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THE BIG QUESTION 
ARE WE ALONE IN THE UNIVERSE? 

HOW COMMON IS LIFE? 
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IT TAKES A VILLAGE or A DREAM TEAM 
TO ANSWER THESE QUESTIONS ! 
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NAI/NExSS Team:  
     Mission to Young Earth 2.0 

•  How did life form and evolve on early Earth? 
    Search for life in the Universe starts at  

our own planet and the Solar System.  
•  What is the role of a host star on the origin and 

evolution of life on exoplanets?  
•  How can life be detected ?  
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How To Find a Planet Habitable With Life? 



How Old Is Life? 
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Hadean	 Archean	 Proterozoic	

4.65 3.8  2.5     2.0  

End of LHB  

Water 
Rise of Oxygen 

Eukariotes 

“Hadean” from Hades, the Greek god of the underworld. 
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Multicellular life evolves 
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   Hadean Earth -The First 0.8 Gyr 

Fossilized mats of 
cyanobacteria 

0.8 Gyr  

Zirkons  

0.5 Gyr  0.1 Gyr  
magma ocean  

LHB 0   

Magnetic field 
0.2- 0.3 Gyr  

Prebiotic 
chemistry 

Stable 
hydrosphere 

Oceans 
Accretion, H/He 

atmosphere RNA world 
N2, CO2, CH4 

H2O, SO2 
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       Hadean Sun-The First 0.5 Gyr 

0.5 Gyr   Faint  Explosive Sun 0   T Tau phase 
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•  30% fainter 
•  Earth and Mars are icy balls 
•  Earth and Mars should not be habitable 
•  Faint Young Sun paradox 
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EVOLUTION OF A HABITABLE PLANET 441

thousands to millions of years. It is thus too slow to counteract human-induced
global warming, but fast enough to have a dominating effect on the billion-year
timescale of planetary evolution.

3.4. The Faint Young Sun Problem
Beginning in the 1950s with the work of astrophysicsts such as Hoyle (1958) and
Schwarzschild (1958), astronomers developed theoretical models for how stars
evolve over time. One prediction of virtually all such models is that the Sun,
like other stars, gets brighter as it ages. The Sun produces energy by fusing four
H nuclei into one helium(He)-4 nucleus deep within its core. As it does so, the
density of the core increases. The Sun is a self-gravitating sphere; thus, the increase
in core density causes it to shrink slightly and heat up. Higher core temperatures
cause the fusion reactions to proceed faster, so the Sun produces increasingly
more energy. Its luminosity must therefore increase with time to maintain energy
balance. Standard solar models predict that the Sun was approximately 30% less
bright when it formed at 4.6 Ga and that its luminosity has increased more or less
linearly with time (Gough 1981) (Figure 4).

Figure 4 Diagram illustrating the faint young Sun problem. The solid curve repre-
sents solar luminosity relative to the present value, as predicted by the computer model
of Gough (1981). The lower dashed curve is Earth’s effective radiating temperature,
Te, computed by a one-dimensional, radiative-convective climate model. The upper
dashed curve represents the calculated mean global surface temperature, Ts. A fixed
CO2 mixing ratio of 300 ppmv and a fixed relative humidity were assumed in the
calculation. (From Kasting, Toon & Pollack 1988).
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The Faint Young Sun

Introduction Observations Results Discussion

30% less luminous

completely frozen surfaces of Earth and Mars

problem with habitability of young Earth and Mars

Kasting & Catling (2003)0.7	Gyr	

Today	
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The young Sun was an X-ray star 

Tu et al.2015 

Lin Tu et al.: The EUV and X-ray Sun in Time
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Fig. 2. Left: predicted rotational evolution tracks for stars at the 10th (red), 50th (green), and 90th (blue) percentiles of the rotational distribution.
The solid and dotted lines show the envelope and core rotational evolution, respectively, and the horizontal solid lines show the observational
constraints on the percentiles. The dashed black line shows the time dependent saturation threshold for Ṁ, Bdip, and LX calculated assuming a
constant saturation Ro and the τ⋆ values of Spada et al. (2013). Right: predicted LX along each of our rotation tracks and comparisons to observed
LX values of single stars in several clusters with upper limits shown by ▽ symbols. The solid horizontal lines show the 10th, 50th, and 90th
percentiles of the observed distributions of LX at each age calculated by counting upper limits as detections. The two solar symbols at 4.5 Gyr
show the range of LX for the Sun over the course of the solar cycle. The scale on the right y-axis shows the associated LEUV.

our predictions from rotation, we do not attempt to homogenise
the M⋆ and LX determinations for each cluster. Our quantitative
determinations of the LX tracks are based on the relation from
W11 where this homogenisation was done.

