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Radioactively powered transients

Relativistic astrophysics Nucleosynthesis and
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Kilonova
Gamma-ray bursts Radioactively powered transients
Relativistic astrophysics

R-process

Nucleosynthesis and
enrichment of the Universe
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An emitter moving at v ~ ¢, even if emitting isotropically in its rest frame,
will strongly beam its radiation as seen by the observer.

Q Beaming angle : Q = 4m
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On-axis observer
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Off-axis observer

Observer
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Off-axis observer

Observer
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Off-axis observer

Granot+2002

Observer
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Off-axis observer

Rossi+2002
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Off-axis observer
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GRB170817 / GW170817
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Perego+2017

-

N UVIR W W SRS R U P

remnant " disk R
radial or angular structure due to the interaction
of the jet head with the merger ejecta

K
>
:
4

)
3

——

E
i Tu o E

R ——

. | ——
Choked jet (not successful) Structured Jet (successtul)
radial structure off-axis jet
some degree of anisotropy + angular structure
Ee B
E—=F—F E=E—=F

Ejet < Eejecta

Ejet = Eejecta

S.D. Vergani - ISAPP School 2021



A
.
)
< %
My N
| “
)

3 0

'Mooley+18: displacement of 2.7mas in 155 days

)

hisgd
i BASTS

23°22'53.38"

-
’

53.39"

- ‘: :’I
(N
53.40" p
‘ /|
1
NS . Ghirlanda+2019 :‘ /l
-
, ) ./

/_.

-

- VLBI images




20722500

B Choked el cocoon, 9, = 30

C Choked al cocoon, 9, = 45

brightness [Jy/arcsec?)

£
3
£
)
.‘2
g
=
e
o

S.racs

23"22'53.38"

D choked j=t cocoon, 6. = 60

13h09mdB.06S5s 38.08505 43.06855 45 0650 48.05755 48.0590s E.06855 48.0680s 48.0675s
RA EA




Perego+2017

-

N UVIR W W SRS R U P

remnant " disk R
radial or angular structure due to the interaction
of the jet head with the merger ejecta

K
>
:
4

)
3

——

E
i Tu o E

R ——

. | ——
Choked jet (not successful) Structured Jet (successtul)
radial structure off-axis jet
some degree of anisotropy + angular structure
Ee B
E—=F—F E=E—=F

Ejet < Eejecta

Ejet = Eejecta

S.D. Vergani - ISAPP School 2021



GRB170817 / GW170817
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Kilonova (KN)
A .

Where?

Core-collapse SNe? Compact binary mergers (Lattimer & Schramm 1974)?

Rosswog+1999,2000 :
dynamical ejecta in compact binary mergers producing heavy elements

Li & Paczynski 1998 :

radioactive decay of the neutron-rich nuclei in dynamic ejecta
produce a macronova (also referred to as kilonova)

a short lived optical - IR weak supernova-like signal.
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Kilonova (KN)
AR
Creating heavy elements by neutron capture

Slow neutron capture process (s-process)

There is a small number of free neutrons available, s¢c the time to
capture a neutron is much longer than the B-decay time.

100 - 100,000 years

\ !
@

stable nucleus

1-100 years
— @

potentially

neutron capture " "
radioactive nucleus

Occurs in stars at a late
evolutionary stage
over millions of years

10C - 100,000
years

100 - 100,000 years

unstable nucleus
decays in

\ 1- 100years
— @ — @ — @ -

B-decay creates
new element

potentially
radioactive nucleus

o
unstable nucleus
decays in

o_ A

Rapid neutron capture process (r-process)

There is a huge number of free neutrons available, so the time to
capture a neutron is much shorter than the B-decay time.

