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Initial LVC skymaps cover a
very large region of the sky:

GW150914 ~ 600 deg?
LVT151012 ~ 1600 deg?
GW151226 ~ 1000 deg?
GW170104 ~ 1200 deg?
GW170608 ~ 520 deg?

(90% credible areas)

e Gw170104
GW150914 GW151226

Credit: LIGO/Virgo/NASA/Leo Singer

: minute/hours after LVC alert
= 1°x1° FoV

: fast in covering the LVC skymap

:r_lim < 21.0 mag
< 0.4 arcsec/pixel



@& The route for the EM counterpart g

VST

Telescopes with
STEP 1 large FoV

Search & Detect distributed at different
Transients in the skymap latitudes/longitudes
provided by LVC have to be Computing Facilities

discovered and measured with fast and smart

as soon as possible software to select a
handful of transients

STEP 2 _ Telescopes for
Observe & Characterize prompt spectroscopy

The detected transients of selected

have to be observed to infer candidates at different
their nature latitudes/longitudes

STEP 3

Follow & Study Telescopes with
Follow-up at all observable Iarge_ cqllectlng area
afor an adequate time to to obtain light curves and
: spectral features of the
study the physical EM counterparts of GW
properties of the

EM counterparts of GW




- ’id-"'.ﬂ" 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

{Smal | O error}n

and known-distances

Galaxytargeting

Gamma emission

and precise localization
by satellite

(< few arcmin)

g\ » immediate fplipw-gpeoithe source /

4 I

Mosaic of tiles
Wide field Opt-Nir search

\ Aasiet al. 2014 ApJS211 /
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Initial LVC skymaps cover a
very large region of the sky:

GW150914 ~ 600 deg?
LVT151012 ~ 1600 deg?
GW151226 ~ 1000 deg?
GW170104 ~ 1200 deg?
GW170608 ~ 520 deg?

(90% credible areas)

VST is one of the best
facilities to identify

transient objects in the
LVC skymap

: hours after LVC alert
: 1°x1° FoV
: >90 deg? large contained
probability
: r_lim ~ 22.5 mag (80s exp)
: 0.21 arcsec/pixel
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@ }\u""f Search for counterparts: wide field .@
2.6m FoV =1 deg? 0.61/0.91m FoV=1.3 deg? 0.67/0.92m FoV=1 deg?

(PI Cappellaro/Grado) (PI: Di Paola, Giunta)

(PI: Tomasella)

gﬂ:‘" .......... ;

£

» . : 0" . eIy 7 %

B - B -
Credit: G. Greco, Gwsky https:/igithub.com/ggreco77/GWsky + £
; . EEESEE P |

VST & Cl successfully operated in O1 & O2, Asiago ready for O3

Brocato et al. 2018
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Transient objects in the LVC skymap

TEST LVC Skymap / slzgh
AT

P 170104 rb}“

GW150914 GW151226 'E‘ILE';

To cover a very large region E-i?f

of the LVC skymap one Z e 4 S

observing strategy is to | \ ?

build up a mosaic of single ey Shonws 1 foohrate of the srchiva VT -
pointing (tile): S

G. Greco, Gwsky https: //github.com/ggreco77/GWsky

Credits : G. Greco

GW150914 ~ 600 deg?
LVT151012 ~ 1600 deg?
GW151226 ~ 1000 deg?
GW170104 ~ 1200 deg?
GW170608 ~ 520 deg?

(90% credible areas)
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%) e GW170104
GW150914 GW151226

Credit: LIGO/Virgo/NASA/Leo Singer

To cover a very 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?
GW170608 ~ 520 deg?

(90% credible areas)

$

9§69

ST campaién on GW150914
90 deg? to be repeated at six epochs:
t,, t,+1d, t,+5d, t0+8d t0+15d t,+ 60d [thae]
AFilters: r
A2 dithered exposure per pointing, 40 s each,
limiting mag r ~ 22.4
AEach tile is 3x3 pointings and cover ~10deg?

