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At	1	day
• GRB	170817A	coincident	in	
]me	(2s)	and	2D	space	

• SSS17a	(AT	2017gfo)	in	NGC	
4993	coincident	in	]me	(20d	
<	t	<	10h)	and	3D	space.	

• No	XRT	emission	from	
SSS17a.	Not	a	standard	on-
axis	SGRB.	

• Ques]ons	

• Is	the	SSS17a	related	to	
the	GRB	and	GW	
transient?	Is	it	a	SN?	Is	it	
an	unrelated	transient?	

• If	we	can	show	that	they	
are	related,	what	can	we	
learn?
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.5′

×1.5′ postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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Figure 3. The GBM and HLV initial and final localizations. The original GBM human-in-the-loop localization (50% and 90%

regions) is shown with purple dashed contours, and the original BAYESTAR skymap (90% region) is shown with green dashed

contour. The targeted search localization and the LALInference HLV skymap are the corresponding solid contours. The inset

shows a close-up of the GBM localization and the position of the the optical transient candidate (black star). The Earth as

seen from Fermi is shown in blue, the 3σ IPN annulus is shown as the gray band, and the directions of the three closest NaI

detectors are shown in light brown.

MMA — LIGO-P1700294-V4 5

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the

90% credible regions from LIGO (190 deg2, light green), the initial LIGO-Virgo localization (31 deg2, dark green), IPN triangulation from the

time delay between Fermi and INTEGRAL (light blue), and Fermi GBM (dark blue). The inset shows the location of the apparent host galaxy

NGC 4993 in the Swope optical discovery image at 10.9 hours after the merger (top right) and the DLT40 pre-discovery image from 20.5 days

prior to merger (bottom right). The reticle marks the position of the transient in both images.

Chile about 10 hours after the merger with an altitude above

the horizon of about 45 degrees.

The One-Meter, Two-Hemisphere (1M2H) team was the

first to discover and announce (Aug 18 01:05 UTC; Coul-

ter et al. 2017a) a bright optical transient in an i-band im-

age acquired on Aug 17 at 23:33 UTC (tc+10.87 hr) with the

1 m Swope telescope at Las Campanas Observatory in Chile.

The team used an observing strategy (Gehrels et al. 2016)

that targeted known galaxies (from White et al. 2011) in the

three-dimensional LIGO-Virgo localization taking into ac-

count the galaxy stellar mass and star-formation rate (Coulter

et al. 2017). The transient, designated Swope Supernova Sur-

vey 2017a (SSS17a), was i = 17.057± 0.018 mag5 (Aug 17

23:33 UTC, tc+10.87 hr) and did not match any known aster-

oids or supernovae. SSS17a (now with the IAU designation

AT2017gfo) was located at α(J2000.0) = 13h09m48s.085±

5 All apparent magnitudes are AB and corrected for the Galactic extinc-
tion in the direction of SSS17a (E(B − V ) = 0.109 mag; Schlafly &
Finkbeiner 2011).

0.018, δ(J2000.0) = −23◦22′53′′.343±0.218 at a projected

distance of 10.6′′ from the center of NGC 4993, an early-

type galaxy in the ESO 508 group at a distance of ≃ 40 Mpc

(Tully-Fisher distance from Freedman et al. 2001), consistent

with the gravitational-wave luminosity distance (The LIGO

Scientific Collaboration et al. 2017b).

Five other teams took images of the transient within an

hour of the 1M2H image (and before the SSS17a announce-

ment) using different observational strategies to search the

LIGO-Virgo sky localization region. They reported their dis-

covery of the same optical transient in a sequence of GCNs:

the Dark Energy Camera (01:15 UTC; Allam et al. 2017),

the Distance Less Than 40 Mpc survey (01:41 UTC; Yang

et al. 2017a), Las Cumbres Observatory (04:07 UTC; Ar-

cavi et al. 2017a), the Visible and Infrared Survey Tele-

scope for Astronomy (05:04 UTC; Tanvir et al. 2017a),

and MASTER (05:38 UTC; Lipunov et al. 2017a). Inde-

pendent searches were also carried out by the Rapid Eye

Mount (REM-GRAWITA, optical, 02:00 UTC; Melandri

et al. 2017a), Swift UVOT/XRT (utraviolet, 07:24 UTC;



Our	contribuNon
• Many	observa]ons	with	ground	and	space	telescopes.	

• Chandra	—	discovery	of	X-ray	emission	at	9d	

• Gemini-S	—	photometry	and	op]cal	spectroscopy	

• HST	—	photometry	and	infrared	specterscopy	

• ATCA	—	upper	limits	

• Modeling	of	the	kilonova	and	jet.	

