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ABSTRACT

We report our observation of the short gamma-ray burst (GRB) GRB 170817A, associated to the binary neutron star merger gravitational
wave (GW) event GW 170817, performed in the X-ray band with XMM-Newton 135 d after the event (on 29 December, 2017). We find
evidence for a flattening of the X-ray light curve with respect to the previously observed brightening. This is also supported by a
nearly simultaneous optical Hubble Space Telescope observation and successive X-ray Chandra and low-frequency radio observations
recently reported in the literature. Since the optical-to-X-ray spectral slope did not change with respect to previous observations, we
exclude that the change in the temporal evolution of the light curve is due to the passage of the cooling frequency: its origin must
be geometric or dynamical. We interpret all the existing afterglow data with two models: i) a structured jet and ii) a jet-less isotropic
fireball with some stratification in its radial velocity structure. Both models fit the data and predict that the radio flux must decrease
simultaneously with the optical and X-ray emission, making it difficult to distinguish between them at the present stage. Polarimetric
measurements and the rate of short GRB-GW associations in future LIGO/Virgo runs will be key to disentangle these two geometrically

different scenarios.

Key words. gravitational waves — gamma rays: general

1. Introduction

A gravitational wave (GW) event originated by the merger of
a binary neutron star (BNS) system was detected for the first
time by aLIGO/Virgo (GW 170817; Abbott et al. 2017a), and was
found to be associated to the weak short gamma-ray burst (GRB)
GRB 170817A detected by the Fermi and INTEGRAL satellites
(Goldstein et al. 2017; Savchenko et al. 2017), marking the dawn
of multi-messenger astronomy (Abbott et al. 2017b). The prox-
imity of the event ~41 Mpc; Hjorth et al. 2017, Cantiello et al.
2018) and the relative accuracy of the localisation (~30 deg?,
thanks to the joint LIGO and Virgo operation) led to a rapid
(At < 11 h) identification of a relatively bright optical electro-
magnetic counterpart (EM), named AT2017gfo, in the galaxy
NGC 4993 (Arcavi et al. 2017; Coulter et al. 2017; Lipunov et al.
2017; Melandri et al. 2017; Tanvir et al. 2017; Soares-Santos et al.
2017; Valenti et al. 2017). The analysis and modelling of the
spectral characteristics of this source, together with their evolu-
tion with time, resulted in a good match with the expectations for

Article published by EDP Sciences

a “kilonova” (i.e. the emission due to radioactive decay of heavy
nuclei produced through rapid neutron capture; Li & Paczynski
1998), providing the first compelling observational evidence for
the existence of such elusive transient sources (Cowperthwaite
et al. 2017; Drout et al. 2017; Evans et al. 2017; Kasliwal et al.
2017; Nicholl et al. 2017; Pian et al. 2017; Smartt et al. 2017;
Villar et al. 2017). While the bright kilonova associated to GW
170817 has been widely studied and its main properties relatively
well determined, the observations of the short GRB 170817A are
more challenging for the current theoretical frameworks. Indeed,
the properties of this short GRB appear puzzling in the context
of observations collected over the past decades (Berger 2014;
D’Avanzo 2015; Ghirlanda et al. 2015). The prompt y-ray lumi-
nosity was significantly fainter (by a factor ~2500) than typical
short bursts (see, e.g. D’Avanzo et al. 2014). A faint afterglow
was detected in the X-ray and radio bands only at relatively late
times (starting from ~9 and 16 d after the GW/GRB trigger,
respectively; Alexander et al. 2017; Haggard et al. 2017; Hallinan
et al. 2017; Margutti et al. 2017; Troja et al. 2017a), while earlier
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observations provided only upper limits in these bands (Evans
et al. 2017; Hallinan et al. 2017).

