Earth as an
Exoplanet:
Relevance to
ExoEarths

Edward Schwieterman
University of California, Riverside
ExoPPAG 28
San Antonio, TX
10/1/2023

ALTERNATIVE Fa

/»‘\.V\@
E-FIRTHS svpl 1 ® ExoPAG 28e Earth as an Exoplanet ® Eddie Schwieterman e cschwiet@ucr.edu e 10/1/2023 A



mailto:eschwiet@ucr.edu

Earth is a Dynamic, Habitable, Geological Active, Living Planet

“Blue of the sky”
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Life processes (e.g., carbon cycle, nitrogen cycle, oxygenic photosynthesis) have a large lever arm on Earth’s
atmospheric composition on geologically short timescales. These processes impact the remote spectrum.
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Earth’s Transmitted Light Spectrum & Its Features

See thermal radiation from
planet disappear & reappear

Model Fit
w—— (bs. Data

Top: illustration from
Deming+2018; Right:
model retrieval from
Lustig-Yaeger+2023 using
reconstructed Earth
transmission spectrum

Q

Wavel;ength [pem]

from Macdonald & Cowan  Spectrum contains gaseous habitability markers CO, (2.7,4.3, 15 um), (6 um), and
2019, derived from N, (4.2 um); biosignatures CH, (3.3, 7.7 um), O; (4.7,9.7 um) and N,O (4,7.7,8.5 um)

SCISAT ACE-FTS data and technosignatures CFC-11 (CCI5F; 1 1.8 um), (CCl,F,), and (6.2 um).
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Earth’s Transmitted Light Spectrum—High Resolution

Obs. Data
Model Fit
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High-res data (Av = 0.02 cm'; R=10° at 5 um) are excellent for teasing

out trace gas features and contributions from CIA (O,-O,; O,-N,) o
Macdonald & Cowan (2019, 2023); Lustig-Yaeger+2023 o
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Earth’s Reflected Light Spectrum and Its Features

Accessible Wavelength Regions will Depend on Observing Mode and Instrumentation

Schwieterman et al., 2018
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- "Reflected light” — the . | . . . 0 e 1e 13

light from the star is

» ' An Earth spectrum at quadrature (half illumination) in ultraviolet (UV), visible (VIS), and
reflected (and/or :

: near-infrared (NIR) wavelengths shows features from oxygen (O,), ozone (O;), water
Scattered) by the planet vapor (H,O), and carbon dioxide (CO,). Rayleigh scattering from Earth’s blue sky is

- to the distant observer. shown (A“). A small signature from Earth’s vegetation red-edge (/" ) is apparent.
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Earth’s Reflected and NIR-emitted Light

Radiance (W m™2 um™"sr™)

Wavelength (um)

. Interesting features where there is little flux...
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Importance of Wavelength-Range & Observing Mode SO

Earth’s Thermal In.frared. Spectrum

Wavelength (um)

Robinson & Reinhard, Planetary Astrobiology
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Limited Existing Disk-Averaged,

- EPOXI/Deep Impact (Livengood+ 201 1)

2008, doy 183

18-19 Mar 2008 UT

deconvolved

28-29 May 2008 UT 4-5 Jun 2008 UT

(Validated) Earth Models Can Provide Predictions at Other Phase Angles
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Earth Orbital Phase Evolution

Gibbous (o = 45°) Quadrature (a = 90°) Crescent (a = 135°)

VPL Earth Model (e.g., Robinson+2011, 2014)
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VPL Earth Model
Full Gibbous

0.35° —— Fulla=0°
' —— Gibbous a =60°
—— Quadrature a =90°

0.30-
: Crescent a =130°
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Wavelength [um] Quadrature Crescent
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Earth from Moon one month database with 1-hr cadence [Model]

ALTERNATIVE

EXX3
EARTHS

0.4 0.6 0.8
Wavelength [pm]

fvpl 10 ® ExoPAG 28e Earth as an Exoplanet  Eddie Schwicterman e eschwict@ucr.cdu e 10/1/2023 ﬁ

300 400
Time [hrs]
Credit: J. Lustig-Yaeger, E. Schwieterman, & VPL Team

8)


mailto:eschwiet@ucr.edu

Earth Displays Diverse Colors Over Its Phase Evolution
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How An ExoEarth Would Be Imaged in Reflected Light (HWO)
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-~ 'LUVOIR Report; Roberge et al. 2018

HabEx Report; Robinson et al. 20/6
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—

Rayleigh
scattering

Forward Model
R:=:140

O,, O3, etc. are statistically
constrained in abundance!

~25 targets
with HWO
1 (2020 Decadal) §

Feng et al 2018, AJ, 155:200
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Extending Earth Biosignatures to Those Possible on ExoEarths

 Atmospheric Gases: O,, O;, CH,,

NZO’ DMS_(CH3)ZS’ DMse_ Ex. Oxygeﬁiﬁi%?iynthesus & L
(CH3)Zse’ C5H8’ CH3CI’ CH3Br’ 4 E.g., “Keeling curve”
CH;SH, PH;, NH;, etc. 6 6 §
\ H,0 + CO, + hv —
* Surface Features: Vegetation e
Red Edge (VRE), anoxygenic S
0,+0+M—0,+M g .
photosynthesis, rhodopsins, - 1 Seasonal Changes in
other pigments | Ty
1 0.5 0.6 0.7 0.8

s[um]

» Temporal Changes: Seasonal
Change in Gas (e.g., CO,, CH,
O; or Pigments)

et Pigments in\\.\

1 Reflectance

0.4 0.5 0.6 0.7 0.8 0.9 1.0 -

. -'Always Context-Dependent!

