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A B S T R A C T 

An issue of considerable interest in the theory of jet formation by the Blandford–Znajek mechanism, is how plasma is being 

supplied to the magnetosphere to maintain force-free conditions. Injection of electron–positron pairs via annihilation of MeV 

photons, emitted from a hot accretion flow, has been shown to be a viable possibility, but requires high enough accretion rates. 
At low accretion rates, and in the absence of any other form of plasma supply, the magnetosphere becomes charge-starved, 
forming intermittent spark gaps that can induce intense pair-cascades via interactions with disc radiation, enabling outflow 

formation. It is often speculated that enough plasma can penetrate the inner magnetosphere from the accretion flow through 

some rearrangement of magnetic field lines preventing the formation of spark-gaps. To address this question, we conducted a 
suite of 2D axisymmetric general-relativistic particle-in-cell simulations, in which plasma is injected into specified regions at 
a predescribed rate. We find that when pair-production is switched off, nearly complete screening is achieved when plasma is 
injected at the entire region inside the outer light cylinder at a high enough rate. Injection outside this region results in either, 
the formation of large vacuum-gaps, or coherent, large-amplitude oscillations of the magnetosphere, depending on the injection 

rate. Within our allowed dynamical range, we see no evidence for the system to reach a steady-state at high injection rates. 
Switching on pair-production results in nearly complete screening of the entire magnetosphere in all cases, with a small fraction 

of the Blandford–Znajek power dissipated as TeV gamma-rays. 

Key words: acceleration of particles – black hole physics – relativistic processes – methods: numerical. 
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 I N T RO D U C T I O N  

 key issue in the theory of magnetized Kerr black hole (BH)
utflows (Blandford & Znajek 1977 ) is the nature of the plasma
ource in the inner magnetosphere. An efficient activation of outflows 
y magnetic extraction requires continuous plasma production in the 
agnetospheric region enclosed between the inner and outer light 

urfaces, defined as the loci where the speed of an observer rotating
ith the magnetic flux tube equals the speed of light (Blandford &
najek 1977 ; Globus & Levinson 2013 ). 1 In order to establish a force-

ree jet, the plasma injection rate must be sufficiently high to maintain 
he density everywhere in the magnetosphere abo v e a critical value,
nown as the Goldreich–Julian (GJ) density, (Goldreich & Julian 
969 ). If the plasma source cannot accommodate this requirement, 
harge starved regions (spark gaps) will be created, potentially 
eading to self-sustained pair discharges. In this scenario, charged 
 E-mail: idanniv@mail.tau.ac.il 
 Formally these surfaces are the solutions to the equation g μνu μu ν = 0, with 
 

r = u θ = 0 and u φ = �u t in Boyer–Lindquist coordinates, where g μν is 
he Kerr metric and � is the angular velocity of magnetic field lines. It can 
e shown (Takahashi et al. 1990 ; Globus & Levinson 2013 ) that these are 
he surfaces on which the velocity of an ideal MHD flow equals the Alfv ́en 
elocity in the limit of zero inertia. 
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eptons accelerated along magnetic field lines by the unscreened gap 
lectric field scatter soft photons emitted by the surrounding matter 
o TeV energies. These gamma rays, in turn, interact with the soft
hotons to create more pairs, initiating pair cascades that tend to
creen the gap, regulating the discharge process. Analytic models 
Levinson 2000 ; Neronov & Aharonian 2007 ; Levinson & Rieger
011 ; Hirotani & Pu 2016 ) as well as general relativistic particle-in-
ell (GRPIC) simulations (Levinson & Cerutti 2018 ; Chen & Yuan
020 ; Crinquand et al. 2020 , 2021 ; Kisaka et al. 2022 ) indicate that
he energy dissipated in the gap is robustly emitted in the TeV band,
nd it has been speculated (Levinson 2000 ; Neronov & Aharonian
007 ; Levinson & Rieger 2011 ; Hirotani & Pu 2016 ; Hirotani et al.
016 ; Katsoulakos & Rieger 2018 ; Levinson & Cerutti 2018 ; Chen &
uan 2020 ; Kisaka, Levinson & Toma 2020 ; Kisaka et al. 2022 ) that

his mechanism may explain the extreme TeV flares seen in M87
nd, concei v ably, other AGNs. 

