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The ortho-to-para ratio (OPR) of H2O

u At room temperature, H2O consists of
¾ ortho-H2O (I=1) and ¼  para-H2O (I=0)

u Gas-phase conversion by radiation 
or inelastic collisions is extremely slow

u The OPR of H2O at formation should be
preserved in the gas phase

Thermal
(Boltzmann)

OPR



The OPR of H2O in comets

u The ‘spin’ temperatures of H2O in comets
are ~ 30 K on average

u A probe of the formation history of 
cometary ices ? (Mumma et al. 1986)

u But no laboratory evidence until recently

was detected across orders 157, 158, and 159 of setting Lp1-c.
In setting L3, together with the aforementioned methanol and
ethane, we detected H2CO in orders 143, 144, 145, and 147.
Finally, setting L1 offered detections of ammonia, acetylene,
hydrogen cyanide, and water across orders 168, 169, 170, 171,
172, and 173. Spectral lines of radical NH2 were detected
over a very wide range of wavelengths (2.9–3.25 μm); their
analysis will be presented in a future paper. Spectral lines of
radical hydroxyl were detected in prompt emission over the
range 2.9–3.7 μm and were used as a direct proxy for H2O
photolysis.

We applied the slope and correlation analysis methods
(Section 3.1) to the eight trace molecular species detected
across these four settings of iSHELL. In Figures 3(c), (d), and
(e), we show explanatory examples of the excitation analyses
for HCN, CH4, and CO.

To evaluate molecular nucleus-centered production rates, we
extracted rotational temperatures (Trot) for the spectra centered
on the nucleus position, as already mentioned in Sections 3.1
and 3.2. Accurate values of Trot were retrieved for H2O, CH4,
C2H6, and H2CO, and all were consistent with 78 K (Table 2).
When retrieving molecular abundances, a fixed rotational
temperature of 78 K was assumed for gases whose retrieved

confidence limits for Trot were otherwise not sufficiently
accurate (>10 K) (Table 2). For example, the rotational
temperatures Trot(HCN)=(76± 19) K, Trot(CH4)=(83±
32) K, Trot(NH3)=(66± 22) K, Trot(C2H2)=(102± 30)K,
Trot(CH3OH)=(98± 50)K in setting L3, Trot(C2H6)=
(98± 20) K in setting L3, and Trot(CO)=(71± 13) K were
assumed to be 78 K. The assumed rotational temperature was
verified not to alter the retrieved molecular production rates
within 10%. In Table 2, a detailed collection of retrieved
molecular nucleus-centered production rates is reported for all
the species analyzed, along with the growth factors and slit-
loss-corrected production rates.
Molecular abundances relative to water are reported

numerically in Table 2 and are presented in Figure 8 in a
more illustrative fashion. In Figure 8, the molecular composi-
tion of comet E4 (Lovejoy) is compared with reference
abundance values of Oort Cloud comets extracted as the
median values from the compilation of values in the Goddard
database and rescaled as unity for each species. The reference
molecular abundance values are reported in the order of
volatility from the least volatile species on the left to the
most volatile species on the right: Tsubl(CH3OH)∼99 K,
Tsubl(HCN)∼95 K, Tsubl(NH3)∼78 K, Tsubl(H2CO)∼64 K,

Figure 7. The OPR of water in comet C/2017 E4 (Lovejoy). The x-axis represents the molecular spin temperature Tspin (K) and the y-axis represents the OPR. The full
line (black) is the theoretical OPR computed as the ratio between the ortho and the para partition functions evaluated at specific temperatures. The OPR of water for
comet E4 is shown in red and it is compared with the values measured for other comets reported in the literature (see color legend) (Mumma et al. 1988, 1986;
Crovisier 1997; Crovisier et al. 1999; Dello Russo et al. 2005, 2006; Kawakita et al. 2006, Kawakita & Kobayashi 2009; Woodward et al. 2007; Bonev
et al. 2008, 2013; Bockelée-Morvan et al. 2009; Shinnaka et al. 2011; Paganini et al. 2012, 2014a, 2014b, 2015; Faggi et al. 2016; Wilson et al. 2017). The confident
limits (±1σ) are shown as horizontal dashed red lines. The OPR obtained in comet E4 (Lovejoy) corresponds to a spin temperature (Tspin) of 29.4 K. In the blue box an
expanded view of the measurement obtained with iSHELL is offered.
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The OPR of H2O in laboratory ices

u H2O molecules photo or thermally desorbed
from ice have a statistical OPR of 3

u A low OPR does not reflect the formation 
temperature

u Underlying interconversion mechanims ? 
(Turgeon et al. 2017)

Hama et al. (2018)



The OPR of H2CO, H2O and NH3:
from clouds to disks

given by the Boltzmann distribution of the ortho and para
energy levels. The observations are also listed in Table 4.

