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Fundamental
Interactions

> Electromagnetic

> Strong

> Weak (NC)

> Weak (CC)

Gravitational



Standard Model of Particle Physics & Life of a Baryon:
Big Bang Nucleosynthesis

1.293 MeV
Borsanyi et al. 2015
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Big Bang:

75% H + 25% He
(by mass)

Sun:

71.1% H + 27.4% He
+1.5% “Metals”
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O —> Si— Fe

nuclear fusion in stars:

elements up to Fe

slow & rapid n capture:

elements beyond Fe
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slow (s) and rapid (r) neutron capture processes

Z =48




Solar Neutrinos (1)

Bethe
(1967)
Davis

(2002)

4p — 3He 4 2e™ + 20,



Solar Neutrinos (2)
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~99% of energy production ~1% of energy production
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Solar, atmospheric, reactor, & accelerator neutrino experiments



Structure of an Asymptotic Giant Branch star



s-process in low- & intermediate-mass stars
3 “He — C+~

12CIp >13N—|—’7

13N . 13C i e—l— 1+ U,
PO+ *He — 'O +n

n + °%Fe — s-process nuclei

[44He - >n—|—e+—|—ye—|—160]




Evidence for Stellar s-Process Nucleosynthesis

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, *Tc, P Tc



Type la Supernovae: Accreting and Merging White Dwarfs



Simple description of stellar structure

dP _Gm(r)p(r)

dr r?
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Virial theorem for a contracting gas cloud

massive stars reach much higher temperatures during contraction



Stability of nuclear burning

unstable i  stable
burning . burning
v
onset of

degeneracy
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Nuclear burning stages

(20 Mg, stars)

Fuel Main  Secondary T Time Main
Product %% (10°K) (yr) Reaction

H He 14N 0.02 107 4HS ‘He
He ‘/O, C 180, 22Ne 0.2 106  3He‘>C

s-process 2C(a,y)'®O

C Ne, Na 0.8 103 12C + 12C
Mg

Ne O, Mg ALP 1.5 3 “Ne(y,0)"*0

20Ne(a,y)**Mg

0 Si, S CI’ AI", 2_0 0.8 160 + 160

/ K, Ca
Si,S Fe Ti,V,Cr, 35 0.02 *Siky,a)...
Mn, Co, Ni
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Supernovae as a
neutrino phenomenon

€+—|—6_ >V + U
N4+N-—-=N+N+v+v

G M?

~ 3 x 10°° erg
RNs

= Ve, Ve, Vy, Vy, Vs, Vr



neutrino processes in typical core-collapse supernovae

U Process
2[]:\’0(1/’ l/p)lgF .
explosion “ONe(v, vn)'"Ne v-induced
-process
Ve+n—p+e” 4H€(V€,€_p)3He 14
Ze+p—on+et signal
*He(v,,e"n)°H
r < 100 km 2C(y,vn)HC 5
“C(v,vp)''B r ~ 10° km
r ~ 10* km
< >

neutrino interactions & oscillations



r-process in ejecta from neutron star merger



Berger 2014










Hierarchical Structure Formation



Merger Tree







Galaxy formation with gas dynamics



Life Cycle of Interstellar Medium



Type la SNe

core-collapse SNe (mostly Type Il)
~ |0 Myr



SNe la: Accreting and Merging White Dwarfs

~| Gyr

Neutron
Star
Mergers

~100 Myr



Arise from the Ashes

resurrection
T

In binaries !
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Basics of Big Bang Nucleosynthesis

initial state (7' > 1 MeV): n, p
Xn+ Xy, =1=need n/p

rate of change in abundance:

dY; X;
= P(t) —D(t)Y;, Yi=—, ni = ppNaY;

