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Abstract: The most pristine material of the Solar System is assumed 
to be preserved in comets in the form of dust and ice as refractory 
matter. ESA’s mission Rosetta and its lander Philae had been 
developed to investigate the nucleus of comet 67P/Churyumov-
Gerasimenko in situ. Twenty-five minutes after the initial touchdown 
of Philae on the surface of comet 67P in November 2014, a mass 
spectrum was recorded by the time-of-flight mass spectrometer 
COSAC onboard Philae. The new characterization of this mass 
spectrum through non-negative least squares fitting and Monte Carlo 
simulations reveals the chemical composition of comet 67P. A suite 
of 12 organic molecules, 9 of which also found in the original analysis 
of this data, exhibit high statistical probability to be present in the 
grains sampled from the cometary nucleus. These volatile molecules 
are among the most abundant in the comet’s chemical composition 
and represent an inventory of the first raw materials present in the 
early Solar System. 

Introduction 

The Philae lander, part of the ESA Rosetta space mission, 
made a non-nominal landing on comet 67P/Churyumov-
Gerasimenko on November 12, 2014. The lander bounced 
several times on the surface of the comet before coming to rest in 
an unfortunately shadowed spot, where its solar arrays could not 
provide sufficient energy to recharge the onboard batteries.[1] 

However, the first and most energetic impact excavated about 
0.4 m3 of surface material,[2] and led Philae to bounce hundreds 
of meters above the comet surface for about two hours in the low 
gravity environment of comet 67P, due to a malfunction of the 
anchoring harpoons.[1] As a result of the impact, nucleus material 
had been deposited in the exhaust port of the COmetary 
SAmpling and Composition (COSAC) instrument on board of 
Philae.[3] COSAC was a gas chromatograph coupled to a mass 
spectrometer that could also be used independently in what has 
been referred to as “sniffing” mode, where the mass spectrometer 
ionizes and detects molecules that passively entered the 
chamber.[4] Twenty-five minutes after the first touchdown, one 
such mass spectrum was obtained by COSAC that showed much 
higher peak diversity and intensity than the blanks taken 
beforehand (or spectra taken several hours later on the surface of 
the comet). The temperature in the exhaust pipes was 12° to 15°C, 
which would have allowed volatile molecules to sublimate and get 
detected by the mass spectrometer in a measurement that took 2 
minutes and 20 seconds. After that, several other sniffing mass 
spectra were taken and showed a fast decrease in overall 
intensity,[5] proving that these represented excavated material. 

The first mass spectrum (MS) was analyzed by the COSAC 
science team (CT), with a convincing fit that, however, fails to 
cover a large part of the MS signal observed for mass/charge ratio 
(m/z) 15 and a fraction of the m/z 29 peak.[6] Goesmann et al. 
(2015) clearly stated that a single MS of mixed compounds is 
inherently degenerate. This is true and even more so in this 
particular MS, as the low count number adds complexity and 
degeneracy due to low signal to noise ratio (SNR). Furthermore, 
this is a unique in situ measurement from a cometary nucleus, 
likely not to be repeated in the next decade, so we do not have a 
precise idea on which molecules to exclude from the initial pool, 
and we cannot be sure of how many molecules have significant 
contributions to this spectrum. In addition, the very limited amount 
of data makes noise characterization challenging. 

Finally, the non-nominal sampling of cometary material may 
induce an unknown instrumental transfer function. Therefore, 
definite mixing ratios of molecules cannot be given as a certainty, 
and we aim to give a broader view of the possible molecules found 
in this MS, and assess confidence in specific identifications. It is 
important to note that, as in the original analysis, the mixing ratios 
provided correspond to those in the ion source only. To 
extrapolate to mixing ratios of the cometary material we would 
need to consider the transport mass-dependent fractionation from 
the moment the grain sublimates to the moment the gas arrives 
in the ionization chamber. This information is complicated to 
model and currently unavailable. 

The final fit from the CT used 16 molecules (Table 1), ranging 
in mass from 16 u (methane) to 62 u (ethylene glycol).[6] We 
started our analysis from the already binned and background-
subtracted spectrum from the CT, shown here in Figure 1. The 
intensity of the m/z 18 peak attributed to water is normalized to 
100, which represents 2366 detector counts. All other peaks are 
then represented as a percentage of this count number. 

