&etesacwpe to unveil GW c:oum&erpar&s




The GWs astronomy era

2016: LIGO ERA

September 14, 2015
CONFIRMED

October 12, 2015
CANDIDATE

LIGOsfirst observing run
T - Septemberi2,2015=anuary19/2016)

e

September 2015 November 2015

“

mm

October 2015

di TNG nell‘astrofisica

i

December 2015

LIGO || I

irgo I I

1 Jan
2015

1 Jan
2016

1 Jan
2017

1 Jan
2020
Time

1 Jan
2021

1 Jan
2022

1 Jan
2019

1 Jan
2018

1 Jan
2023

1 Jan
2025

1 Jan
2024

( Credits:LIGO )

December 26, 2015
CONFIRMED

|

January 2016
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The GWs astronomy era

Early

M Mid
B Late
B Desigr

lJan 1Jan 1Jhn 1Jan 1Jan 1Jan 1Jan 1Jan 1Jan 1 Jan 1 Jan
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Time

2016: LIGO ERA

Provides for the first time that:

1) “Heavy” stellar BH exist

2) Binary BH form in nature

3) BBH inspiral and merge within
the age of the Universe
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The GWs astronomy era

Early

M Mid
B Late
B Desigr

lJan 1Jan 1Jhn 1Jan 1Jan 1Jan 1Jan 1Jan 1Jan 1 Jan 1 Jan
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Time

2016: LIGO ERA Q017 —> 20?7?: LIGO + VIRGO ERA

Provides for the first time that:
1) “Heavy” stellar BH exist

2) Binary BH form in nature .
3) BBH inspiral and merge within discover the

the age of the Universe UNKNOWN!!
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BBH systems parameters

Event GWI150914 GWI151226 LVTIS1012

Primary mass 362122
,n?OUI'CC /M 0 —-3.8

Secondary mass
source

Luminosity distance 420+150
Dy /MpC —180

+3.7
29.1+37

GW150914
GW151226

LVT151012
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The BBH Discovery

 Galaxy field Dense environment.: S -
“#  R~10kpc, star clusters - A
e N ~ 1037 stars

DYNAMICAL INTERACTION?




Why we are interested in EM counterparts?

| Astrophysics s

EM

¢ identify host galaxy (Ho, progenitors contstraint)
e connect to wealth of transients phenomenology |

; évll)al‘flz (SN, GRB, new sources) *  Energetics and
S e uniquely constraint models: know masses, spin, beaming
. Eccentricity | . Magnetic field
« NS compactness S  ————— ‘ strength
?nd tld.a} « Precise (arcsec)
deformability sky localization
. System

. Host galaxy
ienta,tions e g PR




The need of multi-messenger astronomy

Actual estimates

Sky localizations:
90% credible areas of about = Hison

GW151226

600 deg? GW150914

1000 deg? GW151226

Image credit: LIGO/L. Singer/A

GW150914

Gamma-ray

Optical/NIR
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Simulated estimates with Virgo

LVT151012 +vireo

GW151226 +vireo

GW150914 +viro

MQT‘SQT‘S
GRB = Prom[oE gamma (sec)
> Afterglows X-ray, optical, radio
(minutes, hours, days, months)
A

0 g—o\xis

a?tergto‘u

Kilonovae Isotropic emission
(days)

o

X—m‘f/' (min, hrs) Radio remnants
(months, years)

Eow ~0.02 M c?

BH-BH mergers

Ecw ~0.02 M_c?

Core—cottayse

(minutes,days)

(weeks, months)

Eew 108 - 104 M c?



The need of mult

SKky localizations: B H —_ B H RBH-BH merqers
90% credible areas of about Eew ~0.02 M_c?

600 deg? GW150914 NS'BH

1600 deg? LVT151012 NS_NS

1000 deg? GW151226 .
isolated NS
massive starscc
pulsars
others...

Core-cotla,ﬂse

SBO X-ray/UV
(minutes,days)

Optical
. (Weeks, months)

'\ laalo
(years)

aaaaaaa

NG K%

Lo

Ecw ~108 - 104 M,_c?

Signal intensity

rrrrr
lllllllllll
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GRAWITA Goals:

The present research group is committed
to taking part in the search and the study
of electromagnetic counterparts of the
GW events by using different
observational facilities.

