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Basic Knowledges of

Type II SN Explosion & Its remnant



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 SN explosion

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

held together by its own gravity

The onion-layered shells inside the star

forming an iron core by nuclear fusion

Mstar > 6_ 8M®



Core-Collapse SN explosion (delayed explosion scenario)

Supernova explosion:

(a-b) the iron core starts to collapse, and becomes compressed to the neutrons by
6Fe +y - 13*He+4n, “*He+y—->2pt+2n, pt+e ->n+v,

(c-d) causing infalling material to bounce, and form an outward-propagating shock front (red)
(neutrino burst starts), but starts to stall (~1 sec)

(e-f) the shock is revived by the neutrino heating process (1% of the burst energy), the
surrounding material is blasted away, leaving only a degenerated remnant (neutron star)
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Core-Collapse SN explosion (delayed explosion scenario)

Supernova explosion:

(a-b) the iron core starts to collapse, and becomes compressed to the neutrons by

>6Fe + y — 13*He + 4n, ‘He +y - 2p* + 2n,

pT+e > n+v,

(c-d) causing infalling material to bounce, and form an outward-propagating shock front (red)
(neutrino burst starts), but starts to stall (~1 sec)

(e-f) the shock is revived by the neutrino heating process (1% of the burst energy), the
surrounding material is blasted away, leaving only a degenerated remnant (neutron star)
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Core-Collapse SN explosion (delayed explosion scenario)

Supernova explosion:

(a-b) the iron core starts to collapse, and becomes compressed to the neutrons by

>6Fe + y — 13*He + 4n,

*He +y - 2p* + 2n,

pT+e > n+v,

(c-d) causing infalling material to bounce, and form an outward-propagating shock front (red)
(neutrino burst starts), but starts to stall (~1 sec)
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E.g. Supernova 1987A

There is the observation of neutrino flux in 1987

=10 S A B B B B W L B B B L
45| Y
- Ve o KAMII
> 40+ 6 -
o IMB
g a5+ -
~ 30f 1 -
> 251 1 { -
O
£ 20 ¢ % i}
':.,,_-’ 15 |- & i 4
w {10 i f -
5pF 1 i _
ot T B BT B EE S BN A TS AU N L 1
O 1 2 3 4 5 6 7 8 9 10 11 12 13
TIME (sec)
Collapse 1, burst Kelvin—Helmholtz cooling
® @ O o)
T T 1T 1110] '| R R 11 L R 1
10° = _Re. | heutrino heating | R E 10%* g rméarly thermaldistribution
’E' 103:— - \\\ Accretijon _: n 1053';_ > dependS on the
~< E ! 3 =
~ =/ \Re HTH 3 R - temperature of
5 2l . \ Explosion | = 1052? the progenitOI’StaI’
o] 10 E_l’ N _§ .q; E
R;.: inner cn:)re E '''''' "3, Hot Bubble > 1%Lt
ic: N p e S _ = I
10 E IIIII| \N e e ol Covd ol o From Raffelt

. . Y .
Rv- neutrino | = 10-1 proto-neutron star forms 103 102 10! 1 10 Stars as Laboratories




E.g. Supernova 1987A

There is the observation of neutrino flux in 1987
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Neutron Star (degenerate pressure of nucleons < gravity)

kif )
Fermi Surface nf = Py k
31 for T K %
uy = Jm? + iy f

Proto-neutron star
Core density: pxs = (0.5 — 2)(2.8 x 101*g/cm?)
Core temperature: Tys = 30 — 50 MeV
(semi-degenerate, neutrinos are trapped in the bulk)

fz <K > Chemical equilibrium for the beta process of
the hadrons and charged leptons
Hr= = Hem — My, = Hy= — Ry, = Hn = Hp
> Sizable amount of negatively charged pions and

muons inside the NS core
1

fx = —
exp (M) +1
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Neutron Star (degenerate pressure of nucleons < gravity)

kif )
Fermi Surface nf = Py k
31 for T K %
uy = Jm? + iy 1

Proto-neutron star
Core density: pxs = (0.5 — 2)(2.8 x 101*g/cm?)
Core temperature: Tys = 30 — 50 MeV

n P"’ (semi-degenerate, neutrinos are trapped in the bulk)
~ 1T > Chemical equilibrium for the beta process of
the hadrons and charged leptons
n — #P_\' .un_=/Je__/'tve=/'t,u__.uv“=.un_.up
4 /4; > Sizable amount of negatively charged pions and
- muons inside the NS core
Vi 1

fx = —
exp (M) +1

12



Neutron Star (degenerate pressure of nucleons < gravity)

