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*We consider the Milky Way Evolution based on the ISM physics*



(Galactic) Cosmic Rays & Galaxy Evolution (=baryon cycle)

CRs
B-field

Turbulence
Star formation

Magnetar?

CR

Ø Galactic CRs are accelerated at 
supernova shocks.

Ø Supernova shocks are important 
drivers of the Galactic matter cycle.

→ *Continuity* of the Star Formation 
will be a novel concept.

Bill Saxton (NRAO/AUI/NSF)

Diffusion by δB



CRs
B-field

Turbulence
Star formation

Magnetar?
*Continuity* of the Star Formation
To explain the star formation history of 
MW, the effects of CRs can be important．
（JS & Inutsuka 2022; JS et al. 2024, JS 
& Asano 2024）

258 Haywood: Galactic chemical evolution revisited

Fig. 2. Results from Snaith et al. (2014) Panel (a): [Si/Fe] vs age relation (black curve) as determined by
fitting a closed-box model to (inner disc) data from Adibekyan et al (2012) and Haywood et al. (2013; green
circles). Panel (b): The star formation history deduced from the fit in (a). Panel (c): Cumulative stellar
mass as a function of redshift for the MW from (b) compared to that of Milky Way-analog galaxies from
van Dokkum et al. (2013; black curve). Panel (d): [Si/Fe]-[Fe/H] chemical evolution track deduced from
the model. No fit is made. Tick marks indicate the age of the model. See Snaith et al. (2014) for details.

dial mixing in the sense defined by Sellwood
& Binney (2002). The present (lack of) ev-
idences have been discussed in Haywood et
al. (2013), and its worth summarizing them
here. Claims in favor of radial mixing are based
on the argument that, assuming a radial gradi-
ent of about -0.07dex/kpc, stars that are ⇠0.3
dex more metal-rich or metal-poor than the
mean solar vicinity metallicity (about -0.05
dex) must have come from farther distances
than 4kpc. If angular momentum conservation
is assumed, this would imply rotational veloc-
ities for migrating stars that are not seen on
solar vicinity stars. Therefore, it has been pro-
posed (Schönrich & Binney 2009) that some
mechanism as the one proposed by Sellwood
& Binney (2002) must be at work. There are
strong doubts that this reasonning is verified,
simply because stars that are 0.3 dex more
metal-poor or metal-rich than the solar vicinity

are massively present at just 2 kpc from the so-
lar orbit. If radial mixing was e↵ective across
the solar orbit, we would expect to see these
stars in important number, while they repre-
sent only a few percents at the solar vicinity.
The most recent data show that indeed, the lo-
cal (<2kpc) gradient is steep, with the mean
metallicity at R⇠10kpc being ⇠-0.3 dex, while
the APOGEE data show that the mean metal-
licity of the thin disk at R⇠7kpc is ⇠0.2 dex,
which implies in any case that the gradient is
steeper than ⇠ -0.12 dex/kpc. Note that a strong
gradient is in itself evidence against significant
mixing. The U dispersion measured on metal-
poor thin disk stars is of the order of 50km/s,
which is su�cient to ensure radial excursion
of the order of 2kpc, putting the solar vicinity
within reach of inner or outer disk stars of re-
quired metallicity during their radial epicycle
oscillation. Hence, as argued in Haywood et

Puzzling SFR
Heywood 14
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“Puzzling” Star Formation History of MW

Current SFR: ~ 1 Msun/yr
Total gas mass: ~ 109 Msun

1. The total mass of baryon may be ~ 1011 Msun.
2. Why is a half of baryons converted to the stars?
3. Why dose the only ~1 % of baryon remain in the disk?

Total mass of stars: ~ 4-6 x 1010 Msun

Ø From the context of Cosmology …

Total mass of DM: ~ 1012 Msun

Cf. Bland-Hawthorn & Gerhard 16, the Planck Collaboration 18

4

”Puzzling” Star Formation History
(in the context of the standard Cosmology)
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“Puzzling” Star Formation History of MW

Current SFR: ~ 1 Msun/yr
Total gas mass: ~ 109 Msun

1. The gas should be depleted within ~ 1 Gyr !
2. Replenishment of gas is required.
3. Galactic halo (CGM) may be a dominant gas reservoir. 

Total mass of stars: ~ 4-6 x 1010 Msun

Ø From the current MW …

Total mass of DM: ~ 1012 Msun

Cf. Bland-Hawthorn & Gerhard 16, the Planck Collaboration 18

5

”Puzzling” Star Formation History
(in the context of the current Galactic disk condition)



~ 4 Mo/yr by SNe & CRs
~ 7 Mo/yr

258 Haywood: Galactic chemical evolution revisited

Fig. 2. Results from Snaith et al. (2014) Panel (a): [Si/Fe] vs age relation (black curve) as determined by
fitting a closed-box model to (inner disc) data from Adibekyan et al (2012) and Haywood et al. (2013; green
circles). Panel (b): The star formation history deduced from the fit in (a). Panel (c): Cumulative stellar
mass as a function of redshift for the MW from (b) compared to that of Milky Way-analog galaxies from
van Dokkum et al. (2013; black curve). Panel (d): [Si/Fe]-[Fe/H] chemical evolution track deduced from
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Consequent star formation at the disk
ü Almost constant SFR
→ quasi steady-state
→ SFR ~ 7 Mo/yr – 4 Mo/yr ~ 3 Mo/yr

JS, Inutsuka & Nagashima (2024):
The constant SFR is explained by the balance between…
Mass accretion from halo and
Galactic wind from the disk (this talk).

Simplest Answer for 
the Star Formation History

See also, Hopkins+2018, Armillotta+2024, Habegger & Zweibel 25, and so on (too many papers!)
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Metal Mass Inferred by the Star Formation History 

・*Total Metal Mass* ejected by Supernovae
SFR ~ 3 Mo/yr 
Salpeter IMF → Massive Star Formation Rate ~ 0.1 Mo/yr
→ ~ (SFR) x (Massive Star fraction) x (CO core mass fraction) x (14 Gyr)

~ (3 Mo/yr) x (0.1) x (3 Mo/8 Mo) x (14 Gyr)
~ 1.6 x 109 Mo

・Galactic Disk
Total Gas mass  ~ 109 Mo
Metallicity Zo ~ 0.01 → Metal mass ~ 107 Mo

Xing & Rix (2022, by Gaia)

Rapid grow
th

Plateau Significant fraction of the metals must be removed 
from the disk continuously.
→ Galactic Wind driven by CRs can achieve this!
→ CRs regulate the metal mass (=building blocks of 
the planets & life) in the disk.



Essence for the Galactic Wind (SJ & Inutsuka 2022)
Radiative cooling & CR heating

19
91
A&
A.
..
24
5.
..
79
B

19
91
A&
A.
..
24
5.
..
79
B

B-field

flow Radiative cooling → T < T_vir → wind never launching

CRs scattered by δB
→Momentum transferred to δB
→δB grows
→dissipation of δB
→Thermal gas heated

(e.g., Kulsrud 2005)

(Shapiro & Field 76)

Heating by CRs→ Comparable with Radiative cooling!

CR

δB



~ 4 Mo/yr by SNe & CRs
~ 7 Mo/yr

JS & Inutsuka (2022):
The CRs can drive the wind from the *bottom of Milky Way halo*.
We must understand the wind from the *disk* (to remove 
the metals).

Evidence of Galactic Wind:
Metal polluted halo of external galaxies

150 kpc

Wind removes the 
gas and metals 
from the disk
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Usefull Hints of the disk-halo interaction:
T ~ 0.1 keV (~virial temp. of the MW)
→eROSITA bubble (X-ray) is consistent with the wind scenario.
→Fermi bubble (gamma-ray) is not clear.
If we apply the wind scenario for the MW evolution…

Breitschwerdt+91

Predehl+20

Fermi & eROSITA Bubbles: Byproducts of Galactic Wind



Predehl+20

*Hadronic γ-ray scenario

Assumption: 
~5-10 % of SNe energy is consumed for launching the wind.
→The bubbles & MW evolution can be explained simultaneously.

*Further investigations of the bubbles are going on w/ Takeishi-san, S. 
Abe-kun, Mizuno-san for gamma-ray observations & w/ Inamoto-kun for 
theoretical study. pcr+ pgas → 2γ, ν

6 Shimoda & Asano

Figure 4. The intensity sky maps of the hadronic gamma-
ray and X-ray observed from (R, z) = (8.5 kpc, 0 kpc).
The contour shows the 1 GeV gamma-ray intensity
(photon cm�2 s�1 str�1) increasing by 0.25⇥10�6 from 0 to
3⇥10�6. The red contours indicate the intensity larger than
0.5⇥10�6. The color shows the X-ray intensity under the as-
sumed emissivity of nw⇤/4⇡ where ⇤ = 10�23 erg cm3 s�1.
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The order of magnitude estimate of the hadronic
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2002)
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where m⇡ = 140 MeV is the pion mass, �h ⇠ 10�26 cm2

is the cross-section, D is the path length, and we use
ncr ⇠ ecr/mpc

2. The estimated and numerically com-
puted J� at E� =1 GeV are consistent with the ob-
served intensities (e.g., Ackermann et al. 2014). Note
that J� / ⌃̇sf

2 in our model and the neutrino emission
with an intensity of ⇠ 0.1 J� is also expected.
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Figure 5. The surface brightness profile of the 1 GeV
hadronic gamma-ray observed from (R, z) = (8.5 kpc, 0 kpc).
Each profile is averaged on the ranges of the Galactic latitude
shown in the legend.

Figure 5 shows the surface brightness profile of
the hadronic gamma-ray averaged on the Galac-
tic latitude ranges of 10� < b < 20�, 20� < b < 30�,
30� < b < 40�, and 40� < b < 50� (see, Figure 23 of
Ackermann et al. 2014, for a comparison). The
observed profile of the FBs at each b range rises
from |l| ' 20� and flattens at |l| . 20� with the
intensity of ⇠ 0.5 ⇥ 10�6 ph cm�2 s�1 sr�1 GeV�1.
The dissipated case shows a good agreement with
the observation, while the co-rotating halo case
shows a shallower profile respecting l than the
observation. Thus, to explain the FBs, the dissi-
pated case is favored.
Figure 6 shows the surface brightness of the 1 GeV

hadronic gamma-ray from the disk (|b| < 5�). The
amount of CRs and hadronic gamma-ray brightness
at the disk are consistent with the observations (e.g.,
Strong et al. 2004; Ackermann et al. 2012).
Figure 7 shows the surface brightness profiles

of the thermal X-ray at the Galactic latitudes of
b = 40�, b = 50�, and b = 60� (see, Predehl et al.
2020, for a comparison). The observed surface

>0.5e-6 ph/cm2/s/str

Fermi & eROSITA Bubbles: Byproducts of Galactic Wind

JS & Asano 2024



Opposite Sence?

