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Initial LVC skymaps cover a 

very large region of the sky:

GW150914 ~   600 deg2

LVT151012 ~ 1600 deg2

GW151226 ~ 1000 deg2

GW170104 ~ 1200 deg2

GW170608 ~   520 deg2

(90% credible areas)

Search of transient objects in the LVC skymap



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 

ɚfor an adequate time to 

study the physical 

properties of the

EM counterparts of GW ɚtime

Computing Facilities

with fast and smart

software to select a 

handful of transients 

Telescopes with

large collecting area 

to obtain light curves and 

spectral features of the 

EM counterparts of GW

Telescopes with

large FoV

distributed at different 

latitudes/longitudes 

Telescopes for

prompt spectroscopy

of  selected 

candidates at different 

latitudes/longitudes 

VST

TNG

The route for the EM counterpart



Gamma emission

and precise localization 

by satellite 

(< few arcmin)

immediate follow-up of the source  

STEP 1

Search & Detect
Transients in the skymap

provided by LVC have to be 

discovered and measured

as soon as possible

Mosaic of tiles

Wide field Opt-Nir search

Aasiet al. 2014, ApJS, 211 

Galaxytargeting

II

III

óSmallô error boxes (< ~40 deg2)

and known distances

I

+

The route for the EM counterpart
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Initial LVC skymaps cover a 

very large region of the sky:

GW150914 ~   600 deg2

LVT151012 ~ 1600 deg2

GW151226 ~ 1000 deg2

GW170104 ~ 1200 deg2

GW170608 ~   520 deg2

VST is one of the best

facilities to identify

transient objects in the

LVC skymap

(90% credible areas)

Search of transient objects in the LVC skymap



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

Campo Imperatore Schmidt Tel.    

0.61/0.91m FoV=1.3 deg2

(PI: Di Paola, Giunta) 

ESOïVST 

2.6m FoV = 1 deg2 

(PI Cappellaro/Grado)

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

Brocato et al. 2018

Asiago Schmidt Telescope 

0.67/0.92m FoV=1 deg2

(PI: Tomasella) 

Search for counterparts: wide field
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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 deg2

LVT151012 ~ 1600 deg2

GW151226 ~ 1000 deg2

GW170104 ~ 1200 deg2

GW170608 ~   520 deg2

(90% credible areas)

Transient objects in the LVC skymap

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



VST campaign on GW150914

Á90 deg2 to be repeated at six epochs: 

t0 ,  t0+1d, t0+5d, t0+8d, t0+15d, t0+ 60d [tREF]

ÁFilters: r

Á2 dithered exposure per pointing, 40 s each, 

limiting mag  r ~ 22.4

ÁEach tile is 3x3 pointings and cover ~10deg2

GRAvitational Wave Inaf TeAm

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 deg2

LVT151012 ~ 1600 deg2

GW151226 ~ 1000 deg2

GW170104 ~ 1200 deg2

GW170608 ~   520 deg2

(90% credible areas)

Sept 2015 ïJan 2016: LVC O1 science run

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

during O1 (GW 150914, GW 151226) + 1 possible, 

low-significance event (LVT 151210). All BBH. (Abbott 

et al. 2016a,b) 

Nov 2016 ïAug 2017: LVC O2 science run

Other BBH detected (GW 170104, GW 170608, GW 

170814). Improved strategies for EM follow-up at all 

wavelengths.



VST optical follow-up of 

gravitational waves 

Two companion programs on GTO time (in reward of 
telescope and camera construction):

ÅOn VST-GTO: PI A. Grado

ÅOn 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 follow-up Data Flow

Å The pipeline is 

checking every 10 

minutes if new data 

with a specified 

PROG-ID appears on the ESO archive

ï From Paranal to Garching archive:

ÅTime after which 75% of the file are received: 6.3 min

ÅTime after which 90% of the file are received: 8.3 min

Å If available the data are downloaded

Å When a pointing is completed and available on local storage the pipeline starts the 

processing 

Å 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)

Å ~ 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 

Blocks of 3x3 deg2

2x40 s dithered images (to fill ccds mosaic gaps)

90 deg2 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)

cWB sky location: red 90% enclosed probaility

GRAvitational Wave Inaf TeAm



GW150914 : 

Example of SN candidates found by VST GRAWITA fol low-up of GW150914 and GW151226 11

F igur e 7. SN candidates identiýed in our survey after GW 150914. a. VST J54.55560-57.56763 observed on 2015, Sept . 17. b.

