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Are we alone?

"o |
e S

Searching
for Life

~ New telescope and instrument
capabilities define entire eras of
science ‘

Characterizing Exoplanet
Atmospheres

Discovering Exoplanets
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-  What can we learn about rocky exoplanet

environments in the coming decades?
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about rocky exoplanet environments in the v
coming decades? o

“The M-dwarf opportunity”

M dwarfs

Transiting Exoplanet Science

.

Exoplanet Science Strategy (2018)
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What can we learn about rocky exoplanet environments in the
coming decades?

“Earth-like planets around

“The M-dwarf opportunity” B i e

20 30&

M dwarfs FG,K,M dwarfs

Transiting Exoplanet Science Exoplanet Direct Imaging

Facilities: JWST, 30m Ground-based Facilities: NASA’s Habitable Worlds

Observatory, LIFE Mission Concept
Astr02020 Exoplanet Science Strategy (2018) ~
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Rocky Exoplanet Characterizatio
Big Picture Questions:
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Rocky Exoplanet Characterization
Big Picture Questions:

1. Does the planet have an
atmosphere?
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Rocky Exoplanet Characterization
Big Picture Questions:

AR
¥

1. Does the planet have an
atmosphere?

2. What is the nature of the
atmosphere?

14
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Rocky Exoplanet Characterization
Big Picture Questions:

1. Does the planet have an
atmosphere?

2. What is the nature of the
atmosphere?

. Is the planet habitable?
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Rocky Exoplanet Characterization
Big Picture Questions:

1. Does the planet have an
atmosphere?

2. What is the nature of the
atmosphere?

. Is the planet habitable?

4. Does the planet have signs
of life?
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ocky Exoplanet Characterization
Big Picture Population Questions:

; s B R P % ¥ S A SRR TG oo
1. How common are atmosphereson
rocky exoplanets around different
stellar types?

2. What physical and chemical
processes shape the atmospheres
of rocky exoplanets?

3. How prevalent are habitable
conditions on rocky exoplanets?

4. Are we alone [and life in the .
universe is exceedingly rare]? Or is
life in the universe common?
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FutUre Work on Potentially Hab'i'ta'ble‘ and

Inhabited Rocky Planets

Case 1 — The Cosmic Shoreline: How common are atmospheres on
' rocky exoplanets around different stellar types?

~ Case 2 — The Habitable Zone: How prevalent are habitable conditions
- on rocky exoplanets?

Case 3 — The Search for Life: Does life readily arise in habitable

| conditions or are we alone?

7/25/25
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~ Case 1—The Cosmic Shoreline:
- How common are atmospheres on rocky

exoplanets around different stellar types?
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Increasing tendency for atmosphere

to be stripped

10 Myr
100 Myr
Trappist 1f

H_ O greenhouse runaway
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Increasing tendency for atmosphere to be retained
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The Cosmic Shoreline divides solar system bodies
- with and without atmospheres

Zahnle & Catling (2017)

N .

In the solar system,

4
o vais

" may implicate thermal

escape.

However, total cumulative
XUV-driven escape

4
IXUV X Vesc
Or energy-limited escape
3
IXUV X Vesc\/p

may instead shape the cosmic

| shoreline.

Does this hold in the
? And if not, ?
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Phase Curve

/{ Star plus planet dayside

/ Star alone

(secondary eclipse)

Star

Star partially blocked /

by planet (transit)

7/25/25

J

blus planet nightsid

R

Jacob Lustig-Yaeger

v less light detected

Amount of Light

from the star-planet system
o
JHU/APL

Secondary eclipse and thermal phase
curves are most sensitive to the strong
emission signal expected from hot
airless planets. However, many thin

atmospheres (< 1 bar) can appear

- consistent with an airless planet.

Transit Transmission spectra are most
sensitive to relatively extended and
cloud-free atmospheres. However,

__'f_’ compact and cloudy atmospheres can
. appear consistent with airless planets.

Thin atmospheres are a challenge and
still slip under the detection sensitivity
of both techniques.
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A Rocky Worlds 500-hr DDT Program

* Science Goals i i s
e Determine if rocky planets have ATMOSPHERES LESS LIKELY

atmospheres -

* Define the cosmic shoreline

* Observing Approach
e Survey of rocky M-dwarf exoplanets
e Secondary eclipses
e 15-20 planets
e 15 um MIRI photometry

’ MERCURY

| (Relative Cumulative XUV Irradiation)

