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Relics of a ‘Blast from the Past’?

What'’s so special about 6°Fe?

* Produced during late shell-burning phase in massive stars;
predominantly released by core-collapse/electron-capture SNe
(cf. Knddlseder et al. 2004)

* |Low terrestrial background

e Comparatively long half-life (z12 ~ 2.62 Myr) allows for

| < extensive ISM traveling = detectable by - decay via 8°Co and
Credit TU Munich | y-ray emission at 1173 and 1333 keV (Wang et al. 2007)

Cosmic

* Each crust layer corresponds to certain age nucleosynthesis
source
range _ 0+ Ti/o = 2.6 Myr
. . . Ve 2+

e Knie et al. (2004) detected significant O° o ey

abundance increase of radioisotope ¢°Fe in ~2.2 e 5+ /0 = 5.3yr | (2%)

Myr-old layer; signal confirmed by Fitoussi et al. 2 &

(2008) —~ PCo 2
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e Link between the 80Fe anomaly and recent SNe near Earth that
also contributed to the formation of the Local Bubble (LB)
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The Local Bubble

GC (I=0) (x)
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(b) Sfeir et al. (1999) (©)

e Qur Galactic habitat Path of

interstellar neutral

e |Low-density region of the ISM helium atoms
Partially filled with hot, soft X-ray emitting gas

» Responsible for ~60% of the 0.25-keV flux in the
Galactic plane (Galeazzi et al. 2014) - bold
confirmation of its existence

e Size: ~200 pc in the Galactic plane; ~600 pc
perpendicular to it (chimney?)

e Widely accepted origin: several nearby SN
explosions in the last ~10 Myr (e.g., Smith & Cox
2001)

Earth’s orbit

. . Path of
> But, no young stellar cluster could be found inside [RiE ey

helium atoms

its boundaries Credit: NASA's Goddard Space Flight Center
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The origin of the Local Bubble

e Berghofer & Breitschwerdt (2002) searched for moving
group => Pleiades subgroup B1

e Fuchs+ (2004) analyzed volume complete sample (D ~ 400
pc) using HIPPARCOS and ARIVEL (x-p) phase space data

e Selection criterion: compact in real & vel. space = 79 B
stars

e Cluster age: compare cluster turn-off point with isochrones
(Schaller+ 1992) = 1. ~ 20—-30 Myr

e COM-trajectory derived from epicyclic egs.
e Stars entered LB at A7~ 10-15 Myr ago

e Most probable trajectories: using Gaussian error distr. in
positions and proper motions

e Number of past SNe: IMF (1 star per bin!) for young
massive stars (Massey+ 1995) = 14—-20 SNe exploding
inside LB

e MS lifetime of SN progenitors: T= 1.6 x 108 (M/Mo)-0-932 yr
(for 2 = M/IMo < 67); results from fitting isochrone data

e Explosion times: texp = T — 7c (assume: coeval star
formation)

e Combining most probable trajectories & explosion times =
most probable explosion sites
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The origin of the Local Bubble

e Berghofer & Breitschwerdt (2002) searched for moving Analytical study (Feige 2010; Breitschwerdt+ 2016):
group -> Pleiades subgroup B1 e SNR expansion into previous remnant (p ~ R%2) >

* Fuchs+ (2004) analyzed volume complete sample (D ~ 400 low Mach-number Sho_CkS due to hot interior
pc) using HIPPARCOS and ARIVEL (x-p) phase space data ® Outer LB shell expansion due to Weaver+ (1977)
e 60Fe content (yield taken from stellar evolution)

e Selection criterion: compact in real & vel. space = 79 B entrained and deposited by SN blast waves
stars T T T
25 @ Woosley & Weaver (1995)% .

e Cluster age: compare cluster turn-off point with isochrones L owm s Dreitschwerdt Feige, ¥
(Schaller+ 1992) = 1. ~ 20-30 Myr 200 Y wommsramone o roiont (2015) v
C — - Fit Limongi & Chieffi (2006) //// 1
e COM-trajectory derived from epicyclic egs. e z:rv:gfﬁﬁ“egef@()()ﬂ v .

