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What is the universe made of ?

« Hydrogen = 75%0, by mass

e Helium = 23 %

» Everything Else = 2%



Standard Abundance Distribution (SAD) vs. A
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Evidence for Big Bang

1. Expansion of the universe
2. Cosmic microwave background

3. Light element abundances
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Lack of stable A= 5 or A = 8 nuclei prevents
heavy element production in Big Bang



baryon density parameter Qph?
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Figure 24.1: The primordial abundances of ‘He, D, *He, and "Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D4+*He concordance range (both
at 95% CL).
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Recent results from LUNA collaboration

Nature 587 (2020) 210
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Implications:

S-factor for the
d(p,y)3He reaction

Baryonic matter represents only a few
percent of the critical density

There are only 3 active neutrino species
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The Sun shines by nuclear fusion reactions!

‘ proton

Hans Bethe
Nobel Prize 1967
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CNO Cycle

() Positron

Y Gamma Ray

V  Neutrino

Main hydrogen
burning
mechanism In
more massive
stars



Predicted fluxes of solar neutrinos at Earth

pp [+ 0.6 ]

John Bahcall 10°

102 10’ _ 10
Neutrino Energy [keV]

@, = 2 X Leun/Q and Lgn = 1.2 kW/m?
Q = 25 MeV > @, = 6x1019/cm2/sec



Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Recent Observations of Solar pp, pep, ‘Be, and CNO
Neutrinos by Borexino Collaboration
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l Figure 2: Energy distribution of Borexino events (black
“” ||.. .||| | ...|' points) and spectral fit (magenta). CNO-v, 210Bj | and
T - pep-v are highlighted in solid red, dashed blue, and dot-
10'3_ S\ AN h N i “ ted green, respectively. All other components are in
s “" : grey. The yellow band represents the region with the

largest signal-to-background ratio for CNO-v.
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Helium Burning in Red-Giant Stars

Y

O Proton Y Gamma Ray

°‘Be

‘He

t,,(®.Be) = 1016 sec

At T = 1x108K and p = 105 g/cc: Burbidge, Burbidge, Fowler, Hoyle
N(®Be)/N(*He) = 1x10-° B2FH (1957)
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Fig. 518 The energy-level diagram of C2. Alpha

; : . \ 7.366
particles may fuse with the transient Be® nuclel to : -

form the 7.644-Mev state of C12.  This state usually Be” + He I
breaks up by rejecting the alpha particle, but with a

4.433 2

smaller probability it also decays electromagnetically
to the 4.433-Mev state.
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See talk by Tibor Kibedi and
Phys. Rev. Lett. 182 (2020) 182701

for recen
t measurements of 'y, T',



THE 2C(a, v)'%0 REACTION AND STELLAR HELIUM BURNING '

P. DYER and C. A, BARNES
California Institate of Techrnology, Pasadena, California 91109

Nuclear Physics A
233 (1974) 495
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Fig. 8.5. The energy levels of four "He nuclei.

Basdevant et al. argue that this arrangement of nuclear levels is the only
one that allows for significant amounts of 12C to be produced in stars.
(Fundamentals in Nuclear Physics, Springer, 2005)



Fate of Stars

For stars with masses < 10 Mg,

No further nuclear reactions possible Subrahmanyan
: : Chandrasekhar
= White Dwarf (maximum mass = 1.4 Mg, Nobel Prize 1983

Chandrasekhar Mass limit
Supported by electron degeneracy pressure

For more massive stars,
No such quiet fate possible
—> Neutron Star or Black Hole



Advanced stellar burning
12C+12C > #Mg+y, “Ne+“He | .
B0 +160 > 32S +y,  BSi+ *He o) g

23I'~-f1g"' branching ratio ——+—
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13.934 MeV 24[\«{3 excitation energy(MMeWV')
(0 MeV C+C)

Then through successive captures of *He, _~~ e
28S] = N

At this point the star Is on its deathbed, "
No further energy generation possible R E I

