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02

• Current status of Feebly-Interacting Light Particles

• Stages of Stellar Evolution

Low-M Stellar Evolution

03 Supernova 
& Neutron Stars

๏ Stellar	Cooling	Argument

• Sun (Main Sequence) - solar 

• Red Giants - luminosity @ tip

• Horizontal Branches - lifetime

ν

• Core-Collapse of massive stars

• SN1987A Observations


- Duration of  signals & No prompt -ray & fireball

• Phenomena associated with SN

• -driven explosion

• Neutron star cooling

ν γ

ν
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Feebly-Interacting Light Bosons
๏ Ubiquitous in several extensions of the Standard Model 

๏ Can be a good dark matter candidate

Axion	/	Axion-Like	Particle

gaγγ
a

4fa
FμνF̃μν ε

2
FμνXμν

Dark	Photon

✓ Spin-0 Pseudoscalar

✓ Strong CP problem

✓ Spin-1 Vector


✓  , …(g − 2)μ

17.09.2025
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AstrophysicalExperimental Cosmological

Current Status

[https://cajohare.github.io/AxionLimits/]

17.09.2025
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AstrophysicalExperimental Cosmological

Current Status

✓ Complementary to lab searches 
✓ Probing weaker couplings & lighter masses 
✓ Extreme environments not achievable on Earth

[https://cajohare.github.io/AxionLimits/]

17.09.2025



>< 5

“

’’

Stars

Gravity Pressure	(thermal? degeneracy?)

+  Energy conservation & transfer

17.09.2025
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[image from Wikipedia]

Stellar Evolution
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A,Z

X�

⦁ ⦁
⊗

⊗
⦁

scatterings	with	background	medium

Not too much cooling /  signalγ ν

Astrophysical Searching Scheme
• Stars as laboratories to probe light bosons in extreme circumstances

✓	Detection	opportunity	(e.g.,	 	spectrum	from	Sun	or	Supernovae)	

✓	Backreaction	on	stellar	properties
ν

17.09.2025
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Sun

• Thermal production & Nuclear transition

•Solar observables: helioseismology & solar neutrinos


• Terrestrial detectors: Helioscope & -detectorν

17.09.2025
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• Standard solar model calibrated to match the present-day solar radius & luminosity

         R⊙ = 6.9598 × 1010 cm L⊙ = 3.8418 × 1033 erg s−1

[NGC]

• Observables:

1) Helioseismology (sound speed, surface helium) 

2) Solar neutrino fluxes  and Φ (8 B) Φ (7 Be)

νi

γ
?X

Extra cooling  leading to 
observable deviations?!

Stellar Cooling Argument on Sun

17.09.2025
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Cooling Impacts on Solar Observables

[N. Vinyoles et al. 15]

✓ Increasing  to fit Tcore L⊙ ✓ Modifying interior structure

17.09.2025
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[CAST, arXiv:1705.02290]

Helioscope

Ωa × Pa→γ X-ray=

solar axion flux axion → photon 
in magnetic field

17.09.2025
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[https://cajohare.github.io/IAXOmass/]

Expected X-ray Signals

17.09.2025



>< 13Φ (8 B)
ΦSSM (8 B)

= (
La + L⊙

L⊙ )
4.4

[CAST, arXiv:1705.02290]

197h ~ sec exposure7 × 105

[CAST, hep-ex/0702006]

ngas

Helioscope Bounds

17.09.2025
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d
3He

p X

Production

๏ 

✓  Multipole expansion - (E1 & M1) 
✓  Isovector

p + d →3 He + X (5.49 MeV)

Detection

๏ Compton-like 

✓  Polarized cross-section 

๏ In-flight decay 

✓  allowed for 

e−X → e−γ

X → e−e+

mX ≥ 2me

17.09.2025
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[G. Lucente et al. 22]

17.09.2025

[G. Lucente et al. 23]
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Low-Mass 
Stellar Evolution

•  Stellar Cooling Argument

-   Red-Giant: luminosity at tip (just before helium flash) 
-   Horizontal Branch: duration of helium burning 
-   White Dwarf: luminosity function in time

[Raffelt, “Stars as laboratories for Fundamental Physics”]

17.09.2025
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•  Very clean laboratories for studies of stellar evolution 


