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The Laser Interferometer Gravitational-Wave Observatory (LIGO) has recently discovered grav-
itational waves (GWs) from its first neutron star-neutron star merger at a distance of ~ 40 Mpc

from the Earth. The associated electromagnetic (EM) detection of the event, including the short

gamma-ray burst within At ~ 2 s after the GW arrival, can be used to test various aspects of sources
physics and GW propagation. Using GW170817 as the first GW-EM example, we show that this
event provides a stringent direct test that GWs travel at the speed of light. The gravitational po-
tential of the Milky Way provides a potential source of Shapiro time delay difference between the
arrival of photons and GWs, and we demonstrate that the nearly coincident detection of the GW
and EM signals can yield strong limits on anomalous gravitational time delay, through updating the
previous limits taking into account details of Milky Way’s gravitational potential. Finally, we also
obtain an intriguing limit on the size of the prompt emission region of GRB 170817A, and discuss
implications for the emission mechanism of short gamma-ray bursts.

I. INTRODUCTION

New observations of gravitational phenomena provide
an opportunity for new discoveries, or more minimally
stringent constraints on theories of gravity. The re-
cent observation of Gravitational Waves (GWs) from
Black Hole - Black Hole (BH-BH) mergers by the ad-
vanced Laser Interferometer Gravitational-Wave Obser-
vatory (advanced-LIGO) and the Virgo interferometer
have ushered in a new window on the Universe for as-
trophysics, but also for fundamental tests of our under-
standing of gravity [I, 2]. Now the LIGO Collabora-
tion has also observed the first neutron star — neutron
star merger (NS-NS) event, GW170817, with high sig-
nificance electromagnetic (EM) counterparts at different
wavelengths (e.g., [3HII]). The significance of the ob-
served EM counterparts with a GW event is hard to over-
state. In addition to representing a enormous milestone
for multi-messenger astrophysics, it also gives us an un-
precedented test of General Relativity (GR). In Ref. [12],
some implications for both astrophysics and fundamental
physics have been considered independently of this work.

Among various EM counterparts from radio, IR, opti-
cal, X-rays, and gamma rays, gamma-ray emission was
detected by the Fermi-GBM and INTEGRAL detectors.
The advanced-LIGO triggered the NS-NS event ~ 1.7 s
prior to the GBM trigger, and the observed duration of
gamma-ray emission was 2.0 £0.5 s [4, [5]. The emission
is consistent with short gamma-ray bursts (SGRB) with
a typical duration of ~ 2 s, which supports the hypoth-
esis that the progenitors of SGRBs are NS-NS mergers.

One may express the observational time delay as
Atobs = Atast + AtnonfGR7 (1)

where At,g is the astrophysical time delay caused by the
fact that the gamma-ray emission region should be larger
than the coalescence site, whereas At,on_gRr is the time
delay caused by possible non-GR effects including the
violation of the weak equivalence principle and massive
gravitons.

In light of the GW150914 BH-BH merger event, a num-
ber of constraints on modifications to GR were obtained
in [I3]. For example, the LIGO collaboration obtained
directly one of the strongest model-independent bounds
on the graviton mass, my < 1.2 X 10722 eV. Other
methods include testing the GW speed if the GW sig-
nal was strongly lensed [I4]. The disputed association of
GW150914 with the transient source with > 50 keV pho-
tons observed by the Fermi Gamma-Ray Burst Monitor
(GBM) was similarly used to derive tentative constraints
on Lorentz violation in the graviton propagation [15 [16],
the weak equivalence principle [I7], certain properties of
extra dimensional models [I8], and most directly differ-
ences from the relation, cgvw = c.

Contrary to the previous claims, GW170817 can be re-
garded as the first convincing example of the event with
EM counterparts. In this paper we examine in light of
this first established GW signal and EM association the
constraints one can derive on various non-GR effects as
well as on source physics. Given the observed time delay
between the GW and EM signals of At = 1.74+0.05 s [12]
and the observed “electromagnetic” distance to NGC
4993 of D = 4143.1 Mpc (Dew = 43.8+29 Mpc) [10], we



can set new stringent limits on the size of the gamma-
ray emission region, GW propagation speed, and pro-
vide new tests on effects of the gravitational time delay.
In the latter, we will examine the impact of modeling
the Milky Way’s gravitational potential on these limits,
thus extending and refining the initial analysis made in
Ref. [12].

