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Relics of a Blast from the Past?

What'’s so special about 6°Fe?

e Produced during late shell-burning phase in massive stars;
predominantly released by core-collapse/electron-capture SNe
(cf. Knodlseder+ 2004)

e |Low terrestrial background

e Comparatively long half-life (2 ~ 2.62 Myr) allows for
‘ | extensive ISM traveling — detectable by 8- decay via °Co and
Credit TU Munich y-ray emission at 1173 and 1333 keV (Wang+ 2007)

Cosmic

i nucleosynthesis
* Each crust layer corresponds to certain age leosyn
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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)

range

e Knie+ (2004) detected significant abundance
increase of radioisotope 6%Fe in ~2.2 Myr-old
layer; signal confirmed by Fitoussi+ (2008)
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The discovery of the Local Bubble

e Qur Galactic habitat e Responsible for ~60% of the 0.25-keV flux in the

e Color excess measurements (Fitzgerald 1968) Galactic plane (Galeazzi+ 2014) — bold confirmation

: . of its existence
» Sun situated in interstellar dust hole (~50x100 pc)

_ _ e Further constraints for the LB dimensions from ...
e Sounding rocket flights (McCammon & Sanders 1990):

Mappings of diffuse soft X-ray background > ROSAT “shadowing experiments” (hot gas

_ component; Snowden+ 1998)
> due to energy dependent absorption: plasma must

be local » Nal absorption lines toward hundreds of stars with
known parallaxes (Sfeir+ 1999, Lallement+ 2003) —

e Ly-o absorption from nearby hot star spectra R ~ 60—250 pc (in Gal. plane); open towards poles?

» HI deficient hole (10-2—=10-3 cm-3) — anti-correlation! — local chimney? (Welsh+ 1999)
> Displacement model (Sanders+ 1977; Snowden+ » Extinction studies toward 71,000 background stars
1991): hot plasma (~106 K) pushes HI gas away (Lallement+ 2018); blue/yellow: high/low opacity;

shown volume: 4000x4000x600 pc3
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The origin of the Local Bubble

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

» But, no young stellar cluster could be found inside its
boundaries

Berghofer & Breitschwerdt (2002) searched for moving
group — Pleiades subgroup B1

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

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

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

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

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

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

MS lifetime of SN progenitors: 7= 1.6x108 (M/M)-0-932 yr
(for 2 = M/IMo < 67); results from fitting isochrone data

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

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

e Widely accepted origin: several nearby SN explosions in Analytical study (Feige 2010; Breitschwerdt+ 2016):

the last ~10 Myr (e.g., Smith & Cox 2001) e SNR expansion into previous remnant (p ~ R92) —
» But, no young stellar cluster could be found inside its low Mach-number shocks due to hot interior
boundaries e Outer LB shell expansion due to Weaver+ (1977)
e Berghofer & Breitschwerdt (2002) searched for moving e 60Fg content (yield taken from stellar evolution)
group — Pleiades subgroup B entrained and deposited by SN blast waves
e Fuchs+ (2004) analyzed vol. complete sample (D ~ 400 pc) =y
using HIPPARCOS and ARIVEL (x-p) phase space data P S ranmon ronsomerdt Feige, ¥
e Selection criterion: compact in real & vel. space — 79 B 200 1 peyar | SonuTeich+ (2016) v
stars - Fitlimong & Crief (2008 Rt

15  —— Fit Woosley & Heger (2007) v -7 e
I M

— Average Yield -

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

e COM-trajectory derived from epicyclic egs. 05

1.0 f

%0Fe yield (107*Mg)
\

e Stars entered LB at AT~ 10—-15 Myr ago o.of

e Most probable trajectories: using Gaussian error distr. in

itions and proper motion , M (M@)
positions and proper motions ® (Good agreement with crust measurements

* Number of past SNe: IMF (1 star per bin!) for young  Results show that LB SNe can be responsible for

massive stars (Massey+ 1995) — 14-20 SNe exploding 60Fe deposition
inside LB
o _ Detailed transport modelling in turbulent medium

e MS lifetime of SN progenitors: T=1.6x108 (M/Mg)-0-932 yr requires

(for 2 = M/Mo < 67); results from fitting isochrone data e performing 3D high-res. numerical simulations
e Explosion times: texp = T — 7c (assume: coeval star ¢ treating °Fe as passive scalars

formation) ¢ 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

M. M. Schulreich Simulations of the Local Superbubble 6



Modeling the Loop | superbubble

e Further “boundary condition” ...

