
Life in the Bubble: How a Nearby Supernova Left Ephemeral Footprints on the Cosmic-
Ray Spectrum and Indelible Imprints on Life

Caitlyn Nojiri1 , Noémie Globus1,2,3 , and Enrico Ramirez-Ruiz1
1 Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 95064, USA

2 Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, Stanford, CA 94305, USA
3 Astrophysical Big Bang Laboratory, RIKEN, Wako, Saitama, Japan

Received 2024 September 18; revised 2024 December 16; accepted 2024 December 20; published 2025 January 17

Abstract

The Earth sits inside a 300 pc-wide void that was carved by a series of supernova explosions that went off tens of
millions of years ago, pushing away interstellar gas and creating a bubble-like structure. The 60Fe peak deposits
found in the deep-sea crust have been interpreted by the imprints left by the ejecta of supernova explosions
occurring about 2–3 and 5–6Myr ago. It is likely that the 60Fe peak at about 2–3Myr originated from a supernova
occurring in the Upper Centaurus Lupus association in Scorpius Centaurus (≈140 pc) or the Tucana-Horologium
association (≈70 pc), whereas the ≈5–6Myr peak is likely attributed to the solar system's entrance into the
bubble. In this Letter, we show that the supernova source responsible for synthesizing the 60Fe peak deposits
≈2–3Myr ago can consistently explain the cosmic-ray spectrum and the large-scale anisotropy between 100 TeV
and 100 PeV. The cosmic-ray knee could then potentially be attributed entirely to a single nearby “PeVatron”
source. Matching the intensity and shape of the cosmic-ray spectrum allows us to place stringent constraints on the
cosmic-ray energy content from the supernova as well as on the cosmic-ray diffusion coefficient. Making use of
such constraints, we provide a robust estimate of the temporal variation of terrestrial ionizing cosmic radiation
levels and discuss their implications in the development of early life on Earth by plausibly influencing the mutation
rate and, as such, conceivably assisting in the evolution of complex organisms.

Unified Astronomy Thesaurus concepts: High-energy cosmic radiation (731); Superbubbles (1656); Cosmic rays
(329); Astrobiology (74); Supernovae (1668); Ejecta (453); Astronomical radiation sources (89)

1. Introduction

Life on Earth is constantly evolving under continuous
exposure to ionizing radiation from both terrestrial and cosmic
origins. While bedrock radioactivity slowly decreases on
billion-year timescales (P. A. Karam & S. A. Leslie 1999;
F. Nimmo et al. 2020), the levels of cosmic radiation fluctuate
as our solar system travels through the Milky Way. Nearby
supernova (SN) activity has the potential to raise the radiation
levels at the surface of the Earth by several orders of
magnitude, which is expected to have a profound impact on
the evolution of life (I. S. Shklovskij 1969; J. Ellis &
D. N. Schramm 1995). In particular, enhanced radiation levels
are expected when our solar system passes near OB
associations. The winds associated with these massive stellar
factories are expected to initially inflate superbubbles of hot
plasma, which can be the birthplaces of a large fraction of the
core-collapse explosions taking place within the OB associa-
tion (R. E. Lingenfelter 2018). The solar system entered such a
superbubble, commonly referred to as the Local Bubble (LB),
about 6 Myr ago and currently resides near its center (C. Zucker
et al. 2022). The presence of freshly synthesized radioisotopes
detected near the Earth's surface gives credence to the idea that
our solar system has infiltrated a highly active SN region within
the Milky Way (N. Benítez et al. 2002; A. F. Ertel et al. 2023).
Most notably, the temporal variation in the concentration of
60Fe in sediment and crust regions (A. Wallner et al. 2021)
places stringent constraints on the positions and ages of the

closest SN events (B. J. Fry et al. 2015; M. Hyde &
M. J. Pecaut 2018; C. Zucker et al. 2022).
In this Letter, we combine recent results on the properties of

the LB and the detection of 60Fe in deep-sea sediments to
predict the cosmic-ray flux expected from a near-Earth core-
collapse SN event. We suggest that a single local PeVatron
source, likely originating from the Scorpius-Centaurus or the
Tucana-Horologium stellar associations, was responsible for
producing most of the freshly synthesized 60Fe peak
≈2.5 Myr. We then proceed to calculate the associated
cosmic-ray flux. This suggestion is given further credence by
recent measurements of the cosmic-ray spectrum, composition,
and large-scale anisotropy. Motivated by the derived source
constraints, our goal is to provide a robust estimate of the
temporal variations of cosmic-ray radiation doses experienced
by Earth's inhabitants, using all available observational
constraints. This Letter is organized as follows. In Section 2,
we detail recent observational results that constrain the
parameters of our cosmic-ray injection model, which is
described in Section 3. Our results and their match to
observational constraints are presented in Section 4. Our
conclusions are submitted in Section 5.

