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Core%collapse,supernova,
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99%((((((((into(neutrinos(
((1%((((((((into(shock(KE(
((0.01%((into(photons(

Energy(budget(~(3(x(1053(erg(

Massive(star((((((((((((((((Iron(core(((((((((Compact(object((

Fe(

SN(shock(stalls(!(
•  Shock(revives(!(supernova(

•  Negligible(fall(back(mass(!(NS(
•  Significant(fall(back(mass(!(BH(

•  Shock(does(not(revive(!(no(supernova(
•  BH(remnant(
•  Possible(weak(transient((

Strategy:(approach(this(divide(with(a(mulG>messenger(eye,(connecGng(core>
collapse(studies(to(exisGng(survey(data(

Nadezin,(1980),,Lovegrove,&,Woosley,(2013),,Piro,(2013),
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Supernova,simula$ons,
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SophisGcated(simulaGons(
•  3D(with(neutrino(transport(
•  A(few(progenitor(models(
•  Address:(explosibility,(neutrino(and(gravitaGonal(wave(signals(

One>dimensional(systemaGc(study(
•  1D(with(parameterized(neutrino(heaGng,(GR,(many(EOS(
•  ~700(progenitor(models(
•  Address:(progenitor(dependence,(failed(supernova(collapse(

Two>dimensional(systemaGc(study(
•  2D(with(approximate(neutrino(transport,(Newtonian(gravity(
•  ~400(progenitor(models(
•  Address:(systemaGc(study(of(progenitor(dependence,(SASI,(other(

observables((MNi,(etc)(

Bruenn,,Blondin,,Burrows,,Mueller,,Hanke,,Janka,,Kotake,,Liebendorfer,,Messer,,Mezzacappa,,Suwa,,Takiwaki,,…,

Nakamura,et,al,(2015),

O’Connor,&,OT,(2011,,2013),,also,Ugliano,et,al,(2012),



Explodability,and,compactness,
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Compactness(is(a(useful(indicator(to(discuss(
the(eventual(outcome(of(core(collapse:(

O’Connor,&,OT,(2011),

Prompt(BH(formaGon((no(explosion)(
requires(ξ2.5(>(0.45(

Ugliano,et,al,(2012),
See,also,Pejcha,&,Thompson,(2015),,Ertl,et,al,(2015),,

Explosions(for(ξ2.5(<(0.15,(BH(formaGon(
requires(ξ2.5(>(0.35(
(
explosions( No(explosion(



How,about,in,2D?,
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Two>dimensional(systemaGc(study(
•  2D(with(IDSA(spectral(transport(
•  Newtonian(
•  LS(K=220)(EOS(
•  378 progenitor(models((101(solar,(247(Z(=(10>4,(30(zero(metal)(

Nakamura,et,al,(2015),



Results,in,2D,
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1.(Higher(compactness(!(higher(Mdot(

2.(Higher(Mdot(!(later(revival(

3.(Later(revival(!(more(massive(NS(

4.(More(massive(NS(!(more(neutrinos(

5.(More(neutrino(!(energeGc(explosion(

6.(EnergeGc(explosion(!(More(Nickel(

Nakamura,et,al,2015,



1D,and,2D,
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Failed(explosions:(
All(solar(metalicity(progenitors(
explode,(but(some(low(metal(
progenitors(with(large(
compactness,(ξ2.5(>(0.5(
(
However,(the(setup(is(
conducive(to(explosions(
(
Also,(many(nearby(progenitors(
will(make(BHs,(and(supernova(
may(be(weak(
(
!(In(reality,(the(criGcal(
compactness(should(be(smaller(
than(ξ2.5(~(0.5(
(

e.g.,,Hanke,et,al,(2012),

Horiuchi,et,al,(2014),
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Progenitors,of,supernovae,
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SmarT,(2009),,SmarT,(2015),

2008bk(pre>image(

SN(2008bk(

D(~(4(Mpc(

Pre>imaging:(
Very(successful(for(
Type(IIP(

Smart(et(al((2001),(
Van(Dyk(et(al((1999),(

Observed(Type(
II(progenitors(



The,red%supergiant,problem,
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SmarT,et,al.,(2009),,SmarT,(2015),

