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STEP 1

Search & Detect
Transients in the skymap

provided by LVC have to be
discovered and measured
as soon as possible

érge error boxes (< ~40 d@

a specifie observational strategy

Galaxy targeting

Gamma emission
and precise localization
by satellite
(< few arcmin)

K» immediate follow-up of the source /

Very large error boxes (> ~40 deg?)
Wide field Opt-Nir search

\ Aasi et al. 2014, ApJS, 211 /




() ‘\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
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“ '\u‘y 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 Cappellarq/Gradq) T lPI: lm“asel‘l\g\)\

i

g 1501 e Bom R 1

Credlt G. Greco, Gwsky https: glthub com/ggreco??/GWsky

: hours after LVC alert
: 50 - 90 deg? large contained probability
:r_lim ~ 21 (Cl & Asiago) - 22.5 (VST) mag

VST & Cl successfully operated in O1 & 02, Asiago ready for 03  Brocato et al. 2017



GW150914 ~ 600 deg?
LVT151012 ~ 1600 deg?
GW151226 ~ 1000 deg?
GW170104 ~ 1200 deg?
GW170608 ~ 520 deg?
GW170814 ~ 62 deg?

(90% credible areas)

h . . :
- W GRAVvitational Wave Inaf TeAm 52
Transient objects in the LVC skymap
TEST LVC Skymap /
,/; ) L‘y-» vv170104
GW150914 GW151226
To cover a very large region i - g
of the LVC skymap one = P2
observing strategy is to \ 3::
build up a mosaic of single e R G DO T - mm "
r . i wsky compu eg
pointing (tile). pointing for the VST telescope.
G. Greco, Gwsky https: //github.com/ggreco77/GWsky LT



“ '\J’"\“’\ GRAvitational Wave Inaf TeAm @

' ' VST campaign on GW150914
=90 deg? to be repeated at six epochs:
ty, to+t1d, tp+5d, t,+8d, t,+15d, t,+ 60d [trer]
sFilters: r - Ry
=2 dithered exposure per pointing, 40 s each,
limiting mag r~ 22.4
=Each tile is 3x3 pointings and cover ~10deg?

b)), ¥ GW170104
GW150914 GW151226

To cover a very large region ' ' s o
of the LVC skymap one SN Q () - [ Tageemd
observing strategy is to |
build up a mosaic of single
pointing (tile):

| 2 high-significance (FAR < 1/¢enfury) GW events
GW150914 ~ 600 deg”* @ U’@Wﬂﬁé& during O1 (GW 150914, GW 151226) + 1 possible,

LVT151012 ~ 1600 deg? “low-significance event (LVT 151210). All BBH. (Abbott
GW151226 ~ 1000 deg? @ \||[1774 |etal 2016ab)
GW170104 ~ 1200 deg? GW@WDﬁA

GW170608 ~ 520 deg? & W@WD?A Other BBH detected (GW 170104, GW 170608, GW
GW170814 ~ 62 d992 « W@W TVAN 170814). Improved strategies for EM follow-up at all

(90% credible areas) wavelengths.




e '\j\f Example of GRAWITA response e

P

GW170104

LVT151012
GW151226
= = ' GW150914
B s S GW17081;\ ‘ ”;ﬂ' . LIGO/Virgo/NASA/Leo Singer
= L (Milky Way image: Axel Mellinger)

Virgo made a key improvement
on sky maps

GW170814 ~ 62 deg?

(90% credible areas)

ﬁk\ ﬁa'piaLlco/virgoloc;uzaﬁon VST observed
- o o ~ 80% of the sky map

il

o/

' aSu pernova candidate found in tt]e survey of QW170814



@ || EXAMPLE OF GRAWITA RESPONSE o

H 3. Search E

d 1. Tlllng ﬁ ﬂzf Observations

GW150914
VST field P50 epoch 1

+ Number of images: > 200 images
(~18000x18000 px to map 1 deg?)
+ Image size: ~ 1.3 GB / image

+ Calibration time: ~ 8.5 hrs for a set
of ~ 200 images (Grado & WG2:
VST center)

Characterization _ Asiago

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

RERN
|
|

3 0.046 .'"4.- Asingo .'-
. Characterization l\vw‘ww "

and follow-up S R

:m-:-om1 NG SNOBbp -2 = 0.033 ™6
/‘-']‘LJ‘ “ul J

[ | {14 VSl I |

Pk o AT Y Swlaad |

‘ ‘.“' [\'{»,4 ,\’?’HN]": v ‘n‘r‘-',ﬁ“'\ o v A” | }_._  "“‘“l‘.” .

