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Ol Prelimi - Current status of Feebly-Interacting Light Particles
reliminary . Stages of Stellar Evolution

@® Stellar Cooling Argument

02 Low-M Stellar Evolution ° Sun (Main Sequence) - solar v
- Red Giants - luminosity @ tip

 Horizontal Branches - lifetime

« Core-Collapse of massive stars
Q% Supernova - SN1987A Observations

- Duration of v signals & No prompt y-ray & fireball
& Neutron Stars - Phenomena associated with SN

« U-driven explosion
* Neutron star cooling
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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 Dark Photon

v’ Spin-0 Pseudoscalar v Spin-1 Vector

v Strong CP problem v (g — 2),4 e
Qo P “F, XM
ayy 2% ~
4f, 2
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Current Status

Cosmological

Experimental Astrophysical
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Current Status

Experimental Cosmological

Astrophysical
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Stars

* Star

From Wikipedia, the free encyclopedia

This article is about the astronomical object. For other uses, see Star (disambiguation).

A star is an astronomical object consisting of a luminous spheroid of plasma held together by its own gravity. 77

essure (thermal? degeneracy?)

+ Energy conservation & transfer
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Stellar Evolution

[image from Wikipedia]
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Astrophysical Searching Scheme

- Stars as laboratories to probe light bosons in extreme circumstances

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

v Backreaction on stellar properties

' Not too much cooling

y/v signal

scatterings with background medium

17.09.2025




Sun

* Thermal production & Nuclear transition
e Solar observables: helioseismology & solar neutrinos

* Terrestrial detectors: Helioscope & v-detector

17.09.2025




Stellar Cooling Argument on Sun

[NGC]

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

R, =6.9598 x10"%cm L, =3.8418 x 1077 ergs™!

« Observables:

1) Helioseismology (sound speed, surface helium) *
2) Solar neutrino fluxes @ <8B) and @ (7 Be)

Extra cooling leading to
observable deviations?!
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Cooling Impacts on Solar Observables
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v Modifying interior structure
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Helioscope

[CAST, arXiv:1705.02290]
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Helioscope Bounds

[CAST, arXiv:1705.02290]
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Production Detection

® Compton-likee ™ X — ey
op+d—"He+X(549MeV)

v Multipole expansion - (E1 & M1)
v Isovector

v Polarized cross-section

® In-flight decay X — e~ e™

v allowed for my > 2m,
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[Raffelt, “Stars as laboratories for Fundamental Physics”]

Low-Mass
Stellar Evolution

e Stellar Cooling Argument
- Red-Giant: luminosity at tip (just before helium flash)

- Horizontal Branch: duration of helium burning

- White Dwarf: luminosity function in time
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Globular Cluster

e Very clean laboratories for studies of stellar evolution
e Coeval and almost equal chemical compositions

e Only different initial mass

by Brian Chaboyer

[Hubble]
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Color-Magnitude Diagram
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Main-Sequence
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Red-Giant Branch

M5 (NGC 5904)
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Tip of Red-Giant Branch (TRGB

17.09.2025

[W. Cerny et al. 20]
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Core Mass Increase by Cooling
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Horizontal-Branch
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Stellar Cooling Argument on HB

R —_ NHB [ ] [ ]
= Lifetime of HB
RGB
g _ 0.16
I fov:().OOl :
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[M. Dolan et al. 22]
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White Dwarf Luminosity Function
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White Dwarf Luminosity Function
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Core-Collapse
Supernova

- For stars > 8M,, iron core will collapse

* Formation of proto-Neutron Star

e Diffusive neutrino emission

» Shock wave (explosion) + delayed y
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(> 8M,)

Nuclear fusion in massive stars

progenitor like super red-giants




Onset of Iron Core-Collapse

-

« . "0
s Chandrasekhar limit” Ny,

A %, Mantle with lighter elements

o
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(1) second Post Core-Collapse

Bounce shock wave
stall by dissociation & accretion
= revived by neutrinos

p i.e., typical nucleon distance ~ fm X

{ At p, ~ pyy, EOS stiffens ¥
i  Core size ~ 10km

{ Temperature ~ 30 MeV }

Proto-neutron star

v produced, but trapped

Diffusive suu;foce emission
R

(6
tdlff ~ 7 ~ 10 S€C
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Supernova explosion ~O(1) day

v' Ejection of outer layer
, v Explosion energy by

shock wave + v transport

Proto-neutron star

17.09.2025



SN Implications

* Observables:
- Neutrino & no prompt y-ray signal of SN1987A
- Low-energy supernova explosion
- Fireball = y-ray like signals
- Galactic e™ injection

