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Abstract: Atmospheric characterisation of habitable-zone exoplanets is a major frontier of exoplanet science. The detection of atmospheric
signatures of habitable Earth-like exoplanets is challenging due to their small planet-star size contrast and thin atmospheres with high mean
molecular weight. Recently, a new class of habitable sub-Neptune exoplanets, called Hycean worlds, have been proposed, which are expected to be
temperate ocean-covered worlds with H2-rich atmospheres. Their large sizes and extended atmospheres, compared to rocky planets of the same
mass, make Hycean worlds significantly more accessible to atmospheric spectroscopy. Severa temperate Sub-Neptunes have been identified in
recent studies as candidate Hycean worlds orbiting nearby M dwarfs that make them highly conducive for transmission spectroscopy with JWST.
Recently, we reported the first JWST spectrum of a possible Hycean world, K2-18 b, with detections of multiple carbon-bearing molecules in its
atmosphere. In this talk, we will present constraints on the atmospheric composition of K2-18 b and on the temperature structure, clouds/hazes,
atmospheric extent, chemical disequilibrium and the possibility of a habitable ocean underneath the atmosphere. We will discuss new observational
and theoretical developments in the characterisation of candidate Hycean worlds, and their potential for habitability. Our findings demonstrate the
unprecedented potential of JWST for characterising Hycean worlds, and temperate sub-Neptunes in general, and open a new era of atmospheric
characterisation of habitable-zone exoplanets with JWST.
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Requirements for Biosignature Detection in an Earth-twin

1. Detection of a true Earth-twin
2. Observational capability for biosignature detection

raditc ACA
Image Credits: NASA
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Harnessing Exoplanet Diversity

1. Which currently known exoplanets are potentially habitable?
2. Which of them are conducive for atmospheric observations?
3. What are the possible biosignatures that may be detectable?
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Outline

. Exoplanet Habitability

. The Hycean Paradigm

. Biosignatures and Detectability
. K2-18b: A Case Study
. Future Outlook
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The Classical Habitable Zone

) . : HabitableZone"

- 1 !
L Mars

Earth
¥enus

Mass of star rdativeto Sun

L 05

- "‘
®  coppe 900 o
. '

D

L

0.1 1 10
L 1 1

Radius of orbit redativeto Earth's
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Potentially Habitable Exoplanets

Sorted by Distance from Earth
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In Search of Habitable Exoplanets
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In Search of Habitable Exoplanets
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The Trappist-1 System

TRAPPIST-1 System

Inner Solar System

Mercury

Image credits: NASA
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The Sub-Neptune Regime

Sub-Neptunes dominate the exoplanet population but have no analogue in the Solar system

Radius
Valley

Frequency (P <100 days)
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What are the limits on planet mass,
radius, and temperature for

habitability?
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In Search of Habitable Exoplanets
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Outline

. Exoplanet Habitability

. The Hycean Paradigm

. Biosignatures and Detectability
. K2-18b: A JWST Case Study
. Future Outlook
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The Sub-Neptune K2-18 b

A Habitable-zone Sub-Neptune transiting a M2.5 V star

P = 33 day, transit depth = 0.3% (Montet et al. 2015)
M, =8.63+1.35M; (Cloutier et al. 2019)

R, =2.6110.08 R; (Benneke et al. 2019)

Teq = 250-300 K, Earth-like insolation

No analogue in the solar system.
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Constraints on Atmospheric Composition
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Constraints on Atmospheric Composition

H,-rich atmosphere with strong molecular absorption
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Constraints on Interior Composition
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Atmosphere-Interior Coupling
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log Pressure (bar)

Atmosphere-Interior Boundary
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Effects of Atmospheric Parameters
Need high albedo for most Hycean candidates
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—— FcheamWarIds =
A New Regime in Planetary Habltablllty

_ Madhusudhan, Piette and Constantinou 2021 -

g
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The Hycean Mass-Radius Plane
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The Classical Habitable Zone
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Temperature Structures

10—°
i Planet A 7
: 51116, 2.15 Rq_) :
107 4F 3
L Tetsei T 4
- 2500 K, 430 K 1
10~ 300KK, 427K 3
I 3000 K, 427K |
- l 3300K, 418 K |
‘cE' - 3400 K, 415 K ]
= 107 2F 3590 K, 410K ™
B B 1145 K, 384 K 1
: 1430 K, 36T K :
10~ =
10°F -
L Ice S \ r
b Sral \\*':-lpmlr o
101 B 1 i I ] -
200 300 400 500 600 700
T (K)
Madhusudhan et al 2021

Self-consistent Models using GENESIS
(Gandhi & Madhusudhan 2017, Piette and Madhusudhan 2020)

10—2

10—*

10"

lU(]

10!

