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Radio emission from transients

* Synchrotron emission

b
[ 1/3 e slow cooling -
) v P tot
10 ' ! G -
| l
| | |
V2 | | |
— | |
1102 - | | : -
= E | l | —p/2
§ | | | Vv
T 0 | —3/2 | ~1/2 | H
10°F e L A -
| | |
| | |
| | |
107 : | : .
Va ™ Ve
[ | 1 1 ] | L | ]
10° 10" 10" 10" 10" 10
v {Hz)

Sari+98

18



Key parameters

* Synchrotron self-absorption

(free-free absorption)

* Cooling timescale
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Last moment of massive star

Dense CSM

NASA's Goddard Space Flight Center
Video courtesy of ESA/Hubble/L. Calcada https://svs.gsfc.nasa.gov/11447




Supernovae in dense CSM
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SNe |IP with dense CSM
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Radio Emission from Supernovae in the Very Early Phase: Implications for the
Dynamical Mass Loss of Massive Stars
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Millimeter Observations of the Type II SN 2023ixf: Constraints on the Proximate

Circumstellar Medium
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Figure 2. SMA 230 GHz upper limits for SN 2023ixf (black triangles; 30)
compared to the existing sample of CCSNe with early millimeter-band
detections (squares: Type II; circles: Type Ib/c; Weiler et al. 2007; Soderberg
et al. 2008; Gorosabel et al. 2010; Chakraborti et al. 2013; Horesh
et al. 2013a, 2013b; Zauderer et al. 2013b, 2014; Maeda et al. 2021), or
upper limits (triangles; Carpenter 2010; Horesh et al. 2012b, 2012a; Zauderer
et al. 2013a); we particularly highlight the nondetection of the Type IIP
SN 2012A.
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Figure 3. The phase space of progenitor mass-loss rate vs. ejecta velocity that
is excluded by our most constraining SMA limits at 2.7, 7.7, and 18.6 days. The
models (Chevalier 1998) assume v,, = 115 km s~ ' (Smith et al. 2023) and are
shown for two sets of equipartition parameters (e, and eg), an electron power-
law distribution with N,(7,) ~ 7 ;P with p = 3, a volume filling factor of (.5,
and two values for the electron temperature (7,). The vertical gray shaded
region indicates an ejecta velocity range of v = (1 — 2) X 10" km s~ '. The
blue dot marks the value of M inferred from X-ray observations acquired at
<11 days (Grefenstette et al. 2023), while the horizontal blue dotted—dashed
line marks the value of M inferred from optical spectra at <14 days (Jacobson-

Galan et al. 2023). Both values have been updated to v,, = 115 km s

@6.9Mpc
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Radio Follow-up Observations of SN 2023ixf by Japanese and Korean VLBIs
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Early-time millimeter observations of the nearby Type Il SN 2024ggi @7Mpc
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Figure 2. Left panel: the early-time millimeter-band observations of core-collapse SNe, including SN 1993.J (Phillips et al.
1993; Weiler et al. 2007), SN 2008D (Soderberg et al. 2008; Gorosabel et al. 2010), SN 2011dh (Horesh et al. 2013), iPTF13bvn

(Cao et al. 2013), SN 2018ivc (Maeda et al. 2023), SN 20200i (Maeda et al. 2021), SN 2023ixf (upper limits, Berger et al. 2023),
and SN 2024ggi (30 upper limits). The corresponding luminosity is shown in the right panel.



The Final Months of Massive Star Evolution from the Circumstellar Environment
around SN Ic¢ 20200i
@14-20Mpc

The inferred nonsmooth CSM distribution corresponds to fluctuations on the

subyear timescale in the mass-loss history toward the SN explosion. Our finding
suggests that the pre-SN activity is likely driven by the accelerated change in the
nuclear burning stage in the last moments just before the massive star’s demise.
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Resurrection of Type IIL Supernova 2018ivc: Implications for a Binary Evolution
Sequence Connecting Hydrogen -rich and Hydrogen poor Progenltors
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Superluminous supernovae
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Late-time Radio and Millimeter Observations of Superluminous Supernovae and Long
Gamma-Ray Bursts: Implications for Central Engines, Fast Radio Bursts, and Obscured
Star Formation
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* Among 43 sources at 6 and 100 GHz on a timescale of ~ 1-19 yr post-explosion.
No radio/millimeter emission was detected except for 2 sources.

* A comparison to theoretical models suggests that continued radio monitoring
may lead to detections of persistent radio emission on timescales of > a decade.
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Gamma-ray bursts



Schematic view of GRBs
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First ALMA Light Curve Constrains Refreshed Reverse Shocks and
Jet Magnetization in GRB 161219B

X-ray x 4729 K x 4% °
uw2 x 4719 K (UKIRT) x 42
1010 4 & im2xa ° 103.56Hzx43/’/_'_\ @Z=O 1475 (700Mpc)

e uwlx4~17 @ 915 GHzx 4* .
uwh x 4-1 33.5 GHz x 4° m
uvu x 4 30 GHz x 45 .
u' x 471 25 GHz x 47 ® .

