Stellar Nucleosynthesis

Reading material:

» D.C. Clayton Principles of stellar evolution and nucleosythesis, University of Chicago
Press 1983

» N. Langer: Nucleosynthesis, Bonn University, 2012

» B. Pagel: Nucleosynthesis and Chemical Evolution of Galaxies , Cambridge University
Press 1997

» C. Aerts, Stellar Structure and evolution notes



Nucleosynthesis

» Stellar nucleosynthesis is the process involving nuclear reactions through which fresh
atomic nuclei are synthesized from pre-existing nuclei or nucleons.

» The first stage of nucleosynthesis occurred in the hot, early Universe, with the
production of H, He, and traces of Li-7 (primordial nucleosynthesis).

» |In the present-day Universe nucleosynthesis occurs through:
- thermonuclear reactions in stellar interiors and explosions (building nuclei up to
the Fe-peak)
* neutron captures in stellar interiors and explosions (building nuclei above the Fe-
peak), ... —including neutron-star megrers

* spallation reactions in the interstellar medium, whereby light nuclei (Li, Be, and B)
are produced by fragmentation of heavier ones (C, N, and O).



Observational constraints

A theory of nucleosynthesis should explain the measured relative abundances versus
atomic number Z as well as observed isotopic ratios

Solar System

Logarithmic SAD Abundances: Log(H) = 12.0

1 Solar abundances by number:

s vertical axis is log(X;/Az) + constant,
where

X5 is the abundance of element Z by

| mass and A is the mean atomic weight
v of that element. (C. R. Crowley, U Mich).

Log(Abundance) by Number

Atomic Number



Data sources for the solar system abundances

Spectral analysis of the Sun

1.1 photospheric absorption lines = abundance ratios wtspt hydrogen

1 rele' ent
]_Ugl“( N:]l; 1 ) Where l()gl“(j\r]]) — 12

— exceptions: He, Ne, Ar, rare heavy elements
— no information on isotopic abundances, except from some molecules (e.g. CO, CN, MgH)

1.2 emission lines from chromosphere, corona (far-UV) - He, Ne, Ar, but less accurate

Direct measurements (chemical analysis, mass spectrometry)

* Earth (crust, oceans, atmosphere), Moon rocks : very inhomogeneous
- little information on elemental abundances
-> but provides isotope ratios

* meteorites (esp. chondrites): uniform atomic composition - corresponds to solar photosphere
- represents Solar System abundances
-> also isotope ratios (with interesting anomalies)

* solar wind (ion counters on space probes) - e.g. 3He



Outside the Solar System

chemical analysis of spectra of other stars, gaseous nebulae and external galaxies

— T —TT T
0° ]
e |
n
& 10} 1
2]
-y !
w 4 neutron capture
I9 10 g Z E
w 0;
> 1l
g o | !
j 0" '
w ]
14 H ~
§ orf | Ge ]
otr \
-] f Sr
S ki
2 | Ut rs
< | [ Be
Vo'l I W ST T W ST TR U SN TR S S Y PR T

0 20 4ac 80 80 100 120 140 160 180 200 220
MASS  NUMBER
Figure 1.1: The 'local galactic’ abundance distribution of nuclear species, as a function of

mass number A. The abundances are given relative to the Si abundance which is set to 10°.
Peaks due to the r- and s-process are indieated. It is the main aim of this course to provide



Table 1.1: The 25 most abundant nuclei. Symbols in the last column indicate the nuclear
burning stage, also ‘BB’: Big Bang, ‘NSE": nuclear statistical equilibrium.

rank Z element A nucleon fraction source (process)

1 H 1 7057(-1) BB
2 He 4 2752(-1) BB, H(CNO, pp)
8 0 16 9592(-3)  He

6 C 12 3.032(-3)  He

Ne 20 1548(-3) C

2 Fe 56 1.169(-3) NSE)

7 N 14 1.105(—3) H(CNO)
14 Si 28 6530(-4) O

12 Mg 24  5130(-4)  C,Ne
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10 16 S 32 3958(-4) O

11 10 Ne 22  2076(-4) He

12 12 Mg 26  7.892(-5)  C,Ne

13 18 Ar 36  7.740(-5)  Si,0

14 2 Fe 51 T7.158(=5) NSE, Si
15 12 Mg 25  6893(-5)  C,Ne

16 20 Ca 40  5990(-5)  Si,O

17 13 Al 27  5798(-5)  C,Ne

18 28 Ni 58  4.915(-5)  Si, NSE
9 6 C 13 3.683(-5) H(CNO)
20 2 He 3 3.453(-5) BB, H(pp)
21 14 Si 29  3445(-5)  C,Ne

22 11 Na 23  3339(-5)  C, H(NeNa)'
23 2 Fe 57  2.840(-5) NSE

24 14 Si 30  2.345(-5)  C, Ne

25 1 H 2 2.317(-5) BB

'H-burning via the NeNa-chain. E
From Langer’s notes



Some basics from nuclear physics

» Atomic nucleus consists of Z protons and N
neutrons

Table of Nuclides
A =27+ N =mass nhumber

Z = constant: isotopes A

N o decay
. g B decay
A = constant: isobars E
»Stable nuclei - valley of stability in the (N, Z) plane &
) ) ) i 4 ‘ fl'-’ r 0. capture
Outside the valley: spontaneous, radioactive decay e s peapure
8 "7 n capture

7 (Z,A) > (Z+1,A)+e +v
pt:(Z,A) > (Z—-1,A)+et +7v
a: (Z,A) - (Z—-2,A—4)+ *He

neutron number N



Coulomb repulsion
adds to proton well

Nuclear shell model —in brief
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» Nucleus = many-body system — exact solution
impossible

» Approximation: each nucleon moves in an
average (mean-field) potential
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» Converts complex interactions - independent | _
single-particle motion s

> Potential: flat interior + diffuse surface

» Protons & neutrons fill separate energy levels Ground state in 7O
»Pauli principle = limited occupancy per state
. . . PROTONS NEUTRONS
» Total energy = sum of single-particle energies e et ——
»small residual interactions \‘“8— 8
N N . i/; 121 . \:/A an
»Spin—orbit coupling (L - S) splits levels S e

(opposite ordering to atoms: parallel L-S - lower
energy in nuclei)



Semiempirical nuclear mass formula

) @ @
M(A,Z) = (A—Z)mn+Z(mp+me) \)xﬁaﬂm % V‘U&@U{
_7)2 2

—CllA + a2A2/3 + asj (4/2-2) + a4AZlT + asﬁ * i Y3
where é d‘ R-nu(,Ld:
a; — 15.53,a, = 17.804, a3 = 94.77,a, = 0.7103, as = 33.6 in MeV//c?
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Binding energy per nucleon
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Remarks

Local maxima in abundances correlate with
maxima in binding energy

» more stable nuclei are more abundant than their
neighbors (Elements with even Z are Imoreabundant than
those with odd Z; Magic number and doubly magic nuclei
(2, 8, 20, 28, 50, 82, 126) more tightly bound, thus more
abundant

»the fragile Li, Be, and B isotopes are extremely
underabundant.

> at a global level, the light H and He are overwhelmingly
more abundant than the more strongly bound C, N, and
O, which in turn are more abundant than the even more
stable Fe-peak nuclei.

‘The (local) correlation between cosmic abundances and

Solar (“cosmic”) abundances

log(Si) =6

COSMIC ABUNDANCES
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Stellar Nucleosynthesis. Figure 1 Solar abundances on
a logarithmic scale of the stable nuclei (top), and
corresponding binding energies of these nuclei (bottom) vs.

mass number

nuclear stability suggests that nuclear reactions have shaped the abundances of elements in
the Universe. The fact that the correlation is only local and does not hold at a global level
implies that nuclear processes have affected only a small fraction of the baryonic matter in the

Universe (less than a few per cent).



