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Abstract: Can high-energy transient events affect life on a planet? We provide a review of the works
that have tried to answer this question. It is argued that that gamma ray bursts, specifically those
of the long class, are among the most dangerous astrophysical sources for biotic life and may exert
evolutionary pressure on possible life forms in the universe. Their radiation can be directly lethal for
biota or induce extinction by removing most of the protective atmospheric ozone layer on terrestrial
planets. Since the rate of long gamma ray bursts is proportional to the birth rate of stars but is reduced
in metal rich regions, the evolution of the “safest place” to live in our galaxy depended on the past
12 billion years of evolution of the star formation rate and relative metal pollution of the interstellar
medium. Until 6 billion years ago, the outskirts of the galaxy were the safest places to live, despite
the relatively low density of terrestrial planets. In the last 5 billion years, regions between 2 and
8 kiloparsecs from the center, featuring a higher density of terrestrial planets, gradually became the
best places for safe biotic life growth.
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1. Introduction

The search for life in the universe represents the milestone of modern astronomy.
If Copernicus displaced humans from the physical center of the universe and Darwin
placed them firmly within the natural world, then the eventual discovery of life outside the
terrestrial biosphere would represent another great revolution for mankind.

Since the discovery of the first exoplanet orbiting around a main sequence star [1],
different observational techniques and the advent of dedicated satellites (e.g., Kepler) [2]
have been providing an astonishing and growing number of discovered exoplanets, reach-
ing up to more than 5000 at present'. We are now starting to understand exoplanetary
populations and, in particular, the frequency of Earth-like exoplanets in the universe. For
example, population studies (e.g., [3-6]) suggest that each M-dwarf star (0.1-0.8 Mg),
which is the most abundant stellar population in the universe (~75% [7]), hosts one small
(R =0.5-2.0 Rg) rocky planet.

Understanding how life can emerge and develop on exoplanets is one of the major
challenges. Indeed, there are at least two factors which contribute to creating favorable
conditions for the development of life as we know it: (1) the planetary physical and
geological properties, such as plate tectonics providing long-term regulation of heat and
chemical budgets and generating magnetic fields that protect the planet from atmospheric
stripping [8-11], and (2) the environment on the planetary system scale where the planet
was formed. The latter is in part related to the properties of the planetary system to
which the planet belongs (e.g., [12]) and in part related to the emission properties (e.g., the
irradiance and spectrum) of the host star [13,14].
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The planetary properties and the environment can, however, also have another ef-
fect. If life can emerge and develop, then there can be catastrophic events related to the
planetary system scale which can destroy it. Among these are large-scale volcanic erup-
tions (e.g., [15-17]), dramatic changes in the continent distribution due to plate tecnonics
(e.g., [18,19]), a change in the emission properties of the host star or an encounter with
debris of the protoplanetary disk [17,20-22].

It is well known that in the last 500 Myrs, the history of life on Earth was characterized
by five events, called mass extinctions (MEs), corresponding to the disappearance over a
short geological era of a large fraction of existing species [23-25]. These events are inter-
spersed with other distinguishable minor extinction episodes. Figure 1 (black histogram)
shows the number of genera (in units of thousands) over time for the 17,797 well-resolved
marine animal genera of Sepkoski’s Compendium of Fossil Marine Animal Genera [26].
The green curve is a third-order polynomial fit obtained by minimizing the variance of the
difference between the curve and the data [27]. Purple arrows show the five MEs (>40%
marine genera extinctions) in the last 500 Myr.
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Figure 1. Number of genera (black histogram) over time for the 17,797 well-resolved known marine
animal genera of Sepkoski’s Compendium of Fossil Marine Animal Genera [26]. The green curve is a
least square fit to the data points, and vertical triangles mark the 5 MEs which occurred on Earth in
the last 500 Myr.

The origins of the five MEs are debated. Paleontologists ascribed mass extinctions to
climate changes induced by endogenous phenomena such as volcanic eruptions, plate tec-
tonics and glaciation (e.g., see [28]). Starting in 1980, with the proposal by Alvarez et al. [20]
of the large asteroid impact event as the cause of the most recent mass extinction marking
the end of the Cretaceous (~66 Myr ago), the extra-terrestrial origin of mass extinction
events was considered. The hypothesis was confirmed in 1991 by the discovery [29] of
a crater 180 km in diameter in the Yucatan Peninsula, which is now considered the im-
pact site of the asteroid or comet proposed by Alvarez et al. [20]. Although still debated
(e.g., [30]), the 1991 discovery confirmed the possibility that astrophysical events can affect
the evolution of life on Earth.
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In addition to meteoric impacts and possible variations in Earth’s orbit, the other pos-
sible astrophysical origin of ME events is related to substantial variations in the irradiance
of the planet. The emission properties (spectrum and luminosity) of the host star are the
closest source of habitat changes for the planets orbiting around it. Planetary habitability
can also be influenced by the radiation produced on the larger scales (from parsecs to kilo-
parsecs) within the galaxy. Indeed, intense radiation fluxes, when also over relatively short
timescales, can produce major changes in the protective layer of the planet atmosphere,
thus causing changes and eventually being lethal for the biota. Many works suggested
that cosmic rays or high-energy transient events such as supernovae (SNe) and gamma ray
bursts (GRBs) may play a crucial role in shaping habitability in the universe [31-35].

The habitability of an exoplanet is therefore the result of at least two competing
processes, namely the emergence and growth of life and the lethal events which can destroy
a large fraction of its biota. It is possible that the same effect (e.g., the changing of the
radiative conditions of the host star) may have a role on both sides of this competition.
For example, UV or X-ray radiation may cause atmospheric erosion [36], biomolecule
destruction [37] and damage to various species of proteins and lipids [38]. On the other
hand, experimental studies (e.g., [39-44]) demonstrated that UV light is a crucial ingredient
for pre-biotic photochemistry, namely for the synthesis of ribonucleic acid (RNA) (i.e., the
building blocks for the emergence of life). Massive life extinction may represent also a
step toward the evolution of life on exoplanets. As for our planet, the five MEs which
occurred in the last 0.5 billion years have contributed to the development of our planet’s
life as it is today. Indeed, as shown in Figure 1, the threats corresponding to the ME
events were followed by a rapid rise in the genera number which could exceed the average
trend (shown by the green line), thus increasing the biodiversity. This idea has led several
biologists [45—-49] to consider MEs and the following evolutionary bursts one of the main
factors in modeling macroevolution. In this context, the incredible growth in biodiversity
that began 250 million years ago is emblematic. It began after extinction, signaling the end
of the Permian, which was the most severe of the five MEs.

In this paper, we will concentrate on the life-threatening effects and particularly those
originating from distance scales much larger than the planetary system and smaller than
the galaxy scale. We will focus on the most powerful transient sources capable of releasing
energies up to 10 ergs. In this category, we include long gamma ray bursts but also
account for the less energetic short-duration GRBs and for the even less powerful but more
frequent supernovae. The first part of the manuscript deals with the effects on a planet’s
atmosphere induced by the deposition of a large amount of energy by such events if they
happen within a dangerous distance (Sections 2 and 3). In Section 4, we provide a review of
the main results published in the literature on this topic and discuss them while considering
their different assumptions and main limitations. In Section 5, we present, in a pedagocical
approach, our recent studies [50]. We provide an extended discussion on the possible
limitations and draw our conclusions in Sections 6 and 7, respectively. In Section 8, we
review the studies concerning the extension of the concept of habitability to cosmological
distance scales.

