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e What are the
masses of the

neutrinos, and how Tl SR
have they shaped Vil
the evolution of the g
universe?

about 400 million yrs.

e How were the S

13.7 billion years

elements from iron to
uranium made?




Big Bang:

75% H + 25% He
(by mass)

Sun:
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Solar fusion & neutrinos: 4p — *He + 2e™ + 2v,

99.77 % 0,23 %

| prpf—-Hte v,

v ! 10° %

84,92 %

“H+p*— He+ v

‘He+p* — *He +e+v,

115,08%

prtetpt—>-Htv, |

‘He+*He— Be+t v

"Be l 99.9 %

v+ 01%

‘Bete— Litv,

‘Be+tp*—>5B+ 7y

|

‘He+*He—*He+2p* \

Litp*—*He+'He

SB>8Be*+et+v,

1

SBe*—>4He+*He




The final fate of stars like the Sun are carbon-oxygen white dwarfs.

Planetary Nebula:
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Nucleosynthesis via slow neutron capture (s-process)
in low & intermediate-mass stars
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Evidence for s-process in low & intermediate-mass stars

discovery of Tc spectral lines in stars by Merrill in 1952

Tc has no stable isotopes; the half-lives of the
longest-lived isotopes are:

2.6 x 10°, 4.2 x 10°%, 2.1 x 10° yr for ?"Tec, P®Tec, P Tc
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Abundance relative to 10° silicon
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Atomic number, 2

slow (s) and rapid (r) neutron capture processes
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Rapid neutron capture: the r—process

\ﬁ—decay B—stability
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Luminosity (thousands of solar luminosities)
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Supernovae as a
neutrino phenomenon
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Characteristics of Supernova Neutrino Emission

e momentum transfer
v+ N —->v+N=>tgyg~10s
L, ~Lp ~L,, ~L, ~10° crg/s

V()
e cnergy transfer
Vv+e —vrv+e
Ve+tne=p+e , Ve+p=n+et
(E,,) ~ 11 MeV, (E; )~ 16 MeV
(Ev,.,) = (Es, )~ 25 MeV

Vyu(r)

numerical results sensitive to neutrino opacities!
(Martinez-Pinedo et al. 2012; Roberts & Reddy 2012)



Setting n/p in the Neutrino-Driven Wind
n/p>1=Y. <0.5

Qian et al. 1993
Qian & Woosley 1996

McLaughlin et al. 1996
Horowitz & Li 1999

Ve+p—>n+et

Ve+n —>p+e

Ly <UD p> <Eg >
Uv.p — - - LD - — 2An
er = g2 (B O (<Eye> »
)\V n — - - LV - | 2An
) dmr? (E,,) <<Eve> "

E2 E?
) _ S ”e>>4Anpz5.2MeV:>E>1
E, ) p

Neutrino Opacities!
Martinez-Pinedo et al. 2012; Roberts & Reddy 2012

s
&y
N
)
~_—
T



r—Process in Neutrino—driven Wind
(e.g., Woosley & Baron 1992; Meyer et al. 1992; Woosley et al. 1994)

n, seeds —> r—process nuclei

T~025MeV  “He(an,v)”Be(a,n)'*C

n,*He —l> seeds (A ~ 90)
T ~0.5 MeV

n/p>1
Ve+p—>n+et

Ve+n—>p+e~



Conditions in the Neutrino-Driven Wind
Y. ~04-0.5, S ~ 10-100, Tayn ~ 0.01-0.1 s
(Witti et al. 1994; Qian & Woosley 1996;

Wanajo et al. 2001; Thompson et al. 2001;
Fischer et al. 2010; Roberts et al. 2010)

Sr,Y, Zr (A~90) readily produced in the wind,
up to Pd & Ag (A~110) likely

(Woosley & Hoffman 1992; Arcones & Montes 201 |)

production of r-nuclei up to A~130 possible,
but very hard to make A>[30

(Hoffman et al. 1997;Wanajo 201 3)



Neutrino-Induced r-Process in He Shell of early SNe
neutron production by
‘He(v, vn)*He(n, p)°H(°H, 2n)*He
Epstein, Colgate, & Haxton 1988

neutron capture by %6Fe

high nn requires few %6Fe

- carly SNe

U, +*He - "H+n+e", Av.om X T§566 !
Banerjee, Haxton, & Qian 2011



neutrino spectra & flavor oscillations

T,, ~3-4MeV, Ty, ~4-5MeV, T, =1,  ~6-8MeV

normal mass hierarchy inverted mass hierarchy

I
v

In supernovae
Ve\:\V,LL,T VG:VILL,T
‘He(v,, e p)*He ‘*He(v,,etn)’H



Banerjee, Haxton, & Qian (2011)
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log (Y7)

Banerjee, Qian, Heger, & Haxton 2016

~11

12 ®

—-13F

—14}F

L S |

e
O
O

y11hbar1: ngX6 for Z>26 and 50<N<82
CS31062-050 norm to Ba

LP625-44 norm to Ba

HE2258-6358 norm to Ba

5

38

86



(a)

00

1%
<

%

¢

<
//Q/O
&

-~

\
\

supernovae?

%

%

S

<

\
\

Q-
0o O
8 @)

neutron star

mergers”?

O
O
O

O

data: Roederer et al. 2010

-3

-2.5

-2 -1.5
[Fe/H]



Neutron
Star
Mergers

Goriely,
Bauswein,
& Janka
2011

Rosswog
et al.
1999, 2014
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Jet-ISM shock (afterglow) Be rger 2014
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discovery of an r-process kilonova!?
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Summary

Stars of ~1.5-3 Msun are the dominant source for the

main s-process elements by providing neutrons via
12C(p,9)'3N(e*ve)13C(a,n)®0O

SNe of ~8-40 Msun can provide neutrons for the r-process by
+

L.v.+p—n-+e
iIn neutrino-driven winds: up to A~130
2. U, +He > "H+n+e"
in early SNe ([Fe/H] < -3): up to A>200
3. leaving behind an NS
for NS mergers: A>130



