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Figure 2.  Potential False Positive Mechanisms for O2.  This cartoon summarizes the 
atmospheric mechanisms by which O2 could form abiotically at high abundance in a planetary 

atmosphere.  The extreme left panel is Earth, the four panels to the right show the different 
mechanisms and their observational discriminants.  Circled molecules, if detected, would help 

reveal a false positive mechanism, a lack of detection of the “forbidden” molecules in the bottom 
shaded bar would also help to reveal the false positive mechanism.   So, for example, the 

presence of CO and CO2, and the absence of CH4 is a strong indicator for a photochemical 
source of O2 from the photolysis of CO2 on a habitable CO2-rich M dwarf planet (Meadows 

2017, Astrobiology. Figure Credit Ron Hasler).   
 

In most cases, however, the mechanism for abiotic production of O2 or O3 leaves a “tell”, an 

impact on the planetary environment that may be detectable.  These indications can range from 

the presence of collisionally-induced absorption from O2 molecules that collide more frequently 

in dense, O2-rich post-ocean-loss atmospheres (Schwieterman et al., 2016), CO from the 

photolysis of CO2 (Schwieterman et al., 2016), lack of water vapor, (Gao et al., 2016), lack of 

collisionally-induced absorption from N2 (Schwieterman et al., 2015), and the absence of 

reducing gases (Domagal-Goldman et al., 2014).  In the following section we will describe the 

observations needed to search for O2 in a terrestrial planetary atmosphere and to discriminate 

whether that O2 is abiotic or biological in origin based on characteristics of the parent star and 
the planetary environment.  

 

4.0$$Observational$Requirements$for$Detecting$and$Discriminating$O2$From$Potential$
False$Positives.   
 

Three main observational techniques are likely to be able to obtain information on the 

characteristics of terrestrial exoplanets in the next two decades.  These are transmission 

Future Space and Ground Astronomical 

Capabilities for Searching for Life on 

Exoplanets

Meadows, 2017
(Credit: Hasler, 
Meadows, & 
Domagal-Goldman)



Ground Based Extremely Large 
Telescopes

• Two advantages of ELTs over space telescopes
• Aperture: 

• 25 m (Giant Magellan Telescope)

• 30 m (Thirty Meter Telescope),

• 39 m (European Extremely Large Telescope) 

= spatial resolution and collecting power

• High Resolution Spectroscopy (l/Dl~100,000) = line shifts / 
kinematics



1. Exoplanets in Transit
• O2 (Snellen et al. 2013, Rodler & 

Lopez-Morales 2014)

• Advantages to M stars (over Solar-

type)

• Higher transit signal because 

Rplanet/R* is larger

• Higher transit probability because 

Habitable Zone is closer in

• Higher transit frequency because 

Habitable Zone is closer in

• Doppler shift is key – takes 

exoplanet’s spectral lines away 

from Earth’s telluric lines Rodler & Lopez-Morales 2014



Simulation of Snellen 2013

30 transits at 3 / yr → 10 years



Simulation of Rodler & Lopez-Morales 
(2014)

Distance [pc]

G-CLEF-like instrument on the 39 m 

Multiply by ~1.5 to account for red noise

Bottom line: For an Earth-like 
planet around an M4 (M6) star at 
5 pc, we need 60 (84) transits; 
that will take 12 (25) years to 
accumulate.



Getting Abundances from Cross-Correlations

Forward model: Depends on P-T profile and volumetric mixing ratios
Mixing ratio is probably a lower limit

Hot Jupiter HD 179949b: Brogi et al. 2014

• Higher pressure lines are broader 
= harder to detect

• Clouds block some layers
• Refraction can block lines from 

small scale heights



Exoplanets in Transit: Other Biomarkers

• H2O, CH4, CO, CO2 all have near-infrared absorption lines

• CO and sometimes H2O detected in transiting and non-
transiting hot jupiters: 

• HD 209458 (Snellen 2010), 

• t Boo (Brogi 2012, Rodler 2012), 

• 51 Peg (Brogi 2013, Birkby 2017), 

• HD 189733 (de Kok 2013, Brogi 2013), 

• HD 179949 (Brogi 2014)

