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Black holes are known to launch powerful relativistic jets and emit highly variable gamma radiation.
How these jets are loaded with plasma remains poorly understood. Spark gaps are thought to drive particle
acceleration and pair creation in the black-hole magnetosphere. In this Letter, we perform 2D axisymmetric
general-relativistic particle-in-cell simulations of a monopole black-hole magnetosphere with a realistic
treatment of inverse Compton scattering and pair production. We find that the magnetosphere can self-
consistently fill itself with plasma and activate the Blandford-Znajek mechanism. A highly time-dependent
spark gap opens near the inner light surface, which injects pair plasma into the magnetosphere. These
results may account for the high-energy activity observed in active galactic nuclei and explain the origin of
plasma at the base of the jet.
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Active galactic nuclei (AGN) can be responsible for the
launching of powerful relativistic plasma jets. Very long
baseline interferometry shows that these jets are launched
very close to the event horizon of the black hole [1],
implying that processes occurring in its close environment
must be at play. SomeAGNare also known to emit ultrarapid
gamma-ray flares [2,3], suggesting that subhorizon scales,
possibly at the base of the jet, are involved in efficient
particle acceleration. Nonthermal emission from accelerated
particles was recently detected in the immediate vicinity of
the AGNM87* [4]. This creates new opportunities to better
understand black-hole activity, as the black-hole system can
now be directly probed down to subhorizon scales.
A possible explanation for jet launching is provided by

the Blandford-Znajek (BZ) mechanism [5], which involves
a force-free magnetosphere coupled to the black hole. This
mechanism requires plasma to be continuously replenished
in order to sustain the force-free magnetosphere and to
carry the Poynting flux. The jet generally comprises the
magnetic field lines which enter the ergosphere and cross
the event horizon. Since these field lines are disconnected
from the disk, it is very unlikely that plasma from the
accretion flow can fill the jet zone.
As the plasma density drops, the electric field induced by

the rotation of the black hole becomes unscreened, leading
to electrostatic gaps and particle acceleration. High-energy
emission may result from inverse Compton (IC) scattering
of soft photons by ultrarelativistic leptons. In this frame-
work, annihilation between the high-energy photons pro-
duced in the gap and soft photons emitted by the accretion
flow is a possible plasma source [6]. Electrostatic gaps
could then both explain the observed gamma-ray flares and
provide pair plasma to the jet.

There have been numerous attempts to derive analyti-
cally the properties of a steady gap [7,8], but the spark gap
dynamics are most likely intermittent [9]. The exact
location of the gap is also unknown. The validity of the
BZ mechanism has been demonstrated by general relativ-
istic magnetohydrodynamic (GRMHD) simulations [10],
but this numerical approach cannot address the questions of
the source of plasma or particle acceleration. Kinetic
simulations, on the other hand, can capture these effects.
1D general relativistic particle-in-cell (GRPIC) simulations
display a time-dependent gap [11,12]. Parfrey et al. [13]
(P19) performed the first global 2D GRPIC simulations of a
nearly force-free magnetosphere. They ignored radiative
transfer and instead injected pairs in proportion to the local
parallel electric field. This prescription mimics pair crea-
tion, but precludes any chance of seeing a gap develop.
In this work, we present 2D global GRPIC simulations

with self-consistent radiative transfer, in order to model
realistic plasma injection and study the spark gap dynam-
ics. Both IC scattering and γγ pair creation processes are
implemented. We use a general relativistic version of the
PIC code Zeltron [14–16], first introduced in P19. The
background space-time is described by the Kerr metric,
with dimensionless spin parameter a ∈ ½0; 1½. We use Kerr-
Schild spherical coordinates ðt; r; θ;φÞ, which do not
possess a coordinate singularity at the event horizon. For
convenience, we define “fiducial observers” (FIDOs),
whose wordlines are orthogonal to spatial hypersurfaces.
We include gamma-ray photons in our simulations as a

neutral third species that follows null geodesics. We
extended to full three dimensions the radiative transfer
algorithm of Levinson and Cerutti [11], which incorporates
IC scattering and photon-photon pair production (see the