Fermi Surface

k,{’:f )
Ng =7 k
31 for T K %

e.g. for neutrons with p,, = 10**~1°g/cm3
Pn = mMyny, = kg, =300 — 500 MeV
pp = 0.1py = kp = 150 — 250 MeV

kI%'n o klg"p
Up= = Up — Uy = 2 = 45 — 90 MeV
1
fr(@) ~ T —— =0.05—0.4
exp( T ) -1

for T =30 —40 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

Ynzhzl%—S% «
nTl

B. Fore and S. Reddy 1911.02632

K 2
np o k
31 for T K %

e.g. for neutrons with p,, = 101*71%g/cm3
Pn = mMyny, = kg, =300 — 500 MeV
pp = 0.1p,, = kg, = 150 — 250 MeV

kl%n - kI%p
Up= = Up — Uy = 2 = 45 — 90 MeV
1
fr(p) ~ [ —— = 0.05—-0.4
exp( T ) -1

for T =30 —40 MeV (m,- = 139 MeV)
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The remnant of SN explosion

Supernova explosion:

neutrinos

15



The remnant of SN explosion

Supernova explosion:

Supernova explosion 2 formation of
compact objects (neutron star (NS) or black hole)
with a kick velocity of O(100-500 km/s)




The youngest NS: NS1987A (34 years old)

Radio
(ALMA)

Visible
(Hubble)

X-ray
(Chandra)

SN1987A (51.4 kpc away)

The compact object of the remnant of SN1987A is naturally expected to be NS because
1) SN1987A simulation consistent with the existence of NS (M < Mys max)
2) Position of the hot blob in the dust consistent with the NS position kicked by the explosion

3) Luminosity of the blob consistent with the thermal luminosity of NS around 34 years old
17



The youngest NS: NS1987A (34 years old)

(e)

36-0 T T T T | T T T T | T T T T

[ R=11.4km n 3Py CasA

| AR=0.83km p'So:CCDK | Radio
35.5 NS 19874 (ALMA)

Lcompact source = (40 — 90)L®
= (1.5 — 3.5) x 103%erg/s

i [P. Cigan et al. 1910.02960]

| EOS: APR
340 ool 1L R
0 1 2 3
log,, Age [years]
[D. Page et al. 2004.06078]

107K = 0.86keV

[ L(‘Slermal = 47TR§00_SB(TSOO)4 - (TSOO)N81987A — (3 - 4‘) x 10°K ]

The surface temperature of NS
observed from a distance.
core temp ~ 0(0.1 MeV)

3) Luminosity of the blob consistent with the thermal luminosity of NS around 34 years old
18



Standard cooling processes for Young NS

Temp is low = nucleons are highly degenerate, neutrinos are no longer captured in the bulk

Main cooling source for Young NS: Neutrino volume emission
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Cf. List of neutron stars
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New Light Boson Scenarios

21



Axion (Axion Like Particle)

The axion is a SM singlet pseudo-scalar degree of freedom with a period 2mtv,
1) The axion is well described in a theory with a cut-off Ao K v,
2) Under the Parity and Time reversal operations P:a - —a ,T:a — —a

3) Perturbative continuous shift symmetry U(1)pq: a — a + cv,, ¢ € R/2nN

Va

—_
—
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Axion (Axion Like Particle)

The axion is a SM singlet pseudo-scalar degree of freedom with a period 2mtv,
1) The axion is well described in a theory with a cut-off Ao K v,
2) Under the Parity and Time reversal operations P:a - —a ,T:a — —a

3) Perturbative continuous shift symmetry U(1)pq: a — a + cv,, ¢ € R/2nN

Va

—_
—

a

At low energies (above the QCD scale), considering light quarks, gluons and axion couplings

1 2 1 a rauv (55U I U — J
Logs = i(aua) + Vnp(a) — ZGWG HY 4 l(uy D,u +dy Dﬂd) — (muuu + mddd)

2 4 B d,a 1
YIs —Ga Gauv 4 _H- ((cg + 563) l—t]/”)/5u + (Cg + 5C2) dyMYSd)

Taamrf, T o,

fa = v, /Npw is usually called “the axion decay constant” (Npw € N)
Npw , ¢4, cq are axon model parameters, §cp 4 are RG running induced corrections
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Dark gauge bosons

One of the natural extensions of the Standard Model is to introduce dark U(1) Sauge
symmetry:
SUB)xSUR), xU)y »SUB):xSUR), xU()y x U(l)y