II. IMPLICATIONS FOR THE GAMMA-RAY
EMISSION SITE

First, we consider the astrophysical time delay with
Atpon—gr = 0 in Eq. (1). The assumption of At,s =0
is not realistic because the emission region is far from of
the central object — a black hole or neutron star. There
is the so-called compactness problem, in which gamma
rays cannot escape from the too compact region due to
vy — ete”. In the context of gamma-ray bursts [19],
this can be solved when the source moves relativistically.
Assuming that the source, which is likely to be a relativis-
tic jet, moves with the velocity v;, and the gamma-ray
emission occurs at the radius rey,, the time delay between
GW and gamma rays is given by

Atogt = Tem (1 ~ Y oos Oob) , (2)
’Uj C

where 60,1, is the angle between the jet axis and line of
sight to the source. Knowing the size of the emission re-
gion is important to understand the physical mechanism
of prompt emission [20, 2T]. For a top hat jet with a
finite opening angle with 6; ~ 10°, we may replace 0,1
with 90b — HJ

With 6,1 < 65, the time delay be is given by At,g =
Tem/(277¢), where 7; is the jet Lorentz factor. While low-
luminosity SGRBs cannot be excluded only by the obser-
vation of the prompt emission, the possibility of on-axis,
highly relativistic jets with 6., < 6; is constrained by
x-ray and radio observations [7, 9, 1T]. With At.s; < 2's
and 0o, —6; ~ 20° [7H9], which is consistent with the late-
time afterglow data, the emission radius is constrained to
be

r < eAtast (1 — cosop) " ~ 9.9 x 10" cm.  (3)

Note that the above constraint is applied if the emis-
sion comes from the jet. This upper limit can be com-
patible with the photospheric radius. With a typical
isotropic-equivalent luminosity of Lis, ~ 1095 erg s!
and y; ~ 100, the photospheric radius is estimated to be
Tph = LiSOaT/(47T7]3mpc3) ~ 3.7 x 10" cm.
as long as we consider a top hat jet, the off-axis emis-
sion from a highly relativistic jet is highly suppressed for
Oop ~ 30°. Thus, in order to explain the observed lu-
minosity, L, ~ 1.1 x 10%7 erg s~ 1, a structured jet with

However,

a slow jet component with a wide opening angle may
also be invoked. In addition, more realistically, the jet
may propagate with a subrelativistic or mildly relativistic
speed in the merger ejecta [22], and makes a contribution
to the time delay. Also, the jet formation has not been
clearly seen yet in the latest numerical relativity simula-
tions [23], 24], and there could be a time offset between
the jet launch and GW emission at the coalescence, which
can also cause an additional time delay.

Based on the constraints we obtained, we suggest the
emission from the jet-induced breakout emission from
the merger ejecta as one of the possible scenarios (see
also [I1], 25]). Note that the observed duration of the
gamma-ray spike is ¢ ~ 0.5 s, which was found in Fermi-
GBM [5]. If the effective jet speed in the ejecta is subrel-
ativistic, given that the merger ejecta is launched with
a subrelativistic velocity, V' ~ 0.3 c, the emission radius
can be rem ~ VAl ~ 1.7 x 101 (V/0.3¢) cm, which
may lead to emission with a duration of ~ 7¢p /¢ ~ 0.6 s.
This radius should be regarded as the minimum radius,
and a larger radius is favored to avoid the compactness
problem for gamma rays. Also, the outer envelope of the
merger ejecta is usually extended to larger radii. In more
realistic situations, the emission region may be more
mildly relativistic with v, ~ 2, and for a quasi-isotropic
outflow we may use the on-axis relationship, At,s =
Tem/(272¢). Then, the size of the emission region is es-
timated to be reym ~ 272At.g < 4.8 X 10" ('yc/2)2 cm,
which can be compatible with the observations of gamma
rays. The latter case is expected for the cocoon breakout
(e.g., [25]) or trans-relativistic ejecta that is formed by a
choked jet (e.g., [26] 27]).

Note that the assumptions that the outflow is launched
at the same time of the GW emission and v; ~ c are
rather conservative. If the observed time delay is ex-
plained by astrophysical effects, in principle, we could
improve the bounds on non-GR effects in the GW prop-
agation, which we discuss below.

III. BOUNDS ON THE PROPAGATION SPEED
OF GRAVITATIONAL WAVES

In GR, GWs propagate with a speed of ¢, = ¢, but
the time difference can be expected in some modified GR
theories. It was recently pointed out that even in the ab-
sence of an EM counterpart, the speed of GWs can be
bounded using the timing information between widely
spaced detectors [28]. Using the first three GW detec-
tions from BH mergers, they found 0.55¢ < cgw < 1.42c.