Problem: ~5-10 % of SNe energy
w/o CRs (Oku+22)

Thermal bomb
w/ ~5x1051 erg

←So-called *feedback* study for Galaxy formation/evolution
Supernovae: One of The Most Energetic Events
Limited at ~50 pc << disk thickness
→ Too weak feedback (for wind)

Inutsuka+15

Diffuse gas → Molecular gas → Star Formation
SN shocks, Expansion of Ionization Sphere, etc.

Modern Theory of Star Formation:
SNe *promote* the star formation



Problem: ~5-10 % of SNe energy
w/o CRs (Oku+22)

Thermal bomb
w/ ~5x1051 erg

←So-called *feedback* study for Galaxy formation/evolution
Supernovae: One of The Most Energetic Events
Limited at ~50 pc << disk thickness
→ Too weak feedback (for wind)

Inutsuka+15

Diffuse gas → Molecular gas → Star Formation
SN shocks, Expansion of Ionization Sphere, etc.

Modern Theory of Star Formation:
SNe *promote* the star formation

consistent

consistent

Opposite Sence?
→ We consider CRs



Expectations for CRs: ~5-10 % of SNe energy

Strongness: Diffusion→ Go to the halo (cf. Fermi bubble)

Weakness: Energetics→ ~1050 erg (per one SN)

Typical ISM (volume average):
Density ~ 0.1 /cc,
Temperature ~ 104 K,
disk thickness ~ 300 pc
→ Internal Energy ~ 1051 erg (n/0.1 cm-3)(T/104 K)(r/300 pc)3

The CRs are *additional* energies 
for the hydrostatic ISM.

If CRs can transfer their energy to 
the ISM, the energetic outflow can be 
launched from the disk.

e.g., Ferrier+01
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below.42
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by the equation of state (4). The mean molecular mass is46
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ity). The radiative heating rate is set to be �g = 2⇥102649
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Hydrodynamics (thermal plasma) Cosmic Ray Transport

Follow ~10 Myr evolution of fluid & CRs
• ~10 Myr is average residence time of 

CR at the disk.
• The CR momentum distribution is 

considered (new)．



Heats the gas

r vs.vgr vs.Pcr

Accelerates the gas

Affects the CR spectra

r vs.Tg

*Initial conditions of gas
vg = 0 km/s
Tg = 7000 K
ng = 0.2 /cc 
(equilibrium density)
Bism = 1 μG
(fixed, for CR heating)

Shimoda, Asano & Inutsuka (2025)



~ 4 Mo/yr by SNe & CRs
~ 7 Mo/yr

How much work do CRs have?

~1000 Mo is removed from the disk by CRs
→Mass loss rate of the disk ~ (1000 Mo)*(SN rate) ~ 10 Mo/yr (SN rate/0.03 yr-1) 

We should examine as next steps:
1) Observational Counterparts
2)Acceleration of the removed gas at the disk-halo interface

OK

Preliminary (Coming Soon)



(Galactic) Cosmic Rays & Galaxy Evolution (=baryon cycle)

CRs
B-field

Turbulence
Star formation

Magnetar?

CR

Ø Galactic CRs are accelerated at 
supernova shocks.

Ø Supernova shocks are important 
drivers of the Galactic matter cycle.

→ *Continuity* of the Star Formation 
will be a novel concept.

Bill Saxton (NRAO/AUI/NSF)

Diffusion by δB

Recent observations 
provide important hints of 
the matter cycle in the disk
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emission spectrum. The actual measurement error may also arise from 
the model uncertainties and the separation of the isotropic emission19 
and thus be higher than the systematics of the detector.

The flux of the GDE-ν observed by IceCube is also consistent with 
that of the diffuse neutrinos expected to accompany the subpetaelec-
tronvolt diffuse γ-rays observed by Tibet ASγ. The silver-shaded region 
in Fig. 1, from ref. 18, is an estimation of the Galactic plane emission 
derived from the Tibet ASγ measurements in two sky regions, namely, 
region A: 25° < l < 100° and region B: 50° < l < 200°, both with ∣b∣ < 5°. The 
width of the band accounts for the uncertainties owing to the spectra 
and spatial distribution of cosmic rays, gas density and infrared emis-
sion of the ISM. The IceCube observation between 10 TeV and ~60 TeV 
agrees with this Tibet-converted neutrino flux within the uncertainties.

The consistency in the GDE measurements by Fermi-LAT, Tibet 
ASγ and IceCube at various energies suggests that the GDE-γ could be 
dominantly produced by hadronic interaction above ~1 TeV. However, 
given the uncertainty of the GDE-ν flux associated with the analysis 
templates and the potential contribution from unresolved neutrino 
sources, leptonic processes may still have a role in particular between 
0.1 TeV and a few teraelectronvolts.

Subsequently, we consider a GDE model under the assumption 
that the IceCube flux based on the π0 template represents the diffuse 
neutrino flux and the source contribution is negligible. The modelling 
of diffuse neutrino and γ-ray emission is impacted by several poorly 
known factors, including (1) cosmic-ray spectra above the rigidity 
~10 TV observed at Earth; (2) the difference in the cosmic-ray density 
at a location x in the Galaxy and that at the observer point, 
n(x, E)/n(r

⊙

, E), which is determined by the source distribution in the 
Galaxy, timescales of the sources and the particle diffusion in the 
Galactic magnetic field; and (3) the density profile of the neutral, ion-
ized and dark gas. The effects of these factors could be coupled and 
are not constrained by current observations, as also noted by, for 
example, refs. 4,12,21,22.

To limit the degrees of freedom of our model, as in refs. 17,23,24, 
we consider a simplified model in which the spatial and spectral com-
ponents of the nucleon flux are assumed to be independent, 
Φ(x, E) = Φ(x

⊙

, E)

[

n(x)/n(x

⊙

)

]

. We obtain the ratio of cosmic-ray  
density at position x to that at the solar neighbourhood, n(x)/n(x

⊙

), 
using a numerical simulation that propagates cosmic rays from syn-
thetic sources in the Galactic magnetic field. We fix the spectra of 
protons and helium nuclei at the solar neighbourhood, Φ(x

⊙

, E), to the 
best-fit model obtained by fitting to the cosmic-ray measurements 
between ~10 GeV and ~10 PeV. More details about the simulation and 
the calculation of the intensity of neutrino and γ-ray emission are 
explained in Supplementary Sections 1 and 2, respectively.

The dashed curves in Fig. 1 from our model show that the hadronic 
interaction may simultaneously explain the observed γ-ray spectra 
between 100 GeV and 100 TeV and the diffuse neutrino flux of the 
Galactic plane measured using the π0 template. More complicated 
models including multiple components of cosmic-ray sources and 
diffusion regions4,21 may provide better fits to the data. Future meas-
urements of longitudinal and latitudinal profiles of neutrino emission 
above 1 TeV, identification of individual Galactic neutrino sources and 
observation of GDE-γ from the southern sky at teraelectronvolt–petae-
lectronvolt energies are needed to break down the degeneracy of the 
model parameters.

The GDE flux reflects the emissivity of our own Galaxy in 
high-energy neutrinos, whereas the extragalactic background (EB) 
reveals the contribution of powerful sources in distant galaxies. Had 
the local and distant sources been similarly luminous, the GDE would 
be brighter than the EB owing to geometry. Figure 1 contrasts the 
intensities of the GDE and EB in γ-ray and neutrinos. Notably, the 
all-sky-averaged GDE-γ is brighter than the extragalactic γ-ray back-
ground (EGB) between 1 GeV and 1 TeV, whereas the GDE-ν is fainter 
than the extragalactic neutrino background (ENB) between 1 TeV and 

Copious inverse Compton radiation has been suggested to come from 
the Galactic bulge and inner Galaxy, contributing to both around a few 
gigaelectronvolts and above 10 TeV (refs. 11,12). A hardening in the 
diffuse γ-ray spectrum at 0.1–1 TeV, sometimes referred to as the ‘TeV 
excess’, has been interpreted as a signature of unresolved TeV halos 
owing to electrons trapped around middle-aged pulsars13 or pulsar 
wind nebulae14, or as a result of a progressive hardening of cosmic-ray 
nuclei spectra towards the Galactic Centre owing to effects such as the 
anisotropic cosmic-ray transport15.

Cosmic-ray protons and nuclei interact with the ISM gas and pro-
duce neutrinos and γ-rays simultaneously via π±

→ e
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 and 
π0 → 2γ. The flux of the γ-rays that accompany the IceCube Galactic 
diffuse neutrinos can be estimated by E2
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), 
with Eγ ≈ 2Eν (ref. 16). Here dNinj/dEγ denotes the injected γ-ray spectrum, 
which could be different from the observed γ-ray spectrum owing to 
the pair production of γ-rays on low-energy photons. Photons above 
~100 TeV may be absorbed by the interstellar radiation field, whereas 
the attenuation effect is negligible for lower-energy photons17,18. As 
shown in Fig. 1, the γ-ray flux derived from the IceCube measurement 
is comparable to the Fermi-LAT Galactic interstellar emission model 
around 1 TeV (note that both the terms ‘interstellar γ-ray emission’ and 
‘Galactic diffuse emission’ refer to the diffuse emission made by ener-
getic cosmic rays interacting with interstellar nucleons and photons19). 
The model is obtained by fitting various templates of the diffuse γ-ray 
emission and models of resolved and unresolved sources to the 
Fermi-LAT data between 100 MeV and 1 TeV (ref. 20). The systematic 
error in the effective area of Fermi-LAT Pass 8 data is estimated to be 5% 
between 0.1 GeV and 100 GeV and 15% at 1 TeV with a linear interpolation 
in the logarithm of energy between 100 GeV and 1 TeV. We used the 
systematic error to estimate the uncertainty of the Galactic interstellar 
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Fig. 1 | All-sky-averaged intensities of the Galactic diffuse emission (GDE) 
and extragalactic background (EB) in γ-ray and neutrinos. The intensity has 
been scaled by E2.5. Galactic components include the diffuse neutrino emission 
(per-flavour flux including both neutrinos and antineutrinos) from the Galactic 
plane measured by IceCube using the π0 template1 (blue-shaded region indicating 
the 1σ uncertainties), the neutrino flux derived from the GDE-γ measured by 
Tibet ASγ8,18 (grey-shaded region) and the Galactic interstellar emission model 
of Fermi-LAT20 (red-shaded region). The dashed curves present a numerical 
simulation of the diffuse emission that accounts for the spatial distribution of 
sources and gas in the Milky Way. Extragalactic components include the isotropic 
diffuse neutrino background measured by IceCube36 (blue-hatched region) and 
the EGB measured by Fermi-LAT39 (red-hatched region).
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emission spectrum. The actual measurement error may also arise from 
the model uncertainties and the separation of the isotropic emission19 
and thus be higher than the systematics of the detector.

