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1. Introduction

The first two observing runs, O1 and O2, of Advanced LIGO, joined by Advanced Virgo during
02, have produced the first direct detection of gravitational waves from the merger of stellar mass
black holes, GW 150914 [2], and the first detection of a binary neutron star merger, GW170817
[19]. In addition, other binary black hole mergers have been detected: GW 151226 [15], GW170104
[16], GW170608 [17], GW 170814 [18] (the first detection with three interferometers), GW151012,
GW170729, GW170809, GW170818 and GW 170823 [31]. All detections are part of GWTC-1, the
First Gravitational Wave Transient Catalog [31], that will be discussed below. This paper reviews
the detections of the GWTC-1 catalog, starting with GW 150914, and their impact on astrophysics
and cosmology; the paper also discusses some events of the observing run O3, that was ongoing at
the time of conference.

2. GW150914: The First Detection

The event GW 150914 is the first direct detection of gravitational waves and the first obser-
vation of a binary black hole merger [2]. On September 14, 2015 at 09:50:45 UTC the two Ad-
vanced LIGO interferometers observed a transient signal that swept in frequency from 35 to 250
Hz, achieving a peak gravitational wave strain of 1.0x 102! (Fig. 1).
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Figure 1: Time-frequency maps of GW150914 observed by the LIGO Hanford (H1, left panel) and LIGO
Livingston (L1, right panel) interferometers. Adapted from [2].

The signal was consistent with the General Relativity waveform for the inspiral and the merger
of two black holes and the ringdown of the final black hole. The signal had a signal-to-noise ratio
of 24 and a false alarm rate smaller than 1 event per 203000 years, with a significance larger than
5.1 o [2]. The luminosity distance of GW150914 was 410‘:{28 Mpc [2]. The masses of the initial
black holes were 367§ M., and 295 M., while the final black hole had a mass of 625 M, and
a spin of O.67f8:8§ [2]. About 3.0f8:§ M. c? were emitted as gravitational waves [2]. GW 150914
was localized within an annulus region of 610 deg2 [4], [12].

The first direct detection of gravitational waves demonstrated the potential of gravitational
astronomy. The GW 150914 observation has several astrophysical implications [11]. Binary black
hole mergers were predicted in formation models involving isolated binaries in galactic fields [236]
or dynamical interactions in dense stellar environments [216]. Population studies had predicted that
binary black hole mergers could be the dominant source from the point of view of the detection
rates [161]. The observation of GW 150914 showed that heavy stellar mass black holes, with masses
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above 25 Mg, can form [11]. GW 150914 was formed in an environment with a metallicity lower
than about one half of the solar metallicity [11]. The GW150914 event constrained the rate of
stellar mass binary black hole mergers in the range 2-600 Gpc—> yr~! [2], [14]. GW150914 has
been used for different tests of General Relativity [3]. The mass and spin of the final black hole
estimated from the inspiral and post-inspiral stages are consistent with a binary black hole merger,
while the after peak stage is consistent with a damped quasinormal mode of a black hole [3]. The
detection of GW150914 constrained the mass of the graviton to be smaller than 1.2x 10722 eV/c?
[2], [3]. The observation of GW150914 allowed to constrain the energy density of the stochastic
background from binary black holes [5]. Further analyses of the GW 150914 merger are described
in [6], [7], [8], [9].

3. The GWTC-1 Catalog

The First Gravitational Wave Transient Catalog, GWTC-1, reports 11 detections of gravita-
tional waves from compact binary mergers and a compilation of other less significant triggers dur-
ing the O1, O2 observing runs [31]. The candidate events were selected by three search pipelines;
two matched filtering searches using relativistic waveform models, PyCBC [189], [237] and Gst-
LAL [206], [173], and one unmodeled search for excess noise from short duration bursts, coherent
WaveBurst (cWB) [150].