PO prodtion e 4, gt o070 s
T'(t) specified by dynamics of expansion
pp(t) specified by conservation of entropy per baryon
S X g:ff(t)T—S X ggﬁ(t)& = const.
Pb ny
baryon-to-photon ratio: n = 76,0 = S & 50

n~.0 i



entropy conservation = evolution of p.o; at 100 > T' > 1 MeV
E+ PV —uN

TS=FE+PV —uN = 8=

1
re V re 3 V
praV etV g (1) R Y
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BBN and Neutrinos

freeze-out of n/p: ve +n=p+e , Vo +p=n+e’

Tyen = —-cos? 0o (f* +39%) (B, + A)°

Opp R ——cos Oc(f*+39°)(Ep — A)°
cos’0c =095, f=1, g=1.26, A =M, — M, =1.293 MeV

4 > NE?
rate per nucleon: \, y = (2: ; / - ((jEN/TV) 1 dFE,
0 1

T 5
~ 04 ) s_l

MeV

¢ Tro T \° MeV \?
Aondt  ~ 0.4 2 % 0.74 AT
/ N /o <MV> te ( T )

7\ 3
~ 0.2( FO) ~1=1Tpo ~ 1.7 MeV

MeV
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F1G. |.—Evolution of the neutron-proton ratio with temperature. The
NSE ratio is given by the dashed curve. If neutron decay is the only reac-
tion (all other reactions are shut off), the n/p ratio follows the solid curve.
The actual final value of the ratio is shown by the straight honizontal line.
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“He Mass fraction

Fraction of critical density
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Nuclear Statistical Equilibrium (NSE)
Zp+(A—Z)n=(Z,A)+~v= Zup + (A — Z)un = u(Z, A)

considering excited states of nuclei:

_ 2J; +1 [ dmp”dp
n(Z,A) = Z 2m)? _/O exp{[(p?/2M) + M + E; — 1i] /T

— G(Z,A) (ﬂym exp {“(Z’ A) - M(Z, A)}

2T T
nuclear partition function: G(Z, A) = E (2J; + 1) exp (_T>
Z.A) .
:>X(Z, A) _ XpZXA—ZG( y )A5/2

) rs A=l oy 3(A—1)/2e B(Z, A)
My MnT R



In NSE, no rates are needed to calculate abundances:

1 = Xp+X,+ ) X(ZA)
(Z,A)
Yo = Xp+ ) gX(Z A)
e P A )
(Z,A)
_,G(Z,A)
_ L vA—Z ) 5/2
X(2,A) = X/X; 4 AP/
; b A-1 9 3(A—1)/2e B(Z, A)
— X
My MyT Pl
- S A-1
T \*? B(ZA)]
T\ My e

= (4, A) drops out of NSE at lower T



Be
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FiG. 2.—Evolution of light-element abundances with temperature, for

a baryon-to-photon ratio n,, = 3.16. The dashed curves give the NSE
curves of “He, t, *He, and d, respectively. The dotted curve is explained in

the text.
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Expansion from high temperature & density

® nuclear statistical equilibrium (NSE)
all strong & electromagnetic reactions in equilibrium

(A—Zn+Zp=(Z,A)+~
® quasi-statistical equilibrium (QSE)
clusters of nuclei form & reactions involving n, p,
& light nuclei in equilibrium within each cluster
(n,7); (0, 7), (75 p), (@, 7), (@, n), (@, p)

® hot r-process

QSE within each isotopic chain only
(n,7v) = (v,n) equilibrium



quasi-statistical equilibrium (QSE)
typically QSE is achieved for 0.5 2 T = 0.25 MeV

a+a+n=""Be+~
[ n, p, « ] Q-value = 1.57 MeV { 120, ete. ]
| h S

ight cluster "Be(a, n)'2C

eavier cluster

determination of neutron-to-seed ratio
Y. | = more neutrons

entropy per baryon S o< (T°/p) 1 =

more photons capable of disintegrating “Be = fewer seeds

Tdyn + = shorter time for producing seeds



conditions for producing r-nuclei with A~200
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Hoffman,Woosley, & Qian 1997
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(n,v) = (v,n) equilibrium: n + (Z,A) = (Z, A+ 1)+~