• Understanding	to	25d	published	as	Troja	et	al.	(2017)	in	Nature	and	in	the	
MMO	paper



OpNcal	and	Infrared
LETTERRESEARCH

Extended Data Figure 1  | Spectral energy distributions of the optical/
infrared counterpart. We can empirically describe the spectral energy 
distribution and its temporal evolution as the superposition of two 
blackbody components in linear expansion. A single component provides 
a good fit at early times (T0 + 0.5 d), but at later times we find that two 
components (shown by the dashed and dotted lines) with different 
temperatures and expansion velocities represent a better description of the 
dataset. The large effective radii (R > 4 × 1014 cm at T0 + 0.5 d) inferred 
from the blackbody fits imply an average velocity v > 0.2c. Magnitudes are 
corrected for Galactic extinction along the line of sight51. Data have been 
shifted for plotting purposes.
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of continued X-ray activity, and hinted at a slight increase in luminosity  
to LX,iso ≈ 1.1 × 1039 erg s−1. At a similar epoch the onset of radio emis-
sion was also detected18.

The evolution of AT 2017gfo across the electromagnetic spectrum 
shows multiple components dominating the observed emission. Simple 
modelling of the optical–infrared photometry as a blackbody in linear 
expansion suggests mildly relativistic (≥0.2c, where c is the speed of 
light in vacuum) velocities and cool (<10,000 K) temperatures. We 
find a hot blue component, mainly contributing at optical wavelengths, 
and a colder infrared component, which progressively becomes redder  
(Extended Data Fig. 1). The low peak luminosity (MV ≈ −16) and  
featureless optical spectrum (Fig. 2) disfavour a supernova explosion 
(see Methods), while the broad (∆λ/λ ≈ 0.1) features in the infrared  
spectra are consistent with expectations for rapidly expanding dynami cal  
ejecta9,10, rich in lanthanides and actinides. The overall properties  
of the host galaxy, such as its stellar mass, evolved stellar population 
and low star formation (see Methods), are consistent with the typical 
environment of short GRBs and in line with the predictions for com-
pact binary mergers5. When combined, these data point to a kilonova 
emission, consisting of the superposition of radioactive-powered emis-
sion from both neutron-rich dynamical ejecta expanding with velocity 
v ≈ 0.2c and a slower, sub-relativistic wind19. The former component 
radiates most of its energy in the infrared, while the latter dominates the 
optical and ultraviolet spectrum. The optical/infrared data set therefore 
provides convincing evidence that AT 2017gfo was a kilonova produced 
by the merger of two compact objects, at a time and location consistent 
with GW170817.

Our Chandra observations at T0 + 9 d revealed the onset of a new 
emission component at X-ray energies. Although the basic model for 

kilonovae does not predict detectable X-ray emission, previous candi-
date kilonovae were all associated with an X-ray brightening. This led 
to the suggestion that the power source of the infrared transient may 
be thermal re-emission of the X-ray photons rather than radio active 
heat20. However, in these past cases20–22, the X-ray luminosity was 
comparable to or higher than the optical/infrared component, whereas 
in our case the infrared component is clearly dominant and 20 times 
brighter than the faint X-ray emission. These different luminosities 
and temporal behaviours suggest that the X-ray emission is instead 
decoupled from the kilonova.

The interaction of the fast-moving ejecta with the circumstellar 
material may produce detectable emission23. An ambient density 
n > 103 cm−3 would be required to explain the observed onset at 
T0 ≈ 9 d, but neither the optical nor the X-ray spectra show any evi-
dence for absorption from this dense intervening medium. After a 
binary neutron star merger, X-rays could be produced by a rapidly 
rotating and highly magnetized neutron star. However, none of the cur-
rent models21,24 can reproduce persistent emission over the observed 
timescales of around 2 weeks. Fallback accretion25 of the merger ejecta 
could account for such long-lived faint X-ray emission; however, the 
predicted thermal spectrum should not be visible at radio frequencies. 
Instead, a more likely explanation, also supported by the detection of 
a radio counterpart, is that the observed X-rays are synchrotron after-
glow radiation from the short GRB170817A. By assuming that radio 
and X-ray emission belong to the same synchrotron regime, we derive 
a spectral slope of β ≈ 0.64, consistent with the index measured from 
the X-ray spectrum (see Methods) and with typical values of GRB after-
glow spectra15. Therefore, our detection of X-ray emission at the same 
position as AT 2017gfo (see Methods) shows that the short GRB and 
the optical/infrared transient are co-located, establishing a direct link 
between GRB170817A, its kilonova and GW170817.