10|

%0Fe yield (10™*M@)
\

e Stars entered LB at A7~ 10-15 Myr ago _
05 |
e Most probable trajectories: using Gaussian error distr. in :

positions and proper motions oop X7 . . o . .
10 12 14 16 18 20 22 24
e Number of past SNe: IMF (1 star per bin!) for young . Good 'h M (Mo)
massive stars (Massey+ 1995) = 14—20 SNe exploding 00d agreement with crust measurements
inside LB * Results show that LB SNe can be responsible for

60Fe deposition

* MS lifetime of SN progenitors: 7= 1.6 x 108 (M/Mo)-0%2 yr | petailed transport modelling in turbulent medium
(for 2 = M/Me < 67); results from fitting isochrone data requires

e performing 3D high-res. numerical simulations

e Explosion times: texp = T — 7c (@assume: coeval star ] ]
¢ treating 50Fe as passive scalars

formation) .
e using self-consistently evolved turbulent ISM as a
e Combining most probable trajectories & explosion times = typical background medium (like Breitschwerdt &
most probable explosion sites Avillez 2006)
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Numerical simulations

Mesoscale ISM simulations using publicly available AMR
(magneto-)hydrodynamics and N-body code RAMSES (Teyssier 2002)

e Star formation (IMF; collisionless particles represent massive stars) at
Gal. rate

Feedback from stellar winds and SNe
e Solar wind bubble (heliosphere)
e Self-gravity of the gas & Galactic gravitational potential

Heating & CIE cooling for gas with solar metallicity (using CLOUDY code)

Homogeneous background models Inhomogeneous background model
(A & B) (C)
Box size 3 x 3 x 3 kpc3 3 x 3 x 3 kpc3
Highest grid resolution 0.7 pC (max = 12) 2.9 pC (€max = 10)
Boundary conditions (vertical faces / . . -
top and bottom) periodic / periodic periodic / outflow
Total evolution time 12.6 Myr 192.6 Myr

(180 + 12.6 Myr)
analytical fit to observational data of the

Initial gas distribution homogeneous Galaxy (Ferriére 1998)
External gravitational field no yes
Self-gravity yes no
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e Further “boundary condition” ...

e ROSAT PSPC observations
(Egger & Aschenbach 1995): soft
X-rays are absorbed by nearby

neutral shell

e Possibly result of interaction
between LB and its neighbouring
SB Loop | (Breitschwerdt+ 2000)

e Applied previous methodology

Modeling the Loop | superbubble

shell
Loop | superbubble

*

*

*
*
*

_ Sco-Cen
association

Hl clouds

Local Bubble
on LOOp | clusters Tr 10 and the / \ Credit: Breitschwerdt+
. H . rin
Vel OB2 association to pin down shell ¢ (2000
generating SNe (19)
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Calculating the amount of SN-released 60Fe that arrives on Earth

. Max. grid refinement around Sun =
accurate 60Fe flux in every time step

. Fluxes are given at cell centres =
average over eight innermost grid
cells

. Compute time-integrated flux

» Assume isotropic fall-out (cf. Fry+
2016)

» 60Fe survival fraction, fU, only
poorly known; dust factor f= 0.01
(Fry+ 2015); uptake factor U = 0.5-1
(Bishop & Egil 2011; Feige + 2012)
-> take either fU = 0.006 (cf. Knie+

(‘fluence’):

_ (plu]2)
F = AmuVAAt

2004) or 0.005 (lower limit)

5. Obtain 69Fe number density for each
crust layer by summing 2(t) over time

4. Surface density of atoms deposited on _ o )
intervals divided by thickness of layer

Earth at time f before present: g >

Y (1) = % Fexp(— t/t, /2) 6. Relate neore t0 the density of stable < <>/>

iron (i.e. 60Fe/Fe), given by T

Npe =MoLl = 2 47 % 4102 em=23 | T

\\—/, ’Cg%/ < ,)

T~ [
< """ \, \:_ ::><::::://: \\\\

| A Xmin
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Chemical mixing simulations with homogeneous background medium

Evolution of the gas column density distribution (cuts through z=0 and y = 0)