The flux of the GDE-ν observed by IceCube is also consistent with 
that of the diffuse neutrinos expected to accompany the subpetaelec-
tronvolt diffuse γ-rays observed by Tibet ASγ. The silver-shaded region 
in Fig. 1, from ref. 18, is an estimation of the Galactic plane emission 
derived from the Tibet ASγ measurements in two sky regions, namely, 
region A: 25° < l < 100° and region B: 50° < l < 200°, both with ∣b∣ < 5°. The 
width of the band accounts for the uncertainties owing to the spectra 
and spatial distribution of cosmic rays, gas density and infrared emis-
sion of the ISM. The IceCube observation between 10 TeV and ~60 TeV 
agrees with this Tibet-converted neutrino flux within the uncertainties.

The consistency in the GDE measurements by Fermi-LAT, Tibet 
ASγ and IceCube at various energies suggests that the GDE-γ could be 
dominantly produced by hadronic interaction above ~1 TeV. However, 
given the uncertainty of the GDE-ν flux associated with the analysis 
templates and the potential contribution from unresolved neutrino 
sources, leptonic processes may still have a role in particular between 
0.1 TeV and a few teraelectronvolts.

Subsequently, we consider a GDE model under the assumption 
that the IceCube flux based on the π0 template represents the diffuse 
neutrino flux and the source contribution is negligible. The modelling 
of diffuse neutrino and γ-ray emission is impacted by several poorly 
known factors, including (1) cosmic-ray spectra above the rigidity 
~10 TV observed at Earth; (2) the difference in the cosmic-ray density 
at a location x in the Galaxy and that at the observer point, 
n(x, E)/n(r

⊙

, E), which is determined by the source distribution in the 
Galaxy, timescales of the sources and the particle diffusion in the 
Galactic magnetic field; and (3) the density profile of the neutral, ion-
ized and dark gas. The effects of these factors could be coupled and 
are not constrained by current observations, as also noted by, for 
example, refs. 4,12,21,22.

To limit the degrees of freedom of our model, as in refs. 17,23,24, 
we consider a simplified model in which the spatial and spectral com-
ponents of the nucleon flux are assumed to be independent, 
Φ(x, E) = Φ(x

⊙

, E)

[

n(x)/n(x

⊙

)

]

. We obtain the ratio of cosmic-ray  
density at position x to that at the solar neighbourhood, n(x)/n(x

⊙

), 
using a numerical simulation that propagates cosmic rays from syn-
thetic sources in the Galactic magnetic field. We fix the spectra of 
protons and helium nuclei at the solar neighbourhood, Φ(x

⊙

, E), to the 
best-fit model obtained by fitting to the cosmic-ray measurements 
between ~10 GeV and ~10 PeV. More details about the simulation and 
the calculation of the intensity of neutrino and γ-ray emission are 
explained in Supplementary Sections 1 and 2, respectively.

The dashed curves in Fig. 1 from our model show that the hadronic 
interaction may simultaneously explain the observed γ-ray spectra 
between 100 GeV and 100 TeV and the diffuse neutrino flux of the 
Galactic plane measured using the π0 template. More complicated 
models including multiple components of cosmic-ray sources and 
diffusion regions4,21 may provide better fits to the data. Future meas-
urements of longitudinal and latitudinal profiles of neutrino emission 
above 1 TeV, identification of individual Galactic neutrino sources and 
observation of GDE-γ from the southern sky at teraelectronvolt–petae-
lectronvolt energies are needed to break down the degeneracy of the 
model parameters.

The GDE flux reflects the emissivity of our own Galaxy in 
high-energy neutrinos, whereas the extragalactic background (EB) 
reveals the contribution of powerful sources in distant galaxies. Had 
the local and distant sources been similarly luminous, the GDE would 
be brighter than the EB owing to geometry. Figure 1 contrasts the 
intensities of the GDE and EB in γ-ray and neutrinos. Notably, the 
all-sky-averaged GDE-γ is brighter than the extragalactic γ-ray back-
ground (EGB) between 1 GeV and 1 TeV, whereas the GDE-ν is fainter 
than the extragalactic neutrino background (ENB) between 1 TeV and 

Copious inverse Compton radiation has been suggested to come from 
the Galactic bulge and inner Galaxy, contributing to both around a few 
gigaelectronvolts and above 10 TeV (refs. 11,12). A hardening in the 
diffuse γ-ray spectrum at 0.1–1 TeV, sometimes referred to as the ‘TeV 
excess’, has been interpreted as a signature of unresolved TeV halos 
owing to electrons trapped around middle-aged pulsars13 or pulsar 
wind nebulae14, or as a result of a progressive hardening of cosmic-ray 
nuclei spectra towards the Galactic Centre owing to effects such as the 
anisotropic cosmic-ray transport15.
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with Eγ ≈ 2Eν (ref. 16). Here dNinj/dEγ denotes the injected γ-ray spectrum, 
which could be different from the observed γ-ray spectrum owing to 
the pair production of γ-rays on low-energy photons. Photons above 
~100 TeV may be absorbed by the interstellar radiation field, whereas 
the attenuation effect is negligible for lower-energy photons17,18. As 
shown in Fig. 1, the γ-ray flux derived from the IceCube measurement 
is comparable to the Fermi-LAT Galactic interstellar emission model 
around 1 TeV (note that both the terms ‘interstellar γ-ray emission’ and 
‘Galactic diffuse emission’ refer to the diffuse emission made by ener-
getic cosmic rays interacting with interstellar nucleons and photons19). 
The model is obtained by fitting various templates of the diffuse γ-ray 
emission and models of resolved and unresolved sources to the 
Fermi-LAT data between 100 MeV and 1 TeV (ref. 20). The systematic 
error in the effective area of Fermi-LAT Pass 8 data is estimated to be 5% 
between 0.1 GeV and 100 GeV and 15% at 1 TeV with a linear interpolation 
in the logarithm of energy between 100 GeV and 1 TeV. We used the 
systematic error to estimate the uncertainty of the Galactic interstellar 
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Fig. 1 | All-sky-averaged intensities of the Galactic diffuse emission (GDE) 
and extragalactic background (EB) in γ-ray and neutrinos. The intensity has 
been scaled by E2.5. Galactic components include the diffuse neutrino emission 
(per-flavour flux including both neutrinos and antineutrinos) from the Galactic 
plane measured by IceCube using the π0 template1 (blue-shaded region indicating 
the 1σ uncertainties), the neutrino flux derived from the GDE-γ measured by 
Tibet ASγ8,18 (grey-shaded region) and the Galactic interstellar emission model 
of Fermi-LAT20 (red-shaded region). The dashed curves present a numerical 
simulation of the diffuse emission that accounts for the spatial distribution of 
sources and gas in the Milky Way. Extragalactic components include the isotropic 
diffuse neutrino background measured by IceCube36 (blue-hatched region) and 
the EGB measured by Fermi-LAT39 (red-hatched region).
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emission spectrum. The actual measurement error may also arise from 
the model uncertainties and the separation of the isotropic emission19 
and thus be higher than the systematics of the detector.

The flux of the GDE-ν observed by IceCube is also consistent with 
that of the diffuse neutrinos expected to accompany the subpetaelec-
tronvolt diffuse γ-rays observed by Tibet ASγ. The silver-shaded region 
in Fig. 1, from ref. 18, is an estimation of the Galactic plane emission 
derived from the Tibet ASγ measurements in two sky regions, namely, 
region A: 25° < l < 100° and region B: 50° < l < 200°, both with ∣b∣ < 5°. The 
width of the band accounts for the uncertainties owing to the spectra 
and spatial distribution of cosmic rays, gas density and infrared emis-
sion of the ISM. The IceCube observation between 10 TeV and ~60 TeV 
agrees with this Tibet-converted neutrino flux within the uncertainties.

The consistency in the GDE measurements by Fermi-LAT, Tibet 
ASγ and IceCube at various energies suggests that the GDE-γ could be 
dominantly produced by hadronic interaction above ~1 TeV. However, 
given the uncertainty of the GDE-ν flux associated with the analysis 
templates and the potential contribution from unresolved neutrino 
sources, leptonic processes may still have a role in particular between 
0.1 TeV and a few teraelectronvolts.

Subsequently, we consider a GDE model under the assumption 
that the IceCube flux based on the π0 template represents the diffuse 
neutrino flux and the source contribution is negligible. The modelling 
of diffuse neutrino and γ-ray emission is impacted by several poorly 
known factors, including (1) cosmic-ray spectra above the rigidity 
~10 TV observed at Earth; (2) the difference in the cosmic-ray density 
at a location x in the Galaxy and that at the observer point, 
n(x, E)/n(r

⊙

, E), which is determined by the source distribution in the 
Galaxy, timescales of the sources and the particle diffusion in the 
Galactic magnetic field; and (3) the density profile of the neutral, ion-
ized and dark gas. The effects of these factors could be coupled and 
are not constrained by current observations, as also noted by, for 
example, refs. 4,12,21,22.

To limit the degrees of freedom of our model, as in refs. 17,23,24, 
we consider a simplified model in which the spatial and spectral com-
ponents of the nucleon flux are assumed to be independent, 
Φ(x, E) = Φ(x

⊙

, E)

[

n(x)/n(x

⊙

)

]

. We obtain the ratio of cosmic-ray  
density at position x to that at the solar neighbourhood, n(x)/n(x

⊙

), 
using a numerical simulation that propagates cosmic rays from syn-
thetic sources in the Galactic magnetic field. We fix the spectra of 
protons and helium nuclei at the solar neighbourhood, Φ(x

⊙

, E), to the 
best-fit model obtained by fitting to the cosmic-ray measurements 
between ~10 GeV and ~10 PeV. More details about the simulation and 
the calculation of the intensity of neutrino and γ-ray emission are 
explained in Supplementary Sections 1 and 2, respectively.

The dashed curves in Fig. 1 from our model show that the hadronic 
interaction may simultaneously explain the observed γ-ray spectra 
between 100 GeV and 100 TeV and the diffuse neutrino flux of the 
Galactic plane measured using the π0 template. More complicated 
models including multiple components of cosmic-ray sources and 
diffusion regions4,21 may provide better fits to the data. Future meas-
urements of longitudinal and latitudinal profiles of neutrino emission 
above 1 TeV, identification of individual Galactic neutrino sources and 
observation of GDE-γ from the southern sky at teraelectronvolt–petae-
lectronvolt energies are needed to break down the degeneracy of the 
model parameters.

