
CH;0 + C,H; —» H,CO + C,Hy
CH3O + C2H5 - HzCO + C2H6
CH;0 + CH30 — H,CO + CH;0H
CH;30 + CH3CO — CH3CHO + H,CO
CH;0 + CH3;CHO — CH3CO + CH;0H
CH3;0H + H —» H,0 + CHj3
CH30H + H —- CH,OH + H,
CH3OH + CH'; - CH30 + CH4
CH;0H + C,H — CH,0H + C,H,
CH3OH + C2H - CH3O + C2H2

koy197 =334 x 10721T73‘1

koo,197 =9.0x 10712

kiosa = 1.6 x 10~4073 exp(~250.0/T)
klggb =4.0x 101

kigo = 7.8 X 1072 exp(~1020.0/T)
kago = 4.2 x 10712 exp(—240.0/T)

koo = 2.86 X 1072 exp(~176./T)
koo = 1.7 X 10°10

kaos = 8.8 X 1072 exp(25.0/T)

kaosa = 5.0 x 10712 exp(—=600.0/T)
Koy = 1.68 X 10712 exp(=600.0/T)
k207a =70x 10_]2

koo, = 1.0 X 10-1

koo = 5.6 10712 exp(310.0/T)

k0,210 =10x 10731

keoto = 9.49 x 1012 exp(380.0/T)
k(),212 =1.0x 10726

keopi2 = 2.67 X 109707

ko213 = 1.4 x 1073 exp(=100.0/T)
kens = 1.96 x 10713 exp(~1366.0/T)
koois = 1.26 X 1073 exp(—1636.0/T)
koo = 2.63 x 10713 exp(~3007.0/T)
ko7 =1.5x% 10710

ko1g =3.0x 10~

ko9 =4.4 % 1071

k0,220 =1.0x1073

ko0 = 5.0 X 1071

kop =1.5X% 10-10

ko3 = 2.0 % 10710

korg = 1.5 % 10~10

kopg = 1.5 % 10~

ko = 3.8 x 107147195 exp(~1650.0/T)
kas0a = 8.0 x 101 exp(260.0/T)
kozop = 8.0 X 10°1 exp(260.0/T)

koz1 = 6.8 x 10712 exp(—4450.0/T)
kazeqa = 1.6 X 10710

k236b =10x 10_”

kozge = 4.0 X 10~

koao = 4.0 X 1012

koazq = 2.0 X 10711

koazp = 5.0 X 10711

k245b =40x 10_]2

kosog = 7.52 X 10711 exp(—3750/T)
kaop = 3.38 x 10~ exp(=375.0/T)
k251 =30x 10711

kosp = 4.0 X 10~

koss = 4.0 X 101!

kose = 4.0 X 10~

kosg = 1.0 X 10710

kogop = 1.0 X 10711

kog1 = 6.0 X 10713

kagaa = 1.8 x 10717721 exp(—2450.0/T)
kagap = 1.8 x 10717721 exp(~2450.0/T)
kagsp = 2.39 X 1073731 exp(~3490.0/T)
kogsa = 1.0 X 10~

kogep = 2.0 X 1012
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Reaction

Rate coefficient

CH3OH + C2H3 e CH3O + C2H4
O, + CH — CO + OH

0, + CH — HCO + O(C’P)
0,+3CH, - CO+O0OH+H

0, +°CH; — CO + H,0

HCCO + H — CO +3CH,

CH,CO + H — CO + CH;

CH,CO + 3CH2 — CO + C,Hy
CH,CO + 3*CH, — HCCO + CH;
CH;CO + H — HCO + CH;
CH;CO +H— CH2CO + Hz
CH;CO + *CH; — CH,CO + CH;
CH3CO + CH3 — CO + C2H6
CH;CO + CH; — CH,CO + CHy4
CH;CO + C,H — CH,CO + C,H,
CH;CHO +H-—> CH3CO + H,
CH;CHO + *CH, — CH;3CO + CH;
CH;CHO + CH; — CH3;CO + CHy
CO; + CH - HCO + CO

CO, + 3CH2 — CO + H,CO
C2H4OH +H - CH3CHO + H2
C2H4OH + CH3 - CH3CHO + CH4

kogp = 2.4 x 1073131 exp(=3490.0/T)
kogoa = 2.75 X 1071

kogop = 2.75 X 101

ko704 = 1.0 X 10712

ko70p = 4.0 X 10713

ko7 =2.5% 10710

kazs = 3.0 x 10~ exp(=1700.0/T)
ko734 = 2.1 X 10710

ko3p = 1.0 X 107V

ky74q = 3.57 x 10711

ko7ap = 1.92 X 10~

ko5 = 3.0 % 101

ko76a = 4.9 X 1071

ko7ep = 1.0 X 1071

k77 =3.0% 10711

koo = 2.23 x 10" exp(=1661.0/T)
kago = 2.76 % 102 exp(~1768.0/T)
kagy = 3.3 x 10707564 exp(~1240.0/T)
kogs = 5.7 x 10712 exp(=345.0/T)
kogs = 3.9 X 10714

koge = 8.3 X 10!

kog7 = 4.0 X 1071
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