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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 d N/d E e ∝ E −2 
e . 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”. 
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1. Introduction 

The gravitational wave event detected on 17 August, 2017

[1] originated 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 counterpart, EM170817, was discovered in

optical bands [4–8] . This optical counterpart is associated to emis-

sion from the remnant. An estimation on the distance to the rem-

nant 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. 

Subsequent non-thermal observations of the remnant in both

radio and X-ray bands [10–13] indicated that efficient in situ par-

ticle acceleration 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 50 −52 erg. An approximate value of total KE
∗ Corresponding author. 

E-mail address: xavier.rodrigues@desy.de (X. Rodrigues). 

o

t  

https://doi.org/10.1016/j.astropartphys.2018.10.007 

0927-6505/© 2018 The Authors. Published by Elsevier B.V. This is an open access article u
n the outflow of 10 51 erg would be consistent with an estimated

ass of 10 −2 M � of material being ejected with velocity β = 0 . 2 .

he total number of electrons in the outflow is then N e = 10 55 ,

hich means at late times ( t ≈ 100 days), the estimated average

ensity of material in the outflow is n̄ ≈ 2 × 10 4 cm 

−3 . Depending

n the rate at which the blast wave entrains material, the non-

hermal energy density in the relativistic particles, and magnetic

eld, may eventually rise up into closer balance with the out-

owing ram pressure ( p ram 

∼ 10 11 eV cm 

−3 ) on the Sedov-phase

imescale. 

For such a massive compact outflow, two important timescales

re worth noting. Firstly, the opacity of the source to its own radi-

tion is 

eγ = 

N e σT R 

V 

≈ N e σT 

4(βct) 2 
≈

(
t 

2 days 

)−2 

. (1)

hus, the early compact source would be expected to have under-

one a transition from being optically thick to thin on a timescale

f t ∼ 2 days (see also [16] ). 

Secondly, adopting an ejecta mass of 10 −2 M �, the Sedov phase

ccurs when n̄ = M/m p (βct) 3 , giving 

 = 0 . 6 

0 . 2 

β

(
10 

4 cm 

−3 

n̄ 

)1 / 3 

yr , (2)
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hus, depending on the mean ambient density that the remnant

xpands into ( ̄n ), the non-thermal brightening of the source would

e expected to cease on a ∼ 100 day timescale. 

The case for late-time acceleration of particles in outflows from

NS merger events was anticipated in [17] . These authors moti-

ated the magnetic fields to be ∼ mG in strength, an outflow mass

f ∼ 10 −2 M � and a non-relativistic shock speed, and inferred a

aximum proton energy of ∼ 10 17 eV for the case of particle ac-

eleration up to the deceleration timescale t dec ≈ 1 yr, after which

he outflows velocity starts to decelerate (presumed to reach the

edov phase). Indeed, the mildly relativistic aspect of these out-

ows motivates them as interesting cosmic ray (CR) acceleration

ites on theoretical grounds [18] . Thus, these sources can be natu-

ally motivated to be potential accelerators of extragalactic CRs in

he “knee” to “ankle” regions of the spectrum. 

Here we focus on both electron and nuclei acceleration within

he source, considering the subsequent energy losses and emission.

e further assess the potential interactions that accelerated nuclei

ay undergo within the source’s radiation fields. In Section 2 , con-

traints are placed on the source magnetic field under the assump-

ion that electrons accelerated by the source possess a Fermi shock

cceleration type spectrum. In Section 3 , consideration is made

n the number of non-thermal synchrotron-emitting electrons re-

uired to power the source at its observed brightness level, depen-

ent on the source magnetic field strength, with both “low” and

high” magnetic field strength values being considered. The level

f the inverse Compton (synchrotron self-Compton, SSC) emission

roduced for the various magnetic field strengths considered is

lso addressed. In Section 4 , the subsequent interaction of non-

hermal nuclei accelerated by the source, with the intense thermal

adiation field observed on early (multi-day) timescales after the

erger, are determined. The conclusions are made in Section 5 .

hroughout this discussion, we assume that the non-thermal emis-

ion produced on days to hundreds of day timescales is emitted

sotropically by the source. 

