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preferred by our modeling of the radio and X-ray counterparts
to GW170817.

We predict that the blue KN component will dominate the
radio emission at all times and will be detectable with the VLA
at its current sensitivity as early as ∼5 years post-merger for
= - -n 10 cm2 3. This component dominates because of its

larger kinetic energy and earlier deceleration time. For densities
1 ´ -n 3 10 3 cm−3, the blue KN will not be detectable with

the current VLA, but the next generation of sensitive radio
telescopes, including ngVLA (McKinnon et al. 2016) and
SKA1-MID (Carilli & Rawlings 2004) will be able to detect
emission from this component for decades. Emission from the
red KN component remains sub-dominant at all times. We note
that radio emission from the KN ejecta-ISM interaction could
begin even earlier than we have predicted if the ejecta contains
a moderate tail of even faster-expanding matter with velocity
2 c0.3 , to which optical KN observations of GW170817 are not
sensitive (since its optical/UV emission would have peaked on
earlier timescales of a few hours; e.g., Metzger et al. 2015;
Nakar & Piran 2017).

5. Conclusions

We presented extensive radio follow-up observations of
GW170817 at centimeter and millimeter wavelengths, including
the earliest observations taken in these bands. Our observations
rule out a typical SGRB on-axis jet ( 2E 10K,iso

48 erg). Instead,
we find that our radio observations, together with the X-ray
light curve (Margutti et al. 2017), can be jointly explained as
the afterglow from an off-axis relativistic jet with an energy
of –10 1049 50 erg expanding into a low-density medium of
~ - -–10 104 2 cm−3, at an inferred q » –20 40obs . Under this
interpretation, GW170817 would be the first detection of an
off-axis afterglow from an SGRB, and would also be the first
direct observational evidence for the launching of relativistic jets
in BNS mergers. As the early optical emission is dominated by

the KN ejecta, radio and X-ray observations will continue to be
the best way to probe relativistic outflows in BNS mergers
discovered by LIGO/Virgo, the majority of which will be
off-axis (e.g., Metzger & Berger 2012).
We also use the KN ejecta properties inferred from our UV/

optical/NIR data and modeling to place the first observation-
ally motivated constraints on the predicted radio emission from
the non-relativistic ejecta. Detection of this component allows
for an independent measurement of the ejecta properties and
the circumbinary density, but is more challenging than the
detection of the afterglow due to its longevity. For GW170817,
we predict emission from this component on a timescale of at
least a few years post-merger. The next generation of radio
telescopes will come online by the time the emission from
GW170817 and future LIGO/Virgo BNS merger events reach
their peak. In the upcoming era of high-sensitivity all-sky radio
surveys, radio emission from BNS mergers will become a
powerful piece of the EM toolkit in the new field of multi-
messenger GW–EM astronomy.
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Figure 4. Radio emission predicted from decelerated KN ejecta for the two
component model described in Cowperthwaite et al. (2017), assuming the
density range allowed by our VLA observations, = - -–n 10 104 2 cm−3. The
blue KN component (solid blue) is detectable by the VLA at its current
sensitivity for favorable parameters and is easily detectable for most of the
allowed parameter range by the ngVLA and the SKA1-MID at design
sensitivity, both of which are expected to be operational by the time the
emission peaks. The red KN component (crosshatched red) takes longer to
decelerate and is sub-dominant.
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Structured jets models need to be given 
a chance

The new X-rays are unlikely to settle 
the debate

2 Kathirgamaraju, Barniol Duran & Giannios

hydrodynamical (MHD) simulations, which follow the jet from the
launching region, through the confining ambient gas and the break
out distance where its slower sheath forms. We also provide a cal-
culation to estimate the observed luminosity for an observer located
at an arbitrary angle with respect to the jet axis. We find that this
endeavor is quite promising.