•  Coeval and almost equal chemical compositions 


•  Only different initial mass

Globular Cluster

[Hubble]

by Brian Chaboyer

M5

17.09.2025
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Color-Magnitude Diagram
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Main-Sequence
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Red-Giant Branch
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Tip of Red-Giant Branch (TRGB)
[W. Cerny et al. 20]
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Core Mass Increase by Cooling

[O. Straniero et al. 20]

Theoretic
al predict

ion

TRGB in 21 G
Cs

gae = 4 × 10−13

A,Z

a
gae

⊗

e−

⦁ ✓ Helium Flash Delay  ⇒  ⬆LTRGB

17.09.2025
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Horizontal-Branch
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[M. Dolan et al. 22]

Stellar Cooling Argument on HB

Stellar Hints

R =
NHB

NRGB
R2 =

NAGB

NHB

g10 = gae × 1010

17.09.2025
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White Dwarft
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White Dwarf Luminosity Function

[M. Bertolami et al. 14]

Luminosity

= 4 . 74 −
5
2

log
L

L⊙

Photon cooling

Neutrino cooling

17.09.2025



>< 27

White Dwarf Luminosity Function

A,Z

a
gae

⊗

e−

⦁

[M. Bertolami et al. 14]
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Core-Collapse 
Supernova

•  For stars > , iron core will collapse

•  Formation of proto-Neutron Star

•  Diffusive neutrino emission


•  Shock wave (explosion) + delayed 

8M⊙

γ

17.09.2025
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Fe

Si
O
Ne
C
He
H

( > 8 M⊙)

progenitor	like	super	red-giants

Nuclear fusion in massive stars

17.09.2025
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Fe

“Chandrasekhar limit”

Fe + γ → 13α + 4n

mantle with lighter elements

e− + p → n + ve

photosphere

Onset of Iron Core-Collapse

17.09.2025
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mantle with lighter elements

31

Proto-neutron star

At , EoS stiffens

Core size 


Temperature

ρc ∼ ρsat
∼ 10 km
∼ 30 MeV

i.e.,	typical	nucleon	distance ∼ fm Bounce shock wave

stall by dissociation & accretion

☞  revived by neutrinos

 produced, but trapped 
Diffusive surface emission
ν

tdiff ∼
R2

c

λ
∼ 10 sec

“
	sphere”

ν

ν

 second Post Core-Collapse𝒪(1)

17.09.2025
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Proto-neutron star

✓ Ejection of outer layer

✓ Explosion energy by

shock wave +  transportν

Supernova explosion ~  day𝒪(1)

17.09.2025
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SN Implications

•  Observables:

- 	Neutrino	&	no	prompt	 -ray	signal	of	SN1987A	

- 	Low-energy	supernova	explosion	
- 	Fireball	☞	 -ray	like	signals	

- 	Galactic	 	injection	

- 	Cosmic	diffuse	x-ray	background

γ

γ
e+

17.09.2025
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• The only direct observation of neutrinos occurred on 
23 Feb 1987 when the blue supergiant Sanduleak−69 
202 in the Large Magellanic Cloud exploded

~ 10 seconds duration of 
observational  signalsν

[Chandra]

[Raffelt, 95]

SN1987A

17.09.2025
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mantle with lighter elements

Proto-neutron star

✓  emission as extra cooling

✓ free stream  ⇒  volume emit

✓ Not to reduce -signal duration 

               

γ′ 

ν
LX ≪ Lν ∼ 1052 erg s−1

γ′ 

Cooling argument on SNe

17.09.2025
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10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3

1052

1053

1054

1055

�

L �
�
[e
rg
/s
ec

]

mγ′ = 30 MeV

mγ′ = 2 MeV

mγ′ = 1 MeV

Lνe

free-streaming trapping

re
so

na
nt

 γ
→

γ′ 

re
so

na
nt

 γ
→

γ′ 

n
+

p
→

n
+

p
+

γ′ 

resonant γ′ → γ

n +
p →

n +
p +

γ′ 

n + p →
n + p + γ′ 

γ′ →
e −e +

n
+

p
+

γ′ →
n

+
p

γ′ →
e −

+
e +

@	1sec	post-bounce

SN Dark Photon Luminosity
LX = ∫ dV

d3 ⃗k
(2π)3

Γprod ω e−τcore

PNS core

17.09.2025
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Cooling Constraints

10-1 100 101 102
10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

m�� [MeV]

�

LS220-s18.88
LS220-s20.0
SFHo-s18.8
SFHo-s18.6

trapped or decay

PRELIMINARY

[A. Caputo, F. D’Eramo, J. Park, SY, in progress]

17.09.2025
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Remarks on SN Cooling Argument

radius [km]
5 10 15 20

✓  VS  @ 1sec


✓ No impact on earlier stage?