Giv en the e xtremely low density (compared to the density of the
ccreting material) needed to conduct the Goldreich–Julian current, 
he necessity for spark gaps in black-hole magnetospheres has been 
isputed. One alternative scenario for plasma supply involves the 
nterchange of magnetic field lines from the accretion flow to the
nner magnetosphere (Blandford & Globus 2022 ) or, less likely, the
iffusion of charged particles across magnetic field lines. Another 
lausible plasma production mechanism discussed e xtensiv ely in 
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he literature is annihilation of MeV photons emitted by the hot
ccretion flow (or a putative corona). Since the pair injection rate
redicted by this process is extremely sensitive to the rate at which
lasma in the close vicinity of the BH is being accreted (Levinson &
ieger 2011 ; Mo ́scibrodzka et al. 2011 ; Hirotani & Pu 2016 ),
hether this mechanism can provide complete screening of the
H magnetosphere in M87 is currently under debate (Levinson &
egev 2017 ). It definitely cannot provide screening of the BH
agnetosphere in Sgr A 

∗. 
Regardless of the relative merits of these different scenarios,

hey predict different plasma production rates and locations. This
aises the question of how the magnetosphere of an active BH will
espond to injections in localized regions. In particular, the location
f the injection regions relative to the light surfaces has not yet
een fully elucidated. Moti v ated by the abo v e considerations, we
onducted a set of numerical experiments, by means of general-
elativistic particle-in-cell (PIC) simulations, in order to explore
ow the magnetosphere responds to localized plasma injections.
n these experiments, we remain agnostic on the physical process
ehind the injections and aim to investigate whether such injections
an efficiently screen the large-scale magnetospheric electric fields,
hus preventing the formation of spark gaps. Our experiments are
estricted to steady injection in spherical shells (annuli in our 2D
xisymmetric simulations). We also conducted several experiments
here injection is restricted to a ring sector (in 2D) about the

quatorial plane. This configuration represents an accretion torus
n more realistic situations. 

Quite generally, we find that when plasma is injected in the entire
egion inside the outer light surface, complete screening ensues, even
n the absence of in situ pair creation by interaction of accelerated
eptons with the background radiation field, leading to the generation
f a force-free outflow that appears to be in good agreement with the
redictions of the Blandford–Znajek (BZ) mechanism. Ho we ver, in
ases where the injection zone does not include the entire region
etween the inner and outer light surfaces and the interaction with
isc radiation is switched off, a parallel electric field E � is generated
ven when the injected plasma is relativistically hot and the injection
ate is relatively high (i.e. the mean pair density largely exceeds the
J density in the injection zone). The dynamics of the magnetosphere
epends on the injection rate; when it is low enough (but still
ufficiently high to maintain the density in the injection zone well
bo v e the GJ density) a quasi steady state is established, whereby the
mount of energy extracted from the black hole is small. At higher
njection rates the magnetosphere exhibits a cyclic dynamics, with
quasi) periodic modulations of the density and the parallel electric
eld o v er a duration of tens of BH light crossing times t g , resulting in

he ejections of energy bursts with a maximum power that can reach
80 per cent of the optimal BZ power, L BZ . When the interaction
ith disc radiation is switched on in these experiments, the system

elaxes to a quasi steady force-free state, with the extracted power
eaching L BZ , and the TeV luminosity of emitted radiation reaching
 few per cents L BZ . 

 SIMULATION  SETUP  

e conducted 2D axisymmetric simulations with the PIC code
ELTRON (Cerutti et al. 2013 ), modified to include GR effects

P arfre y, Philippo v & Cerutti 2019 ; Crinquand et al. 2020 ). The
ystem consists of a Kerr BH with a Kerr parameter a = 0.99
hreaded initially by a monopole magnetic field. The choice of
 monopole field was made to a v oid the formation of current
heets at the equatorial plane, which complicate the analysis and
NRAS 526, 2709–2716 (2023) 
he interpretation of the results. We use geometrized units, where
ength scales and time are normalized by the BH gravitational radius,
 g and t g = r g /c, respectively. Henceforth, densities are measured
n units of a fiducial density, n 0 = �B H /2 πec , where B H is the
agnetic field strength on the horizon, � = �H /2 is the angular

elocity of the monopole field, and �H = ac/ 2 r H ≈ 1 / 2 t g is the BH
ngular v elocity. F or this choice, the associated plasma frequency
s ω p = 

√ 

�H ω H , with ω B = e B H /m e c , the fiducial magnetization is
0 = ω B /�H ≈ 2 e B H r g /m e c 