Similarly to long bursts, short GRBs are thought to be pro-
duced by a relativistic jet with a typical half-opening angle
Bier ~ 5—15 deg (Fong et al. 2016). However, whether or not BNS
mergers can always efficiently produce a relativistic jet is still
debated (Paschalidis et al. 2015; Ruiz et al. 2016; Kawamura
et al. 2016). Given the small probability that our line of sight
was within the jet half-opening angle, 1 — cos(6}e), it is unlikely
that the first short GRB associated to a GW event had a jet
pointing towards the Earth. The extremely low y-ray luminos-
ity of GRB 170817A has been interpreted as being due to (i)
the debeamed radiation of a jet observed off-beam (i.e. view-
ing angle Oyiew > Bje), provided that the jet bulk Lorentz factor
is significantly smaller than usually assumed (see, e.g. Pian et
al. 2017). Alternatively, the jet could be (ii) structured, with
a fast and energetic inner core surrounded by a slower, less
energetic layer/sheath/cocoon (first proposed for long GRBs —
Lipunov et al. 2001; Rossi et al. 2002; Salafia et al. 2015 —
and only recently extended to short GRBs — Kathirgamaraju
et al. 2018; Lazzati et al. 2017a; Gottlieb et al. 2017; Lazzati
et al. 2017b; Lyman et al. 2018; Margutti et al. 2018; Troja et
al. 2018a). In this scenario the faint, off-beam emission is due
to the slower component, which originates from the interaction
of the jet with the merger dynamical ejecta or the post-merger
winds. Recently, Mooley et al. (2018) suggested the possibil-
ity that (iii) the jet was not successful in excavating its way
through the ambient medium and that GRB 170817A was due
to its vestige, a quasi-isotropic cocoon with a velocity profile.
Last but not least, (iv) a jet-less interpretation of GRB 17017A
could still be viable: an isotropic fireball, expanding ahead of the
kilonova ejecta, which could account for both the low luminos-
ity of the y-ray event and the properties of the EM component
in the radio and X-ray bands (Salafia et al. 2017). In this case,
all BNS mergers should have this kind of faint, hard X-ray
counterpart. All of the above scenarios have relatively clear
predictions for the temporal and spectral evolution of the elec-
tromagnetic emission from X-rays to the radio band. A compre-
hensive discussion of the possible physical scenarios leading to
the observed broad-band emission of GW 170817/GRB 170817A
can be found in Nakar & Piran (2018). Recent radio and X-ray
observations (Mooley et al. 2018; Margutti et al. 2018; Ruan
et al. 2018; Troja et al. 2018a), carried out until ~110-115d
after the event, indicate that the source flux is steadily ris-
ing and that the spectral energy distribution (SED) over these
bands is consistent with a single power-law component. These
results disfavour interpretation (i) reported above (an off-beam
homogeneous jet).

In this Letter we present deep, late-time X-ray observations
of GW 170817/GRB 170817A carried out ~135 days after the
event with the XMM-Newton satellite, showing evidence for a
a change in the temporal slope, indicating a flattening in the
afterglow emission (Sect. 2). In Sect. 3 we interpret and discuss
all the available afterglow data of GW 170817 / GRB 170817A
under the structured jet and jet-less scenarios mentioned above
and summarise our conclusions in Sect. 4.

2. Observations and data analysis

XMM-Newton started observing GW 170817 on 29 December
2017 at 19:00:11 UT, 134.5 d after the GW event. XMM-Newton
observed for 41.3 ks (42.8 ks) with the pn (MOS) detector,
all equipped with the thin filter. Two large background flares
occurred during the observation, reducing the usable time to
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Fig. 1. X-ray image obtained by co-adding the XMM-Newton pn
and MOS data presented in this paper. The X-ray emission of
GW 170817/GRB 170817A (upper circle, 4” radius) is clearly visible
close to the nucleus of its host galaxy NGC 4993 (lower circle).

26.0 and 29.6 ks for the pn and MOS detectors, respectively.
The centre of NGC 4993 lies at only 10” from GW 170817 (see
Fig. 1) and particular care must be taken. We extracted products
using a region of 4" radius centred on the optical position of
GW 170817/GRB 170817A (Coulter et al. 2017). The background
has been extracted from two 4" regions, at the same distance
from the host galaxy centre, one opposite to GW 170817 and
the other to the north-east (thus avoiding the source detected by
Chandra, named “S2” in Margutti et al. (2018), in the south-
west region). We gathered (source plus background) 60, 15 and
15 counts from the pn, MOS1 and MOS2 detectors, respectively,
with the source making 70—80% of the total. Response matri-
ces were generated with the package SAS v16.1 using the latest
calibration products.

