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> '\J'\J‘ Why EM counterparts are interesting? @

¢ -

U Precise (arcsec) sky localization — e.g. link to EM event
U Energetics — e.g. EM emission (beamed and isotropic)

O Host galaxy — e.g. Redshift, Environment (stellar populations,
dynamics..) where the EM counterparts are generated and evolve

U Nucleosynthesis of elements
O Cosmology

O Fundamental physics — e.g. speed of photons and gravitational
waves (GW)

[ Constraint models of GW+EM emitters
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() ‘\J! The route for the EM counterpart

STEP 1

Search & Detect
Transients in the skymap
provided by LVC have to be
discovered and measured
as soon as possible

STEP 2

Observe & Characterize
The detected transients
have to be observed to infer
their nature

STEP 3

Follow & Study
Follow-up at all observable
A for an adequate time to
study the physical
properties of the
EM counterparts of GW

Telescopes with
large FoV
distributed at different
latitudes/longitudes

Computing Facilities
with fast and smart
software to select a
handful of transients

VST

Telescopes for
prompt spectroscopy
of selected
candidates at different
latitudes/longitudes

Telescopes with
large collecting area
to obtain light curves and
spectral features of the
EM counterparts of GW




W Multi-wavelength Observing Facilities: .@

Visible: VST, LBT, TNG, NOT, NTT, VLT + small telescopes [REM, 1.82m (Asiago, IT), 1.52m
(Loiano, IT), 0.9m C. Imperatore, IT)] + HST (coll.)

Near-mid IR: 1.1m AZT-24 (C. Imperatore,IT), IRAIT (Antarctica)

Radio: 64m SRT (Cagliari, IT), 2x 32m (Medicina and Noto, IT)

High energy (coll.): space(coll. Swift, Chandra) + ground (coll. MAGIC, future ASTRI, CTA)
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Collaboration: ePESSTO SWIFT, Magic, INTEGRAL , AGILE
Positive interaction during O1+02: Pan-Starrs, iPTF, VISTA, J-GEM



GRAVvitational Wave Inaf TeAm @

j ¥ GW170104
GW150914 GW151226

Credit: LIGO/Virgo/NASA/Leo Singer

To cover a large region of
the LVC skymap one
observing strategy is to
build up a mosaic of single
pointing (tile):

GW150914 ~ 600 deg?
LVT151012 ~ 1600 deg?
GW151226 ~ 1000 deg?
GW170104 ~ 1200 deg?

(90% credible areas)

Transient objects in the LVC skymap

TEST LVC Skymap

GWsky shows the footprints of the archival VST p—

data over the LVC probability skymap.
P tty skymap Gwsky computes the grid of

pointing for the VST telescope.

Credits : G. Greco

G. Greco, Gwsky https: //github.com/ggreco77/GWsky
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) Il GRAvitational Wave Inaf TeAm @

' : VST campaign on GW150914 ‘
»90 deg? to.be repeated at six epochs:

ty, ty+1d, t+5d, t;+8d, t;+15d, t,+ 60d [trer]
sFilters: r. ~
=2 dithered exposure per pointing, 40 s each,
limiting mag r~ 22.4
=Each tile is 3x3 pointings and cover ~10deg?

29 P GW170104
GW150914 GW151226

Credit: LIGO/Virgo/NASA/Leo Singer : S ~ X\ L3

To cover a large region of
the LVC skymap one
observing strategy is to
build up a mosaic of single

pointing (tile): ‘ \ ,
GW150914 ~ 600 deg? W R | .
LVT151012 ~ 1600 deg?

GW151226 ~ 1000 deg?
GW170104 ~ 1200 deg?

(90% credible areas)



@ || EXAMPLE OF GRAWITA RESPONSE o

@ 1. Tllmg a

. Characterization

and follow-up

ﬂ ' 2. Observations

GW150914
VST field P50 epoch 1

+ Number of images: 2 200 images

(~18000%18000 px to map 1 deg?)

