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The Most Extensive Observing Campaign Ever
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Speed of gravity:

Used to rule out quartic/quintic 
Galileons, TeVeS, MOND-like 
theories [e.g., Baker et al. 2017, 
Creminelli & Vernizzi 2017]

7

GW170817 Highlights: Fundamental Physics

of 5.3s. This unambiguous association confirms that BNS
mergers are progenitors of (at least some) SGRBs.

4. Implications for Fundamental Physics

Little or no arrival delay between photons and GWs over
cosmological distances is expected as the intrinsic emission
times are similar and the propagation speeds of EM and GWs
are thought to be identical. In this Section we discuss the
implications on fundamental physics of the temporal offset of

1.74 0.05 s+( ) measured between GW170817 and
GRB170817A.

Standard EM theory minimally coupled to general relativity
predicts that GWs and light propagate with identical speeds.
The refractive index of vacuum is expected to be unity, and
both waves are expected to be affected by background
gravitational potentials in the same way. The arrival delay of
only a few seconds across a distance greater than one hundred
million light years places stringent constraints on deviations
from fundamental principles. We use the observed temporal
offset, the distance to the source, and the expected emission-
time difference to place constraints on the deviation of the
speed of gravity from the speed of light, and on violations of
Lorentz invariance and the equivalence principle.

4.1. Speed of Gravity

Assuming a small difference in travel time tD between
photons and GWs, and the known travel distance D, the
fractional speed difference during the trip can be written

v v v t DEM EMD » D , where v v vGW EMD = - is the differ-
ence between the speed of gravity vGW and the speed of light
vEM. This relation is less constraining for small distances, hence
we conservatively use here D 26 Mpc= , the lower bound of
the 90% credible interval on luminosity distance derived from
the GW signal (Abbott et al. 2017e). If we conservatively
assume that the peak of the GW signal and the first photons
were emitted simultaneously, attributing the entire

1.74 0.05 s+( ) lag to faster travel by the GW signal, this
time difference provides an upper bound on vD . To obtain a
lower bound on vD , one can assume that the two signals were
emitted at times differing by more than 1.74 0.05 s+( ) with
the faster EM signal making up some of the difference. As a
conservative bound relative to the few second delays discussed
in Section 2.1, we assume the SGRB signal was emitted 10 s
after the GW signal. The resulting constraint on the fractional
speed difference is

v
v

3 10 7 10 . 115

EM

16- -- ´
D

+ ´- - ( )

The intergalactic medium dispersion has negligible impact on
the gamma-ray photon speed, with an expected propagation
delay many orders of magnitude smaller than our errors
on vGW.

Lags much longer than 10 s are proposed in alternative
models (e.g., Ciolfi & Siegel 2015; Rezzolla & Kumar 2015),
and emission of photons before the merger is also possible
(Tsang et al. 2012). Hence, certain exotic scenarios can extend
this time difference window to (−100 s, 1000 s), yielding a 2
orders of magnitude broadening of the allowed velocity range
on either side. While the emission times of the two messengers
are inherently model dependent, conservative assumptions
yield dramatic improvements over existing indirect (Kostelecky

& Russell 2017) and direct (Cornish et al. 2017) constraints,
which allow for time differences of more than 1000 years.
Future joint GW–GRB detection should allow disentangling
the emission time difference from the relative propagation time,
as only the latter is expected to depend on distance.

4.2. Lorentz Invariance Violation Limits

Within a comprehensive effective field theory description of
Lorentz violation (Colladay & Kostelecký 1997, 1998;
Kostelecký 2004; Tasson 2014), the relative group velocity
of GWs and EM waves, is controlled by differences in
coefficients for Lorentz violation in the gravitational sector and
the photon sector at each mass dimension d (Kostelecký &
Mewes 2016, 2009, 2008; Wei et al. 2017). We focus here on
the non-birefringent, non-dispersive limit at mass dimension
d=4, as it yields by far the most impressive results. In this
case, the difference in group velocities for the two sectors takes
the form
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The result is presented in a spherical harmonic, Yℓm, basis, sℓm
4( )

and c I ℓm
4

( )
( ) being spherical-basis coefficients for Lorentz violation

in the gravitational and EM sectors, respectively. The direction n̂
refers to the sky position (provided in Coulter et al. 2017a,
2017b).
For ease of comparison with the many existing sensitivities

