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The high energy radiation effects on exoplanets

From the host star

From transient events

➢ XUV (5-911 Å): hydrodynamic escape

➢ NUV (200-280 nm): abiogenesis

➢ GAMMA (KeV-MeV): habitability 
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o Habitability and mass extinctions

o GRBs and SNe and their possible effects on planets

o The best place and time to live in the Milky Way

Outline



Habitability

Many ingredients are important for the existence of life on Earth:

o Intrinsic factors: property of the planet (geological properties, atmosphere)

o The  environment - on the planetary system scale - where the planet was formed and 
evolved (the emission properties  of the host star and the geometry of the planetary 
system). 

Can the galactic environment and in particular high energy galactic transient events 
influence the habitability of a planet?



Mass extinctions
Five mass extinctions: events in which a large
fraction of existing species completely disappears
over a short geological timescale. Sudden holes in
the biodiversity evolution.

The origins of these events are debated.
Climate changes induced by one or many of these
events:

o volcanic eruptions (Wignall 2001, Self et al.
2006, Rampino 2019)

o plate tectonics (Li 2012, Snakin 2021)
o asteroid impacts (Alvarez et al. 1980)
o GRBs and SNe (Ruderman 1974, Gehrels et al.

2003, Melott & Thomas 2011)
Number of genera over time for the 17,797 well-resolved

marine animal genera of Sepkoski’s Compendium of Fossil

Marine Animal Genera data (Sepkoski 2002)



GRB221009A
750 Mpc, it was powerful enough to affect Earth’s atmosphere: 

Piersanti et al. 2023
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Gamma Ray Bursts (GRBs) and Supernovae (SNe) 
Less powerful than GBRs but more frequent.
Divided in classes according to different 
chemical elements in their spectra



Melott & Thomas 2011 (2D atmospheric model) a typical GRB at 1 kpc:
o would destroy most of the ozone layer
o could trigger a global cooling as a consequence of chemical changes in the atmospheric 

composition.



• A decrease in extinction intensity was observed with the increase in water depth. UV radiation strongly 
damages the organisms living on the surface of the ocean and not those living in deep-water. 

• Brenchley et al. 1994 showed that the Ordovician extinction took place before the Ordovician glaciation. 
This phenomenon is coherent with the GRB scenario: the first effect of a GRB is the depletion of the 
ozone layer, and as a consequence, larger UV flux can reach the Earth’s surface, and then chemical 
changes in the atmosphere lead to the global cooling. 

• Melott & Thomas 2013 showed that the geographical pattern (latitudinal differential extinction rates) of 
the Ordovician extinction is consistent with the radiation of a GRB that primarily illuminated the South 
Pole.

Late Ordovician mass extinction event have some charactheristics coherent with this scenario:

Melott & Thomas 2011 suggested that the late Ordovician mass extinction event may have been 
caused by a Gamma ray burst.  

The safest region and time to live during our Galaxy 
evolution, more sheltered from these high energy events.



At a given time, for a planet at R from the galactic center, I calculated the rate of lethal events triggered
by a high energy transient event of energy E: 

An event with energy E is «lethal» for a planet if it occurs at a distance less than d, the distance within
which it can hit the planet with a fluence > 100 kJ/m2  (ozone layer depletion, Thomas & Melott 2011)

F(R,t) is a «probability» that one of these events occurs within the red region S
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Number of lethal event (R,t) = Number of stellar explosions in the entire galaxy with energy E x F(R,t)
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Bertelli et al. 1994 

Virgili et al. 2011

Madau & Dickinson 2014

LGBR Wanderman & Piran 2010
SGRB Ghirlanda et al. 2016

SNIbc/IIp Madau & Dickinson 2014
SNIa Maoz & Mannucci 2012.



Milky way model (Naab & Ostriker 2009)

Star formation evolution Metallicity evolution

- Stellar density (R,t) 
- Star formation (R,t)
- Metallicity (R,t))

Naab & Ostriker 2009 

Present-day Milky Way proprieties 
reproduced by model: total mass 
in stars, total mass in gas, stellar 
surface density at the solar radius, 
gas surface density at the solar 
radius, and global SFR.

2.5 Gyr: the bulge forms with a steep exponential surface density profile. 

After 2.5 Gyr: start of the long and gradual formation of the disk.



Terrestrial planets
Zackrisson et al. (2016) model to calculate the surface number density of TPs within the MW as a function 
of cosmic time and galactocentric distance:

Zackrisson et al. (2016) 
Metal-enriched environments favours the formation of close-orbit giants that destroy the prospect of 
harboring “stable” TPs.
In a very low metallicity environment, planet formation is inhibited. 
The model assumes that the probabilities of forming “stable” TPs (PFTP) is higher at intermediate metallicity. 



Number of lethal events (Sne, GRBs, top colorbar) per bins of time of 500 Myr as a function of 
the distance from the Galactic Center (x-axis) along the Milky Way cosmic history (y-axis, the 
lookback time): 2 green valleys (safe regions, along the MW disk and its cosmic history). 

Milky Way formation

Now

surface number density of terrestrial planets



Milky Way formation

Now

surface number density of terrestrial planets

First green valley: in the peripheral region during the early stages of galaxy evolution (few 
lethal events because star formation is low – but the possibilities of  life in this region is 
hampered by the low TP surface density).



Earth

Milky Way formation

Now

Second “green valley” is between 2 and 8 kpc from 4 Gyr ago to now: LGRBs are dominant lethal event until 6 Gyrs ago but, later 
on, the progressive increase of  metallicity inhibits the formation of LGRBs.  The higher density of TPs in this region makes this 
zone the best zone for the emergence and resilience of life over the last 4 Gyrs.

Safest region

Milky Way formation

Now

surface number density of terrestrial planets



Number of lethal events in the last 500 Myr
as a function of the galactocentric distance

- In the last 500 Myr the safest zone 
is between 2 and 8 kpc (minimum 
of the red line)

- At the Earth position, within the 
last 500 Myr, we estimated one 
lethal long GRB. A value coherent 
with the hypothesis that the 
Ordovician mass extinction event 
was triggered by a long GRB 
(Thomas & Melott 2004). 

Earth

Safest region



Conclusions

o LGBRs  are the dominant lethal events 

o Two green zones 

o In the last 500 Myr: 1 LGRB at 8 kpc

Future prospects
We can apply this model for different types of Galaxy and also in a cosmological
context to find the best galaxy and the best cosmic epoch to live in the Universe.



Mass extinctions can “favor” the long run for the 
expansion of biodiversity. 

After mass extinctions the surviving species has 
the opportunities to experiment new 
environments without  competition, and thus, the 
can evolve and diversify very quickly. 
This can explain the rapid increases in biodiversity 
following mass extinctions. 

Burst of origination events follows each mass extinction
Krug & Jablonski 2012

Mass extinctions occurring at the right pace could have 
played a pivotal role in the evolution of complex life forms 
on Earth(Sepkoski 1985; Raup 1994; Jablonski 2001; Krug & 
Jablonski 2012; Stroud & Losos 2016).
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