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Overall picture of the Milky Way Galaxy

The Milky Way is a disc galaxy seen from the side.



Imaginary view of the Milky Way Galaxy seen from directly above.

Astronomers have inferred 
the Milky Way’s shape and 
Sun’s location from many 
kinds of observations

NASA

Because we are located in the 
Milky Way Galaxy, it is difficult to 
know what it looks like and the 
structure we reside.



Short-lived radioactive nuclide (SLR) can be the key
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Table 2
For the 19 SLRs we list their daughter nuclei, stable or long-lived reference isotopes, T1/2 (and ⌧ ) from the National Nuclear Data Center website (www.
nndc.bnl.gov, including errors on the last digits in brackets), and ESS ratios. In the last column, following Dauphas & Chaussidon [6] a quality ranking is
given: three stars indicate those SLRs whose ESS abundance is well determined; two stars indicate those SLRs for which there is convincing evidence for
their presence in the ESS, but the initial abundance is less certain; one star indicates those SLRs for which there are reports, but the evidence is weak and
awaits confirmation; < means that only an upper limit on the initial abundance exists.

SLR Daughter Reference T1/2(Myr) ⌧ (Myr) ESS ratio Ref. Quality
26Al 26Mg 27Al 0.717(24) 1.035 (5.23 ± 0.13) ⇥ 10�5 [31] ???
10Be 10B 9Be 1.388(18)a 2.003 3 � 9 ⇥ 10�4 [32]b ???
53Mn 53Cr 55Mn 3.74(4) 5.40 (7 ± 1) ⇥ 10�6 [8] ???
107Pd 107Ag 108Pd 6.5(3) 9.4 (6.6 ± 0.4) ⇥ 10�5 [28]c ???
182Hf 182W 180Hf 8.90(9) 12.8 (1.018 ± 0.043) ⇥ 10�4 [33] ???
247Cm 235U 235U 15.6(5) 22.5 (5.6 ± 0.3) ⇥ 10�5 [13] ???
129I 129Xe 127I 15.7(4) 22.6 (1.28 ± 0.03) ⇥ 10�4 [34] ???
92Nb 92Zr 93Nb 34.7(2.4) 50.1 (1.57 ± 0.09) ⇥ 10�5 [35] ???

92Mod (3.2 ± 0.3) ⇥ 10�5 ???
146Sm 142Nd 144Sm 68e/103f 98e/149f (8.28 ± 0.44) ⇥ 10�3 [3] ???
36Cl 36S, 36Ar 35Cl 0.301(2) 0.434 2.44 ± 0.65 ⇥ 10�5 [13]g ??
60Fe 60Ni 56Fe 2.62(4) 3.78 (1.01 ± 0.27) ⇥ 10�8 [36]h ??
244Pu i 238U 80.0(9) 115 (7 ± 1) ⇥ 10�3 [24] ??
7Be 7Li 9Be 53.22(6) days 76.80 days (6.1 ± 1.3) ⇥ 10�3 [37] ?
41Ca 41K 40Ca 0.0994(15) 0.1434 (4.6 ± 1.9) ⇥ 10�9 [38] ?
205Pb 205Tl 204Pb 17.3(7) 25.0 (1.8 ± 1.2) ⇥ 10�3 [39] ?
126Sn 126Te 124Sn 0.230(14) 0.33 <3 ⇥ 10�6 [40] <
135Cs 135Ba 133Cs 2.3(3) 3.3 <2.8 ⇥ 10�6 [25] <
97Tc 97Mo 92Mo 4.21(16) 5.94 <1 ⇥ 10�6 [27] <

98Rul <1.1 ⇥ 10�5 <
98Tc 98Ru 96Ru 4.2(3) 6.1 <2. ⇥ 10�5 [30] <

98Rul <6. ⇥ 10�5 <

a According to [41].
b And references therein. A single CAI with a very high value of 104 ⇥ 10�4 also exists [42].
c The value needs to be confirmed by Pb–Pb dating using the U isotope composition determined for the same sample, it could be lowered down to 4⇥ 10�5

[28].
d Renormalised using Solar System abundances [26,27].
e According to [43].
f According to [3].
g We calculated the error bar translating the age of less than 50 kyr [13] into an age of 25 ± 25 kyr.
h Values from 10�7 to 10�6 are also reported [44,45].
i The main (99.88%) decay mode of 244Pu is by ↵ emission. The ensuing decay chain proceeds through the very long lived 232Th (T1/2 = 14 Gyr). The
spontaneous fission of 244Pu, which results in measurable excesses of some Xe isotopes used to derive the ESS abundance of 244Pu, represents only 0.12%
of the decay process.
l Renormalised using Solar System abundances [26].

daughter isotope belongs, e.g., the Al/Mg and the Fe/Ni ratios in the case of 26Al and 60Fe, respectively. Radiogenic excesses
should be more evident in materials with the higher elemental ratios. These materials are advantageous in disentangling
the true radiogenic excesses from other effects that may cause unusual isotopic ratios, such as statistical flukes as well as
instrumental and natural mass fractionation effects. Excesses in the daughter nuclei are usually measured relative to the
most abundant isotope of the same element, and to better highlight their nature as excesses, they are reported in the form
of �-values or ✏-values, i.e., per mil or per ten thousand, respectively, variations with respect to a corresponding ‘‘normal’’
isotopic ratio, as defined by a laboratory standard. For example, in the case of the 26Mg/24Mg ratio the �-value is:

�(26Mg/24Mg) =
✓
(26Mg/24Mg)measured

(26Mg/24Mg)standard
� 1

◆
⇥ 1000. (4)

The ✏-value is defined in the sameway, except that the variation is multiplied by 10,000 instead of 1000. A linear correlation
between the excess and the elemental ratio (e.g., �(26Mg/24Mg) versus Al/Mg) proves that the SLR was incorporated in the
samples while still alive [10], Fig. 2. The slope of the line gives the abundance ratio of the SLR to the stable reference isotope
at the time of closure of the system, i.e., the time after which the system was not disturbed anymore by any redistribution of
isotopes or elements, the only compositional change coming from radiogenic decay. Any alteration event after formation of
a solid can be responsible for ‘‘resetting’’ the chronometers. The line defined by the data points is referred to as an isochrone,
since data points located on a given line have by definition the same ratio of the SLR to its reference isotope, i.e., their closure
time is the same. Any younger sample, i.e., one that closed after some time, would lie on a line with a shallower slope, since
it would contain a lower initial abundance of the SLR due to its decay during the given time interval. Using this method,
SLRs can be used to derive relative ages for Solar System samples, from which we can infer the history of the formation of
planetesimals and planets [6].
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What is the origin sites of the SLR?
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Table 3
List of stellar nucleosynthesis sites and the nucleosynthetic processes occurring within them that are responsible for the production of the SLRs and stable
reference isotopes listed in Column 3. Column 4 indicates if the site of production is important in terms of GCE (M=Major) or not (m=minor);M/m indicates
that it is still debated whether the site is major or minor. Indicative references are listed in Column 5.

