¥

Illuminated%t Around Supeﬂnt Star \[é’??%?hwgt;rotis.(c.redit: NASA, AURA/STScl)



Elements that formed during Big Bang nucleosynthesis

1 18
- 2
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The rest of the elements — what's left to explain
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Stellar nucleosynthesis — the three main processes (Burbidge et al., 1957)

Number of protons

Number of neutrons

>
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Stellar nucleosynthesis — the three main processes (Burbidge et al., 1957)

A Massive stars -

Number of protons

"Hubble image of- Wolf-Rayet star WR31a
Number of neutrons
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Stellar nucleosynthesis — the three main processes (Burbidge et al., 1957)

Number of protons

Number of neutrons
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Stellar nucleosynthesis — the three main processes (Burbidge et al., 1957)

28

27

26

Reto Trappitsch (Brandei

57Cu

196.3 ms

56Ni
6.075 d
8+2mb

SSCO

17.53 h

53Mn

3.74 My
132+33mb

28

SSCU

3.204 s

57Ni
35.60 h
71+18mb

SGCO

77.236d
145+36mb

55Fe

2.744y
91+24mb

54Mn

312.20d
244+61mb

29

59Cu

81l5s

58Ni
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34.1+1.5mb
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>6Fe
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23.7 min

59Ni

76 ky

1.2 My
58+12mb

SSCO

70.86 d
285+71mb

57Fe

2.1191%
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GSCU

30.826%
31.2+1.7mb

64Ni

0.9256%
7.7£0.3mb

63CO

1.54 min

62Fe

68s

61Mn

0.709 s

36

66
C” . stable nuclide
5.120 min
B~ decay

65Ni

317 B* decay / € capture
64Co neutron / proton
193.28 ms magic

> main s-process path

53Fe

8simin | . minor reactions
62Mn

92 ms

370y Trappitsch et al. (2018)
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Stellar nucleosynthesis — the three main processes (Burbidge et al., 1957)

Number of protons

Number of neutrons
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Stellar nucleosynthesis — the three main processes (Burbidge et al., 1957)

4 Low-mass stars -

Number of protons

Post AGB star V838 Mbn (Credit: NASA)

Number of neutrons
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Stellar nucleosynthesis — the three main processes (Burbidge et al., 1957)

Number of protons

Number of neutrons

>
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Stellar nucleosynthesis — the three main processes (Burbidge et al., 1957)

4 Neutron star merger?

Number of protons

Number of neutrons
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Solar System formation from average material in Milky Way

e Formation of the first Solar System solids:
4.567 Ga ago

o Composition of the solar nebula defined by
galactic chemical evolution (GCE)

e GCE of Milky Way prior to Solar System
formation: ~ 9 Ga

Understanding the origin of the Solar System
requires knowledge on how the formation took
place and where its material originated

Reto Trappitsch (Brandeis) Hands-on Astrophysics Mar 10, 2022 5/28



The witnesses of the early Solar System

Meteorites
@ Unaltered, primitive meteorites
@ Analyze solar nebula composition

@ Short-lived radionuclides to
inform early Solar System timing

Presolar grains

@ Incorporated into meteorite
parent bodies

o Bona fide stardust

@ Recorded the composition of
their parent star

Reto Trappitsch (Brandeis)

Hands-on Astrophysics

Allende
CV3
chondrite

Presolar
SiC grain
from
Murchison
CM2
chondrite
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\WISHIVELL I Stardust grains

Presolar grains: stellar remnan

det l/mag o HV  'spotf WD |dwell HFW [t ' 11 E— det |mag o HV  spotf WD |dwell HFW — ' L01}
ETD 75 382 x/30.00 kV 5.0 |10.9 mm 15 ps 3.40 pm Presolar Grain ETD 34 891 x/30.00 kV 3.0 |10.9 mm 15 ps 7.34 pm Presolar Grain
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Presolar stardust and their parent stars

@ J-units: Deviation from solar (%o)

@ Presolar grains identified by their extreme
isotopic composition

@ SiC grains: best studied samples

o Classified by analyzing their Si, C, and N
isotopic composition

@ Carry their parent stars isotopic
composition

@ Hands-on astrophysics samples

e Galactic chemical evolution

e Stellar nucleosynthesis

e Transport processes in the interstellar
medium

Reto Trappitsch (Brandeis)
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SiC C-grains
SiC Nova grains
SigN, grains
Graphite grains
Silicate grains

s MZOPN<X

Hands-on Astrophysics

-600

-400

-200
5%°Si (%0)