Spectra were rebinned to five counts per spectral bin and
C-statistics was adopted for the fits. We fit the three spectra
with an absorbed power law model with the column density
fixed to a Galactic value of 7.84 x 10%° cm™ (Kalberla et al.
2005). A 90% confidence level (c.1.) upper limit on the intrinsic
absorption is <1.1 x 10>' cm™2. The best fit provides a photon
index T = 1.7 (90% c.1.) and a 0.3-10 keV unabsorbed flux
Fx = (2.17}1) x 107" erg cm™? s™'. This fit and its uncertainty
region are shown in Fig. 2 by the dot—dashed line and the grey
shaded region, respectively. The XMM-Newton de-absorbed data
are also shown in Fig. 2 (blue points).

Motivated by the almost simultaneous XMM-Newton and
HST observations (~137 d after the event; Margutti et al. 2018),
we dereddened’ the optical AB magnitude magggoew = 26.90 £
0.25 reported by these authors and we fitted together optical and
X-ray data. Thanks to the large leverage in terms of energy range,
we tightly constrain the overall power law photon index to I' =
1.60 +0.05. This fit is shown by the dashed red line and its uncer-
tainty by the yellow shaded region in Fig. 2. Adopting this index
in the range 0.3-10 keV, the unabsorbed flux is Fx = (2.1*7) x
10~ erg cm™2 s~!, which translates to a luminosity Ly = 4 x
10*° erg s~! (at 41 Mpc). The XMM-Newton flux and photon
index are fully consistent with the values found about one month
before and after our observation by Chandra (namely, a 0.3—
10 keV unabsorbed flux Fyx = (2.5 + 0.3) x 107'% erg cm™2 s~!
and Fy = (2.6 £ 0.3) x 107'* erg cm™? s~! measured at ~109
and 159 days after the GW trigger, respectively; Margutti et al.
2018; Troja et al. 2018a,b) and indicate that the GW 170817 flux
stopped increasing.

I We corrected for Galactic extinction assuming E(B—V) = 0.105 mag
(Schlafly & Finkbeiner 2011).
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Fig. 2. Optical to X-ray spectrum of GRB 170817A. XMM-Newton data
points (blue, this work) and HST contemporaneous detection (red circle)
are shown. The grey shaded region shows the 90% uncertainty on the
fit of the XMM-Newton data alone (dot-dashed line). The fit obtained
combining the de-reddened HST flux (from Margutti et al. 2018) and
our XMM-Newton data results in a photon index of 1.6 (dotted red line)
with an error of +0.05 (90% c.l. — yellow shaded region).

3. Interpretation and discussion

Figure 3 shows the afterglow data published in the literature to
date, together with our XMM-Newton point obtained at ~135 d
(light blue circle). All radio and X-ray detections of GRB
170817 A reported so far covering the time range between ~9 and
~115 d after the event indicated a steady increase of the source
flux (F(¢) o< 7798 with negligible spectral evolution over a
broadband spectrum (F, o v~¢; Mooley et al. 2018; Margutti
et al. 2018; Ruan et al. 2018; Troja et al. 2018a). By compar-
ing the nearly simultaneous XMM-Newton and HST observations
(see Sect. 2) we find that the SED at the epoch of our XMM-
Newton observation is still consistent with a single power—law
component between the X-ray and the optical, with F, oc v0¢
(Fig. 2). Given the lack of spectral evolution, we found it rea-
sonable to assume that the light curve is evolving in the same
way at all wavelengths and carried out a combined fit of the
available radio (3 GHz), opti(:al2 and X-ray (0.3-10 keV) data
obtained between ~9 and ~159 d after the event (Hallinan et al.
2017; Mooley et al. 2018; Lyman et al. 2018; Margutti et al. 2018;
Troja et al. 2018a,b). Using an F-test we compared the joined fit
obtained with a single and a broken power-law model. We find
that a temporal break is required at 1.940 (95% c.1.). While with
a single power-law (F () oc t*) model we obtain an index a ~ 0.8,
in agreement with other findings (Mooley et al. 2018; Margutti
et al. 2018; Troja et al. 2018a), at the same time we note that both
the XMM-Newton (this work) and Chandra’ (Troja et al. 2018b)
data points obtained at successive epochs over two months fall
below the extrapolation of the best fit (by 1.5 and 2.7 sigma,
respectively). Such an increasing divergence, together with the