✓ Self-consistent simulations?

- in particular, explosion?

LX Lν “Raffelt criterion”

10-1 100 101
1051

1052

1053

1054

tpb [sec]
�
[e
rg
/s
]

m�� = 0.2 MeV
� for L�� =L� @ 1sec

�

��

LS220-s18.88

< 0.1 MeV

Powered by accretion

Maximized @  1sec∼

[A. Caputo et al., 22]

17.09.2025
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core-collapse

Even rates measured in the Gamma Ray Spectrometer of the Solar Maximum Mission

Δt ∼ 200 sec

< 0.6 cm�2

< 0.4 cm�2

< 0.9 cm�2

Absence of Prompt SN1987A -rayγ

17.09.2025
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photosphere

Proto-neutron star

γ′ 
e−

e+ SMM

γ

mantle

 mass & misaligned emission

☞ retardation of -ray signals
X

γ

Prompt -ray from Novel Particlesγ

a

17.09.2025
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 ma = 1 MeV
gaγ = 2.25 × 10−11 GeV−1

 ma = 10−10 eV
gaγ = 6.55 × 10−12 GeV−1

[arXiv:2212.09764]

Prompt -ray from Axionsγ

17.09.2025
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Proto-neutron star

✓ Light curve + Spectroscopy

⇒ ejecta mass + velocity (kinetic E)

✓ Some SNs exhibit dimmer & 
lower expansion velocities

⇒ Explosion energy ∼ 1050 erg

Supernova Explosion Energy

17.09.2025

[A. Caputo et al, 22]
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mantle with lighter elements

Proto-neutron star

γ′ 

e−

e+

EM energy deposit 

⇒ increasing SN explosion E

Energy Deposit by Decays

17.09.2025
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photosphere

Proto-neutron star

γ′ 
e−

e+

γ

mantle  in galactic mediume−
X

γ

In flight

Annihilation

(511keV line)

Galactic 
X-ray Obs

Supernova Galactic  Injectione+

17.09.2025
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photosphere

Proto-neutron star

γ′ e−

e+

γ

mantle

-ray	burst-likeγ

Fireball Formation by Decay

optically thick

optically thin

17.09.2025
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“Cosmic supernovae”

up to z ∼ 10

Cosmic time

γ′ γ

 SN  decaying to 3 photons

⇒ Extra-galactic x-ray background

γ′ 

Extra Galactic 
X-ray Obs

Cosmic Supernova & Novel Particles

17.09.2025
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10-1 100 101 102
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

m�� /MeV

�

SN1987A cooling

Low-E SN explosion

SN1987A prompt �
SN galactic e+

SN diffuse x-ray

Fir
eba
ll(G
W1
708
17)

Fireball(PVO)

47

PRELIMINARY
τγ′ = Rcore /c

τγ′ = R*/c

Globular Cluster
based on the stellar cooling argument

Supernova Constraints on γ′ 

[A. Caputo, F. D’Eramo, J. Park, SY, in progress]

17.09.2025
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Supernova Explosion

•   Neutrino-driven explosion:

- 	Shock	wave	revived	by	neutrino	heating	in	the	gain	layer	
- 	Explosion	can	be	failed	by	extra	cooling

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

17.09.2025
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mantle with lighter elements

photosphere

Proto-neutron star

Shock Wave Stalls
Bounce shock wave 

stall by dissociation & accretion

☞  revived by neutrinos

๏  of iron material


‣ Nuclear binding energy 


‣ Comparable to explosion energy

𝒪(0.1)M⊙

∼ 1051 erg

17.09.2025
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Shock Revival by -Heatingν

[T. Janka, 01]

17.09.2025
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Potential Ways to Impact on SNe

(Direct) Cooling in the Gain Layer (Indirect) Cooling in the Core

17.09.2025
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SNe-Failing Constraints

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

17.09.2025
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Neutron Star Cooling

•  Standard Cooling Scenario consistent w/ obs

•  Observation of rapid cooling at early era (Cas-A)  
-	evidence	of	superfluidity?