0

00 o

Davis (2011)

Mar 10, 2022 8/28



Presolar stardust and their parent stars

@ J-units: Deviation from solar (%o)

@ Presolar grains identified by their extreme
isotopic composition

@ SiC grains: best studied samples

o Classified by analyzing their Si, C, and N
isotopic composition

@ Carry their parent stars isotopic
composition

@ Hands-on astrophysics samples

e Galactic chemical evolution

e Stellar nucleosynthesis

e Transport processes in the interstellar
medium

Reto Trappitsch (Brandeis)

Z
0
~
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1000

100

Hands-on Astrophysics

SiC X-grains
SiC Y-grains
SiC Z-grains

SiC C-grains
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C
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c
5
.

ns

Davis (2011)
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Classification: Analyzing the grain's C, Si isotopic compositions

@ Analyze the isotopic composition
of Si, C, (N) in SiC grains

@ NanoSIMS: Nanoscale Secondary
lon Mass Spectrometer

@ Secondary ions analyzed
— prone to isobaric interferences

@ ldeal instrument to measure
major isotopic composition

Reto Trappitsch (Brandeis) Hands-on Astrophysics Mar 10, 2022 9/28



Measurement techniques Isotope analyses by resonance ionization mass spectrometry (RIMS)

Trace element isotopic analyses

@ Resonance lonization Mass
Spectrometry (RIMS)

@ Most sensitive technique
available for atom-limited
samples

e Up to ~ 40% useful yield

@ Only two instruments worldwide
that analyze presolar grains

o LION at Lawrence Livermore
National Laboratory

e CHILI at the University of
Chicago

Reto Trappitsch (Brandeis) Hands-on Astrophysics Mar 10, 2022 10/28



Measurement techniques Isotope analyses by resonance ionization mass spectrometry (RIMS)

Trace element isotopic analyses

@ Resonance lonization Mass
Spectrometry (RIMS)

@ Most sensitive technique
available for atom-limited
samples

Up to ~ 40% useful yield
@ Only two instruments worldwide
that analyze presolar grains
o LION at Lawrence Livermore
National Laboratory
e CHILI at the University of
Chicago

Reto Trappitsch (Brandeis)

M accessible by RIMS

A RIMS Periodic Table

Hands-on Astrophysics

H]1Be]  mpublished RIMS studies B
Na |mg M published RIMS isotopic measurements Allsi| P
K |Ca|Sc|Ti| V| CrlMn|Fe|Co| Ni|Cu| Zn|Ga|Ge| As Kr
Rb|Sr|Y | Zr | Nb|Mo| Tc |Ru|Rh|Pd|Ag|Cd| In |Sn|Sb |Te Xe
Cs|Ba| * [Hf | Ta| W|Re|Os| Ir | Pt |[Au|Hg| Tl | Pb|Bi | Po|At |Rn
Fr| Ra| **
*|lLa|Ce|Pr|Nd|Pm|Sm|Eu|Gd|Tb|Dy|Ho| Er |Tm]|Yb] Lu
#»|Ac|Th|[Pa| U |Np|Pu|Am|Cm|Bk | Cf | Es |Fm|md|No | Lr

Savina and Trappitsch (2019)

Mar 10, 2022
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[VECENTE I R LIETIECI  Isotope analyses by resonance ionization mass spectrometry (RIMS)

Target Extractor Focusing optics Reflectron
0 N
¢

Detector plus optics

Ti:sapphire lasers
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[VECENTE I R LIETIECI  Isotope analyses by resonance ionization mass spectrometry (RIMS)

lon pulse / Desorption pulse
Target /Extractor Focusing optics Reflectron

Detector plus optics

Ti:sapphire lasers
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[VECENTE I R LIETIECI  Isotope analyses by resonance ionization mass spectrometry (RIMS)

Target Extractor Focusing optics Reflectron
| [ |
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Detector plus optics