typically achieved for 0.25 > T 2> 0.1 MeV

Y(Z,A+1) G(Z,A+1) (A+ 1>3/2

Y(Z,A)  G(Z, A) A
| (2w 3/2 S (Z,A+1)
o \myr) °F T

~ 1 = waiting-point nuclei

2
SWE  Tln —(

2T
— Tg [279 + 0198(15 lOg Tg — 10g nnjgo)] MeV

Uzs

MNT) 3/2




steady S-flow in (n,7v) = (v,n) equilibrium

Rapid neutron capture: the r—process

. A N p—decay p—stability

(n,Y)

. 1
neutron—drip !

Zs
: ' - =
N, 82 126 N
c(it =X (Z)Ywp(Z) = A5 (Z+1)Ywp(Z +1) =0



(n,v) = (v,n) equilibrium: n + (Z, A) = (Z, A+ 1) + v
Y(Z,A+1) G(Z, A+1) <A+1>3/2

Y(Z,A)  2G(Z,A) A
y o\ /2 Sn(Z, A+ 1)
Ny, MnT exp T

N (On A (Z, A)0)Y (Z,A) =My n(Z,A+1)Y(Z, A+ 1)
Y(Z, A)
Y(Z,A+1)

2G(Z, A) A \P?
~ GZ A+ 1) <A—+1> (Tn (2 A0)

(MNT>3/2 [ Sn(Z,AJrl)]
X 9 EXP [ —
T T

= M2, A+1) =n,

(On~ (4, A)v)




typical nuclear properties of waiting-point nuclei with N = 82 & 126

Sp ~2MeV, (0,,0) ~107% em?® s7, A\g~ 10!

N (On~V) > Ag = 1y > 10%t em™°

Ty ~1= Ay ~ 100 s7H > A5
time for S-flow to go from seeds through N = 82 and 126

is <1s

in contrast to a hot r-process, a cold r-process occurs
when photo-disintegration can be ignored

Tg <1 = cold r-process



Hot r-process starting with free nucleons

t = 2.06E-03 s N, = 8.16E+29 cm™®
p = 2.15E+08 g cm™> S, = 9.96E+01 MeV
T = B.37E+09 K Y,/Y, = 3.72E+07
X, = 6.29E-01 Ty/To = 1.58E+15

Wanajo et al. 2004







(n,Y)

Fission Cycling

<~

fission




“neutronization” pulse at shock breakout

e +p—n+ v, = predominantly v,

initial trapping surface
3

p~ 10" g ecm™

shock

neutrinosphere

without oscillations el
(Thompson et al. 2003)



Supernovae as a
neutrino phenomenon

€+—|—6_ >V + U
N4+N-—-=N+N+v+v

G M?

~ 3 x 10°° erg
RNs

= Ve, Ve, Vy, Vy, Vs, Vr



L(10°2ergs)

<e>(MeV)

neutrino emission from a low-mass SN
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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

dmr? (Ejp,) (Ev, )
Ly, {(ou.n) (Ep)
)\yen A7ry2 <E,/> L, <<EV€> | 2Anp>
(EZ.) (E;)

T
> 4A\,,, ~ 52 MeV = — > 1
S (B g p

neutrino opacities!
Martinez-Pinedo et al. 2012; Roberts & Reddy 2012



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

n, seeds —> r—process nuclei

"He(an,7)"Be(a,n)'2C T-025Mev (n,7) = (7,n)

equilibrium
n,*He —> seeds (A ~90)

T ~0.5 MeV

n/p>1
Ve+p—>n+et

Ve'l'nﬁp'i‘e_



neutrino-driven winds in 3D models (Wang et al. 2023)



Wang et al. 2023



the vp-process in p-rich v-driven winds
(Frohlich et al. 2006a,b; Pruet et al. 2005,2006)

(p,v) = (v, p) equilibrium = waiting point

break through waiting-point nuclei with slow beta decay:
Ue+p—ntet, (Z,A)+n—p+(Z—-1,A)

