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SN as an evolutionary event coe

Life Cycle of a Star
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Neutron Star
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Red Supernova
Supergiant P Black Hole

Stellar progenitors with masses in the massive range beyond 8 solar
masses undergo a SN explosion

Standard stellar evolution: these events give rise to a compact massive
object i1.e. Neutron star, Black hole and perhaps other exotic quark
compact stars



SN mechanism: hadron, weak, EM and gravitational oo0o
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Inner X-ray ring

Crab V & X-rays (CHANDRA)

Rutherford predicted the neutron in 1920,
Chadwick discovers 1t 1n 1932.

Chandrasekhar predicts the maximum WD mass
supported by electrons in 1931 to be ~ 1.4M
Msun

Baade & Zwicky in 1934: "With all reserve we
advance the view that a Supernova represents
the transition of an ordinary star into a new
form of star, the neutron star, which would be
the end point of stellar evolution. Such a
star may possess a very small radius and an
extremely high density.*

Since then the SN mechanism remains yet
uncertain involving: weak messengers
(neutrinos), EM radiation (photons) and
gravitational waves(expected with generation
GW detectors). Other BSM stroparticles may be
around the corner (ALPs, strangelets,
steriles, wimps/simps..)



SN as transient Luminous events

Some can be observed

for days.

by naked eye

Typically luminosity i1s 10M{10}
L sun, similar to that of Galaxy.

Nobel prizes with SN involvement:
1974 (pulsars), 2002 (neutrino
astronomy), 2011 (SN ladder and
cosmic expansion)
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Type I and Il SN differ In spectra and light curves,
Type 1 very regular.



Neutrino role in the SN

Region cooled by
neutrinos

40- to 50-km radius;
neutrinos are produced
by the following reactions:

Rapidly falling
material

N\
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The delayed-SN mechanism 1is |sensitive
to a delicate competition off neutrino
cooling between the neutrind sphere

and the so-called “gain radius’
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Region heated by

neutrinos

50- to 100-km radius;

neutrinos are absorbed

by the following reactions:
n+v, — p+e
p+vs — n+e'
p+et- o peett

Proto-neutron star
approximately 40-km radius

Fig source:G. Percival.

between the gain radius and the
shock.

Absorption, emission, scattering,
bremsstrahlung are the main processes
driving the neutrino transport.

(Z,A) = (Z+1,A)+e + 1,

(Z,A)+e = (Z—-1,A) +v,.

\ a

Only 1n case additional instabilities
appear computatinal simulations find
successftul explosions
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u_x (PRC”03 Horowitz& PG



Computational Simulations
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Fig. 4. Time evolution of the inner profiles of a proto-neutron star (model MWE8S8E48). The upper left
panel shows the initial profiles of density pg, temperature 7, electron fraction Y., entropy S, and neutrino
chemical potential ¢, defined as pi, 4+ e — 1y The other five panels show snapshots up to 50s. The

black lines depict the initial profiles.
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Late stages of evolution: Nuclear Statistical Equilibrium (NSE) 1.e.
independent of the rates for reactions mediated by the electromagnetic
and strong interaction.
There i1s a Tirst presupernova stage taken as initial spherical
configuration
Later on SM conservation laws hold: weak decay, charge
neutrality and conservation of (B,l) number must be imposed:
e,mu,p,n,nu along with nuclei(Z,A)
Reaction Equation
conditions In-medium equilibrium glcctrun emission %;(( - %-1; +e + 7 Vp+nsSp+p
ositron emission 9 — Q_l +et 41, i = +
weak decay n—pt+e+r, Hn = Hp + e Electron capture jX +e = %‘_,X + Ve Vi tp=n+ K
- Positron capture | 4X +e" = 4, X + e + -+ ,
elec. Charge BEUtrallty Ny =MNe £ Ny Hp = He + Hp Electron annihilation e +el = v+ e Vit p = H + + Yy
conservation baryon number = P Py Electron annihilation e +eT S v+ Vy + [t = g+ 1;'”
Neutrino capture |2X + T 2mX +et
- - - R N B vpte Spotre
Chemical potentials i1nclude protons, ji:ﬁgﬁ ;:;j;i; Pt et S pt e
neutrons, electrons and muons along | veusinoscetering | 2x+ % 5 2x+ & MR

with neutrinos and their antiparticles
if early trapped. Finite T
role.

NSE used for around 1000 nuclear species and the relativistic
(or not) mean field models for the unbound nucleons.

. =n —nt also muons play a



Lattimer-Swesty EoS eess
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Considers p, n, alpha nucleil and a single heavy nucleus obtained by e
minimization of Free energy in Wigner-Seitz cell.
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contains a single cluster with baryon number Ai i
and atomic number Zi. ook

120

Densities of free electrons (nhe) and unbound protons (ngp)
neutrons (ngn) i1n the different cells are the same.

The cell volume is given by the neutrality condition, Vi = Zi/ne.