In the standard GRB model26, the broadband afterglow emission is 
produced by the interaction of the jet with the surrounding medium. 
For an observer on the jet axis, the afterglow appears as a luminous 
(LX,iso > 1044 erg s−1) fading transient visible across the electromag-
netic spectrum from the first few minutes after the burst. This is not 
consistent with our observations. If the observer is instead viewing 
beyond the opening angle θj of the jetted outflow, relativistic beam-
ing will weaken the emission in the observer’s direction by orders of  
magnitude. The afterglow only becomes apparent once the jet has 
spread and decelerated sufficiently that the beaming cone of the emis-
sion includes the observer7,10. Therefore, an off-axis observer sees that 
the onset of the afterglow is delayed by several days or weeks. In our 
case, the slow rise of the X-ray emission suggests that our observations 
took place near the peak time tpeak of the off-axis afterglow light curve, 
predicted to follow tpeak ∝  Ek,iso

1/3n−1/3(θv − θj)2.5, where Ek,iso is the 
isotropic-equivalent blastwave energy. The off-axis angle ∆θ is there-
fore constrained as ∆θ = θv − θj ≈ 13° × tpeak

2/5 × Ek,iso
−2/15 × n2/15,  

where tpeak is given in units of 15 d, Ek,iso is in units of 1050 erg and n 
is in units of 10−3 cm−3.

In Fig. 3a we show that our dataset can be reproduced by a stand-
ard short GRB afterglow15 with the only difference being the viewing 
angle: on-axis (θv << θj) in the commonly observed scenario, and off-
axis (θv > θj) in our case. The synthetic light curves were produced 
from two-dimensional jet simulations27, but the key features of these 
curves are general to spreading ejecta seen off-axis (see Methods for 
further details; also Extended Data Fig. 2). Our observations there-
fore independently confirm the collimated nature of GRB outflows28. 
Interestingly, all three observed electromagnetic counterparts (GRB, 
kilonova and afterglow) separately point at a substantial offset of the 
binary orbital plane axis relative to the observer, independent of any 
constraint arising directly from the gravitational-wave event.

The initial γ-ray emission is unusually weak, being orders of magni-
tude less luminous than typical short GRBs. This suggests a large angle 
between the jet and the observer. The standard top-hat profile that 
is usually adopted to describe GRB jets cannot easily account for the 
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Figure 2 | Optical and infrared spectra of the kilonova associated 
with GW170817. The optical spectrum, acquired on 21 August 2017 
(T0 + 3.5 d) with the Gemini South 8-m telescope, is dominated by a 
featureless continuum with a rapid turnover above a wavelength of  
about 0.75 µm. At later times, this feature is no longer visible. Near-
infrared spectra, taken with the Hubble Space Telescope between 22 and 
28 August 2017, show prominent broad (∆λ/λ ≈ 0.1) features and a slow 
evolution towards redder colours. These spectral features are consistent 
with the ejection of high-velocity, neutron-rich material during a neutron 
star merger. The colour-coded numbers indicate the epoch of each 
spectrum. A spectrum of the broad-lined type Ic supernova SN 1998bw 
(8 d post-maximum; arbitrarily rescaled) is shown for comparison. Error 
bars are 1σ.

• Photometry	and	
spectroscopy	with	Gemini	
and	HST	

• Peak	MV	≈	-16;	too	faint	
for	any	normal	SN	

• Ini]ally	blue	but	fading	
and	red.	Simple	BB	fits	
suggest	T	=	3000-10000	K	
and	expansion	at	v	≈	0.3c	

• Spectra	unlike	any	SN,	
but	show	many	broad	
bands	in	red	and	infrared.

Credit:	Troja	et	al.	(2017)



OIR:	Kilonova	Models
Detailed	modeling	and	fipng	to	OIR	
photometry	gives	a	reasonable	match	with		

i	=	28	deg	(20-60	deg)	

Red,	fast	ejecta:		

0.002	solar	mass  
0.2c	

Blue,	slow	wind:		

 
0.015	solar	mass  

0.08c	

Credit:	Wollaeger,	Fryer,	Korobkin,	&	Fontes	in	Troja	et	al.	(2017)
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observed properties of GRB170817A (see Methods). Instead, a struc-
tured jet profile, where the outflow energetics and Lorentz factor vary 
with the angle from the jet axis, can explain both the GRB and afterglow 
properties (Extended Data Fig. 3). Alternatively, the low-luminosity 
γ-ray transient may not trace the prompt GRB emission, but come from 
a broader collimated, mildly relativistic cocoon29.

Another independent constraint on the off-axis geometry comes 
from the spectral and temporal evolution of the kilonova light curves 
(Fig. 3b). The luminous and long-lived optical emission implies that the 

observer intercepts a substantial contribution from the wind compo-
nent along the polar axis, which would be shielded by the lanthanide- 
rich ejecta for an edge-on observer along the equatorial plane (Fig. 4).  
A comparison between the kilonova models30 and our optical- 
infrared photometry favours an off-axis orientation, in which the 
wind is partially obscured by the dynamical ejecta, with an esti-
mated inclination angle anywhere between 20° to 60° (Extended Data  
Fig. 4), depending on the detailed configuration of the dynamical 
ejecta. Taking into account the uncertainties in the model, such as the 
morphologies of the ejecta and the possible different types of wind, 
this is in good agreement with the orientation inferred from afterglow 
modelling. The geometry of the binary merger GW170817 (Fig. 4), 
here primarily constrained through electromagnetic observations, 
could be further refined through a joint analysis with the gravitational- 
wave signal.