Already at first glance, the MS shows a very interesting peak 
distribution (see Figure 1). Indeed, peaks observed at m/z 56–61 
are of almost equal intensity to more common peaks such as m/z 
26–32 and 42–46, with still a sharp cut off at m/z 62 after which 
no significant signal is found for higher masses. The peak 
observed at m/z 15 (likely related to a NH or CH3 fragment) is 
unexpectedly high and is discussed extensively in the Supporting 
Information (SI), subsection “Molecular contributors to m/z 15”. 
These observations led the CT to consider molecules of mass no 
higher than 62 u. For the present analysis, we have taken the 
original list of about 110 candidate molecules and added a few 
hand-picked ones (SI, “Higher mass molecules”), up to 86 u, that 
have significant intensities mainly on peaks below m/z = 62 to try 
to explain this peculiar higher mass peak distribution, especially 
for m/z 57 and 59. A list of the 120 molecules total that have been 
considered is shown in Table S1. 

The approach we use is the same as that utilized by the CT: 
find the best fit to this spectrum by a superposition of standard 
National Institute of Standards and Technology (NIST) mass 
spectra of candidate cometary molecules. The differences lie in 
the method: the CT started with all molecules with a mass up to 
62 u with a reference mass spectrum in the NIST database 
(Table S1 of Goesmann et al.) and manually trimmed down this 
list by removing from consideration molecules with a strong peak 
at an m/z where the taken MS shows low, zero or even negative 
intensity (Table S2 of Goesmann et al.). The final list was obtained 
manually through trial and error, with the aim of finding a 
chemically consistent set of organics that was realistic to be found 
in the environment of a cometary nucleus. Finally, to further 
constrain this list, standard boiling points were used as a proxy for 
volatility (Table S3 of Goesmann et al.). However, in the extremely 
low pressures of the cometary environment these are not trivial to 
evaluate. 

In the present work, we used non-negative least squares 
fitting[7] coupled with a Monte Carlo iteration method,[8] starting 
from the same raw data excel file as the previous study. We also 
consider recent developments in cometary and interstellar 
chemistry in order to further constrain the original pool of 
molecules to feed our algorithm. After validating our model and its 
stability with respect to the different input parameters (see SI), a 
major part of the work was to adjust the initial pool of potential 
target molecules and compare the output list of these molecules 
and their abundances. 

10.1002/anie.202201925

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE 

3 
 

Figure 1. Binned COSAC mass spectrum shown with negative intensities after background subtraction, normalized to peak 18 that represents 2366 counts. 
Uncertainty on every peak due to low count statistics is shown to scale and represents ±17 counts or about 0.7% relative intensity. This is also the magnitude of our 
defined noise level, as it is both the intensity of the highest unexplainable peak (m/z 23) and of the most negative peak (m/z 32).

We also now have the added information from the ROSINA 
instrument onboard the Rosetta orbiter that published its results 
on a small grain impact believed to have come from the nucleus 
since the Goesmann et al. paper was published.[9] A direct 
comparison between both instruments’ results is not possible but 
can still yield valuable information. Indeed, the grain ROSINA 
detected may have been ejected from a completely different 
location on the comet’s nucleus and likely underwent sublimation 
processes during its “travel” to Rosetta. Whereas COSAC 
sampled freshly excavated grains likely much more pristine and 
loaded in volatiles. This is also evidenced by the very different 
peak distribution of the two mass spectra.[9] 

Non-Negative Least Squares fitting (NNLS) has already been 
used to fit the COSAC Mass Spectrum (CMS), but only on the 
proposed 16 molecules from the CT.[7] Meringer et al. used this 
method to obtain more mathematically rigorous abundances, 
under the hypothesis that the molecules in this spectrum are 
exactly the 16 proposed by the CT. Least squares fitting and 
single value deconvolution have been previously utilized in similar 
studies i.e. Wong et al. (2004) to analyze Jupiter’s atmospheric 
composition with the Galileo Probe Mass Spectrometer,[10] 
Niemann et al. (2005) for Titan/GC-MS and Cui et al. (2009) for 
Titan/INMS.[11,12] 