. Magnetic field constraints 

Photospheric velocity measurements of the remnant EM170817

rovide evidence supporting the presence of an outflow with

on-relativistic speeds ( β � 0.2) [16] . Furthermore, this outflow

as been observed to give rise to non-thermal emission whose

rightness has been growing with time at both radio ( ∼ 0 . 3 − 6 ×
0 −5 eV) and X-ray ( ∼ 0 . 3 − 8 × 10 3 eV) energies [13,19] . This emis-

ion, assumed synchrotron in origin, may be emitted by an elec-

ron population accelerated to a spectrum d N/d E e ∝ E −2 
e . The ap-

arent lack of a cooling feature in the observed spectrum, between

adio and X-ray energies, can be used to constrain the synchrotron

ooling rate within the source. Throughout this work we will as-

ume β = 0 . 2 for the calculation of numeric results, while noting

hat the qualitative conclusions do not depend on the exact value

ssumed for the outflow speed. 

Dynamical time limited acceleration. The above-mentioned con-

traint on the minimum magnetic field strength can also be placed

rom a consideration of the acceleration timescale, 

 acc = 

(
1 

β2 

)
t Lar , (3) 

here t Lar is the Larmor time. For the requirement that t acc < t dyn ,

his converts to t Lar < 4 × 10 −2 t dyn (adopting β = 0 . 2 ). 

Cooling time limited acceleration. The lack of a cooling fea-

ure in the observed synchrotron spectrum can be used to place

 constraint on the maximum magnetic field giving rise to the

bserved synchrotron emission. The synchrotron cooling time of

t

ono-energetic electrons with Larmor radius giving rise to syn-

hrotron photons with characteristic energy E 
syn 
γ is 

 

syn 
e = 

9 

8 πα

(
m e 

E syn 
γ

)
t Lar 

= 2 × 10 

3 

(
10 keV 

E syn 
γ

)
t Lar . (4) 

ssuming the electron spectrum is produced via Fermi non-

elativistic shock acceleration, giving rise to d N/d E e ∝ E −2 
e , the lack

f a cooling feature in the observed synchrotron spectrum con-

trains the cooling time of the electrons producing this emis-

ion, t dyn < t 
syn 
e (E 

syn 
γ = 10 keV ) , leading to the constraint t Lar >

 × 10 −4 t dyn . 

Thus, overall, a dual constraint on the Larmor period of the par-

icles in the system is found of, 

 × 10 

−4 < t Lar /t dyn < 4 × 10 

−2 , (5) 

here t dyn ∼ 100 days ∼ 9 × 10 6 s. As a reference, it is useful to note

hat a 100 TeV electron in a mG magnetic field has a Larmor period

f ∼ 6 × 10 4 s. 

The Larmor time relates to the synchrotron photon energy

mitted ( E 
syn 
γ ) and the emitting electron energy ( E e ) via the rela-

ion, 

 Lar = 

(
E e 

m e 

)3 
(

h̄ 

E syn 
γ

)
. (6) 

he constraint on t Lar / t dyn in expression (5) , substituted into

q. (6) subsequently provides a constraint on the maximum elec-

ron energy, given the observation of hard ( ∼ 10 keV) X-ray emis-

ion (cf. Section 3.3 ). This in turn constrains the magnetic field

trength in the source. The dynamical time limit, for which t Lar =
 × 10 −2 t dyn , places the acceleration energy scale at ∼ 10 14 eV,

nd a corresponding magnetic field strength of ∼ 0.03 mG. Con-

ersely, the cooling time limit, for which t Lar = 4 × 10 −4 t dyn ,

laces these scales at ∼ 9 × 10 12 eV and the magnetic field strength

t a value of 2 mG. Therefore, the overall dual constraint on the

agnetic field in the system is: 

 . 03 mG < B < 2 mG . (7) 

In Section 3.3 we will argue that gamma-ray observations can

rovide a stronger constraint on the minimum magnetic field

trength. On the other hand, if assuming the maximum value of

 = 2 mG throughout the age of remnant, the corresponding max-

mum energy for protons (assuming no energy losses) is 

 

max 
p ≈ 6 × 10 

15 

(
β

0 . 2 

)2 (
t dyn 

100 days 

)(
B 

2 mG 

)
eV , (8) 

btained by balancing t acc with t dyn . While in Section 3.2 we will

rgue for the possibility of a different scenario with strong O(G)

agnetic fields being present within the source, it is worth noting

hat already within the above constraints, this source type is ca-

able of accelerating CRs to energies beyond the knee and below

he ankle. Such an energy region in the CR spectrum is interesting

ue to the indications for the onset an additional source compo-

ent [20] , which may help bridge the energy gap between the iron

nee [21] and the ankle. Furthermore, constraints on the dipole

nisotropy at such energies strongly motivate the idea that this ad-

itional component is extragalactic in origin [22,23] . The new BNS

ergers source class appears as an interesting new candidate due

o its proven capability to operate as an efficient particle accelera-

or. 
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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 Section 3.1 ). However, an alternative scenario is