17.09.2025
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Standard Cooling Scenario

[A. Y. Potekhin, G. Chabrier, 18]

17.09.2025
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• Neutrino (volume, mostly from core) emission


• Photon (surface) emission

∝ T6 ∝ T8 ∝ T8

only when > 2M⊙

dominant when  year> 105

◎ Energy valance equation

C
dT
dt

= − Lν − Lγ + H

ΔT
T

∼ −
1
6

dt
tC ∝ T

Minimal cooling scenario w/o superfluid

Young NS Cooling

17.09.2025
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Cassiopeia A

56

• Exploded 340 years ago

• Carbon (light element) atmosphere


• Rapid cooling of surface temperatures 
derived from X-ray observations

[Chandra]

2~3% for 10 yr decline rate

≫
ΔT
T

∼ −
1
6

dt
t

∼ 0.5 %
expectation w.o. superfluidity

[M. J. P. Wijngaarden et al, 2019]

17.09.2025
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Young NS Cooling

57

• Neutrino (volume) emission


• Photon (surface) emission

∝ T6 ∝ T8 ∝ T8

only when > 2M⊙

dominant when  year> 105

+
PBF

Minimal cooling scenario w/ superfluid

� ��� ��� ��� ��� ���
����

����

����

����

����

����

����

����

��
�
��
��
��	

[

��
/�
]

�-Brem
�-PBF

�

C
as-A

1S0-proton 'CCDK'

17.09.2025
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Young NS Cooling

57

• Neutrino (volume) emission


• Photon (surface) emission

∝ T6 ∝ T8 ∝ T8

only when > 2M⊙

dominant when  year> 105

+
PBF

p1S0 + n1S0

n3P2

Minimal cooling scenario w/ superfluid

� ��� ��� ��� ��� ���
����

����

����

����

����

����

����

����

��
�
��
��
��	

[

��
/�
]

�-Brem
�-PBF

�

C
as-A

1S0-proton 'CCDK'
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Young NS Cooling

57

• Neutrino (volume) emission


• Photon (surface) emission

∝ T6 ∝ T8 ∝ T8

only when > 2M⊙

dominant when  year> 105

+
PBF

Suppressed at T < Tc

Minimal cooling scenario w/ superfluid

� ��� ��� ��� ��� ���
����

����

����

����

����

����

����

����

��
�
��
��
��	

[

��
/�
]

�-Brem
�-PBF

�

C
as-A

1S0-proton 'CCDK'
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Evidence for superfluidity?

58

[M. J. P. Wijngaarden et al, 2019]

M = 1.7 M⊙

M = 1.7 M⊙

APR EOS

APR EOS

 for T = Tc ∼ 5.9 × 108 K 3P2

Rapid cooling by PBF

Minimal cooling scenarios with 
superfluidity fit well to the data

PBF

?X

17.09.2025
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� ��� ��� ��� ��� ���

���

����

� �
�
[�

]

Cas A

NS1987A � = 10-13

Dark Photon Cooling

59

[D. Hong, C. S. Shin, SY, 21]
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� ��� ��� ��� ��� ���

���

����

� �
�
[�

]

10-3

� = 6 × 10 -4

m�' = 10-5MeV

Cas A

NS1987A � = 10-13

Dark Photon Cooling

59

[D. Hong, C. S. Shin, SY, 21]
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AstrophysicalExperimental Cosmological

Current Status & More?

17.09.2025
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AstrophysicalExperimental Cosmological

Current Status & More?

