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Slow/rapid(neutron(captures((@SN?)�

BBN�

Stellar(((Explosive�

Supernovae((CC(&(thermonuclear)�

A(large(fracVon(of((nuclei((likely)(come(from(core(collapse(of(massive(stars(
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IniVal(mass((((

Stellar(modeling(requires(
knowledge(of(extended(nuclear(
networks,(and(depend(on(
metallicity,(rotaVon,(magneVc(
fields,(convecVon,(mass(loss,(
binaries,(etc…(

Nevertheless,(the(final(Fe(core(
mass(does(not(vary(too(much(
(and(neutron(star(masses(are(
fairly(narrowly(sca^ered)(

Stellar&Nucleosynthesis&&&&&&&&
Massive(star(nucleosynthesis(results(in(the(famous(
onionNshell(structure:(

Woosley&et&al&(2002)&

+(:(Fe(core(mass(



Explosive&Nucleosynthesis&
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PropagaVon(of(shock(wave(
through((the(core(&(envelope(

Compression(
and(heaVng(

Explosive(
nucleosynthesis(

Energy(injecVon(

Expansion(

Shock((
compression(
and(heaVng(

Mass(cut(defines(
final(remnant(

The(rest(
(is(ejected(

However,(how(much(heavy(nuclei(is(made(is(quite(uncertain:(
1.  An(arbitrary(amount(of(energy(injecVon(
2.  At(an(arbitrary(locaVon(
3.  With(an(arbitrary(mass(cut(



Much&nucleosynthesis&is&possible&
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SuperNluminous(supernova((e.g.,(SN2006gy)(have(been(discovered:(
•  CSM(interacVon,(pairNinstability(supernova,(magneVc(power,(higher(56Ni(???(
•  LateNVme(bolometric(LC(consistent(with(~7(Msun(of(56Ni((x100(usual(SN)(

How(to(get(so(much(56Ni(?(E.g.,(increase(energy,(reduce(mass(cut(

Ofek&et&al.&(2007),&Smith&et&al.&(2007),&GalJyam&et&al&(2009)&AgnoleNo&et&al.&(2009),&Kawabata&et&al.&(2009)&
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Pruet&et&al&(2002)&
Lemoine&(2002)&

Beloborodov&(2003)&�

Some(fracVon(of(supernovae(have(
jetNlike(ejecta((e.g.,(GRBs)(
(
GRB(fireball(nucleosynthesis:(
•  IniVal(temperatures(of(~(a(few(

MeV(!(all(nuclei(are(
dissociated(at(jet(launch(

•  Huge(entropy((nγ/np(=(105)(and(
rapid(expansion(Vme((~0.1(ms)(

•  Electron(fracVon(typically(<(0.5(

•  Not(much(C(made,(and(freeze(
out(composiVon(has(only(trace(
amounts(of(heavy(nuclei((

c.f.(BBN(



MagneWcJdominated&GRB&models&
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SituaVon(changes(if(jet(is(magneVcNenergy(dominated:(e.g.,(the(magnetar(model(

A(rapidly(rotaVng(protoNneutron(star(
has(sufficient(energy(to(power(a(GRB(
if(it(can(be(tapped:(

e.g.,&BisonatyJKogan&1971,&Usov&(1992),&Thompson&(1994),&Akiyama&et&al&(2003)�
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Having(the(right(
angular(momentum(
distribuVon(is(the(key:(
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Fast(rotaVng(core(
! BNfield(generaVon(
! Rapid(massNloss(
! Evades(BH(

formaVon(



MagneWcJdominated&GRB&models&
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Time(since(core(bounce�

The(protoNmagnetar(model:(
1.  ThermallyNdriven(wind(
2.  NonNrelaVvisVc(

magneVc(driven(wind(
3.  RelaVvisVc(magneVc(

driven(wind(
a)  PreNbreak(out(
b)  GRB(phase(

4.  Pair(wind(phase(

Metzger&et&al&2011&

(4)$(3b)$(3a)$

“magneVzaVon”(or(
terminal(Lorentz(factor( �0 =

Ė

Ṁc2



Nucleosynthesis&yields&
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v(

v(

v(

The(mass(fracVon(of(
heavy(nuclei((A≥56):(

AnalyWc&wind&nucleosynthesis&(Roberts&et&al&2010)&

Where:(
Ye:(electron(fracVon(
τexp:(expansion(Vmescale(
s:(entropy(

Je
t(
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Time(since(core(bounce�
Metzger,&Giannios,&Horiuchi&(2011)&