2 high-significance (FAR < 1/century) GW events

/A% - | durlng O1 (GW 150914, GW 151226) + 1 possible,

low-significance event (LVT 151210). All BBH. (Abbott
et al. 2016a,b)

1A\ | Other BBH detected (GW 170104, GW 170608, GW

170814). Improved strategies for EM follow-up at all
wavelengths.
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VST optical follow-up of
gravitational waves
Two companion programs on GTO time (in reward of
telescope and camera construction):

A On VST-GTO: Pl A. Grado
A On OmegaCam-GTO: E. Cappellaro

We start with a negotiation with
ESO to have the VST in Target of
Opportunity (ToO) mode.

Since P95 (1 April-30 Sept 2015) ToO and follow up
programs.

Up to now allocated 240h on these surveys

Courtesy of L. Grado
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GW foWow-up Data Flow

A The pipeline is
checking every 10
minutes if new data
with a specified _ |
PROG-ID appears on the ESO archlve
I From Paranal to Garching archive:
A Time after which 75% of the file are received: 6.3 min
A Time after which 90% of the file are received: 8.3 min
A If available the data are downloaded
A When a pointing is completed and available on local storage the pipeline starts the
processing

A If the pointing has been already processed (in a previous epoch) the final mosaic
will be pixel registered on the previous one (for image subtraction)

A~ 10 min to get a fully calibrated coadded image ready for analysis (from when we
have the data locally).

Courtesy of L. Grado
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First event GW150914

cWB sky location: ‘red 90% enclosed probaility

Blocks of 3x3 deg?
2x40 s dithered images (to fill ccds mosaic gaps)

90 deg?in 6 epochs (over 2 months, no reference images)
29% of the localization probability for cWB sky map enclosed

10% considering the LALinference sky map (shared with observers on 2016
January 13)

Pointings obtained with GWsky (Greco et al. in preparation)
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GW150914 :
Example of SN candidates found by VST
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VST survey
performance

LVC alert

Contained probability vs
Time response

Contained probability vs
limiting magnitude

= La Slla-QUEST

Pan-STARSSL

Contained probability (%)

PPPE e m TAROT

TOROS iPTF KWFC

2 3 4
Time since GW150914 detection (days)

La Slla-QUEST

=

%~ Pan-STARSSL

Contained probability (%)

TAROT KyMapper

WG | [ TOROS

16 17 18 19 20 21

Data from Abbott et al 2016  Magnitude limit
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Example of GRAWITA response ‘®

1. Tiling |

| 4. Characteriza tion
and follow- up

‘\,.h.
H 2. Observations @ ﬁ 3. Searc ha
GW150914 Machine
VST field P50 epoch 1 Learnlng
(Yang OAPQ

+ Number of images: 2 200 imag
(~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

WUSHE SRS W - - ==
e . | 3+. Candidates !
SNOBcs — 2 = 0011 ™6 sﬁr”"'o'm ‘ ™ I frOm Other teams I
(el M 1 ¥ or from GCN :

noo;) : Wavetergth (A) 8000 4000 Wavelangth (A) o

ota anaisi L. Tomaset Brocato et al. 2018
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“ ’\Jf Candidate classification / follow-up o
1.8 m telescope (Asiago) _ . : 3.6m (2x)8.2m
optical imaging & spectroscopy optical/NIR imaging & spectroscopy optical/NIR imaging & spectroscopy

(PI: Tomasella)
, b ‘

(PI: Piranomonte) (PI: Palazzi)

‘4

s i
S S

3.6m 85 m
optical/NIR imaging & spectroscopy . ) . '
(PI: Botticella within ) optical/NIR imaging & spectroscopy

(P:P.D6Avanzo

S500 gaoa asoa 7o0aa 7500
Wavalangth [A]

| Y
\\ L All successfully operated in O1 & O2

Piranomonte et al. in prep.