Model A (~ WIM)
n=0.1cm3
T=104K

Z/Z@ = 1

Ax = 0.7 pc

Model B (~ WNM)
n=0.3cms3
T=6800 K

Z/Z@ = 1

Ax = 0.7 pc
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Chemical mixing simulations with homogeneous background medium

Volume rendering of the present-day density distribution

Model A
)
F
. Ry
Model B

M. M. Schulreich

LB and Loop | form almost coevally

At first: independent evolution,
formation of cold, dense clumps due
to instabilities

Later on: shells collide after 3.0
(model A) and 4.6 Myr (model B) =
RT unstable interaction layer

Shells break-up after 6.5 Myr (model
A) or never (model B)

‘Present’ LB extension: (x,y,2) =
(800,600,760) pc in model A;
(580,480,540) pc in model B

Reconstructing the origin of the Local Bubble and Loop | via radioisotopic signatures on Earth

e Hydrogen density and temperature in

‘present’ LB cavity: 10-42—10-39cm-3,
106-9—1071 K in model A;
10-42—10-3cm-3, 1058-107 K in
model B

Agreement between computed and
observed extension of bubbles poor
-> ambient medium not known

Exact extensions not crucial for 60Fe
transport modelling as long as the
solar system resides within the LB;
exception: supershell arrival
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Chemical mixing simulations with homogeneous background medium

Evolution of the 60Fe mass density distribution (cuts through z=0 and y = 0)
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* Inhomogeneities arising from recent SNe are
smoothed out over time

e Time scale of mixing: zm = £/a = (100 pc)/(100 km s1) =

1 Myr
» 60Fe fairly homogenized since last LB SN occurred
about 1.5 Myr ago

* |njection of turbulence by SNRs running into supershell
-> generating asymmetric reflected shocks
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Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and 6%Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and 60Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and 60Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and 60Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and 60Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and 60Fe fluence variation

FHTTTTTTT [ TTIT T[T TITTI[TTITT[TTTH HTTTTTTTTTTITI I TTIT I TITIT T TTTH FTTTITTTT I TTIT T TTITT T ITITT T TTTH FTTTITTTTTTIT T I TTIT T I TITIT T T TTTH T T T T T T
400 - (a)l I | I | 3 400 »:_ (b)l I I I I 3 w00 E (C)I | I I I 3 400 £ (d)[ I | | I i I |
200 — 200 — 200 — 200 - L J

g °F 3 °F 3 °F 3 °F E 2+ .

>.200 - - -200 4 200 - 3 200 3
-400 | — -400 | — -400 |- — -400 — I |
-600 :_ _: -600 :_ _: -600 :_ j -600 .:_ _: — 15 I~ _

Eoodlon oo b b b & ~SENI ERRT SRRTY SRR FRERE FARR= Eoolooboo bbb & Bl oo b i b & c\"E L i
4400 -200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 200 O 200 400 600 800 G - E
X (pc) x (pc) X (pc) X (pc) = - 1
FTTTTTTT[TTTT[TTITT[TTITT[TTTH FHTTTITTTT[TTITT[TTITT[TITITT[TTITH FTTTITTTT[TTITIT[TTITT[TITTIT[TTTH FTTTITTTT[TTITT[TTITT[TITITT[TTTH ~ B T
600 |- (a)l [T T g o0 |- (b)l [T q 60 (C)l [TTTTTTTT ] 3 60 F (d)l [T rTTT] E o L ]
400 — 400 |— — 400 — 400 |— — L i

& 200 - 200 3 200 = 200 3

e - 7 c = - - E .

Y oE 4 oF 4 oF 4 oF - i
-200 — -200 — -200 - -200 - J/\‘h ]
-400 |- 3 400 | 3 .00 | 3 w400 |- = M& 1