EloaywyLKEC EVVOLEC YL TIC TIUPNVLIKEC AVTLOPAOELC

[evikn Tteplypadni HLOC TTUPNVLKAGC avTidpaonc HeTasy dUo MUPNVwWV o
kat X, tou divouv duo «mpoiovtay, €otw Y Kot b
a+X->Y+b (3)

H Slatipnon eveEpyeLaC QmALTEL val LOXVEL:
Eqx + (Mg + Mx)c? = Epy + (Mp, + My)c? (4)

omou E x N KWVNTIK EVEPYELA TWV a Kol X 0TO cUoTNUA KEVTPOU palag,
Kal Epy N KWVNTIKA EVEPYELA 0TO CUOTNUA KEVTIPOU HAloC TOU
ovotApatoc bY. Ot urtoAountol 6pol sival ot palec npepioc twv a, X, b, .



2TIC TTUPNVLIKEC avTLdpaoelc dtatnpouvtal:

vTo doptio =2 viatn(3) Zy+Z, =Zy +Z, (5)

v'0 Bapuovikdg aplbuog (p,n, p, n,..) 2 ywotn (3) Ay + A, = Ay + A, (6)

v'O Aemtovikdg apdpde (e 7, e, v, V,, ...) OTav otnv mupnviky avtidpaocn cUPHETEXOUV AeTTTOVIA
elte w¢ avtdpwvta n/kal w¢ mpoiovta (aoBevelc TUPNVIKEC avTLOPATELC)

ZNUELWVOULE OTL T CWUATLOL £XOUV BETIKO BapUOVLKO/AEMTOVIKO aplOUO KL Ta ovTLloToLXa
QVTLOWMATLA, OPVNTLKO.

Noyw tn¢ dtatripnong tou poptiov pmopoupe otnv e€lowon (3) va aAvILKATOOTACOUUE TIG LALEC
TWV TIUPAVWV UE T LALEC TWV OVTLOTOL{WV OUOETEPWV ATOUWYV (KAVOUUE HOVO Eval ULKpO AdBocC
AOyw OSladbopwv OTLC eEVEPYELEC oUVOEONC TWV NAEKTpOViwY ota dtadopa dtopa)

H evépyela tou anelevBepwvetan (Q>0) and tnv (4) eivar Q = (M, + My —M, —My)c? (7)
Edooov o Bapuovikoc aplbuoc datnpeital (€. 6) pmopolpue emniong va ypapoupe v (7) wg
Q = (AMy + AM, — AMy — AM,)) c? (8)

(Av Q<0 n avtidpaon sivatl «evdoBepun»)



Evepyoc dlatoun (cross section) kat puBuoc avtidbpaonc (reaction rate)

Itnv avtibpaona + X — Y + b , umoBtoupe otL ta cwpatidia X BouBapdilovral amnd cwpatidla o pe
OUYKEKPLUEVN TaxuTtnta v. O pubuog e tov omoio avidpolv eéaptdtal ano TV evepyo Slatopn tng aviidpaong o,
onAadn:

__aplipog avidpacewyv ava mupnva X 6T povada Tov Xpovou

pON TPOCTIUTTOVTIWY TUPNVWV & 0T LOVASA TOV Y POVOU

OTIOU N PO TIPOCTILITTOVIWY MTUPNVWV 0pIleTal WS 0 aPLOOC TWV MPOCTILITTOVIWY TTUPHVWY ava povada

eTupaAveLaC.
ESw umoBeoape OTL N pon Twv ocwHATSlwV a

/ — «OTOXOG» , , ,

| — e odeiletal o opolOpOPPN HETATOTLON HE
| A BN e e W '

N - ToxVTnTaL U

W e e >

ds = v(E)dt

‘Eotw N aplOpNTIKAR MUKVOTNTA TWV MUPAVWY A EvVaL 1, KoL TwV TTUPAVWY X, Ny

O aplBpoc Twv cwpatdiwv a ou pooTinTouV pEoa o€ xpovo dt otov «oToxo» (muprveg X) sivat
nadV __ngAds naAUdt

—na AU/}X—na

@) apteuoq avuépaoswv peTaEL nupnvwv a Kat X tou Ba cupfouv otn povada Tou Xpovou Kal ot povada OykKou
Ba LooUTOL LE TO YLVOUEVO TNG ponq TWV TIPOCTILITTIOVIWY CWHUATIO LWV 71,V UE TNV ApLlOUNTLKN TTUKVOTNTO TWV
TIUPNAVWV X, 1y, KOL TNV EVEPYO Slatoun o

= n, Av kat n avtiotoyn pon (apBuos cwpatdiwv ava povada emipavelag) Ba eival

onkadn 7,y = nynyvo (9)



Ye €val piypa mupAvwy a kot X (Bewpolpe OtL pmopoUpe va Toug meplypaoupe we piypa
agplwv) oe O.l. umdpxel €va ¢aoua, @(v), OXETIKWV TAXUTATWYV METOEY TwV cwpatdiwy
(mupAvwv) TUToOU a Kat TUTou X, UE fooo ¢(v)dv =1, édnhadn n ¢(v) bivel tnv mBavoTnta N
OXETIKA TAXUTNTA VA EXEL LETPO UETOEL U KoL U + duv.

Onote pnopol e va ypaoupe tnv (9) we:

Tax = NgNy fOOO ¢ ()a(v)vdv = nyny (ov)

;> $)a)vdy
[ ¢(v)dv

ormou (ov) =

Ta mapandvw LoxUoUV yla TNV MEPLMTwon mou a # X, OMOTE TO YWOMEVO N, Ny HoG Oivel Tov
OUVOALKO aplBuo povadikwyv leuywv (a, X). Av o = X, T0Te 0 aplOUOG Twv povadikwy (Euywv

I 1 14 14 I I 14
Ba eival 5 Malx. Omote, yla va cupmeptlAafoupe kot Tig SUO0 MEPLUTTWOELS, YPADOUUE

Tax = i el (ov) [(10)




Mo baviko agplo oe (tormikn) Beppoduvaplkn loopporia n katavouny ¢(v) divetau
armo tnv katavoun Maxwell-Boltzmann,
i pv?

3
¢ (v) = 4mv? (ﬁ)z exp (— Zk—T) (11) (amodelen weg aoknon — €ywve oto padnua)

7 mamX ) r
OoTov U = —— n avnypevn pada.

3

ondte (ov) = 4m (an;T)E fooo via(v)du (12)




[loL N OXETLKLOTLKEC TAXUTNTEC, UITOPOUKE va ypaPoupe tnv (12) cuvaptioeL TNG KIVNTKAG

EVEPYELOC 0TO oloTNUA KEvTpou padlag, E = % uv?

[pAdovTac TNV KATOVOUA TAXUTATWY WC KATOVOUA KWVNTIKWV EVEPYELWY 0To cuotnua KM,
EXOUUE

WENE = $(v)dv = — Fizexp (=) ==

1
(KTE)2

Omnodte n (12) ypadetal
(0% g 1/2
= = | — —-3/2
(ov) jo o(E)v(E)Y(E)dE <7TH> (kT) jo

(0]

MpemneLva Bpoupe to a(E)



[Tupnvikn evepyoc dtatour o(E)
» Mwg pmopolVv va cUpBOUV oL BepUoMUPNVIKEG aVTLOPAOELS; MPEMEL va TANCLAGOUV
TLOAU KOVTA PETOEL TOUC BETIKA dopTlopEVA cwpaTidLa.

» 210 Suthavo Siaypoppo PAEMOUE TN KAUTTUAN SUVAULKNG EVEPYELAC YL TNV
oAAnAenidpacn Coulomb petafl duo mpwtoviwv.