2. Life-Threatening High-Energy Transients

Powerful astrophysical transient sources of high energy radiation, such as GRBs and
SNe, can be life-threatening and potential causes of mass extinction [31-35].

GRBs (e.g., see Kumar & Zhang [51] for a recent review) are made of two subclasses:
long events (lasting >2 s) and short-duration events (<2 s). Long and short GRBs are the
result of the core collapse of massive stars or the merger of compact object binaries (hosting
at least one neutron star), respectively. The formed central object is responsible for the
emission of bipolar powerful jets with a typical aperture of a few degrees, which emit in vy
rays by releasing energies ~ 10°2 erg” on the second and minute duration timescales. When
considering the average properties, short GRBs are slightly less energetic (e.g., Ghirlanda
et al. [52]) and less frequent up to a factor of ~4 than long-duration events [53-56]. The
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short-duration emission of X/ rays in GRBs in the energy range from 0.1 keV to 1 MeV
are accompanied by emissions extending over the full electromagnetic spectrum (the
afterglow), which fade over months and release in the very early stages after the burst
approximately 1/1000 of the energy characterizing the 7y ray energy. Supernovae (SNe),
also associated with the end stages of stellar evolution, come in two flavors (based on their
progenitors): type la, which are produced by thermonuclear explosions in binary accreting
systems hosting a degenerate star, and types Ib, Ic and II, which are the outcomes of the
core collapse of massive (>8 Mg) stars.

SNe release a small fraction of energy in X- or < rays (one million less than GRBs), but
their rate is much higher [57,58]. GRBs are approximately one million times more energetic
than SNe, but their rate is 10,000 times lower (Section 5.1). Owing to their stellar origin,
the rates of GRBs and SNe are primarily linked to star formation activity within galaxies.
The larger the fraction of gas converted into stars, the larger the fraction of binaries (able
to produce Type Ia SNe and SGRBs) and the fraction of massive stars (able to produce
Type Ibc SNe and GRBs). However, several other factors contribute to the fate of binaries
and massive stars eventually producing SNe and GRBs. In particular, the probability that
massive enough stars (see Heger et al. [59]) can lead to long GRBs depends on the star’s
metallicity. Theoretical studies [60,61] have shown that a low enough metallicity for the
progenitor star limits the mass loss, thus allowing for a quickly rotating core at the time of
collapse. The formation through a collapse of a quickly spinning black hole seems to favor
the launch and powering of the relativistic bipolar jet from the accretion disc-BH system.
The requirement of a low metallicity progenitor seems to be confirmed by direct studies
of long GRB host galaxies [62—64] and most population studies [56]. In addition, for Type
Ib,c and IIp SNe, there is a dependence on the progenitor metallicity (see, e.g., [59,65]). The
environment metallicity seems to also influence the probability of forming Earth-like
planets. Metal-poor environments (e.g., the galactic halo) are unfavorable for forming
planets lacking the solid constituents to accrete matter (e.g., [66]). A high-metallicity
environment seems to favor the formation of gas giants (e.g., [67]), which hinders the
formation of Earth-sized planets by accreting most of the metals in their massive proto-
cores [68]. As such, the probability of forming Earth-like rocky planets might be limited to
high-metallicity environments [69] and inhibited in too-metal-poor ones. Therefore, the
threats posed by GRBs and SNe to the emergence and development of life in the Milky
Way (MW) depend on a non-obvious method from the past 12 billion years of evolution
of the star formation rate and the relative metal pollution of the interstellar medium (in
Section 5.2).

In the next sections, we present the basic ingredients of a model which aims at describ-
ing how the habitability of the MW evolved through cosmic epochs. We estimate where and
when life on Earth-like planets had the best chances to evolve safe from atmospherically
induced effects due to high-energy transient explosions. This is obtained by combining our
state-of-the-art knowledge of the properties of the most powerful high-energy transients
of stellar origin, namely GRBs and SNe, with a simplified model of the Milky Way which
captures the basic ingredients (star formation and metallicity) that influence the probability
of occurrence of such high-energy transients.

3. Ozone Depletion and Critical Distance to High-Energy Transients

A typical GRB emitting an isotropic equivalent energy ~10°? erg s~! can illuminate a
planet at one kiloparsec distance with a y-ray (i.e., keV-MeV) fluence of ~100 k] m 2. This
is able to destroy most of the ozone layer of an Earth-like atmosphere [70] and thus expose
the biota to harmful UVB radiation from the parent star (Figure 2). Intense UVB radiation
could also be lethal to surface marine life such as phytoplankton, which is fundamental
to the food chain and oxygen production. Moreover, the opacity of the NO, produced in
the stratosphere would reduce the visible sunlight that reaches the surface, causing global
cooling. Melott et al. [71] proposed that the late Ordovician ME event (~445 Myr ago),
which is one of the five great mass extinctions on Earth, was triggered by a GRB. Despite this
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kind of event being very “clean” (i.e., it does not generate radioisotopes with long lifetimes),
this hypothesis is supported by some clues. For example, Herrmann & Patzkowsky [72]
and Herrmann et al. [73] showed that in order to explain the late Ordovician climatic
conditions, a “push” was required, such as an extra-terrestrial agent [35,74,75], which was
able to induce the glaciation that occurred in that period. Moreover, for the late Ordovician
ME, a decrease in extinction intensity was observed with the increase in water depth [71].
This is in agreement with the scenario where UV radiation played a crucial role in this
extinction, strongly damaging the organisms living on the surface of the ocean which were
directly exposed to sunlight and unprotected by a thick layer of water. Brenchley et al. [76]
showed that the Ordovician extinction of graptolites took place before the Ordovician
glaciation and the drop in sea levels. Additionally, this phenomenon is coherent with the
GRB scenario, as the immediate effect of a GRB is the depletion of the ozone layer, and as a
consequence, larger UVB flux can reach the Earth’s surface, and chemical changes in the
atmosphere lead to glaciation. Melott & Thomas [77] showed that the geographical pattern
(latitudinal differential extinction rates) of the Orodovician extinction is consistent with the
radiation of a GRB primarily illiminating the South Pole.

VISIBLE VISIBLE A VISIBLE
LIGHT LIGHT LIGHT

OZONE 0,

ATMOSPHERE

BEFORE DURING

Figure 2. Effect of a gamma ray burst on an Earth-like planet. Before the GRB, the ozone (O3)-rich
external atmosphere layer (blue circle) shields the planet from UV radiation emitted by its host star.
The incidence of a relatively large (with fluence F > F; (see text)) amount of X-ray and <y ray radiation
destroys the O, and N, molecules, which recombine, producing nitrogen compounds (NO and NO,
mainly). The latter are catalysts for the depletion of O3. As a consequence (after), the host star light
can penetrate the atmosphere, reaching the planet surface and thus inducing DNA modification. Side
effects are induced by the increased opacity of the atmoshpere to visible light (due to the increase in
NO3), which would induce a global cooling effect and the precipitation of NO as acid rains which
would damage plants, thus breaking fundamental biological chains.

Thomas et al. [70] estimated, through a 2D atmospheric model, that a <y ray fluence
(i.e., energy per unit area) F, ~ 100 kJ m~2 (ie., ~108 erg cm™2) can trigger a ~91% local
depletion (~36% global average) of the ozone layer of an Earth-like atmosphere on a time
scale of ~1 month.

