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Schematic view of an aligned rotator

Introduction - Pulsars as cosmic-ray sources
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Physical properties 
highly magnetized + rapid rotation  expected charge extraction from the surface 
observed non-thermal radiation  acceleration of leptons
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Introduction - Pulsars as cosmic-ray sources

Pulsars as cosmic-ray sources 
Venkatesan et al. (1997), Blasi et al. (2000), Arons (2003), Fang et al. (2012a), Fang et al. (2013a), 
Lemoine et al. (2015), Kotera et al. (2015)
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Physical properties 
highly magnetized + rapid rotation  expected charge extraction from the surface 
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Introduction - Pulsars as cosmic-ray sources

Pulsars as cosmic-ray sources 
Venkatesan et al. (1997), Blasi et al. (2000), Arons (2003), Fang et al. (2012a), Fang et al. (2013a), 
Lemoine et al. (2015), Kotera et al. (2015)

Acceleration of protons in pulsar magnetospheres, first principles simulations 
C. Guépin, B. Cerutti, K. Kotera (2020) 

Pulsars as pevatrons and diffuse TeV emission in the Galactic Center region 
C. Guépin, L. Rinchiuso, K. Kotera, E. Moulin, T. Pierog and J. Silk (2018)
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Acceleration of protons in pulsar magnetospheres

Previous work 
Chen & Beloborodov (2014), Philippov & Spitkovsky (2018) 

Our work 
C. Guépin, B. Cerutti, K. Kotera (2020) 

Particle in cell (PIC) simulations Zeltron (Cerutti et al., 2013)  

 compromise between kinetic and macroscopic scales 

neutron star radius  

magnetic field  

millisecond rotation  

proton mass / electron mass ratio  
separation macroscopic / kinetic scales

→

∼ 10 km → 100 cm
∼ 109 G − 1013 G → 105 G

RLC/R⋆ = 5
(mp/me)/100

rotation axis = initial magnetic dipole axis

Neutron star

axi-symmetric 
configuration



Claire Guépin Jan 18 2022 - CRSIG6

Acceleration of protons in pulsar magnetospheres

fpp = 0.01

Electron densityProton density

fpp = 0.05

Electron densityProton density

Injection of protons and electrons at the surface 
Main processes impacting magnetosphere structure and particle acceleration 

Injection of electrons and positrons: local pair production criterion,  γmin,pp = fpp γ0,e
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Acceleration of protons in pulsar magnetospheres
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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large fraction of the full vacuum potential drop. For low
production of pairs, only protons are present in the equa-
torial plane and can experience a large fraction of the full
vacuum potential drop. We note that the magnetic field de-
pendence of the proton maximum Lorentz factor �0,p seems
to be well reproduced by the simulations.

In the case of escaping positrons, their maximum
Lorentz factor also increases with decreasing pair produc-
tion (an increasing fpp), between fpp = 0.01 and fpp =
0.04. For lower pair productions fpp � 0.05, the number
of positrons produced strongly decreases, the current sheet
does not form, and thus the maximum Lorentz factor of
escaping positrons drops.

4.3. Proton maximum energy in real pulsars

The estimates of the proton Lorentz factors cannot be di-
rectly related with realistic cases as the magnetic field, neu-
tron star radius, and mass ratio are downscaled in our nu-
merical experiments. A rescaling procedure is therefore re-
quired. In the formula that we use for extrapolation, sev-
eral quantities intervene such as the radius of the star, the
rotation frequency, and the magnetic field. In the range ac-
cessible with our simulations, we have performed several
series of tests, varying the magnetic field strength B? and
radius of the neutron star R? as well as the mass ratio mr

in several sets of simulations in order to check the impact
of these parameters on the maximum energy and luminos-
ity. These tests validate the dependencies that intervene in
our extrapolation. For instance, as illustrated in the bottom
panel of figure 10, the maximum Lorentz factor of protons
max(�) appears to be a nearly constant fraction of �0,p,
which suggests that max(�) is proportional to B?. We note
that the maximum Lorentz factor obtained for the lowest
magnetic field is a higher fraction of �0,p, which is certainly
due to the low maximum Lorentz factor and the confusion
with thermal protons, as �0,p ' 3.5 for B? ⇠ 104 G.