Gautier et al. (2020) introduced a Monte-Carlo approach to 
electron ionization (EI) mass spectra decomposition to take into 
account the 20–30% error bars on the peak intensities from the 
NIST database.[8] This method has been used on synthetic 
spectra of known composition, to retrieve accurate uncertainties 
on the relative abundances of the 7 molecules present in their 
spectrum. The method has also been successfully applied to 
Cassini/INMS data.[13] Gautier et al. also commented on the 
COSAC data, pointing out the need for counting statistics in 

addition to fragmentation pattern uncertainties, due to the 
spectrum’s very low count rate and SNR. 

Here we apply a randomization to the nominal fragmentation 
pattern of each molecule in our database and to the intensity of 
the peaks from the CMS, to create N (typically 10 000) different 
“possible realities” or runs. In each run we fit a modified COSAC 
spectrum with a modified EI fragmentation mass spectral 
database (see Scheme 1 and SI, “Computational method”).  

Previous calibration of the COSAC mass spectrometer 
showed good agreement between its produced fragmentation 
patterns and those from the NIST library.[3,14] Still, our model 
accommodates for appreciable differences between the two. 

For a given set of original molecules we can then observe the 
behavior of their relative abundances under small variations in the 
initial conditions. This allows us to “lift” the degeneracy, in the way 
that we observe the abundance probability distribution for each 
molecule for a given set of initial molecules, and under the noise 
regime we input. Table 1 shows the comparison between the 
results obtained by the CT and our method after only NNLS fitting 
(N = 0), as well as when Monte Carlo iteration is added 
(N = 10000). For the latter, the mean, median and variance (MMV 
thereafter) of the MS fractions are shown. The biggest variable of 
this method is the set of molecules being fed to the algorithm. 
Different a prioris can be tested by removing or adding certain 
molecules to this initial pool. We can then observe deviations in 
the final list of molecules needed for the fit, and take note of the 
ones that are most often there or not there under slight changes 
in initial pool (we will talk about stable/unstable molecules in the 
fits). The quality of fits can be compared through their residuals 
and Ratio of Unexplained Intensities (RUI), both defined in the SI. 
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Scheme 1. Flowchart of the algorithm, with a visualization of the input and output files. The input errors c and d are the bounds used for calculating the randomized 
CMS intensities and NIST fragmentation patterns, respectively, at every iteration (see SI). After a full simulation the runs are ordered by residuals and only the top 
p percent “survive”, from which all our data analysis follows. 

Table 1. Results of a simulation using only the 16 COSAC molecules for N = 10000; d = 20%; c = 17 and p = 0.2 (see Scheme 1 and SI), as well as N = 0 (only 
NNLS fitting with original data) compared to the MS fractions found by the manual fit of the CT. The RUI is 1.5% better after NNLS fitting while using only 13 of the 
16 molecules which is non-negligible: RUI (CT) = 12.1% and RUI (N=0) = 10.6%. The mean, median and variance (MMV) allow us to see the range of possible 
compositions under the hypothesis that no molecules other than these 16 are potentially present.  

Molecule Formula Molar mass 
(u) 

MS Fraction 
(CT) 

MS Fraction 
(N=0) 

Mean 
(N=10000[a]) 

Median 
(N=10000) 

Variance 
(N=10000) 

Water H2O 18 80.9 80.1 80.0 80.1 0.6 
Methane CH4 16 0.7 1.9 2.0 2.0 0.1 
Hydrogen cyanide HCN 27 1.1 0.9 1.0 0.9 0.1 
Carbon monoxide CO 28 1.1 1.0 1.1 1.1 0.2 
Methylamine CH3NH2 31 1.2 2.0 1.7 1.8 0.3 
Acetonitrile CH3CN 41 0.6 0.4 0.5 0.5 0.1 
Isocyanic acid HNCO 43 0.5 0.0 0.1 0.0 0.1 
Acetaldehyde CH3CHO 44 1.0 3.0 2.9 2.9 0.3 
Formamide HCONH2 45 3.7 3.5 3.5 3.5 0.2 
Ethylamine C2H5NH2 45 0.7 0.0 0.2 0.0 0.2 
Isocyanatomethane CH3NCO 57 3.1 2.7 2.6 2.5 0.1 
Acetone CH3COCH3 58 1.0 1.0 0.9 0.9 0.3 
Propanal C2H5CHO 58 0.4 0.8 0.8 0.8 0.1 
Acetamide CH3CONH2 59 2.2 1.3 1.4 1.4 0.1 
Glycolaldehyde HOCH2CHO 60 1.0 0.0 0.1 0.0 0.0 
Ethylene glycol (CH2OH)2 62 0.8 1.3 1.4 1.3 0.3 

