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Molecules & Atoms in Comet

nucleus



Volatile composition of 
cometary ices

Abundance ratios of those 
volatile species are important 
to infer the formation conditions 
of those molecules (à the 
birth-place of comets in the 
proto-planetary disk of the Sun).



Cometary Science with Subaru
HDS:

üOrtho-to-Para Ratios (OPRs) of NH2 and H2O+ in comets: 
Nuclear spin ratios of cometary ammonia and water

ü Isotopic fractionation of 15N in ammonia from 14NH2/15NH2

üForbidden oxygen emission lines in comet as a clue to 

CO2/H2O ratio
IRCS:

ü Water and organic molecules in comets
CISCO:

ü Water ice grains in comet: crystalline or amorphous?
COMICS:

ü Mineral composition and complex organics (Ootsubo’s talk)

à Comet as a window to the early Solar System.



Ortho-to-Para Ratio in Ammonia
The first comet science with the Subaru Telescope



Starting with C/1999 S4 (LINEAR)



High-Dispersion Spectrograph: HDS
The High Dispersion 
Spectrograph (HDS), which 
is located at the Optical 
Nasmyth platform, provides 
optical spectroscopy in the 
range 3,000 – 10,000Å, 
with a spectral resolution of 
up to 160 000 (F.L. in July, 
2000).



Cometary Science with HDS

Ortho-to-para ratio (OPR) of NH2 = 3.33±0.07

Kawakita et al. (2001)



Why we focused on NH2

Branching ratio of 
NH3 to NH2 ~ 95%

€ 

hν (Solar UV)

Ammonia

NH2 and H atom

ortho-Ammonia

para-Ammonia

ortho-NH2 + H atom

para-NH2 + H atom

ortho-NH2 + H atom

Ammonia is a major source of 
NH2 in cometary coma 
(Kawakita & Mumma 2011)

OPR of ammonia can be 
inferred from that of NH2.

(50%)

(50%)

(based on Quack 1977; Oka 2004)



CH3OH E/A

H2CO O/P

“Spin Temperature” of Cometary Molecules

(2Io+1) Σortho[ (2J+1) exp(－Ei / kTspin) ]

(2Ip+1) Σpara  [ (2J+1) exp(－Ei / kTspin) ]
OPR =

“If OPR (Ortho-to-Para Ratio) has never been 
changed for a long time in solid, it can be a 
powerful tool to investigate the temperatures 
in the past.”



Cometary Science with HDS

Ortho-to-para ratio (OPR) of NH2 = 3.33±0.07
à OPR of ammonia = 1.17±0.04
à Tspin = 28 ± 2 K for ammonia



Shinnaka et al. (2010)



VLTとUVESObservations were mainly made by 
8-m telescopes: VLT & Subaru

Subaru Telescope VLT

HDS UVES



26 Comets in Our Survey



OPRs of Ammonia in 26 Comets

The OPRs are probably not sensitive to the physical conditions (like 
temperatures) of the nucleus surface.

Most comets clustered around OPR~1.15 
(Tspin ~ 25 – 30K) for ammonia. 

Shinnaka et al. (2016)



OPRs of Ammonia in 26 Comets

The OPRs are probably not sensitive to the physical conditions (like 
temperatures) of the nucleus surface.

Shinnaka et al. (2016)

No clear difference in OPRs of NH3 for
different dynamical origins (more diverse in
Jupiter-family comets?)



OPRs of Ammonia in 26 Comets
No clear trend in OPRs with respect to
heliocentric distances at observations
(0.6 – 2.5 AU from the Sun).

Shinnaka et al. (2016)



OPR of Water from H2O+

Ortho‒H2O Ortho‒H2O+

€ 

e−

Para‒H2O Para‒H2O+

€ 

e−
OPR(H2O) = OPR(H2O+)

+

+

H2O+ ions are mainly produced by the photo-ionization of water molecules 
by solar UV radiation. Therefore, …

Usually OPRs of water in comets are 
derived by near-infrared high-dispersion 
spectroscopic observations (e.g., by 
Subaru/IRCS, Keck2/NIRSPEC, etc.). 
We had established the new method to 
estimate OPR of water from the H2O+

emission spectrum in optical (Shinnaka
et al. 2012).

€ 

hν (Solar UV)



Shinnaka et al. (2012)
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Shinnaka et al. (2012)



OPRs of Water in Comets and ISM

Faure et al. (2019)

“OPRs have been unchanged in ice?” is a key question.
à Laboratory works are motivated by these observations.

Link?