Precise Mass Constraint
ATMOSPHERES MORE LIKELY O No Mass Constraint

e Targets Under Consideration (TUC) - s ki
. . .o g 5 6 7 8 9 10 20
* First Four planets identified in orange Escape Velocity (kmys)
* More planets to come later in 2025 2

7/25/25 Jacob Lustig-Yaeger | JHU/APL

htt_ps://rockyworIds.stsci.edq/rw—website—'targets.html ;
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A Rocky Worlds 500-hr DDT Program

e Science Goals

e Determine if rocky planets have
atmospheres

* Define the cosmic shoreline

* Observing Approach
e Survey of rocky M-dwarf exoplanets
e Secondary eclipses
e 15-20 planets
e 15 um MIRI photometry

e Targets Under Consideration (TUC)

7/25/25

* First Four planets identified in orange
* More planets to come later in 2025

| (Relative Cumulative XUV Irradiation)

Jacob Lustig-Yaeger

ATMOSPHERES LESS LIKELY

t Name: LHS 1140 b
Escap ty:20.125
" MERCURY adiance: 11.385
Priority Metric: 7.620e-2

Precise Mass Constraint
O No Mass Constraint
Rocky Worlds DDT Targets

Escape Velocity (km/s)

htt_ps://rockyworIds.stsci.edq/rw—website—'targets.html ;

JHU/APL
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- Charting the Cosmic Shoreline
JWST GO Program 7073 (PIs Lustig-Yaeger & Stevenson)

SRR

~ * Science questions:

1. Planet-Level: Do temperate M-dwarf rocky planets possess secondary atmospheres?
2. System-Level: Where is the cosmic shoreline located within a given multi-planet system?
3. Population-Level: How does the presence of atmospheres correlate with stellar type?

| * Observing Strategy: Transmission spectroscopy from 1-5 um

e
)
|

7/25/25

* NIRSpec/G395H + NIRISS SOSS or NIRSpec PRISM

. Tar%ets: 6 sibling planets in 3 different systems (245 hrs), including planets most

ikely to have atmospheres
¢ R, =1.1-17R:

Jacob Lustig-Yaeger | JHU/APL



~ Charting the Cosmic Shoreline

- JWST GO Program 7073 (PIs Lustig-Yaeger & Stevenson)

No Atmospheres

Mercury

Atmospheres

Incident Flux Relative to Earth [log(/e)]

3.8 3.9 4.0 4.1

Escape Velocity [log(m/s)]

7/25/25 Jacob Lustig-Yaeger | JHU/APL

Stellar Effective Temperature (K)
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~ Charting the Cosmic Shoreline

- JWST GO Program 7073 (PIs Lustig-Yaeger & Stevenson)
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~ Charting the Cosmic Shoreline

- JWST GO Program 7073 (PIs Lustig-Yaeger & Stevenson)
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- Charting the Cosmic Shoreline
- JWST GO Program 7073 (Pls Lustig-Yaeger & Stevenson)

7/25/25

Incident Flux Relative to Earth [log(/e)]
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~ Charting the Cosmic Shoreline
- JWST GO Program 7073 (Pls Lustig-Yaeger & Stevenson)
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- Charting the Cosmic Shoreline
- JWST GO Program 7073 (Pls Lustig-Yaeger & Stevenson)
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" Finding atmospheres would be great, but not
fmdmg them would be profound

if we find that M dwarf
. rocky planets don’t have
. atmospheres into (and

. beyond) the HZ, then we
~ can effectively cross 75%
- of starsin the universe

~ off our list of targets that
- could have habitable

~ surfaces and host life (as
. weknow it).
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i Case 2 — The Habitable Zone:
- How prevalent are habitable
. conditions on rocky exoplanets?

7/25/25 Jacob Lustig-Yaeger JHU/APL



not guaranteed to

- have liquid water on
. surface

-+ Complicated interactions
| - between the star, planet,
and entire planetary
system may work in
concert to promote,
destrog, or sustain
habitable planetary
conditions

7/25/25

I Planetary Habitability |

* Planets within the HZ are

actually be habitable (i.e., :