10-1 100 101 102
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

m�� /MeV

�

SN1987A cooling

Low-E SN explosion

SN1987A prompt �
SN galactic e+

SN diffuse x-ray

Fir
eb
all
(G
W1
70
81
7)

Fireball(PVO)

[A. Caputo, F. D’Eramo, J. Park, 
SY, in progress]

17.09.2025



><

Summary

61

๏ Stars: powerful tools to probe BSM


‣  Sun: helioseismology & solar- 


‣  Red giants: luminosity @ tip


‣  Horizontal branch: helium ignition lifetime (  VS )


‣  White dwarfs: luminosity function


‣  Supernovae & Neutron stars: SN  & -ray signal, explosion mechanism, 
neutron star cooling history


๏ What’s next?


‣  More data ☞ better probes


‣  Sharpening theory ☞ robust & stronger constraints 


‣  New ideas & strategies ☞ unexpected discoveries

ν

NHB NRGB

ν γ

17.09.2025
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Back up

17.09.2025
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Hydrogen Burning in the Sun
PP Chain

CNO Cycle

17.09.2025
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[Wikipedia]

	?X

•  The second stage of solar pp fusion chain

-  at the innermost region (core) of the Sun


•  5.49 MeV energy release through the electromagnetic radiation

-   instead of   ? (possibility for axion & dark photon have been discussed)


•  In terms of multipole expansion (relevant to non-relativistic regime)

- Electric- & Magnetic-dipole transition dominant

- Due to the proton and deuteron as the pure isospin eigenstates


- Controlled by isovector charge (i.e., difference between the couplings to nucleons)

1.7 × 1038 s−1

X γ

p + d →3 He + γ (5.49 MeV)

Deuterium fusion

17.09.2025
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Helioseismology

[NASA]

17.09.2025
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Solar Neutrinos from Nuclear Reaction

[E. Vitagliano et al. 20]

17.09.2025
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• Changes in the neutrino fluxes

Φ (8 B)
ΦSSM (8 B)

= (
La + L⊙

L⊙ )
4.4

< 150 % La < 0.1L⊙

Stellar Cooling Argument on Sun

[N. Vinyoles et al. 15]

17.09.2025
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gaγ = 10−10 GeV−1

La = 1.85 × 10−3L⊙ ( gaγ

10−10 GeV−1 )
2

 κ⊙ ≃ 12

Tc = 1.3 keV
ρc = 156 g cm−3

[CAST, hep-ex/0702006]

dΦa

dω
= 6.02 × 1010 cm−2 s−1 keV−1 ( gaγ

10−10 GeV−1 )
2

( ω
keV )

2.481

e−ω/1.205 keV

Solar Axion Flux
A,Z

a�

⦁
gaγ

⊗

17.09.2025
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• Helium core governs properties of star

- Sizable mass fraction 


- Very dense 

- Degenerate electron pressure


- Consistent burning condition (  @ )

𝒪(1)M⊙

∼ 106 g cm−3

r3α ∝ T40 T ∼ 108 K

• Hydrogen envelope

- Dominant burning shell near core (pp-chain)

- More dense core, more luminosity

- Expanding via thermal pressure (redder)

Helium
Hydrogen

∼
10

4 km

Lifetime ∼ Gyr

Red-Giant

17.09.2025
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[Wikipedia]

1)  

-  is very unstable


- But, an equilibrium abundance of 


2)  

- Resonant reaction

α + α →8 Be
8Be

8Be

8Be + α →12 C + 2γ

unbound

r3α ∝ n3
α e−43/T8

 reaction rate3α
T8 ≡

T
108 K

Triple-ɑ Process

17.09.2025
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Lifetime of Horizontal-Branch

[O. Straniero et al. 15]

17.09.2025
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Lifetime of Horizontal-Branch

[M. Salaris et al. 04]

R =
NHB

NRGB faint

= 1.39 ± 0.03

17.09.2025
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Lifetime of Horizontal-Branch

[T. Constantino et al. 15]

R2 =
NAGB

NHB

= 0.117 ± 0.005

17.09.2025
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• Lifetime of HB  (i.e., duration of helium burning phase) agrees within 10%tHe

		reduced	by		 	tHe
L3α

La + L3α

• A helium-burning core and a hydrogen-burning shell after the tip of red-giants

         ρ ≈ 104 g cm−3 T ≈ 108 K

triple-  reactionα

• The number ratio  of HB vs. RGB in Globular clusters agreed with standard predictions 
to within 10%