2 OUR MODEL: A STRUCTURED JET

Just prior to the merger of a binary neutron star system, gravi-
tational and hydrodynamical interactions expel some neutron star
material, forming the “dynamical ejecta” (e.g., Hotokezaka et al.
2013; Rosswog 2013). The neutron star merger may be followed
by the launching of an ultra-relativistic jet. As investigated by pre-
vious hydro simulations, the jet is initially collimated by the dy-
namical ejecta until it breaks out from the surrounding gas (Na-
gakura et al. 2014; Murguia-Berthier et al. 2014; Duffell, Quataert
& MacFadyen 2015). At a larger distance, it dissipates its energy,
resulting in a short GRB which lasts for ⇠< 2 s and peaks at ⇠
MeV energies (Nakar 2007; Berger 2014). In the majority of pre-
vious models, this jet consists of a core having uniform luminosity
(L

core

) and Lorentz factor (�
core

) that discontinuously disappears
for angles ✓ > ✓

j

. However, these models are not physical and
greatly underestimate the prompt emission that may be received by
observers who are not aligned within the core of the jet (i.e., off-
axis observers).

Recent numerical (e.g., Tchekhovskoy, Narayan & McKinney
2010; Komissarov, Vlahakis & Königl 2010) and theoretical (e.g.,
Sapountzis & Vlahakis 2014) studies show that once a magnetized
jet breaks out of the collimating medium, it is expected to develop
some “lateral structure”. This means that the jet’s luminosity and
Lorentz factor depend on the polar angle ✓ (see Fig. 1). We find
that this extended lateral part, though slower and less luminous,
can contribute a significant amount of prompt emission for angles
larger than ✓

j

. As a result, it is possible to detect the prompt emis-
sion from a structured jet for observing angles (✓

obs

) much larger
than ✓

j

. We call this prompt emission detected by observers with
✓
obs

> ✓
j

an “off-axis” short GRB, this is not off-axis as defined
in the traditional sense because our jet does not abruptly vanish at
✓
j

. Below we provide an estimate for the prospects and feasibility
of detecting this “off-axis” prompt emission and mention some of
its advantages over other EM counterparts.

2.1 Feasibility of detecting the prompt emission from a
structured jet

There are currently more than thirty short GRBs with mea-
sured redshift (Fong et al. 2015), and their average redshift is
⇠0.5 (Berger 2014). Let us now pick a typical short GRB with
known redshift, assume it takes place within the LIGO detectabil-
ity volume, and estimate its off-axis prompt emission. Had short
GRB101219A (see table 1) taken place at a distance of ⇠ 200
Mpc, it would have resulted in an extremely bright source with a
count rate of ⇠ 10

6 photons/s at the Fermi/GBM detector. This is
a factor of f ⇠10

4 above the count rate required for a robust de-
tection of a source coincident with a LIGO trigger by Fermi (Con-
naughton et al. 2016). With such a large on-axis count rate, even a
steeply declining luminosity for the lateral structure of the jet will
provide a significant amount of off-axis emission that can be de-
tectable by, e.g., Fermi. Assuming, for the sake of an estimate, a jet
with a core of luminosity L

core

and half opening angle ✓
j

, we can

�
obs

Luminous 
core

Extended lateral 
structure of jet (the “sheath”)

Post-merger compact object

�j

To observer

Dynamical ejecta
Jet pre-breakout

Figure 1. A schematic of a short GRB jet. Mergers produce GWs detectable
by LIGO and are the likely progenitors of short GRBs. The prompt emis-
sion from the jet’s luminous core (routinely observed as a short GRB) is
strongly beamed and can only be detected by observers located within ✓

j

from the jet axis. However, the jet is expected to have a lateral structure that
moves slower and is fainter than the luminous core. Given the proximity
of a LIGO-triggered short GRB, Fermi and Swift can potentially detect the
prompt emission from this lateral structure even if the jet is misaligned with
respect to our line of sight (see Section 2.1).

take the luminosity for angles ✓ > ✓
j

(i.e for the lateral structure
of the jet) to drop sharply as L

obs

(✓) = L
core

(✓/✓
j

)

�6 (Pescalli
et al. 2015). Such a jet can still be detected by an observer up to an
angle ✓

obs

⇠ f1/6✓
j

⇠ 5✓
j

. This makes it (✓
obs

/✓
j

)

2 ⇠ 20 times
more likely to observe the sheath of the jet in comparison to its core
emission. Instead of detecting about 1 EM counterpart per decade
from the prompt core emission, the sheath potentially results in ⇠a
few events per year for an instrument with Fermi’s field of view,
increasing the chances to detect such events tremendously. There-
fore, the prompt emission from a short GRB could be detected even
if the jet is significantly misaligned.

