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[From AAO website] S 1987

Core-collapse supernovae

— the death of massive stars 2 8 Mg

— important multimessenger source

(E, ~ 10% erg, Eoxp ~ 10°1 erg,
E, ~10% erg, Eqw ~ 10%718 erg)

— producing nature's elements after BBN
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~ 109 km ~ 3000 km
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Implosion

(Collapse) GMP2’NS

RS~ 10°3 erg, radiated

predominantly by ~ 10°® neutrinos
in ~ 10 seconds

Egrav ~

~ 1() 30 km [Figure from G. Raffelt]

— neutrinos dominate the dynamics and

T\
v — observables of a supernova
Explosion = cooling —>
by dlffI.IS]OI"I

(see Takiwaki’s talk)
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Supernova neutrinos

~ 20 SN v, detected from SN1987a
In ~ 10 seconds,

Ly, ~10°2 erg, (E; ) ~ 15 MeV

— qualitatively confirms supernova theory

— offer leading constrants on non-standard
v interaction, light exotic particles (axions,
sterile neutrinos,...), v-DM interaction, ...etc
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— qualitatively confirms supernova theory 0 :’[‘]'.Heife F.)hD;Th?SiSé(zqoz)j R
— offer leading constrants on non-standard Relative Time (seconds)

v interaction, light exotic particles (axions,
sterile neutrinos,...), v-DM interaction, ...etc

When the next galactic supernova occurs (once-in-a-life-timel!),
O(10°) events will probe or answer:

— explosion mechanism and interior properties of stellar progenitor
— properties of matter at nuclear densities

— neutrino mass, mass ordering, and interaction

— candidates beyond Standard Model (bSM)

— requires robust theory modeling to achieve these goals
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— offer leading constrants on non-standard Relative Time (seconds)

v interaction, light exotic particles (axions,
sterile neutrinos,...), v-DM interaction, ...etc

(see Horiuchi’s talk for DSNB)

When the next galactic supernova occurs (once-in-a-life-timel!),
O(10°) events will probe or answer:

— explosion mechanism and interior properties of stellar progenitor
— properties of matter at nuclear densities
— neutrino mass, mass ordering, and interaction this talk

— candidates beyond Standard Model (bSM)

— requires robust theory modeling to achieve these goals

14




Core-collapse supernovae probing physics
beyond the Standard Model:

Exotic particle emission and their decay



Exotic particle emission from proto-neutron star

In proto-neutron star core: T, ~ 30 MeV, p. ~ 5 X 1014 g/cm3

— produce beyond-Standard-Model (bSM) particles of mass < O(100) MeV

e (A) take away PNS thermal energy
— affect SNv emission (Lpsy 2 Ly,) [Raffelt+ 1988, ..]
(usually need to consider feedback effect; see Takiwaki’s talk)
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Exotic particle emission from proto-neutron star

In proto-neutron star core: T, ~ 30 MeV, p. ~ 5 X 1014 g/cm3

— produce beyond-Standard-Model (bSM) particles of mass < O(100) MeV

e (A) take away PNS thermal energy
— affect SNv emission (Lysym = Ly)

e (B) decay into Standard Model particles outside PNS

— affect electromagnetic observables of explosions

[Sung, Tu, MRW 2019,
DeRocco+ 2019,
Caputo+ 2021, ...,
Cheng+ 2026]
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Exotic particle emission from proto-neutron star

In proto-neutron star core: T, ~ 30 MeV, p. ~ 5 X 1014 g/cm3

— produce beyond-Standard-Model (bSM) particles of mass < O(100) MeV

e (A) take away PNS thermal energy
— affect SNv emission (Lysym = Ly)

e (B) decay into Standard Model particles outside PNS
— affect electromagnetic observables of explosions

e (C) arrive the Earth if decay is forbidden

— directly interact with targets in ¥/DM experiments
[DeRocco+ 2019, ..., Lellat+ 2024, ...]