•  Expansion(VmeNscale([ms](
•  Entropy([kB/baryon](
(

For(an(oblique*(rotator:(((

*Important(since(obliquity(
affects(νNheaVng(through(
centrifugal(force(
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Nucleosynthesis&yields&
Ye:(PNS(is(nNrich((Ye~ 0.1),(but(evolves(by(neutrino(irradiaVon(to(0.4(–(0.6(
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PreNbreak(phase�

Nucleosynthesis:(with(the(
reduced(entropy,(the(freeze(
out(composiVon(can(be(
heavyNdominated,(
especially(for:(
•  IniVally(nNrich(ma^er(
•  Oblique(rotators(what(

receive(less(nNheaVng(
and(hence(have(lower(
entropies(

c.f.(baryonNrich(jets(
Inoue&et&al&(2003)&
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Survival&in&nuclei&entrainment&
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star� jet�

Can(it(safely(do(this?�

nuclei�

Jet(baryon(loading(is(an(unanswered(
quesVon.(But(we(can(explore(nuclei(
destrucVon/survival(during(mixing.(
(



Nuclei&entrainment&

MACROS,(November(27N29th(2013( Shunsaku(Horiuchi((UC(Irvine)( 14(

Jet(baryon(loading(is(an(unanswered(
quesVon.(But(we(can(explore(nuclei(
destrucVon/survival(during(mixing.(
(
We(need(to(model(the(cocoon:(

Cocoon:(made(up(of(shocked(
stellar(and(jet(material;(FeNrich(
Jet:(mostly(nucleons,(e±,(and(γ(

(
Mixing(can(occurs(by(e.g.,(KelvinN
Helmholtz(instability([e.g.,(Aloy(2002](
(

Jet(has((((
Γ&>>(1�

Jet(head(
has(Γ(~(1�

(

Stellar(ma^er(
(plenty(of(nuclei)(

(

e±,&γ,&
some&
nuclei�

nucleiNrich�

nucleons�
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cocoon� jet�

Can(it(safely(do(this?�

nuclei�
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For(nuclei(survival:(demand(that(in(the(jet(frame,(the(nuclei(velocity(is(below(the(
spallaVon(threshold(!(requires(the(nuclei(to(be(thermalized(FASTER(than(it(takes(
to(move(up(the(velocity(gradient(where(its(speed(becomes(too(fast(

Rapid(thermalizaVon(possible(for(KE(<(20(GeV( SpallaVon(region(depends(on(velocity(gradient(

Horiuchi&et&al&2012&



Survival&in&jets:&recollimaWon&shocks&
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Mizuta&&&Aloy&(2009)&�

Bromberg&et&al&(2011)(

The(relaVve(Lorentz(factor(can(hence(be(large((

Jet(collimated(by(cocoon(pressure(!(becomes((
shock(and(the(jet(moves(at&

Tj ⇠ 100L1/4
50 r�1

9 keV

⇠ �j/2�s ⇠ 10

But(the(temperature(is(high(

�s ⇠ 1/✓j ⇠ 8

Which(is(conducive(to(pairNcreaVon(!(creates(
more(target(to(thermalize(with(

!(Nuclei(destroyed!((
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Mizuta&&&Aloy&(2009)&�

Bromberg&et&al&(2011)(

The(relaVve(Lorentz(factor(can(be(large((

Jet(collimated(by(cocoon(pressure(!(
disconVnuity(becomes((shock(with&

Tj ⇠ 100L1/4
50 r�1

9 keV

⇠ �j/2�s ⇠ 10

But(the(temperature(is(high(

�s ⇠ 1/✓j ⇠ 8

Which(is(conducive(to(pairNcreaVon(!(creates(
more(target(to(thermalize(with(

Horiuchi&et&al&2012&



Survival&in&jets:&collisions&with&neutrons&
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Horiuchi&et&al&2012&