that a high magnetic field is present (to boost synchrotron pro-

duction), although this violates the constraint derived previously

from the lack of a cooling feature. This violation can be negated,

however, in two possible ways. Firstly, if the observed synchrotron

spectrum is actually all produced by cooled electrons, injected by

the source with a much harder acceleration spectrum than that

produced by Fermi acceleration. Or secondly, if the emitted radi-

ation originates in fresh electrons, continuously picked up at the

edge of the outflow and accelerated at the shock front. In the fol-

lowing 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 dis-

tribution is dominated by the highest-energy electrons accelerated.

Assuming an electron synchrotron origin of the observed X-ray

emission, it is dominated by electrons of energy 

E X −ray 
e = 30 

(
E γ

10 keV 

)1 / 2 (
B 

2 mG 

)−1 / 2 

TeV . (9)

In this monochromatic approximation, the total X-ray luminos-

ity emitted by a population of electrons is 

L X −ray 
syn ≈ c σT (E X −ray 

e /m e c 
2 ) 2 u B N 

X −ray 
e , (10)

where N 

X −ray 
e is the number of X-ray-emitting electrons. As a

reference for the synchrotron luminosity we rely on observa-

tions around 110 days after the event [12] . Using an approxi-

mate value of L 
X −ray 
syn = 4 × 10 39 erg s −1 at 10 keV, Eq. (10) yields

N 

X −ray 
e = 3 × 10 46 . Since the number of non-thermal electrons goes

as E e 
dN 
dE e 

∝ E −1 
e , the total number of accelerated electrons is domi-

nated by the lowest-energy, radio-emitting electrons, whose num-

ber is given by 

N 

radio 
e = N 

X −ray 
e 

E X −ray 
e 

E radio 
e 

. (11)

This yields a number of radio-emitting electrons ( E γ = 10 −6 eV )

of 3 × 10 51 . In this scenario, it is important to note that if the elec-

tron population were to extend to energies lower than E radio 
e ≈

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 

total 
e = 10 55 ). This is particularly

so bearing in mind that only 1% of the non-thermal particle pop-

ulation within sources are thought to be electrons [24] . It is also

informative to note that in this scenario the electron energy den-

sity is much higher than the magnetic energy density, u e ≈ 10 7 u B ,

assuming a volume of 7 × 10 50 cm 

3 corresponding to a sphere ex-

panding with velocity β = 0 . 2 after 110 days. 

Finally, note that the maximum energy that may be achieved

by electrons in the source may be higher than that which domi-

nates X-ray production. 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 max 
e = 700 TeV by the 110 day timescale. At these energies, ac-

celeration is limited by the age of the remnant and a cutoff is ex-
ected. A cooling break is not expected, since synchrotron emission

blue line in Fig. 1 ) is not efficient in the relevant energy range. 

.2. Fast acceleration scenario 

A somewhat opposite scenario is possible involving a

tronger magnetic field strength. In fact, a scenario with strong

agnetic fields would be supported by CR-driven magnetic

eld amplification expected in environments with strong CR

uxes [25] . This instability may in principle drive the mag-

etic field strength up to a saturation value of as much as

 G (M/ 10 −2 M �) 1 / 2 (t/ 100 days ) −3 / 2 (assuming p ram 

∼ u CR ), an

stimate that is independent of the outflow speed. Furthermore,

uch strong magnetic fields are at the limit allowed in order that

he shock remain super-Alfvénic, beyond which efficient diffusive

hock acceleration of CRs would not be possible. For a magnetic

eld strength of 2 G, the shock speed β = 0 . 2 is still higher than

he Alfvén velocity of the plasma, βA = 0 . 15(B/ 2 G) . 

One possibility to explain observations given a strong magnetic

eld scenario is that the electron population is accelerated to a

arder spectrum by a mechanism other than diffusive shock accel-

ration, such as stochastic acceleration in the regime with accel-

ration timescales out-competing escape timescales [26] . In such

trong magnetic field case, with the radiation zone different from

he acceleration zone, the entire non-thermal electron population

ould be cooled to a E −2 spectrum, yielding the observed power

aw synchrotron emission. 