[a] This means, since p = 20%, that the MMV values are from a set of 2000 data points. 

Results and Discussion 

After a first elimination process targeting only the most 
unlikely of molecules, our cleaned-up database (Table S2, Sheet 
“NIST_87”) is composed of 87 EI mass spectra of molecules 
ranging from methane (16 u) to alanine (89 u). Then, after the first 
tests and the removal of an additional 4 molecules (nitromethane, 
nitrosomethane, methoxyethene and 2-propen-1-ol) we are left 
with 83 molecules. This process and the criteria for removing 
certain molecules are discussed extensively in the SI. 

We then have 83 candidate molecules, but only about 20 
peaks above noise in the CMS. Mathematically, to close the 
equation system for a single NNLS fit we cannot have more than  

 
20 final candidates if we want the solution to be unique. Although 
Monte Carlo iteration allows us to see the extent of the 
degeneracy and has been used to trim the list down, the goal was 
to reduce our database to less than 20 compounds with a 
comfortable margin. 

However, we aimed to give a full characterization of the CMS: 
for all 83 molecules in our database, we give a thorough analysis 
of the likelihood of each molecule being present at the comet and 
in what abundance, as well as the potential anti-correlations with 
other compounds. To do so, we progressively removed molecules 
from consideration based on the calculated likelihood of them 
being present in the CMS. The detailed results for individual 
molecules are found in Table S1, sheet “Results”, where they are 
ranked in groups from least to most likely. 
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Starting from this database of 83 molecules, to be able to 
confidently remove candidates down to less than 20 molecules, 
we added more drastic initial condition variations in addition to the 
Monte Carlo randomization. The goal was to see, under different 
hypotheses, how much worse the fit became and what were the 
changes in the molecules used by the fit. For example: 
acetaldehyde is consistently one of the highest abundances 
under nominal conditions, but scaling down or completely 
removing the CMS peak at m/z 44 logically induces its 
progressive removal from the fit since its second highest peak is 
at this m/z. Interestingly, formaldehyde which was not required for 
the fit before, then becomes a core molecule with a consistently 
high abundance but the RUI is more than a percent worse. In 
effect, since m/z 44 is by far the most important peak of CO2’s MS, 
reducing it in the CMS is equivalent to forcing a certain amount of 
CO2 in the fit. Consequently, this amounts to testing a different a 
priori. The absence of CO2 in the CT fit has been the subject of 
debate, but we can see here that if we have no reason to not 
include acetaldehyde in the pool of molecules, its presence over 
CO2 and formaldehyde is more likely by a non-negligible margin. 
However, to be as exhaustive as possible, molecules such as 
formaldehyde were not removed from the database at this point. 

We created 4 different scenarios: nominal conditions 
(scenario 1), one where we reduced by up to 50% the intensity of 
the m/z 15 peak (scenario 2), one with an almost complete (80%) 
removal of the m/z 44 peak (scenario 3: CO2 hypothesis explained 
above) and a last one where we only used the CT database and 
no molecules with a mass higher than 62 u (no addition of 
cyclopentanol, 3-pentanone, 2-methoxypropane, 2-methyl-2-
propanol and neopentane as well as no glycine nor alanine, see 
SI subsection “Higher mass molecules”). To be even more 
thorough, for each scenario we also did additional sub-scenario 
runs where we removed from the initial pool different core 
molecules 1 by 1 to see which molecules would be “next in line”, 
and how much worse the fit gets (Table 2). All these simulations 
are detailed in Table S3. 