2. Observational Constraints

In this section, we present a summary of what we have learnt
so far about the near-Earth massive stellar associations. We
show that sufficient progress has been made in order to identify
the necessary ingredients needed to estimate the history of
cosmic-ray irradiation of our planet. The following questions
were used to guide the assembly of these essential ingredients
into a general model scheme.
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2.1. What Nearby Stellar Associations Are Thought to
Dominate the Ongoing SN Activity?

The nearest active star-forming region to the Sun is the
≈15Myr-old OB association Scorpius-Centaurus (Sco-Cen). It
is thought to be responsible for most of the massive stellar
activity that conceived the LB (P. C. Frisch et al. 2011;
C. Zucker et al. 2022). The associated SN activity in Sco-Cen
is also credited with creating the Loop I superbubble, which has
been observed to interact and subsequently merge with the LB
(R. J. Egger & B. Aschenbach 1995). Not to mention that our
solar system is conjectured to be currently traversing an
outflow originating from Sco-Cen (M. Piecka et al. 2024).

At present, the OB Sco-Cen association spans distances
between 100 and 150 pc and includes several molecular clouds
currently undergoing star formation (S. Ratzenböck et al.
2023). Sco-Cen is divided into three subgroups: the Lower
Centaurus Crux (LCC), Upper Centaurus Lupus (UCL), and
Upper Scorpius (US). Another highly viable candidate for
hosting a near-Earth SN is the ≈40 Myr-old Tucana-
Horologium (Tuc-Hor; M. Hyde & M. J. Pecaut 2018;
P. A. B. Galli et al. 2023) association, one of the closest
young stellar groups to the solar system with an average
distance of about 46 pc. A layout (left panel) and a sky map
(right panel) of the LB and nearby stellar associations is shown
in Figure 1. We foresee an anisotropy in the distribution of
arrival directions of cosmic rays associated with an SN
explosion residing in these nearby stellar associations.

2.2. Which Stellar Association Is Most Likely to Be Responsible
for the Latest SN Event?

The LB is expected to have been inflated by a combination
of stellar winds and SN explosions (e.g., A. L. Rosen et al.
2014). These SN blast waves can disperse freshly synthesized
elements that can then be turbulently mixed (M. Gallegos-Ga-
rcia et al. 2020; A. N. Kolborg et al. 2022, 2023) throughout
the LB. This is expected to be the case for the freshly
synthesized dust composed of protosilicates, silicon dioxide,
and iron oxide, containing the radioactive isotope 60Fe that was

captured by the Earth and incorporated into the geological
record. Peak concentrations of 60Fe occurred about 2–3Myr
ago and 6–7Myr ago (A. Wallner et al. 2021).
Constraints on the birth site of the SN progenitors

responsible for these two main peaks can be placed from the
initial mass function (IMF), the ages of nearby stellar groups,
and the metal dispersion time across the LB. The transport
timescales expected if 60Fe was entrained in the supernova
blast wave plasma are 0.1 Myr (A. N. Kolborg et al. 2022)
and  1Myr if 60Fe arrived in the form of SN dust, whose
dynamics differ from but are connected to the evolution of the
blast wave material (A. F. Ertel et al. 2023). As such, it is
believed that the radioactive age can be effectively used to
constrain the time since explosion. Sco-Cen entered the LB
≈10Myr ago (J. Maíz-Apellániz 2001; B. Fuchs et al. 2006;
S. Ratzenböck et al. 2023), and since then, a handful of SN
explosions have been predicted to occur in this association
(B. Fuchs et al. 2006). According to M. Hyde & M. J. Pecaut
(2018), UCL and LCC remain plausible sites for hosting the
event responsible for producing the 60Fe peak concentration
2–3Myr ago. Both LCC and UCL contain prospective
progenitors with initial mass estimates 20Me.
Another hint for a progenitor site relates to the discovery of a

new Galactic “bubble,” of radial extent 45 pc, located at a
distance of ≈140 pc in the UCL (J. F. Robitaille et al. 2018).
This remnant is shown in Figure 1 and can be identified under
the label “bubble.” The radial extension of the remnant is
consistent with one SN going off inside the rarefied LB
medium (R. Weaver et al. 1977). Not only that, the ≈3 Myr-
old runaway pulsar PSR J1932+1059 and the runaway O star ζ
Oph are both likely associated with an SN event in the UCL.
Both stellar objects are estimated to have left the UCL
subgroup about 3 Myr ago (R. Hoogerwerf et al. 2000),
although revised estimates by R. Neuhäuser et al. (2020)
indicate that they could have been released ≈2 Myr ago (albeit
their analysis does not take into account the motion of all stellar
associations within the LB). All these observations give
credibility to the idea that SN activity in the UCL could have
been responsible for producing the 60Fe peak 2–3Myr ago.