4. Results

Johnstone et al. (2015) combined rotation period measurements
of four young clusters with ages of ∼150 Myr and used a rota-
tional evolution model to predict the evolution of the resulting
distribution of Ω on the MS. The sample contains 1556 stars in
the 0.4−1.1 M⊙ mass range. In Fig. 1, we show predictions for
the distributions of LX based on these Ω distributions at ages
of 150 Myr and 620 Myr comparing them with observed values
in the Pleiades and Hyades. There is good overall agreement,
although intrinsic X-ray variability (typically factors of 2−3) in-
troduces some additional scatter such as is visible for stars ex-
ceeding the saturation threshold.

To predict the range of possible LX evolution tracks, we cal-
culate rotation models for solar-mass stars at the 10th, 50th, and
90th percentiles of the Ω distributions, shown in Fig. 2a. Our
models fit well the observational constraints on the percentiles,
except for a slight underestimation of the 10th percentile track
in the first 20 Myr. This might cause us to underestimate the age
by a few Myr when stars on the 10th percentile track come out
of saturation. Figure 2b shows predicted tracks for LX and LEUV
together with observed LX for stars in the 0.9−1.1 M⊙ range for
each cluster listed in Sect. 3. Because of the low number of ob-
servations in NGC 2547 (30 Myr), we extend the mass range to
0.8−1.2 M⊙. The tracks correspond very well to the observed
percentiles in the individual clusters given the somewhat limited
observational samples. The solar LX (6 × 1026−5 × 1027 erg s−1,
Ayres 1997; Peres et al. 2000; Judge et al. 2003) has been in-
cluded as well and fits our models excellently.

Stars on our rotation tracks drop out of saturation at ≈6 Myr
(10th percentile, red), ≈20 Myr (50th, green), and ≈300 Myr
(90th, blue), i.e. either as young PMS stars, as near-ZAMS stars,

or as slightly evolved MS stars. The spread in LX amounts to as
much as 1.5 orders of magnitude for several 100 Myr.

Figure 3 gives the age when a star falls out of saturation, tsat,
as a function of initial Ω, derived from our rotation model. This
saturation time can be approximated by

tsat = 2.9Ω1.14
0 , (2)

where tsat is in Myr and Ω0 is the rotation rate at 1 Myr in units
of the solar rotation rate. Assuming that the saturation level,
LX,sat ≈ 10−3.13 Lbol,⊙, is constant in time, which is approxi-
mately true, we obtain log LX,sat = 30.46. If we approximate LX
by a power law after tsat (see Fig. 2b), for a given Ω0 we obtain

LX =

⎧⎪⎪⎨
⎪⎪⎩

LX,sat, if t ≤ tsat,

atb, if t ≥ tsat.
(3)

We require that the power law also fits the Sun with
LX,⊙ = 1027.2 erg s−1 at an age of t⊙ = 4570 Myr. We thus find

b−1 = 0.35 logΩ0 − 0.98, a = LX,⊙t−b
⊙ . (4)

For the 10th, 50th, and 90th percentiles in Ω0, corresponding to
Ω0 ≈ 1.8Ω⊙, 6.2Ω⊙, and 45.6 Ω⊙ with tsat ≈ 5.7 Myr, 23 Myr,
and 226 Myr, respectively, we find

LX =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

2.0 × 1031t−1.12

2.6 × 1032t−1.42

2.3 × 1036t−2.50
LEUV =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

7.4 × 1031t−0.96 10th

4.8 × 1032t−1.22 50th

1.2 × 1036t−2.15 90th

where the luminosities are in erg s−1. The slope of the median LX
track, b = −1.42, is very close to the values reported from linear
regression to the Sun in Time sample (Güdel et al. 1997; Ribas
et al. 2005). These power-law fits, valid for t > tsat, thus describe
the range of possible evolutionary tracks for LX and LEUV.

