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Outline

* Core-collapse supernovae (CCSNe) and choked jets

* Choked jets in the multi-messenger (MM) context

* How to detect choked jets in MM astronomy?

* Do choked jets produce neutrinos”?
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Core-collapse Supernovae (CCSNe)
‘Core collapsel

‘Supernova explosionl
\ Core rebound ‘\ /

VERY HIGH-MASSIVE
STAR (M > 8 M)

Stellar envelope

SHOCK WAVE l/ \‘

1. Atoms fuse to release energy to 2. Inward-falling material 3 The shock wave
power the star, but eventually the rebounds off the core, setting moves outward through

star consumes all of its available up an outward-going pressure the star

fuel - Gravity dominates wave "
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CCSNe and connection with Gamma-Ray Bursts (GRBs)
fﬂ

/

Capability to launch
a successful jet

Mostly associated to
whose progenitors are

Wolf-Rayet (WR) stars: very massive
stars with strong winds blowing out most

Type Ic

/" No Helium
/" No Hydrogen

.

| TZ)E:JSHEL of the material of the stellar envelope
blending 54
L, i,upto ~ 107" erg s~
Type |l A few associations with Jots t t
/ Rydogen low-luminous GRBs bfez ) ?)ur]cofrc?rf?r?gest;r
® IIGRBs :
\T b (e.g., IIGRB %)60218 - SN 20063] (choked in the
YPe M Nakar 2015 extended material)
1 i // V\Slgeoknlglyl-:ﬁ‘l(;g:]n 49 _1
-/ L, o < 107 erg s

Mildy relativistic shock
Extended

stellar material
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GRB cocoons in the collapsar model

Shock breakout

- Ehud Nakar and Tsvi Piran 2017 ApJ 834 28

Cocoon with faint gamma-ray flare (if successful jet),
followed by a cooling emission in X-ray, UV and
optical

Cocoon
Hot, pressurized material
surrounding the jet

',»"shocked stellar

R 44
W b ' igi 7 “ A4
LY e GRE X .
........ o srays
relativistic Uy,
et Jet head ! ]
P Jet material spilled P
shocked jet from the head S, e
cocoon N, L
QO/ “s‘ ’
(a
S

Stellar material shocked by the
expanding high pressure cocoon

‘
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https://iopscience.iop.org/article/10.3847/1538-4357/834/1/28

Cocoon emission in standard and choked GRB jets

Choked jet with a cocoon breakout

Cocoon emission from long GRBs

Cocoon dominates the emission

(succesfull GRBs) qguasi-isotropic, no beamed high-energy signal

X101 log(p) [g cm™) o log(p) (g cm™]

4.70 sec

Z [cm]
y [cm]

-6 -4 -2 0 2 4 6 h 2 B ° ' ’ ’

X [cm] %10
r(cmj % 10™°

3D simulation with a jet launched from the core of a 4M® Wolf Rayet star

Credits: Ore Gottlieb
https:/www.oregottlieb.com/videos.html

v
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https://www.oregottlieb.com/videos.html

Example of a signature of SBO in SN light curve

2008 — First complete UV/optical light curves capturing the SBO of Type Il Plateau SNe, named SNLS-04D2dc and

SNLS-06D1jd
- Tominaga et al., ApJ 705, L10 (2009) BrlghtUV
emission _
UV & optical

5
- & SNLS/CFHT g=band ®
SNLS O4D2dC . ShOCk gztgfggm r::on: : obser\/ations by the
A bregkou Plateau  Sws/cTi-bnd = )| EX satellite and
N 11 ! ' CALEX Tiebr=tl supernova legacy
r 9 survey (SNLS)
'E 5
=
5 ! |
— N
w ofat e
_3 1 ll l i!\! 51
L It 20M, Z=Z, E=1.2x10°%erg
— 1 + Schawinski et al. 08
Gezari et al. 08
-2 1 1
53025 53050 53075 53100 53125 53150

Julian Date (observed frame) e
V.
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https://arxiv.org/pdf/0908.2162.pdf

The formation of SN spectral lines

Type Ic SN.eprosion.
/ No Helium Spherical explosion

/~ No Hydrogen

Emission =~ Emission

| Type lc-BL

Extreme line

blending Observer

| Type | < ' Absorption

/ Strong
Hydrogen

| Type Ib

/" Strong Helium Emission
7/ Weak Hydrogen

iPTF 13bvn

Resulting Symmetric
P-Cygni profile emission

SN spectra are the result of
this process occurring in
different elements, each

contributing its characteristic

spectral features

Ejecta velocity

Blueshifted
absorption

v
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Energy-velocity distribution in SNe

Ejecta velocity

Radiative transfer model
Comparison with
synthetic spectra at
different times
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https://iopscience.iop.org/article/10.1086/317808/pdf

Energy-velocity distribution in SNe

Ejecta velocity

Comparison with
synthetic spectra at

different times

06

Synthetic spectrum

Observed spectrum
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26 Jan 1998

Ca Il 8498, 8542, 8662
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4000 6000

Rest Wavelength (A)