(Shao 2014a, 2014b; Shao et al. 2017; Kostelecký & Tasson
2015; Bourgoin et al. 2016; Le Poncin-Lafitte et al. 2016;
Kostelecky & Russell 2017) to the d=4 gravity-sector
coefficients (Bailey & Kostelecký 2006; Hees et al. 2016), an
analysis in which the coefficients are constrained one at a time
is useful (Flowers et al. 2016), with all other coefficients,
including the EM sector ones, set to zero. These results are
presented in Table 1 along with the best constraints for each
coefficient prior to this work. These results can be compared
with the isotropic A, LVa Lorentz violation parametrization
(Mirshekari et al. 2012) used by Abbott et al. (2017c) in
dispersive GW tests. The 2LVa = limit of this parametrization
is equivalent to the isotropic limit of the framework discussed
above, with s A400

4 p( ) . Constraints on A for 2LVa = can
be obtained from the first line of Table 1; these cannot be
established within the analysis carried out in Abbott et al.
(2017c).

4.3. Test of the Equivalence Principle

Probing whether EM radiation and GWs are affected by
background gravitational potentials in the same way is a test of
the equivalence principle (Will 2014). One way to achieve this
is to use the Shapiro effect (Shapiro 1964), which predicts that
the propagation time of massless particles in curved spacetime,
i.e., through gravitational fields, is slightly increased with
respect to the flat spacetime case. We will consider the
following simple parametrized form of the Shapiro delay
(Krauss & Tremaine 1988; Longo 1988; Gao et al. 2015;
Kahya & Desai 2016):
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Scenario iv: Intrinsic luminosity is low Combination of ii and iii?

8
estimated using a Bayesian approach proposed by Fan (2017).
Assuming a flat prior on isotropic luminosity, we obtain L iso =
1.2 100.6

0.7 47´-
+ erg s−1, which is consistent with the standard

GBM approach. This Bayesian approach can be used to combine
future joint GW-GRB observations to provide a redshift-
independent estimate of the GRB luminosity function.

The two apparent components of GRB170817A are
sufficiently different that using an average spectrum to estimate
the fluence may produce an inaccurate total luminosity.
Therefore, we also estimate Eiso using the “detailed” fits
described in Goldstein et al. (2017). Separating the hard peak
best fit by a Comptonized function (a power law with an
exponential cutoff) and the softer tail best fit by a BB spectrum,
we estimate E 4.0 1.0 10iso,comp

46= ´( ) erg, and Eiso,BB =
1.3 0.3 1046´( ) erg, for a total of E 5.3iso = (

1.0 1046´) erg.
Compared to the distribution of GBM detected GRBs with

measured redshift shown in Figure 4, GRB170817A is 2 orders
of magnitude closer and 2 to 6 orders of magnitude less energetic
than other SGRBs. In particular, GRB 150101B was previously
the weakest SGRB with a firm redshift association (z 0.134;=
Fong et al. 2016), and its energetics (as measured by GBM)
E 2.3 10iso

49= ´ erg, and L 7.5 10iso
49= ´ erg s−1 are 2–3

orders of magnitude higher. As this was the previous dimmest
burst, the minimum luminosity cut of 5 1049´ erg s−1 used in
Wanderman & Piran (2015) to fit a rate and an L iso distribution to
existing observations appeared reasonable; however, with
GRB170817A, the lower bound on the isotropic energetics
distributions needs to be revised, as discussed in Section 6.4.

6.2. Implications of the Dimness on the Central Engine

The broad observed brightness distribution likely arises from
a mixture of an intrinsic brightness distribution and geometric
effects, which include the inclination angle of the system to
Earth, the structure and width of the collimated jet itself, and
the relativistic beaming angle bq . We consider several
possibilities to explain why GRB170817A is extremely dim
(Figure 5): (i) we viewed it from beyond the half-jet opening
angle jq for a standard top-hat model, (ii) the structure of the jet
is more complicated than a simple top-hat model, (iii) the
observed emission for GRB170817A originates from a

different mechanism than for most SGRBs, or (iv) it is due
solely to the intrinsic luminosity distribution and not the
geometry of the system.
Scenario (i). Uniform top-hat jets (constant emissivity and