Alternatively, a strong magnetic field in the source may be

resent if the emitted radiation continuously originates from elec-

rons accelerated near the edge of the outflow. In fact, as the rem-

ant expands, the number of electrons picked up grows with the

olume, while the magnetic field strength may conceivably de-

rease linearly with time, as inferred for other fast moving out-

ows such as the supernova SN 1993J [27,28] . This would im-

ly that synchrotron emission is dominated by freshly accelerated

lectrons, which dominate in number, thereby relaxing the con-

traint on the synchrotron cooling efficiency of the source. 

Regardless of the origin of the synchrotron emission, in a high

agnetic field scenario the observation of radio emission can be

sed to constrain the efficiency of synchrotron self-absorption in

he remnant at those energies ( cf. Section 3.3 ), which in turn can

e used to constrain the magnetic field to a maximum of 10 G. 

For such strong magnetic fields the observed X-ray luminos-

ty is produced by lower energy electrons than in the weak mag-

etic field scenario. Adopting the value B = 2 G , we have E 
X −ray 
e ≈

00 GeV ( cf. Eq. (9) ). To account for the observed X-ray lumi-

osity, the necessary number of high-energy electrons is N 

X −ray 
e =

 × 10 42 , which by Eq. (11) yields a number of radio-emitting elec-

rons of 3 × 10 47 . This value is much lower than that derived for

he scenario discussed in the previous section, which means that

ven if the electron population extends to lower energies their

umber cannot approach the total amount of swept-up electrons.

n this high magnetic field scenario, however, the energy density

f the non-thermal electrons and magnetic field are related by

 e ≈ 10 −7 u B . 

Finally, as shown in the right panel of Fig. 1 , the maximum

lectron energy allowed in this case is only 8 TeV. At that energy

ynchrotron cooling dominates over acceleration at higher ener-

ies, and a cooling cutoff is expected [29] , a characteristic that is

ot expected in the low magnetic field scenario. 

.3. Inverse Compton emission 

A population of non-thermal particles embedded in ambient ra-

iation fields invariably give rise to subsequent inverse Compton
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Fig. 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. (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 

Fig. 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. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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mission. Assuming that the observed synchrotron radiation domi-

ates the ambient radiation field seen by the non-thermal particle

opulation, the inverse Compton emission produced will be dom-

nated by synchrotron self-Compton scattering (SSC). For cases in

hich u e � u B , considerable SSC emission can be expected [30] . 

In order to determine the inverse Compton emission at differ-

nt times, a prescription for the radiation field evolutions must

e adopted. The non-thermal radiation field is normalized by fix-

ng the X-ray luminosity, obtained from observations at 9, 15 and

10 days after the merger [12,13,31] , and subsequently extrapolat-

ng it back in time assuming a continuation of the inferred power-

aw evolution of the form, 

 X −ray = 2 × 10 

39 (t/ 110 days ) 0 . 6 erg s −1 . (12) 

At early times, t < 15 d, a bump is observed in the optical range

f the SED, with a spectral shape characteristic of thermal emis-

ion [12] . This thermal bump is seen to decrease between 10 and

4 days after the event [32] . Based on these observations, we

odel the evolution of this thermal luminosity as 

 th = 4 × 10 

40 erg s −1 (t < 7 days ) 

= 4 × 10 

40 (t/ 7 days ) −2 . 3 erg s −1 (t > 7 days ) . (13) 

In Fig. 2 we show the resultant broadband SED produced by

he remnant at 5 and 110 days after the merger. Note that the

ow-energy cut-on of the synchrotron spectra (blue curves) is given
y synchrotron self-absorption, which is included in our emission

odel, following the prescription provided in [37] . 

In the left panel we show the case where a 2 mG magnetic field

s present in the outflow at 5 days after the merger event. At these

arly times in the remnant, the thermal radiation field (red curve)

rovides the dominant target for inverse Compton emission (yel-

ow curve). We also show the H.E.S.S. upper limit, in the range 0.5–

 TeV, at 5.2 days [35] . The magnetic field at these early timescales

as been adopted sufficiently high so as to ensure that the inverse

ompton emission does not overshoot the H.E.S.S. upper limit. For

his case, a sharp cutoff is introduced into the inverse Compton

pectrum, due to pair production on the thermal radiation field,

hich we include in our emission model following the prescrip-

ion of [38] . We note that following pair production within the

ource, subsequent cascade development and emission would re-

ult, leading to the redistribution of the spectrum at lower ener-

ies. However, for the purposes of comparing the inverse Compton

ux to the H.E.S.S. observation upper limit, this additional lower-

nergy component may be neglected. The considerable level of in-

erse Compton emission found for the case of low magnetic field

emonstrates that at later times, once the thermal bump has re-

uced sufficiently, a lower limit on the magnetic field strength may

e placed at late timescales, by follow-up TeV observations of the

emnant. 