[ Planet B 1
i 10 Mg, 2.60 Rg ]
- Tetars Taq -
o 2500 K, 431 K L
. 3000K, 427K 3
L 3000 K, 427K

[ 3300 K, 412K i
‘ 3400 K, 411 K :
I 3590 K, 409 K =
3 1145 K, 381 K

5 1430 K, 359 K 1
L Ice s k. i
L Liquid \\-"ﬂpour /]
E | ] L L 1 p
200 300 400 500 600 T00

T (K)

Page 25/56



I
The Hycean Habitable Zone
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.
The Hycean Habitable Zone
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Dark Hycean Temperature Structures
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I
Hycean Candidates

Properties of Promising Hycean Candidates and Their Host Stars

Name Mp/M,, Rp/R. Teo/K a/an M. /M. R./R. T./K J mag V mag Ref
K2-18 b 8.63 + 135 251501 250 0.153 0.44 0.45 3590 9.8 135 1,2
K2-3 ¢ 214138 1.741917 286 0.136 0.55 0.55 3500 9.4 12.2 1,3
TOI-1266 ¢ 22430 1.5625:43 291 0.106 0.45 0.42 3600 9.7 12.9 4
TOI-732¢ 629508 242 £0.10 305 0.076 0.38 0.38 3360 9.0 13.1 5
TOL-270 d 4.78 + 0.46 2.01 + 0.07 327 0.072 0.39 0.38 3506 9.1 126 6
TOL-175d 2311048 1.57 £ 0.14 341 0.051 0.31 0.31 3412 7.9 11.7 7,8
TOI-776 ¢ 5.30 + 1.80 2.02 4+ 0.14 350 0.100 0.54 0.54 3709 8.5 11.5 9
LTT 1445 Ab 2.2+ 1387013 367 0.038 0.26 0.28 3337 7.3 112 10
K2-3 b 6487033 2127013 384 0.075 0.55 0.55 3500 9.4 12.2 1,3
TOL-270 ¢ 6.14 + 038 2.33 +0.07 413 0.045 0.39 0.38 3506 9.1 126 6
TOI-776 b 4.00 +0.90 1.85 4+ 0.13 434 0.065 0.54 0.54 3709 8.5 115 9

Note. The table lists properties of promising exoplanets that fall within the Hycean boundaries in Figure 1, with T, < 500 K, and whose host stars have J < 10. T, is
the equilibrium temperature of the planet assuming full day-night energy redistribution and a Bond albedo of (.5, as discussed in Section 3.1. The first five columns
show the planet properties, and the following five columns show the stellar properties. M., R,, and T, are the mass, radius, and effective temperature of the host star,
respectively.

References. System properties are derived from (1) Hardegree-Ullman et al. 2020; (2) Cloutier et al. 2019b; (3) Kosiarek et al. 2019; (4) Demory et al. 2020,
(5) Nowak et al. 2020; (6) Van Eylen et al. 2021; (7) Kostov et al. 2019; (8) Cloutier et al. 2019a; (9) Luque et al. 2021; (10) Winters et al. 2019.
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Chemical Probes of the Presence of a Surface

Rocky world

) Deep H,-rich atmosphere Effect of Surface
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Madhusudhan et al. 2023

. * Deep H2-rich Atmosphere: Inconsistent with high CH, and CO, and low NH,
* Shallow H2-rich Atmosphere + Solid Surface: Inconsistent with Density
* Shallow H2-rich Atmosphere + Ocean Surface: Consistent with all data

Presence of Ocean: High H,0, CO,, CH,, Low NH; HCN, CO
Composition depends on P-T profile, initial & boundary conditions
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Chemical Signatures of Hycean Atmospheres
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Outline

. Exoplanet Habitability

. The Hycean Paradigm

. Biosignatures and Detectability
. K2-18b: A Case Study
. Future Outlook
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e
Prominent Biomarkers

Biosignaiure
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Photosynthesis: splitting
of water

Photosynthesis:
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reduction of nitrate
with organic matter
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Volatilization of dead
or waste organic
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if given H,8 in place
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(Moran er al., 2008).
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from ClH,, CH,SH,
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produced organic
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Abiagenic false positive
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Robustness of a candidate biomarker
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Secondary biomarkers more promising for
H,-rich atmospheres

Need for molecular absorption data for
biomarkers in non-terrestrial environments

