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ABSTRACT

Context. Detection of abundant O, at 1-10% relative to H,O ice in the comae of comets 1P/Halley and 67P/Churyumov-Gerasimenko
has motivated attempts to explain the origin of the high O, ice abundance. Recent chemical modelling of the outer, colder regions of a
protoplanetary disk midplane has shown production of O, ice at the same abundance as that measured in the comet.

Aims. We aim to carry out a thorough investigation to constrain the conditions under which O, ice could have been produced through
kinetic chemistry in the pre-solar nebula midplane.

Methods. We have utilised an updated chemical kinetics code to evolve chemistry under pre-solar nebula midplane conditions. Four
different chemical starting conditions and the effects of various chemical parameters have been tested.

Results. Using the fiducial network, and for either reset conditions (atomic initial abundances) or atomic oxygen only conditions, the
abundance level of O, ice measured in the comets can be reproduced at an intermediate time, after 0.1-2 Myr of evolution, depending
on ionisation level. When including O; chemistry, the abundance of O, ice is much lower than the cometary abundance (by several
orders of magnitude). We find that H,O, and Oj ices are abundantly produced (at around the level of O, ice) in disagreement with
their respective abundances or upper limits from observations of comet 67P. Upon closer investigation of the parameter space, and
varying parameters for grain-surface chemistry, it is found that for temperatures 15-25 K, densities of 10°~10'° cm=3, and a barrier for
quantum tunnelling set to 2 A, the measured level of O, ice can be reproduced with the new chemical network, including an updated
binding energy for atomic oxygen (1660 K). However, the abundances of H,O, and Oj; ices still disagree with the observations. A
larger activation energy for the O + O, — Oj; reaction (E, > 1000 K) helps to reproduce the non-detection of O; ice in the comet,
as well as reproducing the observed abundances of H,O, and O, ices. The only other case in which the O, ice matches the observed
abundance, and O; and H,O; ice are lower, is the case when starting with an appreciable amount of oxygen locked in O,.
Conclusions. The parameter space investigation revealed a sweet spot for production of O, ice at an abundance matching those in
67P and 1P, and O3 and H,O, ice abundances matching those in 67P. This means that there is a radial region in the pre-solar nebula
from 120-150 AU, within which O, could have been produced in situ via ice chemistry on grain surfaces. However, it is apparent that
there is a high degree of sensitivity of the chemistry to the assumed chemical parameters (e.g. binding energy, activation barrier width,
and quantum tunnelling barrier). Hence, because the more likely scenario starting with a percentage of elemental oxygen locked in O,
also reproduces the O, ice abundance in 67P at early stages, this supports previous suggestions that the cometary O, ice could have a
primordial origin.

Key words. molecular processes — methods: numerical — comets: general — comets: individual: 1P/Halley — comets: individual:
67P/Churyumov-Gerasimenko — protoplanetary disks

1. Introduction

The detection of abundant molecular oxygen at 1-10% (aver-
age 3.8+0.85%) relative to H,O ice in the coma of comet
67P/Churyumov-Gerasimenko (hereinafter 67P: Bieler et al.
2015) came as a surprise, as it was the first detection of O, in
a comet. This was not expected because O, ice has been found
to be efficiently converted to H,O ice in laboratory studies under
interstellar conditions (e.g. Ioppolo et al. 2008). Subsequent to
this detection, a re-analysis of Comet 1P/Halley data from the
Giotto mission (Rubin et al. 2015) indicates a similar O,/H,O ice
ratio (3.8 + 1.7%), suggesting that indeed O, ice may be a com-
mon ice species in solar system comets. These detections have
thus prompted speculation as to the chemical origin of the O,
ice. Taquet et al. (2016) modelled the chemical evolution of mate-
rial from the pre-stellar core stage to the midplane of the formed
protoplanetary disk, and found that O, ice can be produced at

Article published by EDP Sciences

the early stages and survive the transport to the disk midplane.
Mousis et al. (2016) found that if O, ice is formed from radiolysis

of H,O ice through the reaction 2iH,0O N 2iH; + 10, (where
“i” denotes a molecule in the ice form), then this likely did not
happen during the pre-solar nebula (PSN) disk phase, but rather
in the parent cloud, thus supporting the findings of Taquet et al.
(2016). Dulieu et al. (2017) performed laboratory experiments to
investigate if dismutation of H,O; ice (2iH,0, — 2iH,0 +10,)
on the cometary surface could be the origin of the O, detection.
However, this explanation requires a high initial abundance of
H,0; ice relative to H,O ice (twice the detected abundance of
0,, or ~7%), and a high efficiency for the conversion of H,O, to
O, in order to match the low detected level of H, O, relative to O,
of ~6 x 107*. O3 ice, a molecule chemically related to O,, H,O,
and H,0O, was not detected in the coma of comet 67P, and has an
upper limit of 10~ with respect to H,O ice. We note here that
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molecular oxygen is also produced when CO; ice is exposed to
far-UV radiation (see, e.g., Martin-Doménech et al. 2015). How-
ever, although this may be a viable chemical route to O, ice, it
does not explain the strong association between the production
rates for H,O and O, seen for comet 67P (Bieler et al. 2015).
On the other hand, experiments investigating chemistry in CO,
ice irradiated with 5 keV ions (H" and He™) and electrons (Ennis
et al. 2011; Jones et al. 2014) favour the production of ozone (O3)
over molecular oxygen (O,). These experiments mimic the con-
ditions that ices are exposed to in the outer solar system, and
upon cosmic ray impact.

In Eistrup et al. (2016; hereafter Paper I), we find through
chemical kinetic modelling of protoplanetary disk midplanes
that O, ice could be produced to match the measured cometary
abundance by 1 Myr, if the chemical starting conditions were
purely atomised and the ionisation level was low (~107'% s71).
Purely atomised starting conditions reflect the assumption that
an energetic stellar outburst or accretion heating close to the
star could have fully dissociated all volatiles in the midplane,
and low ionisation means that the only ionisation source in the
midplane is the decay of short-lived radionuclides. This latter
scenario assumes that a magnetic field could have shielded the
midplane from cosmic rays (as proposed by Cleeves et al. 2013).
This finding sparked interest into whether or not the chemical
origin of the O, ice could be chemical processing of the icy
material in the PSN disk midplane. Most recently, Mousis et al.
(2018) explored the possibility that turbulent transport of icy
grains between the disk midplane and the upper layers of the
disk exposed the grains to a stronger cosmic-ray flux, thus chem-
ically processing H,O ice to produce O, ice via radiolysis. They
find that on a 10 Myr timescale O, ice in the midplane remains
underproduced by up to two orders of magnitude relative to the
abundances observed in the comets. Eistrup et al. (2018) also
found that this abundance for O, ice be reached on similarly long
timescales.

Based on the promising results in Paper I, in this work we
have investigated the conditions under which O, ice in the PSN
midplane could have been chemically produced in situ to reach
the observed abundance level in the comets. This work differs
from that in Mousis et al. (2018) in that a full chemical kinetics
network was used that follows the chemical connection between
H,0, O,, and related ice species. A more suitable disk model
for the PSN was used, and a more thorough investigation of
the O, kinetic ice chemistry was conducted. Initial chemical
abundances, physical conditions, parameters for grain—surface
chemistry, as well as the inclusion of O3 in the chemical net-
work were all tested to see the effect on the O, ice production
and abundance.

2. Methods

In order to investigate the chemical evolution in the PSN mid-
plane, the physical disk model for the PSN from Hayashi (1981)
was utilised. This disk model estimates the structure and mass
of the PSN, assuming the total current mass of the planets in the
solar system to be distributed as dust and gas in a protoplanetary
disk in equilibrium. The mass of this nebula is Mymsn =
0.08 My, based on integrating the PSN surface density structure
from Aikawa et al. (1997)" from 0.1-1000 AU. This provides
temperature and density profiles for the disk midplane, as well
as the surface density profile. The latter is used to calculate

I S(R) = 54(R/10AU) 2 g cm™2.
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the attenuation of cosmic rays (herefrom CRs) impinging on
the disk, thereby estimating the contribution of CRs to the disk
midplane ionisation, as was discussed in detail in Paper 1. The
disk structure is static in time, which was shown in Eistrup et al.
(2018) to not cause a significantly different chemical evolution
from an evolving disk structure, apart from the inward shifting
of molecular icelines in response to decreasing temperature with
time.