» Ta va cupPel n mupnvikn cuvtnén Twv duo MpwTtoviwy (Yevikd dUo upAVWY) TPETEL
va urtepnndnBei to ppayua Coulomb.

MIA NOIOTIKH 2YZHTH2H:

(a) KAaolkn tpoogyyLon

YNOBETOUE OTL N OMOUTOUEVN EVEPYELA TIPOEPXETOL ATIO TN OEPULKN EVEPYELDL
Tou aepiou dnA.

1 ZyZpe?
_47'[60 r

1 — 3
5““2 =5 kT ¢|assical (14)

(6mou 1 n avnypévn pala Tou cuoTAUATog Twv Suo aAANAoeTdpwWVTWVY
TIUPAVWV, KAL U N OXETIKN Toug Taxutnta (yia ouvinén p-p, L = % Ko
Zy=17Z,=1).

Z1Z,e?

6megkr

Apa, Tc|assical = ~10"K >> T, 5 = 1.5 X 107K (15)

omou Bgoape r~1fm ya TNV aktiva evog TUTILKOU TtUpAva.

Uir) (MeV)

ra

IxAua ano C&O

- /Comomb repulsion (1/r)

p-p interaction

----- — Deuterium binding energy —2.22 MeV

i r* Strong nuclear potential well (approx —30 MeV)
)

i | I | L | L 1 L | 1

0 2 B 6 8 10

r (fm)

XopuKTNpIOTIKT] KOUTOAT OUVULIKTS EVEP-
YELOG YO TIS TTUPTVIKEG avTdpdcels. H dnwmon
Coulomb avéusco atoug OeTikd popTIcUEVOLC
TUPNVES EXEL OG UMOTEAEGHO £V QPOAYLLL TO
omoio eivol OvVTIGTPOPMS aVAAOYO TNG OTOCTA-
G1G OVAHEGH OTOVGS TTUPTVES KO OVEAOYO TOV
YWOUEVOD TV QopTiey Toug. To mopnvikd mn-
YES1L SUVOLIKOD LLECH GTOV TUPTVO. OPEIAETIL
GTNV EAKTIKT] TUPNVIKY dOVau.



(B) KBavtounyowvikn mpocEyyLon

H ampoodloplotia otn B£on tou evog mupnva (p ylta tn olvvinén p-p) mou aAAnAemidpd pe €vav aAlo
nupnva (p ywa tTn ocuvinén p-p) Wmopel va eival T000 PEYAAn WOTE, KOO KAl AV N KWVNTLK EVEPYELA OTO
cvotnua K.M. &ev eival apketn yla va enepaotel to kKAaowko dpaypa Coulomb, o muprvacg (to p) Umopsl,
nap’ OAa autd vo Bpebel peoa oto KeEVTPLKO Ttnyadt duvaplkoU mou oplletal amo v woxupr duvaun tou
aAAou rupnva (p) 2 kKBavtopnxaviko Govouevo onpoayyog

hy2
1 5 p*_ Q7 1 z175€?
Z'UU - Zu: 2U a 4mmeg A (16)
OTIOU p N OXETIKA OPHUA, L N avnyUEvn pala kat, kat r~A, ormou A to unkog de Broglie 4 = r__t (17)

p  (2mE)1/2

yLlO LN OXETIKLOTIKA cwpatidla.

AUvVoupE wG TtPoC A tn ox€on (16), kat avtikaBlotoU e to r ue A otn oxéon (15), onote teAkd Bplokoupe

2,2
_ ZiZjetum

Tquantum = 3, zp2, = 107K (yuap —p) (18)

AnAadn AapBavovtag urtodn tn kKBavtopunxavikn cupneptdopd Twv AAANAETIOpWVTWYV CWHATIO WV
Bplokoupe Beppokpaoiec (yia p-p) TNG TAENC LeyEBoUC TNGC OEPUOKPAOLOC OTO KEVTPO TOU NALOU.



Mpoocéyyion tou o(E) (ota mAaiow tTng KBavTiounXavikng mpooEyyLong)

2
(i) mepwévoupe 1o 0 (E) o mA? (YewuUeTPpIKn €VvEpYo§ Siatoun) = 1 (g) o« — (E = 25 HN OXETWK. )

(ii) Emiong neptusvouue (armobeikvuetal avotnpa) otL n mbavotnta va 6Lanepaoa TO cwuau&o TC
dpayua Coulomb, U, Ba oxetiletal pe to Aoyo tou E/U_.

[av To U =0 n mbBavotnta va §enepaoctel to ppdaypa eival mpodpavwg 1, evw av 1o U Teivel 0TO ATELPO
n ruBavdtnta teivel ekBeTkd oo 0. |

Anobewvuetal otLg(E) < e —2m? Uc/E

Uc leze /47T60r Z1Z,e?% , h
OoTmou — = OToU MAPAUE T ~ A = — = U

- oz = Zreghs ( npau S P=H )

I 2“
AnAadn:
_bE—l/Z _ 7'[,11117{2212262 ’ ’
o(E) xe ne b = e (va amodexBel wg aoknon)
0

Onote punopoupe va ypadoupe 1o g (E) wc:

1/2 _
o(E) = S(E)E~1e2™Ve/E  omére (ov) = (u%) (kTY2/2 [ o (E)Eexp (L) dE wau

1 2\3/2 1 ngn, oo _pE-1/2 _
TaXZWnanx <UU>:(E) oz do SE)eTE e /M dE

OTtoU Unoeewuue ot n S(E) («astrophy5|cal S factor») mephapPavet OAeC TIC €apTAOELC amo Tn Sopr
TWV TIUPAVWV.



Gamow peak

AC LENETHOOUE TO OAOKANPWHQL fooo S(E)e PET?e-E/KT4E
Ac urtoB€ooupe otL to S(E) eival mepimou otabepd yLa TNV MEPLOXH EVEPYELWV TTOU oG evOladEpouy (autd
YEVLKA UTTOPOUE va To uTtoB£ooupe otav n E eivatl pakpld and cuvtoviopoud).

Tote pmopoU e va ypAYPou e

1/2

— o0 _l E
[, S(E)e PET e E/KTGE = S(E,) [ e~ P **irdE

—E/KT bE~1/

MNapatnpeiote 0TLN € Teivel ypriyopa oto undév yla peyaAa E, evw ne™ “teivel ypriyopa to

HNOEV yla UKPEC eVEPYELEC. OmoTE N HeyaAUTEPN cuvelodopd oto oAokARpwua Ba eival yia TIHEG Tou E
1

-= E
TIOU €lval KOVTA 0TO HEYLOTO TNG cuvaptnong [ (E) = o~ (PE 2+35)
! 7 ’ ’ , d(bE_%-i-kiT 1 1 _E
To HEYLOTO TNG OUVAPTNONG QUTHG CUMBOiVEL OTOV — = 0> — = bE, 2 - 0>

3/2
E, = (bzﬂ) - kopudr) Gamow




(Armobelkvietal OtL...) MmopoUue va npooeyyicoupe tnv f(E) Ue pia yKOouoLlavr) ouvaptnon tng

HopPnG

FB) = fEexp |- (B22) ], fel 7 S 48
. 9@\, 4 &=
émiou f(Ey) = e~ @B +Eo/kD) = o=(Eo/kT) (e\¢ytre To) AR Chold i

EUpeon tou AE 0

f(E) = f(Ep) + /’/(Eo)(E —Ep) + %f”(Eo)(E —Ep)* +

f(E) = @ = f(Ep) +%f”(Eo)(E —Ep)? =

1

_FED _ 1
P00 _ 2 F (B E - B =E —Bo = — () =am =208 - ) =
E=E0

1/2
*Fo RT) (eNéyEte TO)




Onote

3Ep

fooo f(E)dE =~ e_(kT) Jo exp[

3Eo

- ]dE~e (&) ymAE =

I 1@ ~ e O (7)o 5, = (2

3 2
XPNOLUOTIOLWVTOC QLUTEC TLC OXECELC KATAANYOUUE OTO OTL

1 C 7 I 1 /4 I 1
(ov) x 273 €XP (— T1/3)' omou to C e€aptatal amno To YIWVOUEVO TwV PopTilwV Twv dUOo

nupnvwv niouv aAAnAenidpouv (apa amno to Uog tou ppayuatoc Coulomb).

