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Atomic-nuclei composition evolving over the cosmic history
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On-going Enrichments from Nucleosynthesis Sources
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Modeling Compositional Evolution

Dense Molecular

Changes in the forms of cosmic matter:
““"stars and gas flows:

M = Mgas + Mstars + Minfall + Moutflow
dmg

=V +E+[f—-o]

Intergalactic .y g dt
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W (t) is the Star Formation Rate (SFR) and E () the Rate of mass ejection
““"gas which is ejected from stars: when?
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“““newly-contributed ashes from nucleosynthesis: what?

The mass of element/isotope i in the gasism; = mgX;
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Modeling Compositional Evolution

Dense Molecular

Changes in the forms of cosmic matter:
““"stars and gas flows:

M = Mgas + Mstars + Minfall + Moutflow
dmg
dt

=Y+ E+[f —o]

Intergalactic
Gas

W (t) is the Star Formation Rate (SFR) and E () the Rate of mass ejection
““~gas which is ejected from stars: when?
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Nuclear reactions in cosmic environments

major challenge:

plasma in the Universe is very different
from the conditions in terrestrial
laboratory experiments
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Abundance relative to 10° silicon

Cosmic origins of the variety of nuclides

Associating different “processes” with nuclide groups — that’s what we teach...
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model description fails for several elements
— even for elements from same source type...
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Different Complementing Observing Methods
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Radio-Isotopes with ~My lifetimes: 26Al , %9Fe

Discoveries " Temporal evolution of studies
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Gamma-Ray Lines from Cosmic Radioactivity

Radioactive trace isotopes are by-products of nucleosynthesis reactions

Released into circum-source ISM, we can observe gamma-ray afterglows:

Isotope Mean Decay Chain Y -Ray Energy Detected Source Type
Decay [keV] Source
Time
'Be 77d Be — Li* 478 (none) Novae
%6Ni 8.8d;111d %Nij — %Co* ->%Fe*+e’ 158, 812; SN2014J; Supernovae
847, 1238 SN1987A,
SN1991T(?)
57Ni 390 d 57Co— 5’Fe* 122 SN1987A Supernovae
2Na 38y 2ZNa — Z2Ne* + e* 1275 (none) Novae
pad | 85y UTi MG c*>MCat+e’ 78, 68; 1157 SNR Cas A Supernovae
220230Th ~1.0 10°%y 229230Th —----—208Ph 352...609...2615 (none) Neutron Star Mergers, SNe
12850 3.310%y 12650 —126gh*—1%6Te 666; 695; 87; 64 (none) Neutron Star Mergers, SNe
Al 1.04 10%y ZA| > 26Mg* + e* 1809 Massive-Star Stars, Novae Supernovae
Groups Cyg, Ori...
80Fe 3.510%y 80Fe — 60Co* — SONj* 59, Galaxy (?) Supernovae, Stars
1173, 1332
e’ 105... 107y e'te > Ps > 7y.. 511, <511 Galactic Bulge, Supernovae, Novae, Pulsars,
Disk Microquasars...

(abundance; decay time (weeks<t<108y) long enough to survive ejection/not too long to be bright)

12

Only the most-plausible candidates per source type are listed




MeV Range Gamma-Ray Telescope Imaging Principles

® Compton Telescopes and Coded-Mask Telescopes

Thin detector E1 2=

Coded mask

Thick detector E» Camera

Achievable Sensitivity: ~10> ph cm2 s'1, Angular Resolution > deg



Current Nuclear Gamma-Ray Line Telescopes

INTEGRAL o e
2002-(2023+..2029) :
ESA

15-8000 keV

NuSTAR (only <80 keV!)

