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ABSTRACT

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.

1 INTRODUCTION

A key issue in the theory of magnetized Kerr black hole (BH)
outflows (Blandford & Znajek 1977) is the nature of the plasma
source in the inner magnetosphere. An efficient activation of outflows
by magnetic extraction requires continuous plasma production in the
magnetospheric region enclosed between the inner and outer light
surfaces, defined as the loci where the speed of an observer rotating
with the magnetic flux tube equals the speed of light (Blandford &
Znajek 1977; Globus & Levinson 2013).! In order to establish a force-
free jet, the plasma injection rate must be sufficiently high to maintain
the density everywhere in the magnetosphere above a critical value,
known as the Goldreich—Julian (GJ) density, (Goldreich & Julian
1969). If the plasma source cannot accommodate this requirement,
charge starved regions (spark gaps) will be created, potentially
leading to self-sustained pair discharges. In this scenario, charged
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!Formally these surfaces are the solutions to the equation guvutu’ =0, with
W =u’ =0and u® = Qu' in Boyer-Lindquist coordinates, where g, is
the Kerr metric and €2 is the angular velocity of magnetic field lines. It can
be shown (Takahashi et al. 1990; Globus & Levinson 2013) that these are
the surfaces on which the velocity of an ideal MHD flow equals the Alfvén
velocity in the limit of zero inertia.
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leptons accelerated along magnetic field lines by the unscreened gap
electric field scatter soft photons emitted by the surrounding matter
to TeV energies. These gamma rays, in turn, interact with the soft
photons to create more pairs, initiating pair cascades that tend to
screen the gap, regulating the discharge process. Analytic models
(Levinson 2000; Neronov & Aharonian 2007; Levinson & Rieger
2011; Hirotani & Pu 2016) as well as general relativistic particle-in-
cell (GRPIC) simulations (Levinson & Cerutti 2018; Chen & Yuan
2020; Crinquand et al. 2020, 2021; Kisaka et al. 2022) indicate that
the energy dissipated in the gap is robustly emitted in the TeV band,
and it has been speculated (Levinson 2000; Neronov & Aharonian
2007; Levinson & Rieger 2011; Hirotani & Pu 2016; Hirotani et al.
2016; Katsoulakos & Rieger 2018; Levinson & Cerutti 2018; Chen &
Yuan 2020; Kisaka, Levinson & Toma 2020; Kisaka et al. 2022) that
this mechanism may explain the extreme TeV flares seen in M87
and, conceivably, other AGNSs.

Given the extremely low density (compared to the density of the
accreting material) needed to conduct the Goldreich—Julian current,
the necessity for spark gaps in black-hole magnetospheres has been
disputed. One alternative scenario for plasma supply involves the
interchange of magnetic field lines from the accretion flow to the
inner magnetosphere (Blandford & Globus 2022) or, less likely, the
diffusion of charged particles across magnetic field lines. Another
plausible plasma production mechanism discussed extensively in
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the literature is annihilation of MeV photons emitted by the hot
accretion flow (or a putative corona). Since the pair injection rate
predicted by this process is extremely sensitive to the rate at which
plasma in the close vicinity of the BH is being accreted (Levinson &
Rieger 2011; Moscibrodzka et al. 2011; Hirotani & Pu 2016),
whether this mechanism can provide complete screening of the
BH magnetosphere in M87 is currently under debate (Levinson &
Segev 2017). It definitely cannot provide screening of the BH
magnetosphere in Sgr A*.

Regardless of the relative merits of these different scenarios,
they predict different plasma production rates and locations. This
raises the question of how the magnetosphere of an active BH will
respond to injections in localized regions. In particular, the location
of the injection regions relative to the light surfaces has not yet
been fully elucidated. Motivated by the above considerations, we
conducted a set of numerical experiments, by means of general-
relativistic particle-in-cell (PIC) simulations, in order to explore
how the magnetosphere responds to localized plasma injections.
In these experiments, we remain agnostic on the physical process
behind the injections and aim to investigate whether such injections
can efficiently screen the large-scale magnetospheric electric fields,
thus preventing the formation of spark gaps. Our experiments are
restricted to steady injection in spherical shells (annuli in our 2D
axisymmetric simulations). We also conducted several experiments
where injection is restricted to a ring sector (in 2D) about the
equatorial plane. This configuration represents an accretion torus
in more realistic situations.

Quite generally, we find that when plasma is injected in the entire
region inside the outer light surface, complete screening ensues, even
in the absence of in sifu pair creation by interaction of accelerated
leptons with the background radiation field, leading to the generation
of a force-free outflow that appears to be in good agreement with the
predictions of the Blandford—Znajek (BZ) mechanism. However, in
cases where the injection zone does not include the entire region
between the inner and outer light surfaces and the interaction with
disc radiation is switched off, a parallel electric field E| is generated
even when the injected plasma is relativistically hot and the injection
rate is relatively high (i.e. the mean pair density largely exceeds the
GJ density in the injection zone). The dynamics of the magnetosphere
depends on the injection rate; when it is low enough (but still
sufficiently high to maintain the density in the injection zone well
above the GJ density) a quasi steady state is established, whereby the
amount of energy extracted from the black hole is small. At higher
injection rates the magnetosphere exhibits a cyclic dynamics, with
(quasi) periodic modulations of the density and the parallel electric
field over a duration of tens of BH light crossing times #,, resulting in
the ejections of energy bursts with a maximum power that can reach
~80 per cent of the optimal BZ power, Lgz. When the interaction
with disc radiation is switched on in these experiments, the system
relaxes to a quasi steady force-free state, with the extracted power
reaching Lgz, and the TeV luminosity of emitted radiation reaching
a few per cents Lgy.