L3, page 3 of 4
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Temperature maps of AF Lep (P=1 d) (Järvinen et al. 2015. NOT) 

Huge sunspots covering  
10-15 %  of the surface area, AF Lep 
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    Magnetism of The Young Sun 

Correlation between age t and rotation period Prot for the stars, indicating that the non-
accreting stars follow the Skumanich law (t ~ Prot

2)  

Marsden et al. 2014; Vidotto et al. 2014 

Longitudinal surface magnetic field from Stokes V and I LSD profiles for a number of 
high-g sepctral lines  



Our Sun is  a Magnetically Active Star 
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Sept 1, 2014 CME (STEREO Behind)  
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Solar Energetic Particle (SEP) Events 

Typically	about	10%	of	CME		kine7c	energy	goes	into	SEPs	
Similar	to	flare	energy	
Expect	Ground	Level	Enhancement	events		(GLEs)	are	associated	with	energe7c	CMEs	
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Extreme CMEs:  
Carrington Event, Sept 1-2, 1859 

•  Giant spots, flare and CME event 
•  Most severe SW event in history 
•  Lasted Eight days long 
•  Aurorae at equatorial latitudes 
•  Global telegraph network disrupted, 

operators suffered electric shocks 
•  Magnetometers driven off scale 
•  Energy in CME ~2 x 1033 erg 
•  Frequency – 250 events/d 4 Gyr ago 
•  ~ 1 per 300 yr today! 
•  What to expect? 

Eflare= 2 x 1033 erg = 0.1 Ecme 
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          Surprises from Kepler Mission 

Kepler Launch 2007 
Photometry: stellar brightness 
changes caused by transiting 
terrestrial planets 

Variability range in mmag 

Monitoring 150,000 stars at 30 min 
cadence for 4 years!   

Over 4000 planet candidates 

And a very surprising discovery of 
superflares on host stars 
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Superflare Renaissance 

              Superflares E > 1033 ergs from K-M stars  
                                 dN/dE ~ E-2  
               R~ 0.1 d-1 at Ef ~ 5 x 1034 ergs 

R~ 25 d-1 at Ef~ 5 x 1033erg - Super Carrington events! 
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1 Rsun to 3 AU (Airapetian & Usmanov 2016) 

Faster, denser and hotter wind 

X5 flare dominated XEUV from young Suns and red dwarfs 
Airapetian et al.  2017 

0.7 Gyr 

2 Gyr 
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Winds/SCMEs on Magnetospheres 
>70 % of the early Earth’s magnetic field opens up  
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Effects of Wind/CMEs on Early Earth 
SWMF BATS-R-US: Broken Magnetic Shield  

Airapetian, Glocer, Danchi 2015; 2016 
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Michail & Sverjensky  Nature 2014 
Airapetian et al. Nature Geoscience 2016  

      Sources         vs           Sinks  
Outgassing  (volcanic+tectonic)                        Solar Weather 

Solar wind, XUV, Precipitating 
particles SEP 
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How Hospitable Are Climatological HZs? 

Proxima b at 0.05 AU 
LX ~ 1027 erg/s 
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Proton 

Dissociative Ionization 

+ +
+ 

+ 

Etc. 
Protons penetrate a certain distance (Range) into air 

and produce N2
+, O2

+, N+, N, N*, O+, O, O*, N2*, and O2* 

Ionization 

+ 

Secondary 
 Electron 

* 
Dissociation 

+

* 
Excitation 

+ hv and Emission 
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The dominant molecule  
Extremely hard to dissociate 
Triple bonds: 10 eV/atom 
vs 5.2 eV/atom for O2 

Prebiotic chemistry needs  
to break N2 -> 2 N :  
•  VUV emission at λ < 100 nm 
     (early Sun, M dwarfts) 
•  Lightning discharge 
•  Energetic particles (e, p)  
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N fixation & production of NOx, HCN & N2O 

! 

! 

NO  HN 

 N2O 

N2  CO2  NH4  H2O    

       SEP event + UV 

 
 
 
 

 

 CH 

 HCN 

Airapetian et al. NatGeo 2016 
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•  CO2  alone does not solve the problem 
•  N2O is 300 x more potent that CO2 
•  Shielded by SO2 and H2S (240 nm) 
•  FYS paradox can be resolved at > 10 ppmv! 

between 1.8 Ga and 0.8 Ga, so these constraints do not apply

directly to the Mid-Proterozoic, which is the time period of

interest here. Nevertheless, extremely low CO2 levels in the

Archean and Paleoproterozoic would imply low CO2 in the

Mid-Proterozoic, as well. The Rosing et al. argument has

been criticized on the grounds that siderite formation was lim-

ited by the supply of reductant, i.e. organic matter, and not by

the thermodynamics of carbonate formation (Dauphas &

Kasting, 2011). Although this argument is not settled, we

believe that the Rosing et al. pCO2 limit is invalid.