In Fig. 1a this PSN midplane temperature and density struc-
ture is plotted from 0.1-1000 AU. The temperature decreases
by two orders of magnitude from ~900 K to 9 K from the inner
to the outer disk, and the density drops from 10'® to 10° cm™.
The dynamic ranges, especially in density, are thus larger than
what was used in Paper I. However, this disk also extends out to
1000 AU, instead of the 30 AU seen in Paper 1. This is because
this PSN disk midplane is significantly warmer and more mas-
sive than the disk structure in Paper I (0.08 versus 0.01 M,,), thus
the relevant temperature regime for O, ice chemistry (10-30 K)
is found outside 100 AU here.

2.1. lonisation levels

In Paper I, we confirm that ionisation is an important driver of
chemistry in disk midplanes ( see, e.g., Aikawa et al. 1997; Walsh
et al. 2015). It is also found that abundant O, ice was produced
at low ionisation (only radionuclide decay, and no contribution
from cosmic rays). Therefore, three different levels of ionisation
are explored here: a low level (Level 1, SLRs only), a high level
(Level 2, the fiducial level which includes galactic cosmic rays),
and an extra high level (Level 3, which includes enhanced cosmic
rays), see Fig. 1b. The two former levels assume the same contri-
butions to the midplane ionisation as was the case for the low and
high levels in Paper I: ionisation Level 1 includes only the con-
tribution from short-lived radionuclides (SLRs) in the midplane.
Ionisation Level 2 includes in addition CRs impinging on the
disk, using the canonical cosmic ray ionisation rate for the local
ISM (T, = 1077 s71). Tonisation Level 3 assumes a CR ioni-
sation contribution 10 times higher than for ionisation Level 2,
based on estimates from e.g. van Dishoeck & Black (1986),
Dalgarno (2006), and Indriolo et al. (2015) that the galactic cos-
mic ray rate (gcg could be in the range (i = 1077 =107 57! in
diffuse clouds. We explore this enhanced CR scenario because
O, ice has been found to be efficiently synthesised in experi-
ments studying H,O ice radiolysis in relation to solar system
icy bodies (see, e.g., lab work by Teolis et al. 2017, and oth-
ers). For Levels 1 and 2, the ionisation ranges between 10718 and
1077 57! throughout the disk, whereas for Level 3, ~10716 s~!
is reached at radii larger than 10 AU. In the inner disk inside
~2 AU, all three ionisation levels are the same, because the sur-
face densities here (>600 g cm~2) attenuate the impinging CRs,
so that only the SLRs contribute. In the outer, more diffuse disk,
the contribution from CRs impinging on the disk becomes more
dominant, thus leading to three markedly different ionisation
levels.

2.2. Chemical network

The chemical model used here includes gas-phase chemistry,
gas—grain interactions and grain—surface chemistry. The gas-
phase chemistry is from the latest release of the UMIST
Database for Astrochemistry (McElroy et al. 2013) termed
RATE12. The rates for gas—grain interactions and grain—surface
chemistry are calculated as described in Walsh et al. (2015, and
references therein). A gas to dust mass ratio of 100 is adopted.
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Fig. 1. Panel a: midplane temperature and density profiles for the pre-solar nebula. Panel b: ionisation levels utilised in the models. Level 1: SLRs

only. Level 2: SLRs + fiducial CRs. Level 3: SLRs + enhanced CRs.

Table 1. Binding energies E;,[K] for relevant species.

Species  UDfA (used here) UDfA reference Penteado et al. (2017)
O 800 Tielens & Allamandola (1987) 1660 + 60

OH 2850 Garrod & Herbst (2006) 3210+ 1550
OH 3650 Garrod & Herbst (2006) 800

H,0, 5700 Garrod & Herbst (2006) 6000 + 100

O, 1000 Garrod & Herbst (2006) 898 +30

O3 1800 Garrod & Herbst (2006) 2100+ 100
H,O 5700 Brown & Bolina (2007) 4800 + 100

H 600 Cazaux & Tielens (2002) 650+ 100

H, 430 Garrod & Herbst (2006) 500 + 100

This setup is similar to the “full chemistry” setup from Paper I.
The adopted grain size is 0.1 um.

Four scenarios of initial chemical abundances are explored:
the first two are cloud inheritance (hereafter the “inheritance”
scenario) and chemical reset (hereafter the “reset” scenario).
In the inheritance scenario the initial abundances are molecu-
lar (but no O, initially), and assumed inherited from the parent
molecular cloud. In the reset scenario, the initial abundances are
atomic, because all molecules are assumed dissociated prior to
arrival in the disk midplane, due to exposure to a sufficiently
strong accretion shock en route into the disk, or accretion heat-
ing very close to the star leading to high temperatures. The
reset scenario is of particular interest for this paper because
in Paper I, we see that for this scenario that the O, ice to
H,O ice ratio was similar to that found in comets 67P and 1P
(Bieler et al. 2015; Rubin et al. 2015). Table A.1 lists the initial
atomic and molecular abundances used in these two scenarios.
Tables 1 and 2 list the relevant binding energies for species,
and activation barriers for reactions applicable to the O, chem-
istry, respectively. Radiolysis of H,O ice through the reaction

2iH,O RN 2iH, + 10, and dismutation of H,O, ice through the
reaction 2iH,0, — 2iH,0 + i0; are not explicitly included
in the network. For the inheritance scenario, in this chemi-
cal network, atomic oxygen can be produced in situ in the ice
mantles via the cosmic-ray induced photodissociation of H,O
ice and other abundant oxygen-bearing molecules therein (e.g.
CO, ice).

The third and fourth scenarios for the initial chemical
abundances are more simple: first, the “water”-scenario, which
assumes initial abundances of gas-phase H, He, H, and H,O.
The intention with this scenario is to investigate if O, ice can be
produced through processing of H,O ice. Second, the “atomic
oxygen”’-scenario, which assumes gas-phase H, He, H,, and O
as initial abundances. Here it is investigated whether or not O,
ice production from atoms depends on the presence of elements
other than oxygen. Eistrup et al. (2018) showed that H»S ice
on the grain surfaces acts as a catalyst for the conversion of
adsorbed oxygen atoms into O, ice. Whether or not the sulphur-
bearing species are essential for the production of O, ice can be
tested in these two scenarios, because they exclude sulphur, and
only include a source of oxygen in the form of oxygen atoms or
H,O0.

Lastly, we have explored whether the observed cometary O,
ice abundance can be maintained if the PSN started out with a
percentage (5%) of elemental oxygen locked up in primordial
0O,, as suggested by Taquet et al. (2016).

3. Results

In this section the chemical evolution of various species in the
PSN are presented in a number of figures. Due to the focus on O,
ice in this paper, the attention will be on species that are chemi-
cally related to O, ice (a schematic overview of these species can
be found in Cuppen et al. 2010).
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Fig. 2. Radial abundance profiles for the inheritance scenario at multiple evolutionary time steps. Top to bottom panels: H,0O, O,, and H,0O,. Left
to right panels: increasing ionisation levels. For O, and H,0,, the limits detected in comet 67P are indicated as yellow and red shaded areas,
respectively. The chemical network utilised does not include Oz chemistry.

Table 2. Activation energies E,[K] for relevant grain—surface
reactions.

Reaction E. [K]
OH +H — H,0 0
OH+H, — H,O+H 2100
O3;+H— O, +OH 0
O0+0— 02 0
O+ 02 e 03 500
OH+0 — 02H 0
02H +H, — H202 +H 5000
H + H,0, — H,O + OH 2000

3.1. PSN abundance evolution
3.1.1. Inheritance scenario

Figure 2 features abundances as a function of midplane radius
for different evolutionary times up to 10 Myr for the inheritance
scenario. H,O ice is plotted with respect to Hy,, abundance,
whereas O, and H,0, ice are plotted with respect to H,O
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ice. This is done to match the convention used in the report-
ing of cometary abundances. The model details are listed in
each panel, along with colour-coding indicating evolution times.
In the middle and lower panels, the respective observed limits
for O, and H;0, ices are marked with orange and red shaded
regions, respectively. The orange shading for O, ice marks the
limits to the mean O, ice abundance observed in comet 67P
(3.8 £0.85 x 1072 with respect to H,O ice), and the red shading
marks the limits for H,O, ice (6 +0.7 x 10~* wrt O, ice, thus
2.34+0.8 x 107 wrt H,O ice; Bieler et al. 2015). We note that
in 67P variations in O, over H,O ice were seen spanning 1-10%.