2 , and the ratio of gravitational radius
o skin depth is r g ω p /c = 

√ 

σ0 / 2. In M87, we typically have σ 0 ∼
0 13 . Such a value is unrealistic for GRPIC simulations that attempt
o resolve the skin depth. In the simulations presented below we
hoose a rescaled value of σ 0 = 5 × 10 5 , which allows skin depth
esolution in all cases studied (see Crinquand et al. 2020 for further
etails). It is worth noting that for the monopole field adopted here
he magnetization at radius r scales as σ ( r ) ∝ κ( r ) −1 r −2 , where κ( r ) =
 ( r )/ n 0 is the dimensionless pair density at radius r . 
We used a grid of spherical Kerr–Schild coordinates that extends

rom 0 . 9 r H to a radius of 15 r g , where we set an absorbing layer
etween 13 . 5 and 15 r g . Once the simulation starts we impose
 steady injection of electron–positron pairs in a spherical shell
etween radii r in and r out , where the pairs are distributed randomly
nside the shell and have a thermal velocity distribution with a
emperature T . Table 1 shows the three types of models used in this
 ork. Each simulation w as run until it reached a steady state, or in

ases where the system exhibited cyclic dynamics (as in the models
ith high injection rate discussed below), until it completed several

ycles. The simulations were conducted in two limits. In the first
imit, we turned off in situ pair creation and plasma is supplied only
hrough our prescribed volume injection. In this case, the particle flux
s conserved outside the injection zone, while particles can exchange
nergy with the electromagnetic (EM) field and emit curvature
adiation. In the second limit, we include additional pair creation.
igh-energy leptons can upscatter soft photons via inverse Compton

IC) scatter and produce gamma-ray photons, which can themselves
nnihilate against soft photons to produce electron–positron pairs. As
e will show in the following sections, this allows for a more efficient

creening of the parallel electric field. We measured the Poynting flow
nd the energization of particles in the magnetosphere in each model
nd compared them to estimate its efficiency in activating the BH. 

.1 Electromagnetic fields 

n the 3 + 1 formalism of Komissarov ( 2004 ), the electromagnetic
ensor, F 

μν , is decomposed into electric field D and magnetic field
 , defined (in components) by 

 

i = 

1 

2 
ε ijk ∗F jk , (1) 

nd 

 

i = 

1 

2 
ε ijk F jk , (2) 

here ∗F 

μν is the dual electromagnetic tensor, γ is the determinant
f the three-dimensional metric tensor γij describing the space-like
ypersurfaces in the 3 + 1 foliation, and ε is its corresponding
e vi-Ci vita tensor. The two general relativistic invariants can be
xpressed in terms of these fields as ∗F μνF 

μν = 4 D · B and F μνF 

μν =
( B 

2 − D 

2 ). In idea mangeto-hydrodynamics (MHD) or force-free
lectrodynamics (FFE), these invariants satisfy D · B = 0 and B 

2 −
 

2 > 0. In starved magnetospheric regions D · B �= 0. Therefore, the
uantity D · B / B 

2 , which measures the strength of the electric field
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Table 1. A list of the models discussed in the text. The corresponding configurations of the injection zone are 
presented in Fig. 1 . The models differ by their opacity for in situ pair creation τ 0 (equation 5 ), injection zone 
geometry, injection rate χ (equation 3 ), fiducial magnetization σ 0 , and temperature of injected plasma. In 
models �N and �W , the injection zone is a ring sector of angular width �θ = π /3 and 2 π /3, respectively (see 
Section 3.3 for further details). Each model is linked to a movie that shows the time evolution of the electron 
number density ( n −r 2 /n 0 r 

2 
g ), parallel electric field ( D · B / B 

2 ), and power from the BH 

(∫ 
T r t d A/L BZ 

)
. The 

movies are accessible in the on-line version by pressing on the model name (in blue text). 

Model τ 0 r in − r out �θ χ k B T /m e c 
2 σ 0 t f /t g Screening 

�S1 0 r H − 2 π 1 1 5 × 10 5 99 no 
�S2 0 r H − 2 π 5 1 5 × 10 5 140 no 
�S3 0 r H − 2 π 10 1 5 × 10 5 99 no 
�I 0 r H − 5 π 1 1 5 × 10 5 99 yes 
�L 0 r H − 13 . 5 π 1 1 5 × 10 5 99 yes 
�1 0 10 − 11 π 1 1 5 × 10 5 99 no 
�2 5 10 − 11 π 1 1 5 × 10 5 99 no 
�3 10 10 − 11 π 1 1 5 × 10 5 99 partial 
�4 20 10 − 11 π 1 1 5 × 10 5 99 yes 
�5 0 10 − 11 π 10 10 5 × 10 5 163 damped oscillations 
�6 0 10 − 11 π 30 10 5 × 10 5 123 periodic 
�N1 0 10 − 11 π /3 30 10 5 × 10 5 99 no 
�N2 0 10 − 11 π /3 300 10 5 × 10 3 37 no 
�N3 20 10 − 11 π /3 30 10 5 × 10 5 99 yes 
�W1 0 10 − 11 2 π /3 15 10 5 × 10 5 99 no 
�W2 0 10 − 11 2 π /3 150 10 5 × 10 3 40 no 
�W3 20 10 − 11 2 π /3 15 10 5 × 10 5 34 yes 
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long magnetic field lines relative to the local magnetic field can be
sed to identify unscreened regions. 