VST J56.28055-57.91392 observed on 2015, Oct .13. c. VST J57.77559-59.13990 observed observed on 2015, Sept . 18. T he galaxy is at

redshift z ᶊ0.11. d. VST J60.54735-59.91899 observed on 2015, Sept . 30. e. VST J61.20106-59.98816 observed on 2015, Sept . 30. f.

VST J69.55986-64.47089 observed on 2015, Sept . 17. g. VST J119.64244-66.71264 observed on 2015, Oct . 13. In all images the showed

ýeld sizes are 30ᶏ30 arcsec, North is up and East to the left . T he blue annuli represent t he posit ion identiýed by our pipelines.

the GW 150914 alert and then it was below our detect ion

threshold at the end of our campaign.

ÅVSTJ119.64230-66.71255 was also detected during the

raising phase. It is located in the spheroidal galaxy

6dFJ0758321-664248 at redshift z ᶊ 0.047 (Jones et al.

2009). The light -curve is consistent with both a SN Ia or

a Ib/ c.

Assuming all these objects are SNe and including the

three other SNe ýrst discovered in other surveys (we did

not consider the likely AGN OGLE-2014-SN-094, Table3),

we count 10 SNe. This can be compared with the expected

number of SNe based on the known SN rates in the local

Universe, the survey area, the light curve of SNe, the t ime

dist ribut ion of the observat ions, the detect ion efficiencies at

the di eδrent epochs (c.f. Sect . 5.1 of Smart t et al. 2016a).

For this computat ion we used a tool speciýcally developed

for the planning of SN searches (Cappellaro et al. 2015). We

est imate an expected number of 15-25 SNe that suggest that

our detect ion efficiency is roughly 50%.

4.2 G W 151226

The follow-up campaign for GW151226 was also character-

ized by a prompt response to the t rigger and deep obser-

vat ions over a large sky area (see Sect ion 2) Di eδrent from

the follow-up campaign carried out for GW150914, the cov-

ered ýelds are at moderate Galact ic lat itude and close to the

Eclipt ic. In fact , the total number of analyzed sources was

about an order of magnitude below the former case.

The di f f - pi pe procedure produced a list of 6310 can-

didates of which 3127 with high score. Performing a cross-

check of our candidate catalog with SIMBAD database

gave 54 matches with known variable sources. The candi-

date list shows a large number of t ransients that appear

only at one epoch due to the large contaminat ion from mi-

nor planets, which was expected for the project ion of the

GW151226 sky area onto the Eclipt ic. A query with Sky-

bot25 showed a match of 3670 candidates with known minor

planets within a radius of 1000. The ph- pi pe yielded 305

highly variable/ t ransient sources (after removing the known

sources reported in the GAIA catalogue and the known mi-

nor planets). 90% of them are also part of the list provided

by the di f f - pi pe. Even for GW151226 most of the sources

ident iýed by the ph- pi pe and not included in the catalog

produced by the di f f - pi pe turned out to be real.

4.2.1 Previously discovered Transients

We searched in our candidate list the sources detected by

the Pan-STARRS (PS) survey from Table1 of Smart t et al.

(2016b). Of the 56 PS objects 17 are in our survey area. Out

of these, 10 (ᶊ60%) were ident iýed also by our pipelines as

t ransient candidates. The main reason for the missing detec-

t ions is the lack of proper reference images. As ment ioned

above, in the ESO/ VST archive we could not ýndexposures

for the surveys area of the two t riggers obtained before the

GW events. Therefore, we have an unavoidable bias against

the detect ion of t ransients with slow luminosity evolut ion

in the relat ively short t ime window of our survey. The PS

candidates detected in our survey are:

ÅPS16bqa is a SN candidate ýrst announced by Smart t

et al. (2016b).

25 ht t p:/ / vo.imcce.fr/ webservices/

MNRAS 000, 1ï?? (2017)
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GRAWITA fol low-up of GW150914 and GW151226 9
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F igur e 5. VST performance. In the top panel the t ime response

of VST in terms of t ime and contained probabi lity is compared

to ot her facilit ies. T he red vert ical line marks the t ime of the

LVC alert t o the ast ronomical community. A similar comparison

is plot t ed in the lower panel but in the abscissa the approxi-

mate magnitude limit s are reported. T he magnitude limit s refer

to di eδrent photomet ric bands. T he data are from Abbot t et al.