It is quite likely that the off-axis �-ray emission, by itself, is
not sufficiently bright enough to result in a detector trigger. Never-
theless, using the timing of a LIGO trigger can make even a faint
�-ray signal a statistically significant detection. A faint �-ray sig-
nal must come within several seconds after a LIGO trigger to make
such a detection possible (Connaughton et al. 2016). Here, we es-
timate the temporal difference of these signals. The GW signal,
as detected by LIGO, is expected to peak approximately when the
merger takes place. The merger will probably initially give birth
to a fast-rotating, massive proto-neutron star and can take ⇠ hun-
dred milliseconds to collapse to a black hole (e.g., Rezzolla et al.
2011). It is likely that the jet forms a few dynamical times later
or, all in all, ⇠ 0.1 � 1 sec after the GW signal peak, then the jet
has to breakout of the collimating medium which can take a few
hundreds of msec (Nagakura et al. 2014), and expand to a radius
r
jet

, where it radiates. The emission from the jet will, therefore,
be further delayed by r

jet

/�2c, where and � is the Lorentz factor
of the patch of the jet directed towards the observer. The fast rise
and variability of short GRBs indicates the jet core is characterized
by r

jet

/�2

core

c ⇠ 10 msec. In Section 4, we argue that the sheath
emission is also likely characterized by a delay of r

jet

/�2c ⇠a few
seconds, i.e., making a very prompt signal.

The misaligned or “off-axis” prompt emission of short GRBs
has largely been ignored. The community has rather focused

c� 2017 RAS, MNRAS 000, 000–000
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2.4. Optical/NIR Kilonovae

There have been three previous claims of kilonovae in the
literature: an NIR excess following GRB 130603B (z 0.356;=
Berger et al. 2013; Tanvir et al. 2013), and optical excesses
following GRB 050709 (z 0.16;= Jin et al. 2016) and
GRB 06061415 (z 0.125;= Jin et al. 2015; Yang et al. 2015).
We note an additional optical excess was reported following
GRB 080503 (Perley et al. 2009); however, since this burst
does not have a known redshift, we do not include it in this
discussion. To enable a comparison of the luminosity and
temporal behavior of the optical/NIR counterpart to
GW170817 (Chornock et al. 2017; Cowperthwaite et al.
2017; Nicholl et al. 2017), we collect observations corresponding
as close as possible to the rest-frame r- and H-bands for each burst
(Berger et al. 2013; Tanvir et al. 2013; Jin et al. 2015, 2016).

We supplement these detections with any optical/NIR
observations following short GRBs on timescales of 12 day
after the burst. To this end, we retrieve Hubble Space Telescope
(HST) observations (PI: Tanvir; Program 14237) of the short
GRB 160821B from the Mikulski Archive for Space Tele-
scopes archive. We utilize observations taken with the Wide
Field Camera3 (WFC3) in the F160W filter, corresponding to
rest-frame H-band at the redshift of the burst (z 0.16;= Levan
et al. 2016), on 2016 September 14 UT (∼23 days after the
burst). We used the astrodrizzle task as part of the
Drizzlepac software package (Gonzaga 2012) to create final
drizzled image, using final_scale=0 065 pixel−1 and
final_pixfrac=0.8. We use standard tasks in IRAF to
perform aperture photometry of faint point sources in the field
to calculate a 3s limit of m160W 2 26.0mag.

