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® Brief overview of core-collapse supernovae (CCSNe)

1. Introduction:
® SN constraint on new physics (SN 1987A y )

2. Overview on Circumstellar Medium (CSM) of SN

® Cold gas Envelope of the Progenitor star.

3. New physics/constraint from CSM

® Most stringent constraints on FIPs in the MeV mass range.

Yu Cheng [chengyu059@uchicago.edu] PHENO 2026



C_ore-collapse supernovae (CCSNe)

Red supergiant: M, = (8 ~30) My
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s _ mantle with lighter elements
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Core size ~ 10 km

- L, ~ 10°%ergs™1
Onion-like layers of a massive, evolved star Temperature ~ 40 MeV Y &

just before core collapse.
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Core-collapse supernovae (CCSNe)

Red supergiant: M, = (8 ~30) My New particle X (axion, dark photon)
my = 0(1 —100)MeV

: t<0 : t = 0 ! Onset of Iron Core-Collapse : t = lsec
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“Chandrasekhar limit”

Proto-nautron star

& Mantle with lighter elements

Core size ~ 10 km

Onion-like layers of a massive, evolved star Temperature ~ 40 MeV

just before core collapse.
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S Ne bound on Feebly-interacting Particles (FIPs)
| Consider X to be dark photon

, ' ‘ — ! U
Adds to 2 ol ... = eed I/JV ()

E I ® . *
xplosion Y 1s the SM fermions.

ene‘r:iw
Collapsed X Cosmic gamma ray backgrou /FOI' heavy DP, My > Zme ~ 1M€>

SN core 2 from all past supernovae

A -ete ——sp ny

SN 1987A

Progenitor W '
mantle 3 \

Excess on y — ray observations

J

For DPmass m,s < 2m
The neutrino signal arrives first and lasts for about 10 seconds. A e’

A - 3y long lived

Additional contribution to y — ray background
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Non-detection limit

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

core- collapse

25 - 100 MeV%W’Mﬁ% ﬁﬂw M“ WWW@%@W leading to upper bounds on the y-ray fluence

70

40

10 - 25 Mevjo}’*&{#ﬁ# ‘:%%gm%% ﬁg%ﬂ%@#ﬂ?@% ﬁ .F»}, < 0.11 Cm_2 41-64 Me\f] :
R e F, < 148cm™* [10-25MeV],
I NI I " kil F, < 1.84cm™2  [25-100 MeV] .
M- 6.4 MeV 3@ &W@ﬁ{{ﬁu{%%gf %Mi,{whﬁ};ﬁﬁ% ﬁ%&h& w{mhj Y - ]
it FL) = OOOZ: T~ 200 sec —’|

No excess was detected in any energy range in
Solar Maximum Mission observations.
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S_N 1987A y Constraint
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E Stringent constraint for a long time

Limit
€ ~ (10_12 — 10_13)

For
mAr
~ (1 —300) MeV

Our work:

Look into more details about SN
Circumstellar Medium (CSM)

More stringent constraint!

Caputo, Park, Yun, 2025
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Overview on CSM
* Circumstellar Medium (CSM)

SN Progenitor may be wildly unstable long
before explosion

Mass Loss from Progenitor === CSM

® Simplest density profile:
Conservation of mass and 1sotropic

p(r) = M/(4nr3v,), M :Mass loss rate

1, Wind velocity

® (CSM temperature 1s usual low, T < 3000K

Red supergiant can not heat up CSM Envelope of the Progenitor star
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Initial density (g cm™)

iSM for SN 2023|Xf (Type I1-P ) Progenitor Star : red supergiants

Optical depth

200.0 30.0 0.4 0.2 0.1 0.06 0.02 0.01
109 Stellar
1 envelope
Shock breakout
{1 Broad lines l
107" § formation region —=_
S Dense CSM
1013 M =10"2Mg/yr
] Narrow lines
formation region
10715 4 e
3 1 w7 — 104
Extended wind| M =10 M@/yr
1047;
{ Late UV-optical Radio —»
(expanding Early UV—optical Extreme UV X-ray
SN ejecta)
| | '1{')14 '1615 | '1615
Radius (cm) Nature 627

Yu Cheng [chengyu059@uchicago.edu]

(ZZ
PHENO 2026

immerman 2024)

(

p(r) = M/(4mr?v,,)

v, = 30-50 km/s

Typical radius of red supergiant

R, ~ 103 cm

\
Typical radius of dense CSM

RCSM ~ (1014)Cm

\_




CSM as a probe of Feebly-interacting Particles (FIPs)

First few seconds, T~ 40 MeV
1. FIPs produce in PNS

2. FIPs free stream out from star surface
Vrips~C > Vs = (8 ~ 10) X 103km/S
FIPs arrive earlier than shock wave.

3. Decay inside CSM for some parameter space

1 4m 2m2
Ty pte- = —a€2my |1 ——= (1 + e).

o=
3 mjl mj/

ko1

' g
my = 100MeV, |k| = 100MeV, e = 10712
Ly~ 10 cm Typical CSM radius

PR
AN
Bopes e °
.....