10*

lterative radiative-transfer fitting

o of synthetic vs. observed spectra
Radiative transfer model

dM dE

Inferred —
Energy - Velocity distribution dv dinv

Spherical explosion

Most of the mass is deposited close to v;, and progressively less
and less mass is accelerated to higher velocities
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?
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https://iopscience.iop.org/article/10.3847/2041-8213/aaffce/pdf
https://watermark02.silverchair.com/stac3640.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAmEwggJdBgkqhkiG9w0BBwagggJOMIICSgIBADCCAkMGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMjEho_WMQAf6KMXzeAgEQgIICFLvwa1kk7MRMLJxbUsX5pTsRWXACVcwrGr0OqWm_fYN0m2xpIRXCV9w0w-YmD-1gvsetzRUezFwO5h2oAoIoJFuy-axHwUqMI9UDj5AE0C_f8hPp0yCBJtuGTiyWvT5HCD-xTKh5wjpAkvtTLCNZXK0yn84ZFm7W9jg7Jw2xeGOy7AubBbIDZwRfOysZzszeN9Yrlz-HwnnWrEehQb0cfbnaNQ1WItyoCcl9lcGGhJzXAxpwBaX9LxCyi7SVUeNCHRgPWCt4dUbKf_LR1n2Yz5KRexOAcVdVPP3YA4HIEfmUp8uKbsWcSXOGAHa-0E1lm4RgQRrmtc0rPAZDpy-YcGAHCwzEmnQP16-5oHjF03_4my1g3M-hcb76RE7bpRdgBEeXGT6PO8nl0rjOXQM9VyD4eJFi7STGZG9pDK7hp5K4Laez-MQs25ZtAUFYW-kuIlKoOsG2p4aufru3eNxdChjvyTbr7_h9iRA_J4hXrTYT6zjIBkpjaYoB5gP6IICrdgheXw3lcWGJhnbXCT0fsiR6jhrs2kUIt8diybCAAJSdFlruIN8Mvjpl5AKrTHHDUiHBRSRADbtrCQ9_TwWEbK7oy2a-93HmGzdV2D1i1bMP12xquH9idJ5yEz1G6JqkZpBNQSE7utUx_KwUfk8X-SqiWASOa6LNEuWwI1TkT05qQxuSKJ8mqG-mAN8wfE1z4S-97c8
https://iopscience.iop.org/article/10.1086/317808/pdf

Spectroscopical probe of relativistic jets

The relativistic jet accelerates a small
Probe of the presence of @ | amount of stellar mass to high velocities
relativistic jet along its narrow opening angle, contained

The explosion IS s jet-drivenl | within the wider cocoon opening angle <
Il Pais. Piran, Nakar, MNRAS 519, 1941-1954 (2023)

Excess of material
at high velocity

SN Type Comments
1997ef (1) Ic-BL No GRB

—
1

1998bw (2) Ic-BL  lIGRB980425

—_
oI

2002ap (3) Ic-BL No GRB

dF
d In(3) Ey

2003bg (4) IIb No GRB /
2008D (5) Ib X-ray burst _o||==SN 1997ef Hydrodinamical 2D simulation
10 "{|—sN 2002ap for a spherical explosion
: i — SN 1998bw
2016jca (6) Ic-BL  GRB161219b SN 2003bg
—SN 2008D |
— Spherical model - Piran, Nakar, Mazzali, Pian, 2019 ApJ 871 25
0
10
v/vo

w
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https://iopscience.iop.org/article/10.3847/2041-8213/aaffce/pdf
https://watermark02.silverchair.com/stac3640.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAmEwggJdBgkqhkiG9w0BBwagggJOMIICSgIBADCCAkMGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMjEho_WMQAf6KMXzeAgEQgIICFLvwa1kk7MRMLJxbUsX5pTsRWXACVcwrGr0OqWm_fYN0m2xpIRXCV9w0w-YmD-1gvsetzRUezFwO5h2oAoIoJFuy-axHwUqMI9UDj5AE0C_f8hPp0yCBJtuGTiyWvT5HCD-xTKh5wjpAkvtTLCNZXK0yn84ZFm7W9jg7Jw2xeGOy7AubBbIDZwRfOysZzszeN9Yrlz-HwnnWrEehQb0cfbnaNQ1WItyoCcl9lcGGhJzXAxpwBaX9LxCyi7SVUeNCHRgPWCt4dUbKf_LR1n2Yz5KRexOAcVdVPP3YA4HIEfmUp8uKbsWcSXOGAHa-0E1lm4RgQRrmtc0rPAZDpy-YcGAHCwzEmnQP16-5oHjF03_4my1g3M-hcb76RE7bpRdgBEeXGT6PO8nl0rjOXQM9VyD4eJFi7STGZG9pDK7hp5K4Laez-MQs25ZtAUFYW-kuIlKoOsG2p4aufru3eNxdChjvyTbr7_h9iRA_J4hXrTYT6zjIBkpjaYoB5gP6IICrdgheXw3lcWGJhnbXCT0fsiR6jhrs2kUIt8diybCAAJSdFlruIN8Mvjpl5AKrTHHDUiHBRSRADbtrCQ9_TwWEbK7oy2a-93HmGzdV2D1i1bMP12xquH9idJ5yEz1G6JqkZpBNQSE7utUx_KwUfk8X-SqiWASOa6LNEuWwI1TkT05qQxuSKJ8mqG-mAN8wfE1z4S-97c8