Know-how:
Time Domain Astronomy,
Observational Strategy, Image
analysis, Accurate Photometry
in crowded fields, GRB

Interpretation, Theoretical
models

Project milestones

05-12-2013...first meeting INAF — LVC

#1011 i e MoU INAF-LVC signed / early Team submitted PRIN INAF
2014...........VST as ToO facility
910) et Early activities Proposals / fund raising

07-07-2015...Unsolicited project “Gravitational VWave Astronomy ...” approved
15-09-2015... First operational meeting
17-09-2015... ESO-VST observations of GW 150914
28-12-2015... ESO-VST observations of GW 151226
30/12/2015-04/03/2016... TNG and LBT characterization of transients
03-2016........ Joint paper with LVC on GW 150914

GRAWITA PAPERS

Abbott et al. 2016: Localization and broadband follow-up of the gravitational-wave transient GW 150914

Abbott et al. 2016: Supplement: Localization and broadband follow-up of the gravitational-wave transient GW 150914
tronom rnovae, Dat
chtialalslanh Supe AL, 1282 Pian et al. 2016: Optical photometry and spectroscopy of the low-luminosity, broad-lined Ic supernova iPTF15dld
Brocato et al. 2017: VLT Survey Telescope Observations of the gravitational wave source GW 150914 - in prep
GRAWITA PAPER II 2017: EM Follow-up and Characterization of GW151226 event - in prep

Who we are
INAF OA Roma: E.Brocato (P.l.),S. Piranomonte, L. Pulone,V.Testa, L. Stella, M. Lisi, S. Ascenzi, G. Israel, P. Casella, G. lannicola.

INAF OA Napoli: A. Grado, F. Getman, L. Limatola, M Botticella, M. della Valle, M. Capaccioli, P. Schipani
INAF IASF Bologna: L. Nicastro, E. Palazzi,A. Rossi, L. Amati, L. Masetti, A. Bulgarelli, G. De Cesare

INAF OA Milano:S. Covino, S. Campana, G.Tagliaferri, P. D’Avanzo, A. Melandri,G. Ghisellini, G.Ghirlanda, R. Salvaterra

INAF OA Padova: E. Cappellaro, L. Tomasella, S.Yang
University of Urbino: M. Branchesi, G. Stratta, G. Greco
SNS Pisa: E. Pian,A. Stamerra, F. Longo, M. Razzano, G. Pivato, B. Patricelli, G. Cella

INAF OA CAGLIARI: A. Possenti, M. Burgay

ASI Science Data Center: L.A. Antonelli,V. D’Elia , G. Giuffrida, S. Marinoni, P. Marrese

La missione e le prospettive scientifiche di TNG nelfastrofisica

+
F
Y = P
y, === N\ NAiowsL msTIy
4 = - N “ASTROPHYS
4 % = \\\ D T
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Project milestones

The present research group is committed | 05-12-2013..first meeting INAF — LVC

to taking part in the search and the study ' 205 MoU INAF-LVC signed / early Team submitted PRIN INAF
; | 2014...........VST as ToO facility
of electromagnetlc counterparts of the| ' 91} T Early activities Proposals / fund raising

'GW events by using different
| observational facilities.

07-07-2015...Unsolicited project “Gravitational VWave Astronomy ...” approved
15-09-2015... First operational meeting
17-09-2015... ESO-VST observations of GW 1509 14
28-12-2015... ESO-VST observations of GW 151226
o 30/12/2015-04/03/2016... TNG and LBT characterization of transients
03-2016........ Joint paper with LVC on GW 150914

| Know-how: |

| Time Domain_As , s = S —— s
Observation
analysis, Ac

astronomy’ e ,__—zeﬂ-g'_—;—;-.______ (s X K 3
Interpretation, The |

o Brocato et al. 2017: VLT Survey Telescope Observations of the gravitational wave source GW 150914 - in prep
moaels

GRAWITA PAPER II 2017: EM Follow-up and Characterization of GW151226 event - in prep

| Who we are

- INAF OA Roma: E.Brocato (P.l.), S. Piranomonte, L. Pulone,V.Testa, L. Stella, M. Lisi, S. Ascenzi, G. Israel, P. Casella, G. lannicola.
| INAF OA Napoli: A. Grado, F. Getman, L. Limatola, M Botticella, M. della Valle, M. Capaccioli, P. Schipani
| INAF IASF Bologna: L. Nicastro, E. Palazzi,A. Rossi, L. Amati, L. Masetti, A. Bulgarelli, G. De Cesare
INAF OA Milano:S. Covino, S. Campana, G.Tagliaferri, P. D’Avanzo, A. Melandri,G. Ghisellini, G.Ghirlanda, R. Salvaterra
‘ INAF OA Padova: E. Cappellaro, L. Tomasella, S.Yang
University of Urbino: M. Branchesi, G. Stratta, G. Greco
SNS Pisa: E. Pian,A. Stamerra, F. Longo, M. Razzano, G. Pivato, B. Patricelli, G. Cella
INAF OA CAGLIARI: A. Possenti, M. Burgay