We add to this sample optical and NIR upper limits
following 14 additional events with redshifts. Compared to
the sample in Fong et al. (2015), we note the addition of a deep
limit following GRB 050509B of r 25.72 mag at 25.9 hr»
after the burst (Cenko et al. 2005; Bloom et al. 2006). Although
this limit corresponds to rest-frame V-band, we note that the
expected V−r color based on observations of the optical
counterpart to GW170817 at 1.5» days after the event
(Cowperthwaite et al. 2017) is negligible, 0.21 mag. Thus,
we still include this point in our sample.
For all of the bursts with detections of or limits on kilonova

emission, we use the burst redshifts to convert apparent
magnitude to K-corrected absolute magnitudes. The data for the
previous short GRBs, as well as Gemini-South H-band
observations of the counterpart to GW170817 (Cowperthwaite
et al. 2017), are shown in Figure 3. In order to enable a direct
comparison to early short GRB optical limits, we also employ
the initial DECam observation at i-band at 0.47» days, and
correct for the observed r−i color of 0.2» mag at 1.4» days
(Cowperthwaite et al. 2017). We note that this is conservative,
as the source has a blue color at 11 day and 0.2mag is likely
an upper limit on the r−i color.

2.5. Host Galaxy Properties

In order to obtain a complete sample of short GRB host
properties, we collect all of the available values for host
redshifts, galaxy type, rest-frame B-band luminosity (LB),
stellar mass (M*), stellar population age (τ), and star formation
rate (SFR) from large samples (Leibler & Berger 2010; Fong
et al. 2013; Berger 2014), as well as papers on individual
objects (Perley et al. 2012; de Ugarte Postigo et al. 2014; Fong
et al. 2016; Troja et al. 2016; Selsing et al. 2017). We
supplement this sample with values for the redshifts and stellar
population properties of eight additional short GRB hosts
discovered over 2014–2017, the details of which will be
described in an upcoming work (W. Fong et al. 2017, in

Figure 2. Left: light curve of the X-ray counterpart to GW170817 from Swift and Chandra (0.3 10 keV;– Haggard et al. 2017a, 2017b; Margutti et al. 2017, where
circles denote detections and triangles denote 3s upper limits). Also shown are on-axis X-ray afterglow light curves from all of the previous short GRBs with well-
sampled X-ray light curves and redshifts, comprising 36 events. At the time of detection, GW170817 had an isotropic-equivalent luminosity that is 3000» times less
than the median short GRB X-ray afterglow, and 50» times less than the faintest detected X-ray emission from a short GRB. Right: radio search for the counterpart of
GW170817 from Alexander et al. (2017) at 6GHz (orange) and 10GHz (red) with the VLA, yielding detections at 6GHz beyond 19» days. The six short GRBs with
radio afterglow detections (dark gray circles) along with 3s upper limits for 19 additional events with redshifts (light gray triangles) are shown. These observations
demonstrate that the radio counterpart to GW170817 is 1042 times less luminous (isotropic-equivalent) than detected radio afterglows at similar epochs, and 5002
times less luminous than the faintest detected radio afterglow for a short GRB.

15 GRB 060614 had a duration of 108» s and would typically be classified as a
long-duration GRB. However, this event lacks an associated supernova to deep
limits, suggesting that it does not have a massive star progenitor (Gal-Yam
et al. 2006), and thus we include it in this discussion.
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0.5-8 keV

T=2.4 days

1.5 arcsec

Margutti, ..Fong et al., 2017

Extremely important non-detection
PI: Fong



Timeline of our EM follow-up:
The first few weeks
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9-15 days: 
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Timeline of our EM follow-up:
The first two weeks

GW 
trigger 9 days 20 days 30 days

9-15 days: 
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The FUTURE of our EM follow-up:

GW 
trigger 9 days 100days15 days

GW170817 is still ON in X-rays and radio!

SUN block!



Deep non-detection followed by a detection on t~10 days

Radio and X-rays RISING with time!
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Properties to explain (X-rays):
Rising X-ray emission

(importance of 
zero-photon science!) 

Mild rise, 

Lx~10^39 erg/s 

Hard spectrum with
 Gamma~1.5 (beta~0.5)

Radio-to-Xray SED also implies beta~0.5
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Properties to explain (Radio):

6 GHz3 GHz

THIN!
Radio Spectrum

data from Alexander+2017; Hallinan+2017; Mooley+2017
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Onset of the afterglow 
(on-axis /spherical)

~15-30 days

~(3-15) 10^-3 cm-3

~2

Mildly Relativistic shock —-> Cocoon 
afterglow emission?