The searches identified 11 confident detections, ten binary black mergers and one binary neu-
tron star merger, among them some unpublished events. The parameters of the previously pub-
lished events were updated with the new analysis. The initial threshold for event selection was a
False Alarm Rate (FAR) of 1 per 30 days in at least one of the matched filter searches, assign-
ing the GW designation to events whose probability of astrophysical origin in either matched filter
search is above 50% and the marginal event designation to the others. During run O1, two confi-
dent detections of binary black hole merger were made, GW150914 [2] and GW 151226 [15]. A
third candidate recovered in the reanalysis, GW151012 (formerly LVT151012), is consistent with
an astrophysical binary black hole merger. During run O2, three binary black hole mergers had
been published, GW170104 [16], GW170608 [17], and GW 170814 [18], and one binary neutron
star merger, GW170817 [19]. The new analysis recovered additional binary black hole mergers:
GW170729, GW170809, GW170818 and GW170823 [31]. The relevant source parameters for the
GWTC-1 detections are reported in Table 1.

For binary black hole mergers, the posterior distributions are from an effective precessing
spin waveform model (IMRPhenomPv2) [136], [147], [140] and a fully precessing model (SEOB-
NRv3) [228], [195], [67]. For GW170817, the posterior distributions are from the time domain
models SEOBNRv4T [137] and TEOBResumS [75], [184] and the frequency domain models
SEOBNRV4NRT [201], [82] [105], [106], IMRPhenomPv2NRT [136], [147], [140], [105], [106],
TaylorF2 [208], [76], [98], [77], [78], [175], [65], [246], [99], [100], [80], [79], [81], [177].

The signal of a binary black hole merger depends on 8 intrinsic parameters: the masses my,
m; and the two spin vectors S;, with three components each. In addition, 7 extrinsic parameters are
needed: the sky position (right ascension and declination), the orbital inclination 7, the luminosity
distance d;, the polarization angle y, and the time t. and phase ¢, of coalescence. The dimension-
less spin vectors and spin magnitudes are defined against the maximum spin a Kerr black hole of
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Event mMy) mMo)  Mc(Mo) ) a; E-Moc®)  Ipear(ergs™)  di(Mpc) 7 AQ(deg?)
GWI50914 356737 306735  28.6717 0017012 63.1737 069700  3.1757 3.670% x 10° 4407150 0.0975% 182
GWI151012 23271%°% 13675 152710 0057030 35.673%%F 0677017 16708 32798 % 10% 108073 0.217000 1523
GW151226 137188 77722 89703 0187039 20.5%% 0747397 1.0%0] 34707 x 10 4507189 0.09794 1033
GW170104 308713 200749 214722 004101 48975 0.6670% 22703 33706 10%  9907HY 0.2070%8 921
GW170608 11.0133  7.6714 79102 003107 178734 069700 09700 35194 % 10% 3207120 0.0710%2 392
GW170729 5027153 34073, 354743 037703 7957187 0817097 48717 42792 x 10% 2840713% 0.497037 1041
GW170809 350783 238735  2497F1 0.08%017 563733 0701005 27708 35105 x 10% 10307330 0.2070% 308
GW170814 30.6735 252738 24171 0071012 532737 072f00T  2.779% 3770 < 10% 6001130 0.1270%3 87
GW170817 1461012 1277908 1.18675901 0.001092 <28 <089 >004 >0.1x10% 40*7, 0.0175:99 16
GWI170818 354775 267743 265771 0097038 594749 0677007 27703 34703 x 10 1060733 0.217007 39
GW170823 39.571L2 200787 292748 0.09102 6547101 072409 33710 36107 x 10% 19407570 0.351013 1666

Table 1: Median values with 90% credible intervals for source parameters of the GWTC-1 detections. The
columns report: component masses mp, my, chirp mass M., dimensionless effective spin .y, final source
frame mass My, final spin ay, radiated energy E,, peak luminosity I .., luminosity distance d;, redshift z,
sky localization AQ

mass m;, (Gm?)/c, as ¥; = (cS;/(Gm?) and a; = (c|S;|/(Gm?). The effective aligned spin is a com-
bination of the spins weighted with masses and projected onto the Newtonian angular momentum
iNI

(mi )y +ma)) Ly
M

Xeff = 3.1

where M=m +mj is the total mass, with m; > m,. The merger of binary neutron stars needs
an additional parameters to account for the tidal effects, the effective tidal deformability parameter
A, related to the dimensionless tidal deformabilities of each neutron star A1, Ay, that in turn depend
on their masses and equation of state [116], [247]:

- 16 (my + 12m2)m‘1‘A1 + (my+ 12m1)m‘2‘A2 30
13 M3 (3-2)

The estimated component masses of the binaries in the source frame are reported as contours
in the m;-m; plane in Fig. 2 for different values of the mass ratio ¢ = my/m;. The range of the
black holes masses is consistent with the predictions for stellar mass black holes [72], [224]. The
spins and the masses of the final black holes are reported in Fig. 2, right. The medians of all spin
distributions cluster around 0.7.