4. Decay product stop inside CSM, Energy deposits inside CSM.

5. Lighten the CSM before shock arrive.
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Lighten the CSM by FIPs

Dense CSM region is Optical thick.

Photon scatter multiple times and will form local thermal equilibrium (LTE).

dQ 7

1 : energy deposition efficiency

= Ugas T Lion + Uraqd,

Ugas: Internal energy density of ideal gas,

Ugas = (3/2)(n + n.)kgT  n number density 1““”[-];‘

[

U,.q: internal energy density of radiation, 405gT*/c = 8000
osg Stefan-Boltzmann constant so00lk

I;on : 10nization energy density
4000

Typical temperature of sphere of red supergiant, T~ 3000 K 200[_]: .

12000}

—— T(LTE)

e=15x109

m., = 20MeV /¢

/
-

-=== T(non-LTE)
p

{10715
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Non-detections of excessive early luminosity

* CSM Temperature ‘ Emit photons at photosphere MID +6.008 x 10*
2.0 2.5 3.0 3.9
P 2 s BT " i ' ' —15
Blackbody radiation: Lgg = 47m15,058T} N ' Core-collapse time ! 9
9]n i 1 11—
S - v Kennedy : =
« Data: L < 8.16 x 1038ergs—1. %; 16r ATLAS-0 1-138
luminosity within 400-900nm  Fi7p T 2O : 12E
g Prediction | 3 g
. . = 18F ST BT < -l g
* Conversative constraint: 3 | / '~ 218 = =
% | / | N B E (3] =
19 L TE 5 1-10 Z
((Ton)Les(e,m,) < 10L = 8 x 103%rgs™ 2 | Data used 5! 18 B =
20k in this work £ 7 % {19
i v &2 = t
((T,p) is the normalization factor ol M — 5 id | =3 I
—2.0 —1.5 —1.0 —0.5 0.0

Time from discovery [d]
No excessive optical emission
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EM Constraint on FIPs

10—11: : . —

Fireball

511 keV line

10~ 12k
- SN 1987A ~

SN 2023ixf (this work)

w1
m. [MeV /c¢?]

Yu Cheng [chengyu059@uchicago.edu] PHENO 2026

SN model: SHFo-s18.8

® Most stringent constraint
Especially at high m

Other constraint: fireball, 511 keV line

If the SN used to derive the
constraint has CSM,

the constraint should be carefully
reexamined

13



Summary & Take home messages

® Core-collapse supernovae are powerful probe for feebly-interacting particles.

® For a substantial fraction of SNe, the existence of CSM must be taken into account
when deriving constraints.

® Non-detection limit from SN 20231xf observations
Most stringent constraint

® FEasily extended to other exotic particles, such as axions and right-handed neutrinos.
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Dust (molecules, silicates, carbon-rich grains)

A lot of dust at r ~ 101°cm == BB emission can be reprocessed into the infrared,
101 —————

Fireball

511keV line .. . .
DP decay inside region so dust may affect our constraint

10712
i SN 1987A

N 2023ixT (this work : .
1013 SN 2023ix (this wor Heating from FIPs decay can eliminate the dust.

T, —10t5 e = 3000 K (this work) 1

10° | Illlll()l | 1(I)2
m. [MeV/c?]
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Energy deposition in CSM

Consider FIPs to be dark photon (DP), form,s >2m,, y'—e"e”

Decay length for DP with momentum k: L, =

Inside Dense CSM, 07sop /Ar <<1
Almost all electron stops inside the dense CSM

Energy deposits locally with deposition rate 77 = 1

Extend Wind, 7 < 1

Energy injection per unit radius

=Jd

“eT/Lay. [ dEE;"~

‘ dEl
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Ilfferent SN models

10-1

10~ 13

.
.

