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1. Introd

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

Herschel 10 years after launch- May 13-14, 2019, ESAC
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1. Introd

Why Titan?

Sensitive observations of the
constituents of the atmosphere are
essential to constructing models of
the Titans's atmosphere and its
history.

Herschel 10 years after launch- May 13-14, 2019, ESAC
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1. Introduction

Spectroscopy of Titan has bee
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Ground-based observations have also improved our knowledge of Titan's

atmospheric composition:
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How we have further improved our knowledge of
Titan's atmospheric composition ?

A new window was opened...

Herschel 10 years after launch- May 13-14, 2019, ESAC



Herschel Era

Instruments onboard Herschel:

Heterodyne Instrument for the Far-Infrared (HIFI).
elmlch SRON

esolutions: 140, 280, 560 kHz, 1.1 MHz

SIS Technology HEB Technology
THz 048»0.64 —»0.380 —»0986 —»1.12 127 141—»10

wiommas [ 1 [2 [ 3 [ 4] 5]

pwm: 8257468 375 ¥312 288 *238 2137157

1410-1910 GHz

,,//' ;' 3 bands in total:

{ ,,;,r,, 55-72 um, 72-102 um and 102-210 |
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rdy Camera and Spectrometer (PACS).
55-210 ym

Credits: E.SA 4
,aging Receiver (SPIRE).

leter: 250, 350, 506 pm
Spectrometer: 194- 672 yum.



Modeling the Titan spectra Lppm _J s
Method to determine abundance

9

Compatrison with . .
data Synthetic Spectra

T profile >

Synthetic spectra
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Fitting algorithm: 2 statistics

P profile )

Vmr profile

>

160 layers

w.=absorption coefficient

New set of parameters

Herschel 10 years after launch- May 13-14, 2019, ESAC 1
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2 Molecular Inventory with Herschel /PACS, SPIRE, and HIFI
Numerous spectral emission features due to:

PACS:
Full range spectra (51-220 um)

Twice, 0.63h a_rlt_:_l 1.1h

100 ¥ 150 200

Herschel 10 years after launch- May 13-14, 2019, ESAC
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HE9N%EF 2.- Molecular Inventory with Herschel /PACS, SPIRE, and HIFI
Numerous spectral emission features due to:
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g 2.- Molecular Inventory with Herschel /PACS, SPIRE , and HIFI

Numerous spectral emission features due to:

CO+HCN
| Co
% Hen f HCN
H - 3 L

HCN

Flux density (Jy)
s

10

.,
T Tl T T ok by o d | bd ] F d o ad & d
L b e e ey e b b

o
¥
-4t -
-
i ot bk
e ——4 Y gt
@(2
TS v e e s = T T
ottt ot ot
I
@)
4
@)
o)
Ny
fﬂ
|

| 2]
= :- 13 15 T# 18 13 3
S5 |a cp hed I CTO+HCN 1L o $EGNY Rbis 500 550 600 650 700
B c”o’ ‘H”CN 1 Hc“q”co '
] 111 | I .
T T T ] T T 11 T T T T T T ]
1 | 1 1 | 1 1 | 1 ] | ] | ] N
35 36 37 38 39 40 41 42 43 44 45 'H4, CO, HCN
Wavenumber (cm™)
> 15[ ]
‘»
C
(0]
-c |
E o Coun‘/n et al. 2 12l g
5
i i -
o L \ k/{\JH_)\/JlJ Ju ‘ J“L,‘J ﬂquJ.J“,.JIl JLJ.(A‘J%J]L.,:




~

AN

WA %
HEMN &S 2.- Molecular Inventory with Herschel /PACS, SPIRE , and HIFI
Spectral emission features due to:

m—— \/\/ater Vapour in Titan
HIFI / Herschel

Antenna temperature (K)

1097.36 1097.37 556.93 556.94
Frequency (GHz) Frequency (GHz)

Antenna Temperature (K)

Five dedicated Water vapour line
emission with Herschel/PACS and
HIFI. Goal: vertical profile of H,O

—
—

Line/Continuum

: ‘
66.4 66.45 66.5 753 754 755 - 108 -

Wavelength (um) Wavelength (um) Wavelength Water VapOUI' in Titan Moreno et al, 2012
PACS / Herschel
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;.i,%g;_“;, 2.- Molecular Inventory with Herschel /PACS, SPIRE , and HIFI
Spectral emission features due to: 0.04
* 50
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0.03 |