- Cosmic diffuse x-ray background

17.09.2025



[Raffelt, 95]
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Cooling argument on SNe

> 4

4 y" emission as extra cooling

|/ free stream = volume emit |
{ ¥ Not to reduce v-signal duration |
: Proto-neutron star [ Sy JURSY SNET) L ot B

A %, Mantle with lighter elements

o

ey, 2
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SN Dark Photon Luminosity
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Cooling Constraints
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Remarks on SN Cooling Argument

{ Powered by accretion )}
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Absence of Prompt SN1987A y-ray

Even rates measured in the Gamma Ray Spectrometer of the Solar Maximum Mission
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Prompt y-ray from Novel Particles

X mass & misaligned emission

o, ! = retardation of y-ray signals }
\ o% o O PR R———_
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Prompt y-ray from Axions

[arXiv:2212.09764]
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Supernova Explosion Energy

7 / nghf curve + Specfroscopy :
= ejecta mass + velocity (kinetic E) |

v/ Some SNs exhibit dimmer &
- lower expansion velocities |
= Explosuon ¢n¢rgy ~ 1050 erg

[A Caputo et al, 22]

Proto-neutron star
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Energy Deposit by Decays

EM energy deposit

— increasing SN explosion E
Proto-neutron star

M Mantle with lighter elements
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Supernova Galactic e ™ Injection

. Galactic -

Proto-neutron star

mantle
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y-ray burst-like

Proto-neutron star

optically thin

optically thick
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Cosmic Supernova & Novel Particles

“Cosmic supernovae” SN }// dQCClYing to 3 PhOfonS |
ey | = Extra-galactic x-ray background |

;‘M/ %’

up fo z ~ 10
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Supernova Constraints on 7’

BURRARY T T
1074
107>
1070
10~/

w 1078

SN1987A cooling

g 4 SN €xp lo SiOn

Lol e o

1079
10—11

10—12
-13 BRI BRI BRI
10
10~ 100 10’ 102

T},/ - R*/C

my' / |\/|eV [A. Caputo, F. D’Eramo, J. Park, SY, in progress]



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

Supernova Explosion

* Neutrino-driven explosion:

- Shock wave revived by neutrino heating in the gain layer

- Explosion can be failed by extra cooling
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Shock Wave Stalls

e

w Bounce shock wave |
Y, | stall by dissociation & accretion |
\ = revived by neutrinos

1 @ 0(0.1)M,, of iron material
Proto-neutron star » > Nuclear binding energy ~ 10°! CIg

> Comparable to explosion energy

o Mantle with lighter elements #"

o d
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Shock Revival by v-Heating

cooling

o — T~ N
OO
| 1
shock gain R R R R
radius " PNS g & y
(convective)

[T. Janka, 01]
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Potential Ways to Impact on SNe

I it i sl bt

abest

f e . B F
Extra co:lmg in the gain layer \Z | Extra cooling in the core
(~ }°) may prevent SNe ) may reduce v-flux
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SNe-Failing Constraints
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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?
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Standard Cooling Scenario
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Minimal cooling scenario w/o superfluid

Young NS Cooling

* Neutrino (volume, mostly from core) emission

© Energy valance equation

dT - .
CE —_ Ly —',L}, -|:,H

1 dt
6t

Bremsstrahlung o T3

AT
*TN

dominant when > 10° vear
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Cassiopeia A

[Chandra]

- Exploded 340 years ago

« Carbon (light element) atmosphere

- Rapid cooling of surface temperatures

derived from X-ray observations

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

2~3% for 10 yr decline rate

expectation w.o. superfluidity

A N i }- Vi
NEUTRON STAR ILLUSTRATION . >> 6 O . 5 ; O
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Minimal cooling scenario

Young NS Cooling

* Neutrino (volume) emission

- A
\’/
/l v
I’V
WV
Modified Urca o T3 Bremsstrahlung o T3 PBF
7040, I 3 e 1 1 s 1 B B M A =
= Y=Brem 1So—proton'CCDK'
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g 34
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Minimal cooling scenario

Young NS Cooling

* Neutrino (volume) emission

- A
\’/
/l v
I’V
WV
Modified Urca o T3 Bremsstrahlung o T3 PBF
7040, I 3 e 1 1 s 1 B B M A =
= Y=Brem 1So—proton'CCDK'
= 1038 S P
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% 1036 P plSo+I’llSO
>,
= 1534
& 10
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Minimal cooling scenario

Young NS Cooling

* Neutrino (volume) emission

V’,"
I’V
"
’ }irect Urca o T® Modified Urca o T3 Bremsstrahlung o T3 PBF
1040 [ \HHH‘ [ \HHH‘ [T TTTTIT [ \HHH‘ [T TTTTTH
~ V-Bre - 1S4-proton ' '
only when > 2M Suppressed at T < T, _ 1038 o
D e St
.§ 10
> -~
g 1034 |
: ®
- 5 £
dominant when > 10° year 3w !
1028 Lot Lot Lol Lo L 1 1IN
1 107 102 10° 104 10°
Year
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Evidence for superfluidity?