1%
proto-neutron EH,T

N

bSM particles

shock \

stellar envelope(+ circumstellar medium)



Taking dark photon (A’; hypothetical U(1) gauge boson that mixed with photon

kinetically) as an example: 1 , € b, 1
y) P L5 =L Fj F™ = CF F* 4 Sl Al A

Dark Photon Limits: 2025 Edition
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i Caputo, Park, Yun (2025)
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mas [MeV] [Caputo, Park, Yun, PRD ‘26 (2511.15785)]

Supernovae are the leading “laboratories” for 1 < my < O(100) MeV



Supernovae with circumstellar medium (CSM) as new probes

Recent observations suggest = 30% of SNe are surrounded by dense CSM

Initial density (g cm™)

E.g., SN2023ixf (6.4 Mpc away)
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Supernovae with circumstellar medium (CSM) as new probes

bSM particles’ visible decay products (e*) in dense CSM lose energy efficiently:

s e .
LA

[Cheng, Kong, Lin, MRW, Yun, PRL ‘26 (2603. 09615)]
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Supernovae with circumstellar medium (CSM) as new probes

bSM particles’ visible decay products (e*) in dense CSM lose energy efficiently:

(A) heat up dense CSM

— new photosphere with T},

~ 6000 K at r ~ 1.4 x 10'* cm

— enhanced luminosity > 10%° erg/s prior to shock break-out

s e .
LA
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[Cheng Kong Lin, MRW, Yun, PRL ‘26 (2603. 09615)]

_‘ i c=292x 101 i  [—
| mar=20MeV/d + 3
; i 10—12
i 10~13 —
: é i
i ~ 5
i {1071 eo
i f =
_ . S— S
. o1 ---- T(nonlTE) | 110716
=L ——p 2 ?
. | L L L @| 10°17
10 10"

7 [cm]



Supernovae with circumstellar medium (CSM) as new probes

bSM particles’ visible decay products (e*) in dense CSM lose energy efficiently:

(A) heat up dense CSM
— new photosphere with T},
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~ 6000 K at 7 ~ 1.4 x 10™ cm
— enhanced luminosity > 10%° erg/s prior to shock break-out

(B) destroy CSM dust at 7 ~ 101° ¢
— av0|d dust-reprocessing of photospherlc emission

LA

[Cheng Kong, Lin, MRW, Yun, PRL ‘26 (2603. 09615)]
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Supernovae with circumstellar medium (CSM) as new probes

bSM particles’ visible decay products (e*) in dense CSM lose energy efficiently:

(A) 4+ (B) + observation upper limits: further extend SN bound on dark photon to

lower €
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[Cheng, Kong, Lin, MRW, Yun, PRL ‘26 (2603.09615)]
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Supernovae with circumstellar medium (CSM) as new probes

bSM particles’ visible decay products (e*) in dense CSM lose energy efficiently:

(A) + (B) + observation upper limits: further extend SN bound on dark photon to
lower e

When next galactic SN goes off, dust sublimation that leads to rapid infrared to

optical transition of progenitor emission prior to the shock break-out signature can
further probe even lower e!

LA

[Cheng, Kong, Lin, MRW, Yun, PRL ‘26 (2603.09615)]
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Supernovae with circumstellar medium (CSM) as new probes

[Cheng, Kong, Lin, MRW, Yun, 2609.18247]

Beyond heating, the stopped e™ 10"1§ ——r

annihilate with electrons, producing )
511 keV lines o=

— peaks at 10* s, N% 10-6
line flux > O(107°) ecm~2 s~1 &

. 21077
for a galactic SN at 10 kpc b

107°F b = i0kpe

=107
m. = 55 MeV

SN 2023ix
SN 2024ggi-like

f-like

" e 10?

COSI
AMEGO

Pr,é')genitor

107
1L'obs [S’]



Supernovae with circumstellar medium (CSM) as new probes

10711

Beyond heating, the stopped e*
annihilate with electrons, producing
511 keV lines
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Core-collapse supernovae probing physics
beyond the Standard Model:

Neutrino — dark matter interaction



Dark matter searches — boosted component?

[Bringmann+ 2018, Ema+ 2018, Cappiello+ 2019,...]

It's realized in recent years that light (sub-GeV) DM particles can be “boosted” by
energetic cosmic rays, which can probe the dark matter — nucleon interaction cross
section (o, ) or that of dark matter — electron interaction (o)
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Dark matter searches — boosted component?