e uvbxa 23 GHz x 4° ] O s

106 - Bx412 21 GHz x 4° /’/\'_'_\

e g'x4 1t 19.0 GHz x 41¢ D) ® .
uvv x 4710 16 GHz x 4**
Vx4 13.5 GHz x 412

11 GHz x 413

L]
- * e 85 GHzx 4
> 2 ] o ixay e 7.4 GHz x 41° ° o .
= 10 A .+ SGHzx A ° o . ° .
E J (UKIRT) x 43 e 3.4 GHzx 4' :
S~ Jx 472 e 2.6GHzx 45
> | e © G )
T 107~ 4 =
£
C ~—
S Fry
X 107° £
= o]
- E
[V,
10710 4
] GHz) x5
. 2 Hz) x 5%
3HZ) x5
106 GHa e ‘
1074 1 : 10° 10"
Time (days)
L]
1073 1072 107! 10° 10! 102
Time (days)

* The centimeter- and millimeter-band observations before 8.5 days require emission
in excess of that produced by the afterglow forward shock (FS). These data are
consistent with radiation from a refreshed reverse shock (RS) produced by the
injection of energy into the FS, signatures of which are also present in the X-ray and

optical light curves.

* These direct, multifrequency measurements of a refreshed RS spanning the optical to
radio bands highlight the impact of radio and millimeter data in probing the
production and nature of GRB jets.

Laskar+18



Flux density (m)y)

Laskar+19

ALMA Detection of a Linearly Polarized Reverse Shock in GRB 190114C

e Linear polarization is detected at the =50 level,
decreasing from MN=0.87+-0.13% to 0.60+-0.19%,
and evolving in polarization position angle from
10+-5deg to -44+-12deg during the course of the

observations.

* The coherence scale of tangled magnetic fields in

the ejecta to an angular size of ~1073 radian,

while the rotation of the polarization angle rules

out the presence of large-scale, ordered

axisymmetric magnetic fields, and in particular a

large-scale toroidal field, in the jet.
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(a) |
CCSN

Number estimate 5

» CCSN rate: 10 SN/yr/Mpc® =

e 0.5 SN @<10Mpc
¢ 1mJy 2 £a(0s
e @ 10Mpc -> 1e26 erg/s/Hz i
* @ 100Mpc -> 1e28 erg/s/Hz

2) 0.6 .
opkins&Beacom06

e SLSN: 0.1 % of SN (Prajs+16)
* FBOT: 0.1% of SN (Ho+23)

* GRB: 0.01% of SN (Finke+24)
* Low-luminosity GRB: 0.1% of SN (Virgili+09)



Multi-messengers



Gravitational wave
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Flux density (mJy)
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High-E neutrino production

- pp inelastic collision
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Origin of cosmic rays
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Figure 1 | The energy spectrum of cosmic rays. When the number of cosmic rays per square metre that
arrive at Earth's surface per day is plotted on a logarithmic scale against the energies of the cosmic rays,
also on a logarithmic scale, the overall graph (yellow line) between 10" and 10" electronvolts contains
four distinct linear regions, connected by changes in slope called the proton knee, the iron knee and the
ankle. The slope changes correspond to transitions between the composition or sources of cosmic rays
that dominate at different energies. Buitink ef al.' report on observations of cosmic rays between the iron
knee and the ankle, providing clues about their origins.
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Origin of high-energy neutrinos
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Modified Julian Date

* Tidal disruption event
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Origin of high-energy neutrinos?

|dentification of
EM counterparts

< other
9)0/0

Figure 3. Pie chart of expected fraction of IceCube’s neutrino flux from the
three source types with directly associated neutrino detections, and the
remaining flux from unknown sources (other). The main pie chart indicates the
average expected fractional values, while the innermost charts indicate
uncertainty by showing the minimum (dark) and maximum (light) extent of
the fractional contributions allowed within the 90% credible regions. Outer thin
slices further show independent observational constraints from stacking
analyses for TDEs (Stein 2019) and blazars (Aartsen et al. 2017) that limit
their contributions to <27% each at 90% confidence level.
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Localization & number

* Gravitational waves (>10deg2, <200Mpc)
* BNSM rate: 0.01-1% of SN
 NSBH rate: 0.01-0.1% of SN (LIGO arXiv:2111.03634)

* High-energy neutrinos (~deg2, z>1)
e But, multiplets (z<0.2, Yoshida+22)

Gold events

Bronze Events

.6 (Total) | 8.4 (Total)

- oo .1 (GFU) | 7.6 (GFU)

Signal (E ) .5 (HESE) | 0.8 (HESE)
.1 (EHE)

.1 (Total) | 19.8 (Total)

) GFU) 18.5 (GFU

Atmospheric Backgrounds EHESE) 1,30(1(—IESE§
.9 (EHE)

.9 (Total) | 28.2 (Total)
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Observed historical rate .1 (HESE) | 2.0 (HESE)
.3 (EHE)

[/yr/sky]

Figure 2: IceCube realtime astrophysical neutrino alert angular resolution as a function of neutrino
energy. The left panel presents the angular resolution for through-going neutrino selections (GFU
and EHE) and the right panel presents the angular resolution for the HESE starting track selection.
Alerts at the Gold and Bronze levels are issued based on these selections, with a minimum reported
angular resolution for automated alerts of 0.2 1( gress repo 1t l In these figures, the Bronze alerts
shown also include events selected by the Gold alerts.

GFU: Gamma-ray Follow-Up (GFU) track selection

HESE: High Energy Starting (HESE) selection

https://gcn.gsfc.nasa.gov/doc/IceCube High E

EHE: Extremely High Energy (EHE) alert selection nergy_Neutrino_Track_Alerts_v2.pdf
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