A ' | [ ol / )

data analysis : L. Tomasella

Brocato et al. 2017



Candidate classification / follow-up

3.6 m
optical/NIR imaging & spectroscopy
(PI: Piranomonte)

1.8 m telescope (Asiago)
optical imaging & spectroscopy
: (PI: Tomasella)

VN

3.6 m
optical/NIR imaging & spectroscopy
(PI: Botticella within ) — iPTF15dkm.trim.fits

2012A 1IP phase=12.6d (Expl) (date=20120120)

1.00a-18

8.00e-17

#.00s-17

Fhux [Bg em=* 2~ &~

4.008-17

2.00ae-17

S04 S5O0 804040
Wavalangth [A]

(2x)8.2 m

optical/NIR imaging & spectroscopy

(PIl: Palazzi)

#5004

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 - 100 GHz

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

- Tiling - Follow-up

- Targeted search also Medicina & Noto radio telescopes (2x32m)
- Follow-up Evans et al. 2016, 2017

Both successfully operated in O1 & 02 Aresu et al. GCN 21914



@ 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

—

- \ - 'S . L g ; .
E |l ‘ | ’i ‘T“F’W -H’\ G \ "_’ m i [ ’ ! LY s r i
A T R Y oL I N g g
h e " 12:41:08 UTC

g ; GRAWITY-WAVE CHIRP
S M /
* S s
)

J o
“
L

= L ak, s .

LIGO (gravitat.|'%.:hat waves) 7 i : 12:_39:45 UTC




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

From: Bacodine <vxw@capella2.gsfc.nasa.gov> i
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™ 19" 4™ 20" 5™ 24" 5™ 22" 5™ 23h 5™ o' 5™ (M gm 2h g™
Sset  Twil Twil  S.rise
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 o

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 50°
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 1 Pl [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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ESO508-33- - /.




W Observational strategies

The sky around GW170817 (~3 deg x ~2 deq)

sssssssssss

The distance is a critical quantity for searching the EM counterparts



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

(©)

-

—
~
(@]
®
S
o
~
o)
[}
©
o
N
~
[%2]
2
X
a
®
(@]
Y—
o
[
QO 2
Neo]
S
>
b4

Hjorth et al. 2017

magnitude




LIGO/
Virgo

:
|
|
|
|

Fermi/ |
GBM |
12h

[

NGC 4993

e

Swope +10.9 h

o image obtained

~20 days
before GW trigger




archival (Pan-STARRS) || T+12h44m

REM
.

-
Credits: A. Melandri (INAF-OAB)

GRAWITA: REM detection -
~ 12 hours after GW trigger -

'\
-

P>

o
REM @ ESO La Silla (Chile)

primary mirror 60 cm in diameter:
. Bl

PN

LVC + “partner astronomy
groups” (2017)

hour of the 1M2H image (and before the SSS17a 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 40 Mpc survey (01:41 UTC; Yang
et al. 2017a), Las Cumbres Observatory (04:07 UTC; Ar-

cavi et al. 2017a), the Visible and Infrared Survey Tele-
5cope for Asu'onom\ (0504 UTC; Tanvir et al. 7017‘1)

il
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GW 170817: imaging and spectroscopic follow-up .@

0819

0820

0821

0822
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©
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i[‘0824
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i W\\". MMMW !m’" wi’! .

0.0 5000 10000 15000 20000 25000

@[ﬁ@f\ ‘/f DT_FA Wavelength (4)
Pian, D’Avanzo et al. 2017, Nature
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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




@ The Optical/nIR Transient A

ESO VLT X-Shooter spectral sequence of AT2017gfo

purely thermal spectrum
2x10-16 (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



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



1) ‘\J!‘ BNS Merger: Kilonova models

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¢c wind lanthanide-free
- ().05¢ wind lanthanide-mixed

0.2c ejecta lanthanide-rich

—
I
<
D
n
Q0
I
[
—
—~
>
=
2]
()
£
3
—
~
Q0
2

ejected mass ~ 0.03 - 0.05 M,

Best fit requires three

20000 . 10000 20000 |
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:

eIridium (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)




& 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 103 Mo) at the position of GW170817



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

S ‘: ’ é “ :; .,,- e 7
320 10575 Mpc

3 fogp = Einifiz/Einifi (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
NUOS 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



J_‘ Multi-messenger Observations Summary e

*

LIGO-Virgo Spectrogram

Optical

IR

10.86'h
ASTER

»

11.31 h

i[11.08"h »[11.24h  YJK,
DECam Las Cumbres

» | »

W|11.40'h

normalized F)

Fermi/GBM

INTEGRAL/SPI-ACS

ESO-NTT
SOAR

ESO-VLT P“’
“T=4000"
4000 6000 10000 20000

wavelength

See initial publications web archive:

Abbott et al. 2017



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)




GRAWITA vs LVC run O3 (September 2018)

ENGRAVE:
ectromagnetic counterparts of

gravitational waves at the
Very Large Telescope’
European collaboration for a joint proposal
of all ESO-VLT units/instruments




 IceCut
_ Neutrinos

Era