Spectroscopical probe of relativistic jets

The relativistic jet accelerates a small

Probe of the presence ofa | amount of stellar mass to high velocities
relati_vist}c _je: riven alopt% 'Itst rr:arrc?z/jv opening angle,. Contalrred . Excess of material
The explosion IS J€” % in the wider cocoon opening angle at high velocity
SN Type Comments

1997ef (1) Ic-BL No GRB

—
-

1998bw (2) Ic-BL  lIGRB980425

—_
oI

2002ap (3) Ic-BL No GRB

d in(3) Ey

dF

2003bg (4) IIb No GRB /
2008D (5) Ib X-ray burst _o||==SN 1997ef Hydrodinamical 2D simulation
10 "{|—sN 2002ap for a spherical explosion
: - —SN 1998bw
2016jca (6) Ic-BL  GRB161219b SN 2003bg
~—SN 20'08D
Candidate choked jets — Spherical model] R
0
10
v/v0
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https://iopscience.iop.org/article/10.3847/2041-8213/aaffce/pdf
https://watermark02.silverchair.com/stac3640.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAmEwggJdBgkqhkiG9w0BBwagggJOMIICSgIBADCCAkMGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMjEho_WMQAf6KMXzeAgEQgIICFLvwa1kk7MRMLJxbUsX5pTsRWXACVcwrGr0OqWm_fYN0m2xpIRXCV9w0w-YmD-1gvsetzRUezFwO5h2oAoIoJFuy-axHwUqMI9UDj5AE0C_f8hPp0yCBJtuGTiyWvT5HCD-xTKh5wjpAkvtTLCNZXK0yn84ZFm7W9jg7Jw2xeGOy7AubBbIDZwRfOysZzszeN9Yrlz-HwnnWrEehQb0cfbnaNQ1WItyoCcl9lcGGhJzXAxpwBaX9LxCyi7SVUeNCHRgPWCt4dUbKf_LR1n2Yz5KRexOAcVdVPP3YA4HIEfmUp8uKbsWcSXOGAHa-0E1lm4RgQRrmtc0rPAZDpy-YcGAHCwzEmnQP16-5oHjF03_4my1g3M-hcb76RE7bpRdgBEeXGT6PO8nl0rjOXQM9VyD4eJFi7STGZG9pDK7hp5K4Laez-MQs25ZtAUFYW-kuIlKoOsG2p4aufru3eNxdChjvyTbr7_h9iRA_J4hXrTYT6zjIBkpjaYoB5gP6IICrdgheXw3lcWGJhnbXCT0fsiR6jhrs2kUIt8diybCAAJSdFlruIN8Mvjpl5AKrTHHDUiHBRSRADbtrCQ9_TwWEbK7oy2a-93HmGzdV2D1i1bMP12xquH9idJ5yEz1G6JqkZpBNQSE7utUx_KwUfk8X-SqiWASOa6LNEuWwI1TkT05qQxuSKJ8mqG-mAN8wfE1z4S-97c8

Observable signatures from cocoons in choked jets

By emission:

1. Shock breakout — X-ray/UV flash lasting hours -

2. Cooling emission — UV/optical signal lasting days —

By spectroscopy:
 Modified ejecta velocity profile — jets can alter the SN ejecta

dynamics, leaving signatures in the velocity evolution of spectral —
lines

* Observational evidence — a few CCSNe show signatures consistent
with choked jets (Type Ib, Ic-BL, IIb)

* |f those SNe are not associated with GRBs — candidate choked jets
4
'73
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A few interesting perspectives ...

: : P X-ray
PR .. | Wide-field, high cadence. _
By emission: ;S)leei;/;lyaz{; ﬁ("éﬁ monitoring enables ster_englrzgc;l{s
- i Wedsnesday | detection (€.g., EInSteln
1. Shock breakout — X-ray/UV flash lasting hours edsnesday 60351 2/SN 2026021

2. Cooling emission — UV/optical signal lasting days ]
Limited availability of

rapid-response UV facilities

By spectroscopy:

 Modified ejecta velocity profile — jets can alter the SN ejecta
Cflynamlcs, leaving signatures in the velocity evolution of spectral Requires very early-time,
lines high-quality spectroscopy

* Observational evidence — a few CCSNe show signatures consistent
with choked jets (Type Ib, Ic-BL, IIb)

* |f those SNe are not associated with GRBs — candidate choked jets

w
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A few interesting perspectives ...

Wide-field, high-cadence X-ray

By emission: See Yuan Liu’s Y bles serendipitous
' monitoring enable
plenary talk on instein Probe -

) - tection (e.9., E
1. Shock breakout — X-ray/UV flash lasting hours Wedsnesday | de 5260321 a/SN 2026g2)

2. Cooling emission — UV/optical signal lasting days e e
UV missions (e.9. ULTRASAT) will en\a;\/ble
Discussed in this systematic, WeII-sampIe_d early U e
talk later cooling light curves, closmg agaple
open by GALEX and swift/UVOT

By spectroscopy:

 Modified ejecta velocity profile — jets can alter the SN ejecta
dynamics, leaving signatures in the velocity evolution of spectral Requires very early-time,

lines high-quality spectroscopy

* Observational evidence — a few CCSNe show signatures consistent
with choked jets (Type Ib, Ic-BL, IIb)

* |f those SNe are not associated with GRBs — candidate choked jets

w
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A few interesting perspectives ...

