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The GW era
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The GW era: GW 150914

|&d Selected for a Viewpoint in Physics i
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

5
Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10~2!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1¢. The source lies at a luminosity distance of 4108 Mpc corresponding to a redshift z = 0.09553.
In the source frame, the initial black hole masses are 3673 M, and 2974 M, and the final black hole mass is
621’2‘MG, with 3.0f3’§Mo ¢? radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102
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GW 150914 - EM search

600 deg? skymap from LIGO/Virgo

Huge observational effort, mainly with wide-field facilities

No EM counterpart found

No EM counterpart expected from BHBH merger

Expected EM counterparts for NSNS/NSBH

merger:

-Short GRBs (beamed emission)
-Kilonovae (isotropic emission)
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Credit: G. Greco, Gwsky https://github.com/ggreco77/GWsky



NS-NS / NS-BH electromagnetic
counterparts

Jet—ISM Shock (Afterglow)
Optical (hours—days)
Radio (weeks—years)

Ejecta-ISM Shock

Radio (years)

Kilonova . (\F/
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HYPERNOVA/COLLAPSAR SCENARIO

collide gamma rays
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THE FORMATION of a gamma-ray burst begins either with the rich in iron

merger of two neutron stars or with the collapse of a massive star.

Both these events create a black hole with a disk of material

around it. The hole-disk, in turn, pumps out a fireball at close to the

speed of light. Shock waves within this material give off radiation.
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NS-NS / NS-BH electromagnetic @ nar
counterparts o smmER

Kilonova
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Jet-ISM Shock (Afterglow) /q A key signature of an NS-NS/NS-BH binary merger is the
Opl»icul (hours—days) B - L= T 1T’ T
Radio (wecks-yeany) : production of a so-called “kilonova” (aka “macronova”) due

Ejecta-ISM Shock O the decay of heavy radioactive species produced by the
rg/ e r-process and ejected during the merger that is expected to
provide a source of heating and radiation (Li and Paczynski
QU 1998; Rosswog, 2005; Metzger et al., 2010).
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| * statistically select the GW-triggers wrt bkg f
* sanity and data quality checks
generate localisation sky maps

. to GW-candidates update
3 (hours-days)




Follow-up strategy O mar

Need to cover huge sky maps
(hundreds of square degrees)

Wide field telescopes and/or
targeted galaxy search

Need to find candidates

A 4

A

Dedicated strategies/pipelines

v

Need to filter and characterize the
most promising candidates

Large area telescopes to obtain
spectra and light curves of the
candidates




The GW era-01 & 02

Sept 2015 - Jan 2016: LVC O1 science run
Nov 2016 — Aug 2017: LVC O2 science run

Event ~ m/My, m/Mo  M/M, Xeft Mi/Mo  ar  Ena/(Moc?®) €pea/(ergs™) dp/Mpc z  AQ/deg?
GW150914 35.6%8 30.6730 286716 —0.01%012 63.17323 069700  3.1%04 3604 10% 430130 009703 180

-0.13 -170 -0.03
GWI51012 233*140 1361 152720 0047038 357499 067013 1503 321085 10% 1060%3% 021199 1555
GWI51226 13.7+88 7722 89+03 (18020 20.5%64 (0747007 10%01  3.4%07x10% 440*180  0.09:0% 1033

GW170104 31.0°72 20.1%2 21521  _0.04*017 491752 0667008 22105  33#06510% 9607430 0.19:007 924
GW170608 10.9*33 7.6713  7.9%02 (003019 17832 (691004 (9005 3540451056  330+120 (0 7:002 396
GW170729 50.6%16¢ 34.3*%1  357+65 036021 803146 081097 4817 4209 10% 2750*1350 0.48:01 1033
GW170809 352783 23.8732 250721 007016 564732 0707008  27:06 354065 10% 990320 (201005 340
GW170814 30.7+37 25329 24214 007012 534+32 (72:007 97404 37404 10%  580+I60 (012003 g7
GW170817 146012 1.27+0% 1.186%0% 000192 <28 <089  >004 >0.1x10% 4019 001°2% 16

-0.001 -10
GW170818 35.5773 26.8*43 26721 —0.09%018 508+48 (067007 27105 344055 10% 1020+ 0207097 39
GW170823 39.67100 204+63 2932 (08020 65694 0.71+098 33109 36406, 10% 1850840 (34013 1651

Abbott+19
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The GW era - O1 & 02 O mar

Sept 2015 - Jan 2016: LVC O1 science run
Nov 2016 — Aug 2017: LVC O2 science run

Event m /My my/My | M/Mg Xeft M:/M, ag Eraa/Moc?) Lpear/(ergs™ W d/Mpc
GW150914 [35.678 30670 | 28676 —00102 631733 069705 31704 36704 [0%] 43075

-0.13 0.4 -170
GWI151012 2337140 13.6+41 | 15220 0041038 357499 067013 1503 3208 10%) 106054
GW151226 |13.788 77222 | 89:03 018020 2054 074007 1001 3407 10%) 440180

GW170104 [31.072 20.1%42 | 21521 —0.04*017 49.1+52 0.66:0%  22:05  3.3%06 10%] 9607430
GW170608 10.9+33  7.6713 | 7.9%92 003019 17.8:32 (691004  .9*005 354045 1056 320+120
GW170729 [50.6:166 34.3+01 | 35765 036021 0.3+146 81007  48+17 42409 105) 27507130
GW170809 35283 23.8+32 | 25021 007016 564+52 0701098 27106 35106 10%) 990+
GW170814 [30.7+37 253+29 | 24214 007012 534+32 (72:007  27:04 37404 5 1056] 5g0+160
GW170817 [1.46:012 1.27+9% [1.186*0%! 000192 <28 <089  >004 >0.1x10°| 4010