Stellar site Process Products Relevance Ref.

Low-mass AGBs s process 107Pd, 108Pd M [93,94]
135Cs, 133Cs M
182Hf, 180Hf M
205Pb, 204Pb M

Massive and p captures 26Al m [80,94–96]
Super-AGBs n captures 41Ca, 36Cl, 60Fe m

s process 107Pd, 135Cs, 182Hf m
WR stars p captures 26Al M [97,98]

n captures 41Ca, 36Cl m
n captures 97Tc, 107Pd, 135Cs, 205Pb m

CCSNe p captures+explosive 26Al, 27Al M [99]
n captures 60Fe M [99]
n captures 36Cl, 41Ca M [94,100]
C/Ne/O burning 35Cl, 40Ca M [101]
NSE 53Mn, 55Mn, 56Fe M/ma [101]
n captures 107Pd, 126Sn, 135Cs m [102]

129I, 182Hf, 205Pb m
↵-rich freezeout 92Nb, 92Mo, 97Tc, 98Tc M/m [103]
� process 144Sm, 146Sm M/m [103,104]
⌫ process 10Be, 92Nb m [105,106]

SNIa NSE 53Mn, 55Mn, 56Fe M [107]
� process 92Nb, 93Nb, 146Sm, 144Sm M/m [108]

97Tc, 98Tc, 98Ru M/m
NSMs/special CCSNe r process 107Pd, 108Pd, 126Sn, 124Sn M [109]b

135Cs, 133Cs, 129I, 127I M
182Hf, 180Hf M
247Cm, 235U, 244Pu, 238U M [110,111]

novae p captures 26Al m [112]
CRs non-thermal 7Be, 10Be, 9Be M [32]

26Al, 41Ca, 36Cl, 53Mn m [113]
a The current understanding is that roughly 1/3 of the abundances of the Fe-peak elements in the Galaxy are produced by CCSNe, with the rest coming from
SNIa.
b Abundances to be derived using the s-process predictions provided in the reference via the r-residual method, where the r-process abundance is given
by the Solar System abundance minus the s-process abundance.

a significant abundance of the elements heavier than iron. Only a small number of neutrons are released in these cases, and
the production of SLRs relies on the original presence of stable nuclei belonging to the same element. In line with this, the
n-capture process in the case of SLRs heavier then Fe is always indicated as a minor (m) site of production in the table.

Expanding on the information given in Tables 2 and 3, in the following subsections we group the SLRs according to
their nucleosynthetic production processes and for each of them we discuss in more detail their ESS abundances and
nucleosynthetic origins.

3.1. 10Be and 7Be

As shown in Table 2, there is a large range of values observed for the abundance of 10Be in the ESS, and no compelling
evidence exists for choosing one specific value over the others [37]. The different values probably do not indicate time
differences, but are the result of an inhomogeneous distribution. This in line with production by CR irradiation, since the
particle flux driving the spallation reactions is likely to vary with time and location within the disk. Furthermore, the 10Be
abundance does not correlate with that of 26Al. This is expected if they were produced by different processes: 10Be via CR
irradiation and 26Al via stellar nucleosynthesis.

Data reported for FUN-CAIs show 10Be/9Be in the range 3–4 ⇥ 10�4 [120]. FUN-CAIs show large mass-dependent
fractionation effects and have much larger anomalies in stable isotopes than other CAIs (hence the name FUN, which stands
for Fractionated and Unknown Nuclear anomalies). FUN-CAIs also show much lower abundances of 26Al than the value
given in Table 2. Due to these properties, they are believed to be among the oldest CAIs, formed before 26Al was injected or
homogenised in the disk, and before the dust carriers of the stable isotope anomalies were efficiently homogenised. Hence,
the 10Be variations shown by the FUN-CAIs may be taken as the range of values produced by CRs that did not originate
from the Sun, but from the galactic background or from the interaction with one or more nearby CCSN remnants [32]. An
alternative explanation for this baseline value was proposed by considering a model of a CCSN with lowmass and explosion
energy, which predicts production of 10Be via neutrino interactions [105]. This CCSN on the other hand does not produce
enough 26Al to explain the ESS data, so a different source must be invoked for this SLR. The highest value of 104 ⇥ 10�4
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(= Asymptotic Giant Branch star)

(= Wolf–Rayet stars)

(= Core Collapse Supernovae)

(= Type Ia Supernovae)

(= Neutron Star Merger)

(= Cosmic rays)

SLRsOrigin sites

Therefore, SLRs can be tracers 
for astronomical events, such as 
supernovae.
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Massive stars are important for galaxy evolution

Credit: NASA

(more than 8 times the Solar mass)

Billions years 
per one cycle

Million years 
per one cycle

1. Very luminous 
(heat and ionize surrounding gas)

2. Explode as supernova 
(disperse surroundings gas & cloud)

3. Distribute heavy elements

4. Much shorter life cycle

➡ Influential in galactic-scale 
star formation and Milky 
Way evolution



The Solar system has been affected by nearby massive stars for recent ~ 10 Myr

Local Bubble

Zucker et al. 2022



Three independent pieces of observational evidence
3
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Figure 2. Maximum entropy all-sky image of the
galactic 1.809 MeV emission observed with COMP-
TEL over 9 years.
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Figure 3. MREM all-sky image of the galactic
1.809 MeV emission observed with COMPTEL over
9 years.

features and their significance are subject to further
studies.