.2 Plasma injection scheme 

s e xplained abo v e, in each numerical e xperiment pairs are injected
n a spherical shell of inner radius r in and outer radius r out . The rate
t which pairs are injected inside the shell is taken to be 

˙ inj = ṅ 0 
r 2 g 

r 2 
= χn 0 c 

r g 

r 2 
, (3) 

here we adopt the normalization n 0 /t g , viz., ṅ 0 = χn 0 /t g and χ is a
imensionless factor. For the models listed in Table 1 , the temperature
f the injected plasma is mildly relativistic, k B T = m e c 

2 , except
or models � 5, � 6, �N , and �W for which it is ten times larger
see Table 1 ). At such temperatures, the injected pairs should be
ble to propagate from the injection zone to other regions of the
agnetosphere at nearly the speed of light. 
A rough estimate of the mean density in a shell far enough

rom the BH (where the metric is nearly flat) can be obtained
pon assuming that the system is in a steady state and the density
nside the shell is uniform. Equating the total rate of injection, 
 r out 
r in 

ṅ inj d 
3 r = 4 πχn 0 cr g ( r out − r in ), with the rate at which plasma

s lost from the shell boundaries, 4 πnc( r 2 
out 

βout − r 2 
in 
βin ), where

out > 0 ( βin < 0) is the radial bulk 3-velocity of the plasma escaping
rom the outer (inner) boundary, one obtains: 

 = 

χr g ( r out − r in ) (
r 2 

out 
βout − r 2 

in 
βin 

)n 0 . (4) 

or the � models in Table 1 , r out − r in = r g , yielding nr 2 
out 

/n 0 r 
2 
g ≈

/ ( βout − βin ). From the simulation we find βout − βin ≈ 0 . 3, from
hich we obtain nr 2 

out 
/n 0 r 

2 
g ≈ 3 χ , which is smaller by about a

actor of 2 than the value measured in the simulation. F or e xtended
njection, with r in � r and βout ≈ 1, we estimate the local density 
o be n ( r) ≈ χn 0 ( r g /r) by setting r in = 0 and r out = r in equation
 4 ), or nr 2 /n 0 r 
2 
g ≈ χ ( r/r g ). Thus, we generally anticipate the ratio

etween the density and the local GJ density to be of the order of a
ew times χ , consistent with the results of the simulations. 

.2.1 Photon generation and pair production 

n addition to the prescribed injection scheme described abo v e, we
lso included in some of the runs photon generation by IC scattering
f soft photons putatively emitted by an accretion flow, and pair
reation via interactions of the gamma-rays thereby produced with 
he same soft photons. Following Crinquand et al. 2020 , we assume
hat the radiation field is time-independent, uniform, isotropic, and 

onoener getic, with ener gy ε 0 and density n soft . We do not include
ny feedback of the simulation on this radiation field. The upscattered 
hotons and created leptons are assumed to propagate along the same
irection as their high-energy parents, reflecting strong relativistic 
eaming. The intensity of the background radiation field is quantified 
n Table 1 by the fiducial optical depth 

0 = σT r g n soft , (5) 

here σ T is the Thomson cross-section. To guarantee optimum scale 
eparation we adopt ε 0 = 5 × 10 −3 (see Crinquand et al. 2020 for
urther details). 

 RESULTS  

n order to examine the effect of external plasma injection on the
ynamics of the magnetosphere, we run a series of models where we
aried the size and location of the injection zone, the injection rate,
nd the optical depth for photon–photon pair creation. The different 
odels are listed in Table 1 . In what follows, cases in which the

lasma injection zone include the region below the outer light surface
left panel in Fig. 1 ) are termed ‘internal injection’, otherwise they
re termed ‘external injection’. 
MNRAS 526, 2709–2716 (2023) 
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M

Figure 1. The different types of models used in this work. The injection 
zones are marked with grey dots. The red solid lines mark the inner and outer 
light surfaces and the dashed line marks the outer surface of the ergosphere. 
The light surfaces are e v aluated for a case of � = �H /2. 