PR

Many factors affect habitability, not
just the distance from the star

B ——

Metallicity Cosmic Rays' Galactic O‘rbit

Composition | Location o b;t I |
& Structure Minor Planets lutic
Isotopic Abundance EXomoons Svolution
5 I;ota'.[ion/ "«i -:? BT Dust
¥ g 'V\Fl'mlcii\ . »  Radius Mass
A A _# 4 Luminosity
( ~ Stellar Effects Planetary Systems Masses
Spectral Energy Sibling
Distribution Spectrum Orbit Planets
: rbits
Outgassing Semi-major Axis Oblateness
B Structure _ 3 Eccentricity  Orbital Dynamics
Magnetic Interior  Volcanism Rotation  0bliquity
Field pg, onic Planetary Properties Rate
Biology
_ Escape '
Composition Clouds & Hazes §
g : : Inhomogeneities
[y A AtmosphereStructure B g S Tecl;)nology
_ A A cean
Isotopic UV Climate WERS ;

Ratios Surface

Pressure Shielding Composition

Jacob Lustig-Yaeger | JHU/APL
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1. Direct evidence of surface liquid
water

2. Indirect evidence of surface liquid

water

7/25/25 Jacob Lustig-Yaeger | JHU/APL



Constraining Exoplanet Habitability

1. DIFECt eV|dence Of SU rface |IO|UId . Two Direct Methods of Detecting Oceans |+
water . on Habitable Zone Rocky Planets

Scattering Properties (Glint)

* Ocean glint from reflected light
measurements at multiple phases
(including crescent).

Rotational Mapping

// llfﬁ“-n::‘ T

v ¥
L

Percent Lond

2. Indirect evidence of surface liquid
water

£ BRI AN

7/25/25 Jacob Lustig-Yaeger | JHU/APL 38



Constraining Exoplanet Habitability

PR SRSl

T T R i S TR N R AR - , ) RN S T
1. Direct eV|dence Of Surface |IC]UId Two Direct Methods of Detecting Oceans s
water . on Habitable Zone Rocky Planets A
* Ocean glint from reflected light . Rotational Mapping Scattering Properties (Glint) '
measurements at multiple phases
(including crescent).

2. Indirect evidence of surface liquid
water
e Surface conditions (temperature,

pressure, atmospheric water vapor)
that are consistent with liquid water.

_€g, Cowanret al. (2009)

7/25/25 Jacob Lustig-Yaeger | JHU/APL 39



' Constraining Exoplanet Habitability

SRR s R

1. Direct eV|d‘ence of su rface |quld

A RN

_. TR .) ¢ e 7___'-," PR e

Two Direct Methods of Detecting Oceans

water _ on Habitable Zone Rocky Planets '-"'";__)
3 Ocean gllnt from reﬂeCtEd llght Rotational Mapping Scattering Properties (Glint) |
measurements at multiple phases - —

(including crescent).

2. Indirect evidence of surface liquid
water

e Surface conditions (temperature,
pressure, atmospheric water vapor)
that are consistent with liquid water.

* Trends among a population of HZ
planets that exhibit climate stability
due to the presence of oceans.

‘f'tthls next week at the i
: :HW025 meetmg in DC -
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A Statistical Test of the Habitable Zone

Leveraging the Exoplanet Ensemble to Empirically test the si-Iicate—Weathering feedback

The Geologic Carbonate-Silicate Cycle

€0, UPTAKE BY ROCK WEATHERING

carbonate rock weathering ATMOSPHERIC CONCENTRATION
CO; + H,0 + CaC04 = Ca** + 2HCO; OF C0O2, CARBON DIOXIDE
silicate rock weathering
2C0, + H,0 + CaSi0y = Ca** + 2HCO; + Si0,

MARINE ORGANISMS BUILD CaC04
SHELLS, RELEASE €0,

carbonate precipitation
Ca** 4+ 2HCO; = CO, + H,0 + CaC0y

metamorphism
CaC0y + Si0, — CaSi0, + CO,

Ca®* AND HCO; TRANSPORTED
TO OCEANS BY RIVERS

' Bean etal. (2017)

7/25/25 Jacob Lustig-Yaeger | JHU/APL



A Statistical Test of the Habitable Zone

=Y
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>
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i Bean etal. (2017)

7/25/25

: Leveraging the Exoplanet Ensemble to Empirically test the si-Iicate—Weathering feedback

* The concept of the HZ rests on
the assumption of a functioning
silicate-weathering feedback

 * Planets that receives less stellar

| radiation, should have more
atmospheric CO, to maintain
surface temperatures that allow
liquid water

* This hypothesis can be tested by

closer to star — | analyzing the atmospheres of

0.4 0.6 0.8
Stellar Irradiation [S ]

many exoplanets

g

Jacob Lustig-Yaeger | JHU/APL
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¢ We developed a Hierarchical Bayesian Atmospheric |

Detecting Atmospheric CO, Trends as Population-Level
Signatures for Long-Term Stable Water Oceans

il

Retrieval (HBAR) numerical approach to investigate
population-level trends in exoplanet atmospheres
(Lustig-Yaeger et al. 2022).