R

 
 L3α ∼ 20L⊙ ≈ 8 × 1034 erg s−1

La ≲ 10 erg g−1 s−1

  MHB
c ∼ 0.5 M⊙

[Raffelt]

Stellar Cooling Argument on HB

17.09.2025
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• General interactions of dark gauge bosons (  or  ) to SM particles


- U(1) charge assignment 

- Kinetic mixing

γ′ A′ μ

• Anomaly-free Abelian symmetries 


- flavor universal: 


- flavor dependent: 


- only kinetic mixing: dark photon

B − L , ⋯

Le − Lμ , Le − Lτ , Lμ − Lτ , ⋯

ℒγ′ -ψ = gψ A′ μψ̄Γμψ Γμ = [γμ, γμγ5, ⋯]

ℒγ′ -γ =
ε
2

FμνF′ μν ☞		 		&	 		in	vacuumgψ = eεqψ Γμ = γμ

Vector (spin-1 boson) portal

Gauged U(1) Extension of the SM

17.09.2025
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mantle with lighter elements

Proto-neutron star

“
	sphere”

ν

 emission @ -sphere


 & 


          

ν ν

Etot ∼
GM
Rc

∼ 1053 erg tdiff ∼
R2

c

λ
∼ 10 sec

Lν ∼ 1052 erg s−1

ν

Neutrino Cooling of pNS
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Diffusive Neutrino Transport

๏ Neutral-Current cross-section

‣ σ(ν + N → ν + N ) ∼ G2

FE2
ν ∼ 2 × 10−41 cm2 (Eν /30 MeV)2

๏ Nucleon density

‣ nN = ρsat /mN ∼ 2 × 1038 cm−3

๏ Mean free path

‣ λ = 1/nNσ ∼ 2.5 m (Eν /30 MeV)2 ≪ RNS ∼ 10 km

๏ Diffusion time

‣ tdiff ≈ R2

NS/λ ∼ 10 sec (RNS/10 km)2 (Eν /30 MeV)2
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Low-E SNe Constraints

100 101 102
10-13

10-12

10-11
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10-8

10-7

10-6

10-5

m�� /MeV

�

SN1987A cooling

Low-E SNe

Based on
cooling arg

ument

ESNe
X = ∫ dt∫ dV

d3 ⃗k
(2π)3

Γprod ω (e−τcore − e−τ*)

progenitor surface

✓  free streaming in the core: 

✓  mostly decay within progenitor: 

τcore ≪ 1
τ* ≫ 1

(rescaled f
rom red)

PRELIMINARY

[A. Caputo, F. D’Eramo, J. Park, SY, in progress]
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[T. Siegert et al, 19]

☞	no	larger	than	4 × 1043 e+ sec−1

Galactic 511keV signal
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SN  Injection Constraintse+

100 101

10-12

10-11

10-10

10-9

m�� /MeV

�

SN1987A cooling

SN e+ (all the snapshots)
L�
cooling (free steaming)

L�
cooling (��� (<E�� >)

Ne+ ∼ ∫ dt∫ dV
d3 ⃗k
(2π)3

Γprod e−τ*

PRELIMINARY

[A. Caputo, F. D’Eramo, J. Park, SY, in progress]
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SN Fireball Constraints

100 101 102
10-12

10-11

10-10

10-9

10-8

10-7

10-6

m�� /MeV

�

Fireball(PVO)

Fireball(GW170817)

R* ≈ 1000 km

R* ≈ 10 8km
SN1987A

Eγ < 3 × 1043 erg

Eγ < 3 × 1046 erg

PRELIMINARY

[A. Caputo, F. D’Eramo, J. Park, SY, in progress]
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[A. Caputo et al., 22]

Cosmic Supernova rate
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[R. Hill et al., 18]

Cosmic diffuse X-ray background
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Diffuse X-ray Constraints
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SN1987A cooling

Diffuse � (SN)
��� << H0

-1

�� � >> H
0
-1

PRELIMINARY

[A. Caputo, F. D’Eramo, J. Park, SY, in progress]
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 in Time w.r.t. Rshock ℒν-sphere

[T. Janka, 01]

Lower  flux from core 

 
Lower heating ( -energy transfer) outside

ν

ν

-Luminosity	in	ν 1052 erg
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