PHYSICAL REVIEW LETTERS 124, 145101 (2020)

0031-9007=20=124(14)=145101(6) 145101-1 © 2020 American Physical Society

https://orcid.org/0000-0002-3241-9928
https://orcid.org/0000-0001-6295-596X
https://orcid.org/0000-0001-7801-0362
https://orcid.org/0000-0001-6173-0099
https://orcid.org/0000-0002-5130-2514
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.124.145101&domain=pdf&date_stamp=2020-04-06
https://doi.org/10.1103/PhysRevLett.124.145101
https://doi.org/10.1103/PhysRevLett.124.145101
https://doi.org/10.1103/PhysRevLett.124.145101
https://doi.org/10.1103/PhysRevLett.124.145101


Supplemental Material [17], which includes Refs. [18–23]).
Electrons, positrons, and gamma-ray photons interact with a
background radiation field of soft photons. For simplicity,
we assume that the radiation field is time independent,
uniform, isotropic, and monoenergetic, with energy ε0 and
density n0.We do not include any feedback of the simulation
on this radiation field. The upscattered photons and created
leptons are assumed to propagate along the same direction as
their high-energy parents, reflecting strong relativistic
beaming. The fiducial optical depth of both processes is
τ0 ¼ n0σTrg, where rg is the gravitational radius and σT is
the Thomson cross section.
In this Letter we choose to endow the black hole with a

monopole magnetic field (see the Supplemental Material
[17]). Although unphysical, this magnetic configuration
has several benefits. (i) Our results can be directly com-
pared to the BZ analytical solution, which assumes a
magnetic monopole. (ii) We can capture the intrinsic
physical properties of the gap without interference from
more complex structures, such as current sheets. (iii) It is a
realistic model for the field lines penetrating the ergosphere
on each hemisphere, irrespective of the magnetosphere’s
large-scale structure [10,24].
We use a 2D axisymmetric setup with spherical coor-

dinates ðr; θÞ. The simulation domain is r ∈ ½rmin ¼ 0.9rh;
rmax ¼ 15rg�, θ ∈ ½0; π�, where rh ¼ rgð1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2

p
Þ is

the radius of the event horizon. The ergosphere is the region
within the axisymmetric surface defined by r ¼
rgð1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2cos2θ

p
Þ. The spin parameter is set at

a ¼ 0.99. The spatial grid points are uniformly spaced
in log10 r and θ. We mimic an open outer boundary using an
absorbing boundary layer [16]. Particles are removed if
r ≤ rh or r ≥ rmax. We performed our runs with a grid
resolution 2000ðrÞ × 1152ðθÞ, with the requirement that we
resolve the plasma skin depth everywhere. Thiswas checked
a posteriori since the plasma density is one of the unknowns.
Initially, the magnetosphere is empty of pairs but filled with
gamma-ray photons distributed uniformly and isotropically
from r ¼ rh to r ¼ 4rh, with the energy ε1 ¼ 400mec2,
which is well above the pair creation threshold. The photons
quickly pair produce, igniting the pair discharge.
We use normalized code units where rg is the unit of

length and rg=c the unit of time. The normalized magnetic
field is B̃0 ¼ rgðeB0=mec2Þ, and the normalized energy of
background photons is ε̃0 ¼ ε0=mec2. Three dimensionless
parameters define the physical conditions around the black
hole: B̃0, ε̃0, and τ0. In M87*, the magnetic field is
estimated to be B0 ≈ 100 G (B̃0 ∼ 1014) [25,26], whereas
the soft background photon field peaks at ε0 ≈ 1 meV
(ε̃0 ∼ 10−9) [27]. The optical depth is uncertain, but is likely
to be ≲103 [6,28]. The density scale needed to screen the
vacuum parallel electric field is the typical Goldreich-Julian
number density nGJ ¼ B0ωBH=ð4πceÞ [29], taking ωBH ¼
ca=ð2rhÞ as the black-hole angular velocity.

