Chui-Fan Kong (fLZE71.)
[kongctf@ibs.re.Kkr]
IBS-CTPU-PTC

Based on: 2603.09615 (PRL accepted) + 2609.xxxxx
In collaboration with: .
Yu Cheng (KAIST & U. Chicago), Yen-Hsun Lin (Academia Sini
Meng-Ru Wu (Academia Sinica), Seokhoon Yun (KNU & IBS)

i Institute for SSU 2026 (@ Busan

Basic Science August 24, 2026




i Institute for
Basic Science

Stars as Laboratories

Preface
- | 400 years ago
Slars as Laboramnes Ever since Newton proposed that the moon on its orbit follows the same
laws of motion as an apple falling from a tree, the heavens have been
5 a favorite laboratory to test the fundamental laws of physics, notably

\‘\‘ y

classical mechanics and Newton’s and Einstein’s theories of gravity.
This tradition carries on—the 1993 physics Nobel prize was awarded
to R. A. Hulse and J. H. Taylor for their 1974 discovery of the binary
’ pulsar PSR 1913416 whose measured orbital decay they later used to
identify gravitational wave emission. However, the scope of physical
laws necessary to understand the phenomena observed in the super-
lunar sphere has expanded far beyond these traditional fields. Today,
astrophysics has become a vast playing eground for applications of the
laws of microscopic physics, in particular the properties of elementary

GE(][[] G Rdffen - particles and their interactions. NQW

for Fundamental Physics

THE ASTROPHYSICS OF NEUTRINOS, AXIONS, AND
OTHER WEAKLY INTERACTING PARTICLES

credit: G. Raffelt
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* What i1s CircumStellar Medium (CSM)
* Why we consider CSM

* How CSM constrains on feebly-
interacting particles (FIPs)
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What 1s CSM

Chui-Fan Kong (IBS-CTPU-PTC) SSU 2026 @ Busan, August 24, 2026 4



@
. Institute fi
Production of CSM 12 Basic Science
Mass loss via the wind

SN wind (CSM)

solar wind

credit: NASA
credit: NAOJ

v~ O(100) km/s v ~ O(10) km/s for RSG
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Observational Evidence
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How do we know there 1s CSM surrounding SN?

| ¢— SN-

CSM structure

Forward Shock ; Radiation due to
CS

Contact . 3 Shocked

Reverse Shock
Explosion site

interaction betwee;shocked ejecta and CSM|

Explosion
Center
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Observational Evidence
Plenty of measurements!
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Component of CSM
What makes of CSM
* Hydrogen
—_ N III
 Helium - It i
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CSM Density Profile
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E.A. Zimmerman et al.
Nature 627 (2024) 759
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Why we consider CSM
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Traditional Method 1 BnassilcuSCGieI?Ze
After FIPs (X) produced insic}e a proto-neutron star (PNS)

see also Edoardo’s talk
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Traditional Method 1 gzzlssi]cl]S;egZe
After FIPs (X) produced insic}e a proto-neutron star (PNS)

4 )

Decay 1nside mantle == Energy trapped

see also Edoardo’s talk
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e 11.S Institute f
Traditional Method 1 gzzlssiICUSceiegZe
After FIPs (X) produced insi(}e a proto-neutron star (PNS)

4 )

Decay 1nside mantle == Energy trapped

Constraint from low-energy SN

see also Edoardo’s talk
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Traditional Method 1 l?:assi]cuSéegZe
After FIPs (X) produced insic}e a proto-neutron star (PNS)

4

Decay inside mantle =—=>» Energy trapped Decay outside mantle == Energy escaped

Constraint from low-energy SN

et

Ve

et
.»4)6_

see also Edoardo’s talk
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Traditional Method 1 gzzlssi]cl]S;egZe
After FIPs (X) produced insic}e a proto-neutron star (PNS)