4. SYSTEMATICS

Figure 4 shows the maximum entropy image gener-
ate by Oberlack (1997) from the first five years of
COMPTEL observations. A comparison with figure
2 reveals only minor differences. The two most obvi-
ous differences are the variation of the shape of the
Cygnus feature and the broader appearance of the
emission in the complete mission image.

Due to the large field of view the COMPTEL
observations covered the full sky and accumulated
very long effective observation times for each sky
pixel. Nevertheless the effective observation time
varies over one order of magnitude. Even when the
point spread function is taken into account the expo-
sure varies within a factor of 2. These imperfections
of the exposure may affect the imaging results due to
existing gradients (Oberlack, 1997). To investigate
these possible effects we selected observation periods
so that the summed data gives an exposure as even
as possible. Due to a rather uneven exposure near
the northern galactic pole compared to the southern
hemisphere this is only possible for a band along the
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Figure 5. The upper panel shows the exposure re-
sulting from selected observation periods. The goal
is to constuct a data sample of an exposure being as
even and homogeneuos as possible. The lower panel
displays the resulting maximum entropy image of the
galactic plane.

galactic equator with |b| ≤ 40◦. A further restriction
is given by the fact that at two positions in the galac-
tic plane near l ≈ 140◦ and l ≈ 250◦ the exposure
is only filled due to the large field of view, no real
observations pointing in these directions have been
undertaken. So a small gradient in the selected data
still remains.
The upper panel of figure 5 shows the exposure re-
sulting from the selected observation periods whereas
the lower panel shows the deduced maximum entropy
image of these observations. A comparison of the re-
sulting image with figure 2 reveals no real differences
in the appearing features. Only the latitude extent of
the selected data image appears smaller than in the
complete mission map, which could be understood in
perspective of the limitation of the selected viewing
periods to be restricted to pointings near the galactic
plane.

2. -line gamma-ray emission map of all-sky26Al

Pluschke et al. 2001

1995ApJ...454..643S

1. Soft X-ray (~ 1/4 keV) emission map of all-sky

Snowden et al. 1995

55Fe is stable as, in principle, 60Fe is over the considered
timescale, the spatial and temporal distribution of global
fallout have to be evaluated. The distribution of global
fallout over the northern and southern hemisphere was
deduced from the distribution of the fission product 90Sr.
The fractional deposition density of 90Sr between the
latitude band 70°–80° (the Kohnen Station is at 75°) is
4 × 10−3 relative to global deposition [39]. The temporal
progression of global fallout could be monitored by long-
lived radionuclides such as 90Sr, 236U, or 239Pu [39–41].
The fallout of radionuclides has decreased by 4 to 5 orders
of magnitude up to the mid 1980s, including fresh
radionuclide input from late bomb tests. We assume a
total reduction by 6 orders of magnitude until the begin-
ning of the new millennium as it is indicated by atmos-
pheric model calculations [39,40]. We estimate the current
global fallout level of 55Fe at the Kohnen Station by taking
the total 55Fe production from nuclear weapons tests
of 1530 PBq over Earth’s surface [39] and include the
latitudinal global fallout distribution, obtained by the
distribution of 90Sr, and the temporal reduction of global
fallout. The total amount of nondecaying 55Fe in the
latitude band 70°–80° at the present time would be
8 × 1017 atoms. This corresponds to 4 × 105 atoms of
55Fe in our sample after accounting for the total surface
area of this latitude band of 11.6 × 1012 m2 [39] and our
sampled surface area of 6.25 m2. Averaging over the
global scale and only taking into account the distributional
behavior of the fission product 90Sr, which is much less
localized than the activation product 55Fe and thus is
more global, will overestimate the abundance of 55Fe in
Antarctica. Furthermore, the accumulation rate at the
Kohnen Station is as low as 80 mmw:e: yr−1 and it is
well known that the deposition rate of global fallout
nuclides is proportional to the overall natural precipitation
rate [42,43]. This estimation will be reduced much further
for the consideration of 60Fe by several additional factors.
The natural isotopic abundance ratio between 58Fe and

54Fe of 0.05 will reduce the actual input by a factor of 20
because of less target isotope abundance.
Most importantly, the production of neutron-rich 60Fe

requires a double neutron capture instead of the single
neutron capture for 55Fe. Studies of heavy isotope abun-
dances after thermonuclear weapons tests show in an
exemplary way the rapid decrease in abundance of
isotopes for every subsequent neutron capture on 238U
[44]. In addition, neutron-deficient 55Fe is also produced
by (n, α) reactions of fission neutrons on stable 58Ni and
dominantly by ðn; 2nÞ reactions of fusion neutrons on
most abundant 56Fe. The reaction 56Feðn; 2nÞ55Fe is
estimated to produce up to 8 times more 55Fe in nuclear
weapons tests than the reaction 54Feðn; γÞ55Fe [45], which
results in less production of 60Fe than estimated from 55Fe.
Summarizing, the production of 60Fe in nuclear bomb tests
and the subsequent deposition in Antarctic snow at recent
times will be much lower than the measured 7.3 × 104

atoms of 60Fe and negligible.
For completeness, other possible production sites for

60Fe on Earth are considered. In situ production is insig-
nificant in Antarctica because of the absence of sufficient
stable target elements and production through spallation on
gas molecules in the atmosphere only generates lighter
nuclei, since Ar is the heaviest nontrace element in the
atmosphere [12]. 60Fe is produced in nuclear reactors by
double neutron capture on stainless steel components and
dissolved Fe in the coolant, whereas superasymmetric
fission of 235U is not able to produce significant quantities
of 60Fe because of the low fission yield < 10−8% [46]. The
produced 60Fe is confined within the reactor containment
and so far even major nuclear accidents, such as
Fukushima, do not expose measurable quantities of 60Fe
to the environment [47]. Nuclear reprocessing facilities
discharge radionuclides, presumably including 60Fe, into
the oceans. Nevertheless, major reprocessing facilities like
La Hague or Sellafield are located in the Northern
Hemisphere, and discharges directly into the ocean should

TABLE II. Summary of different 60Fe investigations in the past. Sample material and characteristics are displayed. The range of
possible 60Fe fluxes into different geological and lunar reservoirs, corrected for radioactive decay and the updated half-lives, comprise
values roughly between 10−1 and 102 atoms cm−2 yr−1. The combined value from the filter sample and the water sample for Antarctic
snow is similar to the deposition into other reservoirs.