2 Concerning the optical band, we included in our fit only the HST
data (F606W filter) obtained at ~110 and ~137 d after the GW trigger,
that is, those obtained when the thermal component due to the kilonova
emission is no longer contributing (Lyman et al. 2018; Margutti et al.
2018).

3 A different result, with a X-ray light curve consistent with a *7 rise, is
found by Haggard et al. (2018), based on the same Chandra observations
used by Troja et al. (2018b), although these authors reported their results
in a slightly different energy band.

tOA7

mild indication of a temporal break provided by the F-test, is
indicative of a change in the slope, with a flattening, of the X-ray
light curve with respect to the brightening trend observed in the
X-ray and radio bands at earlier epochs. This change in the light
curve temporal evolution is observed also in the optical band by
the HST observations carried out at ~110 and ~137 d with HST
(Lyman et al. 2018; Margutti et al. 2018; see also Fig. 3). Fur-
thermore, the evidence for a possible plateau in the light curve
has recently been found in low-frequency radio data obtained
between 66 and 152 days after the event (Resmi et al. 2018),
although the relatively poor temporal sampling prevents us from
firmly excluding a rising trend. Overall, the multi-wavelength
behaviour of the afterglow provides an indication that the light
curve is changing slope (see also Dobie et al. 2018), even if it
is too early to constrain the temporal evolution after the break,
since at this epoch we are still sampling its turning point.

The X-ray spectrum expected if the cooling frequency has
transitioned below the X-ray band (between the earlier Chandra
observation and our XMM-Newton epoch) has a photon index
of 2.1 and predicts an optical flux that is inconsistent with that
observed by HST at almost the same epoch. We can therefore
exclude this explanation of the observed optical and X-ray light
curve peak. We rather interpret it as being due to a dynamical or
geometric effect. We interpret the optical and X-ray light curve
within two possible scenarios: (i) a structured jet, in which case
the decline of the optical and X-ray fluxes indicates that the emis-
sion from the jet core has entered our line of sight (i.e. the core
has decelerated down to a Lorentz factor I' ~ HJiICW); or (ii) an
isotropic (Salafia et al. 2017) and stratified fireball with a veloc-
ity profile, like that described in Mooley et al. (2018), in which
case the light curve peak indicates that the velocity profile has a
rather sharp cut-off at Buin = Umin/c ~ 0.88.

3.1. The structured jet model

If a jet is launched after the merger, it must excavate its way out
of the inner region, which can be baryon-polluted due to the post-
merger winds and the dynamical ejecta. The propagation through
such ambient material is likely to play a major role in shaping
the jet angular distribution of energy and terminal Lorentz fac-
tor at breakout (see e.g. the simulations by Lazzati et al. 2017b).
The resulting jet structure features an inner, narrow, faster core
with a relatively uniform distribution of kinetic energy per unit
solid angle, surrounded by a slower, extended structure whose
kinetic energy per unit solid angle decreases relatively quickly
with the distance from the jet axis. This latter structure can be
identified as the vestige of the jet cocoon (constituted by the jet
and ambient material that has been shocked during the exca-
vation). Guided by this picture, we employ a simple structured
jet model, in which both the isotropic equivalent kinetic energy
Ex iso and the bulk Lorentz factor I" are approximately constant
within a narrow core of half-opening angle 6., and decrease as
power-laws outside of it:

EKisocore
Eg iso(f) = —— e 1
R E T W
and
Teore — 1
Lo(0) = 1+ ——= (2)

1 + (Q/GCOI'C)S2 .