2012-(2022+) ...
NASA

Fig. 1. NuSTAR telescopes in deployed configuration
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¥ INTEGRAL Cosmic Photon Measurements: The SPI Ge Y-Spectrometer &
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INTEGRAL: Dominance of instrumental background
SPI Ge detector spectra
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INTEGRAL/SPI Performance Monitoring

Spectral Resolution in Deta|I regular anneallngs are essential
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Discriminating Background and Sky Signals in SP| Data

® Tracking the relative count rate ratios among detectors

““"characteristic signatures from celestial sources withcoded mask, and from background events
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Gamma ray spectroscopy with SPI
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Lessons from radioactive isotopes

Dense Molecular
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Understand the sources of nhew nuclei
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SN2014) light evolution in the 847 keV >°Co line
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SN2014) data Jan — Jun 2014: 3¢Co lines

Doppler broadened v/
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SNla and SN2014)J: Early >°Ni (v~8.8d)
Spectra from the SN at ~20 days after explosion

Clear detections of the two strongest lines expected from °6Ni (should be embedded!)
Diehl et al., Science (2014)
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>6Ni mass estimate (backscaled to explosion): ~¥0.06 Mg (~10%)

i.e.: not the single-degenerate M., drasekhar Model,
. but 2 WDs (double-degenerate)

nnnnn

°Ni belt

(opt. thin) } <5000 kms™'

- SN la are a variety
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Supernovae of type la /‘\ iomcme e

“strewwh-facior” correcied
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Cts sec ! keV™!

44Ti from SN1987A

ab-initio models
= My, = 0.x 10 M (spherical)
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44Ti X-ray result NuSTAR
9 M44TI = 1.5 +0.3 10-4 M@

44Ti line measurements INTEGRAL
> Myumi < 3.1 =08 104 M (20) (1BIS)

> Myuri < 7.5 10 Mg (20) (SPI)



44Ti radioactivity in Cas A: Locating the inner Ejecta
NuSTAR Imaging in hard X-rays (3-79 keV; #*Ti lines at 68,78 keV) =

‘¥~ first mapping of radioactivity in a SNR

N
]
— redshift ~0.5 keV Si/Mg Jet

— 2000 km/s asymmetry

— 4Ti flux consistent with
earlier measurements

Grefenstette+ 2014; 2017

— Both #*Ti lines detected clearly
Continuum

— Doppler broadening:
(5350 =£1610) km st

— Image differs from Fe!!

‘¥ 44Ti—2 TRUE locations of ejecta from the inner supernova

“¥”Fe-line X-rays are biased from ionization of shocked plasma
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4Ti in Cas A: INTEGRAL/SPI contributions ...,
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The 44Ti decay chain with INTEGRAL/SPI:
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NuSTAR update: 44Tiin Cas A

. . . . 2.4 Msec NuSTAR i
Imaging resolution allows to spatially resolve Cas A's 44Ti: sec NUSTAR campaign

Grefenstette et al. 2017
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Lessons from radioactive isotopes

Dense Molecular
4

Trace the flows of cosmic matter

Intergalactic
. Gas
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26A| y-rays from the Galaxy

0.5 keV binned All Sky Al Spectrum (COMPTEL map)
————

. —
SPI on INTEGRAL , F pesaan © ]
& - ni -39 - -
P F Detecton sgnicance: 3969 SPI/INTEGRAL
. —_ o = 1808.9640.06 keV ]
< ‘." T A0F E‘WHM=3.5710.16:eV 2016 3
B2 . . . o ; [ C,=(1.3130.39)x10° phcm™ s keV"' 3
" B - I E
A g o =< o 3
Gt R e} E ]
; S S 30F £
- P g ““ '.'w E E
. E ]
o* oy C ]
“’ IE C ]
‘¢“ (&) 20:_ _:
* L -
* i 7 S E o ~— -& o E
— = 3 \ - \» 1 l? E E
/1N ~ 2 10F 3
Lo N T B :
B e o e il W [ i
N o Eeie L e e -
7 / | -\ \ 0 »{« % '}‘ ]
c NP S ! L L [ L =

L L R B L L L
1805 1810 1815 1820
Energy [keV]

