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The discovery of the electromagnetic counterpart AT2017gfo and the GRB 170817A, associated to
the binary neutron star merger GW 170817, was one of the major advances in the study of gamma-
ray bursts (GRBs) and the hallmark of the multi-messenger astronomy with gravitational waves.
Another breakthrough in GRB physics is represented by the discovery of the highly energetic,
teraelectronvolt (TeV) component in the GRB 190114C, possibly an universal component in all
GRBs. This conclusion is also suggested by the hint of TeV emission in the short GRB 160821B
and a few more events reported in the literature. The missing observational piece is the joint
detection of TeV emission and gravitational waves from a short GRB and its progenitor. MAGIC
observed the counterpart AT2017gfo as soon as the visibility conditions allowed it, namely from
January to June 2018. These observations correspond to the maximum flux level observed in the
radio and X-ray bands. The upper limits derived from TeV observations are compared with the

modelling of the late non-thermal emission using the multi-frequency SED.
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1. Introduction

The first detection of gravitational waves (GWs) from the coalescence of binary systems
formed by two stellar mass black holes, GW150914 [1], commenced the era of the GW astronomy.
The successive joint GW and electromagnetic (EM) observations from the binary neutron star
(BNS) merger GW170817 [2—4] set the beginning of the multi-messenger astronomy with GWs.
GW170817 was observed by Advanced LIGO [5] and Advanced Virgo [6] and was associated to the
short Gamma-ray Burst GRB 170817A detected by Fermi-GBM [7] and INTEGRAL [8]. The joint
GW-EM detection provided the first strong evidence of the association between (at least a fraction
of) BNS and short-GRBs, envisaged by theoretical descriptions of the BNS coalescence [9] and by
observational clues on short-GRB [10].

The prediction of the isotropic optical and near-infrared source powered by the decay of
radioactive nuclei generated by r-process nucleosynthesis in the ejecta formed after the coalescence,
was also confirmed with the discovery of the optical/IR counterpart AT 2017gfo, the long-sought
kilonova, hosted in the galaxy NGC 4993 placed at a distance of 40 Mpc.

Interestingly an X-ray and radio counterpart did emerge in the days after the burst, later
identified as the GRB afterglow non-thermal emission [11] (also [12] and references therein). The
late increasing afterglow emission is expected by the interaction of a off-axis jet (whose axis is not
aligned by several degrees with the line of sight) with the surrounding medium. In fact, the strongly
beamed emission prevents the detection at off-axis angles until the bulk Lorentz factor, I'(z), of the
collimated outflow is reduced by the deceleration of the jet; during the deceleration, the beaming
cone angle (~ 1/I'(¢)) widens, eventually including the observer. The net effect is a delayed
emission, whose intensity and delay depends on the off-axis angle. Successive radio interferometry
observations did confirm the interpretation of the radio to X-ray emission as originated by an off-
axis, structured jet with a viewing angle of ~ 30deg [11, 13, 14]. The radio and X-ray emission did
increase in the weeks following the merger, reaching a maximum after ~ 155 days post-merger, as
visible in figure 1. The measurement of a superluminal motion in the radio [14, 32] confirmed the
emergence of a narrow and relativistic jet, further supporting the oftf-axis scenario.

Up to today, GW170817 is the only GW event detected by Advanced LIGO and Advanced
Virgo with EM counterparts, despite the several successive GW detections, mostly from binary
black-hole mergers candidates [15, 16] (see, however, [17]).

GRBs afterglows are also known to emit very-high energy (VHE, > 100 GeV) gamma-rays,
as shown by the observations of the long-GRBs GRB 190114C and the short-GRB 160821B by
MAGIC [18, 19] and GRB 180720B and GRB 190829a by H.E.S.S. [20, 23]. The GeV-TeV
emission from GRB 190114C clearly points to a new energetic component [25], predicted by a few
models, and for which only observational, not conclusive, clues were available [33]. Interestingly,
a single synchrotron component from the X-ray to TeV has been suggestion to explain the TeV
emission from GRB 190829A (see [23], but also [24]). A strong hint of VHE emission has been
seen by MAGIC on the short-GRB 160821B [19], providing a compelling clue on the detectability
of TeV emission from GW counterparts from compact object mergers. A follow-up of GW170817
has been performed by H.E.S.S., but no VHE counterpart was found, neither immediately after the
burst [21], nor in late observations [22].

In this work we describe the follow-up campaign performed by the two 17-m MAGIC Cherenkov
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telescopes in the months following the detection of GW170817 (Sec. 2) and the interpretation of
the multi-wavelength (MWL) SED, in view of the numerous MWL observations performed from
January to June 2018 (Sec. 3 and 4). The conclusions show that the capability of TeV measurements
in constraining the physical parameters of the off-axis GRB model, depends strongly on the viewing
angle and on the density of the merger environment.