If we discount the paleosol and BIF constraints on

pCO2, there is no difficulty in explaining nonglacial cli-

mates. A CO2 mixing ratio of !0.2 and !0.01 would have

sufficed in the early and late Proterozoic, respectively, if

CH4 and N2O were at their present, low concentrations.

In combination with 1 ppmv N2O and 100 ppmv CH4,

however, a CO2 mixing ratio of only !0.06 would have

been sufficient to keep Ts > 293 K (Fig. 6) during the

Paleoproterozoic. In the Late Proterozoic, 3000 ppmv of

CO2, along with similar amounts of N2O and CH4, could

have done it. This is below the 10 PAL limit implied by

the calcification data (Kah and Riding, 2007). This, of

course, does not prove that such CO2 concentrations were

present, especially as the actual mean surface temperatures

are not known, but it shows that self-consistent climate

solutions do exist throughout the Proterozoic.

Snowball Earth initiation in the Neoproterozoic

This lack of information about absolute surface temperatures

does not prevent us from speculating about what may have

happened near the end of this time period. Several studies

have suggested that the Earth entered periods of severe glacia-

tions (termed ‘‘Snowball Earth’’ episodes) during the Neo-

proterozoic (Kirschvink, 1992; Hoffman et al., 1998;

Hoffman & Schrag, 2002). The question of what caused these

glaciations remains unresolved (for a recent review, see Pierre-

humbert et al., 2011). Possible triggering mechanisms

include CO2 drawdown (Hoffman et al., 1998; Hoffman &

Schrag, 2002) or a sudden decrease in non-CO2 greenhouse

gases (Schrag et al., 2002; Pavlov et al., 2003). In the first

hypothesis, CO2 is assumed to have been drawn down either

by increased burial of organic carbon (Hoffman et al., 1998)

or by clustering of continents in the tropics, causing enhanced

silicate weathering (Marshall et al., 1988; Hoffman et al.,
1998; Donnadieu et al., 2004). But if significant continental

area existed at all paleolatitudes, as suggested by paleomag-

netic data (Hyde et al., 2000; Hoffman & Schrag, 2002), the

normal silicate weathering feedback should have operated

(Walker et al., 1981), making it difficult to lower CO2 too far.

Thus, reduction of non-CO2 greenhouse gases – CH4 in

particular – may well have been the trigger. The sudden loss

of 100 ppmv of CH4 would result in the loss of !10 W m)2

of radiative forcing (Appendix, Fig. S3), causing about 6! of

cooling in our climate model (Fig. 2). Pierrehumbert et al.
(2011) estimate about 12 W m)2 of radiative forcing for this

same CH4 change – enough, by their estimation, to trigger a

Snowball Earth in 3-D climate model simulations. This

change in CH4 could have been precipitated by changes in

atmospheric O2 concentrations. As discussed earlier, an

increase in O2 in the Neoproterozoic could have caused most

of the ocean to become oxic, shutting down the flux of meth-

ane from marine sediments and causing denitrification to shift

toward N2 production at the expense of N2O. Though it has

been recently suggested that there was a rise in atmospheric

O2 as early as about 1.2 Ga (Parnell et al., 2010), most sulfur

isotope evidence (e.g. Canfield & Teske, 1996) supports the

hypothesis of a marked O2 rise in the Neoproterozoic. We

therefore consider a late Proterozoic rise in oxygen to be a

plausible way of triggering Snowball Earth episodes. This

hypothesis could be tested by constructing a box model of the

Proterozoic carbon cycle and determining whether a pertur-

bation of this nature could explain the marked carbon isotope

excursions that occur in Neoproterozoic carbonates (see, e.g.

Schrag et al., 2002).