• Harder than O2 due to extra telluric absorption



2. High Resolution Spectroscopy + High 
Contrast Imaging

• Proxima b sits 0.05 AU from its star at 1.3 pc = 38 mas

• Inner working angle > 2l/D 
• D 2l/D at 760 nm and 2.2 mm

• 10m 32mas 91 mas

• 25m 12 mas 36 mas

• 39m 8 mas 23 mas
• It’s very hard to work closer than 2-3 l/D

• For a Solar Type Star, 1 AU is at 2l/D at 83 pc



Combining coronagraphy and 
spectroscopy

105 contrast coronagraph x

I. Snellen et al.: HDS+HCI: Probing rocky planets around our nearest neighbours

Fig. 5. Graphical representations of the cross-correlation data cube for
METIS observations. All parameters were kept the same as for the sim-
ulation presented in Sect. 4. However, for illustrative purposes, the ex-
posure time was increased such to show the planet signal at a S/N of
∼20, and the planet velocity was increased by a factor of 2 to enhance
the offset in velocity space. The cross-correlation data cube is renormal-
ized as in the bottom panel of Fig. 3. A short movie from this data cube,
rotating in sky and velocity angle, is available at ht t p: / / www. st r w.
l ei denuni v. nl / ~snel l en/ .

Figure 5 shows a graphical representation of the cross corre-
lation data cube for the simulated METIS observations. All pa-
rameters are the same as above, except that for illustration pur-
poses the exposure time was increased to more clearly show the
planet (now at an S/N of ∼20), and the planet velocity was dou-
bled to enhance the offset in velocity space.

If we assume that the targeted planet has already been dis-
covered, e.g. using classical HCI techniques, a long-slit mode
can be used to probe the spectrum of the object. This has the
potential advantage of a significantly large instantaneous wave-
length coverage, e.g. of 0.5 µm, instead of 0.07 µm for METIS.
We found that this increases the S/N for a given exposure time
by about a factor of ∼2. We note however that it may be chal-
lenging to center a planet, even when previously imaged, on
a 10−20 milliarcsec wide slit of a single-slit spectrograph (a
typical planet around a nearby star could move by this angular
distance in one week). The utilization of slit-view cameras or au-
tomated centering only works for bright sources, and one would

Fig. 6. HDS+HCI cross-correlation map of 10 h of optical observations
with the E-ELT using a R = 100 000 IFS and an adaptive optics system
producing a Strehl ratio of 0.3. The hypothetical planet with a radius of
R = 1.5 REarth, albedo of 0.3, and Teq = 280 K such that it is at an orbital
radius of 0.032 AU, 25 milliarcsec from the star. The starlight reflected
off the planet is detected at an S/N of ∼10.

Table 2. Main assumptions for the optical HDS+HCI simulations as
presented in Fig. 6.

Telescope + Instrument

Telescope collecting area 976.3 m2

Telescope+instrument throughput 15%
AO Strehl (0.75 µm) 0.3
Spectral resolution R = 100 000
Exposure time 10 h
Spectral range 0.6−0.9 µm
IFU pixels 30 × 30 2 mas

Target: Proxima Cen
Apparent V magnitude −11.05
Teff (star) 3040 K
Stellar radius 0.141 Rsun

Distance 1.30 pc
Planet radius 1.5 REarth

Planet radial velocity 30 km s−1

Teff (planet) 280 K
Grey geometric albedo 0.3
Orbital radius 0.032 AU
Angular distance from star 25 mas

not want to integrate for many hours missing the planet. This
issue does not exist for an IFS.

5. Simulations of optical HDS+HCI observations

We also simulated optical HDS+HCI observations with the
E-ELT, for starlight reflected off planet atmospheres. Although
currently the optical high-contrast imaging instrument for
the E-ELT, EPICS (Kasper et al. 2010), is proposed with
a low-dispersion IFS, we would like to make a case for a
high-dispersion IFS. At these wavelengths the angular resolving
power of the E-ELT will be well suited to target planets in the
habitable zones of nearby M-dwarfs. It is clear that an extreme
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103 contrast spectroscopy

Snellen 2015
Morzinski et al. 2015

Advantage: non-transiting planets!

