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Abstract

We investigate non-thermal electron and nuclei energy losses within the
binary neutron star merger remnant produced by the event GW170817.
The lack of a cooling feature within the detected synchrotron emission from
the source is used to constrain the magnetic field at the mG level, assuming
that this emission is electron synchrotron in origin, and that the accelerated
spectrum in the electrons follows the form dN/dE, o< E;2. The level of
subsequent gamma-ray emission from the source is demonstrated to provide
a further constraint on the source magnetic field strength. We also put
forward alternative strong (~G) magnetic field scenarios able to support
this emission. For such stronger fields, the photo-disintegration of non-
thermal nuclei within the source is considered, and a bottleneck period of
~5-30 days is found when this process peaks. We find that this class of
source is in principle able to support the population of cosmic rays detected
at Earth below the “ankle”.

Keywords: astrophysics

1. Introduction

The gravitational wave event detected on 17 August, 2017 [1] origi-
nated from the first discovered binary neutron star (BNS) merger event
GW170817. Immediately following this event (within 2 s), prompt short
GRB emission was detected by both Fermi-GBM and the INTEGRAL-SPI
detectors [2, 3]. Subsequently, a relatively bright electromagnetic counter-
part, EM170817, was discovered in optical bands [4, 5, 6, 7, 8]. This optical
counterpart is associated to emission from the remnant. An estimation on
the distance to the remnant from the GW signal was found to be consistent
with that of the nearby galaxy NGC 4993 [9] (~40 Mpc), connecting the
GW source with this host galaxy.
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Subsequent non-thermal observations of the remnant in both radio and
X-ray bands [10, 11, 12, 13| indicated that efficient in situ particle accel-
eration is taking place within the source. This emission was observed to
brighten as a power-law in time for a timescale of ~160 days, with the
apparent recent onset of a dimming of the source [14, 15].

The outflowing kinetic energy (KE) released in the blast wave, estimated
from gravitational binding energy considerations, may be of the order of
10°0-52 erg. An approximate value of total KE in the outflow of 10%! erg
would be consistent with an estimated mass of 1072 M, of material be-
ing ejected with velocity 8 = 0.2. The total number of electrons in the
outflow is then N, = 10°°, which means at late times (¢ ~ 100 days), the
estimated average density of material in the outflow is 7 ~ 2 x 10* cm™3.
Depending on the rate at which the blast wave entrains material, the non-
thermal energy density in the relativistic particles, and magnetic field, may
eventually rise up into closer balance with the outflowing ram pressure
(Pram ~ 1011 eV cm_3) on the Sedov-phase timescale.

For such a massive compact outflow, two important timescales are worth
noting. Firstly, the opacity of the source to its own radiation is

N.orR N, or o\ 2
T = ~ ~ .
7 Vv 4(Bet)? 2 days

(1)

Thus, the early compact source would be expected to have undergone a
transition from being optically thick to thin on a timescale of t ~ 2 days
(see also [16]).

Secondly, adopting an ejecta mass of 1072M, the Sedov phase
occurs when 7 = M/m,(Bct)3, giving

4 =3\ 1/3
t:&Gif<H)§n> yr, 2)
Thus, depending on the mean ambient density that the remnant
expands into (72), the non-thermal brightening of the source would
be expected to cease on a ~ 100 day timescale.

The case for late-time acceleration of particles in outflows from BNS
merger events was anticipated in [17]. These authors motivated the mag-
netic fields to be ~mG in strength, an outflow mass of ~ 1072 M, and a
non-relativistic shock speed, and inferred a maximum proton energy of ~
10'7 eV for the case of particle acceleration up to the deceleration timescale
tgec = 1 yr, after which the outflows velocity starts to decelerate (presumed
to reach the Sedov phase). Indeed, the mildly relativistic aspect of these



outflows motivates them as interesting cosmic ray (CR) acceleration sites
on theoretical grounds [18]. Thus, these sources can be naturally motivated
to be potential accelerators of extragalactic CRs in the “knee” to “ankle”
regions of the spectrum.