Despite these tests, we caution that this rescaling pro-
cedure is a delicate process owing to the large difference
between numerical and realistic scales. The quantities that
we derive should therefore be considered with care. We as-
sume that a constant fraction of the full vacuum potential
drop can be channelled into proton acceleration. In our sim-
ulations, we obtain maximum Lorentz factors of between
15 and 75% of �0,p, from a high to a low pair produc-
tion, respectively. As �0,p = 3.3 ⇥ 107 m�1

r,1836B?,9R2
?,6P

�1
�3 ,

we see that protons can be accelerated up to Ep ' 5 ⇥
1015 eV B?,9R2

?,6P
�1
�3 for a high pair production and up to

Ep ' 2 ⇥ 1016 eV B?,9R2
?,6P

�1
�3 for a low pair production.

These estimates have been derived for typical properties of
millisecond pulsars, with B? = 109 G and P = 10�3 s, and
a correct electron to proton mass ratio. Thus millisecond
pulsars could produce cosmic rays at PeV energies. This
could have interesting observational consequences, such as
the production of gamma rays in the Galactic centre region
(Guépin et al. 2018). For newborn pulsars with millisecond
periods, we obtain Ep ' 5⇥1019 eV B?,13R2

?,6P
�1
�3 for a high

pair production and up to Ep ' 2 ⇥ 1020 eV B?,13R2
?,6P

�1
�3

for a low pair production. Therefore, we show that new-
born pulsars with millisecond periods could produce cos-
mic rays up to ultra-high energies, as proposed in several
studies (Blasi et al. 2000; Fang et al. 2012, 2013a; Lemoine
et al. 2015; Kotera et al. 2015). We caution that the ef-

fect of curvature radiation is underestimated in our simula-
tions because of the downscaled magnetic field and radius of
the neutron star and the subsequent low Lorentz factors of
accelerated particles. As curvature radiation can strongly
limit particle acceleration below the light cylinder radius
(Arons 2003), a realistic treatment could therefore impact
the acceleration regions and maximum energies of particles,
and should therefore be studied in future work. The cases
of normal pulsars and millisecond magnetars are difficult
to explore with our simulations due to the large distance
between the star and the light cylinder radius, or the high
magnetic fields. In particular, extreme magnetic fields could
have consequences on pair production processes. These con-
figurations therefore require dedicated studies.

4.4. Energy dissipation and luminosity

One last important quantity to infer is the total energy
dissipated and channelled into particles, which allows us to
estimate the proton luminosity. As illustrated in figure 11,
the production of pairs has a strong impact on the outgoing
Poynting flux; it decreases strongly with a decrease of the
yield of pair production. Furthermore, we note that it can
be larger than the analytical spin-down power of an aligned
pulsar L0 = cB2

?R
6
?/4R4

LC (e.g. Contopoulos et al. 1999;
Spitkovsky 2006) for high pair production, as the Y-point
is located below r = RLC and thus a larger fraction of field
lines are open. Moreover, it is less than 20% of L0 for low
pair productions. Therefore, aligned pulsars with low pair
production barely spin-down, as expected for the disc-dome
solution (Cerutti et al. 2015).