- BAT: 15-150 keV, 2 sr FoV 64 m antenna

- XRT: 0.2-10 keV, 0.15 deg? FoV - 300 MHz i 100 GHz

- ToO program (GRAWITA co-Is) - Targeted search

- Tiling - Follow-up

- Targeted search also Medicina & Noto radio telescopes (2x32m)
- Follow-up

Both successfully operated in O1 & O2 Aresu et al. GCN 21914
Evans et al. 2016, 2017



o 2017/08/17 UT:

12:41:04.445710 -

From: Baco
Date: 17 :
Subject: GCMN/AVC_INITIAL_SKYMAP

TITLE: GCN/ALVC NOTICE

MOTICE_DATE: Thu 17 Aug 17 13:0817 UT

NOTICE_TYPE: LVC Initial Skymap

TRIGGER_MUM: G298048

TRIGGER_DATE: 17882 TJD; 229 DOY; 201 708A T (yyyywmm/idd)
TRIGGER_TIME: 45664 445710 S0D {12:41:04 4457103} UT
SEQUENCE_MNUM: 1

GROUP_TYPE:1=CBC

SEARCH_TYPE: 0 = undefined

PIPELIMNE_TYPE:4 = GSTLAL

cation probability map.
by a human.
contributed to this candidate event.

. GAMMA-RAY .BURST

i

112:41:06 UTC -

L L ik

J

| GRAWITY-WAVE CHIRP
3 | /' : \

LIGO (gravitan’ifna# waves)

12:39:45 UTC

NS-NS MERGER AT 40 Mpc !!



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

From: Bacodine <wvow@capella? gsfc.nasa.qgove e
Date: 17 agosto 2017 15:08:18 CEST Position of the GW skymap on sky
Subject: GCMN/AVC_INITIAL _SKYMAP Altitudes, Cerra Paranal Observatory D84.5970F —24.6253N, 2635 m above sea level

LST ———> 17" 4™ 1@ 4™ 1gh 4™ 2oh 5™ 2qh 5T zoh g™ zah 5™ hsm M gm Zhgm
Sset THil

ur —x 22" 2"
I List of objects:

TITLE: GCN/AVC NOTICE zenith ghtihoi Paranal (Chile) :: 1 Object 137 87 2323
NOTICE_DATE: Thu 17 Aug 17 13:08:17 UT R ] e e e e TR
NOTICE_TYPE: LVC Initial Skymap
TRIGGER_NUM: G238048 RO s et e
TRIGGER_DATE: 17982 TJD; 229 DOY; 201 7/0BA T (yyyy/mm/dd) Mwnegmme
TRIGGER_TIME: 45664 445710 S0OD {12:41:04.445710} UT o
SEQUEMCE_MNUM:1

GROUP_TYPE:1=CBC

SEARCH_TYPE: 0 = undefined

PIPELINE TYF*E 4 = GSTLAL

o
=]
%

Altitude
Airmass

MISC: 0x1 1{1{1{1{11

SKYMAP_URL: hitpsJifgracedb.ligo.orgfapifevents/G298048filesbavestar fits.qz
SKYMAP_BASIC_URL: httpsJfaracedb.ligo.orgfapibasicievents/G298048/files/bayestar fits.qz . 1 PN
EVENT_URL: https-ifgracedb ligo.ora/events/G298048 ST S A A A R A B
COMMENTS: LVC Initial Skymap -- a location probability map. Nean Salar Zone Time, starting right 17 08 2017
COMMEMTS: This event has been vetted by a human.

COMMEMTS: LIGO-Hanford Observatory contributed to this candidate event.

NGC:4830

1

_~Ic41s0

ESO 508-33-  /_
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2017-08-17 12:41:04 UTC

Fermi/
GBM

_—
- ‘/—\—\ C 01(

ST
- L 1012
h GW151226
?5.' \
s GW170817

CEC==———8F— cwi150014
GW17081:\

JGONVED/NASA/L 6o Singer
My Wary ioage Aaed Medlanger

Courtesy of L.

NGC4993@ VST

.
°
5
GW event 12:41:04 UTC
Firstskymap 17:54:51 UTC

31 ded (90% credibility)
centeredon 12h57 -17°p m Q
VST observationsf GW170817:

covering 9 deg 23:18:42 UTC
Swope OT observation 23:33 uTC

(targeted survey) GCN21529
Updatedskymap 23:54:40 UTC

34 ded (90% credibility)
centeredon 13h09'-25°0 T Q

Grado
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“ GW 170817: optical counterpart in NGC 4993 ;@