Nakar+2016; Lazzati+2016; Lazzati+2017a; 2017b; Margutti+2017; Hallinan+2017

Ek,iso~10^50 erg

10^-4 cm-3

~200 days
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With NEW DATA does not work 

Single Gamma fireball does NOT work 

t^3



Introduce STRUCTURE in the ejecta 

Figure 4.  Radio light curves arising from quasi-spherical ejecta with a velocity gradient

compared with the 3 GHz light curve (ref. 12 and Extended Data Table 1). Two light curves

(red solid and blue dashed) show single power law models with a maximum Lorentz factor

=3.5,  and  with  a  maximum velocity  =v/c=0.8.  The  former  and  latter  approximatelyɣ β

correspond to the cocoon and dynamical ejecta, respectively. The shallow rise of the radio

data is consistent with a profile of E(> )  ( )βɣ ∝ βɣ -5 . For n~0.03 cm-3, the observed radio

flux at 93 days is produced by an ejecta component with a velocity of ~0.6c and kinetic

energy of  ~1049 erg.  For  a  lower ISM density  ~10-4 cm-3,  the radio flux at  93 days is

produced by a component with a velocity of 0.9c and energy 1050 erg. ⇥e=0.1 and p=2.2

are used for both models. Also shown as a black dotted curve is the light curve of a

cocoon model taken from ref. 14, where n=1.3x10-4 cm-3, ⇥B=0.01, ⇥e=0.1 and p=2.1 are

used.

E(GammaBeta)~(GammaBeta)^-alpha

Mooley+2017

3 GHz data



Off-Axis *top-hat* Jet 
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DECELERATION



Zhang & MacFadyen (2009).

Margutti, et al., 2017;  Alexander  et al., 2017
Guidorzi, Margutti et al., 2017



Margutti+2017; 
Guidorzi, Margutti+2017;
Alexander+ 2017.

X-rays
36 deg

peak, ∼15–30 days (Figure 3). As the peak is fairly broad, we
predict that the emission should remain detectable with the
VLA for weeks to months. As GW170817 is currently too
close to the Sun to be observable by X-ray and optical facilities,
radio observations will remain the only way to monitor the
transient emission during this time. Continued radio monitoring
of GW170817 will help us further narrow down this parameter
space, allowing for tighter constraints on the burst energy and
circumbinary density.

4. Predictions for Future Radio Emission
from the KN Ejecta

In addition to the relativistic jet, BNS mergers are also
expected to generate non-relativistic ejecta, which will produce
synchrotron emission at radio wavelengths once it decelerates
(Nakar & Piran 2011). This is the same ejecta that initially
generates the KN emission detected in the UV/optical/NIR
bands. Compared to the relativistic jet, this ejecta component
will decelerate on a significantly longer timescale due to

its larger mass, » :– M0.01 0.1 (Metzger & Bower 2014;
Hotokezaka & Piran 2015). The radio emission from the KN
ejecta is therefore expected to peak on timescales of months to
years (Nakar & Piran 2011; Metzger & Berger 2012; Metzger
& Bower 2014; Hotokezaka & Piran 2015). Searches for this
component following a subset of cosmological SGRBs have all
yielded deep non-detections, placing constraints on the kinetic
energy injected of21051 erg in these events (Metzger & Bower
2014; Fong et al. 2016; Horesh et al. 2016).
For the first time, we can make specific predictions for the

KN radio emission using the parameters inferred from
modeling of the UV/optical/NIR emission (Chornock et al.
2017; Cowperthwaite et al. 2017; Nicholl et al. 2017). The
KN emission requires two components: a “blue” component
with » :M M0.02ej and »v c0.3ej , and a “red” component
with »M 0.04ej :M and »v c0.1ej (Chornock et al. 2017;
Cowperthwaite et al. 2017; Nicholl et al. 2017). The predicted
radio emission from each component is shown in Figure 4 for
a fiducial density of = ´ -n 1 10 3 cm−3 (solid lines). The
shaded bands indicate the full range of possible densities