1800

31



Hints from Presolar Grains
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; Type Il SN = D“n?;‘gg
Isotopic Ratios in C,N,Si,...=> Source Type of Presolar Grain 105 g
3 o o m]
AGB Stars i )
10° 3 H - 0-2_5 %g e { AGB stars
Supernovae E CNOcycle | Presolar SiC 1K t°
. - g ® Mainstream 5] *$e @3?
Novae i o %4° | ® TypeAsB 075 a3ty e
10“—g ’% ' o Iype ¢ > : %@ A
= ° ype/&Z/ 1043 *.. Presolar SiC
- (o) E ; _l'g;;:s)t(ream
=103 > 5 C stars - % Type A&B
3 - LI Illllll L lllllll LI} IIIIII LILBLBLLLLL
Tle\ qsolar 100 10 102 108 104
=z I "" A 2EIRG
= 102 °
E o o
1E+04
10 3 ]
100 "
Amari, Nittler, 101 5
Hoppe, Zinner,
..etal
1E-24
26A| Found

1E40 1E+1 1E+2

in “ALL Candidate Sources 12C/13C



Galactic Latitude (Deg)

~Massive stars and Al radioactivity

/
= Pliischke+ 2001
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The Al Isotope Ratio 2°Al/27Al

27Al is enriched with Galactic Evolution, i.e. ~time
26Al decays, so from current/recent nucleosynthesis only

Early solar system meteorites measure ESS environment (=2 2°Al enriched?)
Pre-solar grains measure nucleosynthesis in dust-producing sources (= much larger)

350

30

number of grains

ISM now Q B Solar System
- (from gamma rays)§ Dinterstellar Grains I— |
X
\ [ ~
250 \
\ 120
X
200 \
N\
\ 15
X
150 \
\
§ 10
100 \
\
50 & e
0 ulll r 0
A S S y-@ :590 .S > RS

log ( isotopic ratio 26Al / 27Al)
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26A|1 y-rays and the galaxy-wide massive star census

SPI on INTEGRAL 7;5 *{ SPI/INTEGRAL
3 ! 2020
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y-ray flux = cc-SN Rate = 1.3 (+ 0.6) per Century
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Radioactivities from massive stars: OFe, 26Al

- Messengers from Massive-Star Interiors!

...complementing neutrinos and asteroseismology!

Processes:

'« Hydrostatic fusion
"« WR wind release
" Late Shell burning
'« Explosive fusion
'« Explosive release

210N,
l 1 | 1 l I I 1 I 1 I T I I 1 I I T I I I T ' T | I T 1

ret tlear erergy generatlon (urning plis neutring lases) inerg g s

20 |-& o s se! el ee? e
(=]
- E E £t qucle & energy 1oss(burning HIUE neUtinG losses) e g &
1 P REET <510 <10 <102 <107
=2 .
h 26A1 Production
..
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7 (.—-—- Lotal mass of the star freduced by mass loss

4

lo s rwi\

-
(4]
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J Mg

-
o

radial mass coordinate [Mg]
|

6 4 2 0 2 4 6 8
log (time before SN) [y]
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2eAl Yield [Mg]

26A\| Yields versus mass, for massive stars and their SNe
10—2_

10—4_

=
o
&

=
o
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Chieffi & Limongi (2013) total  =-e= Limongi & Chieffi (2018) total
-« Ekstrom et al. (2012) wind -«o+- Limongi & Chieffi (2018) wind
—eo— Nomoto et al. (2013) total —eo— Meynet et al. (1997) total
—e— Limongi & Chieffi (2006) total —e— Woosley & Heger (2007) total
--#- Limongi & Chieffi (2006) wind  --e-: Woosley & Heger (2007) wind

=
o
e
o
. Sa . 8 =
...o.."_“.,
@

10~ - : - - - -
20 40 60 80 100 120
Mzams [Mo]
"~ ccSNe dominate for lower-mass range,

winds dominate over explosive ejecta for more-massive stars
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* We model the “outputs”

of massive stars and their
supernovae from theor\/
— Winds and Explosions

— Nucleosynthesis Ejecta

Massive-Star Groups: Population Synthesis

lonizing Radiation

log(dE/dt) [erg/s]
35 355 36 36.5

261 [Msol]

5x10°¢ 1078

————————________——%?
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* We get observational constraints f

Star Counts
ISM Cavities
Free-Electron Emission

Radioactive Ejecta
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Population synthesis: impact of different inputs on groups
variation of explodability (i.e.: not all stars of high mass make a SN!)