An evolution time of 10 Myr is chosen because this is
assumed to be the maximum lifetime of a gaseous protoplane-
tary disk, and based on the results from Eistrup et al. (2018), the
outer icy disk midplane should have reached steady state by this
time. Since the focus in this work is the outer, icy PSN disk mid-
plane, the radial range starts at 50 AU, which lies inside the O,
iceline (~120 AU at ~29 K).

For ionisation Level 1 in Fig. 2a, H,O ice stays abun-
dant throughout the evolution. For higher ionisations, the H,O
ice abundance decreases with time inside, and increases with
time outside ~120 AU. This radius marks the O, iceline.



C. Eistrup and C. Walsh: Formation of cometary O, ice

r

£

2

o
1x10° yrs b
5x10° yrs 3
1x10° yrs E 1x10° yrs
3x10° yrs < " 3x10° yrs
1x107 yrs 10 1x107 yrs

Reset scenario
lonisation level 3

10 10
Reset scenario H,0 ice Reset scenario H,0 ice
lonisation level 1 : lonisation level 2 _
_10* _10*
Ea E
£ £
H H
Qs [TRe)
S 10 1x10° yre g 10
3 5x10° yrs 3
5 1x10° yrs S
2 2
< " 3x10° yrs < 6
10 1x107 yrs 10
107, 107,
50 100 0 200 250 300 50 100
Radial distance [AU]
10" 10"

150 200
Radial distance [AU]

7
250 300 50 100 250 300

0 200
Radial distance [AU]

Reset scenario
lonisation level 2

107} 0, ice

Reset scenario
lonisation level 1

0, ice

5x10° yrs
1x10° yrs

Abundance wrt water ice
S
&

Abundance wrt water ice
=
o

Reset scenario 0, ice
lonisation level 3 -

Abundance wrt water ice
S
&

Radial distance [AU]

-5
50 100 150 200 250 300
Radial distance [AU]

200 250 300

H,0, ice [Reset scenario i
lonisation level 2

H,0, ice |Reset scenario
T lonisation level 3

Abundance wrt water ice
=
o

4 3x10° yrs " 5x10° yrs
10 1x107 yrs 10 1x10° yrs
3x10° yrs
1x107 yrs
10°, 10°,
50 100 150 200 250 300 50 100 150
Radial distance [AU]
10" 10"
g Reset scenario h
lonisation level 1
o . o 5
$1074 100, 21071 1000 yre
ol o
g 5x10° yrs g 5x10° yrs
g 1x10" g 1x10° yrs
g | 3x10° g 5 3x10° yrs
21077 1x10 21077 1x107 yrs
S S
< e
] ]
g ]
=3 3
210* 210"
H,0, ice
10° 10°
50 100 150 200 250 300 50 100 150

Radial distance [AU]

Radial distance [AU]

200 250 300 10 50 100 150 200 250 300
Radial distance [AU]
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respectively. The chemical network utilised does not include O3 chemistry.

Panels d—f show the evolution of O, ice for the different ioni-
sation levels. The profiles for O, ice for ionisation Levels 1 and
2 peak at similar abundance levels of 2—-3 x 10~ with respect
to H,O ice, which is an order of magnitude lower than the
observed abundance. We see that for higher levels of ionisa-
tion, this abundance is reached faster, with ionisation Level 1
producing of order 10~ with respect to H,O ice by only
10 Myr.

We see that for H,O, ice abundance profiles featured in
panels g to i they evolve in a similar way to O, (we note the
same y-axis range as for O, ice), and reach peak abundances
at ~120 AU by 10 Myr, that are a factor of between two and
three lower than those for O, ice. This abundance level is 30—
100 times higher than that observed for H,O; ice in comet 67P.
For all ionisation levels, there are narrow radial regions where
the H,O, ice abundance matches the observed levels over a time
range defined by the ionisation level (e.g. between 70 and 80 AU
ionisation Level 3 at all times). However, at these points the O,
ice abundance does not match that observed. For the inheritance
scenario, it is thus seen that O, ice is underproduced by at least
an order of magnitude, and H,O, is overproduced by up to two
orders of magnitude.

3.1.2. Reset scenario

The abundance evolution profiles for the reset scenario are
shown in Fig. 3. For O, ice in panels d to f we see that a
high abundance (1072-10"" with respect to H,O ice) is reached
for both ionisation Levels 1 and 2, with each reproducing the
observed abundance for a large radial range covering 150—
300 AU. For ionisation Level 1 the O, ice abundance matching
the observation is maintained up to 2 Myr. Until 1 Myr between
150-220 AU, the modelled abundance lies above the obser-
vations (>5 X 1072 with respect to H,O ice). For Level 2 the
abundance level matching the observed values happens between
5 x 10*~10° yr in the range 150-200 AU, but subsequently
drops to reach 2-3 x 10~* with respect to H,O ice by 10 Myr.
This was also the abundance level reached for O, ice by 10 Myr
for the inheritance scenario. For ionisation Level 3, the abun-
dance is below the observed level by 5x 10* yr of evolution
already, and by 10 Myr it also has reached the level of 2-3 x 1073
with respect to H,O ice. For ionisation Level 1, the abundance
remains higher than 2-3 x 1073 with respect to H,O ice through-
out the evolution, indicating that, for both inheritance and reset,
at this ionisation level, 10 Myr of chemical evolution is not

A75, page 5 of 21
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enough to bring the O, ice abundance to what appears to be its
steady-state level according to the results from the inheritance
scenario in Fig. 2 (for a description of disk midplane chemical
steady state, see Eistrup et al. 2018).

We see H,O, ice in Fig. 3, panels g—i, to evolve significantly
over time. For all ionisation levels, H,O; ice is produced over
time with the timescale dependent on ionisation level. The fastest
production is seen for Level 3, where the peak abundance of
>1072 with respect to H,O ice is reached already by 10° yr. On
the other hand, it takes 0.5 Myr and 3 Myr to reach a similar
abundance for Levels 2 and 1, respectively. The H,O, ice is sub-
sequently destroyed after reaching its peak. For ionisation Levels
2 and 3, a steady-state abundance of order 10~ with respect to
H,O ice is reached at radii ~100-120 AU. Beyond this radius it
has disappeared by 10 Myr.

3.1.3. Water and atomic oxygen starting conditions

Models were also run starting with simpler sets of initial abun-
dances, either with all oxygen already present in HyO (water
scenario) or all free (atomic oxygen scenario), in addition to H
and He. This was to test the formation of O, ice solely from pro-
cessing of H,O ice, and the formation via assembly from free
oxygen atoms, in the absence of other chemistry. It was found
that the water scenario did not, at any point in time or radius,
reproduce O, ice to the abundance seen in the comets. The max-
imum abundance was <1077 with respect to H,O ice, regardless
of ionisation level. This is shown in Fig. A.l, where the gas
and ice abundances of O, O,, H,O, and H,O; are plotted as a
function of radius by 10 Myr of evolution.

The atomic oxygen scenario, on the other hand, can repro-
duce the observed abundance of O, ice by 10 Myr, as is seen
in panel a of Fig. 4. This panel of Fig. 4 shows the abundances
of H,0, O, O3 and H,0, with respect to Hyye as a function of
radius, by 10 Myr of evolution. The radial range (80-300 AU)
for this reproduction is similar to the range in the reset scenario,
but in the atomic oxygen scenario H,O, ice is found to be more
efficiently formed than O, ice. This scenario is revisited later in
the paper.

