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Direct detection

DM-electron σχe
DM-nucleon σχn

Lin, TASI Lecture, 1904.07915 
Leane, 2006.00513  
Bozorgnia+, Can. J. Phys. 103, 671 (2025)

DM annihilation

Aalbers+, PRL 131, 041002 (2023)
Essig+, 2203.08297 (2022)

Argüelles+, Rev. Mod. Phys. 93, 035007 (2021)
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Supernova as the particle 
laboratories

NASA/STSci
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SN 2023ixf

Pinwheel galaxy (M101) 
~ 6.4 Mpc away 

May 19, 2023 17:27 (UTC)



• During the supernova explosion, most energy is carried away by neutrinos 
within ~ 10 s  

• ~ 1058 neutrinos are emitted with mean energy ~ 10 - 20 MeV 

• Others are taken by kinetic energy and radiation 

• Beyond Standard Model particles (dark photon, axion…etc) can be produced 
in the PNS and shares Lν 

• This gives the famous Raffelt criterion (SN cooling bound)
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Ekin → 1051 erg and Erad → 1049 erg

ν
ν

ν

γ

γ
Janka, Ann. Rev. Nucl. Part. Sci. 75, 425 (2025) 
Raffelt+, 2509.16306 (2025)
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Ldark ↭ Lω

<latexit sha1_base64="tCWfrWc2r5dw3MtTxcFalkbS5ak="></latexit>

Eω → 1053 erg where Lω → 1052 erg/s

γʹ

What we already know about SN and its BSM detection



• We take dark photon (DP γ′) as an illustrative model 

where                                         and mγ′ the DP mass with a DP-SM coupling  

• Current constraints on DP (mγ′,ε):

What we already know about SN and its capability in BSM detection

<latexit sha1_base64="PnmMpNhESlg1ZN98vac98BFIwz0="></latexit>

F (→)
µω = ωµA

(→)
ω → ωωA

(→)
µ

See Review by Caputo+ 
Phys. Rev. D 113, 075001 (2026)
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Ldark ↭ Lω
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→ 10→9↑10→6
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→ 10→13↑10→11

Galison+, Phys. Lett 136B, 279 (1984) 
Holdom Phys. Lett. 166B, 196 (1986) 
Pospelov+, Phys. Lett. B 662, 53 (2008) 
…
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EM

Janka, Ann. Rev. Nucl. Part. Sci. 75, 425 (2025) 
Raffelt+, 2509.16306 (2025)



Zimmerman+, Nature 627, 759 (2024)

enhanced mass-loss 
events

~500R☉

Circumstellar medium (CSM) 
~1500R☉

Red supergiant

not-to-scale
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R→ → 6.9↑ 1010 cm
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ωCSM(r) → Ṁ

4εr2vw

: mass-loss rate, M☉/yr 

: wind velocity, ~ 30 km/s 
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Ṁ
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•  > 30% RSGs are expected to have 
dense CSM 

•                                  dense CSM 
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10→4 ↭ Ṁ ↭ 10→2

dense region

SN 2023ixf CSM

Forster+, Nature Astron. 2, 808 (2018) 
Burch+, ApJ. 912, 46 (2023)

Smith, Ann. Rev. Astron. Astrophys. 52, 487 (2014) 
TNS https://www.wis-tns.org/



not-to-scale

supernova shock 
vs ~ 8000 km/s

proto-NS

shock breakout

Smith, Ann. Rev. Astron. Astrophys. 52, 487 (2014) 
TNS https://www.wis-tns.org/



not-to-scale

supernova shock 
vs ~ 8000 km/s

proto-NS

• Without CSM, we will see a sharp 
rising of luminosity when shock breaks 
out the stellar surface (~24 hrs after 
core-collapse)

shock breakout

Smith, Ann. Rev. Astron. Astrophys. 52, 487 (2014) 
TNS https://www.wis-tns.org/



SN 2023ixf

not-to-scale

proto-NS

• Without CSM, we will see a sharp 
rising of luminosity when shock breaks 
out the stellar surface (~24 hrs after 
core-collapse)

• With dense CSM, the luminosity rises 
gradually and reaches a plateau for 
days to weeks

vs ~ 8000 km/s
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stellar surface

continues for 
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Zimmerman+, Nature 627, 759 (2024)

Smith, Ann. Rev. Astron. Astrophys. 52, 487 (2014) 
TNS https://www.wis-tns.org/



not-to-scale

proto-NS

• Knowing the shock breakout time, the 
reconstruction of the onset of core-
collapse is possible
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Jacobson-Galan+, ApJ Lett. 954, L42 (2023) 
Zimmerman+, Nature 627, 759 (2024) 
Dickinson+, ApJ. 984, 71 (2025)