The discovery of GW170817 and its X-ray counterpart shows that 
the second generation of gravitational-wave interferometers will enable 
us to uncover a new population of weak and probably off-axis GRBs 
associated with gravitational-wave sources, thus providing an unprece-
dented opportunity to investigate the properties of these cosmic explo-
sions and their progenitors. This paves the way for multi-messenger 
(that is, electromagnetic and gravitational wave radiation) modelling 
of the different aspects of these events, which may potentially help to 
break the degeneracies that exist in the models of neutron-star mergers 
when considered separately.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.

Received 12 September; accepted 21 September 2017. 
Published online 16 October 2017.
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Figure 3 | Multi-wavelength light curves for the counterpart of 
GW170817. a, Temporal evolution of the X-ray and radio counterparts 
of GW170817 compared to the model predictions (thin solid lines) for a 
short GRB afterglow viewed at an angle θv ≈  28°. The thick grey line shows 
the X-ray light curve of the same afterglow as seen on-axis, falling in the 
typical range15 of short GRBs (vertical dashed line). Upper limits are 3σ. 
b, Temporal evolution of the optical and infrared transient AT 2017gfo 
compared with the theoretical predictions (solid lines) for a kilonova seen 

off-axis with viewing angle θv ≈  28°. For comparison with the ground-
based photometry, Hubble Space Telescope measurements (squares) were 
converted to standard filters. Our model includes the contribution from a 
massive, high-speed wind along the polar axis (Mw ≈  0.015M⊙, v ≈  0.08c) 
and from the dynamical ejecta (Mej ≈  0.002M⊙, v ≈  0.2c). The presence of 
a wind is required to explain the bright and long-lived optical emission, 
which is not expected otherwise (see dashed line).
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Figure 4 | Schematic diagram for the geometry of GW170817. Following 
the neutron star merger, a small amount of fast-moving neutron-rich 
ejecta (red shells) emits an isotropic kilonova peaking in the infrared.  
A larger mass neutron-free wind along the polar axis (blue arrows) produces 
kilonova emission peaking at optical wavelengths. This emission, although 
isotropic, is not visible to edge-on observers because it is only visible 
within a range of angles and otherwise shielded by the high-opacity ejecta. 
A collimated jet (black solid cone) emits synchrotron radiation visible at 
radio, X-ray, and optical wavelengths. This afterglow emission outshines 
all other components if the jet is seen on-axis. However, to an off-axis 
observer, it appears as a low-luminosity component delayed by several 
days or weeks.



X-Rays
• No	detec]ons	with		

• Swir/XRT	at	0.6d	(Evans	et	al.	2017)	

• NuSTAR	at	0.7d	(Evans	et	al.	2017)	

• Chandra	at	2.2d	(Margup	et	al.,	GCN	21648)	

• INTEGRAL	up	to	6d	(Savchenko	et	al.	2017).	

• Not	standard	on-axis	SGRB.	

• Detec]on	with	Chandra	at	8.9d	by	our	group	(Troja	et	al.,	
GCN	21765).	

• 12	photons	/	34	authors	=	0.35	photons/author	

• Subsequent	early	monitoring	with	Chandra	at	15.1d	(Troja	
et	al.,	GCN	21787)	and	16.1d	(Haggard	et	al.,	GCN	21798).
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The X-ray counterpart to the gravitational-wave 
event GW170817
E. Troja1,2, L. Piro3, H. van Eerten4, R. T. Wollaeger5, M. Im6, O. D. Fox7, N. R. Butler8, S. B. Cenko2,9, T. Sakamoto10, C. L. Fryer5, 
R. Ricci11, A. Lien2,12, R. E. Ryan Jr7, O. Korobkin5, S.-K. Lee6, J. M. Burgess13, W. H. Lee14, A. M. Watson14, C. Choi6, S. Covino15, 
P. D’Avanzo15, C. J. Fontes5, J. Becerra González16,17, H. G. Khandrika7, J. Kim6, S.-L. Kim18, C.-U. Lee18, H. M. Lee19, 
A. Kutyrev1,2, G. Lim6, R. Sánchez-Ramírez3, S. Veilleux1,9, M. H. Wieringa20 & Y. Yoon6

