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Importance of Molecular oxygen

Importance of Molecular Oxygen: 

- Dominant component of Earth’s atmosphere (21 % by volume) 

- Byproduct of photo-synthesis → Potential marker for biological activity 

- O is the third most abundant element → O2 potentially abundant in the ISM 

- O2 is a key molecule for the water chemical network 
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O2: an elusive interstellar molecule

Zero electric dipole moment → difficult to detect O2 in the cold ISM

R. Liseau et al.: Multi-line detection of O2 toward ρ Ophiuchi A
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Fig. 3. Outline of the oversampled 6 × 6 regular map with 10′′ spac-
ings of the O2 774 GHz observations. At this frequency, the beam of
the 3.5 m Herschel telescope has a size of 28′′ (small blue circles).
The beam centres for the H- and V-polarisations are separated by 4′′· 5.
Larger (black) circles correspond to the 487 GHz beam positions (44′′;
cf. Fig. 1) and as before, north is up and east is to the left. Background
image is courtesy of Spitzer IRAC-MIPS (blue: 3.6 µm, green: 8 µm,
red: 24 µm).

(Liseau et al. 2010), N2H+ (1−0) (di Francesco et al. 2004),
deuterated molecules (Bergman et al. 2011a) and the recently
discovered H2O2 (HOOH, Bergman et al. 2011b). For the
2.8 km s−1 feature, we are unable to entirely exclude the possi-
bility that it is due to an unidentified species. If so, the line transi-
tion frequency should be ν0 = (487250.548 ± 0.098) MHz (1σ).

3.2. 774 GHz

In Fig. 4 the convolved and averaged 774 GHz spectra are
compared to the 487 GHz spectra, and the 6 × 6 map of the
774 GHz observations, convolved to the beam at 487 GHz, is
displayed in Fig. 5. The line was not detected toward the east
side of the cloud, i.e. toward O3 and O4, with 1σ-upper lim-
its of 3 mK km s−1, but clearly detected toward the west side of
the cloud, i.e. toward O1 and O2, at a signal-to-noise ratio of
S/N = 4−6. The derived line parameters for the 774 GHz spec-
tra, convolved to the 487 GHz beam, are reported in Table 3.
We note that only the 3.6 km s−1 component is seen at the
O1 position.

The O2 774 GHz line falls in the lower side band (LSB:
770.75−775.65 GHz). The entire observed spectral region is
however totally dominated by the 13CO (7−6) transition at
771.2 GHz. This line exhibits significant variations on small
angular scales, which is clearly evident in individual pointings
of the 774 GHz beam of width 28′′ (FWHM). In the spectrum
farthest to the northeast, the line reaches a peak Tmb of 25 K,
whereas in the opposite corner in the southwest the intensity has
decreased to less than 5 K.

In addition, in the upper side band (USB:
783.15−786.815 GHz), the strongest and clearly detected

Fig. 4. The WBS spectra toward the positions O1 to O4 are shown
for both the 774 GHz (upper) and 487 GHz (lower) lines in each
frame. The average 774 GHz data are convolved to the 487 GHz
beam of 44′′. Offsets relative to the origin O4 are shown along
the upper and right-hand scales.

line is due to the C17O (7−6) transition at 786.3 GHz (Larsson
et al., in prep.). In contrast to 13CO, the line of C17O reaches its
maximum of almost 3 K at the O1 position.

4. Discussion

4.1. Observed quantities: temperature, line width, column
density, and size of the O2 emission region

The O2 487 GHz and 774 GHz lines are clearly detected toward
multiple positions. From the observation of more than one tran-
sition, some basic physical parameters of the source can be de-
rived, where we assume that all transitions trace the same gas
along the line of sight. In the case of the observed O2 emission,
this should be straightforward, as detailed computations of sta-
tistical equilibrium and radiative transfer for a multi-level system
demonstrate that this emission is optically thin and originates in
conditions of local thermodynamic equilibrium (LTE).

4.1.1. Temperature

At O1, the observed source extent of the 487 GHz and 774 GHz
lines appears to be similar, hence the ratio of the beam fill-
ings f487/ f774 is probably not far from unity. In addition, the
main beam efficiencies at these frequencies are also about equal
(Table 1). Therefore, the observed ratio of integrated inten-
sities I(487)/I(774)obs is directly comparable to the theoreti-
cal one, I(487)/I(774)theo, obtained from LTE calculations for
optically thin O2 radiation, which depends only on the gas
temperature (Fig. 7).

From Table 4, we see that the measured intensity ratio of the
487 GHz to 774 GHz lines toward O1 implies a temperature of
nearly 80 K, with the large error allowing a large range, from
about 50 K to very much higher than 100 K (see also Fig. 7).
If the beam filling at 774 GHz were smaller than that at 487 GHz,
the actual temperatures would be even higher. Our value can
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Only two detections in dark clouds: 
Orion and ρ Oph A  

(Goldsmith et al. 2011; Liseau et al. 2012)

ρ Oph A

No detection toward protostars: 
strong upper limit in NGC1333-IRAS4A 

X(O2) < 6 x 10-9 (Yildiz et al. 2013)

A&A 558, A58 (2013)

Fig. 2. Full spectrum taken with HIFI, with the H- and V-polarization spectra averaged. The frequency range is 483.59 GHz to 488.94 GHz from
left to right. The entire bandwidth is 5.35 GHz. The O2 line is centred near VLSR = 7.0 km s−1. A blow-up of the spectrum is presented in Fig. A.1.