B R O I T A %i R

40 45 50 55 60 65 70 75 80 85 90
Mass Number A




Mass Loss Phases During NS—-NS and NS-BH Merging

Merger Phase: Prompt/dynamical ejecta
(due to dynamic binary interaction)

-—<CO>——= <—<C,\g NS matter

t<5-10ms M, ~ 103-10"1 M, t < few ms
after _yn after first
first contact s~ 1-10 kB/nuc mass transfer

BH-Torus Phase: Disk ejecta

(due to v heating, viscosity/magn. fields, recombination)

Mout low, s high M ~ 10-3—-10-! M@

] winds

i / §~ 10-50 ky/nuc

‘ 7 BH
Y o —— S Just + 2014

/ (also Rosswog +;
/ ‘ \ Metzger +;Wanajo +)



temperature (GK)

107

Cowan et aI
202 I

10°
time (s)

1072

Abundance
)
&

—_—
-
o —

e ——
—_
—_
—-——
—_—
-
-

10-6 — neutrons
10-7 - - alphas
10-8 =+ nuclei
107°
—_ 1 1 1 1 L1 11 | [
1072
6
4+
Z of 8
- =
P -
L oL o
20 2 C =
N =
-6
—8F
0.1
10_1 3 E
10 F E
cEI | AN it i
S E 12 E
Q r ]
[=} B i
<
2 107E 3
= F 3
= i 1
105 =
F \Abundance E
10—6 -I - I Ll 1 I Ll 1l I Ll 1 I Ll 1l I Ll 1l I Ll 1 1 I Ll 1l I Ll 1 I Ll 1l I Ll 1l I-
40 45 50 55 60 65 70 75 80 85 90 95

Atomic Number, Z



Neutrino-Induced n Capture 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

~ 11 Mg high nn requires few 56Fe

=l carly SNe

U, +‘He — *H+n + et Ao OX T;Z_(j !
Banerjee, Haxton, & Qian 2011



Neutrino Spectra & Flavor Oscillations

T, ~34MeV, T, ~45MeV, T, =T, ~68MeV

Vi,r

‘ In supernovae ‘

Ve = Vy,r Ve &= Uy 1
‘*He(v.,e p)°He ‘He (7., e™n)’H



Banerjee, Qian, Heger, & Haxton 2016
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Ab Initio Model of Chemical Evolution

dark matter
halo formation
& gas accretion

v

gas mixing
& cooling

1

= star formation

gas enrichment
& ejection

<

stellar evolution
& nucleosynthesis




Data-Driven Nuclear Forensics

nuclear input: masses; astrophysical input:
reaction rates, _|_ electron fraction (Ye),
including beta-decay, entropy (S), expansion
n-capture, fission timescale (texp)

! !

production patterns (E/Fe);

abundances in stars (E/Fe)
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Early Chemical Evolution (~ First Gyr)

dominant sources: Core-Collapse SNe & NS Mergers

(7)== (%), * 0 (%),

R-Process Alliance search for r-process-enhanced stars in the
Galactic Halo: data on (Sr/Fe), (Ba/Fe), (Eu/Fe) for 195 stars
(Holmbeck et al. 2020)

[E/Fe] = log(E/Fe) - log(E/Fe)sun

[Sr/Fe], = -0.49, [Ba/Fe], = -3.00, [Eu/Fe], = -0.77
[Sr/Fe], = 0.90, [Ba/Fe]= 0.91, [Eu/Fe],= 1.30



[Sr/Fe]sn = —0.45:3%

Gross, Xiong, & Qian 2023

a = (Sr)nsm/(ST)sn
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Gross, Xiong, & Qian 2023
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Gross, Xiong, & Qian 2023

1.6 -
] A=loga —
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~ 3= (Fe)o,sn = (Fe)o/3



Gross, Xiong, & Qian 2023
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log S

Gross, Xiong, & Qian 2023
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