A long-standing paradigm in astrophysics is that collisions—
or mergers—of two neutron stars form highly relativistic and 
collimated outflows (jets) that power γ-ray bursts of short (less than 
2 seconds) duration1–3. The observational support for this model, 
however, is only indirect4,5. A hitherto outstanding prediction is that 
gravitational-wave events from such mergers should be associated 
with γ-ray bursts, and that a majority of these bursts should be 
seen off-axis, that is, they should point away from Earth6,7. Here 
we report the discovery observations of the X-ray counterpart 
associated with the gravitational-wave event GW170817. Although 
the electromagnetic counterpart at optical and infrared frequencies 
is dominated by the radioactive glow (known as a kilonova because 
it is a thousand times brighter than previously observed novae) 
from freshly synthesized r-process material in the merger ejecta8–10, 
observations at X-ray and, later, radio frequencies are consistent 
with a short γ-ray burst viewed off-axis7,11. Our detection of X-ray 
emission at a location coincident with the kilonova transient 
provides the missing observational link between short γ-ray bursts 
and gravitational waves from neutron-star mergers, and gives 
independent confirmation of the collimated nature of the γ-ray 
burst emission.

On 17 August 2017 at 12:41:04 Universal Time (ut; hereafter T0), 
the Advanced Laser Interferometer Gravitational-Wave Observatory 
(LIGO) detected a gravitational-wave transient from the merger of two 
neutron stars at a distance12 of 40 ± 8  Mpc. Approximately two seconds 
later, a weak γ-ray burst (GRB) of short duration (<2 s) was observed 
by the Fermi Gamma-ray Space Telescope13 and INTEGRAL14. The 
low luminosity of this γ-ray transient was unusual compared to the 
population of short GRBs at cosmological distances15 , and its physical 
connection with the gravitational-wave event remained unclear.

A vigorous observing campaign targeted the localization region 
of the gravitational-wave transient, and rapidly identified a source of 
bright optical, infrared and ultraviolet emission in the early-type galaxy 
NGC 499316,17. This source was designated SSS17a by the Swope team16 
but here we use the official IAU designation, AT 2017gfo.

AT 2017gfo was initially not visible at radio and X-ray wavelengths. 
However, on 26 Aug 2017, we observed the field with the Chandra  
X-ray Observatory and detected X-ray emission at the position  
of AT 2017gfo (Fig. 1). The observed X-ray flux (see Methods) 
implies an isotropic luminosity of 9 ×  1038  erg s− 1 if located in NGC 
4993 at a distance of about 40 Mpc. Further Chandra observations,  
performed between 01 and 02 September 2017, confirmed the presence 
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Figure 1 | Optical/infrared and X-ray images of the counterpart of 
GW170817. a, Hubble Space Telescope observations show a bright and 
red transient in the early-type galaxy NGC 4993, at a projected physical 
offset of about 2 kpc from its nucleus. A similar small offset is observed 

in less than a quarter of short GRBs5 . Dust lanes are visible in the inner 
regions, suggestive of a past merger activity (see Methods). b, Chandra 
observations revealed a faint X-ray source at the position of the optical/
infrared transient. X-ray emission from the galaxy nucleus is also visible.
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A long-standing paradigm in astrophysics is that collisions—
or mergers—of two neutron stars form highly relativistic and 
collimated outflows (jets) that power γ-ray bursts of short (less than 
2 seconds) duration1–3. The observational support for this model, 
however, is only indirect4,5. A hitherto outstanding prediction is that 
gravitational-wave events from such mergers should be associated 
with γ-ray bursts, and that a majority of these bursts should be 
seen off-axis, that is, they should point away from Earth6,7. Here 
we report the discovery observations of the X-ray counterpart 
associated with the gravitational-wave event GW170817. Although 
the electromagnetic counterpart at optical and infrared frequencies 
is dominated by the radioactive glow (known as a kilonova because 
it is a thousand times brighter than previously observed novae) 
from freshly synthesized r-process material in the merger ejecta8–10, 
observations at X-ray and, later, radio frequencies are consistent 
with a short γ-ray burst viewed off-axis7,11. Our detection of X-ray 
emission at a location coincident with the kilonova transient 
provides the missing observational link between short γ-ray bursts 
and gravitational waves from neutron-star mergers, and gives 
independent confirmation of the collimated nature of the γ-ray 
burst emission.

On 17 August 2017 at 12:41:04 Universal Time (ut; hereafter T0), 
the Advanced Laser Interferometer Gravitational-Wave Observatory 
(LIGO) detected a gravitational-wave transient from the merger of two 
neutron stars at a distance12 of 40 ± 8  Mpc. Approximately two seconds 
later, a weak γ-ray burst (GRB) of short duration (<2 s) was observed 
by the Fermi Gamma-ray Space Telescope13 and INTEGRAL14. The 
low luminosity of this γ-ray transient was unusual compared to the 
population of short GRBs at cosmological distances15 , and its physical 
connection with the gravitational-wave event remained unclear.