The spins of the initial compact systems have, in principle, arbitrary directions. The posterior
distributions of the effective aligned spin parameter are shown in Fig. 3. The majority of posteriors
are centered around zero, with the exception of the GW170729 and GW 151226 events.

The luminosity distances of the binary black hole mergers range from 320 to 2840 Mpc (red-
shift 0.49) [31], while GW170817 is at a distance of about 40 Mpc. The uncertainties on distances
are relatively large, due to the degeneracy between the distance and the system inclination [97],
[188], [115]. The mergers are localized via the arrival times and the waveform consistency at the
interferometers [114], [132], [217]. The sky localization of all events is reported in Fig. 4, where
the left panel shows the O2 events released to electromagnetic observers, while the right panels
shows the O1 events and the unreleased O2 events.
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Figure 2: Posterior probability densities of the source frame component masses m;, m, (left) and of the
mass M and dimensionless spin magnitude a of the final black hole (right); adapted from [31].
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Figure 3: Estimated values of the effective aligned spin; adapted from [31].

The waveforms of all binary black hole events have been reconstructed with three different
methods. Two of them are model independent methods: BAYESWAVE, that represents the wave-
form as a sum of sine-Gaussian wavelets [91]; coherent WaveBurst (cWB), that reconstructs the
maximum likelihood signal [150]. The other method is Bayesian inference (LALINFERENCE),
using the precessing waveform model PhenomP [240]. The time-frequency maps of the gravita-
tional strain data measured in the interferometer with the higher SNR and the three reconstructions
for all binary black hole mergers IN GWTC-1 catalog are shown in Fig. 5.

4. GW170817

On August 17, 2017 at 12:41:04 UTC the Advanced LIGO and Advanced Virgo interferome-
ters detected the event GW 170817 with a combined signal-to-noise ratio of 32.4 and an estimated
false alarm rate smaller than one per 8.0x 10* years [19]. The time frequency maps of the signals
in the three interferometers are reported in Fig. 6, left. GW 170817 was at a luminosity distance of
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Figure 4: The 90% and 50% credible regions for the GWTC-1 events in a Mollweide projection; adapted
from [31]. Left panel: O2 events GW170817, GW170104, GW170823, GW170608, GW170809, and
GW170814 whose alerts were sent to astronomers; right panel: O1 events (GW150914, GW151226 and
GW151012) and O2 events (GW 170729 and GW170818) unreleased to astronomers.

4073, Mpc [19]. The observation of GW 170817 with three interferometers localized GW 170817
within about 28 deg? [20].

The estimated total mass ranges from 2.72 to 3.29 M, with individual masses from 0.86 to
2.26 Mg, [19], in agreement with the known masses of neutron stars in binary systems. The merger
remnant [25], [33] could be either a neutron star or a black hole, that could produce gravitational
waves with short (<1s) to intermediate (< 500s) duration or kHz gravitational waves, respectively.
The searches for signals of the final system have been negative [25], [33]. The progenitor of
GW170817 has been discussed by [24].

5. Follow-up of events in 01, 02

Gravitational candidates are being monitored in the electromagnetic and neutrino domains,
even when a counterpart is not expected, as in the case of binary black hole mergers. The follow
up of gravitational events described in GWTC-1 catalog has been the subject of a large number of
astronomical circulars and science papers. The searches for electromagnetic and neutrino counter-
parts of the O1, O2 events will be summarized here.