iy N “~

B-decay creates
new element

100 -100,000

years

stable nucleus ¢ /

> E—

eo®, /
decays In
0.01 seconds
—> T—

b d
o \\Y W,
B-decay creates

new element

many neutron cap-
tures in a short time

extremely
radioactive nucleus

QOccurs in the ejecta
of neutron star mergers
within about 1 second

immediately immediately

o

\

decays in
0.01 seconds

neutron capture

-«

B-decay creates
new element

extremely
radioactive nucleus

many neutron cap-
tures in a short time
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Slow neutron-capture process: 7; << 7,

N,~107-10" cm3

T~1-310°K ¢, ~10-10%r

Rapid neutron-capture process: 7;>> 7,

A schematic representation of the s- and r-processes

7, = lifetime against neutron capture
7, = lifetime against 3~ decay

N,>>10* cm? T~1-210°K ¢,~1s
Ga 69 _
% ~.  wp decay
Zn 64 > 65 6667 {6869 70| . <« » n capture
. v, v, v (Y ;) +
T - s-process (63 (64| 6566 " N p - decay
> Ni 606162 > 6'3.,f 64 :65 N,
Co 59 > 60, : TN s D fabQ s s 68169 70 71j+{ 72
Fe ||56p57|58p 59 60p 616263 {64165 > 66|67 >{68}+{69 |+{ 70

Credits @ S. Goriely
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s-process -
Elements beyond Fe have been - '. 8
produced in red giant stars.

Burning 1n stars
Elements up to Fe
have been synthesized. |

Atomic number ——»

r-process
Elements beyond Fe have been
synthesized by explosive processes.
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Kilonova (KN)
A .

Where?

Core-collapse SNe? Compact binary mergers (Lattimer & Schramm 1974)?

Rosswog+1999,2000 :
dynamical ejecta in compact binary mergers producing heavy elements

Li & Paczynski 1998 :

radioactive decay of the neutron-rich nuclei in dynamic ejecta
produce a macronova (also re-ferred to as kilonova)

a short lived optical - IR weak supernova-like signal.
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Pian et al. 2017,
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Kilonova (KN) : AT2017gfo

e e S S e

Watson+2019, Nature wKilonova with strontium
«vsvs Kilonova without strontium
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e Are all KN like AT2017gfo?

o Will we be able to identity heavy elements?

* What is the mass produced?
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Host Galaxy|
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Credit: NASA




Host galaxy observations and BNS rate
e Stellar evolution models

e Galaxy evolution simulations

~ Credit: NASA







/

Detection : necessary ...but no astrophysics

Identification : necessary + some astrophysics

Characterization : Top!
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[I:IGO-Virgo-Kagra events]
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Kilonova (KN)
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Kilonova (KN)

Light-curve

Villar+17 and refs therein
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Detection

| need observations that :

e cover the skg map

e reach the exl:)ectecl magnitucles

(in a “small” amount of time)

N.B.: The telescope time is limited!l!



Field of view (FOV)
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Field of view (FOV)

largest telescopes

Credit: ESO

S.D. Vergani - ISAPP School 2021



Field of view (FOV)

largest telescopes

Credit: ESO

very small telescopes

Credit: SVOM
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Field of view (FOV)

Vera Rubin Telescope

Source : National Accelerator Laboratory

Survey telescopes

largest telescopes

Credit: ESO

very small telescopes
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fainter objects (fluxes):
intrinsically fainter or more distant

For the same amount of observing time
..and time matters!

S.D. Vergani - ISAPP School 2021



fainter objects (fluxes):

intrinsically fainter or more distant
—_—— e ——=

FOV

If we want to cover a large part of the sky
— > smaller telescopes

[f we want to cover faint objects
—> larger telescopes

+ fast!

S.D. Vergani - ISAPP School 2021
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| Kilonova (KN) |
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E_ack of sensitive transient survey telescopes in the Nla
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Kilonova (KN)

S ="

Do we have instruments with

* wide enough FOV

* enough sensitive

* (and rapid)?