Fig. 3. Spectrum of Fig. 2 magnified around the O2 33–12 line. The blue
dashed line indicates the LSR velocity of the IRAS 4A envelope at
7.0 km s−1and the red dashed line shows the velocity at 8.0 km s−1.

the “Water in Star-forming regions with Herschel” (WISH)
guaranteed-time key program (van Dishoeck et al. 2011) in a
beam size of 40′′ and reported in Yıldız et al. (2012). Beam effi-
ciencies are 0.77, 0.63, and 0.76 for the 1–0, 3–2, and 5–4 lines,
respectively. The calibration uncertainty for HIFI band 1a is
15%, whereas it is 20% for the IRAM 30 m and JCMT lines.

The HIFI beam size at 487 GHz of ∼44′′ corresponds to a
5170 AU radius for IRAS 4A at 235 pc (Fig. 1, white circle).
It therefore overlaps slightly with the dense envelope around
IRAS 4B (see also Fig. 13 in Yıldız et al. 2012) but this is ne-
glected in the analysis. The NO data were taken as a single point-
ing observation, therefore the beam size is ∼20′′, about half of
the diameter covered with the O2 observation.

3. Results

In Fig. 2, the full Herschel-HIFI WBS spectrum is presented.
Although the bandwidth of the WBS data is 4 GHz, the entire
spectrum covers 5.35 GHz as a result of combining eight differ-
ent observations where the LO frequencies were slightly shifted
in each of the settings. The rms of this spectrum is 1.3 mK in
0.35 km s−1 bin, therefore many faint lines are detected near the
main targeted O2 33–12 line. These lines include some methanol
(CH3OH) lines, together with e.g., SO2, NH2D, and D2CO lines.
These lines are shown in Fig. A.1 in detail, and are tabulated with
the observed information in Table A.1.

Fig. 4. Spectrum of the NO J = 5/2–3/2 transitions showing the lo-
cation of four hyperfine (HF) components, where the details of the
lines are given in Table 1. The spectrum is centred on the NO (3)
(HF) component.

3.1. O2

A blow-up of the HIFI spectrum centred around the
O2 NJ = 33–12 at 487 GHz position is presented in Fig. 3. The
source velocity of IRAS 4A is VLSR = 7.0 km s−1 as determined
from many C18O lines (Yıldız et al. 2012), and is indicated by
the blue dashed line in the figure. This spectrum of 7.7 h integra-
tion time staring at the IRAS 4A source position is still not suffi-
cient for a firm detection of the O2 line at 487 GHz at the source
velocity. However, a tentative detection at VLSR = 8.0 km s−1 (red
dashed line in Fig. 3) is seen and will be discussed in more detail
in Sect. 5.

3.2. NO

In Fig. 4, the JCMT spectrum covering the hyperfine
components of the NO J = 5/2–3/2 transitions are
presented. For this specific transition, the expected ra-
tios of the line intensities in the optically thin limit are
NO (1):NO (2):NO (3):NO (4) = 75:126:200:24. The JCMT ob-
servations have an rms of 46 mK in 0.3 km s−1 bin and 4σ emis-
sion is detected only at the intrinsically strongest hyperfine tran-
sition, NO (3), with an integrated intensity of 0.18 K km s−1

centred at VLSR = 8.0 km s−1. No emission is detected for the
VLSR = 7.0 km s−1 component, however 3σ upper limit values
are provided in Table 2.
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→ X(O2)obs << X(O2)mod

+ No clear detection in comets either 
through remote or in-situ observations
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Detection of O2 in the comet 67P

LETTER
doi:10.1038/nature15707

Abundant molecular oxygen in the coma of
comet 67P/Churyumov–Gerasimenko
A. Bieler1,2, K. Altwegg2,3, H. Balsiger2, A. Bar-Nun4, J.-J. Berthelier5, P. Bochsler2, C. Briois6, U. Calmonte2, M. Combi1, J. De
Keyser7, E. F. van Dishoeck8, B. Fiethe9, S. A. Fuselier10, S. Gasc2, T. I. Gombosi1, K. C. Hansen1, M. Hässig2,10, A. Jäckel2, E. Kopp2,
A. Korth11, L. Le Roy3, U. Mall11, R. Maggiolo7, B. Marty12, O. Mousis13, T. Owen14, H. Rème15,16, M. Rubin2, T. Sémon2, C.-Y. Tzou2,
J. H. Waite10, C. Walsh8 & P. Wurz2,3

The composition of the neutral gas comas of most comets is domi-
nated by H2O, CO and CO2, typically comprising as much as 95 per
cent of the total gas density1. In addition, cometary comas have
been found to contain a rich array of other molecules, including
sulfuric compounds and complex hydrocarbons. Molecular oxygen
(O2), however, despite its detection on other icy bodies such as the
moons of Jupiter and Saturn2,3, has remained undetected in comet-
ary comas. Here we report in situ measurement of O2 in the coma
of comet 67P/Churyumov–Gerasimenko, with local abundances
ranging from one per cent to ten per cent relative to H2O and with
a mean value of 3.80 6 0.85 per cent. Our observations indicate
that the O2/H2O ratio is isotropic in the coma and does not change
systematically with heliocentric distance. This suggests that prim-
ordial O2 was incorporated into the nucleus during the comet’s
formation, which is unexpected given the low upper limits from
remote sensing observations4. Current Solar System formation
models do not predict conditions that would allow this to occur.