5.1 Binary Black Hole Mergers in O1, O2

The preliminary estimations of time, significance and sky location of event GW150914 were
shared with astronomer teams who covered the electromagnetic spectrum and neutrino domains
with ground and space based observatories [12], in the first follow up of a gravitational event.
GW150914 was observed in the optical domain by DECam [221], J-GEM [182], TOROS [103],
iPTF [142], Pan-STARRS and PESSTO [219], MASTER [163], GRAWITA [83], TAROT [190]
and in the radio domain with VLA [194]. X-ray observations were secured by INTEGRAL [209],
Swift [112], XMM-Newton [231], AGILE [229], MAXI [146]. Gamma ray observations were
performed with Fermi-LAT [44], InterPlanetary Network [139], Fermi-GBM [89]. All follow up
observations were negative, with the exception of [89], that suggested the possible presence of a
weak transient above 50 keV, 0.4 s after the merger (see also [131], [90]). The neutrino searches
with AUGER [1], ANTARES and IceCube [47], KamLAND [120], Super-Kamiokande [42] were
also negative. The follow up of GW151226 included the optical observations by Pan-STARRS1
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Figure 5: Time-frequency graphs and reconstructed waveforms for the ten binary black hole mergers in
GWTC-1 catalog. Each event is represented with three panels with the data of the LIGO interferometer with
the higher SNR. The first panel shows the normalized time-frequency map of the strain; the other panels
show the signal reconstructions in units of the noise standard deviation, for LALINFERENCE with the
PhenomP (red) and BAYESWAVE wavelet models (blue) (top) and for cWB (bottom); adapted from [31]

[218], DECam [95], J-GEM [250], the radio VLA observations by [194], the gamma ray obser-
vations by CALET [48], [49] and Fermi-GBM, Fermi-LAT [202], the neutrino observations by
AUGER [1], KamLAND [120], Super-Kamiokande [42], ANTARES and IceCube [53]. The fol-
low up of GW151012 include Fermi-GBM and Fermi-LAT [202] and ANTARES and IceCube [53].
GW170104 was observed in the optical domain by TAROT [190], TOROS [64], DLT40 [249], in
the radio domain [86], and at high energy with CALET [49], AGILE [242], INTEGRAL [211],
Fermi-LAT and Fermi-GBM [124]. GW170608 was monitored in the optical domain by DLT40
[249], in the radio domain [63] and at high energies by CALET [49]. GW 170814 was observed
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Figure 6: Left: time frequency maps of the GW170817 signal in the LIGO-Hanford, LIGO-Livingston and
Virgo interferometers, adapted from [19]. Right: from top to bottom, joint detection of GW170817 and
GRB 170817A by Fermi-GBM, 10-50 keV and 50-300 keV, INTEGRAL SPI-ACS (above 100 keV) and
time-frequency map of GW 170817 gravitational signal, adapted from [21]

in the optical domain by TAROT [190], the Dark Energy Camera [109], VLT [129], DLT40 [249]
and at high energies with Swift-XRT [151] and CALET [49]. All searches for electromagnetic
and neutrino counterparts of GW 151226, GW151012, GW170104, GW170608, GW170814 were
negative.

5.2 GW170817

GW170817 is the first detected merger of compact objects with a detected electromagnetic
counterpart. The Fermi-GBM instrument observed the short Gamma Ray Burst GRB 170817A on
2017 August 17 at 12:41:06 UTC [123], [21], while the INTEGRAL instrument detected the event
in an off-line analysis triggered by the LIGO-Virgo alert [210], [21]. The gravitational and gamma
ray signals, shown in Fig. 6, right, showed a difference of 1.7344-0.054 s in the arrival times [123],
[21]. The prompt gamma ray emission has been discussed by [199]. No gamma ray excess was
observed during the first days after the merger [241], [69], [49], [51], [170], [40], [41], [159].

