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Comets: a key to the early Solar System chemistry

Comets are remnants of
the Solar System formation

- Evolution history of
the Solar System

- Astrobiology: Earth’s

Solar System water and organics
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Comets in the Solar System

Oort Clou
10 000 AU

Images credits:
ESA/Rosetta/NAVCAM
Daniel Rottele, DLR
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Comets are remnants of
the Solar System formation

- Evolution history of
the Solar System

- Astrobiology: Earth’s
water and organics

Kuiper Belt
- Ecliptic plane

— Short period comets
Oort Cloud

- Isotropic inclination
- Long period comets

Dynamical vs chemical
classification?
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Comets in the Solar System

Oort Clou
10 000 AU

Images credits:
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nucleus

Comets are remnants of
the Solar System formation

- Evolution history of
the Solar System

- Astrobiology: Earth’s
water and organics

Kuiper Belt

- Ecliptic plane

- Short period comets
Oort Cloud

- |sotropic inclination
- Long period comets

Dynamical vs chemical
classification?

Coma composition related
to nucleus composition
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Formation of the gaseous coma

Comet nucleus difficult to
observe directly

- study of the coma

67P image credit:
ESA/Rosetta/NAVCAM
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Formation of the gaseous coma

Comet nucleus difficult to
observe directly

- study of the coma

Mother species
sublimates from the
nucleus

- fluorescence in the IR

67P image credit:
ESA/Rosetta/NAVCAM
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Formation of the gaseous coma

Comet nucleus difficult to
observe directly

- study of the coma

Mother species
sublimates from the
nucleus

- fluorescence in the IR

Daughter species
secondary products
photodissociated

- fluorescence in the
Visible

67P image credit:
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Formation of the gaseous coma

Comet nucleus difficult to
observe directly

- study of the coma

Mother species
sublimates from the
nucleus

- fluorescence in the IR

Daughter species
secondary products
photodissociated

- fluorescence in the
Visible

- no unified taxonomy !

67P image credit:
ESA/Rosetta/NAVCAM
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Simultaneous multi-wavelength study of comet’s volatiles

* Variability in cometary activity - Essential to the understand the coma chemistry
* Simultaneous observations never done before! - Towards a unified IR + Visible taxonomy
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Simultaneous multi-wavelength study of comet’s volatiles

* Variability in cometary activity - Essential to the understand the coma chemistry
* Simultaneous observations never done before! - Towards a unified IR + Visible taxonomy

High resolution IR spectroscopy: mother species
New CRIRES+ at the Very Large Telescope (ESO Chile)

- Echelle spectrometer, near-infrared (0.95-5.3 um):
H,O, HDO, HCN, CO, CH,, C,H,, C,H, NH,, CH,OH, ...

2 2! 26’
- Resolving power reaching 100 000
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Simultaneous multi-wavelength study of comet’s volatiles

* Variability in cometary activity - Essential to the understand the coma chemistry
* Simultaneous observations never done before! - Towards a unified IR + Visible taxonomy

High resolution IR spectroscopy: mother species nUV-Vis photometry: daughter species
New CRIRES+ at the Very Large Telescope (ESO Chile) TRAPPIST-South TRAPPIST-North
La Silla Observatory, Oukaimeden,

Chile Morocco

- Echelle spectrometer, near-infrared (0.95-5.3 um): - Narrow-band comet filters (Farnham et al., 2000):

H,O, HDO, HCN, CO, CH,, C,H,, C,H, NH,, CH,OH, ... OH, CN, C,, C,, NH, CO*, H,O*, dust
- Resolving power reaching 100 000 - Dense long term surveys
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C/2021 Al (Leonard)

Discovered on January 3, 2021
Long period Oort Cloud comet
Perihelion on January 3, 2022
e m,~ 3

* Heliocentric distance = 0.62 au
* Relative velocity = 68 km/s
Very active close to perihelion
- multiple outbursts
Disintegrated after perihelion

28 nights

TRAPPIST December 2021
to January 2022

or 3 nights
= . . - CRIRES + 28/12/2021

31/12/2021
2022-03-08 (R) 2022-04-08 (R) 03/01/2021
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Comet C/2021 Al with TRAPPIST: daughter species

BC (dust)
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Comet C/2021 Al with TRAPPIST: daughter species

Haser Model (Haser 1957)

* Spherical nucleus

* Constant radial velocity (ejection speed)

* One step photodissociation process with first order kinetic
* Only one mother molecule per daughter species

.-";? N
) Q 0 (F -Bor _ f_’.""jlr)