Energy dissipation is illustrated in figure 11, where we
show the radial outgoing Poynting flux and luminosity in
electrons, positrons, and protons for fpp = 0.01, fpp = 0.05
and fpp = 0.1 as a function of r/RLC. We caution that
the scales of the figures are different. These quantities are
smoothed over several time-steps and radial bins in order
to display the results clearly. In our simulations, the energy
dissipated is self-consistently transferred to particles that
are accelerated. A main and irreducible source of magnetic
dissipation is via magnetic reconnection which operates in
the equatorial current sheet. The separatrices are also a
source of dissipation, as they form cavities that allow parti-
cle acceleration, with the electric field accelerating particles
along the magnetic field lines. The total power shows sig-
nificant variations with radius, which demonstrates the
occurrence of nonstationary phenomena. These irreg-
ularities reflect the strong time dependency of reconnection
and particle acceleration via the formation of plasmoids (see
strong peaks in figure 11 for fpp = 0.01) and kinks in the
current sheet, and the related shifts of the Y-point position.

For fpp = 0.01, the dissipation of radial Poynting flux
into particle kinetic energy occurs mostly around and be-
yond the Y-point, which is located at approximately r =
0.8RLC. The energy is mostly dissipated into positron ki-
netic energy. Energy is also dissipated below the Y-point
along the gaps where the parallel electric field is not com-
pletely screened (see figure 9). The fraction of the Poynting
flux dissipated into electron and proton kinetic energy de-
creases with increasing fpp. For fpp = 0.1, a significant
fraction of the Poynting flux is dissipated into proton ki-
netic energy.

These simulations allow us to evaluate the typical pro-
ton luminosity. As illustrated in figure 12, the maximum
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Fig. 11: Energy dissipation as a function of radius for fpp = 0.01,

fpp = 0.05, and fpp = 0.1 (top to bottom). We show the radial

Poynting flux integrated over a sphere of radius r (blue line),

the luminosity in electrons (orange dashed line), in positrons

(green dot-dashed line), and in protons (red dotted line), and

the sum of all these components (black line), normalised by L0.

We caution that the vertical scales of the figures are different.

Fig. 12: Maximum proton luminosity normalised by L0, as a

function of fpp for B? = 1.1 ⇥ 105 G.

proton luminosity is obtained for a high production of
pairs. For a decreasing pair production, the pro-
ton luminosity first decreases, and then increases
again. Given the limited number of simulations that we
can perform, it is difficult to determine with certainly the
minimum proton luminosity. We obtain the minimum pro-
ton luminosity Lp ' 2 ⇥ 10�3L0 for fpp = 0.03 and
the maximum proton luminosity Lp ' 4 ⇥ 10�2L0 for
fpp = 0.01. Assuming that we can use these fractions
for typical pulsar properties, and considering the value
of the spin-down power of an aligned pulsar L0 = 1.4 ⇥
1037 erg s�1 B2

?,9R
6
?,6P

�4
�3 for millisecond pulsar properties,

we obtain Lp ' 3 ⇥ 1034 � 5 ⇥ 1035 erg s�1 B2
?,9R

6
?,6P

�4
�3 .

For newborn pulsars with millisecond periods, we obtain
Lp ' 3 ⇥ 1042 � 5 ⇥ 1043 erg s�1 B2

?,13R
6
?,6P

�4
�3 .

5. Discussion and conclusions
Here, we use 2D PIC simulations to study the impact of pair
production on the acceleration of protons in aligned pul-
sar magnetospheres. These simulations confirm that pulsar
magnetospheres are good candidates for the acceleration
of protons: regardless of the yield of pair production, pro-
tons can be accelerated and escape. Interestingly, due to the
mass ratio and large density contrast between protons and
pairs, protons do not experience the same trajectories, and
thus acceleration, as pairs; they are mostly accelerated be-
low the light cylinder radius within the separatrix current
layers but they are not confined in the equatorial current
sheet when it exists, whereas pairs are accelerated at their
highest energies at the Y-point and beyond in the equa-
torial current sheet. We note that higher magnetic fields
could enhance pair production below the light cylinder ra-
dius, as mentioned in Philippov & Spitkovsky (2018), and
screen the parallel electric field that accelerates protons in
this region. Thus, protons could be mostly accelerated at
larger distances in the current sheet. This effect could be
investigated in future studies.