Here we focus on both electron and nuclei acceleration within the source,
considering the subsequent energy losses and emission. We further assess
the potential interactions that accelerated nuclei may undergo within the
source’s radiation fields. In Sec. 2, constraints are placed on the source
magnetic field under the assumption that electrons accelerated by the source
possess a Fermi shock acceleration type spectrum. In Sec. 3, consideration
is made on the number of non-thermal synchrotron-emitting electrons re-
quired to power the source at its observed brightness level, dependent on
the source magnetic field strength, with both “low” and “high” magnetic
field strength values being considered. The level of the inverse Compton
(synchrotron self-Compton, SSC) emission produced for the various mag-
netic field strengths considered is also addressed. In Sec. 4, the subsequent
interaction of non-thermal nuclei accelerated by the source, with the intense
thermal radiation field observed on early (multi-day) timescales after the
merger, are determined. The conclusions are made in Sec. 5. Throughout
this discussion, we assume that the non-thermal emission produced on days
to hundreds of day timescales is emitted isotropically by the source.

2. Magnetic Field Constraints

Photospheric velocity measurements of the remnant EM170817 provide
evidence supporting the presence of an outflow with non-relativistic speeds
(8 < 0.2) [16]. Furthermore, this outflow has been observed to give rise
to non-thermal emission whose brightness has been growing with time at
both radio (~ 0.3 — 6 x 107° eV) and X-ray (~ 0.3 — 8 x 10% eV) ener-
gies [19, 13]. This emission, assumed synchrotron in origin, may be emitted
by an electron population accelerated to a spectrum dN/dE, x E. 2. The
apparent lack of a cooling feature in the observed spectrum, between radio
and X-ray energies, can be used to constrain the synchrotron cooling rate
within the source. Throughout this work we will assume § = 0.2 for
the the calculation of numeric results, while noting that the qual-
itative conclusions do not depend on the exact value assumed for
the outflow speed.

Dynamical time limited acceleration. The above-mentioned con-
straint on the minimum magnetic field strength can also be placed from a



consideration of the acceleration timescale,

tacc = <B12) tLar, (3)

where f1,, is the Larmor time. For the requirement that facc < tqyn, this
converts to ta, < 4 x 1072 tayn (adopting = 0.2).

Cooling time limited acceleration. The lack of a cooling feature
in the observed synchrotron spectrum can be used to place a constraint
on the maximum magnetic field giving rise to the observed synchrotron
emission. The synchrotron cooling time of mono-energetic electrons with
Larmor radius giving rise to synchrotron photons with characteristic energy

B is
9 Me
te" = e (E;yn) tLar

10 keV
=2x10° <E5yn> tar- (4)
Y

Assuming the electron spectrum is produced via Fermi non-relativistic shock
acceleration, giving rise to dN/dE, o E.2, the lack of a cooling feature
in the observed synchrotron spectrum constrains the cooling time of the
electrons producing this emission, tqy, < to (EY" = 10 keV), leading to
the constraint fr,, > 4 x 1074 tdyn-

Thus, overall, a dual constraint on the Larmor period of the particles in
the system is found of,

4% 107% < tpap/tagn < 4 x 1072, (5)

where t4y, ~ 100 days ~ 9 x 108 s. As a reference, it is useful to note that a
100 TeV electron in a mG magnetic field has a Larmor period of ~ 6 x 10% s.

The Larmor time relates to the synchrotron photon energy emitted
(E?™) and the emitting electron energy (F.) via the relation,

e (5) ()

The constraint on trar/tqyn in expression 5, substituted into Eq. 6 subse-
quently provides a constraint on the maximum electron energy, given the
observation of hard (~ 10 keV) X-ray emission (cf. Sec. 3.3). This
in turn constrains the magnetic field strength in the source. The
dynamical time limit, for which ¢y, = 4 x 1072 tayn, places the acceleration
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energy scale at ~ 10 eV, and a corresponding magnetic field strength of
~ 0.03 mG. Conversely, the cooling time limit, for which ty,,, = 4x1074 tdyn,
places these scales at ~ 9 x 102 eV and the magnetic field strength at a
value of 2 mG. Therefore, the overall dual constraint on the magnetic field
in the system is:

0.03 mG < B < 2 mG. (7)

In Sec. 3.3 we will argue that gamma-ray observations can pro-
vide a stronger constraint on the minimum magnetic field strength.
On the other hand, if assuming the maximum value of B = 2 mG
throughout the age of remnant, the corresponding maximum en-
ergy for protons (assuming no energy losses) is