3.2. Including ozone ice chemistry

The chemical network utilised so far has not included Os. This
is because it has not been considered to be an important player
in ISM chemistry, as it is formed primarily in the gas phase via a
three-body mechanism. However, data exist on O3 ice chemistry,
as outlined in, for example, Cuppen et al. (2010) and Lamberts
et al. (2013). The production pathway to O3 ice is

i0
i0; — 103, 6]
with a fiducial barrier of 500 K, and the destruction pathway is

105 -5 {0, + iOH, )

which has no barrier. Hence, it is expected that the pathway to
O3 ice via O, ice may impact on the O, ice abundance, and will
be dependent on the both the availability of free oxygen atoms
on the ice, and the efficiency of hydrogenation.

Figure 5 presents the evolving abundances of H,O ice, O,
ice, H,O, ice, and Oj3 ice as a function of radius for the inher-
itance scenario, thus now including Ojz ice chemistry. These
panels are directly comparable with those in Fig. 2. The abun-
dance evolution of O3 ice is shown in the bottom row. The
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Fig. 4. Abundances by 10 Myr evolution in the oxygen-only scenario,
for ionisation Level 1. Panel a: without O3 chemistry included. Panel b:
with O3 chemistry included.

abundance evolution seen for O, ice in panels d—f and for H,O,
ice in panels g—i are similar to the trends in Fig. 2 for the chem-
istry without O;. However, the abundances reached by 10 Myr
with O3 chemistry are lower than those without: both O, ice and
H,0, ice abundances peak at ~5 X 10~* with respect to H,O ice,
thus a factor of two lower for H,O, ice and a factor of five lower
for O, ice when compared with the scenario that does not include
O3 chemistry. The peak O, ice abundance is almost two orders
of magnitude lower than the observed value, and the peak of the
H,0, ice is about 20 times higher than the observed value.

For O3 ice in panels j—1, we see a steady build-up over time.
We note that the range on the y-axis range is different for O3
ice than for H,O, and O, ices. The O3 ice reaches maximum
abundance fastest at ionisation Level 3 (~10~* with respect to
H,O ice), thus a factor of five lower than that reached for HO,
ice and O, ice, yet two orders of magnitude higher than the
observed upper limit at 10~® with respect to H,O ice for Oj ice
in comet 67P. Only at larger radii (between 150 and 270 AU,
depending on evolution time) do the O3 and H,O, ice abun-
dances fall within the observed limits, although O, ice does not.
All three ice species thus show similarities in their evolution, and
order-of-magnitude similarities in their peak abundances. The
observed large differences between their respective abundances
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Fig. 5. Radial abundance profiles for the inheritance scenario at multiple evolutionary time steps. Top to bottom panels: H,O, O,, H,0,, and O;
ices. Left to right panels: increasing ionisation levels. For O,, H,0,, and O; the limits, and upper limit, detected in comet 67P, are indicated as
yellow, red and grey shaded areas, respectively. The chemical network utilised includes O3 chemistry.

(03:Hy0,:0;, £1:23.5:39200) are not reproduced by these
models.

For the reset scenario, including O3 chemistry, Fig. 6 shows
a higher abundance level of O,, H,O, and O3 ices than for
the inheritance scenario. At ionisation Level 1, O, and H,O,
ices peak at ~1072 with respect to H,O ice at ~150 AU
between 0.5—-1 Myr evolution, but subsequently drop by about
an order of magnitude by 10 Myr. For ionisation Levels 2 and
3, abundance levels for both species of ~1072 with respect to

H,O0 ice are only achieved by 5 x 10* yr, and the peak abun-
dances by 10 Myr are at 1-2x 10™* with respect to H,O ice,
thus neither matching the observed values of H,O, ice nor
of O, ice. At no point in time or radius does the reset sce-
nario including Os; chemistry reproduce the observed mean
abundance of O, ice. However, for ionisation Levels 1 and
2 the abundance between 150-200 AU reaches above 1% of
H,O ice, which is within the observed range in comet 67P
(1-10%).

A75, page 7 of 21



A&A 621, A75 (2019)

10° 10° 10°
a b c
H,0 ice H,0 ice
-4 -4
. .10 Reset scenario .10 Reset scenario
H H lonisation level 2 H lonisation level 3
I I I
I ¥ I
H H H
Q -5 o -5 I3 -5
2 10 1x10° yrs 2 10 1x10° yrs 2 10 1x10° yrs
3 5x10° yrs 3 5x10° yrs 3 5x10° yrs
5 1x10° yrs S 1x10° yrs 5 1x10° yrs
Q 6 Qo 6 Qo 6
< 3x10° yrs . 3x10° yrs T 3x10° yrs
10 1x107 yrs 10 1x107 yrs 10 1x107 yrs.
7 -7 -7
) 100 150 200 250 300 10750 100 150 200 250 300 10755 100 150 200 250 300
Radial distance [AU] Radial distance [AU] Radial distance [AU]
10" - 10" - 10" -
0, ice 0, ice Reset scenario 0, ice R cenario
lonisation level 1 lonisation level 2 lonisation level 3
f
$10? g 107
g g g
© © ©
3 2 H X107 yr
g g g | a0y
10 ° 2 107 100 yrs
e 2 e 3x10° yrs
g 'g S 1x107 yrs
c c c
319% 3 310%
210 2 210
-5 -5 -5
10750 100 150 200 250 300 10755 100 0 200 250 300 10755 300
Radial distance [AU] Radial distance [AU] Radsal dlstance [AU]
10" 10* 10"
9 H,0, ice cenario h H,0, ice (R cenario i H,0, ice
cT on level 1 T lo on level 2  1x10" yrs T 1x10° yrs
5x10° yrs 5x10° yrs
107 102 1x10° yrs 107 1x10° yrs
5 5 3x10° yrs 5 3x10° yrs
® ® 1x107 yrs © 1x107 yrs
H H H
t £ t
2107 =107 2107
g 1x10° yrs § g
3 5x10° yrs s s
5 1x10° yrs 5 5
-4 -4 -4
g 10 3x10° yrs g 10 '2 10
1x107 yrs
5 -5 -5
10 10 10
50 100 150 200 250 300 50 100 150 200 250 300 50 300
Radial distance [AU] Radial distance [AU] Radlal dlstance [AU]
10° 10° 10°
. R cenario .
-1 5 k 0 ice lo on level 2 1x10° yrs . | 0, ice
10 10 5x10° yrs 10
I+ g 1x10° yrs g
=107 - 107 3x10° yrs 107
g 1] . ] 1x10° yrs
© © 1x107 yrs ©
I H 2 5 5x10° yrs
£ 10 £ £ 10 1x10° yrs
Q4 Y - 3x10° yrs
210 2 210 1x107 yrs
s s &
© ° ©
510% 1x10 5 S10°
210 0° yrs 3 210
< 5x10° yrs < <
6 1x10° yrs 6
10 3x10° yrs 10
5 1x107 yrs .
10755 100 250 300 ) 100 250 300 10750 300

150 200
Radial distance [AU]

150 200
Radial distance [AU]

Radlal distance [AU]

Fig. 6. Radial abundance profiles for the reset scenario at multiple evolutionary time steps. Top to bottom panels: H,0, O, and H,0, and Oj; ices.
Left to right panels: increasing ionisation levels. For O,, H,O,, and O; limits, and upper limit, detected in comet 67P, are indicated as yellow, red,
and grey shaded areas, respectively. The chemical network utilised includes O3 chemistry.

The O3 abundance for the reset scenario at ionisation Level 1
starts out high at 1-3 x 1072 with respect to H>O ice between
100 and 200 AU up to 5x 103 yr-s seen in Fig. 6. We note that
the higher ratios reached within 70 AU is due to generally low
absolute ice abundances (see panels a—c in Fig. 6). For ionisa-
tion Levels 2 and 3, these high abundances reduce over time
leading to a peak of at a few times 10~ with respect to H,O
ice by 10 Myr between 100-120 AU. The maximum abundance
achieved by 10 Myr is an order of magnitude higher than the
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observed upper limit. Only in the wings of the abundance pro-
files do the models reproduce this upper limit for the entire radial
range, depending on evolution time and ionisation level.