2. MAGIC follow-up observations of GW170817

Starting from mid-December 2017/January 2018, the sky region hosting the optical counterpart
associated to the GW170817, became visible to the MAGIC Cherenkov telescopes (located on the
Canary Island of La Palma, Spain, Long.: -17.88, Lat.:+28.7) at zenith angles between 50 and
~ 60 deg, corresponding to the maximum for the standard observing mode [26, 27].

MAGIC follow-up observations were performed for a total amount of ~ 9.5 hrs in 10 different nights
from January to June 2018. The observing periods are shown in figure 1, superimposed to the radio
and X-ray lightcurves of the afterglow of GW 170817, extracted from [14]. The MAGIC data were
taken in dark conditions, in absence of Moon, thus with a level of the night sky background (NSB)
light relatively low. Only the data taken in good weather conditions, for which the transmission at
a height of 9 km was above 85% were selected for the analysis. The estimation of the atmospheric
transmission was provided by the LIDAR instrument, installed at the MAGIC site [28].

The standard data analysis chain with the MAGIC software package MARS [29] was used. No
significant VHE emission was found. A set of upper limits (ULs) were evaluated in order to
constrain the photon flux in the VHE band. The calculation was performed assuming a simple
power law function for the intrinsic gamma-ray differential photon spectrum dN/dE = E~ using
the Rolke algorithm [30], with a confidence level (CL) of 95% and a total systematic uncertainty
on the detection efficiency of 30%. Three different photon indexes @ = 1.5,2.0, 2.5 were chosen.
The absorption due to the extragalactic background light (EBL) model was taken into account as
described in [31]-EBL model. The energy threshold of the event, calculated as the peak of the MC
reconstructed energy distribution weighted for a spectrum with spectral index a = 2, was estimated
to be ~ 400 GeV. The resulting UL calculated for E > 400 GeV is 3.6 x 102 ergcm™2s~! for
a = 2.0. This value varies within 15% when different slopes between 1.5 and 2.5 are considered.



MAGIC Follow-up of GW170817 A. Stamerra, O. S. Salafia, D. Miceli and C. Righi

Figure 2: Geometry of the off-axis
structured jet afterglow model. The jet
is divided into thin annuli centered on
annulus the jet axis. In each annulus, the shock
dynamics is computed from energy
conservation. The annulus is then
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3. The multi-wavelength SED

The description and modeling of the non-thermal emission originating in the narrow (6., ~

3°), relativistic and energetic (Eisotropic,jet—core ~ 2 X 102

erg) jet, is done through the multi-
wavelength spectral energy distribution (SED), built using the radio, optical and X-ray data gathered
in [37]. They are shown in Figure 3 as computed at 123 and 195 days post-merger. The interfero-
metric measurements with VLBI provides the measurement of the displacement of the radio-core
of the jet (the centroid of the radio emission)[14, 32], setting a limit on the viewing angle.

The spectrum of the X-ray emission measured by Chandra and XMM-Newton observatories is

+0.19
-0.15

index ~ 1.57 from radio to X-ray. This points at a single power-law component from radio up to

well described by a single power-law with photon index @ = 1.54 consistent with the spectral

X-rays, without an indication of a turnover up to ~ 10 keV.

4. The expected self-Compton emission and the TeV limits

In order to compute the emission from the shock that arises as the structured jet sweeps the
interstellar medium (ISM), we employ the same model as [14], described in detail in [34]. In brief,
we divide the shock into thin annuli with a logarithmic grid in the polar angle, centered on the jet
axis (see Fig. 2). In each annulus, we compute the shock dynamics from energy conservation: the
jet isotropic-equivalent kinetic energy at angle 6 is assumed to have the form

E.
Ex iso(0) = —————, 1
K,1so( ) 1+(9/9c)sl ( )
while the jet Lorentz factor is
o) =14 —< )
T T T (060

where 6. is the half-opening angle of the jet core, and E., I'c, s; and s, are parameters. The
isotropic-equivalent mass swept when the shock has reached a radius R is m(R) = 471R3nmp /3,
where n is the ISM number density and m, is the proton mass. The shock dynamics, that is,
the evolution of the shocked material Lorentz factor I'(8, R) as a function of the radius R at each
angle 0, is obtained by enforcing the approximate energy conservation condition [35] Ex is0(0) =
I'(6, R)Ex iso(0)/T0(0) +T2(6, R)ym(R)c?. We neglect lateral energy transport as it is unimportant
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Figure 3: Expected Synchrotron and self-Compton emission at 155 days post-merger, using the best-fit
parameters obtained from the radio, optical and X-ray light curves and the apparent displacement of the
VLBI centroid, as measured in [14]. Small circles with error bars show GRB 170817A data [37] between
123 and 195 days (+0.1 dex from 155 days), while our upper limit is shown in the upper right corner of the
plot.

