
       The Renaissance  
         of Astrophysics: 
         
       a landscape of  
      opportunities in the  
era of Time-Domain  
Multi-messenger 
investigations         

                   

“We always find something, eh Didi,  
to give us the impression we exist?”

Raffaella Margutti 
UC Berkeley
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Gravitational Waves 
+ Light

How do massive stars  
approach their death?

What powers  
stellar explosions?

What are the properties of 
newly-born BHs and NSs?

How do compact-object mergers look in the 
electromagnetic spectrum?

What are the progenitors?



Why NOW?
Technological Revolution ==> Time Domain 
Astrophysics

1.
YSE-PanSTARRS

Zwicky Transient Facility

+ many others!



Quick Facts Summary
• 20 sq. deg. fov• 2 fixed filters (g+z)• 45s exp; 15s read

+slew• g-band: 21.0+/- 0.5• z-band: 20.0• 2k-4k sq.deg./night• ~90% Survey mode• ~10% ToO’s and 
focused experiments• ~90 % Real-time public 
data

Modified from Slide from P. Nugent

The La Silla Schmidt Southern Survey 
(LS4), PI P. Nugent



15-20 days
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SUPERNOVA

Technological Revolution ==> Time Domain 
Astrophysics

1.

Where do we stand?
Where do we go?

Rise-time 
science

Pre-SN 
outbursts

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 

Margutti Astronomy Magazine 2014



Technological Revolution ==> Time Domain 
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1.

Where do we stand?
Where do we go?

Explore a new parameter space in already known transients 
(Rise-time science; pre-SN science; shock break out science) 

Discovery of NEW type of transients  (e.g. SLSNe, very fast evolving transients) 
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TRANSIENT
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SLSN-like

Fast transient

Time scales

Untargeted search



Technological Revolution ==> Time Domain 
Astrophysics

1.
Explore a new parameter space in already known transients 

(Rise-time science; pre-SN science; shock break out science) 

Discovery of NEW type of transients   
(e.g. SLSNe, very fast evolving transients) 

Multi-Wavelength Astrophysics2.

Multi-messenger Astrophysics 
(neutrinos, GW)

Why NOW?

DISCOVERY power

UNDERSTANDING



BH

SN1987A ?
NS

?
?

Gravitational Waves 
+ Light

How do massive stars  
approach their death?

What powers  
stellar explosions?

What are the properties of 
newly-born BHs and NSs?

How do compact-object mergers look in the 
electromagnetic spectrum?

What are the progenitors?



18cow

Keck Telescopes SOAR

Magellan

WIYN

UKIRT

CTIO

MMT
VLA

VLBA
NuSTAR

Swift-Gehrels

XMM

INTEGRAL

No photon left behind…Inter-Planetary
Network

!-rays X-rays UV/Optical/NIR Radio



From Discovery to Understanding:  
an End-to-End experiment 

FOLLOW UP
TEAM

DISCOVERY ENGINE

Credit: SSP/Lawrence Berkeley National 
Laboratory's Computer Visualization 

Laboratory

Trigger Feed



DISCOVERY ENGINE

Trigger Feed

YSE (PS1-2: depth) 
ZTF (rate) 

+  
ARTIFICIAL INTELLIGENCE

(HS supported, new approach)

Credit: SSP/Lawrence Berkeley National 
Laboratory's Computer Visualization 

Laboratory

From Discovery to Understanding:  
an End-to-End experiment 

FOLLOW UP
TEAM



DISCOVERY ENGINE

Trigger Feed

YSE (PS1-2: depth) 
ZTF (rate) 

+  
ARTIFICIAL INTELLIGENCE

(HS supported, new approach)

LIGO (GW sources)

Credit: SSP/Lawrence Berkeley National 
Laboratory's Computer Visualization 

Laboratory

+

From Discovery to Understanding:  
an End-to-End experiment 

FOLLOW UP
TEAM
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Direct 
Observations

The last years before 
explosion

Direct 
Observations

Flash 
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This is common, but maybe only  among very massive stars?

Pre-SN outbursts are common among 
H-rich progenitors

SN2009ip
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outbursts

E.g. Margutti+14, Ofek+14, Smith+15

Smith  et al, 2010; Foley et al., 2011

M>60 Msun



Jacobson-Galan+2021

Pre-SN “activity” 
for ~100 days before collapse

in an ordinary Type II SN 



Jacobson-Galan+2021

Pre-SN outburst from the most common core-collapse SN type

Several mags!