20- Pleintinger 2020
—— 509 (Smartt 2009) withbasic yields
— 12 (Janka 2012) Limongi & Chieffi 2006

—— S+416 (Sukhbold et al. 2016)
LC18 (Limongi & Chieffi 2018)

26A1 [107% Mo ]
=
i

y

% s 10 15 20 25 30 35 40

40- Acronym Exploding stellar models

S09 M, >8
J12 8 < M, <100 and 140 < M, <260

S+16 Irregular islands and valleys of explodability
LC18 8 <M, <25

60Fe [107% Mo]
N
o

0 5 10 15 20 25 30 35 40
Time [My]

““"contributions from early (i.e. most-massive-stars') SNe eliminated if non-exploding
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Diffuse radioactivity throughout the Galaxy
Galactic Population Synthesis Modelling

‘" Use stellar / SN yields and evolution times Pleintinger PhD thesis 2020
““"Include knowledge about sources (stellar groups)
““"Include known groups; sample unknown groups

- bottom-up model for the 26Al observations™®

=5
® Perseus c
e Cepheus : MC Samplmg SFR
-6 i .. i ;
e Cygnus of distant Wasial ray tracmg
® Sco-Cen . - . groups time
_,. © Carina " & Spatial
Orion L locations e
. ", .. of nearby Metallcity
= —-8- :‘ . . : gradient
8 , %eq, 8 groups
x . et
-9 o ® Position ECMF
T . [ » Age
.os o, & Isotopic :
- . ’ &7, content Sics
=10; % Cluster mass .
Expansion
Metallicity
l_lo .
s 20- population
TO OUtpUt Of Stellar mass NI SynthESIS
. Nucleosynthesis
= 101 a single group output s
S_E 4 Rotational velocity
0 5 10 15 20 Nucleosynthesis Aspect Model Parameters Model Input
time (My)
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Diffuse radioactivity throughout the Galaxy
Galactic Population Synthesis Modelling versus observations e sos

4 PSYCO (best)
7
600 2

N180° 150° 120° 90° 1602430 10° 1330%300° 270° 240° 210

t::::i:::::t\ ]

o &—/4\&_:;:1

GMO0 GMO1 GMO2 GMO3 GMO4

> 4-arm spiral 700 pc, LCO6 yields, 7o e ‘/’\\A
SN explosions up to 25 Mg Soaw” 02

"~ observed full sky flux:
(1.84 =0.03) 103 ph cm™2 st

7: SFR=4Moyr SFR = 8 M, yr-!
“““model-predicted 2°Al: Teo.s‘/\‘/{ -
-2 =x10%phcm?s! 2> toolow %o |

F"'—+\‘~ »J 1.0
. . o ope = o-----+__-‘_t::\\*’/:—
¥ Best-fit details (yield, explodability) 502 ————"=¥="] os
depend on superbubble modelling ™™ Taacicnopnooy " Gaisctic moshoogy
(here: sphere only) S Tom e
--- LC18 —— %%e (1.3 MeV)
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Massive Star Groups in our Galaxy: 2°Al y-rays

e /OC/[]/ '0,‘_

"% Large-scale Galactic rotation 0.8 s
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How massive-star ejecta are spread out...

300,—-:‘]:; ‘
Superbubbles extended away
from massive-star groups

radial velocity [km s7]

O OB Ssosid o I
. shellv"“
B X-ray bubble
-JééAI ;jecta "

Blow-out

~ Galactic
=centre =
‘ -

Galactic
rotation

Galactic rotation

lllustration by M. Pleintinger (202

Krause & Diehl, ApJ (20

Observer

0)




Orion-Eridanus: A superbubble blown by stars & supernovae
ISM is driven by stars and supernovae = Ejecta commonly in (super-)bubbles
‘ IR/molecular cloud