~=T=T.~59%x10°K for °P,
N
< 107 ; = Rapid cooling by PBF
APREOS ‘
100100 107105100108
Age [yrs]
Y ' ' — 4 . |Minimal cooling scenarios with
1.86 — superfluidity fit well to the data

T. [10° K]
[RY
(@'e)
o~

M=17M,
APR EOS }
1 } 1

| 1

2000 2005 2010 2015 2020
Year

M. J. P. Wijngaarden et al, 2019]
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Dark Photon Cooling

T T T I T T T T T T T T T T T
_ NS1987A n=10-13
p— 6|
E, 10 :
8 i
=
N R RN R NN
1 107 107 103 107 10°

[D. Hong, C. S. Shin, SY, 21]
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Dark Photon Cooling

| \\\HH| | \\\HH| | \\\HH| | \\\HH| T
. NS1987A n=10-13 -

1 107 107 10° 104 10°

[D. Hong, C. S. Shin, SY, 21]
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Current Status & More?

Astrophysical Cosmological

mHz Hz kHz MHz GHz THz eV keV
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Current Status & More?

Experimental
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Summary

@® Stars: powerful tools to probe BSM
> Sun: helioseismology & solar-v
> Red giants: luminosity @ tip
> Horizontal branch: helium ignition lifetime (NVgg VS Nggp)
> White dwarfs: luminosity function

> Supernovae & Neutron stars: SN v & y-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
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Hydrogen Burning in the Sun

PP Chain
'HD D 'HD DH
\/ \/ CNO Cycle
/l\v 1™,
HQd DH HO QH &
\/ \/
e N Triple o
! l l K PP Chain i
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\/ \/
. . e
Deuterium fusion [/ "/
7 | |
p+d—>He+y (5.49 MeV) N
N\
H ) DH
» The second stage of solar pp fusion chain S Y ey

[Wikipedia]

- 1.7 x 10°8 s~! at the innermost region (core) of the Sun

* 5.49 MeV energy release through the electromagnetic radiation

- X instead of y ? (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 ISOVECLOr charge (i.e., difference between the couplings to nucleons)

17.09.2025 (< T >)



The Convection Zone

Energy continues to move toward the surface
through convection currents of heated and
cooled gas in the convection zone.

more than 170,000 years to radiate through
the layer of the Sun known as the radiative

zone.

17.09.2025

Whmmuwmmcm
creating exireme temperatures deep within the

’ Sun's core,

[NASA]

\
‘T\}\F\\\\\\
SRl

,}/m///y

A




Solar Neutrinos from Nuclear Reaction

—

o
RN
N

3 T T T T | E
T
g 1010%? "Be a
T 3 "Be bep E
n F 13 :
v 108 N E
- :
2,
< 150 8
= 10° eN S
‘05J 104
Z
©
3 102 /%\e?‘\
! | Ol 2./[ ! | Lo ol ! |
0.1 0.3 1 3 10 30

[E. Vitagliano et al. 20]
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Stellar Cooling Argument on Sun

- Changes in the neutrino fluxes

O (°B L+ \
) =( : ®) <150% w» |L <O0.1L,
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8
g5y (8 B)
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Solar Axion Flux

[CAST, hep-ex/0702006]

g o .
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o .‘ \
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- f \ _ -3
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8 2 |
g {
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g 2
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17.09.2025




Red-Giant

Hydrogen
Helium Core Burning Shell

* Helium core governs properties of star

Sizable mass fraction O(1)M
3

Very dense ~ 10°gcm™

Degenerate electron pressure

Consistent burning condition (r;, x T* @ T ~ 10°K)

* Hydrogen envelope
- Dominant burning shell near core (pp-chain)
- More dense core, more luminosity

- Expanding via thermal pressure (redder)

Red Giant

Lifetime ~ Gyr

Scale +— 200 Earth Radii
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Triple-a Process

UﬂgOund [Wikipedia]

2 »He
J @j J - SBeis very unstable
N 7 N

- But, an equilibrium abundance of ’Be

1) a4+ a ->°Be

- O\ 7 xoam
. 4He y V \>
« S 2) SBe +a -'2C + 2y
.) Proton C - Resonant reaction
J Neutron Gamma ray Y

T
108K

3, —43/T,
- . xn e
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Lifetime of Horizontal-Branch

Y=0.248 M,,=0.64 | - Y=0.248 M,,=0.68

HB

Figure 1: Example of synthetic CM diagrams. The diagram in the left panel has been obtained
by assuming a stronger average mass loss rate during the RGB. As a result, the mean mass of
HB stars (Mgpg) is lower than that of the diagram in the right panel. The HB and the RGB
portions used in the calculation of the R parameter are surrounded by ellipses.