The GDE flux reflects the emissivity of our own Galaxy in 
high-energy neutrinos, whereas the extragalactic background (EB) 
reveals the contribution of powerful sources in distant galaxies. Had 
the local and distant sources been similarly luminous, the GDE would 
be brighter than the EB owing to geometry. Figure 1 contrasts the 
intensities of the GDE and EB in γ-ray and neutrinos. Notably, the 
all-sky-averaged GDE-γ is brighter than the extragalactic γ-ray back-
ground (EGB) between 1 GeV and 1 TeV, whereas the GDE-ν is fainter 
than the extragalactic neutrino background (ENB) between 1 TeV and 

Copious inverse Compton radiation has been suggested to come from 
the Galactic bulge and inner Galaxy, contributing to both around a few 
gigaelectronvolts and above 10 TeV (refs. 11,12). A hardening in the 
diffuse γ-ray spectrum at 0.1–1 TeV, sometimes referred to as the ‘TeV 
excess’, has been interpreted as a signature of unresolved TeV halos 
owing to electrons trapped around middle-aged pulsars13 or pulsar 
wind nebulae14, or as a result of a progressive hardening of cosmic-ray 
nuclei spectra towards the Galactic Centre owing to effects such as the 
anisotropic cosmic-ray transport15.

Cosmic-ray protons and nuclei interact with the ISM gas and pro-
duce neutrinos and γ-rays simultaneously via π±
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with Eγ ≈ 2Eν (ref. 16). Here dNinj/dEγ denotes the injected γ-ray spectrum, 
which could be different from the observed γ-ray spectrum owing to 
the pair production of γ-rays on low-energy photons. Photons above 
~100 TeV may be absorbed by the interstellar radiation field, whereas 
the attenuation effect is negligible for lower-energy photons17,18. As 
shown in Fig. 1, the γ-ray flux derived from the IceCube measurement 
is comparable to the Fermi-LAT Galactic interstellar emission model 
around 1 TeV (note that both the terms ‘interstellar γ-ray emission’ and 
‘Galactic diffuse emission’ refer to the diffuse emission made by ener-
getic cosmic rays interacting with interstellar nucleons and photons19). 
The model is obtained by fitting various templates of the diffuse γ-ray 
emission and models of resolved and unresolved sources to the 
Fermi-LAT data between 100 MeV and 1 TeV (ref. 20). The systematic 
error in the effective area of Fermi-LAT Pass 8 data is estimated to be 5% 
between 0.1 GeV and 100 GeV and 15% at 1 TeV with a linear interpolation 
in the logarithm of energy between 100 GeV and 1 TeV. We used the 
systematic error to estimate the uncertainty of the Galactic interstellar 
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Fig. 1 | All-sky-averaged intensities of the Galactic diffuse emission (GDE) 
and extragalactic background (EB) in γ-ray and neutrinos. The intensity has 
been scaled by E2.5. Galactic components include the diffuse neutrino emission 
(per-flavour flux including both neutrinos and antineutrinos) from the Galactic 
plane measured by IceCube using the π0 template1 (blue-shaded region indicating 
the 1σ uncertainties), the neutrino flux derived from the GDE-γ measured by 
Tibet ASγ8,18 (grey-shaded region) and the Galactic interstellar emission model 
of Fermi-LAT20 (red-shaded region). The dashed curves present a numerical 
simulation of the diffuse emission that accounts for the spatial distribution of 
sources and gas in the Milky Way. Extragalactic components include the isotropic 
diffuse neutrino background measured by IceCube36 (blue-hatched region) and 
the EGB measured by Fermi-LAT39 (red-hatched region).
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presenting a lowcontrast. On theother hand, HI and 53 GHz
synchrotron maps can be excluded. In fact, we have seen
(Figure 5) that the emission is confined to the central part of the
Galaxy and close to the disk. This explains why the HI map
does not provide a good fit to the data since it extends far in
longitude and contains important emission at ∣ ∣ ⩾l 30 . We can
also point out that distributions built by imaging method
(MEM or MREM) from COMPTEL data appear as good
tracers of the 26Al emission, as expected.

As shown in Figure 7, the reconstructed flux attributed to the
inner Galaxy does not depend much on the template map and is
compatible with a value of 3.3 × 10−4 photons cm−2 s−1, in
agreement with the previously reported values. We observe that
the flux is systematically higher by ∼8% (low-contrast maps)
to 20% (high-contrast maps) when the fixed-pattern back-
ground determination method is used, but it has no scientific
implication. However, the total flux integrated over the whole
sky clearly depends on the contrast of the assumed model. The

more the map is contrasted (from left to right on Figure 7), the
weaker is the reconstructed total flux. This is due to the fact that
the recovered global intensity relies on the central parts of the
image (both higher flux and higher S/N) and that a contrasted
map encompasses less flux in its external parts than a flatter
map. Moreover, we are aware that low-contrast maps may
suffer from significant “cross-talk” between the lowspatial
frequency structure (a kind of pedestal that mimics a flat,
lowsurface brightness emission) and the (more or less
uniform) background contribution.
As an additional test, we have performed correlations

between the direct image with 6° resolution (e.g., ICF of 6°
FWHM) and each of the templates downgraded to the same
∼6° spatial resolution (except the DMR/COBE 53 GHz one,
which originally has 7° resolution). Indeed, the linear
correlation coefficient does not depend much on the template
map and keeps a value greater than 0.9 in latitudeand above
0.7 in longitude, except the HI map (coefficient of 0.4 in
longitude).
Finally, it appears that it is hard to firmly conclude about a

unique solution. This reflects the difficulty of determining
precisely such an extended weakly emitting structure and the
similarity presented by most of the considered maps. However,
we note that the χ2 curves follow the same evolution regardless
of the background determination method and hence that the
conclusions do not depend on it.

3.3. Regions of Potential Excesses

To check quantitatively the significance of the most significant
excesses and known 26Al emitting regions, we have performed a
more complete model-fitting analysis. Note, however, that our
analysis is not optimized for extended pointsources since a map
contribution is necessarily subtracted at the position of the
sources and, at worst, may make them disappear.
The sky model consists of one of the templates listed in

Table 1, to which is added a spatial model including the spots.
For the sources already detected or investigated at 1.8MeV, we
have used the positions and spatial extensions provided by
previous works (Vela, Diehl et al. 1995b; Cygnus region, Martin
et al. 2009; Sco-Cen, Diehl et al. 2010; Orion-Eridanus, Voss
et al. 2010; and Carina, Voss et al. 2012; indicated in bold in
Table 1). To investigate the additional spots not yet referenced
as 26Al emitters, the extent and location are based on the image
analysis using simple models (point-source, Gaussian, or disk).
However, given their lowsignificance and the SPI spatial

Figure 5. Image of the 26Al line (1805–1813 keV). The image is built with a
resolution (ICF FWHM) of 6°. For this image reconstruction, the background
pattern is adjusted as explained in Section 2.5.3. The contours are extracted
from the 3° resolution image. In units of ×10−3 photons cm−2 s−1 sr−1, they
correspond to 0.54, 1.1, and 2.7. Identified regions, from left to right: Perseus
region (105° ⩽ l⩽170°) (Taurus clouds), Cygnus/Cepheus region (75° ⩽
l⩽100°), the inner Galaxy (−30°⩽ l ⩽ 30°, −10° ⩽ b⩽10°), Carina
(l = 286°, b = 1°), and the Vela region (260° ⩽ l⩽ 270°). At midlatitude, the
Sco-Cen region (300° ⩽ l⩽360°, 8° ⩽ b⩽30°). FITS file available at
http://sigma-2.cesr.fr/integral/science-products.

Figure 6. Relative chi-square variation (c )L
2(rel.) vs. assumed template to model

the distribution of the 26Al line. c )L
2(rel.) is the cL

2 from which the value of the
best-fitted template is subtracted. The best template is the 100 μm template for
the fitted-pattern method (cL

2= 1258778.1 for 1261797 dof) and the 25 μm
template for the fixed-pattern method (cL

2= 1266968.4 for 1262208 dof).
Terms: sync., dust, and free–freeare abbreviations for 53 GHz synchrotron,
dust, and free–free maps described in Table 1. MEM and MREM indicate the
COMPTEL maps, A[3.5 μm] and A[4.9 μm] corrected NIR extinction map.
The red curve is for the fitted-pattern method and green for the fixed-pattern
method. The maps are ordered following their contrast defined as the ratio of
the flux enclosed in the region < ∣ ∣l 150 , < ∣ ∣b 15 to the total flux.

Figure 7. Flux in the inner Galaxy as a function of the map used to model the
distribution of the 26Al line. The labels are the same as in Figure 6. The dashed
blackcurve is the total flux in the Galaxy (fitted-pattern), scaled by a factor of
0.2. The dotted lines (red for fitted-pattern and green for fixed-pattern) are the
fluxes obtainedif an isotropic emission (possibly extragalactic) estimated by
using the map emission at >∣ ∣b 40°is subtracted from each template. The
labels are the same as in Figure 6.
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26Al line @1 MeV
→Important hints of SNe & 
Subsequent Galactic Evolution.

*the solar system shows an enrichment of 
26Al→hints of the birthplace of the solar 
system? (e.g., Fujimoto et al. 2018 )
*26Al is main heating source of planetary 
nebula→important for the planet formation
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JWST bubbles: Evidence of the Matter Cycle

NGC 628: SFR~1.7 Mo/yr
Watkins+23 

Consistent with the 
modern star 
formation scenario by 
Inutuska+15
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emission spectrum. The actual measurement error may also arise from 
the model uncertainties and the separation of the isotropic emission19 
and thus be higher than the systematics of the detector.

The flux of the GDE-ν observed by IceCube is also consistent with 
that of the diffuse neutrinos expected to accompany the subpetaelec-
tronvolt diffuse γ-rays observed by Tibet ASγ. The silver-shaded region 
in Fig. 1, from ref. 18, is an estimation of the Galactic plane emission 
derived from the Tibet ASγ measurements in two sky regions, namely, 
region A: 25° < l < 100° and region B: 50° < l < 200°, both with ∣b∣ < 5°. The 
width of the band accounts for the uncertainties owing to the spectra 
and spatial distribution of cosmic rays, gas density and infrared emis-
sion of the ISM. The IceCube observation between 10 TeV and ~60 TeV 
agrees with this Tibet-converted neutrino flux within the uncertainties.

The consistency in the GDE measurements by Fermi-LAT, Tibet 
ASγ and IceCube at various energies suggests that the GDE-γ could be 
dominantly produced by hadronic interaction above ~1 TeV. However, 
given the uncertainty of the GDE-ν flux associated with the analysis 
templates and the potential contribution from unresolved neutrino 
sources, leptonic processes may still have a role in particular between 
0.1 TeV and a few teraelectronvolts.

Subsequently, we consider a GDE model under the assumption 
that the IceCube flux based on the π0 template represents the diffuse 
neutrino flux and the source contribution is negligible. The modelling 
of diffuse neutrino and γ-ray emission is impacted by several poorly 
known factors, including (1) cosmic-ray spectra above the rigidity 
~10 TV observed at Earth; (2) the difference in the cosmic-ray density 
at a location x in the Galaxy and that at the observer point, 
n(x, E)/n(r

⊙

, E), which is determined by the source distribution in the 
Galaxy, timescales of the sources and the particle diffusion in the 
Galactic magnetic field; and (3) the density profile of the neutral, ion-
ized and dark gas. The effects of these factors could be coupled and 
are not constrained by current observations, as also noted by, for 
example, refs. 4,12,21,22.