4

Decay inside mantle =—=>» Energy trapped Decay outside mantle == Energy escaped

Constraint from cooling, fireball, galactic

positron (511 keV), prompt gamma ray
_|_
e

Ve

Constraint from low-energy SN

et
.»4)6_

see also Edoardo’s talk
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Exsisting Constraints w/o CSM

Dark Photon Limits: 2025 Edition

T

Beam dumps
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__Cold model

1B

o ete !
B N
Axion mass, m, [MeV]

A. Caputo, J. Park, S. Yun
arXiv:2511.15785
SSU 2026 @ Busan, August 24, 2026

Chui-Fan Kong (IBS-CTPU-PTC)

D. F. G. Fiorillo, T. Pitik, E. Vitagliano

arXiv:2503.15630
16
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CSM as A New Playground

However, CSM exists!

e—|_

€
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CSM as A New Playground

However, CSM exists!

.
.
S
....
....
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CSM as A New Playground

However, CSM exists!

A new playgfdﬁhd for BSM! |

.
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o
50 I
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How CSM constrains on FIPs

Chui-Fan Kong (IBS-CTPU-PTC) SSU 2026 @ Busan, August 24, 2026 20



3 Institute for
1 Basic Science

Photosphere Induced by FIP Decay

FIPs decay into electron/positron inside CSM

Chui-Fan Kong (IBS-CTPU-PTC) SSU 2026 @ Busan, August 24, 2026 21



Photosphere Induced by FIP Decay

Chui-Fan Kong (IBS-CTPU-PTC)

o e °
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FIPs decay into electron/positron inside CSM

- LdNy o, AN,
__/d[Ld Z/CZEEdEZ-
_

A J

# of e? produced at »  integrated energy spectra

DP momentum
DP decay length

electron/positron energy
electron/positron energy distribution
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Photosphere Induced by FIP Decay

Chui-Fan Kong (IBS-CTPU-PTC)
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FIPs decay into electron/positron inside CSM

dr Lg dk
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Photosphere Induced by FIP Decay

B FIPs decay into electron/positron inside CSM

electron/positron energy deposition inside CSM

Chui-Fan Kong (IBS-CTPU-PTC) SSU 2026 @ Busan, August 24, 2026 24



3 Institute for
1 Basic Science

Photosphere Induced by FIP Decay

B FIPs decay into electron/positron inside CSM

electron/positron energy deposition inside CSM
HYDROGEN

¥ )
10_ 1 llllllll T TIIIT!II T I'ITITTII T T l'lll'lll

Stopping Power (MeV cmzlg)

Energy (MeV)

—— Total Stopping Power

credit: ESTAR
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Photosphere Induced by FIP Decay

B FIPs decay into electron/positron inside CSM
- - electron/positron energy deposition inside CSM

v

CSM temparature increases

dQ |7
dr A2 — Iugas + Iion + [Urad

'''''''' energy deposition efficiency
. ugas = (3/2)(n 4 ne)kpT internal energy density of ideal gas
ionization energy density

radiation energy density
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Photosphere Induced by FIP Decay
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Photosphere Induced by FIP Decay

FIPs decay into electron/positron inside CSM

¥

electron/positron energy deposition inside CSM

v

CSM temparature increases

¥

extra blackbody (BB) emission

....

. ~ 2 4
. .. LBB ~ 47TrphUSBTph
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Photosphere Induced by FIP Decay

FIPs decay into electron/positron inside CSM

¥

electron/positron energy deposition inside CSM

v

CSM temparature increases

¥

extra blackbody (BB) emission

....

