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Binary Neutron Star Merger GW170817

Before merger

y-ray burst

Neutron star
Who were they?
How did they form?
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In NGC 4993, some 130 million light-years
(~40 Mpc) away from us

Low SFR= 0.01 M_,, yr-
M, = 101065 M__

r.=3.3 kpc
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A short gamma-ray burst at +1.7 s

Gamma rays, 50 to 300 ke GRB 170817A

LIGO-Virgo

Gravitationalbwave strain GWITOB17

Frogquency (HI]

Tima from marger {seconds)

Gamma rays, 100 ke and higher GRB 170817A
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e.m. follow-up: 9 decades across
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e.m. follow-up: 9 decades across
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e.m. follow-up: 9 decades across
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Host galaxy

Relativistic outflow (collimation,
geometry, kinetic energy, particle
density)
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Relativistic jets
(radio/X-ray)

<

/ Isotropic Component
Heavy elements
(UV/opt/NIR)

Nov 23, 2017 Ferrara, GW-astro day




I i

Witnessing the birth of multi-
messenger astrophysics:

time-lapse of the e.m.
counterpart discovery
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A short GRB
at +1.7 s

Nov 23, 2017
(LIGO+Virgo+gamma+17,Ap))
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e.m. counterpart discovery
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Swope Telescope: the very first in
the optical at 10 hours

2017 August 17 2017 August 21
-

Swope & Magellan Telescopes

(Coulter+17, Science)
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X-ray and radio join in days later

t=2.34 days

. Host Galaxy

Fon )
1 L™t/
bl
\ S2
Initial S
Swift-XRT localization

CXO/ACIS-S

. Nov 23, 2017

t=15.39 days R t=9.75 days

X-ray,counterpart

@

Host Galaxy |

-
CXO/ACIS-S . B HST-WFC3/IR .
i+
Host: weak AGN (Blanchard+17, Ap)) (MargUttl 17’ApJ)
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The y-ray burst itself
compared with other SGRBs

l . Nov 23, 2017 Ferrara, GW-astro day . 5 N7



Short and Long GRBs: two
families (at least) .

short GRB

compact
merger

internal | ,

shocks forwards

Energetic SN shock iR
collapsar { i " hypern ova“ |
associated

long GRB
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GRB170817A: put in context
a borderline short-ish soft-ish GRB
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GRB170817A: very low
(|sotrop|c equwalent |Um|n0§|ty GRB'
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= (5.3 £ 1.0)x10%¢ erg L., = (1.2 = 0.6)x10% erg/s

Detectable out to d<80 Mpc (= twice as far)
O

(our cosmological courtyard) -
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X + radio afterglow
an off axis jet sweeping up
the interstellar medium

l . Nov 23, 2017 Ferrara, GW-astro day . 5 D1
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X-ﬂray+radio afterglow: how does it
compare with other SGRBs?

X-ray/radio afterglow comparably underluminous
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One must explain

Al i * Rising X-ray emission
= 10Y |- COS - -
'm "0, foe
> 5| °g/‘ce/ | Y Mild rise,
= Sh peak ~20 days
£ o
8 10% - rtG —
£ R
S 10* - * Lx~10* erg/s
Emﬂg_ GW170817 Chandra |
ar| | Y& Hard spectrum with
: I'~1.5 (8~0.5)
10 10 107 107 10° 10’ !

Rest-frame Time after Burst (days)

© st L
\*Radlo to-Xray SED also demands p(radio-X)~0.5
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Interpretations

Scenario i: Uniform Top-hat Jet Scenario ii: Structured Jet Scenario iii: Uniform Jet + Cocoon
Rotation Axis L Rotation Axis L Rotation Axis .
Viewing Angle Viewing Angle Viewing Angle
A A '\
<T 4 sT o <1 o’

Uniform
Core

Uniform Uniform
Core Core

Doppler
B ;
P Structured Cocoon
Sightline Jet
Central Engine Central Engine Central Engine

Scenarlo iv:
truly underlumlnous
viewed on aX|s/spher|caI
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Scenario iv: truly underluminous
viewed on axis/spherical

l . Nov 23, 2017 Ferrara, GW-astro day A % 27 ‘



Rise: fireball deceleration and afterglow onset ?