Assuming that GWs and gamma-rays are emitted at
the same time, the time delay between GW and EM sig-



nals is written as:

At:f(l—cgcvv). (4)

Then, we find that the deviation from the EM speed can
be deduced to be

(1 - chw) — 5% 1016 (402@‘3) (?;) NG

Note that other stringent, albeit indirect, tests of GW
speed can be obtained from the non-observation of grav-
itational Cherenkov radiation from high-energy cosmic
rays [29].

IV. BOUNDS ON WEAK GRAVITON MASS

A nonzero graviton mass may also contribute to the
time dispersion in GW signals. In this case the gravi-
ton speed is diminished relative to the massless photon
as, Cgw = (/1 —m2/E?, where I is the graviton energy.
Then the relative time delay between a photon and gravi-

ton signal will be

sexgit (g m) [ i ©
2Hy \ E? FE2 0 h(z")
where h, = H(z)/Hp, with H(z) the redshift dependent
Hubble parameter and Hy = 68 km s~! Mpc ™! the cur-
rent expansion rate. The parameter z4 is the source red-
shift.

The existing analysis of the BH-BH merger in [13],
resulted in dramatically strong bounds, m, < 1.2 x
10722 eV, as a result of the detailed waveform informa-
tion. We find that GW170817 imposes no stronger bound
since the source is so close, but the LIGO collaboration
may be able to improve on this limit from a similar wave-
form analysis as done previously in Ref. [13].

Note that in Ref. [30] the authors considered the si-
multaneous impact of weak equivalence principle with
nonvanishing A+ and finite graviton mass.

V. BOUNDS ON GRAVITATIONAL TIME
DELAY DIFFERENCE

A classic test of GR, the original Shapiro time delay
was a proposal to use the “echoes” of radar pulses di-
rected toward the inner solar system to test the predicted
time delay photons should experience as they sample the
gravitational potential [31].

A crucial hallmark of Einstein’s Theory of GR is the
weak equivalence principle. However this principle is an
outcome of the metric nature of GR, and thus any metric
theory of gravity whether GR or otherwise will similarly
predict that test particles will follow the same trajecto-
ries. Thus an observed anomalous Shapiro time delay
between the arrival of different test particles (photons,
neutrinos, gravitons, etc.) can bound violations of the
weak equivalence principle. In some modified gravity the-
ories, the expected Shapiro time delay for GWs can be
different from those of photons and neutrinos [16] [32].

To derive the impact of this effect we assume that
any observed time delay is dominantly controlled by the
Shapiro time delay due to the Milky Way gravitational
potential. Similar constraints on the weak equivalence
principle for neutrinos and photons were obtained in
the aftermath of the SN1987A event [33] 34]. Related
constraints were obtained on long-range neutrino inter-
actions as well [35]. To date the strongest limits on
weak equivalence principle tests come from FRBs, lim-
iting Ay < 4.4 x 107° [36].

Using the standard notation in the post-newtonian ap-
proximation, metric theories of gravity have spatial and
temporal metric components written as

goo = —[1—=2U(r)] (7)
9ij = 0ij [14+29U(r)] da;da’ (8)

where v is one of the ten parameterized post-Newtonian
(PPN) parameters. The parameter + is a measure of the
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FIG. 1: The dependence on the PPN bound as a function
of the DM density, normalized to the canonical local value
po = 0.3 GeV cm 2. The shaded blue region shows how the
bound changes within the time window uncertainty.



spatial curvature experienced by test particles. Then one
can compute the coordinate time delay as

7':/1/ G dx
—4goo

Assuming a Keplerian form for the potential U(r) =
—GM/r and keeping only the part proportional to A~y
one can estimate the time delay as [33], [37]

9)

At = A’YGMMW
d4 (d2 — b2)1/2 . 2 _ p2)1/2]2
x ln{[ * ) H’;}GH Rl i N TN

where rg = 8.3 kpc is the galactic center, b is the impact
parameter, and d is the distance to the source. The dis-
crete parameter s, = £1 is a correction taking the value
+1 for sources along the direction of the Milky Way and
—1 for sources pointing away [I7]. The Milky Way mass
is roughly Mpw ~ 5 x 1011 M [38,39)].