Neutrons(are(collisionally(coupled(
to(the(acceleraVng(plasma:(
(
(
(
But(they(can(lag(behind(and(even(
decouple.(Requiring(the(relaVve(
velocity:(

�̃ ⇠ ⌧
coll

⌧
acc

/ L�1r3⌘

to(be(less(than(the(spallaVon(
threshold(gives(survival(&(
destrucVon(regions:(

⌘ < 200(Lj/10
50erg/s)1/4

� $ e $ p $ n
EM( strong(coulomb(



Short&summary&
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Fireball$GRB� Magne?c$$GRB� Sub)luminous$GRB�

Source:(stellar(
nucleosynthesis�

Y� Y� Y�

Source:(jet(nucleosynthesis� N� Y� Y�

Survives:(iniVal(loading?� N� Y/N� Y�

Survives:(entrainment?� vel(gradient� vel(gradient� vel(gradient�

Survives(nNcollisions?� Y� Y� Y�

Survives:(oblique(shocks?� IniVally(Y� Y/N� harder�

“N”(means(not(possible;((
“Y”(means(possible(for(canonical(parameters;(
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Metzger,&Giannios,&Horiuchi&(2011)�

�(=(10�

�(=(1�

Internal(shock(case:(Rd(~(1015N16(cm�

Survival:((
Adopt(the(standard(Band(
funcVon(photon(spectrum(
and(demand(that(the(
opVcal(depth(of(
photodisintegraVon(is((

•  t(=(1([conservaVve](
•  t(=(10([a(few(is(ok](

AcceleraVon:(
Demand(that(the(Vmescale(
for(acceleraVon(is(shorter(
than(both(the(cooling(and(
expansion(Vmescales:(

Heavy(UHECR(duraVon(

!(Expansion(limited(

General(discussions(in:(Murase&et&al&(2008),&Wang&et&al&(2008),&Horiuchi&et&al&(2012)�
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Metzger,&Giannios,&Horiuchi&(2011)�

�(=(10�

�(=(1�

Heavy(UHECR(
duraVon(

MagneVc(reconnecVon(case:(Rd(~(1012N13(cm�

Survival:((
Adopt(the(standard(Band(
funcVon(photon(spectrum(
and(demand(that(the(
opVcal(depth(of(
photodisintegraVon(is((

•  t(=(1([conservaVve](
•  t(=(10([a(few(is(ok](

AcceleraVon:(
Demand(that(the(Vmescale(
for(acceleraVon(is(shorter(
than(both(the(cooling(and(
expansion(Vmescales:(

!(Expansion(limited(

General(discussions(in:(Murase&et&al&(2008),&Wang&et&al&(2008),&Horiuchi&et&al&(2012)�



Summary&
•  Massive(stars(are(stores(of(heavy(nuclei:(through(stellar(

nucleosynthesis,(explosive(nucleosynthesis,(and(jet(nucleosynthesis(

•  Nuclei(in(jets:((

–  Magnetar(models(for(GRBs,(lowNluminosity(GRBs,(and(baryonN
rich(jets(are(especially(conducive(to(heavy(nuclei(synthesis(

–  Nuclei(may(safely(enter(the(jet(medium(through(entrainment(

•  Nuclei(survival:(concerns(at(recollimaVon(shocks,(collisions(with(
neutrons,(and(destrucVon(at(the(dissipaVon(radius(

–  RecollimaVon(shocks(are(problemaVc,(but(not(for(small(radii(
and(entrainment(postNshock(

–  Other(concerns(easier(to(avoid(in(magneVc(GRB(models(and(
lowNluminosity(GRBs,(and(larger(dissipaVon(radii(

(
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SNSN:&Hypernovae&

Shunsaku(Horiuchi((UCI)� MACROS,(Nov(27N29(2013�

•  SN2006gy(was(~100(Vmes(brighter(than(usual(CCSNe,(even(brighter(than(98bw(
–  Integrated(light(>~(1051(erg(