:4[IIIlIII|IIlI|lIII|IIII|IIIl: tlllIIIIII[IIII[IIIIIIIIIIIIII: :IIIIIIIIIIIIIIIIIIIIIIIIIII: :{Ill[IIIIIIlIIIIIlIIIIIIIIIII: I 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
4400 -200 0 200 400 600 800 -400 -200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 200 O 200 400 600 800 0 2 4 6 8 10 12 14
X (pc) x (pc) x (pc) x (pc) t (Myr)
T T T T T
| | i I Hilll
66 67 68 69 70 71 72 73 74 75 76 77 78 79 80
In(P p)
jllllllllIllll]llllllllllllli: Elllllllllllll[lllllllllllllD: 25 T T T T T T T T T T T T T T T T T T T T T T T T T T T
400 = (g) - 400 = () = - (c) SN #01 —
E J F ] L 0.16 — T i
200 |- 5 200 - = ! f i ] Nvos ]
: 1k : - ’ 012 | : -

0 E 4 o 3 5 C ] SN #04 —

5 - = = = L i

z F 3 F 3 L 0.08 | ] SN#05 — |

>.200 )/ — -200 % - C ] SN #06
-400 |- - -a00 - 3 | 004 3 ] 22 zgg ]
600 [ T 600 | = —~ 15 0k - SN #09 — -

Bl b b b b & B lon b b b b & (}'E | (e 5.5 6 6.5 SN #10 i
4400 -200 0 200 400 600 800 -400 -200 O 200 400 600 800 S L SN #11 i
X (pc) X (pc) “’9 L SN #12 -
:IIIIIIIII|IIII|IIII|IIII|IIID: :(IIIIIIIIIIIII[IIIlIIIIIIIIIi: S— r 1
600 | (e) — 600 [ (1) = L 1| (b) zm :12 —
400 - = 400 B I ( SN#15 — |
E ] E 3 . SN #16 — |

—~ 200 (— —| 200 |— —]

8 E ] E - I i

N o E 4 oF 3 ]
200 — -200 = (@) ]
400 3 400 E = E

:{lllllllllllllllllllllllllll}: Dllllllll[llll[lllllllllllllI: ohd 1 1 JL: 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4400 -200 0 200 400 600 800 -400 -200 O 200 400 600 800 4 6 8 10 12 14
X (pC) X (pc) t (Myr)

M. M. Schulreich Reconstructing the origin of the Local Bubble and Loop | via radioisotopic signatures on Earth 12



y (pc)

z (pc)

y (pc)

z (po)

Results — Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and 60Fe fluence variation

x (pc)

M. M. Schulreich

x (pc)

Reconstructing the origin of the Local Bubble and Loop | via radioisotopic signatures on Earth

x (pc)

jlll]llll]llll lllllllll]llli: FTTT IIII[llll Illlllllllllll: :llll Illl]lllll”lllllll]lll}: :illl[lllllllllllllllllll llll:
400 — (a) ! — 400 L:— (b)l ! — 400 — (c)l — 400 — (d) ! —
200 — 200 — 200 — 200 -

0 -4 ofF 4 ofF -4 ofF =
200 — -200 |~ — -200 — 200 —
-400 | — -400 | — -400 |- — -400 —
-600 — -600 | — -600 | — -600 —

Eoodlon oo b b b & Eonlonoo b bl & Eoolooboo bbb & Bl oo b i b &

4400 200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 -200 O 200 400 600 800

X (pc) x (pc) x (pc) X (pc)

FTTTTTTT[TTTT[TTITT[TTITT[TTTH FHTTTITTTT[TTITT[TTITT[TITITT[TTITH FTTTITTTT[TTITIT[TTITT[TITTIT[TTTH FTTTITTTT[TTITT[TTITT[TITITT[TTTH
600 |- (a)l I [ [ I g 60 F (b)l I I I I 3 0 F (c)l I I I I 3 0 [ (d)l I [ [ [ 3
400 — 400 |— — 400 — 400 | —
200 — 200 |~ — 200 | — 200 | e

o 4 oF 4 oF 4 oF =
-200 — -200 — -200 - -200 -
-400 [ — -400 3 400 - 3 w400 |- =

Sl irgle Sl Sl el

Bl | | | [ Bl | | | [ Bl | | | = Bl | | | [ d

-400 200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 -200 O 200 400 600 800

x (pc) x (pc) x (pc) X (pc)
T T T T T
. | i | Il
66 67 68 69 70 71 72 73 74 75 76 77 78 79 80
In(P p)
jlll]llll TTTTJTTTIT[TTTT IIIF: :illl TTTTJTTTT Illlllllllllll: :{lll TTTT]TTTT I|ll|llll]lll}:
400 — (e) I I I I —| 400 |— (f)l ! [ — 400 — (g)l ! I —
200 — 200 — 200 | i