2
tdyn B
Emax ~ 1 15 ﬂ Y-
P 610 (0.2) <100 days) (2 mG) eV, ®

obtained by balancing t,.. with t3,,. While in Sec. 3.2 we will
argue for the possibility of a different scenario with strong O(G)
magnetic fields being present within the source, it is worth noting
that already within the above constraints, this source type is ca-
pable of accelerating CRs to energies beyond the knee and below
the ankle. Such an energy region in the CR spectrum is inter-
esting due to the indications for the onset an additional source
component [20], which may help bridge the energy gap between
the iron knee [21] and the ankle. Furthermore, constraints on
the dipole anisotropy at such energies strongly motivate the idea
that this additional component is extragalactic in origin [22, 23].
The new BNS mergers source class appears as an interesting new
candidate due to its proven capability to operate as an efficient
particle accelerator.

3. Non-Thermal Electron Losses

In actuality, two alternative (extreme) scenarios exist that can explain
the observed luminosity of the synchrotron emission. With a low magnetic
field, like that obtained above, an electron energy density is needed that far
surpasses the magnetic energy density (see discussion in Sec. 3.1). However,
an alternative scenario is that a high magnetic field is present (to boost
synchrotron production), although this violates the constraint derived pre-
viously from the lack of a cooling feature. This violation can be negated,



however, in two possible ways. Firstly, if the observed synchrotron spec-
trum is actually all produced by cooled electrons, injected by the source
with a much harder acceleration spectrum than that produced by Fermi ac-
celeration. Or secondly, if the emitted radiation originates in fresh
electrons, continuously picked up at the edge of the outflow and
accelerated at the shock front. In the following we discuss possible
parameter sets representative of either extreme magnetic field case.

3.1. Slow acceleration scenario

In this scenario, we consider a weak, uniform magnetic field
present within the remnant. As an example, we consider the value
B = 0.2 mG, which lies within the range given in Eq. 7.

The peak of the synchrotron power emitted by an electron distribution
is dominated by the highest-energy electrons accelerated. Assuming an elec-
tron synchrotron origin of the observed X-ray emission, it is dominated by
electrons of energy

E, \'?/ B \'/?
EXT = i TeV.
¢ 30 (10 kev> (2 mG) eV ©)

In this monochromatic approximation, the total X-ray luminosity emit-
ted by a population of electrons is

L % cor (BXT™ fmec) up NE, (10)
where N&~™ is the number of X-ray-emitting electrons. As a reference for
the synchrotron luminosity we rely on observations around 110 days after
the event [12]. Using an approximate value of Lg%,;ray =4 x 10% erg s7!
at 10 keV, Eq. 10 yields NeX—ray = 3 x 10%6. Since the number of non-
thermal electrons goes as Ee% o E;1, the total number of accelerated
electrons is dominated by the lowest-energy, radio-emitting electrons, whose

number is given by
EXfray
radio __ X—ray €
N, =N, Fradio (11)

This yields a number of radio-emitting electrons (E, = 1076 eV)
of 3 x 10%!. In this scenario, it is important to note that if the
electron population were to extend to energies lower than Eéadio ~
300 MeV, the total electron population could reach a number close
to the maximum possible number of swept-up and injected elec-
trons at the Sedov phase (some N!%! = 10%). This is particularly so
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Figure 1: Relevant timescales for a magnetic field strength of B = 0.2 mG (left) and
B = 2 G (right). The dynamical timescale (gray line) is given by the expansion time of
the remnant, which determines the efficiency of electron acceleration (blue) and cooling
(red). In the case of a weak magnetic field, a cutoff on the electron distribution is expected
at around 600 TeV, when acceleration is no longer efficient given the age of the remnant.
On the other hand, in the strong magnetic field case a cooling cutoff is expected at 8 TeV,
when synchrotron cooling dominates over acceleration.

bearing in mind that only 1% of the non-thermal particle population within
sources are thought to be electrons [24]. It is also informative to note
that in this scenario the electron energy density is much higher
than the magnetic energy density, u. ~ 10"up, assuming a volume
of 7 x 10°° cm?® corresponding to a sphere expanding with velocity
8 = 0.2 after 110 days.

Finally, note that the maximum energy that may be achieved by elec-
trons in the source may be higher than that which dominates X-ray produc-
tion. In fact, as shown in the left panel in Fig. 1, in a 2 mG field
electrons can be accelerated in the source up to E"* = 700 TeV by
the 110 day timescale. At these energies, acceleration is limited by
the age of the remnant and a cutoff is expected. A cooling break
is not expected, since synchrotron emission (blue line in Fig. 1) is
not efficient in the relevant energy range.