Antenna temperature (K)
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Surprise: Unexpected detection of
hydrogen isocyanide (HNC) > a
specie not previously identified in
Titan’s atmosphere

Line/Continuum
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3.- Determination of the abundance of the trace constituents:
Step 1: Computation of the synthetic spectra for several abundances

Step 2: Calculation of the best-fit

o
Pr |
0 CH4: Origin unknown
. . . ~
Observed and best-fit simulated CH, lines ‘./ ¢
1.4;— ]
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Rengel et al. 2014




Gas Composition of Titan’s atmosphere: CO

@

Is CO primordial or external ?

e

Possible Origin

Interior or
surface

Wilson & Atreya 2004
Z_'Mudﬁtmg Modellmg i Observauons

Precipitation

Due to solely
external ‘

Influx of O+ Precipitation of
of O or O+ from
Enceladus torus

from Saturn’s O from
magnetosphere Enceladus

Horst et al. 2008 Cassidy & Hartogh et al. 2011
Krasnopolsky etal. 2009 Johnson 2010

Herschel 10 years after launch- May 13-14, 2019, ESAC



Observed and best-fit simulated CO lines

Best-fit

70]
itude

e o . Consistent with other studies:

= Facility

SPIRE
CIRS
APEX
SMA
PACS

g F1¥CO 17-16

g
=
3
=]
£
=]
1<)
\U
>
=]
3

|
173 174 175 185 186 187 50 60
Wavelength [ um] Mixing ratio [ppm]

Value
[Ppm]
40%5

47+8
30+15
514
492
462

Reference

Courtin et al. 2011
De Kok et al 2007

Rengel et al. 2011
Gurwell et al. 2012
Rengel et al. 2014
Serigano et al. 2016

Herschel 10 years after launch- May 13-14, 2019, ESAC



HCN vertical distribution cenerated photochemically

=  We scaled the distribution from the one by Marten et al 2002, computed
the synthet|c spectra for several factors, and calculated best-fit

HCN 25— o b HON 23-22 ] |

“ II T T IIIIIIl T

4 HCN 22 21 r
‘ e Vinatier st al, 2007

_____ Courtln et al. 2012

- HCN 21-20 - 4

EerrrrerrneDmpewii i

i BT TR T
Wavelength [zm] Seceling factor

i Observat|
Best flt

_l I 1 1 1 1 111 I 1 r
g -s 107 10-8
Mixing ratio

Distribution of HCN, compared
with the profile by CIRS

Our results confirm the results from Marten et al. 2002.

The CIRS distribution misfits the PACS observations at 1-o level Rengel et al. 2014



Complementary HCN ground-based observations
IRAM 30m

Time allocated. Projects: Time allocated. Prjects:
SV 081.F-9812(A), 21.3.08-27.6.08 Proposal 145-10, 19 March 2011
-E-085.C-0910A-2010, 16.6.10-17.6.10

Marten et al. (2002)

x 0.85 + 0.24 (APEX)
x 1.14 * 0.13 (IRAM)
x 1.14 * 0.06 (PACS)
x 1.02 % 0.13 (SPIRE)

_'HCN (4-3)

Example:

Distribution of |

This cross-validation lets to
drive reliable and consistent
MEERIGE N ERS

Measured HCN at similar
epochs and with different
transitions exhibit similar
abundance distributions.

Rengel et al. in preparation



Gas Composition of Titan’s atmosphere: H,O
What is the origen of water in Titan?

Possible Origin

Local sources
from planetary
environments (rings,

satellites)

Permanent flux from
interplanetary dust
particles

What is the vertical profile of H,O0?
Can we disentangle the various sources?

Herschel 10 years after launch- May 13-14, 2019, ESAC



Water vertical di

= None of the previous
water models provide an
adequate simultaneous
match to the PACS and
HIFI observations

= > Previous photochemical
models for water must be revised

l Coustenis
|| (Lara x 0.4)

Horst A

Line/Continuum

75.2 75.4
Wavelength (um)

558.93 556.94
Frequency (GHz)

Fig. 7. Synthetic spectra computed considering several previously proposed H,0
profiles: Coustenis et al. (1998), Horst et al. (2008) (model D and model A), and
rescaled versions of these models. None of the models provides an adequate
simultaneous match to the PACS observation at 75 um (top) and HIFI at 557 GHz
(bottom).