-0.001
GW170818 355775 26.8+43 | 26721  —0.09%018 59.8+48 (674007 27105 34+05 5 10%| 10204
GW170823 [39.67100 29.4+63 | 29342 008+020 65694 0.71+098 3309 36406, 10%| 185084

Abbott+19
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The GW era - O1 & 02 O mar

Sept 2015 - Jan 2016: LVC O1 science run
Nov 2016 — Aug 2017: LVC O2 science run

Event mi /My my/My | M/Mg Xeff M /M, as Ea/Moc?) Cpear/(ergs ™) di/Mpc

GW150914 [35.648 30.6730 | 28.671¢ 001012 63.1733 06900 3104  36:04 5 10%| 430750

GWI151012 2337140 13.6+41 | 15220 0041038 357499 067013 1503 3208 10%) 106054
GW151226 |13.788 77222 | 89:03 018020 2054 074007 1001 3407 10%) 440180

GW170104 [31.0772 20.1742 | 21.5"21 -0.04*017 49.1*32 0.6670% 22703 3.3*06x 10%°) 96043
GW170608 §10.9*33  7.6*33 | 7.9*02  0.03*58 17.8%32 0.6970% 0.9 35194 x 10 320%}%
GW170729 [50.6*18¢ 34.3*%) | 35765 0367921 8037135 0.8170%7 48717  4.2*99x 10%] 27507133
GW170809 |35.2*%3 23.873% | 25.0*2 0077018 56.4%32 0707058 27706 3.5%06x 10%°) 990*32
GW170814 §30.737 25337 | 24.2+14  0.07012 53432 0.72°0%7  2.7+04
GW170817 J1.46*312 1.27*000 0.00*59
GW170818 [35.577> 26.87%3 | 26721 -0.09*018 0.677097  2.7+03 4%0. 1020+43

~021 59.8’:‘3‘:3 ~0.08 ~360
GW170823 [39.61100 29.4+63 | 293+42 (08020 65624 071%0% 33109 3640 18507540

-0.22 -0.10

Abbott+19
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GW 170817 & GRB 170817A @ mar

Fermi

Reported 16 seconds LAl
after detection .

LIGO-Virgo

Reported 27 minutes after detection

INTEGRAL

Reported 66 minutes :
after detection e
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Gamma rays, 100 keV and higher GRB 170817A

120,000

115,000

110,000

Abbott+17; Goldstein+17; Savchenko+17




GW 170817 / GRB 170817A / AT2017gfo ,"""AF

Credits: G. Greco (Uni Urb.) : LI

s ) ‘ B 12:41:04 UTC

IC 4180

NGC. 4968

AT2017gfo |
‘ NGC 4993 - I Es0 508:33
. : L, e
D =40 Mpc

T ]

LIGd/Virgo localization 5 GW 170817

GRB 170817A

| Selected for a Viewpoint in Physics week ending
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

3 k-
GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

% 12:41:06 UTC



Pian, PDA+17
Abbott+17
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Melandri+17 archival T+12h44m




2 KN spectral sequence
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Pian, PDA et al., 2017 ’
(see also Arcavi+17; Coulter+17; Evans+17; Lipunov+17; Smartt+17; Covino et al., 2017
Soares-Santos+17; Tanvir+17; Valenti+17 and many others)

Full characterization of the KN properties

Three components Kilonova model with different
velocity, composition and electron (proton) fraction
(low Ye: lanthanide-rich; high Ye: lanthanide-poor)

Tanaka+17 / line of sight

Post-merger ejecta high Ye
medium Ye

0.03-0.05 Mg, ejected mass
Dynamical cjecta Fast moving dynamical ejecta (0.2c) + slower wind
(0.05c¢)
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Chandra

i

Troja+17
9d X-ray

J VLA

Pl .
.
)

Hallinan+17

16.4d  Radio
1st detection of
the afterglow



Chandra

. -

Troja+17
9d X-ray
J VLA

|

T PDA+18
v detection of the afterglow at the peak
Hallinan+17

16.4d Radio

1st detection of
the afterglow



Chandra
I XRT flux at 200 Mpc S-BAT4 ext
—— 10~
. . T 1077 GRB S-BAT4 (2005-2021)
. <E
Troja+17 8 1977
9d X-ray % 1001
J VLA | : =
. 993 ; 10—)3 4
| S o ] T offaxis
e PDA+18 T
¥ detection of the afterglow at the peak S R
Hallinan+17 Michela Di Natolo (Bachelor student)
16.4d Radio see also Duan+19; Salafia+19

1st detection of
the afterglow
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Chandra
I XRT flux at 200 Mpc S-BAT4 ext
—5 10~°
. 7 107 GRB 5-BAT4 (2005-2021)
L] <E
Troja+17 g 7
9d X-ray 5 10
J VLA . 3
. 9 ; 10—)3
| 2 10-2° 4 (:H.-‘i'f{'—:’l‘;cfdpl S tok~6v+6;
T8 PDA+18 T trise~0v-0) /\‘\
") detection of the afterglow at the peak S T '
Hallinan+17 Michela Di Natolo (Bachelor student)
16.4d Radio see also Duan+19; Salafia+19

