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And so it began

REVIEWS OF
MODERN PHYSICS

Defines a-process, p-
capture, s-and r-
neutron capture,

VorLume 29, Numser 4 OcroBer, 1957

Synthesis of the Elements in Stars®

E. MarGcareT Bursinge, G. R. Bursmce, WiLtiam A. FowLer, anp F. HovLE

Kellogg Radiation Laboralory, California Institute of Technology, and
Mount Wilson and Palomar Observalories, Carnegie I'nstitution of Washington,
California Institute of Technology, Pasadena, California

“It is the stars, The stars above us, govern our conditions”;
(King Lear, Act 1V, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act I, Scene 2)

statistical equilibrium
nucleosynthesis.

62 years later we are
largely still there.

Burbidge, Burbidge, Fowler &
Hoyle 1957, a.k.a. “B2FH”
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capture, s-and r-
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Synthesis of the Elements in Stars®

E. MarGcareT Bursinge, G. R. Bursmce, WiLtiam A. FowLer, anp F. HovLE

Kellogg Radiation Laboralory, California Institute of Technology, and
Mount Wilson and Palomar Observalories, Carnegie I'nstitution of Washington,
California Institute of Technology, Pasadena, California

“It is the stars, The stars above us, govern our conditions”;
(King Lear, Act 1V, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”

statistical equilibrium
nucleosynthesis.

62 years later we are
largely still there.

(Julius Caesar, Act I, Scene 2)

Burbidge, Burbidge, Fowler &
Hoyle 1957, a.k.a. “B2FH”

Margaret Burbidge
turned 100 this year!
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0 General concepts: nucleosynthesis
+

* H, He, Li were synthesized in the high-temperature phase of early
universe (BB Nucleosynthesis, 3 to 20 min after BB)...

* ... but almost 100% of everything else was synthesized in stars.

o Stellar nucleosynthesis products are reintroduced in ISM at the end
of the star life. New stars will be then born enriched of the product
of previous generations.

« What matters is not what the star makes, but what it can eject.

 Different elements produced by different processes, active in stars
of different masses, thus enriching the ISM on different timescales.

« Enrichment feeds back on itself: increasing heavy-elements content
affects star formation, stellar evolution, and nucleosynthetic yields
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0 General concepts: abundance analysis
+

 Stars mostly preserve the surface composition they were born
with.

 Stars are relatively simple, stable and constrained objects: their
atmosphere can be modeled, its abundances determined.

» Their evolution is also modeled, so we know their age: chemical
evolution of stellar populations can be reconstructed...

« ... allowing to probe the environment in which the star was
formed, at the time it was formed.

* A 0.8 Mg star born right after the BB is still a dwarf now...
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Putting them together...
<+

e Stellar (ISM [ IGM) abundances bear the imprint of the chemical evolution in the
environment and up to the birth time of the star.

« They are dense in information: 25-30 elements (+isotopes) measurable, probing vastly
different physical conditions and stellar masses

» They constrain SF history & efficiency, SN rates, yield retention capability of the galaxy...

« They constrain stellar astrophysics (SN physics, thermal pulse conditions, convection depth
in giants...) and...

* ... they do it for objects no longer observable (zero-metal SN), or processes that leave no
further trace (multiple populations in GC)

« They allow chemical tagging, associating stellar populations on the basis of their chemical
similarity

« They couple with kinematics, allowing to detect and characterize the evolution of galaxies
(radial disk migration, tidal accretion, secular bar formation...)
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Sic Mundus Creatus Est: BB Nucleosynthesis
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t =15 billion years
T=3K (1 meV)

Today t,
Life on earth

Solar system

Quasars

Galaxy formation
Epoch of gravitatonal collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational insability

Nucleosynthesis

Lightelements created - D, He, Li t=1 second

T=1MeV

Quark-hadron transition
Hadrons form - protons & neutrons

L H, He’ and Li are the Electroweak phase transition

Electromagnetic & weak nuclear
forces become differentfiated:

O n I y e I e m e n t S SU(3)xSU(2)xU(1) -> SU(3)xU(1)
synthesized in BB
nUC|eosyntheSiS. Grand unification transition