Measurements of the coma of 67P/Churyumov–Gerasimenko
(hereafter 67P) were made between September 2014 and March
2015 with the ROSINA-DFMS mass spectrometer5 on board the
Rosetta spacecraft. For the present study, we analysed 3,193 mass
spectra taken in this time period. Because of the high mass resolving
power and sensitivity of ROSINA-DFMS, it was possible to differenti-
ate unambiguously between the three main species present in the
narrow mass range centred at mass-to-charge (m/z) ratio 32 Da/e,
namely, molecular oxygen (O2), atomic sulfur (S) and methanol
(CH3OH); such differentiation has not been achieved by previous in
situ or remote sensing measurements at comets. Figure 1 shows several
DFMS measurements centred at the O2 peak. The green and orange
lines show data taken before the close encounter with 67P. Only minor
signatures from the tenuous neutral gas atmosphere of the Rosetta
spacecraft can be identified, and even after long thruster firing man-
oeuvres, which use N2O4 as an oxidizer, the contamination of the O2

signal remains small (see the green line in Fig. 1). Measurements taken
while orbiting 67P, shown as the light blue, dark blue and purple lines
in Fig. 1, show a clear increase of the O2 signal, indicative of cometary
O2. These three measurements were taken at decreasing distances (r)
from the comet nucleus, and follow the predicted 1/r2 signal depend-
ence that is expected for conserved cometary species, giving further
confidence in our detection.

As previously reported, the local number densities in the coma vary
spatially and temporally6,7 for different compounds. Figure 2 shows

correlation plots of H2O with O2, CO and N2. Red symbols represent
data from 17 to 23 October 2014, for which previously published data
on N2 are available. During this time the spacecraft was in closed orbits
at 10 km from the nucleus centre. Black symbols are data from 1
September 2014 to 31 March 2015. For both periods, O2 clearly shows
the strongest correlation with H2O. While CO shows a high correlation
with H2O from 17 to 23 October 2014, the correlation for the whole
data set is fairly low. N2 shows the weakest correlation with H2O of all
three species. The strong correlation between H2O and O2, with a
Pearson correlation coefficient of 0.88 (and even 0.97 for the
October data), indicates that they are of similar origin in the nucleus
and that their release mechanisms are linked, in contrast to CO and
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Figure 1 | DFMS mass spectra around 32 Da/e normalized to the spectrum
with the largest signal. The black labels indicate the three major species
found in the coma of 67P at 32 Da/e. The green labels and green line identify
contamination peaks from thruster firings, showing that their contributions to
the O2 peak are very low. The light blue, dark blue and purple lines represent
measurements taken at different distances from the comet nucleus.
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First detection of molecular oxygen in a comet by Rosetta: 

- High resolution of the ROSINA-DFMS distinction of O2 from other species of 
same mass 32 

- X(O2) / X(H2O) = 3.8 ± 0.9 %  
→ forth most  abundant molecule

Bieler et al. (2015)

+ Re-analysis of the Giotto data 
toward 1P/Halley results in a similar 
abundance of 3.7 % / H2O ! 
(Rubin et al. 2015) 
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Abundant O2 trapped into water ice matrix

O2 is trapped into a likely pristine water ice matrix
N2 which have a similar volatility but do not show a strong correlation
with H2O (see Fig. 2 for correlation coefficient values). The O2/H2O
ratio decreases for high H2O abundances, which might be caused by
surface water ice produced by a cyclic sublimation–condensation pro-
cess8, although the total amount of surface ice is limited9.

A plausible mechanism for the strong O2/H2O correlation would be
the production of O2 by radiolysis or photolysis of water ice. Here we
follow the convention that photolysis refers to ultraviolet photons
breaking bonds, whereas radiolysis refers to more energetic photons
or fast electrons and ions depositing energy into the ice and ionizing
molecules. Creation of sputtered O2 by radiolysis has been demon-
strated in laboratory experiments10 and is observed for the icy moons
of Jupiter—Europa, Ganymede and Callisto11–13—as well as for the
rings of Saturn3. Comets are subject to radiolysis over various time-
scales: (a) over billions of years, while they reside in the Kuiper belt; (b)
over the period of a few years once they enter the inner Solar System;
and (c) on very short timescales, as for the present radiolysis. In the
Kuiper belt, the skin depth for producing O2 is in the range of metres,
although the produced O2 may diffuse deeper into the porous nucleus.
Once a comet begins its residence in the inner Solar System, it loses its
surface material to a depth of several metres during each orbit around
the Sun, therefore we can safely assume that no O2 from radiolysis in
the Kuiper belt phase remains in 67P at the percentage level. Radiolysis
and photolysis by solar wind and ultraviolet radiation in the inner
Solar System only affect the top few micrometres of the cometary