ﬂ(r ‘-l?i':"}"'z 31 — li_’]
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Comet C/2021 Al with TRAPPIST: daughter species

Haser Model (Haser 1957)

* Spherical nucleus

* Constant radial velocity (ejection speed)

* One step photodissociation process with first order kinetic
* Only one mother molecule per daughter species
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distribution
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Related to the measured
flux by a fluorescence
model
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Comet C/2021 Al with TRAPPIST: daughter species

Haser Model (Haser 1957)

* Spherical nucleus

* Constant radial velocity (ejection speed)

* One step photodissociation process with first order kinetic
* Only one mother molecule per daughter species

Production rate [molec/s]
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Comet C/2021 Al with TRAPPIST: daughter species

Haser Model (Haser 1957)

* Spherical nucleus

* Constant radial velocity (ejection speed)

* One step photodissociation process with first order kinetic
* Only one mother molecule per daughter species

Production rate [molec/s]

?1(?") Q (f" for. . & .-'-‘flr)

r—l’}'ﬂ‘}"‘z 31 — Lﬁn
I —
v i \
Density Daughter species  Mother species
disiribution scale length scale length
Related to the measured Empirical
flux by a fluorescence

model
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Comet C/2021 Al with

Production rates (Haser model)
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Comet C/2021 Al with

Production rates (Haser model)
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Comet C/2021 Al with

Production rates (Haser model)
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Comet C/2021 Al with

. det. 1 det. 2 det. 3
L3302 setting: 2922.62 to 4049.66 nm
- CH,, H,0, OH*, C,H,, CH,OH, H,CO, NH, - ,1, order
. . . o | -— | ""TT”WWT“ 14
Data reduction with PISCO (master thesis): . 4050
* Image stacking and spectral extraction mm q
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Comet C/2021 Al with

, det. 1 det. 2 det. 3
L3302 setting: 2922.62 to 4049.66 nm
- CH,, H,0, OH*, C,H,, CH,OH, H,CO, NH, - ,,f . order
. . : 0| -+ Ty W‘n‘mm 14
Data reduction with PISCO (master thesis): 1966 4050
* Image stacking and spectral extraction
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Comet C/2021 Al with

L3302 setting: 2922.62 to 4049.66 nm

- CH,, H,0, OH*, C,H_, CH,OH, H,CO, NH,

Data reduction with PISCO (master thesis):
* Image stacking and spectral extraction
« Atmospheric absorption model and flux correction

Atmospheric absorption:
H,O (+ CO,and N,O)

—— Extracted spectrum
| —— Molecfit model

Relative intensity

Wavenumber (cm-1)
3394 3392 3390 3388 3386 3384 3382 3380 3378 3376 3374

2945 2947 2949 2951 2953 2955 2957 2959 2961 2963

Wavelength (nm)

Relat'ive 'Intensity
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order
s Ty YT Yy 14
3966 4050
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Comet C/2021 Al with

. det. 1 det. 2 det. 3
L3302 setting: 2922.62 to 4049.66 nm
- CH,, H,0, OH*, C,H,, CH,OH, H,CO, NH, = ‘ - - TN order
Data reduction with PISCO (master thesis): 3966 4050 14

* Image stacking and spectral extraction

« Atmospheric absorption model and flux correction Wmf VW y v mm or1d5er

* Dust subtraction and line identification

- 3702 3780
=
z WWWWW order
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Comet C/2021 Al with

. det. 1 det. 2 det. 3
L3302 setting: 2922.62 to 4049.66 nm
- CH,, H,0, OH*, C,H,, CH,OH, H,CO, NH, = ‘ - - TN order
Data reduction with PISCO (master thesis): 3966 4050 14

* Image stacking and spectral extraction

« Atmospheric absorption model and flux correction Wmf VW y v mm or1d5er

* Dust subtraction and line identification

. . . 3702 3780
* Production rates calculation with fluorescence g
models (Villanueva et al., 2018) & WW"V‘ w‘ I‘ e order
2 16
| £ 3471 3544
U]
— wssdsges  Atmospheric absorption: = order
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—— Cleaned spectrum g

2 18
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W S %«w MW order
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Comet classifications comparison
C/2021 Al in the IR classification

10.00

Average of
comets
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- Organic depleted according to IR classification
by Lippi et al., 2021

Lippi, Vander Donckt et al., in prep.
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Comet classifications comparison

C[2021 Al in the IR classification C/2021 Al in the Visible classification
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O S S N S 45 -40 -35 2.0
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- Organic depleted according to IR classification - Typical according to nUV-Vis classification
by Lippi et al., 2021 by A’'Hearn et al., 1995; Schleisher et al., 2008