G -> H -> SU(3)xSU(2)xU(1)
Inflaton, baryogenesis,

° IaStS 3 to 20 minutes monopoles, cosmic strings, etc.?
after the BB

The gquantum gravity barrier
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Cosmological Nucleosynthesis
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0 Cosmological Nucleosynthesis
+

“D Bottleneck”:
all the subsequent
synthesis depending on
the equilibrium value of
H(H,y)D
i.e. on the
Baryon/Photon ratio n

Flp o =3y ‘ 3
\ L.l"“)H,quie +2n)

|(7Lf+ 3H8,24He+n+p
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Cosmological nucleosynthesis
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Half 1afe > . . - -
btable 2257 2351|2451 258i‘268i 2751 3157 (3257 (3351 (3451|3551 |651 [3751 3851 (3251 |45 |4151 4251
V hort r
e%osogﬁ 2187|2241 2381 (24481 |254] (=881 sef] |314] (2281 (3=41 (2441 (3581|2641 (=781 (2841|3241 (4081
> 100, 000 yr
r
> 10 yr 19[‘1‘]8' 29[‘|‘]g 21[‘1‘]g 22['-‘]g 23['.‘]g 23Mg 29[‘?]8' 39[?]g 31['-‘]g 32[’:‘]g 33[‘1‘]8' 34[‘|‘]g 35['1‘]g 36['-‘]g 37['.‘]g
y 100 days |
> ].0 dayS l?Na ISNa 19['|Ja ZGNa 21['|Ja 24Na 25[\Ja 26['.Ja 2?Na 28Na 29['|Ja GGNa 31Na 32Na 33['|Ja 34Na 35['|Ja
y 1 day —
> 1 he 15he [16Ne |1 7Ne | 12he [1°Ne 23e 250e | 2¢lle |27Ne [22Ne | 22Ne [*@le |31Ne |32l
> 1 min, r
14F ISF 16F IBF 20F 21F 22F 23F 24F 25F 26F Z?F 28F 29F
120 130 190 280 210 220 230 240 250 260 r
|
18['.J 1 1N 12N 16N I?N IBN 19['.J 2BN 21 N 22['.J 23[\J 24['.J
SC 9C 19]: 14C 15C 16C l?c 18C 19C 29C 21C 22C
R | R | °R 12R | 13R | 14 | 1SR | t¢R | 17R | 1R | 1R I
F °
¢Be | "Be | “Be 11Be (12Be |13Be [ 14Be LaCk Of Stable nUC|EI
| g
Ll L R with 8 nucleons
SHe | ¢He | "He E‘HejL?'He 18He
it | o | o || prevents the

formation of nuclides
from °Be upwards
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Cosmological nucleosynthesis
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...aS a consequence, all
abundances of BBN
products, if not altered
afterwards, allow the
measurement of the BB
photon-baryon ratio!
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Cosmological nucleosynthesis

Baryon density Qbh2
0.005 0.01 002 003
026 Fr—T— -
“He ,;:";?%;::E;P
S i
' /
0.24 /
Y ’
0.23 :
0.22 i
10-3 i
104 |
103 : :T:::":
Y
1077 2
Y i
5 f
LiH| [
2 -
10710 | _
: : 1 | 1 1 1 :l | | —
1 2 3 4 5 6 7 8910

Baryon-to-photon ratio n, ,

...aS a consequence, all
abundances of BBN
products, if not altered
afterwards, allow the
measurement of the BB
photon-baryon ratio!
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0 The important stuff: ¢, N, O
<+

» Almost all “metallicity” is in fact C+N+O:

log(N(O)>®——3.24 log (N(C+N+O)>®——3.o1

N (H) N (H)

o () i

* Produced through hydrostatic He burning, through the
“triple alpha” reaction, plus p-captures for N:

4H€—|—4H€:836 8B€—|—4H€%120+/}/
20(p, )N (§)
PC(p, )N

20 +4 He 51 0+~
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0 G N,O
+

» produced in almost every star reaching He-flash and core He
burning (HB)...

» ... but released in significant amounts by massive stars, and
by low mass stars when produced in intershell burning
(AGB)

* G, N, O typically enhanced in the photospheres of low gravity
giants due to dredge-up of processed material

 Their origin in massive stars makes them among the earliest
yields released in the primordial Universe...