The insights of these results were two-fold: first, it allowed us 
to confidently remove from our database any molecule that is not 
used in any of the runs described above, which represents almost 
half of the database. Secondly, it allowed us to get an idea of how 
important each core molecule was (in each scenario) by looking 
at the increase in RUI after its removal from the initial pool. The 
results are shown in Table 2. 

Table 2. Increase in RUI resulting from the removal of a given molecule for 4 different scenarios: 1 = nominal, 2 = m/z 15 halved, 3 = CO2 (80% of m/z 44 removed), 
4 = CT (only the molecules used by the COSAC team, none with a molar mass higher than 62 u). An increase in RUI of 0 means the molecule is not used in the 
given scenario. All these simulations were done using the 83 molecules database. Shown here are 19 molecules that are first choices in at least one scenario. The 
upper fitted m/z for all these simulations was 64 and not 87, hence the lower scenarios RUI compared to all other results in the article. Molecules are ordered from 
high to lower RUI in scenario 1 (nominal). 

Scenarios 1 2 3 4   

RUI 6.67% 4.11% 6.98% 7.41%    

       
Molecule removed Increase in RUI (additive %) Average[a] Next best molecule(s)[b] 

Water 100+ 100+ 100+ 100+ 100+% - 

Cyclopentanol 0.69 0.20 0 0 0.22% 3-Pentanone, Neopentane 

Acetaldehyde 0.50 0.42 0.01 0.93 0.47% Alanine, Carbon dioxide, Propane 

Methane 0.46 0.53 0.96 0.40 0.59% Methoxyethane, Acetaldoxime, Ammonia 

Acetone 0.40 0.45 0.66 0.29 0.45% Butane, Isocyanic acid 

Carbon monoxide 0.29 0.22 0.29 0.18 0.25% Ethane 

Ethylene glycol 0.28 0.33 0.35 0.40 0.34% Ethanol 

Hydrogen cyanide 0.25 0.23 0 0.20 0.17% Ethane, Ethylene 

Formamide 0.22 0.48 0.16 0.04 0.23% 2-Propanol, N-Methylformamide, Ammonia 

Methylamine 0.14 0.31 0.23 0.22 0.23% Monoethanolamine, Methyl nitrite 

Methoxyethane 0.12 0.01 0.21 0.01 0.09% 2-Propanol, Formamide 

N-Methoxy-methanamine 0.06 0.10 0.17 0.04 0.09% - 

2-Methoxypropane 0.03 0.04 0.34 0 0.10% 2-Methyl-2-propanol, N-Methylformamide 

Isocyanatomethane 0.01 0 0 2.36[c] 0.59%[d] Propanal, 2-Propen-1-amine 

Ethane 0.01 0.01 0.03 0 0.01% Ethylene 

3-Pentanone 0 0.10 0.56 0 0.17% Cyclopentanol, Neopentane 

N-Methylformamide 0 0.08 0 0.59 0.17% Acetamide 

2-Propanol 0 0 0 0.09 0.02% Methoxyethane, Formamide 

Neopentane 0 0 0.03 0 0.01% 3-Pentanone 

[a] This value assumes that all 4 scenarios are given the same weight, which is most likely false, and therefore should only be thought of as an indicator. [b] In order 
of decreasing mass. [c] As discussed in the SI subsection “Candidate molecules for m/z 57”, without including higher mass molecules (Scenario 4), 
isocyanatomethane is the only possible contributor to m/z 57 with virtually no “next best molecules”, therefore leaving the peak completely unfitted, and hence the 
huge increase in RUI after its removal. [d] This mean value specifically is probably overestimated. 
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We then removed molecules with consistent negligible 
contributions, before gradually removing molecules with minor 
abundances only in some sub-scenarios, down to 18 candidates. 
These are, adding carbon dioxide and barring isocyanatomethane 
and N-methoxy-methanamine, the ones shown in Table 2. This 
step-by-step trimming process is detailed in the SI.  

 
For the final step we removed molecules that were 

consistently present in one of the alternate scenarios but not 
scenario 1 (nominal). This includes 3-pentanone, neopentane and 
most importantly carbon dioxide. CO2 is a special case since 
scenario 3 is built around forcing it to cover 80% of m/z 44, 
therefore the RUI increase after its addition can be seen as simply 
the difference in RUI between scenario 3 (CO2) and scenario 1 
(nominal), which is 0.31%. After removing these three molecules 
from the database we were left with 15 candidates. 