Anomaly free (including right-handed neutrinos), flavor universal extension of the SM:
Dark Photon (DP) & B-L gauge symmetry (including RH neutrinos)

At low energies, considering photon, nucleon, electron, neutrino, and dark gauge boson
1 £ 1 1
. 77hY ! v 2 1 Al

+ Z iy, e + eA,J gy, + e’A;’J)’(M + .-

f=n,p,eyv
U(1)pp:
Gy =0 Yy Yy
U(1)p-y 10 ! A !
, e 4 eqr 14
Qe = qe = —1 qf )
o = = Yy Yy

24



Dark gauge bosons

One of the natural extensions of the Standard Model is to introduce dark U(1) Sauge
symmetry:
SUB)xSUR), xU)y »SUB):xSUR), xU()y x U(l)y

Anomaly free (including right-handed neutrinos), flavor universal extension of the SM:
Dark Photon (DP) & B-L gauge symmetry (including RH neutrinos)

At low energies, considering photon, nucleon, electron, neutrino, and dark gauge boson

1 £ 1 1
v / v X/ /
Ler = =3 P =5 b 3 T uA “

+ z iy, r + eA,Jpy, + e’A,’l])'(“ + .-

f=n,p,eyv

Absence of the dark gauge boson mass m)z,, — 0 =» symmetry enhancement

=>» a small mass is technically natural
(although its origin needs a further explanation beyond the effective theory).

There are also many interesting studies regarding flavor dependent dark gauge symmetries
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New Light Boson Emissions

When the light boson 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

N N
N N
Bremsstrahlung
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New Light Boson Emissions

When the light boson 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
CE = —L,(T) — Ly(T) + Hear — Lg(T)

Lnew(T) < LSM(T)
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New Light Boson Emissions

When the light boson 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
CE = —L,(T) — Ly(T) + Hear — Lx(T)
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New Light Boson Emissions

When the light boson 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
CE = —L,(T) — Ly(T) + Hear — Lx(T)

For axion, [PRD 40 (1982) 652], [arXiv:2110.01972] | Lyew(T) < Lgm(T)
X N : IIIiIII'I] IIIIIII'I] IIIiIII'I] TTTI
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New Light Boson Emissions

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

¢l (T = L (T) + Hest = Ly(T)

dt
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BremSStrahlung N X N o m ||i|||1] T ||i||r|] T
revisited 1o
[arXiv:2110.03362] — 105
ab
X N S 1052
q}
N N 1051 :
I
Contact [nteractions 10°0 fl |||||uJ_| |||||u]_| |||||u] Ll
1073 107® 107! 1 10
N X v (NN) Time after core bounce [sec]
7040:\_‘._‘ A A B A
Bremsstrahlung w °F \ o j
n g N E 1034%: :%
| o
Contact Interactions N N S 10 3 E
~ r00g 3
Pair Breaking Formation ¢ 3
1

30 Year



New Light Boson Emissions

When the light boson 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— =-L,(T) - Ly(T) + Hear — Lx(T)

dt

For dark gauge boson
Nw X Bremsstrahlung az Y___ N

C

The emission rate of the new particles can be constrained
or provide new hints/predictions depending on the size of
couplings

In this talk, | “briefly” introduce my recent works that study

new light boson emissions for

1) axion emission at SNs including contact interactions
[2110.01972]

2) dark gauge boson emission, revisiting Bremsstrahlung
process at SN1987A and NS1987A [2110.03362]

L, [erg/s]

Luminosity [erg/s]

Pair Breaking Formation
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Axion emission from Contact Interactions
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Neutron Star Cooling by Axion Emission

Impacts on cooling of

proto-neutron stars by v @
axion emissions
Yan (g ap)‘.“ +
n — - »n(p™)
I
I ®(m™)
n(p™) ! > N
N+N->N+N+a
- +pT-on+a
T » a
N oY
S N\ Yan - o*
p* A - > N
I - a
- ~ ~ o T v
Nyg—- ~ ““
Y, = L —-19%—-509 e <o
Ny p o — > N
Yap

B. Fore and S. Reddy 1911.02632
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Neutron Star Cooling by Axion Emission

Impacts on cooling of

proto-neutron stars by v a

axion emissions
Yan (g ap )‘.“'
n — - »n(p™)
I

I ®(m™)

n(p™) : > N

N+N->N+N+a The revisited contribution from arXiv:2010.02943

could be more important than the axion-Bremsstrahlung

- +pton+a

1

B. Fore and S. Reddy 1911.02632




QCD axion interactions at low energies

The QCD axion, gluon and light quarks (u&d) Lagrangian:

1 , 1 o _ B _
L= > (aﬂa) — ZGﬁvG““" + l(uy“aﬂu + dy“aﬂd) — (muuu + mddd)
2
gs a ~ d,a _ -
— G2 Garv 0 5 0 u 0 S5 0 dv*ve-d

where 5¢2,5¢) = 0(0.01) are radiative corrections from RG running.
After confinement, the relevant interactions become

1 2, _ _ 1 o
Logs = 5 (a#a) + i (py’"aﬂp + ny“@un) + my(pp + nin) + > (0,m)(0Hm)

STA [(auno)(ﬁ)/“)/sp — nytysn) + (\/E(auﬂ_)ﬁ]/“ysp + h. c)]

d,al C
u — — N
+ E _Cap py“)/Sp + Can ny”y5n - C}-:
d,alC
+ ZLfa f T[OT[+6HT[_ + non_aunJr — 27T+TL'_0MT[O)]

_|_

(ir~ny*p+ h.c.) ]
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QCD axion interactions at low energies

Cap + Can = (2 +¢§ —1+ 8¢+ 8cg)(Au + Ad)

mg—m
Cap — Can = <03 —c —W + 8¢ — 603) (Au — Ad)
u
1 mg —m Cop — Can
C = — CO_CO_—U+50_50 — p
antN \/i( u d my 4+ my, Cu Cd \/igA

S. Chang and K. Choi hep-ph/9306216

Subf = (p|fyuysf|p)

m
Au = 0.897(27) Ad = —0.376(27) g4 = Au—Ad = 1.27 — = 0.48(3)
mg at u = 2GeV

d,a _ _ ConnN
+ . Cap p)/“)/5p + Can nyMVSn - =
fa fr

(ir~ny*p+ h.c.)
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QCD axion interactions at low energies

Cap + Can = (2 +¢§ —1+ 8¢+ 8cg)(Au + Ad)

mg—m
Cap — Can = <03 —c —W + 8¢ — 603) (Au — Ad)
u
1 mg —m Cop — Can
C = — CO—CO_—u+60_5O — p
antN \/i( u d my 4+ my, Cu Cd \/EgA

S. Chang and K. Choi hep-ph/9306216
Subf = (p|fruysflp)

m
Au = 0.897(27) Ad = —0.376(27) g4 = Au—Ad = 1.27 — = 0.48(3)
mg at u = 2GeV

\ / Missing contributions \




Implications of contact Interactions

The contribution of contact interactions for new particle emission is usually ignored. Why?
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Implications of contact Interactions

The contribution of contact interactions for new particle emission is usually ignored. Why?

Let us consider Bremsstrahlung case with my > T ~ w, = |k;| > m,

.
“““
. \d
A d
“““
.
. *

p* (p") - >n (p'") vs Pt (") - > (p'")

T k‘u) T[—*(ku)
off-shall pion
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Implications of contact Interactions

The contribution of contact interactions for new particle emission is usually ignored. Why?

Let us consider Bremsstrahlung case withmy > T ~ w, = |K,| > m,

p* (p*)

off-shall pion

There is a relative enhancement from the propagator of the nucleon when the axion energy
is much smaller than the nucleon energy (soft Bremsstrahlung - IR divergence)
(0" — k') —my =—=2p" - k' = —2myw,

Therefore, a matrix amplitude square from the non-contact interaction is enhanced
compared to that from the contact interaction by the factor

2
|kn|2 |pp _pn| mNT my
~ ~ ~ > 1 (semi—degenerate case
(Uczl T2 T2 T ( g )
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Implications of contact Interactions

HOWEVER, such an enhancement does not happen for on-shall pion-nucleon scattering

— (It a (k"
(k") . (k™) - va - a
N\ . ¢ N~ e ~ “‘v
N\ . * = ~ ~ ~ <~ e
N o et = ~ + s
p* S N > N p > e ~ >
\ 9a Can Cap 9a J \ CanN /
2
. u _
kH* = (ET[; kn); k'™ = ((Ua; kél) |kﬂ2| VS 1
Wq
k|2

Because 1) the pions are in thermal equilibrium: ~ %mnv,% ~T,

2My

2) the axion energy is greater than the pion mass: w, ~ E; = \/m2 + |K|?