3.2. Fast acceleration scenario

A somewhat opposite scenario is possible involving a stronger
magnetic field strength. In fact, a scenario with strong magnetic
fields would be supported by CR-driven magnetic field amplifica-
tion expected in environments with strong CR fluxes [25]. This



instability may in principle drive the magnetic field strength up to
a saturation value of as much as 2 G (M/1072 M)/2(t/100 days)=>/2
(assuming pram ~ ucr), an estimate that is independent of the
outflow speed. Furthermore, such strong magnetic fields are at
the limit allowed in order that the shock remain super-Alfvénic,
beyond which efficient diffusive shock acceleration of CRs would
not be possible. For a magnetic field strength of 2 G, the shock
speed (§ = 0.2 is still higher than the Alfvén velocity of the plasma,
Ba =0.15(B/2 G).

One possibility to explain observations given a strong mag-
netic field scenario is that the electron population is accelerated
to a harder spectrum by a mechanism other than diffusive shock
acceleration, such as stochastic acceleration in the regime with
acceleration timescales out-competing escape timescales [26]. In
such strong magnetic field case, with the radiation zone different
from the acceleration zone, the entire non-thermal electron pop-
ulation would be cooled to a E~2 spectrum, yielding the observed
power law synchrotron emission.

Alternatively, a strong magnetic field in the source may be
present if the emitted radiation continuously originates from elec-
trons accelerated near the edge of the outflow. In fact, as the
remnant expands, the number of electrons picked up grows with
the volume, while the magnetic field strength may conceivably
decrease linearly with time, as inferred for other fast moving out-
flows such as the supernova SN 1993J [27, 28]. This would im-
ply that synchrotron emission is dominated by freshly accelerated
electrons, which dominate in number, thereby relaxing the con-
straint on the synchrotron cooling efficiency of the source.

Regardless of the origin of the synchrotron emission, in a high
magnetic field scenario the observation of radio emission can be
used to constrain the efficiency of synchrotron self-absorption in
the remnant at those energies (c¢f. Sec. 3.3), which in turn can be
used to constrain the magnetic field to a maximum of 10 G.

For such strong magnetic fields the observed X-ray luminosity is pro-
duced by lower energy electrons than in the weak magnetic field scenario.
Adopting the value B = 2 G, we have Ep "™ ~ 300 GeV (cf. Eq. 9).
To account for the observed X-ray luminosity, the necessary num-
ber of high-energy electrons is No ™ = 3 x 102, which by Eq. 11
yields a number of radio-emitting electrons of 3 x 1047. This value
is much lower than that derived for the scenario discussed in the



previous section, which means that even if the electron population
extends to lower energies their number cannot approach the total
amount of swept-up electrons. In this high magnetic field sce-
nario, however, the energy density of the non-thermal electrons
and magnetic field are related by u. ~ 10~ "ug.

Finally, as shown in the right panel of Fig. 1, the maximum
electron energy allowed in this case is only 8 TeV. At that energy
synchrotron cooling dominates over acceleration at higher ener-
gies, and a cooling cutoff is expected [29], a characteristic that is
not expected in the low magnetic field scenario.

3.8. Inverse Compton Emission

A population of non-thermal particles embedded in ambient radiation
fields invariably give rise to subsequent inverse Compton emission. Assum-
ing that the observed synchrotron radiation dominates the ambient radia-
tion field seen by the non-thermal particle population, the inverse Compton
emission produced will be dominated by synchrotron self-Compton scatter-
ing (SSC). For cases in which u. > up, considerable SSC emission can be
expected [30].

