Lecture 15

Explosive Nucleosynthesis
and the r-Process



As the shock wave passes through the star, matter is briefly heated
to temperatures far above what it would have experienced had it burned
in hydrostatic equilibrium. This material expands, then cools nearly
adiabatically. The time scale for the cooling is approximately the
hydrodynamic time scale, though a little shorter (because speeds are
faster than free fall).

For (post-helium) burning in hydrostatic equilibrium, recall we had

Ene/ T\Ey hydrostatic nucleosynthesis
advanced stages of stellar evolution

For explosive nucleosynthesis we have instead :
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Except near the "mass cut"”, the shock temperature to which the
explosive nucleosynthesisis most sensitive is given very well by

g! R’aT* " Explosion energy
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Conditions for explosive burning in one 25 Mg model (E, = 1.2 B):

To nse T, >5 R,< 0.38 yes
Silicon 4 -5 0.38 — 0.51 yes
Oxygen 3 -4 0.51 -0.74 yes
Neon 2.5 -3 0.74—-1.0 a little
Carbon 20 -25 1.0-1.3 no
Helium >0.5 <8 no
Hydrogen >0.2 <27 no

- Roughly speaking, everything that is
R9 = ﬁ ejected from inside 3800 km in the
' presupernova star will come out as
iron-group elements.
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Elemental Mass Fraction
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Produced pre-explosively and just ejected in the supernova:

®* Helium

® Carbon, nitrogen, oxygen

® The s-process

® Most species lighter than silicon

Produced in the explosion:

® [ron and most of the iron group elements — Ti, V, Cr, Mn, Fe
Co, N1

® The r-process (?)

® The neutrino process — F, B

Produced both before and during the explosion:

®* The intermediate mass elements — Si, S, Ar, Ca
® The p-process (in oxygen burning and explosive Ne burning)



Explosive Nucleosynthesis

Fuel Main Secondary Temp Time
Product  Products (10° K) (sec)
Innermost  r- process : >10 about 1
Ejecta low Y

Si, O *®Nji Iron group >4 0.1

O S1,S Cl, Ar 3-4 1

K, Ca
O, Ne O, Mg Na, Al 2-3 S
Ne P
p - process ! !

1 'IB 1 QF
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The nucleosynthesis that results from explosive silicon burning
1s sensitive to the density (and time scale) of the explosion.

1) High density (or low entropy) NSE, and long time scale:

Either the material 1s never photodisintegrated even partially to
o—particles or else the a—particles have time to reassemble into

iron-group nuclei. The critical (slowest) reaction rate governing the
reassembly is ou(2a,y)'2C which occurs at a rate proportional to p2.

IfasT —0,X , X 3 and X — 0 then one gets pretty much the

unmodified "normal" results of nuclear statistical equilibrium calculated

e.g.,at T, = 3 (fairly indedendent of p).

Abundant nuclei at 7=0.002 -0.004
56,57Ni, SSCO, 52,53,54Fe’ 48,49,50Cr, 51 Mn
Products after all decays are complete:

54,56,57 55 48,491 50,51,52,53 51
>>>'Fe,”Mn, " T1, 77 77°Cr, >V
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If all the / 's from photodisintegration cannot reassembleon “__,
then the composition will be moditied at late times by / -capture.
The composition will "freeze out" with free ! -particles still present
(and, in extreme cases, free n's or p's). The NSE composition at low T
willbe modified by reactions like

“Fe(! ,")®Ni *Ni(/ ,p)*Cu
56N|(! ’ u)GOZn 40Ca(! ’ u)44Ti
'Ni(! ,")*Zn Ni(! ,")*Zn etc.
Abundant:

44Ti, 56’57’58Ni, 59CU, 60'61'622n,(64’66Ge)
Produced :

44Ca’ 56,57 Fe, 58,60,61,62Ni , 59C0, (64,662n)

80, 2HH9+) *HYSHEIRF(HYAAT 4+ )#1#,-0+4]:#(10:%*+%)



3) Explosive oxygen burning (3! T,! 4)
Makes pretty much the same products as ordinary oxygen
burning (T, " 2) at low ! " 0.002 (Z/Z, )
Principal Products:
288i ’ 32'33’348, 35,37C| ’ 36,38 Ar
39’41K, 40'42(:3, 46Ti, SOCI.

4) Explosive neon and carbon burning (2! T,! 3)
Same products as stable hydrostatic buring
More *°Al, the p-processor !/ -process.