surface. Taking account of 67P’s continuous mass loss through out-
gassing, we estimate the actively outgassing surface areas to be lost to a
depth of several centimetres over the time from August 2014 to March
2015. If recent production by radiolysis or photolysis (only affecting
the top few micrometres) were the source of the measured O2, our data
would show a continuous decrease of the O2/H2O ratio over the exam-
ined time period as the active surface continues to be shed over that
time. Apart from the variations related to H2O abundance, Fig. 3
shows that we do not observe a systematic change in the O2/H2O ratio
over several months. Instantaneous creation of the measured O2 by
radiolysis or photolysis seems, overall, unlikely, and would lead to
variable O2 ratios due to different illumination conditions. Given that
radiolysis and photolysis, on any of the discussed timescales, do not
seem to be plausible production mechanisms, the preferred explana-
tion of our observations is the incorporation of primordial O2 into the
cometary nucleus.

Despite great efforts by remote sensing campaigns, information on
primordial O2 is still limited. Solid O2 has not yet been detected in
interstellar ices, and upper limits for the O2/H2O ice ratios of ,0.5
and for O2/CO ratios of ,1 are in agreement with our findings, but such
high upper limits do not provide useful constraints14,15. Gaseous O2 has
only been detected in two interstellar clouds so far4,16,17, and is generally
known to have surprisingly low abundances4. Reports of very low upper
limits for O2 in a protostellar envelope suggest the material infalling to the
accretion disk is very poor in molecular oxygen18. This has been ascribed
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Figure 2 | Correlation between H2O and O2, CO and N2. a, H2O and O2;
b, H2O and CO; c, H2O and N2. All three panels share a common y axis.
Numbers on x and y axes are proportional to number density but in
arbitrary units. Red crosses mark a subset of data for which N2 data are also
available. Panel a shows the strong correlation between H2O and O2, which is

observed for all data. In contrast, the correlation of CO with H2O (b) varies
over time, which leads to a low overall correlation between those two species.
N2 has the lowest correlation with H2O of the compared species for the
October data (c).
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Figure 3 | O2/H2O ratio over several months. There seems to be no
systematic increase or decrease of the O2/H2O ratio. The variances happen on
very short timescales and can be explained by the decrease of the O2 ratio
for high H2O abundances. It is not fully understood if the higher variability

of the O2 ratio from October to the end of December 2014 can be attributed
to orbital changes of the spacecraft or to physical changes of the cometary
nucleus.
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The O2/H2O abundance ratio remains roughly constant over time (3.8 ± 0.9 % / H2O) 

→ O2 was likely already present in the ice mantle prior to comet formation

Bieler et al. (2015)

N2 which have a similar volatility but do not show a strong correlation
with H2O (see Fig. 2 for correlation coefficient values). The O2/H2O
ratio decreases for high H2O abundances, which might be caused by
surface water ice produced by a cyclic sublimation–condensation pro-
cess8, although the total amount of surface ice is limited9.

A plausible mechanism for the strong O2/H2O correlation would be
the production of O2 by radiolysis or photolysis of water ice. Here we
follow the convention that photolysis refers to ultraviolet photons
breaking bonds, whereas radiolysis refers to more energetic photons
or fast electrons and ions depositing energy into the ice and ionizing
molecules. Creation of sputtered O2 by radiolysis has been demon-
strated in laboratory experiments10 and is observed for the icy moons
of Jupiter—Europa, Ganymede and Callisto11–13—as well as for the
rings of Saturn3. Comets are subject to radiolysis over various time-
scales: (a) over billions of years, while they reside in the Kuiper belt; (b)
over the period of a few years once they enter the inner Solar System;
and (c) on very short timescales, as for the present radiolysis. In the
Kuiper belt, the skin depth for producing O2 is in the range of metres,
although the produced O2 may diffuse deeper into the porous nucleus.
Once a comet begins its residence in the inner Solar System, it loses its
surface material to a depth of several metres during each orbit around
the Sun, therefore we can safely assume that no O2 from radiolysis in
the Kuiper belt phase remains in 67P at the percentage level. Radiolysis
and photolysis by solar wind and ultraviolet radiation in the inner
Solar System only affect the top few micrometres of the cometary

surface. Taking account of 67P’s continuous mass loss through out-
gassing, we estimate the actively outgassing surface areas to be lost to a
depth of several centimetres over the time from August 2014 to March
2015. If recent production by radiolysis or photolysis (only affecting
the top few micrometres) were the source of the measured O2, our data
would show a continuous decrease of the O2/H2O ratio over the exam-
ined time period as the active surface continues to be shed over that
time. Apart from the variations related to H2O abundance, Fig. 3
shows that we do not observe a systematic change in the O2/H2O ratio
over several months. Instantaneous creation of the measured O2 by
radiolysis or photolysis seems, overall, unlikely, and would lead to
variable O2 ratios due to different illumination conditions. Given that
radiolysis and photolysis, on any of the discussed timescales, do not
seem to be plausible production mechanisms, the preferred explana-
tion of our observations is the incorporation of primordial O2 into the
cometary nucleus.