The ozone layer which envelopes the Earth is distributed at altitudes between 30 and
40 km. The minimum wavelength for O3 photodissociation is 320 nm (corresponding to
~38 eV). A large fluence of X and v rays initiates a series of reactions which leads to ozone
depletion. In particular, the photodissociation of N in the stratosphere, which recombines
with O atoms, leads to the formation of NO and NO; primarly. These NO compounds are
catalysts for a series of reactions which deplete O3;. Most relevant reactions (e.g., [78]) are
the following:
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b NO+03 — N02+02,'
- N02+O - NO+02,'
* N+02 — NO+0;

N+NO— N»+O.

where the first reaction of the cycle is responsible for O3 depletion. Indeed, the net effect
of the first two reactions of this cycle is O3+O=0,+0O;. The last reaction is the limiting
one, where the replenishment of N, molecules quenches the production of NO (through
the third reaction), which is the catalyst to start the cycle. The rate of the last reaction is
relatively low compared with the short duration of the high-energy photon source, such
as a GRB. As a consequence, the stratospheric concentration of NO increases considerably
before being limited by N, production.

The effects induced on the atmosphere by the impact of a 100 k] m~2 burst of -y rays
are shown in Figure 3. The shaded region shows the envelope of the curves obtained by
considering different latitudes of impact. On short timescales, the global reduction of the
ozone column density is as large as 30-40%. This condition may affect the atmosphere
for up to a couple of years. A recovery phase then starts which can bring the situation
back to the pre-burst ozone concentration within a decade. Indeed, ozone is progressively
replenished at lower altitudes due to the penetration of the Sun’s UV radiation®. The
ozone depletion is seasonal and latitude-dependent, owing to the different atmospheric
stratification and its circulation. Thomas & Melott [74] showed that a burst (with a fluence
of 10 k] m~2) impacting the equator would produce a smaller local depletion (28%) than
if it impacted at high latitudes >+45° (38%). However, atmospheric circulation would
redistribute the effect at all latitudes in the former case (with 16% depletion on a global
scale) rather than being localized only in one hemisphere (13% depletion) in the latter
scenario. The seasonal effects are mainly due to the Earth’s rotation axis inclination.

The first effect of ozone depletion would be the damage to DNA. Thomas et al. [70]
estimated that a 50% reduction of the O3 layer would already increase the UVB (280-315 nm)
radiation flux on the ground by a factor of ~3 (which would be detrimental to, among
other organisms, phytoplankton, thus affecting the food chain base) with respect to the
normal value®. The effect of a larger incident fluence is that of dissociating a larger fraction
of O3 despite, in the case of a transient lasting from a few minutes to a few weeks, how the
atmospheric circulation may mitigate the effect by reducing the O3 depletion by a factor
of ~2. Thomas et al. [70] reported the pointwise (—64%, —91% and —98%) and globally
(—16%, —36% and —65%) maximum averaged percent change in the fraction of ozone
depletion after 1 month from the burst as a function of the fluence reaching the top of the
atmosphere (10 ] m~2,100 ] m~2 and 1000 ] m 2, respectively).

Based on these studies, we define astrophysical “lethal events” as those transients
capable of delivering a fluence F > F; onto a planetary atmosphere [35,70,75]. The fluence
value depends on the intrinsic energy output E of the astrophysical transient and on its
distance to the planet. Therefore, we can identify the hazard distance d as the maximum
distance within which the fluence experienced by any planet from an astrophysical source
emitting E is larger than the critical value F:

d—\/g M

The shaded regions in Figure 4 represent the hazard distance (right y-axis) as a function
of the critical fluence when considering different high-energy transients. The curves were
obtained through Equation (1) by assuming the characteristic energy (central solid lines)
and a factor 10 variation around this value (shaded regions). The potentially dangerous
effects of transients depend on their emitted total energy. GRBs, with a typical energy of
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102, erg can be lethal (i.e., produce more than 90% of O3 by irradiating with a fluence
F ~ 10? k] m~2 out to 1 kpc), while SNe can only produce such effects if located within
1 pc from the planet.

This simple estimate shows that more powerful events can be lethal for a planet over
larger distances. However, the other key ingredient is the rate of such events. Indeed,
in general, a high event rate can reduce the ability of the planet to recover from the
environmental effects induced by radiation even for a moderately energetic output. In
the next section, we introduce a concept which is related to the intrinsic properties of the
population of high-energy transients considered.
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Figure 3. Global percentage reduction of the O3 column density. The shaded region is the envelope
of the curves computed by Thomas & Melott [74] by considering different latitudes || > 45°.
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4. Galactic Habitability

Seminal works proposing a possible cause—effect relation between most powerful as-
trophysical events and Earth’s atmosphere changes considered nearby supernovae [31,80]
and stimulated follow-up papers (e.g., [81,82]) refining the initial estimates and consider-
ing radiation-induced ozone depletion as one of the major effects threatening planetary
habitability. Thorsett [32] extended the cause—effect paradigm by including GRBs (just
few years before the afterglow discovery by van Paradijs et al. [83] and Costa et al. [84]).
A typical GRB releasing 10°? erg which was located at <1 kpc would illuminate Earth’s
atmosphere with >3x10% erg cm 2, corresponding to ~30 times the chemical energy of the
ozone layer (~300 megatons of trinitrotoluene (TNT) [85]). While most of this radiation
would not harmfully penetrate the thick atmosphere of Earth ([86], but see also [87]), it
would rather reduce the ozone layer and, as a consequence, induce an increase in the Sun’s
UVB radiation flux reaching the ground (e.g., [70,74]).

GRB-induced effects, coupled with the order of magnitude estimates of the burst’s
rate, led to proposing that they may have had a major role in the mass extinction event
ending the Ordovician era on Earth [71] ~450 Myr ago (see Figure 2). Attempts to model
the impact of high-energy ionizing radiation on Earth’s atmosphere ([34,70,71,78,87,88],
and see [74] for a review) highlighted how different properties of the target (i.e., the planet),
such as its air mass circulation and axis inclination, have a major role in global ozone
depletion and its consequences on the biota (see also Figure 3). Among the most notable
source properties, the high variability and short duration of GRB emissions (compared
with SNe) seem to be less important than the spectral hardness of the emitted radiation,
owing to the higher penetration depth of higher-energy photons [78].

The natural extensions of these works were aimed at studying the galaxy as a whole,
thus constraining the regions and cosmic epochs where life may have been less subject to
threatening astrophysical high-energy transients. Piran & Jimenez [35] combined the rate
and luminosity function of long GRBs (which are most lethal to life, owing to the larger
released power) to estimate the probability within the MW of having at least one lethal GRB
(with a fluence >100 ] m~2) in the last 0.5-5 Gyrs. They concluded that the inner regions of
the galaxy, at distances <2 kpc from the center, are mostly dominated by life-threatening
GRBs, owing to the larger stellar density”. The outskirts of the galaxy, at distances > 10 kpc,
should rather be the safest places, with a relatively small probability of having powerful,
long GRBs over the past 5 Gyrs. Extension to larger distances excludes that extragalctic
GRBs from galaxies in the local group (even those with large star formation rates such as
the Large Magellanic Cloud) may be dangerous to life in the MW. Therefore, the outskirts
of large galaxies in low galaxy density groups seem to be the best place for preserving
life according to Piran & Jimenez [35]. With some refinement to the GRB rate estimate
based on the metal aversion, Li & Zhang [75] reached similar conclusions for the MW. In
particular, Li & Zhang [75] identified a region <8 kpc from the galactic center which may
have experienced ~1 lethal, long GRB in the last 500 Myr.