By emission:
n.
1. Shock See Yuan Liu’s Wide-field, high-cadence X-ray
breakout — X-ray/UV flash lastin g hours plenary talk on monitoring enables serendipitous
Wedsnesday | detection (€.0., Einstein Probe -
2. Coolin ‘cai EP260321a/SN 20269zf)
g emission — UV/optical signal lasting days
Upcoming wide-field and high-cadence
Discussed in this UV missions (e.g. ULTRASAT) will enable
tolk lator systematic, well-sampled early uv/
Bv s _ cooling light curves, closing a gap left
Y peCtrOSCOpy- open by GALEX and swift/UVOT

. Modif . .
odified ejecta velocity profile — jets can alter the SN ejecta

dynami | | |
Yy IcS, leaving signatures in the velocity evolution of spectral

lines
Rubin/LSST alerts enable rapid

identification of young SNe (~1e+7 per
night), but early-time spectroscopy follow-

e Observational eviden
| _ ce — a few CCSNe show si i
with choked jets (Type Ib, Ic-BL, lib) W signafures consistert up capacity will be SULINEES
ag

N W
l

w

, g
)



https://watermark02.silverchair.com/staf2278.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAoEwggJ9BgkqhkiG9w0BBwagggJuMIICagIBADCCAmMGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQM7J6uIujDdT4pkO7cAgEQgIICNAuXCFyNPR6x0rMbv6JNs0hm2BDNHz7bedcSY4UNxQxvyhS0PqDvvyPIS7Y2LSeSBrkXFLwFkKKl1OQUR3O6EYR032fXwz3RedQs_GgdtnA862iRZUQgC6WvwxzKqnurpUUieioY6z3Yx86gD5fxx3JrE9Fx7mEiRkyFFN-cP9wFhLUnBcQfQUSmN1u4OWjZRMrj3etolb2xR2KYRvlwctBqmMJWWF_dy5ZINHmlq6Ipd1COUhLGTxxo-gNWzfGB0iM4tdy7vEtVRqjvzWYEvR4Axj5QcUWmJDKa_VcIwMYOhH0brLbK7ZPLWdfHVOc_xN73DUD7Yahww0k9F3R-1tRVPS6q_VpvP1Pn1Gt5ygy8-bKYCBrgV6UPeIoINk31OAdT0kHWUzG3iT75z_oY8owgszik5CKP7p7zf92X9ilwYR3CXC7FOIBMjE1E5PmXjMUbOZNXnZaHFPdjHofe18Jw3ggz1ZWOKWRBRDagYGpjJZbnLGGY0Fp02CGFTm4l0C5JZXEWGRyOzs_xPXq5HqVB1tp_4Ct1AUeBig4OUbv-DIBCxz-FwKs_3L5G_dU422eF0mPVaGU4vTe-JPIqDd8TrlSCCR38aAFprQWjV8ws-mHYVtCA7dW7D-nibfhDn4McRaePDBnqaQllvAHGRVwKJf43egJ4zH7yEux5yT6Is5oj_BGeciP_vegCPOujvDT_Nl0aKclXZgXXOtKnSTq2aCu33sOM-PI7Jysxv2Zj_uAmbA

What’s the possibility of catching early
UV/optical emission embedded in CCSNe?
The case of BSGs and RSGs

N A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024)



https://www.aanda.org/articles/aa/pdf/2024/10/aa50109-24.pdf

Choked jets embedded in BSGs/RSGs

For very extended hydrogen-rich envelopes

(extended massive stars as progenitors), the
jet Is expected to be completely choked

~ Red Super Giants (RSGs)
~ Blue Super Giants (BSGs),
l.e., underluminous SNe Il
(e_g_, SN 1987A) N Arnett et al. 1989

_J Type |l A few associations with Jets do not manage 1o
i low-luminous GRBs 9
break out from the star
(IIGRBS) .
\T =5 e.g., IGRB 060218 - SN 20064a; (choked in the
YP , M Nekar 2015 extended material)
iPTF 13bvn v?,zgoknayrzﬁgg?n 49 1
of Lyiso <107 erg s

Mildy relativistic shock
Extended

stellar material

w
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Max detectable redshift vs time after SBO

Model for early/UV optical emission from H-rich envelope CCSNe from m [0 - =0 2o S,
Time evolution of the emission compared with the limiting magnitude of each instrument at different distances

0.30
m— RSGS UV - JLTRASAT
— BS5Gs Optical == <ZIF
0.25-
0.20-
c
I'\‘:O.].S' S

0.10+

Results for peak of visibility in the emission

ULTRASAT

ZTF

ULTRASAT

ZTF

Previous and later emissions can still exceed the

sensitivity of the detectors only for closer SNe

BN A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024)
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https://www.aanda.org/articles/aa/pdf/2024/10/aa50109-24.pdf

Max detectable redshift vs time after SBO

am is uncertain; still unknown whether other
ht overlap the ULTRASAT activity

l

All the results will be discussed are to be In
— guidance to the scientific community for future multi-messenger studies

E.g., the Large Array Survey Telescope (LAST), a multipurpose telescope array in construction
in the Israeli Negev Desert, will provide great support to ULTRASAT by monitoring the

Northern sky and providing simultaneous data in the visible wave band

L

The end of the current ZTF progr
runs in the future mig

terpreted in terms of ZTF-like instruments

AT . . .
R egarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024)
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High-energy v - UV - optical follow-ups

1. Neutrino alert from Cherenkov- 2. ULTRASAT(ZTF-like telescopes) could
based high-energy neutrino point at the suggested direction in the sky
telescopes (e.g., lceCube, KM3NeT) within ~5(10) days to search for possible

EM counterparts maximising the
reachable sky volume and hence the
number of detectable sources

- @™

~5 days ~10 days

o

Shock propagation inside
the stellar envelope & SBO

BN A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024)

Time
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Choked jets in the MM context
Why are they interesting for neutrino astronomy?