Npartner

e other teams look 1mages o
hour of the IM2H image (and before the $5§517a announce-
ment) using different observational strategies to search the
LIGO-Virgo sky localization region. They reported their dis-
covery of the same optical transient in a sequence of GCNs:
the Dark Energy Camera (01:15 UTC; Allam et al. 2017),
the Distance Less Than 40Mpc survey (01:41 UTC
. . et al. 2017a), Las Cumbres Observatory (04:07 UTC; Ar-
Credits: A. Melandri (INAF-OAB) cavi et al. 2017a), the Visible and Infrared Survey Tele-

’ scope for Astrono (05:04 UTC; Tanvir et al. ),
» GRAWITA: REM det
' ~ 17 r 0 aft o W
o i
: e
. / i —
N B ) P‘ -~
T — O ——
ol T
gl » \/ . a .‘."e Ile)"-‘ R ——

—— e rimacy. mirror 60 cm+in diameter
. B P Y. [n

e
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GW 170817: imaging and spectroscopic follow-up *@

O
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0.0

5000 10000 15000 20000 25000
' “‘Dﬁ& Wavelength (A)
Pian, D 6 A v aetat. 8017, Nature
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“ The Optical/nIR evolution of the kilonova ;@
ESO VLT X-Shooter spectral sequence of GW170817

The best fit
purely thermal spectrum
(T = 5000 K). of thes_e
- Initial expansion 8 spectroscopic data
speedof ~0.2c 2.5 ¢ .
_ requires three
1.5x10-18 components

These data revealed
signatures of the
radioactive decay of
r-process
nucleosynthesis
providing the
first spectral
identification of
the kilonova
emission due to
coalescence of two
neutron stars

5x10-17

—_— wind lanthanide-free
S— wind lanthanide-mixed
— ejecta lanthanide-rich

5000 10000 15000

i Wavelength (A) ejected mass ~ 0.03 - 0.05 Mg
Pian et al. 2017; Smartt et al. 2017 Tanaka et al 2017

Primary Mirrors 8.2 m in diameter

European So A - Trh
| &2 | o L1 F
4 Units Telescopes with : S r = .. 1 i




(ST, .

&N W ' The Optical/nIR Transient ;e 3

‘»- _\

Photometric and Spectroscopic evolution of GW170817

Credits: ESO



X-ray and Radio afterglow

The 26 August 2017 (+9d) the X-ray emission at
the position of GW170817 was detected.

GW170817
@

g

Hubble Space Telescope

22 Aug 2017

GW170817
C

g 0.5 - 8.0 keV
26 Aug 2017

Chandra X-ray observatory

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



X-ray and Radio afterglow

The onset of Radio emission was also detected 16 days after the
gravitational wave event.

+20 +10 o0 -10 -20 +20 +10
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Hubble Space Telescope
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Hallinan et al., 2017
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GRAWITA/NNAF results with LBT

A At +160 days: LBT 8000s in r-sloan filter detection (26.2+-0.4 mag for point-like source)

(GCN 22763 A. Rossi et al. 2018).

TITLE:
NUMBER:

SUBJECT:

DATE:
FROM:

A. Rossi (INAF-0OAS), M. Cantiello (INAF-OA Abruzzo) V. Testa, D. Paris
(INAF-OAR), A. Melandri, S. Covino, O. S. Salafia, P. D'Avanzo, S.
Campana (INAF-OAB), L. Nicastro, E. Palazzi, F. Cusano (INAF-OAS), G
Stratta (Urbino University/INFN Firenze), R. Carini, S. Piranomonte, E.
Brocato (INAF-OAR), V. D'Elia (ASDC), and M. Branchesi (GSSI) report on
behalf of the GRAWITA collaboration and its partners:

We observed the optical counterpart of GRB 17081l7A (Kienlin et al., GCN
21520) associated to GW 170817 (LVC GCN Circ. 21509, 21513) with the LBC
imager mounted on the Large Binocular Telescope (Mt Graham, AZ, USA).

GCN CIRCULAR

I'um

GW170817/GRB170817A: LBT optical detection

18/06/05 14:03:37 GMT h
Andrea Rossi at INAF <a.rossi@iasfbo.inaf.it> -y :

LBT
" ﬂnocular Teles

Observations were performed in the r-sloan filter on 2018-01-23, i.e.,

~160 days after the GW/GRB trigger.