LSST



pre-SN  
outbursts

Discovery Phase Space of Astronomical 
Transients

Time

Lu
m

~ few days +Years

10^43 erg/s normal SN Lpeak

-10 yrs-100 yrs

EM 
counterparts 

to GWs

Jacobson-Galan+2021



Direct 
Observations

Flash 
Spectroscopy

Shock 
Interaction

Flash 
Spectroscopy

R~1d15 cm

D
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ty

Radius

The last years before 
explosion

SN2019ehk 
 Ca-rich

d=16.2 Mpc

Jacobson-Galan in prep.

Jacobson-Galan in prep.

texpl=-13.3 days

First early-time H detection in a Ca-rich transient
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SN 2019ehk

iPTF16hgs

SN2019ehkFirst X-ray detection  
of a Ca-rich transient

Lx~1041 erg/s (!!!)

Jacobson-Galan in prep.



Direct 
Observations

Flash 
Spectroscopy

Shock 
Interaction

Shock 
Interaction

Wolf-RayetSupergiant SN Explosion

~104-105 yrs

The last thousands years
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A systematic campaign of X-ray/Radio 
emission from H-stripped SNe

Margutti+18, Terreran+18, DeMarchi in prep.Terreran+18

RADIO 

SN2016coi 

Density

Level of H stripping

Wide range of environment densities
Connection with progenitor structure 
at the time of stellar demise



NuSTAR (3-80 keV)

SN2014C

First hard X-ray image and years-long campaign of a young extragalactic core-collapse SN 

RM+17

Brethauer+ in prep



Type I Type II

SN2014C: Shock interaction with H-rich shell

SN2014C

D
en

si
ty

Radius

H-free

(H-poor) (H-rich)

H-rich

~ 1 M◉

5x10^16 cm

~20-2000 yrs before collapse

WHY?
Nuclear Burning Instabilities

Binary evolution



At least 10% of progenitors of normal H-poor SNe 
experience outbursts just before core-collapse

Nuclear Burning Sequence

RM+17

Supernovae 
 with radio re-brightenings



The last thousand years…

-10 yrs-100-1000

Direct Imaging

Time

FLASH Spec
SN shock as a probe

Radio OpticalX-rays

Nuclear 
Burning 
Sequence



Where do we go from here?

Systematic Radio-
to-X-ray monitoring 
(early+late) of 
transients

RM+17

t =1 yr

First X-rays from Ca-rich 
First X-rays from SLSN 

First X-rays/radio from FBOTs 
EM from NS-NS merger

New region of the 
parameter space: 
non-thermal 
emission yrs after 
the explosion

GOOD BAD



Where do we go from here?
The VLA Sky Survey (VLASS): 1-3 GHz ~1 mJy limit

60,000+ Optical SNe

OPTICAL
SN2004dk

RADIO

SN2004dk

NEW Algorithm for prompt radio detection.

SN2014C

RADIO

PTF11qcj

RADIO

+30 othersStroh, Terreran+2021 
Dong+2021 
DeMarchi+ in prep



10�2 10�1 100 101

Time since explosion (years)

1025

1026

1027

1028

1029
Lu

m
in

os
it
y

(e
rg

/s
/H

z)

3� 100 Mpc

3� 10 Mpc

VLA obs.
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Stroh+2021Plot by D. Coppejans

Deep Survey



Why this is interesting?

Time

Supernova Remnant
Supernova

few yrs ~100 yrs

Knowledge GAP
Shock Interaction  

(unusual evolutionary path)

Emergence of emission  
from a pulsar-wind nebula 

Relativistic Jets  
from SNe seen off-axis

2 CANDIDATES

1 CANDIDATE
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Crab Nebula (1054 AD)







Transients with Small Ejecta Mass or 
Highly Aspherical Ejecta



Transients with Small Ejecta Mass or 
Highly Aspherical Ejecta



Transients with Small Ejecta Mass or 
Highly Aspherical Ejecta



pre-SN 
outbursts

Time
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~ few days +Years

10^43 erg/s normal SN Lpeak

-10 yrs-100 yrs

EM 
counterparts 

to GWs
Very late-time 

spectra

Superluminous 
SNe

(Fast Evolving Optical Transients, FELTs)
Fast Blue Optical Transients (FBOTs)
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M

od
ifie

d 
fro

m
 D

ro
ut

+1
4

Sample studies: Drout+14 (PanSTARSS), Tanaka+16 (Subaru), Arcavi+16 (SNLS+PTF), Pursiainen+18 (DECam)  