[O. Straniero et al. 15]



Lifetime of Horizontal-Branch

Ny

R_

- NRGB O'5i —r1
=1.39+0.03

1.5 F

1.0 |

05 F, |,

-0.5

[M. Salaris et al. 04]

17.09.2025 e 72 e



Lifetime of Horizontal-Branch

0.4 T T ! !
[ —-v-= Sandquist et al. (2000) -
- — o - Piotto et al. (2002) i
03 L —%— Sarajedini et al. (2007) ,-/Y. i N
3 ) 2 _
- --4-- Largest ARz 4 ‘ _ R _ AGB
g 02 | - Nyg
0 F 1 =0.117 £ 0.005
0.0 : -
-2.5

Figure 1. Comparison of R» for clusters shown in Table 1, limited to those
with at least two different sources of photometry. The R2 determined from
the Sandquist (2000), Piotto et al. (2002), and Sarajedini et al. (2007) data
are shown in black dash-dots, red dashes, and a blue solid line, respectively.
The dotted grey line shows the maximum difference between Ro determi-

nations from different photometry.
[T. Constantino et al. 15]
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Stellar Cooling Argument on HB

triple-a reaction

* A helium-burning core and a hydrogen-burning shell after the tip of red-giants
p=~10*gcm™ T~ 108K

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

- Lifetime of HB 1y, (i.e., duration of helium burning phase) agrees within 10%

[Raffelt]
l@
a -1 -1
ty. reduced by L +L. * La S 10 ergg s

HB
Ly, ~20L, ~ 8 x 10°*ergs™! M~ 0.5 Mo
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Vector (spin-1 boson) portal

Gauged U(1) Extension of the SM

. General interactions of dark gauge bosons ( y' or A;; ) to SM particles
- U(1) charge assignment £, = g, A Wl y I = |y vy, -

E /
- Kinetic mixing £ yoy = EF i g = g, =eeq, & ¥ =y" in vacuum

» Anomaly-free Abelian symmetries
- flavor universal: B— L, ---
- flavor dependent: L, = L, ,L,— L., L, — L, -

- only kinetic mixing: dark photon

17.09.2025




Neutrino Cooling of pNS

U emission @ v-sphere

| GM R?
By ~ =" 107 erg & fgigr ~ Rl 10sec
) c

! =P [ ~ 102ergs”! y

Proto-neutron star

%, Mantle with lighter elemen’rs‘@

o
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Diffusive Neutrino Transport

® Neutral-Current cross-section
» 6(+N > v+N)~ GsE> ~2x 107" cm? (E,/30 MeV)?

@ Nucleon density

> ny = pdmy ~2x 108 cm™

@® Mean free path
» A= 1/nyo ~2.5m(E, /30 MeV)* < Ryg ~ 10km

@ Diffusion time
> Lyifr ~ Rl%s//l ~ 10 sec (Ryg/10km)? (E, /30 MeV)?
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Low-E SNe Constraints

progenitor surface
I

&K '
T T T TT] E)%Ne — Jdt[dv r LW (e—rcore _ e—r*)
(271_)3 pro

SN1987A cooling

Low-E SNe o €€ d)

—n [l

Sampo

v/’ free streaming in the core: 7., < 1

v mostly decay within progenitor: 7. > 1
10—13 || \\\\| \ I N | | |

100 101 102

[A. Caputo, F. D’Eramo, J. Park, SY, in progress]
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Galactic 511keV signal

[T. Siegert et al, 19]
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SN e™ Injection Constraints
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SN Fireball Constraints
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Cosmic Supernova rate

Lookback Time
0 46 8 9 10 11 12 Gyr
oe ' T [ 1 l —
@ : .
g :
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'\ i —
o - -
y g
= 0.21 E
o —
S : -
° .
) S B S B ———
Redshift z [A. Caputo et al., 22]
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Cosmic diffuse X-ray background

[R. Hill et al., 18]
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Diffuse X-ray Constraints

do., . < dzdncc/ dwd“N:V/ 142
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[A. Caputo, F. D’Eramo, J. Park, SY, in progress]
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R oo in Time wrt. &

shoc v-sphere
5 —
4 4 - |
_ Lower v flux from core
E 3 ]
S Lower heating (v-energy transfer) outside
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[T. Janka, 01]
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