Neutrino production in hadronic sources

hadro-nuclear collisions p+p— N7+ X
target gas

- photo-hadronic collisions p+~v — N7+ X
o+ target photon field

(relativistic >t

)
outflow L \V




Neutrino production in hadronic sources

hadro-nuclear collisions p+p— N7+ X

target gas
o If the sources are transparent to gamma rays, the
k +/:Ve emitted y-rays:

* escape the source
* Interact with EBL/CMB photons, initiating
electromagnetic (EM) cascades

(YvuE *+ YEBL/ICMB — €7€~ — EM cascades)

photo-hadronic collisions p+7 — Nm + X e contribute to the isotropic y-ray background
target photon field (IGRB) measured by Fermi-LAT
e+

E;®, ~E®,

(relativistic

) .
outflow L \V
H

w
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IGRB vs High-Energy Neutrinos

lceCube collaboration, 2026, Dataset DOI: https.//doi.orq/10.7910/DVIN/ZBO52]
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IGRB vs High-Energy Neutrinos

lceCube collaboration, 2026, Dataset DOI: https.//doi.orq/10.7910/DVIN/ZBO52]
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IGRB vs High-Energy Neutrinos

lceCube collaboration, 2026, Dataset DOI: https.//doi.orq/10.7910/DVIN/ZBO52]
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IGRB vs High-Energy Neutrinos

lceCube collaboration, 2026, Dataset DOI: https.//doi.orq/10.7910/DVIN/ZBO52]
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IGRB vs High-Energy Neutrinos
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Choked jets as possible v sources

Hidden
sources

to y rays

Bartos et al. 2012

Murase & [oka 2013
- He et al. 2018

senno et al. 2018

Emaili & Murase 2018

Hasano et al. 2021

Chang et al. 2022

Choked jets / hidden sources
avoid the tension between
neutrino and Fermi data

(we cannot observe
corresponding y rays)

EZ®D(E)[GeVcm 4s 1sr 1]

lceCube collaboration, 2026, Dataset DOI: https.//doi.orq/10.7910/DVIN/ZBO52]
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Do choked jets produce neutrinos?

BN M. Fasano, S. Celli, D. Guetta, A. Capone, A. Zegarelli, I. Di Palma, JCAP0O9 (2021) 044



https://iopscience.iop.org/article/10.1088/1475-7516/2021/09/044

Neutrinos from choked jets embedded in RSGs

 RSG progenitor, particle acceleration at internal
shocks in the pre-collimated jet

 Based on analytic treatments of the jet—-cocoon
INnteraction M viurase et al. (2015

Cocoon
Internal

Shock (IS) Collimated jet

Central engine Collimation shoc

* py interactions simulated inside a choked GRB jet
through a detailed Monte Carlo code

CRs mainly interact with photons escaping back
from the collimated jet

Accelerated protons: Target photons:

dN 2
p - Ep_2 dN}, B & E},
dE - 3 E
p dE, 19KT)* =
BN M. Fasano, S. Celli, D. Guetta, A. Capone, A. Zegarelli, I. Di Palma, JCAPQO9 (2021) 044 '
A
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Neutrinos from choked jets embedded in RSGs

Neutrino flux observed at Earth from an individual source

10721 —— v from the resonance peak
v from the out of resonance regions

{ = total flux

« I'=100
_ ¢ lone = 1000 s
(.|\l ° tb0=1O4S
£
S-
~ 10 3-
210
10! 102 103  10* 105  10% 10’

E, [GeV]

Both A™ resonance, as well as the out-of-

resonance region appears particularly
crucial for neutrino production

' e ' e
E. D. Bloom, et al. 4th Int. Symposium ... 1969 |
D. O. Caldwell, et al. Phys. Rev. Lett. 25, 1970 4
D. O. Caldwell, et al. Phys. Rev. Lett. 40, 1978 |

b
¢
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Can choked jets reproduce diffuse v observations?