Sample Origin Growth rate 60Fe flux [atoms cm−2 yr−1]

Knie et al. [12] Ferromanganese crust South Pacific 1–2 mm=Myr 0.5–5
Knie et al. [13] Ferromanganese crust Equatorial Pacific 2–3 mm=Myr 1–5
Wallner et al. [14] Sediments Indian Ocean 3–4 mm=kyr 20–40

Ferromanganese crusts Equatorial Pacific 2–5 mm=Myr 1–3
Ferromanganese nodules South Atlantic 2–5 mm=Myr 0.2–0.5

Ludwig et al. [15] Sediments Equatorial Pacific 6–19 mm=kyr 0.4–1.2
Fimiani et al. [16] Lunar regolith Moon # # # 20–100
This work Surface snow Antarctica 80 mm=yr 1.2þ0.6

−0.5

PHYSICAL REVIEW LETTERS 123, 072701 (2019)

072701-4

55Fe is stable as, in principle, 60Fe is over the considered
timescale, the spatial and temporal distribution of global
fallout have to be evaluated. The distribution of global
fallout over the northern and southern hemisphere was
deduced from the distribution of the fission product 90Sr.
The fractional deposition density of 90Sr between the
latitude band 70°–80° (the Kohnen Station is at 75°) is
4 × 10−3 relative to global deposition [39]. The temporal
progression of global fallout could be monitored by long-
lived radionuclides such as 90Sr, 236U, or 239Pu [39–41].
The fallout of radionuclides has decreased by 4 to 5 orders
of magnitude up to the mid 1980s, including fresh
radionuclide input from late bomb tests. We assume a
total reduction by 6 orders of magnitude until the begin-
ning of the new millennium as it is indicated by atmos-
pheric model calculations [39,40]. We estimate the current
global fallout level of 55Fe at the Kohnen Station by taking
the total 55Fe production from nuclear weapons tests
of 1530 PBq over Earth’s surface [39] and include the
latitudinal global fallout distribution, obtained by the
distribution of 90Sr, and the temporal reduction of global
fallout. The total amount of nondecaying 55Fe in the
latitude band 70°–80° at the present time would be
8 × 1017 atoms. This corresponds to 4 × 105 atoms of
55Fe in our sample after accounting for the total surface
area of this latitude band of 11.6 × 1012 m2 [39] and our
sampled surface area of 6.25 m2. Averaging over the
global scale and only taking into account the distributional
behavior of the fission product 90Sr, which is much less
localized than the activation product 55Fe and thus is
more global, will overestimate the abundance of 55Fe in
Antarctica. Furthermore, the accumulation rate at the
Kohnen Station is as low as 80 mmw:e: yr−1 and it is
well known that the deposition rate of global fallout
nuclides is proportional to the overall natural precipitation
rate [42,43]. This estimation will be reduced much further
for the consideration of 60Fe by several additional factors.
The natural isotopic abundance ratio between 58Fe and

54Fe of 0.05 will reduce the actual input by a factor of 20
because of less target isotope abundance.
Most importantly, the production of neutron-rich 60Fe

requires a double neutron capture instead of the single
neutron capture for 55Fe. Studies of heavy isotope abun-
dances after thermonuclear weapons tests show in an
exemplary way the rapid decrease in abundance of
isotopes for every subsequent neutron capture on 238U
[44]. In addition, neutron-deficient 55Fe is also produced
by (n, α) reactions of fission neutrons on stable 58Ni and
dominantly by ðn; 2nÞ reactions of fusion neutrons on
most abundant 56Fe. The reaction 56Feðn; 2nÞ55Fe is
estimated to produce up to 8 times more 55Fe in nuclear
weapons tests than the reaction 54Feðn; γÞ55Fe [45], which
results in less production of 60Fe than estimated from 55Fe.
Summarizing, the production of 60Fe in nuclear bomb tests
and the subsequent deposition in Antarctic snow at recent
times will be much lower than the measured 7.3 × 104

atoms of 60Fe and negligible.
For completeness, other possible production sites for

60Fe on Earth are considered. In situ production is insig-
nificant in Antarctica because of the absence of sufficient
stable target elements and production through spallation on
gas molecules in the atmosphere only generates lighter
nuclei, since Ar is the heaviest nontrace element in the
atmosphere [12]. 60Fe is produced in nuclear reactors by
double neutron capture on stainless steel components and
dissolved Fe in the coolant, whereas superasymmetric
fission of 235U is not able to produce significant quantities
of 60Fe because of the low fission yield < 10−8% [46]. The
produced 60Fe is confined within the reactor containment
and so far even major nuclear accidents, such as
Fukushima, do not expose measurable quantities of 60Fe
to the environment [47]. Nuclear reprocessing facilities
discharge radionuclides, presumably including 60Fe, into
the oceans. Nevertheless, major reprocessing facilities like
La Hague or Sellafield are located in the Northern
Hemisphere, and discharges directly into the ocean should

TABLE II. Summary of different 60Fe investigations in the past. Sample material and characteristics are displayed. The range of
possible 60Fe fluxes into different geological and lunar reservoirs, corrected for radioactive decay and the updated half-lives, comprise
values roughly between 10−1 and 102 atoms cm−2 yr−1. The combined value from the filter sample and the water sample for Antarctic
snow is similar to the deposition into other reservoirs.

Sample Origin Growth rate 60Fe flux [atoms cm−2 yr−1]

Knie et al. [12] Ferromanganese crust South Pacific 1–2 mm=Myr 0.5–5
Knie et al. [13] Ferromanganese crust Equatorial Pacific 2–3 mm=Myr 1–5
Wallner et al. [14] Sediments Indian Ocean 3–4 mm=kyr 20–40

Ferromanganese crusts Equatorial Pacific 2–5 mm=Myr 1–3
Ferromanganese nodules South Atlantic 2–5 mm=Myr 0.2–0.5

Ludwig et al. [15] Sediments Equatorial Pacific 6–19 mm=kyr 0.4–1.2
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How did such an environment form in a relation to the global galactic structures?

Credit: NASA/JPL-Caltech/ESO/R. Hurt
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Figure 1. Normalised cumulative distribution functions of 60Fe flux (left), 26Al scale latitude (centre), and X-ray flux (right), for sample stars in the simulation.
The observed ranges are shown in grey.