Therefore,

|TER| N E
B 2 for T<m,

wg  EZ My

The contact interaction could be more important than the non-contact contributions!
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Implications of contact Interactions

HOWEVER, such an enhancement does not happen for on-shall pion-nucleon scattering

— U
T (kll ) a (k ) — a — a
4 TT N\ 4 TT
\ o" * ~_ e ~ “‘V
* -~y .* \ +*
\ . ~ \‘<“‘ SO e
. + o — + = S >
p - . > N p n p

8Tmy, -
/dQﬂ Z ‘Mﬂ_—l—p—:rn—l—alz fzfgq Cp

SpySn

Cy = (Oap =+ Oan) , Bp= \/mi— + |p7r|2-

K. Choi, H. Kim, H. Seong, CSS 2110.01972
42



Implications of contact Interactions

HOWEVER, such an enhancement does not happen for on-shall pion-nucleon scattering

-~

- ru
(k") a (k™) _ a _ a
v T
" n - . ** ~ A 4
N 0" =~ -~ ““ ~ ““
S TS ~
S R + ““‘ ~ + ~ ““
pt a o > 7 p . > D = > N
\ da Can Cap 9ga CCLTL'N J
1033 T - 1033 - 4
—_ E [p=1.34>< 1014g/cm3] ] —_ E [p=2.68>< 1014g/cm3] :
Tw L Tw L
® o 10M: Too10ME
= E = E ——=--3
S i > F ——o-oII--
B0 ——----1 &b L =T lo-—77
= - -t Ill-- - — == ll--
2 103 - ’____:::::: ZZZZZ 2 qo3f oIt |
I " - Ill-"" ! -2 ]
%;3 [ ——Te=zle-" — DFSZ,tanf8=5 %ﬁg E--" — DFSZ,tanf =5 ]
o7 — Model with [C_| 3 |C%.] r — Model with |C_| > |C,|
1032 v i i 1 L 1 1 1 L 1 i 1032 |l 1 1 1 L 1 1 1 1 =
36 38 40 42 44 46 48 50 36 38 40 42 44 46 48 50
T [MeV] T [MeV]

Figure 3. Axion emissivities of 7~ +p — n+a for the KSVZ, DFSZ, and a model with |C_| > |C|.
All models are assumed to have fqu9 = (fu/cc)/ 10° GeV = 1. The solid curves represent the total
emissivity including the effect of the contact interaction C,,n, while the dashed curves are the

emissivity without including the contribution from Cgrn.

K. Choi, H. Kim, H. Seong, CSS 2110.01972
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U(1)g; Gauge Boson Bremsstrahlung at SN
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Dark gauge bosons

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

1 € 1 1
. UV / A% 2 a1 pt

+ z YriyHo s + eA Jey + e ALY+ -

f=n,p,eyv
U(D)pp:
U(1)p_y: r 7 ! A !
, e 4 eqr 14
Qe = qe = —1 qf )
W= =1 vy vy
qn =

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 couplings in dense medium

The photon propagator is modified mostly by the highly degenerate electron plasma:

Attan, ( ki e

B TEYST v) 0(10)MeV

Electron thermal loop

Roughly speaking, a gauge boson coupled to the electron becomes heavy in the medium

(In the basis in which kinetic mixing is removed, ignoring O(&?))

W _ _ u
Mgy = UEM]EM) = ”Tz er€r + mpe; €]

w? —k*1 - GWw2k?/w?)

1
Tr = w5 <1 -+ EG(vsz/a)z)) T, = w3

w? 1—v2k?/w?
3 2x 1—x 1+\/_
0w =3(1-5 -5 g)
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Dark gauge boson couplings in dense medium

The photon propagator is modified mostly by the highly degenerate electron plasma:

= A _ [Aman ke 0(10)MeV
) “P= ITE, T~ \100Mev ©

Electron thermal loop

Roughly speaking, a gauge boson coupled to the electron becomes heavy in the medium

(In the basis in which kinetic mixing is removed, ignoring O(&?))
1 1 1
~ - N AT AR ~11 A R A Y Y
Lpp = —4FWF“V 4FWF Zmy,AHA H

—.(eAﬂ — egAL)' eyte +.(eAu — esA,fL)'ﬁy”p

gets an effective mass from the plasma waves of the medium

Lp_; =~ 1F F™v 1F’ F'* 1 2 AT ATH
B—L—_4uv _4/,“/ _Zmy’u

—(eAM + (e’ — ee)A;l) eyte + (eAu + (e — ee)A;‘) pytp + (Q'AL) ny#n
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Dark gauge boson couplings in dense medium

If my = 0, the electron and proton are totally decoupled from the dark gauge boson with a
proper field redefinition, while the neutron coupling is insensitive to m

I.