Mmin(≈(9.5+0.5>2.0(Msun(
Mmax(≈(16.5(±(1.5(Msun((

The(red>supergiant(problem:((
Why,do,we,not,see,Type,IIP,progenitors,with,L,above,~105.1,Lsun,,or,mass,above,
~16.5,Msun?(Based(on(the(Salpeter(IMF,(we(should(have(seen(13(by(now.(

Lo
g(
L/
Ls
un

(

Red(supergiants:((
Reach(higher(luminosity,(~105.5(Lsun(((

Mass(conversion:(



Some,possible,solu$ons,
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1.  Change(the(number(of(expected(missing(red(supergiants(by(postulaGng(a(
steeper(IMF(

2.  Change(stellar(evoluGon(so(that(the(missing(red(supergiants(explode(as(
other(types(of(supernovae((e.g.,(stripped(Wolf>Rayet(stars(into(Ibc)(

3.  Change(mass(loss(or(dust(to(make(mass(esGmates(systemaGcally(low(

4.  Collapse(goes(to(a(black(hole,(with(no(or(dim(supernova(

Groh(et(al((2013)(

Walmswell(&(Eldridge((2012)(

Smarn(et(al((2009)(



Connec$ng,to,core%collapse,simula$on,
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Possible(connecGon(to(RSG(problem:(
There(is(a(peak(in(the(distribuGon(of(
compactness(in(the(red>supergiant(
problem(mass(range(

Ugliano,et,al,(2012),,,
See,also,O’Connor,&,OT,(2011),,Sukhbold,&,Woosley,(2014),

Compactness(distribuGon:(
The(compactness(does(not(increase(
monotonically(with(ZAMS(mass(

Horiuchi,et,al,(2014),
Failed(IIP(supernovae?(

NB:(stellar(evoluGon(uncertainGes(



3D,neutrino%driven,simula$ons,
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" The(explosion(fracGon(
The(fracGon(of(progenitors(
that(successfully(explode,(
binned(in(compactness.((

Horiuchi,et,al,(2014),

2D(

3D#

2D( 3D#
CriGcal(compactness(
In(1D:(0.35(–(0.45(
In(2D:(<(0.5(
In(3D:(?(
(
3D(shows(later(shock(revival,(
more(spherical(explosions.((
(
A(criGcal(compactness(for(
explosion(of((ξ2.5(~(0.2(is(
consistent(with(state>of>the>
art(3D(simulaGons((
(



PREDICTION+&+TESTS+

INT(Program(15>2a( Shunsaku(Horiuchi((Virginia(Tech)(



1.,Frac$on,of,failed,explosions,
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!(Failed(fracGon(
The(fracGon(of(massive(stars(
with(compactness(ξ2.5(>(0.2(is(
around(20>30%((depends(
weakly(on(the(IMF)(
(
(
Is(this(too(high?((
(

1.  Constraints(from(nucleosynthesis(are(weak(

2.  Survey(About(Nothing(
•  Look(for(the(disappearance(of(red>supergiants(in(nearby(galaxies(
•  Monitor(~106(red>supergiants((!(~1(core(collapse(per(year)(
•  So(far,(in(4(years(running,(1(candidate(observed((and(2(luminous(

supernovae)� !(ffail(<(30%((7–62%(at(90%CL)((((or((((ffail(<(0.40((90%)(

Kochanek,et,al.,(2008),,Gerke,et,al,(2015)�

Horiuchi,et,al.,(2014)�

Brown,&,Woosley,(2013),,Clausen,et,al,(2015)�



Hints,from,rates,
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Cosmic SNR measurements

Two(different(methods:(
•  Target(pre>selected(galaxies,(

e.g.,(LOSS,(STRESS(
•  Target(pre>selected(fields,((((((

e.g.,(SNLS,(HST>ACS(

Different(systemaGcs:((
Dust(correcGons,(sample(sizes,(
supernova>ID,(supernova(
luminosity(funcGon,(etc…(
(
Nevertheless(measurements(
converging.((
(
And(improving(quickly(

(1+z)3.3(



Hints,from,rates,
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Core(collapse(
rate(

Birth(rate(of(
massive(stars( *because(lifeGme(of(massive(stars(

are(cosmologically(short(

The(star(formaGon(rate:(
Has(been(measured(by(many(groups,(
using(many(wavebands((radio,(FIR,(
MIR,(NIR,(Hα,(UV,(X(rays)(and(many(
data(sets(
(