(2016g,e).

overlap with the outskirt of the Large Magellanic Cloud

(LMC) which cont ributes with a large number of relat ively

bright stars and many variable sources. This represents a

severe contaminat ion problem in the search for the possible

GW counterpart . However, the LMC has been the target of a

very successful monitoring campaign by the Opt ical Gravita-

t ional Lensing Experiment (OGLE)21. The OGLE survey is

fairly complete down to magᶊ20 and has already ident iýed

many of the variable stars in the ýeld. A cross-check of our

di f f - pi pe candidate catalog against the SIMBAD database

gave a match for 6722 objects of which 6309 ident iýed with

di eδrent type of variable sources, mainly RRLyrae (48%),

eclipsing binaries (23%) and a good number of Long Period

Variables, semi-regular and Mira (23%). The sky dist ribu-

t ion of the matched sources reþects the LMC coverage by

both our and the OGLE surveys. We not ice that , as appro-

priate, the fract ion of SIMBAD variable sources ident iýed

among our high score t ransient candidates is much higher

(55%) than for the low score candidates (26%).

4.1.1 Previously discovered Transients

Searching the list of recent SNe22, we found that in the t ime

window of interest for our search, three SNe and one SN

candidate were reported that are expected to be visible in

21 ht t p:/ / ogle.ast rouw.edu.pl
22 We used the update version of t he Asiago SN catalog

(ht tp:/ / sngroup.oapd.inaf.it / asnc.html, Barbon et al. 1999)

our search images, All these sources were detected in our

images, and in part icular:

ÅSN 2015F was discovered by LOSS in March 2015

(Monard et al. 2015) in NGC 2442 (zᶊ0.0048) and classiýed

as type Ia with an apparent magnitude at peak of ᶊ17.4.

The object was detected by our pipeline in the radioact ive

declining tail.

ÅSN 2015J was discovered on 2015-01-16 (Brown et al.

2014; Scalzo et al. 2015) and classiýed as type I In at a red-

shift z ᶊ0.0054 (Guillochon et al. 2017). In our images it

was st ill fairly bright at r ᶊ17.8, fading to r ᶊ18.5 in a

month (Fig. 6, right panel).

ÅOGLE15oa was discovered on 2015-10-16 (by OGLE-IV

Real-t ime Transient Search, Wyrzykowski et al. (2014)) and

was classiýed as a type Ia about 20 days after maximum on

2015-11-09 by Dennefeld et al. (2015). Most of our images

are pre-discovery and the pipeline detected the t ransient at

mag r ᶊ18.8 in the images obtained in the last epoch, 2015-

11-16.

ÅA special case is OGLE-2014-SN-094, which was discov-

ered on 2014-10-06 and init ially announced as a SN candi-

date (Wyrzykowski et al. 2014). The source showed a second

outburst in May 2015 and again in Nov 2015 (Guillochon

et al. 2017). We detected the source at the end of our mon-

itoring period at a magnitude similar to that at discovery

(r ᶊ19.5, Fig. 6, left panel). The photomet ric history indi-

cates that this is not a SN but more likely an AGN. A UV

bright source, GALEXMSC J044652.36-655349.9, was also

detected at the same posit ion23.

4.1.2 Transient candidates

In addit ion, we also singled out a few objects that most likely

are previously undiscovered SNe (Fig. 7).

ÅVSTJ54.55560-57.56763: the source was fading after the

detect ion during our ýrst epoch observat ion. It is located

close to an edge-on spiral galaxy PGC 145743 (HyperLEDA,

Makarov et al. 2014). No redshift is available.

ÅVSTJ56.28055-57.91392: this source was caught dur-

ing brightening. It is located close to a spheroidal galaxy

( 2MASXJ03450711-5754466 in HyperLEDA). No redshift

is available.

ÅVSTJ57.77559-59.13990 was likely detected close to

peak (r ᶊ19.4 mag). I t was located in the arm of the face-

on, barred spiral galaxy PGC 141969 at redshift z ᶊ0.11

(The 6dF Galaxy Survey Redshift Catalogue, Jones et al.

2009). The t ransient absolute magnitude was then brighter

than ᶊī19. In Fig. 8, top panel, we show our photomet ry

(assuming the distance obtained from the redshift of the

likely host galaxy, i.e. z ᶊ0.11) superposed to the light -

curve of SN 1998bw (Galama et al. 1998; Patat et al. 2001;

Iwamoto et al. 1998). SN 1998bw was associated with the

long GRB 980425 (Pian et al. 2000) and it is the prototype

of the broad-lined st ripped-envelope SNe events SN Ib/ c

(Iwamoto et al. 1998; Mazzali et al. 2013). From this compar-

ison we est imate that the SN explosion occurred about three

weeks before our ýrst observat ion, that is in late August

23 ht tp:/ / ned.ipac.calt ech.edu

MNRAS 000, 1ï?? (2017)

VST survey

performance 

LVC alert

Contained probability vs

Time response

Contained probability vs

limiting magnitude

Data from Abbott et al 2016
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2.  Observa tions 3.  Searc h