Smith, Ann. Rev. Astron. Astrophys. 52, 487 (2014) 
TNS https://www.wis-tns.org/



not-to-scale

proto-NS

• Any abnormal luminosity due to BSM 
before shock breakout will be tightly 
constrained (as vγʹ ~ c) 
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Probing dark photon with 
supernova circumstellar medium

NASA/HST



• When γʹ is produced at PNS, it will free-stream to CSM and decay in to e± 

• Kinetic energy dQ carried by decayed e± at different shell radius r 

• The e± energy deposited into CSM can be calculated by stopping power

γʹ
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Tsur ~ 3500 K
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ω

dE

dx

National Institute of Standards 
and Technology (NIST) 
https://physics.nist.gov



• Energy deposition per shell of e± raises the CSM temperature 

where    is the energy deposition efficiency 

• When temperature is heated beyond 5000 K, opacity κ increases rapidly 

• γʹ-photosphere rph corresponds to optical depth τ ~ 2/3
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• Energy deposition per shell of e± raises the CSM temperature 

where    is the energy deposition efficiency 

• When temperature is heated beyond 5000 K, opacity κ increases rapidly 

• γʹ-photosphere rph corresponds to optical depth τ ~ 2/3
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• The photosphere temperature Tph ~ 5800 K with with blackbody radiation 

• The average optical depth                 and the photosphere will radiate light about 

• γʹ arrives CSM 3 hrs after core-collapse and the induced-photosphere will radiate 
about 22.8 hrs → precursor signal to shock breakout

Tsur ~ 3500 K

γʹ

e+

e−

e+

e−

γʹ 5800 K

Tph ~ 5800 K

τ > 2/3
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LBB = 4ωr2phεSBT
4
ph → 8↑ 1039 erg/s

dense CSM
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ω̄ → 17.6
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tlast →
ω̄rph
c

→ 22.8 hrs

2603.09215



• The three non-detection data points set an upper limit on the luminosity of SN 
2023ixf before shock breakout 

• The maximum energy can be carried by γʹ to avoid exceeding Lobs 

• The constraint is shown by the pink-shaded region. 

• Black solid line encloses the region where the signal will not be reprocessed by 
dust (due to sufficient γʹ heat to sublimate the dust)
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Qω→ ↭ 2.5→ 1044 erg
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Lω→ ↭ 10Lobs → 8↑ 1039 erg/s
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Summary



• We demonstrate that CSM can be a novel probe for precursor signature from 
FIP particles produced during SN explosion 

• The first derived constraint from SN 2023ixf that outperforms other existing 
ones 

• Maximum energy can be transferred to FIP is (new cooling bound) 

• Next galactic SN will offer significantly better constraint due to the onset of 
core-collapse will be known better from SN neutrino 

• Dust sublimation can be a potential treatment to probe lower ε than the CSM 
for the next galactic SN

Summary
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Qω→ ↭ 2.5→ 1044 erg



Backup



• When e± propagates, it loses its kinetic energy to the CSM via scattering 

where S(E) is the electron stopping power (MeV cm2/g) at different energy and 
medium taken from the ESTAR table provided by NIST 

• The energy deposition efficiency
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Tsur ~ 3500 K
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S(E) = →1

ω

dE

dx

National Institute of Standards 
and Technology (NIST) 
https://physics.nist.gov
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t̄dep → ωdyn ↑ O(1↓10) yrs

e± heating is considered 
as instantaneous

efficiency deposition time
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ω = εEe/Ee
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ω =
E0 → E→

E0
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ω̄(r) =

∫
dEe

dQ(r)
drdEe

ω(Ee, r)
∫
dEe

dQ(r)
drdEe

• The length to make E’ = 0 is the stop-ping length δrstop 

• Numerically, we take δrstop = min(δrstop,r)
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tdep =
ωrstop

c
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t̄dep(r) =
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average energy deposition efficiency average energy deposition time
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τ ~ 2/3 at rph
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ω̄ → 17.6

optical depth comparison of cooling rate & 
heating rate
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qcool(T ) = !(T )n2
H

Λ(T): radiative loss function 
(cm3 erg/s)

Schure+, Astron. Astrophys. 508, 751 (2009) 
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ω = 10→12 and mω→ = 20 MeV



opacity 
solar composition (H,He,metals) = (0.7,0.28,0.02)

5000 K

Tables from
Ferguson when T < 104 K 

OPAL otherwise Iglesias+, ApJ. 464, 943 (1996) 
Ferguson+, ApJ. 623, 585 (2005) 
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