* Impractical with JWST in terms of S/N and number of
targets.

Population Retrieval

_.___ P ‘Hansen et al. (2025) -

Jacob Lustig-Yaeger | JHU/APL 43



. Detecting Atmospheric CO, Trends as Population-Level
- Signatures for Long-Term Stable Water Oceans

Synthetic Survey

Trend Statistics

Incident Flux Atmospheric CO, Abundance Observational Uncertainty L . o
5pCO Population Retrieval

Posterior Density

Ground Truth

Retrieved
Trend

""""

T AT

* Simulated LIFE survey results demonstrate the robust detection of population-level CO, trends

.~ « But biased CO, partial pressure constraints hinder accurate differentiation between biotic and abiotic trends,

underscoring the importance of testing atmospheric characterization performance against the broad
diversity expected for planetary populations

' Hansen et al. (202'5) %

7/25/25

Jacob Lustig-Yaeger | JHU/APL
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- Case 3 —The Search for Life:
~ Does life readily arise in habitable
conditions or are we alone?

7/25/25 Jacob Lustig-Yaeger JHU/APL
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Biosignatures |

7/25/25

What does life Can a dead planet
produce? fool us?

Vs

Meadows (20'1.7); Meadows et aI. (2Q18)‘

1. Reliability

What makes for a good biosignature?

B o4

* Does it have biological origin? Is it more likely to be
produced by life than planetary processes e.qg.
geology, chemistry, etc.

' 2. Survivability

* Does it avoid destruction in a planetary
environment such that it can accumulate? e.q.
destruction by reactions with volcanic gases, water,
etc.

- 3. Detectability

* Does it build up to detectable levels? Is it distinct
from other gases?

Jacob Lustig-Yaeger | JHU/APL
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Biosignatures on the

Earth Through Time

* Earth’s atmospvheric composition
has changed with time over
billions of years

n
o

age (billions of yeérs ago)

L oxygen

104 102 100 102 104
column mass (g/cm?2)

LUVOIR Final Report (2019)
7/25/25 Jacob Lustig-Yaeger | JHU/APL 48




age (billions of years ago)

104 102 100 102 104
column mass (g/cm2)

~ LUVOIR Final Report (2019)
7/25/25

Archean Earth
Archean ——
hazy Archean

Proterozoic Earth
1% present level of 0 ——
0.1% present level of 0y ——

wavelength (um)

Modern Earth
modern ——

1.0 1.5
wavelength (um)

Jacob Lustig-Yaeger

« Earth’s atmos}p

Biosignatures on the

Earth Through Time

T

heric composition

has changed with time over
billions of years

JHU/APL
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age (billions of years ago)

104 102 100 102 10!
column mass (g/cm2)

Archean Earth
Archean ——
hazy Archean

Proterozoic Earth
1% present level of 0 ——
0.1% present level of 0y ——

Modern Earth
modern ——

1.0 1.6

wavelength (um

- LUVOIR Final Report (2019)

7/25/25

Jacob Lustig-Yaeger

Biosignatures on the

Earth Through Time

T

e Earth’s atmos»p'heric composition

has changed with time over
billions of years

* On the Modern Earth, oxygen,
ozone, and methane are
biosignhatures

JHU/APL
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age (billions of years ago)
o N
o ()]

s
()}

L |
104 102 100 102 104
column mass (g/cm2)

~ LUVOIR Final Report (2019)

7/25/25

Archean Earth
Archean ——
hazy Archean

Proterozoic Earth | .
1% present level of 0, —— [ & 20\
0.1% present level of 0, —— o &

Modern Earth | -~ =

modern ——

1.0 1.5
wavelength (um)

Biosignatures on the

Earth Through Time

e Earth’s atmos»p'heric composition

has changed with time over
billions of years

* On the Modern Earth, oxygen,
ozone, and methane are
biosignhatures

' * On the Early Earth, methane and

carbon dioxide together may be
considered a biosignature

Jacob Lustig-Yaeger | JHU/APL
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. e

ExoEarth Candidates tﬁ Obsérve

Des‘igning HWO to Perform a‘RdbUSt' Search '
. for Life

_f;.g-,-gr_@:e e . * The number of candidate exoplanets (N, required to

=

constrain the fraction of planets with a given
characteristic x (f,) at a given confidence level (c) can be

written as:
log(1 —¢)

¢ log(1=£)
* A non-detection of life still means something.