5) Explosive H and explosive He burning.
The former occurs in novae; the latter in some varieties
of Type la supernovae. Discuss | ater.
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p-Process Nuclei
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s-, r—, p~nuclidic composition 10"
. (Anders and Grevesse 1989)
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Fig 1. Abundances of p, r, ind s-nuclides in the SAD (Anders and Grevesse 1989). Note that "™Ta has
the very low sbundance of 2.5 x 10=%. (From Amould 1991)
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Production factor relative to solar normalized to '°0O production

as a function of u and t neutrino temperature (neutral current)

and using 4 MeV for the electron (anti-)neutrinos (for charged current only).
6 MeV is now considered a more likely value for T,,

Product |5 Mg 25 Mg
6 MeV 8 MeV 6 MeV 8 MeV

WWO5 vTvgfk WW95 | This work | WW95 | This work | WW95 VTVI;Sk
1B 1.65 1.88 3.26 3.99 0.95 1.18 1.36 1.85
OF 0.83 0.60 1.28 0.80 0.56 0.32 1.03 0.53
SN 0.46 0.49 0.54 0.58 0.09 0.12 0.15 0.19
138 0.97 1.10 0.90 1.03
180T 2.75 3.07 4.24 5.25

Heger et al,, 2005, Phys Lettr B, 606, 258



http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TVN-4F1T507-1&_mathId=mml30&_user=4428&_cdi=5539&_rdoc=1&_ArticleListID=279984808&_acct=C000059601&_version=1&_userid=4428&md5=90709dded36fb87bf00bbca2e70ab927
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Survey - Solar metallicity:
(Woosley and Heger 2007)

® Composition — Lodders (2003),; Asplund, Grevesse,
& Sauval (2004)

® 32 stars of mass 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22
23,24, 25, 26, 27, 28, 29, 30, 31, 32, 33
35, 40, 45, 50, 55, 60, 70, 80, 100, 120
solar masses.

® Evolved from main sequence through explosion with
two choices of mass cut (S/N kT = 4 and Fe-core) and
two explosion energies (1.2 B, 2.4 B) — 128 supernova
models

® Averaged over Salpeter IMF



log( production factor relative to s

Production Factor 12 — 100 solar masses 1.2 foe explosions
v L L A B B

IMF: d log ¢ / dlogM =T = —-1.35 Woosley, Heger, & Hoffman (2005)
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The Astrophysical Journal,

821:38(45pp, 2016 April 10

Sukhbold et al.

Table 6
Integrated Statistidsee Sectiors.4 for Descriptions; All Masses i .)
Cal. E (erg M, M, Lower Mgy UpperMean Myi, 1 My, u SN% (>12) (>20) (>30)
W15.0 0.68 1.55 1.40 8.40 13.3 0.040 0.049 66 47 8
W18.0 0.72 1.56 1.40 9.05 13.6 0.043 0.053 67 48 9
W20.0 0.65 1.54 1.38 7.69 13.2 0.036 0.044 55 37 3
N20.0 0.81 1.56 1.41 9.23 13.8 0.047 0.062 74 52 13
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Integrated yield of 126 masses 11 - 100 M, (1200 SN modds), with Z= 0,
Hege and Woodey (2008, ApJ2010)compared with low Z observations
by La et d (ApJ, 681,1524,(2008). Odd-even dfect dueto ngtivity
of nautron excess to metallicity and ssconday naure of the s-process.
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—-1.5 E0 = 0.8, E¥*FP= —0.5, mixing = 0.0251 &
G Q 10 15 20 a0 30
Atomic number
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MISSING PIEZES
¢ 5Li, °Be, 1B, part.of "Li

Cosmic ray spallation, some "Li from AGB

15N [P l)
5 i A)&$)Cla.&sica.l Novae

e ¥Ca?, part of **Ca, TTi, part of 31V
Helium detonation Type la supernovae

° 4803, SOTi’ “Cl’, (58'6°Fe, Bﬁzn in grams)

Chandrasekhar Mass Type la supernovae

7 81c, 84, 89y 9077, 92
¢ %4Zn, °Ge, "Se, "8Kr, 84,83G, 89y 907, 92)\f57

Neutrino driven winds from neutron stars
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LOGARITHM OF RELATIVE ABUNDANCE (Si=10%)
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These heavy nuclei cannot be made by the s-process, nor
can they be made by charged particle capture or photodisintegration.

Photodisintegration would destroy them and make p-nuclei.
The temperatures required for charged particle capture would
destroy them by photodisintegration.

Their very existence is the proof of the addition of neutrons
on a rapid, explosive time scale. This requires a high density of
neutrons.