Binding enorgy per nuclear particle (1013




|_ate stage massive star

Burning Temperature | Density Timescale
Stage (keV) (g/cm?3)
Hydrogen S S 7 x 10° years | Nonburning hydrogen
Helium 20 700 5 x 10° years Hydrogen fusion, '\
Helium fusion. / X =
Carbon 80 2 x 105 600 years | Carbon 'US_‘O”-~~.7<"~~ s
\Oxygen fusion-_J/ &
Neon fusion _ s
Neon 150 4 x 108 1 year Maghesium_ 0
fusion B <
Oxygen 200 1 x 107 6 months Silicon fusion” NG~
lron ash” Sy
Silicon 350 3 x 107 1 day
Collapse 600 3 x 10° seconds
Bounce 3000 1014 milliseconds
Explosion 100 - 600 varies 0.1-10
seconds




Supernova Explosion

Temperature goes up
Density goes up

pte 2n+yv,
et+e > v+v

99% of SN energy
comes off In neutrinos

SN 1987a



Neutrinos from SN1987a
observed by Kamiokande and IMB
underground telescopes
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°6Co gamma rays observed from SN1987a

B*/EC 56C0
t,, = 77 days
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Lesko et al.
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4Ti gamma rays observed from CasA

Detection of the nuclear decay lines of “Ti in Cas A
Jacco Vink (Columbia University)
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Electron Capture
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11570 ke Decay scheme of “Ti

I

44ca

t,,(*4Ti) = 6242 years
Norman et al.
PRC 57(1998) 2010

o(*°Ca(a,y)*Ti
R.D. Hoffman et al.
Ap. J. 715(2010) 1383



E. Zinner et al.

Washington Univ.

Pre-solar
graphite grains
from Murchison
meteorite
containing TiC
inclusions



Meseoritics & Planetary Seience 35, 1157-1176 (2000
0 Meteoritical Society, 2000 Printed in USA

Isotopic properties of silicon carbide X grains from the Murchison meteorite
in the size range 0.5-1.5 ym

PETER HOPPE!.2*, ROGER STREBELL.Z, PETER EBERHARDT?, SACHIKO AMARI} anD Roy 5. LEWIS4
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FiG. 8. Calcium-44 and Ca'Si ratios in presolar SiC grains from the Murchison
separates KJC and KJD, dHCa*0Ca = [(HCaCap(HCa* Cayn — 1] = 1000
with (#Ca™Ca)z = 0.0212. Errors are 1. Five X grains (X537, X358, X359,
72, XT74) have large excesses in #Ca by factors between 3 and 20, indicative
of extinet ¥Ti. A few other X grains are enriched in *3Ca by up to a factor of 3,
but errors are larpe for those grains.



Supernova Remnants

*Neutron star — supported by neutron degeneracy pressure
—Upper limit on neutron star mass ~ 2.5 M
Oppenheimer-Volkoff limit

Sun

Higher masses = black hole

R = 2GM/c?

Schwarzschild

For1 M R, =3 km

Sun?



Origin of Heavy elements

Neutron capture reactions
slow (s) process
produces half of nuclei from °°Fe - 299Bj
occurs during He-burning In red giant stars

rapid (r) process
produces other half of nuclei heavier than
SFe plus Th and U

occurs in supernovae, neutron star mergers ?
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S —process

Believed to occur during He-burning in red giant stars
Neutron sources : 3C(a,n)0 , 22Ne(a,n)?°Mg reactions
at T~ (1-4)x108K, n,~108/cm3
- Iy, = Np<ov> = (10%cm?3)(10%> cm?)(2x10° cm/s) = 2 x 109/s

2 Ty~ 1l5years!



n,y ny

A-1 A A+l

At equilibrium, dN,/dt =0

- expect o,,N,, =c,N, = constant



Kappeler et al.
Rev. Mod. Phys. 83 (2011) 157
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Termination of s-process