A vigorous observing campaign targeted the localization region 
of the gravitational-wave transient, and rapidly identified a source of 
bright optical, infrared and ultraviolet emission in the early-type galaxy 
NGC 499316,17. This source was designated SSS17a by the Swope team16 
but here we use the official IAU designation, AT 2017gfo.

AT 2017gfo was initially not visible at radio and X-ray wavelengths. 
However, on 26 Aug 2017, we observed the field with the Chandra  
X-ray Observatory and detected X-ray emission at the position  
of AT 2017gfo (Fig. 1). The observed X-ray flux (see Methods) 
implies an isotropic luminosity of 9 ×  1038  erg s− 1 if located in NGC 
4993 at a distance of about 40 Mpc. Further Chandra observations,  
performed between 01 and 02 September 2017, confirmed the presence 
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Figure 1 | Optical/infrared and X-ray images of the counterpart of 
GW170817. a, Hubble Space Telescope observations show a bright and 
red transient in the early-type galaxy NGC 4993, at a projected physical 
offset of about 2 kpc from its nucleus. A similar small offset is observed 

in less than a quarter of short GRBs5 . Dust lanes are visible in the inner 
regions, suggestive of a past merger activity (see Methods). b, Chandra 
observations revealed a faint X-ray source at the position of the optical/
infrared transient. X-ray emission from the galaxy nucleus is also visible.



What	It’s	Not

• On-Axis	SGRB.	Not	standard	on-axis	SGRB.	X-rays	too	late	and	too	faint	
compared	to	OIR.	

• Dynamical	Ejecta.	Shocks	between	dynamical	ejecta	and	CSM	could	
produce	X-rays,	but	this	would	require	n	>	103	cm-3.	There	is	no	evidence	
for	such	high	densi]es	in	the	photometry	or	spectroscopy.	

•Magnetar.	If	the	merger	product	is	a	rapidly	rota]ng	magne]zed	NS,	it	
could	produce	X-rays,	but	it	is	unlikely	to	be	able	to	sustain	them	for	2	
weeks.	

• Fall-Back	AccreNon.	Could	produce	X-rays,	but	probably	not	radio.
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observed properties of GRB170817A (see Methods). Instead, a struc-
tured jet profile, where the outflow energetics and Lorentz factor vary 
with the angle from the jet axis, can explain both the GRB and afterglow 
properties (Extended Data Fig. 3). Alternatively, the low-luminosity 
γ-ray transient may not trace the prompt GRB emission, but come from 
a broader collimated, mildly relativistic cocoon29.

Another independent constraint on the off-axis geometry comes 
from the spectral and temporal evolution of the kilonova light curves 
(Fig. 3b). The luminous and long-lived optical emission implies that the 

observer intercepts a substantial contribution from the wind compo-
nent along the polar axis, which would be shielded by the lanthanide- 
rich ejecta for an edge-on observer along the equatorial plane (Fig. 4).  
A comparison between the kilonova models30 and our optical- 
infrared photometry favours an off-axis orientation, in which the 
wind is partially obscured by the dynamical ejecta, with an esti-
mated inclination angle anywhere between 20° to 60° (Extended Data  
Fig. 4), depending on the detailed configuration of the dynamical 
ejecta. Taking into account the uncertainties in the model, such as the 
morphologies of the ejecta and the possible different types of wind, 
this is in good agreement with the orientation inferred from afterglow 
modelling. The geometry of the binary merger GW170817 (Fig. 4), 
here primarily constrained through electromagnetic observations, 
could be further refined through a joint analysis with the gravitational- 
wave signal.

The discovery of GW170817 and its X-ray counterpart shows that 
the second generation of gravitational-wave interferometers will enable 
us to uncover a new population of weak and probably off-axis GRBs 
associated with gravitational-wave sources, thus providing an unprece-
dented opportunity to investigate the properties of these cosmic explo-
sions and their progenitors. This paves the way for multi-messenger 
(that is, electromagnetic and gravitational wave radiation) modelling 
of the different aspects of these events, which may potentially help to 
break the degeneracies that exist in the models of neutron-star mergers 
when considered separately.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Multi-wavelength light curves for the counterpart of 
GW170817. a, Temporal evolution of the X-ray and radio counterparts 
of GW170817 compared to the model predictions (thin solid lines) for a 
short GRB afterglow viewed at an angle θv ≈  28°. The thick grey line shows 
the X-ray light curve of the same afterglow as seen on-axis, falling in the 
typical range15 of short GRBs (vertical dashed line). Upper limits are 3σ. 
b, Temporal evolution of the optical and infrared transient AT 2017gfo 
compared with the theoretical predictions (solid lines) for a kilonova seen 