Figure 1. The configuration of stellar associations in and around the LB. Left panel: shown is a projection (side view, horizontal being the Galactic plane) of today's
LB and the locations of the nearby stellar associations. The shape of the LB is taken from C. Zucker et al. (2022) and T. J. O’Neill et al. (2024). The shaded region
illustrates the shell of dust surrounding the LB. The direction of the Galactic center (GC) is denoted by an arrow. Right panel: shown are the positions in Galactic
coordinates of the nearby stellar associations Tuc-Hor and Sco-Cen's subgroups: Lower Centaurus Crux, Upper Centaurus Lupus (UCL), and Upper Scorpius. Also
shown (bubble) is the new Galactic bubble discovered by J. F. Robitaille et al. (2018), which is likely the remnant of an SN that took place in UCL. We anticipate an
anisotropy in the distribution of arrival directions of cosmic rays that results from SN explosions hosted by these nearby stellar associations.
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The stellar cluster Tuc-Hor, on the other hand, is expected to
have produced about a single SN since the Sun entered the LB
about 6 Myr ago. A Salpeter IMF predicts ≈ 1 star with mass
>8 Me, which would have evolved into core collapse in the
recent past (E. E. Mamajek 2016). Tuc-Hor association cannot
be ruled out as a candidate for the 2–3Myr or the 6–7Myr 60Fe
peaks. However, since Tuc-Hor is the oldest, M. Hyde &
M. J. Pecaut (2018) suggest the UCL association as the most
likely site for the 2–3Myr 60Fe peak. Another possible
explanation for the 6–7Myr 60Fe peak is attributed to the
solar system traversing the denser shell region of the LB
(K. Fang et al. 2020). In the absence of more stringent
constraints, in what follows we consider both the Tuc-Hor
cluster and the Sco-Cen's UCL subgroup as likely candidates
for the production of the 2–3Myr 60Fe deposits.

2.3. What Can Be Learned from Cosmic-Ray Data?

One of the key features in the cosmic-ray spectrum is the
“knee” observed at around ≈5 PeV, where the power spectral
index changes from 2.7 to 3.3. The presence of a clear
succession of “heavy knees”4 at high energies suggests that a
source with a single maximal rigidity5 (5–6 PV) is dominating
the spectrum in this region, just before the transition to the
extragalactic cosmic-ray contribution taking place at around
100 PeV (N. Globus et al. 2015). This is supported by the
phase flip in the dipole anisotropy at around 100 TeV in the
Galactic center direction (e.g., T. Fujii 2024). Motivated by
this, we surmise that a lone PeVatron source should be able to
explain the spectrum, composition, and anisotropy in the 100
TeV–100 PeV range, and conjecture that the same source was
likely the same SN responsible for producing the 2–3Myr 60Fe
peak. In fact, PeV acceleration is alleged to be efficient during
the early SN stages (e.g., P. Cristofari 2021), and SN remnants
exploding in hot bubble environments have been proposed as
viable candidate sources for energies above PeV (T. Vieu &
B. Reville 2023).

Our LB is not unique. The interstellar medium in the Milky
Way disk is filled with plenty of superbubbles, believed to be
the remnants of past collective SN activity. The studies of these
superbubbles can help shed light on how our LB was carved
out. Recently, LHAASO discovered a giant γ-ray bubble
structure in the Cygnus star-forming region with photon
energies above 100 TeV, clearly indicative of acceleration of
protons up to PeV energies in a region containing a massive
stellar OB association (Lhaaso Collaboration 2024). The total
energy cosmic-ray content in all the cosmic rays presently
filling the Cygnus superbubble is constrained from Fermi
observations to be 1.3–6.5 × 1049 erg (M. Ackermann et al.
2011). Individual SN remnants are consistent with similar
cosmic-ray energy content based on γ-ray observations
(R. J. Egger & B. Aschenbach 1995). On that account, in
what follows, we consider a total cosmic-ray injection energy
per SN �1049 erg.

2.4. How Far from Earth Were the Cluster Progenitor
Candidates at the Time of the SN Explosion?

Over the past ≈6Myr, the Sun has traveled through the LB
and, as such, the distance of the embedded stellar clusters from
Earth has evolved with time. In order to understand the
evolution of the clusters in relationship to the Earth, we use
data from N. Benítez et al. (2002) and M. M. Schulreich et al.
(2023). The distances of the centers of the stellar associations
as a function of time are shown in Figure 2. The uncertainties in
the distance range estimates for LCC, US, UCL, and Tuc-Hor
were used to calculate the corresponding uncertainties assum-
ing Gaussian distributions, with the shaded regions in Figure 2
corresponding to ± 2σ. At 2.5 Myr, the core of Tuc-Hor was
≈70 pc away while the core of UCL was ≈140 pc away. In
what follows, these are the distance estimates we consider for
the SN event that produced the early 60Fe deposits.