Figure 2. Electrons number density (top) and normalized parallel electric 
field, D · B / B 

2 (bottom), for cases of plasma injection between r in = r H and 
(left to right) r out = 2 , 5 , 13 . 5 r g . In all cases shown χ = 1. The injection 
zones are marked with black dots, magnetic field lines with grey solid lines 
and the inner and outer light surfaces with solid red lines. A nearly complete 
screening is obtained in the two right cases where the injection zone extends 
beyond the outer light cylinder. 
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Figure 3. The radial distribution of the solid angle-averaged Northern 
hemisphere parallel electric field, 〈 D · B /B 

2 〉 � (top), and normalized power ∫ 
T r t d A/L BZ (bottom), in cases with τ 0 = 0 and plasma injection between 

r in = r H and (from left to right) r out = 2 , 5 , 13 . 5 r g . The green, red, and blue 
lines in the bottom panels mark the EM Poynting power, plasma kinetic 
power, and the sum of the two, respectively. The screening of E � obtained in 
models �I and �L results in outgoing Poynting flow close to the BZ value. 
The small drop in the total power at large radii is due to radiative losses 
(including IC photons produced below the threshold that are discarded from 

the simulation). 
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.1 Internal injection 

n the first suite of experiments, we fixed r in at the BH horizon
nd varied r out (models �S1, �I , �L ). The interaction with the
xternal radiation was switched off by setting τ 0 = 0. Each model
as run for a long enough time to allow the system to reach a quasi

teady-state (typically after about 30 r g ). Fig. 2 shows a comparison
f the three models well after the system in each case has reached
he quasi steady-state phase. The top panels show the number
ensity of electrons, n −, in units of n 0 ( r g /r) 2 . The distribution
f positrons is a mirror image with respect to the x -axis and is
NRAS 526, 2709–2716 (2023) 
ot presented. The bottom panels show the quantity D · B / B 

2 ,
hich indicates the level of charge starvation in magnetospheric

ones. As seen, ef fecti ve screening of the entire magnetosphere
s established in models �I and �L , in which the injection zone
 xtends be yond the outer light cylinder (marked with a solid red
ertical line). In model �S1, wherein the plasma is injected within
 radius of r ≤ 2 r g , a strong parallel electric field is generated in a
arge portion of the magnetosphere abo v e and below the equatorial
lane. 
Fig. 3 exhibits the radial distribution of D · B / B 

2 , averaged over
he angular direction (top row), and (bottom panels) the radial
istribution of the energy flow, 

∫ 
T 

r 
t d A , where T 

r 
t is the total energy

ux and d A a surface element of a sphere at radius r , in units of the
Z power, here defined as: 

 BZ = 

1 

6 c 
ω 

2 
H � 

2 , (6) 

here � = 

∫ 
B 

r √ 

γ d A H is the magnetic flux on the horizon. The
oynting flow is shown in green, particle energy flow in red, and the

otal power (sum of the two) in blue. The decrease in Poynting flow
een in model �S1 is consistent with the existence of a significant
arallel electric field, which e x erts work on the pair plasma at the
xpense of the EM energy. The small drop in total power seen in
odels �I and �L is due to radiative losses. 
Increasing the plasma injection rate near the horizon further in
odel �S2 , �S3 impro v es the screening of E � , as seen in Fig. 4 .
he figure shows the radial distribution of the solid angle-averaged
orthern hemisphere parallel electric field, 〈 D · B /B 

2 〉 � (top), and
otal power, 

∫ 
T 

r 
t d A (bottom), when χ varies from χ = 1 to χ = 10.

e identify a scaling E � ∝ χ−1/2 (see figure caption), implying that
n order to reduce E � below 0.01 B an injection rate of χ > 100 is
equired. 
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Figure 4. Same as Fig. 3 for a case of injection between r in = r H and r out = 

2 r g , τ = 0 and different injection rates with (from left to right) χ = 1, 5, 
10. The peaks in 〈 D · B /B 

2 〉 � (top panels) scale as χ−1/2 , implying that to 
reduce E � below ∼0.01 B everywhere in the box an injection rate of χ > 100 
is required. 
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Figure 5. Electrons number density (top) and normalized parallel electric 
field, D · B / B 

2 (bottom), for cases of plasma injection in a ring with r in = 10 r g 
and r out = 11 r g . Here, we set the initial optical depth for pair creation to be 
(from left to right) τ 0 = 0, 10, 20. The injection zones are marked with black 
dots, magnetic field lines with grey solid lines, and the outer light cylinder 
with a dashed red line. Screening is obtained in the two right panels with τ 0 

≥ 10. 