To limit the degrees of freedom of our model, as in refs. 17,23,24, 
we consider a simplified model in which the spatial and spectral com-
ponents of the nucleon flux are assumed to be independent, 
Φ(x, E) = Φ(x

⊙

, E)

[

n(x)/n(x

⊙

)

]

. We obtain the ratio of cosmic-ray  
density at position x to that at the solar neighbourhood, n(x)/n(x

⊙

), 
using a numerical simulation that propagates cosmic rays from syn-
thetic sources in the Galactic magnetic field. We fix the spectra of 
protons and helium nuclei at the solar neighbourhood, Φ(x

⊙

, E), to the 
best-fit model obtained by fitting to the cosmic-ray measurements 
between ~10 GeV and ~10 PeV. More details about the simulation and 
the calculation of the intensity of neutrino and γ-ray emission are 
explained in Supplementary Sections 1 and 2, respectively.

The dashed curves in Fig. 1 from our model show that the hadronic 
interaction may simultaneously explain the observed γ-ray spectra 
between 100 GeV and 100 TeV and the diffuse neutrino flux of the 
Galactic plane measured using the π0 template. More complicated 
models including multiple components of cosmic-ray sources and 
diffusion regions4,21 may provide better fits to the data. Future meas-
urements of longitudinal and latitudinal profiles of neutrino emission 
above 1 TeV, identification of individual Galactic neutrino sources and 
observation of GDE-γ from the southern sky at teraelectronvolt–petae-
lectronvolt energies are needed to break down the degeneracy of the 
model parameters.

The GDE flux reflects the emissivity of our own Galaxy in 
high-energy neutrinos, whereas the extragalactic background (EB) 
reveals the contribution of powerful sources in distant galaxies. Had 
the local and distant sources been similarly luminous, the GDE would 
be brighter than the EB owing to geometry. Figure 1 contrasts the 
intensities of the GDE and EB in γ-ray and neutrinos. Notably, the 
all-sky-averaged GDE-γ is brighter than the extragalactic γ-ray back-
ground (EGB) between 1 GeV and 1 TeV, whereas the GDE-ν is fainter 
than the extragalactic neutrino background (ENB) between 1 TeV and 

Copious inverse Compton radiation has been suggested to come from 
the Galactic bulge and inner Galaxy, contributing to both around a few 
gigaelectronvolts and above 10 TeV (refs. 11,12). A hardening in the 
diffuse γ-ray spectrum at 0.1–1 TeV, sometimes referred to as the ‘TeV 
excess’, has been interpreted as a signature of unresolved TeV halos 
owing to electrons trapped around middle-aged pulsars13 or pulsar 
wind nebulae14, or as a result of a progressive hardening of cosmic-ray 
nuclei spectra towards the Galactic Centre owing to effects such as the 
anisotropic cosmic-ray transport15.

Cosmic-ray protons and nuclei interact with the ISM gas and pro-
duce neutrinos and γ-rays simultaneously via π±
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π0 → 2γ. The flux of the γ-rays that accompany the IceCube Galactic 
diffuse neutrinos can be estimated by E2

γ

(dN

inj

/dE

γ

) ≈ 2/3E

2

ν

(dN/dE

ν

), 
with Eγ ≈ 2Eν (ref. 16). Here dNinj/dEγ denotes the injected γ-ray spectrum, 
which could be different from the observed γ-ray spectrum owing to 
the pair production of γ-rays on low-energy photons. Photons above 
~100 TeV may be absorbed by the interstellar radiation field, whereas 
the attenuation effect is negligible for lower-energy photons17,18. As 
shown in Fig. 1, the γ-ray flux derived from the IceCube measurement 
is comparable to the Fermi-LAT Galactic interstellar emission model 
around 1 TeV (note that both the terms ‘interstellar γ-ray emission’ and 
‘Galactic diffuse emission’ refer to the diffuse emission made by ener-
getic cosmic rays interacting with interstellar nucleons and photons19). 
The model is obtained by fitting various templates of the diffuse γ-ray 
emission and models of resolved and unresolved sources to the 
Fermi-LAT data between 100 MeV and 1 TeV (ref. 20). The systematic 
error in the effective area of Fermi-LAT Pass 8 data is estimated to be 5% 
between 0.1 GeV and 100 GeV and 15% at 1 TeV with a linear interpolation 
in the logarithm of energy between 100 GeV and 1 TeV. We used the 
systematic error to estimate the uncertainty of the Galactic interstellar 
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Fig. 1 | All-sky-averaged intensities of the Galactic diffuse emission (GDE) 
and extragalactic background (EB) in γ-ray and neutrinos. The intensity has 
been scaled by E2.5. Galactic components include the diffuse neutrino emission 
(per-flavour flux including both neutrinos and antineutrinos) from the Galactic 
plane measured by IceCube using the π0 template1 (blue-shaded region indicating 
the 1σ uncertainties), the neutrino flux derived from the GDE-γ measured by 
Tibet ASγ8,18 (grey-shaded region) and the Galactic interstellar emission model 
of Fermi-LAT20 (red-shaded region). The dashed curves present a numerical 
simulation of the diffuse emission that accounts for the spatial distribution of 
sources and gas in the Milky Way. Extragalactic components include the isotropic 
diffuse neutrino background measured by IceCube36 (blue-hatched region) and 
the EGB measured by Fermi-LAT39 (red-hatched region).
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Local Bubble：*Local* Evidence of the Matter Cycle

Local bubble (Zucker+22)

The star forming regions are located at 
the Local Bubble shell (Zucker+22).
The solar system is centered on the 
bubble．

・How about CRs & Gamma-rays？
Local Star Formation Time ~ 1-10 Myr
Residence Time of CRs ~ 1-10 Myr．

Local SNe History is also useful info. 
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adopted initial mass function, previous studies agree that UCL and 
LCC have produced 14–20 supernovae over their lifetimes6,7,21. However, 
previous work6,7 also claims that UCL and LCC formed outside the 
present-day boundary of the Local Bubble, only entering its interior 
in the past few megayears, inconsistent with an argument that they are 
the progenitor population. By adopting new Gaia EDR3 estimates of 
the clusters’ 3D velocities, better orbit integration and a more accurate 
value for the Sun’s peculiar motion, we find that UCL and LCC indeed 
coincide with the centre of the bubble at its birth, lying just interior to 
its inner surface in the present day, thereby resolving this discrepancy. 
We explain the inconsistency between the stellar tracebacks for UCL 
and LCC proposed in this work and those from previous work in more 
detail in the Methods6,7.

Under the assumption that each star-forming molecular cloud 
formed because of the shell’s expansion—powered by UCL and LCC 
near its centre—we fit for the temporal and radial evolution of the 
Local Bubble by building on recent analytic frameworks22. As described 
in the Methods, our idealized, spherical shell expansion model fits for 
the age of the Local Bubble, the duration between supernova explo-
sions powering its expansion, and the ambient density of the interstel-
lar medium before the first explosion. We find that an age of 
14.4−0.8

+0.7 Myr, a time between supernova explosions of 1.1−0.4
+0.6 Myr and 

an ambient density of 2.7−1.0
+1.6 cm−3 provides the best-fit to the dynam-

ical tracebacks. This best-fit model for the Local Bubble’s expansion 
is also shown in Fig. 2 (static version) and Supplementary Fig. 2 (inter-
active version).

Taurus ‘Young’,
ρ Ophiuchus ‘Young’,
Chamaeleon and  
Lupus born

NOW

–16 Myr

–15 Myr

–14 Myr

–10 Myr

–6 Myr

–2 Myr

START

UCL born

LCC
born

SNe in
UCL/LCC

make bubble

Taurus ‘Old’ and
Corona Australis
born

Upper Scorpius and
ρ Ophiuchus ‘Old’

born

Fig. 2 | The evolution of the Local Bubble and sequential star formation at 
the surface of its expanding shell. Selected time snapshots (seen from a 
top-down projection) are shown here. For a full time-sequence, viewable from 
any angle (not just top-down), see the online 3D interactive version 
in Supplementary Fig. 2. The central figure shows the present day. Stellar 
cluster tracebacks are shown with the coloured paths. Before the cluster birth, 
the tracebacks are shown as unfilled circles meant to guide the eye, since our 
modelling is insensitive to the dynamics of the gas before its conversion into 

stars. After the cluster birth, the tracebacks are shown with filled circles and 
terminate in a large dot, which marks the cluster’s current position. For time 
snapshots ≤14 Myr ago, we overlay a model for the evolution of the Local Bubble 
(purple sphere), as derived in the Methods. The position of the local standard 
of rest (LSR) corresponds to the centre of each panel. A more detailed overview 
of this evolutionary sequence, including the birth positions of all clusters, is 
provided in Extended Data Table 2. The solar orbit is shown in yellow and 
indicates that the Sun entered the Local Bubble approximately 5 Myr ago.

Local Bubble: Star forming Regions

UCL = Upper Centaurus Lupus
LCC = Lower Centaurus Crux

example

No. 1, 2000 ACCELERATING STAR FORMATION IN CLUSTERS 261

studies have found about a dozen Herbig-Haro objects
(Wilking et al. 1997 ; Whitney, & Wood 1998).Go! mez,
Other jets are undoubtedly hidden by the high visual extinc-
tion.

Chen et al. (1997) compiled data for 74 stars and obtained
bolometric luminosities by integrating near-infrared
(Greene & Young 1992) and optical (Herbig & Bell 1988)
photometry. Unfortunately, they could assign spectral types
to only 24 objects located in the periphery of the dark cloud.
For such an embedded cluster, near-infrared spectroscopy
o†ers the best means for obtaining spectral types and e†ec-
tive temperatures. Following the earlier study by Greene &
Meyer (1995), Luhman & Rieke (1999) have employed spec-
troscopy in the K band to study 98 stars in the central
region of L1688, an area about 2 pc in diameter. They
estimated stellar luminosities by applying a bolometric cor-
rection to the dereddened J-band Ñuxes.

Figure 3a shows the distribution in the H-R diagram of
72 stars from this group. Here we have omitted all objects
that Luhman & Rieke judged to be foreground or back-
ground stars or that had uncertain spectral types. Evidently,

the population is distributed rather uniformly below the
birth line, with several members hovering close to the
brown dwarf regime. The age histogram of Figure 3b indi-
cates a slow onset of star formation about 5 ] 106 yr ago
and a sharp rise within the past 1 ] 106 yr.4

How are these results a†ected by the sensitivity of the
near-infrared observations? The stars investigated by
Luhman & Reike represent a magnitude-limited population
in the L1688 core. They judge this sample to be complete
down to a dereddened K magnitude of 11 for sources with
H[K \ 2 mag, corresponding to an extinction A

K
\ 3.