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiNm8fQpNbZAhVqUt8KHRFlAaQQjRx6BAgAEAY&url=https://commons.wikimedia.org/wiki/File:Oxygen_spectrum_visible.png&psig=AOvVaw0stNcyK4O_VB7O9LEkPyb2&ust=1520377213445609
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwj2neT-r9bZAhUjhOAKHSNuANgQjRx6BAgAEAY&url=http://www.quantumcafe.magix.net/spectro/QCSPEC-results/Model/Telluric/Telluric.html&psig=AOvVaw06Cf-ItZF3Ny_t1SwJ78rG&ust=1520380262176178


Easiest: Broad-Band Albedo

Look for the reflected spectral lines of the star, Doppler shifted from the planet

Signal ∝√Nlines

Lovis et al.
2017



Simulated Yield of Albedo Measurements

All of these are known planets

Sample program: 28 nights
Current AO technology: 62 planets

15 with R<1.6 REarth

20 in habitable zone with 
R<4 REarth

Advanced control: 146 planets

Proxima b
Males et al. 2018, SPIE



Next step: Same idea, but carve up spectral 
space

Lovis et al. 
2017 
comparison 
of spectrum 
with (black) 
and without 
O2 (red) in 60 
nights (3 
years) of 
observation. 
3.6σ 
detection.



Ground Based ELTs…

• Detection of molecules in transiting and non-transiting planets possible

• Detection of albedos of a large number of known planets possible



Some quick summaries of anticipated space 

capabilities 



HabEx – a 4m off-axis monolithic mirror space telescope

15

Survey ~120 stars within 10 pc multiple times at 10-10 contrast
HabEx shall combines the strengths of two diametrically opposed starlight suppression systems:

Internal CORONAGRAPH External STARSHADE

• Very nimble
• Searches for planets around many stars
• Takes images at multiple visits to measure orbits 

+

• Very “photon” efficient
• Accesses closer-in planets at a given l
• Takes broad spectra of all planets found 

in ~50-100 most interesting systems 



water

oxygen

ozone



0.5-1 Re         1-1.75 Re     1.75-3.5 Re        3.5-6 Re       6-14.3 Re

92 rocky planets
Incl. 12 HZ exo-earths

116 sub-
Neptunes

65  Neptunes and 
Jupiter analogs



LUVOIR – Large UV / Optical / 

Infrared Surveyor – a 15 m telescope

Big Bang to Biosignatures: The LUVOIR Mission Concept 18March 6, 2018

Observational challenge

Faint planets next to bright stars

Extreme Coronagraph for LIving

Planetary Systems (ECLIPS)

Contrast < 10-10

Low resolution imaging spectroscopy

Bandpass:  0.2 μm to 2.0 μm

Tech development via WFIRST 

coronagraph

WFIRS

T

HLC

WFIRS

T

SPC



Simulation of Earth on 15 m LUVOIR

Big Bang to Biosignatures: The LUVOIR Mission Concept 19November 16, 2017

Telescope background 

dominates

Credit: T. Robinson / G. Arney

Distance = 10 pc

Dtelescope = 15-m

Ttelescope = 270 K

R = 150

Time = 96 hrs per

band



16-m

~ 100 earth candidates

ExoEarth candidates vs. aperture

Big Bang to Biosignatures: The LUVOIR Mission Concept 20March 7, 2018

Stark et al. (2014)



16-m

~ 100 earth candidates

ExoEarth candidates vs. aperture

Big Bang to Biosignatures: The LUVOIR Mission Concept 21March 7, 2018

Stark et al. (2014)

If frequency of habitable conditions is 10%, 

need 30 candidates to guarantee seeing one true exoEarth

(at 95% confidence)



The Origins Space 
Telescope (OST)

From First Stars to Life

Margaret Meixner, Community co-chair for OST, 
STScI/JHU/NASA Goddard

Jonathan Fortney, Exoplanet co-chair for OST, UC Santa Cruz



Molecular 
Opacities in the 

Mid-IR

• A host of important molecular features for cool planetary atmospheres
• Extremely broad wavelength coverage to provide critical atmospheric context

Figure from Caroline Morley



Transmission Spectra
• Molecular detections at the 

atmospheric terminator
• Pressure level of any opaque clouds
• Long wavelengths may allow for 

seeing through the clouds, 
depending on particle size, yielding 
additional cloud constraints

• Spectral resolution of MISC + 
concurrent ground-based 
monitoring + long wavelengths will 
mitigate effects of inhomogeneous 
stellar photosphere (Rackham et al., 
2018) on H2O features

Kopparapu et al. 2017, ApJ

Transmission Spectra



Timeline

ELTs First Light – 2024-2027ish

HABEX, LUVOIR, OST: 2035 and beyond