FBOTs

Type Ia

SLSNe

Type IIP/Ibc

Drout+14



Fast Time Scales

Central Source of Energy Shock interaction

Rbo

Small Mej Ruled out 56Ni

Break out Radius (Rbo)
Cooling with time

No fast variability 
time scales

No info outside the optical/UV
No relativistic ejecta



Credit: ATLAS team

AT2018cow



18cow

d=60 Mpc

Keck-LRIS

RM+18 RM+18

see also Perley+18 
Prentice+18
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Not consistent with shock interaction



Luminous Variable X-rays in 
AT2018cow

RM+18
see also Kuin+18, Rivera Sandoval+18



Compton Hump Spectra

Fabian+15
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RM+18

AT2018cow

                               1                    10                  100  (keV)   



TI
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E

RM+18

Simulations of transmitted spectrum:

The reprocessing material 
dilutes with time



Cartoon by Nathan RothRM
+1

8

There is an 18cow in the sky, it is 
aspherical and it has an engine

Evidence for QPOs at 
~230 Hz 

from NICER obs (by 
Pasham, D.) 



Where do we go from here?

Is the COW alone?

RM+18

CSS

Systematic investigation of very fast evolving transients across the 
EM spectrum —> constraints on newly-born compact-objects



X-ray FBOTs

Margutti+19, Coppejans+20, Bright+21, Ho+19, Ho+20, Ho+21



Radio FBOTs

Margutti+19, Coppejans+20, Bright+21, Ho+19, Ho+20, Ho+21
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TDEs (jetted)

TDEs
CSS161010 Uint

CSS161010

AT2018cow

Coppejans et al., 2020

CSS

New class of transients with relativistic ejecta, distinct from 
GRBs, and with Hydrogen 

v~0.6 c
@ 100 d
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Stellar progenitors Compact Object 
formation

Discovery Frontiers:



Future Directions

Systematic exploration of NEW areas of the 
parameter space



Research Directions

Systematic exploration of NEW areas of the 
parameter space

VLASS (mass-loss + PWN connection)

FBOTs (manifestation of compact objects)

Compact-object mergers —> LSST prep. + 
multi-wave follow up (GW170817 included)

Shock Physics
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Discovery Frontiers:



Red kilonova
(equatorial)

heavy r-nuclei 
M≅0.04M , v≅0.1c

Blue kilonova
(polar)

M≅0.02M , v≅0.3c

Ultra-relativistic (Γ>>1)  
core of successful jet 

Mildly-relativistic  
wings (or cocoon)

NS

NS

!jet≅3°

Γ ≅a few

SGRB view

Ekjet≅1051 erg

ISM density
n≤10-2cm-3

GRB170817A 
view

BH ?

GW localization

90% Abbott17
90% Abbott19
50% Abbott19

AT2017gfo

!obs≅ 14°-19°

GW170817 

GW170817 
(GW+ EM)

Margutti & Chornock ARA&A 2021 in press, and references therein



Where do we go from here?
The kilonova afterglow or BH accretion of 

GW170817: Exploration of new areas in the 
parameter space of NS-NS mergers

BNS mergers Population Studies

GW170817 @ 1234 days

X-rays Radio



The emergence of a new X-ray component of 
emission at 3.5 yrs since NS merger

Hajela, Margutti, Bright  et al., 2021

PI 
Margutti



This is Gold

Red KNBlue KN

NSF/LIGO/Sonoma State University/A. Simonnet

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015,  Kathirgamraju+2019  

n=1e-3 cm-3

The KN Velocity  Structure  
and the nature of the remnant

KN afterglow shock

X-rays

Radio



Energy Partitioning

NIR/UV/Optical KN=
bulk of the ejecta

⍺=
 in

fin
ite

⍺= 1

⍺= 3

⍺= 5

⍺= 9

E(Γβ)~(Γβ)-⍺

Connection to nature of the remnant
e.g., Radice+2018

Ultra-rel jet
Collimated

?Stratification Index 
Max Ejecta Velocity



Where do we 
go from here?