We model the dynamics of the jet with the simplifying assump-
tion that each solid angle element evolves independently (i.e.
we neglect side expansion, which should have a limited effect
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Table 1. Parameters of the structured jet and isotropic outflow models
shown in Fig. 3. Units in square parentheses.

Structured jet Isotropic outflow

gcore [deg] 2

EK,iso,core [erg] I x 1052 EO [erg] 3x 1051
S1 35 | a 5
Ieore 110 | Tjpax 3.8
S2 2 ﬂmin 0.875
Oview 22.5

n [cm™3] 1073 | n[em™@] 2x10™*
€ 0.06 | e 0.1
€ 0.01 | e 0.01
p 213 | p 2.14

on the light curve, see e.g. Granot & Kumar 2003; Lazzati
et al. 2017b; Lamb & Kobayashi 2017). For each solid angle
element, we model the emission following Sari et al. (1998),
with the proper transformations to the off-axis observer frame.
The ambient medium is assumed to have a constant number
density n. The parameters of the structured jet model shown in
Fig. 3 (dashed lines) are reported in Table 1 (where €, and €5 are
the shock energy carried by the electrons and by the magnetic
field, respectively, and p is the electron energy distribution
index). With the given parameters, the total kinetic energy in
the jet is Ej ~ 1.1 x 10% erg (for one jet), which is just what
is expected for a standard short GRB jet (Hotokezaka et al.
2016). Different structured jet scenarios have been proposed to
model the afterglow light curves of GRB 170817A by Lazzati
et al. (2017b), Lyman et al. (2018), Margutti et al. (2018) and
Troja et al. (2018a). As in our case described above, the models
presented in Lyman et al. (2018), Margutti et al. (2018) and
Troja et al. (2018a) can account for the change in the slope
observed in the X-ray and optical light curve at r ~ 110—-130
d, predicting a relatively long plateau at these epochs. We note,
however, that all the proposed models are very similar and that
the diversity in the predictions can be ascribed to a combination
of differences in the jet structure (including the opening angle
of the relativistic core) and the density of the environment, and
to the different choice of the microphysical parameters, that can
be better constrained with future multi-band observations.

3.2. The isotropic outflow model

Salafia et al. (2018) proposed a scenario where a reconnection—
powered isotropic fireball is launched at the beginning of the
neutron-star merger phase. The simple model sketched there
assumed a uniform energy profile in the fireball; however, the
described process may also produce a fireball with an energy
profile like that described in Mooley et al. (2018). In what fol-
lows, we adopt a similar model to that in Mooley et al. (2018)
to describe the light curve in our jet-less scenario, with the dif-
ference that we take into account the proper equal-arrival-time
surfaces in the computation of the observed flux. In this sce-
nario, an isotropic (or quasi-isotropic) outflow is launched, with
a distribution of energy in momentum space given by:

E(> 1) = Eo(Tp)™7, 3)
between the minimum and maximum Lorentz factors I'min, I'max
or equivalently the minimum and maximum velocities Bmin, Bmax-

The interaction with the ISM results in a shock whose dynamics
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Fig. 3. Left-hand panel: GRB 170817A afterglow light curves in radio at
3 GHz and 6 GHz (red and orange stars, respectively, VLA observations
— data from Hallinan et al. 2017; Mooley et al. 2018), in the optical
(green stars, HST/ACS observations in the F606W filter — data from
Lyman et al. 2018 and Margutti et al. 2018) and in the X-rays (blue stars:
Chandra observations, data from Margutti et al. 2018; Troja et al. 2018b;
light blue circle: our XMM-Newton observation). Thick coloured solid
lines represent our isotropic fireball model (corresponding to either the
jet-less scenario outlined in Salafia et al. 2017, or the choked jet scenario
proposed by Mooley et al. 2018). The brown dashed lines represent our
structured jet model. The parameters of both models are reported in
Table 1. Upper right-hand panel: the jet structure assumed in our model.
The red line represents the isotropic equivalent kinetic energy, while the
blue line shows the Lorentz factor. Lower right-hand panel: the red line
shows the peak time of the isotropic outflow light curve as a function
of the minimum velocity By, in the velocity profile. The dashed lines
mark the value we employed in the modelling.