off-axis with viewing angle θv ≈  28°. For comparison with the ground-
based photometry, Hubble Space Telescope measurements (squares) were 
converted to standard filters. Our model includes the contribution from a 
massive, high-speed wind along the polar axis (Mw ≈  0.015M⊙, v ≈  0.08c) 
and from the dynamical ejecta (Mej ≈  0.002M⊙, v ≈  0.2c). The presence of 
a wind is required to explain the bright and long-lived optical emission, 
which is not expected otherwise (see dashed line).
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Figure 4 | Schematic diagram for the geometry of GW170817. Following 
the neutron star merger, a small amount of fast-moving neutron-rich 
ejecta (red shells) emits an isotropic kilonova peaking in the infrared.  
A larger mass neutron-free wind along the polar axis (blue arrows) produces 
kilonova emission peaking at optical wavelengths. This emission, although 
isotropic, is not visible to edge-on observers because it is only visible 
within a range of angles and otherwise shielded by the high-opacity ejecta. 
A collimated jet (black solid cone) emits synchrotron radiation visible at 
radio, X-ray, and optical wavelengths. This afterglow emission outshines 
all other components if the jet is seen on-axis. However, to an off-axis 
observer, it appears as a low-luminosity component delayed by several 
days or weeks.

Early	X-Ray	and	Radio	Data:		
Consistent	with	Off-Axis	AZerglow
• Off-axis	top-hat	jet	can	explain	the	
early	X-rays	and	radio,	but	gives	a	
GRB	that	is	too	faint.	

• GRB	from	precursor	or	cocoon	or	…	

• Off-axis	gaussian	structured	jet	
works	bexer.	Can	explain	early	X-
rays	and	radio	and	the	GRB.	

• A	cocoon	might	might	work	too.	
Not	surprising:	empirically	is	similar	
to	a	structured	jet,	even	if	the	
physical	origin	may	well	be	
different.

Credit:	Troja	et	al.	(2017)



At	25	days

• OIR	consistent	with	kilonova	with	wind	

• GRB	,	X-ray,	and	radio	consistent	with	off-axis	structured	jet	or	
cocoon.	

• So,	astrophysics	strengthens	the	argument	that	

GW170817	=	GRB	170817A	=	SSS17a	(AT	2017gfo)



Late	Radio	Data:		
Keeps	Rising

Credit:	Mooley	et	al.	(2017)

Figure 1. The radio light curve of GW170817. 

Panel (a): The flux densities corresponding to the detections (markers with 1  error bars;⌅

some  data  points  have  errors  smaller  than  the  size  of  the  marker)  and  upper  limits

(markers with downward-pointing arrows) of GW170817 at frequencies ranging from 0.6-

15 GHz between day 16 and day 107 post-merger (ref. 12 and Extended Data Table 1).

Panel (b): Same as the panel (a) but with flux densities corrected for the spectral index =-ɑ

0.61 (see Methods) and early-time, non-constraining, upper limits removed. The fit to the

light curve with the temporal index δ=0.78 (see Methods) is shown as a red line and the

uncertainty in δ (+/-0.05) as the red shaded region. Panel (c): Residual plot after correcting

for  the  spectral  and  temporal  variations.  The  observing  frequencies  are  color  coded

• Mooley	et	al.	(2017)	present	
monitoring	with	the	VLA,	ATCA,	
and	uGMRT.	

• Sν	∝	ν	-0.6	t	+0.8	

• Modelled	as	a	blastwave	with	a	
falling	mass-velocity	profile.	

• Stated	as	being	more	consistent	
with	a	cocoon.
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observed properties of GRB170817A (see Methods). Instead, a struc-
tured jet profile, where the outflow energetics and Lorentz factor vary 
with the angle from the jet axis, can explain both the GRB and afterglow 
properties (Extended Data Fig. 3). Alternatively, the low-luminosity 
γ-ray transient may not trace the prompt GRB emission, but come from 
a broader collimated, mildly relativistic cocoon29.

Another independent constraint on the off-axis geometry comes 
from the spectral and temporal evolution of the kilonova light curves 
(Fig. 3b). The luminous and long-lived optical emission implies that the 

observer intercepts a substantial contribution from the wind compo-
nent along the polar axis, which would be shielded by the lanthanide- 
rich ejecta for an edge-on observer along the equatorial plane (Fig. 4).  
A comparison between the kilonova models30 and our optical- 
infrared photometry favours an off-axis orientation, in which the 
wind is partially obscured by the dynamical ejecta, with an esti-
mated inclination angle anywhere between 20° to 60° (Extended Data  
Fig. 4), depending on the detailed configuration of the dynamical 
ejecta. Taking into account the uncertainties in the model, such as the 
morphologies of the ejecta and the possible different types of wind, 
this is in good agreement with the orientation inferred from afterglow 
modelling. The geometry of the binary merger GW170817 (Fig. 4), 
here primarily constrained through electromagnetic observations, 
could be further refined through a joint analysis with the gravitational- 
wave signal.