* ... possibly allowing/facilitating low mass star formation,
and organic chemistry
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CH3 ash and core He

: O /

: H3C\ N issive stars, and
N I > ershell burning
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0 What you stand on: a-elements
+

 even-atomic-number elements
between O and Ti (Z=8 to 22) are
mostly produced by a-capture

* Burning up to Ne is usually hydrostatic PO+ He = 0+
even in moderate mass stars... YO +%He —*"Ne +~

* ... but in fact most of the hydrostatic 20N¢ 4+ 4He — 240 g+ ~
Ne IS. photodlssoaate.d durmg SN 2010+ 4 He — 288 + ~
explosion and synthesized again as
explosive product

» above Mg a-elements are essentially
explosion products

* released by massive, short lived stars,
enrich ISM early in the hostory of the
Universe

— ke 1IN = B S I EE



Group

Period

. F
.. .......... C
l

b 3

* %K
**Actinoids




10 | 11 || 12 | 13 | 14 | 15 | 16 | 17 || 18

3 ¢ 5 6 7 8 9

light-odd elements:
He

p-capture, massive IF: w ﬂ@
HHH

stars (and AGB) | [=] &

X XK

* % |
**Actinoids

31 | 32 33 34 35
Ga Ge As Se Br

81 | 82 83 84
TI Pb  Bi Po

36
Kr
54
In Sn Sb Te 1 Xe
86
Rn




<+

+ES+

0 Salt of Life: light p-capture elements
+

« odd-atomic-number nuclei are (mostly) produced by
capture of a proton on a lighter, even-atomic-number
one.

 p-captures happen every time sufficient (~10°107 K)
temperatures are reached, the issue is the delivery to ISM

« most light-odd elements likely come from SN Il, but also
AGB (intermediate mass?) production is likely (see
globular clusters)

» Lower odd-N nucleus stability and a-capture starting
from higher abundance in even elements produce the
even-odd effect.
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0 Heavy Metal: Iron peak elements
+

« elements between Z=24 (Cr) and Z=30 (Zn) are usually called “iron peak”
elements as a reference to the peak in the nuclear binding energy at 5°Fe
* no fusion reaction is exothermic past Fe, fissions become exothermic instead

N =
el ot e
« around the peak the Coliaic s A
Z =14 | +. ”*-Wpﬂ Z = 50
abundances are St .
* e N =82
determined by sa- oo | -
. L. epel e ] ® xt[ +e 4] M
statistical equilibrium Zegzoetf [ (et g T o
N =8 x+ . Z = 82

of n- and p- captures [ b ! o, iz gy

: S 4 oo
through “nuclear Saha o

. 7.8 - + +o

equations” RIS, T

7.6~ oy T

' * | | i | 1 +@

0 4 8 12 16 20
7.4 l+l = | eIy el 1) L] K L8 RS B e g L0 B 6 LT S
0 50 100 150 200 250

Mass number
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0 Heavy Metal: Iron peak elements
+

« elements between Z=24 (Cr) and Z=30 (Zn) are usually called “iron peak”
elements as a reference to the peak in the nuclear binding energy at 5°Fe
* no fusion reaction is exothermic past Fe, fissions become exothermic instead

3/2
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— k
* aro — 3 €
T N(AZ) G (A, Z) h
de.Lc-:.l lnlne”u .uy ~$ 8.4 — °+x+.*"?:i.“+l°*° m
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0 Iron peak elements
<+

* Fe-peak elements are produced both by SN Il and SN 1a.

» Explosive environments are required due to the very high
temperature (~3*109K) and (almost) endothermic nature of reactions

» Again, delivery is important: Sn 1a are totally destroyed, thus

efficiently delivering large fractions of Fe-peak to the ISM...

* ... while SN Il are producing most Fe-peak in the inner core, where i)
they get photodisintegrated and ii) they remain under the fall-back,
locked in the compact remain...

» ...but explosive nucleosynthesis dumps large amounts of energy into
producing many solar masses of *®Ni, whose decay into >°Fe powers
most of the SN light curve.