Balasubramanian+2021N
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deep  

Chandra + VLA 
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Gamma-ray to Radio SED of SN2009ip at peak

RM+14



The Little Gidding by T. S. Eliot

“…The END 

is where we start from…”

Thanks to NOAO, Chandra, XMM, Swift, NuSTAR, VLA, VLBI, 
CARMA, SMA, GMRT, Keck, SOAR, MMT, UKIRT, WIYN, Fermi 

 for their generous support to our investigation



“What we call the beginning is often the end. 
And to make an end is to make a beginning. 

The end is where we start from.”

(This is not)  

….The End…

T. S. Eliot
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Backup Slides



GW170817 Jet Afterglow Emission:
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Non-thermal synchrotron emission across the spectrum: 
the show is still on

Extremely well-
behaved SPL 

spectrum over 8 
orders of magnitude 

in frequency

Particle acceleration by  
trans-relativistic shock 

in action! 
Emitting material has 

ỉ~3-10 

Margutti+2018

4 Margutti et al.

GW170817 at a given frequency using the entire set of ra-
dio observations available at all frequencies. Radio data have
been compiled from Alexander et al. (2017), Hallinan et al.
(2017), Kim et al. (2017) and Mooley et al. (2017). We fit
the master radio light-curve with a power-law model F⌫ / t↵.
The best-fitting ↵ is then used to renormalize the flux densi-
ties measured at �t = 111 - 114 d to a common epoch of 109
d since merger (to match the time of CXO observations). Fi-
nally, we estimate � f from a joint fit of the broad-band radio-
to-X-ray spectrum at 109 d. This procedure is repeated un-
til convergence (i.e. � f = � f within error bars). We find
�XR = 0.585 ± 0.005 and ↵ = 0.73 ± 0.04 (Fig. 1). As a
comparison, from the analysis of radio data alone at t < 93
d Mooley et al. 2017 infer �R = 0.61± 0.05, consistent with
our results. Our measurement of the spectral slope benefits
from the significantly larger baseline of eight orders of mag-
nitude in frequency, and is consequently more precise. We
plot in Fig. 1 the HST measurement obtained by Lyman et al.
(2018) at 110 d. This comparison shows a remarkable agree-
ment with our bestfitting SED and demonstrates that at 110 d
since merger the optical emission from GW170817 is of non-
thermal origin and originates from the afterglow.

We compile in Fig. 1 the radio-to-X-ray SEDs of
GW170817 at 15 d and 9 d (orange and blue symbols). At
these epochs the thermal emission from the radioactive de-
cay of freshly synthesized heavy elements (i.e. the kilonova)
dominates the UV-optical-NIR bands. Fig. 1 shows that a re-
scaled version of the �XR = 0.585 spectrum that best-fits the
110 d epoch adequately reproduces the X-ray and radio emis-
sion from GW170817 at all times. Interestingly, the extrapo-
lation of the X-ray flux density at 9 d with a / ⌫-0.6 spectrum
matches the 6 GHz measurement reported by Hallinan et al.
(2017) as a potential — but possibly spurious — detection,
suggesting that the 6 GHz measurement is in fact a real detec-
tion (and the earliest radio detection of GW170817).

Based on these results we conclude that the non-thermal
emission from GW experienced negligible spectral evolution
across the electromagnetic spectrum in the last ⇠ 95 d, and
that the radio and X-ray radiation from GW170817 continue
to represent the same non-thermal emission component.

3. INTERPRETATION AND DISCUSSION

3.1. A synchrotron spectrum from particles accelerated by
shocks with �⇡ 3 - 10

The simple power-law spectrum extending over eight orders
of magnitude in frequency indicates that radio and X-ray ra-
diation are part of the same non-thermal emission component,
which we identify as synchrotron emission. At all times of our
monitoring the synchrotron cooling frequency ⌫c is above the
X-ray band, ⌫m is below the radio band and the observed radio
and X-ray emission is on the F⌫ / ⌫-(p-1)/2 spectral segment,
where p is the index of the non-thermal electrons accelerated
into a power-law distribution Ne(�) / �-p at the shock front.
From our best-fitting �XR, we infer p = 2.17±0.01.