Hama et al.’s Laboratory Work

Hama et al. (2016, 2018)

OPR(H2O) = 3.0
just after the sublimation 
of H2O molecule from ice

Unequilibrated OPRs found in comets are not old memory, 
but probably indicating some processes in coma (gas phase).



H2O in supersonic expansion 
with Ar gas at 20–30 K (in Lab.)

Manca Tanner et al. (2011, 2013) à

▲: with (H2O)n

■: w/o (H2O)n

OPR conv.

No OPR conv.

ßp/o ratio

No nuclear spin conversion is observed for …
× CH4 (25% in Ar gas) Hepp et al. (1991, 

1994)
× CH3OH (7% in Ar gas) Hepp et al. (1994)
× NH3 (5% in Ar gas) Hepp et al. (1992)

However, the nuclear spin conversion is found in …
¡ NH3 (10% in Ar gas) Hepp et al. (1992)

Supersonic expansion of a gas mixture (H2O + Ar) at 
T=20–30K shows the ortho–para conversion when 
the water abundance is high enough.
à (H2O)n formed in the jet may convert OPR of water.

à Probably in comets, too.



Marschal et al. (2019) Temperature profile of coma 
gas in 67P/C-G (@1.7 AU) 
shows the minimum of ~30 
K, at ~10km above the 
surface (Marschal et al. 
2019).

à DSMC models also show 
similar minimum of gas 
temperature of coma, 20 –
30 K (see, review by Combi 
et al. 2004).



Nuclear Spin Conversion in Inner-Coma?

nucleus nucleocentric distance (km)

OPR and Tspin:
unknown

OPR = 1.0 
(Tspin > 50 K)

OPR = 1.0 ‒ 1.4
(Tspin = 20 ‒ >50 K)

OPR ~ 2.5
Tspin ~ 30 K

1e+21e+1 1e+5
～ ～

H3O+

H2O+

OHH2O (monomer)H2O (ice) H2O (monomer) H2O 
(monomer + clusters)

sublim
ation area of w

ater clusters

OPR and Tspin:
unknown

OPR = 3.0 
(Tspin > 50 K)

OPR = 2.0 ‒ 2.8
(Tspin = 20 ‒ 36 K)

OPR ~ 2.5
Tspin ~ 30 K

H2O

NH3

Inner coma (Tgas > 35 K) Available area of the ortho-para 
conversion of water (Tgas < 35 K)

Outer coma (Tgas > 35 K)

NH3 (ice) NH3 (gas) NH3 (gas) NH3 (gas) NH2 (gas)

H2O molecules can form (H2O)n clusters in inner-coma where gas temperature is 
below < ~35 K. Nuclear spin conversion (o à p or p à o) is possible by the interaction 
between such clusters and a molecule (Shinnaka et al. 2016).  

à OPRs of H2O (and NH3) may be diagnostic to the physical conditions of 
inner-coma region, 10 – 100 km above the surface. 



15NH2/14NH2 ratios in Comets:
15N-fractionation in Ammonia



Starting with C/2012 S1 (ISON)

Shinnaka et al. (2014) reported the first detection of 
15NH2 in comet C/2012 S1 (ISON) just after the 
report for the detection of 15NH2 in composite 
spectrum of many comets by Rousselot et al. (2014).



Survey by Subaru/HDS & VLT/UVES
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No trend with respect to 
heliocentric distances.

Survey by Subaru/HDS & VLT/UVES



Survey by Subaru/HDS & VLT/UVES

Shinnaka et al. (2016)

NH3 (one of amines) shows the same 15N-enrichment as HCN (one of nitriles) even 
though NH3 and HCN formed by different chemical reactions starting either from atomic 
or molecular nitrogen, respectively (Hily-Blant et al. 2013). à Why??



ß Self-shielding of N2 photo-dissociation?

Atomic nitrogen is fractionated in 15N under 
the conditions of Av ~2 in molecular cloud.

If NH3 formed from atomic 
nitrogen on cold grain 
surface via H-addition 
reaction of N, both NH3
and HCN came from 
atomic nitrogen.

Hily-Brandt et al. (2013)

Heays et al. (2014)

Molecular cloud model
n=103cm-3 and T=30K

NH3 formation via 
gas-phase reactions

HCN formation via 
gas-phase reactions



↑ Solid lines indicate gaseous species, while the dashed lines indicate species in the 
whole ice mantle (Furuya & Aikawa, 2018).

“The 15N-fractionation is triggered by isotope-selective photodissociation of N2,
while deuterium fractionation is caused by isotope exchange reactions.”