The optical counterpart of GW170817, SSS17a/AT 2017gfo, was detected at 10.87 hours after
the merger in the elliptical galaxy NGC 4993 [94], [215] and promptly confirmed [239], [227],
[162]. [222]. [60], but was missing before the merger epoch [239]. The distance of NGC 4993
was consistent with the estimation of the gravitational luminosity distance. A worldwide network of
observatories participated to the electromagnetic follow-up of SSS17a/AT 2017gfo [20], associated
to GW170817 [24]. Optical and infrared photometric observations have been performed by several
collaborations [238], [249], [61], [125], [104], [57], [85], [230], [62], [249], [64], see also the
compilation by [244]. The optical spectra soon showed broad lanthanide features [214], [85],
[171], [197], [165], [187] [143], [141], [148], [61], [96], [220], [110], [232], [157], [227], [88],
as predicted by the kilonova model [192], [111], [193], [158], [152], [185], [70], [73], [226], [74],
[101], [174], [245], [144].
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After the first negative detections [225], [167], [210], [113], the X-ray afterglow of GW 170817
was detected 9 days after the merger [232]. The radio afterglow of GW170817 was detected 16
days after the merger [135]. The optical afterglow was observed 109 days after the merger [165]
and later [153], [119]. The X-ray and radio fluxes increased during the months after the merger
[232], [133], [135], [55], [149], [178], [198], [205], [168], [203]. The initial brightness rise was
followed by a peak and by a later decline [102], [107], [191], [179], [233], [84] [180],[122], [134],
[235]. The compilation of optical, radio and X-ray data presented by [166] suggested that the peak
occurred at 155 days after the merger (Fig. 7).
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Figure 7: Upper panel: the panchromatic (optical, radio and X-ray) afterglow light curve of GW170817,
from +0.5 d to +940 d after the merger. Lower panel: averaged light curve (blue data points). Credits:
http://www.tauceti.caltech.edu/kunal/gw 170817/

Neutrino observatories have searched for low and high energy neutrinos related to GW170817.
All searches within a time window of +500 s and during 14 days after the merger have been
negative [52], [43], [66], [196], [50].

6. O3 run

The third LIGO-Virgo observing run (O3) started on April 1, 2019 and ended on 27 Mar 2020
due to COVID-19 pandemic. During the O3 run, event alerts have been public. The gravitational
candidates were archived in the Gravitational Wave Candidate Event Database GraceDb !, while
the alerts were distributed over the Gamma-Ray Coordinate Network GCN 2. Run O3 produced
56 gravitational wave detections, well above the combined count of Ol and O2 runs (Fig. 8).
Several groups have performed electromagnetic follow ups of events with a range of different
instruments, among them MMT and SOAR [138], SAGUARO [164], GROWTH [93], GRANDMA
[59], GOTO-4 [127].

On 2019 April 12 a binary black hole coalescence with asymmetric masses, GW190412, was
observed [38], where a black hole with a mass of about 30 M merged with a black hole of about

Thttps://gracedb.ligo.org
Zhttps://gen.gsfc.nasa.gov/
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Figure 8: Cumulative counts of events in the O1, O2, O3 runs; image credit: LIGO-Virgo Collaboration.

8 M. The more massive black hole had a dimensionless spin amplitude in the range between 0.17
and 0.59. There was evidence of gravitational emission beyond the main quadrupolar order, as
expected for an asymmetric system [38].

On 2019 April 25 the merger GW190425 was detected [37]. The component masses range
from 1.12 to 2.52 M, consistent with neutron stars as individual components. The total mass,
3.4f8:? Mg, and the source frame chirp mass, 1.44f8:8§ Mg, are larger than the corresponding
values in known binary neutron star. Assuming that the event was a binary neutron star coalescence,
the local rate of neutron star mergers was updated to 250-2810 Gpc— yr~! [37]. There is no
clear evidence for an electromagnetic counterpart [93], [138], [164], [121]. A weak Gamma Ray
Burst, GRB 190425, was detected by the Anti-Coincidence Shield (ACS) of the SPI gamma-ray
spectrometer onboard INTEGRAL [176], but not confirmed by Fermi-GBM [118] (see also [169],
[212]). The time profile of GRB 190425 (two pulses at 0.5 and 5.9 s after the merger) is similar
to that of GW 170817 [200]. The absence of an optical counterpart could be explained by a large
inclination of the jet axis with respect to the observer [200].

The event GW190814, detected on 2019 August 14, involved a 22.2-24.3 M, black hole and
a compact object with a mass of 2.50-2.67 M, [39]. The merger was localized to 18.5 deg? at
a distance of 241f3§ Mpc. The two primary black holes show the most unequal mass ratio yet
observed with gravitational observations, about 0.11, suggesting that the secondary component
could be either the lightest black hole or the heaviest neutron star ever found in a compact object
binary [39]. The estimated merger rate for this class of objects is 1-23 Gpc 3 yr~! [39]. The optical
follow up has been performed by [126], [58], [45], [248], [243], [181], while radio observations
have been performed by [108]. No electromagnetic counterpart was found.