Determination of the abundance of the trace constituents: Water
vertical distribution

‘ ‘ Semi-empirical profile S, of water
Coustenis98 (Lara96 x 0.4)
Coustenis98/18 / /
Pressure 7/ mus
- 1/ Cui 2009
dependence law as

q=qo(Py/P)"

q, is the mixing ratio
at the reference
pressure level p,

~
L
E
~
o
b=
=
7]
172]
Qo
[
A,

-9 -7

1078 10
Mole Fraction

10

g, = 2.3 x10-"" at p, = 12.1 mbar Ll

n=0.49
Column density: 1.2 (£ 0.2) 1014 cm -2.
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Observed and synthetic spectra

Herschel 10 years after launch- May 13-14, 2019, ESAC




H,0
The S, distribution is also compatible

‘/ \‘ with the PACS lines from the full
scan: computations of the synthetic
spectra with S, (Moreno et al. 2012).

Water Vapour in Titan

PACS / Herschel

66.4
vavelengt

75.2 754
vavelengt il

Detection for first time Rengel et al. 2014



Gas Composition of Titan’s atmosphere: H,O

What is the origen of water in Titan?

Possible Origin

o Titan is hit by a D

>1.5 km comet every
~4 million years on

average

e scarcity of
primordial noble
gases in its
atmosphere

Cometary impacts

Hartogh et al. 2011
Moreno et al. 2012

H20 profile can be reproduced by invoking
a OH/H:0 influx of (2.7-3.4) 105mol cm-2s-

Reflects a temporal change in the oxygen influx into Titan

Herschel 10 years after launch- May 13-14, 2019, ESAC



Determination of the abundance of the trace constituents: HNC

5.4395 10° 54385 10°

Hydrogen isocyanide in Titan
HIF1 / Herschel

Velocity (km/s)

First detection of HNC in the Titan’s atmosphere
29

Herschel 10 years after launch- May 13-14, 2019, ESAC



= HNC distribution:

Models of the HNC line: constant mixing ratio above a given altitude

HNC (6-5)

> 1000 km

Best fits:

>Zo (km)
1000 6.0%12 x 107
900 14703 x 107

Mixing ratio Column (cm™?)
6.3 x 10'2

6.9 x 102

* &

the bulk of HNC is located above 400 km

Origin: reactions

CNH* +¢” — HNC+H
— HCN +H

(H* + HNC — X+ HCNH*

HNC+H — HCN+H
CH; + HNC — CH3CN +H
— CHy +CN

Possible chemical lifetime:

(14-5)%x 10°s

—>we expect
diurnal variations of HNC

Is HNC restricted to the
ionosphere?

30

Moreno et al. 2011
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VeIocit;(g (km/s)

HNC () =4-3)
observation

'| —  Gradient model
- Step model

362.625

Frequency (GHz)

362.63

362.635

_HNC (J = 4 - 3) Vertical Profile _

-+ Step model

— Gradient model

10T 10°
Mixing Ratio

10° 10"

Cordiner et al. 2014

Facility Value Reference

HIFI 4.5+2 Moreno et
ppb al. 2011

ALMA 4.85%0.28 | Cordiner et
g al. 2014

Emission models that take into account
the shapes of the resolved spectral line
profiles confirm the result of Moreno et al.
(2012) that HNC is predominantly confined
to altitudes > 400 km.

T T T T
HNC J=4-3: mean flux over 2000-3350 km 3

L L I 1
0 -20 0 20 40
eeeeeee cy from line center (MHz)

HNC distribution is restricted to Titan’s
thermosphere above ~870 km altitude (Lellouch et
al. 2019). 31



4.- Isotopic ratios 12C/13C in CO and HCN

e jsotopes:
13CO 15)

PACS

|
H3CN 20-19

CO 6
rCN 3

N 13CO and '8CO
170,000 Isotopes in Titan ¥ =

’F— PACS - SPIRE /Herschel ([N}
1200 14-13 1 A

1.2
-

15CO 15-14

I||l .'.I |I.. /‘N, ‘i‘ C|qo - HCO 5“// . . .; i |
Observatlons Best-fit™ " Courtin et al. 2011

Consistent with previous ks

Wavelength [um] Rengel et al. 2014



Isotopic ratio 12C/13C in CO

g isotopic ratios

Deviations from values of
other bodies?

