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Evolutionary tale 3T

Life Cycle of a Star
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Neutron Star
Stellar Nebula . > ’ \
Massive Star \@

Red Supernova
Supergiant P Black Hole

Stellar progenitors in the massive range beyond 8 solar masses are
believed to undergo a SN explosion

Standard stellar evolution: SN events produce a compact massive object
1.e. Neutron star, Black hole and perhaps other exotic compact stars.



Stellar interior: interplay of hadronic, weak, EM and gravitational interactions | eeee

EFAl ATK 1O lnat of the MNiate oo I - —

- ’ Arizona, ;
HOOVER ATTITUDE ASKS FOR §

o o DISCOVERS NEUTRON, |, .

i | EVBRYONG WATTER |

of former Gor. Sn*‘**""-‘ﬂr.' James Chadwick Describes |
tnted on Page 24, | ! :
It as Halfway Between

The text of Gt
message appea

e e A
that the only hope of ; gils 1 -

it G e Electricity and Helium. e
atic party, former Gov- —— M.B'A.'w. Feb

E."8mith, In a speech study of the *7

f:‘.'"l:-mmmz FIRST STEP IN EVOLUTION |by the Republic
ounced yeaterday h Inture through t

Ighting fpr the adop- ¥ <

grule prohibition con- " :

the national conven-| Scientists Say Results Rank :;:;a:em;.ﬁgf:

ki B With Finding of Electron making body wit
aking his first public ’ which He sharp

the budget biil

his subject sin oton a - Y e ne

t since his Pr nd X Ray. had been do a
| -
ement of his recep. and regard for |

Bpecial Cabie to Tur Now Yoax T, e an e o Ll
E‘:H‘mﬂlﬂ d“ﬂd:l to| LONDON, Feb. 27.--Jnr,:esmé;3d-'lhl:"g::mt':;rt::
e ;g:?;::u‘;; wick, working In Cavendlsh Labora- I power over items
Aol sstsa tory .at Cambridge, has discoversd| biH or increases
November, and that | (P¢ Aeutron—ane of the ultimate par- | (A% with him, b
| bacome effective | Heles of nature. The discovery, firat | the elimination
i date of the nay-| made public today, was halled by| S.f\¢ Provisions.
¥t President, acientists hers ax the most Impor- yelo the whaless
ns broadeast over t?:atl achlevement In  experimental
physics alnce Lo
nal ‘authorship of on:;raud lh: S e
f lo John J. Ras- |atom in 1911. | tion of th
% nocratic| The particle Dr. Chadwick dis. | sl
Q%‘Wﬁ covered, according to The Mnnch::-l :[lonlag of the-t
#h he personally |ter Guardian's solentifie correspon- | ﬂm?-g i o
I'?'I,ﬂf’, Eighteenth | dent, appehrs to consist of a nrnlnnil e thetith

] o
5"34.6™

i hope that the Dem-

A eareful an
tion of the bill ¥

clusiv
nuelel atructure of lhn"d:i;e;ﬁn:;:;ta;

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 R

Baade & Zwicky i1n 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.*

SN mechanism remains yet uncertain involving:
weak messengers (nheutrinos), EM radiation
(photons) and gravitational waves.

Attending to further hints, other BSM
astroparticles may be around the corner (ALPs,
strangelets, steriles, wimps/simps..)



SN in transient sky: luminous events

Supernova 2020jfn

Some can be observed by naked eye
for days. e
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Typically luminosity is 107{10} s | 1
L_sun, similar to that of Galaxy. -

energy
n
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Nobel prizes with SN involvement:

1974 (pulsars), 2002 (neutrino T S T
astronomy), 2011 (SN ladder and
cosmic expansion) 4




Neutrino role in the SN mechanism

Region cooled by
neutrinos

40- to 50-km radius;
neutrinos are produced

Rapidly falling
material

Stalled

srerciot,

p+e — n+u,
n+et— p+7,

et+e = v+T

Fe +e” — M+, .