CONCLUSION

The early Earth managed to avoid global glaciations for

much of its history, which is contrary to what we might

expect, given the greatly reduced solar luminosity. An

intense greenhouse effect must have existed during the

Mid-Proterozoic to keep the climate nonglacial. We have

shown that both N2O and CH4 could have contributed to

Fig. 6 Global mean surface temperature as a function of carbon dioxide abun-

dance. The two solid curves represent climate model calculations for two solar

luminosities: 83% and 94% of present value So. The N2O and CH4 concentra-

tions are fixed at 1 and 100 ppm, respectively.
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species involved in 359 reactions and spanned the region from

the planetary surface up to 64 km in 1 km steps. The solar

zenith angle was fixed at 50!, and a two-stream approach was

used for the radiative transfer (Toon et al., 1989). The com-

bined flux and continuity equations were cast in centered

finite difference form and solved at each height for each of the

long-lived species, including transport by eddy diffusion only

(molecular diffusion can be neglected at these altitudes).

Boundary conditions for each species were applied at the top

and bottom of the model atmosphere and the resulting set of

coupled differential equations was integrated to steady state

using the reverse Euler method. Specific boundary conditions

used for N2O are described as they arise in the calculations.

RESULTS

We began by repeating the climate calculations for CH4 pub-

lished originally by Pavlov et al. (2003). To do this, we

allowed fCH4 to vary from its present value of 1.6 ppmv up to

a maximum of 100 ppmv, while holding N2O and CO2 con-

stant at their present concentrations, 0.3 and 320 ppmv,

respectively. We used 320 ppmv of CO2 to remain consistent

with Pavlov et al. (2003). Calculations were performed for

two different solar luminosities: 83% and 94% of present.

These two values correspond to the beginning and the end of

the Proterozoic, respectively (Gough, 1981). Results are

shown in Fig. 2. At either time, an increase in fCH4 from 1.6

to 100 ppmv yields about 6! of greenhouse warming –

roughly half that calculated with the incorrect model of Pavlov

et al. (2003). According to Pavlov et al., this factor of 60

increase in fCH4 corresponds roughly to a 10-fold increase in

the biological methane source, perhaps within the range of

plausible values. So, 6! of greenhouse warming from methane

during the Mid-Proterozoic seem possible.

We then performed similar calculations for N2O. In this case

we varied N2O concentrations from 0.3 to 30 ppm (a factor of

100 increase), while fCH4 and fCO2 were held constant at their

present values. N2O wasassumed to bewell mixed with altitude

in these calculations. The results are shown in Fig. 3A. Accord-

ing to our model, an increase in N2O by a factor of 100 would

yield about 8! of surface warming. A factor of 60 increase, like

that assumed for methane, would yield 6–7! of warming, simi-

lar to that from CH4. Thus, at identical concentrations, N2O is

a stronger greenhouse gas when added to a putative Protero-

zoic atmosphere, but in terms of climate sensitivity (expressed

in degrees warming per concentration doubling) CH4 and

N2O are equally potent. A more realistic increase in fN2O of

10–20 times would have produced 3–5! of warming. This is

not enough to make the Proterozoic warm by itself. But when

added to the effect of CH4, the net warming is about 10!.
Because the absorption bands of CH4 and N2O overlap, we

calculated their combined effect explicitly (Fig. 3B).

One of the uncertainties in this climate calculation is

the atmospheric O2 concentration. After the so-called Great

Oxidation Event (Holland, 2006) at 2.4 Ga, O2 levels began

to rise. However, numerous authors have speculated that the

O2 concentration did not reach the present atmospheric level

until near the end of the Proterozoic (see, e.g. Berkner &

Marshall, 1964; Knoll, 1979; Canfield & Teske, 1996). The

atmospheric lifetime of methane does not depend strongly on

the atmospheric O2 concentration, for O2 levels between 0.01

and 1 PAL (Pavlov et al., 2003), implying that the Protero-

zoic atmospheric concentration of CH4 would have depended

mostly on the magnitude of its source flux. But this is not the

case for N2O. The main photochemical sink for N2O is pho-

tolysis (N2O + hm fi N2 + O) at wavelengths shorter than

about 230 nm (Kaiser et al., 2003). Those wavelengths are

blocked by O2 (in the Herzberg bands), so as atmospheric O2

decreases, fN2O decreases along with it. This is demonstrated

explicitly in Fig. 4, which shows fN2O as a function of N2O

flux, relative to today, for three different O2 levels. The dashed

A

B

Fig. 3 Global mean surface temperature as a function of nitrous oxide abun-

dance for two different CH4 concentrations, 1.6 ppmv (A) and 100 ppmv (B).