ASI Science Data Center: L.A. Antonelli,V.D’Elia , G. Giuffrida, S. Marinoni, P. Marrese
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http://www.grawita.inaf.it

GRAWITA PROJECT: Hunting the EM counterpart of the GW source




GW EM counterpart research

Coll. with
HIGH ENERGY FACILITIES

Search of Temporal
coincidence with
Fermi/GBM and

INTEGRAL/SPI

X-ray counterpart
with Swift/BAT and

INTEGRAL/IBIS

La missione e le prospettive scientifiche di TNG nell'astrofisica
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provided by LVC have to be
discovered and measured
as soon as possible

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

GRAWITA PROJECT

GRAWITA: GRAvitational Wave Inaf TeAm @&

STEP 1

Search & Detect
Transients in the error box

Proposal

Telescope approved

Telescopes with
large FoV VST T00
distributed at different

. . LBT ToO
latitudes/longitudes

NOT ToO

VLT ToO

Computing Facilities SRT 100

with fast and smart REM To0
software to select a It Antartic Tel yes
handful of transients

GRAWITA Cols.

Telescopes with
large collecting area
to obtain light curves
and spectral features

of transients

Data Papers...

IL Bl 281 i,

TNG LongTerm '16-'18

Science Validation...

Time Domain Astronomy

Proposal
Submitted
Pl

Cappellaro
\Grado

Palazzi
Piranomonte
Pian
Pian

Possenti

Campana

Col Brocato

Note: HST, VISTA, Swift - proposals accepted with




run Ol: GRAWITA response

| 1. Observations

GW150914
VST field P50 epoch 1

Ph-pipe : candidates detection

SUDARE PIPELINE

vith ~500k/frame -> ~100 inter

reference
image

* Number of images: 2 200 images p NE credif no WG3 : original image - reference
(~18000=18000 px to map 1 deg?) 3

* Image size: ~ 1.3 GB / image YR

+ Calibration time: ~ 6.5 hrs for a set '

of ~ 200 images (Grado & WG2:

VST center)

Yang

* ‘l Ca ~ Credits:
‘»’ y Cappellace
|

d201s a8 ¥ S oI 2" §A7 Jide:

Start with ~500k/frame -> ~100 interesting objects ->

Characterization & Asiago

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

1.0“ ' - Asiago P

.

|

| N
M,W‘~—‘*fr~—o"{\_- ."_ A

— —e ——)
- - -

] L e ‘,'.'\_'*._.



http://livepage.apple.com/

Results of GW follow-up — erawrra progrct

Cooperation between iPTF/GRAWITA/LSQ/Pan-STARRS/SWIFT.
Transient iPTF15dld discovered by iPTF (GCN18497),

identified as a Supernova Type Ic by GRAWITA (GCN18563)
Information on the environment can be obtained by Swift/UVOT

Plan et al. 2016

stant

a
)
)
t
~<
P
Q)
®]

N" ‘opernico
w w Nov 16,18
A\l
T
4
1 71717L7A71717L7L717171717144 ol QJA

i NI B

4000 5000 6000 7000 8000 9000
Wavelength [A]

-20 0 20 40 60 80
Time [rest—frame days]

\\ L2 .wh&':iv;‘“;:‘,‘r
PADOVA 1- 3 Marzo 2017



Results of GW follow-up — erawrra progrct

Pan-Starrs: transient PS15-dpn identified
(Smith et al GCN 18786)

GRAWITA: photometric data with VST@ESO

Gemini: unusual spectra not characterized z~0.175
(Chambers et al GCN 18811)

GRAWITA: LBT observations imaging + spectra
PS15-dpn classified as SN Ibn similar to SN2006ijc,
redshift confirmed (GCN 19145)

LBT

8mTelescope
(LBC-Blue)

500 8000
Wavelength (&)

Fig. 2. Left Panel: r-sloan image of Pan-STARRSI1 candidate taken with LBC-Blue, the transient and its host galaxy are
very well detected.

Right panel: MODS1-Red spectrum extracted at the transient position . Narrow Hea, NII and OII emission lines from the
host galaxy are cleary detected at a redshift of 0.1749. Based on a preliminary calibration, the spectrun show that the tran-
sient is a peculiar supernova of type Ibn similar to SN 2006jc (red spectrum) a few weeks after maximum (Pastorello et al. 2008).