In our numerical experiments, magnetic energy is dis-
sipated into particle kinetic energy through magnetic re-
connection in the current sheet and acceleration by the un-
screened electric field along the separatrices. Similar dissi-
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Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent !-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of !-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep !-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r !  250 pc at positive Galactic 
longitudes and r !  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE " -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE " -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
" -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE " -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the " -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE " -rays. Figure 2 shows the radial profile of the E #  10 TeV 
cosmic-ray energy density wCR up to r !  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the " -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE !-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° $  0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
% 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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inner 50 pc region: spectrumdifferent regions: radial profile

Diffuse emission in the galactic center (GC) region 
- Fermi-LAT, GeV range 
- H.E.S.S., TeV range  radial profile→
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Diffuse emission in the galactic center (GC) region 
- Fermi-LAT, GeV range 
- H.E.S.S., TeV range
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Disk MSP distribution 

Nd = [4000-16000] for L𝛾 ∈[1033,1036] erg s-1

12

Pulsars as pevatrons

Central Molecular Zone 
R ~ 200 pc, ngas ~ 100 cm-3

ngas ~ 1 cm-3

Bulge millisecond pulsar (MSP) distribution 

Nb = [800-3600] for L𝛾 ∈[1033,1036] erg s-1, 

‣ but also Nb ~ 4 × 104 for L𝛾 > 1032 erg s-1 

‣ or no evidence for bulge

Figure 3. Normalized radial distribution functions of the bulge (orange line) and disk (blue line)
populations of MSP.

In the disk: the distribution of MSPs, normalized to the total number of millisecond-
pulsars in the disk Nd, is described by

Fd(rs, ✓, z) =
r
n
s exp(�rs/�) exp(�|zs|/z0) Nd

4⇡z0�
n+2�(n + 2)

, (4.8)

in cylindrical coordinates, with n = 2.35, � = 1.528 ⇥ 103 pc and z0 = 700 pc. The radial
distribution normalized to 1 is therefore Fd(rs) = r

n+1
s exp(�rs/�)/�

n+2 �(n + 2). The two
radial distributions normalized to 1 are illustrated in Fig. 3.

4.3 Total cosmic-ray density

First, in order to focus on the impact of the spatial distribution of MSP on the cosmic-ray
density profile, we consider a continuous injection of cosmic-rays from each pulsar, during
T ⇠ 3 Gyrs, and an observation time t = T . This preliminary assumption of continuous
injection, which is not realistic in the case of MSP, should be considered as a toy model
dedicated to the study of the cosmic-rays radial distribution. Therefore, we assume that
the cosmic-ray density for one source is well described by Eq. 4.6, where we neglect the
error function component. As shown in section 4.1, this approximation is reasonable for a
continuous cosmic-ray injection from the source, and for short distances from the central
source (see fig. 2). The total cosmic-ray density is calculated analytically by integrating the
one-source density over the distribution of millisecond-pulsars in the bulge and the disk.

In the bulge: the total cosmic-ray density is given by

wCR,tot(E, r, t) =

Z 1

rs=0

Z
⇡

✓=0

Z
2⇡

�=0

r
2

sdrs sin ✓d✓d� F (rs, ✓, �) wCR(E, |~r � ~rs|, t) ,

=
(3 � ↵b) Q̇p(E) Nb

16⇡2D(E) r
3�↵b
max

Z
rmax

rs=0

Z
⇡

✓=0

Z
2⇡

�=0

r
2�↵b
s drs sin ✓d✓d�p
r2 + r2

s � 2rrs cos ✓
. (4.9)

For r < rmax

wCR,tot(E, r, t) =
Q̇p(E)(3 � ↵b) Nb

4⇡D(E)(2 � ↵b) rmax

"
1 � 1

3 � ↵b

✓
r

rmax

◆
2�↵b

#
, (4.10)
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Figure 2. Cosmic-ray density for one source, from [2] (blue), obtained with the integrated Green
function without spallation (dashed black), or with the integrated Green function with spallation
(orange), for E = 1013 eV. We compare the results for continuous injection times T ⇠ 300 yrs (left)
and T ⇠ 3 Gyrs (right). The three formalisms agree out to distances of a few 100 pc.

