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How do massive stars
approach their death? What are the properties of

What powers newly-born BHs and NSs?

stellar explosions?
' / l SN1987A

Gravitational Waves

itors?
What are the progenitors” t + Light

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







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

Quick Facts Summary

20 sq. deg. fov

2 fixed filters (g+2)
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



Where do we skand?

Where do we 907

1' TechnologicallRevellition'==> lime Domain
* Astrophysics

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

| um Pre-SN Ri§e-time SUPERNOVA
A outbursts science

A supernova symphony unraveled?
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earlier material faster than At least 0.5 Supernova shock

2,800 miles/second solar mass front slams into

Margutti Astronomy Magazine 2014 (4,000 km/s) of material earlier material
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Where do we 907

1, TechnologicallRevellition'==> lime Domain
* Astrophysics

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)
Time scales no ~ TRANSIENT

Untargeted search
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 Technological Revolution ==> Time Domain
* Astrophysics

9 Explore a new parameter space in already known transients
.,/ (Rise-time science; pre-SN science; shock break out science)
s Discovery of NEW type of transients
%vg‘ ) (e.g. SLSNe, very fast evolving transients)

DISCOVERY power
2 . Multi -Wavelength Astrophysics

Multi-messenger Astrophysics
(neutrinos, GW)

UNDERSTANDING



How do massive stars
approach their death? What are the properties of

What powers newly-born BHs and NSs?

stellar explosions?
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Gravitational Waves

itors?
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How do compact-object mergers look In the
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From Discovery to Understanding:
an End-to-End experiment

FOLLOW UP
TEAM
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DISCOVERY ENGINE

YSE (PS1-2: depth)
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ARTIFICIAL INTELLIGENCE

(HS supported, new approach)

W‘ e |\ Credit: SSP/Lawrence Berkeley National
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From Discovery to Understanding:
an End-to-End experiment
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~ 1000 yr



The last years before
explosion
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SN Luminosity
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" 1520 days
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Pre-SN outbursts are commeon among
H-rich progenitors

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

HST/WFPC2
“F606W

b 51 *_.
1

Progenitor of SN 2009ip

—® M>60 Msun

&®SN10me-
@ SNO9ip -

» | since maximum

Margutti+14

1000

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

This is common, but maybe only among very massive stars?
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Pre-SN outburst from the most common core-collapse SN type
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Discovery Phase Space of Astronomical
Transients

Jacobson-Galan+2021
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texpi=-13.3 days

SN2019ehk 1 —— .12d -
Ca-rich 3 H-o \6563 — _115d —
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First early-time H detection in a Ca-rich transient



First X-ray detection ) Re. SN2019ehk
of a Ca-rich transient 1042\\ N y

Lx~1041 erg/s (1)

© SNelb/c B SNela

¥ @ Grps = SN 2019chk
* Ca-rich iPTF16hgs
=7 SNe lax

10 10
Rest-frame Days Relative to Explosion

Jacobson-Galan in prep.
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The last thousands years
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Supergiant Wolf-Rayet SN Explosion
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The last years before 58
explosmn '

Ingaeosion

Radius §



A systematic campaign of X-ray/Radio
emission from H-stripped SNe

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

— t= 105 d

— t= 205 d
{5— t= 106.3 d Bibc/BL-GRB
Tl — t= 2698 d ,

Log Flux Density (mly)

Fastest Ejecta Velocity (Ig)

@ Wide range of environment densities
10° 10* 10° 10°* 10" 10°

QConnec’cion with progenitor structure Density at R=10" cm (em™)
at the time of stellar demise Density

Level of H stripping



NuSTAR (3-80 ke V)

NUSTAR FPMA 2015 Aug 29 Exposure: 30225 s
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First hard X-ray image and years-long campaign of a young extragalactic core-collapse SN



SNL2014C: Shock interaction with H-rich shell
H-rich

Density

Radius

5x10”16 cm

s = ~20-2000 yrs before collapse
. SNe Ibc
: |
@ X—-rays
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Nuclear Burning Instabilities
Binary evolution

Continuum Normalized

-2-1 0 1 2 -2-1 1 2
Veloc%ty (1800 km s-!)

Type | ———=>p T'ype 11
(H-poor) (H-rich)




At least 10% of progenitors of normal H-poor SNe
experience outbursts just before core-collapse
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SN shock as a probe
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Where do we sofreom here®

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

First X-rays from Ca-rich
First X-rays from SLSN
First X-rays/radio from FBOTs
EM from NS-NS merger

Q New region of the
parameter space:
non-thermal |
. : 100 1000
emISSIO"l yrS aﬂ:er Time since Explosion (days)
the explosion
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: VLA obs. ® VLASS |
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Why this is interesting?