In order to determine the inverse Compton emission at different times,
a prescription for the radiation field evolutions must be adopted. The non-
thermal radiation field is normalized by fixing the X-ray luminosity, obtained
from observations at 9, 15 and 110 days after the merger [12, 31, 13|, and
subsequently extrapolating it back in time assuming a continuation of the
inferred power-law evolution of the form,

LxX—ray = 2 x 10%7 (/110 days)*® erg s7 1. (12)

At early times, ¢t < 15 d, a bump is observed in the optical range of
the SED, with a spectral shape characteristic of thermal emission [12]. This
thermal bump is seen to decrease between 10 and 74 days after the event [32].
Based on these observations, we model the evolution of this thermal lumi-
nosity as

Lip = 4 x 10% erg s71 (t < 7 days)
=4 x 10% (¢/7 days) 23 erg s ! (t > 7 days). (13)
In Fig. 2 we show the resultant broadband SED produced by the remnant

at 5 and 110 days after the merger. Note that the low-energy cut-on of the
synchrotron spectra (blue curves) is given by synchrotron self-absorption,
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Figure 2: Luminosity spectrum produced by electron synchrotron emission (blue, including
synchrotron self-absorption), and inverse-Compton scattering (yellow), at five days (left)
and 110 days (right) after the merger event. For the 110 day case we show the results for
three values of B-field strength. In red we show optical [33], radio and X-ray data [34]
at 110 days. In the left panel we show in green the limit on the TeV luminosity at 5
days [35] and on the right panel we show the H.E.S.S. sensitivity, adopted from [36],
which translates into an upper limit on the source gamma-ray luminosity.

which is included in our emission model, following the prescription provided
in [37].

In the left panel we show the case where a 2 mG magnetic field is
present in the outflow at 5 days after the merger event. At these early times
in the remnant, the thermal radiation field (red curve) provides the domi-
nant target for inverse Compton emission (yellow curve). We also show the
H.E.S.S. upper limit, in the range 0.5-6 TeV, at 5.2 days [35]. The magnetic
field at these early timescales has been adopted sufficiently high so as to
ensure that the inverse Compton emission does not overshoot the H.E.S.S.
upper limit. For this case, a sharp cutoff is introduced into the inverse
Compton spectrum, due to pair production on the thermal radiation field,
which we include in our emission model following the prescription of [38].
We note that following pair production within the source, subsequent cas-
cade development and emission would result, leading to the redistribution
of the spectrum at lower energies. However, for the purposes of comparing
the inverse Compton flux to the H.E.S.S. observation upper limit, this addi-
tional lower-energy component may be neglected. The considerable level of
inverse Compton emission found for the case of low magnetic field demon-
strates that at later times, once the thermal bump has reduced sufficiently, a
lower limit on the magnetic field strength may be placed at late timescales,
by follow-up TeV observations of the remnant.
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In the right panel of Fig. 2 we show the resultant broadband SED
produced by the remnant at 110 days, normalized to the observed X-ray
luminosity, and we show the resultant inverse Compton emission
for three values of magnetic field strength. At this later time in the
remnant, the synchrotron radiation field provides the dominant target for
inverse Compton emission. The red points in this plot show radio, optical,
and X-ray data points taken at this time [34, 33].

For the weak magnetic field scenario result (B = 0.2 mG, right
panel of Fig. 2), the inverse Compton luminosity dominance is
highest and the predicted gamma-ray luminosity is 100 erg s=!,
peaking at £, = 1 TeV. We can see that this emission is at the level
of the H.E.S.S. 50 h sensitivity (green curve [36]), which indicates
that this instrument has the required sensitivity to set a lower
limit on the magnetic field strength in the source. In contrast,
for higher magnetic field strengths, we see that the low electron
density yields a gamma-ray power of only 3 x 103? erg s~! with a
10 GeV peak. This result demonstrates that the potential probing of the
Compton peak by TeV instruments can provide fresh insights to discriminate
between the different magnetic field strengths considered.

4. Acceleration of cosmic-ray nuclei

4.1. Acceleration to energies between the knee and the ankle

The determination of the interaction processes which dictate the maxi-
mum energy of the accelerated nuclei depends on the magnetic field strength
adopted. Since the low magnetic field value discussed in Sec. 3.1 would in-
crease the acceleration time, acceleration up to high energies and the onset
of nuclear photo-disintegration would not be possible. For the purpose of
investigating these interactions, we adopt in the following the extreme mag-
netic field scenario discussed in Sec. 3.2.

As shown in the following section, photo-hadronic cooling of protons
in the source is never efficient, even with the bright optical emission at
early days. Instead, the maximum energy achieved by protons is always
limited by the age of the remnant. In Fig. 3 we show the evolution of the
maximum proton energy with time, for three constant values of magnetic
field strength. We can see that in a weak magnetic field scneario, the source
can only accelerate cosmic rays above the knee from around 80 days after
the merger onwards. On the other hand, in the case of a strong magnetic
field scenario, late-time acceleration of protons is possible up to the ankle, as
shown in Fig. 3 for the maximum magnetic field strength (2 G) we consider.
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Figure 3: Maximum energy achieved by protons accelerated in the remnant as a function
of time since the merger, for three different magnetic field strengths. The age of the
remnant is always the limiting factor to the maximum proton energy, as photo-meson
production is never efficient. As throughout this work, an expansion velocity of g = 0.2
has been assumed.