3. Model Assumptions and Methods

3.1. Assumptions

Motivated by the recent mapping of the star-forming regions
within the LB, we consider either Tuc-Hor or Sco-Cen's UCL
subgroup as likely hosts for the 2–3 Myr 60Fe SN event. We
consider that this event acted as a PeVatron source and is also
responsible for the “knee” feature in the cosmic-ray spectrum. We
then make the natural assumption that all accelerated nuclei have
the same spectrum in rigidity and simply determine the relative
abundances from the observational data. The light (p+He) data
are taken from DAMPE (F. Alemanno et al. 2024), EAS-TOP
(M. Aglietta et al. 2004), ARGO-YBJ (B. Bartoli et al. 2015), and
KASCADE (T. Antoni et al. 2005). The heavy (Si+Fe) data are
taken from D. Kang et al. (2023). We use data from HAWC
(J. A. Morales-Soto & J. C. Arteaga-Velázquez 2022), Tibet-III

Figure 2. The distance from Earth to the cluster progenitor candidates. Upper
panel: the evolution of our distance to the various stellar associations over time,
adapted from N. Benítez et al. (2002). The distance spread of the stellar
associations is shown as shaded regions, which correspond to the associated 2σ
uncertainties in the distance estimate. The color code for the different
associations is the same as in Figure 1. Lower panel: the collected data of 60Fe,
which show the two distinct peaks, adapted from A. Wallner et al. (2021). The
shaded vertical gray region shows the most recent peak concentration at about
2–3 Myr. The width in peak times is thought to be produced by the transport
timescales expected for 60Fe SN dust (A. F. Ertel et al. 2023). The two black
star symbols show the two SN progenitor candidates we consider in light of the
observational constraints. These are located at a distance from Earth rinj =
70 pc at tinj = 2.5 Myr in Tucana Horologium, and rinj = 140 pc at tinj = 2.5
Myr in Upper Centaurus Lupus.

4 A proton knee is observed at ≈5 PeV, followed by a helium peak at 10 PeV
(F. Alemanno et al. 2024), a silicon-like peak at around 50 PeV, and an iron
peak at around 100 PeV (W. D. Apel et al. 2011; M. Y. Kuznetsov et al. 2024).
The latest knee at ≈400 PeV marks the end of the ultraheavy cosmic-ray
component (J. R. Hörandel 2003).
5 Rigidity in good approximation for ultrarelativistic particles can be defined
as =R E

Z
, where E is the total energy and Z is the charge.
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(M. Amenomori et al. 2008), and KASCADE-Grande (D. Kang
et al. 2023) to constrain the all-particle spectrum. The source
spectrum needs to be steep enough that the contribution of the
local PeVatron does not exceed 10% of the flux at 1 GeV
(I. Moskalenko, private communication).

To model the cosmic-ray transport from the SN to Earth, we
need to understand the properties of the magnetic field in the
LB. Many attempts have been made to constrain the local
diffusion coefficient from secondary cosmic-ray data. Below
200 GV rigidity, the data can be well accounted for with a
single power-law form of the diffusion coefficient:
D(R) = D0(R/10GV )η, where the parameter η governs the
evolution with rigidity, which is related to the underlying
assumption on the turbulence spectrum.

Recent observations of the so-called TeV halos have hinted that
the diffusion coefficient in tens of parsecs around nearby pulsars
is inferred to be 2 orders of magnitude lower when compared to
the interstellar medium (A. U. Abeysekara et al. 2017). These
authors find D(100 TeV) = 4.5 × 1027 cm2 s−1, implying ≈ 1026

cm2 s−1 at 10 GV for a Kraichnan spectrum. K. Herbst et al.
(2012) estimated the diffusion coefficient in the outer heliosheath
to be consistent with several 1026–1027 cm2 s−1 at 1 GV, which
suggests it can be as low as 1027 cm2 s−1 at 10 GV. This reveals
that the propagation of cosmic rays can be altered by their self-
generated turbulence, as pointed out by several authors (e.g.,
L. Nava et al. 2019; B. Schroer et al. 2022). Last, the parameter η
has been recently constrained by the DAMPE Collaboration to be
≈0.477, which is very close to the prediction of the Kraichnan
theory of turbulence (Dampe Collaboration 2022).

Motivated by the above findings, our model assumptions are
listed below.

1. We consider two progenitor candidates: an SN with
explosion coordinates (tinj, rinj) = (2.5 Myr, 70 pc) for
Tuc-Hor, and an SN with explosion coordinates (2.5 Myr,
140 pc) for UCL. We assume that the explosions inject
≈5 × 1049 erg in cosmic rays.6

2. We assume all nuclei have the same spectrum in rigidity
dN/dR ∝ R−α up to an exponential cutoff in /-e R Rcut with
Rcut ≈ 5 PV to fit the knee. From this, we directly
determine the slope, α, and the relative abundances of the
different elements from the observational data.