The event S190521g is a candidate black hole merger detected on 2019 May 21 at a lumi-
nosity distance of 39314953 Mpc and localized within a region of 765 deg? [160]. The transient
ZTF19abanrhr, announced by the Zwycki Transient Facility at 34 days after the merger and linked
with the active galactic nucleus J124942.3+344929 at a redshift of 0.438, was associated with
S190521g [130], the first candidate electromagnetic counterpart of a binary black hole merger
[130]. The transient flare was consistent with a kicked binary black hole merger in the accretion
disk of an active galactic nucleus, suggesting a total mass of about 100 M, [130]. A new en-
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counter of the source with the disk is expected to produce another flare in about 1.6 years [130].
The merging of compact objects in active galactic nuclei has been discussed by [71], [172].

7. Physics and Astrophysics with Gravitational Waves

The observation of gravitational waves from the binary black hole mergers GW150914 and
GW151226 detected during the O1 run constrained the rate of binary black hole mergers in the
range 9-240 Gpc—> yr~! [10] and set upper limits on binary neutron star and black hole/neutron
star mergers of 12600 Gpc = yr—! and 3600 Gpc 3 yr~!, respectively [13]. The GWTC-1 catalog
has updated the merger rates of compact binaries [31] as 9.7-101 Gpc~3 yr~! for binary black
holes, 110-3840 Gpc—3 yr~! for binary neutron stars and set an upper limit of 610 Gpc—> yr~! for
neutron star-black hole mergers.

The ten detections of the GWTC-1 catalog have constrained the properties of the black hole
mass spectrum [34]. The mass distribution of the heavier black holes can be explained by models
with a power law index of 1.3 [34]. The black hole binaries probably do not include black holes
with large spins aligned to the orbital angular momentum [34]. The evolution of the merger rate is
either flat or increasing with redshift [34].

The GWTC-1 catalog has been used for tests of General Relativity [32]. The measurements
of the mass and the spin of the final black hole from the inspiral and the post-inspiral parts of the
signal are in agreement [32]. The inspiral stage of the merger is described by the post-Newtonian
(PN) formalism, that accounts for the most relevant effects of General Relativity [32]. The upper
limit on the deviations from the post-Newtonian terms are shown in Fig. 9, left. Also the merger-
ringdown stages are in agreement with the predictions of General Relativity. Gravitational waves
are not dispersed, according to General Relativity. The possible deviation is described by the am-
plitude A and the o parameter depending on the frequency of the gravitational waves. General
Relativity predicts a value of zero for A; different o values are related to different theories alterna-
tive to General Relativity. The upper limit on the deviations from the dispersion relation predicted
by General Relativity is shown in Fig. 9, right. The special case of a=0, A>0 describes the propa-
gation effects of a massive graviton, that is expected to be massless in General Relativity, but not in
other alternative theories of gravity. The maximum limit on the graviton mass is 4.7x 10723 eV/c?
[32].

The observation of GW 170817 has constrained the physics of neutron stars: tidal deformabil-
ity, radii, equations of state of neutron stars [19], [30], [26], [28], [31], [36]. The tidal deforma-
bility, that depends on the size and the equation of state of the neutron stars, has been constrained
assuming that the two neutron stars have masses and spins consistent with those observed in known
binary neutron stars and are described by the same equation of state [26]. The tidal deformabilities
of the neutron stars involved in GW170817 are shown in Fig. 10. The radii of the neutrons star are
in the range from 10.5 to 13.3 km [26].

The GW170817 detection has constrained the local coalescence rate of binary neutron star
systems, 15401’?338 Gpc 3 yr~! [19] and the contribution of unresolved systems to the stochastic
gravitational wave background [27]. The first observation of an electromagnetic counterpart of the
gravitational event GW 170817 has constrained the fractional difference between the speed of light
and the speed of gravity at the level of 10~'°-10716 [21], using the delay of gamma rays with respect
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Figure 9: Left: upper limit on the deviations from the post-Newtonian terms describing the inspiral stage;
adapted from [32]. Right: upper limit on the deviations from the dispersion relation (grey diamonds) and
limits from previous gravitational events (blue triangles); adapted from [32]
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Figure 10: Tidal deformabilities of the two neutron stars in GW170817. The GW170817 system is within
the green-shaded region, while the black lines are the predictions of some equations of state (adapted from
[26])