[Bringmann+ 2018, Ema+ 2018, Cappiello+ 2019,...]

It's realized in recent years that light (sub-GeV) DM particles can be “boosted” by
energetic cosmic rays, which can probe the dark matter — nucleon interaction cross
section (o, ) or that of dark matter — electron interaction (o)

)

[Zhang+, Jho+, Das+, Ghosh+, Lin+,...]

T,;X —>O.\

g [em?]

+ PRL ‘18]

10_24§ T LI Hl T T 11 IIII|
10_25; gas cloud
E CMB cooling

1028
1027 L MiniBooNE (this work)

108§
10-292—
10-3lJE
] e
10'325_“
10733: I L1 L Ll

104 1073 102 101

[Bringmann
URLEAA, | Bt el

LT

I|||| IIIII| HII"‘ LIIII'II| 1 IIlIIIIl 11

What if DM interacts with neutrinos? Can supernova neutrinos lead to any inter-

esting new constraints?



Light dark matter boosted by supernova neutrinos

For light DM (m, ~ 10 keV), if it obtains an energy of ~ 10 MeV (kicked by SNv)

— arrives the Earth ~ 10 days x[d/(8 kpc)][m, /(10 keV)]?[E, /(10 MeV)] 2
after the arrival of SNv — afterglow events

(t = 0 is calibrated by SNv) [Lin, Wu, MRW, Wong, PRL ‘23 (2206.06864)]

Supernova
neutrino (v)
burst

Boosted dark matter (y)
afterglow

Supernova
burst




Light dark matter boosted by supernova neutrinos

Two major features:

e sharp rise at £, = = — ¢,

2
~ &RS
2T§ c

— arrival time of BDM
from SN location to Earth

o cut-off at tya.y ~ Z‘TX%
X

— longest arrival time
for BDM

d®, /dT, [MeV ! em2s1]

[Lin, Wu, MRW, Wong, PRL ‘23 (2206.06864)]
for a SN exploded in the MW center

T, =10 MeV and o, = 1073% cm 2
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t [day]

(see Lin+, PRD ‘23 (2307.03522) for
SN location or model dependency)



Light dark matter boosted by supernova neutrinos

[Lin, Wu, MRW, Wong, PRL ‘23 (2206.06864)]

Two major features: for a SN exploded in the MW center
) ot R, T, =10 MeV and o, = 10_3.5 cm 2
e sharprise at t, = == — ¢, _ . .
7:2 o 7 101 peaktimet, | |
iy Na Lo2. (GC to Earth) E“i o]
1 gl
— arrival time of BDM iy ; E mi
from SN location to Earth > 1071 | i
= my = 1 keV I I
; 1078 - ! !
| 1
= | |
o cut-off at ty,y ~ Z‘TX% :;; 10-13 4 i i ,
X van
— longest arrival time = L0118 i i
for BDM 103 107 101 103 105 10’
t [day]

(see Lin+, PRD ‘23 (2307.03522) for
SN location or model dependency)

— with also non-zero x-e interaction, it allows neutrino or DM experiments to
measure m, If these time-dependent features are detected, or place constraint on
0,10y With nearby SN explosions (e.g., SN1987a)



SNv boosted DM events and constraints

Consider total event and background counts within an exposure time texp, =min(tyan,
35 years) with Kamiokande from 1987-1996 and Super-Kamiokande from 1996 on

texp = min(tva,na tcut)
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**provide complementary constraint to models that couple the dark sector to SM
leptons [Lin+, PRD ‘23 (2307.03522)]



Diffuse component of SN~ boosted DM

Beyond single SN, one can also consider SNv
boosted DM from all galaxies at different redshifts
that arrive at Earth (similar to DSNB!)

— a persistent diffuse boosted DM flux (DBDM)
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[Lin & MRW, PRL ‘24 (2404.08528)]



Diffuse component of SN~ boosted DM

Beyond single SN, one can also consider SNv
boosted DM from all galaxies at different redshifts
that arrive at Earth (similar to DSNB!)