Region heated by
neutrinos

50- to 100-km radius;
neutrinos are absorbed
Proto-neutron star
approximately 40-km radius

Fig source:G. Percival.
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T+ g:bc — 130 + 4n — 124.4MeV .

000
0000
0000
o000
o0

_ , o

The delayed neutrino-driven $N
mechanism Is sensitive to a delicate
competition of neutrino cooling
between the neutrino sphere and the

so-called “gain radius’
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between the gain radius and the shock.

by the following reactions:

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,. I ST e

\ antinux_x
’:\nu_x

Only 1n case additional instabilities

| appear computatinal simulations find

successful explosions
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Further understanding (& questions) from

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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Composition and conserved charges 11

Late stages of evolution: Nuclear Statistical Equilibrium (NSE) 1.e.
independent of the rates for reactions mediated by the electromagnetic
and strong iInteraction.

There i1s a Tirst presupernova stage taken as i1nitial

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). At low T

Weak process

conditions In-medium equilibrium Reaction . Equatl(m 1o Lo T Lo
Electron emission |zX = 2z, X +e + i
weak decayn — p+e+ v, Hn = fip + [e Positron emission | 2X > 2 X +et 4+ 1
Electron capture | %X +e” — 2, X + v + 1+ ,
elec.charge neutrality ny, =ne +ny | fp = pe + Hy Positron capture | 4X +e* — 4., X + e vy +p = ,u.d: + uf;‘
] Electron annihilation| e~ +e — ve + Fe Dp+p Sp =+ v,
conservation baryon number PB = pPn + pp Electron annihilation e +eT S v+
Neutrino capture |4X + (i;«] — gwx +e* vpt+e Sp 4
- - - = e+
- - - e~ v scattering e + [u,) — e + (u.,.J Vu+ €+ 2 ’u__ + Ve
Chemical potentials include protons, | .weeig | e+5% »et 4% Vutpl = el e
o . (=) (=) Vpt+u Se + e
Neutrino scatte 2X 2X !
neutrons, electrons and muons along sutrino sattering | 2X+ v 86X+ v

with neutrinos and their antiparticles

iIf early trapped. Finite T antiparticles play a role i.e Y =n_ —n’
(neutrino free). Also possibly hyperons or other resonances. '
EoS description must capture this rich environment NSE used for
around 1000 nuclear species and the relativistic (or not) mean

Tield models for the unbound nucleons.



Low density EoS: from inner to outer crust eoe
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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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Elastic and plastic crust properties

Stress

ultimate tensile
strength

(st)

I

fracture

collapse region

== Tensile stress
Compressive stress
e Shear stress

/"
residual shear strength

Ey — Tensile modulus
E.— Compression modulus
G — Shear modulus

T{res)

Elastic and plastic
regions are poorly

known. Tensile and
Shear deformations are
key to understand GW
emission and KN ejecta.

Barba, Albertus and PG
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Elastic and plastic crust : B field 000
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EoS based on SM fermion+cluster+meson fields| eee
(| X )
o
In the dense stellar core after the SN explosion high T of dozens of
MeV drive system to a mixture of baryons, leptons. Relativistic
Tield theories are well-suited to describe this system with EM
1elds Example: Shen EoS
field RMF nucleon+
_ _ 1—r lepton gas
Lrur = 0 |iyd — M — gao — guyu®™ — gp7uTep™ — €y 5 i Y
l‘ o g J- o ] J- - l. 0.5
_Er,l“m}"rr — M0 — T}.r,lg.::r"‘ — 1_.:;-;1'] 5 o4l
= : S Gas Nucleus+Gas 3“9'
1 g 0.3
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f 3 -1 i dea 2 o1fF T=10 MeV
——H'_",,fl:'”""’ T —mjp”ﬂ;;‘”" = —f':...,!"‘”'- : '
4 2 ! 4 - Nucleus 4
Nucleon gas+ Matter
Shen et al NPA”98, Shen et al ApJ TM1~11 ion mixture 031 Gas .
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But is this all? Perhaps not. .
BSM dark matter and dense matter EoS: a few examples
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Coy DM from C. Boehm
et al “14
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Cermefio, Perez-Garcia, Lineros, ApJ “18

My < MHiggs; Ma < My

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

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

XX = vy

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.