» Having both prompt and delayed sources, Fe-peak elements show a
complex interplay of abundance with a-elements
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...that a-enhancement thing...
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. type 1a SN begin to
contribute Fe

[Ca/Fe] ratio typical of Sn Il yields
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...that a-enhancement thing...
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0 Godzilla stuff: n-capture elements
<+

(those that are either really expensive, or you hear about
only when a nuclear plant blows off, or both)

 Statistical equilibrium calculation foresee
extremely low abundances for elements past
Zn, so non-equilibrium mechanism is required

* Due to insensitivity to Coulomb barrier, n-
capture is efficient also at low energies for
heavy nuclei.

« PROBLEM: you need a high density of
neutrons, i.e. you need a neutron source.
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0 Godzilla stuff: n-capture elements
<+

(those that are either really expensive, or you hear about
only when a nuclear plant blows off, or both)

 Statistical equilibrium calculation foresee
extremely low abundances for elements past
Zn, so non-equilibrium mechanism is required

* Due to insensitivity to Coulomb barrier, n-
capture is efficient also at low energies for
heavy nuclei. y

» PROBLEM: you need a high density of 4&
neutrons, i.e. you need a neutron source.
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0 Godzilla stuff: n-capture elements

« Two domains, divided by the ratio between
the timescale of n-capture vs. timescale of f3-
decays.

* n-captures are faster: r-process (rapid), many
neutron captures happen before any can 3-
decay: T>10°K np>10%?°cm?3. Timescale for
capture is below the second.

* B-decays are faster: s-process (slow), every n
captured decays before another happens.
Timescale of capture is years, T~3*10°K,
Nn~3*10%cm?3.
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Rapid capture: r-process

er-process operates whengk
neutron density is highp
enough that the time
between n-captures is

smaller than the
against 3 decays

o7
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53C0

|72Fe
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55C0

58Cu

56C0

SZZn
61 Cu
59Ni

58C0

56[\‘]n

T e 251 |8br 5L 95T |
"Rb 3eRb |t ia)l 3Rb |84 ge
SR (TR | 5K i 8SKr 57Kr |®
"SBr | 7éEr B - =°f 83Ry 36Ry ;
. s .
I|f€t|m S 3hg 74As s |™®8s 80fig [81As [82As [#3As [84As (@
(e e e |18Ge | 2Ge (%2Ge (310e |32Ge |33Ge |®
2(a |*Ga "Ga | 7Ga |*8Ga | 7%Ga *°Ga |#1Ga |#2Ga | ®
#Zn SZn|In|7"in|78Zn [79Zn|%%Zn |®1Zn (®
é4Cu == eCu | 1Cu {7200 | 73Cu [#4Cu | 75Cu | 76Cu | 77Cu | 8Cu [ 7°Cu |2Cu
6301 &Sh1 6701 | S8 {651 | 7L [N | 721 {7301 | 74N 7SN | el (77N | el
¢1Co ¢3Co |54Co [#5Co |*¢Co [¢7Co |*%Co |5°Co | 7@Co | 1Co [72Co | 2o [*4Co | =Co
e 3Fe |54Fe [5Fe |*¢Fe [¢7Fe |*°Fe |5°Fe | Fe | 71Fe [72Fe
SE{iml =°11n | 59n | #1n 5200|5300 | #4Mn (5500 | 56Mn | #7n (5501 | 5%n
S7Cr [38Cr |3°Cr |#Cr (51Cr |52Cr |#3Cr (%40 |55Cr [*6Cr
— b= 1INl B ElEE e



<+

+ES+

0
+

Rapid capture: r-process

er-process operates whengk
neutron density is highp
enough that the time
between n-captures is

