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Explosive Nucleosynthesis
and the r-Process

Except near the "mass cut", the shock temperature to which the

explosive nucleosynthesis is most sensitive is given very well by
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Interior Mass

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) = (2))

hydrostatic nucleosynthesis
advanced stages of stellar evolution

For explosive nucleosynthesis we have instead :

Tnuc(]—:hu(/\ ) £ THIJ

o< T3
p(t) = pshock exp(—t / THD) p . ",
T(t) - Tshock exp(—t / 3THD) T;hock ~2.4x10 R9
_ 446 sec Porock = 2 P,

TIID
p.vhock

Example:

Any carbon present inside of 10° cm will burn explosively since:
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Elemental Mass Fraction

Conditions for explosive burning in one 25 Mg model (E, = 1.2 B):

o
=2

.001

To nse
Silicon
Oxygen
Neon
Carbon
Helium

Hydrogen

T, >5
4 -5

R,<0.38 yes
0.38 = 0.51 yes

3-4 0.51 -0.74 yes

25 -
2.0 -
>0.5
>0.2

3 0.74-1.0 a little

25 1.0-1.3 no
<8 no
<27 no

Roughly speaking, everything that is
ejected from inside 3800 km in the
presupernova star will come out as
iron-group elements.
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The amount of iron group synthesis
(°°Ni) will depend sensitively upon
the density distribution around the
collapsed core. Higher mass stars
will synthesize more iron.
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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, Ni

® 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)
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Explosive Nucleosynthesis

Fuel Main Secondary Temp Time
Product  Products (10° K) (sec)
Innermost  r- process - >10 about 1
Ejecta low Y
Si, O Ni Iron group >4 0.1
O S1,S Cl, Ar 3-4 1
K, Ca
O, Ne O, Mg Na, Al 2-3 5
Ne P
p - process " '
llB‘ lQF

IHSYO& (H)*+9%, "H5-*$,". $IH#*&(,*$O/) L$H#23()*- 4#$*-(-) % $58/%-%6
FEHY - -AHS,)$, HSTHY - +$8.%67S,-LHS* . (#9$)0$, "#$#23()*-)%:

19$<-6"$7#%*-,+$8)/$()=$#%./)3+9$>? @AS$.%7$()%6$,- 1#$*.(#B

@-,"#$,"HSL. #-.(3-*SYHRIY T -*-%% 46/ HT#AHY%$3./ -.(+3,)
03/, - (HS)ISH(HS, "S- 3./ - (H*S" A4S, - 1#S,) S/ *#15(#$-%.)
) UB/)&3S%& (H-:$I"#$ - - ($8*()=#*, 9% #." ) %$/. #$6)A4#/%-%6$,"#$S
[#.#15(+$-*G(20,,7) PES="-""$)"&/*$.,$.$/.,#$3/)3)/,-)%.($,)$>

IfasT —0, XX, 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 Mrl
Products after all decays are complete:

54,56,57 55 48,49:  50,51,52,53 51
~"Fe,””Mn, *"Ti, ”=Cr,”V



2) Low density or rapid expansion ! ’the ! -rich freeze out‘

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 till present
(and, in extreme cases, free n'sor p's). The NSE composition at low T
willbe modified by reactions like

“Fe(! ,")®Ni
% Ni(ot,7)* Zn
S Ni(1,")Zn

®Ni(! , p)*Cu
“Cala,y)“Ti
BNi(/ ,")?Zn  etc.

Abundant:
44T| 56,57,58Ni SQCu 60,61,622n (64,66Ge)
Produced :

44c:a1 56,57 Fe, 58'60'61‘62Ni , SQCO, (64,662n)

Both kinds of freeze-out occur in a typical explosion

"#$ %% '(
! &)(*H#++

~$-#.%0H(/-0(H+$12$3SHBSBHO' (HS-"#$H#3%: '+,'<$
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& (*H++SHHHBS.[FH+S-"HEYK B # #<-+S/IB'EH#S
-"#$;(<$?('0%D

In49

Cd4s

3) Explosive oxygen burning (3<7,<4)
Makes pretty much the same products as ordinary oxygen
burning (T, =2) at low / =0.002 (Z/Z, )
Principal Products:
28Si’ 32,33,348’ 35,37C1’ 36,38Ar

39,41 40,42 46rp: 50
K, Ca, *Ti, >'Cr

4) Explosive neon and carbon burning (2<T, <3)
Same products as stable hydrostatic buring

More *°Al, the p-process or ! -process.