A range of H CO2 o/p ratios is found in the ISM. Low-
temperature (T 30spin < K) values have been observed in
different environments, such as the envelopes around low-
mass stars (Jørgensen et al. 2005), outflows (Dickens &
Irvine 1999), and the Horsehead PDR (Guzmán et al. 2011).
H CO2 o/p ratio consistent with the high-temperature value of 3
have been observed toward quiescent cores, such as the cold
(∼20 K) UV-shielded core located just behind the Horsehead
PDR (Guzmán et al. 2011), and the Orion-Bar PDR (Cuadrado
et al. 2017). Because the Orion-Bar (T 150dust ~ K) is a much
stronger UV-illuminated PDR, dust grains at the cloud edge are
free from ice mantles, in contrast to the Horsehead PDR where
icy mantles can exist (T 20 30dust ~ – K). Cuadrado et al. (2017)
have thus suggested that H CO2 forms predominantly in the gas
phase in the Orion-Bar, while it forms on ices and is later
nonthermally desorbed into the gas phase in the Horsehead
PDR. However, recent results from laboratory experiments cast
doubt on this interpretation (see Section 5.2 for a discussion).

The H CO2 o/p ratio has been measured in one comet,
103P/Hartley 2, where a value of 2.1±0.6 was found,
corresponding to T 13.5spin 3.3

6.7~ -
+ K (Gicquel et al. 2014). This

o/p value is consistent with our disk measurement of 1.8–2.8,
but the spin temperature is lower compared to what has been
deduced from a sample of NH3 and H O2 o/p ratio comet
measurements; Shinnaka et al. (2016) measured the NH3 o/p
ratio in 26 comets, and found values of 1.1–1.2, corresponding
to a spin temperature of 30K. The H O2 o/p ratio has been
measured toward about half of them. The similar H O2 and NH3
Tspin suggests that they share a common chemical history and/
or they follow a similar thermalization mechanism, while
H CO2 either forms or thermalizes differently. Observations of
H CO2 o/p ratios in more comets are needed to confirm this is a
general behavior.

Toward disks, only the water o/p ratio has been measured so
far and only in one source, TWHya, but the range of estimated
ratios is too wide to provide any constraints. Hogerheijde et al.
(2011) first reported an H O2 o/p ratio of 0.77±0.07, but later
Salinas et al. (2016) explored different disk models and found

values between 0.2 and 3. The disk-averaged H CO2 o/p ratio
measured in the HD163296 disk is consistent with the H O2
o/p ratio measured in TWHya.

5.2. The Meaning of o/p Ratios and Future Directions

It has long been thought that the o/p ratio upon formation is
preserved and Tspin should reflect the formation temperature.
This is because the ortho-para inter-conversion by spontaneous
radiative transitions and non-reactive collisions are extremely
slow (e.g. Tudorie et al. 2006; Pachucki & Komasa 2008), so
the o/p ratio upon formation should be preserved.
In general, the o/p ratio upon formation of any molecule will

depend on its formation mechanism, the spin selection rules,
and the o/p of the reactants. Then, the ortho and para symmetry
species can relax to the lowest energy rotational levels through
spontaneous emission. Ortho-para conversion can occur via
reactive collisions, for example with hydrogen atoms, in which
a proton is exchanged. This process, known as equilibration,
will compete with the destruction of the molecule. Whether
equilibration or destruction dominates will depend on the
specific rates, and will determine the resulting o/p ratio of the
molecule. A good description of the different interstellar
processes that determine the o/p ratio is given by Herbst
(2015), for the example of the water cation.
In the specific case of H CO2 , the dominant gas-phase

formation pathway are reactions of atomic oxygen with CH3.
The destruction of H CO2 will depend on the conditions of the
gas. In the presence of strong UV fields (i.e., in the disk surface
layers and inner disk), H CO2 will mainly be photodissociated,
while in UV-shielded regions (i.e., in the disk midplane and
outer disk) it will mainly be destroyed by reactions with ions
(Guzmán et al. 2011). The original H CO2 o/p ratio will thus
depend on the o/p ratio of CH3. CH3 forms from the
dissociative recombination of CH+