Figure 6. The radial distribution of the solid angle-averaged Northern hemi- 
sphere parallel electric field, 〈 D · B /B 

2 〉 � (top), and power, 
∫ 

T r t d A/L BZ 

(bottom) for cases of plasma injection in a ring with r in = 10 r g , r out = 11 r g 
and varied optical depth, where from left to right, τ 0 = 0, 10, 20. The green, 
red, and blue lines in the bottom panels mark the EM Poynting power, plasma 
kinetic power, and the sum of the two, respectively. In the models with high 
opacity better screening is obtained resulting in an outgoing Poynting flow 

close to the BZ value. The drop in the total power at large radii is due to 
radiative losses (including IC photons produced below the threshold that are 
discarded from the simulation). 
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.2 External injection 

n the second suite of experiments we injected plasma in a ring
etween r in = 10 r g and r out = 11 r g (shown schematically in the
iddle panel in Fig. 1 ), varying the pair injection rate χ and the
ducial optical depth for pair creation, τ 0 , between the different runs.
napshots from simulations with χ = 1 and τ 0 = 0, 5, 10, 20, taken
t times after the system (in each run) has reached a steady state, are
xhibited in Fig. 5 . The top panel delineates the normalized electron
ensity and the bottom panel shows D · B / B 

2 , as in Fig. 2 . As seen,
hen pair creation is switched off ( τ 0 = 0, model �1) the injected
lasma is unable to screen the entire magnetosphere, even though 
he plasma density in the injection ring and its vicinity exceeds the
J density considerably. A large vacuum gap pertains in the inner 

egion, within about 5 r g . Inside the gap electrons are accelerated by
he field aligned electric field E � inwards in the Southern hemisphere 
nd likewise positrons in the Northern hemisphere. The supply of 
lasma into the ergosphere by the accelerated pairs induces electric 
urrent that generates an outward Poynting flow (Fig. 6 ). However, 
he outflowing Poynting energy is compensated by the inflowing 
nergy carried by the inwards moving pairs. The net positive energy 
ux is small, about 0.02 L BZ . 
Switching on the interaction with the ambient soft photons pre- 

ents the formation of the large-scale electric field due to prodigious 
eneration of gamma rays and newly created pairs, which effectively 
creen the field and allow for an efficient energy extraction from
he BH via the BZ process. We find that nearly complete screening
f the entire magnetosphere occurs at τ 0 � 20 (model �4). The 
otal energy flux is carried completely by the Poynting flow, and 
pproaches its maximum value. We also observe that a small fraction 
a few per cents) of the energy flux emerging from ergosphere is
onverted to intermittent (high-energy) radiation (curvature radiation 
hrough radiation back-reaction and IC photons below the pair 
reation threshold). Note that unlike IC photons abo v e the pair
roduction threshold, curvature photons, and IC photons below the 
hreshold are not treated as PIC particles in the simulations, and are
ot included in the plot of the radiation energy flux in the figures.
he o v erall behaviour of the system is similar to that presented in
MNRAS 526, 2709–2716 (2023) 
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Figure 7. Same as Fig. 5 for injection in a narrow ring section, with high 
fiducial magnetization and τ 0 = 0 (model �N1), τ 0 = 20 (model �N3), and 
low fiducial magnetization with τ 0 = 0 (model �N2). In runs �W1 and �N3 , 
the magnetization largely exceeds unity everywhere inside the simulation box 
at all times. In run �N2, the injection zone is o v erloaded with plasma ( σ ( r inj ) 
< 1) and it is seen that the hot plasma can diffuse across field lines. However, 
the BH outflow is completely chocked (see text for details). 
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rinquand et al. ( 2020 ), except for the density distribution which in
ur case is partly imposed by the external plasma injection process. 
One might suspect that the formation of a macroscopic vacuum

ap in the case of τ 0 = 0 is a consequence of insufficient plasma
upply, and that increasing the injection rate sufficiently might
ltimately result in a complete screening. To examine how the
agnetosphere responds to increased plasma injection rate, we

erformed simulations with τ 0 = 0, χ = 30 (model �6) and χ =
0, 100 (these models show qualitatively the same behaviour as
odel �6 and thus are not listed in Table 1 ). Interestingly, we find
 cyclic dynamics for χ > 10 . 2 The inner gap exhibits oscillations
ith a period of about 70 t g , during which the gap size repeatedly

hrinks to a minimum (at which it extends from the horizon to some
adius within the ergosphere) and then expands to a maximum size in
xcess of 5 r g (a link to the movie showing this behaviour is given in
able 1 , model �6). The density in the region outside the injection
ing exhibits strong time modulations that correlate with the gap
ctivity. For χ = 100 the density at maximum largely exceeds n GJ 

n most of the simulation box, approaching a few houndreds n GJ in
he injection zone. Within our limited dynamic range, we find no
vidence for a tendency of the system to reach a steady state as χ is
ncreased. 