The maximum Lorentz factor γmax that leptons can reach
is close to aB̃0. We also define γs as the typical Lorentz
factor of secondary particles that have just been pair
produced. We focus our work on AGN characterized by
1 ≪ γs ≪ γmax. The cross section of γγ pair production
peaks near the threshold [21], so the bulk of pairs is created
at γs ∼ 1=ε̃0. The greater the ratio γmax=γs ∼ aB̃0ε̃0, the
higher the resulting plasma multiplicity (defined as the
plasma density normalized by nGJ) will be [30].
Altogether, we must choose ε̃0 low enough, so that

γs ≫ 1, but B̃0ε̃0 large enough, to guarantee a good
separation of scales and a large multiplicity (γs ≪ γmax).
In practice we chose B̃0 ¼ 5 × 105 and ε̃0 ¼ 5 × 10−3. The
product B̃0ε̃0 ¼ 2500 is still two orders of magnitude below
its estimated value for M87*, but it is large enough to
induce a transition to time-dependent gaps at high opacity.
We checked that with these parameters, particle acceler-
ation is not limited by radiative IC losses. For lower values
of B̃0ε̃0, the gaps remain steady at all τ0. On the other hand,
increasing the magnetic field implies decreasing the plasma
skin depth de ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mec2=4πnGJe2

p
∼ rgB̃0

−1=2, so the res-
olution needs to go up. We are thus limited to unrealisti-
cally low values for B̃0 and high values for ε̃0, since B̃0ε̃0
must remain large.
Our simulations have Ω · B > 0 in the upper hemisphere

and Ω · B < 0 in the lower one, where Ω is the black-hole
angular velocity vector. In order to screen the electric field,
the black-hole magnetosphere requires a negative poloidal
current in the upper hemisphere ðz > 0Þ and a positive
current in the lower hemisphere (z < 0). Electron density is
always greater than the positron density for z > 0, and lower
for z < 0. Still, the plasma remains globally neutral during
the simulation. A species in the upper hemisphere has the
same behavior as its antispecies in the lower hemisphere.
Particles flowmainly radially, along themagnetic field lines.
We ran four simulations with τ0 ¼ 5, 10, 20, and 30. A
steady state is reached after around 50 to 100 rg=c, as
determined by the total number of particles in the box.
We observe a transition between two regimes with

increasing τ0 (Fig. 1). At low optical depths (τ0 ≲ 10),
pair formation occurs far from the black hole, resulting in a
macroscopic low-density zone close to the horizon (left
panel of Fig. 1). The electric field remains unscreened in
this zone, so a large and steady gap forms. Particles
experience the full vacuum potential which puts them deep
into the Klein-Nishina regime. This results in a drop in the
IC cross section, pushing IC emission, and hence pair
production, even further outwards, outside of the accel-
eration zone. In this regime, acceleration and pair creation
are spatially decoupled. At even lower opacity the gap is so
large and the particle energy so high that all particles escape
the simulation before pair producing.
At high optical depths (τ0 ≳ 30), on the other hand, the

gap is narrow. Pairs are created at low altitudes so the gap
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can be screened efficiently. It is extremely intermittent,
ejecting shreds of pair plasma outwards (see the inset of
Fig. 1 for τ0 ¼ 30). After a burst of pair creation, a significant
number of positrons are expelled, with the help of positive
wiggles of the unscreened electric field (see Fig. 3). The
typical normalized value of the unscreened electric field as
measured by FIDOs, D · B=B2, ranges between 10−3 and
10−2, which is similar to the ad hoc values used in P19.
Intermediate opacity simulations display an intermediate
regime: high latitude field lines behave similarly to the low
opacity case (seeFig. 1 for τ0 ¼ 20),whereas field lines close
to the equator show the same time-dependent behavior as the
high opacity run. The inner and outer light surfaces, beyond
which the rotation of magnetic field lines is superluminal
[31], are shown on the lower plots in Fig. 1. Their shapes at
high opacity are consistent withwhat was previously derived
in the force-free regime [31,32]. The size of the simulation
box was set so as to include both light surfaces.
The insets in the lower panels of Fig. 1 show the radial

component of the electron 3-velocity near the horizon.

