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Interesting times, interesting targets to learn e.g. limits of the HZ

Optimistic Habitable Zone

Conservative Habitable Zone

Star temperature compared to the Sun
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Starlight on planet compared to sunlight on Earth

Bohl, Lawrence, Lowry, Kaltenegger 2025




Atmospheric Signatures of an Exo-Earth
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WIDE wavelength range to identify chemicals
Biosignature pairs: best so far: O,/O; with reducing gas (star)

Changes 1) with stellar type 1) through geological time
O, & CH,: about 2 billion years for Earth
O; & CH,: about 2 billion years for Earth

Kaltenegger et al 2007, 2023
ONLINE SPECTRA DATA BASE (on zenodo) and will be interface autumn 2025



Modern Earth: Mod arthe e Viodern Earth: €02 -
601 2 xygen (1 PAL) 8980 = 607 1960xygen (1F 85507 607 219% Oxygen (1 PAL) R
=5 = o
£ s € o€ =
<50 85.25 ‘%—im Ho | 85.25i,£50 0s N 85 251{:
- C ~
£ 401 85.00 £ 2 45 02 85.00 < £ 49 o) 85.00.8
o 03 H20 e o | CHs A i
[ ¥ @ o o CO2
<30 0: 02 co:f S5 < 30 CHa H20 ZRERCE W Ha0 B 75 O
2 Y N e 2
>
£ 20 02 2 8450 T 84508 2 5 84.50 &
] 29 29 =
. LNk 8425 S y 84.25 %tw H84.25 =
w 107 P = ==
0 I N I | ST - = (ol &
84.00 84.00 84.00
04 \ IRSpec/NIRISS 01 NIRSpec/NIRISS 0 MIRI
A b e i Bl e Neoproterozoic Earth: 0.5-0.8 B n years ago Neoproterozoic E d\‘m: 0.5-0.8 Billion years ago,
60 ~<OP Y 9 85.50 60 Rise of Oxygen (10% P/l O2) 02 85.50 60 { Rise of Oxygen (10% PAL O2) 85.50
Rise of Oxygen (10% PAL O2) H20
E 50 85.25 co 8525 £ 5o 85.25
< -
£ 404 €0, 85.00 85.00 £ 4 85.00 £
=) 03 ’ - ) a
2 CHa (+ H20) - o
i = T @ 84.75 8475 ¢ 5, 8475
g CO2 o g E
2 4.50 50 &= 4.50
£ 20 84.5 845092‘620 84.50 2
i [
= 84.25 8425 & 84.25
w w 1
EETrE |
84.00 84.00 84.00
0 \ NIRSpec/NIRISS 0 MIRI
- Paleo- and Meso-proterozc th: 1-2 Billion years ago . Palec 0 ars ago - B P.a"e’w‘and Meso-proterozoic Earth Billion years ago A
Rise of Oxygen (1% PAL O2 § ¢ Rise'of Oxygen (1% PAL O2) - .
= =3 = H20 =
£ 8525 € 5125 IE NS oW Wi 85.25
= 50 ! g ! R !
—_ et N20 —_
Z 40 8500 £ 85.00 £ 401 B 85.00 £
[=)] CO2 Qo Qo Q
v CHa (+ H20) o3 &5 =
<30 — 8475 — ¢ 8475 2 50 o [8475
(] E 4 [+ e o
= 84.50 5.2 8450 3.2 | 84.50 &
& 8425 8425 ¥ 84.25
w : : e w10 7
ol EW=n] 5 - k i |
84.00 84.00 84.00
0 [ NIRSpec/NIRISS 04 NIRSpec/NIRISS 01 MIRI
. . Anoxic Earth: 3.5 Billion years ago Anoxic Earth: 3.5 Billion years ago
so OGRS 8- 38 J 85.50 60 (< 85.50 601 l ? o2 85.50
- R — H20
£ 8525 £ — o 8525 € 50 - - 85.25
x°0 =0 [ CHa ol . CHa ;
= 40 85.00 £ 8500 £2 85.00 £
=) 03| S9o) a5 a
o CH: (+ H20) — i 2% &
o, - - 8475 2 84.75 2 84.75
(2 ‘ 5 o o o o
2 84.50 8.2 84,50 .32 84.50 &
= 8425, & 8425 = 84.25
w w w104
[ -, | i i e
01 [ NIRSpec/NIRISS 0 NIRSpec/NIRISS 01 MIRI
i H il ot th:3.9 Prebiotic Earth: 3.9 Billion years ago
60 | Prebiotic Earth: 3.9 Billion years ago 85.50 60 Ear nyears ago 2 85.50 604 Y, e} 85.50
€ 504 85.25WE 8525 | £ 85.25
= £ =
2401 85.00 €5 85.00 £ 2 8500 £
o co. Qo Qo %
5 w S =2
=B w: o 8475 — & 84755 84.75 —
w v '\E o I3
2 » 84.50 .32 8450 3.2 84.50 v &
g i oY 3
E 8425 & 8425 & 84.25
w iy w w
[0 (| (BT Cw]
84.00 84.00 84.00
0 [ NIRSpec/NIRISS 0 NIRSpec/NIRISS [ MIRI
04 05 06 07 08 09 1.0 1.1 1.2 13 14 1.5 1.6 1.7 1.8 1.9 2.0 2.0 25 3.0 35 2.0 4.5 5.0 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Wavelength ( um) Wavelength ( um) Wavelength ( um)

Figure: Model Spectra for Earth through geological time from 0.4 to 20 um
Kaltenegger et al 2007, Rugheimer & Kaltenegger 2018, Kaltenegger et al 2020
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* Intelligence on Earth has unambiguously emerged many
times

e (Nearly?) all aspects of human intelligence and technology
development are found elsewhere among the animals

* Molluscs evolved brains and tool use completely
independently from vertabrates

e |t is unclear if neurons also evolved multiple times!

* \We cannot even be sure we are the first technological
species on Earth!
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KD Techqhof_.'gnatures VS.
Biésignatures

e Both approaches to life detection are worth pursuing

* We cannot know which is a better approach, but
technosignatures could plausibly be:

e Stronger: Strongest sign of life in the Solar System is probably
our radio waves!

* More abundant: technology spreads! N=4 in the solar system,
but N for biology = 1

e Unambiguous: Only nature makes narrowband radio!

e Longer-lived: Technology has the capacity to far outlast
biospheres