Y
The effective coupling between the current and the dark gauge boson:
by
2
1o U f 1 1 ’ I myl
4 (ET,L) Coff — € (CIeCIf - CIer) + (e —e qe)CIf 2
my/ - T[T,L
l/)f 3w3
Ty =~ ——
(T : transverse mode, L : longitudinal mode) 2
2 m)zf' r
T, = 3(1)13F11’1F

With the current conservation
form, <T,wp

12
m
U _v U _v Y 0.,,v0
erer ~ ", el ~ 0" <Tcore ~0.1— 50MeV>

wp ~ 10MeV

1) Production rates of DP and B-L gauge bosons are different for different polarizations

2) For B-L, the effective coupling of proton and that of neutron are different (efff K egff)
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Nucleon-Nucleon Bremsstrahlung

There are many diagramsfor N + N > N+ N +y'

m B?Y: 3

15!
Pa Pyq Do
ALN yHEN ﬁ
M : 2 M
Da i JI] Do
P : P4
Ay~ (0#n™) AWV
P2 : P3

\
-

Ky

Pa

P

2

Pa

"

Pa

M

P2

P

m

Py

fIE]

P1 ; P3
ra : VLLM
P : 4
a [ﬁ/Lm
I 4+ = 5

A, pyFy>n

In the limit of m,, = m, > T, we can take a velocity of the nucleon (vy ~ /T /my) as the

expansion parameter = Multipole expansion of dark radiation
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Multipole radiation

Soft radiation approximation (SRA) of Bremsstrahlung was taken in the literature for
multipole expansion of radiation. However, this captures only classical limit of
Bremsstrahlung, i.e. independent of the spin of dark charged particles!

We note that there are also spin dependent contributions (quantum contribution) as

Mmultipole (spin) ~ O < )Mmultipole (SRA)

p12v/m1v

which could be relevant for SN environment (p%/my ~ T )
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Multipole radiation

Soft radiation approximation (SRA) of Bremsstrahlung was taken in the literature for
multipole expansion of radiation. However, this captures only classical limit of
Bremsstrahlung, i.e. independent of the spin of dark charged particles!

We note that there are also spin dependent contributions (quantum contribution) as

Mmultipole (spin) ~ O < )Mmultipole (SRA)

Px/Mmy
which could be relevant for SN environment (p%/my ~ T )

* Dipole radiation

Leading order of vy expansion

- Mgipole % (eévf} — eévf'j;) for my, = my,soonlyn+p - n+p+y' could be relevant

Generally when center of charge = center of mass, dipole contribution is vanishing!

This implies that dipole contribution becomes important only when e(’jff + efff

* Quadrupole radiation a
- Next leading order Mgyadrupole ~ 0(Vn) Maipole » LA

- Could be important when center of charge = center of mass



Constraints from SN1987 A

From Seokhoon’s slides

4 Dark photon

g =0
2 Dipole radiation
eh = se——— T * P
m,— ATL

[J. H. Chang et al., 16]
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[E. Rrapaj, S. Reddy, 16]
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Constraints from SN1987 A

From Seokhoon’s slides
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" plasma screening
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Constraints from SN1987A & NS1987A

Dark gauge boson Bremsstrahlung could become more important as the temperature of NS
decreases (less sensitive to the temperature of NS compared to the neutrino emission in the
limit of degenerate nucleons in the SN) before the superfluid transition

s

vV
# AU
St n @ L7 ()

n n(p) n(p)

Modified Urca < T®  Bremsstrahlung « T®

SN1987A (T)

NS1987A
gl  CAS A

cuntl vkl el v et el el ool ol o

(O 1 O T O O 1 O 11O AT RO I8 W RE U1 AR RA T
1072 100 102 104 100 108

_T.

my [eV]

Bremsstrahlung o« T*
CSS, Seokhoon Yun 2110.03362
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Discussion

We discuss a part of implications of supernova explosion for new particle scenarios beyond
the SM, especially for new light bosons (dark gauge bosons and axion scenarios).

It is found that for quantitative calculation of new light particle emissions, the effects of

“contact interactions”, “spin dependent multipole radiations”, “correct treatment of the
effective charge of SM fermions in the medium” could be important depending on models.

Since stellar objects are quite complicated, we need a better understanding of nuclear
physics and low energy effective theory to get more concrete predictions for given parameter

space of the model.

What are the further implications of SN and NS for new physics beyond the standard model?
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