* Image size: ~ 1.3 GB / image

+ Calibration time: ~ 6.5 hrs for a set
of ~ 200 images (Grado & WG2:
VST center)

Characterization

Telescopes: LBT / NTT/ TNG / NOT / Asiago
Collaborations: IPTF and PanSTARSS/PESSTO

H 3. Search E
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@ | Example of GRAWITA response o
e
— GW170104
LVT151012
GW151226
' GW150914
\\\\V : = GW17081:\ . ’”‘ LIGO/Virgo/NASA/Leo Singer
. (Milky Way image: Axel Mellinger)

Virgo made a key improvement
on sky maps

GW170814 ~ 60 deg?

(90% credible areas)

h\ Ravpi'dLIGONirgoIoc;Iization VST observed
ol ~ 80% of the sky map

ed ngp//“\lvirgo‘localization

A

o0

found in tt]e survey of QW170814



@ 2017/08/17 UT: 12:41:04.445710 e

vV *

From: Bacodine <vxw@capella2.gsfc.nasa.gov>
Date: 17 agosto 2017 15:08:18 CEST

Subject: GCN/LVC_INITIAL_SKYMAP

False-alarm rate < 1 per ~8 X 10%years

TITLE: GCN/LVC NOTICE

NOTICE_DATE: Thu 17 Aug 17 13:08:17 UT

NOTICE_TYPE: LVC Initial Skymap

TRIGGER_NUM: G298048

TRIGGER_DATE: 17982 TJD; 229 DOY; 2017/08/17 (yyyy/mm/dd)

TRIGGER_TIME: 45664.445710 SOD {12:41:04.445710} UT

SEQUENCE_NUM: 1

GROUP_TYPE:1=CBC

SEARCH_TYPE: 0 = undefined

PIPELINE TYPE 4 GSTLAL
- .5 days)

MISC: 0x1100001

SKYMAP_URL: https://gracedb.ligo.ora/apifevents/G298048/files/bayestar fits.qz
SKYMAP_BASIC_URL: https://gracedb.ligo.org/apibasic/events/G238048/ffiles/ba
EVENT_URL: https://gracedb.ligo.org/events/G298048

COMMENTS: LVC Initial Skymap -- a location probability map.

COMMENTS: This event has been vetted by a human. )
COMMENTS: LIGO-Hanford Observatory contributed to this candidate event. Fermi flight) : g - GAMMA-RAY.BURST
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2017/08/17 UT: 12:41:04.445710

From: Bacodine <vxw@capella2.gsfc.nasa.gov> ”r
Date: 17 agosto 2017 15:08:18 CEST Position of the GW skymap on Sky

Subject: GCN/LVC_INITIAL_SKYMAP Altitudes, Cerra Paranal Observatory 289.5972E —24.6253N, 2635 m above sea level
LST ———> 17" 4™ 18" 4™ 1" 4™ 20" 5™ 24" 5™ 22" 5™ 23h 5™ o' 5™ (M g™ oM™
Sset  Twil Twil  Srise
ur —>9 éz"sf" u“‘n'“ L i 10%5™

List of objects:

|
1 Object 13" 9™ —23°23

TITLE: GCN/LVC NOTICE zenith |
NOTICE_DATE: Thu 17 Aug 17 13:08:17 UT L
NOTICE_TYPE: LVC Initial Skymap =

TRIGGER_NUM: G298048

Numbers below curves

TRIGGER_DATE: 17982 TJD; 228 DOY; 2017/08/17 (yyyy/mm/dd) ore Moon dtonce
TRIGGER_TIME: 45664.445710 SOD {12:41:04.445710} UT comespording 7"
SEQUENCE_NUM: 1

GROUP_TYPE:1=CBC 507
SEARCH_TYPE: 0 = undefined

PIPELINE TYPE 4 GSTLAL

4‘@:

MISC: 0x1100001

SKYMAP_URL: https//gracedb.ligo.ora/api/events/G238048/files/bayestar.fits.qz
SKYMAP_BASIC_URL: https2//aracedb.ligo.org/apibasic/events/G238048/files/bayestar.fits.qz | P [m
EVENT_URL: https//gracedb.ligo.org/events/G298048 N SR A R ) 7 & @ =«
COMMENTS: LVC Initial Skymap -- a location probability map. Miean Selar Zone Time, starting might 17 08 2017
COMMENTS: This event has been vetted by a human.