1st detection of
the afterglow



GW 170817 / AT2017gfo / GRB 170817A @ mar
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Chandra
| XRT flux at 200 Mpc S-BAT4 ext
" XMM-Newton @ t=135id o
. - E 10-7 1 GRB S-BAT4 (2005-2021)
: €
Troja+17 5 1077
9d X-ray L) ; § 1071 BREN
J VLA | O S RN
= 107 N
| ‘ " CRe s RN
. S 1071 4 Off-axis - pk~0Ov+0j
3" .' | PDA+18 ~ N, trse~6u-6) /\«\
. ~ detection of the afterglow at the peak e S ¢
Hallinan+17 - - e
| Michela Di Natolo (Bachelor student)
16.4d Radio. see also Duan+19; Salafia+19

1st detection of
the afterglow

A Real source image 2 C Successful jet

simulated image + real noise
-23°22'53.38"

The radio afterglow is detected with an angular size < 2 mas in VLBI
data obtained ~ 207 d after the merger. Evidence for superluminal
motion is also found measuring an angular offset between T+75 d and
T+235 d.

D Choked jet cocoon Choked jet cocoon
simulated image + real noise imulated image + real noise
-23°22'53.38" I NESRIN 6. =45°

o 5339

53.40"

13h09m48.0695s 48.0690s  48.0685s  48.0680s  48.0675s 48.0690s  48.0685s  48.0680s  48.0675s

“ Ghirlanda+17"
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Chandra
‘ | XRT flux at 200 Mpc S-BAT4 ext
" XMM-Newton @ t=135'd 7
. > 7 107 GRB S-BAT4 (2005-2021)
g €
| Troja+17 , 3 07
9d X-ray .‘ b § 101
J VLA | Q :
NGC4093 ; 10—)3
| : N C—R‘?ﬁl??;:ﬁil?i« NI
) ! o -15 J or-axis -~ pk"' v J
e PDA+18 = S /\\
¥ ~ detection of the afterglow at the peak R '
A 4:’43"'”3”"'1 7 Michela Di Natolo (Bachelor student)
' Radio| . .
15t detection of see also Duan+19; Salafia+19
the afterglow a 5 e B
izati o5 ovi - PR PR P
Full characterization of the GRB properties: evidence for a structured jet y - Ly
s?nusll:xfggsiirf):lgjeei real noise Salafia+17

The radio afterglow is detected with an angular size < 2 mas in VLBI
data obtained ~ 207 d after the merger. Evidence for superluminal
motion is also found measuring an angular offset between T+75 d and
T+235 d.

These findings, together with the afterglow light curve modelling,
support the structured jet model. Fit to the data and numerical
simulations are in agreement with the scenario of a structured jet with

a relativistic core with 6,,, < 5 deg and 8,;,,, ~ 20 deg.

Alexander+17,18; PDA+18; Dobie+18; Fong+19; Haggard+17; Hallinan+17;
ST = Hajela+19; Margutti+17,18; Mooley+18a,b; Reasmi+18; Ruan+18; Troja+18a,b,
" Ghirlanda+17" 19,20; Ghirlanda+19; Piro+19; Margutti & Chornock 21 and many others




GRB170817A: still detected after years ,0‘
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O1 & 02: lessons learned O mar
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O1 & O2: lessons learned @ Nak




O1 & O2: lessons learned @ Nak
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O1 & O2: lessons learned @ Nak
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O1 & O2: lessons learned @ Nak
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O1 & 02: lessons learned O mar

GRB 170817A

Gamma rays, 50 to 300 keV

Fermi .
Reported 16 seconds o,

after detection o

INTEG RAL Gamma rays, 100 keV and higher GRB 170817A

Repc minutes
after de




01 & O2: lessons learned

after det:

INTEGRAL

Reported 66 minutes

after detectio

) to 300 keV

INAF
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GRB 170817A

GRB 170817A




The Multi-Messenger era O mar
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- GW 170717 / GRB 170817A / AT2017gfo results:

- Definition and consolidation of successful follow-up strategies

- First GW EM counterpart (at all wavelengths)

- First unambiguous observational evidence for a kilonova

- Evidence for kilonovae as a heavy elements factory

- "Smoking gun’ for short GRB progenitors

- Clues on short GRB outflow geometry and properties: first evidence for a structured jet
- Direct EM distance determination (cosmology)

- Still a number of open issues
- what about BH-NS EM counterparts?
- what is the origin of the blue KN component?
- are KNe associated to every short GRB?
- how to unveil the nature of the NS-NS remnant?
-(...)

-Scientific perspectives and opportunities:
- Characterize the counterparts of NS-NS / NS-BH mergers
- Determine the yield of heavy elements from KNe
- Study the jet structure, rate and energetics of short GRBs
- Characterize the environment & probe into the binary evolutionary channels
- Direct EM distance determinations on a sample of events
- The unknown
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The GW era - O3