UncertainGes(are(mostly(systemaGc(
SFR(data(have(rapidly(increased(and(
the(uncertainty(is(now(mainly:(

•  dust(correcGon(
•  SFR(calibraGon(factors(
•  (IniGal(mass(funcGon(is(not)(

Hopkins,&,Beacom,(2006),
Horiuchi,&,Beacom,(2010),

Horiuchi,et,al,(2013),
Mathews,et,al,(2014),,



Hints,from,rates,
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Horiuchi,et,al,(2010),

Observed(supernova(rate(
Derived(from(observaGons(
of(luminous(supernovae(
(many(recent(updates)(

Core>collapse(rate(
Derived(from(the(birth(rate(
of(massive(stars(

(Core>collapse(rate)(–(
(supernova(rate)(=(DIM(or(DARK(
collapse(rate(
Approximately(30(–(50(%((
•  Some(of(this(can(be(due(to(

collapse(to(black(holes.((
•  Other(possibiliGes(include(

ONeMg(collapse,(dust(
(especially(from(mass(loss),(
fall(back(intense(collapse,(
etc(



Hints,from,rates,
The(inferred(BH(fracGon:(
•  Taking(the(measurements(at(face(value,(~45%(
•  Including(the(dust(anenuated(supernova(correcGon,(~30%(

Shunsaku(Horiuchi((Virginia(Tech)(INT(Program(15>2a(
Figure,adapted,from,Lien,et,al,(2010),

Macla,et,al,(2012),



2.,Tests,with,neutrinos,
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1.  Mass(falls(on(free>fall(Gme(scale(

2.  Mass(accreGon(!(internal(energy(budget(

(
3.  Energy(is(released(as(neutrinos(over(the(diffusion(Gme(scale:(

Eint =
3

5

GM2

R⌫
M =

Z
Ṁdt

tff(~(O(100)(ms(

tdiff(~(O(400)(ms(
L⌫ =

Ldiff

1 + t/tdiff
=

Eint

tff + tdiff

Ṁ =
dM

dr

dr

dtff



Measuring,the,compactness,
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O’Connor,&,OT,(2013),

1D(studies(((((((((((("("("("("(((((Current(2D(studies(
(
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Measuring,the,compactness,
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Events(scale(with(compactness,(but(this(
is(degenerate(with(many(other(effects(
(e.g.,(distance,(rotaGon,(etc)(

The(raGo(of(events(is(more(robust(to(
such(uncertainGes.(Many(choices(of(
Gme(bins;(here,(200>250ms(is(chosen:(
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Neutrino,emission,in,black,hole,forma$on,
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Neutrino(emission:((
Black(hole(necessarily(goes(through(
rapid(mass(accreGon(!(ν(emission(is(
more(luminous(and(honer(

Sumiyoshi,,Fischer,,Nakazato,,,
Sekiguchi,,Shibata,,O’Connor,,OT,,,others,

Constructed,from,Nakazato,et,al,(2012),

Neutrino(probe:((
Neutrino(detectors(can(directly(detect(
the(moment(of(black(hole(formaGon(in(
GalacGc(events((if(it(occurs(during(the(
first(O(10)(seconds)(

Beacom,et,al,(2001),

But(staGsGcally(speaking,(we(may(get(a(
collapse(to(a(neutron(star…then(what?(
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Black(hole(case(
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Diffuse,Supernova,Neutrino,Background,
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dNe

dEe
(Ee) = Np �(E⌫)

Z
RCCSN(z)

����
cdt

dz

���� (1 + z)
dN⌫

dE⌫
[E⌫(1 + z)] dz

Observed(positron(
spectrum(

Input(1:(supernova(neutrino(spectrum((intensely(studied,(
this(program,(quanGty(of,interest)(

Input(2:(core>collapse(rate((intensely(studied(by(
astronomers(using(photons,(rapidly,improving)(

Input(3:(neutrino(detector(capabiliGes((mostly(well(
understood(for(H2O)(

See,,e.g.,,reviews,by,Beacom,(2010),,Lunardini,(2010),

⌫̄e + p ! e+ + n



Input,1:,$me%integrated,neutrino,signal,
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Neutrino(emission:((
Compared(to(collapse(to(
neutrino(stars,(the(
duraGon(of(neutrino(
emission(is(shorter(for(
collapse(to(black(holes.((
(
However,(the(Gme>
integrated(neutrino(
emission(is(sGll(different(



