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Introduction • Brief overview of core-collapse supernovae (CCSNe)

• Implications of BSM w/o circumstellar medium (CSM)

• Visible decay in CSM ➡︎ Heating prior to shock breakout

• Inner CSM: increasing opacity & 

• Outer CSM: dust resublimation

T

• In-medium production in PNS

•  in CSMγ′￼→ e−e+

• None-detection of excessive precursor BB luminosity of SN 2023ixf

• [Future galatic SNe] spectral transition (IR → Optical/UV) before SBO

☞  ⇪LBB
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CCSNe & 
BSM w/o CSM 

•Gravitational collapse of iron core & proto-neutron star formation


✓ Diffusive energy transport & -driven SN explosion

➡ Cooling argument of novel particles in PNS & gain region	

✓ Energy transport to outer regions, leading to visible signals

-  mantle: supernova explosion energy	
-  outside the progenitor: fireball formation, galactic 511keV, prompt -ray	

★ conventionally, in assumption of vacuum outside progenitor

ν ν

γ
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progenitor like super red-giants

Core-Collapse Supernova
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Fe

“Chandrasekhar limit”

Fe + γ → 13α + 4n

mantle

e− + p → n + ve

photosphere

Core-Collapse Supernova
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mantle

Proto-neutron star

Bounce shock wave

stall by dissociation & accretion

☞  revived by neutrinos

 produced, but trapped 
Diffusive surface emission
ν

“
 sphere”

ν

ν

At , EoS stiffens

Core size 


Temperature

ρc ∼ ρsat
∼ 10 km
∼ 30 MeV

i.e., typical nucleon distance ∼ fm

4

Core-Collapse Supernova
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Proto-neutron star

✓ Ejection of outer layer

✓ Explosion energy by

shock wave +  transport

✓ Total energy 

ν
∼ 1051 erg

4

Core-Collapse Supernova
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mantle

Proto-neutron star

“
 sphere”

ν

ν

 emission @ -sphere


 & 


          

ν ν

Etot ∼
GM
Rc

∼ 1053 erg tdiff ∼
R2

c

λ
∼ 10 sec

Lν ∼ 1052 erg s−1

[Chandra]

[Raffelt, 95]

๏ neutrino flux of SN1987A

consistent!

Neutrino-Cooling of Proto-Neutron Star
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mantle

Proto-neutron star

“
 sphere”

ν

ν

X
- X emission as extra cooling

- free stream  ⇒  volume emit

- Not to reduce -signal duration 

                

“Raffelt crietrion”

ν
LX ≪ Lν ∼ 1052 erg s−1

✓  VS  @ 1sec


✓ No impact on earlier stage?

✓ Other Self-consistency?

- in particular, explosion?

LX Lν

Cooling Argument on SNe
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Impact on SN explosion mechanism

Cooling in the Gain Layer

[A. Caputo, T. Janka, G. Raffelt, SY, 25]

in PNS
 VS  within the gain layer∫ dt Lγ′￼ 20 % ∫ dt ℋheat

ν

self-consistent SN simulations

LS220-s18.88Electron-Captured

Cooling argument
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ph
oto

sph
ere

Proto-Neutron Star

mantle

γ′￼

[A. Caputo, J. Park, SY, 26]

Other SN Constraints w/o CSM

e−

e+

e±
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ph
oto

sph
ere

Proto-Neutron Star

mantle

γ′￼

[A. Caputo, J. Park, SY, 26]

Other SN Constraints w/o CSM

•  Energy deposition into the mantle 
✓ Contributing to SN explosion energy

e−

e+

e±
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ph
oto

sph
ere

Proto-Neutron Star

mantle

γ′￼

[A. Caputo, J. Park, SY, 26]

Other SN Constraints w/o CSM

e−

e+

•  Energy transport outside the progenitor 
✓ fireball, galactic  (511keV), prompt -raye+ γ

e±
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ph
oto

sph
ere

Proto-Neutron Star

mantle

γ′￼

[A. Caputo, J. Park, SY, 26]

Other SN Constraints w/o CSM

e−

e+

•  Energy transport outside the progenitor 
✓ fireball, galactic  (511keV), prompt -raye+ γ

‣ conventionally - vacuum

? medium due to mass-loss

e±
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BSM w/ CSM
•  Circumstellar medium due to mass-loss

✓ Inner (dense) CSM before explosion

✓ Outer (diluted) CSM like standard wind


•  Energy deposition in CSM

✓ Opacity &  ⬆︎  ☞   ⬆︎ - inner CSM

✓ Dust sublimation - outer CSM

T LBB
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red super-giant

Circumstellar Material (e.g., gas and dust)