2uvnOwg n oxeon autn pooeyyiletal (yia Oepupokpacieg kovia otn 1) anod tnv

(ov) = (ovho (X))’



Gamow peak

H «oupd» uPnAwv evepyelwv
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2uvnBwg naipvoupe S(E)~S(E,)~otaBepod (Otav elpaote pakpld and cuvioviopoug)




2XOALL

» Exoupe umoBgoel otL n S(E) petafarietal apya pe tnv E, blwg
yUpw omoé Vv kKopudnp Gamow. YmApxouv  OPWG
XOPOKTNPLOTIKEG EVEPYELEC (TOU QVTLOTOLXOUV OE EVEPYELAKEC
Stadopéc peTall SLaKpLTWV CTAOUWY TOU TIUPAVA = HOVTEAO
dAowwv) yla tic omnoieg to S(E) dev elval otabepod, aAla €xel
LOXUPEG KOpUDEC cuvTovIoOoU.

» Owpakwon nAektpoviwv (electron screening): to $payua
Coulomb vumoBiBaletat Adyw ™G mapouciag OSlaxutwv
NAEKTPOVIWV YUPW Ot TOV TIUPAVA, OTIOTE

1 Z,Z,e?
4‘7'[60 r

Uefr = +(Us(r)

S(E)

Kopudég Adyw cuvtoviopou




» 0 napayovtac S(E) unopel, kat’ apxnv, va umoloylotel Bewpntika, aAAd otnv nMpaén o
NPooSLOPLOLOG TOU BaocileTal o€ EpyaoTNPLAKES LETPNOELG TNG EVEPYOU SLATOUAG.

To mpOPAnua eival OTL TETOLEG METPAOELS Elval EPLKTEG HOVO o VPNAEC eVEpPYELEG, cuvnOwWC
> (0.1 MeV, koBwc yla HIKPOTEPEC EVEPYELEC N €VEPYOC Olatoun e€ival oAU upIkpr Kol
kaOlototal pn UETPAOLUN OTo gpyaoctniplo. Emopévwe, amatteital mapekBoAn (extrapolation)
Tou S(E) amo YnAotepec o xapunAotepeg (yia > pia taén peyeBouc) evepyelec.



YIoOAOYLOMOC TNC TIOPOYOLLEVNC EVEPYELOC

Mo val UTTOAOYLOOULE TNV EVEPYELA TIOU TIAPAYETAL OTN HovASa Tou XpOVou Ao oTolxelwdn pala
dm Tou aoTPKOU UALKOU, TIPETEL VA TTOA/COULIE TO 7, (avidpdoeilg/otoxelwdn oyko/xpovo) ue
ToV oTolXeElwdn oyko dV kal pe TNV evépyela ava aviidpaon € = (0, .

H woxU¢ (pwtewvotnta — luminosity) mou napayetal ano tn pala dm sivat

dL a aX —
dL = ergydV = = = =x = grpx = g4y (erg/s/g)

’ dL 7 7 7 7 ’
o va BpoU e To - TIPETEL VL aBpoloou e Ta £, yLa OAEG TIG BavEG avTldpaoELC.

Enuc = Za,X Cax

‘Etol malipvou e TOV CUVOALKO pUBLIO TIapayYWYNC EVEPYELAC ATTO TTUPNVIKEC aVTLOPACELS avVA
pnovada palac.



XPNOLLOTIOLWVTOG TN OXECN 7,y = ;nanx (ov) maipvoupe

Qax 1
Eqx = n,Ny (ov
14 X. 14 14 I 4 I I 14
ANa n; = 7‘5 (omou X; n pada Tou oToLxELoU I TtPOG TN cUVOALKN pada, Kat A; 0 Pallkog
i""H

apLOUOC TOU oToLXEoL i )

[

: _ Qax
Onote £,y = (170 ) AcAx PX g Xx{(0oU)gx

v
Quuouaote otL (ov) = (0V), <T1>
0

Apa, umopoupe va ypapoupe otL

Tax = ToXgXxp?TY kol g4x = 06X o XxpT"



Nucleosynthesis via r- and s- processes

»Heavy elements (A>56) cannot be formed efficiently by charged-particle reactions

»Neutron capture is key:
(Z,A) +n-> (Z,A+1) +y

»No Coulomb barrier = occurs even at low energies

»Two possibilities after capture:
»If nucleus is stable, it remains as is until it captures another neutron

» If nucleus unstable then it can:
Qdecay (B-decay): (Z,A+1)-> (Z+1,A+1)+e + v,
O capture another neutron

»The overwhelming majority of B- decay lifetimes are of order of hours



»When neutron capture rate < B-decay rate

»Then the nucleus, after the neutron capture, decays to its stable counterpart. Then it may
capture another nucleus etc.

» So the neutron capture chain will march through the stable isotopes of an element until it
reaches a radioactive species , at which point B-decay will occur and the capture chain will
resume in the element Z+1

»When neutron capture rate > B-decay rate

» Nuclei capture many neutrons before decaying
» Path moves far into neutron-rich region

» After neutron flux stops = B-decay chains back to stability
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Fig. 7-14 A characterization of a portion of the chart of nuclides showing the assignment of
nuclei to the classes s, », and p. The s-process path of (n,v) reactions followed by quick beta,
decays enters at the lower left and passes through each nucleus designated by the letter s.
Neutron-rich matter undergoes a chain of beta decays terminating at the most neutron-rich
of the stable isobars, which are designated by the letter 7. Those nuclei on the s-process path
which are shielded from r-process production are labeled “s only.” The rare proton-rich
nuclei which are bypassed by both neutron processes are designated by the letter p.
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Clayton 1983



Synthesis of p- nuclei

»Some proton rich nuclei cannot be synthesized bgy elther s or r- neutron capture
processes. (rare isotopes like rare isotopes like: *Sm,

»Begin with pre-existing heavy nuclei (mostly from s- and r-process), exposed to
high-energy photons (T ~ 2-3 GK)

»Photodisintegration = neutron rerr(mval - move horizontally to lower N
yn
(Z,A) S (Z,A—1)
» As nuclei become proton-rich: Neutron separation energy increases (neutrons
now more bound)

- Proton / alpha emission (more loosely bound — Coulomb repulsion) becomes
competitive = new channels open: (y,p), (v, @)



Nucleosynthesis in stellar interiors (*)

» Most of the stars in the Universe shine by converting H to “He. However, only ~15% of
the cosmic abundance of *He is produced by stars (otherwise, the cosmic background
of optical light would exceed by far the observed one): more than 80% of it has been
produced in the Big Bang by the primordial nucleosynthesis.

> In stars of mass < 1.2 Msolar and central temperatures below 20x10° K, most of the H-
burning energy is released by the p-p chains.

» In stars of higher masses and temperatures, H-burning occurs through the CNO
cycle, where the C, N, and O isotopes (produced from previous stellar generations) act
as catalysts.

»The sum of the abundances of CNO nuclei remains constant throughout H-burning,
but there is an internal rearrangement: 2C and 1® O turn into *N and, to a smaller
extent, into 13C and ¥/0O; these are the main nuclei produced by the CNO cycle.



