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My work focus on:

-The atmospheres of planets (theory, observations and models) > Solar System and beyond
-Astronomy in the infrared and sub-millimetre (spectroscopy and photometry) - solar system
-Involvement in space missions and instrumentation/operations. Past: Rosetta, Herschel, Sentinel-6.

-Science Consortia membership: JUICE/SWI, Ariel, ESO/CRIRES*
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OUTLINE

Motivation

How characterize planetary atmospheres?

Titan; Advances and discoveries

Some outstanding questions

HCN in Titan

Insights from SOFIA

MAX PLANCK INSTITUTE FOR SOLAR SYSTEM RESEARCH | RENGEL MIRIAM

HERITAGE OF SOFIA, STUTTGART 22-26 APRIL 2024




WHY TITAN?

« Titan is covered by a dense atmosphere, which is
complex and diverse!

« The origin of Titan's atmosphere is poorly understood
and its chemistry is complex

We need sensitive observations of the constituents to
constructing models of the Titans’s atmosphere and
its history

©NASA/JPL-Caltech/Space Science Institute
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TITAN: ADVANCES AND DISCOVERIES

T ) New line surveys: Herschel: between 51
‘ L J : and 671 um: CH,, CO, HCN, H,0, isotopes
| HH L of
e Courtln et al (2 1
Rengel et al. (2014) : 7
:iwu..r»ﬁ.-wLa.J\,‘»‘u.J-‘f H “ U“ uu m T Ji Y Fre
Determination of abundances from :
space and ground based observations £
Herschel, APEX, IRAM-30m: CH,, )
CO, HCN, H,O
> 1000 km | ERLch T
> 400 km j ‘a Rengel ef al. (2014)
> 300 km { . .
>200km [ || Detection of new species: Unexpected
detection of HNC : Above 400 km,
hrﬂﬂmm Qlﬂgtﬂﬁﬂ Titan’s atmosphere also contains HNC

(also observed with ALMA)
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~~ TITAN: ADVANCES AND DISCOVERIES

Measurement of 12C/13C « 180 enrichment in Titan’s atmosphere:
and 160/180 ratio Precipitation of O* or O from the Enceladus plume
activity (18Q/1Q)
| Measurement | |Reference |
JCMT ~250 Owen et al. 1999 (never-published)
SMA 400 * 41 Gurwell 2008 (unpublished) Semi-empirical profile Sa of water
Herschel/SPIRE 380 * 60 Courtin et al. 2012 ]
ALMA 414 + 45 Serigano et al. 2016 ° T o)
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We now know the content of water vapour
in Titan (different as the predictions) and
from where is coming from

+ 100

oreno et al. 2012 i«

il 10

iCN profile in Titan
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Reliable and consistest data sets: HCN
abundance vertical profile as reference

Rengel et al. 2022
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SOME OUTSTANDING QUESTIONS
O CH4: Origin unknown

 Observed and best-fit simulated CH, lines
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Flux density (Jy)

Line/continuuim

ob Courtin et al. 2011
g ° S W s @ s i Consistent with previous studies:

Waveleneth [ wmy

, Facility Value Reference
Rengel et al. 2014 - ] MCIRs 1.6+0.5% Flasar et al. 2005
pest-fit volume mixing ratio W ~oMS  |1.48£0.09% | Niemann et al. 2010
SPIRE  1.33%0.07% |Courtin et al. 2011
PACS 1.27 +0.03 Rengel et al. 2014




SOME OUTSTANDING QUESTIONS

Gas Composition of Titan’s atmosphere: CO

_@

Is CO primordial or external ?

Possible Origin

Interior or Due to solely
surface . external sources
Wilson & Atreya 2004 / | \

e ———tetting Modelling— < Observations

Influx of O+ Precipitation of Precipitation of
from Saturn’s O from O or O+ from
magnetosphere Enceladus Enceladus torus

Hoérst etal. 2008 Cassidy & Hartogh et al. 2011

Krasnopolsky et al. 2009 Johnson 2010
What is the connection
between the plumes of
Enceladus and Titan's
atmosphere?




SOME OUTSTANDING QUESTIONS

Deriving isotopic ratios

Deviations from values of

other bodies?
No Yes
Primordial Emerged on
differences time
No o
Significant N in Titan and
fractionation Saturn came

from different
reservoirs
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MORE ACCURATE ISOTOPIC RATIO MEASUREMENTS
12C/13C IN CO AND HCN
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Consistent with previous works

Rengel et al. 2014
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In which of these exoplanets atmospheres
has HCN been detected and likely identified?

@D

D. HD 209458 b, 55

C. WASP-12b, WASP-63b Cancri e, WASP-63b

A. HAT-P-1b >—é. HD189733b >—

A A
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In which of these exoplanets atmospheres
has HCN been detected and likely identified?

A. HAT-P-1b >—é. HD189733b >—
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What is the most HCN-rich atmosphere in the
Solar System

A. Pluto . Titan

C. Neptune

D
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D. Jupiter
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What is the most HCN-rich atmosphere in the
Solar System

C. Neptune D. Jupiter
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How and where is generated HCN in Titan's
atmosphere?