., ..... Know'edge GAP -

. @ Shock Interaction .
: (unusual evolutionary path)g Supernova Remnant

Su pernova @ Relativistic Jets

from SNe seen off-axis
2 CANDIDATES

:@ Emergence of emission

. from a pulsar-wind nebula
: 1 CANDIDATE
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Fast Blue Optical Transients (FBOTSs)
(Fast Evolving Optical Transients, FELTSs)

-

D)
—

Superluminous
SNe

10743 erg/s normal SN Lpeak

S
re-SN EM :
: P counterparts TG ACLCRUUE

to GWs spectra

agl

p<= =" outbursts

~ few days

-100yrs -10yrs +Years Time



Fast Blue Optlcil Transmnts Wf

— . - — —_—

—_—— e ———

Sample studies: Drout+14 (PanSTARSS), Tanaka+16 (Subaru) ArcaV|+16 (SNLS+PTF) Pursiainen+18 (DECam)
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Central Source of Energy Shock interaction
Break out Radius (Rbo)
Cooling with time
No fast variability
Small Me] — Ruled out 56N time scales

No relativistic ejecta
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Holy Cow! Astronomers agog at mysterious new
supernova

An event known as ‘Cow’ that has rocked astronomy since June likely offers a close look at the

birth of a neutron star or black hole.

ATLAS discovery image = &TI;AS r;ference i)mage . I ATLAS difference image
: ore discovery <
s : ¢ : ~ AT2018c0ow
A . 3 . v A | ‘ 0% i
" s . o | | ‘ A
“ B 2

v . . Credit: ATLAS'téam
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see also Perley+18
Prentice+18

Keck-LRIS



Luminous Variable X-rays
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see also Kuin+18, Rivera Sandoval+18

Not consistent with shock interaction




Luminous Variable X-rays in
AT2018cow

Cosmological GRBs
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RM+18
see also Kuin+18, Rivera Sandoval+18
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Compton Hump Spectra,

IC 4329A

Observed/Power-law
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Energy (keV)

Fabian+15
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There is an 18cow in the sky, it is
aspherical and it has an engine

Un-shocked CSM

Shocked CSM

0 on xX-ra
\ / eeeeee

SSSSSSSSSSSSSSS

i S Fvidence for QPOs at
' ~230 Hz

from NICER obs (by

Pasham, D.)

RM+18

Cartdon by Nathan Roth




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



X-ray FBOTs

SwiftJ1644

AT2018cow
AT2020xnd
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Margutti+19, Coppejans+20, Bright+21, Ho+19, Ho+20, Ho+21



Radio FBOT's
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Coppejans et al., 2020

: Non-Relativistic

rel. SNe
Ibc-SNe
GRBs

sub-E GRBs
TDEs (jetted)
TDEs

Ultra- Y css

Relativistic | Y& AT2018cow

Ce[HOO

R
101

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




Discovery Frontiers:

Stellar progenitors % Compact Object
=1 formation
" Superluminousé
IC_) SNe
3 =
10743 erg/s : normal SN Lpeak

AT . : :
pre-SN : . Very late-time
S outbursts ; ; Radio

shy

-100 yrs -10 yrs
~ few days

+Years Time
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oystematic exploration of NEW areas of the
parameter space



Researech Directions

& VLASS (mass-loss + PWN connection)
Q FBOTs (manifestation of compact objects)

Q Compact-object mergers —> LSST prep. +
multi-wawve follow up (GW 170817 included)

Q ohock Physics

oystematic exploration of NEW areas of the
parameter space



Discovery Frontiers:

Stellar progenitors % Compact Object
—1 formation

} Superluminous.

(/y)
5 SNe
m
LL

10743 erg/s  normal SN Lpeak

: EM .
| counterparts | A0 /ALCIERNT

to GWs Radio

~ tew days

-100 yrs -10 yrs

+Years Time



SGRB view

GRB170817A
% view
Ultra-relativistic (I'>>1) ot=3°

core of successful jet i
Eet=10°T erg 5 @ope= 14°-19°

Mildly-relativistic___,
wings (or cocoon)
[ =a few
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Where do we go from here®?

The kilonova atterglow or BH accretion of
GW170817: Exploration of new areas in the
parameter space of NS-NS mergers

Q BNS mergers Population Studies

The emergence of a new source of X-rays from the binary neutron star merger GW 170817

2 A. HAJELA,' R. MARGUTTL' J. S. BRIGHT.' K. D. ALEXANDER.," " B. D. METZGER.,>" V. NEDORA.* A. KATHIRGAMARAIU,’
B. MARGALIT,” D. RADICE.>"® E. BERGER.” A. MACFADYEN.'"” D. GianN10s.'' R. CHORNOCK,' I. HEYwoopD,'* %14
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A. McDOWELL,'"" M. NichoLL,"” X. Xi1E,*" J. ZRAKE.”' S. BERNUZZL* F. S. BROEKGAARDEN,” C. D. KILPATRICK,'
G. TERRERAN,' V. A. VILLAR,”> P. K. BLANCHARD,' S. GOMEZ.” G. HOSSEINZADEH,” D. J. MATTHEWS,' AND
J. C. RASTINEJAD'
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The emergence of a new X-ray component of
emission at .5 yrs since NS merger