0 =4 of -4 o =

200 | 4 — -200 % - -200 -
-400 [ — -400 | — -400 —
-600 [— — -600 |~ — -600 |— -
=S leerrtrereterertrrrrirlle E v b bbb o =S e rerirrriirl

| | | | | | | | | | | | | | |
4400 200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 -200 O 200 400 600 80|
x (pc) x (pc) X (pc)

:IIIIIIIII|IIII|IIII|IIII|III|: :(IIIIIIIIIIIIIIIIIIIIIIIIIII[: :lllllllll]lIIIII|II|IIII]III|:
600 [— (e) — 600 — (f) —] 600 [~ (g) —
400 [— — 400 | — 400 =
200 | — 200 — 200 | —

0 =4 o -4 o =
200 — -200 — -200 —

-400 — -400 3 400 E- =

:{lIlllllllllllllllllllllllll}: E{llIllllllllll[IllllllllllllI: :llllllllllllllllllllllllllll}:

4400 200 O 200 400 600 800 -400 -200 O 200 400 600 800 -400 -200 O 200 400 600 800

2.5
2

o 1.5

S

G

©

o

T
2.5
2

o 1.5

S

G

©

o

L 1

NJ

0.16

0.12

0.08

0.04

SN #01
SN #02
SN #03
SN #04
SN #05
SN #06
SN #07
SN #08
SN #09
SN #10
SN #11
SN #12
SN #13
SN #14
SN #15
SN #16

12



Results — Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and 60Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model A: Entropy maps and modeled 8°Fe/Fe content in the FeMn crust
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Results — Chemical mixing simulations with homogeneous background medium

Model B: Entropy maps and 60Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model B: Entropy maps and 60Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model B: Entropy maps and 60Fe fluence variation
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Results — Chemical mixing simulations with homogeneous background medium

Model B: Entropy maps and modeled ¢9Fe/Fe content in the FeMn crust
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Results — Evolution of the Local Interstellar Medium

Atomic hydrogen number density and gas column density distribution (cuts through z =0 and y = 0; 180 Myr evol. time)
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Results — Chemical mixing simulations with innomogeneous background medium

Model C: Evolution of the atomic hydrogen number density distribution (cuts through z=0 and y = 0)
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thin (n = 0.3 cm3) at least for a few Myr e ‘Present’ LB extension: (x,y) = (280,260) pc, Izl = 500
e dense gas with enough mass and small flow gradients pc (northern half resembles chimney)
for cluster star formation e Hydrogen density and temperature in ‘present’ LB

cavity: 10-41-10-22 cm-3, 1045-106-5K
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Results — Chemical mixing simulations with inhnomogeneous background medium

Model C: Evolution of the 80Fe mass density distribution (cuts through z=0 and y = 0)
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No interstellar 9Fe background = model gives lower limit of €0Fe content in the local ISM!
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Chemical mixing simulations with inhomogeneous background medium

Model C: Comparison between models and crust measurements
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e Artificial signal broadening due to 4x lower resolution
e Model C is a hybrid of model A and B:

4 » Fewer pulses due to individual SNe than in model
A, but more than in model B

» Mean density ambient LB medium in between
model A and B [i.e., (N)va = 0.2 cm3]

» Supershell arrives later in Athan in B = self-
gravity unimportant in LB evolution

4

M. M. Schulreich Reconstructing the origin of the Local Bubble and Loop | via radioisotopic signatures on Earth 19



Comparison of numerical and analytical solutions
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Supporting findings

1) Extended %0Fe peak (1.5-3.2 Myr ago) in deep-sea archives from all major oceans (Wallner+ 2016)
» global phenomenon
» width hints at more than one SN
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2) Increased 50Fe levels in microfossils dated at 1.8-2.6 Myr (Ludwig+ 2016)

Magnetotactic bacteria Measurements in two independent Pacific Ocean sediment cores: 42/47 6°Fe events in core A/B
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