, 8 IN,,
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0
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Local rate of
choked jets
from RSGs as
to reproduce
100% of
lceCube
observations

g
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What determines whether the jet actually chokes
and accelerates particles efficiently?
Need Radiation-Magnetohydrodynamics (RMHD)
simulations

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (R026)




Breakout and choking conditions

BN M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

1D hydrodynamic jet’s equation of motion from W rmian & 1oxa 2021
— By integrating it and repeating this for different jet parameters:

teng 1.27 Ljet
Time for the jet to choke 39 ( " ) ( ——
| | B tng S 10°tergs
(et launching at = 0) - [s] = 10 +
C
When the jet tail 10s
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Time of shock breakout
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Breakout and choking conditions

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

— 51
L= 10 ergis Choked!
=5
teng — 549 * tch(teng =5) =215
=== fyo=134s
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0 20 40 60 30 100 0 5 10 15 10% 10°! 10°°
feng [S] 0, [deg] L; [erg/s]
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Breakout and choking conditions

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

_ 51
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Breakout and choking conditions

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

L =10 erg/s Choked!
0, =5 * fen(tens =30) = 187 s
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Breakout and choking conditions

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Parameter space for choked jets Preliminr,

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Parameter space for choked jets Preliminr,

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

1073 Ich = Tbo 100
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Parameter space for choked jets

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Simulation results: BSG (7., = 5 s)

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Simulation results: BSG (#.. =5 s)

eng
B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Simulation results: BSG (#.. =5 s)

eng
B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
Piab [g/cm?] Piap [erg/cm?] B
t=/ s
0.05
0.04
*x
% 0.03
0.02
0.01
0.00
0.000 0.005 0.010 0.000 0.005 0.010 0.000 0.005 0.010 0.000 0.005 0.010
X/Rx X/Rx X/Rx x/R*
10-1> 10719 10— 10° 1010 101 1017 1043 10-1 109 10! 104 104 0> 108 101!

A. Zegarelli, Hidden engines in core-collapse supernovae: multi-messenger signatures of choked jets, 04/09/2026, TeVPA 2026, Tendo (Japan) 46




Simulation results: BSG (#.. =5 s)

eng
B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Simulation results: BSG (#.. =5 s)

eng
B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Simulation results: BSG (#.. =5 s)

eng

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Identification of candidate acceleration sites: BSG

BN M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Identification of candidate acceleration sites: BSG

BN M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Identification of candidate acceleration sites: BSG

BN M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Identification of candidate acceleration sites: BSG

BN M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Identification of candidate acceleration sites: BSG

BN M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)
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Identification of candidate acceleration sites: BSG

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

Next steps:
* Connection to particle acceleration: proton injection

(slope and maximum energy), time-integrated radiative
processes, including neutrino and radiation re-processing

 Time-dependent injection and MM signatures

v
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Take-home messages

* Evidence of choked jets from CCSNe

* y-rays are trapped within the stellar envelope

— The hidden engine can still leave observable EM signatures
X-ray shock breakout + UV/optical cooling emission + high-velocity ejecta signatures (spectral features)

X If choked jets are efficient particle accelerators
— Neutrinos, combined with EM signhatures, provide a unigue probe

* We are entering the right observational era
e.g., Einstein Probe + ULTRASAT + Rubin + IceCube/KM3NeT can turn choked jets from a theoretical

population into a searchable MM population

* RMHD simulations are key to connecting the jet-cocoon physics to observables
and to determining whether choked jets are efficient particle accelerators and neutrino

sources — First attempts of exploring RSG and BSG progenitors /
WORK"IN
PROGRESS
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Dynamics of relativistic choked jets \!7

The jet is choked but ... the cocoon can still
break out producing other EM sighatures

Shock breakout

Cocoon
Material

Jet head

Jet is launched for a time i |
leng  The jet continues evolving ... the jet tail reaches its t b i
for £ > f,,., until.. head: this time is the So- £ jet nead out of
- = O
called choking time 7_, stellar radius
i

g




A few interesting perspectives ...

A few months ago, Einstein Probe caught the second X-ray shock breakout in 20 years (EP260321a/SN 2026gzf), the faintest
SBO associated with a Type Ic-BL SN, and no associated GRB (candidate choked jet) 7

The first one was SN2008D (Type Ib SN), which was associated with an X-ray burst detected by Swift.
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Ultraviolet Transient Astronomy Satellite ' fjULTRASAT

“" SKYLIGHT TO SPACE

An eye in the UV sky with the Ultraviolet Transient Astronomy Satellite (ULTRASAT)
Expected to be launched in 2028

ULTRASAT Key Properties
. . - UV telescope
( { -field of view 15° Pro
,\;Q_gj]round station -100 megapixels bt it R
. : UV camera
q Mission lifetime 3 years Propellent for 6 years
‘ ‘ Orbit GEO
bl B\ 204 deg? Unprecedented FoV
eosynchronous = ' :
9 - rl:)),i t Operation waveband 230-290 nm Near-UV band
ca. 35,000 km
Cadence 300s For the high cadence survey
height: 1.2 m . In central 170 deg?
Mean effective PSF 83" For T = 20,000 K blackbody
source
In central 170 deg?
' e N NGRS CERN) 22.4 ABmag For T = 20,000 K blackbody
solar panels 900s. 50) T

Source: Weizmann Institute of Science / DESY

- Shvartzvald et al. 2023 '
A
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Ultraviolet Transient Astronomy Satellite ' fjULTRASAT

“" SKYLIGHT TO SPACE
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- Shvartzvald et al. 2023
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ULTRASAT vs other EM facilities
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Early UV/optical emission from choked jets embedded in CCSNe

Model from B Waxman et al., Ap] 667, 351 (2007), Rabinak & Waxman, Apl 728, 63 (2011)

Model specific intensity observed in UV/optical

Black-Body radiation modified by extinction

"bh ’ 4 Tcol 7
L4, D) = D, (2) GTphh_CgBB(x)e /

Photosphere

0.417,0.093
ESitk

14 r—0.062 034 0.81 —
3.3x 101 f000 2o st em - (n=3/2)

rph(t) = 397.0.11

EO
14 £—0.036_5si %034 078 _
3.3x 10 fp TNAE 7' cm (n=3)