Updated s O1 = 02 == O3 = O4 w05
16 June 2022
80 100 100-140 160-190 240-325
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LIGO i B n | 3
30 40-50 80-115 150-260
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Virgo i =
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The GW era - O3a
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Event M M my ma Dy, z M Xt AQ SNR
(Mo)  (Mo) (M)  (Mo) (Gpe) (M) (deg®)
GW190408-181802 43.0132 18.3715 24.675% 18.4%33 —0.031313 1.5513:30 0.2973:98 41.1%39 0.6715:% 150 15.3152
GW190412 384735 133104 301787 83FLC 0.25759% 0741011 0157093 37.3439 067700 21 189152
GW190413.052954 58.613%3 24.6755 34.711%6 237773 —0.0119:29 3.5512:27 0.591029 56.013%° 0.687012 1500 8.975%
GW190413.134308 78.8117-4 33.0752 47.5713% 31.8710% —0.0310:25 4.451%15 0.7110:38 75.5719-4 0.6870:15 730  10.052
GW190421.213856 72.9%3%* 31.2755 41.3715%* 31.9%80 —0.0613:32 2.8811-37 0.497319 69.773%5 0.6715:19 1200 10.7152
GW190424.180648 72.67132 31,0738 40,5141 318478 0.137022 2201138 0.3970:23 6897124 0.7410:92 28000 10.4102
GW190425 Qi) et aerd AT QOETE, QAT 08T - ~ 10000 12.4193
GW190426.152155  7.2+32 2417008 57838 15208 —0.031033 0.3750:18 0.085005 - 1300 8.710%
GW190503-185404 71.779% 30.2732 433733 2841717 —0.0313:20 1.4513:%9 0.271311 68.675% 0.6670%5 94 124752
GW190512.180714  35.9%3% 14.6713 233153 12.6%38 0.037012 1.43%9%5 0277099 34538 0651907 220 12.2%02
GW190513205428 53.978S 21.6735 357435 180177 0.11732 2.0613:85 0.374313 51.6782 0.68701% 520 12.9793
GW190514.065416 67.27157 28,579 39.01147 28.4793 —0.197829 4.13722 0.6775:33 64.5717% 0.6375 1L 3000 8.2%03
GW190517-055101 63.5%5:5 26.645 37.471%7 253770 0.524015 1.8675:52 0.34792% 59.3%%% 0.8775°%° 470 10.7154
GW190519-153544 106.67 135 44.5751 66.07197 40.57119 0317029 2531183 0447025 101.0112:30.7915-97 860  15.6752
GW190521 163.9133269.21173 95.31257 69.01227 0.031532 3.9212:32 0.641025 156.3135-80.7115:12 1000 14.213:3
GW190521.074359 74.7F7% 321732 422755 328751 0.097015 1.247030 0.247597 710755 0.72750% 550 25.870)
GW190527-092055 59.172%% 24.391 36,5706 22.672%° 0.111028 2497238 0.447938 56.472%% 0.7175:12 3700 8.1753
GW190602-175927 116.37129 49.17%L 69.17157 47.87143 0.077925 2.691179 0.471922110.971770.70751 690 12.8702
GIV19062010304218 92515131813 813w NG 7A IS DN 1601212 033110 22 M0l 8 1L 02l 0149, 2308 742551 ¢ SN 0 70 B0 05 N7 O 0 ORI 038
GW190630-185205 59.173% 24.9721 351799 237732 .107012 0.8910-50 0.1810:00 56.474¢ 0.707092 1200 15.6752
GW190701-203306 94.373%' 40.3%53 53.973%° 40.81%,) —0.0713:25 2.0670.75 0.3715:15 90.275° 0.6615%% 46  11.3103
GW190706.222641 104.1+23:242.7+100 6701185 38.2+146 0.28702% 4.42%2:39 0.7170:32 99.07152 0784993 650 12.6%2
GW190707.093326 20.171% 85%0% 116733 84%]7 —0.0519:39 0.7710:3% 0.1610:07 19.2713 0.66105% 1300 13.3753
GW190708-232457 30.972% 13.270% 17.675% 132729 0.027019 0.8810:3% 0.1810:5¢ 290.572% 0.69709% 14000 13.1752
GW190719-215514 57.8118:3 23,5765 36.57189 20.89:7 0.321329 3.94%%59 0.6413:33 54.9717-3 0.78791% 2900 8.3%%3
GW190720.000836 21.5%4% 89793 13457 7.8%23  0.18701 0.7979:59 0167502 20.4745 0.72498 460 11.0%Q3
GW190727-060333 67.173%7 28.6153 38.07%5 29.47%1 0.11%22% 3.307150 0.557522 63.871%° 0.7375:19 830 11.9103
GW190728 064510 20.6715 86755 123772 81F17  0.127020 0.871920 0.181052 19.6717 0.71705% 400 13.0752
GW190731-140936 70.1%155 29.577% 41.574%2 28.8757 0.067031 3.3013:37 0.5510:35 67.0510:5 0.7070:13 3400 8.7192
GW190803.022701 64.57420 27.3737 37.3+196 27.3475 —0.03+928 3.274195 0.5570:2% 61.7+1%5 0.681019 1500 8.6193
GW190814 25.8%29 6.0975:9¢ 23.2F11 2.597008 0.001395 0.247%:54 0.0510:3% 256131 0.28750% 19 24.9%52
GW190828 063405 58.0777% 25.0731 321158 26.274% 0.197915 2.13%9:5 0.38+010 54.9772 0.757595 520 16.2752
GW190828 065509 34.4754 13.3712 241779 10.23¢ 0.08101% 1.6019:52 0.3013:19 33.175:2 0.657055 660 10.0753
GW190909-114149 75.075%:9 30.9717%:2 45,8727 28.37130 _0.0610:37 3.77+3:27 0.6210:32 72.07580 0.6670 35 4700 81754
GW190910-112807 79.6%53 34.3741 43.977¢ 356753 0.021018 146759 0.287518 75.8%52 0.705:3% 11000 14.1157
GW190915.235702  59.9775 25.37532 353725 24.4%%¢ 0.027020 1.621071 0.307018 57.2%%0 0.70159 400 13.6752
GW190924 021846 13.97531 58152 89%70 50%14 0.031039 0.57+3:22 0.1243:54 13.3752 0.6773%% 360 11.5753
GW190929.012149 104.3752935.87149 80.87339 24.1719% 0.017033 2.13+3:55 0.3810:42101.573250.667020 2200 10.1758
GW190930-133541 20.3733% 8.510% 12.3%3%* 7.8%37  0.14703%F 0.7610:35 0.1510.08 19.4732 0.7213.5% 1700 9.579:3