Equivalently, they have detected all such sources with
where this limit holds to the latest spectralL * Z 0.1 L

_
,

type seen (M6). They conclude that their observations are
complete to However, the core of L1688M* \ 0.1 M

_
.

4 Nine stars in the Luhman & Rieke sample are among the ROSAT
sources discussed by Bouvier & Appenzeller (1992). As a whole, the
ROSAT group is older than the L1688 population analyzed here.
However, the nine stars in question have an age distribution consistent
with Fig. 3b.

FIG. 3.ÈH-R diagrams and age distributions for o Ophiuchi and Upper Scorpius. Isochrones are the same as in Fig. 1. For o Ophiuchi, the evolutionary
tracks correspond to 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 5.0 For Upper Scorpius, we also show the track for 6.0 The two solidM

_
. M

_
.

curves in the upper part of the H-R diagram represent the postÈmain-sequence isochrones of Schaller et al. (1992) for t \ 2 ] 106 yr and 1 ] 107 yr.

OB association

Palla & Stahler 2000

Several (~10 times) SN events occurred around there and 
form the Local Bubble (Zucker et al. 2022)  



Pacific Ocean Crust：Nearby SNe History

Local bubble (Zucker+22)

NUCLEAR ASTROPHYSICS

60Fe and 244Pu deposited on Earth constrain the
r-process yields of recent nearby supernovae
A. Wallner1,2*, M. B. Froehlich1, M. A. C. Hotchkis3, N. Kinoshita4, M. Paul5, M. Martschini1†,
S. Pavetich1, S. G. Tims1, N. Kivel6, D. Schumann6, M. Honda7‡, H. Matsuzaki8, T. Yamagata8

Half of the chemical elements heavier than iron are produced by the rapid neutron capture process
(r-process). The sites and yields of this process are disputed, with candidates including some types of
supernovae (SNe) and mergers of neutron stars. We search for two isotopic signatures in a sample
of Pacific Ocean crust—iron-60 (60Fe) (half-life, 2.6 million years), which is predominantly produced in
massive stars and ejected in supernova explosions, and plutonium-244 (244Pu) (half-life, 80.6 million
years), which is produced solely in r-process events. We detect two distinct influxes of 60Fe to Earth in
the last 10 million years and accompanying lower quantities of 244Pu. The 244Pu/60Fe influx ratios are
similar for both events. The 244Pu influx is lower than expected if SNe dominate r-process
nucleosynthesis, which implies some contribution from other sources.

A
ll naturally occurring nuclides heavier
than iron are produced in stellar envi-
ronments, almost exclusively by nuclear
processes involving the successive cap-
tures of neutrons to build up heavier

masses. About half of these nuclides are syn-
thesized slowly as a by-product of steady
stellar fusion. The other half, including all
actinide elements, require a very short but
intense flux of neutrons, resulting in a rapid
neutron capture process (r-process). The sites
and yields of the r-process remain a topic of
debate (1–6). It is expected to occur in ex-
plosive stellar environments such as certain
types of supernovae (SNe) or neutron-star
mergers (NSMs), the latter of which has been
supported by observations of the gravitational-
wave event GW170817 (7). The abundance pat-
terns of r-process nuclides can be used to
constrain the production site. Radioactive
isotopes (radionuclides) provide additional
time information resulting from their decay
over time following their synthesis. Such radio-
nuclides should be scattered through the inter-
stellar medium (ISM) and could be deposited
on Earth.
The Solar System (SS) is located inside a

large ISM structure [the Local Superbubble

(LB)] that was shaped by supernova (SN)
explosions during the last ~12 million years
(Myr) (8). Earth has therefore been exposed
to both ejecta from the SNe and swept-up
interstellar material that traversed the SS
during this time period (9, 10). Dust particles
from the ISM pass through the SS (11) and

contain nucleosynthetic products of stellar
events (e.g., stellar winds and SNe) (10, 12, 13).
Earth’s initial abundance of the 60Fe radio-
nuclide [half-life (t1/2) = 2.6 Myr (14, 15)] has
decayed to extinction over the 4.6 billion years
(Gyr) since the SS’s formation. 60Fe, however,
is produced in massive stars and ejected in SN
explosions. Evidence for the deposition of ex-
traterrestrial 60Fe on Earth has been found in
deep-sea geological archives dated to between
1.7 and 3.2 million years ago (Ma) (16–20), at
recent times (21, 22), and possibly also around
7 Ma (19). 60Fe has also been detected in lunar
samples (23), in astronomical observations
of gamma rays associated with its radioactive
decay (24), and in galactic cosmic rays (25).
SN activity in the last ~2 Myr is suggested by
an excess in the local cosmic-ray spectrum
(26). Other radionuclides are also produced
and ejected in such explosions (9, 27–30). If
substantial r-process nuclei are produced in
SNe this would also have enriched the local
ISM with actinides, such as 244Pu. With a half-
life of 80.6 Myr, 244Pu is much longer lived
than 60Fe, so it can be contributed by older
r-process events, not limited to those that
formed the LB. Either as part of the SN direct
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Fig. 1. Influx of interstellar 60Fe and 244Pu.
(A) 60Fe incorporation rates for Crust-3. The data
(red points) have been decay corrected, and each
layer is equivalent to 400 thousand years. The
absolute ages have an uncertainty of ~0.3 to
0.5 Myr (27). (B) 244Pu incorporation rates for the
three layers after subtraction of the anthropogenic
244Pu fraction (27). (C) 244PuISM/

60Fe number
ratio in the crust sample with layers 1 and 2
combined (horizontal solid lines with shaded error
bars). All error bars show 1s Poisson statistics.

Fig. 2. Measured Pu isotope ratios and compari-
son with global fallout values. (A and B)
Variations of the measured 240Pu/239Pu ratio (A)
and the 244Pu/239Pu ratio (B) across the three
layers (solid red lines). The dashed red lines and
gray shading indicate 1s uncertainties. The blue
shaded area and solid line represent the expected
ratios for Pu from nuclear weapons fallout (27).
240Pu/239Pu remains constant across the three
layers, whereas 244Pu/239Pu is enhanced in the
deeper (older) layers. We attribute the excess
above anthropogenic (anthr) levels to extra-
terrestrial 244Pu. Equivalent data for 241Pu/239Pu
are shown in fig. S4.
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Hydrodynamics (thermal plasma) Cosmic Ray Transport

Follow ~10 Myr evolution of fluid & CRs
• ~10 Myr is average residence time of 

CR at the disk.
• The CR momentum distribution is 

considered (new)．



Heats the gas

r vs.vgr vs.Pcr

Accelerates the gas

Affects the CR spectra

r vs.Tg

*Initial conditions of gas
vg = 0 km/s
Tg = 7000 K
ng = 0.2 /cc 
(equilibrium density)
Bism = 1 μG
(fixed, for CR heating)

Shimoda, Asano & Inutsuka (2025)



Observational Counterparts
Local bubble (Zucker+22)

NUCLEAR ASTROPHYSICS

60Fe and 244Pu deposited on Earth constrain the
r-process yields of recent nearby supernovae
A. Wallner1,2*, M. B. Froehlich1, M. A. C. Hotchkis3, N. Kinoshita4, M. Paul5, M. Martschini1†,
S. Pavetich1, S. G. Tims1, N. Kivel6, D. Schumann6, M. Honda7‡, H. Matsuzaki8, T. Yamagata8

Half of the chemical elements heavier than iron are produced by the rapid neutron capture process
(r-process). The sites and yields of this process are disputed, with candidates including some types of
supernovae (SNe) and mergers of neutron stars. We search for two isotopic signatures in a sample
of Pacific Ocean crust—iron-60 (60Fe) (half-life, 2.6 million years), which is predominantly produced in
massive stars and ejected in supernova explosions, and plutonium-244 (244Pu) (half-life, 80.6 million
years), which is produced solely in r-process events. We detect two distinct influxes of 60Fe to Earth in
the last 10 million years and accompanying lower quantities of 244Pu. The 244Pu/60Fe influx ratios are
similar for both events. The 244Pu influx is lower than expected if SNe dominate r-process
nucleosynthesis, which implies some contribution from other sources.

A
ll naturally occurring nuclides heavier
than iron are produced in stellar envi-
ronments, almost exclusively by nuclear
processes involving the successive cap-
tures of neutrons to build up heavier

masses. About half of these nuclides are syn-
thesized slowly as a by-product of steady
stellar fusion. The other half, including all
actinide elements, require a very short but
intense flux of neutrons, resulting in a rapid
neutron capture process (r-process). The sites
and yields of the r-process remain a topic of
debate (1–6). It is expected to occur in ex-
plosive stellar environments such as certain
types of supernovae (SNe) or neutron-star
mergers (NSMs), the latter of which has been
supported by observations of the gravitational-
wave event GW170817 (7). The abundance pat-
terns of r-process nuclides can be used to
constrain the production site. Radioactive
isotopes (radionuclides) provide additional
time information resulting from their decay
over time following their synthesis. Such radio-
nuclides should be scattered through the inter-
stellar medium (ISM) and could be deposited
on Earth.
The Solar System (SS) is located inside a

large ISM structure [the Local Superbubble

(LB)] that was shaped by supernova (SN)
explosions during the last ~12 million years
(Myr) (8). Earth has therefore been exposed
to both ejecta from the SNe and swept-up
interstellar material that traversed the SS
during this time period (9, 10). Dust particles
from the ISM pass through the SS (11) and

contain nucleosynthetic products of stellar
events (e.g., stellar winds and SNe) (10, 12, 13).
Earth’s initial abundance of the 60Fe radio-
nuclide [half-life (t1/2) = 2.6 Myr (14, 15)] has
decayed to extinction over the 4.6 billion years
(Gyr) since the SS’s formation. 60Fe, however,
is produced in massive stars and ejected in SN
explosions. Evidence for the deposition of ex-
traterrestrial 60Fe on Earth has been found in
deep-sea geological archives dated to between
1.7 and 3.2 million years ago (Ma) (16–20), at
recent times (21, 22), and possibly also around
7 Ma (19). 60Fe has also been detected in lunar
samples (23), in astronomical observations
of gamma rays associated with its radioactive
decay (24), and in galactic cosmic rays (25).
SN activity in the last ~2 Myr is suggested by
an excess in the local cosmic-ray spectrum
(26). Other radionuclides are also produced
and ejected in such explosions (9, 27–30). If
substantial r-process nuclei are produced in
SNe this would also have enriched the local
ISM with actinides, such as 244Pu. With a half-
life of 80.6 Myr, 244Pu is much longer lived
than 60Fe, so it can be contributed by older
r-process events, not limited to those that
formed the LB. Either as part of the SN direct
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Fig. 1. Influx of interstellar 60Fe and 244Pu.
(A) 60Fe incorporation rates for Crust-3. The data
(red points) have been decay corrected, and each
layer is equivalent to 400 thousand years. The
absolute ages have an uncertainty of ~0.3 to
0.5 Myr (27). (B) 244Pu incorporation rates for the
three layers after subtraction of the anthropogenic
244Pu fraction (27). (C) 244PuISM/

60Fe number
ratio in the crust sample with layers 1 and 2
combined (horizontal solid lines with shaded error
bars). All error bars show 1s Poisson statistics.