* A

_...:_'_'_-" ]

o ]
——  LS220-518.88 =
-—- SFHo-188
10—14 | | T'F-IUS
10" 10* 102
m. [MeV]

FIG. S2. The derived CSM-based constraints using different
SN models: LS220-s18.88 (solid line), SFHo-18.8 (dashed line)

and TF-10.8 (dotted line).
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FIG. S4. The Rosseland mean opacity kg as a function of

tem
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Core-Collapse Supernova (CCSNe) Process

~
1. Iron Core Formation 2. Core Collapse 3. Core Bounce
Electron nuclear
capture density
/ e+pan+y,
heavier \ / \ . core
elements S5 4 density bounce
toward increases
the center / T \ /
t =
neutrinos nelftrr%: star . shock
become forms
trapped
( i : AR i (Rl 1 : i b
4. Shock Stagnation 5. Neutrino Heating 6. Supernova Explosion
continued revived = \,.\$,‘ .
L acavation shock \_( (o o /
neutrinos (( 3 o s o 1R "
stalled T @e °© =
shock \ /'/v — 4 o d
=P } <+ e~ proto- r:;(;:g <~ ‘ —
<« WELCLN —> [ o8 y
Staf:) ( e neutron ° &
e star o
proto- 4 / \\‘ ¢ | blackhote
/ \ neutron l ' ° \ possible for
star u? heavy 5 amore
'\1‘ " elements © massive core
g «\,.& N
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SN interacting with CSM - Basic Physical Picture

» After SN, the Shock wave/ejecta will interact with CSM.

When a SN explodes inside a dense CSM, four zones are delineatedin the simplest picture:

S§a292gtf y * The unshocked CSM outside
ionized CSM / the forward shock (FS)
. 190 km/s
M = 0.2 Ma/yr
- - fast ejecta * The swept-up CSM between FS

and “cold dense shell” (CDS)

P —— —

post-shock

shell * The decelerated SN ejecta encountering

SN ejecta

2000 km/s the reverse shock (RS)
R =5el5 cm
(dust formation?)
~18 Mg . . ..
7e50 erg \RS|  « The freely expanding SN ejecta inside RS
F5"Rs "in $
CDS

photosphere (1) + Hot cold dense shell

(Smith+ 2008)
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Observations (|Ight curve) * Dense CSM is optical thick at

this stage

=== Deposition by Mssy; = 0.071 Mg, . . ]
%  Corrected from BB * Bright super-luminous transients
% Corrected from 2017ahn .
After optical depth < 1.
t Optical depth
* * 20_0'0 39.0 0:4 0[2
— 104 1 & Stellar
lw : g * iy Shock breakout
S " *k*k Bolometric light curve of SN 2023ixf. N l
> *\ % blackbody extrapolation. 107" formation region
£ k -
2 e
-l S c
\\ §
1024 % e, - :
b W = 10715
. Ty Extend
Nature 627 B o]
(Zimmerman 2024) | Late Uv-optical
: r ' ' ' . : ] (expanding Early UV-optical ‘ Extreme UV |
0 20 40 60 80 100 120 | SNeiects |
JD - 2460083.3 (rest-frame days) 101 ,
Radius (cm)
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Observations (spectroscopy)

The Ha line consists of three contributions.

1. narrow line (< 1000 km/s) pre-shock CSM

Optical depth

200.0 30.0 0.4 0.2 0.1 0.06 0.02 0.01
0] s UV from shock-swept region
envelope t .
" l k generate narrow line.
- o e
5 From Doppler effect
% 107154
S Narrow lines
‘Z; \io\rmation region .
J Obtain the unshocked CSM
Extended wind Ve locity vW
10 Late UV-optical Radi
(g)y;p;r;?:itl;? Early UV—-optical ‘ Extreme UV ‘ X-ray e
ot Radius (cm) 16‘5 1o

2. intermediate-width (1000-3000 km/s) fromshocked CSM (or
e- scattering at early times).

3. Broad (~3,000-15,000 km/s) components atsome phases (especially
late) from reverse shocked SN ejecta.
Photon scatter with high velocity electron for many times.
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Basic Picture - Type IIn or Ibn

<

CSM
neutral or ionized ;
. 10-500 ks -10 o0
M >0.01 M./yr ¥

| SN gjecta |

swept-up post-shock
shell (FS/RS/CDS)
1000-3000 km/s
R =few 100 AU FS
(dust formation?)
several M.

14F
[ SN 2017hcc Ha MIKE day 351 |
r MMT300 day 340 ]
12 MIKE day 282 ]
C MMT1200 day 271 ]
10k MIKE day 24 ]
r MMT1200 day 25 ]
~<
F= C
o 8
w -
N r
@ L ; ]
L Lorentzian
E 6F FWHM= |
o [ 2000 km/s 1
z C i
4 -
2t

1 i) 1 1
—2000 0 2000 4000

Relative Velocity (km/s)

—-4000
Smith & Andrews 2020
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interacting SNe to those of known types of stars (Smith 2014)
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SN classification

Spectral features

12.2%

of CC-SNe

Core-Collapse

E He lines

Interacting Jpernovae
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Smith +11

Long rising

Long rising

Light

INOJ Curve

Shape

IIL

Hydrogen Envelope Mass

Core-Collap
MASS ZAMS
Many of them have CSM
More than 50%
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