Lorentz factor, Γ, within the jet aperture) with a sharp edge
have been widely used to explain GRB properties, including jet
breaks (Rhoads 1999). The top-hat jet is the simplest possible
model for calculating off-axis parameters as it captures the
basic physics of the system, but it is unable to account for
smooth profiles in the Lorentz factor and the emissivity. Here
the observed energetics are significantly lower than they would
be if we were within jq .
In the top-hat scenario, off-axis values of physical quantities

can be related to the on-axis values through the angle
dependence of the relativistic Doppler factor:

1 cos 2 1 , 18D
1 2 2d q b q q= G - » G + G-( ) [ ( )] ( ) ( )

where θ is the angle between the velocity vector v and the line
of sight, and v cb = . The relation for duration and peak
energy is linear with Dd (see, e.g., Granot et al. 2002):
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whereas E off axis,isog ( ‐ ) scales approximately b 2µ - for a
viewing angle ζ between jq and 2 jq . The duration in the on-
axis scenario may be longer than inferred from the above
equation, as the variable gamma-ray flux can be discerned
above detector noise for a longer fraction of the total activity
compared to emission viewed off-axis.
We use the observed quantities for GRB170817A,

E 200 keVp » , E 5.3 10,iso
46= ´g erg, and T 2 s90 » , as

values observed off-axis. If we assume that the on-axis values
for GRB170817A are consistent with typical values
observed for SGRBs, we obtain E b6 30p = ( ) MeV,
E b5 10 30,iso

49 2= ´g ( ) erg, and T b7 10 3090
2 1= ´ - -( ) s.

In particular using a fiducial range on E on axis,iso -g ( )
corresponding to the two orders of magnitude spread shown in

Figure 5. Three potential jet viewing geometries and jet profiles that could explain the observed properties of GRB170817A, as described by scenarios (i)–(iii) in
Section 6.2.
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GW170817 Highlights: Cosmology

Combining the GW distance and the recession velocity of the host galaxy:

H0 = vH/d = 70.012.0
�8.0 km s�1 Mpc�1

[Abbo2	et	al,	Nature	551,	85A	(2017)]
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by a viewing angle defined as min(ι, 180° − ι), with ι in the range 
[0°, 180°]. By contrast, gravitational-wave measurements can identify 
the sense of the rotation, and so ι ranges from 0° (anticlockwise) to 
180° (clockwise). Previous gravitational-wave detections by the Laser 
Interferometer Gravitational-wave Observatory (LIGO) had large 
uncertainties in luminosity distance and inclination23 because the two 
LIGO detectors that were involved are nearly co-aligned, preventing 
a precise polarization measurement. In the present case, owing to 
the addition of the Virgo detector, the cosine of the inclination can 
be constrained at 68.3% (1σ) confidence to the range [−1.00, −0.81], 
corresponding to inclination angles in the range [144°, 180°]. This incli-
nation range implies that the plane of the binary orbit is almost, but not 
quite, perpendicular to our line of sight to the source (ι ≈ 180°), which 
is consistent with the observation of a coincident γ-ray burst4–6. We 
report inferences on cosι because our prior for it is flat, so the posterior 
is proportional to the marginal likelihood for it from the gravitation-
al-wave observations.

Electromagnetic follow-up observations of the gravitational-wave 
sky-localization region7 discovered an optical transient8–13 in close 
proximity to the galaxy NGC 4993. The location of the transient was 
previously observed by the Distance Less Than 40 Mpc (DLT40) survey 
on 27.99 July 2017 universal time (ut) and no sources were found10. 
We estimate the probability of a random chance association between 
the optical counterpart and NGC 4993 to be 0.004% (Methods). In 
what follows we assume that the optical counterpart is associated with 
GW170817, and that this source resides in NGC 4993.

To compute H0 we need to estimate the background Hubble flow 
velocity at the position of NGC 4993. In the traditional electro-
magnetic calibration of the cosmic ‘distance ladder’19, this step is 
commonly carried out using secondary distance indicator informa-
tion, such as the Tully–Fisher relation25, which enables the back-
ground Hubble flow velocity in the local Universe to be inferred by 
scaling back from more distant secondary indicators calibrated in 
quiet Hubble flow. We do not adopt this approach here, however, 
to preserve more fully the independence of our results from the  
electromagnetic distance ladder. Instead we estimate the Hubble flow 
velocity at the position of NGC 4993 by correcting for local peculiar 
motions.