0.027R 1/4

—0.037 1 ",13 —0.45 —
L6 £, O e 5 eV (1 =312)

Tph(t) —

0.016 p1/4
ESI R*,13

—0.47
t eV (n=23)
(Mej/ M)O033k92] >

1.6 fp—0.022

) 15 x°
8BB\X) =

R = progenitor radius b m* ex—1
J, = factor related to the average ejecta dzensitly (it varies linearly with mass of progenitors M) x = hc/AT,,,

k = opacity of the stellar envelope in cm
E = 10°'E,, erg = released energy

t = 10°t; s = time from the shock breakout

n = 3/2 for convective envelopes (RSGs), and n = 3 for radiative envelopes (BSGs)

o
T.,~ 1.2 T, = color temperature, i.e., temperature at

I
which a black body would emit radiation of the same

color of a given source
7, = extinction optical depth at a given wavelength A

BN A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024)
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https://iopscience.iop.org/article/10.1086/520715/pdf
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Early UV/optical emission from choked jets embedded in CCSNe

Model from B} Waxman et al., Ap] 667, 351 (2007), Rabinak & Waxman, Ap] 728, 63 (2011) — : : :
Model specific intensity observed in UV/optical

A

The extinction is very pronounced at UV wavelengths

CCM89 Extinction model
094 Extinction model
FO99 Extinction model

1
[—
j— |
I
=}
L

A FO4 Extinction model
\ Bump at 220 nm VCGO04 Extinction model
Ssc:bc;igﬁlggff;o;n:;el Black-Body radiation modified by
ULTRASAT band [230-290] nm 2
> fan = (=) 0TS, (0e
T N A - M 1) = 0lpn——6BB\H)E
< N Our analysis includes the D, (z) Ph e
extinction dependence on /
-
A, = 1.0867, RS
xX) =
EBB A ox _ |
1- x = hc/AT,
0- I, =~ 1.2 T,, = color temperature, i.e., temperature at
—— which a black body would emit radiation of the same
107> 104 color of a given source
A [cm] 7, = extinction optical depth at a given wavelength A
BN A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024) '
A
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Dust extinction

Number of SNe Type Il in the ZTF sample=1773 (2018-2024)

|
———— EB—V — 004f8%§
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Eobserved . Eintrinsic
B-V

kg vy = B-V
AV
: V : -
R 1 I
eddening curve 00 02 04 06 08 10 1.2
We adopt the averaged dust extinction model from Es_v

Cardellietal. (1989) | | Distribution of Galactic extinction values for galaxies hosting

for diffuse interstellar medium in the Milky Way with R, = 3.1 Type Il SNe detected by the Zwicky Transient Facility (ZTF)

ZTF Bright Transient Survey catalogue available online
BN A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024) '
A
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Cooling UV/optical signal after SBO in RSGs and BSGs
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Cooling UV/optical signal after SBO in RSGs and BSGs
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Cooling UV/optical signal after SBO in RSGs and BSGs
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Cooling UV/optical signal after SBO in RSGs and BSGs
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Cooling UV/optical signal after SBO in RSGs and BSGs
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Cooling UV/optical signal after SBO in RSGs and BSGs
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Cooling UV/optical signal after SBO in RSGs and BSGs
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Computation of rate of events

2.7
/\R(Z) _R, (1 +2)

) <Jim dN Zim R dV 56
V> N= J'dﬂ[ (2) dz = J'dQ[ (2) (2) dz Comoving rate 1 + <1+Z>

0 dz 0 l14+7z dz of sources 2.9
Telescope FoV This factor accounts for Differential The redshift dependence follows

the star formation rate

the cosmological time  comoving volume N Madau & Dikingon 2014

dilation of the observed
rate

o Local rate R, of Type Il SNe with no interaction with CSM taken as 60% of the total rate
of Type Il SNe — Ry = 1.1 X 107 Mpc™ yr! agrieran 2011, L eral 2022

o On average, ratio between BSG and RSG stars in our Galaxy =~ 3 B Eggenverger ot al 2002

Ry=1.1x107 Mpc™ yr! Ry=2.5x107 Mpc™ yr!

m|IP [IL In milb mib Ic

BN A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024)
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Computation of rate of events

Observation times in 1 hour:
ULTRASAT — 4 X 900 s, each covering FoV = 204 sqdeg
/TF — 3750 sqdeg + correction by instrument’s duty cycle (e.g., it can operate only nightly and in good weather conditions)

| — RsGs —— ULTRASAT
—— BSGs —— ZTF
107-

o Around 60% of Type Il SNe from RSGs can be
accompanied also by an optical detection by ZTF, if it

catches optical emission within around 10 days after
the SBO (namely, 1 week after the UV detection)

o One source out of the three detectable by ULTRASAT
in one year for Type Il SNe from BSGs may be
associated with optical measurements with ZTF

t — tsgo [day]
BN A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024)
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High-energy v - UV - optical follow-ups