Clearly, the assessment of the “sustainability” of life is subject to uncertainties which
include several processes leading to its rise, evolution, and possible extinction on planets
(see, e.g., [89] for a review). The Galactic Habitable Zone (GHZ°) definition is further
complicated by small-scale conditions. Habitable environments are customarily defined
by considering the surface biota and, for example, ignoring the possible resilience of
submarine species. In an assumption with an Earth-like basis, most studies trying to
define the habitable zones within the Milky Way should also consider, in addition to the
threatening effects of powerful transients (such as GRBs and SNe), the conditions favoring
the formation of terrestrial planets [66] and the properties of the host star. By considering
these combined effects (though only SNe as threatening events), Lineweaver et al. [68]
studied the combined probability of having terrestrial planets and life-threatening SNe
and concluded that the GHZ should lie, at present, between 7 and 9 kpc from the galactic
center (however, see [90]). The inner boundary is set by too large of a frequency of lethal
SNe coupled with too large of a metallicity (favoring the presence of gas giants rather than
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Earth-like planets). Interestingly, the innermost galactic regions are made hostile by too
large of a frequency for SNe in the early epochs (up to ~6 Gyrs ago), and it has been mainly
limited in the last ~6 Gyrs by the increased metallicity. The outer boundary of the GHZ
defined by Lineweaver et al. [68] is primarily determined by a metallicity that is too low for
(any size of) planet formation. A similar conclusion was proposed by Spitoni et al. [91,92],
where detailed models for the chemical evolution of the MW were considered in deriving
terrestrial planet formation and SNe events were the limiting factor to life development
on such planets. With a more sophisticated approach, Gowanlock et al. [93] simulated the
MW galaxy (following the model of Naab & Ostriker [94], which evolves the star formation
and metallicity of the MW) and the galactic stellar population by assigning planets to each
star (determined by the metallicity) and the probability of ending as SNe’. Morrison &
Gowanlock [95] extended this study to also account for the probability of life development
in the time windows between sterilizing SNe events. The main outcome from these studies
was that the inner regions of the galaxy have the largest density of habitable planets, and
even when accounting for the larger sterilizing SN rates, there are more chances for life
development and resilience in the inner galaxy than in the outskirts. These works show
that the evolution of the galaxy, and in particular its two main features of the star formation
rate and the metallicity, are the drivers to define where an when the MW is better suited to
host life. Among the several simplifying assumptions, it is often assumed that the MW is
an azimuthally symmetric disk. More detailed 3D galactic modeling of the MW, including
the effects of its build up by interactions within the local group [96], seems to point toward
a present-day GHZ comprised at 2-13 kpc, while the N-body simulations of a Milky Way
galactic prototype [97] seem to favor the outskirts.

Table 1 summarizes the main papers defining the GHZ which appeared in the literature
in the last 18 years. The main assumptions are compared in the columns. The chronological
order shows a progressive tendency to refine the studies with an increasing number of
effects considered. There is a large dispersion of the main conclusions as far as the GHZ is
concerned. In general, works favoring the outskirts of the galaxy either did not consider
the lower probability of having habitable Earth-like planets [35,75] or did not consider the
dominating lethal effects of GRBs [93,95,97]. Only Piran & Jimenez [35], Li & Zhang [75]
considered GRBs to be threatening events given their larger emitted energy, which com-
pensates for their lower rates (compared with, e.g., SNe). GRBs may be one of the key
elements accounting for the different conclusions of other studies with respect to these
two. However, the importance of the chemical evolution of the galaxy in determining the
formation of Earth-like planets has been clearly highlighted in all other works (e.g., [91,93]).
Moreover, both theoretical and observational studies [56,60-64] have suggested that the
long GRB rate is biased (favored) by low-metallicity progenitors. By putting together
all the ingredients, namely (1) GRBs and SNe as lethal events (and accounting for their
dependence on the metallicity and star formation within the galaxy), (2) the probability of
forming terrestrial planets (and its dependence on the metallicity), and (3) accouting for
the spatial and temporal (R,t) evolution of the star formation and metallicity in the MW,
Spinelli et al. [50] derived the GHZ as detailed in the following sections.
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Table 1. Summary of the most relevant literature dealing with the definition of the GHZ. The different
effects of life-threatening events (GRBs and SNe) and the probability of forming terrestrial planets
are accounted for (v') or not (x) as marked. The assumptions for the spatial and temporal evolution
of the star formation rate (SFR) and metallicity are also reported (ignored x, assumed constant, or
evolving with galacto-centric distance R and cosmic time t).

Reference GRBs SNe PF SFR Metallicity GHZ (kpc)
Lineweaver et al. [68] X v v o (R Rb) 7-9
Prantzos [90] X v v (R R,t) Disk
Gowanlock et al. [93] X v v R (Rt Outskirt
Spitoni et al. [91,92] X v v o (R Rb) 9-11
Piran & Jimenez [35] v X X X Const Outskirt
Li & Zhang [75] v X X Const  Const Outskirt
Morrison & Gowanlock [95] % v v o (R R,b) ~2.5
Vukoti¢ et al. [97] X v v (R R,t) Outskirt
Forgan et al. [96] X v v R Rt 2-13
Spinelli et al. [50] v v vV o (R Rb) 5-7

5. Lethal Transient Rate

For our purpose of defining the GHZ and its evolution over cosmic time, first, we
need to define the rate of lethal events and how it changes over time within the galaxy. As
outlined in Section 3, the lethal effects of the biosphere induced by high-energy transients
depends on the energy they release which, combined with the distance to the planet, define
the hazard distance (see Section 3). A useful function for describing the demographic
evolution of a generic population of astrophysical sources is ¢(L, z) (i.e., the event rate per
comoving volume as a function of cosmic time (or redshift z) per unit luminosity L). This is
usually refereed to as the source “luminosity function”.

Long and short GRBs have thus far been detected only in relatively distant galaxies.
As of today, the closest short GRB 170817 [98,99] at ~43 Mpc, associated with the first
gravitational wave event produced by the merger of neutron stars in a binary system,
competes with the closest long GRB 980425 at a similar distance, associated with a broad
line supernova event [100]. Instead, SNe are well-detected within the galaxy. This difference
is mainly determined by the quite different event rates being a factor ~10* larger for SNe
with respect to GRBs. The event rates of both GRBs and SNe are inferred from available
observations and are often subject, mostly in the case of GRBs, to extrapolations to the local
cosmic unit volume (Gpc*3 in size), where the few events detected make the estimates
quite uncertain. Therefore, we can rescale the local rate of GRBs and SNe to the cosmological
volume occupied by our galaxy: Vyw(z) = M. (z)/p«(z), where M,(z) is the (redshift-
dependent®) mass in the stars of the galaxy and p.(z) is the (comoving) mass density of
the stars in the universe. We assume M, (z) = 10'746=0392 Mo Gpc=3, following [75,101].
¢(L,z) - Vyw(z) represents the event rate in the MW of a given source class per unit
of luminosity.