4.2. Energy losses at the ankle

Like electrons, nuclei accelerated by the source will also interact with
the target photons present within it. In fact, the appreciable attenuation
at early times (< 10 days) of TeV photons in the source found in Sec. 3.3
gives reason to expect also considerable photo-disintegration in the source
on these timescales [39, 40, 41].

In Fig. 4 we show the interaction timescales of the different processes at
work for both protons (left panel) and iron-56 nuclei (right panel), obtained
using the NEUCOSMA code, which has been previously developed for the
study of Gamma-Ray Bursts [42] and blazars [43]. We take as reference the
time interval of 9 days after the merger, when photo-hadronic interactions
are most efficient, as discussed later in this section. In the case of protons, we
see that acceleration (red line) is always limited by the age of the remnant,
which corresponds to the dynamical timescale of the system, shown in the
gray line. On the other hand, the source is seen to be optically thin to
photo-meson production (blue curve). We also plot the pair production loss
time (magenta curve), showing that although it is always a sub-dominant
energy loss process for hadrons, it will contribute appreciably to the electron
population.

On the right panel of Fig. 4, we can see that at the 9 day timescale
the bright optical radiation can efficiently photo-disintegrate iron-56 nuclei,
as shown by the yellow curve, achieving an optical thickness (i.e. the ra-
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Figure 4: Interaction times for protons (left) and iron-56 nuclei (right) as a function of
the particle energy, 9 days after the merger, in the high magnetic field scenario. Note that
for the the synchrotron and pair production processes we show the energy loss timescale.

tio between the dynamical and photo-disintegration timescales) of about 10
at 2 EeV. At this energy, iron nuclei cannot be efficiently accelerated, as
photo-disintegration becomes the dominant process and the nuclei instead
disintegrate into lighter isotopes. At later times, however, the thermal pho-
ton luminosity decreases (see 13), making photo-disintegration less efficient,
and the maximum energy becomes limited only by the age of the remnant,
as in the case of protons.

In Fig. 5 we show the temporal evolution of the optical depth of the
source to photo-disintegration of different isotopes, as well as photo-meson
production by protons. Here, the optical depth is defined as iyt = tayn/tint ‘Emax7
where t4yy, is the dynamical timescale and ;,; the interaction timescale, eval-
uated at the maximum energy of the CR (see vertical dashed line in Fig. 4).
This provides a measure for the fraction of accelerated CRs that escape the
source. The optimal time for nuclear photo-disintegration is found to be
reached within the first weeks after the merger. This happens because of
the competing processes within the expanding object, namely the rise of
the maximum particle energies achievable and the decrease of the thermal
photon field density.

Assuming continuous injection, the late time acceleration of protons can
bring them to energies up to the “ankle”. On the other hand, the composi-
tion of CRs eventually escaping the source can be quite different depending
on the period of efficient photo-disintegration, on the primary isotope, and
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Figure 5: Optical depth of the remnant to photo-disintegration of different isotopes (solid
curves) and photo-meson production by protons (dashed curve) as a function of the time
since the merger, in the high magnetic field scenario. The horizontal gray line represents
the transition from optically thin to thick (see main text).

on the escape mechanism assumed. As the present study is held very gen-
eral, we do not make an effort to calculate the resultant late-time accelerated
nuclei spectra.

4.8. Cosmic rays from the merger population

With some level of photo-disintegration expected within the
source during early times, and very high energies becoming within reach
at later times, we finally turn our attention to the ensemble population of
such sources. We implicitly assume here that the event we discuss through-
out this work is representative of a population of identical sources which
could accelerate CR nuclei. In this scenario, there should be a number of
electromagnetic counterparts to this population, with the event EM170817
being the only one detected so far.