2uvtnén udpoyovou: AAuacidec pp
Nephapavouv avtldpAceLg TTOU GUVOALKA TtEpLlypadovTaL Ao TnVv:

4 {H — SHe + 2¢™ +2v, + 2y

I | 2/4D AcBevnic aAAnAenidpaon —
A}\UO’iﬁ(x ppl 1H + IH — + et + vV, ——— TIOAU apyn = kobopilel To

OUVOALKO 77,
D@ H— JHe +y
— @Hﬂ — 5He + 2 |H. AAvcida pplll

EBE:+:H—>§B+}/

gHe—kgHe — :‘:Be o s

3Be—|~ e- — ;Li + v,

Li+ H - 2 jHe.

AAlvacida ppll

2B—>2Be—|—e++vf

iBe — 2 jHe.



ppl chain in more detail

reaction:

rate:

Q

(MeV) (MeV)

(Ev)

H+H—->D+et +v

D+ H — 3He + v
3He + *He — ‘He + 2 H

Tpp = %HQ (oV)pp
rpp = HD (ov)p

r33 = 5(*He)? (ov)33

1.442
5.493
12.860

0.265

dH
dt
dD
dt
d*He
dt
d*He
dt

—H? (0v)pp — HD (00),p H(*He)? (00)a3

2

2

— (ov)pp — HD (ov)pp

HD (ov)pp — (*He)? (0v)33

(3H0)2
7.

(0’1))33



Deuterium abundance

dD H? -
— = —(ov)pp —HD(ov)pp | = Self-regulating

» if D-abundance is small = first term > second term = dD/dt > 0
= D-abundance grows
» if D-abundance is large = first term < second term = dD /dt < 0

= D-abundance decreases

I dD
mm) the D-abundance tends to an equilibrium abundance such that - =0

2
=2 (0v)pp = HD(aV)yp = (E)eq = 1Mp o 3510718 (T ~ 107K)

H ~ 2(oV)pp



Lifetime of species X against reacting with particle a

n(Xx)

Ta(X) = [dn(X)/dt],

Example: the lifetimes of H and D against proton capture

H+H—-oD+et+v 1y = 3H2(00)pp =,
n n 1 m
H) = p — p — — p ~ 1010 r
Tp( ) (dnp/dt)p n}%(“”)pp Nnp(oV)pp XPcore{dV)pp y
D+H— 3I’I(‘ = Y nh) — HD <UI-">])D
7,(D) = " __ ™ 1 L 16sec

(dnp/dt)p - NpNnp{dV)pD Np{aV)pD

‘ Tp(D) _ (O-v>pp N <E> _ Tp(D)

7p(H) B (0V)pp H/,



7p(D) _ (oV)pp N (2) _ 1p(D)

Discussion of @ (0D q e‘t_ 27, (H)

» Because hydrogen is consumed extremely slowly (7, (H) ~ 1010 yr), its
abundance, H, barely changes over the short times during which deuterium
evolves. So Hcan be treated as effectively constant.

» With H fixed:
v' deuterium is produced at an approximately constant rate (r,)) r,, = 1H? (5v),,
v’ but destroyed at a rate proportional to how much deuterium already exists. 70 = HD (ov)pp

» This makes the deuterium equation a standard relaxation process:

dD
o= constant— (constant) - D

whose solution approaches equilibrium exponentially:
D(t) = Deq + (Dg — Deg)e /P,
So regardless of the initial amount of deuterium, D (t) — D, in a few 7,,(D) ( a few

seconds)



The 3He abundance

Assuming D/H = (D/H)eq, we are left with the following eqgs involving H and 3He

dH B

— = —H?{(ov)pp — HD (ov)pp + (*He)? (ov)s3: 1H 3. 3ry
dt (ov)e (ov)pp + ("He)" (0v)s3 = —éHz (ov)pp + (*He)? (ov)33
i H - - .
- = = (ov)pp — HD {(ov)pp =0 d3He H2 ,
‘ f ¢ . . . .IH )2( ,)
J3He o 7 5 (ov)pp — (“He)* (ov)33
= = HD (ov)pp — (®He)? (ov)33 —_—
Self-regulating
1
d3He

H2 3H (ov) 2 _
=02 —(0V)yy = CHe)2(ov)33 = (—e)eq = (—pp) ~ 1075 (T ~ 1.5 x 107K)

2(ov)33

(strong T dependence)
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Figure 4.4: The equilibrium ratio of *He to H during hydrogen burning. The curce is dashed
for Tg < 8 becuase the time required for *He to reach equilibrium is longer than the H-burning
lifetime at such low temperature. Figure from CLAYTON.



dH 3 3He)2
— = —EHZ(Jv)pp + (CHe)"(ov)33

»proton burning decreases H = increases 3He

3

. d*H H?
—> 3He fused via dte = (oV)pp — (CHe)?*(0ov)33

— some protons are effectively returned to the cycle

—slowing hydrogen depletion = stabilizing feedback.

So the whole pp-chain network tends toward a quasi-steady state



Lifetime of 3He against itself

> lifetime of 3He against itself

T3(3He) = 10° yr in the center of the Sun (T, = 15)

» increasing rapidly for lower T :

for Tg < 8, 15(3He) = 10%yr

= equilibrium is reached in the center of the Sun

= equilibrium is not reached outside central parts of the Sun

He 4+ 3He — 3He + 2 |H.

If 3He reaches equilibrium (e.g. in the center of the sun), then:

— ——H2 (O'U>I)D -+ (:;HC)Q <Ul')33

(I_H 3

dt 2

d3pe?  H?
= 7
d*He B (3He)?

dt N 2

- (3H0)2 (V)33

(ov)33 -

dH
dt

d*He
dt

H%(ov)pp = =27,
H?
= T(Ul")p]) = %7'])])

The rate of H-burning is then set
completely by the pp reaction,
the slowest in the chain.



ppl summary

» Effective energy release of the ppl chain: Qo = Q — 2(E,) = 26.21MeV per *He

- effective energy generation rate inerg g~ 1s 1:

d*He 5 : N
€ppl = %7 = Qefszpp (valid for 3He equilibrium)

>

» the pp-reaction is the slowest, and (when 3He is in equilibrium) sets the pace of the overall
rate of the ppl chain
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Figure 4.6: Composition profiles in a typical solar model. (a) Mass fractions of 'H (X) and
of “He (X,4) as a function of radius. (b) Mass fraction of *He (X3) relative to its central value
X3(0), as a function of radius. Figure from Bahcall (1989).



ppll chain in more detail

»If “He is abundant, and the temperature is not too low, the reaction
3He +*He >/Be +vy

» Larger reduced mass of reacting nuclei = stronger T sensitivity
—> reaction starts to dominate at high temperatures

» followed by e capture by ’Be: 'Be + e~ - ’Li + v (weak interaction)
7(’Be) = 0.3yr

If Be is neutral (in the lab!) 7("Be) =~ 76.9d....e" is captured usually from K shell
In the stellar core Be is fully ionized, so e- capture dependson n_and T - (TBe) ~ 7.06 x 10° Te'

> Q-value of 0.862 MeV, emitted as one 0.862 MeV neutrino (89.6%  —
of the time), or one 0.384 MeV neutrino and one 0.478 MeV photon (10.4%)

» andthen
’Li+1H - %He + “He



pplll chain in more detalil

Be+H—>B+y
Lifetimes of radioactive species

8 Sp X + : -
B— ,Be+e +
5 4 @~ 7(®B) ~ 1 s

7(°Be) ~ 107%? s
*Be — 2 ;He.