Despite great efforts by remote sensing campaigns, information on
primordial O2 is still limited. Solid O2 has not yet been detected in
interstellar ices, and upper limits for the O2/H2O ice ratios of ,0.5
and for O2/CO ratios of ,1 are in agreement with our findings, but such
high upper limits do not provide useful constraints14,15. Gaseous O2 has
only been detected in two interstellar clouds so far4,16,17, and is generally
known to have surprisingly low abundances4. Reports of very low upper
limits for O2 in a protostellar envelope suggest the material infalling to the
accretion disk is very poor in molecular oxygen18. This has been ascribed

1021 1022 1023 1024 1025

O2

1023

1024

1025

1026

1027

H
2O

a

R = 0.88
R = 0.97

Full data set
17–23 Oct. 2014

1022 1023 1024 1025

CO

b

R = 0.60
R = 0.90

Full data set
17–23 Oct. 2014

1020 1021 1022 1023

N2

c

R = 0.71

17–23 Oct. 2014

Figure 2 | Correlation between H2O and O2, CO and N2. a, H2O and O2;
b, H2O and CO; c, H2O and N2. All three panels share a common y axis.
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arbitrary units. Red crosses mark a subset of data for which N2 data are also
available. Panel a shows the strong correlation between H2O and O2, which is

observed for all data. In contrast, the correlation of CO with H2O (b) varies
over time, which leads to a low overall correlation between those two species.
N2 has the lowest correlation with H2O of the compared species for the
October data (c).
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Figure 3 | O2/H2O ratio over several months. There seems to be no
systematic increase or decrease of the O2/H2O ratio. The variances happen on
very short timescales and can be explained by the decrease of the O2 ratio
for high H2O abundances. It is not fully understood if the higher variability

of the O2 ratio from October to the end of December 2014 can be attributed
to orbital changes of the spacecraft or to physical changes of the cometary
nucleus.

2 9 O C T O B E R 2 0 1 5 | V O L 5 2 6 | N A T U R E | 6 7 9

LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved

Strong correlation of O2 and H2O suggests similar spatial origin and mechanisms 
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Interstellar chemistry of O2
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Credit: M. Persson

O2 formation and survival in interstellar ices depend on: 

1) Gas phase abundance of H and O atoms 

2) Mobility of O atoms 

3) Activation barriers of key reactions

→  O2 production should be 
accompanied by O3, HO2 and 
H2O2 but ROSINA measured low 
abundances in 67P: 
- X(HO2) ~ X(H2O2) = 6 10-4 / O2 

- X(O3) < 3 10-5 / O2
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Objectives of this work

Give an explanation of the observations of 67P/C-G by Rosetta/ROSINA: 
1) Primordial formation of O2 prior to comet formation 

2) High abundance of 3.8 % of O2 relative to water but low abundance of the 
chemically related species HO2, H2O2, and O3 (lower than 6 x 10-4 / O2) 

3) Strong correlation between O2 and H2O signals but weak correlation 
between N2, CO and H2O signals  

Exploration of three different scenarios: 
1) O2 formation and survival in molecular clouds 

2) O2 formation and survival during protoplanetary disk formation 

3) O2 formation and survival within protoplanetary disks 

→ Two multi-phase (bulk, surface, gas) astrochemical models are used to 
study the cold and warm gas-grain chemistries  
(Taquet et al. 2014, Furuya et al. 2015)
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Table 2. List of model grid input parameters.

Parameter Range of explored values Standard value
Physical conditions explored in the model grids

Total density (cm−3) 103
− 104

− 105
− 106 106

Temperature (K) 10 - 15 - 20 -25 - 30 21
ζ (s−1) 10−18 - 3 × 10−18 - 10−17 - 3 × 10−17 - 10−16 10−17

AV (mag) 2 -4 - 6 - 8 - 10 10
Chemical parameters explored for the ρ Oph A case

Ed/Eb 0.3 - 0.8 0.5
Eb(O) (K) 800 - 1700 1700
Ea(O+O2) (K) 0 - 300 0
Ea(H+O2) (K) 0 - 1200 0
Ea(H+H2O2) (K) 0 - 2500 2500

An intermediate temperature of 20 K is also favoured be-
cause it enhances the mobility of oxygen atoms on the grain
surfaces whilst at the same time allowing the efficient evapo-
ration of atomic H. This additionally enhances the rate of the
oxygen recombination reaction forming O2, with respect to the
competing hydrogenation reactions described above. In addition,
because the density of gas-phase H atoms increases linearly with
the cosmic-ray ionisation rate, ζ, a low value of ζ also tends to
favour the survival of O2 ice (see the next Section). On the other
hand, the visual extinction does not seem to have a strong impact
on the abundance of solid O2 as the distributions of abundances
obtained for the five visual extinction values are very similar,
showing that the final abundances are more strongly dependent
upon the assumed gas density, temperature, and cosmic-ray ion-
isation rate.

3.2. The ρ Oph A case

The ρOph A core, located at a distance of 120 pc, constitutes the
best test case for the water surface network and the production
of O2 in dark clouds. This is because, to date, it is the only inter-
stellar source where gas-phase O2, HO2, and H2O2 have been
detected (Bergman et al. 2011b; Liseau et al. 2012; Parise et
al. 2012). The parameter study presented in the previous sec-
tion suggests that the physical conditions of ρ Oph A, a high
density (nH ∼ 106 cm−3), and a relatively warm gas temperature
(Tkin = 24 − 30 K) and dust temperature (Tdust ∼ 20 K), derived
by Bergman et al. (2011a) are the physical conditions which fa-
cilitate the formation and survival of O2 ice.