3. We assume a functional form for the diffusion coefficient
D(R) = D0 (R/10 GV)

η, with values of D0 between 1027

and 1029 cm2 s−1 and η = 0.5.

In the sections that follow, we describe in detail the
components of the numerical model used to calculate the
cosmic-ray transport from the source to the Earth and then the
radiation doses experienced at various atmospheric depths. To
do this, we first calculate the flux at the top of the atmosphere
by solving the diffusion of the primary cosmic rays.

3.2. Cosmic-Ray Intensity at the Top of the Atmosphere

The cosmic-ray intensity contribution is given by

( ) ( )
p

=J E r t
c

f, ,
4

, 1p

where f (E, r, t) is the distribution function of protons at time t
and radial distance r from the source, which, in turn, satisfies
the radial-temporal energy-dependent diffusion equation

( ) ( ( ) )( ) ( )
( ) ( ) ( )

/ / / /

/

¶ ¶ = ¶ ¶ ¶ ¶
+ ¶ ¶ +

f t D E r r r f r

E Pf Q, 2

2 2

where we use spherical coordinates, with r being the radial
distance from a given accelerator, P representing the energy
losses, and Q being the injection term for cosmic rays. We
assume that the proton energy loss P is due to nuclear
interactions. The nuclear loss rate is Pnuc = E/τpp, with

( )t ks= -n cpp p pp
1 being the timescale for the corresponding

nuclear loss, κ ≈ 0.45 being the inelasticity of the interaction,
and σpp being the total cross section for p–p interactions.
Above Elab = 3 GeV, σpp can be written as ( )s =Epp lab

( ) ( )- +E E30.364 1.716 log 0.981 log mblab lab
2 , assuming

EPOS-LHC for the hadronic interaction model.
A solution to the diffusion equation for an arbitrary energy loss

term, a fixed diffusion coefficient, and an impulsive injection
spectrum finj(E), such that Q(E, r, t) = N0finj(E)δ(rinj)δ(tinj), can be
found for the particular case in which D(E) ∝ Eη and finj ∝ E−α.
Under such conditions, the solution to the diffusion equation
(F. A. Aharonian & A. M. Atoyan 1996) can be written as

( )
( )

[ ( ) ( ) ]

( )

/ /
/p

a t» - - -
a-

f E r t
N E

r
t r r, , exp 1 ,

3

pp
0
3 2

diff
3 diff

2

where

( )
( )
( )

( )
/

/

h t
h t

=
-

r D E t
t

t
2

exp 1
4

pp

pp
diff

denotes the radius of the sphere up to which the particles of
energy E have time to diffuse after being injected. We note that in
the absence of pion production, this reduces to the well-known
formula ( )

( )
( )/

/
=

p
-a-

f E r t, , eN E

r
r r0

3 2
diff
3

diff
2
with ( )=r D E t2diff .

This is the case because the density of the LB is =0.1 proton
cm−3, which implies that cosmic-ray destruction time is much
longer when compared to the diffusion (or escape) time. In order
to consider a high-rigidity cutoff of 5 PV, we multiply the source
rigidity spectrum of the different elemental contributions by

/-e R Rcut. We use this solution to calculate the cosmic-ray spectrum
at the top of the atmosphere for our two progenitor candidates at
various times following the SN explosion. We then use these
spectra as an input to calculate the radiation doses experienced at
different depths in the atmosphere and underground. We describe
the dose calculation procedure in the following section.

3.3. Atmospheric and Underground Fluxes

Here, we follow the same procedure as the one described in
N. Globus et al. (2021). The differential particle fluxes Φ(E, X),
where E is the kinetic energy and ( ) ( )ò r=

¥
X h ℓ ℓd

h
is the

slant depth in g cm–2, are computed using the one-dimensional
cascade equation solver MCEQ7(A. Fedynitch et al. 2015) with
a kinetic energy range down to 10MeV. The numerical
routines from S. Meighen-Berger & M. Li (2019) are used to

6 We allow variations by a factor ≈50 around this value to fit the knee,
depending on our specific assumption for the choice of the diffusion coefficient
at 10 GV.

7 https://github.com/afedynitch/MCEq (Version 1.3)
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calculate the electromagnetic cross sections. Ionization losses
〈dE/dX〉 are based on tables from M. J. Berger et al. (2017) and
Particle Data Group (2020) and are tracked for each charged
particle.