14N/15N ratio 
in N2 is high!

Both NH3 and HCN can 
be fractionated in 15N.

However, 14N/15N in N2 = ~150 was measured by ROSETTA s/c in comet 
67P/C-G (Altwegg et al. 2019), also fractionated as NH3 and HCN.
à Still, open question for 15N-fractionation in cometary molecules! 



Forbidden Oxygen Emission Lines 
in Comets as clue to CO2/H2O



Forbidden Oxygen Emission in Comets 

3P

3S

1D

1S

Forbidden oxygen emission lines (at 
5577, and 6300 + 6364 Å) are arisen 
from the atomic oxygen in meta-stable 
states of 1S and 1D, excited by chemical 
reactions, e.g., 

H2O + hv à H2 + O(1S), O(1D), or O(3P).

Cochran & Cochran (2001) reported the 
ratio between “green” and “red” lines of 
~0.06 in comet C/1999 S4 (LINEAR),  
consistent with H2O as source for atomic 
oxygen.  “Green” line

“Red” lines

Cochran & Cochran (2001)



Green-to-Red Lines Ratio

Decock et al. (2013)

The production rates of excited atomic 
oxygen [ O(1S) and O(1D) ] depend on 
sources. Because H2O and CO2 are the 
most responsible sources for the excited 
atomic oxygen, the G/R ratio reflects 
CO2/H2O ratio in comet.

à G/R ratio = 
"##$$

"%&''("%&%)

CO2 is one of the most abundant 
volatile in comets, except for 
water.

However, direct observation of 
CO2 is impossible from the 
ground-based observatories due 
to telluric atmosphere absorption.

“Green” line

“Red” lines

1S

1D



Comet 116P/Wild 4 @ 2.4 AU
à G/R ~ 0.16 

(cf. ~0.08 for pure H2O).

CO2/H2O ~ 21%

Delta-dot = +14.3 km/s
We derived the CO2/H2O ratio in comet based on 
the measurement of G/R ratio, for the first time.

Furusho et al. (2006)



Forbidden Oxygen Emission Lines 
in Other Comets by HDS

C/2014 Q2 (Lovejoy), Shinnaka & Kawakita (2016)

G/R Ratio = 0.11 à CO2/H2O = ~11%



Forbidden Oxygen Emission Lines 
in Other Comets by HDS

21P/Giacobini-Zinner, Shinnaka et al. (submitted to AJ)

G/R Ratio = 0.07 à CO2/H2O = ~5%



Our research on [O I] lines in comet Wild 4 
by HDS was followed by other studies to  
investigate CO2/H2O ratios in comets based 
on the observations of [O I] emission lines.

More abundant CO2

More abundant H2O

Decock et al. (2013)

– 5%

– 70%

– 10%

– 0%

– 30%

CO2/H2O



Near-infrared High-dispersion 
Spectroscopy for Organics



Comet Science with IRCS
and Keck2/NIRSPEC

IRCS has a capability of high-resolution 
spectroscopy in near-infrared (0.92  – 5.3 µm) 
with R ~ 20,000 for the slit-width of 0”.14, but 
usually 0”.28 was used for comet observations. 



Starting with 153P/Ikeya-Zhang …
Comet 153P/Ikeya-Zhang

C2H6/CH4 = 0.82

CH3D/CH4 <  0.3

Kawakita et al. (2003)



H2 O

HCN

CH4

C2 H6

CH3 OH

CH3 OH ν3

COMET LULIN UT FEB 15, 2009 (Subaru IRCS)

Wavenumber [/cm]

Near-infrared (L-band) spectrum of comet C/2007 N3 (Lulin)

There are many ro-vibrational transitions 
of organic molecules in L- and M-bands.



In collaboration with 
Keck2/NIRSPEC (Keck-Subaru ex.)

Dello Russo et al. (2016)

Abundant organic molecules
are contained in cometary
ices, and these are similar
to those of interstellar ices.



D/H Ratio in Methane
Key reaction for D/H ratios in cometary molecule; 

1. (D/H)water : H3+ HD      à H2D+ + H2 + ΔE1 (exothermic)
2. (D/H)methane : CH3

+ + HD à CH2D+ + H2 + ΔE2 (exothermic)

Millar et al. (2003)

If T~10K, D/H ~ 0.01

Expected CH3D line for 
the formation at T ~ 10 K.