X=ray bubble

Galactic Plane TSXX HI shell

" 'Local Bubble -
f-,’i'.=;|_0‘f. K : .
L ibr4g0s R

' }—» £-200°

500 pc

Orion A,B
molecular
clouds

! L
1 1
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+10km/s

S My B0 etz

N i 6203,-37 . "-Orii'.qu'l-b'}"‘i

‘:'nmn T Y

OriOBlc,d

Verschuur et al
200 pc+ filament

3S1-hr Time = 0.00 Myr

Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003

Flux [10° ph om 2 s (1.5 keV)™']

|
. . Zn .
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Energy [keV]

3D MHD sim, 0.1..0.005 pc resolution
44 Krause+ 2013ff



Stars, structures, & shells

ISM is driven by stars and supernovae
= Use stellar census for estimation of driving energy & nucleosynthesis (2°Al)

‘ IR/moleculor cloud  Krause+ 2014, Fierlinger+ 2016,

Voss+ 2010, Diehl+2003
X~-ray bubble
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i SaBE 4808 .-k

| i | 1
- » £-200° .
300p¢ 400 ¢ 500 pc Gaia parallax analyses
Orion A8 - 22 stellar groups
molecular
Tl '150pC<MCS<50pC Chen+2020
7 # stars = 400
5%, S r +10km/s o 4 s & 3
% * .-"¥' o - :
\. .. Ofi.OB.1b- ¥, ; ; <
R . -.'_' -; p ) ¥ i 1 ia
¥ 5 & $ | 2
"' ey 0 . » 0 _'; ¢ % 0 Y g
Verschuur et al a &« Al b
200 pc+ filament | 3 . s
OriOBlcd 4 - 2
) » ) » - #stars < 400
< 25[ OBla OBic  OBib, | 10 0 :
§ (= : 5 s ;
'g_ 2.0_— P . . : 1 5 s 5 “‘?, ‘ b5
o C opulation Synthesis \ = .Tw-"" « | 2
o [ ] i € e g
= 15F: Voss+ 2010 By ] S o W e ® 0 @& | Eo ‘s
5 L 1 ] = ?‘ » é ¥ = i
> 10BcMsecl o . _ .l (= T e e | (g P B 2
= [ > ;’\“ 4
8 0.5 | __ -10 -10 . -
® : ] A%
= 00: l I l ‘ : tOl be reneWEd”. Vg 8 %0 75150 45 40 35 30 25 20 A3 3 ] I 0 1 . :. 3
-12 -10 -8 -6 -4 -2 0 2 RA (deg) Parallax (mas) PMRA (mas/year)
Age [Myr] NOW 45



7« neutron-releasing reactions only in He and C burning

How massive stars stars evolve towards the ccSN

/'« 80Fe production only in late evolution = released only with ccSN
evolution of a group of stars (popSyn)

Kippenhahn diagramn of stellar evolution

22.0 Mg,

20

radiative envelope
(blue giant)

i

m /Mg

radius (relative mass)

net nuclear energy generation (burning plus neutrino losses) inerg g~ 147
o 07! 109 00 20?2 s it

net nuclear energy loss (burning plus neutrino losses) inerg g e

T T T I T T T l T T T | T T T | T T T | T T T

<105 <-10* <=103 <102 <-1a ! <-100

(,_a—- total mass of the star (reduced by mass loss due to stellar winds)

/

D convection

emiconvection
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¢

%0Fe production

convective envelope (red supergiant)

[+ -2
log{ time till core collapae / yr)
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Flux [ph cm2 s keV]

Diffuse gamma-ray emission from %Fe in the Galaxy

26Al and ®°Fe analysis with same INTEGRAL dataset (15+ years) and models

R = 7000 pc; z = 800 pc
N

o
107 N
®0Fe emission too faint for imaging etc
Wang+ 2020
0.14] ™M Exp. Disks — 408 MHz ©
' 26-Al SPI
~— 26-Al COMPTEL |-
0.12 " == DIRBE 4.9 micron
sy - IRIS 25 micron
800 1000 1200 1400 1600 1800 2000 o010 e L
<
Variability study on ®°Fe/?®Al ratio g0 s
(systematics!) g 0.06
2
0.04
=> 0Fe/?°Al < 0.4 in Galaxy o o
cmp theory: 0.2...1, :
0.00- == 0
and oceancrusts: >0.2 0.10 0.15 0.20 0.25 0.30 0.35 0.40