~ OK

fOI’ very ClOSB ones

~ maybe OK

fOI’ very ClOSG ones

~ NO
for the rest

~ NO

for the far ones

OK

except for the far ones
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| Kilonova (KN) |

S ="

Do we have instruments with

* wide enough FOV

* enough sensitive

* (and rapid)?

OK

LSST key role

for detection !
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Kilonova (KIN) i \

- 3

P of success

‘‘‘‘‘‘‘
RN

Distance

Sky map extent

Viewing angle
(with on-axis caveat)



lRelatiVistic jet (Gamma-ray burst);]

0o from X-rays to radio

relativistic jekb
afterglow

\ISM
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I e 1
Relativistic jet

|(Gamma-ray burst)

Courtesy of Om Sharam Salafia
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Post-explosion time [days]
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* Viewing angle of the observer

* Jet structure
* Burst energetic
& Density of the inter-stellar medium

i
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I e 1
Relativistic jet

|(Gamma-ray burst)

Courtesy of Om Sharam Salafia
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* On-axis: good but we must be fast
« Off-axis/high z: (extremely) falnt

LT i et e e e e e ————— e
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Visible

Ultra-
Gamma X-ray violet Infrared Micrgvave Radio
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I e 1
Relativistic jet

(Gamma-ray burstL

Courtesy of Om Sharam Salafia
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I e 1
Relativistic jet

(Gamma-ray burstL

Courtesy of Om Sharam Salafia
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If the localization is not precise
we need satellites capable of rapidly scanning the skyJ

t — — ——— e
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i ~857° 3
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but ~ same exposure time
to reach the same flux values!

——

MXT FoV:1.1°x 1.1°
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Flux density [m)y]

1074

I e 1
Relativistic jet

(Gamma-ray burstL

Courtesy of Om Sharam Salafia
— 7= (.1

10~ 100 10* 1072 103
Post-explosion time [days]

1072

» weak bursts peak earlier
* lower frequencies —> lower peak flux
* lower frequencies peak later
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I e 1
Relativistic jet

(Gamma-ray burstL

Courtesy of Om Sharam Salafia
Ty

— 7 = (.1 1
- - 7=10.72

radio scans

~102deg? ~1h

Flux density [m)y]

102 10~ 100 10* 1072 103
Post-explosion time [days]

r

 More time ]
° Faint but ~doable for small/intermediate off-axis angles
1 large off-axis angles: good localization needed

e ey e E——— :-,_:J
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Relativistic jet (Gamma-ray burst)

e e =
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/o

T ] | [
S ermi
Gamma-ray FOV: A” Sky
g7 Specelelescore ) gealization: ~10-102 deg?

= ~ Localization:
/6 \/ \ ~arcmin

Gamma-ray emission helps!J
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s ermit

Gamma-ray

/0 M :
%};
<

FoV: All sky

L/

g7 Srecelelescore | gealization: ~10-102 degZ%

o~ __\\\
_’/'

L

—

FoV |

AR
o

-

Localization:
~arcminutes

If on-axis & detected by Swift:
immediate X-rays & optical observations
Localization: arcsec precision!

.
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Relat1v1stlc jet (Gamma-ray burst)

e e

.

On-axis with detection of gamma rays
best case for relativistic jet (& host galaxy) detectlon

BUT

We may miss the KN! 5
(and many aspects of jet physics)
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Relativistic jet

|(Gamma-ray burst)

Courtesy of Om Sharam Salafia
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Kilonova (KN)

S T — s e P — e — e e W

adapted from Chornock+2019

L] 1

Z_H-b'an'd' N

- -
- - -

Cbserved AB-magnitude

Observed AB-magnitude

2=0.024 2z=0.1 =z=0.2

0;1 1.0 10.0
Observed Time (days)
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Relat1v1stlc jet (Gamma-ray burst)

e e

.