Fig. 2. Measured Pu isotope ratios and compari-
son with global fallout values. (A and B)
Variations of the measured 240Pu/239Pu ratio (A)
and the 244Pu/239Pu ratio (B) across the three
layers (solid red lines). The dashed red lines and
gray shading indicate 1s uncertainties. The blue
shaded area and solid line represent the expected
ratios for Pu from nuclear weapons fallout (27).
240Pu/239Pu remains constant across the three
layers, whereas 244Pu/239Pu is enhanced in the
deeper (older) layers. We attribute the excess
above anthropogenic (anthr) levels to extra-
terrestrial 244Pu. Equivalent data for 241Pu/239Pu
are shown in fig. S4.
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60Fe (half-life, 2.6 Myr) & 10Be (1.4 Myr)
＠Pacific Ocean crust

Wallner+21

Koll+25

Astronomy (Zucker+22):
Solar system experienced several times 
SNe within ~10 Myr
Geology (Wallner+21, Koll+25):
Pacific Ocean crust shows 
enhancements of 60Fe (~3 & 6 Myr ago) 
and 10Be (~10 Myr ago). 



SNe History is also consistent 
with Cosmic Ray observation
Hint 2: Cosmic Ray 60Fe (half-life, 2.6 Myr)

CR 60Fe are observed at the *present*. 
In comparison of 59Ni observations & Modeling of OB 
association, a mean time between the nuclear synthesis 
and acceleration is:

100 kyr < T < several Myr
(59Ni half-life, 76 kyr)

time except for intense solar-active periods, last-
ing for a few days each, when large fluxes of solar
energetic particles exceeded the CRIS trigger
rate capability. The instrument (Fig. 1A) uses a
scintillating fiber hodoscope to determine par-
ticle trajectory and four stacks of silicon solid-
state detectors to measure the energy loss (DE)
and the total energy of cosmic-ray nuclei stopping
in a detector stack. These measurements are used
to identify particle charge, mass, and energy per
nucleon (5). Data illustrating this method are
shown in Fig. 1B, where we plot the energy loss
(DE) versus the residual energy of nuclei stopping
within a silicon detector. The elements are clearly
separated into bands, and within an element
band, subbands corresponding to the element’s
isotopes are evident.
Figure 2A is a mass histogram of the observed

iron nuclei that entered the CRIS instrument
through the scintillating optical fibers, pene-
trated the silicon detectors E1 through E3, and
stopped in silicon detectors E4 through E8.
These data were collected for 6142 days from
4 December 1997 to 27 September 2014. They
have been selected for consistency among mass
calculations using different detector combina-
tions to reject nuclei that interacted within the
instrument and other spurious events, as well
as selections related to event quality (14).

Abundance of 60Fe

Clear peaks are seen formasses from54 to 58 amu
(atomicmass units), with the exception of 57 amu,
which is a shoulder on the 56 amu distribution.
To the right of the 58 amu peak are 15 60Fe nuclei

collected over this period, clearly separated from
58Fe and located where 60Fe should fall. These
15 events have ameanmass estimate of 60.04 amu
and a standard deviation from themean of 0.28 ±
0.05 amu, consistent with the 0.245 ± 0.001 amu
measured for 56Fe. The number of 56Fe nuclei in
this plot is 2.95 × 105, obtained from a Gaussian

fit, and the total number of iron nuclei is 3.55 ×
105. We have performed a number of tests to
confirm that the 15 events are not a tail on the
muchmore abundant 58Fe distribution and have
verified that in all respects tested, these events
are not unusual (supplementary text and figs. S2
to S6). The strongest argument that they are 60Fe
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Fig. 1. CRIS instrument and data sample. (A) A cross-section drawing (not
to scale) of the CRIS instrument is shown. There are four x,y planes of fibers;
the top plane provides a trigger signal and the next three planes (x1y1,x2y2,
x3y3) provide the trajectory. Beneath the fibers are four stacks of 15, 3-mm-
thick silicon detectors (two stacks are visible in this side view). The central
active regions of the silicon detectors are shown in blue, and guard rings used
to veto side-exiting particles are in green.The detectors are grouped so that up
to nine energy-loss signals (E1 to E9) are obtained for each particle entering

one of the detector stacks.We use the dE/dx versus residual energy technique
to determine the atomic number (Z), mass (A), and energy (E), of each cosmic
ray. (B) Cross-plot of the sumof scaled energy lossesof cosmic rays in detectors
E1, E2, and E3 on the y axis versus the scaled energy loss in E4 on the x axis for
a sample of particles stopping in E4, with both energies scaled by (sec q)–1/1.7,
where q is the angle of incidence through the instrument. Clear “bands” are
seen for each element extending from calcium through nickel.Within some of
the element bands, traces for individual isotopes of that element can be seen.

Fig. 2. Mass histograms of the observed iron and cobalt nuclei. (A) The mass histogram of iron
nuclei detected during the first 17 years in orbit is plotted. Clear peaks are seen for masses 54, 55, 56,
and 58 amu, with a shoulder at mass 57 amu. Centered at 60 amu are 15 events that we identify as the
very rare radioactive 60Fe nuclei.There are 2.95× 105 events in the 56Fe peak. From these data,we obtain
an 60Fe/56Fe ratio of (4.6 ± 1.7) × 10−5 near Earth and (7.5 ± 2.9) × 10−5 at the acceleration source. (B) The
mass histogram of cobalt isotopes from the same data set are plotted. Note that 59Co in (B) has roughly
the same number of events as are in the 58Fe peak in (A).There is only a single event spaced two mass
units to the right of 59Co,whereas there are 15 events in the location of 60Fe,which is twomass units from
58Fe.This is a strong argument thatmost of the 15 nuclei identified as 60Fe are really 60Fe, and not a tail of
the 58Fe distribution.
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Figure 2: Solar System (SS) [2] and Galactic cosmic-ray (GCR) relative abundances at 2 GeV/nuc. Red line
depicts average GCR data, sourced for 1Z2 from [3], Z=3 from [4], 4Z28 from [5], and 16Z56
from [6] normalized to 14Si. Grey dots depict overlapping measurements from [5] and [6].

2. Ultra-Heavy Cosmic Rays

The measurement of ultra-heavy cosmic rays (UHCR), 30Zn and higher charge elements,
provides insight into the origins of cosmic rays. In Fig. 2, the relative abundances of cosmic rays
elements (1  Z  56) with energies of 2 GeV/nucleon are compared to the Solar System (SS)
abundances normalized to 14Si. These two samples of galactic matter are nominally consistent, with
most of the differences accounted for by cosmic ray spallation between source and detection and by
acceleration efficiencies. In the cosmic rays we see that 26Fe is⇠5⇥103 times less abundant than 1H,
and that the UHCR with charges 30Z40 are ⇠105 times less abundant than 26Fe. Single-element
resolution UHCR measurements have so far only been made by a small number of instruments. For
balloon borne measurements these go up to 40Zr by TIGER [7] and up to 56Ba by SuperTIGER [8]
at GeV/nuc energies, while the single element space based measurements only go up to 38Zr by the
ACE-CRIS [14] instrument at hundreds of MeV/nuc.

These experiments find that UHCR composition shows enhancement in material produced in
massive stars, both from stellar outflows during the stars’ lives and in the ejecta from supernovae.
This suggests that a significant fraction of the cosmic rays may originate in OB associations, which
is where the majority of supernovae that are believed to accelerate the galactic cosmic rays occur.
The fact that the cosmic-ray source appears to be enhanced in massive star material compared to SS
would suggest that UHCR observations can help constrain the relative contributions of supernovae
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Observational Counterparts

NUCLEAR ASTROPHYSICS

60Fe and 244Pu deposited on Earth constrain the
r-process yields of recent nearby supernovae
A. Wallner1,2*, M. B. Froehlich1, M. A. C. Hotchkis3, N. Kinoshita4, M. Paul5, M. Martschini1†,
S. Pavetich1, S. G. Tims1, N. Kivel6, D. Schumann6, M. Honda7‡, H. Matsuzaki8, T. Yamagata8

Half of the chemical elements heavier than iron are produced by the rapid neutron capture process
(r-process). The sites and yields of this process are disputed, with candidates including some types of
supernovae (SNe) and mergers of neutron stars. We search for two isotopic signatures in a sample
of Pacific Ocean crust—iron-60 (60Fe) (half-life, 2.6 million years), which is predominantly produced in
massive stars and ejected in supernova explosions, and plutonium-244 (244Pu) (half-life, 80.6 million
years), which is produced solely in r-process events. We detect two distinct influxes of 60Fe to Earth in
the last 10 million years and accompanying lower quantities of 244Pu. The 244Pu/60Fe influx ratios are
similar for both events. The 244Pu influx is lower than expected if SNe dominate r-process
nucleosynthesis, which implies some contribution from other sources.

A
ll naturally occurring nuclides heavier
than iron are produced in stellar envi-
ronments, almost exclusively by nuclear
processes involving the successive cap-
tures of neutrons to build up heavier

masses. About half of these nuclides are syn-
thesized slowly as a by-product of steady
stellar fusion. The other half, including all
actinide elements, require a very short but
intense flux of neutrons, resulting in a rapid
neutron capture process (r-process). The sites
and yields of the r-process remain a topic of
debate (1–6). It is expected to occur in ex-
plosive stellar environments such as certain
types of supernovae (SNe) or neutron-star
mergers (NSMs), the latter of which has been
supported by observations of the gravitational-
wave event GW170817 (7). The abundance pat-
terns of r-process nuclides can be used to
constrain the production site. Radioactive
isotopes (radionuclides) provide additional
time information resulting from their decay
over time following their synthesis. Such radio-
nuclides should be scattered through the inter-
stellar medium (ISM) and could be deposited
on Earth.
The Solar System (SS) is located inside a

large ISM structure [the Local Superbubble

(LB)] that was shaped by supernova (SN)
explosions during the last ~12 million years
(Myr) (8). Earth has therefore been exposed
to both ejecta from the SNe and swept-up
interstellar material that traversed the SS
during this time period (9, 10). Dust particles
from the ISM pass through the SS (11) and

contain nucleosynthetic products of stellar
events (e.g., stellar winds and SNe) (10, 12, 13).
Earth’s initial abundance of the 60Fe radio-
nuclide [half-life (t1/2) = 2.6 Myr (14, 15)] has
decayed to extinction over the 4.6 billion years
(Gyr) since the SS’s formation. 60Fe, however,
is produced in massive stars and ejected in SN
explosions. Evidence for the deposition of ex-
traterrestrial 60Fe on Earth has been found in
deep-sea geological archives dated to between
1.7 and 3.2 million years ago (Ma) (16–20), at
recent times (21, 22), and possibly also around
7 Ma (19). 60Fe has also been detected in lunar
samples (23), in astronomical observations
of gamma rays associated with its radioactive
decay (24), and in galactic cosmic rays (25).
SN activity in the last ~2 Myr is suggested by
an excess in the local cosmic-ray spectrum
(26). Other radionuclides are also produced
and ejected in such explosions (9, 27–30). If
substantial r-process nuclei are produced in
SNe this would also have enriched the local
ISM with actinides, such as 244Pu. With a half-
life of 80.6 Myr, 244Pu is much longer lived
than 60Fe, so it can be contributed by older
r-process events, not limited to those that
formed the LB. Either as part of the SN direct
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Fig. 1. Influx of interstellar 60Fe and 244Pu.
(A) 60Fe incorporation rates for Crust-3. The data
(red points) have been decay corrected, and each
layer is equivalent to 400 thousand years. The
absolute ages have an uncertainty of ~0.3 to
0.5 Myr (27). (B) 244Pu incorporation rates for the
three layers after subtraction of the anthropogenic
244Pu fraction (27). (C) 244PuISM/

60Fe number
ratio in the crust sample with layers 1 and 2
combined (horizontal solid lines with shaded error
bars). All error bars show 1s Poisson statistics.