The scenarios that begin with only H,O or elemental oxy-
gen were also investigated after the inclusion of O; chemistry.
However, neither of them reproduced a significant amount of
O, ice. The abundances by 10 Myr are shown for the oxygen-
only scenario in Fig. 4b. Upon inclusion of Oz chemistry, the
peak abundance of O ice from panel a (without O3) drops by at
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least four orders of magnitude to <10~ with respect to H,O ice
in panel b. Starting with atomic oxygen only therefore does not
reproduce the observed abundance. For the water scenario, there
is also no O, ice. An overview of gas and ice abundances of H,O,
0,, O3, and H;0; as a function of radius by 10 Myr of evolution
for the inheritance, reset, water and oxygen scenarios is shown
in Fig. A.2. In none of the tested cases including O3 chemistry
is the O, ice abundance reproduced to match the levels observed
in the comets.

3.3. Exploring the sensitivity of the abundances to assumed
grain—surface parameters

The underproduction of O, ice and overproduction of H,O,
and O3 ices may be a result of the adsorption and reaction
parameters assumed for the network of reactions involving oxy-

gen and hydrogen. If, for example, the reaction 1O, X, i03
is too efficient on the grain surfaces, this could lead to over-
and under-production of O3 and O, ices, respectively. This reac-
tion is dependent on the adsorption of atomic oxygen, for which
the utilised binding energy here is Ey;, =800 K. This is based
on estimates from Tielens & Allamandola (1987). However,
recent experimental work by He et al. (2015) experimentally
determined a binding energy of Ep, =1660 K, thus more than
doubling the former value. This higher binding energy should
act to keep oxygen atoms from desorbing at higher temperatures,
thereby facilitating each step in the reaction pathway leading

from 1O £> 10, ﬁ, i03. On the other hand, at low tem-
perature the mobility of atomic oxygen will be reduced. This
latter case could possibly lead to a decreased production of
O3 ice.

In this subsection, the sensitivity of the chemistry to several
parameters is explored for single-point models (i.e. single n, T')
which cover the temperature and density ranges in the PSN mid-
plane where O, ice production is expected, based on the model
results described thus far. The first parameter explored is the
barrier width for quantum tunnelling by which is set to either

lor2A representing the limits to the range of values usually
assumed for by when modelling grain—surface chemistry, see
Cuppen et al. (2017), and references therein. The second param-
eter is the ratio of the diffusion energy to the molecular binding
energy Egis/FEvin, Which is taken to be either 0.3 or 0.5 (see
Ruffle & Herbst 2000; Garrod & Herbst 2006, and references
therein). This amounts to four combinations of the two reac-
tion parameters. The values of each parameter associated with
a given model setup is given in each panel. The values for the
grain—surface chemistry used in Eistrup et al. (2016, 2018), are
by =1 A and Egitt/ Evin = 0.5. Only the reset scenario is studied
here because this is the case for which maximal O, ice formation
is seen.

3.3.1. Abundance mosaics

Figures A.3, 7, A.4, and A.5 show the abundances of H,O ice
with respect to Hy,, and O, ice, O3 ice and H,O, ice with
respect to H,O ice, again, maintaining the convention used by
the comet community. From top to bottom span evolution times
from 5 x 10* yr up to 107 yr. In each panel in the figures, a mosaic
of colour-indicated abundances shows the results across different
combinations of midplane temperature (ranging from 10 to 30 K
on the y-axis), and densities (ranging from 10% to 10!° cm™ on
the x-axis). The ionisation level is kept constant at { = 1077 571,
approximately the same as ionisation Level 2 from Fig. 1 in the

outer disk midplane. This ionisation level was seen in Fig. 3
(model without O3) to match the observed O, ice abundance
early in the evolution (up to 0.1 Myr).

From left to right in each of Figs. A.3 and A.4, two grain—
surface reactions parameters are changed. The first one is the
barrier width for quantum tunnelling by which is either 1 A

(Columns one and two, in each figure) or 2 A (Columns three
and four, in each figure). The second parameter is the ratio of
diffusion energy to molecular binding energy Egig/Epin, Which
can be either 0.3 (Columns one and three, in each figure) or
0.5 (Columns two and four, in each figure). This amount to
four combinations of the two reaction parameters, thus the four
columns of mosaics in each figure. The values of each parameter
associated with a given model setup is given in each panel.

The range of evolution time steps is chosen to cover both
the evolutionary stage at which O, ice was abundant in Fig. 3
(5 x 10* yr, for ionisation Level 2, ~107!7 s7!), as well as
the later stages of disk evolution. The colours in the mosaic
are chosen to enable distinguishing between abundance levels
that change per order-of-magnitude, with dark red (top colour
in colourbar) representing the highest abundance, and dark blue
(bottom colour in colourbar) representing the lowest. The range
of abundance levels in each figure is chosen to cover the full
range of abundances produced for each species in the mod-
els. By showing the abundance evolutions in this way model
results matching the observed abundances of, for example, O, ice
(1-10% of H,O ice) shows as orange (second highest colour in
colourbar) in Fig. 7.

For H,O ice in Fig. A.3 it is seen that for Columns one and
two (bg =1 A) the abundance level largely remains within the
initial order of magnitude of 10~* with respect to H,O ice. For
Columns three and four (bg =2 A), some change is seen: espe-
cially for the third column (Egit/Evin =0.3), the abundance is
an order of magnitude lower for temperatures 25-30 K than for
10-20 K, and the abundance increases with time at 20 K. Turning
to Fig. 7 for O, ice, limited production is seen for Columns one
and two, with an early peak abundance between 10™#—1073 with
respect to HyO ice at 25 K for n = 108-10° cm™ by 5 x 10* yr.
More interesting still are Columns three and four: until 0.5 Myr,
abundances of 102 — 1 with respect to H,O ice are reached for
temperatures 15-25 K for all densities. Thus, the O, ice abun-
dance lies above or reproduces the observed values. For these
cases, by >1 Myr, the produced O, ice is destroyed and reaches
107-1073 with respect to H,O ice by 10 Myr.

Having narrowed in on this parameter range (early evolution-
ary times, and by =2 A), it can now be checked if H,O, and O3
ices can match the observed levels for the same model param-
eters. Figure A.4 shows the same suite of plots for O3 ice. The
results in Columns three and four up to 0.5 Myr evolution show
that O3 ice is abundantly produced, at a similar or higher level
than O, ice, thus not matching the observed upper limit (darkest
shade of blue, <107® with respect to H,O ice). The subsequent
destruction by >1 Myr does not bring the abundance level much
further down, and the O3 ice abundance is generally similar to
that for O, ice. O3 ice only matches the observed upper limit for
T =10K.

In Fig. A.5, H,O; ice is abundantly produced for by =2 A
and Egi/Epin = 0.3. For 25 K it is consistently at a level of
107" — 1 with respect to H,O ice during the entire evolution. For
20 K it is also abundant, although 1-2 orders of magnitude lower
than that found at 25 K, and it is less abundant than O, ice until
~0.5 Myr by between one and two orders of magnitude. At later
times, for 20-25 K, H,0,; ice becomes 1-3 orders of magnitude
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Fig. 7. Abundances (given as colours) for O, ice as function of midplane density (x-axes), and temperature (y-axes) at different evolution-
ary steps for the reset scenario. From left to right panels: abundances from model runs with different parameters for grain—surface reactions:
Cols. 1 and 2: by =1 A, Cols. 3 and 4- by=1 A, Cols. 1 and 3: with Egg/Ew, =0.3, and Cols. 2 and 4: with Egg/Ewi, =0.5. From top to
bottom panels: different evolutionary times, from 0.05 Myr (top) to 10 Myr (bottom). To the right of each plot is a colourbar, indicating the
abundance level with respect to H,O ice for each colour. The chemical network utilised includes O3 chemistry. Orange matches cometary O,

abundances.

more abundant than O, ice. For Egg/Evi, =0.5 it is produced
at levels 107°-107% with respect to H,O ice, depending on
density.

3.3.2. Abundance evolutions for selected parameter sets

In Sect. 3.3.1 the colour mosaics revealed a promising set of
physical and chemical parameters that supported the production
of O ice in situ under conditions suitable for the PSN: by = 2 A
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(rather than the fiducial value of 1 A), T=15-25K, n = 10°-
10" cm™3 and evolution times up to 0.5 Myr. The ratio of
diffusion-to-binding energy for ice species appeared to play a
minor role, with both values of 0.3 and 0.5 facilitating O, ice
production.