Cathing et al. 2018, also see Segura et al. 2005, Domagal-Goldman et al. 2011, Seager et al. 2013,2016
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Biosignhature Spectral Contributions
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T
Transit Spectroscopy of Exoplanets with JWST
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Biosignature Detectability: Trappist-1 with JWST
O; in Trappist-1 Planets (Earth-size planets)

Need several tens of transits for O, detection

30 transits 60 transits k 90 transits
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Biosignature Detectability: Hycean Candidates with JWST

Multiple biomarkers, 4 transits (20-30 hours) for each planet

L) L] L] L | ] Ll L Ll L] | L) L] L] Ll || L] L] L) L] ] Ll Ll L L) 1 L] L | L] | L] L] L] L) || L] LI L] L] ]

H.0
0.36F cH,

HyO NH;

+

0‘33 - 1 L L L Il L 1 1 1 1 i i L 1 i L 1 I 4 1 i L L 1 L L 1 i 1 L 1 L 1 1 i 1 i i 1

Transit Depth (%)
)
&

I:‘S“ Ll L L L l L] L) L § L] I T L] T Ll r Ll T L] LI 'l T L] LE L] l LE Ll T L] I T Ll L] L] I L) L) L L 'r
= 0.26p 1O N,O €S, OCS -
= CH, CH / { €5 \
: if ‘ LAY .
E_.. 0.25F NH; I i ] CH, ; o I\ -
; . H:O0 NH; ' DMS - -

e ; H,0 ¥ H,0 + [+ CH,Cl d .
I 0.24p CH, NH, %
g N N TOI-270 d
p 0.23 PR W TR T N W TN SUNNY NN (NN TN RN NN TN NN RN SHNN TN T [ SN SN TN SHN N T T N S N SN S SN T RN SN S S N N
= i L] L L] L) I L] L T L I L] L] L) L) l L] L] L] L I T L] L L] l L] ¥ T L) I T L L] L I L) L) L ..l I
5 0.31pF H.0 N,O CS, OCs -
£ 0.30} N
QO H20
= 0.29 NH,
n
B .25 ‘ NIRISS ~ NIRSpec (;:m:‘.tl K2-18 b
; [ 1 1 1 L l 1 L 1 1 I 1 1 1 1 l 1 1 ‘I l-‘ l 1 1 1L 1 l Il 1 1 1 l 1 Il L 1 l 1 1 1 Il I i

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Wavelength (pm)
Madhusudhan, Piette & Constantinou 2021

Pirsa: 23110069 Page 37/56



Outline

. Exoplanet Habitability

. The Hycean Paradigm

. Biosignatures and Detectability
. K2-18b: A JWST Case Study
. Future Outlook
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K2-18b: What is the Atmospheric Composition?
; 0.31 T
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(Barclay et al. 2021)
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e
K2-18b: What are the Interior and Surface Conditions?

4-0 i ;} T R ;) W I{}; T _' . =T T T
[ 94.7% Fe core, 0.3% H,0, 5% H/He (Case 1) 1 e 3
[ 45% Earth-like core, 54.97% H,0, 0.03% H/He (Case 2) . Liquid H,0 at surface possible
L 10% Earth-like core, 89.994% H-»0, 0.006% H/He (Case 3 ; 200 500 1000 5000
3.5F100% H,0 _ . i - -1 T — r 14
[ 100% MgSiO; ] ol HHB loci { _
L 100% Fe anoin H,O adiabats 3
Rocky World ] 1 {6
= 3.0 _ ey ]
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Credits: Terri Dube Madhusudhan et al. 2020 Piette & Madhusudhan 2020, Innes et al. 2023
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I
JWST GO Program 2722

Chemical Disequilibrium in a Temperate Sub-Neptune

' Y

We will observe the first signs of chemical disequilibrium in the habitable-zone mini-
Neptune K2-18b. We will conduct high-precision transit spectroscopy in the 1-8 um
range with three JWST instruments (NIRISS, NIRSpec and MIRI) and detect prominent
molecules such as H,O, CH, and NH; along with trace chemicals like CO and CO,.