Focusing on the upper hemisphere only, in all simulations
there is an electron velocity separation surface located
exactly at the inner light surface. The positron velocity
separation surface has a different location, which depends
on the opacity. It always lies between the inner and outer
light surfaces. The higher τ0, the closer to the black hole the
positron separation surface is. The situation is symmetric
(switching positrons and electrons) in the lower hemi-
sphere. The high opacity simulations present similarities
with the low plasma supply simulation in P19, in particular
regarding the role of the light surface. However, in our
simulations all particles fly away from the black hole
outside of the outer light surface, as a result of the different
magnetic configuration used. Within the inner light surface,
both species fall into the black hole for all τ0. We ran a
simulation at high opacity but with spin a ¼ 0.75 and
confirmed that the inner light surface retains the same role.
The MHD stagnation surface, separating inflow and

outflow in single-fluid MHD [33], has been suggested as a
plausible position for the gap [7]. Its location can be derived

FIG. 1. Top panel: snapshots of the steady-state normalized densities n for positrons (left) and electrons (right), compensated by r2, for
three fiducial optical depths τ0 ¼ 10, 20 and 30. Insets show the density close to the horizon. Bottom panel: snapshots of the steady-state
radial 3-velocities vr for positrons (left) and electrons (right) for τ0 ¼ 10, 20, and 30. The loosely dashed black line is the stagnation
surface given by Ref. [8]. Insets show the 3-velocity close to the black hole, with higher contrast to help visualize the change in sign. The
two solid lines are the inner and outer light surfaces. The dotted black line is the null surface as given by Ref. [9]. In all plots, the densely
dashed red line marks the ergosphere. All distances are in units of rg.
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analytically [8] and is presented in the top panel of Fig. 1.
The null surface is where the general-relativistic Goldreich-
Julian charge density vanishes [9] and has also been
proposed as a plausible gap position. We find that both
the stagnation surface and the null surface are irrelevant for
the pair discharge, and that the inner light surface is where
the gap forms. As the gap opens, a burst of unscreened
electric field either plunges inside the hole or moves
outwards. Subsequent pair creation occurs in this burst
as it propagates, populating the magnetosphere with pair
plasma. This is visible in the upper panel in Fig. 2, which
shows a spacetime diagram of the pair creation rate. This
highlights the variability of the gap as well as its small
spatial extent.
A typical sequence of bursts from the high opacity

simulations is shown in Fig. 3. The electrostatic gap that
opens accelerates particles, which produce high-energy
photons that soon pair produce high-energy particles. As
these secondary particles are created, they gradually screen
the electric field parallel to the field lines. The intensity and

duration of the bursts are highly variable. They have a
spatial extent of a fraction of rg (see Fig. 3), which appears
promising for interpreting ultrafast variability of AGN. We
find that the gap size is controlled by the IC mean free path.
At high opacity, the gap width is comparable to the IC mean
free path in the Thomson regime rg=τ0. The gap width,
measured with the unscreened electric field, is ∼0.06rg at
τ0 ¼ 30. At low opacity, the mean free path becomes
comparable to rg. Particles reach high Lorentz factors in the
gap, so the IC cross section drops, further increasing the
mean free path.
The multiplicity of the plasma flow is high in the gap