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

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

e Applied previous methodologyon  ————f- N A e
Loop | clusters Tr 10 and the Vel
OB2 association to pin down el
generating SNe (19) shell

shell
Loop | superbubble

Local Bubble

_ Credit: Breitschwerdt+
nng (2000)

* See special issue of journal Galaxies: "Searching for Connections among the Fermi Bubbles, the Galactic Center GeV Excess, and Loop 1I” (2018)
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Calculating the amount of SN-released 6°Fe that arrives on

1. Max. grid refinement around Sun — > 60Fe survival fraction, fU, only
accurate 60Fe flux in every time step 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+

3. Compute time-integrated flux 2004) or 0.005 (lower limit)
(‘fluence’):

2. Fluxes are given at cell centres —
average over eight grid cells

5 5. Obtain €°Fe number density for each
F = %At crust layer by summing Z(t) over time
intervals divided by thickness of layer

4. Surface density of atoms deposited on 6. Relat 0 the density of stab|
Earth at time t before present: . Relate neore 10 the density of stable

iron (i.e. €°Fe/Fe), given by §>
S(t) = ZFexp(—t/t2) < ~ >

- . Nre = Xelewstls = 2.47 x 102! cm~3 T~
> Assume isotropic fall-out (cf. Fry+ STk

2016) k]
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Chemical mixing simulations with homogeneous background medium

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

M. M. Schulreich

Evolution of the gas column density distribution (cuts through z=0 and y = 0)
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Chemical mixing simulations with homogeneous background medium

Volume rendering of the present-day density distribution

e | B and Loop | form almost coevally e Hydrogen density and temperature in

Model A Later on: shells collide after 3.0 Agreement between computed and
(model A) and 4.6 Myr (model B) — observed extension of bubbles poor
RT unstable interaction layer — ambient medium not known
Shells break-up after 6.5 Myr (model Exact extensions not crucial for 60Fe
A) or never (model B) transport modelling as long as the
‘ , _ solar system resides within the LB;
- Present’ LB extension: (x,y,2) = exception: supershell arrival
,4.;' 4 (800,600,760) pc in model A;
A - (580,480,540) pc in model B
\:\‘ \a.: - |
Model B
M. M. Schulreich Simulations of the Local Superbubble 10

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

‘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



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

* |njection of turbulence by SNRs running into supershell
— generating asymmetric reflected shocks

M. M. Schulreich

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

Simulations of the Local Superbubble
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Chemical mixing simulations with homogeneous background medium
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Chemical mixing simulations with homogeneous background medium

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

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

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

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

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

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

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

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

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

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

Model B: Entropy maps and modeled ¢9Fe/Fe content in the FeMn crust
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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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Chemical mixing simulations with inhomogeneous background medium

Model C: Evolution of the atomic hydrogen number density distribution (cuts through z=0 and y = 0)
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-1000
-1000
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-500 0 500 1000 1500 2000 -500 0 500 1000 1500 2000
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e Launch LB SNe in “suitable” environment e [nternal structures after ~8 Myr due to influence of
e search for extended region that remains sufficiently ambient density/pressure gradients
thin (n =z 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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Chemical mixing simulations with inhomogeneous background medium

Model C: Evolution of the 80Fe mass density distribution (cuts through z=0 and y = 0)
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No interstellar 60Fe background — model gives lower limit of 60Fe 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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Comparison of numerical and analytical results
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Supportive 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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(Fitoussizy 8) *

South Atlantic
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#(Wallner+ 2016)

.
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(Knie+ 2004)
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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 60Fe events in core A/B
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Supportive findings

3) Enhanced %%Fe signatures in lunar soil samples from Apollo 12, 15, and 16 (Fimiani+ 2016)

> No time-resolved measurements due to ‘gardening’ and absence of sedimentation
» Detected integrated fluence (F ~ 107-6x107 cm-2) compatible with LB model if, e.g., U=1, f=0.016
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4) Soft X-ray emitting cavities in 3D local interstellar dust maps match estimated sites of the two most recent
SNe (Capitanio+ 2017)
> Directions within 3° and 7°, respectively
» Similar distances

2000

Regions lying in directions of ROSAT 3/4 keV X-ray brightness enhancements (cf. Puspitarini+ 2014)
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Supportive findings

5) Connection to cosmic rays
> During 17 years, ACE-CRIS experiment collected 3.55x105 iron nuclei; among them are 15 60Fe nuclei
> CRIS energy range: ~100-500 MeV/nuc — acceleration of nuclei by SN blast waves (1st order Fermi process)
» 60Fe/56Fe ratio — time elapsed since ejection: a few Myr
» Distance to source from 60Fe half-life: < 620pc (diffusion model!) (Binns+ 2016)

» PAMELA/AMS-02 measured excess of positrons and antiprotons = 20 GeV, plus discrepancy in slope of protons
and heavier nuclei = consistent with SN source at ~100 pc distance 2—-3 Myr ago (KachelrieB+ 2015, 2018)

> Yet undiscovered pulsar in LB (d ~ 30—80 pc, E ~ 1033—34 erg s-1) responsible for local high-energy cosmic ray
electron spectrum (Lépez-Coto+ 2018)
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Summary

® Analytical and numerical computations show that SNe

creating the LB can also reproduce 6%Fe in the crust

Knie et al. (2004)