COMMENTS: LIGO-Hanford Observatory contributed to this candidate event.
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Observational strategies

The sky around GW170817 (~3 deg x ~2 deq)
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The distance is a critical quantity for searching the EM counterparts




~» }\vf‘v‘ Observational strategies 2

When the distance (including uncertainties) is available, (no mosaics) the best observing strategy is

Galaxy targeting strategy :

*Select a sample of galaxies using catalogs of galaxies with known distances. Constrains: position (LVC
skymap) + distance (in the range given by LVC)
«Start observations (telescopes with small FoV are OK!) giving priority to high mass (luminosity) galaxies

Inside the entire
LVC skymap of
GW170817

can be found

~50 galaxies in

| the.range

25 < d(Mpc) < 50

The number of galaxies increases
rapidly in a given region of the sky
NGC 4993
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Hjorth et al. 2017
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LIGO/
Virgo

:
|
|
|
|

Fermi/ |
GBM |
12h

[

NGC 4993

e

Swope +10.9 h

o image obtained

~20 days
before GW trigger




The Optical/nIR Transient

NGC 4993 AT2017gfo Y ' LA

L

Pan-STARRS L
archive REM r band | SN Fin gl 4
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The Optical/nIR Transient

Pian et al. 2017
16 B 1 1 1 LI I

17 Optical
: ¥
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AB Magnitude
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The Optical/nIR Transient f@‘

VST 2.6m Optical
1 deg FoV

VST/OmegaCAM

MPG/ESO 2.2m Optical

VLT/MUSE

VISTA/VIRCAM
I =L
VISTA2.6m nIR
1 deg FoV
. .
VLTNVIMOS . =
‘ -

u 2N o
* VLT Unit 1
8.2m nIR



@ The Optical/nIR Transient e
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supernova
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supernova
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AT2017gfo

-20 -10 0 10 20 30
Time from peak (rest-frame days)

Arcavi et al. 2017
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&l The Optical/nIR Transient S

*

Why temporal and spectral sampling (+ good S/N) are important

—— 2008D 1d
- AT2017gfo Salt 1d

The low S/N spectrum at 1 day matches
very well that of the supernova SN2008D /
XRF080109 (type Ibc) at a similar phase.

4000 5000 6000 7000 8000 9000
wavelenagth
le—16

SN2008D
— 1.5d

— 354 | In a couple of day the peak of the
Spectral Energy Distribution shifts to the
near-infrared. Broad spectral features
appear that are completely different
from that of all known SN types.

6000 10000
wavelength




GJQW]TQ GW signal and sGRB detection { e \}
LIGO-Virgo

Frequency (Hz)

-6 -4 2 0 2 4

sGRB t4gs“GW by 1.7 s
Gamma rays, 50 to 300 keV GRB 170817A

1,500

1,000

Counts per second

500

Gamma rays, 100 keV and higher GRB 170817A

NTEGRAL o
. S

120,000

115,000

Counts per second

110,000

First direct evidence that NS mergers are progenitor of short GRB




J: BNS Merger: What we expected k-

Gamma Ray bursts were discovered in the late 1960s

Bimodal duration distribution
and different progenitors

~ BATSE catalog

|

*observed Type Ic SN spectrum
~accretion disk is fed by fallback
of SN material onto disk,
timescale t~ 10-100s