Other parameters are the same as in Fig. 2.
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       The Pathway to Bio Molecules 
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Formamide, CH3NO 

Space Weather Driven Prebiotic Chemistry 

N2, CO2, CH4, H2O

CO, CN, NH,  NOx, 
OH, NHO3

N+, O+, CO+, NO+, 
NO+, OH+

Nitrous Oxide, N2O
Hydrogen Cyanide, HCN

Acetonitrile, CH3CN
Formaldehyde, CH2O

Mars

Martian Ocean
Nitrates, Formamide, Complex Sugars,

Bio molecules of life

XUV
SEP event

IonizationDissociation

Cytosine, Guanine, Adenine, Uracil 

Phosphates -> Nucleotides  

Short oligomers -> ribozymes 
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Chemistry Experiments  
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Cooking Amino Acids in Lab 
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    What organic molecules do if given energy      
    only      
     
                  versus 

What organic molecules do if given  
energy + Darwinian evolution  
Life is a self sustaining chemical 
system capable of evolution



Making “Cookies” of Life on Earth/Mars  
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Energy flux 

N2,  CO2  
CH4  H2O 

Life Cookies 
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editorial

In 2010, while pondering the question of 
why chemistry often gets a rough ride in the 
mainstream media, this journal suggested1 
that “chemistry lacks the easily articulated 
grand challenges associated with physics or 
biology”. Nevertheless, the following year, 
designated by the United Nations as the 
International Year of Chemistry, provided 
the perfect opportunity to try and crystallize 
exactly what the ‘big problems’ associated 
within chemistry are. Philip Ball put the 
question “How did life begin?” at the top of 
a list of ten unsolved mysteries2 that, he 
said, were “some of the most profound 
scientific questions” that “pertain 
to the science of atoms and 
molecules” — that is, chemistry.

The classic experiment relating 
to the chemical origins of life, 
describing the formation of amino 
acids when an electric discharge was passed 
through mixtures of methane, ammonia, 
water and hydrogen — now widely known 
as the Miller–Urey experiment — was 
reported3 by Stanley Miller in Science in 
1953. So, although this is not a new area 
of research, it is certainly one that has 
seen a recent resurgence of interest4. Many 
different aspects of chemistry5 are brought 
together in this interdisciplinary field that 
encompasses topics such as the prebiotic 
synthesis of nucleosides and nucleotides, the 
assembly of these small building blocks into 
information-containing polymers (DNA 
and RNA), the origin of homochirality, the 
formation of protocells — and whether 
this occurred before or after the formation 
of the basic molecules of life (DNA, RNA 
and proteins). One might also pose the 
question of whether these events even 
occurred on the early Earth, or whether 
these molecules may have been transported 
here from elsewhere, perhaps on a meteorite 
like the one that crashed into the Earth in 
Murchison, Australia in September 1969.

Two Articles in this issue focus on 
one small (but important) part of this 
huge puzzle: the selective ligation of 
ribonucleotides to form exclusively the 
3ʹ,5ʹ-linked RNA chains — rather than a 
mixture of 2ʹ,5ʹ and 3ʹ,5ʹ connections — 
that are found in contemporary biology. 
An Article from John Sutherland and 
co-workers7 continues in the theme of their 
2009 Letter8 to Nature, which, in describing 

a prebiotically plausible synthesis of the 
pyrimidine nucleotides, highlighted 
the importance of systems chemistry in 
understanding the prebiotic world. In their 
latest work, the Sutherland group show 
that similar systems-chemistry approaches 
can explain this important regioselectivity 
problem. A combination of prebiotically 
plausible reactants effects a site-selective 
reaction that results in acylation of the 
2ʹ-hydroxyl group and thus promotes 
ligation in the desired 3ʹ,5ʹ-fashion.

The other Article, from Jack Szostak 
and co-workers, takes a complementary 
approach9. By examining the activity of 
RNA molecules containing a mixture of 2ʹ,5ʹ 
and 3ʹ,5ʹ linkages, they show that a mixture 
of isomers may not have been a problem 
for the evolution of RNA. Indeed, they 
provocatively suggest that the formation 
of these isomers may even have been 
beneficial, because their presence renders 
the backbone of polynucleotides irregular, 
which in turn weakens the binding between 
strands in duplexes. This could facilitate the 
separation of RNA strands (a necessary step 
for replication) in the absence — or before 
the existence — of enzymes.