at the times considered [36], so that we can consider annuli to evolve independently of each other.
In each annulus, relativistic electrons are assumed to be injected in the shock downstream with a
power law energy distribution dne/dy o y~P, where vy is the electron Lorentz factor in the fluid
comoving frame, due to in situ acceleration. Electrons are assumed to hold a constant fraction
€. of the available energy density in the shock downstream, while an effectively isotropic, small-
scale-turbulence-amplified magnetic field is assumed to hold another fraction eg. Electron cooling
is computed accounting for synchrotron and self-Compton losses, and the total emission is finally
integrated over equal-arrival-time surfaces, accounting for relativistic beaming and for the off-axis
viewing angle 8,. In Figure 3 we show (red solid line) the predicted spectral energy distribution
at 155 days post-merger, including synchrotron and self-Compton emission, using the best fit
parameters obtained in [14] by fitting the model to the multi-wavelength data, including the radio
VLBI centroid displacement. The light pink (resp. dark pink) band shows the 90% (resp. 50%)
confidence band obtained by propagating the uncertainties on the parameters.

Figure 4 shows the magnetic field strength in the shock downstream at the same time, computed
as a surface-brightness-weighted average over the equal-arrival-time surface, namely

S dg [T sin0do 1,(6, 6) B(6, 9)
S de [T sin0do 1,6, 9)

where 1,,(6, ¢) is the surface brightness of the (6, ¢) point of the equal-arrival-time surface at
observer frequency v and B(6, ¢) is the downstream magnetic field at the corresponding position

B= 3)
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of the shock. We set v = 10'* Hz as this is where the typical seed photons of the inverse-Compton-

scattered 1 TeV photons lie. The result is B(155d) = 240t5138 UG, with 68% confidence error bars

propagated from the model parameter uncertainties This can be compared with a simple analytical
estimate from the standard afterglow model [38], which reads
/2 5/81/8 -3/8

B ~ 130 €5 4N, Eg, ! obs.2 uG @

where O, = 10*Q for any quantity Q, and all quantities are in cgs units except for the observer

time fops Which is expressed in days. The formula can be applied to the structured jet core (which

dominates the emission at our times), as the jet is effectively on-axis after the lightcurve peak. With

the best fit parameters from [14], this yields B ~ 190 uG, in good agreement with the more refined
estimate above.

5. Conclusions

MAGIC upper limits, and in general any measurement by the present generation of Cherenkov
telescopes, are not sensitive enough to constrain the expected synchrotron self-Compton (SSC)
emission predicted in this work, even when considering the parameter uncertainties (as shown by
the shaded area in Figure 3). We note that the model parameters we use here were derived by fitting
the emission model (which is based on detailed physical modelling of the shock dynamics and of
its emission) to the available multi-wavelength light curves, and to the radio-centroid displacement
observed with VLBI. While an attempt at modelling a SED with an SSC model at a single time
might result in different fit parameters with a higher TeV emission, as in [22], this would not be
consistent with the observed evolution and would not provide a physically viable description of the
late afterglow of GRB 170817.

While this might seem daunting for what concerns the prospects for VHE detection of electro-
magnetic counterparts to GW sources, we note that some particular conditions in this source were
not particularly favourable, such as the low interstellar medium density n < 10™*cm™ and the
relatively large viewing angle 6, ~ 15 — 25deg. A smaller viewing angle would have anticipated
the time at which the light curve would have resembled that of an on-axis jet, leading to a larger
peak luminosity; a larger interstellar medium density (the GW 170817 one was low when compared
to the distribution of SGRBs, see e.g. [39]) would make the emission brighter in general (apart from
low radio frequencies, where synchrotron self-absorption may come into play). As an example, we
show in Figure 5 light curves at 1 TeV for a jet with the same parameters as that of GW170817,
but placed in a slightly denser interstellar medium with n = 5 x 1072 cm™3, which corresponds
to the median of the short GRB sample of [39]. Different colours show different viewing angles.
For a similar sensitivity as that reached in our observations described above, such a jet would be
detectable at peak for viewing angles 6.y < 10 deg, while next-generation facilities would be able
to detect the emission at larger viewing angles.

A possibly even more favourable scenario would be represented by the presence of a significant
interaction between the relativistic electrons in the structured jet forward shock with an external
radiation field, e.g. the optical/IR emission of the kilonova [40]. This would further enhance the
resulting inverse Compton emission.
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