🤔

Using CSM?
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[Nature 627, 759 (2024)]

CSM Density Profile

ρ(r) = ·M/4πr2vw

enhanced mass-loss	
shortly before explosion
·M ∼ 10−2M⊙/yr
solar-like composition

·M ∼ 10−2M⊙/yr
dust like carbonaceous & silicate grains
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[Y. Cheng, CF Kong, YH Lin, MR Wu, SY, 26]

“heating”

within an hour

 ↑ 
opacity ↑

T
 ↑LBB

no reprocessing into IR
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BSM-induced CSM heating
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BSM-induced CSM heating

1014 1015

r [cm]

2000

4000

6000

8000

10000

12000

14000

T
[K

]

P
h
ot

os
p
h
er

e

D
u
st

" = 2.2 £ 10°13

m∞0 = 20 MeV/c2

T (LTE)

T (non-LTE)

Ω

10°17

10°16

10°15

10°14

10°13

10°12

10°11

Ω
[g

cm
°

3
]

τ = 2/3

radiation in equilibrium radiation in non-equilibrium

diffusive cooling radiative cooling
tdiff ≃ τrph /c ∼ 10 hrs

 formation	
Increasing 
H−
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Tsub ∼ 3000 K

Larger  & 

☞  ⬆︎

rph Tph
LBB

No spectral transition

UV/optical → infrared

[Y. Cheng, CF Kong, YH Lin, MR Wu, SY, 26]
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Early Time Data for SN 2023ixf
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~ SBO
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 @ LBB ≲ 1044 erg/s t < tSBO
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100 101 102
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[Y. Cheng, CF Kong, YH Lin, MR Wu, SY, 26]
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100 101 102

m∞0 [MeV/c2]

10°13

10°12

10°11
"

SN 1987A ∞

Fireball

511 keV line

SN 2023ixf (this work)

T |r=1015 cm = 3000 K (this work)

[Y. Cheng, CF Kong, YH Lin, MR Wu, SY, 26]

 w/o reprocessing 
 @ inner CSM

LBB
EBSM ≲ 1044 erg

dust sublimation in outer CSM 
☞ spectral transition
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100 101 102

m∞0 [MeV/c2]
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SN 1987A ∞

Fireball

511 keV line

SN 2023ixf (this work)

T |r=1015 cm = 3000 K (this work)

[Y. Cheng, CF Kong, YH Lin, MR Wu, SY, 26]

Robustly excluded!

 w/o reprocessing 
 @ inner CSM

LBB
EBSM ≲ 1044 erg

dust sublimation in outer CSM 
☞ spectral transition
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T |r=1015 cm = 3000 K (this work)

[Y. Cheng, CF Kong, YH Lin, MR Wu, SY, 26]

Robustly excluded!

 w/o reprocessing 
 @ inner CSM

LBB
EBSM ≲ 1044 erg

dust sublimation in outer CSM 
☞ spectral transition

[projection] spectral transition from IR to 
optical/UV  between core-collapse and SBO
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Model Dependence
[Y. Cheng, CF Kong, YH Lin, MR Wu, SY, 26]
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Conclusion

17

๏ CSM can provide a probe of BSM


‣  production in PNS + visible decay in CSM  ☞  energy deposition in CSM prior to SBO


‣  @ inner CSM - increasing  &   ☞  increasing blackbody luminosity


‣  @ outer CSM - dust sublimation  ☞  suppressed spectral transition (UV/optical → IR)


๏ Observational constraints


‣  none-excessive precursor BB luminosity (SN 2023ixf)


‣  for future galactic SNe, rapid spectral transition from infrared-excess to optical/UV 
dominance between core-collapse and SBO


‣  Examine the dark photon scenario as a reference, and find the stringent constraints 
in the parameter space, which is previously unexplored

κ T
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Back up
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Supernova 
Dark Photons

•  Indirect electromagnetic interaction via kinetic mixing

•  Thermal field theory framework

-  Plasma (or in-medium) effect : refractive index & mixing effect	
-  Possible resonance of γ ↔ γ′￼

05.06.2026
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Kinetic Mixing with Photon

