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There are scenarios where O3 is more accessible than O2

No significant mid-IR O2 features

ES-5From First Light to Life

Do planets orbiting M-dwarf stars support life? Humankind has long pondered the question, 
“Are we alone?”

Now scientists and engineers are designing instruments dedicated to answering this ques-
tion. Our quest to search for life on planets around other stars relies on our ability to 

measure the chemical composition of their atmospheres and understand the data in the 
context of models for planet formation and evolution. Using the techniques of trans-
mission and emission spectroscopy, Origins will expand upon the legacy of Hubble 
and Spitzer – and soon JWST – with a mid-infrared instrument specifically designed 
to characterize temperate, terrestrial exoplanets. In its search for signs of life, Origins 

will employ a multi-tiered strategy, beginning with a sample of planets with well-deter-
mined masses and radii that are transiting nearby M dwarfs, the most abundant stars in 

the galaxy. With its broad, simultaneous wavelength coverage and unprecedented stability, 
Origins will be uniquely capable of detecting life (Figure ES-6).

What fraction of terrestrial K- and M-dwarf 
planets has tenuous, clear, or cloudy atmo-
spheres? In the first tier of its exoplanet survey, 
Origins will obtain transmission spectra over 
2.8–20 µm for temperate, terrestrial planets span-
ning a broad range of planet sizes, equilibrium 
temperatures, and orbital distances to distinguish 
between tenuous, clear, and cloudy atmospheres. 
Because CO2 absorption features are so large, this 
tier can include terrestrial planets orbiting stars 
from late-M to late-K, giving Origins a broader 
perspective in the search for life than JWST.

What fraction of terrestrial M-dwarf planets 
is temperate? For a subset of planets with the clear-
est atmospheres, Origins will measure their thermal 
emission to determine the temperature structure of 

Figure ES-6: Origins is designed to characterize already-discov-
ered rocky planets that transit M dwarf stars and place critical con-
straints on their temperatures. By leveraging the mid-infrared wave-
lengths o!ered by Origins, these atmospheres can be examined for 
gases that are the most important signatures of life.

Table ES-2: Summary of Origins Requirements (Full Scienti"c Traceability Matrix (STM) provided in Table 1-25)
Origins Science Driver Technical or Instrument Parameter

Scienti!c Goal Observable Parameter Requirement Design Scienti!c Impact with Anticipated Changes
How do galaxies 
form stars, make 
metals, and grow 
their central 
SMBHs?

Mid- and far- IR 
rest-frame spectral 

lines.

Aperture Size 3.0–5.0 m 5.9 m >3.0 m based on the angular resolution needed to study 
high-z galaxies. >5.0 m driven by z > 6 galaxy studies.

Aperture 
Temperature <6 K 4.5 K

Su#ciently cold temperature to meet the sensitivity re-
quirements at the longest wavelengths. Ttel >6 K impacts 
the ability to conduct sciences >300 µm.

How do the 
conditions for 
habitability 
develop during the 
process of planet 
formation?

H2
18O 110−101 

547.4–1 µm λmax >550 µm 588 µm H2O 110−101 is at 538.3-µm; λmax <538 µm impacts water 
sciences. λmax <500 µm impacts extragalactic sciences.

H2O 212−101

179.5-µm line R=λ/Δλ 200,000 202,785 Smaller spectral resolution impacts doppler tomography.

HD 1-0 112-µm line
Spectral line 

sensitivity
10-20 W m-2

(1 hr; 5σ )
5x10-21 W m-2 

(1 hr; 5σ)
Below this sensitivity, Origins cannot study su#cient 
disks at the distance of Orion for gas mass measure-
ments.

R=λ/Δλ 40,000 43,000 Lowering R reduces the gas mass accuracy.

Do planets orbiting 
M- dwarf stars 
support life?

CH4 (3.3 &7.4 µm), 
N2O (4.5 & 7.8 µm), 

O3 (9.7 µm), CO2 
(4.3 & 15 µm), H2O 

(6.3,17+ µm)

λ min < 3 µm 2.8 µm CO2 at 4.3 µm strongest of all features; λmin >5 µm reduc-
es the exoplanet case to surface temperature only.

Aperture Size 5.3 m 5.9 m
An aperture size <5.3 m results in a dramatic drop in the 
ability to detect CH4 and N2O – crucial biosignatures - in 
exoplanet transits over a 5-year mission.

O3 is easier to detect at low O2 levels

Figure from the Origins Final Report
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O3 is created by photolysis of O2 with a UV photon

Ozone formation:

O2 + hν → O + O (λ < 242 nm)

O + O2 +M → O3 +M

Important: O3 production has a nonlinear relationship with O2 and is extremely
sensitive to changing stellar UV flux
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Modeling Earth-like planets with varying O2 to study the O2-O3

relationship

Atmos, a 1D climate/photochemistry code (Arney et al. 2016):

Climate code → Photochemistry code
←

PICASO, a radiative transfer code (Batalha et al. 2019):
Produces planetary emission spectra

Varied O2 levels from 0.01 - 150% PAL for Earth-like atmospheres
(PAL - Present Atmospheric Level)
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Peak O3 abundance occurs at ∼25% Earth’s Present Atmospheric Level
(PAL) of O2

Earth-Sun sytem:
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Less O2 causes O3 to form deeper in the atmosphere
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The O2-O3 relationship for different stellar hosts is dependent on the
stellar UV spectrum
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Stellar spectra are from Rugheimer et al. (2013) and MUSCLES
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Cooler stars do not have enough photons capable of O2 photolysis (λ < 242 nm) for
O3 abundance to increase when O2 decreases
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O3 emission spectra features for hotter host stars are complicated

Ozone’s 9.6 micron feature for Earth around the Sun:
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O3 spectral feature depth is dependent on temperature difference between the
planetary surface and the stratosphere
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O3 emission spectra features for cooler host stars are more straightforward

Ozone’s 9.6 micron feature for Earth around an M dwarf:
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Is ozone (O3) a reliable proxy for molecular oxygen (O2)?

It’s complicated, but we can understand it.

O3 is more accessible than O2 in biosignature searches:

• For mid-IR wavelengths

• For low O2 levels

Need to:

• Understand the UV spectrum of host star

• Perform photochemistry/climate atmospheric modeling

You can read more in Kozakis et al. (2022) in A&A
Is ozone a reliable proxy for molecular oxygen? Thea Kozakis