Figure 2. Scatter plots for 60Fe flux vs. 26Al scale latitude (left), 26Al scale latitude vs. X-ray flux (centre), and X-ray flux vs. 60Fe flux (right), for sample stars
in the simulation. The observational ranges are shown in grey.

Again, stars that fall within our target X-ray background flux range
are located at the high-end tail of the CDF. The number is 23 out of
151 total sample stars, and corresponding to a fraction of 15.2 per
cent.

3.1.4 Correlations among constraints

We have shown that stars that match the background of 60Fe, 26Al,
and soft X-ray emission seen from Earth are not typical, but instead
lie in the top⇡ 15% of the CDFs for stars in Sun-like orbits. The next
question to consider is how these observational constraints relate to
each other; if they are uncorrelated, the odds for any given star to
meet all three conditions would be only 12.6%⇥ 14.6%⇥ 15.2% =
0.28%, and we would expect to find none in our sample of 151 stars
in Sun-like orbits. Figure 2 shows scatter plots among 60Fe flux,
26Al scale latitude, and X-ray flux, and demonstrates that this is not
the case. Even though the three constraints come from completely
di�erent observations, there is a clear correlation between them. As
a result we find 3 stars that meet all three conditions, corresponding
to 2 per cent of the sample, which is one order of magnitude larger

than the 0.28 per cent we would expect if the three constraints were
uncorrelated.

3.2 The local interstellar environment

We now investigate the properties and evolutionary history of Galac-
tic environments that simultaneously satisfy the three constraints we
have considered in the previous sections. Figure 3 shows a face-on
view of the whole galactic disc and zoom-in images of distributions
of 60Fe, 26Al, and X-ray emissivity, overlaid with the positions of
stars that meet the three conditions. It clearly shows that stars that
match the levels of SLRs and X-rays that we see from Earth are lo-
cated exclusively inside kpc-scale bubbles that lie along the Galactic
spiral arms, and are produced by massive stellar feedback. The bub-
ble sizes are comparable to the widths of the gaseous spiral arms and
one order of magnitude larger than the sizes of the individual giant
molecular clouds (GMCs). Figure 4 shows the time evolution of the
three stars and environments that we have identified as matching our
observational constraints. In the figure, we show only the gas and
60Fe because 26Al and X-ray distributions are qualitatively similar
to the 60Fe.

MNRAS 000, 1–9 (2020)

Investigated the location of stars whose environments are consistent with the observations: 


(1) The  influx onto the Earth detected in deep-sea archives and Antarctic snow


(2) A broad distribution of  observed in the γ-ray sky-maps


(3) The mean flux of diffuse soft X-ray emission. 

60Fe
26Al

Stars who meet all three conditions are uncommon (~2%), but not exceptionally rare
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Figure 3. A face-on galactic disc image of 60Fe (top left) and zoom-in images of 60Fe (top right), 26Al (bottom left) mass-weighted average densities, and
X-ray emissivity (bottom right), integrated over �250 < z < 250 pc at t = 650 Myr, overlaid with the gas surface density (contours). The grey dots show our
entire sample of stars on Sun-like orbits (8.1 kpc < R < 8.3 kpc, 20 pc < |z | < 30 pc, and 6.5 km s�1 < |vz | < 7.5 km s�1). The orange triangles show stars
that satisfy one of the three constraints, and the red star marks show stars that meet all three conditions. The black diamond shows the galactic centre, and the
galaxy rotates clockwise.

Examining Figure 4, we can identify a few common features
in all three cases. First, the bubbles of gas in which the sample
stars are located at 650 Myr (the time at which we select them) are
relatively long-lived – the bubbles present at 650 Myr are clearly
identifiable for many tens of Myr before and after this point, so that
the overall lifetime of the bubble is& 100 Myr; this is long compared
to the lifetime of any individual massive star, and is a result of a
continuous supply of gas to fuel new star formation that is provided
by the spiral arm. However, this does not mean that the sample star
remains within the bubble for this entire time. In all cases the stars

undergo epicyclic motion that is not identical to the motion of the
gas that fuels the ongoing star formation. In case B, the gas and
stellar motions are closely aligned, so that the star remains within
the bubble for ⇡ 90 Myr, almost as long as the lifetime of the bubble
itself. For C the duration of overlap is much shorter, with the star
essentially plunging through the spiral arm and bubble, requiring
only ⇡ 20 Myr to transit. Case A is intermediate. We illustrate the
di�erences between these cases in Figure 5, which shows the time
history of the 60Fe flux experienced by each star. Clearly a range

MNRAS 000, 1–9 (2020)

They are located inside or close to big SLR bubbles created by massive stars 
on the galactic spiral arms. 

Where are such Sun-like stars located in the galactic disc?



How long do such Sun-like stars stay in the bubble?

Case 1: The duration is ~ 100 Myr Case 2: The duration is ~ 20 Myr

It depends. The duration is governed by the crossing time of stars across the spiral arm
Fujimoto, Krumholz, Inutsuka, Boss, & Nitter 2020, MNRAS



Is the Milky Way’s spiral arm a density wave? Or a material arm?

Radius

Rotation speed
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= Rigid-body rotation
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Spiral  
= Flat rotation as same as gas

Density wave Material arm

This is still under debate

Gas compression and star formation occur on the leading edge 
of the arms where the gas shocks upon entry.

Gas slowly falls into spiral arms from both leading and 
trailing sides as a colliding flow, and then stars form in 
the middle of the spiral arm.



Kretschmer+ 2013

The key: galactic gamma-ray observation shows systematic excess 
of rotation velocity of 26Al, ~ 200km/s

Blue shaded region: 26Al 

Colored region: CO (1-0)



Some previous works support the density wave

M. G. H. Krause et al.: 26Al kinematics: superbubbles following the spiral arms?

Fig. 4. Sketch of the proposed model for explaining the 26Al kinematics.
In the co-rotating frame chosen here, a spiral arm (solid line) moves
anti-clockwise. At its previous location (dashed line), it created large
superbubbles (ellipses), blowing out of the disc. The young star clusters
(blue stars) at the current spiral arm location feed 26Al (colour gradient
in ellipses) into the old superbubbles.