1. Neutrino alert from Cherenkov- 2. ULTRASAT(ZTF-like telescopes) could

based high-energy neutrino pc.>|n.t at the suggested direction In thg sky Shock propagation time inside the
telescopes (e.g., lceCube, KM3NeT) within ~4(10) days to search for possible stellar envelope
EM counterparts maximising the T
reachable sky volume and hence the - I Kister et al. 2015 310'24 §
- number of detectable sources Red Supergiants &g ™'°
B ] Q
S P S —
| S I i E ” .§ ) P
E 5 E g 10 Blue Supergiants * :
5 ¢ 38 826 I o
. b 0 & O 12
13 30 I_: > 2
I Q& : “ 10 5 x 10% erg E
‘. BRI 3 x10%" erg
: . 1 il 1 ....1.6.’,35. Lol L1 a1l L1l L1 oa1a
10 102 10> 10* 100 106
= d 0 d Shock propagation time [sec]
~O days ~ ays T T
- 1 hour 1 da
Shock propagation inside Time Y
the stellar envelope & SBO
BN A. Zegarelli, D. Guetta, S. Celli, S. Gagliardini, I. Di Palma, and I. Bartos, A&A, 690, A187 (2024) '
A
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Simulation setup

BN M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

o 2.5D spherical RMHD simulations performed with the PLUTO code (v4.4.3) M Mignone etal, 2007

« Jet launch at Iy = 10* km, neglecting the accretion onto a central BH at the core (by-hand jet)

5

« Jet injected through a narrow nozzle 10
— BSG (50 R )
2
» Density profile for the stellar atmosphere: 10
. . 210
» r | r =
P\F)=Po\ 5~ B o
O\ R, R. = 10
~
For BSG, one polytrope witha = 2.5 and n = 3 = 1()_7 RSG
Wongwathanarat et al. 2017 C 3R
For RSGs, we consider the sum of two 10 Y | Eszeel(ope (22)0 R.)
polytropes, one for the core (@ = 2.5, n = 3) and i _
one for the extended envelope (d = 1.5, n = 1.5
B Nakar & Piro 2014 " ( ) 109 1010 1011 1012 1013
Matznef & McKee 1999 T [Cm]
Rabinak & Waxman 2011

w
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Parameter space for choked jets

B M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

10°1 <Lj-teng < 10°° erg

5 10 15 20 0 5
¢; [deg]

10 15 20
¢; [deg]
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Possible acceleration sites in the simulation

BN M.Pais, A. Zegarelli, E. Peretti, S. Celli, in prep. (2026)

The flow quantities are discretized on a

rectangular computational grid enclosed by a boundary
In order to identify the spatial regions for particle

acceleration, we implemented the following algorithm for
shock identification for each cell in the grid-:

<l

i, i+ 1

1. Converging flows from the velocity field
(V - v < 0) = compression and density increase

I, ]
2. Pressure jump between adjacent cells
|
3. Alignment of temperature and density gradients i, j—1

(VT - Vp > 0, to filter spurious shocks)

4. Strongest shocks in the jet material

(identified via the Mach number) Gradients from neighbouring cells

i

S0
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Breakout and choking conditions

We can solve numerically with a 4th-order Runge-Kutta

=1 502 P jet head speed
27T 2
Ve = —re()rn(?) cocoon volume
5 (1) = {777“,%(75)08 if 75 (t) < 2/2 (uncollimated jet), Jet head Cross SeC'nOn
’ mry (0)05 () if rp(t) > 2/2 (collimated jet),

The equations describing the jet-cocoon

dr.(t)
P cocoon lateral speed
_ Pe | re(®) | vm :
b1 _\/pa(rh/Q,t)CQ | [rm(t)] c Jet lateral Speed
B Li(1-(By) (t—to)
Po= gy =nT COCOON pressure
(1) =mr (003 (1) = 742,

B [Tamidani & Ioka (2021)
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Shock regions in the simulation

B M.Pais, S. Celli, E. Peretti, A. Zegarelli, in prep. (2026)

In order to identify the spatial regions for particle

acceleration, we implemented the following algorithm
for shock identification:

<l

1. converging flows (V - v < Q) — L+ 1
compression and density increase
2. Pressure jump between adjacent cells

—>

‘ VP ‘/ min ,f AX > €thresh

3. Alignment of temperature and density
gradients (to filter spurious shocks)

VT-Vp>0
4. Strongest shocks in the jet material through

5
the Mach number 4 = shock

Viound The flow quantities are discretized on a
rectangular computational grid enclosed by a boundary

4
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Radiation from choked jets: planned pipeline

RMHD simulation Post-processing

gives i7put data
or
ﬁ AMS3 radiation (/)

evolves for 0.1 s

1. Particle injection in the
identified shock regions with
energy density proportional to a
fraction of the kinetic energy
density of each cell;

2. Post-processing run of AM3 to
produce radiation output using
the physical plasma properties
in the cell (thermal and
magnetic by PLUTO);

evolves for 0.1 s
and generates

particles to

gives input data

% AM3 radiation (j+7)

evolves for 0.1 s

3. The method is looped all over
the entire domain for each
flagged cell;

evolves for 0.1 s
and generates

4. Cumulative, time and observer-
dependent, multi-wavelength
(photons and neutrinos)
emission is then calculated at
the each snapshot.

particles to

gives input data

for
ﬁ AM3 radiation (j+2)

and gives pre-existing

and gives pre-existing

v
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