- -

Long GRB |
ol Ladhuld

IR TTIT Sy ‘
0.001 0.01 0.1 12 10 100

Duration (s)
Kouveliotou et al. 1993

Short Gamma Ray Burst (sGRB)

*lack of observed SN NS — NS
eassociation with older stellar population NS — BH
elarger distance from the host galaxy center (~5-10 kpc)

accretion timescale of disk in binary merger model is mergers

short (t~1s)




BNS Merger: What we expected

GRB emission — Fireball Model

Central engine

Surrounding

medium
Black Hole
N>

W accretlon disk v
N> TAVA. =
—> “Magnetar” N>
millisecond Relativistic JAVASS
magnetized Outflow Internal shocks £ | Shock
(B> 10" T) xternal Shocks

Neutron Star / /

Core-collapse of Prompt emission Afterglow emission

massive stars - . .
Y-ray - within seconds Optical, X-ray, radio -
hours, days, months

Kinetic energy of the relativistic jet converted into radiation

Mjet = 107-10> Mo, 2100, E=10%8-10°! erg

Credit : M. Branchesi



A\l BNS Merger: What we expected @

Associated to Short GRBs are also observed

‘ NS-NS and NS-BH mergers are expected to produce a
Collimated EM emission: Gamma Ray Burst (Short GRBSs)
‘ X-ray/UV/optical/IR/radio counterpart (afterglow)

Crashing neutron stars can make gamma-ray burst jets
- E Ur.sa MMMMM :
%) ’ ‘ o T e .
rr—— \ \ \ GRB

.

The Gamma-ray sky: Before and after Fermi LAT views of a sGRB

NS-NS and NS-BH mergers may also produce a
Optical/nIR isotropic emission: Kilonova/Macronova

Berger et al 2013, Tanvir et al 2013



Jet—ISM shock (afterglow)
Optical (hours—days)
Radio (weeks—years)

Ejecta—ISM shock
Radio (years)

Kilonova
tical (t ~ 1 day)

/
+ Merger ejecta
8 |+ Tidal tail and disk win
7 v~0.1-0.3c

\ /KYI' /
— o W —
e N

Metzger & Berger et al 2011
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- W The Optical/nIR Transient ;4 ‘®

0\" .

Photometric and Spectroscopic evolution of AT2017gfo




» ’\u': BNS Merger: Kilonova models g

Significant mass (0.01-0.1 M,) is dynamically ejected -
during NS-NS NS-BH mergers
at sub-relativistic velocity (0.1-0.3 c) —_

Neutron capture rate much faster than
decay, special conditions:
T > 10° K, high neutron density 10?2 cm?3

Dynamical
outflow

Relativistic Jet
radioactive decay of heavy elements

Rosswog et al. 2013 N

Accretion disc wind outflow

—>winds unbind a fraction of the disk
Kulkarni 2005, astro-ph0510256; Li & Paczynski 1998,ApiL, 507

—>neutrino irradiation raises the electron Metzger et al. 2010, MNRAS, 406; Tanaka et al. 2014 ApJ, 780;
Barnes & Kasen 2013, ApJ, 775.

fraction = No nucleosynthesis heavier
element/high-opacity
—> brief (~ 2 day)
blue optical transient

Kasen et al. 2015, Perego et al. 2014 Credit : M. Branchesi



@ The Optical/nIR Transient A

ESO VLT X-Shooter spectral sequence of AT2017gfo

purely thermal spectrum
(T = 5000 K).

