Entering in the new era of
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what we have learned up to now?
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Gamma 50 to 300 keV GRB 170817A
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1ime (seconds) The low signal amplitude observed in Virgo
Combined signal-to-noise ratio of 32.4 significantly constrained the sky position
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The more extensive follow-up qQbservation campaign ever..



NS merger Short GRB X-ray Radio afterglow

t0 1.7s +5.23hrs +10.87 hrs +9 days +16 days

LHV sky localization UV/Optical/NIR Kilonova

LVC + astronomers, AplL, 848, L12
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What we had understood about GW observables?
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In general, when at least one NS is involved in the merger, emission of photons is expected along with GWSs.
Exceptions (NS-BH): mass ratio is high and compactness is high!

Courtesy of S. Ascenzi
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- > Artistic representation of the scenario
nterstellar following EM emission components
e coming from a BNS merger
- The red component denotes the
tidal ejecta (equatorial red KN)
- The blue component the
. s <\ /7. hydrodynamic and wind ejecta
ngj;crtzdré/; \ A (polar blue KN)
gty s - The purple component the jet (non-
thermal emission)
- The yellow component the matter

GRB central

\ s Engine | of the ejecta heated by the jet
1* | ' (cocoon).

- ——

Courtesy of S. Ascenzi

——
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Electromagnetic counterpart (1)

Kilonova and Nucleosynthesis




t=7.53 ms

Neutron capture rate much faster than beta decay, special |

conditions: T > 109 K, high neutron density > 1020 cm?-3.
B Nucleosynthesis of heavy nuclei

B radioactive decay of heavy elements
B | ow value of Y (<0.25) and high opacity

Accretio

n disc wind outflow




Most elements above the iron peak are believed to be produced through neutron

capture
The two principal processes are:
B g-process: neutron capture timescale is longer than the beta decay timescale

® r-process neutron capture timescale is faster than the beta decay timescale

Lodders 2003 basic reactions:

22 < Big Bang: H, He
a) n-capture: n + (Z,A) = (Z,A+1)

b) B-decay: (Z,A) = (Z+1,A) + & + Ve T D D D D D
4 1N
L -

iron peak
/Z=proton number

N=neutron number

A=mass number=Z+N
-process S=Process

N

neutron capture
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In the r-process the electron fraction Y. plays a decisive role!

Ye = Electron fraction = #p/#(p+n)

At high neutrino flux, neutrino-matter interactions Ye increase!

Beyond Ye > 0.25 hardly

any heavy elements beyond the
second r-process peak (A =130)
are produced. Ve = 0.25¢

W X N &4 S0 8 T0 B0 90 100 130 120 130 140 150 160 170 180 190 200 210
Rosswog et al 2018 1 ruever 4
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> Y. > 0.5: no r-process
» 0.25 5 Y, < 0.5: weak r-process

e Solar Abundances

60 80 100 120 140 160 180 200 220 240
Mass Number

(“.nurtes.\; of G. Martinez-Pinedo

» no lanthanides: low opacity
(k4 S 1cm*/g)

Production of lathanides dramatically mmp
changes photon opacity » presence of lanthanides:

Increased opacity
18 (k- = 10cm?/g)
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MJD - 57982.529

Villar+ 2017 and references therein
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647 photometric
measurements spanning from
0.45 to 29.4 day

Light curves are well fit by a
spherically symmetric, three-
component model with

an overall ejecta mass of =

0.078 M dominated by

light r-process material with a
v=0.15C

Evidence for a lanthanide-free
component with mass and

velocity of = 0.020 M and =

0.27c, respectively (polar
dynamical ejecta).
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Rosswog et al 2018

Yo=0:1.v=0:1 ...0.
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Nuclear heating rates (nuclear reaction network -
WinNet, Wintler et al 2013) with overlaid the
bolometric luminosities of Kilonova of GRB
170817

Total nuclear heating rate —>luminosities divided
by an ejecta mass (1.5 x 10-2 My).

Heating rate with Ye = 0.5 produces a substantial
amount of nickel.
The close agreement with Ye = 0.3 strongly

suggests the presence of substantial amounts of r-
process matter.



VLT/X-shooter - ESO and Gemini-S/GMOS

kilonova is characterized by rapidly expanding ejecta
optically thick early on, with a velocity of about 0.2
times light speed, and reaches a radius of ~ 50

astronomical units in only 1.5 days.

As the ejecta

expands, broad absorption-like lines appear on the
spectral continuum indicating atomic

species produced by nucleosynthesis that occurs in
the post-merger fast-moving dynamical

ejecta and in two slower (0.05 times light speed)
wind regions.
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Pian et al. (2017) and Smartt et al. (2017),
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Pian et al. (2017) Tanaka et al (2017)
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Wavelength ()

/Iine of sight

Post-merger ejecta high Ye
medium Ye

Dynamical ejecta
low Ye

== ().05c wind lanthanide-free
=== 0.05c wind lanthanide-mixed

=== (.2c ejecta lanthanide-rich

Three components to describe the
kilonova emission

Comparison of the spectra with a

scenario where these three components

contribute to the observed spectra:

anthanide-rich dynamical ejecta
region with a low electron fraction and
a velocity of 0.2c

- two slow (0.05¢) wind regions of which
one has Ye = 0.25 and mixed
(lanthanide-free and lanthanide-rich)
composition one has Ye =0.30 and is
lanthanide-free
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Smartt et al. (2017)

1.0 1.5
Rest wavelength (um)

— spectral data (+1.4d)
- model continuum
- model Cs+Te

Rest wavelength (um)

— spectral data (+2.4d)
- model continuum
\{ == model Cs+Te

1.0 1.5 2.0
Rest wavelength (um)
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Possibile signature of Cesium
and Tellurium
- vertical lines indicate the

positions of spectral lines
blueshifted by 0.2 ¢

Cs | and Te | lines that are
consistent with the broaad
features observed in the
optical and near infrared
spectrum at later time



Credit: ESO/E. Pian et al./S. Smartt & ePESSTO/L. Cal¢ada
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Time: -1225 days




If the ejecta is composed primarily of heavier r-process material —> the opacity

Is higher and it resulting in a longer diffusion times and longer duration bolometric light
curves.