4.  Chara cteriza tio n 

and f ollow- up 

1.  Ti ling

 90 sq.degr ees 

90 poi nt ings

EXAMPLE OF GRAWITA RESPONSE

Brocato et al. 2018

Machine 
Learning
(Yang OAPd)

I Image diff. ( Cappellaro)
II Photom. (Covino) 

Example of GRAWITA response

e.g.:VST

3+. Candidates 
from other teams 

or from GCN



Candidate classification / follow-up

Piranomonte et al. in prep.All successfully operated in O1 & O2

Copernico 1.8 m telescope (Asiago)

optical imaging & spectroscopy 

(PI: Tomasella)

ESO-NTT 3.6 m

optical/NIR imaging & spectroscopy 

(PI: Botticella within ePESSTO)

TNG 3.6 m

optical/NIR imaging & spectroscopy 

(PI: Piranomonte)

LBT (2x)8.2 m

optical/NIR imaging & spectroscopy 

(PI: Palazzi)

ESO-VLT 8.5  m

optical/NIR imaging & spectroscopy 

(PI: P. DôAvanzo)



Multi-wavelength search and follow-up

Swift

- BAT: 15-150 keV, 2 sr FoV

- XRT: 0.2-10 keV, 0.15 deg2 FoV

- UVOT: UV/opt imaging; 0.08 deg2 FoV

- ToO program (GRAWITA co-Is)

- Tiling

- Targeted search

- Follow-up

Sardinia Radio Telescope (SRT)

- 64 m antenna

- 300 MHz ï100 GHz

- ToO program (PI: Possenti)

- Targeted search

- Follow-up

also Medicina & Noto radio telescopes (2x32m)

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



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

NS-NS MERGER AT 40 Mpc !! 



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

dark time

A
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night hours at Paranal (Chile)

visibility

~1 hour

zenith

horizon
time

40o

30o

20o limit for observations

Position of the GW skymap on sky 



NGC4993@ VST2017-08-17 12:41:04 UTC

Abbott et al. 2017, PRL, 119, 1101

GRAvitational Wave Inaf TeAm

GW event: 12:41:04 UTC
First skymap: 17:54:51 UTC  

31 deg2 (90% credibility) 
centeredon 12h57m -17oрмΩ

VST observations of GW170817:
covering 9 deg2  23:18:42 UTC 

Swope OT observation:      23:33 UTC 
(targeted survey) GCN21529

Updated skymap: 23:54:40 UTC
34 deg2 (90% credibility) 
centeredon 13h09m -25oотΩ

Courtesy of L. Grado



GW 170817: optical counterpart in NGC 4993

archival (Pan-STARRS)
T+12h44m

Credits: A. Melandri (INAF-OAB)

grizH

LVC + ñpartner astronomy 

groupsò (2017)

GRAWITA: REM detection 
~ 12.7 hours after GW trigger

REM @ ESO La Silla (Chile)

primary mirror 60 cm in diameter Credits P. DôAvanzo



GW 170817: imaging and spectroscopic follow-up

photometric evolution 

Pian, DôAvanzoet al. 2017, Nature

spectral evolution

obtained with Xshooter@VLT

ċ
ti

m
e
 

VST

VLT

REM



The Optical/nIR evolution of the kilonova

ESO VLT X-Shooter spectral sequence of GW170817

Pian et al. 2017;  Smartt et al. 2017

purely thermal spectrum
(T = 5000 K).   

Initial expansion
speedof ~0.2c

European Southern Observatory

Very Large Telescope (VLT)
4 Units Telescopes with

Primary Mirrors 8.2 m in diameter

Cerro Paranal (Chile)

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

Tanaka et al 2017

The best fit 

of these 

spectroscopic data

requires three

components



Photometric and Spectroscopic evolution of GW170817

The Optical/nIR Transient The Optical/nIR Transient (video)

Credits: ESO



X-ray and Radio afterglow

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

Hubble Space Telescope Chandra X-ray observatory

The 26 August 2017 (+9d) the X-ray emission at

the position of GW170817 was detected.



X-ray and Radio afterglow

Hallinan et al., 2017

The onset of Radio emission was also detected 16 days after the

gravitational wave event.

Hubble Space Telescope Very Large Antenna



GRAWITA/INAF results with LBT 
Å éé

Å 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). 

GRAvitational Wave Inaf TeAm

This late observations (X-ray, Radio and 

Optical) are playing a key role in 

understanding the origin of the afterglow 

of GW170817.