Ti:sapphire lasers
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Target Extractor Focusing optics Reflectron
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Detector plus optics
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Target Extractor Focusing optics Reflectron
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Detector plus optics
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[VECENTE I R LIETIECI  Isotope analyses by resonance ionization mass spectrometry (RIMS)

Target| Extractor Focusing optics Reflectron
v

Detector plus optics

Ti:sapphire lasers
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[VECENTE I R LIETIECI  Isotope analyses by resonance ionization mass spectrometry (RIMS)

Target Extractor Focusing optics Reflectron

0

Detector plus optics

Ti:sapphire lasers
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Measurement techniques

Simultaneous analysis of Fe and Ni by RIMS

100 4

Trappitsch et al. (2018)

Signal (arb)

54 56 58 60 62 64 66
Mass (amu)
Hands-on Astrophysics  Mari0,2022  12/28



Measurement techniques

Simultaneous analysis of Fe and Ni by RIMS

Mass, calibrated for Ni (amu)
53 54 55 56 57 58 59 60 61 62 63 64 65

10° .
Trappitsch et al. (2018)

Signal (arb)

53 54 55 56 57 58 59 60 61 62 63 64 65 66
Mass, calibrated for Fe (amu)
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Laser lonization of Neutrals /'







HL Tau (ALMA/ESO)



iades (NASA/ESA/AURA/Caltech)



Stellar evolution and nucleosynthesis BRETENNENCEIERE 212

Hydrostatic equilibrium — Gravity vs. nuclear burning

Pressure
out
Gravity
in

= =

el
: a8

s =N

Conter
.

0" 'g

Weight

2 o
‘Copyright © 2005 Pearson Prentice Hall, Inc. ey
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Stellar evolution and nucleosynthesis BRETENNENCEIERE 212

Stellar lifetimes — the James Dean syndrome

1007
@ Mass luminosity relationship i Age of Milky Way
110) S
L oc M3® i
o Stellar lifetimes 7 depends on fuel availability — ~ F isun
5, P
S 0.1F : E
T x M F E
T Lil 0.01¢ E
@ Sun can burn ~ 10% of its H 10-3é .
o 7= 10 Gyr Eoo
-4, | Lol | L
l0G -3 107 10 100
T= yr I\/I® Mass (Mo)
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The life of 2 star
Life and death of a low-mass star (0.4 Mo, S M < 4 M,)

Evolution of a 1 Mo star

@ Solar core now: Ty~ 15, p ~ 150gcm™3 o SR
@ H runs out: core contracts, H-shell burning P;iﬁﬁ?iﬁi’ff P°St'AGj N

@ Envelope becomes convective & braﬁifftympw L
@ Meanwhile, the core keeps contracting : /

until degenerate

@ He is added and temperature rises

Luminosity (Le)

@ He ignites — He-flash: a thermonuclear
runaway (for M < 2 M)
— Energy goes into lifting degeneracy Subgiant

branch

Quiet He burning to CO core ik 1

Main sequence

@ CO core w/ He, H burning shells

L L L L L L L
9000 8000 7000 6000 5000 4000 3000

H burning adds He until ignition Temperature (K)
Hands-on Astrophysics Mar 10, 2022 19/28



The AGB phase — s-process nucleosynthesis
Asymptotic giant branch (AGB) stars

@ Star expands rapidly, and cools

@ Cycles between H and He burning
— Thermally pulsing AGB star
@ AGB stars are copious dust producers
@ Slow neutron capture (s-) process
forms elements along the valley of
stability
e Two important neutron sources:
o 13C(a, n)te0O
o 22Ne(a, n)®Mg

Reto Trappitsch (Brandeis) Hands-on Astrophysics Mar 10, 2022 20 /28



SIS ETEEVI D IEL LI LRV L ESTE  The AGB phase — s-process nucleosynthesis

Two neutron sources are

at work

Convective envelope

dredge-up

Mass —>»

He intershell

S-process zone

Convective pulses

dredge-up

Adopted from NuGrid Model
2Mg, Z,, Pignatari et al. (2016)

Reto Trappitsch (Brandeis)

Time —»

Hands-on Astrophysics

13C(a, n)l6o

@ Main s-process neutron source

e Max < 107

n cm_3

@ 1000s of years

22Ne(ar, n)?*Mg

@ Bottom of He intershell

@ Max 5 x 109 nem™

e A few years

3

Mar 10, 2022
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SIS ETEEVI D IEL LI LRV L ESTE  The AGB phase — s-process nucleosynthesis