smaller than the
against 3 decays

o7

58a59a69a61a62a63a

54Zn

5GZn

57Zn 5SZn 59Zn

1523Cu

55Cu

56Cu 57Cu 58Cu

(52

: 5“Ni

ssNi

| 51C0

53C0

|72Fe

149N

148Cr

52Fe

54 55C0 56(:0

5ICr

SZZn
61 Cu
59Ni

58C0

56[\‘]n

T 85 251 |8br 5L 95T |
"Rb seRb |81 ia)l 3Rb |84 =
SR (TR | 5K K1 85Ky 87Ky |®
“SBr | 7¢Er B -1 =0 83Rp 36Rp ;
. s .
Ilfetlm S 3hg 74As s |™®8s 80fig [81As [82As [#3As [84As (@
(e e e |78Ge | 7°Ge |39Ge |31Ge |326e |33Ge |
2(a | *2Ga "6Ga |77Ga | 78Ga | °Ga [*°Ga |#1Ga |32Ga |®
#Zn SZn|In|7"in|78Zn [79Zn|%%Zn |®1Zn (®
é4Cu == eCu | 1Cu {7200 | 73Cu [#4Cu | 75Cu | 76Cu | 77Cu | 8Cu [ 7°Cu |2Cu
6301 &Sh1 6701 | S8 {651 | 7L [N | 721 {7301 | 74N 7SN | el (77N | el
#1Co ¢3Co [#4Co Co [72Co | 7*Co | ™Co |™Co
soFe coFe e4ﬁs@ap{5m?ése roFe | "1Fe [ 72Fe
SE{iml =°11n | 59n | #1n 5200|5300 | #4Mn (5500 | 56Mn | #7n (5501 | 5%n
S7Cr [38Cr |3°Cr |#Cr (51Cr |52Cr |#3Cr (%40 |55Cr [*6Cr
— b= 1INl B ElEE e



<+

+ES+

0
+

Rapid capture: r-process

er-process operates whengk
neutron density is highp
enough that the time
between n-captures is

smaller than the
against 3 decays

o7

58a59a69a61a62a63a

54Zn

5GZn

57Zn 5SZn 59Zn

1523Cu

55Cu

56Cu 57Cu 58Cu

(52

: 5“Ni

ssNi

| 51C0

53C0

|72Fe

149N

148Cr

52Fe

54 55C0 56(:0

5ICr

SZZn
61 Cu
59Ni

58C0

56[\‘]n

T 85 251 |8br 5L 95T |
"Rb seRb |81 ia)l 3Rb |84 =
SR (TR | 5K K1 85Ky 87Ky |®
“SBr | 7¢Er B -1 =0 83Rp 36Rp ;
. s .
Ilfetlm S 3hg 74As s |™®8s 80fig [81As [82As [#3As [84As (@
(e e e |78Ge | 7°Ge |39Ge |31Ge |326e |33Ge |
Ga "Ga | 7Ga |*8Ga | 7%Ga *°Ga |#1Ga |#2Ga | ®
=in SZn|In|7"in|78Zn [79Zn|%%Zn |®1Zn (®
é4Cu 8 %Cu [71Cu 2Cu @rdetuayCu 2Cu [#2Cu
6301 &Sh1 6701 |e81 {651 | 7L [N | SR {730 | 74N 7SN | el (77N | el
#1Co ¢3Co [#4Co Co [72Co | 7*Co | ™Co |™Co
soFe coFe e4ﬁs@ap{5m?ése roFe | "1Fe [ 72Fe
SE{iml =°11n | 59n | #1n 5200|5300 | #4Mn (5500 | 56Mn | #7n (5501 | 5%n
S7Cr [38Cr |3°Cr |#Cr (51Cr |52Cr |#3Cr (%40 |55Cr [*6Cr
— b= 1INl B ElEE e



<+

+ES+

0
+

r-process LIVE!!