- Structured Jet (GRB theory)

- re-energized cocoon (new object) 

(see e.g. Alexander et al. 2018, Troja et 

al 2018 etc) 

LBT 
Large Binocular Telescope



Gravitational 

waves!

(Short) Gamma- r ay 

Burst (seconds), X- r ays 

(secs-days) if on-axis or not 

too far off-axis

Kilonova

R-process nucleosynthesis: 

opt ical- IR (~ 1 day).

Interaction with ISM 

(X- r ays, opt ical 

and r adio afterglow, 

days to months)

Courtesy: Varun Bhalerao 

C. Fryerõs talk

E. Brocatoõs talk

M.A. Papaõs talk 

V. Fafoneõs talk

M. Branchesiõs talk

E. Bissaldiõs talk

L. Natalucciõs talk

H. Van Eertenõs talk

E. Trojaõs talk

The Electromagnetic scenario



Multiwavelength Observations

Chandra



GRAWITA vs O3 and beyond

GW170817 @ 200 Mpc

28.5

27.5

26.5

25.5

24.5

23.5

22.5

21.5

20.5

Increasing the sensibility of GW detectors 
move the horizon toward more distant 
objects, i.e. fainters sources

Expected multi-messenger event rates
BBH: at least a few per month

BNS: 1-10, possibly 1 per month
NSBH: uncertain, one or more in O3

TownHall Amsterdam 12-13 April 2018



GW170814 ~ 62 deg2 

(90% credible areas)

VST vs LVC run O3

Virgo made a 

fundamental 

improvement in 

decreasing the 

size of skymaps ! 

VST observed ~ 80%
of the sky map 

a Supernova candidate found in the survey of GW170814

VST is a KEY instrument for 

RUN O3 of LVC



GRAWITA vs LVC run O3

ENGRAVE
Electromagnetic counterparts of gravitational waves 

at the Very Large Telescope

An European collaboration of 196 
ESO scientists 

Governing Council : M. Branchesi, E. Brocato, P. DôAvanzo,J. Hjorth, P. Jonker, E.
Pian, S. Smartt, J. Sollerman, D. Steeghs, N. Tanvir

VLT ToO Large Programme (submitted) 
3 Periods P102 - P104 Oct 2018 - Mar 2020

Fully Covering O3
Requesting 180hrs of VLT

4 triggers @ 45hrs per event

Å 0.3 - 2.5 micron spectra (xshooter + 
FORS + EFOSC2/SOFI if bright enough) 

Å 0.3 - 3.5 micron lightcurve (VST, NTT, 
VISTA, FORS, HAWKI, NACO, REM) 

Å 1-3 mm afterglow emission (ALMA)



GRAWITA vs O3 and beyond

LSST - Large Synoptic Survey Telescope
WF search 

LSST (2023?):
8.4m, 9.6 deg2, r ~ 24.5, Chile, 
6 bands (0.3 - 1.1ȉm, ugrizy), 
1000 visits over 10 years, 
same RA, DEC every 3 nights 

Å deep sky 
Å galaxy catalogs
Å identification 

false candidates 

Courtesy of F. Bianco



GRAWITA vs O3 and beyond

LSST
üLSST has a LARGE Field of View  (9.6 deg2)
üLSST horizon increased ==> fainter sources (> 24.5)
üThe strategy of targeting galaxies is unlikely to often succeed

Courtesy of G. Greco

Action: 
Å Make the case of ToO@LSST
Å Design best ToO strategy for GWs
Å Evaluate Observing time needed (< 1%)

SOXS@NTT
MOONS@VLT



GRAWITA vs O3 and beyond

Follow -up
2024?

40m -class telescope , Adaptive Optics

corrected FoV 10 arcmin
e.g. MICADO 
Image+spectr. 0.8-2.4 ȉm, R~8000 
FoV ~20-50 arcsec

E-ELT 
European Extremely Large Telescope

GW170817 @ 1 Gpc

32

31
30

29
28

27

26
25

24 - 4m tel

- 8m tel

- 40m tel

The E-ELT will be the

largest optical/near-infrared

telescope in the world and

will gather 13 times more

light than the largest optical

telescopes existing to-day.

With its innovative five-mirror design that includes advanced

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

atmospheric distortions (i.e., fully adaptive and diffraction-

limited) from the start, providing exceptional image quality, 16

times sharper than those from the Hubble Space Telescope.



~2 020

~2 024

TOWARDS A GLOBAL GW RESEARCH
INFRASTRUCTURE

THE NETWORK IS THE DETECTOR

Multiwavelength landscape

LSST

EUCLID

ATHENA

E-ELT

JWST

ALMA

SKACTA

LBT VLT

THESEUS

Einstein Telescope