R . ~ 2 4
. .. LBB =~ 47TrphUSBTph

constrained by observations!
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SN 2023ixf as A Case Study 1> Basic Seience

Inside the nearby galaxy Messier 101, with a distance ~ 6.85 Mpc ' "+ KeplerCam griz
' FLWO

Review

SN 2023ixf: The Closest Supernova of the Decade

Wynn Jacobson-Galan'»?

nature

Explore content v About the journal v Publish with us v

nature > articles > article SN2023|Xf‘o —. .
s . |
Article Published: 27 March 2024

The complexlcircumstellar environmentjof supernova
2023ixf

E. A. Zimmerman [, | Irani, P. Chen, A. Gal-Yam, S. Schulze, D. A. Perley, J. Sollerman, A. V. Filippenko, T.

Shenar, O. Yaron, S. Shahaf, R. J. Bruch, E. O. Ofek, A. De Cia, T. G. Brink, Y. Yang, S. S. Vasylyev, S. Ben Ami,
M. Aubert, A. Badash, J. S. Bloom, P. J. Brown, K. De, G. Dimitriadis, ... K. Zhang + Show authors

Nature 627,759-762 (2024) | Cite this article E.A. Zimmerman et al. credit: S. Gomez/STScl
4259 Accesses | 121 Citations | 205 Altmetric | Metrics Nature 627 (2024) 759
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SN 2023ixf as A Case Study 1> Basic Seience
Early-time observatlons of SN 20231xt
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SN 2023ixf as A Case Study 1> Basic Seience
Early-time observatlons of SN 20231xt
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SN 2023ixf as A Case Study
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Early-time observations of SN 20231x{
MID wos<or optical band (400 nm -- 900 nm)
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PRL 26
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SN 2023ixf as A Case Study

Early-time observations of SN 20231x{
MID wos<or optical band (400 nm -- 900 nm)

1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75

14 T T T T T T T T —15 M > 8 6
Core-collapse Time -
15 114
g 16 1-13 = ¢
3 <
122 [ <816 x 10%®ergs™?
5 _ 5 < O. X erg s
= % =
= 18F g S q4-11 8
& 2 A =
& S o)
2 = = — 9]
= 8! 10 & 2
<19t 21 i q-10<
A= O
al o
o A "8
20| Data Used in This Work % + g 4.9
v v |& = £
Kennedy XOSS IR %
21 | | | | | | | | _
—2.00 —1.75 —1.50 —1.25 —1.00 —0.75 —0.50 —0.25 0.0
Time from Discovery [d] Y. Cheng, CFK, L.-S. Lin, M.-R. Wu, §S. Yun

PRL 26
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SN 2023ixf as A Case Study
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1.75

Early-time observations of SN 20231x{
MID wos<or optical band (400 nm -- 900 nm)
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Constraint on DP (i)

1

10~

10712k

10713 F

Fireball

511 keV line

SN 1987A ~

SN 2023ixf (this work)

10Y

Chui-Fan Kong (IBS-CTPU-PTC)

10! - l(l)2
m. [MeV /]

SSU 2026 @ Busan, August 24, 2026

Institute for
Basic Science

Y. Cheng, CFK, L.-S. Lin, M.-R. Wu, S. Yun

PRL 26
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Dust Sublimation

dust grains (molecules) exist in outer layer of CSM

IX )
-~ Dust
-~ Sublimation

Progenitor

‘ . 2 : AR : credit: L. Nittler
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Dust Sublimation

A - dust grains (molecules) exist in outer layer of CSM

¥

absorb optical photons and reprocess into infrared

Chui-Fan Kong (IBS-CTPU-PTC) SSU 2026 @ Busan, August 24, 2026 38
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Dust Sublimation

A - dust grains (molecules) exist in outer layer of CSM

¥

absorb optical photons and reprocess into infrared

MJD +6.008 x 10*
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Time from Discovery [d]
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Dust Sublimation

S - dust grains (molecules) exist in outer layer of CSM

¥

absorb optical photons and reprocess into infrared

¥

an additional dust-destruction requirement

----
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Dust Sublimation

How to destruct dust? Still heating!