to gravitational waves. A set of modified gravity model and dark energy models [56], [68], [154],
[207] have been constrained or ruled out by the GW170817 observation. The multimessenger
observations of GW170817 showed that the merger was followed by the short Gamma Ray Burst
GRB170817A and by a kilonova, as predicted by [192], [111], [193], [158], [152], [185], [70],
[73], [226], [74], [101], [174], [245], [144]. Binary neutron star mergers can explain short Gamma
Ray Bursts or at least part of them. The mass distribution of observed ejecta in GW170817, 103
to 1072 M, [23] can explain the abundance of Galactic r-elements. The rising, the peak and the
decline light curve of the GW170817 afterglow ruled out an on axis jet, supporting an off axis
structured relativistic jet [113], [135], [54], [232], [167], [133], [149]. [183], [205], [165], [203],
[156], [178], [155], [128], [92], [153], [168], [55], [180], [179], [145],[234], [119], [122], [134],
[153], [186].

GW170817 has allowed, for the first time, tests of strong field dynamics of compact binaries in
presence of matter [29]. The observation has constrained the dipole radiation, possible deviations
from General Relativity in the post-Newtonian coefficients during the inspiral regime, modified
dispersion of gravitational waves [29]. The combination of gravitational observations with elec-
tromagnetic observations has constrained effects from large extra dimensions [29] and supported
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evidence in favor of pure tensor polarization [29].

8. Cosmology with Gravitational Waves

GW170817 is the first detected standard siren, the gravitational version of the standard candle
[213]. Presently, there is tension between the values of the Hubble constant estimated using CMB
observations, 67.840.9 km s~! Mpc~! [46] and the Cepheid variables, 73.48+1.66 km s~ Mpc~!
[204]. The luminosity distance of GW170817 combined with the recession velocity of the host
galaxy NGC 4993 [22] has allowed an estimation of the Hubble constant, 70’:51;2 km s Mpc~!,
completely independent from the electromagnetic domain methods (Fig. 11). The precision on the
Hubble constant is expected to improve at the level of 2% in five years and 1% in ten years with
the detection of new binary neutron star merger events [87].

—— piHo | GW170817)
Planck

SHoES
0.04 o

8

plHo) (km="sMpc)
5

N

T T T T T T T
50 60 70 80 % 100 110 120 130 140
Ho (kms=Mpc-1)

Figure 11: Relative probability of different values of Hubble constant estimated by [22] (solid blue curve),
with limits of 68.3% and 95.4% credible intervals (dashed and dotted blue vertical lines); range of values
estimated from CMB data, Planck satellite (green band) and from the SHOES analysis of Cepheids and type
Ia supernovae (orange band). Adapted from [22]

The Hubble constant can be estimated also for events without electromagnetic counterpart
using statistical methods involving the galaxies contained in the merger localization region [117],
[223], [35]. A statistical analysis of GW 170817 not using the knowledge of NGC 4993 as the host
galaxy has been performed, considering all galaxies within the GW 170817 localization region and
combining their redshifts, leading to an estimate of the Hubble constant of 7734 km s~! Mpc™!
[117]. The binary black hole merger GW170814 has been used as a standard siren, combining its
luminosity distance with the photometric redshifts of galaxies in the localization region from the
catalog from the Dark Energy Survey (DES), giving a value of the Hubble constant of 75J_r‘3“2) km
s~! Mpc~! [223]. The binary black hole detections from the O1, O2 runs have been used together
with galaxy catalogs to estimate a value of the Hubble constant of 681’;4 km s~! Mpc~! [35], with
a leading role of the well localized GW170814 event. Several detections are expected over the
next years, opening the way to cosmology with gravitational wave observations with and without
electromagnetic counterparts.

9. Conclusions

The detection of binary black hole and binary neutron star mergers have started multi-messenger
astronomy with gravitational waves. The events detected during the O1, O2 runs have produced

12
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the GWTC-1 catalog. The detections have an impact on astrophysics and cosmology, from the
population of black holes to the physics of neutron stars to the estimation of the Hubble constant.
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