Nucleosynthesis in the r-process

J l NA PGS ER TR ATHRATANNAUN AU RN INHARNHRRAR R AR N R ARANNRUN
. S NGRS RRAEIRET il IR RERE 1 1 I AERBAEREET W1
== 54‘-4'»0-~ 1 3 3 3 3 1 3 3 33 3 3 3 1 1
%117 ..;: et be b te b beabbaadbd : - e et bpe . - .- . : <
1 1 i 11t bbb bbb b e b es cesbatdaas
Joint Institute for Nuclear Astrophysics 2002 e T T b R R e
. 2% + Pt $ $4 : t 1
L fARvttannnaEnEEIn B = : megzieliz
. , : & crrrrrrrrrrr R -~+ﬂ;-e+~-e+~e SRR S
Movie :H Schatz, T. Elliot = corrrrr ssazasias z = azuzazhebafe
. : By @ 1 Tt HETR A gHEE : : ittt ittt ittt ' = fi 5 e
. i a:::-;“;.; : 1L 1 T : : 1 1 4 Y + :.
Calculztion K Vaughan, L Gzlache, o I T Rt e e e e e e e
A . = T T e —tas SES SIS S : : eedial LS LI T g,
anc A Aprahamian, University of Notre Dame ! ”;3:;;:;:«“,‘ H B = A H o
: va =1 S LS - r - - 2834 ) B : 4 o -iuﬁuaséiémrz;° =2
Model ‘B Meyer, Clemsan University i A R R R H b o )
anc R Surman, Norti Caroline State LERAReS | 3 snnEsne: el : SEATTBIA | BT azazrzgebefobeinizduil’
a":g!.%.:p = .r+ .r+ :% R R R REE {}Md - .}.- .':.::::..' :: :..' :: :-.':.:a-o"
e I = 8 FEETEIzE FEaEazin  snEE: THH EEEHEE =
MITTTTTE T .JE.. 1 Brb b dddabbiboat bt bbatbsatsad "H":":; SlRESIRESER |5
I -£ = : 1 : r;ﬁ;;:;;j‘*mlmuueug'
reTrY epotebibiboncbibdtdide s ) gt -+ - - 'o. . - - ISR
o Mm S D e ™
Siv'll.:.'m" shebedbse .£.+ .£.+ EESSESSEESERASEANISEEREN SN S s
o4 BRTLIES : W zznne s eaaa | 3
+.. LI. - b " I»- b -r+ .r+ b RS .'i.“.:-. ‘m|au
% 11 LELLEs . 5 £13 zEnmE B R nene’
rrrreef Sebeb s o dobedd .JE.. b .£.+ .£.+ bbbt "é'}.';m“?“‘
» GRnoitin 444444 $ mEnnm % 23 A
m ~;‘~é+- . RRORSANESANt Rl cacbobbeet b 108
IRRS 3 : 15 195 " 1 T T3 R [ ] [ 3
e rn mie s 13 : T 13 =2 EIEN N T
0TI -~ .- q Arberabed heb i.é.; .J.:.. s ...t :..”g
® I = . - beeaesa = § pe
% TrTrrrs . ST g e, *
e b e e T Temperature: 1.50 GK
&:[!:.:. : ’ . .....‘ R B ERES . . .;.;- ._’T‘f‘ v :
» SR ST P = Time: 2.7e-14 s
=TI . | TR REEREasNY | IRENNT é',z"'ﬁi'is'
» 11 s g s T
- R debiia ‘- .. i el 7

MWMEM XHV OO BB LOEGEEN

2w E

ey ] ] S

el LR} B =) - Qi

N LA
1 58

2



<+

+ES+

0
+

r-process LIVE!!