The precise measurement of the power-law slope p (ul-
timately enabled by the very simple spectral shape) allows
us to test with unprecedented accuracy the predictions of the
Fermi process for particle acceleration in relativistic shocks.
The power-law index in trans-relativistic shocks will lie in
between the value p = 2 expected at non-relativistic shock
speeds (Bell 1978; Blandford & Ostriker 1978; Blandford
& Eichler 1987) and p ' 2.22 at ultra-relativistic velocities
(Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman

FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 110 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a F⌫ / ⌫-0.6 spectral power-law seg-
ment. At early times t  15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the F⌫ / ⌫-0.6

afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
days only as a potential detection, here we show that it does naturally lie on
the / ⌫-0.6 extrapolation of the X-ray data, which suggests that this is in
fact a real detection (and the earliest radio detection of GW170817). Filled
diamonds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For
day 9 we show the actual data from Tanvir et al. (2017); Soares-Santos et al.
(2017); Cowperthwaite et al. (2017); Kasliwal et al. (2017), while for day
15 we show the extrapolated values from the best fitting model from Vil-
lar et al. (2017). Black dashed line: F⌫ / ⌫-�XR afterglow component with
�XR = 0.585± 0.005 that best fits the observations at 110 d. Dashed red and
blue lines: same afterglow model renormalized to match the observed flux
level at 15 d and 9d. Dotted line: best fitting KN component. The SED at 15
d and 9 d have been rescaled for displaying purposes. The HST observations
from Lyman et al. (2018) obtained at 110 d (filled diamonds) are shown here
for comparison but have not been used in our fits.

2005; Sironi et al. 2013). From Keshet & Waxman (2005),
we estimate that the measured p = 2.17±0.01 implies a shock
Lorentz factor of �⇠ 5 at 110 d (the 3� c.l. is �⇠ 3-10). The
straightforward implication is then that we are seeing electron
acceleration in trans-relativistic shocks in action.10

As the non-thermal spectrum of GW170817 showed neg-
ligible evolution (Fig. 1), a similar line of reasoning applies
to the previous epochs at t  15 d, from which we conclude

10 We remark, though, that a power-law electron spectrum with slope
p might not necessarily result in the canonical radiation spectrum F⌫ /
⌫-(p-1)/2, if one of the following conditions are met: (i) the radiative signature
has an appreciable contribution from electrons that cool in the precursor, i.e.,
upstream of the shock front, which has the effect of hardening the observed
spectrum (Sironi & Spitkovsky 2009; Zakine & Lemoine 2017); or (ii) the
magnetic field self-generated by the shock is not uniform in the post-shock
region, but decays away from the shock (e.g., Spitkovsky 2008; Chang et al.
2008; Keshet et al. 2009; Martins et al. 2009; Haugbølle 2011; Sironi et al.
2013). In this case, the observed synchrotron spectrum encodes important
information on the decay profile of the turbulent post-shock fields (Rossi &
Rees 2003; Lemoine 2013; Lemoine et al. 2013).
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Structure E(Ư̆) and ỉ(Ư̆)  
of the jet launched by GW170817

Margutti & Chornock, ARA&A 2021 and references therein



Log Time

Lo
g 

F"

~t-p

Far-off axis evolution 
(not observed)

Rise: Jet Structure  
(highly degenerate) 

 θobs/θjet ~ 5-6

 Jet-core unknowns: #B, #e, ζN, p, n, Ek, θobs, θjet

Jet core properties

Universal post jet-break  
evolution 

=1 
Spectrum:  

p= 2.166 +\- 0.026 

~t0.8

tpk 
(purely dynamical)

Fpk

See literature by Nakar+; Granot+; Ryan+

Mooley+2018



Consequences: 
jet model parameters degeneracies

170817
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Lamb19Gauss

Lamb19PL

Ryan20PL Troja20Gauss

Hajela19

Final Version w paper references 

Mooley+18, 


Hotokezaka+19, 


Ghirlanda+19

Ryan20Gauss

Margutti & Chornock ARA&A 2021 in press



NS-NS  
Merger Rate  
(GWs)

GRB170817A-like 
Rate (L!>1047 erg/s)

WP15  SGRB  
Local Rate 

G16  SGRB  
Local Rate 

L!>1051 erg/s

"!

"!