— a persistent diffuse boosted DM flux (DBDM)

. . With spike and (ov) =0
— makes immediate

measurements possible with SRS EOE
current or upcoming

neutrino and DM experiments
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Collective Neutrino flavor oscillations in supernovae



Neutrino and supernova explosion mechanism

Simulating core-collapse supernovae is a daunting task — involving all four funda-

mental forces, fluid dynamics, and non-equilibrium neutrino radiation transport
2.5

[Burrows+ 2401.06840]
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Neutrino energy deposition by v, +n — p+e~ and 7. +p — n+ et holds the key
to turn implosion to explosion

During the accretion phase, (E,,,,.) > (E,. 5. ) — neutrino flavor oscillations?
how? when? where? and impact?



Wigner-transformed density matrix

Collective neutrino flavor oscillations

fve Oep  Oer
Q(tv X, p) - QZM fV# Our
Oer  Opr  Ju.

It requires solving neutrino quantum kinetic transport equation (vQKE):

(O +v-0x +F-0p)o(x,p,t) = —i[Hyac + Hm + Hyu, 0(%, P, t)] + C(0)

v () V() Hyae(p) = UM?UT/(2]p)),
> p > H,,(x,t) = vV2Grn, x diag(1,0,0)
y(q>> | ’V((f) HVV(X7 p,t) — \gsg /dBQ(l —Pp- 61)[@ - @*]

[Fuller+1987, Pantaleone 1992, Sigl & Raffelt 1992]



Wigner-transformed density matrix

Collective neutrino flavor oscillations

fv. Oepn Oer

Q(tv X, p) - QZM fV# Our

Oer  Opr  Ju.
It requires solving neutrino quantum kinetic transport equation (vQKE):

(O +v-0x +F-0p)o(x,p,t) = —i[Hyac + Hm + Hyu, 0(%, P, t)] + C(0)

— UM2U"
@ () Hyac(p) = UMUT/(2|p|),
>— p > Hp, (x,t) = v2Gpn, x diag(1,0,0)

e o el = 00k [0 -pale- 2

[Fuller+1987, Pantaleone 1992, Sigl & Raffelt 1992]

sm2. . . .
When Ggn, > Sz in supernova interior

— flavor evolution of neutrinos with different momenta strongly coupled in a non-
linear way

— collective oscillations

[recent reviews: Volpe 2301.11814, Johns, Richers, MRW 2503.05959, Fiorillo 2609.19256]



1 " 1 1 [see reviews: Johns, Richers, MRW 2503.05959 and
Collective neutrino flavor oscillations e T e

Q1: Do collective flavor oscillations lead to large p.,, and p¢,?
— Yes, various ‘“collective flavor instabilities” (fast, slow, or collisional) results in
“flavor waves” whose amplitudes grow exponentially

015 (in units of u = v/2Gpn,,) t=404.00[1/u] Conversion probability of electron neutrinos
o« L o) JUTTTTTTTT ‘ """""" I ||||||| I ||||||||| I lllllll | ||||||| I ||||||||| I |||||||| 1|'||:|’|L|1‘|||||'- 1 =

E(a) a=09

dispersion relation solution of fast
: —i(wt—F.
flavor wave: g, o e iw ?)
[MRW, George, Lin, Xiong, PRD ‘21 (2108.09886)]
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1 " 1 1 [see reviews: Johns, Richers, MRW 2503.05959 and
Collective neutrino flavor oscillations e T e

Q1: Do collective flavor oscillations lead to large p.,, and p¢,?
— Yes, various ‘“collective flavor instabilities” (fast, slow, or collisional) results in
“flavor waves” whose amplitudes grow exponentially

Q2: Characteristic length scale of flavor waves?