For the top 15 molecules, 2-propanol was a likely secondary 
choice to methoxyethane and formamide but is extremely poorly 
constrained. N-methylformamide is a likely contributor to m/z 59 
and an almost perfect secondary choice to 2-methoxypropane. 
Depending on how much a lower molecular mass is valued over 
a slight reduction in RUI, either of these two could be chosen. 
Ethane is often present, but its removal had almost no impact on 
RUI as hydrogen cyanide and carbon monoxide easily 
compensate m/z 27 and 28 respectively. Figure 2 shows this 
effect visually and goes into further depth as to the reasoning why 
these 3 molecules did not make the final cut. 

Finally, after removing these 3 from consideration, we were 
left with our top 12 shortlist of compounds (Table 3). In order of 
most important to least important (Table 2), and only counting 
molecules that are core in at least 3 out of 4 scenarios: water, 
methane, acetaldehyde, acetone, ethylene glycol, 
carbon monoxide, formamide, methylamine, hydrogen cyanide, 
2-methoxypropane, methoxyethane. Cyclopentanol is in its own 
category and is discussed in the next paragraph. A simple least 
squares fit (N = 0) using these 12 molecules is shown in Figure 3. 
From Table 3, we note that formamide and methoxyethane have 
higher variances due to both molecules having a base peak at 
m/z 45 and therefore compete for the fit at this m/z. The variance 
is an error bar on the MS fraction of each molecule under the 
hypothesis that these and only these 12 molecules compose the 
CMS. As is evidenced in Figure 2, adding molecules in the 
database will cause the variances of certain molecules to increase 
significantly. Even though it might appear surprising from the low 
MS fraction and molecular abundance, ethylene glycol is found to 
be one of the most important and constant molecules present in 
the CMS. Methoxyethane is one of the least important core 
molecules, as evidenced by the relatively low increase in RUI after 
its removal in most scenarios. It is also dependent on its m/z 15 
contribution, making it less reliable, as discussed in the SI. To a 
lesser extent this is also true for 2-methoxypropane.  

The last column of Table 3 shows that for larger molecules 
like cyclopentanol and 2-methoxypropane, a large MS fraction 
very quickly diverges from meaning a high molecular fraction. 
Table S3 details all simulations made for Table 2 and gives a 
broader view of all possible results. Whether there is nitromethane 
or not, under the assumption that there is no methoxyethene and 
no 2-propen-1-ol, the 12 molecules listed in Table 3 are 
statistically the most likely to compose the CMS. Table S1 shows 

the likelihood of presence for every molecule in our database, 
represented by a color (from dark orange for least likely to dark 
green for most likely) which shows at which step of the trimming 
process this molecule was removed from consideration. 

 
The presence of cyclopentanol in such quantities is a 

symptom of the problems faced when interpreting this MS, of 
which the most important is the virtual cut-off at m/z 61 while the 
m/z 57 and 59 peaks are so pronounced. While this “cut-off” 
heavily limits the number of potential higher mass molecules 
present, there are still some heavier than 62 u to consider, such 
as cyclopentanol and the other molecules proposed here. Other 
heavier molecules with great fragmentation pattern accordance 
with the CMS are for example: propylene glycol (76 u), dimethyl 
carbonate (90 u) and 2-oxobutanoic acid (102 u; this molecule is 
already in Table S2 of Goesmann et al. as an example of a higher 
mass molecule to explain the m/z 57 peak). 

This is the reason why, even though cyclopentanol is a perfect 
fit for m/z 57 and the rest of the spectrum, we cannot confidently 
say that it is part of this MS, but it is the lowest mass molecule 
that can perfectly explain the m/z 57 peak. This is in contrast with 
nitromethane, which as discussed in the SI, does not lead to a 
perfect fit. While our database is virtually complete for molecules 
with m < 62 u, the ones with a higher mass are hand-picked for 
our purpose. 