03 Public Alerts by Month
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2019 2019 2019 2019 2019 2019 2019 2020
B retracted [l not retracted

O3a (Apr - Sep 2019)
39 events, 3 with M <3 Mg, :

GW 190425 -> BNS, 10% deg? skymap
GW 190426 -> BHNS, 102 deg? skymap

" GW190814 -> (?) BHNS, 19 deg? skymap



The GW era - O3b

4
INAF

ISTITUTO NAZIONALE

‘ DI ASTROFISICA
Event M M my mo Xeff Dy, z M Xf Aﬂz SNR
(Mo)  (Mo)  (Mp)  (Mo) (Gpc) (Mo) (deg”)

GW191103.012549  20.0737 8.34%0:%% 11.8752 79757 0.217915 0997032 0.2070:09 19.013% 0.751005 2500 8.9702 Public Alerts by Month
GW191105.143521 18.5%%1 7.8206% 10.7537 7.7115 —0.02F583 1.15%5:43 0.2310:97 17.673) 0.6710:9% 640 9.7153 e
GW191109.010717 112720  47.579¢ 65711 47115 —0.20%042 1207022 0.257015 107518 0.617015 1600 17.3702
GW191113.071753 34.575%° 10.7F15 29733 5.9713 0.00%537 1.3775:85 0265018  34F15 045703 3600 7.979%
GWI191126.115259  20.7+3¢ 8.65709% 12.1755 83719 0.21701% 1.62F571 0.307012 19.6735 0.7579:9¢ 1400 83752 4
GW191127.050227 80739 29.9t1L7 53+4T  24%1T 0187934 34731 0571049 76+ 0751913 o980 9.2797
GW191129.134029  17.57%% 7.31452% 10.7751 67712 0.06%0:08 0.797525 0.16750% 16.8725 0.697593 850 13.1752
GWI191204.110529 47.2%373 19.873% 27.3%440 103758 0057028 18717 0.3470% 450138 0717012 3700 88*94  °
GW191204.171526 20.217330 8.557092 11.9%1% 8.2%1%4  0.167008 0.65%012 0.13%002 19.2175:72 0.7340:03 350 175793
GW191215.223052  43.3%3:3 18.4%37 24.9%7] 181757 —0.04105] 1937555 0.3570:1F 41.4%5] 0681507 530 112153 4
GW191216213338 19.8112:59 8.3315:22 12,1735 7.7515  0.117083 0347912 0.0758:02 18.87725% 0.707093 490 18.675:2
GW191219-163120 32.3%3% 4.32701% 311453 1174500 0.001507 0.5510:75 0.1115:05 32.2752 0.14%5:08 1500 9.1%33
GW191222.033537  79+10 338771 4517109 34 7493 (047020 3+1T (514028 7554153 ( g7H0-08 900 19502 2
GW191230.180458 86715  36.5752 49.41140 371 —0.057032¢ 4.3%F5 0.697535  82F17  0.68T5 15 1100 10.475%
GW200105.162426 110715 3.42%00% 9.0717 1.91703% 0.00701F 0277013 0.0670:03 10.74]5 04370:05 7900 13.7703

+5.7 +2.6 +6.7 +4.4 +0.15 +0.43 +0.07 +5.3 +0.06 +0.1 Apr May Jun  Jul2019  Aug Sep Nov Dec Jan
GW200112-155838  63.9757 27.473% 356757 28.3%%3 0.061012 1.2510:42 0247507 60.8153 0.7115:95 4300 19.875:3 2010 2019 2019 2010 2010 | 2019 2016 200
GW200115.042309  7.471%  2.43%595 5.9+20 1447055 —0.157522 0291915 0.0675:55  7.2718 0427959 370 11.3*53 B retacted @ not retracted
GW200128.022011 75717 32.01%3 42.2F1L6 326755 0.12702F 3.47%% 0561035  71t1$  0.747919 2600 10.6103
GW200129.065458  63.4743 27.2721 345799 28934 0.1140-1L 090752 0.18%5%% 60.3%45 0.7375:95 130 26.8752
GW200202-154313 17.5875:25 7.4910:28 10.1735 73711 0.04%0:8% 0.4175:13 0.0955:93 16.76758% 0.6975:93 170 10.8752
GW200208.130117 654778 27.7+39 378792 274751 _0.07%522 2237199 0.40%513 62,5173 0667595 30 10.8793
GW200208222617  63132° 19.671%7 517304 123799 045154 41115 0667055 6173 0.837031 2000 7.471%
GW200209.085452  62.675%° 26.7155 35.675%° 27.1778 —0.125025 34119 057502 59.973% 0.667015 730 9.670%
GW200210.002254  27.077} 6567935 24.1773 2.83047 00203 0.0459:43 0.1075:9 26772 0347952 1800 84702 OQ3b (Nov 2019 - Mar 2020)
GW200216-220804 81739 32,9733 51737 30fi; 0.10%035 3.8%30 0.63%03%; 78TIY  0.707031 2900 8.1707% "