— often ~ [Gr(n,, —ny,)]~t, which is < O(1)(cm) in a supernova core

015 (in units of u = v/2Gpn,,) t=404.00[1/u] Conversion probability of electron neutrinos
o« L o) JUTTTTTTTT ‘ """""" I ||||||| I ||||||||| I lllllll | ||||||| I ||||||||| I |||||||| 1”""|’|L|1‘||||||- =
f(a) a=0.9 e .

dispersion relation solution of fast
: —i(wt—F.
flavor wave: g, o e iw ?)
[MRW, George, Lin, Xiong, PRD ‘21 (2108.09886)]
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1 " 1 1 [see reviews: Johns, Richers, MRW 2503.05959 and
Collective neutrino flavor oscillations e T e

Q1: Do collective flavor oscillations lead to large p.,, and p¢,?
— Yes, various ‘“collective flavor instabilities” (fast, slow, or collisional) results in
“flavor waves” whose amplitudes grow exponentially

Q2: Characteristic length scale of flavor waves?

— often ~ [Gr(n,, —ny,)]~t, which is < O(1)(cm) in a supernova core

Q3: Characteristic growth rate of wave amplitudes?
— depending on the instability type, can range from O(1) ns to O(1) ms

— need sub-grid models to include them in SN simulations!

(in units of u = v/2Gpn,,) t=404.00[1/u] Conversion probability of electron neutrinos

0.15 e T
(@) =09 e !

dispersion relation solution of fast
flavor wave: g, o e HWimk=z) 600 -400 -200 0 200 400 600
[MRW, George, Lin, Xiong, PRD ‘21 (2108.09886)]
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Subgrid models and potential impact

So far the only “validated” subgrid models are for collective oscillations purely driven
by fast flavor instabilities, based on the assumption of relaxation toward locally
coarse-grained equilibration [Nagakura+ 2024, Xiong+ 2025

1 T T T T T T T T L T T " T T T T T

| simulation (coarse-grained) —
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Subgrid models and potential impact

So far the only “validated” subgrid models are for collective oscillations purely driven
by fast flavor instabilities, based on the assumption of relaxation toward locally
coarse-grained equilibration [Nagakura+ 2024, Xiong+ 2025

E.g., sub-grid model “effective classical v transport”:

— running classical neutrino transport and simply redistribute v number densities
of different flavors at every spatial grid where the fast flavor instability condition is
satisfied [xiong+ 2025, Xiong & MRW 2026]

global YQKE v.s. effective classical transport

1.00 e e B R B A
% : \\ —— quantum transport (at +v- -0 +F- (%)Q(X, p, t)
- - \«\ — quan.tum transport averaged — —i[Hvac + H, + Hl/l/7 Q(X,p,t)]
g Vvaar — classical framework i
= \ +C(o)
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5080f — Ve ,’ffll\"w” k“"‘““‘v\‘w;} + redistribution formula
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= | Ve i " { [ ’
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r [km] [Xiong, MRW, George, Lin, PRL ‘25 (2403.17269)]



Subgrid models and potential impact

Implementation of simple sub-grid models for fast flavor oscillations in hydrody-

namic SN simulations found impact on supernva dynamics and neutrino signals

[Wang & Burrows ApJ ‘25 (2503.04896); see also Akaho+ PR
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Subgrid models and potential impact

Implementation of simple sub-grid models for fast flavor oscillations in hydrody-
namic SN simulations found impact on supernva dynamics and neutrino signals

[Wang & Burrows ApJ ‘25 (2503.04896); see also Akaho+ PRL ‘26 (2601.08269)]
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More efforts are needed to fully incorporate flavor oscillation physics in supernova
models



Summary

e Core-collapse supernovae provide a rich array of means to study beyond-Standard-
Model physics that involve a sub-GeV sector.

e We recently propose new probes utilizing exotic particle decays in supernovae with
circumstellar materials: pre-supernova photospheric emission and 511 keV line.

e If supernova neutrinos upscatters light dark matter, it results in a correlated,
time-dependent afterglow signal encoding unknown dark matter mass, as well as a
stationary diffuse component.

e It is crucial not only to understand the non-linear flavor oscillations of neutrinos in
the supernova core, but also to include them in supernova simulations with sub-grid
models — a long way to go but necessary for the next galactic supernova.



Summary

deflected v, , -

=9

1%
proto-neutron &R, T

star j l" \ bSM particles?

A _
sterile neutrino vs? (ms ~ O(eV))

upscattered DM

particle decay to SM particles
inside or outside the stellar envelope

stellar envelop circumstellar materials



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40