NSE used for around 1000 nuclear species and the

relativistic (or not) mean field models for the unbound

nucleons. 9



Non-homogenous matter EoS: pasta ol
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FIG. 23. (Color online) Neutron static structure factor S(g) as a
function of the momentum transfer ¢ at a density of p
=0.025 fin? (black solid line). Also shown (red dashed line) is the
prediction from the ion static structure factor in Fig. 21 including
the square of the cluster form factor, as explained in the text.
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Nuclear input & fermion+meson fields: Shen EoS ess
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In the dense stellar core after the SN explosion high T of dozens of
MeV drive system to a mixture of nucleons, leptons. Relativistic
Tield theories are well-suited to describe this system with EM
fields RMF nucleon+
_ _ 1—r lepton gas
£.|'|:'.'I.I'.|'" = "‘:n"--"hu - M — gso — '!._;":"r-*-'"” — GoTuTe I — T - L
_ & Gty Hp'TuTaf | 9
l‘ o g J- o ] J- - l. 0.5
—Er,’“m}"rr — Em;ﬁ" — I—-}Irl,lg-:j'i - I_ntjr-;rfJ S 0el
= : 5 Gas Nucleus+Gas 3“9'
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But is this all? Perhaps not. .
BSM dark matter and SN EoS: some examples

Coy DM from C. Boehm
et al “14

3 —_———— e — - ]

axysx — igo

_—

Cermefio, Perez-Garcia, Lineros, ApJ “18

My < MHiggs; Ma < My

9

/32

X —

T

ﬂfﬁsf-

X

Model || m, [GeV] | m, [GeV] 9y go
A 0.1 0.05 7T5x1073 [ 7.5 x 1073
B 1 0.05 1.2x107Y | 2x1073
C 30 1 6 x 1071 5x 1075

Table 1: Parameters used Coy DM. Flavour-universal gy = 1.

Massive progenitors accumulate
thermalized DM, most likely
from scattering SI or SD interactions or
direct production

Hybrid stars with dark content are
indeed possible 1T CS i1s above critical
threshold

P 130 12
T anCpcomy )

XX — vy
XX —aa,a —> Vv



Neutrino emissivity from DM

Early cooling by neutrinos may be influence by annithilation processes
under the emissivity (energy per unit volume unit time) 12 — 34

Qr = 4/05(1)(571 + Bo) [M? f(f1, fa,

dBPl d3p2

dd =

f3, fa)

d3p3 d3p4

with

2(2m)3Ey 2(27)3 By 2(27)3 B 2(27)3 Ey

(27)* 6% (p1 + p2 — p3 — p4)

and matrix element X X — pp XX — aa
.'ﬁ:. " T L T T ™
B 45 r ¥y —aa ’é |
o c 1 , 40f C .
£ 1 & st
5 ]
> | < 5t
8 | g
I 1 | 15 L 1 1
0.01 0.1 1 10 0.01 0.1 1 10
T (MeV) T (MeV)
2 —3
N Ny T
QE( ) 4 ) Qﬂ V{} N 1 MeV Cermefio,Perez-Garcia,Lineros ApJ “18

Neutrino emissivities
from Coy DM have
genuinely different T
behavior than Modified
URCA+ SM processes

reaction xyx — aa could
provide emissivities

Q4 ~ 4 x 10*2 ergem 257!
Higher than for the
21
Qqufnq 29~ 1.7 x 10
ergem 2 s~ for T ~ 10° K.
Channel | Model | logip Qo | No,y
¥x — v | A 17.3 4.1 x 107%
xx —vr | B 18 2.4 x 10%
¥x =+ vr | C 17.6 5 x 1078
xx — aa | A 18 4.1 x 10%2
yx —+aa | B 22.5 2.4 x 10%
¥x — aa | C 27 5 x 1038
13



Neutrino emissivity: example from coy DM

Early cooling by neutrinos may be influence by annithilation processes
under the emissivity (energy per unit volume unit time) 12 — 34

d3p1

d3p2

d3p3 d3p4

with dd =

and matrix element

XX — vy

logig Q (erg 1::1'1'1':Ei 5'1}

. as [

2(2m)3Ey 2(27)3 By 2(27)3 B 2(27)3 Ey

XX — aa

(27)* 6% (p1 + p2 — p3 — p4)

40
35
30
25
20

logig @ (erg em™ 5'1}

15

0.01

\f
No

Qe(T, Ny) = Qn(

10

T

1 MeV

L —aa

0.01

-3
) Cermeio,

T (MeV)