14 X. Rodrigues, D. Biehl and D. Boncioli et al. / Astroparticle Physics 106 (2019) 10–17 

Fig. 3. Maximum energy achieved by protons accelerated in the remnant as a func- 

tion 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 β = 0 . 2 has been assumed. 
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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 ob-

served X-ray luminosity, and we show the resultant inverse Comp-

ton 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 [33,34] . 

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 10 40 erg s −1 ,

peaking at E γ = 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 den-

sity yields a gamma-ray power of only 3 × 10 32 erg s −1 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 con-

sidered. 

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 maximum energy of the accelerated nuclei depends on the

magnetic field strength adopted. Since the low magnetic field value

discussed in Section 3.1 would increase the acceleration time, ac-

celeration up to high energies and the onset of nuclear photo-

disintegration would not be possible. For the purpose of investi-

gating these interactions, we adopt in the following the extreme

magnetic field scenario discussed in Section 3.2 . 

As shown in the following section, photo-hadronic cooling of

protons in the source is never efficient, even with the bright opti-

cal 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 scenario, the source can only accel-

erate cosmic rays above the knee from around 80 days after the

merger onwards. On the other hand, in the case of a strong mag-

netic 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. 
.2. Energy losses at the ankle 

Like electrons, nuclei accelerated by the source will also inter-

ct with the target photons present within it. In fact, the appre-

iable attenuation at early times ( < 10 days) of TeV photons in the

ource found in Section 3.3 gives reason to expect also consider-

ble photo-disintegration in the source on these timescales [39–

1] . 

In Fig. 4 we show the interaction timescales of the different

rocesses at work for both protons (left panel) and iron-56 nuclei

right panel), obtained using the NeuCosmA code, which has been

reviously developed for the study of Gamma-Ray Bursts [42] and

lazars [43] . We take as reference the time interval of 9 days af-

er the merger, when photo-hadronic interactions are most effi-

ient, as discussed later in this section. In the case of protons, we

ee that acceleration (red line) is always limited by the age of the

emnant, which corresponds to the dynamical timescale of the sys-

em, shown in the gray line. On the other hand, the source is seen

o be optically thin to photo-meson production (blue curve). We

lso plot the pair production loss time (magenta curve), showing

hat although it is always a sub-dominant energy loss process for

adrons, it will contribute appreciably to the electron population. 

On the right panel of Fig. 4 , we can see that at the 9

ay timescale the bright optical radiation can efficiently photo-

isintegrate iron-56 nuclei, as shown by the yellow curve, achiev-

ng an optical thickness (i.e. the ratio between the dynamical

nd photo-disintegration timescales) of about 10 at 2 EeV. At this

nergy, iron nuclei cannot be efficiently accelerated, as photo-

isintegration becomes the dominant process and the nuclei in-

tead disintegrate into lighter isotopes. At later times, however,

he thermal photon luminosity decreases (see 13 ), making photo-

isintegration less efficient, and the maximum energy becomes

imited 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

he source to photo-disintegration of different isotopes, as well as

hoto-meson production by protons. Here, the optical depth is de-

ned as τint = t dyn /t int 

∣∣
E max 

, where t dyn is the dynamical timescale

nd t int the interaction timescale, evaluated at the maximum en-

rgy of the CR (see vertical dashed line in Fig. 4 ). This provides a

easure for the fraction of accelerated CRs that escape the source.

he optimal time for nuclear photo-disintegration is found to be

eached within the first weeks after the merger. This happens be-

ause of the competing processes within the expanding object,

amely the rise of the maximum particle energies achievable and

he decrease of the thermal photon field density. 

Assuming continuous injection, the late time acceleration of

rotons can bring them to energies up to the “ankle”. On the

ther hand, the composition of CRs eventually escaping the source

an be quite different depending on the period of efficient photo-

isintegration, on the primary isotope, and on the escape mecha-

ism assumed. As the present study is held very general, we do

ot make an effort to calculate the resultant late-time accelerated

uclei spectra. 