Event,rates,
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Adapted,from,Horiuchi,et,al,(2009),

Event(spectra(with(uncertainGes:(

Lunardini,(2009);,also,Lien,et,al,,PRD,(2010),,
,Keehn,&,Lunardini,PRD,(2010),,Yuksel,&,Kistler,(2014)�

Diffuse(neutrino(fluxes:(

Event(rate(at(0.5(kton(H2O(detector:(

Neutron(stars(!(

Black(holes(

Spectrum# 18#MeV#
threshold#[/yr]#

10#MeV#
threshold#[/yr]#

4(MeV( 9.2(+/>(2.5( 39.0(+/>(11.7(

4(MeV+BH( <(39.9( <(99(

SN1987A( 10.3(+/>(3.1( 36.5(+/>(11.3(



Conclusions,
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Take(away(messages:(
(
1.  Compactness(is(a(useful(parameter(to(characterize(the(diversity(of(core>

collapse(simulaGons((

2.  ObservaGonally,(massive(stars(between(18(–(25(Msun(are(not(showing(up(as(
supernova(progenitors((red(supergiant(problem)(

3.  These(stars(could(be(collapsing(to(black(holes(with(weak(opGcal(display.(
Current(constraints(are(consistent(with(this(scenario(

4.  Neutrinos(provide(a(valuable(test,(both(via(the(next(GalacGc(supernova,(and(
via(the(diffuse(supernova(neutrino(background.(Survey(About(Nothing(will(
provide(important(constraints(also.(

Thank(you!(



BACK1UP+SLIDES+
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Op$cal,signatures,of,direct,collapse,to,BH,

Lovegrove,&,Woosley,(2013),

Even(without(a(canonical(supernova(bounce(shock,(a(shock(can(form(as(a(result(
of(hydrostaGc(response(to(neutrino(emission((

(!(shock(breakout(emission(!(H>recombinaGon(emission(
But(generally(it(will(not(ID(as(a(supernova:(thus,(one(needs(

1.  dedicated(survey(trigger(
2.  neutrino(probes((note(larger(horizon(than(NS(case),(or((
3.  “survey(about(nothing”(

L(~1040((erg/s(

Piro,(2013),

T(~(3000(K(
v(~(100(km/s(

lo
g(
E(
(e
rg
)(

Shunsaku(Horiuchi((Virginia(Tech)(INT(Program(15>2a(



Extragalac$c,background,light,(EBL),
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IMF� Total#EBL#intensity� Range�

Salpeter((1955)� 95(nW(m>2(sr>1(� 65–134(�

Kroupa((2001)� 88(nW(m>2(sr>1(� 60–124�

Baldy>Glazebrook((2003)� 78(nW(m>2(sr>1(� 54–109(�

Observed(EBL:(
Various(measurements(and(
constraints.(With(recent(results(
from(distant(blazar(observaGons.(

Calculated(EBL(from(stars*(
Depends(on(the(IMF(to(some(
degree:(

*(Other(contribuGons,(
e.g.,(AGN,(contributes(only(a(
few(%(e.g.,,Hopkins,et,al.,(2006),

Hauser,&,Dwek,(2001),

Stars(leave(imprints(in(other(ways:(
they(power(the(extragalacGc(
background(light(

73+26
�21 nWm�2 sr�1

Horiuchi,et,al,(2009),,many,
updates,,e.g.,,Gilmore,et,al,(2012),,,



Limits,and,future,reach,
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Super>K(limits:((
state>of>the>art(limits(with(SK>I,(SK>II,(
and(SK>III(data,(employing(improved(
background(modeling(power(and(
staGsGcs(treatment.(

Bays,et,al.,(2012),

Super>K(with(Gd:(
Removes(the(largest(background(
sources(and(enables(a(signal(
dominated(search(

90%(CL(contours(for(5(yr(running(Super>K(with(Gd,((

32(

2σ(and(5σ(contours(for(10(years(running(idealized(((((((((
0.56(Mton(with(Gd((10(–(20(MeV)([Yuksel(&(Kistler(2013](

Hyper>K(with(Gd:(
The(second(component(from(black(
hole(forming(collapses(can(be((
studied(