Cermefio,

e043(2017)

Pérez, Silk, PASA 34,

XX —aa,a — Vv
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Future Experiments ADMX+, BSCURA 10
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Fermion DM : two fluid solution from core to halo. oo
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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
14



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
15
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Cooling behaviour in the NS for a LDM case oo

When considering the previous model in cooling calculations
(SF and hadronic model)

e 2% 3 e cv aT
e L)=— S
Al Br( ) Q T Qh e® It
L _i—¢ @ & _3
4;.”“-2 =€ ﬁ{TE } QHEQJJ{TJZIDQ( ) E'I‘gcm_35_'_.

0.1 MeV

6.6 with 19 = o < 21

Fﬂ
-9

LDM m_x=100 MeV is considered

o
(=)

M_Illllllllllllllll'llll

o
o

More massive NS could lead to a
temporary Temperature plateau halt

_{,-‘1
O

bl
o

bt S L] Degeneracy for interpretation cooling
1 2 3 4 5 B

l0g¢o (tyr) with admixed DM or only SM processes

i
o F

PG, Grigorian, Albertus, Barba, Silk, PLB 827 (2022)
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SN EoS and DM as sterile neutrinos 944
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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 ™.
= HOnO vy 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 absorptiolrL
{



Emissivity from steriles -

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
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og 1, [115]

Light gray regions
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Rembiasz, Obergaulinger,
PG et al PRD?18
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Stellar collapse and BSM 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-annthilating DM act as a Trojan Horse mechanism and
final state photon injection X' X' — qq — N~y

7 (a) | | —e Neutrino
5 # |- -e Antineutrino
% i
z |
gos X
E f.,r"' W“\J,_\\‘_—
0 b
gz (b) — w/t Neutrino
T ] - - -w/t Antineutrino
E
z
305
k=
£
3
o -
(c) i |—e Neutrino
3 0 i|~ - -e Antineutrino
§25 |: - w/t Neutrinos
LE 20 [ P i e T - Pl S —
4] 1 e = == "
N
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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
MevV~{-1}

Distinctive double
neutrino burst.
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PG, Silk & Stone PRL’10
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Confining potentials in LK theory
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Probability of induced nucleation 5.3

Oscillation frequency of the fundamental state ‘

o, dl 9 [+
vy = o I(E) == VIM(R)c2 + E —U(R)][U(R) — E]dR
E—F, CJR_
and the probability with (WKB approx) A(E
- cop (~2481)
The 1nject. energy per unit baryon charge inside the

baryon bag determines the energetic level of confined Q
content

§my

E = 3
npdm R

The number of nucleation centers IS given by the
stable bubble s[%e Vin <”h>
C ™~

Vs Rp

and the bubble formation time 7 ' = vop
IS corrected as 7y = 7/N¢
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Yet DM: axion-like particles inside NS e (6%
PSALAMANGA 00 AP0

= plri(gicm?) == BIr} (G}

Considering a magnetized NS

N By
B(n) —BS+BO(1 € 0 )

6 8 10 12 14 2 4 6
r (km) r (kmi

F,F" = —4AE-B
Gy (pseudoscalar couplin
Oa +m2a = 712Q +— @(FU,GD):{ o phng)

4 Iy (scalar coupling)
Minimal coupling Wi-x-'lth gravity Go = 1 F,F'" =E-B CP-0dd
and electromagnetic source
Fy = —-1F, F* = L(E? — B%) CP-even