100 §

- ' * If we examine 25 candidate spectra and do not see signs of life,
; then we can say that the frequency of habitable planets with

' observable signs of life is <10% of candidate planets in the
nearby universe at 95% confidence, placing the first ever upper
limit on the frequency of observable biospheres in the cosmos.

10}

0.01 0.10 1.00

fc‘:-*bservabfe life

' ;“,»'j('Stér‘k'et‘é'I. 2014);"S_e‘e. also, HWO S»_ci'evnce‘Case.:r The Search for Life-on Potehtially Habitable Elxoplah_ets

Jacob Lustig-Yaeger | JHU/APL
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https://docs.google.com/document/d/1bQFVPS1PacCraszTA_fI5CXhk0tAQujm/edit?tab=t.0#heading=h.gjdgxs

Pathways to Habitable Worlds | Astro2020

v ”Llfe on Earth may be the resu/t of a common process orit may requ:re such
- an unusual set of circumstances that we are the only living beings within our
~ part of the galaxy, or even in the universe. Either answer is profound.

R If planets like Earth are rare, our own world becomes even more precious.

| If we do discover the signature of life in another planetary system, it will
i change our place in the universe in a way not seen since the days of
| Copernicus—placing Earth among a community and continuum of worlds.

| The coming decades will set humanity down a path to determine whether we [+ i'
| are alone.”

7/25/25 Jacob Lustig-Yaeger | JHU/APL 54



Pathways to Habitable Worlds | astro2020

£ IR R DR S N AT S ) L S
“Life on Earth may be the resu/t of a common process or it may reqwre such
an unusual set of circumstances that we are the only living beings within our

part of the galaxy, or even in the universe. Either answer is profound.
If planets like Earth are rare, our own world becomes even more precious.

R o NP Sa—
P SRR OO i

o I [ we do discover the signature of life in another planetary system, it will
@ change our place in the universe in a way not seen since the days of
| Copernicus—placing Earth among a community and continuum of worlds.

| The coming decades will set humanity down a path to determine whether we
are alone.”

\ i s R T T N RIS RN & TRE I T TR R T WL
: i wos AU B LR 3 A S
X oy 4 Ras B N A3 o B U e R
PR S 28 : e L P ad i e s N AR | i RO P 2
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Pathways to Habitable Worlds | Astro2020

e “life on Earth may be the resu/t of a common process orit may requ:re such
B 0n unusual set of circumstances that we are the only living beings within our
B part of the galaxy, or even in the universe. Either answer is profound.

R If planets like Earth are rare, our own world becomes even more precious.

 If we do discover the signature of life in another planetary system, it will
. change our place in the universe in a way not seen since the days of
. Copernicus—placing Earth among a community and continuum of worlds.

| The coming decades will set humanity down a path to determine whether we [+ i'
| are alone.”
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Pathways to Habitable Worlds | astro2020

T e e R R s R

“Life on Earth may be the resu/t o common process or it mayreqwre such
an unusual set of circumstances that we are the only living beings within our
part of the galaxy, or even in the universe. Either answer is profound.

If planets like Earth are rare, our own world becomes even more precious.

i If we do discover the signature of life in another planetary system, it will
@ change our place in the universe in a way not seen since the days of
| Copernicus—placing Earth among a community and continuum of worlds.

' The coming decades will set humanity down a path to determine whether we
are alone.”

7/25/25 Jacob Lustig-Yaeger | JHU/APL 57



Conclusions

Y

- * Constraining the demographics of atmospheric characteristics will

- enable an empirical classification of exoplanets, including the intrinsic
diversity exhibited by the exoplanet ensemble and physical processes
that drive these characteristics.

| * The cosmic shoreline in M-dwarf systems presents the first tangible
rocky planet atmospheric demographics survey.

' * Longer term goals for next-generation telescopes will give an
opportunity to empirically test the HZ and search for life outside the
solar system.

K What other population-level questions will we answer along the way?

7/25/25 Jacob Lustig-Yaeger | JHU/APL
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