~ Schwieterman et al., 2018, 2021
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Earth Through Time: Biosignature Combinations (Reflected Light)

) Archean Earth
8 Archean ——
AnOXiC, no haze: + HZO + A'4 + ; hazy Archean
methang g
Strongest Anoxic: haze + H,O + +

Weakly Oxygenated: O, + A4+ H,O [+ ]

2 Proterozoic Earth
3 1% PAL 0 —— ol
[ 0.1% PAL 0 —— | vkl :,5,3-"
Strong Oxygen-rich: O; + A*+ H,0 + O, e LAV at T
o 1.5
/ wavelength [um]
Strongest Oxygen-rich: O; + A*+ H,0O + O, +
. . . e 0zone g Moﬁﬁ:inganh
Biosignatures and false positive s wygen | 8
. . 8 N | ¢ 10 CO{J CH»;
evaluators are ordered by their relative wate ol oV U\
detectability in atmospheric spectra Tt e e @ w05 10 s

LUVOIR Final Report column mass (g/cm?) wavelength [um]
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Can a dead planet
fool us?

Detecting H,0, ;
and/or the Rayleigh slope
(x A*) can confirm

biological nature of O,/O,.

Certain features (O,-O,
CIA) would confirm a
“false positive.”

Context can help rule out “false positives”

Habitable CO,-rich planet
M Dwarf

Desiccated CO,-rich planet

Low non-condensable gas
) M Dwarf

Any Stellar Host:’

e

.
.
e,
-
Transmission: 0.6 - 2.5um
Reflectivity: 0.4 - 2.5um

—

Ho

Transmission: 0.6 - 1.3um
Reflectivity: 0.4 - 1.0pum

Transmission: 0.6 - 2.5um

Transmission: 0.6 = 4.5um
Reflectivity: 0.4 - 2.5um

Reflectivity: 0.4 — 4.5um

Transmission: 0.6 - 2.5um
Reflectivity: 0.4 —1.8um

Image Credit R. Hasler e.g., Tian+2015; Domagal-Goldman+14,Hu+2020; Meadows+2017,2018; Schwieterman+2016
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Searching for Life via Thermodynamic Disequilibria

A search for life on Earth from the Galileo

spacecraft

Carl Sagan’, W. Reid Thompson’, Robert Carlson’, Donald Gurnett'
& Charles Hord’

TABLE 1 Constituents of the Earth’'s atmosphere (volume mixing
ratios)

Standard Thermodynamic
abundance Galileo equilibrium value
Molecule (ground-truth Earth) value® Estimate 1TEstimate 2%

0.78 0.78
0.21 0.19+0.05 0.21§
0.03-0.001 0.01-0.001 0.03-0.001
9x103 9x10 3
35x107* 5+25%x10° 3.5x10 *
1.6x10°° 3+15x10°°® <1073 10
3x10°7 ~10°° 2x1072° 2x10°*°
107710 ® >1078 6x10 3x10°*°

* Galileo values for O,, CH, and N,O from NIMS data; O estimate
from UVS data.

T From ref. 16 (P, 1 bar; T, 280 K).

i From ref. 17 (P, 1 bar; T, 298 K).

§ The observed value; it is in thermodynamic equilibrium only if the
under-oxidized state of the Earth’s crust is neglected.

ALTERNATIVE

ERRTHS

f (erg s~ ecm™2 sr~1 pm?)

Kinetic disequilibrium is
most important! CH, lifetime
~10 years. N,O ~140 years.

| |

h (erg s=1 em~2 sr-1 um1)
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Biogenic Gases on Earth:“Equilibrium” vs. “Photochemical Runaway”

(L °f: ° 9 .
Non-Equilibrium” Gases (Ranjan+2022,A), 930:131)
. A ) 3 i —g— (J876 = = « Modern Earth Net O, Production
Gases formed at equilibrium in gas giant -=- GJ876, High Dep. BCs. - Vaeprlmied
. i i -#- GJ876, Tsur=299K Modern NHj3 Flux to Atmosphere
atmospheres (or via volcanism), but with CIB76, Toyr=299K. Tase=210K . predndustril Nt Fivx to Atmosphere

strong kinetic disequilibrium in N,-CO,-[-O,]

or temperate H, Atmospheres, e.g.,
(Thompson+2022), (Philips+2021,

Huang+2022), PH; (Sousa-Silva+2020).
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Gases not formed via equilibrium (albeit with
- other abiotic sources), e.g., DMS/DMDS
- (Domagal-Goldman+2011), isoprene— C;Hjg
 (Zhan+2021), halomethanes (Leung+2022; see
~ poster!), N,O (Schwieterman+2022).
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Column-Averaged

~ Gas lifetime will be a strong function of flux and
host star spectrum —longer lifetimes for later stars. 10° 1020

Surface Flux (cm=2 s71
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Surface Biosignature:

“Red Edge”

“Green Bump”

0.6 0.8

- Wavelength [I.lm] N Esg. §eager (2005)
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Arbitrary Absorbance
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Questions? Thank youl!

I L ma numnnnw o B
‘ fvpl
-~ EHRTHS - g

Jupiter
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