NGC 4993 is part of a collection of galaxies, ESO 508, which has a 
center-of-mass recession velocity relative to the frame of the cosmic 
microwave background (CMB)26 of27 3,327 ± 72 km s−1. We correct 

the group velocity by 310 km s−1 owing to the coherent bulk flow28,29 
towards the Great Attractor (Methods). The standard error on our 
estimate of the peculiar velocity is 69 km s−1, but recognizing that 
this value may be sensitive to details of the bulk flow motion that 
have been imperfectly modelled, in our subsequent analysis we adopt 
a more conservative estimate29 of 150 km s−1 for the uncertainty on 
the peculiar velocity at the location of NGC 4993 and fold this into 
our estimate of the uncertainty on vH. From this, we obtain a Hubble 
velocity vH = 3,017 ± 166 km s−1.

Once the distance and Hubble-velocity distributions have been 
determined from the gravitational-wave and electromagnetic data, 
respectively, we can constrain the value of the Hubble constant. The 
measurement of the distance is strongly correlated with the measure-
ment of the inclination of the orbital plane of the binary. The analy-
sis of the gravitational-wave data also depends on other parameters 
describing the source, such as the masses of the components23. Here 
we treat the uncertainty in these other variables by marginalizing over 
the posterior distribution on system parameters3, with the exception of 
the position of the system on the sky, which is taken to be fixed at the 
location of the optical counterpart.

We carry out a Bayesian analysis to infer a posterior distribution on 
H0 and inclination, marginalized over uncertainties in the recessional 
and peculiar velocities (Methods). In Fig. 1 we show the marginal pos-
terior for H0. The maximum a posteriori value with the minimal 68.3% 
credible interval is = . − .

+ . − −H 70 0 km s Mpc0 8 0
12 0 1 1. Our estimate agrees 

well with state-of-the-art determinations of this quantity, including 
CMB measurements from Planck20 (67.74 ± 0.46 km s−1 Mpc−1; 
‘TT, TE, EE + lowP + lensing + ext’) and type Ia supernova measure-
ments from SHoES21 (73.24 ± 1.74 km s−1 Mpc−1), and with baryon 
acoustic oscillations measurements from SDSS30, strong lensing  
measurements from H0LiCOW31, high-angular-multipole CMB  
measurements from SPT32 and Cepheid measurements from the 
Hubble Space Telescope key project19. Our measurement is an inde-
pendent determination of H0. The close agreement indicates that, 
although each method may be affected by different systematic uncer-
tainties, we see no evidence at present for a systematic difference 
between gravitational-wave-based estimates and established electro-
magnetic-based estimates. As has been much remarked on, the Planck 
and SHoES results are inconsistent at a level greater than about 3σ.  
Our measurement does not resolve this inconsistency, being broadly 
consistent with both.
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Figure 1 | GW170817 measurement of H0. The marginalized posterior 
density for H0, p(H0 | GW170817), is shown by the blue curve. Constraints 
at 1σ (darker shading) and 2σ (lighter shading) from Planck20 and 
SHoES21 are shown in green and orange, respectively. The maximum a 
posteriori value and minimal 68.3% credible interval from this posterior 
density function is = . − .