The present flux of cosmic rays is considered to be isotropic
and represented by the Global Spline Fit (H. Dembinski et al.
2017), which is a modern parameterization of the cosmic-ray
flux between the rigidity of a few gigavolts and the highest
observed energies at Earth. The omission of the planetary
magnetic field and solar modulation effects affecting the

spectrum below a few gigavolts per nucleon is not expected to
qualitatively change our results.
The absorbed dose rate d in Gy s−1 is calculated from the

differential fluxes Φ with the default units (GeV cm2 s sr)−1

using

( ) ( )

( )

å ò òp q= F

´

q
d X d dE E X

E

2 cos ,

,

p
p p p

dE

dX p

cos

1

p

max

Figure 3. The cosmic-ray spectra (upper panels) and the corresponding radiation doses experienced at different altitudes/depths (lower panels) from an SN explosion
associated with the 2.5 Myr-old 60Fe peak deposits. The figures show our results for the two different associations (same color code for the associations as in Figure 1).
Left panels: PeVatron in Tucana Horologium (2.5 Myr, 70 pc). Right panels: PeVatron in Upper Centaurus Lupus (2.5 Myr, 140 pc). The diffusion coefficient
assumed here is 1027 cm2 s−1 at 10 GeV and follows a Kraichnan energy dependence (η = 0.5). Our best fit to the observed spectra is given by the dashed and dotted
lines in the upper panels for the two distinct SN sites (left and right panels). The reader is referred to the text for a discussion of all the separate contributions expected
to the total cosmic-ray spectra (dashed black lines). The parameters for the source spectrum are α = 1.7, Rcut = 5 PV, N0 = 1049 erg for the SN at 70 pc and
N0 = 4 × 1049 erg for the SN at 140 pc. A composition of ≈90% light (H+He), ≈ 8.8% CNO, ≈ 1% Si+Fe, and ≈0.2% r-process elements provides a good fit to
the elemental contributions in the 100 TeV–100 PeV energy range. We get similar results when considering an explosion at 3 Myr with N0 = 1.3 × 1049 erg for the SN
at 70 pc and N0 = 5 × 1049 erg for the SN at 140 pc.
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where ( [ ( )])/ /q p p= - +Å År r hmax 2, arcsinmax . Here, h is
the altitude above ground and r⊕ is the radius of the planet. The
index p iterates over the various particle species, while the
expression for qcos max takes into account that at higher
altitudes, particle cascades can develop upward relative to the
horizon. The model of the Earth's atmosphere used here is the
US Standard Atmosphere (National Oceanic and Atmospheric
Administration et al. 1976). The reader is referred to N. Globus
et al. (2021) for further details.

4. Results

Figures 3 and 4 present the cosmic-ray spectra (upper panels)
and the corresponding radiation doses (lower panels) experi-
enced at different altitudes/depths on Earth. The cosmic-ray
spectra are shown as a function of time, from explosion to
present day. The parameters used for the calculation are
indicated in the caption. The spectra at all times have the same
high-rigidity cutoff for the elemental contribution. A feature
common to all the spectra is the presence of a low-rigidity
cutoff at rigidity [ ( )]/ /= dR r tD4lowcut source 0

1 . The low-rigidity
cutoff is due to the fact that at a given moment, only particles of
sufficiently large rigidity had enough time to propagate from
the source to Earth. The corresponding cutoff moves to lower
energies as time evolves because particles with lower rigidities
have time to effectively propagate.

It can be seen that the light and heavy components of our
model provide a reasonable description of the data in the 100
TeV–100 PeV energy range. At lower and higher energies,
other sources, as expected, dominate the flux as suggested by
the anisotropy data (T. Fujii 2024). We do not aim to account

for the proton “10 TeV bump,” which has been recently
suggested to be a reacceleration feature by local stellar winds
(M. A. Malkov & I. V. Moskalenko 2022). As can be seen
from Figures 3 and 4, our PeVatron starts to dominate the flux
100 TeV, and its contribution ends at the ankle. Values of α
around ≈1.6–1.7 allow the PeVatron component to become
very low to negligible at 10 TeV.
The “light ankle” observed by KASCADE-Grande can be

naturally understood as the emergence of a light extragalactic
component, taking over at around 100 PeV (N. Globus et al.
2015). The dotted purple line is used to show the combined
light PeVatron+extragalactic component, which nicely repro-
duces the light ankle around 100 PeV. The dotted red line
shows the fit to the heavy knee, which constrains the Si+Fe
contribution of our local PeVatron source to be 1%. In both
spectral figures, the black dashed line depicts the entire
combined cosmic-ray energy spectrum.
Last, a straightforward fit to the lower and higher

(extragalactic) energy components of the cosmic-ray spectrum,
which we add to our PeVatron contribution, allows us to
estimate the total average cosmic radiation dose experienced
at Earth (bottom panels in Figures 3 and 4). The absorbed
dose rates are given in units of mGy yr−1 (1 mGy yr−1 ≈
3.2 × 10−11 watt kg−1). The upper edge of the gray shaded
area in the lower panels of Figures 3 and 4 represents the
average dose rate during the first 104 yr after explosion and the
lower edge during the first 105 yr. We also show in violet colors
the polarized muon component, which is the dominant
contribution of the cosmic radiation dose at ground level and
is 100% of the dose after 10 meter water equivalent below
the surface. In the section that follows, we discuss the