The Appendix presents a comprehensive parameter study, in
which several surface and chemical parameters are varied, in or-
der to simultaneously reproduce the high abundance of O2 seen
in the comet 67P and the low abundances of the chemically re-
lated species O3, HO2, and H2O2. The low abundance of O3 and
HO2 relative to O2 can be explained when a small activation bar-
rier of ∼ 300 K is introduced for the reactions O + O2 and H +
O2, in agreement with the Monte-Carlo modelling of Lamberts
et al. (2013). However, we are still overproducing the abundance
of H2O2 by one order of magnitude, suggesting that other chem-
ical processes might be at work.

Assuming the chemical parameters that best reproduce
the observations (standard surface parameters, Ea(O+O2 =
Ea(H+O2) = 300 K, and Ea(H+H2O2) = 800 K), we also var-
ied the cosmic-ray ionisation rate because it controls the atomic
H/O abundance ratio in the gas phase, and governs the com-
petition between surface hydrogenation and oxygen recombi-
nation. As shown in Figure A.2, the formation of O2 ice is
strongly inhibited (O2/H2O ! 1%) for high initial H abundances

([H]/[O]ini " 3 × 10−2) induced by high cosmic-ray ionisation
rates (" 10−16 s1). as it increases the rate of conversion of O2 ice
to H2O ice. For ζ lower than 10−18 s−1, the formation of H atoms
in the gas phase is dominated by neutral-neutral reactions involv-
ing O atoms. The gas phase abundance of H atoms, and therefore
the abundance of O2 and other chemically-related species, are no
longer influenced by ζ. The results here demonstrate that a high
abundance of O2, at a level similar to that measured in 67P/C-G,
not only requires a high density (nH ∼ 106 cm−3) and a slightly
higher temperature (T ∼ 20 K) than the average temperature
found in dark clouds, but also a high initial fraction of oxygen in
atomic form (X(O) > 10−4) and an impeded cosmic-ray ionisa-
tion rate (ζ < 10−16 s−1), which also tend to limit the gas phase
abundance of the chemically related species HO2, H2O2 through
chemical desorption upon surface formation.

Figure 5 shows the chemical composition of the ice obtained
for the model using the physical conditions found in ρ Oph A
(nH ∼ 106 cm−3 and T = 21 K), and the cosmic ray ionisa-
tion rate and the surface and the activation barriers of the re-
actions that best reproduce the observations (ζ = 10−16 s−1,
standard surface parameters, Ea(O+O2 = Ea(H+O2) = 300 K,
and Ea(H+H2O2) = 800 K). The fractional composition in each
ice monolayer is plotted as function of monolayer number, i.e.
the ice thickness that grows with time. At such a high den-
sity (106 cm−3), hydrogenation reactions are less efficient due
to the lower relative abundance of atomic H, and the freeze-
out timescales are sufficiently fast that reactive species can be
trapped in the ice mantle before conversion into more stable
molecules, like H2O. The higher temperature (21 K) also en-
hances the mobility of heavier species, such O, to increase the
relative abundance of ice species such as O2 and CO2. As a con-
sequence, the most abundant species are water and carbon diox-
ide. O2 ice is mostly present in the innermost layers of the ice
mantle and decreases in relative abundance towards the ice sur-
face, reflecting the initial low ratio of H/O in the gas phase, but
tends to be well mixed with H2O ice. In contrast, CO is mostly
formed in the outer part of the ices, allowing an efficient evapo-
ration, explaining its anti-correlation with water in 67P/C-G.

4. Protostellar or disk formation origin?

The models presented and discussed in the preceding section
showed that molecular oxygen (and chemically related species)
can be efficiently formed under dark cloud conditions particu-
lar to ρ Oph A, reaching abundance levels (relative to water ice)
similar to that observed in comet 67P/C-G. However, a compari-
son of the gas-phase model results with the observations towards

Article number, page 6 of 16

 → Abundances in interstellar ices highly depend on physical conditions

Multi-phase gas-grain model applied 
to a parameter approach via a grid 
of models:
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Table 2. List of model grid input parameters.

Parameter Range of explored values Standard value
Physical conditions explored in the model grids

Total density (cm−3) 103
− 104

− 105
− 106 106

Temperature (K) 10 - 15 - 20 -25 - 30 21
ζ (s−1) 10−18 - 3 × 10−18 - 10−17 - 3 × 10−17 - 10−16 10−17

AV (mag) 2 -4 - 6 - 8 - 10 10
Chemical parameters explored for the ρ Oph A case

Ed/Eb 0.3 - 0.8 0.5
Eb(O) (K) 800 - 1700 1700
Ea(O+O2) (K) 0 - 300 0
Ea(H+O2) (K) 0 - 1200 0
Ea(H+H2O2) (K) 0 - 2500 2500

An intermediate temperature of 20 K is also favoured be-
cause it enhances the mobility of oxygen atoms on the grain
surfaces whilst at the same time allowing the efficient evapo-
ration of atomic H. This additionally enhances the rate of the
oxygen recombination reaction forming O2, with respect to the
competing hydrogenation reactions described above. In addition,
because the density of gas-phase H atoms increases linearly with
the cosmic-ray ionisation rate, ζ, a low value of ζ also tends to
favour the survival of O2 ice (see the next Section). On the other
hand, the visual extinction does not seem to have a strong impact
on the abundance of solid O2 as the distributions of abundances
obtained for the five visual extinction values are very similar,
showing that the final abundances are more strongly dependent
upon the assumed gas density, temperature, and cosmic-ray ion-
isation rate.