Fig. 2. Measured Pu isotope ratios and compari-
son with global fallout values. (A and B)
Variations of the measured 240Pu/239Pu ratio (A)
and the 244Pu/239Pu ratio (B) across the three
layers (solid red lines). The dashed red lines and
gray shading indicate 1s uncertainties. The blue
shaded area and solid line represent the expected
ratios for Pu from nuclear weapons fallout (27).
240Pu/239Pu remains constant across the three
layers, whereas 244Pu/239Pu is enhanced in the
deeper (older) layers. We attribute the excess
above anthropogenic (anthr) levels to extra-
terrestrial 244Pu. Equivalent data for 241Pu/239Pu
are shown in fig. S4.
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60Fe (half-life, 2.6 Myr) & 10Be (1.4 Myr)
＠Pacific Ocean crust

Wallner+21

Koll+25

Galactic CR spectrum can be 
consistent with them.

→ We can start *CR Archaeology* 
by the radio isotope analysis.
(e.g., 10Be/9Be is a traditional example)

CR *age*:  ~6 Myr ~3 Myr



~ 4 Mo/yr by SNe & CRs
~ 7 Mo/yr

Summary

~1000 Mo is removed from the 
disk by CRs
→Mass loss rate of the disk 
~ (1000 Mo) x (SN rate) 
~ 10 Mo/yr (SN rate/0.03 yr-1) 

SFR ~ 7 Mo/yr – 4 Mo/yr ~ 3 Mo/yr
4 Mo/yr can be determined by the CRs

We should examine as next steps:
1)Observational Counterparts 
 *CR Archaeology*,
*WANTED* 9Be (beryllium 9) in stars, 
spectroscopy of external galaxies, and so on.
*Big Bang→7Be (half-time 53 days)→7Li
*Triple alpha→8Be (half-time 6.7e-17 s)+4He→12C
*Cosmic Ray Nuclear Spallation→9Be (stable)
2) Acceleration of the removed gas at 
the disk-halo interface
We will investigate

OK





Supernova remnants w/ prompt injection 
(injection only at very early stage)

CR spectrum @ r = 1 pc

The Ejecta are heated/disturbed 
at ~ several kyr.

Some CRs remain inside the 
remnant.
Hadronic gamma-rays are not so 
bright due to the small density of 
ejecta.

Detailed theoretical models & 
calculations may be required.

VERY PRERIMINALY



Supernova remnants w/ prompt injection 
(injection only at very early stage)

CR spectrum @ r = 1 pc

The Ejecta are heated/disturbed 
at ~ several kyr.

Some CRs remain inside the 
remnant.
Hadronic gamma-rays are not so 
bright due to the small density of 
ejecta.

Detailed theoretical models & 
calculations may be required.

VERY PRERIMINALY



Cosmic Rays

Hint 2: Cosmic Ray 60Fe (half-life, 2.6 Myr)

CR 60Fe are observed at the *present*. 
In comparison of 59Ni observations & Modeling of OB 
association, a mean time between the nuclear synthesis 
and acceleration is:

100 kyr < T < several Myr
(59Ni half-life, 76 kyr)

time except for intense solar-active periods, last-
ing for a few days each, when large fluxes of solar
energetic particles exceeded the CRIS trigger
rate capability. The instrument (Fig. 1A) uses a
scintillating fiber hodoscope to determine par-
ticle trajectory and four stacks of silicon solid-
state detectors to measure the energy loss (DE)
and the total energy of cosmic-ray nuclei stopping
in a detector stack. These measurements are used
to identify particle charge, mass, and energy per
nucleon (5). Data illustrating this method are
shown in Fig. 1B, where we plot the energy loss
(DE) versus the residual energy of nuclei stopping
within a silicon detector. The elements are clearly
separated into bands, and within an element
band, subbands corresponding to the element’s
isotopes are evident.
Figure 2A is a mass histogram of the observed

iron nuclei that entered the CRIS instrument
through the scintillating optical fibers, pene-
trated the silicon detectors E1 through E3, and
stopped in silicon detectors E4 through E8.
These data were collected for 6142 days from
4 December 1997 to 27 September 2014. They
have been selected for consistency among mass
calculations using different detector combina-
tions to reject nuclei that interacted within the
instrument and other spurious events, as well
as selections related to event quality (14).

Abundance of 60Fe

Clear peaks are seen formasses from54 to 58 amu
(atomicmass units), with the exception of 57 amu,
which is a shoulder on the 56 amu distribution.
To the right of the 58 amu peak are 15 60Fe nuclei

collected over this period, clearly separated from
58Fe and located where 60Fe should fall. These
15 events have ameanmass estimate of 60.04 amu
and a standard deviation from themean of 0.28 ±
0.05 amu, consistent with the 0.245 ± 0.001 amu
measured for 56Fe. The number of 56Fe nuclei in
this plot is 2.95 × 105, obtained from a Gaussian

fit, and the total number of iron nuclei is 3.55 ×
105. We have performed a number of tests to
confirm that the 15 events are not a tail on the
muchmore abundant 58Fe distribution and have
verified that in all respects tested, these events
are not unusual (supplementary text and figs. S2
to S6). The strongest argument that they are 60Fe
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Fig. 1. CRIS instrument and data sample. (A) A cross-section drawing (not
to scale) of the CRIS instrument is shown. There are four x,y planes of fibers;
the top plane provides a trigger signal and the next three planes (x1y1,x2y2,
x3y3) provide the trajectory. Beneath the fibers are four stacks of 15, 3-mm-
thick silicon detectors (two stacks are visible in this side view). The central
active regions of the silicon detectors are shown in blue, and guard rings used
to veto side-exiting particles are in green.The detectors are grouped so that up
to nine energy-loss signals (E1 to E9) are obtained for each particle entering

one of the detector stacks.We use the dE/dx versus residual energy technique
to determine the atomic number (Z), mass (A), and energy (E), of each cosmic
ray. (B) Cross-plot of the sumof scaled energy lossesof cosmic rays in detectors
E1, E2, and E3 on the y axis versus the scaled energy loss in E4 on the x axis for
a sample of particles stopping in E4, with both energies scaled by (sec q)–1/1.7,
where q is the angle of incidence through the instrument. Clear “bands” are
seen for each element extending from calcium through nickel.Within some of
the element bands, traces for individual isotopes of that element can be seen.

Fig. 2. Mass histograms of the observed iron and cobalt nuclei. (A) The mass histogram of iron
nuclei detected during the first 17 years in orbit is plotted. Clear peaks are seen for masses 54, 55, 56,
and 58 amu, with a shoulder at mass 57 amu. Centered at 60 amu are 15 events that we identify as the
very rare radioactive 60Fe nuclei.There are 2.95× 105 events in the 56Fe peak. From these data,we obtain
an 60Fe/56Fe ratio of (4.6 ± 1.7) × 10−5 near Earth and (7.5 ± 2.9) × 10−5 at the acceleration source. (B) The
mass histogram of cobalt isotopes from the same data set are plotted. Note that 59Co in (B) has roughly
the same number of events as are in the 58Fe peak in (A).There is only a single event spaced two mass
units to the right of 59Co,whereas there are 15 events in the location of 60Fe,which is twomass units from
58Fe.This is a strong argument thatmost of the 15 nuclei identified as 60Fe are really 60Fe, and not a tail of
the 58Fe distribution.
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Figure 2: Solar System (SS) [2] and Galactic cosmic-ray (GCR) relative abundances at 2 GeV/nuc. Red line
depicts average GCR data, sourced for 1Z2 from [3], Z=3 from [4], 4Z28 from [5], and 16Z56
from [6] normalized to 14Si. Grey dots depict overlapping measurements from [5] and [6].

2. Ultra-Heavy Cosmic Rays

The measurement of ultra-heavy cosmic rays (UHCR), 30Zn and higher charge elements,
provides insight into the origins of cosmic rays. In Fig. 2, the relative abundances of cosmic rays
elements (1  Z  56) with energies of 2 GeV/nucleon are compared to the Solar System (SS)
abundances normalized to 14Si. These two samples of galactic matter are nominally consistent, with
most of the differences accounted for by cosmic ray spallation between source and detection and by
acceleration efficiencies. In the cosmic rays we see that 26Fe is⇠5⇥103 times less abundant than 1H,
and that the UHCR with charges 30Z40 are ⇠105 times less abundant than 26Fe. Single-element
resolution UHCR measurements have so far only been made by a small number of instruments. For
balloon borne measurements these go up to 40Zr by TIGER [7] and up to 56Ba by SuperTIGER [8]
at GeV/nuc energies, while the single element space based measurements only go up to 38Zr by the
ACE-CRIS [14] instrument at hundreds of MeV/nuc.

These experiments find that UHCR composition shows enhancement in material produced in
massive stars, both from stellar outflows during the stars’ lives and in the ejecta from supernovae.
This suggests that a significant fraction of the cosmic rays may originate in OB associations, which
is where the majority of supernovae that are believed to accelerate the galactic cosmic rays occur.
The fact that the cosmic-ray source appears to be enhanced in massive star material compared to SS
would suggest that UHCR observations can help constrain the relative contributions of supernovae
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Cosmic Rays

Hint 3: Low-Energy CR (↓protons)

CRs outside of the 
solar system 
obtained by 
Voyager I
(Cummings+16)

https://matisse.web.cern.ch/science.html