The impact parameter can be found from the source
direction,

b = rG\/l — (sindg sin dg + cos dg cos g cos(Bs — Ba))?
(11)

using the source and galactic center right ascension (f)
and declination ().

Given the observed time delay of At ~ 2 s and the
distance to NGC 4993 of ~ 40 Mpc we can set the limit

A'Y|Keple1rian S 7.4 % 10_8 (12)
This estimate is meant only as an illustration of the order
of magnitude for the constraint. Let us now investigate
the constraint on the gravitational time delay difference
in a more complete description of the Milky Way’s po-
tential.

The above treatment of the Milky Way as a point
source can be improved as follows. Extending the analy-
sis to a more realistic potential comprised of bulge, disk
and dark matter (DM) halo components can be done
straightforwardly. Here we model the disk as a spher-
ical potential of the form

6“”/%) ,

where the disk mass is My = (5.17+£1.11) x 10'° M, [40],
and rq = (2.6 £ 0.5) kpc.

For the bulge component a simple Keplerian treatment
is adequate

Uq(r) = _GMa (1 -

r

(13)

GM
Up(r) = ——2,

r

(14)

4

where the bulge mass is taken to be M, = (2 £0.3) x
10'° M, [41]. The DM halo component can be found by
solving the Poisson equation with a NF'W density profile

Ps

p(r)NFW = /) (L + (/)2 (15)

1'4+2.9

where r, = 16.173% kpc and p, = T3 X

10" Mg, kpe™® [42).

Taking into account the above uncertainties on the
MW density profile we find that this more detailed model
results in the bound on the PPN parameter at 90% CL,

AY|IMW model < 8.3 x 1078, (16)

with the dominant source of modeling error coming from
the scale radius of the NFW dark matter profile.

We see that the more realistic treatment of Milky
Way’s gravitational potential results in a weakening of
the derived bound. This is expected however since the
DM halo is significantly more disperse than a point mass
at the Galactic Center. In addition we can scan more
broadly the dependence of the bound on the DM den-
sity. This is illustrate in Fig. [1| where we have varied
the DM halo density in units of the canonical value at
8 kpc, pp = 0.3 GeV ecm™3. In addition we show in the
blue band how the uncertainty in the timing information
impacts the limit.

We also note that our PPN bounds are somewhat
stronger than the conservative estimation made in [43]
which only include the MW potential out to 100 kpc.
Further, while Ref. [44] finds similar bounds on the PPN
parameters, our complementary work considers the ef-
fects of the MW potential.

Finally, note that strong bounds on PPN parame-
ters have been obtained from FRB and GRB observa-
tions [36]. These have been obtained however using the
Keplerian model of the MW potential. Using the MW
model outlined above, we can return to these limits. For
example, the strongest bounds came from GRB 100704A
which gave a Keplerian bound of, Ay < 4x107?. We find
for the MW model however that this bound is weakened
to Ay <3 x 1078,

VI. SUMMARY

We have shown that the exciting recent LIGO observa-
tion of the first NS-NS merger, GW170817 with the asso-
ciated EM counterpart can provide new distinct tests on
both astrophysics and fundamental physics. This demon-
strates the power of multi-messenger astrophysics.

We have discussed implications for the emission mech-
anism of prompt emission. SGRBs have been believed
to be the gamma-ray emission from relativistic jets.



If GW170817 is associated with off-axis outflows, the
prompt emission radius for GRB 170817A is constrained
to be r < 10'2 ecm. This radius can be consistent with
the photospheric radius, but it could be jet-induced shock
breakout emission. We point out that the constraints on
non-GR effects can further be improved by understand-
ing the jet formation, propagation, and resulting prompt
emission mechanisms.

We have examined time-lag tests on Einstein’s theory
of GR. We expect these bounds to be improved with
more GW and EM associations are found. In particu-
lar, we have demonstrated the relevance of more detailed
modeling of the gravitational potential to place more ro-
bust limits on the gravitational time delay among differ-
ent messengers. In future, not only GWs and electro-
magnetic waves but also neutrinos may be detected [45],
which would give us new information on the physics con-
sidered in this work.

Note added

The same day our work first appeared on the arXiv,

the related work [46] appeared. Our work is distinct from
Ref. [46] in at least two respects: (1) In addition to WEP
violations we also consider the implications of GW170817
for the gamma-ray emission site, and (2) in our calcula-
tion of the gravitationally induced time delay we consider
a more detailed model of the Milky Way galaxy, while
they include the impact of neighboring galaxies. We
therefore consider our work complementary to Ref. [46].
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