® Cluster age derived from stellar isochrones o Fitoussi et al. (2008) i

® Explosion times derived from stellar masses — ®0Fg from LB shell (analytical)

— ©0Fe¢ from single SN (analytical) i
--- numerical model (hom.) B)
--- numerical model (inhom.) (C)

* Masses derived from IMF using most probable binning

® Cluster trajectory derived from epicyclic egs. using phase
space (x-p)-coordinates from Hipparcos & ARIVEL data

e Explosion sites derived from most probable paths of the c ;ﬂ JH i + f%ﬁf{%‘jh;
OE L o TR s/ AU AL N T A
4 6 8 10 12 1

perished moving group members o 2

4

¢ 60Fe yields taken from stellar evolution calculations time period (Myr)
* Mixing with ISM followed via passive scalars

* Joint evolution of the Local & Loop | SB studied numerically 60Fe mass density of model B @ t= 2.2 Myr ago
for 3 models: two homogeneous and one inhomogeneous

* Models reproduce both the timing and the intensity of the
60Fe excess observed with rather high precision

* Two deposition scenarios:

- individual fast-paced SNRs, whose blast waves can
become reflected from the LB’s outer shell,

- the LB supershell itself injecting ¢°Fe of all previous SNe
over a longer time range

® |B properties observed are best matched by the model with
inhomogeneous background medium
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Model uncertainties and potential improvements

General

e Background medium: profound impact on evolution
and final dimensions of the SBs

> Trace back/remodel history of the local ISM using
GAIA data

» Use 3D high-res. reddening maps of the local ISM
(Lallement et al. 2018)

- cloud cavities consistent with last SN explosion
centers

- cannot serve as initial condition for whole LB
evolution (> 10 Myr); might only be applicable for
last explosion(s)

> Interstellar magnetic field

e Explosion sequence: left unchanged until now
(already includes most probable explosion centers for
considered stellar moving group)

> Refine underlying IMF using Bayesian statistics

» GAIA data

Radioisotope transport modeling

60Fe yields « stellar evolution models

Uptake factor « measurements of 60Fe at other sites
or analysis of other radioisotopes

60Fe dust survival fraction « comprehensive
description of formation and survival of SN dust at
different composition and size

Additional tracer elements (also for background
medium evolution)

Further 60Fe bump 6.5-8.7 Myr ago (Wallner+ 2016):
if related to LB formation (and not due to influx of
enriched IDPs or MMs; Farley+ 2006) — Further
constraint for our LB formation scenario — clustering
of stars between 12 and 15 Mo (deviation from most
probable mass binning); earlier arrival of LB
supershell?

M. M. Schulreich Simulations of the Local Superbubble
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Further reading and other media

e Schulreich, M.M. 2015, Ph.D Thesis, TU Berlin, Germany e Feige, J. et al. 2017, JPS Conf. Proc., 14, 010304

e Breitschwerdt, D. et al. 2016, Nature, 532, 73 e Schulreich, M.M. et al. 2017, Astron. Astrophys., 604, A81
e Feige, J. 2016, Phys. Unserer Zeit, 47, 220 e Schulreich, M.M. et al. 2018, Galaxies, 6, 26
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Parameters for Local Bubble supernovae

tsh - m(Mo) Mg (10°Ms) x(pc) y(pc) z(pe) D(pe) 1(°) b(°) @ 6 sC
126>  19.86 6.3 277 75 89 300 1515 17.23 17"17™  .7°09™  Oph
-12.0°  18.61 5.5 223 99 71 254 2394 16.22 17"37™  -0°21™ Oph
11.32  17.34 5.0 251 67 87 274 1495 1852 17"12™  -6°39™  Oph
-10.02  15.41 4.2 227 57 83 248 1410 1953 1707™  -6°48™  Oph
-10.03  15.36 4.1 185 77 67 211 2260 18.49 17M27m  -0°23™  Oph
872  13.89 3.6 203 45 79 222 1250 20.80 17"00™  -7°23™  Oph
-8.03  13.12 3.4 151 49 57 169 1798 19.75 17"14™  -3°34™ Oph
752 12,65 3.3 181 31 75 198 9.72 2222 16M49™  -8°46™  Oph
632 11.62 3.0 163 11 73 179 386 24.10 16M"30™ -12°03™ Oph
613 11.48 2.9 121 19 47 131 892 2099 16"52™ -10°04™ Oph
502 10.76 2.7 145 -5 69 161 197 2543 16"12™ -15°19™  Sco
423 10.21 2.6 97  -15 33 104  -879 1858 16M16M -24°35™ Sco
382 10.02 2.6 125 1 51 135 046 2219 16M28™ -15°40™ Oph
262 937 2.4 95 -9 47 106  -5.41 2622 16"01™ -17°05™ Lib
23 9.21 2.4 75  -49 17 91  -33.16 10.74 15M0™ -45°35™  Lup
152 8.81 2.3 83  -25 41 96 -16.76 25.31 15"32™ -24°44™  Lib
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