Dust ) . Dust sublimation by GRBs and its implications

E. Waxman! and B. T. Draine?

!Department of Condensed-Matter Physics, Weizmann Institute, Rehovot 76100, Israel
2Princeton University Observatory, Peyton Hall, Princeton, NJ 08544

The infrared emissivity is quite different for graphite and silicate materials (Draine & Lee 1984;
Draine 1999a). For the temperature range of interest for dust sublimation, 2000 K < 7T < 3000 K,

same scale as Van der Waals force

R - E. Waxman, B. Draine
'''''''''' arXiv:astro-ph/9909020
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Dust Sublimation
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B e dust grains (molecules) exist in outer layer of CSM

¥

absorb optical photons and reprocess into infrared

¥

an additional dust-destruction requirement

T|7a:1015 em > 0000 K
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Constraint on DP (ii

1

10—11 ; - . -
L Fireball
511 keV line
10~ 12| -
i SN 1987A ~
W
SN 2023ixf (this work
10~ BE =
T|7’:1015 cm — 3000 K (thls Work)
N | ] ] ] [ R R T |
10° 10° 102

Chui-Fan Kong (IBS-CTPU-PTC)

Institute for
Basic Science

2
My [MeV/C*| v Cheng, CFK, L.-S. Lin, M-R. Wu, S. Yun

SSU 2026 @ Busan, August 24, 2026
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Constraint on Axion-Electron Coupling

10—11: : e e — : —

10_12 o=
S
-
10_13 n -
- —— SN 2023ixf
' Taust = 3000 K
—14 ! Lo s . »n nnonnl
ol 10! 102
m, [MeV] Y. Cheng, CFK, L.-S. Lin, M.-R. Wu, S. Yun

in preparation
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Besides extra BB radiation, what’s more? | —

V"

/
y
.-(:
£ FV/‘
- e
4
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511 keV Photon Production

e+ H - Ps+HT
et + He — Ps+ He™

(continuum)
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Energy losses
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511 keV Photon Production
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Energy losses
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511 keV Photon Production
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Experimental Sensitivities

launch planned 1n 2027
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Projected Constraints from 511 keV Line
101
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511 keV line \
SN 1987A 73, '\

\
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161 . L 1(‘)2 ' ' Lin, M.-R. Wu, S. Yun

arXiv:2609.xxxxx
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Summary

* Circumstellar medium (CSM) exists in the outsphere of SN

* (CSM can be heated up by extra energy depoisition and emits light via
blackbody radiation

* Early-time observation of SN 20231xf luminosity provides a strong constraint
on such extra energy depoisition

* 511 keV line search can also put a strong projected contraint
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Summary

* Circumstellar medium (CSM) exists in the outsphere of SN

* (CSM can be heated up by extra energy depoisition and emits light via
blackbody radiation

* Early-time observation of SN 20231xf luminosity provides a strong constraint
on such extra energy depoisition

* 511 keV line search can also put a strong projected contraint

Thank you for your attention!
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Back up
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SN

Core-Collapse Supernova (CCSNe) Process
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SN ¥’ production

@ Electrons in highly degenerate and relativistic limit
» pp~0.1-1fm™ !> T~ 1-10MeV

» Pauli blocking makes processes associated with electrons (e.g.,e +y — e +7¥')

A T

® 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)

nm f D3 " T jj 3

D2 i Pa D2 i Pa

core
from Seokhoon Yun's slides
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Explosion energy = Ejecta kinetic energy
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Survival probability
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Table 1. Energy threshold of reactions induced by
positrons.

Process Threshold (eV)
et + H— Ps + HT 6.8
6" - H—eF 4 & 4+ HT 13.6
e"+H—>e" +H 10.2
e" +H—e" + H™ 12.1
e 1 He -5 Ps 1 He™ 17.8
o 4 He 38" Lo - Her 24.6
g i He s @ L He* 21.2
e+—|—H2—>PS—|—H§ 8.6
e““—l—Hg—weJr—l—e_—I—H;,F 154
et 4+ Hy — e 4+ H3 12.0
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Tref t/2

S(Twin) — Sref Twin
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