On-axis with detection of gamma rays
best case for relativistic jet (& host galaxy) detectlon

BUT

We may miss the KN! 5
(and many aspects of jet physics)




| Relativistic jet (Gamma-ray bur

e e

St

\
.v' ' ’f‘:}

Viewing angle

Sky map extent

Distance

Burst Energetic

ISM density
(excluding very high densities)



Gamma  X-ray " Radio
< Shorter waves Longer waves p

.\s .. ..‘ ."_

Thetmosphete
(auroras)

Mesosphere
(meteors bum up)

Stratosphere
(ozone layer at 20-30
km; jets fly at 10 km)

Troposphere
{aestonl

TATMOSPHERE

-

Radio "window”

L r— — ‘_—_—éfeditsz NASA
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Belczynski+2018
Time 2=0.01 ' .
My - |\High chance to host a BNS merger
0.0 MS ZAMS MS _ . : .
sromeyssme | le massive (bright in NIR)
9.65 Mo RLOF  g03m
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268 demer e some SFR (bright in UV-VIS)
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He
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| star ECS | Artale+2020 |
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[Host Galaxﬂ
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EIGO-Virgo-Kagra events]

e — e e S e e e

r S s e e S e e e ——— e — I e R e e e e i e ————————— i e e e — it E— e e

iMergers of binary systems of neutron stars

NS-NS or BNS

L e e e e T e ey e e e e e e e — T e ———C A

Sky map & Distance

¥ distance: 15743 MpcY
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Detection

Gaiaxg surveys (a”»-—skg)

with information on distance and magnitucles

We observe galaxies in the skg map bﬂ Prioritizing:
. i‘iiglﬂ Probabiiity 5|<9 map regions

. gaiaxies with exl:)ectecl distance and Prol:)erties

A ""\'_é"
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e ".' A N7 "g



[Hos: Galaxy

i : —
Swope FOV [ N / >
Host Probability ; e . pr
e 10% - :
O
W e 1%
+  0.1%
-21"
& -

Declination

gQ*

LV C Localization Confidence Percentile

121148151 12}136111

Right Ascension

13}1 12w 13hom

.

h‘r E—
Q™)
-~
-
IP"rs, o /
Y e 4’\'.‘:
¢ N
i 2> ;
Xids iy
'\i. .
-‘.. .
\" -

Coulter+2017

[GVW 70817 - NGC 4993

S —

S.D. Vergani - ISAPP School 2021

12E124m



Swope FOV '
Host Probability

10% 5
1%

0.1%

-25
p
/_v $ "_1" b
/£ e 2017 August 17
£ ey i S
.‘"
-"
" £
27 A
U ' _" "~
.
l’_r.o.l H *
At b
/' “l’ td
{ _,".J b
S d ../

7O

'.‘,‘ ':_, i

13h12m 13Bpm 12h48m™ 12h36m™
Right Ascension

L ——— e

R

Coulter+2017

[GW170817 _NGC 49993

S.D. Vergani - ISAPP School 2021

123v24m

C

onfidence Percentil

1

LV C Localization C




Host Galaxil
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Galaxy density
b My




fainter objects (fluxes):

intrinsically fainter or more distant
—_—— e ——=

A missing galaxies

>
Q
>
C
-
wn

Coverage

completeness

apparent magnitudes
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Detection

Galaxg surveys (a“~s|<3) g

)’
:
|
|

|\ We observe galaxies in the skg map }39 prioritizing: S

with information on distance and magnitucles

. high Probabilitg s|<9 map regions

. galaxies with ex ~ected distance and Properties

Issue: Catalogue incompleteness

Large sky map/distant event —> large number of galaxies
Limited telescope time + limited time window to detect the KN |
Issue: Observation incompleteness



example from O3 run

diggmce: 241::2;:1

r S e S e — e — A—

________

With transient surveys
==

Dedicated galaxy observations

Ackley+2020 .
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example from O3 run

S190814bv - Sky Localization and Coverage
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example from O3 run

distance: 241+26 M

qr~1 0 deg?

