Nuclear Astrophysis

Lecture 2: Nucleosynthesis
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Objectives of Lecture 2
e Understand types of nucleosynthesis
e Understand where various types are made

e Be able to write down equations for a reaction network



the astrophysical formation of the elements

Chart of the Nuclides

proton number Z

Ee neutron number N @ ——»




the astrophysical formation of the elements
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some terminology

n; mnumber of species; per unit volume

W, atomic weight (or molar mass) of species;

p,, mass density
Z”jwj
_

P N,

X ; nucleon fraction, or mass fraction

_njA;

PN,

E”jAj
Note ZX_;' =Zn"'—A“" =l :
j

~pN, p N,

X .

J

=1

p  baryon mass density




some terminology

y,; rescaled abundances

In meteoritics, abundances are normally scaled relative to silicon

(set number of silicon atoms to be 10°) :

logy; =log fg +logY,

where [, is the appropriate normalizing constant. For Y, =2.529x107, log f,, =10.5970.

Astronomers sometimes use a scale relative to hydrogen
(set number of hydrogen atoms to be 10™):
logy; =log f, +logy,

More commonly, astronomers express abundances as ratios relative to solar :
log[n; /n,], —logln;,/n;] . =li/j]

For example, a ratio of sodium to iron which is half solar would be [Na/Fe] = -0.3.




the astrophysical formation of the elements
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the astrophysical formation of the elements

proton number Z
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the astrophysical formation of the elements
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How to determine what elements an astrophysical
environment produces

What information is needed?
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How to determine what elements an astrophysical
environment produces
My list:
e astrophysical conditions, i.e. temperature and density

e nuclear physics input (masses, reaction rates, decay rates)
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How to determine what elements an astrophysical
environment produces

What data can you compare with?
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How to determine what elements an astrophysical
environment produces
My list:
e solar system abundances (sun, earth)
e meterorites

e spectroscopic data from other stars
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example abundance patterns
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some terminology

y,; rescaled abundances

In meteoritics, abundances are normally scaled relative to silicon

(set number of silicon atoms to be 10°) :

logy; =log fg +logY,

where [, is the appropriate normalizing constant. For Y, =2.529x107, log f,, =10.5970.

Astronomers sometimes use a scale relative to hydrogen
(set number of hydrogen atoms to be 10™):
logy; =log f, +logy,

More commonly, astronomers express abundances as ratios relative to solar :
log[n; /n,], —logln;,/n;] . =li/j]

For example, a ratio of sodium to iron which is half solar would be [Na/Fe] = -0.3.
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example abundance patterns
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the astrophysical formation of the elements
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building a nuclear network code: nuclear properties

atomic/nuclear masses

MASS ACCURACY (keV)
B u<1

B 1su< 2

. 2su< 4

B 4su< 12

[ ]12su <60

[ ]60s u <200
B200= u

[l Extrapolated Mass
| |Unknown Mass

AME2003, 6. Audi et al., Nucl. Phys. A 729 (2003) 3
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building a nuclear network code: nuclear properties

radioactive decay rates N(t)=Ne™*

A decay constant
T  mean lifetime, 7=1/4
T, half-life, T, =1n2/A

How determined?

Fermi's 'Golden Rule'

rate = %KﬂHimﬁ)rp(E)

f, 1 final and initial state wavefunctions

H. weak interaction Hamiltonian

int

P(E) density of states for the final particles
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building a nuclear network code: reaction rates

cross section for the reaction i+ j >k + [

number of reactions per nucleus i per second

c,.(v)=
i) flux of incoming projectiles j

T ;
o, ()=
Yy

r, ~ number of interactions i(j,k)/ per second

v relative velocity of particlesi, j

)

So the reaction rate per unit volume is just:

r,=nnyv,0o.(v)
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building a nuclear network code: reaction rates

In astrophysical environments the relative velocity v, is not

constant, but instead there exists a distribution of relative
velocities, which can be described by the probability
function P(v), where:

T P(v)dv =1

So the reaction rate can be generalized to:

r,=nn, TVP(V)O'U. (v)dv

0
rfj = ni”j(“);j
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building a nuclear network code: reaction rates

If the nuclei are nonrelativistic and nondegenerate, their
velocities can be described by a Maxwell-Boltzmann
distribution

372
m, —mv2 C
P(v)dvz{ ”] e """ P Amtdy

27kT
where :
m;  reduced mass, m; =mm;/(m;+m;)

T temperature
k Boltzmann constant, k =8.6173x10 eV/K

The velocity distribution can be written as an energy
distribution, since E=my’/2

P(v)dv = P(E)dE = il NEe EV T dE

‘\/E (kT)Nz
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building a nuclear network code

Now consider the rate of change in the number density of
species j:

dt.f — nm;(ﬂ'v)ku — njnf,<0'v>ﬂ,” + n,ﬂu — nj/lj.m +K

Note for reactions involving identical particles, a term of the
form: 5 \

n, G
—2~!—-<O'v>ﬁ!j(two body) or = (ov) i (three body)

is needed.