Larger polymer molecules could perhaps be proposed in a 
manner similar to that adopted by the Ptolemy team during 
interpretation of their mass spectrum, although they had clear 
peaks up to m/z higher than 100.[15] Due to their much higher 
70 eV electron ionization cross sections, a smaller amount of 
these bigger molecules will still create a significant signal. This is 
already the case for cyclopentanol (86 u) with a cross section of 
16.29 Å² compared to 6.73 Å² for acetaldehyde (44 u) or 4.35 Å² 
for methane (16 u) for example (see SI). This infers that 
cyclopentanol is more than 2 and 3 times more likely (than 
acetaldehyde and methane, respectively) for cyclopentanol to 
form a fragment in the mass spectrometer chamber due to the 
size of its electron cloud. Therefore, its fragmentation pattern will 
be seen in the MS with that much more intensity (Table 3). 

 
The absence of any sulfur-bearing species in this fit to the 

COSAC data is surprising, especially considering that the 
ROSINA instrument onboard the Rosetta orbiter has identified a 
number of such compounds.[16] The absence of any appreciable 
amounts of ammonia is similarly puzzling, as compounds with 
amino- or amid- functions, which are formed in reactions with 
ammonia, are used in the fit. We hypothesize that the depletion 
of these compounds in the gas phase is caused by their very 
efficient adsorption on metal surfaces, here the walls of the pipes 
and the inside of the instrument. Both ammonia and thiols are 
notorious for sticking to steel surfaces in vacuum vessels where 
they can only be removed by heating the walls and pumping for a 
long time. Icy dust entering the instrument and slowly warming up 
to 12-15°C are almost perfect conditions for ensuring maximum 
coverage of container walls. It could be that a small abundance of 
ammonia and/or thiol compounds in the ice was thus lost to 
adsorption after transition to the gas phase. It is also important to 
remind that ROSINA most likely sampled material coming from a 
very different site of the nucleus of the comet. 
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Figure 2. Probability density function estimations of the 15 (red curves and bottom right plot) and 12 (blue curves) most likely molecules composing the CMS as 
found by our trimming method. In slight transparency are the raw histogram from the simulations from which the kernel density estimation was made. For better 
visualization the simulations shown here were done using N = 1000000. The bottom right panel shows the 3 molecules (ethane, N-methylformamide and 2-propanol) 
that are removed to go from the 15- to 12-compound database. As evidenced here, these are very poorly constrained with a high fraction of non-utilization (26%, 
32% and 48% respectively). This makes them less likely candidates when compared to the final 12 molecules. The rest of the panels show the effect that adding 
these 3 unstable compounds (fit-wise) has on the final 12 molecules by comparing their probability density functions under the two hypotheses of initial pool (red 
with and blue without). Detailed analysis of these results can be found in the SI subsection “Additional comments on final results and comparisons”. 

Table 3. Results of a simulation with only the final 12 molecules of our trimming process. RUI (N=0) = 8.56%. Removing ethane and N-methylformamide from the 
pool of molecules only cost 0.13% in RUI (Figure S1), hence why we assume they are not necessary to our final list of compounds to best fit the COSAC Mass 
Spectrum (CMS). 

Molecule Molar 
mass (u) Formula MS Fraction 

(N=0) 
Mean 

(N=10000) 
Median 

(N=10000) 
Variance 

(N=10000) 
Impact cross-

section at 70 eV 
(Å²)[a] 

Molecular 
fraction relative 

to water[b] 