1/3
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5 r8 B
ne nmp,t, (Sari&Piran99)
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energy — Be 7 Environment
E density
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. . 100
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Borentz f. [l L1 111111 | L1 llllll 1 g
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t [min] :
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On-axis: afterglow onset?
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—3/8
tpk,day 2
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0 n,

\ T, ~ 15-30 days
10 E,.._ = (5.3 £ 1.0)x10% erg e

kjiso Y,iso
n = (3 -15)x103 cm?3

E

Scenario iv: e
truly underluminous
viewed on axis/spherical
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‘Cocoon

Scenario

L]
+

Scenario iii: Uniform Jet + Cocoon -

Rotation Axis .
Viewing Angle
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Central Engine
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Scenari I-li:

Scenario i: Uniform Top-hat Jet

Rotation Axis o
Viewing Angle

4

Uniform
Core

Doppler
Beaming
into
Sightline

Central Engine

Nov 23, 2017

off axis jet

el R g 3 2 S L Faal

Scenario ii: Structured Jet

Rotation Axis L.
Viewing Angle

5

Uniform
Core

Structured
Jet

Central Engine
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Relativistic beaming and deceleration

| . Nov 23, 2017 Ferrara, GW-astro day
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Relativistic beaming and deceleration

| . Nov 23, 2017 Ferrara, GW-astro day
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Relativistic beaming and deceleration

| . Nov 23, 2017 Ferrara, GW-astro day . 5 35



off axis jet: clues | .

1/3 1\8/3
(eobs_ej) dl

Ek,iso,52
n

U

t 2.1

pk

10

Fort ~15-70d
pk

For typical parameters inferred from
SGRBs (6; ~5-15 deg):

Bons ~20-40 deg
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X-ray+radio: entire data set at t<40 d
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E v
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fg \J Vv aé_’a'?f:ﬁ;
E Sig;:mne
. 10_6" Central Engine
- Simulations on 4 clusters
1078 L Many thanks to:
| Time since Merger (days) : Ferml C|USter (UNIFE PI
- ; LT Zanghirati)
Margutti+17; Guidorzi+17; Alexander+17 . Piero Rosati's team (UNIFE)
N~102-10%cm? * Northwestern U. |
E =1 048 3x] 050 erg « COKA GPU cluster (UNIFE
& INFN- FE)
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UV/Optical/NIR emission
kilonova and heavy elements
nucleosynthesis

l . Nov 23, 2017 Ferrara, GW-astro day . 5 38



Macronova/Kilonova

Light: A<140
Reaw: 2190 | Sgueezed dynamical
v = 0.2¢-0.3c

Light +heavy
r-process
elements

Tidal dynamical
v = 0.2c-0.3c

< Disk wind

v < 0.1c

Light+heavy r-
process
elements

Neutg®h star + neutin star
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Kilonova: theoretical evolution
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Absolute mag (AB) + offset
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2-comp model (blue+red KN) ~ works
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NIR/opt spectrum: unprecedented
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NIR: Impressive agreement with theory!
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S éa e Solar System Elements
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250 .
B Ndll (f-shell)
R Fell (d-shell)
500l =3 Snll (p-shell) | |
e 1= Atoms/ions with open f-
- shells have many more
: available states compared
== to iron-peak elements

5 10 15 25

excitation energy (eV)
(Kasen+13)
Ion Configurations ’ ' | ‘ Number of levels Number of lines
'Nd1  4f*6s?, 4f*6s(5d, 6p, Ts), 4f*5d2, 4f*5d6p, 31,358 70,366,259

4f35d6s?, 4f35d?(6s, 6p), 4f35d6s6p
(Tanaka+07)

e Husge opacity! Flux shifts towards NIR
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Light r-process 4 b Heavy r-process
I=25d t=45d

N

10}

Relative flux, F,, plus offset

v = 0.30c

N

0.2 0.4 0.6 0.8 1.0 g [ 1.4 0.5 1.0 1.5 2.0 2.5 3.0
Wavelength (um) Wavelength (um)
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Mej ~0.01-0.02 Mso Mej Gt 0-04 Mso

Vej ~0.3c Vej ~ 0.1c

X G103 X  ~ 107
il
1l REd+B|ue >

 LONG-LIVED NEUTRON STAR

Shocked-Interface D{ hamical Ejecta,
M ~ 1074-1072 h.ig‘ >0.1-0.3 ¢

Disk jecta b 4
M~ 102-101 “Tiﬂ 01-0.1¢c
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Combining GW+e.m.
information to constrain the
Hubble Constant HO
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The Hubble (not so) Constant HO