60Fg/26A| Line Flux Ratio
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Ejecta in star-forming regions

® The composition will vary locally, near newly-ejected ashes

Kuffmeier+2016

0.25 = T L L) llllll 1 L 1 llllll L I L llllll L 1 ] ||lll

= —0.679Ma _

O 0.20 [ o L —1{1779Ma —
= - Iy 'rr2229Ma -
O = g i - =2679Ma =
£ 015 — '=1:3179Ma C
2 - B =3279Ma -
Q - -
o = 5 b =
0. 0.05 —
0.00 ' ST A o8 g 3 a1 L1 1 n*,. ol o, " n

0.001 0.010 0.100 1.000 10.000

60Fe/zGAI abundance

““"major dependencies on assumptions about GMC morphology (= 'feedback'?!!)

® Newly ejected ashes could be incorporated into 2" gen stars

® The Galaxy at large has 9Fe/2°Al ~ 0.5,
the ESS had ~0.002 — can we get more & different viewpoints?
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%0Fe and 244Pu from nearby nucleosynthesis found on Earth

Wallner+ 2015, 2016, 2021

=V
100 B ]
5 244p
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g 60 - TNSO My
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s 20
> # s
A - A SN N N N O I e e e e 185 %
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2301 1% %
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2 el
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s e o*’ L % - 0
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0 1 2 3 4 5 6 i 8 9 10
nodules E edithents time period (Ma)
% . c

peak of radioactivity influx
=3 & 6-8 My ago!

+ lunar material probes; + antarctic snow

What are its sources?
How did these traces of nucleosynthesis get here?
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%0Fe on Earth from recent nearby supernovae?

The Sun is located inside a hot cavity (Local Bubble & Loop-1)
SN explosions within LB = ejecta flows reach the Solar System

Schulreich+ 2017

i 4

A

: >
L

—400 -200 0 200 400 600 800 —400-200 O 200 400 600 800 —400-200 O 200 400 600 800
x (pc)

see also Zucker+ 2022 for a recent update on the Sco-Cen SN activity
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26A| Radioactivity: 7B Wﬂ?‘@ -
Special Messengers

(free free radio emission)
(WMAP, Bennett+2003)

starlight

Radioactivity provides a

ClOCk (2 um IR emission)
W201ASS, Skrutskie+2006)

positrons in the ISM

26A| radioactivity @
gamma rays trace (511 keV y-ray emission)

. . x| TEGRAL/SPI Slegert+2015) .
nucleosynthesis ejecta ‘ |
over ~“few Myrs

(1809 keV 26AI V- re&emlssrorf) '\—‘— 0 - - ol T N,
CGRO/COMPTEL Diehl+1995) \ & |/ s

Radioactive emission is
independent of density,
lonisation states, ...

cosmic rays exciting ISM

U m——

(GeV gamma ray emission)
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Nucleosyntnhesis & Gamrna-Ray Spectroscopy - Summary

Supernova explosions are not entirely spherically symmetric

"7 56Nj and how it reveals its radiation in SN2014)J
— SN la diversity; sub-Chandra models?

“¥7 44Tj image and line redshift in CasA; SN87A
— ccSupernovae are fundamentally 3D/asymmetric

Cycling of cosmic gas through sources and ISM is a challenge & 5. 7

&7 26| preferentially appears in superbubbles
— massive-star ingestions rarely due to single WR stars or SNe

““"the current Galactic SN rate is ~1/70 years
"“"60Fe is a SN/wind ejecta diagnostic (SBs older than for 26Al)

\\
R |
\

‘. Fountain

Varied messengers complement each other
with essential diagnostics

" Radioactivity provides a unique and different view
on cosmic isotopes (via gamma rays, stardust, CRs, sediments)