•  CSM(interacVon,(higher(56Ni,(or(both?(Many(fascinaVng(models(proposed((pairN
instability,(pulsaVonal,(ηNCarinaNlike,(magnetar(power)(
–  CSM(interacVon:(clear(Type(IInNlike(spectral(features(seem,(but(only(weak(

so|(XNray(detected((but(is(nH(~(4(x(1021(cmN3(true?),(and(no(radio(

Also(SN2005ap(

Ofek&et&al.&(2007),&Smith&et&al.&(2007),&AgnoleNo&et&al.&
(2009),&Kawabata&et&al.&(2009)&

GalJyam&et&al.&(2009)&

–  High(56Ni:(late(bolometric(LC(
consistent(with(>(7(Msun((also(
SN2007bi),(which(is(also(
consistent(with([FeII](spectra,(but(
may(not(exactly(be(56Co(slope,((
and(how(to(get(so(much(56Ni(

•  Several(other(SNe(like(this(

–  EsVmated(rate:((

( ( (~ 10N7(–(10N6(/yr(/Mpc3((

((one(every(1000(–(100(CCSNe)(
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Baryon(loading:(remains(
uncertain((where(and(how),(
but(any(baryons(must(come(
from(the(immediate(
environment.(
(
Stellar(ma^er:(natural(to(
expect(it(to(be(dominated(
by(heavy(nuclei(
(
Define(survival(region:(by(
requiring(that(the(opVcal(
depth(to(spallaVon(and(
photodisintegraVon(is(<1.((
[Depends(on(T(and(ρ((
!(larger(r(and(lower(L(
be^er]( Horiuchi&et&al&2012&



Transport&in&CCSNe&&
•  Nuclei(transport:(instabiliVes(are(important(
•  Even(in(normal(CCSNe,(some(Ni56(likely(transported(to(

near(the(surface(by,(e.g.,(RayleighNTaylor(instability(
•  Tested(by(various(observables(

–  X(rays(
–  Opt(spectra(
–  Light(curve(
–  γNray(lines(

Shunsaku(Horiuchi((UCI)� MACROS,(Nov(27N29(2013�

Muller&et&al.&(1991)&

Spectra&

light(curve(

Mitchell&et&al.&(2001)&

Itoh&et&al&(1987)&

X(ray(

Woosley&(1988)&

Spectra(
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At(break(out(if(there’s(
previous(mass(loss(or(
dense(dust(layers?(

A|er(the(supernova,(((((
illuminaVon(by(central(engine?(
e.g.(Rees(&(Meszaros((2000)(

At(cocoon(break(out?(
e.g.,(Meszaros(&(Rees((2001)((

line(

line(

line(
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Wang&et&al&(2008),&Murase&et&al&(2008),&Anchordoqu&et&al&(2008),&Horiuchi&et&al&(2012)&�

Liso(=(1046.2(erg/s,(Γ(=(10,(Rd(=(1015.8(cm�



Future&detecWon&prospects?&
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line(
Ionizing(radiaVon(

Fe(

Look(for(a(line?(((IonizaVon(Vmescale(usually(<<(recombinaVon(Vmescale((

tPI ⇡ 2⇥ 10�7L�1
47 r

2
13

trec ⇡ 60T 1/2
8 n�1

10 Z
�2
Fe

Various(geometries(are(possible:(
Near(and(far(models(depending(on(the(target(ma^er(locaVon(wrt(radiaVon(source(

LazzaW&et&al.&(1999,&2000,&2002),&Weth&et&al.&(2000),&BoNcher&
(2000),&Vietri&et&al.&(2000),&BoNcher&&&Fryer&(2001),&

Ballantyne&&&RamirezJRuiz&(2001),&…&

Rees&&&Meszaros&(2000)&
Meszaros&&&Rees&(2001)&



Some&past&line&detecWon&@GRB&

MACROS,(November(27N29th(2013( Shunsaku(Horiuchi((UC(Irvine)( 30(

Piro&(1999,&2000),&Yonetoku&(2001),&
Reeves&(2002),&Watson&(2003),&etc&

TentaVve(hints:(in(early(GRB(and(a|erglow(phase,(high(L,(duraVon(~day(

Antonelli&et&al.&(2000)&

GRB000214:&line&broadening&of&~0.5&keV(