Not so constant
Cosmological studies Distance ladder studies
600 — °, ° | N8
"g‘_ oa = o = @
o Freedman .4
< 00 @ hies00 e
E 400 5 s
< S
S 300 —s 5 ome
"g, ) -.-'
o @
P AL ® De Vaucouleurs9 60 TES
2 100 P ° &
I Sandage 50 ®
0) T T ! T == 5() —— J —— T T
1930 1950 1970 1990 201t 2000 2005 2010 2015
1929 19764188 —Present
Edwin Hubble's first With te has resumed. Adam
value was much Allan 's distance ladder value

too fast. It implied a slowe
universe that wasonly  value
2 billion years old. Vaucot

ificantly higher than one
2d from Planck’s map of the
ic microwave background.
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GW170817: measuring HO! ’

140° day

To Earth

GW signal:

amplitude=f(cos(i), d)

v, =H,d (Hubble, small z)

Vit = VM
Lo S
Peculiar

' Recessional motions

velocity (z)

At d~40 Mpc:  |v |~|v,|/10 :

H, = 70 (+12, -8) km/s/Mpc| |

- SV
(LV+em 17,Nature)



GW170817: combining afterglow info
on inclination =& measuring HO!

-0.5

|
=
o

|
=
~1

cos(180 — B,ps)

LIGO Posterior @ 166km/s
s LIGO Posterior @ 250kmy/s

—
_—

= [VC Prior
- 5% Jet
- 15 fet

T T T
100 120 140

Ho (km/s/Mpc)

Planck

= Using 15° Opening Prior
- Using 5° Opening Prior
= A17:HO Posterior (no additional prior):

cos(180 — B,ps) Prior

H, = 75.5 (+11.9, -9.6)

km/s/Mpc |

All curves using 250km/s o peculiar velocity.

60

Nov 23, 2017

(credits:
LIGO+Virgo+gamma+17,Ap))

120 140

100

o (km/s/Mpc)

80

Ferrara, GW-astro day

(Guidorzi+17)
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What's coming up next?
Are we already done with
GW170817?
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The FUTURE of our EM foIIow-up:

md 5% B, zs=h tsobs_:'sol,q" ny=10* CB-_-_er_‘_‘l eg=10

Flux density (r

TIBBST odays 150as  SUN block!  100days

h. GW170817 is still ON in X-rays and radio!



THESEUS mission design and sciencelobjectivasies
Probing the Early Universe with GRBs/
Multi-messenger and time. domain/Astrophysics:
The transient high energysky
Synergy with next generation large facilities (E-ELT SKA; CTA A | Radiators
ATHENA, GW and neutrino detectors) (Y. Torxas

First Stars and Reionization Era

————— The Big Bang/Inflation

Time since the
Big Bang (years)

1e-06

O
cwa **  ‘bursts
:

o

Galaxies and Quasers | E = g
begin to form - starting =

_| refonization. >

3 \!;:. "‘-—S‘Nlbclll breakout Classical novae

AGN

le-12

T T
1e+00 1e+02 1e+04 1e+06

integration time s




NS-BH/NS-NS
merger

physics/host galaxy
identification/forma
tion
history/kilonova
identification

ELT TMT GMT

Hubble

constant

r-process
element
chemical

abundances

Localization of GW/neutrino
gamma-ray or X-ray transient
sources

NIR, X-ray, Gamma-ray
characterization

150 ‘_' FH [ 2 .'-"l U4
GRB170817A L 1 f

Transient
sources multi-
wavelength
campaigns

1esaeus

TRANSIENT HIGH ENERGY SKY AND EARLY UNIVERSE SURVEYOR

THESEUS SYNERGIES

Accretion
physics

ATHENA




688 Sitzung der physikalisch-mathematischen Klasse vom 22. Juni 1914

Néiherungsweise Integration der Feldgleichunge SONRR
der Gravitation. e 8la ‘:fx‘g;\\.‘i‘ N \Id invariably
Von A. EiNsSTEIN. prOpagat i\\“ e‘ peed Of I|ght“

y 2. Ebene Gravitationswellen.

Aus den Gleichungen (6) und (9) ﬁf}]_gt; daB si tinns

Ebene, nach der positiven a-Achse fortschreitende Gra-
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