At the location of the optical transient (e.g., Coulter et al., GCN

This late observations (X-ray, Radio and

21529; Adgms et a]l.., 21816) we detect the oth:.cal aftergI'Low of GRB Optlcal) are playlng a key r0|e |n

170817A with magnitude r-sloan=26.2+-0.4, calibrated against Pan-STARRS

field §ta:rl:s. Image analysis was pe]l:formed after preliminary r?moval of UnderstanC“ng the Orlgln Of the afterglow

an elliptical model of the underlying host galaxy from each single

frame

. However, some residual emission is left which contributes for
~0.2 mags to the uncertainty of the photometry. Of GW170817

Our detection is the first one from a ground-based optical telescope. It - Structu red Jet (GRB theory)

is in agreement with a turnover/flattening in the optical light curve of

GW 170?17/GRB 170817A as.infEIIEd by Alexander nlat al. 291? - re_energlzed Cocoon (neW Object)

(arXiv:1805.02870) and with the overall flattening/declining temporal

evolution observed in the X-ray and radio bands (D'Avanzo et al. 2018,
A&A, 613 L1; Hajela et al. GCN Circ. 22692; Troja et al. GCN Circ.
22693; Dobie et al. arXiv:1803.06853; Alexander at al. 2018;

arkivi1805.02870). (see e.g. Alexander et al. 2018, Troja et

We acknowledge the excellent support from the LBT staff in obtaining )
these observations. al 2018 etC




| W { The Electromagnetic scenario @

........

/ Gravitationd
WEYEE!
/' (Sha't) Gamma—ra\

Burd (seconds), X- rays
. (secsday9 if on-axis or not

_ _ too far off-axis
Interaction with ISM
(X-rays, optical ﬂ
and radio afterglow,
daysto months)

-

=1 _

Kilonova
R+proces nucleosynthess:
optical-IR (~ 1 day).

Courtesy:Varun Bhderao
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XMM
e AGILE

S 2handra
|NT"E<‘3RAL“ q

ﬁ.\'f = -

Wavelength (meters) The Electromagnetic Spectrum

cMeB human sight
Radio Microwave Infrared Visible Ultraviolet X-ray Gamma Ray

103 102 105 106 108 10-10 10-12

Frequency (Hz)

INAF (lead)
INAF (participation)

S -

-




GRAWITA vs O3 and beyond

Early =smMid Late  smDesign

60-80 60-100 120-170 190

Increasing the sensibility of GW detectors Mpo Mpc Mpo
move the horizon toward more distant = % -
objects, i.e. fainters sources 65-85 65115 125

Mpc Mpc Mpc

os _

25-40 40-140 140
Mpc  Mpc Mpc

GW170817 @ 200 Mpc KAGRA | -
| ] ‘ 20I15 20L16 20117 2OI18 2OI19 20|20 2(;21 20I22 2OI23

20.5

Expected multi-messenger event rates
215 BBH. at least a few per month
22.5 BNS: 1-10, possibly 1 per month

235 NSBH:uncertain, one or more in O3
TownHall Amsterdam 12-13 April 2018

24.5
25.5
26.5
27.5
28.5

AB Magnitude

sitivity [1/VHz]

IlllIIIIIIIIIITIITTTI]I]T]’IITI1TITTIITIIIII]1
Strain sen:

lllllllllllllllllllllllllllllllllllll]llllllll

= AdV design:120 Mpc w—— Adv+Phase-11:303 Mpc
w— AdV+Phase-1:164 Mpc = ET-D:2.11 Gpc

-25
10 10° 10! 102 10°

Frequency [Hz]




- el VST vs LVC run O3 ®
i
Virgo made a — GW170104
fundamental I
Improvement in
decreasing the GW151226
size of skymaps !