#0 WP(1-cos "jet) -1
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Inferences on jets in NS-NS mergers

Margutti & Chornock ARA&A 2021 in press
See literature by Beniamini+



Where do we go from here?
The kilonova afterglow or BH accretion of 

GW170817: Exploration of new areas in the 
parameter space of NS-NS mergers

BNS mergers Population Studies

GW170817 @ 1234 days

X-rays Radio



The emergence of a new X-ray component of 
emission at 3.5 yrs since NS merger

Hajela, Margutti, Bright  et al., 2021

PI 
Margutti



The emergence of a new X-ray component of 
emission at 3.5 yrs since NS merger

Hajela, Margutti, Bright  et al., 2021

Poisson nature of the process
 (for flux calibration and fitting!) 

Statistical tests carried out in the 
count phase space, self-consistently

 accounting for Poisson nature of 
sou+bk

Test for the emergence of a new 
component at t> 900 days 

vs. post jet break model

We do NOT claim re-brightening!

Comparison model needs to be 
consistent with 

ALL existing observational constraints

Test needs to be jet model
INDEPENDENT

PI 
Margutti

~200ks 
(16 photons, 0.5-8 keV)~100ks 

(8 photons, 0.5-8 keV)

Avoid using averaged instrumental 
responses 



Cumulative statistical significance of the excess  
of 3.5-4.3σ (Gaussian equivalent)

Hajela, Margutti, Bright  et al., 2021

…in any case: Time will tell
Next Chandra+VLA epoch planned for Dec 2021 (PI Margutti) 

our data are PUBLIC



Broad-band SED at 3.5 yrs since NS merger

Hajela, Margutti, Bright  et al., 2021



Broad-band SED at 3.5 yrs since NS merger

Hajela, Margutti, Bright  et al., 2021

Suggestive of Hardening of 
the spectrum at the level of 

>92% c.l.  



New Component of emission

Kilonova afterglow

BH accretion

X-ray LC + broad-band spectrum=

Jet afterglow evolution:  over-density,  transition to the non-
rel regime, emergence of the counter jet, temporal variation 

of the shock microphysical parameters !



This is Gold

Red KNBlue KN

NSF/LIGO/Sonoma State University/A. Simonnet

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015,  Kathirgamraju+2019  

n=1e-3 cm-3

The KN Velocity  Structure  
and the nature of the remnant

KN afterglow shock

X-rays

Radio



Energy Partitioning

NIR/UV/Optical KN=
bulk of the ejecta

⍺=
 in

fin
ite

⍺= 1

⍺= 3

⍺= 5

⍺= 9

E(Γβ)~(Γβ)-⍺

Connection to nature of the remnant
e.g., Radice+2018

Ultra-rel jet
Collimated

?Stratification Index 
Max Ejecta Velocity



The emergence of a new X-ray component of 
emission at 3.5 yrs since NS merger

Hajela, Margutti, Bright  et al., 2021
Models by: Kathirgamaraju+2019; Nedora+2021



Hajela, Margutti  et al., 2021

The emergence of a new X-ray component: 
broader implications

Cocoon Models by: Gottlieb+; Free Neutron models by: Brian Metzger



Hajela, Margutti, Bright  et al., 2021

Balasubramanian+2021

The Radio KN afterglow

Models by: Kathirgamaraju+2019; Nedora+2021



New Component of emission

Kilonova afterglow

BH accretion

X-ray LC + broad-band spectrum=

Jet afterglow evolution:  over-density,  transition to the non-
rel regime, emergence of the counter jet, temporal variation 

of the shock microphysical parameters !



This is Gold

Red KNBlue KN

NSF/LIGO/Sonoma State University/A. Simonnet

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015,  Kathirgamraju+2019  

n=1e-3 cm-3

Accretion powered X-ray emission from the 
newly formed BH remnant

KN afterglow shock

X-rays

Radio



This is Gold

Red KNBlue KN

NSF/LIGO/Sonoma State University/A. Simonnet

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015,  Kathirgamraju+2019  

n=1e-3 cm-3

Accretion powered X-ray emission from the 
newly formed BH remnant

X-rays

Radio ?



Hajela, Margutti, Bright  et al., 2021Idea credit: Brian Metzger
(see Metzger & Fernandez 2021, Ishizaki+2021)

Alternative idea: accretion on the BH remnant
Fall-back from accretion disk outflows:



Where do we 
go from here?

Balasubramanian+2021N
EW

 E
PO

CH
 

New epoch of 
deep  

Chandra + VLA 
monitoring 
approved



“What we call the beginning is often the end. 
And to make an end is to make a beginning. 

The end is where we start from.”

(This is not)  

….The End…

T. S. Eliot