At207 9 At208 6+ At209 o~ At210 &)+ At211 ¢ o) At21201 ) At213 9 |9 At214 -
181h 163 h 54h ’ 8.1h 7.21h 119 ms| 312 ms 0.12 us 0.76 us o.sg ;gs
§¢ b ;545.& i - 1181 % 245.3, £ £ 6700 a 77883977 17 77668118, « 9.08 @ 8”.78. « 8 19,
7 v g .sagg g, ggng-"' a 22%4 , 5.442, a 5G 868, 629 £618,
ol xn o . . w, w,
« 5758  5.641 o, v 83 (w), 106 E 786 )
E 3.91 E4.98 E 3.49 210.987481 211.990735 212.99292 213.99636
19/-Po2075 PZ%QZSOB P?02209 S (25 P0211 9+ |18+ P0212 P3082139f+
28s | 5.80h 898 a a 252s 45 s =R B us
IT268.1 & 5115, @ 4.880," rrgz7 . | 0516 |« 1165 0.298 us| «8.376.
: ¥ 8145D,| #*.89 @) y 2605w 262.8 « 7451, 37844 | Y7788 w
\BO74-- | 3005D E y 569.2D, | se0 20 o, |7 26144,
286.4, 807.4, 9923 |, 291.8 v, 1063 1D,)” | s83.0
«5.223 91?% 27016015 |vee61w Bor.2. | S8
a5115w
E1.85 E 291 207.981231 208.982416 210.986637 211.988852 212.992843
Bi205 9 Bi207 ¢~ i Bi211 9 |15-Bi212 1)
15.31d 32a 214m | 7m [N
& € « 6.623, 6.273 i 1.008 h
g Bw P I o 648w, |1, 3911 ) e om| s 7213
y 17643, 7035, |y 803.1, 881.0, y 569.7, 1063.7D, Oy é‘;’gmB*” mo). |7 .| 4s87 f-w « 638" L 6oen
987.6D, 516.2 Tak 8 " 206" AP -yt
E 2.71 E 3.76 E 2.398 208 980383 | E 1.162 210.98726 (@] 211.991272
9- Pb204 Pb205 5 - Pb206 13/+Pb207 1/~ Pb209 «+| Pb21D Pb211 /+
112h 14 1.5E7 a 241 0.80s | 221 3.25h RaD 23a 361 m
IT911.7, £ m Do m Pa0aS - .017, .061 /=138,
309.2 | noy ¥ 569.7 noy y 46.5, e— v 404.9, 8319,
4 8397948 oy 0.70 oy 4.5 oy 027 0y 70. 38 @ 3.72 v 4270,
374.8, y 0.70, ¥ - I oy 0.5
2.0 y
203.973029 E 0.051 205.97444 206.975881 207.976636 E 644 E .0635 E 1.37
TI203 v+ TI204 2- TI205 +N2 )TI206 oA/~ TI1207 v+] TI208 51|  TI209 v+ TI210 6+
29.524 3.78 a 70.476 3N M |‘?é%7$1 3.053 m 216 m Pl 1.30 m
p- 7634 || ATTm Mo 4706 128 152 | 18 3-1.9. 13,23,
no 3-1.44, | 128,152, 1}, 1567.0, 46511, JL LS N ey
ay 11.4, 41 2 :2 s 0y 0.10, 0.7 Y aea | y3s10 ' = PRI 1R, 172, i
’ ’ g y B03.1@ ¥ @,
Og <.3mb 4 217, ) .
266.2 -
202.972329 E —.7637 E+.347 204.974412 | E 1.534 E 1.42 E 5.001 E 3.08 E 5.49

122

124

126

1238

r-process needed to explain Th , U




r-process path
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FiG. 1.—Neutron capture paths for the s-process and the r-process. The r-process was computed for initial conditions of T, = 1.8
and s, = 10°® (Schramm and Norman 1976).



GW170817: Observation of
Gravitational Waves from a Binary
Neutron Star Inspiral

LIGO, PRL 119 (2017) 161101
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FIG. 1. Time-frequency representatons [65] of data containing
the gravitatonal-wave event GW 170817, observed by the LIGO-
Hanford (top). LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04




Evidence for neutron-star mergers as a possible site for the r-process
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Discovery of U in an extremely metal-poor star !

CS31082-001 [Fe/H] = —2.9 (Cayrel et al. 2007)
< good news: new cosmochronometer U-Th (with, e.g., Th-E u)
~ bad news: "non-universality” up to Thand U

observation (Hill et al. 2002)  _
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U-Th cosmochronology

ageof C531082-001 hard lower limit on the age of the universe
t*(U/Th) = U.1Gyr

This star may have formed too early for neutron-star mergers to explain r-
process abundances. Thus, there may be more than one r-process site.



Source of stellar energies

Nuclear reactions

Origin of chemical elements