The neutrinos produced are very energetic. E;"?* =~ 14-15 MeV
In comparison to:

*pp neutrinos: up to 0.42 MeV

* neutrinos from ’Be e capture : 0.86 MeV

Solar Neutrino detectors (Homestake, Super-K, SNO) were mostly sensitive to
pplll neutrinos




Comparing ppl, ppll and pplll

»ppll, Il start with 3He(a, y)’Be, but the a-particle is used only as a catalyst: it is
liberated in the end, by “Li(p, a)*He or by 8B(a)*He

»ppll, Il need the (slow) pp-reaction only once to produce one *He nucleus, whereas
ppl needs two pp-reactions per “He nucleus

= at high temperature: ppll, Il may dominate

reaction Q (E,) S(0) dS/dE T
(MeV) (MeV)  (keV barn) (barn) (yr)
'H(p,etv)’H 1.442  0.265 3.94 x 10722 4.61 x 1072 Q0"
D@p.q)”}io 5.493 25x107"  79x107% a0°®
SHe(®He, 2p)*He 12.860 5.18 x 103 —1.1 x 10" 10°
3He (o, v)"Be 1.587 54x 1071 -3.1x107% 108
(e—, v)"Li 0.862  0.814
>, ) He 17.347 5.2 x 10! 0 10-%

-

"Be(p,v)*B 0.137 2.4 x 1072 -3 x107°  10°
Bletv)®Be"(a)'He 18.071  6.710 (U
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Figure 4.7: Fraction of *He produced by the ppl, ppll and ppllI chains, as a function of
temperatute. The chains are assumed to be in equilibrium, and it was assumed that ¥ = X.
Figure from CLAYTON.



sHe + 3He — SHe +2 [H. Ahucisa pplll

Branching ratios Be+H - 1B+

> 3He+%He — ]Be +y

Alugida ppll
5B > %Be+et 41,
- . 5 4 ¢
fopl Tz _ (ov)ss “He
o o 8 4
4 ] ;Be — 2 SHe.
fppII+fppII[ 34 Z(O'U)34 He JLi+ |H — 2 $He. 4

= ppl dominates over ppll, Il for small *“He and/or large 3He abundance

= ppl also dominates at low T, because (ov), increases more steeply with T (o1 )55

>fppll _Tez _ _Ae7 Me _ Aoy 14X

fpplil Tp7 B (OV)p7 Np B (oV)p7 2X
Ae7 = probability per unit time that one ’Be nucleus captures an electron

Xp p 1 1 .
n,=—, n, = , = —(1+4+ X) (assuming only H and He
Py e ”emH w2 ( ) g only )
(caution: u, mean molecular weight per electron not per particle)
s 2 Ny A
%/L - N P‘ J o4 wWhile S(b = _J___J/—.f—
i T Ni(Z§+) R AN



Differential equations for ppll-pplll

> D, 8B, ’Li and ’Be have very short lifetimes = they can be assumed to be always in
equilibrium = only H, 3He and *He are important:

IH 3 . .. . |
(I! 5 H (ov)pp (*He)* (ov)33 — “He *He (ov)34
q ( ) PROVE AS
1‘ : -, . 2 p

( !}’l( — l] (nl‘:}pl) —_ (-‘]wl(\)" (ﬂf'};{:‘ - Jll(' '}l(' {ﬂl'\/':‘l EXERCISE
(

| . 2
dHe (3He)? . .
= (ov)33 + “He *He (ov)34
dt -

I

-

3He = self-regulating as for ppl, but equilibrium 3He abundance now depends on
“He/H as well as T

PROVE AS EXERCISE

: ey d3He d*He  H? SHe*He 1
»>If 3He in equilibrium > —— =0 - e (OV)pp +T(av)34 = ErppCD(a),

where ®(a) depends on temperature and on the “He/H ratio




Net energy production rate— Net nucleosynthesis in pp chain

d*He 1
= Erppcb(a)
The function ®(a) depends on temperature and on the *He/H ratio
4
e for small a (low T and/or small “He/H) = ppl dominates, ® = 1 % = %rpp
4
e for large a (high T and/or large “He/H) = ppll or pplll dominate, @ = 2 ddI:e = Thp

( = one pp reaction required per “He)

»The energy generated by ppl, ppll and pplll is always the same
(Q =26.73 MeV per net 4 p - *He reaction). However, the v-losses are different .

» when 3He in equilibrium

_ Tpp
pPp Zp
» Total pp-cycle nucleosynthesis 4 He, 3He

. (4m, — My )c? - D(@)(0.981f,p; + 0.961f, 511 + 0.739f,0m)



>uvtnén H: KbkAoc CNO

OLrtuprvec CNO Spouv oav «KOTAAUTECY.

O KUKAOC pmopel va EekwvosL amo onoudNToTe
avaloya e tov SltaBgoLpo mupnva .

€CNO
— -1/
= 8.67 X 1020:0XXCNOCCNOT6 2/33_152'28T6 ' 3Wkg_1

Mopw amod tn Beppokpaocia T = 1.5 X 107K

~ ! 19.9
EcNo = €g.cNoPXXcenoT6

HE £ cno = 8.24 X 1073 Wm kg™

>C12+H! > NP4y
N3 sCBie* 4,
CP+H! -=NM+ 5

"N14+H1—'015+7
O NS 4etqy

NS 4 H! —HC - Ha*

or (~4 X 107%)

NP+H! =0+ 5
O¥4+H!—=Fl+y
FU7 - 07 4+e" 4+ v

0+ H! =N+ He!
|




To oUVOALKO € amo tnv aAucida pp uno)\oviZsraL OTL elva:

op = 0.241pX2f, 1y o To /2 e=3380T6 kg1

(0mou f,,,, 0 mapayovtag Bwpakiong, Y,,~1 eival evag napayovtag 616pbwoaong, o
OTIOLOG EXEL VOL KAVEL E TNV TAUTOXPOVN UTtapén Twv PP I, PP Il kal PP 1l kat €y ™1

nepAapfavel S1opBwTLKOUG OpoUC avwTEPNGS TAENG. Emtiong, Ty = 101;1('

Kovtd otn Beppokpacia T = 1.5 x 107K
Epp = €0ppP X opWpp CopTe ME € pp = 1.08 X 1071 *Wm kg ™2

Mpoog€te tn oxeTikad acBevn (o cuykplon pe AAAeC avtidpaoelc tov Ba dolpue
apyotepa) e€dptnon ano tn T.



the CNO cycle in more detail @)y

The two B decays are very fast NS S0P 4e* 40

CB+ED=N"+ 4
- N ‘—"'015"1-7
0¥ SN +e*+y

15 /_1\# 12 3
N> +H )J—C* +He

7
protm Coughore—

=

Differential equations for the CN cycle:

a0

% = B NGl v’ total mass (hucleon number) is conserved
dZC = H ("2C(ov)12 — C (ov)13) v’ total number of CNO-nuclei is conserved
v ( v' dH/dt < 0 and d *He/dt > 0 always

= = H(PC(ovhiz - "N(ov)) v' equations for CN nuclei are self-regulating
d5N = 12C, 13C, 14N and 1°N will seek

= H (14N (0’?))14 = VI (UU)L’S)
dt equilibrium abundance

dH
— = —H (C(ovha + PClov)is + "N ovhs + °N(ov)1s)

d*He
dt

= HVPN (ov)15



Lifetimes of CN-nuclei against p-capture

c12 +@—'N 1By

BEc) n(**C) 1
= - (ov)1, = Maxwellian-averaged cross section of 2C(p'y)13N

(7C) = (dn(12C)/dt),  npn(P2C)(ov)i2  nplov)io

Similarly:
1
CREHI NM4 4 rp(ldc)zm AtT =2 x 107K
p 13
75(*°N) < 7,(1°C) < 7(*?C) <« 7(MN) < Tstar!
1
N14+|-|1_..015+.y 7 (N} = 35 yr < 1600 yr < 6600 yr < 9 x 10° yr
np(ov) 14
N'S + H! — G2 + He? 7(PN) = : ‘
s pl = + He np{ov)15
Equilibrium will be achieved as all lifetimes

are << stellar lifetime, i.e.

Bl | D/ (ol ) Ul N e it .):\ —
dt . dt s dt dt v



Equilibrium abundance ratios

e.g.