Figure 3. Simulated radio light curves for the four models also presented in Margutti et al. (2017), shown with all of our radio upper limits (triangles; s3 ) and
detections (circles). The emission peaks on a timescale of ∼15–30 days, but should remain detectable at 6 GHz for weeks to months. We note that the observations at
19.2 days were taken under poor weather conditions, which can lead to flux decorrelation at high frequencies of 10 GHz. Our final 10 GHz upper limit may therefore
underestimate the true flux density at this epoch.
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We identified a FAMILY of solutions 
Ek~10^49-10^50 erg 

n~0.0001-0.01 
theta_obs~20-40 deg 

(+micro-physics)

This is the SIMPLEST version of a 
relativistic jet

This is a fit limited to the EARLY t<40 days 
data 



Figure 3. Synthetic light curves with a range of jet opening angles θj, isotropic-equivalent

energy Eiso, and the ISM density n (see Methods) overplotted on the 3 GHz light curve (ref.

12 and Extended Data Table 1). The overall shape of the light curve remains unchanged

even after changing these parameters. We have considered a wide range of parameters in

the  phase space of  off-axis  models  (including  unlikely  scenarios  like  n=10-6 cm-3;  see

Methods); none of the models give a good fit to the observed data, and hence we rule out

the classical off-axis jet scenario as a viable explanation for the radio afterglow. The black

(dashed) and dotted (red) curves are calculated using the codes described in the Methods.

The dashed-dot (blue) curve is taken from figure 3 of ref. 4 (scaled to 3 GHz using =-0.6).ɑ

All off-axis models assume θobs = 26 deg, ⇥e = 0.1, ⇥B = 0.01 and p=2.2. (see main text and

Methods). 

Mooley+2017

One out of a FAMILY of solutions for EARLY data 
Ek~10^49-10^50 erg 

n~0.0001-0.01 
theta_obs~20-40 deg 

(+micro-physics)

GW 170817 and H0 3

FIG. 1.— Off-axis jet models with ✓ j = 5� (left) and ✓ j = 15� (right) that best fit the current set of X-ray (1 keV, blue) and radio observations (black, orange, red
and grey for flux densities at ⇠10 GHz, ⇠6 GHz, ⇠3 GHz and ⇠1.4 GHz , respectively). The values of the other model parameters are listed in the plot titles.
Triangles identify upper limits. These plots show the current data set and demonstrate that the emission from an off-axis relativistic uniform jet can reasonably
account for the X-ray and radio observations of GW170817. Wider jets are currently favored by observations because of the milder rise and broader peak of the
associated emission, as we found in A17 and M17, and as independently found by Haggard et al. (2017), Hallinan et al. (2017) and Troja et al. (2017). Radio
data at 6 GHz are displayed here for comparison, but they have not been used in our calculations (see text for details).

✏p-1
e ✏(p+1)/4

B n(p+1)/4 Ek,iso (✓obs - ✓ j)2(1-p) (assuming X-rays lie
between synchrotron peak and cooling frequency, in slow
cooling regime, as expected at this epoch; e.g., Granot & Sari
2002), must match the observed flux at 15 days within a factor
of ⇠ 30.

The final multi-parameter posterior is estimated from the
combination of a likelihood function which assigns each
model mi a probability pi / exp(-�2

i /2), with �2
i evaluated

from comparing mi with the entire broadband set of data
and upper limits, along with an uninformative, scale-invariant
prior on each logarithmically paced parameter. Such a prior
is flat on logarithms. The final marginalized posterior on the
only interesting parameter ✓obs is obtained by approximating
the integration of the posterior over the remaining nuisance
parameters space as a sum over all of the grid points. This
way, the scale invariant prior is automatically encoded, as a
logarithmically paced grid is equivalent to a flat distribution
on logarithms.