3.2. The ρ Oph A case

The ρOph A core, located at a distance of 120 pc, constitutes the
best test case for the water surface network and the production
of O2 in dark clouds. This is because, to date, it is the only inter-
stellar source where gas-phase O2, HO2, and H2O2 have been
detected (Bergman et al. 2011b; Liseau et al. 2012; Parise et
al. 2012). The parameter study presented in the previous sec-
tion suggests that the physical conditions of ρ Oph A, a high
density (nH ∼ 106 cm−3), and a relatively warm gas temperature
(Tkin = 24 − 30 K) and dust temperature (Tdust ∼ 20 K), derived
by Bergman et al. (2011a) are the physical conditions which fa-
cilitate the formation and survival of O2 ice.

The Appendix presents a comprehensive parameter study, in
which several surface and chemical parameters are varied, in or-
der to simultaneously reproduce the high abundance of O2 seen
in the comet 67P and the low abundances of the chemically re-
lated species O3, HO2, and H2O2. The low abundance of O3 and
HO2 relative to O2 can be explained when a small activation bar-
rier of ∼ 300 K is introduced for the reactions O + O2 and H +
O2, in agreement with the Monte-Carlo modelling of Lamberts
et al. (2013). However, we are still overproducing the abundance
of H2O2 by one order of magnitude, suggesting that other chem-
ical processes might be at work.

Assuming the chemical parameters that best reproduce
the observations (standard surface parameters, Ea(O+O2 =
Ea(H+O2) = 300 K, and Ea(H+H2O2) = 800 K), we also var-
ied the cosmic-ray ionisation rate because it controls the atomic
H/O abundance ratio in the gas phase, and governs the com-
petition between surface hydrogenation and oxygen recombi-
nation. As shown in Figure A.2, the formation of O2 ice is
strongly inhibited (O2/H2O ! 1%) for high initial H abundances

([H]/[O]ini " 3 × 10−2) induced by high cosmic-ray ionisation
rates (" 10−16 s1). as it increases the rate of conversion of O2 ice
to H2O ice. For ζ lower than 10−18 s−1, the formation of H atoms
in the gas phase is dominated by neutral-neutral reactions involv-
ing O atoms. The gas phase abundance of H atoms, and therefore
the abundance of O2 and other chemically-related species, are no
longer influenced by ζ. The results here demonstrate that a high
abundance of O2, at a level similar to that measured in 67P/C-G,
not only requires a high density (nH ∼ 106 cm−3) and a slightly
higher temperature (T ∼ 20 K) than the average temperature
found in dark clouds, but also a high initial fraction of oxygen in
atomic form (X(O) > 10−4) and an impeded cosmic-ray ionisa-
tion rate (ζ < 10−16 s−1), which also tend to limit the gas phase
abundance of the chemically related species HO2, H2O2 through
chemical desorption upon surface formation.

Figure 5 shows the chemical composition of the ice obtained
for the model using the physical conditions found in ρ Oph A
(nH ∼ 106 cm−3 and T = 21 K), and the cosmic ray ionisa-
tion rate and the surface and the activation barriers of the re-
actions that best reproduce the observations (ζ = 10−16 s−1,
standard surface parameters, Ea(O+O2 = Ea(H+O2) = 300 K,
and Ea(H+H2O2) = 800 K). The fractional composition in each
ice monolayer is plotted as function of monolayer number, i.e.
the ice thickness that grows with time. At such a high den-
sity (106 cm−3), hydrogenation reactions are less efficient due
to the lower relative abundance of atomic H, and the freeze-
out timescales are sufficiently fast that reactive species can be
trapped in the ice mantle before conversion into more stable
molecules, like H2O. The higher temperature (21 K) also en-
hances the mobility of heavier species, such O, to increase the
relative abundance of ice species such as O2 and CO2. As a con-
sequence, the most abundant species are water and carbon diox-
ide. O2 ice is mostly present in the innermost layers of the ice
mantle and decreases in relative abundance towards the ice sur-
face, reflecting the initial low ratio of H/O in the gas phase, but
tends to be well mixed with H2O ice. In contrast, CO is mostly
formed in the outer part of the ices, allowing an efficient evapo-
ration, explaining its anti-correlation with water in 67P/C-G.