Initial expansion
/ speed of ~0.2c

P~
—
|

*<1.5x10-16

Broad absorption lines
indicate material at high
speed (0.1-0.2c)

Flux (erg s~! cm

Pian et al. 2017; o LB
Smartt et al. 2017 5000 10000 15000 20000

Wavelength (A)

European Southern
Very Large Telescope (VL]

4 Units Telescopes with
Primary Mirrors 8.2 m in diameter



e /\d': BNS Merger: Kilonova models k-

b light r-process

squeezed dynamical
v =~ 0.2¢-0.3c

heavy
r-process}

disk wind
v =0.1c

Neutron Star + Neutron Star
remnant prompt collapse to black hole

Kasen et al 2017

5000 7500 10000 12500 15000 17500 20000 22500 2500(

Models: Kasen et al 2017
Observations: Pian et al. 2017

7500 10000 12500 15000 17500 20000 22500 25000



) ‘\J'!‘ BNS Merger: Kilonova models o

Pure r-process composition cannot explain the blue component in the spectra which is
attributed to a lanthanide-free wind region (Pian et al. 2017, Nature,551, 57).

Models: Tanaka et al 2017
Observations: Pian et al. 2017

/Iine of sight

Post-merger ejecta high Ye
medium Ye

Dynamical ejecta
low Ye

= ().05¢ wind lanthanide-free
m===_0.05¢ wind lanthanide-mixed
0.2c ejecta lanthanide-rich

~
I
o<
T
n
oT)]
S
(]
e
~
>
]
n
[¢]
£
=3
—
N
=Ti]
2

ejected mass ~ 0.03 - 0.05 M,

Best fit requires three

2ooooh’! ' fgéoo 2ooooﬁ}
components

Wavelength (&)

At present models reproduce the general trend.
Nevertheless, models are not able to reproduce consistently
all the observed spectral features




r-process elements:

*Iridium (Z=77,A=192)
*Platinum (Z=78,A=19)
*Gold (Z=79, A=197)

N
o
0

o
=
=
=
c
0
2
0
S
a

Solar system abundances

.2 || «—Big Bang: H, He Lodders 2003

G111 100 15
Mass number, A

100 150 - 107
neutron number, N 0. Korotkin, . Rosswog,

A. Arcones, C. Winteler,
arXiv:1206.2379

r-process S-process

o
O
c
©
©
=
3
a
©
o
o

video by Rosswog: r-process
nucleosynthesis in a kilonova

environment ‘ . neutron cafitire ™’
20 40 60 80 100 120 140 160 180 200 220
mass number (A)




J X-ray and Radio afterglow

The 26 August 2017 the X-ray emission at the position of
GW170817 was detected. At a similar epoch the onset of radio
emission was also detected.

GW170817

GW170817
c

.,

g 5o 0.5 - 8.0 keV
22 Aug 2017 26 Aug 2017

Hubble Space Telescope . Chandra X-ray observatory

credits: NASA/ESA/E.Troja et al. 2017



W\ X-ray and Radio afterglow

Nearly at the same time of X-ray detection, the onset of Radio
emission was also detected.

+20 +10 0 -10 -20 +20 +10
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Hallinan et al., 2017



0, ~ 28°, 0, ~ 15°

“..0ur observations are instead
consistent with the onset of an off
axis
afterglow from the GRB jet. This
would explain the low luminosity of
the observed gamma-ray emission, and
the lack of early afterglow
detections.”

vV

IIlIIu]I Illllull Illllull 1Ll

First GRB observed off-axis !

||||I'I'II'| |||||I'II| |||||I'I'I| |||||I'I'I| T 1T

Short GRB seen off axis (6,~28°)
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Troja et al. 2017
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108

1 10 100

Time since gravitational-wave trigger (days)




& a1 The host galaxy NGC 4993 3

MUSE instrument operating on ESO VLT

Credit: ESO/J.D. Lyman, A.J. Levan, N.R. Tanvir

The host galaxy:
v lenticular galaxy (SO galaxy type)
v’ redshift z,;, = 0.00978 +/- 0.00002

v' Evidence of emission from gas (red in the image)
revealing a surprising spiral structure

v relatively recent (~1 Gyr) episode of merger with
another galaxy

v no globular cluster or young stellar cluster (with
Mass > few 102 Mo) at the position of GW170817



BNS Merger: lastminute news on GW170817 '@

Margutti et al. 2018 astroph-180103531
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----Afterglow: F ~y7°
--------- Kilonova