E82 a+ —890,+£13 a+£289a+m a = gt Q(Fo,Go)  Geft = dye

ao

SIGIINEGT) 2 f!
. =24 L
R N LU RS-
E5(r,0)  k(r0) - Fl i 2
é- (T 9) Tzk(’f‘? 9) - T‘Zk'(’f‘, 9)3 £Q(Ts 9) = cot 0 + % + 2_ E 23



Axion-like particles inside NS

\N‘( A 00 A~of

I‘)‘\\l

Solving the static ALP ode with no field source cumamicsoonmco 12182013
(but curved metric)

Boundary condition R.R,

Tsur face —

L2 o2 )
a(0,0) = agp, \/R;Za sin” 6 + RZ cos? 0 spatially damped oscillator

arsur faces ) = @sph (Tsurtace); Baspn(r) + %é + 0/ (r) = X (1))0raspn(r) + m*e*Vagn(r) = 0.
a(r,0) = a(r, 7) = agpn(r).

different regimes in the a(r, 0) solution, are determined by the value of the quantity

1 4
! Alr)
A(r) = Z(;+V( r) — N (r))? — 4m3e
1.20 3.04 0.99
1.05 0.88
0.90 2.57 0.77
0.75 2.0+ 0‘65,_
055?
060 _ o | =
= L3 0.44 %
0.45 ® G
1.0 0.33
0.30
0.22
0.15 0.5+
0.11
. 0.0+ 0.00
-0.15 0

rlkm)

ALP field distribution with a mass m, = 10 *°eV within the interior of the star,
presented in an axial cross-section along the polar diameter. The star has a mass
Mgy, = 1.56 MO and a radius R = 13.93 km. The total axion mass was taken to be . 24

0 AT
0.01% of the total baryonic mass. Suarez, Albertus and PG submitted
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Axion-like particles inside NS

Solving the static ALP ode with axion DM nature:

Lo2a+ —69a+£13 a+ £20pa + m?a = g.4E.B

f r
B = B ( p) k chiral magnetohydrodynamics
2
efle

E = ————usB + 5W

47TO' c on2ah2ch on2oh2c !

Chiral Magnetic Chiral Vortical
Effect Effect Dehman+25

"he combination of strong magnetic fields and chiral asymmetry in particle interactions
an lead to a separation of electric charge or axial currents

2 1
ﬁa G.(T,g)‘l‘ k( )

= a1 B(r)? + a2 B(r) cos(x).

————02a(r,0) + &1(r, 0)0,a(r, 0) + Ex(r,0)Dpa(r, 0) + m2a(r, )

Suarez, Albertus and PG
submitted

a(r, 8)




Axion-like particles inside NS

Solving the static ALP ode with SCALAR axion
DM nature:

?Bfa%— —89a+£13 a + E38pa + m?a =ger(E? — B?)

1 chiral magnetohydrodynamics

—f(rl,é?) 0a(r, ) + ( " 0) (9965('.!‘ ) +£1 (r,6)0ra(r,0) + 52(7- 0)dsa(r,0) +m (L(’r 0)
2
= [3182(?‘) — 262 B(r) di?(n?‘) sin? f + 35 (dig)) sin 6.
¢ etu? c? cos 20 c2
= (e —1 5 — = Geff —
B1 = Ger(—1 + 397252 + 1Ay 25T T 39243 ) By gert

We note that for the dominant term, there is an asymmetry factor depending on cos
260. We can derive an expression for this asymmetry by comparing the values of 1
along the z-direction and the equatorial direction. )

c? (13(?)-— é%%ﬁl)

Fol0 = =] — Fy[0 = 0] Susym = e

Suarez, Albertus
and PG submitted

M;WVJ

Br\> AoscL
Pa—>y= (gzsj) Sinz( 05¢
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St
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2707

This result is obtained
form, = 1 x 1071%V an axion
density equal to 1% of the
baryonic density, implying that
significant effects arise even at
high densities.
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Yet many things to understand
regarding EoS, so consider also the DARK
SIDE as it may be around the corner..
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