The discovery of GW170817 and its X-ray counterpart shows that 
the second generation of gravitational-wave interferometers will enable 
us to uncover a new population of weak and probably off-axis GRBs 
associated with gravitational-wave sources, thus providing an unprece-
dented opportunity to investigate the properties of these cosmic explo-
sions and their progenitors. This paves the way for multi-messenger 
(that is, electromagnetic and gravitational wave radiation) modelling 
of the different aspects of these events, which may potentially help to 
break the degeneracies that exist in the models of neutron-star mergers 
when considered separately.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Multi-wavelength light curves for the counterpart of 
GW170817. a, Temporal evolution of the X-ray and radio counterparts 
of GW170817 compared to the model predictions (thin solid lines) for a 
short GRB afterglow viewed at an angle θv ≈  28°. The thick grey line shows 
the X-ray light curve of the same afterglow as seen on-axis, falling in the 
typical range15 of short GRBs (vertical dashed line). Upper limits are 3σ. 
b, Temporal evolution of the optical and infrared transient AT 2017gfo 
compared with the theoretical predictions (solid lines) for a kilonova seen 

off-axis with viewing angle θv ≈  28°. For comparison with the ground-
based photometry, Hubble Space Telescope measurements (squares) were 
converted to standard filters. Our model includes the contribution from a 
massive, high-speed wind along the polar axis (Mw ≈  0.015M⊙, v ≈  0.08c) 
and from the dynamical ejecta (Mej ≈  0.002M⊙, v ≈  0.2c). The presence of 
a wind is required to explain the bright and long-lived optical emission, 
which is not expected otherwise (see dashed line).
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Figure 4 | Schematic diagram for the geometry of GW170817. Following 
the neutron star merger, a small amount of fast-moving neutron-rich 
ejecta (red shells) emits an isotropic kilonova peaking in the infrared.  
A larger mass neutron-free wind along the polar axis (blue arrows) produces 
kilonova emission peaking at optical wavelengths. This emission, although 
isotropic, is not visible to edge-on observers because it is only visible 
within a range of angles and otherwise shielded by the high-opacity ejecta. 
A collimated jet (black solid cone) emits synchrotron radiation visible at 
radio, X-ray, and optical wavelengths. This afterglow emission outshines 
all other components if the jet is seen on-axis. However, to an off-axis 
observer, it appears as a low-luminosity component delayed by several 
days or weeks.

Late	X-Ray	Data:		
Follows	Radio

• Late	monitoring	with	Chandra	at	
108d	and	111d	by	our	group	and	
others	(Troja	et	al.,	GCN	22201;	
Margup	et	al.,	GCN	22203;	
Haggard	et	al.,	GCN	22206)		

• Flux	had	increased	by	about	a	
factor	of	three	compared	to	16d.	

• Con]nues	to	rise	like	the	radio	
data.	

• Predicted	by	Mooley	et	al.	2017

Credit:	Troja	et	al.	(2017)

New  
Chandra Data



ExplanaNons?

• Mooley	et	al.	(2017)	
propose	a	revised	
cocoon	model	with	
con]nuous	energy	
injec]on.	

• Lazza]	yesterday.  

• Work	in	progress	by	
Geoffrey	Ryan	and	
Hendrik	van	Eerten	
suggest	a	structured	jet	
s]ll	works.

Radio

X-rays

Structured	jet	models

WORK	IN
	PROGR

ESS!



Current	PossibiliNes
Structured	Jet Top-Hat	Jet	plus	Cocoon



At	120	days

• X-ray,	radio,	and	GRBs	STILL	seems	to	be	most	consistent	with	a	
structured	jet	or	jet-driven	cocoon.	

• Early	OIR	STILL	consistent	with	kilonova.	

• Need	to	consider	possibility	of	a	cocoon	in	OIR	modeling	and	
reconsider	whether	we	have	need	a	wind.	

• Need	to	work	on	understanding	the	rela]on	between	GW170817	
and	classical	SGRBs.		

• More	GW	sources	will	help	understand	what	is	common	and	
what	is	unique.



Outlook
• Rate	observed	to	be	1	event	in	14	
months	(5	mo	O1	+	9	mo	O2).	O3	
expected	to	start	in	summer	2018.	
Sensi]vity	improving.	We	expect	to	
see	more	events!	

• If	the	next	NS-NS	merger	is	
observable	from	the	north,	the	
UNAM	transients	group	and	
collaborators	will	be	all	over	it:		

• DDOTI	(Mexican	and	France):	
unbiased	search	and	early	op]cal	
photometry	with	few	minute	
cadence		

• RATIR:	riZYJH	imaging	of	galaxies	
and	candidates	

• COATLI:	op]cal	imaging	of	
galaxies	with	few	minute	
cadence

RATIR

COATLI

DDOTI



Thank	you!	
QuesNons?