—8. — — —0. —2. —0. - —=0. —=0. [ ]

GW200219-094415  65.015%° 27.6155 37.5085%" 27.9704 —0.087035 34117 0.571035 6227157 0667013 700 10.7152 35 events’ 2 Wlth M < 3 MSUN'
GW200220.061928 148753 62732 87730  6173% 0.06%058 6.013%F 090705 141%3) 0.717015 3000 7.2707
GW200220.124850 67117  28.2773 389114t 27.9792 —0.071037 4.0135 0.66703% 6471 0.67701% 3200 85103 GW 19 1 2 19 BHNS 103 d 2 k
GW200224.222234  72.277% 31.175:2 40.07%2 325759 0.10%01% 1717085 0.3275%% 68.6755 0.737597 50 20.0752 -> ’ eg S ymap
GW200225.060421 335138 14.2415 19.3%30 140735 0124017 115703 0227595 321433 0667097 370 125755 QW 200210 -> BHNS/BBH, 103 deg2
GW200302.015811  57.879% 234747 37.8757 20.0*51 0.0170% 1481392 0287515 555759 0.6675 12 6000 10.8753 Sk ma
GW200306.093714 4391118 17.575% 28.3F171 14.8%%% 0.3210% 21117 0381535 41.7H4%% 0.781035 4600 7.8%05 y p
GW200308-173609* 50.611%° 19.015% 36.4F5%? 13.8%73 0.6510%7 54737 0.83F532 47.4H1L 0917003 2000 7.1703
GW200311-115853  61.9753 26.613% 34.275% 27.7448 —0.021025 1174528 0.2318:05 59.0145 0.691597 35 17.87%2
GW200316215756  21.2772 8.7510:52 1314102 7.8%35  0.1370% 1124047 0.2275:0% 20.2%75 0.70709% 190 10.375%
GW200322.091133* 55737 15.5%1%7 34418 14.0%1%% 0.24754 36700 0.60755 53+ 0784315 6500 6.0717




03: lessons learned O mar
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50% area: 1378 deg?
90% area: 7461 deg?
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03: lessons learned O mar
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50% area: 1378 deg?
90% area: 7461 deg?
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O4 timeline O mar
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https://observing.docs.ligo.org/plan/

LIGO, Virgo, and KAGRA continue to work to prepare the detectors for the start of O4. Our
ability to start O4 in March 2023 is currently under review. Unanticipated delays in some
construction elements of LIGO has delayed remaining detector commissioning (...) we expect
to be able to make a more confident plan for starting early in January.

Updated = O1 02 w=m O3 mm O4 05
16 June 2022
80 100 100-140 160-190 240-325
LI GO Mpc  Mpc Mpc Mpc Mpc
30 40-50 80-115 150-260
3 Mpc Mpc Mpc Mpc
Virgo ] T
0.7 (1-3) ~ 10 25-128
GRA Mpc Mpc Mpc
G2002127-v12 20115 2(;16 2[;17 20'18 2c;19 zc;zo 20121 20'22 2c;23 2c;24 20125 2(;26 20127 2(;23

During O4, we expect that four facilities (LIGO Hanford (LHQO) and Livingston (LLO), KAGRA
and Virgo) will observe for one year with a month break in the middle. KAGRA is expected to
start with Virgo and LIGO, and then step away for commissioning and return to observing with
a greater sensitivity toward the end of the O4 run.

Rates in O4 are highly uncertain: we may have > 3 GW trigger per week
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Multi-Messenger Astrophysics (GW) @ RSN4 @

[

ﬁ’;‘ ASTRONOMICO DI BRERA (n1)

- ¥, JUSTITUTO DI AST‘ROFIS\(A. ]
i’ .

SPAZIALE E FISICA" .

t ',\ NCOSMICA 51 MILANG 4
L .- ‘. . .

OSSERVATORIO
g1 ASTRONOMICO DI TORINO

ISTITUTO DI FISICA DELLO
SPAZIO INTERPLANEJARIO
DITORINO *

TORINO

CAGLIARI

R OSSERVATORIO
g ASTRONOMICO DI CAGLIARI

P osservarorio
; ASTRONOMICO DI PADOVA

4 OSSERVATORIO
I'|  ASTRONOMICO DI BOLOGNA
-

ISTITUTO DI
<gfl RADIOASTRONOMIA
B30 o1s0LOGNA
ISTITUTO DI ASTROFISICA

[
L? | spazIALE E Fisica cosmicA
* B =" DI BOLOGNA

Bfﬁ’ﬁ”,t_"'
FIRENZ* :
/(

.
7™ 0ssERVATORIO .
' ASTROFISICO DI ARCETRI (F1) Y

3 OSSERVATORIO
1 ASTRONOMICO DI TERAMO

OSSERVATORIO
ASTRONOMICO
B DI CAPODIMONTE (NA)

.
~
. NAPOLI_~
5| OSSERVATORIO
T ASTRONOMICO DI ROMA _

ISTITUTO DI ASTROFISICA  «
SPAZIALE E FISICA COSMICA
+/ DIROMA

ISTITUTO DI FISICA
4_ i DELLO SPAZIO INTERPLANETARIO
BES piroma

ALERMO 7
. CATANIA
'y

TELESCOPIO NAZIONALE
GALILEO (LA PALMA,

/ w B | ISOLE CANARIE - SPAGNA)