To examine the dependence on the width of the injection ring
e ran a simulation with hot plasma injection into a ring extending

rom r in = 9 r g to the outer edge of the simulation box, r out = 13 r g 
not listed in Table 1 ). We find c yclic dynamics, v ery similar to that
escribed abo v e. A similar behaviour is also e xhibited in the cases
ith a torus configuration (see Section 3.3 below). We conclude that

his quasi-cyclic evolution occurs in cases where plasma is injected
utside the outer light cylinder. 
The following heuristic argument offers an explanation for this

ehaviour: When the magnetosphere is nearly completely screened,
nd a BZ outflow is established, a stagnation surface forms across
hich the velocity of injected plasma changes sign (Globus &
evinson 2014 ). This double flow structure is a consequence of

he causal structure of the magnetosphere. In particular, plasma
ithin the inner light surface must be flowing inwards and plasma

bo v e the outer light surface must be flowing outwards. This
mplies that plasma must be continuously injected between the inner
nd outer light surfaces to keep the outflow in a force-free state
t all times. Now, in the simulations described abo v e plasma is
njected only abo v e the outer light surface, and since this plasma
annot reach the region below the stagnation surface, o v er time it
ecomes devoid of plasma and a macroscopic gap forms. If the
njection rate is not high enough, as in the cases with χ � 10,
 steady state is established, in which part of the injected plasma
s flowing outwards, and part is being pulled into the BH by the
arallel electric field generated in the starved magnetospheric region
round the BH. When the injection rate is high enough, as in the
uns with χ > 10, enough plasma is being pulled inwards during
hases of magnetospheric starvation to nearly screen the entire
agnetosphere. A BZ outflow is then formed for a time it takes the

lasma below the stagnation surface to be e v acuated, leading again
o formation of a large vacuum gap in the inner region and the cycle
epeats. 
NRAS 526, 2709–2716 (2023) 

 For χ = 10 (model �5), we observe damped oscillations that tend to 
onverge to a state with a starved inner region (between the horizon and 
 ≈ 3 r g ). This seems to be a transition case between steady and oscillatory 
olutions. 
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.3 Torus configurations 

n our final suite of experiments we inject hot plasma ( k B T /m e c 
2 =

0) into a ring sector with an opening angle �θ about the equatorial
lane (right panel in Fig. 1 ), located between radii r in = 10 r g and
 out = 11 r g (that is, the ring extends from θmin = 

π−�θ
2 to θmax =

π+ �θ
2 ). In these runs the entire injection region is located outside the

uter light cylinder, and numerical effects that might be associated
ith injection near the axis are a v oided. As in the other cases, the
ensity outside the injection zone is taken to be zero initially. We
xamined cases with �θ = 60 ◦ (models �N1 − �N3 ) and �θ =
20 ◦ (models �W 1 − �W 3 ). We find a similar behaviour to the
revious cases; at χ = a few, the system reaches a quasi steady-state
t t ≈ 70 t g . At higher injection rates (particularly for the �θ = 120 ◦

ase), the system e xhibits c yclic oscillations similar to those seen in
he full rings with χ > 10. In all cases the plasma is confined to
he magnetic field lines, as expected for σ � 1; the polar regions
t θ < θmin and θ > θmax remains e v acuated from charges for the
ntire simulation. The net energy flux emerging from the ergosphere
s small (practically zero for �θ = 60 ◦ and ∼0.1 for �θ = 120 ◦).

hen the interaction with external radiation is switched on ( τ 0 �= 0),
hotons produced through IC scattering inside the ring section slowly
eak out, producing new pairs, whereupon the entire magnetosphere
s eventually filled with plasma and screened, and the extracted power
pproaches L BZ . 