" A next gamma-ray telescope (light-weight Compton teIescope)Th -~
is a dream 2040+; INTEGRAL ends 2029; COSl is a step (2027)... Astophysics

with
Radioactive
56 Isotopes |



THE CREATION OF

THE NUCLEI
AND THEIR ROLE IN THE UNIVERSE

ASTROPHYSICS:
COSMIC ORIGINS

How scientists explore the creation
of all the elements that we find on
Earth and across the Universe

Sun I3 soordindry Vﬂlddllcmd
oo of 100 hlllbﬂ !lir‘ﬂ
Gatixy alone. The Sk cons
My o fiydrogen (s pucious made
# proton) and helium (wo pro-
Awo Beutrons). Thede, the light- -
lements, are, INought., 1o have
| made in-primordial procass.
C r.n Imindtes atee, the @ig Bing,
fy 14 billion years ago. Such
largial gas gragually corsensed
ugh gravizy inls afassive incan-
e bt ot gn ~ the first stars,

lars, xrm.ams pressure and
drivg the Nuclear-fusion-reac-
1 of fiydrogen nuctei to produce
% helium.'ss well 38 carbon, cxy-

3
“bodwother nucig with the re- .
., Mo G he impertant elements thal

)

» of huge amousts,of energy
‘moglear biading ehergy. We
wanitestafion of this in the un-

Corton 10 Do up

ch mare masaive stars Later e

and cyclic ¢

he entirg Universe,

warvants, o8 10 goid 20 iitomrn,

Sh i enpienn may bapsen when

O typen ot enpioncon e haspen
o & white Suart thet i part of 3

caied e le

R . 0y
oy R the ariaty o’.\m-nu the from ig ‘oor glood anchrary and W%

ardund us ~ the cxygin wa bresthe. picious; elements - such a% boig, .«
1t as ¢ .

the carbon that is the bisi
“Fwell as Tossd fusl

Wiaa the T of naliesr fuglon
hewe corés rund out, staed Sun

plitinum or urapsim. s

Eventuafly, the ‘materis| dispersed
“by this cafastrophic end.of a star

nnnlun“y [ oﬂ mlu oter énve-

lope
and g
Jthata mu:n

- othyer Aand,

" Stacs

cools 304 Eonds to new stars,
perhaps with accomparyiog planets
) @

ueport
deed, the'chlidren of stardust!

massive: op 1he,.  *,

Dhaie awn gravity, and mgat of ther
-explode 3 2 supsrnov, thtoiving oat,
-vfuumun intespace,

wm.n the :mlwu violer nucle-
¢ procasses’ betWedn transient ex-
otic.nuclel lead to the symthesis of

:Nucjear
fhe procedses undeflying the cre-
ation-of ihe elements and their nflu-

on brdader cosmidiphgromeia
0’ g, stars. gatixies, and-in their
evolution Sy
D T L L -
e M5 £ o e ¢ 574 w5

shape our life (o
Such suparnovae make the catélum

© 3nd warmth that sustaing (ifed.in our bones, the oxyden we breathe,

THE ELEM

THE COMPLEX WEB OF CREATION

ENTS AND THEIR ISOTOPES:

MADE BY NUCLEAR REACTIONS

In atomic nuclei, protons and new
trons are bound logether by the
strong nuclear force against the
slectrostatic reputsion of the electric
charge of protons. A mucleus s very
compact, and ten thousand limes
smaller than the electron clowd that
determines the size of the atom. The
charge of the electron cloud deter
mines the characteristic chamical
properties of each element. The
different nember of netrons that
€3n be bound 10 the same number
of protons make up the varioty of
isotopes, and these determine the
characteristics of nuclear reactions.
These reactions re-arrange the mix
of protons and neutrons. thus cre
ating new isolopes from existing
ones. In cosmic envirenments. nu-
clear reactions often invotve unsta-
ble and rare isotopes, Thus, from the
primordial elements hydregen and
halium, elements such as carbon.
oxygen. iran. and geld, and all their
isotope:

IUPAC
Periodic table of
the elements