WLMA (SPAGNA)

m OSSERVATORIO
| ASTRONOMICO DI PALERMO

ISTITUTO DI ASTROFISICA
% ™ SPAZIALE E FISICA COSMICA

'~ 4 DIPALERMO

INAF
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Scheda

Coordinator

# INAF
Institutes

# INAF
people

AGILE

C. Pittori

8

35

ET

M. Branchesi

13

95

Fermi Science

P. Caraveo

12

GAME

L. Piro

13

GRAWITA

E. Brocato

66

GRB@Mi

G. Ghirlanda

13

GRB@OAS

E. Pian

11

GuRu

S. Piranomonte

HERMES

F. Fiore

30

INTEGRAL

L. Natalucci

14

INTEGRAL
HEASS

A. Malizia

14

LGWA

J. Harms

27

NuMerdet

R. Ciolfi

18

Progress

L. A. Antonelli

244

Swift

G. Tagliaferri

24




Search for coincident GW-GRBs

since O1
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Scheda Coordinator # INAF | #INAF
Institutes | people
AGILE C. Pittori 8 35
ET M. Branchesi 13 55
Fermi Science P. Caraveo 4 12
GAME L. Piro 4 13
GRAWITA E. Brocato 11 66
GRB@Mi G. Ghirlanda 3 13
GRB@OAS E. Pian 4 11
GuRu S. Piranomonte 6 9
HERMES F. Fiore 8 30
INTEGRAL L. Natalucci 3 14
INTEGRAL A. Malizia 3 14
HEASS
LGWA J. Harms 9 27
NuMerdJet R. Ciolfi 9 18
Progress L. A. Antonelli 15 244
Swift G. Tagliaferri 4 24
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Multi-Messenger Astrophysics (GW) @ RSN4 @ mar

Scheda Coordinator # INAF | #INAF
Institutes | people
AGILE C. Pittori 8 35
ET M. Branchesi 13 55
Detection of the short GRB 170817A,
associated to GW 170817 Fermi Science P. Caraveo 4 12
o e GAME L. Piro 4 13
RO NI GRAWITA E. Brocato 11 66
I Greewm G. Ghirlanda 3 13
INTEGRAL SN GRBQ@OAS E. Pian 4 11
s & GuRu S. Piranomonte 6 9
HERMES F. Fiore 8 30
INTEGRAL L. Natalucci 3 14
INTEGRAL A. Malizia 3 14
HEASS
LGWA J. Harms 9 27
NuMerdJet R. Ciolfi 9 18
Progress L. A. Antonelli 15 244
Swift G. Tagliaferri 4 24
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Study of the off-axis GRB afterglow emission
-> evidence for structured jet
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Scheda Coordinator # INAF | #INAF
Institutes | people
AGILE C. Pittori 8 35
ET M. Branchesi 13 55
Fermi Science P. Caraveo 4 12
GAME L. Piro 4 13
GRAWITA E. Brocato 11 66
GRB@Mi G. Ghirlanda 3 13
GRB@OAS E. Pian 4 11
GuRu S. Piranomonte 6 9
HERMES F. Fiore 8 30
INTEGRAL L. Natalucci 3 14
INTEGRAL A. Malizia 3 14
HEASS
LGWA J. Harms 9 27
NuMerdJet R. Ciolfi 9 18
Progress L. A. Antonelli 15 244
Swift G. Tagliaferri 4 24




Multi-Messenger Astrophysics (GW) @ RSN4 @

18t (unique) UV
KN detection
(blue KN)

2017 Aug 18.15

0.3-10 keV flux (erg cm? s-*)

Early-time X-ray limits
(1st hint for GRB off-
axis emission)

105

1012

1 1 1 1 1
10 0.01 0.1 1 10
Time since trigger (s)

INAF

ISTITUTO NAZIONALE
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Scheda Coordinator # INAF | #INAF
Institutes | people
AGILE C. Pittori 8 35
ET M. Branchesi 13 55
Fermi Science P. Caraveo 4 12
GAME L. Piro 4 13
GRAWITA E. Brocato 11 66
GRB@Mi G. Ghirlanda 3 13
GRB@OAS E. Pian 4 11
GuRu S. Piranomonte 6 9
HERMES F. Fiore 8 30
INTEGRAL L. Natalucci 3 14
INTEGRAL A. Malizia 3 14
HEASS
LGWA J. Harms 9 27
NuMerdJet R. Ciolfi 9 18
Progress L. A. Antonelli 15 244
Swift G. Tagliaferri 4 24




Discovery of the
X-ray afterglow

Chandra

od

Long-term monitoring of the off-axis GRB

X-ray

afterglow emission -> evidence for structured

jet

Scheda Coordinator # INAF # INAF
Institutes | people
AGILE C. Pittori 8 35
; ET M. Branchesi 13 55
GW170817 ]
1 | Fermi Science P. Caraveo 4 12
//”‘* GAME L. Piro 4 13
510 V4 R 1| GRAWITA E. Brocato 11 66
.E :
;.; GRB@Mi G. Ghirlanda 3 13
£ / GRB@OAS E. Pian 4 11
g 105 // o
x 1° GuRu S. Piranomonte 6 9
\e
d v ‘ HERMES F. Fiore 8 30
------------- Ouiew ~ 23°, O ~ 4°
— Oyiew~31°,0,~5° .
I S INTEGRAL L. Natalucci 3 14
107" . . Ll T L
" fme since morger (@] " INTEGRAL A. Malizia 3 14
HEASS
LGWA J. Harms 9 27
NuMerdJet R. Ciolffi 9 18
Progress L. A. Antonelli 15 244
Swift G. Tagliaferri 4 24
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GRAvitational Wave Inaf TeAm O mar