GW150914

|GW170814 ~ 62 deg? |- i

(90% credible areas) GW170814 o LIGO/Virgo/NASA/Leo Singer

= (Milky Way image: Axel Mellinger)

VST observed ~ 80%
of the sky map

VST iIs a KEY instrument for
RUN O3 of LVC

e o\ - Ravpid LIGONirgo' I0caliiafion
ned LIGO/Virgo localization ~ {#8esagpw o0 ol e
L e e ‘
e C o)

a-Supernova-candidate found-in-the survey of GW170814



< el GRAWITA vs LVC run O3 @

ENGRAVE

Electromagnetic counterparts of gravitational waves
at the Very Large Telescope

An European collaboration of 196
ESO scientists

VLT ToO Large Programme (submitted)

' A 0.3 - 2.5 micron spectra (xshooter + |
3 PeriodsP102 - P104 O.Ct 2018 - Mar 2020 FORS + EFOSC2/SOFF bright enough)
Fully Covering O3

. A 0.3 - 3.5 micron lightcurve (VST, NTT,
. Tr?q“eerz“g igﬁrhsrs g: ;’\'/‘;m VISTA, FORS, HAWKI, NACO, REM)
99 P A 1-3 mm afterglow emission (ALMA)

Governing Council : M. Branchesi E. Brocato, P D 6 A v aq Hjarth, P Jonker, E.
Pian, S. Smartt, J. Sollerman, D. Steeghs, N. Tanvir
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GRAWITA vs O3 and beyond ,@ |

LSST - Large Synoptic Survey Telescope
WF search T . 4

o

LSST (20237?):
8.4m, 9.6 deg?, r ~ 24.5, Chile,
6 bands (0.3 -1 . 1 Tugrizy),
1000 visits over 10 years,
same RA, DEC every 3 nights

A deep sky

A galaxy Cata|OgS LSST Cadence alternatives: Rolling Cadence aren

A Identlflcatlon Rolllng 5-sigma depth per visit (mag) Sin?)le filter gap (days) (sq deg)
ICISCRENGEICE cadence 26 . ? 10¢

OD LSST-WF
\ pe— 1 ()3
FD
I.'EEI*'L'II
LSST-WFD

10
102
FLESTEDDN
.,
| o 20
- % 4 & = Courtesy of F. Bianco

Scolnic+ 2017 ApJ 852,1
Dan Scolnic with Kessler, Biswas, Jha, Hlozek, DESC SNWG

[



@l GRAWITA vs 03 and beyond 3

LSST
U LSST has a LARGE Field of View (9.6 ded)
U LSST horizon increased ==> fainter sources (> 24.5)

U The strategy of targeting galaxies is unlikely to often succeed

“Mefiingé¥’color
Target of Opportunity '
mode !

To completely cover the = >
skymap of GW170817 | | . 1 I

o Joao

provided by LIGO/Virgo
Collaboration,

LSST needs less than
20 tiles/pointing
(not optimized)
to reach r~24.5

Action:

A Make the case of ToO@LSST

A Design best ToO strategy for GWs

A Evaluate Observing time needed (< 1%)

o e B Dunesy 0f G Grecy R,

SOXS@NTT
MOONS@VLT



@\ GRAWITA vs O3 and beyond ,@

==
European Extremely Large Telescope

Follow -up
2024? ~ . ’ e 4 V?J—M»ICAD‘OinJ-‘b‘and
40m -class telescope , Adaptive Optics e (Rl
corrected FoV 10 arcmin B T T e
e.g. MICADO e e e

Image+spectr. 0.8-2.4 1 mR~8000
FoV ~20-50 arcsec

GW170817 @ 1 Gpc
¥ P

The E-ELT will be the
25 largest optical/near-infrared
telescope in the world and
will gather 13 times more
27 light than the largest optical
28 telescopes existing to-day.

29- 40m tel

30 With its innovative five-mirror design that includes advanced

31 Adaptive Optics (AO), the E-ELT will be able to correct for the

32 _ atmospheric distortions (i.e., fully adaptive and diffraction-
mag lim limited) from the start, providing exceptional image quality, 16
(t...~1h) times sharper than those from the Hubble Space Telescope.

1.1x10*  1.15x10*  1.2x10*  1.25x10*  1.3x10*

[
-]
3
=
(=]
()
o
=
m
<

Wavelength (Angstroms)




[ _W | Multiwavelength landscape

Einstein Telescope

ATHENA

CTA

THESEUS

JWST
LBT VLT

E-ELT

EUCLID

ALMA

SKA