X—-rays (1 keV)
e .
Margutti @ CXO

Jet Afterglow
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Eko((rﬁ)-a -

K Simulations 4

>~
-
£
~
>~
—
n
o
L
(-
<
k-
=
n
L0
Ly
=
-

Time since Merger (days)
Hajela, Margutti, Bright et al., 2021




The KN Velocity Structure
and the nature of the remnant

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015, Kathirgamraju+2019
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Energy Partitioning E(I'B)~(I'B)-“

 NIRUV/Optical KN=  Ultra-rel jet
bulk of the ejecta —
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Connection to nature of the remnant
e.g., Radice+2018




Unabs Flux Density (mdy)

Flux Density (mdy)

X-rays (1 keV)I
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Where do we
S0 from here?

New epoch of
deep
Chandra + VLA
monitoring
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GW17081lr Jet Afterslow Emission:
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Non-thermal synchrotron emission across the spectru:

Flux density (udy)

the show is still on
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of the jet launched by GW 1703817
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Jet-core unknowns: €s, eel @) 0, N, Ex, Bobs, Siet

@ Spectrum:
Jet core properties p: 2 1 66 +\— 0026

Lt Rise: Jet Structure

(highly degenerate)
g eobs/ejet ~ 5-0
Rt

__________________________________ ...
: evolution

R asconsion offsal (mas)

Mooley+21 3 I |
Far-off axis evolution J[pp< 0 LOg Time
Mg ) (purely dynamical)

See literature by Nakar+; Granot+; Ryan+



jet model parameters degeneracies
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Margutti & Chornock ARA&A 2021 in press




Inferences on jets in NS-NS mergers

GRB170817A-like
Rate (Ly>1047 erg/s)

1 \WP15 SGRB
Local Rate
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. SCRBs 1Ly>105" erg/s
jet 1 1

—

10
Angle (degrees)

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




Where do we go from here®?

The kilonova atterglow or BH accretion of
GW170817: Exploration of new areas in the
parameter space of NS-NS mergers

Q BNS mergers Population Studies

The emergence of a new source of X-rays from the binary neutron star merger GW 170817
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The emergence of a new X-ray component of
emission at .5 yrs since NS merger

X—-rays (1 keV)
e .
Margutti @ CXO

Jet Afterglow
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Hajela, Margutti, Bright et al., 2021




The emergence of a new X-ray component of
emission at .5 yrs since NS merger

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

This work _ Q Avoid using averaged instrumental
Troja et al. 2021 responses

Statistical tests carried out in the
Q count phase space, self-consistently
accounting for Poisson nature of
sou+bk
Test for the emergence of a new
9 component at t> 900 days
vSs. post jet break model
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Cumulative statistical significance of the excess
of 3.5-4.50 (Gaussian equivalent)
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Hajela, Margutti, Bright et al., 2021

...In any case: Time will tell
Next Chandra+VLA epoch planned for Dec 2021 (Pl Marguitti)

our data are PUBLIC



Broad-band SED at 6.5 yrs since NS merger

SED at 3.4 yrs post-merger
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Broad-band SED at 6.5 yrs since NS merger

SED at 3.4 yrs post-merger
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X-ray LC + broad-band spectrum=
New Componens of emission

Q Kilonova aftterglow

Q BH accretion
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Jet afterglow evolution: over—d sSition to the non-
rel regime, emere e ounter Jet temporal variation
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The KN Velocity Structure
and the nature of the remnant

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015, Kathirgamraju+2019
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Energy Partitioning E(I'B)~(I'B)-“

 NIRUV/Optical KN=  Ultra-rel jet
bulk of the ejecta —
Collimated
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Connection to nature of the remnant
e.g., Radice+2018




The emergence of a new X-ray component of
emission at .5 yrs since NS merger

X—-rays (1 keV)
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Models by: Kathirgamaraju+2019; Nedora+2021



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

Hajela, Margutti et al., 2021
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Cocoon Models by: Gottlieb+; Free Neutron models by: Brian Metzger




The Radio KN afterglow

Hajela, Margutti, Bright et al., 2021
Radio (3 GHz)
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Models by: Kathirgamaraju+2019; Nedora+2021



X-ray LC + broad-band spectrum=
New Componens of emission

Q Kilonova aftterglow

Q BH accretion
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Jet afterglow evolution: over—d sSition to the non-
rel regime, emere e ounter Jet temporal variation
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Accretion powered X-ray emission from the
newly formmed BH remnant

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015, Kathirgamraju+2019
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Accretion powered X-ray emission from the
newly formed BH remnant

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015, Kathirgamraju+2019
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Alternative 1dea: accretion on the BH remnant

Fall-back from
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X-rays (1 keV)I
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