reflect the fact that slower (but more energetic) ejecta progres-
sively cross the reverse shock, reducing the deceleration. The
evolution of the forward shock radius (Hotokezaka et al. 2016) is
given by

gnR3mpn(c,3F)2 = ECIp), “)

where m,, is the proton mass. As soon as all the outflow material
has gone across the reverse shock, that is, after the minimum
ejecta velocity SBnin has been reached, the dynamics turn into
simple adiabatic expansion, with I8 o« R=3/> (Nava et al. 2013).
We model the synchrotron emission from the shock-heated elec-
trons following Sari et al. (1998), just as in the structured jet
model. The parameters are essentially the same as in Mooley
et al. (2018), except for the slightly lower value of the electron
energy power law slope p = 2.14, which provides a better agree-
ment to the broadband spectrum (see e.g. Margutti et al. 2018
therein Fig. 6), and for the introduction of the minimum ejecta
velocity Buin in order to account for the peak in the light curve.
The parameters of the isotropic outflow model shown in Fig. 3
(solid lines) are reported in Table 1. The value By, = 0.875
we employed in the modelling implies a total kinetic energy
Eit = 1.6 x 100 erg (assuming spherical geometry).

4. Conclusions

The XMM-Newton late-time observations of the afterglow of
GRB 170817A associated to the BNS merger event GW 170817
presented in this work show evidence that the X-ray flux had
flattened during the last two months of data collection (Dec
2017-Jan 2018). This is supported by the latest HST observations
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at the same epoch (Margutti et al. 2018), by later Chandra X-ray
observations (Troja et al. 2018b) and by late-time GMRT low-
frequency radio observations (Resmi et al. 2018). The combined
spectrum obtained with nearly simultaneous XMM-Newton and
HST data show no spectral evolution with respect to previous
observations, suggesting a geometric or dynamical origin for the
decrease in flux observed in the afterglow light curve. We mod-
elled the observed X-ray, optical, and radio afterglow emission
as (i) the deceleration peak of the core of a structured jet (as
described in Sect 3.1) pointing away from our line of sight or
(i) the deceleration of an isotropic fireball with a radial velocity
structure. We found that both models successfully reproduce the
available data, which is not surprising since in both cases we are
still observing the emission from the slower ejecta. The similar-
ity of the light curves of the two models as shown in Fig. 3 may
require some independent measurements to disentangle between
these two possible scenarios. A possible diagnostic test able to
discriminate between isotropic and jetted geometries is based on
linear polarisation measurements, given that, to observe polari-
sation, some degree of asymmetry is needed (Rossi et al. 2004;
Covino & Gotz et al. 2016 and references therein). A general
prediction for late-time afterglows is that they can show linear
polarisation even up to a fairly high level (~10%) depending on
the assumed geometry (see Rossi et al. 2004 for more details).
With the presently available technologies, for the AT2017gfo at
late times, such a measurement is very demanding and could
only be feasible (in the most optimistic case, i.e. for polarisa-
tion levels of 5-10%) at radio wavelengths*. On the contrary,
no polarisation is essentially expected for an isotropic emission.
However, while detection of linear polarisation would be a clear
indication of a jetted geometry, a null result may not be conclu-
sive. At radio frequencies, linear polarisation can be detected at
frequencies higher than the self-absorption frequency but it can
also be suppressed by Faraday rotation depending on the spe-
cific micro-physical parameters (Toma et al. 2008), making the
interpretation of null polarisation difficult and possibly incon-
clusive® without meaningful observations at higher frequencies.
Besides this, such a different geometry is expected to signifi-
cantly affect the rate of burst, similar to GRB 170817A observed
in association with GW events detected during the forthcoming
LIGO/Virgo observing runs (Ghirlanda et al., in prep.).
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