@D

< A. Meteor impacts, at 800>__<B. By lightning, at 400
m km

D. By bacteria, at the >

surface

C. Photochemically, at
300 km
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How and where is generated HCN in Tita
atmosphere?
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m km

C. Photochemically, at D. By bacteria, at the

300 km surface
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WHY HCN? - WHICH INPUT PROFILE TO USE?

« HCN can be formed in a N, dominated atmosphere.

* |In N-dominated hot super-Earth atmospheres, HCN s
a tracer of a high C/O ratio (Rimmer & Rugheimer
2019, Zilinskas et al. 2020).

« HCN becomes a prioritised specie in observations of
hot super-Earths.

« Different chemical pathways may lead the HCN
production and destruction in diverse atmospheres.

Retrieval

We need a HCN vertical distribution reference!
We use Titan as a starting point
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OBSERVING SIMULTANEOUSLY THE HCN TITAN SPECTRA

Space-based measurements,
aided by comprehensive
ground  validation  provide
reliable and consistent data
sets

A quantitative link between the
infered HCN  abundances
obtained by Herschel and
ground-based observations is
required to assessing the
quality of the data/results and
cross-validating them.

Herschel
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3 mﬁ K Observed and best-fit simulated HCN lines
\ J\ A

Forward model: line-by-line RT model (home made)

A A HCN (4-3) HCN (3-2)

Rengel et al. 2014

> 3.542=10* 3.544= 10 3.54€x10° 3.54B=10° 3.556x 2.654> 2.656=10° 2.66B=10° 2.66x10°
Frequency (Hz Frequency {(Hz)

Resolution: 122 KHz, S/N = 8 Resolution: 4 MHz, S/N = 36

Bandwidth of 1 GHz Bandwidth of 4 GHz
Rengel et al. A&A, 658 (2022) A88




RESULTS: RETRIEVED HCN PROFILES

500

Inversion algorithm: OE (home made)
APEX (this work)

Herschel/PACS (Rengel et al. 2014)

400 - |RAM (this work) |
" Mean (this work) _

Measured HCN abundances on Titan with
data acquired from space and ground at
similar epochs and with different transitions
exhibit similar abundance distributions

300

Altitude [km]

This cross-validation lets to drive reliable
and consistent measurements

200

100

1.x10° 8 1.x10°7 1.x10"

Volume Mixing Ratio

Rengel et al. A&A, 658 (20222 A88
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MEAN HCN PROFILE COMPARED WITH PROFILES FROM THE
LITERATURE

600 T Illlllll 1 llllllll T llllllll
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This work

_________ SMA (Gurwell et al. 2004 A)
SMA (Gurwell et al. 2004 D)
_________ Cassini (Vinatier et al. 2007)
ALMA (Thelis et al. 2019)

500

400 __ ALMA (Molter et al. 20186)
Consistent with those derived from SMA, ALMA E
and Casinni/CIRS = o odel (omon et el 2015
Photochemistry models needs revision (< 150 5300
km and > 400 km) = ——Model (Krasnopolsky 2014)

__ Model (Vuitton et al. 2019)
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Rengel et al. A&A, 658 (2022) A88
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MEAN HCN PROFILE: A REFERENCE

_ Guide to understand
HCN profile what to expect in a N-

500 dominated atmosphere

'Rengel et al. A&A, 658 (2023) A8S |

400

Input for Hot super-Earths
_____, atmosphere modelling for

£ 00 : example
2
_ _ .
A | As a reference in
e preparation for
w future observations
100 _

1.x1078 1.x10~7 1.x1076
Mean + Dispersion (Standard Deviation)

MAX PLANCK INSTITUTE FOR SOLAR SYSTEM RESEARCH | RENGEL MIRIAM HERITAGE OF SOFIA, STUTTGART 22-26 APRIL 2024



(54
&

- FOLLOW-UP PROJECT BEHIND HERSCHEL/PACS EXPLOITED BY
SOFIA/FIFI-LS

Identify features

A L Herschel/PACS
Hnt |

2_

1.5

_Repgel et al. 2014

100 150 200
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FOLLOW-UP PROJECT BEHIND HERSCHEL/PACS EXPLOITED BY
SOFIA/FIFI-LS Proposal 07_0219, cycle 7, PI: Rengel
Identify features FIFI-LS detection
N Herschel/PACS
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100 150 200
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SOFIA/FIFI-LS

Identify features
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FOLLOW-UP PROJECT BEHIND HERSCHEL/PACS EXPLOITED BY

Herschel/PACS

Proposal 07_0219, cycle 7, Pl: Rengel
FIFI-LS detection
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A new specie?

It is CZﬂ*z!

Fig courtesy of byril Gapp

Study CH, temporal variability

FIFI-LS detection
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Open Science questions that have potential to be solvedwwit

-

 Temporal monitoring

. Dynamw hemistry coupling

« Measurement o -dynamics . w
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