They were once attributed to the Big Bang (Gamow 1946), but we
now know the density is far too low.

Still, observations suggest though that the r-process arose or
at least began to be produced very early in the universe,
long before the s-process.
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Ther-process proceeds by rapidly capturing naiutronswhile
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"#$%&' () &#*$&) (-$%%.

All modern scenarios for making the r-process achieve a
very large density of neutrons and a very high neutron-to-
seed ratio by invoking an explosive event in which the matter
is, at least briefly, in the form of nucleons — neutrons and
protons — with a large excess of neutrons. The ensuing
nucleosynthesis then resembles a dense, neutron-rich Big Bang.

Many n + somep ! Some “He + many neutrons
I Heavy elements + ‘“He + many neutrons

This last step would not happen at Big Bang densities

but happens in a stellar environment where the density
IS enormously greater.
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r-Process Site #1: The Neutrino-powered Wind *

Anti-neutrinos are "hotter" than

the neutrinos, thus weak equilibrium
implies an appreciable neutron excess,
typically 60% neutrons, 40% protons

% +p = n+ et *favored
ve +n =2 p + e

60n + 40p = 20 4+ 20n Ty=5-10
few alom, 7)12C(n, v)(ayn)...." Fe" Ty =3-5

"Fe” 4+ 200nm — r— process To=1-2

e.g., 5% by mass “Fe”

and 20% by mass neutrons

(Y. = 0.4) implies 200 neutrons
per iron. The other 75% is alphas.

Nucleonic wind, 1 - 10 seconds

Duncan, Shapiro, & Wasserman (1986), ApJ, 309, 141
Woosley et al. (1994), ApJ, 433, 229
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WHAT SETS Y, IN THE WIND?
(Quan et 30, 1993)

X
S e e
h=%ax

dX,

= X, (Xa(p) + Adp)) = Xn(Au(n) + As(n))

==X, (Aa(p) + Ae(p)) + Xn (Au(n) + As(n))

&Lgi 8

So long as the fluxes (and spectra) of v and ¥ are equal, the neutron-
proton mass differecnce negible, the electrons non-degenerate, and the
number of positrons equal to the number of electrons, Y, will be 0.50.

Of these the neutrino interactions predominate (it takes many such in-
teractions to lift a proton from the neutron star).

Au(n)
Ll = iy

( which is less than 0.5 if A;(p) > A,(n).)
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But the average energy each flavor of neutrino is not the same
fe decresses with $ime.
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Hans-Thomas Janka (2017)
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1) lowY because T, >T

3

2) High entropy S ~ r (entropy dominated by radiation)
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r=Process Site #2 - Merging Neutron Stars

Merging Neutron Stars:

May happen roughly once
every 1P years* in the Milky
Way galaxy. Eject 0.01 - 0.1
solar masses of r-process.

The currently favored site at least
for the heavy r-process

*24 My'in the Milky Way
Chruslinska et al (2017)
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Ge, Zr, and Eu are predominantly r-process elements. At early times
Fe is free from SN la supernova contributions and is solely a massive star

product.

The left frame shows that Ge (A = 70 — 76) correlates with iron and is probably

a massive star product.

The center frame shows that no such correlation exists between Ge and
much heavier Eu (A= 151 — 153), suggesting Eu has a different origin

The right frame suggests that Zr (isotopes 90 — 94) is intermediate.
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Figure 5. Left Panel: Angle averaged synthetic light curves of various wind models at optical blue wavelengths (3500 — 5000 A). The
closed circles show r-band observations of the possible kilonova following GRB 080503 (Perley et al.HQOOQD. The triangle symbol denotes
an upper limit. As the redshift of 080503 is unknown, we adopt a value z = 0.25 and neglect k-correction effects. Right Panel: Model
light curves of the same models at infrared wavelengths (1 — 3um). The square shows the Hubble Space Telescope observations of the
possible kilonova associated with GRB130603B (Tanvir et al.|2013; Berger et al.[2013).
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Table 1
Kilonova Model Fits
Model Metquue Vet}Iue [blue Mé)jurple V‘gurple [purple Merjed Verjed [red f£Ni WAIC
M) © (cn?g Y M) (© P g Y M) (© P g Y
2-Comp 0.014 33%2  0.266 3-59% (0.5 0.036 3935  0.123 9912 3349 93% 1 102
3-Comp 0.014 3992 0.267 398 (0.5 0.034 33%2  0.110 3912 (3.0 0.010 3392 0.160 3932 (10.0 | 106
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