.3. Cosmic rays from the merger population 

With some level of photo-disintegration expected within the

ource during early times, and very high energies becoming within

each at later times, we finally turn our attention to the ensem-

le population of such sources. We implicitly assume here that the

vent we discuss throughout this work is representative of a popu-

ation of identical sources which could accelerate CR nuclei. In this

cenario, there should be a number of electromagnetic counter-

arts to this population, with the event EM170817 being the only

ne detected so far. 
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Fig. 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 synchrotron and pair production processes we show the energy loss timescale. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

Fig. 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). 
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To support a CR spectrum at Earth with the abundance ob-

erved [44] , a local emissivity L 0 of their sources is required. As-

uming a CR luminosity density of L 0 ∼ 4 × 10 44 erg yr −1 Mpc −3 

45] , and adopting a specific local rate for these sources, one can

nfer the required energy released per event. Considering a lo-

al rate of BNS mergers of 1540 +3200 
−1220 

Gpc −3 yr −1 [1] , we esti-

ate the required energy input into CRs in each merger event of

 CR ≈ 2 × 10 50 erg. This estimate is roughly consistent with a frac-

ion of ∼ 10% of the released outflowing KE given in Section 1 . 

Using the previous value for the total energy output in CRs,

e can also estimate the total neutrino fluence produced by the

ource. From Figs. 4 and 5 we see that the optical thickness of

he source at the 9 day timescale is about τp γ = 0 . 1 , while for

ater times it diminishes due to the dimming of the thermal lumi-

osity ( Eq. (13) ) and the overall reduction in photon density due

o expansion. The average optical thickness from 5 to 160 days

s then approximately 〈 τp γ 〉 = 5 × 10 −3 . The resulting estimate of

he neutrino fluence from the source is E CR K pγ 〈 τp γ 〉 / (4 πd 2 ) ≈ 5 ×
0 −4 GeV cm 

−2 
, where K p γ ≈ 0.15 describes the fraction of energy

aken by a pion in each photo-meson production interaction and

 = 40 Mpc is the distance to the source. Note that the normal-

zation factor for this estimate is provided by the energy input in

Rs deduced above, which carries considerable uncertainty, mainly

ue to the present large uncertainty on the source rate. However, a

imple comparison with the present upper limits for the neutrino

w

ux from EM170817 [46] indicates that the level of this flux would

e challenging to reach by present instruments like IceCube. For

omparison, the case of neutrino emission from the BNS merger

ulsar remnant was considered in [47,48] . In both cases, rather in-

reased neutrino fluxes were found to be expected compared to

hose determined here, which is due to the faster acceleration pro-

ess at play in the source and the differing source environment. 

. Conclusion 

Under the premise that the observed non-thermal emission

rom the remnant is isotropic, we consider the non-thermal par-

icle energy losses within the fast-moving remnant outflow as-

ociated with EM170817. Assuming that this emission is electron

n origin, the consideration of the lack of a cooling break in

he synchrotron emission from this remnant, whose age is accu-

ately known, allowed a constraint to be made on the strength of

he source magnetic field at the mG level. The subsequent syn-

hrotron self-Compton emission expected demonstrated that for

uch a magnetic field strength level, large inverse Compton emis-

ion is expected. Current gamma-ray sensitivities are shown to be

ble to constrain source properties like the magnetic field strength.

An alternative strong, O(G), magnetic field scenario was also

ut forward, in which two potential origins of the synchrotron

mission are discussed. The first is that it is produced by electrons

ith a hard injection spectrum, which subsequently cool to an E −2 
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distribution. The second possibility is that this synchrotron emis-

sion is constantly produced by fresh electrons, picked up and ac-

celerated near the edge of the remnant, as inferred for other simi-

lar astrophysical outflows. 

For the strong magnetic field scenario considered, we also

tested the efficiency 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 processes. While for

the assumed outflow speed the source is always optically thin to

photomeson production, photo-disintegration of some nuclear iso-

topes 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 optically thin to all

hadronic interactions. At this point, the maximum energy of nuclei

is no longer dictated by losses on this thermal radiation, allowing

the acceleration up to energies beyond the “ankle”, 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 50 erg is required at late timescales. 

An origin of CRs below the “ankle” related to NS merger rem-

nants carries similarities with that put forward previously by oth-

ers [42,49–53] . Indeed, such a scenario rather naturally explains

the apparent lightness of the CR composition inferred at these en-

ergies from elongation rate measurements by the Pierre Auger Ob-

servatory [54] . The recent in-depth observations of such a rem-

nant, 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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