4. Protostellar or disk formation origin?

The models presented and discussed in the preceding section
showed that molecular oxygen (and chemically related species)
can be efficiently formed under dark cloud conditions particu-
lar to ρ Oph A, reaching abundance levels (relative to water ice)
similar to that observed in comet 67P/C-G. However, a compari-
son of the gas-phase model results with the observations towards
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→ O2 abundance derived in 67P can 
be reproduced with dense (nH = 106 
cm-3) and lukewarm (T = 20 K) 
conditions

Multi-phase gas-grain model applied 
to a parameter approach via a grid 
of models:
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Chemical properties in ices

Physical conditions needed to reproduce the O2 abundance seen in 67P 
are consistent with those of ρ Oph A (nH = 106 cm-3; Tdust = 21 K): 

- Low X(O3) and X(HO2) in 67P reproduced with Ea(O2+O) ~ Ea(O2+H) ~ 300 K 
→ consistent with Monte-Carlo models by Lamberts et al. (2013) 
(but H2O2 still overproduced by a factor of 10) 

O2

H2O2

HO2

CO

H2OCO2

- O2 is trapped into the inner part of 
the ices, unlike CO (and N2) which are 
mostly present at the surface 

→  Explanation of the correlation 
between O2 and H2O signals seen in 67P, 
and anticorrelation for CO and N2
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O2 formation during the disk formation ?

Multi-phase astrochemical model applied to a 2D semi-analytical model 
of core contraction (Visser et al. 2009)
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Ω = 10-14 s-1

X(O2)ini = 0 % X(O2)ini = 5 %

- Efficient formation of O2 vapour, but no production of O2 ice into water matrix 
- O2 ice formed in ISM can survive during its journey to the disk

Ω = 10-13 s-1
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O2 formation in protoplanetary disks ?
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Can O2 be formed and trapped into water ice in the solar nebula ? 
→ Gas phase formation of O2 is only efficient in the upper layers of the disk

Can O2 be formed during luminosity outbursts and trapped with water 
during the cooling ?A&A proofs: manuscript no. O2_aa_v9

Fig. 9. Fractional composition of each monolayer within ices during the 10 luminosity outbursts for the six models considered here. The standard
parameters are ad = 1 µm, ζ = 1 × 10−18 s−1, τ = 100 yr, Tmax = 100 K.

Hence, if molecular oxygen has a primordial origin as suggested
by the dark cloud models, then it can survive transport into the
protoplanetary disk.

Given that gas-phase O2 can form in protoplanetary disk
midplanes, and reach abundances relative to water ice similar to
that in 67P/C-G, we finally tested whether luminosity outbursts
which increase the local temperature to > 100 K, aid the for-
mation and entrapment of gas-phase O2 into the water-rich ice
mantle. It is found that the maximum amount of O2 formed dur-
ing luminosity outbursts and then trapped within the ice mantle

during the cooling depends on several parameters, such as grain
size, ionisation rate, or the outburst duration, but never exceeds
×0.1%. Assuming an initial O2 abundance of 5% relative to wa-
ter ice results in an efficient trapping of O2 within the water-ice
mantle due to the fast cooling after the outburst. However, we
also find that other volatile species, such as CO and N2, also
become trapped, which is in contradiction with observations to-
wards 67P/C-G.

In summary, the models presented here favour the sce-
nario that molecular oxygen in 67P/C-G has a primordial origin
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Fig. 9. Fractional composition of each monolayer within ices during the 10 luminosity outbursts for the six models considered here. The standard
parameters are ad = 1 µm, ζ = 1 × 10−18 s−1, τ = 100 yr, Tmax = 100 K.

Hence, if molecular oxygen has a primordial origin as suggested
by the dark cloud models, then it can survive transport into the
protoplanetary disk.

Given that gas-phase O2 can form in protoplanetary disk
midplanes, and reach abundances relative to water ice similar to
that in 67P/C-G, we finally tested whether luminosity outbursts
which increase the local temperature to > 100 K, aid the for-
mation and entrapment of gas-phase O2 into the water-rich ice
mantle. It is found that the maximum amount of O2 formed dur-
ing luminosity outbursts and then trapped within the ice mantle

during the cooling depends on several parameters, such as grain
size, ionisation rate, or the outburst duration, but never exceeds
×0.1%. Assuming an initial O2 abundance of 5% relative to wa-
ter ice results in an efficient trapping of O2 within the water-ice
mantle due to the fast cooling after the outburst. However, we
also find that other volatile species, such as CO and N2, also
become trapped, which is in contradiction with observations to-
wards 67P/C-G.

In summary, the models presented here favour the sce-
nario that molecular oxygen in 67P/C-G has a primordial origin
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- Luminosity outbursts are too short 
to produce O2 in quantities observed in 
comets 

- CO and O2 are trapped together 
during the cooling 
→ cannot explain the correlation of O2 
and non-correlation of CO/N2 with 
water



13

Conclusions

High abundance of O2 trapped into water ice observed in 67P by 
Rosetta/ROSINA can be explained by: 

- an efficient formation in dense and lukewarm molecular clouds 

- a survival of the O2-H2O ice mixture in the solar nebula 

→ consistent with some properties of our Solar System, suggesting that 
it was born in a dense cluster of stars (see Adams 2010) 
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Conclusions

High abundance of O2 trapped into water ice observed in 67P by 
Rosetta/ROSINA can be explained by: 

- an efficient formation in dense and lukewarm molecular clouds 

- a survival of the O2-H2O ice mixture in the solar nebula 

→ consistent with some properties of our Solar System, suggesting that 
it was born in a dense cluster of stars (see Adams 2010) 

Thank you !