Figure 4. Same as Figure 3 for a PeVatron in Upper Centaurus Lupus (3.0 Myr, 140 pc) but varying the value of D0 at 10 GeV. A good description of the observations
can be achieved for a spectral index α = 1.6 and a composition ≈91.25% light (H+He), ≈ 8% CNO, ≈ 0.6% Si+Fe, and ≈ 0.15% r-process elements. Left panels:
D0 = 1027 cm2 s−1 (N0 ≈ 3 × 1048 erg); middle panels: D0 = 1028 cm2 s−1 (N0 ≈ 1 × 1050 erg); right panels: D0 = 1029 cm2 s−1 (N0 ≈ 3 × 1051 erg).
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consequences that this most recent SN event would have had in
terms of past climate and, in particular, in terms of the
evolution of organisms on Earth.

5. Discussion

The geological record regarding the variations in 60Fe
concentration indicate that an SN exploded near the Earth about
2.5 Myr ago. The discovery of a new “bubble” remnant and a
runaway star gives credence to the idea that this SN explosion
likely originated from the UCL, a subgroup of the OB
association Sco-Cen, 140 pc away in the direction of the
Galactic center.

Interestingly, the phase-flip anisotropy at 100 TeV in the
direction of UCL (Figure 1) indicates, as we argued here, that
the SN that synthesized the 60Fe was likely also a PeVatron
source. A lone PeVatron source in the OB association Sco-Cen
would, at the same time, dominate the flux in the 100 TeV–5
PeV range today and be responsible for synthesizing the 60Fe
sediments about 2.5 Myr ago, which were then swiftly
transported to the surface of Earth (A. F. Ertel et al. 2023).
Since the older Tuc-Hor stellar association was also widely
discussed as a possible SN candidate, we also consider it here
for the sake of completeness. The observational data on
cosmic-ray flux and composition in the knee region allow us to
effectively constrain the physical parameters of our SN model
and provide a realistic estimate of the radiation doses at various

times since the SN explosion took place. Our results are
tellingly summarized in Figures 3 and 4.
The probability of a nearby SN occurrence is increased

because the solar system recently entered the LB. Fifteen SN
explosions are estimated to have occurred in order to inflate the
LB over the last 15 million years (N. Benítez et al. 2002;
A. F. Ertel et al. 2023). We know from the reconstruction of the
LB history (C. Zucker et al. 2022) that at least nine SN
exploded during the past 6 Myr. This gives about one SN every
≈ 6.6 × 105 yr at a distance less than 150 pc. Assuming that
the filling factor of stellar clusters in the LB is f, the SN rate in
the LB can then be written as ≈ 2 × 10−3f kpc−2 yr−1. This
simple estimate agrees well with the historical SN rate for
f ≈ 0.1, which gives approximately one event every 50 yr in
our Galaxy.
The results presented here for the expected cosmic-ray flux

from a nearby SN differ from those described in A. L. Melott
et al. (2017), which we have used previously in N. Globus et al.
(2021). The reason is twofold. First, they assume a distance of
50 pc, while we now know that Tuc-Hor was farther away
(≈70 pc) at the time of the SN explosion. Second, they
presume 2.5 × 1050 erg in cosmic rays and a spectral index of
2.2, with a cutoff at 1 PeV. Here, we show that to actually fit
the knee region of the cosmic-ray spectrum, one needs a harder
spectrum to fit the data, α = 1.6–1.7, an energy in cosmic rays
N0 ≈ 1049 erg for D0 = 1027 cm2 s−1 (N0 ≈ 1050 erg for
D0 = 1028 cm2 s−1, respectively), which is similar to the γ-ray
luminosity in SN remnants, and a rigidity cutoff at 5 PV (to
effectively capture the knee).
We also show that the spectral shape varies with time, and

this needs to be taken into account when calculating the
corresponding doses (Figures 3 and 4). We find lower average
doses as calculated over extended periods of time. That is,
≈10 mGy yr–1 during the first 104 yr after an SN explosion in
Tuc-Hor and ≈ 2 mGy yr−1 during the first 104 yr after an SN
explosion in Sco-Cen (UCL), under the assumption that
D0 = 1027 cm2 s−1. For D0 = 1028 cm2 s−1, one needs larger
energy content in cosmic rays to effectively describe the
observations, typically around 1050 erg. This agrees with
cosmic-ray acceleration models where ≈10% of the shock
energy is transferred into the energy of the accelerated cosmic
rays (e.g., D. Caprioli & A. Spitkovsky 2014). In this case, the
average dose is ≈ 100 mGy yr−1 during the first 104 yr after an
SN explosion in Tuc-Hor and ≈ 30 mGy yr−1 during the first
104 yr after an SN explosion in Sco-Cen (UCL). For
completeness, in the Appendix we compare how our results
vary when assuming a diffusion coefficient that is determined
by either Kolmogorov's or Kraichnan's theory of turbulence.
It is not clear what the biological effects of such radiation