+ . − −H 70 0 km s Mpc0 8 0
12 0 1 1. The 68.3% (1σ) and 95.4% 

(2σ) minimal credible intervals are indicated by dashed and dotted lines, 
respectively.
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Figure 2 | Inference on H0 and inclination. The posterior density of H0 
and cosι from the joint gravitational-wave–electromagnetic analysis are 
shown as blue contours. Shading levels are drawn at every 5% credible 
level, with the 68.3% (1σ; solid) and 95.4% (2σ; dashed) contours in black. 
Values of H0 and 1σ and 2σ error bands are also displayed from Planck20 
and SHoES21. Inclination angles near 180° (cosι = −1) indicate that the 
orbital angular momentum is antiparallel to the direction from the source 
to the detector.
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by a viewing angle defined as min(ι, 180° − ι), with ι in the range 
[0°, 180°]. By contrast, gravitational-wave measurements can identify 
the sense of the rotation, and so ι ranges from 0° (anticlockwise) to 
180° (clockwise). Previous gravitational-wave detections by the Laser 
Interferometer Gravitational-wave Observatory (LIGO) had large 
uncertainties in luminosity distance and inclination23 because the two 
LIGO detectors that were involved are nearly co-aligned, preventing 
a precise polarization measurement. In the present case, owing to 
the addition of the Virgo detector, the cosine of the inclination can 
be constrained at 68.3% (1σ) confidence to the range [−1.00, −0.81], 
corresponding to inclination angles in the range [144°, 180°]. This incli-
nation range implies that the plane of the binary orbit is almost, but not 
quite, perpendicular to our line of sight to the source (ι ≈ 180°), which 
is consistent with the observation of a coincident γ-ray burst4–6. We 
report inferences on cosι because our prior for it is flat, so the posterior 
is proportional to the marginal likelihood for it from the gravitation-
al-wave observations.

Electromagnetic follow-up observations of the gravitational-wave 
sky-localization region7 discovered an optical transient8–13 in close 
proximity to the galaxy NGC 4993. The location of the transient was 
previously observed by the Distance Less Than 40 Mpc (DLT40) survey 
on 27.99 July 2017 universal time (ut) and no sources were found10. 
We estimate the probability of a random chance association between 
the optical counterpart and NGC 4993 to be 0.004% (Methods). In 
what follows we assume that the optical counterpart is associated with 
GW170817, and that this source resides in NGC 4993.

To compute H0 we need to estimate the background Hubble flow 
velocity at the position of NGC 4993. In the traditional electro-
magnetic calibration of the cosmic ‘distance ladder’19, this step is 
commonly carried out using secondary distance indicator informa-
tion, such as the Tully–Fisher relation25, which enables the back-
ground Hubble flow velocity in the local Universe to be inferred by 
scaling back from more distant secondary indicators calibrated in 
quiet Hubble flow. We do not adopt this approach here, however, 
to preserve more fully the independence of our results from the  
electromagnetic distance ladder. Instead we estimate the Hubble flow 
velocity at the position of NGC 4993 by correcting for local peculiar 
motions.

NGC 4993 is part of a collection of galaxies, ESO 508, which has a 
center-of-mass recession velocity relative to the frame of the cosmic 
microwave background (CMB)26 of27 3,327 ± 72 km s−1. We correct 

the group velocity by 310 km s−1 owing to the coherent bulk flow28,29 
towards the Great Attractor (Methods). The standard error on our 
estimate of the peculiar velocity is 69 km s−1, but recognizing that 
this value may be sensitive to details of the bulk flow motion that 
have been imperfectly modelled, in our subsequent analysis we adopt 
a more conservative estimate29 of 150 km s−1 for the uncertainty on 
the peculiar velocity at the location of NGC 4993 and fold this into 
our estimate of the uncertainty on vH. From this, we obtain a Hubble 
velocity vH = 3,017 ± 166 km s−1.

Once the distance and Hubble-velocity distributions have been 
determined from the gravitational-wave and electromagnetic data, 
respectively, we can constrain the value of the Hubble constant. The 
measurement of the distance is strongly correlated with the measure-
ment of the inclination of the orbital plane of the binary. The analy-
sis of the gravitational-wave data also depends on other parameters 
describing the source, such as the masses of the components23. Here 
we treat the uncertainty in these other variables by marginalizing over 
the posterior distribution on system parameters3, with the exception of 
the position of the system on the sky, which is taken to be fixed at the 
location of the optical counterpart.

We carry out a Bayesian analysis to infer a posterior distribution on 
H0 and inclination, marginalized over uncertainties in the recessional 
and peculiar velocities (Methods). In Fig. 1 we show the marginal pos-
terior for H0. The maximum a posteriori value with the minimal 68.3% 
credible interval is = . − .