Lippi, Vander Donckt et al., in prep.
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Comet classifications comparison

C[2021 Al in the IR classification C/2021 Al in the Visible_classification
10.00g | | ,Averageof -2.01|||1||||||||||||1||||[,|,+||_ |
= | | . comets - 1 @ Typical
T 1 i I I = 25 — ® C/2021 Al
Z 1.00 |- | ?f | | | Q - B
2 F légg [ | | g 80 - -
g B o { : ON B . / v ]
. j L S g5 1 -
2 010 | | | | 2 n + 71 o Carbon-depleted
= g | [ | C/2021 Al = - ,/ *ﬁ‘ ]
- | | | (3 nights) 40 1= ., —
L | I I I . Ve -
-CH.OH' NH., 'HCO ' CH. ' CH ||||1|||||||||||||||||r||||
o R S SRR N 45 -40 -35 2.0
log [Q(CN)/Q(OH)]
- Organic depleted according to IR classification - Typical according to nUV-Vis classification
by Lippi et al., 2021 by A’'Hearn et al., 1995; Schleisher et al., 2008
Lippi, Vander Donckt et al., in prep. — need for a simultaneous approach
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A bright future for the IR spectroscopy of comets

CRIRES+ on the ESO Very Large Telescope (2021)

James Webb Space Telescope (2022)

— Abundance of CO, ices
METIS on the ESO Extremely Large Telescope (2027)

— Origin of water on Earth (HDO/H20O isotopic ratios in a
large sample of comets)

Support for ESA Comet Interceptor mission (2029)

COMET.
INTERCEPTOR

Need for an IR expertise of comets in Europe!

*

‘\\/
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TRAPPIST cometary narrow-band filters

Gas Dust continuum
» 0.6m telescopes g
BIJ;— NH UCL_{: —j
* Johnson/Cousins B, V, R and ! filters wE o i E
 HB narrow band filters (Farnham et al., 2000) | 3

lIlIlJllllJ

I

Dugt reflected spectrum
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- spectrum of 3
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TRAPPIST abundance ratios

CN C C NH A(0)fp(BC)
2 3
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« Typical comet according to A’'Hearn et al., 1995 classification
* Dust to gas ratio increasing at perihelion
* Abundance ratio and outburst activity uncorrelated
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Pipeline for t

Data processing pipeline

v

Directory structure

Inputs
raw files name

revious O\ ves
reference star

Makes the decision

revious iteration oY

iteration?

vy ¢

reference star as

CRIRES pipeline
setup

MOLECFIT pipeline
setup

Checks and

h

1 CRIRES pipeline |

! parameterfies
'

'

Image calibration
crires_spec_flat
crires_spec_dark

MOLECFIT pipeline
parameter files

Atmospheric
modelling
molecfit_model

v

Image reduction and
spectral extraction
crires_spec_jitter

| Extracted spectrum ——]
1
'

_____ -
h

1 Report on the image |
' reduction '

Best fit?

‘Atmospheric
transmittance
calculation
molecfit_calctrans

the setup

'
1 transmittance

.____1__ =

Telluric correction
molecfit_correct

v

Wavelength
calibration

_____ v,

Telluric and ]

T~ Telltric and
wavslength corrected |
! referencestar |

spectrum* ]

“obtained using this A~
pipeline

Flux calibration

Inputs
reference

star
temperature
and

magnitude

h
1 Flux calibrated
! spectrum

Production rates
calculation

Needs
important
user
intervention
at the moment

!
corrected spectrum |

'
h
1Report on the telluric |
! comection

he Infrared Spectroscopy of COmets
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Relative Intensity

. Residualg
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Resonance fluorescence

Electronic =
transition | \ — Excited electronic
(in optical \v/ state.
or uv) \] dissociation
ener
=, hv -T2
(@)
o Ground state
c
= / 4 Rotational
. Wl otationa
T:Z:::ﬁ;; ‘ transition
(in infrared) = (in microwave)

Internuclear separation
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Example of reactions in the coma gas phase

L
NH, —1
NH; NH: Hzm
- L
Fig. 7. Major reactions to form: (a) H,O%, (b) H30%, (¢c) NHJ, and (d) CH,OH*. Symbols next to (NeWbU meta [ B 1989) . *
the arrows indicate the reactants, v indicates photodissociation or photoionization, and e indicates
electron dissociative recombination. Fig. 8. Relationship of the reactions of Fig. 7. Symbols have the same meaning as in Fig. 7.

e
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