We also ran two cases for each configuration with fiducial
agnetization σ 0 = 5 × 10 3 , one with low injection rate, χ =

, and one with high injection rate (models �N2 and �W 2). The
ctual magnetization in the injection zone is around unity for the
ow injection rate cases and below unity in the high injection cases.

e find a strong distortion of magnetic field lines and production of
av es, as naiv ely e xpected. Plasma from the injection zone diffuses
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Figure 8. Same as Fig. 6 for the runs shown in Fig. 7 . 
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nto part of the polar region; in the case with high injection rate (see
odel �N2 in Fig. 7 for example) it penetrates down to an angle

f about 15 ◦ in the Northern hemisphere (165 ◦ in the southern one).
lose to the poles ( θ < 15 ◦) the density remains very low (nearly
ero). We find an emerging Poynting flux from the horizon, mainly 
ithin the injection section, but it decays o v er a few r g , transferring

nergy to particles (as seen in Fig. 8 ). It seems that this energy is
iven back to the torus. This choking of BH outflow is anticipated on
 v erloaded field lines (Globus & Levinson 2014 ). In the polar region,
here the plasma density is low and the magnetization is high ( �1),

he power of the emerging Poynting flow is very small. 

 C O N C L U S I O N  

e studied the response of a BH magnetosphere to plasma injection 
y means of radiative 2D GRPIC simulations, that incorporate 
hoton generation and pair production through interactions with a 
iven radiation field (representing disc emission) in a self-consistent 
anner. We conducted several sets of numerical experiments in 
hich relativistically hot plasma is continuously injected locally at a 
rescribed rate in a given section of the magnetosphere, varying the 
eometry of the injection zone, the injection rate, and the intensity 
f ambient radiation field between the different experiments. In all 
f the experiments a monopole magnetic field configuration was 
dopted in the initial state. 

We find that when the interaction of pairs with the external 
adiation field is switched off injection of hot plasma can only 
ompletely screen the magnetosphere provided the injection zone 
lls the entire region inside the outer light cylinder, 3 and the injection
ate is high enough. In that case we observe the formation of a
oynting flow that emanates from the BH horizon and propagates to 

nfinity with nearly maximum BZ power. On the other hand, when 
he plasma is injected beyond the outer light cylinder, complete 
creening never occurs; at modest injection rates the system reaches 
 steady-state, with a macroscopic vacuum gap extending from the 
icinity of the horizon up to the outer light cylinder roughly. At
igher injection rates the magnetosphere exhibits cyclic dynamics, 
 Since our study is restricted to spherical injection zones, our minimal 
ondition invokes a sphere with a radius larger than the radius of the outer 
ight surface, i.e. r � c / �. Close to the poles the actual radius of the required 
njection zone might be somewhat different. 

T  

t

R

B

uring which it oscillates between nearly complete screening to 
 xtended starvation o v er duration of tens t g . We note that in reality
he process of plasma injection by interchange instability or alike is
xpected to be sporadic. Our use of continuous injection is merely
 numerical convenience. We anticipate that for sporadic injection 
creening of the magnetosphere will be even more difficult than in the
ase of continuous injection, so gaps might form even for injection
eometries that in our simulations lead to complete screening by 
xternal injection alone (no pair production). 

In all cases, when the interaction with the external radiation field
s switched on, and the opacity is large enough ( τ 0 � 20), near
omplete screening al w ays ensues, apart for microscopic gaps that
ntermittently form in the magnetosphere and are responsible for 
he in situ pair creation, with close to maximal energy extraction.
n the cases where the plasma is injected externally beyond the
uter light cylinder, we find that the oscillations quickly damp by
air creation, and that a fraction of a few per cents of the extracted
nergy (the maximum BZ power) is converted to very-high energy 
adiation radiation through IC scattering and radiation backreaction 
curvature emission) by pairs accelerated in the microscopic gaps, as 
ound earlier in Crinquand et al. ( 2020 ). 

In summary, the set of experiments that we have run demonstrate
hat, quite generally, injection alone cannot support an efficient 
nergy extraction from the BH, unless plasma is continuously 
njected in the entire region between the BH horizon and the outer
ight cylinder. Sporadic injection from episodic events of global 
econnection that allow plasma to penetrate the inner magnetosphere, 
r injection from regions beyond the outer light cylinder, as expected 
n reality, is unlikely to screen the magnetosphere completely. In the
bsence of ambient soft radiation, such events should be accompanied 
y periods of persistent TeV emission originated from curvature 
mission by pairs accelerated in macroscopic charged starved zones. 
he existence of a background radiation field is therefore crucial for

he formation of a force-free magnetosphere in realistic astrophysical 
ystems, needed for an efficient energy extraction. The origin of 
he plasma in this case is microscopic gaps that form intermittently
n the magnetosphere, which radiate variable TeV emission with a 
uminosity that can approach a few per cents of the jet power, as
roposed earlier (e.g. Levinson 2000 ; Neronov & Aharonian 2007 ;
evinson & Rieger 2011 ; Hirotani & Pu 2016 ). 
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