Despite uncertainties regarding wind clumping (e.g.,
Bestenlehner et al. 2014) and dust production and clumping
(e.g., Indebetouw et al. 2014; Williams 2014), the bulk of 26Al is
probably mixed into the diffuse gaseous ejecta that are expelled
into the hot immediate surroundings of the stars. The ejecta do
not keep their initial velocity (≈1000 km s−1) for long: for super-
novae, they are shocked on timescales of 103 yr (Tenorio-Tagle
et al. 1990). For Wolf-Rayet winds inside superbubbles, the free
expansion phase can be up to 104 yr, or ≈10 pc (Krause et al.
2013). The ejecta then travel at a reasonable fraction of the sound
speed in superbubbles, cs =

√
1.62kT/mp = 279 T 1/2

0.5 km s−1.
Here, k is Boltzmann’s constant, mp the proton mass, T (T0.5)
the temperature (in units of 0.5 keV), and the numerical factor
is calculated for a fully ionised plasma of 90 per cent hydrogen
and 10 per cent helium by volume. Measurements of superbub-
ble temperatures range from 0.1 keV to about 1 keV (e.g., Dunne
et al. 2001; Jaskot et al. 2011; Sasaki et al. 2011; Kavanagh et al.
2012; Warth et al. 2014), in good agreement with expectations,
if instabilities and mixing are taken into account (Krause et al.
2014).

In simulations of merging bubbles (Krause et al. 2013), we
find such kinematics for gas flooding the cavities at lower pres-
sure shortly after merging. The ejecta travel about 300 pc during
one decay time (τ = 1 Myr), which corresponds to the size of
the smaller HI supershells (Fig. 2), that is, the decay is expected
to occur during the first crossing of the HI supershell.

Hence, we expect a one-sided 26Al outflow at the superbub-
ble sound speed, ≈300 km s−1, in excellent agreement with the
observations and their analysis presented in Paper I.

This model predicts a change in relative outflow direction
near the co-rotation radius. But co-rotation in the Galaxy is un-
fortunately too far out (8.4−12 kpc, e.g., Martínez-Barbosa et al.
2015) to check for direction reversals in the data set of Paper I.
At such galactocentric distances, individual 26Al-emission re-
gions are only a few, they are faint, and they are not associ-
ated with spiral arms. Thus, we do not expect large 26Al ve-
locity asymmetries, in good agreement with the measurements
in Cygnus (Martin et al. 2009) and Scorpius-Centaurus (Diehl
et al. 2010).

Fig. 5. Grand-design spiral galaxy NGC 628. The background image is
the 21 cm map from The HI Nearby Galaxy Survey (THINGS, Walter
et al. 2008). Red ellipses denote HI supershells from Bagetakos et al.
(2011). Blue plus-signs denote the 650 HII regions identified by Honig
& Reid (2015). Their spiral arm designations, A and B, are also in-
dicated. The large green circle indicates the median co-rotation radius
of 4.6 ± 1.2 kpc from a number of studies as compiled by Scarano &
Lépine (2013). For the first half-turn, arm A has no HI supershell on its
trailing edge, but four are close to or even overlap the leading edge in
the way envisaged by our model. Arm B begins just inside of co-rotation
and has three prominent HI supershells at its leading edge, with only a
minor one towards the trailing edge. From about the co-rotation radius
outwards, HI supershells are no longer at the edges of the HII arm, but
appear all over it.

We might, however, expect to find HI supershells associ-
ated with the leading edge of spiral-arm star formation regions
in nearby face-on spiral galaxies, inside their co-rotation radii.
We investigated this for a few objects by combining HII regions
from Honig & Reid (2015) with HI images with HI supershells
using co-rotation radii from Tamburro et al. (2008) and Scarano
& Lépine (2013). For NGC 3184 and NGC 5194 we found evi-
dence for HI supershells close to HII regions in the spiral arms.
There is no clear trend where the HI supershells are located with
respect to the HII regions in NGC 5194, whereas more super-
shells appear on the trailing edge for NGC 3184.

In the case of NGC 628 (Fig. 5), Honig & Reid (2015) map
HII regions for two arms, A and B, and inside co-rotation, HI su-
pershells are indeed found close to and overlapping with the
HII regions, preferentially at their leading edges. Especially for
arm B, which is located in an HI – rich part of the galaxy, the
HI supershell locations relative to the HII regions change strik-
ingly near the co-rotation radius: inside, three prominent HI su-
pershells lie towards the leading edge of the HII arm, extending
over about a quarter of a turn. Only one small supershell is lo-
cated at the trailing edge. From about the co-rotation radius out-
wards, the HI supershells are spread over the widening HII arm.
None is clearly associated with the leading or trailing edges. It
is beyond the scope of this article to explain the differences be-
tween these galaxies. The fact that the effect we postulate is con-
sistent with the data in NGC 628 is encouraging, however.

The 26Al decay time is similar to the crossing time through
the HI supershell, and thus we expect to observe it while
it crosses the HI supershells. A few Myr later, 26Al should
isotropise, advect vertically into the halo (e.g., de Avillez &
Breitschwerdt 2005), or mix as a result of interaction with the
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Massive stars form at the leading edges of the arm,  
and 26Al blow out into the low-density regions forward of the arm
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Figure 4. Cumulative temperature histograms weighted with the outflowing
mass flux for a circular cross-section of 9 kpc radius 3 and 5 kpc above the
disc for run LoH+ . Only outflowing gas is taken into account. We find no
outflowing gas below 105 K. Gas with 105−106 K falls back to the disc before
reaching 5 kpc altitude. From then on, only gas with at least 106K is present
in the outflow.

a galaxy (∼100 Myr). For run HiH+, the cooling time distribution
becomes more variable. The median is typically just below a Gyr,
and the fraction of 26Al-traced gas that can cool on a dynamical
timescale of the galaxy varies between a few and above 30 per cent.

5 D ISCUSSION

Our simulations do not include the first 10 Myr of star formation. This
is a reasonable approximation for the study of large-scale interstellar
medium dynamics, because it is well-known that the embedded phase
of star formation lasts at most a few Myr and that most of the 26Al (and
other metals) are ejected into large superbubbles. This is especially
true for supernova ejecta.