In Fig. 8 evolving abundances are plotted for O,, Oz, HO,,
and O,H ices with respect to H,O ice, for the three different tem-
peratures and two densities outlined above, and with Egig/Epin =
0.3. Details about each plot can be found in the labels. Each panel
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Fig. 8. Evolving abundances as function of time for the reset scenario for six different combinations of temperature (15, 20, or 25 K), density
(10° or 10" ¢m™3) and molecular diffusion-to-binding energy ratio of 0.3. The barrier width for quantum tunnelling is b, = 2 A. The orange
shaded regions indicate the limits to the measured abundance of O, ice in the coma of comet 67P. The red shaded regions indicate the limits to the
measured abundance of H,O,, and the top of the grey shaded region marks the upper limit to the measured abundance of O; ice in comet 67P. The

chemical network utilised includes Oz chemistry.

includes shaded regions indicating the observed abundances for
0O, ice (yellow), H>O; ice (red), and upper limit for O3 ice (grey).

For all six panels, it is seen that O, ice is within the mea-
sured abundance values, at least for a period during evolution.
In all cases an initial production is seen, with the abundances
of O, ice across model setups peaking at 30-40% with respect
to H,O ice between ~5 x 10*=5 x 10° yr, with the highest
abundances reached at 20 K. For temperatures at 15-20 K, the
O, ice abundances are generally higher than for 7 = 25 K. By
~3 x 10°-10° yr, depending on model setup, the O, ice abun-
dance drops at least two orders of magnitude below maximum.
Hence, the observed abundance of O, ice can be reproduced in
all six setups, but only at early times.

Regarding ice species besides O,, Fig. 8 shows that O; is
the most abundant of the plotted species, at least until 10° yr.
At early evolutionary stages, O3 ice is even more abundant than
H,O ice. This is because the calculations are started with free
oxygen atoms (reset scenario). This high level is not seen in the
measurements of comet 67P, in which an upper limit of 10¢ with
respect to H,O ice was reported.

Likewise for H,O; ice, it is mostly produced at a high abun-
dance (>1073 with respect to H,O ice) in these models. At 25 K
after ~0.5 Myr of evolution, H,O, ice is the most abundant of the
plotted species. At no point in time in any of the plots does the
abundance of H,0, ice match the levels observed (red shaded
region): for 15 K it is at least an order of magnitude too low, and
between 20 and 25 K it is overproduced by between a factor of
three and two orders of magnitude.

For aratio of diffusion-to-binding energy of 0.5, similar plots
are shown in Fig. 9. Between 20 and 25 K there are evolution-
ary times when O, ice is reproduced to match the observations.
However the highest abundance reached is at 20 K. For T =15 K,
no reproduction of the observed abundances of neither O, ice nor
H,0, ice is seen, and Os ice is (next to H,O ice) the dominant
carrier of elemental oxygen. At T = 25 K for n = 10° cm™,

the abundance of H,O, ice matches that measured in the comet
both by ~0.03 Myr and by ~3 Myr, and by 0.03 Myr the O,
ice abundance is only ~2 times lower than the observed abun-
dance. Along the same lines, for T = 25 K and n = 10° cm™
by ~0.4 Myr O, ice matches the observed abundance, and H,O,
ice is only approximately twice as high as the observed level.
This indicates that something close to a match with the observed
abundances between both O, and H,0O, ice abundances with
respect to H,O ice is reached at 25 K. However, all the mod-
els still vastly overproduce the O3 ice abundance compared with
the measurements.

This parameter space investigation has shown that there are
sweet spots, both for the physical and chemical setup, where
O, ice can be produced to match the measurements on comet
67P, even after expanding the grain—surface chemical network to
include O3 ice chemistry. However, the low measured abundance
of O3 ice remains unexplained by the models.

A possible way to adjust the models to lower the O3 ice
production could be to increase the reaction barrier for the

10, £>iO3 reaction, where the default barrier is at £, =500 K.
Because the abundance levels of O, ice and H,O; ice in panel ¢
of Fig. 9 (T'=25 K, Egit/Epin=0.5, n = 107 cm™, by = 2A
and ¢ = 107!7 s7!) featured evolutionary stages when they were
simultaneously in proximity to the observed levels, this model
setup is now tested with three different values for the activation

energy for the 10, ﬁ)i03 reaction. In addition to the fiducial
500 K, also 1000 K and 2000 K activation energies are tested.
We note that these are likely too high relative to what is known
from laboratory work where O3 is seen to form readily at low
temperatures (Lamberts et al. 2013). However, given that O3 ice
is not seen to be efficiently produced in space including comets,
the hypothetical situation with a higher barrier is explored, as a
means to mitigate as of yet unknown chemical pathways away
from Oj; ice. To compare the effects of these changes, the same
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T =20 K. Panel b is for T =25 K. The barrier width for quantum tunnelling is b, = 2 A, and the molecular diffusion-to-binding energy is 0.5.

tests of activation energies were performed for the setup in panel
b in the same figure (T = 20 K, keeping all other parameters the
same).

In panels a and b of Fig. 10, abundances for O,, O3, and
H,0, ices are plotted as a function of time, with solid, dashed
and dotted profiles representing activation energies for the O;
ice production reaction of 500 K, 1000 K and 2000 K, respec-
tively. In panel a only the abundance of O, ice is found to match
the observed level. However, in panel b, at 25 K, it is seen that
for at £, =2000 K, O, ice and H,0; ice are both reproduced to
within the observed values between 0.8—1 Myr evolution. For the
same evolutionary timescale, Os ice is much lower in abundance
(~107'6 with respect to H,O ice), thus also agreeing with the
upper limit for the cometary abundance. This is therefore a sweet
spot in the physical and chemical parameter space, in which the
observed abundances of all three species are reproduced. We
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note that the ionisation level for this sweet spot includes the
contributions from both SLRs and CRs, whereas it was found
in Paper I that O, ice be reproduced only without CRs. How-
ever, the framework here is different from that in Paper I, as
O3 chemistry and the updated binding energy for atomic oxygen
have been included. We note that the anomalously high activa-
tion required for O + O, is likely masking as of yet unknown
routes in the O3 chemistry.

3.4. Including a primordial source of O, ice

Here, the results from the scenario starting with 5% of atomic
oxygen locked in O; is tested, exploring the theory for the pri-
mordial origin of O; ice, as suggested by Taquet et al. (2016) and
Mousis et al. (2016). This is a modification of the inheritance
scenario so that remaining oxygen is already locked in molecules
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Fig. 11. Evolving abundances as function of time for the inheritance scenario, plus 5% extra elemental oxygen as O, for six different combinations
of temperature (15, 20, or 25 K), density (10° or 10'° cm~?), and molecular diffusion-to-binding energy ratio of 0.5. The barrier width for quantum
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abundance of O3 ice in comet 67P.

(mostly H,O, CO, and CO,, see the inheritance scenario abun-
dances in Table A.1). In Fig. 11 evolving abundance profiles for
this scenario are shown, for temperatures between 15 and 25 K
from left to right, and densities between 10% and 10'° cm=3 from
top to bottom. The ionisation rate is at { = 1077 s7!, the ratio
of diffusion-to-binding energy is 0.5, and the barrier width for
quantum tunnelling is 2 A. The activation energy for the O + O,
reaction is the fiducial value of 500 K.

We see in panels a, b, d, and e, of Fig. 11, that an early abun-
dance level of O, ice at or above the observed mean is maintained
until a few times 10* yr for temperatures between 15 and 20 K.
At 25 K, the abundance of O; ice is lower early on, and in par-
ticular for n = 10° cm™ the abundance is <1072 with respect to
H,O ice, which is outside the observed range. Simultaneously
with O, ice matching the observed abundance in some cases, the
abundance of O3 ice is one to two orders of magnitude lower
than O, ice by 3 x 10° yr for all cases except in panel c. Between
a few times 10* yr and 10 Myr, the O, ice abundance decreases
by more than two orders of magnitude compared with the ini-
tial abundance, and from ~10° yr, O3 ice is the dominant oxygen
carrier of the plotted species. Hence, this scenario can reproduce
the observed abundance of O, at early stages, and with lower
abundances of H,O, and Ojs ices, although abundances for the
latter two species are still higher than measured.