+ . − −H 70 0 km s Mpc0 8 0
12 0 1 1. Our estimate agrees 

well with state-of-the-art determinations of this quantity, including 
CMB measurements from Planck20 (67.74 ± 0.46 km s−1 Mpc−1; 
‘TT, TE, EE + lowP + lensing + ext’) and type Ia supernova measure-
ments from SHoES21 (73.24 ± 1.74 km s−1 Mpc−1), and with baryon 
acoustic oscillations measurements from SDSS30, strong lensing  
measurements from H0LiCOW31, high-angular-multipole CMB  
measurements from SPT32 and Cepheid measurements from the 
Hubble Space Telescope key project19. Our measurement is an inde-
pendent determination of H0. The close agreement indicates that, 
although each method may be affected by different systematic uncer-
tainties, we see no evidence at present for a systematic difference 
between gravitational-wave-based estimates and established electro-
magnetic-based estimates. As has been much remarked on, the Planck 
and SHoES results are inconsistent at a level greater than about 3σ.  
Our measurement does not resolve this inconsistency, being broadly 
consistent with both.
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Figure 1 | GW170817 measurement of H0. The marginalized posterior 
density for H0, p(H0 | GW170817), is shown by the blue curve. Constraints 
at 1σ (darker shading) and 2σ (lighter shading) from Planck20 and 
SHoES21 are shown in green and orange, respectively. The maximum a 
posteriori value and minimal 68.3% credible interval from this posterior 
density function is = . − .

+ . − −H 70 0 km s Mpc0 8 0
12 0 1 1. The 68.3% (1σ) and 95.4% 

(2σ) minimal credible intervals are indicated by dashed and dotted lines, 
respectively.
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Figure 2 | Inference on H0 and inclination. The posterior density of H0 
and cosι from the joint gravitational-wave–electromagnetic analysis are 
shown as blue contours. Shading levels are drawn at every 5% credible 
level, with the 68.3% (1σ; solid) and 95.4% (2σ; dashed) contours in black. 
Values of H0 and 1σ and 2σ error bands are also displayed from Planck20 
and SHoES21. Inclination angles near 180° (cosι = −1) indicate that the 
orbital angular momentum is antiparallel to the direction from the source 
to the detector.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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[Credit: ESO/E. Pian et al./S. Smartt & ePESSTO/L. Calçada]

GW170817 Highlights: Nucleosynthesis
ESO-VLT/X-Shooter

neutron rich ejecta

heavy radioactive elements 

quasi-isoptropic 
thermal emission 

(macronova/kilonova)

~days

decompression
rapid neutron captrion

(r-process)

alpha, beta decay
nuclear fission

further expansion
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[Credit: ESO/E. Pian et al./S. Smartt & ePESSTO/L. Calçada]

GW170817 Highlights: Nucleosynthesis
ESO-VLT/X-Shooter

First spectral identification of kilonova 
emission

‣ Signatures of the radioactive decay of 
r-process nucleosynthesis [Pian et al. 
2017, Smartt et al. 2017]

‣ Site for heavy element production 
[Cote et al. 2018, Rosswog et al. 2017]
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1. In the first three highlighted results: multi-messenger = produced using data from 
gravitational wave and electromagnetic observations of the same event

2. In the last highlighted result: multi-messenger = enabled by localization 
with gravitational waves

3. There exists a third class: results obtained combining gravitational wave and 
electromagnetic data relative to the same class of sources (e.g., to constrain 
the neutron star equation of state, such as Kumar & Landry arXiv:1902.04557)

Prepare to spark more and new multi-messenger science with gravitational waves

Multi-messenger Astronomy with GWs
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Incomplete Selection of Multi-messenger Scenarios
GW+neutrino observation could significantly improve the localization of a source, 
easing electromagnetic follow-up

GW+neutrino+electromagnetic observations from common sources could help us 
probe the dynamics of the progenitor 

Fast Radio Bursts

An astrophysical mystery
65 published events
48 proposed explanations, some involve 
neutrinos (https://frbtheorycat.org/)



ν-driven wind from hot remnant: energy and momentum 
deposition by     /     ’s in the disk drives matter ejection�e �̄e

13

Daniel Siegel

• viscous heating via magnetic turbulence

Neutrino-cooled accretion disks self-regulate 
themselves to mild degeneracy (low Ye matter):

• neutrino cooling

NS post-merger accretion disks: self-regulation

R-process nucleosynthesis and EM emission from NS merger remnants 

Siegel & Metzger 2017b, in prep.

