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Introduction of Core Collapse SN



Stellar evolution

Star: an astronomical object consisting of a luminous spheroid of plasma

held together by its own gravity
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Stellar evolution could be changed if there is an extra energy leakage source



Core-Collapse Supernova(SN) explosion

Star: an astronomical object consisting of a luminous spheroid of plasma

held together by its own gravity
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Explosion: Neutrino first, Visible matter later



SN explosion @ 1987

neutrinos




SN explosion @ 1987

visible matters
(light, dust, heavy elements)

*

Supernova explosion = formation of compact objects
(neutron star (NS)) with a kick velocity of O(100-500 km/s)




Neutrino spectrum from SN1987A

There is the observation of neutrino flux in 1987
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Neutrino spectrum from SN1987A

There is the observation of neutrino flux in 1987

oo I LI I N L B B B B B B B
. aer Ve o KAMIL ~
> 40F o o IMB )
g 35} -
= 30} | .
> 25 i { -
C)
a 201 } % . Cooling process of the
:'.,,_" 15 & i «=4— proto neutron star is
w 10 :} i i - important
sl it ¢ .
ot TS T TR G EE S B B B A BN T | T
O 1 2 3 4 5 6 7 8 9 10 11 {2 13
TIME (sec)
SN explosion energy is expected as The Gamma-Ray Spectrometer (GRS) of the
Solar Maximum Mission (SMM) satellite was
L,(T =30—-50 Megfl) operative and didn’t observe a gamma-ray
= 0(1—10) x 10°"erg/s signal at the time of the neutrino burst of SN

1987A : There is a sizable time difference
(ppns = 0(1 — 10) x 10**g/cm?, Rpys = 10km)  between the neutrino and gamma-ray signals



Neutron Star (degenerate pressure of nucleons < gravity)

kif )
Fermi Surface nf = DY) 3 k
31 for ET < %

Proto-Neutron Star
Core density: p,ns = (0.5 — 2)(2.8 x 10'*g/cm?)
Core temperature: Tyns = 30 — 50 MeV
(semi-degenerate, neutrinos are trapped in the bulk)
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Neutron Star (degenerate pressure of nucleons < gravity)

kif )
Fermi Surface nf = DY) 3 k
31 for ET < %

Proto-Neutron Star
Core density: p,ns = (0.5 — 2)(2.8 x 10'*g/cm?)
Core temperature: Tyns = 30 — 50 MeV
(semi-degenerate, neutrinos are trapped in the bulk)

+
M P
LLT - > Chemical equilibrium for the beta process of
L the hadrons and charged leptons
X Hr= = Hem — Hy, = Hpy= — Ry, = Hn — Hp
n — — P > Sizable amount of negatively charged pions and
xl.< M muons inside the NS core
Vi 1
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Neutron Star (degenerate pressure of nucleons < gravity)

Fermi Surface

k3
f 23—”; 3 kgs
T for ET < m
uy = Jm? + i f

e.g. for neutrons with p,, = 10**~1°g/cm3
pn = mMyny, = kg, =300 — 500 MeV
pp = (0.2 = 0.3)p, = kpp = 100 — 250 MeV

klg"n o kI%'p
U= = Up — Up = 2 =40 — 90 MeV
1
fr- () ~ —— = 0.04 — 0.4
T eXp (mTL' T nuTL' ) _ 1

for T =30 —50 MeV (m,- = 139 MeV)
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Neutron Star (degenerate pressure of nucleons < gravity)

Impacts on cooling of
proto-neutron stars by
new particle (X) emissions

=E= 0fy — 0
Y”_nn 1% —5% h

B. Fore and S. Reddy 1911.02632

k3
f = L]; 3 kZ
31 for ET < ﬁ

e.g. for neutrons with p,, = 101*71%g/cm3
pn = mMyny, = kg, =300 — 500 MeV
pp = (0.2 — 0.3)p,, = kg, = 100 — 250 MeV

klg"n - kl%p
U= = Up — Up = 2 =40 — 90 MeV
1
fa- () ~ —— =0.04— 0.4
exp () ~ 1

for T =30 —50 MeV (m,- = 139 MeV)
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New Light Particle Emissions

When the light particle mass is smaller than the temperature of the NS core, they could be
produced enormously from the (proto) neutron stars, contributing the cooling rate

C % = —Ly(T) = Ly(T) + Hear — Lx(T) Lx(T) < Lsm(T)
N
N

Bremsstrahlung

<EX> ~T
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New Light Particle Emissions

When the light particle mass is smaller than the temperature of the NS core, they could be
produced enormously from the (proto) neutron stars, contributing the cooling rate

dT
C—= = =Ly(T) = Ly (T) + Hear = Lx(T) Lx(T) < Lsm(T)
N N X
N
N N ! s T

Bremsstrahlung Thomson-like Scattering

3

For the pion mediated production, the higher mass of dark particles can be easily produced.