12 12
at3c C\ _ {ov)yiz _ m(*C)
i H(*?C{ov)1, — PCov)3) = 0= (13@) - (ov)i2 TE(BC)

1

CN nucleosynthesis:
Lifetimes PN :13C:12C: "N~ 1:45:190: 26000

1587 . 13 . 12+ | sy B s ks Log
= CN equilibrium abundance distribution N:7#C: 20 -—_ 26000 * 600 ° 140 @

independent of the initial composition

= 14N is the major nucleosynthesis product of the CN-cycle (except for *He).



The rest of the CNO cycles

PN (p,7) %0 (p,7) ""F (¢71) 170 (p,a) "N (p,7) °O (¢*) "N (CNO-II)

* second cycle not relevant for energy generation

* but: very relevant for nucleosynthesis

CN-equilibrium is achieved much faster (typically in ~ 10% yr) than CNQO-equilibrium.
. B ‘
Reason: ToN—eq. = Tl,(l C) Tl,(“’()) i, )y S

Two more cycles

170 (p, 7) 8F (e*1) 180 (p, @) N (p,7) 10 (p, ) '"F (etv) 170
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O s SRS |

[or (~4 x 107%)]

N15+Hl—'015+7

O+ H! —=F7 4,
Fi7 = 0! +e*+w

O+ H! SNY 4+ He?




» General rule: the (p, a)-reactions — if leading to a stable nucleus — are faster than the (p, y)-reactions (strong vs.

electromagnetic force!)

» Only exception: 13C(p, y)**N is faster than 3C(p, a)1°B.

» When the isotopic abundances reach a steady-state (nuclear equilibrium) we get the CNO-equilibrium

abundances
1) 1*N is strongly produced
2) 12C, N, 100, 180, 1°F are depleted

3) 13C and 170 can be produced by the CNO-cvcle

CNO-equilibrium abundances

edw

12C 130 14N 15N 160 170 180 19F
equil. mass
fraction 1074 61075 1072 3.1007 3-10%* 4.10% 107°? 107°
(Z =2%,
T =3-10"K)
solar mass 3.5-107% 4.107° 1072 4.1076 1072 41076 2107° 4.1077
fraction

: 1 1 1 1 1

ratlo % 15 10 E % 1 50000 4—00
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Figure 4.11: (left) Time evolution of the mass fractions of stable nuclides involved in the
CNO cycles, versus the amount of H burnt at a constant temperature 7' = 25 x 10° K and
density p = 100gcm ™. Xo(H) = 0.7 is the initial H mass fraction. (right) Final values of
these mass fractions (at X (H) = 107Y) versus Tg, the temperature in 10° K. The dotted line
indicates the logarithm of the H-burning time (in years) to be read on the right-hand side
ordinate. Figure from Arnould & Mowlavi (1993).
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Figure 4.13: Temperature dependence of nuclear energy generation by the pp reactions and
the CN cycle. Figure from Kippenhahn & Weigert (1990).



First dredge-up: occurs after core
H exhaustion, as the star ascends
the red giant branch (RGB), when
the convective envelope deepens
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Figure 4.14: Abundance profiles of several light nuclei (plotted as the logarithm of ¥ = X /A,
where X is the usual mass fraction) in the inner regions of a 5 Mg, star after core H-burning.

The region that is subsequently mixed by the first dredge-up is indicated by the arrow along

the top. Before the first dredge-up, the original composition is unchanged down to ~ 4 Mg.
Below ~ 4 Mg, '3C increases and '°N decreases due to CN cycling, and somewhat deeper
down, where the CN cycle has been more effective, 1IN increases while 2C and 3C decrease.
After the first dredge-up, the envelope composition is homogeneously mixed to the average
value down to the indicated depth. TIWincrease in the surface “N/ 12_C’§r_1_(i_ N(
@ﬂQCad:)und—\—an_c.ir_/mios.Figure from Busso et al. (1999).




»Starting composition: ashes of hydrogen burning
For example (Z =Zg): X =0.70,Y = 0.28,Z = 0.02( with X(0) = 0.01)
After H burning, in the core: X = 0,Y = 0.98,Z = 0.02( with X(N) = 0.014)
»Main reaction of helium burning: so called 3a-reaction
15t step: (Q=-92 keV)
Endothermic = ®Be is unstable against breakup in 2a, but 1, ,(°Be)=3 x 107**s is much
larger than the timescale of an o + a scattering (10-21- 10-%%)
= a small concentration of 8Be can build up until equilibrium is reached:
a + a ©8 Be
At T ~ 108K, 8Be/*He ~ 10~°
29 step resonant reaction 2Be(a)2C*(y)**C.



Further reactions

very important — reaction rate not well known — unclear whether the
main product of He burningis Cor O
» the 12C(a, y)°0 reaction is not resonant, so that at central He-exhaustion a considerable
amount of 12C is leftover in the stellar core.
» 160 is usually dominant at that stage, but the exact 1°0/12C ratio depends on the rate of
the 12C(a, y)1®0 reaction, which is still uncertain.

less important (only at very high T)

%
Secondary nucleosynthesis during helium burning: g
\ \ 2
N (0 7) BF(B7)10(c,7)2Ne  (already at T ~ 108K)  prodvdhion & @fﬁ%

2Ne(a,@)®Mg (for T>3-10°K)  produckion of M — g orocess QQeimeon-

X He-burning constitutes the production mode of 120 in the
Universe, since some amount of it survives in the He-shell the
subsequent reaction 80(a, y)?’Ne
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Figure 4.19: Mass fractions of 2C and %0 as a function of the decreasing He mass fraction,
alculated for a 5 M star with Z = 0.02.



s-process elements

» In massive stars, towards the end of core He-burning, at T~250x10°K, neutrons are
released through 22Ne(a,n)>*>Mg.

» These neutrons are easily captured by all nuclei in the star (in proportion to the
corresponding neutron capture cross sections).

» A part of those nuclei is destroyed in subsequent stages of the evolution of massive stars,
but those that survive are ejected by the final supernova explosion.

»This “weak s-process” leads to the production of the light s-nuclei, with mass number A
between 60 and 90.



. . . Many important secondary reactions:
Advanced Nuclear Burning in Massive Stars: — o

C, Ne, and O Burning 0Ne(oL,y)*Mg “Na(a,p)*Mg 26Mg(p,y)*’Al
L : SNa(p,y)**Mg Na(p.0)*Ne BMg(p,y)*°Al
» C-burning in massive stars occurs at temperature T ~ 8x1 2Ne(o,n)Mg 25Mg(0t,n)*Si BMg(n,p)*Na

5Mg(n,y)Mg BMg(e*v)2Na 2INa(e'v)!'Ne

» The core composition at C-ignition is dominated by the .

. . ] and dozens (hundreds?) more
90% of the total) in a proportion that decreases with the

» The exact proportion of 2C/1®0 and the exact initial fraction of 12C (which is crucial for the energetics
of C-burning) depend sensitively on the — still uncertain — value of the 12C(a, y)'°0 rate and on the
adopted criterion of convection during He-burning.

» Channels for fusion of two 12C nuclei:

]_‘gC ; IZC - 14Mg* ol EUNE +4He(Q = +4.616 MeV),

After C exhaustion, stellar core

Final products of C-burning consists of 0 and 2°Ne (more

than 90% of the total by mass)
and few % of 23Na and Mg

e 4 e —>24Mg* s BNiy p(0 = +2238MeV), 2ONe (mostly), Na, 2*Mg

R, 12 Uppg s B3 -
C+C- Mg Ed Mg+"(Q s 'Z-GUSMBV)' mm)  endothermic reaction with a small probability (0.1% at T = 1GK)

20Ne(p,g)*'Na 2INe(p,g)*’Na 2Na(e'v)*’Ne



» Despite its smaller Coulomb barrier, 10 is not the next fuel to burn, since it is exceptionally stable
(being a doubly magic nucleus with Z=N = 8).