The higher lanthanide opacities of the heavy r-process materials obscure the optical
bands and shift the emission primarily to the infrared.

Kasen et al. (2017)
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The fast rise of the light curves and rapid color evolution are consistent
with multiple ejecta components of different lanthanide abundance.

M. R. Drout et al. (2017)
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While the initial observed peak is consistent with ~0.01 M of r-process material,
this under-predicts the luminosity at later times. Instead, the late-time (> 4 day)

light curve matches radioactive heating from 0.05:0.02 V/ , of r-process
material.

M.R.Droutetal.(2017)  Rest-frame time from merger (days)
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Rest—frame time from merger (days)
M. R. Drout et al. (2017)

* Between 4.5 and 8.5 days, the temperature asymptotically approaches ~2500K

* At 2500 K —> combination of open f-shell lanthanide elements rapidly reduced opacity

and photosphere move inward %
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This identification of Cesium and Tellurium can be ruled out because
neither Cs | nor Te | produce strong lines in a plasma such high
temperature

Watson et al. (2019)
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The range of NS-NS merger rate densities of 320-4740 Gpc-3 yr-1
provided by LIGO/Virgo is remarkably consistent with the range required
by Galactic chemical evolution models to explain the Eu abundances in
the Milky Way with NS-NS mergers

Lookback time [Gyr]
5.0 7D 10.0

LIGO/Virgo (GW170817)

(Galactic chemical evolution
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Electromagnetic counterpart (2)

Non - thermal emissio




GRB emission and fireball model

Cataclysmic event Central engine

NS-NS NS-BH
merger

Surrounding
medium

Black Hole
= - >
accretion disk ) ) ))

TAVAT
=k “Magnetar” NS\

mllllsecgnd Relativistic N e
magnetized Internal shocks

(B> 10" T) Outflow External Shocks
Neutron Star / /

Afterglow emission

Prompt emission

- Y-ray - within seconds Optical, X-ray, radio -
| hours, days, months © - 1
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GRB 170817A

» 100 times closer than typical GRBs observed by Fermi-GBM, z=0.009727
e it is also "subluminous" compared to the population of long/short GRBs
» 102 - 106 |ess energetic than other short GRBs
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X-ray emission peaks at 9 days after the merger
== first evidence of off-axis jet SGRB
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Using VLA observations (6 GHz) was found radio emission 16 days after the
merger
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X-ray band with XMM-Newton 135 d after the event.

Was found evidence for a flattening of the X-ray light curve with respect to the
oreviously observed brightening. Radio-to-X-ray spectral slope not change ™= its
origin should be geometric

**k%x 3 X F,@3GHz *%*% 100 x F, @ F606W
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[sotropic blast wave Oftf-axis jet

Account for the
low luminosity

o Shallow rise phase as t9°
+ radial structure A
+ angular structure
[h'<1)r<13 > I,> T,
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: - ) El > r: > Fg
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x 107
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10 107
Time after GW170817 [days]
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Decaying phase after 160 days since the merger!
We cannot distinguish between isotropic blast wave + radial
structure and off axis jet + angular structure

610 MHz (x27/8)
1.4GHz (x9/4)
3GHz (x3/2)

6 GHz

5 x 10 Hz (x300)
1 keV (x5000)

z . A

«

: \ =

§ °

= Dashed lines
olllo RITa =

102
time after GW170817 [days]

Ghirlanda et al. 2018

MULTI-WAVELENGTH LIGHT CURVES CANNOT

DISENTANGLE THE TWO SCENARIOS!
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VLBI observations was performed 207.4 days after the merger.

The apparent source size is constrained to be smaller than 2.5
milliarcseconds at the 90% confidence level. This excludes the isotropic
outflow scenario, which would have produced a larger apparent size,
indicating that GW170817 produced a structured relativistic jet.

10
rnaLse o 'J"ll".‘:b Jyrorvowe

Isotropic emission excluded
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Number of lower luminosity events increases according to the jet structure
The rate of GRBs with luminosity as low as GRB 170817A is consistent
with the luminosity function of structured jets!

BNS rate (Abbott+2017)

<— Luminosity of GRB170817

SGRB L>1051 ergs’s

48 49

Log(L) (erg/s) Ghirlanda et al 2019
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Jet and kilonova interaction - GRB 211211A

Mel et al 2022

(b) to to to+20ks

(d) to to to+2 d

(c¢) to+1 d to tg+2 d
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GeV excess is inverse Compton
emission due to the interaction of a
long-lived, low-power jet with an
external source of photons.

We discover that the kilonova
emission can provide the necessary
seed photons for GeV emission in
binary neutron star mergers.



GLADEnet: Empowering Galaxy Catalogs for Multimessenger Applications

G+

Possible strategy to increase the number of joint detections!

GLADEnNet: https://virgo.pg.infn.it/gladenet/catalogs/
Interactively visualize the possibile host galaxies in the GW volume

Evaluation of completeness parameter —> fundamental ingredient for optical
follow-up
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I'm waiting for
another event

Too questions to
solve! | need
another event..

How long it takes?

hank you!!