doses would be. The study of populations living in Kerala,
India, where the background radiation level was observed
to vary between 0.1 and 45.0 mGy yr−1, showed that
5.0 mGy yr−1 (mean dose) may be the threshold dose for
double-strand break induction (V. Jain et al. 2016). Double-
strand breaks in DNA can potentially lead to mutations and
jumps in the diversification of species. V. A. Costa et al. (2024)
showed that the rate of virus diversification in Lake
Tanganyika, Africa, accelerated 2–3Myr ago. It would be
appealing to better understand whether this can be attributed to
the increase in cosmic radiation dose we predict to have taken
place during that period. We note that the calculated dose from
an SN occurring in Tuc-Hor, whose properties can account for

Figure 5. The average dose rate experienced at ground level as a function of
the distance to the nearby PeVatron. The value of the diffusion coefficient at
10 GV, the total energy released in cosmic rays, and the spectral index giving a
good fit to the spectrum for a PeVatron (3 Myr, 140 pc) are indicated by the
legend (see corresponding spectra in Figure 4). Assuming the same parameters
but just changing the distance, we calculated the doses at different distances.
The shaded region represents the average dose between the first 10 and the first
100 kyr.
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the 60Fe concentration peak 2.5 Myr ago as well as describe the
cosmic-ray spectrum and composition in the knee region,
would certainly not induce a mass extinction. On the other
hand, it could lead to a diversification of species through an
increase in the mutation rate.

By way of comparison, a radiation dose for an SN occurring
at 10 pc (considering the same rate as above, which gives one
event approximately every 150 Myr), assuming a diffusion
coefficient of 1027 cm2 s−1 and a total energy of 1049 erg in
cosmic rays, gives an average radiation dose of ~500
mGy yr−1, which has been calculated averaging over the first
10 kyr. The dose limit for occupational exposure in a nuclear
facility is, for comparative purposes, 500 mSv yr−1 for the skin
and extremities.8 We present in Figure 5 the average dose as a
function of SN distance under the same stated assumptions.
Even an SN at 200 pc (which is roughly our distance to
Betelgeuse) would increase the cosmic-ray radiation dose
between ~1 mGy yr−1 (D0 = 1027 cm2 s−1) and ~30 mGy
yr−1 (D0 = 1028 cm2 s−1), depending on the local diffusion
coefficient. It is therefore important to be able to better
understand the structure of our local magnetic turbulence and
better constrain the value of the local diffusion coefficient to
estimate the radiation doses. It should be noted that a value of a
few D0 = 1028 cm2 s−1 has usually been invoked in previous
studies (M. Kachelrieß et al. 2018; N. de Séréville et al. 2024).
We also present results for the extreme case D0 = 1029 cm2

s−1, where the energy injected in cosmic rays has to be
≈3 × 1051 erg in order to fit the knee with a 3 Myr-old
explosion in Sco-Cen (note that for such a yield in cosmic rays,
the PeVatron is more likely to be associated with a super-
luminous SN or hypernova).

It is therefore certain that cosmic radiation is a key
environmental factor when assessing the viability and evolution
of life on Earth, and the key question pertains to the threshold
for radiation to be a favorable or harmful trigger when
considering the evolution of species. The exact threshold can
only be established with a clear understanding of the biological
effects of cosmic radiation (especially muons that dominate at
ground level), which remains highly unexplored.

We finally remark that in our model, the “knee” in the
cosmic-ray spectrum, which is due to a nearby SN, is an

ephemeral structure.9 This structure is essential for placing
stringent constraints on the cosmic-ray energy content of the
PeVatron source as well as on the cosmic-ray diffusion
coefficient. We predict that the anisotropy in the PeV range
is in the direction of one of the nearby stellar associations that
is responsible for hosting the nearby SN. Another forecast we
make is that the direction and amplitude of the cosmic-ray
anisotropy should not change between 100 TeV and 100 PeV
as this is the energy at which the Galactic to extragalactic
transition commences.
As such, cosmic rays from nearby SN play a key role in the

development of life on Earth by potentially influencing the
mutation rates of early life forms and, as such, potentially
assisting in the evolution of complex organisms (e.g., V. Jain
et al. 2016) as well as even shaping the “handedness” of
biological molecules (N. Globus & R. D. Blandford 2020).
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Appendix
Comparison between Kolmogorov and Kraichnan

Turbulence

We show in Figure A1 how our results vary when assuming a
diffusion coefficient that is determined by either Kolmogorov’s
or Kraichnan’s theory of turbulence.

8 1 mSv yr−1 ≡ 1 mGy yr−1 for photons and leptons.

9 By contrast to models where it is due to a change in the escape mechanism
of cosmic rays from the Galactic disk.
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