150 12C /13C in CO

No

Terrestrial valuge:
100 Gurwell 2008 —

EATAE

Courtin et al. 2011

Primordial
differences

12C /13C

Emerged on
time

Rengel et
|

No Serigano et al. 2016
significant ., L No significant carbon
fractionation | fractionation occurred

[ during CO formation

Herschel 10 years after launch- May 13-14, 2019, ESAC



|sotopic ratio 12C/13C in HCN

/ing isotopic ratios

Deviations from values of
other bodies?

No
significant
fractionation

Primordial
differences

150 -

Emerged on
time

12C /13C in HCN

8 | Rengel etal. 2014 1
100 [~

Terrestrial value: 89.3

Courtin et al. 2011

o No significant carbon
fractionation occurred
. during HCN formation |

Gurwell 2008 I
Molter et al. 2016

Vinatier et al. 2007

Herschel 10 years after launch- May 13-14, 2019, ESAC




Isotopic ratio 160/180 in CO )

Courtin et al. 2012

1

Measurement Reference
JCMT ~250 Owen et al. 1999 (never-published)
SMA 400 * 41 Gurwell 2008 (unpublished)

: 1 JRNN
il /’/'f\"-. I
S / A \/ 2

"~ “C180 transitions.
, /’f?\\ J,’,‘»\_‘

Herschel/SPIRE 380 * 60 Courtin etal. 2012
ALMA 414 + 45 Serigano et al. 2016

/

N
/ \ \
1 Nyl ol i ,// \\

* First documented measurement of
Titan’s 160/180 in CO

« Value 24% lower than the
Terrestrial ratio (Earth = 500)

- 160/180 depletion in Titan

(enrichment of 180).

What is the origin?



Isotopic ratio 160/180 in CO @

Measurement Reference
JCMT ~250 Owen et al. 1999 (never-published)
SMA 400 = 41 Gurwell 2008 (unpublished)
Herschel/SPIRE 380 * 60 Courtin et al. 2012
ALMA 414 * 45 Serigano et al. 2016
frestrial,y * First documented measurement of
; 50 e - o Titan’s 160/180 in CO
A : % » Value 24% lower than the
‘ L I Terrestrial ratio (Earth = 500)

- 160/180 depletion in Titan
(enrichment of 180).

What is the origin?
Precipitation of O* or O from the Enceladus Torus

Further investigations :
- evolution of oxygen on Titan
- Oxygen processes in Titan’s atmosphere



5.= Future — Synergy with Herschel
= CASSINI/CIRS (extended mission), until 2017. Flybys of

L ]
I |tan. Cassml MlSSlon Overv:ew
Four-Yi n (Proposed), May 2004 - September 2017
| Equinox Mission | S o l's t i ¢ M s s i on
Year of Tour 1 2 3 4 5 6 7 8 9 | 10 | 11 12 13
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» Science Focus Group with key science themes:
« Titan s composition of the middle atmosphere

* Objectives: Long-term monitoring of the changing spatial _,
distributions of gases, clouds and hazes —> reveal the interplay
of chemistry and dynamics



Future — Synergy with Herschel

h | i«‘;’” ~ z'l AV‘ </
| | AL MA - I — = {/,ﬁ:( eé,:{g;:;'-(}/ g'(’—t";{ :‘:”‘n ’.”’ o ,: i

i . . . = e e T e e e
Titan’s atmospheric chemistry/dynamics A e e e SN

- Y + G el & = e

o : : : : = ] / (ré £ (-:/ (! 6___,; G'_f \(%\;}_

Y T Qe
» %> o

" § 7L -

Gurwell 2004
SMA 850 micron unresolved observations

- Search for more complex species

- 3D-mapping and monitoring: seasonal variations

- Dynamics/photochemistry coupling

 Direct measurement of mesospheric (500 km) winds

- Additional observations at higher angular resolution (up to 0. 005“)
will allow for more accurate isotopic ratios and species abundances

= SOFIA

Herschel 10 years after launch- May 13-14, 2019, ESAC
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6.- Conclusion ,
Herschel's Legacy

-Survey between ,0, isotopes

*Determination
*Unexpecte
contains F

atmosphere also

Ence 16Q/180

= Titan’s HCN and €O dataacquired

similar epochsSY(HerschelsAREXSENdIRAM) shows a
great similarly of recordeaiSpecitra

Herschel 10 years after launch- May 13-14, 2019, ESAC
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