The di↵usion radius rdi↵ is assumed to be of ⇠ 200 pc following the spatial extension of
the TeV emission measured by H.E.S.S. [2]. The corresponding radial cosmic-ray densities
obtained in the above-mentioned cases are plotted in Fig. 2, with and without the spallation
process. The solution used in Ref. [2] is accurate over a large range of distances.

At large distances from the location of the source (r � 100 pc), we see the e↵ect of
spallation for times longer than the spallation interaction timescale tpp ⇠ 1013 s ⇠ 0.2 Myrs
(for np = 100 cm�3 and E = 1013 eV). Therefore this cosmic-ray density integrated over
injection time is compatible with a solution / r

�1 close to the central source, typically at
distances smaller than 100 pc. As expected, the general solution of the di↵usion equation
derived in the cylindrical case converges towards the spherical-case solution for time-scales
lower than several thousand years.

4.2 Millisecond-pulsar distributions

We consider two distinct populations of millisecond-pulsars, one in the bulge and one in the
disk, and use the spatial distributions derived in Ref. [3].

In the bulge: the distribution of MSPs is described by Fb(rs, ✓, �) = Kbr
�↵b in spherical

coordinates, with Kb a normalization constant and ↵b = 2.6. By normalizing this distribution
to the total number of millisecond-pulsars in the bulge Nb, we obtain

Fb(rs, ✓, �) =
(3 � ↵b)Nb

4⇡r
3�↵b
max

r
�↵b
s for 0 < rs < rmax , (4.7)

where rmax = 3.1 ⇥ 103 pc is the radial extension of the bulge [38]. Above rmax, the disk
contribution dominates over the bulge one. In this region, the precise behaviour of the radial
dependency of the bulge distribution is neglected. The radial distribution normalized to 1 is
therefore Fb(rs) = (3 � ↵b) r

2�↵b
s /r

3�↵b
max for 0 < rs < rmax.

– 8 – rs distance from Galactic Center
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Our scenario 
Hypothesis: protons accelerated by MSP population 
- acceleration efficiency  
- injection from individual objects 
- diffusion of protons in interstellar medium 
- integrate over spatial, initial spin, magnetic field and age distributions 
- interaction with molecular clouds: pp → 𝜋0 → 𝛾𝛾

L�(✏ > 1TeV, r) ✏2��(✏) in the inner 50 pc region

predictions for radial profile and spectrum of gamma-rays
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𝜂pNb ~ 106, 𝜂acc ~ 0.03, 𝜅 ~ 103 𝜂p: baryon loading

With following parameters 
‣ hard injection spectrum  from pulsars 
‣ spatial distribution: bulge component 
‣ log-normal initial spin distribution 
‣ power law dipole magnetic field distribution         ∝ B-a with a = 1 
‣ uniform age distribution

E−1

Decrease D(E)

Increase 𝜂acc

Decrease Bmax 

 Increase a   

Bmax ≥ 1011 G
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Conclusions - Pulsars as cosmic-ray sources

- pulsars candidates for production of cosmic rays  
- PIC simulations: focus on aligned dipole (initial condition), millisecond periods 
- pulsar magnetospheres can accelerate protons 
- support analytical estimes, millisecond pulsars are potential PeVatrons 
- large-scale observable consequences, e.g. Galactic center diffuse gamma rays

Prospects 
- proton injection from the neutron star surface: impact of local (EM fields) and non-

local (pair production) effects 
- escape of proton & electron-positron spectra from the magnetosphere: impact of 

mass ratio, magnetic field, rotation period, and other parameters 
- propagation of proton/electron-positron spectra in the wind, termination shock (TS) 

- possible contribution to the development of instabilities at TS 
- impact on propagation and emissions (e.g. gamma-ray halos, Geminga)