Water 18 H2O 79.9 79.8 79.8 0.5 2.43 100 

Methane 16 CH4 1.6 1.6 1.6 0.1 4.35 1.1 

Hydrogen cyanide 27 HCN 0.8 0.8 0.8 0.1 3.40 0.8 

Carbon monoxide 28 CO 2.4 2.4 2.4 0.2 2.68 2.7 

Methylamine 31 CH3NH2 1.8 1.8 1.8 0.1 6.63 0.8 

Acetaldehyde 44 CH3CHO 3.1 3.1 3.1 0.2 6.73 1.4 

Formamide 45 HCONH2 1.8 1.8 1.8 0.6 6.37 0.9 

Acetone 58 CH3COCH3 1.1 1.1 1.0 0.2 9.67 0.3 

Methoxyethane 60 C2H5OCH3 1.7 1.8 1.8 0.5 11.39 0.5 

Ethylene glycol 62 (CH2OH)2 0.6 0.6 0.6 0.2 9.14 0.2 

2-Methoxypropane 74 C3H7OCH3 2.0 2.0 2.0 0.2 16.36 0.4 

Cyclopentanol 86 C5H9OH 3.1 3.2 3.1 0.2 17.31 0.5 

[a] Details can be found in the Supporting Information. [b] In the ionization chamber, not of the cometary material. Calculated from MS fraction (N=0) and impact 
cross-section at 70 eV. 
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Figure 3. Individual color-coded contributions of molecules to the fitting of the CMS (black outline) when using our shortlist of 12 molecules. This is the fit without 
Monte Carlo iteration (N = 0), meaning this is the exact CMS fitted by exact NIST mass spectra. The same plot comparing the CT fit, this figure as well as the same 
one with the top 14 molecules (adding ethane and N-methylformamide) is shown in Figure S1.

Conclusion 

This new study based on data from the Philae lander of the 
Rosetta space mission unveils a suite of 12 organic molecules 
originating from the nucleus of comet 67P. Starting from a NIST 
mass spectra database of 120 compounds, we gradually 
removed molecules from the most to the least obvious non-
candidates to appear in the CMS, by testing of exhaustive initial 
condition variations. NNLS fitting and Monte Carlo simulations 
allowed us to observe the range of possible compositions from 
the CMS under the hypothesis that this mixed mass spectrum is 
the sum of individual contributions. Previous competence 
evaluation done on the flight spare model of the COSAC mass 
spectrometer allows us to be confident in its fragmentation 
patterns accordance with the NIST standard database.[14] 

Our model is applicable to any mass spectral deconvolution 
problem. The CMS is an extreme case due to its very low count 
and almost no prior constraint on possible molecular detections, 
but the algorithm manages to discern chemically consistent 
results, consolidating the detection of more than half of the 
16 molecules proposed by the CT. Indeed, 9 out of our final 
12 molecules were also found in the original fit: water, methane, 
hydrogen cyanide, carbon monoxide, methylamine, acetaldehyde, 
formamide, acetone and ethylene glycol. The 3 that are not are 
methoxyethane, 2-methoxypropane and cyclopentanol. For the 
first two, 2-propanol and N-methylformamide respectively are the 
next best candidates by a very small margin and likely co-
contributors. Cyclopentanol is the lowest mass molecule capable 
of fitting m/z 57 while in perfect accordance with the rest of the 
CMS. Our solution is not unique; however, from our thorough 
trimming process we show that these are the most likely 
candidates from our database to comprise the CMS. 
Glycolaldehyde, propanal and isocyanatomethane were not found 
by ROSINA and also rejected in the present analysis of the 
COSAC spectrum, consequently the disagreement between the 
results of the two instruments was reduced. 

It has been assumed that when a cosmic cloud of gas and 
dust condensed into the solar system, its molecular inventory was 
largely preserved in comets. The in situ investigation of the 
cometary nucleus by the COSAC instrument onboard Rosetta’s 
Philae lander and data analyses through non-negative least 
squares fitting and Monte Carlo simulations now confirm this 
assumption and reveal the presence of volatile molecules such as 
water, carbon monoxide, methane, and hydrogen cyanide. These 
detections indicate moreover that the cometary chemical 
inventory includes molecules issued from carbon-carbon and 
carbon-oxygen bond formations yielding a variety of oxygenated 
organics including acetaldehyde, ethylene glycol, and others. A 
lower involvement of nitrogen-bearing compounds such as 
methylamine and formamide was identified as well. Sulfur-
containing species and amino acids have not been detected. 

Future experimental and theoretical studies, including space 
missions,[17] will follow to investigate the mechanisms of formation 
of these pristine molecules and their further evolution towards 
higher complexity. 
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ESA’s comet rendezvous mission Rosetta investigated the nucleus of comet 67P/Churyumov-Gerasimenko to reveal information 
about the most pristine material preserved in the Solar System. The analysis of the mass spectrum recorded twenty-five minutes after 
touchdown by non-negative least squares fitting and Monte Carlo simulations shows the presence of twelve organic molecules that 
represent the inventory of cometary nuclei and the early Solar System. 
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