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4.1. Speed of Gravity

Assuming a small di↵erence in travel time �t between
photons and GWs, and the known travel distance D, the
fractional speed di↵erence during the trip can be written
�v/vEM ⇡ vEM�t/D, where �v = vGW�vEM is the dif-
ference 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 = 26Mpc,
the lower bound of the 90% credible interval on luminos-
ity distance derived from the GW signal (Abbott et al.
2017a). If we conservatively assume that the peak of the
GW signal and the first photons were emitted simulta-
neously, attributing the entire (+1.74 ± 0.05) s lag to
faster travel by the GW signal, this time di↵erence pro-
vides an upper bound on �v. To obtain a lower bound
on �v, one can assume that the two signals were emitted
at times di↵ering by more than (+1.74±0.05) s with the
faster EM signal making up some of the di↵erence. 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 di↵erence is

�3 ⇥ 10�15  �v

vEM

 +7 ⇥ 10�16 . (1)

The intergalactic medium dispersion has negligible im-
pact 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 alterna-
tive models (e.g., Ciolfi & Siegel 2015; Rezzolla & Ku-
mar 2015), and emission of photons before the merger
is also possible (Tsang et al. 2012). Hence, certain ex-
otic scenarios can extend this time di↵erence window to
(�100 s, 1000 s), yielding a 2 orders of magnitude broad-
ening of the allowed velocity range on either side. While
the emission times of the two messengers are inherently
model dependent, conservative assumptions yield dra-
matic improvements over existing indirect (Kostelecký
& Russell 2017) and direct (Cornish et al. 2017) con-
straints, which allow for time di↵erences of more than
1000 years. Future joint GW-GRB detection should al-
low disentangling the emission time di↵erence from the
relative propagation time, as only the latter is expected
to depend on distance.

4.2. Lorentz Invariance Violation Limits

Within a comprehensive e↵ective field theory descrip-
tion of Lorentz violation (Colladay & Kostelecký 1997;
Colladay & Kostelecký 1998; Kostelecký 2004; Tasson
2014), the relative group velocity of GWs and EM waves,
is controlled by di↵erences in coe�cients for Lorentz vi-
olation in the gravitational sector and the photon sector

at each mass dimension d (Kostelecký & Mewes 2016,
2009; Kostelecký & Mewes 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 di↵erence in group
velocities for the two sectors takes the form
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The result is presented in a spherical harmonic, Y`m, ba-
sis, s(4)

`m and c(4)

(I)`m being spherical-basis coe�cients for
Lorentz violation in the gravitational and EM sectors,
respectively. The direction n̂ refers to the sky position
(provided in Coulter et al. 2017b,a).

For ease of comparison with the many existing sen-
sitivities (Shao 2014a,b; Shao et al. 2017; Kostelecký
& Tasson 2015; Bourgoin et al. 2016; Le Poncin-Lafitte
et al. 2016; Kostelecký & Russell 2017) to the d = 4
gravity-sector coe�cients (Bailey & Kostelecký 2006;
Hees et al. 2016), an analysis in which the coe�cients are
constrained one at a time is useful (Flowers et al. 2016),
with all other coe�cients, including the EM sector ones,
set to zero. These results are presented in Table 1 along
with the best constraints for each coe�cient prior to this
work. These results can be compared with the isotropic
A, ↵LV Lorentz violation parametrization (Mirshekari
et al. 2012) used by Abbott et al. (2017g) in dispersive
GW tests. The ↵LV = 2 limit of this parametrization
is equivalent to the isotropic limit of the framework dis-
cussed above, with s(4)
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4⇡A. Constraints on A for

↵LV = 2 can be obtained from the first line of Table 1;
these cannot be established within the analysis carried
out in Abbott et al. (2017g).

4.3. Test of the Equivalence Principle

Probing whether EM radiation and GWs are a↵ected
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 e↵ect (Shapiro
1964), which predicts that the propagation time of mass-
less particles in curved spacetime, i.e., through gravi-
tational fields, is slightly increased with respect to the
flat spacetime case. We will consider the following sim-
ple parametrized form of the Shapiro delay (Krauss &
Tremaine 1988; Longo 1988; Gao et al. 2015; Kahya &
Desai 2016):

�tS = �1 + �
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Z ro

re

U(r(l))dl, (3)

where re and ro denote emission and observation po-
sitions, respectively, U(r) is the gravitational poten-
tial, and the integral is computed along the wave path.