The above can be written in terms of abundances as:

ay.
dtf =Y Y|pN, (ov)m ~YY,oN,(ov), +YA YA, +K

A
I
this is often what we call the reaction rate in a network code
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the basic proton-proton chain (PPI)

Conversion of 'H to “He via:

eulrmo v
'H+'H —>’H+e" +v, :

lrone’




PPI network equations

Recall the abundances evolve as

dY .
d; = YkY}pNA <6v>;\-,f‘j - YJY:'pNA <Ov>j.’,n i Y-'A*'i B Yf/l-ﬁ’" +K

So here we have a system of four differential equations:

dy.
dtH =2y PN (OV)s et = Y PNA{OV) iy, = YoXuPN 4 (OV)
dyY. |
dtD = E YHszA <ov>HH,D —YYypN, <Ov>DH,-‘ He
d;He B YDYHPNA <(‘W>DH,3 He 3 HeszA <Ov> ? He®He,* He
dv.,. 1
dtH = 5 Y3 H:pNA <Gv> 3 He’He,* He
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PPI network equations

But note first D, then 3He will come into steady-state:

dY 1

dtD > — ¥ PN < >HH,D =V Y pN . (GV)DH.SHE =0, so
YD <ov>HH,D - 10_]?

Yy 2<OV>DH,3H5:

f =YpYupN, (O'V>DH,-" He Y, HeszA (O‘V) *He'He," He

|

dY,
dtHe - E YHZPNA <OV>HH~D B Y3 HeszA (OV) % He® He,* He =0

‘He — <OV>HH,D ~107°
¥ 2(ov)

3 He? He,4 He
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Higher T than the sun; nuclear statistical equilibrium

When strong and electromagnetic interactions come into equilibrium
at high temperatures, the nuclear abundances are no longer sensitive
to individual reaction rates and only depend on the temperature T,
density p, and the neutron-richness of the composition.

Nuclear statistical equilibrium (NSE) abundances are given by:

3
=(4;-1)
Hi=(om) TA{m kr] *{ﬁ]”

where G, is the nuclear partition function and B, is the binding energy.

We also require mass and charge conservation :
LYA=1 }Yz=Y
i i g

electron fraction

27



sample NSE compositions

10" ——rrrrr
i entropy s/k = 10, Y, =0.5
g
&
o
3
= (BRES
107 Lol
1 2
T
from Meyer (1994) E
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explosive burning in core-collapse supernovae

Dominant elements s
Hydrogen __ Type Il Supernova Outgoing shock wave

Helium - — _— _ heats inner Si and O
Carbon = SN
Oxygen —— )
Silicon = _ =~ y
lron ~

Core collapse layerS — NSE is achieved
» begins

_ and rapidly freezes out as
e shock passes

Core overshoots
and rebounds
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explosive burning in core-collapse supernovae

Don:r;a;rr\;;:;-‘ments Type Il Supemova Outg()lng shock wave
CHeIti,um- — _ heats inner Si and O
arbon - . .
Oxygen —— 28 _,;;:J:ﬂ)} - Core collapse layers — NSE is achieved
il i ; _
iron £ and rapidly freezes out as
Core overshontsk‘ shock passes
s and rebounds ' .
- EllllriT_I'l'TIITTT
w - “*Ni
- *Ni
A1 B
= &2, -
a =
° i
3
& 01
9 =
b =
E .—‘%
001 =
'0001|1!| |1=|||tiﬁml‘l
1.56 1.58 16 162 1.64 1.66
Thielemann et al [2010) M/M,
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explosive burning in core-collapse supernovae

Dominant elements
Hydrogen ___
Helium -
Carbon
Oxygen
Silicon — _
lron

Type Il Supemova

\ s
2 —~—
= by

Core collapse
begins

explosive Si, O, Ne, and C
burning follow as the
shock moves outward

t | L] | | I | | TT Tl i | L L] | ] | I | ! 1 l_ 1 | | L] ] LI L] I | L l:1

Core oversho - S s -1

; nd rebou - N ]
#1 M ‘He i
4 . -_‘ R I T_ye L —
g N | = *I —
N - | L 1
AN - &tﬁ‘__ & —
o . 3 | |

'*2 o) “Z —

4 = ]

1 111 | 11 11 I
1,75 .3 1.8 1.55 e pefa == 24

Thielemann et al (2010)
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SNe nucleosynthesis — long-lived radionuclides

44Ti
created in alpha-rich freezeout from NSE, close to the mass cut

T, ,~ 60 years
1 =T 1 | I T 1T 1 I T 71 | T 1 7 ] s
- sNi H x-rays from the decay chain
L N T observed in SNe remnants
— — Cas-A and RX J0852.0-4622
1 &
= mz“
g I b’i‘Ni
°
g o1 L *Zn
" -
E : elzn
i e
001 = *Dca =
B it
: _fiCu
DCIGI | L Lii P | | Ld 1 |_ﬁ\F\i‘l
1.56 1.58 1.6 1.62 1.64 1.66
Thielemann et al (2010) M/M,
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What about the heavier elements?
® p-process
® S-process

® r-process
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SNe nucleosynthesis — proton-rich heavy elements

heavy p-process nuclei are made by (y,n) photodissociations of
pre-existing r- and s- process nuclei

M. Arnould, S. Goriely | Physics Reports 384 (2003) 1-84
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SNe nucleosynthesis — proton-rich heavy elements

VP-Process

(Frohlich et al 2006, Pruet et al 2006, Wanajo 2006)

Thought to occur in proton-rich ejecta from the inner regions

of the SNe

Thielemann et al (2010)
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neutron capture nucleosynthesis
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neutron capture nucleosynthesis
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separating s- and r-process abundance patterns
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the astrophysical site of the s-process
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the astrophysical site of the s-process

Convective
Envelope

12C(p,'¥)13N(B+V)13C v

13C(a,n)

P 1-shell
He-shell
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Next lecture: r-process

41