We are interested in assessing, along the cosmic history of the MW, the rate of lethal
events for a planet located at a galactocentric distance R (i.e., the rate of transients occurring
within a distance d from R). To this aim, we compute the portion of the galaxy which
is potentially dangerous (i.e., the fraction of the MW disk within a distance 4 from R,
Pyw(d, z|R)), and then estimate the rate of events occurring there. Assuming that GRBs
and SNe do follow the stellar distribution within the MW, Py (d, z|R) can be readily
calculated by integrating the MW stellar surface density 2, (R, z) within a distance d from
the planet’s position. Since the rate of a specific type of transient may depend on the
time-dependent properties of the local interstellar medium (i.e., star formation rate and
metallicity), we introduce two dimensionless factors, fr.(R,z) and fssrr(R, z), describing
the local conditions normalized to cosmological values (see the next sections for details).
Sy (L) is the area in danger around the position R for an event with a luminosity L. The
energy or luminosity of a given transient event determines (see Section 3) the outward
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distance d to which it can be lethal (according to the fluence limit criterion we defined in
Section 3). The number of lethal events per unit of cosmic time (or redshift z) for a planet at
a distance R from the galactic center is

ANpmw(R,2) _ Viuw(z
dz M. (2)

) f J é(L,Z)Z*(S, RrZ)fFe(S/ R/Z)fSSPR(S, R,Z)dL dS (2)
L Jsu(L)

where the integral is performed over the entire luminosity distribution, and we have
expressed the dependence of the lethal distance d on the event luminosity L. In the next
sections, we discuss the various terms in Equation (2).

5.1. High-Energy Transient Events

It is customary to factorize ¢(L,z) = (z)¢p(L), where ¢(L) describes the luminosity
distribution of the event rate at z = 0 while the dimensionless function ¥(z) is its redshift
evolution’. The luminosity distribution ¢(L) of long and short GRBs is described well by a
broken power law [53,55,102-105] defined between a minimum and maximum luminosity
Lyin and Ly,ay, respectively:

L —K
(fb) if Lin < L < Ly,

¢(L) = no ( ®)

_/B .
L%) if Ly < L < Liax

where 1 is the present day (z = 0) rate of events with L = L;,. GRBs have narrowly colli-
mated (opening angle 0 of a few degrees; see Frail et al. [106]) jets [107]. As a consequence,
lethal bursts are those whose jets are pointed at the planet. g is the local rate of such events
(i.e., representing only a fraction ~(6/2) of the full population). L represents the isotropic
equivalent luminosity, computed assuming that the observed energy is emitted over the
full solid angle and thus a factor ~(6/2)~! larger than what is realistically emitted within
the jet.

We adopted the parameters derived in Wanderman & Piran [53] and Ghirlanda et al. [55]
for long and short GRBs, respectively (Table 2). Note that since the event lethality depends
upon the fluence rather than the flux (Section 2), we needed to assign a characteristic
duration to the transients. Long and short GRBs have distributions of duration centered
around < T >~20 s and < T >~1 s, respectively [108]. Adopting a toy model for the
lightcurve shape, we assigned to a GRB of a luminosity L an energy output E = L7/2.

Table 2. Parameters of the LGRB and SGRB broken power law luminosity function [53,55] and burst
durations. ng is the rate density at z = 0.

no L .B Ly Linin Linax b

(Gpc3yr ™ (ergs™1) (ergs™1) (ergs™1) (s)

LGRB 1.3+0.6 1.2+ 09 24+ 077 10525402 104 10%4 20
SGRB 0.3 + 0.06 0.53 + 0.88 34+22 (2.8 +2.1) x 102 5 x 10% 1073 2

For SNe, we considered the rate at z = 0 of Maoz & Mannucci [57] and Li et al. [58].
The distribution of the energy output of SNe could be described by a Gaussian func-
tion [109-113], whose parameters are reported in Table 3. We distinguished among SNe Ia,
Ibc, and IIp.
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Table 3. Parameters to estimate lethal number of SNe: cosmic rate and burst energy (Egy) for each
SN type, as reported in [34,57,58,114-116].

SN Type Rate (z = 0) Burst Energy
10* Gpc3yr~! (erg)
Ia 22403 10%0£1
Tbc 2.6 +04 10%6£1
Ip 31+05 10%4£1

Long GRBs and SN Ibc and IIp are linked to the fates of massive stars e.g., [117]. It is
then conceivable to assume that the rate of such sources evolves over time as the cosmic
star formation rate (SFR; see, e.g., Madau & Dickinson [118] and Hopkins & Beacom [119]).
However, different from SN Ibc and Ilp, it is believed that the progenitors of LGRBs must
possess a low metallicity. This argument qualitatively agrees with the observed preference
of long GRBs to occur in relatively low-metallicity host galaxies (e.g., [64]) and would
also explain the steeper increase in the rate of long GRBs compared with the cosmic SFR
in the redshift range 0 < z < 3 [102,120-124]. Population studies suggest that such a
metallicity bias occurs for long GRBs below a threshold in the range 0.3-0.6 Zg [125,126].
We then assumed an intermediate threshold value Z; = 0.4 Zg for the occurrence of long
GRBs [124,127]. The redshift evolution of the rate can then be expressed as follows:

_ CSFR(z) Oz<z.(z)
CSFR(O) ®Z<ZC(0)

(4)

YrGrB(2)

where
(1+2)%7

1+[(1+2)/29)]°

is the cosmic star formation rate history from Madau & Dickinson [118] and ©7_7, ;)
represents the (redshift-dependent) fraction of stars with a metallicity Z < Z; in the
universe. The factorization of Equation (5) produces an increase with the redshift of the
GRB cosmic rate (e.g., normalized to the cosmic star formation), owing to the decrease in
the universe’s metallicity. The GRB rate peaks at relatively larger redshifts (z ~ 3) than
the cosmic star formation rate. This is what has been found by different studies on the
population of long GRBs (e.g., [56]).

Short GRBs are produced by the merger of compact objects, as was recently proven by
the association of the gravitational wave event GW170817 with the short event
GRB170817 [98,99]. It is expected that the redshift distribution of short GRBs does not
directly follow the cosmic SFR because of the delay between the epoch of the binary forma-
tion and that of the merger [104,128]. Ghirlanda et al. [55] derived the formation rate of
short GRBs from available observational constraints and found that, indeed, it is consistent
with a delayed cosmic SFR history. Here, we adopt the parametric function given in [55]:

¢SFR(z) = 0.015 MeMpc3yr—1 (5)

14282

PYsGrB = W (6)

Finally, for SNIa, which also had binary progenitors, we assumed the redshift distri-
bution derived by Maoz & Mannucci [57], corresponding to the convolution of the star
formation history of Madau & Dickinson [118] with a distribution of time delays oct 1.
Such a time delay distribution provided an excellent fit with the observed SN rates and
supported the hypothesis of a double-degenerate progenitor origin (i.e., a merger of two
WDs) for SNe Ia [129]. As a result of the delays, the cosmic rates of short GRBs and SNe Ia
peaked at a lower redshift (~1.5-2) compared with the cosmic SFR history (~2.5).
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5.2. Galactic Model and Environmental Factors

The rates of transients we discussed in the previous section are “cosmological” by
nature. Therefore, we needed to adapt them to the specific case of the MW. To this aim,
we adopted the simple inside-out formation model for the MW proposed in [130], which
is able to reproduce several key properties of the present time galaxy (Table 4). In brief,
it was assumed that the formation and evolution of the MW proceeded in two distinct
phases. During the first phase (for cosmic time <2.5 Gyrs), the galaxy was coupled to the
hierarchical growth of the large-scale structure, and a bulge was formed. After that, the
dark matter (DM) halo evolved in isolation, and the disk formed. The gas surface densities
of the bulge and disk initially had exponential profiles. After bulge and disk formation,
stars started to form following the standard Kennicutt law [131] with a star formation
efficiency of 10%.

Table 4. Present-day Milky Way properties reproduced by the 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
star formation rate.

Property Value
M. 5 x 101 Mg
Mgas 1 x 10" Mg,
PINS) 35 Mgpc—2
Le0 15 Mgpc—2
SFR 3 Mpyr—!