A more detailed look into the 13C pocket

I(:)inal s-process formed in 13C pocket: end of intershell period

log(X)

0.000020.000030.000040.000050.000060.000070.000080.000090.00010
Mass/M o +6.031le-1
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SIS ETEEVI D IEL LI LRV L ESTE  The AGB phase — s-process nucleosynthesis

What to look in stardust grains

P BVIEPA Mo 93 |HYCELIN R EE 0 96 09 M| Mo 99
14.53 | 4.0 ky 9.15 15.84 6.6 9.60 4.39

Nb 91 N Nb 92 (ENEEM| Nb 94 ‘ Nb 95 || Nb 96 ([ Nb 97 || Nb 98

42 100. 20.4 ky 35d "7
9.4d |
Zr 91 Zr 92 Zr 93 Zr 94 ‘ Zr 95 96 Zr 97

17.38

P 11.22 17.15 1.61 My
| 0.29 My

|| Y 90 Y 91 Y 92 Y 93 Y 94 Y 95 Y 96

Reto Trappitsch (Brandeis) Hands-on Astrophysics Mar 10, 2022 23 /28
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SIS ETEEVI D IEL LI LRV L ESTE  The AGB phase — s-process nucleosynthesis

Who wins: Neutron capture or S~ -decay

@ Branching ratio f,

f, = Ai—xg
@ Neutron capture rate

An = Npvr (o) -
@ [ -decay rate

) In(2)

a Ti/2

Reto Trappitsch (Brandeis)

1.0

9N 1~ !
Mo
08f !
I
1
I
0.6 |
I
1
04f '
1
1
L I
0.2 !
1
I
0.0k
1.0F 108 107 10° 10° 10 10'" 102
-3
o} N, (em”)
06
0.4} —0.5x10° K
——1.0x10°K
——2.0x10°K
0.2p 3.0x10°K
—4.0x1o: K
00 ! ! ——5.0x10°K

N, (cm™)

Hands-on Astrophysics
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Stellar evolution and nucleosynthesis BRI (11546

nalyses

Deciphering the parent star conditions with stardust measurements

@ J-units: deviation of isotope ratio from 600( N N N N J 1
solar system average value (usually in %o) I 8 ]
@ SiC grains can only condense in 400 7
carbon-rich areas, with C>0 —_ r 1
3 I ]
@ Heavier-mass stars get hotter —~ 2001 7
. N
— Activate 22Ne neutron source more =3 I ]
— Activate %Zr production more N oo solar
o Additional complication: Nuclear physics ~ *° i ]
input uncertainties, e.g., *>Zr(n, 7) cross -200} -
section I 1
H ; H Ty T H T N SR e
o Comparison of isotope with s.tarc!ust 400055800 800400200 0 200
measurements allows determination of s 0
B(%6Zr/P4Zr) (%o)
parent stars
Hands-on Astrophysics Mar 10, 2022 25 /28



Stellar evolution and nucleosynthesis BESIEICTE AT EIWEEE

Deciphering the parent star conditions with stardust measurements

@ J-units: deviation of isotope ratio from
solar system average value (usually in %o)

@ SiC grains can only condense in
carbon-rich areas, with C>0

@ Heavier-mass stars get hotter
— Activate 22Ne neutron source more
— Activate %Zr production more

@ Additional complication: Nuclear physics
input uncertainties, e.g., *>Zr(n, 7) cross
section

e Comparison of isotope with stardust
measurements allows determination of
parent stars

Reto Trappitsch (Brandeis)

B(%2Zr/P*Zr) (%)

600

400

200

-200

Hands-on Astrophysics

solar

Ly

solar |

RO %2r1 | | | ]
0 -800 -600 -400 -200 0 200
B(%8Zr/P*Zr) (%o)
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Stellar evolution and nucleosynthesis BESIEICTE AT EIWEEE

Deciphering the parent star conditions with stardust measurements

@ J-units: deviation of isotope ratio from
solar system average value (usually in %o)

@ SiC grains can only condense in
carbon-rich areas, with C>0

@ Heavier-mass stars get hotter
— Activate 22Ne neutron source more
— Activate %Zr production more