20

ℒ = −
1
4

FμνFμν −
1
4

XμνXμν +
ε
2

FμνXμν −
1
2

m2
γ′￼

XμXμ + eAμJμ
EM + e′￼A′￼μJ′￼μ

EM field strength DP field strength kinetic mixing  massγ′￼ EM current

๏ Effective  couplings:γ′￼

ψ

ψ

γ γ ′

✘

๏ Low-energy effective  couplingsγ′￼

  currentγ′￼
- hadron (ChPT) 
- lepton

[Jμ
EM]

★ Effective couplings in a dense medium?

 is massless 
☞ 

γ (Aμ)
εe Jμ

EMA′￼μ

In the vacuum

[B. Holdom, 86]

05.06.2026



>< 21

✓ Plasma effect on photon dispersion


✓ Kinetic mixing ( ) ε

ℒeff
ε = εe

m2
γ′￼

m2
γ′￼

− πT,L
Jμ

EM A′￼μ

ℒeff
Π = −

1
2

ΠμνAμAν

ψ

ψ

γ γ ′

✘ε

resumed

e−γ

charged thermal loop

Re [Πμν] = e2 ⟨Jμ
EMJν

EM⟩ = πT ∑ ϵ*μ
T ϵμ

T + πLϵ*μ
L ϵμ

L

⇒ “polarization tensor”

⇒

γ

resumed photon propagator

Effective coupling of  in mediumγ′￼

05.06.2026
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Polarization tensor πT,L

22

• Real part: photon refractive index (i.e., effective photon mass)

- from coherent forward scatterings


- parametrized by plasma frequency 


•  Imaginary part: massive photon absorption width

- w/ the corresponding dispersion ( )


- detailed balance   ☞   


-  leading to  resonance

ωpl ∝ ne

ω2 − k2 = m2
γ′￼

Im πT,L = − ω (eω/T − 1) ΓP
γT,L

Im πT,L ≪ Re πT,L γ → γ′￼

                Re[πT] ∼ ω2
pl Re[πL] ∼

m2
γ′￼

ω2
ω2

pl

e−γ γ

ψ

ψ

γγ′ ℳμ
EM

γ

05.06.2026
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SN  productionγ′￼

23

๏ Nucleons in approximately non-degenerate and non-relativistic limit

‣ N-N bremsstrahlung with mediators associated with strong interaction

‣ Neutron-proton scatterings: dipole radiation (i.e., different center of mass and charge)

๏ Electrons in highly degenerate and relativistic limit

‣  


‣ Pauli blocking makes processes associated with electrons (e.g.,  )

pF ∼ 0.1-1 fm−1 ≫ T ∼ 1-10 MeV
e + γ → e + γ′￼

p1 p3 p1 p3 p1 p1

p1 p1p1p1p4

p3 p3

p2 p2 p2

p2

p2

p2 p2 p2

p4

p3

p4 p4

p4p4p4

p4

p3 p3 p3

✘

+ ⋯
✘

✘ ✘ ➡ R > Rcore

➡ R < Rcore
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Bremsstrahlung in dense medium

24

๏ Corrections to bremsstrahlung rate with respect to the vacuum

‣  relativistic treatment, effective nucleon mass in medium, modified N-potential, ⋯


‣  Multiple scattering effect (i.e., the Landau-Pomeranchuk-Migdal mechanism)

p1 p3 p1 p3 p1 p1

p1 p1p1p1p4

p3 p3

p2 p2 p2

p2

p2

p2 p2 p2

p4

p3

p4 p4

p4p4p4

p4

p3 p3 p3

✘

+ ⋯
✘

scattering sites

Δtsca ∼ (nNσv)−1

nucleon

Δtγ′￼ ∼ E−1
γ′￼

 formationγ′￼

  Γmedium ≃
E2

γ′￼

E2
γ′￼+ (nNσv)2/4

Γvacuum

Lorentzian shape ansatz
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Resonant condition

25

dΦγ′￼

dω
∝

| Im πi |
eω/T − 1

ε2m4
γ′￼

(m2
γ′￼− Re πi)2 + | Im πi |

2

ψ

ψ

γ γ ′

✘[Jμ
EM]

✓ Enhancement of coupling to EM  @  γ′￼ mγ′￼ = Re πi

‣ for transverse, mγ′￼≃ ωpl ‣ for longitudinal,   if ω ≃ ωpl mγ′￼< ωpl

✓   ⇒  resonant  conversionRe πi ≫ Im πi γ ↔ γ′￼

dΦγ′￼

dω
res

≃ Pγ→γ′￼

dΦγ

dω
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SN  Volume Emissivityγ′￼
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SN  Energy Deposition Rateγ′￼
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CSM Profiles
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