F1G. 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

(@) t=2.34 days =224 2=
N o ‘_'Host Galaxy
PNEIRS

s2.; - L
) S1

10“ - - . .
. CX0 (0.5-8 keV) 25ks - .E

Evolution of X-ray emission

: (b)t =9 dayS - t=9 days

GWI70817
*
/H‘\Hosl Galaxy
ot
|"-'\‘\.-" : :’
cor— ¥ "S53 T @
=2 ®si

CXO (0.5-8 keV) 49.4 ks

(C)t =15.39 day§15-30 davs

GW170817
(&

m Radio , .~ Host, Galaxy

¢ Optical /NIR

® X-rays

P
L N Y

N e 4
S2,° - &
Sl

6

10'? 10"

Frequency (Hz) CXO0 {0.5-8 keV) 49.4 ks

non-thermal synchrotron emission from the GW170817 afterglow at all times

(d)t =110 days t=110 days

GW170817
o
. Host. Galaxy
F . .
e FRREY
(R g
o T G3e e
52 o St
S4

CX0,(0.5-8 keV) 100 ks

Chandra X-ray Observatory



J'!‘ BNS Merger: lastminute news on GW170817 '@

New distance evaluation of NGC 4993
Surface Brightness Fluctuation (SBF)
typical uncertainties are ~5% for distances < 1-200 Mpc

The basic idea is:

RN -+ closer <& more grainy, more mottled
. -+ farther < less grainy, less mottled
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3 fogp = >nf2>.nf (Tonry & Schneider 1988)

n, = number of stars in pixel i

f. = flux measured in pixel |
the sum is extended to all the pixel of the galaxy i

i.e.

SBF = Ratio of the 2" to the 1t moment of the
NS QOB HRS ) oo luminosity function (LF)

Preliminary results:

v By using the SBF method on HST images we derive the most precise distance to
NGC4993 d =40.7£1.4 1.9, Mpc available to date

v" Combining our distance measurement with the corrected recession velocity of
NGC 4993 implies a Hubble constant H, = 71.9 + 6.3 km s~ Mpc™

Cantiello et al. 2018 submitted
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See initial publications web archive:

Abbott et al. 2017
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INAF vs GW170817
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N W £, The Multi-messenger Era: next future

WF search ->
+ Large telescopes (VLT etc)
4-8m tel. can be competitive
=> very deep images (r > 25 mag) + >2 filters

+ LSST (20237): 8.4m, 9.6 deg?, r ~ 24.5, Chile,

6 bands (0.3 - 1.1um, ugrizy), 1000 visits over 10 years, N
same RA, DEC every 3 nights (filters?)

ToO: time fraction yet to be finalized but possible
deep sky, galaxy catalog, identification false candidates
LSST has a EM/GW group (16+ members). Part of LSST transients collaboration.

Characterization / Follow-up ->
+ E-ELT(20247). ~40m,Adaptive Optics,
corrected FoV 10 arcmin,
e.g. MICADO (Image+spectr. 0.8-2.4 um, R~8000,
FoV ~20-50 arcsec)
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The detection of GWs from a double neutron star merger and of its transient
counterparts across the EM spectrum has initiated the era of
multi-messenger astronomy.

The simultaneous GW — sGRB detections have been finally confirmed the BNS
merger as progenitor of the sGRBs.

The detection of a kilonova is the signature of r-process nucleosynthesis which
likely produce the heaviest elements in the Universe.

The preliminary models require more than one component, with different
proportions of species (lanthanide-rich vs lanthanide-free). The ejecta are about
0.03 — 0.05 solar masses with velocities 0.1 — 0.3 c.

However we need more realistic atomic models and opacities to use with our
radiative transport codes. Future work must focus on identifying accurately the
atomic species and measuring their abundances. We will thus trace heavy
elements formation and evolution in the Universe.
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... thank you'!