C/2001 Q4 (NEAT)
Kawakita et al. (2005)



D/H Ratio in Methane
Key reaction for D/H ratios in cometary molecule; 

1. (D/H)water : H3+ HD      à H2D+ + H2 + ΔE1 (exothermic)
2. (D/H)methane : CH3

+ + HD à CH2D+ + H2 + ΔE2 (exothermic)

Millar et al. (2003)

153P/Ikeya-Zhang < 0.1 Kawakita et al. (2003), IRCS
C/2001 Q4 (NEAT) < 0.01 Kawakita et al. (2005), IRCS
C/2007 N3 (Lulin) < 0.007 Gibb et al. (2012), NIRSPEC
C/2014 Q2 (Lovejoy) < 0.005 Kawakita et al. (2018), NIRSPEC
C/2004 Q2 (Macholz) < 0.003 Kawakita et al. (2018), NIRSPEC
… to be detected in near future? (by TMT?)

If T~10K, D/H ~ 0.025



Icy Grains in Comets: 
Crystalline or Amorphous?



Pre-Subaru Era: First detection of water ice 
grains in comet Hale-Bopp at 7AU from the Sun

No crystalline feature at 1.65 µm?

Davies et al. (1997)



Kawakita et al. (2006)



CISCO (decommissioned)
CISCO is capable of either 
wide-field imaging of 1.′8×1.′8 
field-of-view or low-resolution 
spectroscopy from 0.9 to 2.4 μm.

The wavelength resolution of 
spectroscopy mode is λ/Δλ=230 
for the z & J, 200 for the JH and 
250 for the K using the slit width 
of 1.′′0. 



C/2002 T7 (LINEAR)
Close-up view of 25,000 km x 25,000 km

Aperture for 
our analysis

UT 2003 September 14.6
Slit width of 0”.5 (R ~ 500)
C/2002 T7 at 3.5 AU from the Sun Kawakita et al. (2004)



Intimate mixture of several-microns sized H2O ice grains and 
and sub-micron sized astronomical silicate grains (Draine 1985) 
can reproduce the observed NIR spectrum.

Such icy grains can survive for about 40,000 sec, at 3.5 AU from 
the Sun based on our simulation. 

Detection of icy grains in the comet

Kawakita et al. (2004)

Near-Infrared Spectrum of C/2002 T7



Temperature dependence of 1.65 µm feature

Tsub ~ 150 K for 
water ice in comet.

Teq (@3.52AU) = 149 K for Black-Body ~ Tsub (H2O) à X
70 K for 10µm-sized pure H2O ice 



No feature at 1.65 mm for crystalline water ice, indicating 
amorphous water ice in the comet.

à Heritage of interstellar ices, 
or re-condensation from water vapor at >25 AU

Crystalline or Amorphous?



Summary



ü High-resolution spectroscopic studies of comets have developed for last 20 
years by 8-m class telescopes (Subaru/HDS&IRCS, VLT/UVES, Keck2/ 
NIRSPEC, ...). The Subaru telescope have been leading the topics; 

p Observations of OPRs in cometary H2O and NH3 inspired the 
laboratory studies to make clear the real meaning of those OPRs.
à diagnostic for vary inner coma?

p Observations of 15N/14N ratio in cometary NH3 and HCN challenge 
theoretical studies on chemical evolution from a molecular cloud to a 
proto-planetary disk.  
à The fractionation mechanism of 15N is still an open question.

Observations of 15N/14N ratio in N2
+ in comets will be important.

p Observations of cometary [O I] line is used as a clue to CO2/H2O ratio, 
never directly determined from the ground-based observations.
à Contribution of O2 to [O I] lines ratio will be investigated based on 

emission line profiles observed by higher spectral resolution 
spectroscopy (e.g., by ESPRESSO/VLT, R=200,000).

p Composition of organic molecules in cometary ices have extensively 
revealed for many comets. Comets are rich in organics. 
à Larger telescopes like TMT, for more complicated organics & 

Deuterated species.



ü Ice grains released from comet at far from the Sun could be observed by 
the Subaru telescope, but would be investigated by the TMT in more detail 
to answer the question of “comets contain amorphous water ices, or not?” 
(only very bright comets can be investigated in detail by the 8-m class 
telescopes). 

ü Cometary dust grains have been well characterized by the mid-infrared 
low-resolution spectroscopy with Suabru/COMICS (Ootsubo’s talk, next). 
This survey is one of the outstanding scientific outputs from the Subaru 
telescope. Discovery of complicated organics in a comet by COMICS is 
also very important to understand a variety of physico-chemical conditions 
in the solar nebula.