In order to compute the time-evolving surface stellar density and metallicity radial
distributions, Naab & Ostriker [130] adopted a simple model for the chemical enrichment
of the galaxy [132] which assumes an instantaneous metal injection in the ISM from massive
stars and a delayed injection from low-mass stars, neglecting large-scale radial flows of gas
altogether (see Naab & Ostriker [94] for details). Figure 5 (left) shows the star formation
surface density rate as a function of the position within the galaxy (i.e., the galactocentric
radius R) versus the lookback time. The density contours clearly show the increase in
the star formation rate from the inner part of the galaxy toward the peripheral regions
(inside-out star formation), and while the innermost part of the galaxy shows little if not
null evolution of the star formation over time, the outskirts experienced an increase of
several orders of magnitude. Figure 5 (right) shows instead the evolution over time of the
radial profile of the gas metallicity (in logarithmic scale (left colored bar)). Consistent with
the increase in star formation in the outskirts, the metallicity at larger distances from the
galaxy’s center also increased over the last Gyrs.

2 Now
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@

Figure 5. Evolution of the galactic model’s radial distribution of the star formation surface density
(left) and the metallicity (right). As a function of the galactocentric radius R and lookback time,
the color codes are in units of Mopc~'Gyr—! and Z/Z¢ (both in logarithmic scale, as shown by the
vertical color bars).
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In order to account for the preference of long GRBs and core collapse SNe (Ib, Ic, or
IIp and CCSNe) occurring in regions characterized by high star formation rates, we define
(similar to Li & Zhang [75]) the specific SFR correction factor in Equation (2) as follows:

sSFR(R, z)

fsSFR(R/Z) = SSFR(Z)

@)

Here, sSFR(R, z) is the (redshift-dependent) specific star formation rate within the
MW (as a function of the location R), while sSFR(z) is its cosmological analogue at the
very same epoch. The local star formation rate is estimated through the MW model
presented above [94,130], while sSFR(z) = ¢SFR(z)/p«(z). Note that, as expected, when
we combined Equation (7) with Equation (4), the term ¢SFR(z) was canceled out (i.e.,
the global cosmological evolution of the star formation rate was irrelevant when we
considered a specific galaxy), and only the present day value c¢SFR(0) was entered as a
normalization factor.

In order to account for the preference of long GRBs to occur in low-metallicity envi-
ronments, we define the metallicity correction factor in Equation (2) as follows:

fre(R,z) = (w

where, analogous to Equation (7), the upper term specifically refers to the MW, while the
lower term is its cosmological analogue. Note again that when combining Equations (2)
and (8), the term @77, (z) cancels out, and only the cosmological value at z = 0 is relevant.
We estimated @7z (0) under the assumption that the metallicity in the local universe had a
Gaussian distribution with a mean [Fe/H]y = —0.006 and dispersion equal to 0.22 [118,133].
The definition given by Equation (8) is similar to that of Li & Zhang [75], but here, we
considered the metallicity profile and its time evolution within the MW. While long GRBs
(rapidly rotating massive stars) prefer high star formation, low-metallicity environments,
there is no such evidence for short GRBs. Therefore, we assumed f;srr(R,z) = 1 and

fre = 1. The same holds for SNIa. Finally, for CCSNe, we assumed fssrr = % and

fsser(R, z) = 1. This latter assumption was due to the fact that the properties of SNe with
<40 Mg progenitors are independent upon their metal content [59].

Figure 6 shows the individual contribution of LGRB (left) and SGRBs+SNe (right).
Short GRBs and SNe were concentrated in the central regions of the galaxy due to the
large star formation and stellar density, and their occurrence was independent of the
metallicity of the environment. On the other hand, the incidence of long GRBs as lethal
events developed along the MW's history with an inside—out pattern. They dominated
the rate of lethal events in the early stages of the MW's evolution in the central regions
where most of the stars were formed, but they were progressively suppressed due to the
increase in the metallicity and became more prominent toward the outskirts, where the star
formation was relatively higher and the metal pollution was not yet dramatic.
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Figure 6. Galactic distribution (as a function of the galacticentric radius and lookback time) of the
number of lethal LGRBs (left) and combined SGRBs and SNe (right). The color coding refers to the
vertical bar representing, at a linear scale, the number of events per bin of 0.5 Gyrs.
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5.3. Terrestrial Planet Formation

A planet is typically defined as “terrestrial” (terrestrial planets (TPs)) when it has
a solid surface and its radius and mass lie in the ranges of 0.5-2.0 Rg and 0.5-10 Mg,
respectively (where Rg and Mg are the Earth’s radius and mass, respectively). TPs could
potentially develop habitable conditions [134]. In order to estimate the surface number
density of TPs within the MW as a function of the cosmic time and galactocentric distance,
we adoptrf the model of Zackrisson et al. [69]. As simulations and observations (radial
velocity and transit survey) suggest, close-orbit giants (Hot Jupyters (HJs)) form in metal-
enriched environments, while in very low-metallicity environments, planet formation is
inhibited. The model, based on the assumption that HJs inhibit the formation of TPs,
gives the probabilities of forming TPs (Prrp) and HJs (Prg) as a function of the local gas
metallicity. We then followed Lineweaver et al. [68] and assigned the probability of forming
HJs as a function of the metallicity (Fe/H) and the stellar mass My [135] as follows:

Prc([Fe/H], M) = fo10°Fe/HI g0 ©)

where fj is a constant pre-factor (0.08) and the parameter values suggested are a = 1.8 (1.06)
for FGK (M dwarf) stars and b = 1 [135]. The probability of forming terrestrial planets
is [69]

Pprp([Fe/H], Mx) = frpk(Z) (10)

with frp =0.4 (1) for FGK (M dwarf) stars, while k(Z) is a function with a cut-off at low
metallicity values [69]:

0 if [Fe/H] < —2.2
k(Z) = { G20 if 2.2 < [Fe/H] < —1.2 (11)
1 if [Fe/H] = —1.2

By combining these equations with the galaxy model of Naab & Ostriker [130], we
could compute the probability of habitable terrestrial planets Pyrp(R, z), by accounting
for the metallicity radial distribution and its cosmic evolution within the galaxy at the
same time. The surface number density of TPs as a function of time across the MW
was computed using the star formation surface density derived in the previous section.
Assuming a Salpeter initial mass function, we estimated the fraction of M dwarfs f; (with
masses in the range 0.1-0.6 M) and FGK stars frgx (with masses in the range 0.6-1.2 M¢).
Then, by adopting an average mass (M) for M dwarfs of 0.35 Mg and 0.9 Mg for FGK
stars, we finally estimated the surface number density of TPs:

Z
Srp(R,2) — J fZSFR(R/ZA)/IPHTP(R/Z) iz
Zform < >

where z¢,.,, = 2.5 is the formation redshift of the MW in the model of Naab & Ostriker [130].

(12)

6. Milky Way Habitability

In the local universe, the long GRBs had an observed rate (i.e., not collimation-corrected)
of ~1.3 Gpc—2 yr~!, while the short GRBs were slightly rarer (i.e., ~0.3 Gpc =2 yr—1) [53,55].
These rates corresponded to the GRBs we could see because their narrow jet points to-
ward the Earth. The long and short GRBs owned similar luminosities distributed in the
range 10*-10° erg s~!, while their energetics differed by a factor comparable to their
typical durations (e.g., Ghirlanda et al. [52], Table 2). All three classes of SNe—Ia (pro-
duced in binaries) Ib,c, or IIp (from a single massive star progenitor)—had similar rates
of 2-3 x10* Gpc*3 yr*1 [57,58] (Table 3) and much lower energies (104446 erg) compared
with the GRBs [114-116]. The energetics and the rate are key features for evaluating the
lethal effects of the different subclasses of transients, where more energetic events, such as
long GRBs, can irradiate with a fluence >100 kJ m? (ie., enough to destroy more than 90%
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of the ozone layer on a terrestrial planet [70]) a larger portion of their host galaxy. More
frequent albeit dimmer events such as SNe can repeatedly prevent the growth of life on
smaller distance scales though.