It is interesting in this context to compare our results to Fujimoto
et al. (2018), who model the physics of star formation in much more
detail, but do not include spiral arms in their simulations. They find
that a significant fraction of 26Al ends up in the next generation
of stars, being mixed on the 26Al decay time-scale. In typical
stars, the predicted isotopic ratio 26Al/27Al is therefore reduced by
about one order of magnitude, only, from the average interstellar

medium value, which had been determined from gamma-ray surveys
to be ≈5 × 10−4(Diehl 2013). The Sun, with an initial value of
≈5 × 10−5 would therefore be a rather typical star. Our simulation
makes very different assumptions about the spatial arrangement of
stellar feedback. We impose spiral arms, ignore the first 10 Myr after
star formation, and instead inject superbubbles at this stage with a
diameter of 600 pc. We still find in our simulation results that at least
half of the 26Al by mass diffuses into the cold phase. The agreement
between the two simulations suggests that for the scales studied here,
mixing does not strongly depend on small-scale details unresolved
in our simulations and that we capture mixing reasonably well.

For our main run LoH+ , 26Al in the hot phase traces a fraction
of about 30–40 per cent of the massive star ejecta that diffuse out
of the galaxy into its gaseous halo. The outflow is hot (Fig. 4)
and can be seen directly in Figs 1–6. Typical cooling times are
of the order of Gyr. This identifies a component of interstellar gas
that characterises the enrichment of the circumgalactic and possibly
intergalactic medium. Even in the simulation with unrealistically
high halo density (HiH+), this fraction is reduced by a factor of 2,
only. It thus gives us a robust limit for the branching ratio of 26Al in
hot and cold gas at the time of its decay.

The occurrence of the outflow depends strongly on the assumed
halo density. In contrast to the higher halo density simulation, the
lower halo density run produced the outflow even though it had a
lower star formation rate. The outflow occurs somewhat below the
observational threshold for the star formation rate surface density
from winds detected in the ultraviolet band (compare Section 4). Our
outflow is, however, too hot to be detected in this way and would
instead require sensitive high-resolution spectroscopy in X-rays to
be observed.

Apart from this hot outflow from our inter-arm regions, the
interstellar medium dynamics in our simulations are similar to other
theoretical work and observations of disc galaxies. We show this here
with the velocity dispersion and the Toomre (1964) Q parameter,
which have been used in the literature to characterize structure and
dynamics of the interstellar medium in disc galaxies (e.g. Krumholz
et al. 2018; Orr et al. 2020). Krumholz et al. (2018) show that the
Toomre stability parameter may be expressed as

Q = f κσ

πG#g
,

Figure 5. Slice through the equatorial mid-plane (left) and a vertical mid-plane (right) for run LoH+ at 132.3 Myr. We show the density of 26Al nuclei. 26Al fills
long-lasting cavities with repeated cycles of injection, advection out of the galactic plane and decay. A movie is provided with the online version of the journal.
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Galactic-scale hydrodynamic simulations of 26Al 1905

Figure 12. Radial velocities with respect to the observer plotted as a function of galactic longitude, derived from the 26Al tracer fluid and gas density. (a)
Shows the radial velocities that have been averaged between t = 69–121 Myr. The solid black line plots the time-averaged radial velocity for the cold gas in
the fiducial simulation. The solid blue, red, and green lines plot the time-averaged radial velocities for 26Al and represent the three different simulations where
the superbubbles are injected behind, on and ahead of the spiral arms in the galaxy, respectively. The shaded blue, red, and green regions correspond to 2σ

variation of these data. The longitude bin size used is 12◦. The blue data points are the γ -ray observational data from Kretschmer et al. (2013). (b)–(d) Show
individual snapshots of the radial velocities for t = 86, 103, and 121 Myr, respectively. Here, the blue shaded region now represents the 1σ uncertainty from
the observational data.

longitude for the cold gas are plotted as the solid black line (which
uses ρ rather than ρ26 in equation 23). The maximum radial velocity
of the cold gas shown is ∼ 50 km s−1, which broadly agrees with the
CO observations of Dame, Hartmann & Thaddeus (2001) shown in
fig. 8 of Kretschmer et al. (2013). The grey-shaded represents the
2σ deviation of the simulation data and indicates that the line-of-
sight velocities associated with the cold gas do not vary significantly
with time. We have overplotted the γ -ray observational data from
Kretschmer et al. (2013) as blue dots for comparison where the
error bars represent the 1σ statistical uncertainty associated with
the observations.

The time-averaged line-of-sight velocities for 26Al from our
simulations are also shown in Fig. 12(a). The line-of-sight velocities
for the three different simulations with the superbubbles injected
behind on and ahead of the spiral arms are plotted as the solid blue,
red, and green lines, respectively. Thus, the coloured shaded regions
in Fig. 12(a) are the associated 2σ deviation of the simulation data.
These shaded regions represent the frequency of certain values
rather than uncertainties. Evidently, the line-of-sight velocities

associated with the 26Al as observed would vary with time, would
we observe ∼1–100 Myr later. In contrast, the cold gas shows far
less variability. This is understandable since massive star formation
and superbubbles evolve on much shorter time-scales in comparison
to the cold gas.

In Fig. 12(a), the maximum velocity associated with 26Al
(∼ 100 km s−1) from any of the simulations is compatible with
the large observed velocities found by Kretschmer et al. (2013)
within the uncertainties [the error bars and shaded blue region in
fig. 8 of Kretschmer et al. (2013) represent 1σ error bars; thus,
our results agree within 2σ from the simulations]. Figs 12(b)–
(d) present longitude-velocity diagrams for a number of specific
times. It is evident that certain snapshots look more similar to the
observations than others. For instance, in Fig. 12(b), at t = 86 Myr
higher velocities are found than for t = 121 Myr (Fig. 12d). The
blue shaded region in Figs 12(b)–(d) represents the 1σ uncertainties
for the observational data.

As described in Section 2.4, the difference between the three
simulations is the injection position of the superbubbles. Despite
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Synthetic 26Al emission maps for two different positions
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Figure 4. Zoom-in image of the gas (contours) and 26Al (colours) surface densities (integrated over �250 < I < 250 pc). The black dot shows the galactic
centre, and the galactic disc rotates clockwise. The red x marks show the positions of the Sun (observer) used in the sky maps in Fig. 9.