5) Explosive H and explosive He burning.
The former occurs in novae; the latter in some varieties

of Type la supernovae. Discuss later.
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p-Process Nuclei

3 r-, p-nuclidic composition ]‘0'
E o (Anders and Grevesse 1989) :
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Fig. 1. Abundances of 5, v, and s-nuclides in the SAD (Anders and Grevesse 1989). Note that 'T has
the very low sbundance of 2.3 x 10~%. (From Amould 1981)
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IMF: & log ¢ / ¢ log M =T = =1.35 Woosley, Heger, & Hoffman (2005) T
100Ms stars

Woosley and Heger, Physics Reports, ]
442,269 - 283, (2007)
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THE ASTROPHYSICAL JOURNAL, 821:38 (45pp), 2016 April 10 SUKHBOLD ET AL. Z O 1 0 t 1 00
Table 6 Y 0 0]

Integrated Statistics (see Section 6.4 for Descriptions; All Masses in M)
Cal. E (erp) 7 A Lower May Upper Mart Ml M SN% >12) (>20) (>30) (Heger & Woosley, 2010, ApJ, 724, 341)
W15.0 0.68 1.55 140 8.40 133 0.040 0.049 66 47 8 2
WI8.0 072 1.56 1.40 9.05 13.6 0.043 0.053 67 48 9 2 . Lo . .
W200 0.65 1.54 1.38 7.69 132 0.036 0.044 55 37 3 0 Big Bang initial composition, Fields (2002), 75% H, 25% He
N20.0 0.81 1.56 1.41 9.23 13.8 0.047 0.062 74 52 13 5

\

10-12M, AM =0.1M,

3 . 79.6 ' y o 1
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by Lai e d (ApJ, 681,1524,(2008). Odd-even dfect dueto snstivity

61; 9 10 = (& A
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The beta decay lifetimes of nuclei that are neutron-rich become
increasingly short because of the large Q-value for decay:

® More states to make transitions to. Greater liklihood
that some of them have favorable spins and parities

® Phase space — the lifetime goes roughly as the available
energy to the fifth power

We shall find that the typical time for the total r-process is just

a few seconds. Neutron rich nuclei have smaller neutron capture
cross sections because Q,,, decreases, eventually approaching zero
Take A ! 10°. Oneneeds pY, 4 >>1.

for many captures to
.. . N 2 s happen in a second
This implies that n =pN,Y >>4 10" cm” 11dvs.
n A n 7#7%_ Yn(n)
ny Y " odt

For such large neutron densities neutron capture will go to the
(T-dependent) neutron drip line and await a beta decay.

The temperature cannot be too high or

® The heavy isotopes will be destroyed by photo-
disintegration

® (!,n) will balance (n,!) too close to the valley of
" stability where # is long

At awaiting point for agiven Z:

Yooy oA Arnt Al

A " an(ATD

_ wG(A+]D) ~ogs (A+T)

=1v,(9.89310) ) A P60, /1)

At a waiting point photodisintegration will give Y, and Y,
comparable abundances — at least compared with abundances
far from A. Since we only care about log s anyway ...

I"HS%&SH" ()

Ther-process proceedsby rapidly capturing naitronswhile
keeping Z congant, until a"waiting point" isreached. At the
waiting point(s), phob-neutron gection (phobdisintegration)
bdances neutron @pture. At zero temperature, the waiting
point would bethe neutrondrip line (S, ! 0), butther-process
actudly hgppensat high temperature (a necessary condition
to obtain the high neutron densty).

At thewaiting point (or points), bea decay eventudly hgppens
creating Z+1. Neutron apture continues for that newv eement
until anew waiting pointisfound.
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WHAT SETS Y, IN THE WIND?
(Quan et 30, 1993)

X,
L%y,
dX,
e o X B) + M) ~ Xa (ulm) + A ()
Do = X, 0(p) + M(B) + X (Aulm) + A ()

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).

R
T N@) + A

( which is less than 0.5 if As(p) > Au(n).)
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1) low Y, because T, >T,

3
2) High entropy S~ T— (entropy dominated by radiation)
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34"0#4A56*4 #%'4. ‘375" or highe entropy the dendty islower a
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3) Repid time scale - $~ ~100ms.
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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 M) © (em’g™") M) ©) (em’g™") M) ©) (em’g™")
closed circles show r-band observations of the possible kilonova following GRB 080503 (Perley et al.HQOOQ)A The triangle symbol denotes 2-Comp  0.014459%  0.266+59% 0.5) L L L 00367000 012340012 3.349°03% L —102
an upper limit. As the redshift of 080503 is unknown, we adopt a value 2z = 0.25 and neglect k-correction effects. Right Panel: Model 3-Comp  0.014°00%  0.267+%% (0.5) 0.034409%2  0.110+091} (3.0) 0010:((;.(0)«3% 0.160+093 (10_0)' L 106

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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