@ Additional complication: Nuclear physics
input uncertainties, e.g., *>Zr(n, 7) cross
section

e Comparison of isotope with stardust
measurements allows determination of
parent stars

Reto Trappitsch (Brandeis)

B(%2Zr/P*Zr) (%)

600
400

200

-200

_499

Hands-on Astrophysics

T ‘ ‘ .
[ [o zsW] 5
[ . solar |
cos1 _—¢o= 1
ce> i
L P S P P Lo L ]
000 -800 -600 -400 -200 0 200
B(%8Zr/P*Zr) (%o) Lugaro (2018)
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Stellar evolution and nucleosynthesis BESIEICTE AT EIWEEE

Deciphering the parent star conditions with stardust measurements

@ J-units: deviation of isotope ratio from 600 T N N N |
_— [ [-® 25Mo 2 i
solar system average value (usually in %o) [y e 8 1
I 2 ]
@ SiC grains can only condense in 400 L& 4Mo ]
carbon-rich areas, with C>0 —_ r 1
3 I ]
@ Heavier-mass stars get hotter —~ 2001 7

. N

— Activate 22Ne neutron source more =3 I 1
: 96 ; N [ lar |
— Activate *°Zr production more g’:‘/ of 5080
o Additional complication: Nuclear physics ~ *° i ]
input uncertainties, e.g., *>Zr(n, 7) cross -200} -
section I 1
H ; H Ty I E T E R B B e
e Comparison of isotope with stardust 400055800 800400200 0 200

measurements allows determination of
parent stars
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Stellar evolution and nucleosynthesis BESIEICTE AT EIWEEE

Deciphering the parent star conditions with stardust measurements

@ J-units: deviation of isotope ratio from 600 T N N N |
_— [ [-® 25Mo 2 i
solar system average value (usually in %o) [y e 8 1
I 2 ]
@ SiC grains can only condense in 400 L& 4Mo ]
carbon-rich areas, with C>0 —_ r 1
3 I ]
@ Heavier-mass stars get hotter —~ 2001 7

. N 95

— Activate 22Ne neutron source more =3 - 2r(n, v) dependance 1
: 96 ; N [ lar |
— Activate *°Zr production more g’:‘/ 0 5080
o Additional complication: Nuclear physics ~ *° ]
input uncertainties, e.g., *>Zr(n, 7) cross -200 -
section I 1
H ; H Ty I E T E R B B e
e Comparison of isotope with stardust 400055800 800400200 0 200

measurements allows determination of
parent stars

Reto Trappitsch (Brandeis) Hands-on Astrophysics Mar 10, 2022 25 /28
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Stellar evolution and nucleosynthesis BESIEICTE AT EIWEEE

Deciphering the parent star conditions with stardust measurements

@ J-units: deviation of isotope ratio from 600( N N - 1

solar system average value (usually in %o) I 8 ]

@ SiC grains can only condense in 40011 B areyk (2007) 7

carbon-rich areas, with C>0 —_ r 1

32 I ]

@ Heavier-mass stars get hotter —~ 2001 ]
. N

— Activate 22Ne neutron source more =3 I 1

: 96 ; N [ lar |

— Activate *°Zr production more g’:‘/ of e

o Additional complication: Nuclear physics ~ *° i ]

input uncertainties, e.g., *>Zr(n, 7) cross -200} -

section I 1
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e Comparison of isotope with stardust 400055800 800400200 0 200

measurements allows determination of
parent stars
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Multi-element measurements to constrain the *C-pocket
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e Study by Liu et al. (2015) for Sr, Ba —  200f ] ]
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@ One set of model must fulfill all s O e T ]
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Liu et al. (2015)
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Conclusion & Outlook

Stardust analyses from AGB stars enable tight constraints on s-process

o Existing multi-element measurements
constrain the s-process

e Large uncertainties of existing
measurements

@ New RIMS techniques allow simultaneous,
precision measurements of Zr, Ba, and W

e 138Ba: Neutron magic
— Bottle neck for neutron flux
@ Zr and W isotopes

o On either side of Ba
e Branch points to constrain activation of
22Ne neutron source
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o On either side of Ba —
e Branch points to constrain activation of
22Ne neutron source
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