N\ oS
PADOVA 1- 3 Marzo 2017

LBT

8m Telescope
(MODS1 -Red)



Results of GW follow-up — crawrra prosrct

GRAWITA paperll 2016 in prep.

Figure 3: TNG spectrum of iPTF15dlj of 29 October 2015 (black) and best
match with SN 2005cs (blue), using GELATO (Harutyunyan et al. 2008, A&A,
488, 383).

Rest Wavelength [\A]

Observed Wavelength [\A)

Figure 2: TNG spectrum of iPTF15dkm of 29 October 2015 (black) and best
match with SN 2012A (blue), using GELATO (Harutyunyan et al. 2008, A&A, Figure 1: TNG spectrum of LSQ15bjb of 26 October 2015 (black) compared
488, 383). with that of SN 1990N (red), six days before B-band maximum light.

La missione e le prospettive scientifiche di TNG nellastrofisica
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GW EM counterpart research

GRAWITA O1 SUMMARY

The experience matured with GRBs/SNe was very fruitful for the
first GW follow-ups

e No EM detection in Ol.....but we got results from “secondary
science”!!

e We are working on the follow-up of candidates of the 02 run. We
improved pipelines for better selections proposals for ToO -- we are
waiting for NS-NS or NS-BH!

/\



GW EM counterpart research — WHAT’S NEXT?

PAST TNG GW PROGRAMS:

AQT30: (Palazzi) NO overlap with LVC
AQT&1: (Palazzi) NO overlap with LVC
AOT32: (Piranomonte) overlap with
01 ('70% of the allocated hrs)
AQT33: (Piranomonte) NO overlap with
LVC

if Virgo was on line during GW150914...

AOT34-A0T37: Large program (Piranomonte) 10% already used




LVC during OR2 - O3 — TNG EM Strategy

INFO FROM LVC: event time, localization, system type (CO binary or
burst), for CO binary distance and presence of NS
Threshold alert --> FAR < 1/month

_ . ‘ Fernandez et al. 2016
02 --> 6 triggers + astrophysical sources Inspiral Dynamical Accretion - Remnant

QL
o
=
QL
O
wv
L
©
(o]
o

Astrophysical sources rate:
NS-NS rate: 40/yr

BH-NS rate: 10/yr process
BH-BH rate: 20/yr Abadie et al. 2010 ol -9

For each trigger --> tens-hundreds of candidate l ms magnetar

counterparts to characterize!!
. NS "

Q
v
NS
Courtesy of G. Stratta

Expected light curves (source distance 100 Mpc) -seconds -ms 10 ms 100 ms mins-hrs  hrs-days days-week  month-yrs

¥ | m——— Metzger et al. 2010
Metzger et al. 2010
Piran et al. 2013
= Kasen et al. 2015 (BNS->BH)

= = = Kasen et al. 2015 (BNS->HMNS)
- - - GRB130603B eobs=28j

GRB130603B 6, =46,
obs j

* SN1998bw
. | Yamazaki et al. 2015 (BBH)

® execute ToO as soon as EM candidate counterparts for a GW
source will be available from other observatories worldwide
or from space satellites

® ]Jight curves and broad-band colors

1011121314151617 181920
(days)

9
el ® spectra of our and other collaborations top candidates (about

35 per semester)




LVC during 02 - O3 — TNG EM Strategy

. o -l i
LRS/NICS imaging will be performed:

1) to search for the optical/NIR counterpart of a GW source only when its position is known with
an accuracy better (e.g. detection of a, X-ray counterpart) than the LRS/NICS camera FOV;,

&) to monitor the light curve of the candidate counterparts detected by us or by other telescopes.
Follow-up imaging (case &) can be planned ahead, thus it can be considered as a soft ToO. If
case 1 applies, we will perform R and H band imaging (with total texpo of 300s and 1200s,

respectively).




summary and conclusions

Grawita + TNG from 2017 to...??

® prepare to Virgo Impact

® Thanks to the distance+progenitor indication the optical/IR follow-up will be much more
efficient




Characteristic Strain

Stochastic
background

Massive binaries

Extreme mass
ratio inspirals

1072
Frequency / Hz
N

Solls |

IENT HIGH ENERGY SKY A LY UNIVERSE SURVEYOR‘

Virgo
aLRE"

GW150914

Core collapse
supernovae

Pulsars

THANKS!
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Massive binaries
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Core collapse
supernovae

Pulsars

1072
Frequency / Hz
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