K With transient surveys
Combined
==

Dedicated galaxy observations
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R R

Ackley+2020 ,
S.D. Vergani - ISAPP School 2021






We need light-curve or spectrum
(supposing that models are correct)

faint object and/or many candidates
how can we identify that it is the counterpart?

large localization: many transients!
faint: just one point
radio: slow variability



| Kilonova (KN) |

S ="

Do we have instruments with

* wide enough FOV

* enough sensitive

* (and rapid)?

LSST key role

for detection !
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tKilonova (KIN)
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Courtesy of Om Sharam Salafia

"" . - L] ""l’l

—Z:

L z:

0.1 |

0.2

radio scans

~102deg? ~1h

Flux density [m)y]

10—4 g au R T L el i
1072 10°1 10° 10t 10°

Post-explosion time [days]

L

* Time association!
* Many transients
 Late time (faint at other wavelengths)

Multi-wavelength strategy with the best telescopes needed

Ok for few objets, not for many

- |
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Kilonova (KN)

adapted from Chornock+2019
:_GW17081 ' I R-band_: :_H-b'an'd' o - S

- -
-

Cbserved AB-magnitude
Observed AB-magnilude

4y [2=0.024 z=0.1 2=0.2 z=0.024 2z=0.1 z=0.2

0.1 1.0 10.0 0.1 1.0 10.0
Observed Time (days) Observed Time (days)

Spectrum only with largest telescopes
Ok for few objets, not for many
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Detection : necessary ...but no astrophysics

Identification : necessary + some astrophysics

Ho, some spectral features, some rough properties of the KN ejecta
(blue component, velocity,...)

Characterization : Top!










E?e\ativistic jet (Gamma-ray burst)

! = 1750 4 Lightearve from Fermi /GBM (50 — 300 keV)
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Credit: LIGO/Virgo Collaboration

GW170817/GRB170817
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Relativistic jet (Gamma-ray burst)

Makhathini et al. (2020)
i 100 — e * "+ N’ .
= 4 $ ! *
E + H
2 + e
wn
|5 +
“ 9 10— i +
E . ¢ GMRT 0.67 GHz ¢ ATCA 7.2 GHz
E = # GMRT/MeerKAT/VLA 1.3-1.6 GHz & VLA 10 GHz
VLA 3 GHz $ VLA 15 GHz
v VLA 4,5 GHz » HSTF814W
' 2= gVLBA/eMERLIN 5.1 GHz ® HST F606W
| | ¢ VLA 6 GHz # Chandra/XMM-Newton 1 keV : |
H ! 1 1 1 1 1 1 1 1 1 1 1 1
8 10 50 80 100 500 800 1000

Time after merger (days)

GW170817/GRB170817

Relativistic, structured jet
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. host galaxy :

;or globular clusteri

Distance information used for Hg
Environment

Evolutionary channel studies

Credit: Space Telescope Science Institute

Credit: NASA
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/

Jet prempt emission igamma-rays)  Non-thermal emission

Outflow components er
Relativistic internal shocks?

Structured relativistic jet

e

/ Jet afterglow emission (X-rays, UVOIR, Radic)

: . . . Re'ativistic external shock in the ISM
Disc wind & viscous ejacta

Kilonova Radio Remnant
Nonrelzlivistic exlernal shock in the 1S

Dynamical ejecta

Rad Kilonova
nuclear-decay-powered, high opacity)

NS tical disruption

_ Blue Kilonova

(nuc'ear-cecay-powered, low
opacity)

Angular momentum transport/
Neutrine & maagnetic pressure in the disc

MHD energy 4

Launching mechanism extraction process
(Blandford Znajek)

Thermal emission




shocked dynamical

v ~ 0.2¢c-0.3c
M~ 0.01 Ms

disk wind
M~0.01-0.1M:
v<0.1c

neutron star + neutron star
prompt collapse to black hole
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