4. Discussion

The abundance of O, ice in comet 67P has motivated much
work as to its origin. Rubin et al. (2015), Mousis et al. (2016,
2018), Taquet et al. (2016), and Dulieu et al. (2017) have all
attempted to explain the O, level from a point of view of pos-
sible chemical origins. Mousis et al. (2016) and Rubin et al.
(2015) approached the problem by investigating chemical pro-
cessing of either HO ice or H,0O; ice into O, ice. Mousis

et al. (2018) attempted an explanation with a scenario in which
ice-covered grains were transported from the midplane to the
upper layers of the disk. Here, the grains undergo photochem-
ical processing producing O, ice, which is then cycled back to
the disk midplane. It is noted that Mousis et al. (2018) only
consider the O, ice abundances, not H,O, or O3 ices. On the
other hand, Taquet et al. (2016) approached it from a broader
point of view considering primordial production pathways in
the parent cloud, and utilising extensive chemical networks and
subsequently tracking the primordially produced O, ice to the
disk midplane. While those works all conclude that a primor-
dial origin and subsequent retention of O, ice was the most
likely, Paper I concluded that starting from a fully atomised
disk midplane, there is an evolutionary phase during which a
range of radii in the outer icy midplane (outside the O, ice-
line) will reasonably reproduce the measured O,/H,0O ice ratio
level.

The investigation here has taken the step further from
Paper I: exploring the physical and chemical parameter space
that may facilitate the production of O, ice in situ in the PSN, and
simultaneously tracing the abundances of the chemically related
species HyO,, O3, and O, H, as well as using a more massive disk
model more appropriate for the PSN.

4.1. Chemical starting conditions

The chemical starting conditions’ effects on the O, ice produc-
tion were explored. It is clear that only an atomised start can
facilitate the production, although models starting with a per-
centage of elemental oxygen in O, did retain this O, ice for
a short period of evolution. The presence of atoms other than
oxygen (such as sulphur), however, has no large impact on the
production of O, ice. That means that oxygen-only and hydro-
genated oxygen species lock up the majority of the available
elemental oxygen.
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4.2. Dependence on ionisation levels

The ionisation levels have been shown to facilitate different
chemical evolution of abundances. The chemical timescales are
shorter for higher ionisation levels. Ionisation Level 1 only repro-
duced the observed O, abundance for models without O3, and
ionisation Levels 2 and 3 cause similar evolutionary trends,
meaning that Level 3 does not facilitate any more O, ice produc-
tion than Level 2. We note that the sweet spot for reproduction
of O,, H,O, and Oj ices to within the observed abundances was
found for a ionisation level of ¢ = 1077 s~!, which is the local
ISM value for dense clouds. This ionisation resembles ionisation
Level 2 at 100-130 AU in the PSN disk midplane (see Fig. 1,
panel b), which is also the radial range covering the tempera-
ture and density of the sweet spot, which is just outside the O,
iceline.

4.3. Changing Ey;, for atomic oxygen, and inclusion of Os

We introduced O3z and inqluded it in the chemical network with

production through 10, g 103 (activation energy of 500 K),
and destruction through barrierless hydrogenation. After this
change, the binding energy E\;, for oxygen atoms was increased
from 800 to 1660 K, as measured by He et al. (2015). This change
was expected to make oxygen atoms less volatile, thus having
them reside on the grain surfaces at higher temperatures than
before. This was expected to aid the production of O, and O3

ices through the pathway iO X, 10, 29, i03.

The expansion to include O3 chemistry induces very differ-
ent behaviours of O,, O3, and the chemically related H,O,. Still
assuming the PSN midplane, and ionisation Level 1, O, ice is
not reproduced to match the observed cometary abundances.

The updated binding energy for atomic oxygen also had an
effect, as the parameter space investigation revealed O, ice pro-
duction matching the observed value, even when including O3
chemistry. This change made the oxygen atoms less volatile, thus
adsorbing to the grain at higher temperatures.

4.4. Narrowing down on O, ice production

With the lower produced level of O, ice after inclusion of O3
chemistry the question remained if O, ice, in any case, can be
produced to within the measured levels. Besides updating Ey;,
for atomic oxygen, two parameters for grain—surface chemistry,
which had been kept constant thus far were now varied: the
barrier width for quantum tunnelling, and the ratio of diffusion-
to-binding energy of icy molecules. Adjusting these param-
eters, in particular the barrier width for quantum tunnelling,
appears to have important impacts on the production level of
O, ice. Increasing the barrier for quantum tunnelling from 1 to
2 A, for temperatures ranging between 15-25 K, and densities
10°=10'9 cm™3, results in O, ice produced to within the mean
measured level in comet 67P. Increasing the barrier width from
1 to 2 A lowers the mobility of H and H, on the grain surfaces.
This means that O + O reactions proceed more efficiently than
hydrogenation of O, O,, and Oj3 ice, which in turn leads to higher
abundances of O, and Os ices for a by of 2 A. Generally, with
this wider tunnelling barrier, the measured mean abundance of
O, ice can be reproduced relatively early in the evolution, from
0.05-0.5 Myr. At 25 K the corresponding level of H,O, ice was
close to its observed value. O3 ice, however, remains more abun-
dant than O, ice. Early in the evolution, O3 ice is even more
abundant than H,O ice, but this is explained by O3 ice being a
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precursor to H>O ice in the reaction pathway:
. 0, 0. iH iH_
i0 — i0, — i0; — iOH — iH,0, 3)

due to the availability of free oxygen. Indeed, in Fig. 8, show-
ing the time evolution of species, O3 is the dominant oxygen
carrier at early times, and H,O at later times. Exceptions to
this are the cases of a low ratio of diffusion-to-binding energy
of 0.3, and temperatures of 25 K (panels ¢ and f in Fig. 8),
where H>O, dominates at later times. In those cases, a lower
diffusion energy and higher temperature means a higher mobil-
ity of icy molecules on the grain surface. This leads to OH (the
product of O3 + H) reacting with O, ice (precursor to O3 ice
and product of the hydrogenation of Oj ice), thereby lowering
the abundance of O3 ice, and increasing the abundance of first
O,H ice, and subsequently H,O, ice via the reaction pathway

10, 2 i0,H 2 iH,0,.

4.5. Activation energy for O; ice production pathway

A crucial element in modelling chemical evolution is the
assumed activation energies for reactions. Especially for grain—
surface chemistry, these energies remain somewhat uncertain,
due to the difficulty of estimating them through production rates
in the lab. In this work, the fiducial activation energy for the reac-
tion 10 + 10, — 103 was E,; =500 K (Lamberts et al. 2013),
resulting in model O3 ice at a higher abundance than its parent
species, O, ice. This means that the modelled abundance of O;
ice is several orders of magnitude higher than the upper limit
determined in comet 67P (see Figs. 8 and 9).

Testing out higher activation energies for the production of
O3 ice (thereby impeding the O + O, reaction) revealed that for
E.t =2000 K, the production of O3 ice was sufficiently impeded
to bring the abundance below the limit observed in the comet.
This test simultaneously showed a match between both the abun-
dances of O, ice and H,O; ice and the cometary abundances at
25 K between 0.8 and 1 Myr evolution for an ionisation level of
¢ =10""7 57!, starting from the reset scenario. Thus, a sweet spot
in the parameter space, where all three species match observed
abundances, was found. However, it should be emphasised that
such a high barrier is not supported in previous analyses of lab-
oratory experiments. An upper limit for the activation energy of
O + O, of Ey = 150 K on amorphous silicate surfaces was
derived from experimental results by Minissale et al. (2014).
Lamberts et al. (2013) required an activation energy of E, =
500 K in order to reproduce experimental results from Ioppolo
et al. (2010) of O3 production on thick ices, and in agreement
with this result, Taquet et al. (2016) were able to reproduce the
low abundances O3 and O,H on ice mantles in dark clouds using
an activation energy of E,, = 300 K.