» The photodisintegration of 2°Ne nuclei *Ne++7+— “O+a becomes energetically feasible at T~ 1.5
GK, i.e., before the fusion temperature of 10 nuclei (T ~2 GK) is reached.

» The alpha particles released are captured by both 10 (to restore 2°Ne) and °Ne (to form 2*Mg).
20Ne + a — Mg + v
» The net result of the operation is that this 2°Ne “melting” can be described by:
2 2°Ne > 100 +*Mg.

» The photodisintegration of 2°Ne is endoergic, but the exoergic a-captures on 20 and 2°Ne more than
compensate for the energy lost.

»20Ne burning produces 0.1 MeV/nucleon or about one-fourth the snecific enersv released hv C-

burning. _
Other secondary reactions:

» Several other energetically unimportant reactions, induc
burning: 24Mg(a,y)?Si 27Al(o,p)*°Si
Mg(o..n)**Si 30Si(p,y)*'P

23Na (a product of C-burning) disappears through 23Na(p, 20Mg(0,0)"Si s



» After Ne “melting”, the stellar core consists mainly of 180, 24Mg, and 28Si. 2°Si, 30Si, and 32S
also present at the 102 level (in mass fraction).

»The subsequent fusion of two 0 nuclei produces a compound nucleus of *2S which
decays through the p, a, (d) and n channels;

“0+ %0 > (2S) > 'S+n+1.45MeV 5%

proceeds through the Y %0 P+d-2.41MeV < 5%
328 compound nucleus

with a high density of - 31P + p +7.68 MeV 56%
resonances. Very like

carbon burning. - 28Si +0+ 959 MeV 34%

»The energy released by oxygen burning is 0.5 MeV/nucleon. As in the previous stages,
dozens of n, p, and a induced reactions occur.

»In addition, the increased temperature and density introduce two novel features:
» Electron captures occur mainly on 315, 30p, 335 33C| and 37Ar = neutron-rich composition
» Photodesintegration reactions become also important and destroy most of the heavier than Fe nuclei

that have been built through n captures in the previous burning phases (mostly by s-process during He-
burning).



Si-Melting and Nuclear Statistical Equilibrium (NSE)

» At O-exhaustion, the composition of the stellar core is dominated by 22Si (30-40% by mass fraction)
and, either 32S and 38Ar (in the more massive cores, where low densities do not favor electron

captures) or 3°Si and 34S (in the lower mass stars, below 15 M,,)

» The reaction 28Si+ 28Si = (°° Ni) * is strongly Coulomb suppressed.

» Rather, a portion of the silicon (and sulfur, argon, etc.) “melts” by photodisintegration reactions
into a sea of neutrons, protons, and alpha-particles. These lighter constituents add onto the

remaining silicon and heavier elements, gradually increasing their mean nuclear mass number
until speciesin the iron group are most abundant.

*8Si(y, 2)**Mg(y, o) **Ne(y, o) "°O(y, o) *C(y,2 o) o

Other photodisintegration reactions releasing p and
n also occur, especially in material with neutron excess

Carbon burning (“melting”) Heavy ion fusion
Neon Burning Photodisintegration rearrangement
Oxygen burning Heavy ion fusion
Silicon burning (“melting”) Photodisintegration rearrangement




In the conditions of NSE, for not too high temperatures (T < 10 GK), the most abundant nuclei are those that
minimize the free energy for the given neutron excess@

_— ey s — Ntot=Ztot
Nuclear Statistical Equilibrium (NSE) = Neot+Zior !

N,.: = all neutrons (free + bound)

* Example of a quasi-equilibrium cluster of
Ziotr =all protons (free + bound)

reactions
28¢c 29 - 30 31 32 28
Si2EaeNiaea"Pe=2"Sa2"
n n p P x NSE Distributions at T=3.5e9 K p=1e7 g cm
T T T I T T T | T T T [ T T T
100:— 56N . 56Fe E
Basically, silicon burning in the star’ s core turns the products of - e /\ 58Fe .
oxygen burning (Si, S, Ar, Ca, etc.) into the most tightly bound nuclei £ N -

(in the iron group) for a given neutron excess, 7.

Mass Fraction

Towards end of Si-melting all electromagnetic and strong nuclear

interactions are in equilibrium with their inverses.

neutrinos still escape freely from the stellar core, so, neutrino-

producing weak interactions never come into equilibrium with

their inverses and weak equilibrium is not established.

last reactions to reach equilibrium are those linking Mg to °Ne, Stellar Nucleosynthesis. Figufe 3 Abundances of major

160 to 12C and ﬁnaIIy the reaction 3a to 12C nuclides in nuclear statistical equilibrium (NSE), as a function of
! . " ’ o . ’ . the electron mole number Y,

Nuclear Statistical Equilibrium (NSE) is reached (assuming that all

nuclides obey the statistics of an ideal Maxwell-Boltzmann gas) Y. = total number of protons
total number of baryons
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Stellar Nucleosynthesis. Figure 2 Schematic evolution of the interior composition of a massive star of 25 M.... The central
temperatures (T.) and densities {p ), as well as the approximate durations of the various burning stages appear in the bottom.
After the final supernova (SN) explosion, a neutron star or a black hole is left behind (SN residue), while the rest is ejected in the

interstellar medium, forming the SN remnant




Explosive Nucleosynthesis in Supernovae

» Iron core collapse proceeds on a timescale of milliseconds. Due to increasingly high temperatures, photodisintegrations tear down Fe nuclei
to nucleons and alpha particles, while higher densities favor electron captures and conversion of protons to neutrons. When the density of
nuclear matter is reached (~10%gcm3), the repulsive component of the strong nuclear force brings the collapse of the inner core abruptly

to a halt.

» At the boundary of the inner core a shock wave is formed, with an energy approximately equal to the kinetic energy of the core at the
moment of the bounce ( ~5x10°! erg, according to results of numerical simulations).

» As the shock wave propagates outwards, into the still infalling outer core, it photodisintegrates its Fe nuclei (tearing them down to
nucleons) and consequently loses ~ 8.8 MeV/nucleon or 1.5 x 10° erg per 0.1 M,

» As the shock wave propagates through the stellar envelope, it heats the various layers to temperatures higher than in the corresponding
central burning stages.

> If the nuclear burning timescale at radius r is smaller than the hydrodynamical timescale t,; (r), then explosive nucleosynthesis will take
place ( up ~0.446 ps~s),

» vigorous explosive Si- and O-burning = same major reactions as for quiescent burning

> Ne and C layers are less affected

» He and H layers not affected at all by the explosion



» The high density of the WD ( ~10°g/cm3) leads to a very efficient screening of the nuclear reactions, whereby
repulsive Coulomb barriers between positively charged nuclei are lowered by the presence of negatively

charged electrons. and
than in massive stars. Ignition occurs when the 12C +12C reaction releases energy faster than neutrino losses

» WD are composed of : internal pressure depends only on density, not on temperature. Thus,
heating of the medium (through the energy released by 12C + ,
which would lead to gas expansion ;s instead, , and so does the 12C

+12C reaction rate.

» In those conditions, a “ ” (subsonic burning front) burns explosively the material of the
star, all the way towards Nuclear Statistical Equilibrium (NSE).

» The timescale of the explosion is too short to allow for important electron captures, and thus the final

outcome is essentially 26Ni (~0.7 M,
Only in the central regions the high densities favor the production of >4Fe and 22Ni through electron captures.

» In the outer layers, NSE is not reached because of lower temperatures that lead to the production of
intermediate mass nuclei, like Si, Ca, etc.

SNla play a very important role, since they produce between 50% and 65% of the Fe-peak nuclei.
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