Perez-Garcia, Lineros ApJ

“18

Neutrino emissivities
from Coy DM have
genuinely different T
behavior than Modified
URCA+ SM processes

reaction xyx — aa could
provide emissivities

Q4 ~ 4 x 10*2 ergem 257!
Higher than for the
21
Qqufnq zq ~ 1.7 x 10
erg cm “3s~Ifor T ~ 10% K.
Channel | Model | logip Qo | No,y
xx <+ ve | A 17.3 4.1 x 1078
xx —+vv | B 18 2.4 x 10%%
xx =+ vv | C 17.6 % 10%8
xx — aa | A 18 4.1 x 10%2
xx —+aa | B 22.5 2.4 x 10%
xx —+aa | C 27 5 x 1038
14
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SN EoS and sterile neutrinos 44
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Yet another possibility BSM shows how sensitive SN EoS 1is
912% mg 6 1
Log = L0100, OLAY . u=~e 5 ~ 10~ GeV ™.
= P UnOun O A, 1672 M2
Lo = L T 1 OFAY + h ~ sin
eff—§ﬂtryho',u,u( — Y5) V +h.c., per ~sinfu Vp — VY
-Active and sterile mixing N’ =cosON +sinfvr' = —sind N + cosf v.

-We will assume the mixing is sin’f < 10™2  in order not to conflict with
cosmological bounds

=The dominant production channel will be electromagnetic ¢t~ UnUh

do ___ap” (—t+2mi+m§—tg_Q(m%+m§)t+(mi—m§)2)

dt  s? —4sm?

S

=Also active-sterile mixing v X — v, X scattering v, X — v X absorptioln_
9]



Emissivity in the medium

Energy emissivity dE
QE(6+6_ — 17h1/h) = W

4 d3py d®py dp3 d3p _
@r = (27)8 / 2E11 2}522 2E33 QE: 0% (p1+p2—p3—pa) (Br+E2) M| f(f1, fo f3, f4)

_ t? —9 2 2 ¢ 2 ,2)2
IM(ete™ — vpp)|? = 4e?us (—t +2ms +m? — (mj, +me)t + (mj, —mg) )

S
The dense and hot medium Albertus, Masip, PG, PLB*15
f(E) _ 1 Fit Energy emissivity
' e(E—ui)/T 1 1 [ 2 T T tue erg
Qp ~ 1.5 x 10%° ( _1) () e ST .
fhe = — s 100 MeV 1076 GeV 25 MeV s cm?

E. [10™ erg]

-8 60
p— 2 5 e lifetime too short

my, = 50 — 80 MeV/¢?

He Oso Oso T ue Oso Qs

20 [1.53656 - 102°]5.66121 - 101 |20{ 20 |5.91745 - 10**|1.46498 - 103
40 [ 1.36192 - 10%|5.65149 - 1071 | [20( 40 [5.4D000 . 10 |1.40087 . 103
6.62017 - 1077|5.38001 - 10*' | |20| 60 |4.55643 - 10™|1.29812 - 10*
80 [1.40457 - 10°%]3.70775 - 10| |20| 80 |3.52661 - 10*(1.12208 - 10>
100|1.57973 - 10%] 1.36088 - 107! | [20[100|2.51089 - 10 [8.99522 - 10%
120(1.14701 - 107*|2.67659 - 10™° |  [20{120/1.65963 - 10* |[6.67171 - 10%
140[5.92076 - 102'|3.23395 - 10| |20{140/1.02932 - 10*|4.5996£ 10°

og 1, [115]

Light gray regions

not excluded o

Rembiasz, Obergaulinger,
PG et al PRD?18
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SN collapse and trigger QCD EoS

SN core collapse involves high T and large densities i1n the
inner core. There 1s a long-sought possibility of producing

bubble nucleation

Self-annithilating DM act as a Trojan Horse mechanism and

final state photon injection X X — qq — pJq;

7 (a) | | —e Neutrino
5 i [- - -e Antineutrino
] 1 il d
u it
2 "
z |
5 0.5 L
-E i
E pdf m‘_—
= ¥
0 b
g (b) —wft Neutrino
T - - -w/t Antineutrino
a1
=]
=
=
805
£
5
= |
a
o . —
(c) i |—e Neutrino
3 0 i~ - ~e Antineutrino
= il - ;
=250 A w/t Neutrinos
= i =
QO - i ‘: -
LE 20 :-;,m _____ o e B e f.,.ﬁ:'-.- - --..:'.::-:-
E 15] _.F_______'_,..f--\.—..-g*a- =
: —k;/,-
10
0 0.1 0.2 0.3 0.4
Time After Bounce [s]
FIG. 2: Neutrino lnminosities (a) and (b} and rms-energies (c)
measured at 500 km distance for a 10 Mg progenitor maodel.
The results of the quark EoS eos! (thin lines) are compared to
the results of the pure hadronic EoS [18] (thick lines). A sec-
ond neutrino burst is clearly visible at ~ 260 ms after bounce.

Sagert et al PRL’08

hadronic system could
suffer a phase
transition from a
metastable phase
(Hadron) to a more
stable one (Quark-gluon)
1T right thermodynamical
conditions

MIT Bag model required
to be on the B=160
Mev~{-1}

Distinctive double
neutrino burst.

Neutron

PG, Silk & Stone PRL’10
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SUSY preferred
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Yet many things to understand. Thank you.
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