Nucleosynthesis in the r-process

J l NA PGS ER TR ATHRATANNAUN AU RN INHARNHRRAR R AR N R ARANNRUN
. S NGRS RRAEIRET il IR RERE 1 1 I AERBAEREET W1
== 54‘-4'»0-~ 1 3 3 3 3 1 3 3 33 3 3 3 1 1
%117 ..;: et be b te b beabbaadbd : - e et bpe . - .- . : <
1 1 i 11t bbb bbb b e b es cesbatdaas
Joint Institute for Nuclear Astrophysics 2002 e T T b R R e
. 2% + Pt $ $4 : t 1
L fARvttannnaEnEEIn B = : megzieliz
. , : & crrrrrrrrrrr R -~+ﬂ;-e+~-e+~e SRR S
Movie :H Schatz, T. Elliot = corrrrr ssazasias z = azuzazhebafe
. : By @ 1 Tt HETR A gHEE : : ittt ittt ittt ' = fi 5 e
. i a:::-;“;.; : 1L 1 T : : 1 1 4 Y + :.
Calculztion K Vaughan, L Gzlache, o I T Rt e e e e e e e
A . = T T e —tas SES SIS S : : eedial LS LI T g,
anc A Aprahamian, University of Notre Dame ! ”;3:;;:;:«“,‘ H B = A H o
: va =1 S LS - r - - 2834 ) B : 4 o -iuﬁuaséiémrz;° =2
Model ‘B Meyer, Clemsan University i A R R R H b o )
anc R Surman, Norti Caroline State LERAReS | 3 snnEsne: el : SEATTBIA | BT azazrzgebefobeinizduil’
a":g!.%.:p = .r+ .r+ :% R R R REE {}Md - .}.- .':.::::..' :: :..' :: :-.':.:a-o"
e I = 8 FEETEIzE FEaEazin  snEE: THH EEEHEE =
MITTTTTE T .JE.. 1 Brb b dddabbiboat bt bbatbsatsad "H":":; SlRESIRESER |5
I -£ = : 1 : r;ﬁ;;:;;j‘*mlmuueug'
reTrY epotebibiboncbibdtdide s ) gt -+ - - 'o. . - - ISR
o Mm S D e ™
Siv'll.:.'m" shebedbse .£.+ .£.+ EESSESSEESERASEANISEEREN SN S s
o4 BRTLIES : W zznne s eaaa | 3
+.. LI. - b " I»- b -r+ .r+ b RS .'i.“.:-. ‘m|au
% 11 LELLEs . 5 £13 zEnmE B R nene’
rrrreef Sebeb s o dobedd .JE.. b .£.+ .£.+ bbbt "é'}.';m“?“‘
» GRnoitin 444444 $ mEnnm % 23 A
m ~;‘~é+- . RRORSANESANt Rl cacbobbeet b 108
IRRS 3 : 15 195 " 1 T T3 R [ ] [ 3
e rn mie s 13 : T 13 =2 EIEN N T
0TI -~ .- q Arberabed heb i.é.; .J.:.. s ...t :..”g
® I = . - beeaesa = § pe
% TrTrrrs . ST g e, *
e b e e T Temperature: 1.50 GK
&:[!:.:. : ’ . .....‘ R B ERES . . .;.;- ._’T‘f‘ v :
» SR ST P = Time: 2.7e-14 s
=TI . | TR REEREasNY | IRENNT é',z"'ﬁi'is'
» 11 s g s T
- R debiia ‘- .. i el 7

MWMEM XHV OO BB LOEGEEN

2w E

ey ] ] S

el LR} B =) - Qi

N LA
1 58

2



<+

+E©§* r-process is cool...
+

* r-process forms isotopes “below” the “stability valley”
than subsequently B-decay again into stable ones always
coming from higher-A, lower-Z

» most B-decay half life times ~hours, days: is a very fast
process, instantaneous by astrophysical standards

» very high neutron density is required

* happens during SNII explosions, n produced by low-Z
burnings...

» ... or (more likely?) NS-NS mergers
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... but it’s not enough: shielding.

D 125D SRS R b 124

1188y n

103t 19T Tn nltte s 126 121 i 22T
§127Cd d d 170 1260 dq[t21(

: 110 1120 o1 130881 14, o 184 o190 o/1208
| d 109 - j112pd 115Pd [t 16Pd 11 7P [t 8Pt 19P
164 186Rh 188Rh 118Rht11RKt12RK[t t2RK 14Rh[t tSRht 1éRh[t 1 7R 18
183R)) 185R); 183Rt 18Ryt 1 1Ryt 2Ryt 123Ruft t4Rut 1SRyt teRut 1 7R
162T~[163 166 T 107 T 1B T 189 T~ 18Tt 11 T~ [1 12T [t 13T [t 14 T |t 15T~ 1 16

« Some stable isotopes, such as '"°Sn, cannot be produced
by r-process because the (-decay path is blocked by a
stable isotope ('°Cd), and yet it is found in stars.
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... but it’s not enough: shielding.

¢ A

process (a site?) is needed mone g0
where the typical n-capture . :

timescale is much longer than the
B decay timescale
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B> the slow neutron capture: s-process
+

* if neutron density is low enough, or neutron source is turned
on and off periodically over timescales of ~100-1000+ years,
n-capture moves along the stability valley

* SN explosions are too fast

* Where can we imagine a neutron source that turns on and
shuts off?

 Most likely, in AGB stars,
where 13C mixed in the inter-

pulse phase burns through é

130 (a,n) 160 -
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All together now

The solar composition
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Closing remarks

 Stellar nucleosynthesis is a complex network of processes

« chemical patterns are the result of the interplay between stellar
yields, environment, the timescales of galactic buildup, and its
dynamical evolution

 This produces broadly similar trends, but also a large amount of
fine grained information...

* ... whichisrevealing as it is ambiguous.

» Generalizations are necessary, but dangerous: blunt concepts
(“metallicity’’) have to be treated with caution.
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