* Source: M2.5V, ] = 9.8, d = 38 pc, High proper motion [ baaredction

Stage 1&2
* Two transits: one each with NIRISS and NIRSpec Sl e
* NIRSpec G395H: 2.7-5.2 um, R~2700 f sm;ea
Spectrum extraction and additional
- Jan 20, 2023, 5.3 hours, separate TA source (i disksim it

. * r
e NIRISS SOSS: 0.9-2.8 um, R~700, 4.9 hours G DR EE
( White light curve fitting )
- June 1, 2023, 4.9 hours, TA on target» Y ;
Spectroscopic light curve fitting
. . . Limb-darkening coefficients fit at R~20,
* Successful time-series observations, no HGA move [ befre fiting at ntivo rolion
* o
[ Transmission spectrum ]
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I
JWST Observations: NIRSpec G395H
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]
JWST Observations: NIRISS SOSS
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The JWST Spectrum of K2-18 b
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.
Atmospheric Retrieval

4 3 ~ i 5 i n
Data Parametric Atmosphere | | npu: M.Odd Param?tf._rs
(Observed Spectrum) Model - (P-T Profile, Composition)
a K "
Compute Atmospheric
A\ Structure and Opacity
" Parameter Estimation ‘ k N

Scheme I
Radiative Transfer

! | !

| Posterior PDFs and Estimates ‘
of Parameters

Output: Model Spectrum

A\

Madhusudhan 2018

Retrieval Considerations
Canonical Model (22 params): 11 nominal molecules, P-T profile, Inhomogeneous Clouds/Hazes, Reference pressure
Other Considerations: Stellar Heterogeneities, other molecules, Mie scattering from multiple aerosols, offsets between datasets
Bayesian Inference: MultiNest, Model comparisons (Detection significances), High-resolution data and models
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Atmospheric Retrieval

No Offset One Offset Two Offsets
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Atmospheric Retrieval

I I L] 1 I I
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Cases CH,4 CO, DMS H20 NH3;  CHsCl CO HCN
No offset -2.04t8;§; (4.70) —1753003 (290) —4.46%07 (240) <-321 <-446 <-2.50 <-3.00 <-2.41
1 offset  —1.74702 (5.00) —2.09103%; (2.90) —6.35T32 (~lo) <—3.06 <—4.51 <-3.80 <-3.50 <-—2.92

2 offsets —1.8970%5 (5.00) —2.051032 (3.20) —6.87735: () <—349 <—493 <-362 <-3.19 <-3.21

Madhusudhan et al. 2023
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Atmospheric Composition

1 I L]
0.31F K2—18 b b NIRISS SOSS -
g JWST Transmission Spectrum S NIDSpes CaesH
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H,-rich with high abundance (>1%) of CH, and CO,
Non-detections of H,0O, NH;, and CO

Marginal evidence for DMS, potential biomarker

Evidence for Clouds/Hazes and Low stratospheric temperatures

; Madhusudhan 2023
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Chemical Probes of the Presence of a Surface

Rocky world
Deep Hz—rifh atmosphere

% Effect of Surface
o [ -8
— 10 T T T
ok 10°7F
= : 107}
— u:’ ,;\ “_-,—s L
:l.'é. E :-g; 104
Hycean world o g g 1ot
a - 4 = 10-2.
8= ’/ 4 107
a 53 £
. £ +
— 10} .
2 E A | 1 bar surface |
o 1000 . L i i i " i i a
b= wul_.h"'h.ul_ il e 10" 107 1w® w3 104 1wd 10 10! 1
108 10? 106 105 104 103 102 0.1 1 Mixing Ratio for nominal, 1 bar surface
Mini-Neptune Volume Mixing Ratio

Yu et al. 2021, Hu et al. 2021, Tsai et al. 2021
Madhusudhan et al. 2023

. * Deep H2-rich Atmosphere: Inconsistent with high CH, and CO, and low NH,
Shallow H2-rich Atmosphere + Solid Surface: Inconsistent with Density
* Shallow H2-rich Atmosphere + Ocean Surface: Consistent with all data
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Chemical Diagnostics of Hycean Atmospheres

Hycean Candidate
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F

int

| Deep Atmosphere

Madhusudhan, Moses, Rigby and Barrier 2023

Yu et al. 2021, Hu et al. 2021, Tsai et al. 2021

Rocky world

Hycean world

Mini-Neptune
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Conclusions

— Resolution to missing methane problem in a temperate exoplanet

— Composition inconsistent with mini-Neptune or rocky world
— New theoretical work needed for alternate explanations

— More modeling and observations needed for robustness
— New theoretical work needed to establish biological activity

— Hycean worlds to expand and accelerate the search for life
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K2-18 b: A Possible Hycean World
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Atmospheric Reconnaissance of Nearby (<40 pc) Hycean Candidates
Over 200 hours of JWST time allocated in Cycles 1 and 2 for diverse science
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A Holistic Approach

Coupled Atmosphere-Interior-Surface Constraints

Atmospheric

/ Conditions \

Interior and Surface

Observations Conditions

* Mass, Radius, Host star
* Transmission Spectra
* Emission Spectra

H/He atmos.
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