Fig.: disk properties; contours: rest-mass density

Siegel & Metzger 2017a

neutrinos

charged-current processes:
e� + p ! n+ ⌫e

e+ + n ! p+ ⌫̄e

pair annihilation:

plasmon decay:

e� + e+ ! ⌫e + ⌫̄e

e� + e+ ! ⌫µ,⌧ + ⌫̄µ,⌧

� ! ⌫e + ⌫̄e

� ! ⌫µ,⌧ + ⌫̄µ,⌧

Beloborodov 2003, Chen & Beloborodov 2007, Metzger+ 2009

6/16

Viscous heating via magnetic turbulence + ν-cooling: accretion 
disks self-regulate to mild degeneracy (low Ye matter)

Corroborated by numerical simulations
[Beloborodov	2003,	Chen	&	Beloborodov	2007,	Metzger+	2009]

[Siegel	&	Metzger	2017a,b]Neutrino-driven wind ejecta
energy and momentum

deposition by νe’s and ν̄e’s

in the disk drives matter

ejection.

Studied in 3D simu-

lations with spectral

leakage scheme and ray

tracing algorithm:

Perego+ 2014, cfr. Metzger&Fernandez14,

Just+2014, Sekiguchi+2015

! ejection timescale: tens of ms

! v∞ " 0.1 c

! Mν−wind depends on Lν , Rdisk, MNS lifetime

! Mν−wind " 0.05 Mdisk

Albino Perego ν ’s above BNS merger remnants, Trento, 13/06/2017 14 / 32

[Perego+	2014,	Metzger	&Fernandez	2014,	Just+	2014,	Sekiguchi+	2015]

Incomplete Selection of Multi-messenger Scenarios



ER14: 4 weeks starting from March 4th, 2019



Open Public Alerts in O3
LIGO/Virgo will immediately release Open, Public Alerts (OPAs) for transient event candidates
‣ OPAs available through the Gamma-ray Coordinates Network 
‣ Event candidates will be publicly available in https://gracedb.ligo.org

‣ There will be no human vetting for the preliminary alert

OPAs will enable the physics and astronomy community to pursue multi-messenger 
observations of gravitational-wave sources and maximize the science reach of the 
gravitational-wave instruments.

LIGO-Virgo target contamination of public alerts 
‣ ~10% of public alerts across all categories together
‣ BNS, NSBH & other transients may individually have higher contamination
‣ False alarm rate set at ~1/(2 months) for binaries and 1/yr for other transients

15
[h2ps://emfollow.docs.ligo.org/userguide/quickstart.html]
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GCN Notice times after a gravitational-wave signal

5

Open Public Alerts in O3

[h2ps://emfollow.docs.ligo.org/userguide/procedures/index.html]
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Binary black hole rate will dominate, possibly by more than an order of 
magnitude: ~few/month to ~few/week

Binary neutron stars: 1-10 per year, possibly up to ~1/month; Median 90% 
credible localization 120-180 deg2; 12-21% localized < 20 deg2

Neutron star-black hole: no scenario rules N=0, most give ~50% N>0

Detection rate calculations depend strongly on mass, but very mildly on assumed spin 
distribution

Other transients: unknown

Detection Rates in O3

[DCC:	LIGO-G1800370,	Abbo2	et	al,	arXiv:1811.12907,	1811.12940]



Final Remarks

“Now this is not the end. It is not even the beginning of the end. But it is, perhaps, the end of the beginning.”  
Winston Churchill

18

Sept 14, 2015 – Advanced LIGO detects gravitational waves from collision of two 
black holes
Aug 17, 2017 – LIGO and Virgo make first detection of gravitational waves produced 
by colliding neutron stars
Oct 3, 2017 – LIGO co-founders Rainer Weiss, Barry Barish, and Kip Thorne are 
awarded the 2017 Nobel Prize in Physics



Final Remarks

“Now this is not the end. It is not even the beginning of the end. But it is, perhaps, the end of the beginning.”  
Winston Churchill
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ELT

Euclid

Next decades multi-messenger observatories

Advanced GW detectors+

Cosmic Explorer