GRAWITA
Organization chart

WG1
24H/7d OPERATION TEAM
P. D’Avanzo

WG2
WIDE FIELD SEARCH
F. Getman

WG3
CHARACTERIZATION and
FOLLOW-UP Optical and NIR
A. Melandri

Science Board
E. Brocato (P.l.),

E. Palazzi, E. Cappellaro,
A. Grado, M. Branchesi,

S. Covino, A. Possenti
WG4

RADIO Follow-up
M. Giroletti

WG5
HIGH ENERGY Prompt and
Follow-up
A. Bulgarelli

WG6
THEORETICAL MODELS
R. Ciolfi

WG7
ARCHIVING and WEB
ACTIVITIES

L. Nicastro

~ 100 scientists
from 21 Institutes
(INAF + Universities)
Active since O1



GRAWITA
Organization chart

WG1
24H/7d OPERATION TEAM
P. D’Avanzo

WG2
WIDE FIELD SEARCH
F. Getman

WG3
CHARACTERIZATION and
FOLLOW-UP Optical and NIR

A. Melandri

www.grawita.inaf.it

Science Board
E. Brocato (P.l.),
E. Palazzi, E. Cappellaro,
A. Grado, M. Branchesi,
S. Covino, A. Possenti

WG4

RO ~ 100 scientists

from 21 Institutes
o N s (INAF + Universities)
A Bulgarall Active since O1
WG6 +

"R | Coordination with AGILE, Fermi,

. i INTEGRAL & Swift INAF research
ARCHAIS:/ITIII\(/BI_SrédSWEB teams
L. Nicastro (Super-GRAWITA, since 03)

Governing Council: M. Branchesi, E. Brocato, P. D’Avanzo, J. Hjorth, P.
Jonker, E. Pian, S. Smartt (Chair), J. Sollerman, D. Steeghs, N. Tanvir.
Executive Committee: A. Levan (Chair), M. Fraser, K. Maguire, D.
Malesani, O. S. Salafia, S. Vergani.

A collaboration of ~ 200 ESO scientists (since O3)

Approved program during Oct 2018 — Mar 2020 fully covering O3. Time
for EM counterparts follow-up on every useful VLT instrument + ALMA
HST and JWST.



Follow-up strategy O mar

Need to cover huge sky maps
(hundreds of square degrees)

Wide field telescopes and/or
targeted galaxy search

Need to find candidates

A 4

A

Dedicated strategies/pipelines

v

Need to filter and characterize the
most promising candidates

Large area telescopes to obtain
spectra and light curves of the
candidates




Facilities in O4

Wavelength (meters) The Electromagnetic Spectrum

CcMB human sight
Radio Microwave Infrared Visible Ultraviolet X-ray Gamma Ray
103 102 105 1076 108 10-10 1012

ENGRAVE :
Super—GRAWITA




The Future @ mnar |
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Beyond O4
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Future Facilities O mar
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Updated == O1 02 == O3 == O4 05
15 Nov 2022
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Future Facilities

LUNAR GRAVITATIONAL
WAVE ANTENNA

—~ = ——

T —

Wavelength (meters) The Electromagnetic Spectrum

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

cherenkov telescope array
SAUARE KILOMETRE ARRAY -




Final Thoughts @ mnar
- A new era for astrophysics, great discovery
space, opportunities for early career Need to cover huge sky maps Wide field telescopes and/or
(hundreds of square degrees) targeted galaxy search
astronomers _ _ VST AGILE Swift TNG
- INAF at the forefront (worldwide) since the 'NT:EGR_A'- REM
. ermi _
dawn of this era Swift INAF 1-2m
- Leadership gained (a|SO) thanks to the GRB | Need to find candidates |—| Dedicated strategies/pipelines |
(BeppoSAX & Swift) and SNe heritage People People
) Computing Computing
- Future can be (very) bright, but also hard (Funds) i (Funds)
(See 03) . Need to filter and characterize the Lsarg:t?a":an:’e:fs'ﬁocp:::: ::’:z:‘
- Importance of multi-wavelength and most promising candidates P A Sandidates
: : o~ ] People LBT
theoretlca! expertlse.s > |mportance of Computing =
collaborations (also international) (Funds) SOXS@NTT
- Importance of flexible facilities, ToO, possibly
dedicated

- ESO has (and will have) a very good ToO policy
- National facilities (at all scales) should be kept in operations, with a ToO policy (LBT and TNG
have ToO, REM is robotic — great! - very good that VST will have -> to be improved!)

- Vital to keep as long as possible high-energy satellites

- Great SVOM will arrive soon, it would be fantastic to have THESEUS and Athena in the ’30s

A new era just begun, great opportunities for breakthrough discoveries,
INAF should keep sustaining at all levels (funds, facilities, recruitment, collaborations)
this field, to keep leadership (worldwide) role.
GRAWITA will benefit from a Large Grant-> vital to reach the O4 horizon