We modeled the lethal effect of GRBs and SNe by scaling their cosmic rates to the MW
(see Sections 5.1 and 5.2 GRBs and all SNe rates proportional to the gas-to-stars conversion
rate within galaxies). In the galaxy, the conversion of gas into stars increased over the past
12 billion years from the center toward the outskirts. The metallicity of newly born stars
followed a similar inside-out evolution (Figure 5) [94,130].

In the early stages of the MW evolution (from its formation up to 6 billion years ago),
the largest portion of the galaxy out to 10 kpc from the center was unsuitable for life growth
due to the high frequency of lethal events (i.e., more than 30 every 500 million years). These
were short GRBs and, to a lower extent, SNe in the inner regions within 2.5 kpc from the
center and long GRBs out to 10 kpc. Although the MW outskirts appear to be a safer place
to live (green contours in Figure 7), the low density (<0.1 pc—2) of the terrestrial planets
around stars of the spectral types FGK and M (dashed and solid blue contours in Figure 7,
respectively) makes life emergence comparatively unlikely.

2 4 6 10 20 40
Number of lethal events/500Myr

Lookback time [Gyr]

75 10 125 15
Radius [kpc]

Log(Number of terrestrial planets/pc?)

Figure 7. Number of lethal events (combining GRBs, both long and short, and SNe) as a function
of the galactocentrinc radius and lookback time (left panel). The shaded contours (referred to as
the color bar on top of the plot) show the number of lethal events per bin of 0.5 Gyrs. The line
contours (corresponding to the color bar at the bottom of the plot) show the surface number density
of terrestrial planets around M stars (solid lines) and FGK stars (dashed lines). The current position
of the solar system is marked by the yellow dot. The three right panels are artistic representations of
the galaxy habitability in three representative epochs with a similar color cording for the upper bar
(i.e., representing the number of lethal events).

Starting around 6-7 Gyrs ago, owing to their energetics, long GRBs became the
dominant lethal sources for life within the MW, with an increasing number of lethal events
toward the galaxy’s periphery (red-to-orange contours in Figure 7). This was due to the
increased conversion rate of relatively less metal-polluted gas into massive stars in the
outer regions of the MW. Such a global trend determined the formation of an increasingly
larger and safer region of the MW centered around 2.5-3 kpc (green contours in Figure 7),
where biological complexes could possibly develop on the large population of terrestrial
planets present there. The role of GRBs and SNe in the evolution of life within the last
500 Myrs in our galaxy is shown in Figure 8.
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Figure 8. Number of lethal astrophysical transient events (solid red line) in the past 500 Myrs as a
function of distance from the galactic center. The individual contributions of SGRBs (solid green line),
LGRBs (solid yellow line), and SNe (solid orange line) are shown. The surface number densities
of TPs around M stars (dashed dark blue line) and around FGK stars (dashed light blue line) are
reported (right vertical axis). The vertical solid black line at 8 kpc marks the position of the solar
system at which the total number of lethal events (predominantly LGRBs) is ~1.3.

Up to 2.5 kpc from the center, the inhabitability of the MW was due to the high rate
of short GRBs (and to a lesser extent SNe). Long GRBs made the outskirts of the galaxy
similarly unsafe, leaving a region between 2 and 8 kpc as the best place where biological
systems had time to develop. We estimated ~1 long GRB occurred in the last half billion
years within a few tens of kpc from the Sun, an event possibly associated with the late
Ordovician mass extinction. A search for exoplanets harboring lifeforms sheltered from
high-energy transient events should have more chances of success when looking in the
direction of the Galactic center within 5.5 kpc from the Sun due to the combined effect of a
higher density of terrestrial planets (dashed lines in Figure 8) and the lower occurrence of
lethal transients (solid red line in Figure 8).

7. Discussion

By considering the event rate and energetics of the most powerful transient events,
we estimated the regions and epochs (R, t) where and when exoplanets in the MW were
likely spared from massive extinctions. To this aim, we combined several ingredients and
information belonging to different fields of research in astrophysics. In this section, we
summarize the main assumptions we made and the results of our approach.

One key parameter we used was the critical fluence, defined as the energy incident on
the planet. We adopted a typical value of 100 kJ m~2 [35,70,75], which was able to induce
more than 90% ozone depletion in the stratosphere of the planet. Direct incidence of vy rays
(e.g., in the case of a plane without the protecting ozone layer) would cause major damage
to eucaryots (for critial fluence >10° erg cm~2 [86]) and prokaryots (>107 erg cm ™2 [136]).
Such threshold fluence values, however, would be relatively inefficient in removing the
bulk of the ozone protection of a planet with an atmosphere. Therefore, our assumption of
100 k] m~—2 also included lethal effects by transients on planets without atmospheres. The
interaction of 7y rays with the atmosphere would also produce a UV flash at the planet’s
surface, which can be lethal (DNA damages) for several biota. A 100 k] m~2 fluence incident
on the outer atmosphere would induce a considerable reduction in phytoplankton on the
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planet’s surface [137], a harmful result for the food chain. Accounting for this additional
effect might allow for a slightly smaller fluence threshold which produces similar results in
terms of event rates. Overall, it should be noted that a different assumption for the fluence
threshold or the inclusion of other secondary effects produced by the incidence of y rays
would only change the rate of lethal events, while the (R, ¢) pattern that we derived for the
GHZ would remain the same. A similar consideration would hold if a different luminosity
function for short or long GRBs was assumed. In particular, while for long GRBs there
seems to be a general consensus on the shape and characteristic values of the luminosity
function [56,102,103], for short GRBs, Wanderman & Piran [53] argued in favor of a steeper
(than what we assumed from [55]) faint end of the luminosity function of short GRBs. If we
modified this assumption, then we would derive a slightly larger rate of short GRBs, but
given their relatively small harmful distance and the predominance of the effects induced
by long GRBs, our conclusions would be unaltered.

A different choice for the metallicity threshold, which affects both the long GRB rate
and, to a lesser extent, the rocky planet formation probability in our model, could modify
the (R, t) pattern of the GHZ. Fora Z/Zq < 0.3 (0.5), we obtained an increase (reduction) in
the lethal LGRB number at R = 8 kpc by 25% (20%) with respect to the value obtained with
Z/Zc < 0.4. In the MW outskirts, on the contrary, there would be a reduction (increase)
of approximately 45% (40%). Recently, population studies of LGRBs [56] have found that
a metallicity threshold of 0.3 should be more appropriate to describe the GRB cosmic
formation rate consistently with the host metallicity measurements.

The metallicity also affects the probability of forming terrestrial planets. We accounted
for the presence and spatial density of terrestrial planets across the galaxy by adopting the
model of Zackrisson et al. [69], where terrestrial planets preferentially form in intermediate
metallicity environments. Metallicities that were too large tended to form gas giants and
hot Jupiters, which limited the formation of TPs. However, counterexamples of planetary
system hosting do exist (e.g., see [138,139]).