The ability of RNA to act as a both a 
catalyst and as a store of genetic information 
is at the heart of the RNA-world hypothesis, 
in which RNA fulfilled both of these 
roles in early life before being replaced 
by the contemporary trio of DNA, RNA 
and proteins. In an accompanying News 
& Views article, Armando Hernandez 
and Joseph Piccirilli note the importance 
of demonstrating, in a laboratory, non-
enzymatic copying of RNA as evidence for 
such an RNA world. They explain how the 
formation of mixed linkages in the RNA 
backbone has been a problem in achieving 
this goal, and comment that “together, these 
two studies make it a little easier to visualize 
the emergence of the RNA world from 
prebiotic chemistry”.

These articles describing and discussing 
research on this topic are complemented 
by an interview with Matthew Powner, 
now based at University College London. 
Powner worked with both the Sutherland 
and Szostak research groups, as a PhD 
student and a postdoctoral researcher, 
respectively, and is a co-author of both 
Articles that appear in this issue. In the 
interview, Powner describes how he sees 
the two pieces of work fitting together 
as part of “a colossal chemical jigsaw”, 

and also discusses his own nascent 
independent research career.

Powner’s passion for this subject 
is evident from the answers, not 
least when he gives reasons for why 
this topic should be funded. We 

asked him this question because, in 
these straightened economic times, a 

case often needs to be made (particularly 
to funders) for why a given piece of research 
demonstrates an obvious long-term societal 
(usually monetary) benefit. Powner points 
to our fundamental thirst for knowledge 
and compares the funding of this field to 
that of the Large Hadron Collider. The 
unanticipated benefits of such blue-sky 
research are frequently cited as the best 
reason for it to be supported. It seems 
reasonable to suggest that such benefits 
may be likely to arise from interdisciplinary 
topics, such as the origin of life, because 
understanding them requires the 
collaboration of researchers from so many 
different specialties. In attempting to answer 
questions as fundamental as “where do we 
come from?”, the chemical origins of life is 
also surely a topic that can — if explained 
correctly — get the general public interested 
in chemistry in a positive way. And you can’t 
put a price on that. ❐
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A collection of articles in this issue focuses on the chemical origin of life — how simple molecules present 
on the early Earth could have evolved into the complex dynamic biochemistry that we know today.

The ascent of molecules
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HCN + H2O --> NH2CHO -formamide 
Proton irradiation forms amino acids, nucleobases 
Life is a chemical soliton! 



Recycling of Chemistry of Life 

USNO Scientific Colloquium, 01/26/17 
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•  Rocky planet with a surface liquid water (CHZ)  
•  Plate tectonics with suduction 
•  Presence of a planetary magnetic field  
•  Stability of complex carbon molecules 
•  CHNOPS and a range of metals (Fe, Mn) to build 

molecules and act as catalysts 
•  Presence of energy sources to drive bio processes and 

evolution or redox reactions in the crust  

What Is Habitability ? 
Not life, but physico-chemical conditions supporting life 

As We Know It 
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" Long life expectancy (> 1 Gyr) 
" Be luminous enough - the planet doesn’t have to be too 

close  
•  stars with M < 0.5M! (M) will tidally lock 
• XEUV/wind flux and atmospheric loss 

" Have high “metallicity” 
" Special constraints on a binary system 
" “Child” planet needs an emotionally stable parent 

  Mid aged G-K stars are the best “parents” 

How To Become a ”Star” Parent ? 
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Alien Megastructures 



Strategies to Search for  Life 
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      Direct Imaging 
    Young Earths “pregnant” with life 
      N2O-  2.9, 4.5, 7.9 µm,  
      HCN – 3 and 14.3µm 
    Beacons of Life Earth twins:  
     NO – 5.3 µm at 100 TW  

                                                OH at 100 TW at 1.6 and 2 µm 

Earth analogs within BZ  
R=2,700/NIRSpec 



Exo Life Beacon Space Telescope 
•  Extension of FKSI 
•  Four 2.5 m 

telescopes 
•  Boom ~ 25 m 
•  IWA~20 (𝛌/5) mas 



Strategies for Searching for Life  
in the Universe 
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or 

Intelligent                                      Primitive 1020 x abundant 