In this work O3 remains overproduced for these levels of acti-
vation energies, even when increasing it to £, = 1000 K. Only
using an artificially high energy of E,. = 2000 K for the O + O,
reaction lowered the abundance of Oj ice to the observed level.
This could suggest that as-yet unknown reactions may be miss-
ing from the network: reactions involving either O, or O that do
not lead to O3 (so O and O, get locked up in other molecules
than O3) and/or new routes for destruction of Oj ice.

4.6. Location of O, ice production sweet spot in PSN disk
midplane

Taking the sweet spot for matching abundances of O, ice, H,O,
ice, and Oj ice, it is interesting to look at where in the PSN disk
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midplane the physical conditions for this match may be satis-
fied. A close look at Fig. 1a shows that indeed in the radial range
~100-130 AU are found a temperature of ~25 K and a density
of 10°~10'" cm™3. Thus, for the sweet-spot O, ice production
scenario, this would be the predicted radial range for forma-
tion of both comets 1P and 67P, and a formation timescale by
0.8—-1 Myr, given the model assumptions. This radial range is
two to three times larger than the orbit of the present day Kuiper
belt (30-50 AU).

4.7. Primordial origin of O, ice

One scenario does, however, predict early presence of O, ice to
within the observed level, and H,O, ice and O3 ice orders of
magnitude lower than that of O, ice. This is the scenario starting
with an initial abundance of O, of ~5% with respect to the total
elemental oxygen abundance, which was inspired by the results
of Taquet et al. (2016) assuming that the O, is inherited from the
parent cloud. Given early formation of the comets (by thousands
to tens of thousands of years after formation of the PSN mid-
plane), this scenario remains likely for the formation of the ices,
and the fiducial values of by = 1 A and E,= 500 K for the O +
O, reaction in the ice. This scenario agrees with the findings of
Taquet et al. (2016).

5. Conclusion

Since the somewhat unexpected detection of abundant O, ice in
the coma of comet 67P, several studies have attempted to explain
the origin of the O,. Building on the results from Paper I, this
work has investigated the possibility of in situ formation of O,
ice on grains in the midplane of the PSN disk midplane.

While a high abundance of O, ice, matching that observed
in comet 67P, is reproduced outside the O, ice in the PSN disk
midplane at intermediate evolutionary stages when assuming the
initial chemistry to be reset, the same production is not seen after
including O3 ice chemistry into the chemical network. For the
fiducial choice of parameters for grain—surface chemistry, and an
activation energy of 500 K for the O + O, — O3 reaction on the
grains, O3 ice is, in most cases, found to be the dominant oxygen-
carrier next to H,O ice, and O, ice was orders of magnitude too
low in abundance compared to the abundance observed in comet
67P.

In order to test the sensitivity of the production of O,, Os,
and H,O, ices to the assumed parameters for grain—surface
chemistry, in particular the barrier width for quantum tunnelling
by, and the ratio of diffusion-to-binding energy of ice molecules
Egir/ Evin, @ parameter space investigation was conducted. Sev-
eral temperatures and densities were also tested, and the reset
scenario assumed for initial abundances. This led to a sweet-spot
set of parameters being revealed: by =2 A, Eg4s/Evin = 0.3-0.5
T =15-25K and n = 10°~10'° cm~ which facilitated O, repro-
duction matching the observed level. However, the abundances
of O3 and H,O; ices were still in disagreement with the observed
values by orders of magnitude.

As a last adjustment of the chemistry intended to lower the
O3 ice abundance, the activation energy for production of O3 ice
from the association of O and O, ices was increased in order
to mitigate possible unknown chemical pathways away from Os.
For an activation energy of E,.; = 2000 K, Egit/Evin = 0.5, and
the remaining physical and chemical conditions as given above,
the abundances of O, ice, H,O, ice, and the upper limit for O3
ice in the comet were all reproduced. This matches a formation

location in the PSN disk midplane between 120 and 150 AU,
just outside the O, iceline. However, this high activation energy
for O3 ice production is not supported by laboratory estimates,
and thus more laboratory work is needed to determine potential
missing chemical pathways for O3 ice chemistry.

A model that starts out with a percentage of elemental oxy-
gen locked in O, and thus assuming a primordial origin of O,
also reproduced the observed abundance of O, ice at early stages
of evolution, without increasing E, for the O + O, reaction.
Here, the O3 and H,0O, ice abundances were below the O, ice
abundance, but not matching the observed abundance levels.
However, since the observed abundances of all three ices species
are only reproduced in this work in the case for a set of rather
extreme choices for the chemical parameters, the most plausible
explanation for the origin of the cometary O, ice remains the
primordial, as originally proposed by Taquet et al. (2016).
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Appendix A: Additional table and figures Table A.1. Initial abundances (with respect to H,,.) for atomic (reset
scenario) and molecular (inheritance scenario) setups.
Figure A.l1 shows the gas and ice abundances of O, O,, H,0,

and H,O, as a function of radius by 10 Myr of evolution, for

the chemical network without O3 chemistry. Figure A.2 shows Species Atomic Molecular
the gas and ice abundances of O,, H,O and H,0; and O3 as H 9.1%x1075 5.0x10°5
a function of radius by 10 Myr of evolution, for the chemical He 98%102 98x102
network including Oj. H, 50x1071 5.0x 107!
N 6.2%x107
(0] 52%x107*
C 1.8x 1074
S 6.0x10°°
H,O 3.0x10™*
CcO 6.0x 107
CO, 6.0x1073
CH,4 1.8x 1073
N, 21x107
NH; 21x1073
CH;0H 45%107
H,S 6.0%x107°
(0)) 0
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Fig. A.1. Abundances by 10 Myr evolution. From top to bottom panels: inheritance scenario, reset scenario, water scenario, and oxygen scenario.
From left to right panels: changing ionisation levels. The chemical network utilised does not include O3 chemistry.
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Fig. A.2. Abundances by 10 Myr evolution. From top to bottom panels: inheritance scenario, reset scenario, water scenario, and oxygen scenario.
From left to right panels: changing ionisation levels. The chemical network utilised includes O3 chemistry.
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Fig. A.3. Abundances (given as colours) for H,O ice as function of midplane density (x-axes), and temperature (y-axes) at different evolutionary
steps for the reset scenario. From left to right panels: abundances from model runs with different parameters for grain—surface reactions: Cols. [
and 2: by =1 A, Cols. 3 and 4: by=1 A, Cols. I and 3: with Egit/ Evin =0.3, and Cols. 2 and 4: with Egg/Epi, =0.5. From top to bottom panels:
different evolutionary times, from 0.05 Myr (fop) to 10 Myr (bottom). To the right of each plot is a colourbar, indicating the abundance level with
respect to H,,. for each colour. The chemical network utilised includes O3 chemistry.
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Fig. A.4. Abundances (given as colours) for O; ice as function of midplane density (x-axes), and temperature (y-axes) at different evolutionary
steps for the reset scenario. From left to right panels: abundances from model runs with different parameters for grain—surface reactions: Cols. I
and 2: by, =1 A Cols. 3 and 4: by, =1 A, Cols. 1 and 3: with Egg/Evin =0.3, and Cols. 2 and 4: with Egg/Evin =0.5. From top to bottom panels:
different evolutionary times, from 0.05 Myr (fop) to 10 Myr (bottom). To the right of each plot is a colourbar, indicating the abundance level with
respect to H,O ice for each colour. The chemical network utilised includes O3 chemistry. Darkest hue of blue matches the upper limit for cometary
O3 abundances.
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Fig. A.5. Abundances (given as colours) for H,O, ice as function of midplane density (x-axes), and temperature (y-axes) at different evolutionary
steps for the reset scenario. From left to right panels: abundances from model runs with different parameters for grain—surface reactions: Cols. I
and 2: by =1 A, Cols. 3and 4: by = 1 A, Cols. 1 and 3: with Egg/Ewy, = 0.3, and Cols. 2 and 4: with Egg/Ewin= 0.5. From top to bottom panels:
different evolutionary times, from 0.05 Myr (fop) to 10 Myr (bottom). To the right of each plot is a colourbar, indicating the abundance level
with respect to H,O ice for each colour. The chemical network utilised includes O3 chemistry. Lightest hue of blue matches the cometary H,O,
abundances.
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