5 with electrons, where
CH+

5 in turn forms from a series of reactions involving H2,
starting from C+. The fraction of ortho and para formed in each
of these reactions (the branching ratios) will depend on the
details of the formation mechanism, which are not fully
understood. When a di-hydrogenated molecule like H CO2
forms in the gas phase through full proton scrambling

Figure 7. Thermal o/p ratios for H CO2 , H O2 and NH3, as given by the Boltzmann distribution of the ortho and para levels. The different markers show measurements
toward disks (4: orange and red), comets (1, 2, 3: gray), low-mass protostars (5, 6: light blue), high-mass protostars (7–9: pink), PDRs (10–12: green and blue
diamonds), and prestellar cores (5: blue). Sources with o/p ratios measured for H CO2 and another molecule are highlighted with red edges. References: (1) Shinnaka
et al. (2016), (2) Bonev et al. (2013), (3) Gicquel et al. (2014), (4) Salinas et al. (2016), (5) Jørgensen et al. (2005), (6) Umemoto et al. (1999), (7) Emprechtinger et al.
(2010), (8) Choi et al. (2015), (9) Melnick et al. (2010), (10) Choi et al. (2014), (11) Cuadrado et al. (2017), (12) Guzmán et al. (2011).
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Alternative to the formation on dust:
gas-phase reactions !

Hydrogen abstraction reactions
(example)

u OH+ + p-H2 ⟶ (H3O+)* ⟶ p-H2O+ + H 1/2  

u OH+ + p-H2⟶ (H3O+)* ⟶ o-H2O+ + H 1/2

u OH+ + o-H2⟶ (H3O+)* ⟶ p-H2O+ + H 1/6  

u OH+ + o-H2⟶ (H3O+)* ⟶ o-H2O+ + H 5/6

u The conservation of the total nuclear spin 
imposes selection rules (Quack 1977) 

u Full scrambling of nuclei is assumed

u Experimental support: state-to-state 
control of 2 KRb → K2 + Rb2 (Hu et al. 2021)



The UGAN network for the cold ISM

u The UGAN network (Hily-Blant et al. 2018):
u 219 species / 3427 reactions (gas + ices)

u Spin isomers of hydrides and H2CO

u We predict a para-rich H2 gas, in 
agreement with indirect evidences

u Deviation from a thermal OPR is due to the 
barrier of 170 K in  p-H2 + XH+ ⇆ o-H2 + XH+

Thermal
OPR

UGAN

Tcrit ~ #$%.'
()*(,×#%$. /01

. 0 )
~ 20 K

Faure et al. (2013)



The OPR of H2CO in the cold ISM

u Gas-phase formation via the reaction
CH3 + O⟶ H2CO + H (k =6.9×10-11 cm3s-1)

u We predict an OPR of H2CO ~ 2.3, in line  
with values in star-forming cores

u The OPR of H2CO (and H2O, NH3, etc.) is
driven by the low OPR of H2

Thermal OPR

UGAN

Dickens & Irvine (1999)
(star-forming cores)



The OPR of H2CO in TW Hya

u Thanks to ALMA the emission of H2CO can
be spatially resolved in protoplanetary disks

u In TW Hya, the OPR of H2CO varies 
between 3 (R < 60 au) and 1.5 ± 0.6

u Our model reproduces the OPR at R>80 au, 
suggesting a gas-phase formation of H2CO 

UGAN

Terwisscha et al. (2021)
(TW Hya)

Gaillard et al. in preparation



Conclusions and perspectives

u Conclusions:
u OPRs do not probe ‘formation’ temperatures
u Anomalous (non-statistical) OPRs can be

explained by gas phase chemistry

u Perspectives:
u Thermalization gas phase processes may be

important (e.g. NH2 + H, Le Gal et al. 2016)
u The different reactivity of spin isomers with

ions can now be explored experimentally
Kilaj et al. NatCom (2018); Toscano CHIMIA (2024)
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