4.1 Possibility 1: galactic spiral structure

As discussed in the introduction, Kretschmer et al. (2013) and
Krause et al. (2015) propose that the observation that 26Al ro-
tates faster than the gas in the Milky Way disc can be explained if
massive star clusters form at the leading edge of the gaseous spi-
ral arms. These clusters would then form superbubbles filled with
hot-phase ISM that would expand to the forward direction against
galactic rotation, while also breaking out to large scale height, due
to a hydrodynamical interaction with the locally anisotropic ISM
of the gaseous spiral arm (see Figure 4 in Krause et al. 2015).
Rodgers-Lee et al. (2019) perform hydrodynamic simulations of
this scenario, including a subgrid superbubble model and an exter-
nal spiral arm potential that rotates in the disc with a fixed pattern
speed. Although there are still some quantitative discrepancies with
observations, they succeed in reproducing some qualitative features:
a large 26Al scale height of 5 kpc and a velocity excess up to 200
km s�1.

This scenario depends strongly on the subgrid superbubble
recipe, which is substantially uncertain due to the inability of cur-
rent simulations to resolve the conductive interface between hot
and cool ISM phases – e.g., see Gentry et al. (2017, 2019) versus
Kim et al. (2017) and El-Badry et al. (2019). While our simula-
tions also lack the resolution to address this uncertainty, they do
allow us to address another requirement of this scenario: that clus-
ters form along the leading edges of spiral arms, so that their SN
bubbles blow out preferentially in the forward direction. Whether

this requirement is met in the Milky Way depends on the forma-
tion mechanism for the Milky Way’s spiral arms, a subject that
has been debated for long time (see Dobbs & Baba 2014, for a
review; see also Sellwood & Carlberg 2019). The spiral structure
proposal for explaining 26Al kinematics implicitly (and explicitly in
the case of Rodgers-Lee et al.’s simulations) assumes that the arms
are density waves (Lin & Shu 1964; Bertin & Lin 1996): long-lived
quasi-stationary structures that propagate azimuthally through the
galactic disc at a constant pattern speed. Arms of this type lead to a
clear o�set between gas and stars across the arm caused by a shock
on the forward side of the arm (Baba et al. 2015), as required by
the spiral structure proposal. Such o�sets are in fact seen in some
grand design spirals, such as M51 and M81, that are undergoing
clear tidal interactions (e.g., Pettitt et al. 2016).

However, o�sets between gas, stars, and star formation tracers
are generally not found in galaxies that lack grand design structures
(e.g., Egusa et al. 2009; Foyle et al. 2011; Ferreras et al. 2012).
Simulations suggest that, in these galaxies, the spiral features are
likely short-lived and non-stationary, and are characterised by mul-
tiple arms that continuously appear, merge, and shear away (e.g.
Wada et al. 2011; Fujii et al. 2011; Grand et al. 2012a,b; D’Onghia
et al. 2013; Baba et al. 2013; Sellwood & Carlberg 2014). Arms of
this type are material arms rather than standing waves, so there is
no front-back asymmetry in the location of star formation relative
to the arm. While our location within the Milky Way means that
we cannot perform precisely the same observations for it as for the
extragalactic systems, there is strong evidence that the Milky Way
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Figure 9. Mass distributions of 26Al and star-forming gas () < 300 K) with respect to latitude vs. longitude and line-of-sight velocity vs. longitude, as viewed
from two possible Solar positions, one inside (left column) and one far from (right column) 26Al bubbles, as shown in Fig. 4. The mass is weighted by its
inverse squared distance relative to the observer. In the line-of-sight velocity vs. longitude plots for 26Al, the W-ray data from Kretschmer et al. (2013) is
overlaid (orange points with error bars).
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The observed excess of 26Al velocity may be the product of foreground emission 
from nearby massive stars, like Local Bubble

We see some excess

Inside 26Al bubble Outside 26Al bubble

The material arm scenario can explain the observed excess
Fujimoto, Krumholz & Inutsuka 2020, MNRAS



Summary

•N-body + Hydro+ Chemo dynamic simulation of the entire Milky Way

•Compare with the following observations: 


(1)  influx onto the Earth detected in deep-sea archives and Antarctic snow


(2)  observed in the γ-ray sky-maps


(3) Diffuse ionized gas observed in soft X-ray emission. 

60Fe
26Al The local interstellar environment 5

Figure 3. A face-on galactic disc image of 60Fe (top left) and zoom-in images of 60Fe (top right), 26Al (bottom left) mass-weighted average densities, and
X-ray emissivity (bottom right), integrated over �250 < z < 250 pc at t = 650 Myr, overlaid with the gas surface density (contours). The grey dots show our
entire sample of stars on Sun-like orbits (8.1 kpc < R < 8.3 kpc, 20 pc < |z | < 30 pc, and 6.5 km s�1 < |vz | < 7.5 km s�1). The orange triangles show stars
that satisfy one of the three constraints, and the red star marks show stars that meet all three conditions. The black diamond shows the galactic centre, and the
galaxy rotates clockwise.

Examining Figure 4, we can identify a few common features
in all three cases. First, the bubbles of gas in which the sample
stars are located at 650 Myr (the time at which we select them) are
relatively long-lived – the bubbles present at 650 Myr are clearly
identifiable for many tens of Myr before and after this point, so that
the overall lifetime of the bubble is& 100 Myr; this is long compared
to the lifetime of any individual massive star, and is a result of a
continuous supply of gas to fuel new star formation that is provided
by the spiral arm. However, this does not mean that the sample star
remains within the bubble for this entire time. In all cases the stars

undergo epicyclic motion that is not identical to the motion of the
gas that fuels the ongoing star formation. In case B, the gas and
stellar motions are closely aligned, so that the star remains within
the bubble for ⇡ 90 Myr, almost as long as the lifetime of the bubble
itself. For C the duration of overlap is much shorter, with the star
essentially plunging through the spiral arm and bubble, requiring
only ⇡ 20 Myr to transit. Case A is intermediate. We illustrate the
di�erences between these cases in Figure 5, which shows the time
history of the 60Fe flux experienced by each star. Clearly a range
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The Sun is located inside big SLR bubbles created by massive stars on the galactic spiral arms. 