The deviation from the SN explosion energy and the observed gamma-ray spectrum can
provide the further interesting implications.
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Dark Gauge Boson Production at SN
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Dark gauge boson etfective couplings

From the couplings between (nucleon, electron, neutrino) and dark gauge boson,

1 £ 1 1
Leps = —= By F¥ — S B F'™ ——FL F'* — —m2, 4, AT

4 v 5 v 2 Fuv Sy A
* Z Yeivho, s + eAy oy + 9 ALy + -
f=mp.ev
prl):’”(’)’ Vs Vs
%UJZB::A 9'as Y’ eq, 4 g v
" na 1 Vs Py

we have to calculate the medium dependent effective couplings

between a dark gauge boson and nucleons at (P)NS core

Yy

(T : transverse mode,

o
€
v (er,.) L : longitudinal mode)

Yy
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Dark gauge boson etfective couplings

From the couplings between (nucleon, electron, neutrino) and dark gauge boson,

1 € 1 1
. UV / A% 2 a1 pt

f=np.eyv
The effective interactions between the gauge boson and nucleons & pions are given as
A z cy NyEN +i(c, — c)A, (m~otnt —nt,m™)

N=p,n
. , Ya _ _
+i(ep = Cn)AuE (n~ayty°p —ntpyty°n)
T

where c, ,, | are the effective coupling in medium

I ~1

Cp = gﬁ{or Ch =9 qn
and (qr is the EM charge: q. = —1,q, = 1,9, = 0)

9'r = 9'(aear — deqr) + (ce — 9'qe)ar —
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Pion-induced emission processes

The emitted dark gauge boson energy could be greater from the pion-induced emission
process.
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= Yy =0.3
o
0 I my, =1MeV ]
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W [MeV] = E_ due to heavy nucleon target

En(krc) = k1zr + m1zr + Zn(kn)

(w,r) ~ 220 MeV >» T ~ 30 MeV

Therefore, the pionic Thomson scattering provides the
constraints on the higher mass range.
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Constraints

Cooling argument:

Q.
%e‘rrfar <10%ergg 1s™! (@ 1sec, 1y ~ 103km)
Supernovae explosion energy: (explosion energy from simulations & observations ~ 10°1erg)
Q.
7)/ (e7Trfar — e=TTenv) < 107 ergg™s™! (7opy ~ 10%°km)

Diffused gamma-rays from positron injections: (INTEGRAL satellite < 0(10%3)e*s™?! focusing
on 511keV line, COMPTEL telescope < 0(10%*?)e*s™?! for higher energies)

Q) At
( 4 MpNs (a)) e ITesc < 10°%e* for At = 10sec (Tosc ~ 10°km)

Absence of prompt gamma-rays: (SMM satellite : the gamma-ray fluence F, < 10cm™? for
4~100MeV within 200 sec after the neutrino burst of SN1987A)

Q, At S
( 4 MpNs (a)) e TTescBr(y' — e~ety) < 4 x 1048
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Constraints including pion-induced emission process

The emitted dark gauge boson energy could be greater from the pion-induced emission
process. This could provide the constraints on the higher mass range.
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Constraints including pion-induced emission process

The emitted dark gauge boson energy could be greater from the pion-induced emission
process. This could provide the constraints on the higher mass range.
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Constraints including pion-induced emission process

The emitted dark gauge boson energy could be greater from the pion-induced emission
process. This could provide the constraints on the higher mass range.
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Constraints including pion-induced emission process

The emitted dark gauge boson energy could be greater from the pion-induced emission
process. This could provide the constraints on the higher mass range.
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Constraints including pion-induced emission process

The emitted dark gauge boson energy could be greater from the pion-induced emission
process. This could provide the constraints on the higher mass range.
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Constraints including pion-induced emission process

The emitted dark gauge boson energy could be greater from the pion-induced emission
process. This could provide the constraints on the higher mass range.
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Constraints including pion-induced emission process

The emitted dark gauge boson energy could be greater from the pion-induced emission
process. This could provide the constraints on the higher mass range.
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Constraints including pion-induced emission process

The emitted dark gauge boson energy could be greater from the pion-induced emission
process. This could provide the constraints on the higher mass range.
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Discussion

We discuss a part of implications of supernova explosion for dark gauge boson scenarios
beyond the SM.

In this talk, we highlight the role of the pion abundance in the proto-neutron star core during
the SN period, and provide the further constraints on the mass of the dark gauge boson for a
given coupling and the mixing parameter from “SN cooling argument, gamma-ray
background, SN explosion energy, the time gap between the neutrino and photon signals”.
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