To support a CR spectrum at Earth with the abundance ob-
served [44], a local emissivity L of their sources is required. As-
suming a CR luminosity density of £y ~ 4 x 10** erg yr—! Mpc—? [45],
and adopting a specific local rate for these sources, one can infer
the required energy released per event. Considering a local rate of
BNS mergers of 1540f£88 Gpc™3 yr~! [1], we estimate the required
energy input into CRs in each merger event of Ecr ~ 2 x 10°0 erg.
This estimate is roughly consistent with a fraction of ~10% of the
released outflowing KE given in Sec. 1.

Using the previous value for the total energy output in CRs, we can also
estimate the total neutrino fluence produced by the source. From Figs. 4
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and 5 we see that the optical thickness of the source at the 9 day
timescale is about 7, = 0.1, while for later times it diminishes
due to the dimming of the thermal luminosity (Eq. 13) and the
overall reduction in photon density due to expansion. The aver-
age optical thickness from 5 to 160 days is then approximately
(Tpy) = 5 x 1073, The resulting estimate of the neutrino fluence
from the source is EcrKp,(Tpy)/(47d?) = 5 x 107* GeV cm™2, where
K,, ~ 0.15 describes the fraction of energy taken by a pion in each
photo-meson production interaction and d = 40 Mpc is the distance
to the source. Note that the normalization factor for this estimate is pro-
vided by the energy input in CRs deduced above, which carries considerable
uncertainty, mainly due to the present large uncertainty on the source rate.
However, a simple comparison with the present upper limits for the neu-
trino flux from EM170817 [46] indicates that the level of this flux would
be challenging to reach by present instruments like IceCube. For compari-
son, the case of neutrino emission from the BNS merger pulsar remnant was
considered in [47, 48]. In both cases, rather increased neutrino fluxes were
found to be expected compared to those determined here, which is due to
the faster acceleration process at play in the source and the differing source
environment.

5. Conclusion

Under the premise that the observed non-thermal emission from the rem-
nant is isotropic, we consider the non-thermal particle energy losses within
the fast-moving remnant outflow associated with EM170817 . Assuming that
this emission is electron in origin, the consideration of the lack of a cooling
break in the synchrotron emission from this remnant, whose age is accu-
rately known, allowed a constraint to be made on the strength of the source
magnetic field at the mG level. The subsequent synchrotron self-Compton
emission expected demonstrated that for such a magnetic field strength level,
large inverse Compton emission is expected. Current gamma-ray sen-
sitivities are shown to be able to constrain source properties like
the magnetic field strength.

An alternative strong, O(G), magnetic field scenario was also put for-
ward, in which two potential origins of the synchrotron emission are dis-
cussed. The first is that it is produced by electrons with a hard injection
spectrum, which subsequently cool to an E~2 distribution. The second
possibility is that this synchrotron emission is constantly produced
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by fresh electrons, picked up and accelerated near the edge of the
remnant, as inferred for other similar astrophysical outflows.

For the strong magnetic field scenario considered, we also tested the ef-
ficiency of photo-meson production and photo-disintegration of CRs. The
thermal component was demonstrated to be crucial for the interactions of
the CRs in the outflow of the BNS merger remnant, especially at early
times, when it provides the dominant target radiation field for these pro-
cesses. While for the assumed outflow speed the source is always
optically thin to photomeson production, photo-disintegration of
some nuclear isotopes is efficient in the first ~ 10 days after the
merger event. Later, when the volume of the object has expanded,
the thermal component becomes dimmer and the system is opti-
cally thin to all hadronic interactions. At this point, the maximum
energy of nuclei is no longer dictated by losses on this thermal ra-
diation, allowing the acceleration up to energies beyond the “an-
kle”, while protons can be accelerated up to the ankle. In order for
such a population to power the observed CR flux, a total energy output in
CRs by the source of ~ 10% erg is required at late timescales.

An origin of CRs below the “ankle” related to NS merger remnants
carries similarities with that put forward previously by others [49, 50, 51,
52, 53, 42]. Indeed, such a scenario rather naturally explains the apparent
lightness of the CR composition inferred at these energies from elongation
rate measurements by the Pierre Auger Observatory [54]. The recent in-
depth observations of such a remnant, over a broad energy range, have shed
fresh light on the non-thermal aspects of this phenomenon, and continues
to motivate them as promising CR, sources.

Since the submission of this paper, a preprint of another work has been
submitted, also considering CR acceleration in BNS merger remnants [55].
The authors of this paper appear to have come to broadly similar conclusions
to our own.
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