(around 10), and reaches 2 outside of a burst. The high
opacity solution is already very close to being force-free.
We observed that the whole magnetosphere, despite being
time dependent due to the bursts, rotates consistently at the
optimal predicted angular velocity ≈ωBH=2 for a force-free
magnetosphere [5,31], except at low optical depth where
we observe significant deviations. Going to higher B̃0ε̃0
would likely increase the multiplicity and allow the
magnetosphere to be even more force-free. The total
Poynting power output measured in the simulations is also
consistent with the BZ prediction [5,34] LBZ ¼ B2

0ω
2
BH=6 at

all opacities (see the figures in the Supplemental Material
[17]). This supports the role of the BZ mechanism in the
extraction of energy from the black hole, and the possibility
that IC scattering and γγ pair production processes can
supply sufficient plasma to activate this mechanism.
At low opacity a sizable fraction of the Poynting flux

(around 20%) is dissipated within the numerical box.

FIG. 2. Top panel: Spacetime diagram of the pair creation rate
at θ ¼ π=4 for the high opacity simulation, in arbitrary units. The
white solid (dashed) line marks the location of the inner light
surface (the null surface) at θ ¼ π=4. Although pair creation is
continuous in time in the simulations, trajectories look discretized
because of down sampling. Bottom panel: 2D map of the time-
averaged pair creation rate. The white solid (dashed) line marks
the time-averaged reconstructed light surfaces (analytical null
surface).

FIG. 3. Snapshot of the phase space for electrons (black dots)
and positrons (red triangles) sampled at θ0 ¼ π=4� 0.02 during a
burst, for τ0 ¼ 30. Particles are denoted by sgnðvrÞðΓ − 1Þ, where
Γ is the FIDO-measured Lorentz factor and vr is their radial
3-velocity. The blue solid line is the normalized unscreened
electric field profile at θ0. The vertical dash-dotted line marks the
location of the light surface at θ0. For clarity, only 20% of the
particles are displayed.
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A large fraction of the dissipated energy goes into high-
energy photons and leptons. The bulk energy-at-infinity of
the leptons within the ergosphere can be negative, as
emphasized in P19; we find that they significantly con-
tribute to energy extraction from the black hole at low
opacity. At higher opacity dissipation is smaller since the
gap is narrow. The energy flux carried by leptons becomes
negligible. (This does not contradict the conclusion,
obtained in P19, that particles with negative energy at
infinity can contribute significantly to black-hole energy
extraction. In their study, most of them were located in a
current sheet, while there is none in our simulations.) The
dissipated energy is rather deposited in photons below the
pair creation threshold, which we remove from the simu-
lation to save computing time. The power carried by these
photons can be estimated by computing the dissipation rateR
V EiJidV integrated over the whole simulation box. At
high optical depths, the dissipated power is around 3% of
the output Poynting flux. Therefore these bursts are likely
to come with gamma-ray emission, possibly detectable
from Earth.
Our results show some similarities with 1D models, but

also important differences which justify the need for
multidimensional simulations. Similarly to Chen and
Yuan [12], we find that the gap opens quasiperiodically.
However, unlike them we find that discharges happen at the
inner light surface, whereas the null surface seems to play
no role. Additionally, while their gap has a size ≳rg, we
find that the gap size is much smaller than the black hole
size in the high optical depth regime (although it remains
much larger than the plasma skin depth). A major differ-
ence between 1D and 2D is that field lines do not all behave
as a coherent entity. Therefore the pair creation bursts have
a smaller spatial extent and the time variability is higher in
our simulations than in 1D models. On the other hand, we
do not observe the quasisteady, noisy state obtained by
Levinson and Cerutti [11], or by Chen and Yuan [12] at low
resolution. This might be because field lines can still
weakly interact through the electric field in the ðθ;φÞ
plane, retaining some coherence at small scale.
In a future work we will aim to reproduce radio and

gamma-ray observations of AGN, by applying the self-
consistent radiative transfer treatment used in this study to
other magnetic configurations. Although the structure of
the outflow might be quantitatively different, the inner light
surface is not expected to depend significantly on the large-
scale magnetic configuration and therefore the broad
conclusions we draw from this study should hold generally.
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