The simplified model of the galaxy we considered is axisymmetric with a uniform disk.
We neglected the possible presence of a central bar which would enhance the inhospitality
of the central region. In addition to this, the central massive black hole activity (through, e.g.,
tidal distruption events (TDEs) [140] or their natural activity [136]) might also contribute
to reducing the habitability of the bulge. On the contrary, the presence of a thick disk,
which was not accounted for in our model, would mainly contribute low-mass stars, which
should not substantially increase high-energy transients such as GRBs and SNe.

The motion of the Sun through the galaxy and terrestrial mass extinctions or climate
change have been linked in a number of studies during the past 30 years (see [141] for a
review). The Sun’s transit through the spiral arms and the galactic plane are some of the
mechanisms that have been proposed. These arguments are frequently cited to support
the alleged (and debated) periodicity in the fossil record and impact cratering dates in the
past 500 Myrs. Another hypothesis used to explain the claimed 26 Myr periodicity in the
extinction rate [142] is that the Sun is a star in a binary system, with an M dwarf companion
(named Nemesis) in a wide orbit (Davis 1984 [143]). The effect of this companion is to
perturb the Oort cloud during the perihelion passages, with a consequence of an ejection of
several comets toward the Earth. However, through a rigorous examination of time series
analysis and hypothesis testing, Bailer-Jones [141] concluded that there is little evidence of
intrinsic periodicity in the extinction rate, impact cratering, or climate changes from the
last 500 Myrs. This work suggests that the transit in the galactic mid-plane and spiral arms
does not have a large impact on biodiversity, while the contingency of more non-periodic
mechanisms (astrophysical and terrestrial) is, most likely, the cause of mass extinctions.
The non-periodic pattern of transient lethal astrophysical events such as GRBs and SNe is
consistent with this conclusion.
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8. Cosmic Habitability

The study of the habitability within our galaxy can be extended to any galaxy at any
cosmic time. Li & Zhang [75] applied their galactic recipe to the galaxies in the Sloan
Digital Sky Survey (at different redshifts). They evaluated the habitability of each galaxy
by calculating the number of lethal events at its half-mass radius (N, ;). They argued that
at high redshifts, the number of lethal events at the half-mass radius generally increases,
owing to the increase in star formation and the decrease in metallicity, altough at z = 1.5 (3),
~50% (10%) of SDSS galaxies have Ny » < 1.

Dayal et al. [144] investigated the cosmic habitability through the mass—SFR-metallicity
relations inferred in the local universe. They suggest that giant elliptical galaxies, owing
to the low star formation and high metallicity, are the safest places to live nowadays. To
evaluate habitability over time, Dayal, Ward, & Cockell [145] extended their study using the
star formation cosmic history [118]. They concluded that SNe dominate the lethal effects on
habitability at any time in the cosmic history and that habitability is progressively increas-
ing over cosmic time. The number of unsterilized planets today is 2.5-20 times larger than
it was 4 Gyrs ago. Their claim about the dominant effect of SNe is based, however, on the
assumption that all transient events irradiate the same cosmic volume. Stanway et al. [146],
by combining a galactic semi-analytic model and dark matter halo merger trees (Millenium
Simulation [147]), argued that the 18% (50% and 95%) of the stellar mass today (z = 0.5,
z > 2) in the universe may have been irradiated in the previous 260 Myrs by a high-energy
event, with a dominant role for GRBs. Moreover, they concluded that the specific merger
(and related star formation) history of each galaxy is the crucial element for assessing its
habitability.

The results of Dayal, Ward, & Cockell [145] were discussed by Gobat & Hong [148].
Using an analytical approach which combined the galactic mass-dependent star formation
history Béthermin, Doré, & Lagache [149], an initial stellar mass function [150], and the
observed galaxy mass functions [151], they confirmed that the habitability of passive
galaxies is slightly but systematically higher. However, they suggested that the overall
habitability of galaxies has not changed significantly in the last 8 Gyrs. This result, however,
does not include GRBs as possible cosmic events threatening habitability.

Piran et al. [152] suggested that the parameter that determines how hostile the universe
is to life development and resilience is the cosmological constant. The accelerated expansion,
caused by a cosmological constant, is opposed to the growth of cosmic structures. It
increases the mean separation between galaxies and thus reduces the number of nearby
satellites hosting catastrophic GRBs. ACDM universes (where the expansion is determined
by the cosmological constant with cold dark matter) with very low or negative cosmological
constant values would not be able to create safe regions for galaxies able to harbor advanced
forms of life.

In this review, we have shown that life on exoplanets can be threatened by transient,
powerful astrophysical events. Among these, GRBs, specifically the long ones produced by
massive stars, should be more catastrophic due to their large energy, despite having a lower
rate with respect to other less energetic transients such as SNe. During the preparation of
this work, the extraordinarily energetic GRB221009A was detected by all orbiting satellites
(Fermi [153-157], Swift [158], Integral [159], Agile [160], Konus [161], GRBalpha [162],
STOsat-6 [163], and HEBS [164]). Given the relatively small distance of the event, at
z = 0.151 [165], corresponding to 0.718 Gpc, the source isotropic prompt emission y ray
energy was estimated to be between 8 x 10% and 6 x 10> erg [159]. These values should
be considered the lower limits, because most detectors that triggered GRB221009A were
saturated by its outstanding photon flux. By considering an intermediate value of the
isotropic energy Eis, > 3 x 10°* erg, the hazard distance within which it would create a
substantial depletion of the O3 Earth layer would be quite large, corresponding to ~15 kpc.
Therefore, an event with such a large energy value would be able to affect most of the
habitable planets within the galaxy out to its periphery if, for example, happening close to
the galactic center. However, current estimates of the event rate suggest that it should be a
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Notes

relatively rare but not unexpected event. When considering the population model of [56],
the expected rate of events as luminous as GRB221009A and within its distance volume
(i-e., 1.55 Gpc®) should be approximately <1 event per century.

We conclude this discussion by reiterating that the role of catastrophes in the study
of biological macroevolution is heavily debated. As pointed out by several works [45-49],
catastrophes occurring at the “right” rate could have played a pivotal role in the long-term
growth of biodiversity on Earth.
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Abbreviations

The following abbreviations are used in this manuscript:

GRB  Gamma ray burst
MW Milky Way

kJ Kilojoule

DNA  Deoxyribonucleic acid
RNA  Ribonucleic acid

uv Ultra violet

SFR Star formation rate
SN Supernova

CDM  Cold dark matter

ME Mass extinction

TNT  Trinitrotoluene

GHZ  Galactic habitable zone
TP Terrestrial planet

HJ Hot Jupiter

https:/ /exoplanetarchive.ipac.caltech.edu/, accessed on 20 December 2022.

This value corresponds to the so-called isotropic equivalent energy.

Thomas & Goracke [79] estimated that the low altitude O3 production is not detrimental to the biosphere.

Such effects would be enhanced at low latitudes, owing to the Earth’s inclination.

In their work, Piran & Jimenez [35] assumed an average reduction factor for long-GRB high-metallicity aversion.

Gonzalez et al. [66] defined the GHZ by considering primarily the physical conditions for the formation of Earth-like planets.
Spinelli et al. [50] followed a similar approach by developing a semi-analytical model and including the combined effects of GRBs

and SNe. This work will be described in detail in the following sections.

In dealing with the MW properties, we used the redshift z, which corresponds to the cosmic time as the coordinate expressing the

evolution of the galaxy. This was motivated by the use of the z coordinate to express other properties, such as the GRB cosmic
rate, often expressed as a function of z.

9

This assumption states the absence of a possible evolution of the source luminosity with the redshift. This is a debated topic and

recent findings, such as those of Ghirlanda & Salvaterra [56], seem to suggest this may not hold.
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