Overall, we confirm the results that we published in M17
and A17. The mild temporal evolution of the X-ray and ra-
dio emission favors wider jet opening angles ✓ j = 15� (sim-
ilar ✓ j are invoked by Troja et al. 2017; Hallinan et al.
2017 in their analysis). For ✓ j = 15�, our simulations fa-
vor n ⇠ 10-4 - 10-2 cm-3, 1048 erg < Ek  3 ⇥ 1050 erg and
✓obs ⇠ 25� - 50�. For both jet opening angles, the measure-
ment of ✓obs is degenerate with n and Ek, with larger Ek/n
fractions favoring lower ✓obs. We show the posterior proba-
bility density function (PDF) of ✓obs in Fig. 2, smoothed with
a Gaussian kernel with � = 7.5�(= 3�✓). These estimates as-
sume a luminosity distance to NGC 4993 dL = 39.5 Mpc as
listed in the NASA Extragalactic Database (NED). Varying
dL between 36 - 43 Mpc (full range of distances reported in
NED, Han & Mould 1992; Sakai et al. 2000; Freedman et al.
2001) produces negligible impact on our final estimates. Fi-
nally, we note that the X-ray (and maybe the 6 GHz) excess
at early times (t < 10 days, Fig. 1), might be the signature
of a structured jet (i.e. a jet with energy profile that devi-
ates from uniform and without a sharp edge, e.g. Rossi et al.
2002; Zhang & Mészáros 2002). Both Gaussian and power-

law structured jets would be brighter than uniform jets when
viewed from the same ✓obs before peak, while having a sim-
ilar evolution at later times (see e.g. Troja et al. 2017, their
Extended Data Fig. 3).

4. CONSTRAINTS ON H0

4.1. LIGO Data
We use the Markov chains from A17:H0 from the 2d plane

of distance and the cosine of inclination angle of the binary
star system. This is shown in Fig. 2 (top).

4.2. Redshift Uncertainty
Every galaxy responds to the pull of large-scale structure,

resulting in the so-called peculiar velocity. The observed
velocity is the sum of the Hubble expansion at that red-
shift and the line-of-sight component of the peculiar velocity,
vobs = v + (vpec)k. To account for (vpec)k, we adopt three alter-
nate approaches. Here we assume that the uncertainty in the
redshift of the group by modeling the individual redshifts is
sub-dominant to the peculiar velocity uncertainties.

First, we follow A17:H0 and correct the redshift by the
large scale bulk flow correction from 2M++ as described in
Carrick et al. (2015). The uncertainty of this correction is
150 km/s for halos, as estimated in N-body simulations from
Carrick et al. (2015), and the uncertainty was increased in
A17:H0 by 70 km/s in quadrature due to additional correc-
tion uncertainties. This should be considered a lower floor on
the uncertainty because it assumes the ability to convert from
galaxy luminosity observations to the total matter field (and
thus peculiar velocity) in three dimensions — a process that
is subject to systematics because of the uncertainties in how
light traces mass.

For a more conservative estimate of the peculiar velocity
uncertainty, we can simply estimate the statistical variance in
H0 expected at z = 0.01, without attempting to correct for it.
We adopt the results from Wu & Huterer (2017) who used
a large-volume cosmological N-body simulation to quantify
the variance in the local value of H0 (Riess et al. 2016) due
to local density fluctuations and the SN sample selection. We

Guidorzi, RM+2017

n~10^-2 - 10^-4 cm-3
Ek=10^48-3x10^50 erg 
Theta_obs=15-50 deg



This is the SIMPLEST version of a 
relativistic jet

\

G
am

m
a

Theta

Top-hat Jet

Structured Jet

?



New Method for Hubble Constant Measurement 
(Schutz 1986)

H0 paper, LVC + 6 EM host-galaxy co-discovery teams, Nature, 2017
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Guidorzi, Margutti.. Fong et al., 2017

Improving the constraints on H0 with GW + EM



Structured jets models need to be given 
a chance to fail 

The new X-rays are unlikely to solve the 
debate  (models predict similar spectrum)



“We always find something, eh Didi,  
to give us the impression we exist?”

The End

Episode 2 
Is there  some possible future 

evolution of GW170817 that the 
no-jet models would NOT be able 

to explain?