2 SIMULATION SETUP

We conducted 2D axisymmetric simulations with the PIC code
ZELTRON (Cerutti et al. 2013), modified to include GR effects
(Parfrey, Philippov & Cerutti 2019; Crinquand et al. 2020). The
system consists of a Kerr BH with a Kerr parameter a = 0.99
threaded initially by a monopole magnetic field. The choice of
a monopole field was made to avoid the formation of current
sheets at the equatorial plane, which complicate the analysis and
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the interpretation of the results. We use geometrized units, where
length scales and time are normalized by the BH gravitational radius,
re and t; = ry/c, respectively. Henceforth, densities are measured
in units of a fiducial density, ny = QByu/2mwec, where By is the
magnetic field strength on the horizon, 2 = Qy/2 is the angular
velocity of the monopole field, and Qy = ac/2r, ~ 1/2t, is the BH
angular velocity. For this choice, the associated plasma frequency
is wp = +/Quowy, with wg = eBy/m,c, the fiducial magnetization is
00 = wp/ Ry ~ 2eByr, /mecz, and the ratio of gravitational radius
to skin depth is rewp/c = /0/2. In M87, we typically have o¢ ~
10'3. Such a value is unrealistic for GRPIC simulations that attempt
to resolve the skin depth. In the simulations presented below we
choose a rescaled value of oy = 5 x 10°, which allows skin depth
resolution in all cases studied (see Crinquand et al. 2020 for further
details). It is worth noting that for the monopole field adopted here
the magnetization at radius r scales as o' (r) o i (r) ™' r~2, where k' (r) =
n(r)/ny is the dimensionless pair density at radius r.

We used a grid of spherical Kerr—Schild coordinates that extends
from 0.97, to a radius of 15r,, where we set an absorbing layer
between 13.5and 15 r;. Once the simulation starts we impose
a steady injection of electron—positron pairs in a spherical shell
between radii r,, and r_,, where the pairs are distributed randomly
inside the shell and have a thermal velocity distribution with a
temperature 7. Table 1 shows the three types of models used in this
work. Each simulation was run until it reached a steady state, or in
cases where the system exhibited cyclic dynamics (as in the models
with high injection rate discussed below), until it completed several
cycles. The simulations were conducted in two limits. In the first
limit, we turned off in sifu pair creation and plasma is supplied only
through our prescribed volume injection. In this case, the particle flux
is conserved outside the injection zone, while particles can exchange
energy with the electromagnetic (EM) field and emit curvature
radiation. In the second limit, we include additional pair creation.
High-energy leptons can upscatter soft photons via inverse Compton
(IC) scatter and produce gamma-ray photons, which can themselves
annihilate against soft photons to produce electron—positron pairs. As
we will show in the following sections, this allows for a more efficient
screening of the parallel electric field. We measured the Poynting flow
and the energization of particles in the magnetosphere in each model
and compared them to estimate its efficiency in activating the BH.

2.1 Electromagnetic fields

In the 3 + 1 formalism of Komissarov (2004), the electromagnetic
tensor, F*', is decomposed into electric field D and magnetic field
B, defined (in components) by

. 1 .
D = Eevk*ij, )
and
B 1 ik 2
= SeE, )

where *F*" is the dual electromagnetic tensor, y is the determinant
of the three-dimensional metric tensor y;; describing the space-like
hypersurfaces in the 3 + 1 foliation, and ¢ is its corresponding
Levi-Civita tensor. The two general relativistic invariants can be
expressed in terms of these fields as *F,,, F**" = 4D - Band F,, F** =
2(B? — D?). In idea mangeto-hydrodynamics (MHD) or force-free
electrodynamics (FFE), these invariants satisfy D - B = 0 and B> —
D? > 0. In starved magnetospheric regions D - B # 0. Therefore, the
quantity D - B/B?, 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 7 (equation 5), injection zone
geometry, injection rate x (equation 3), fiducial magnetization o, and temperature of injected plasma. In
models EN and EW, the injection zone is a ring sector of angular width A6 = /3 and 27/3, 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?/ norg), parallel electric field (D - B/B?), and power from the BH ( [ TrdA/ LBZ)- The
movies are accessible in the on-line version by pressing on the model name (in blue text).

Model T0 T = Tou A6 X kgT /mec2 o) te/tg Screening
es1 0 ry —2 b4 1 1 5 x 10° 99 no
052 0 ry =2 T 5 1 5% 10° 140 no
0s3 0 ry —2m 10 1 5% 10° 99 no

er 0 ry =5 b4 1 1 5% 10 99 yes
eL 0 r,—135 =& 1 1 5% 10 99 yes
=1 0 10 — 11 P4 1 1 5% 10° 99 no
=2 5 10— 11 4 1 1 5% 10° 99 no
3 10 10-11 4 1 1 5% 10° 99 partial
>4 20 10—11 T 1 1 5% 10° 99 yes
x5 0 10 —11 /4 10 10 5% 10° 163 damped oscillations
=6 0 10 — 11 T 30 10 5% 10° 123 periodic
ENI 0 10 — 11 /3 30 10 5% 10° 99 no
EN2 0 10 — 11 /3 300 10 5% 10° 37 no
EN3 20 10-—11 7/3 30 10 5% 10° 99 yes
EWI 0 10—11 2773 15 10 5% 10° 99 no
EW2 0 10-11 273 150 10 5 % 103 40 no
EW3 200 10—11 2773 15 10 5 % 10° 34 yes

along magnetic field lines relative to the local magnetic field can be
used to identify unscreened regions.

2.2 Plasma injection scheme

As explained above, in each numerical experiment pairs are injected
in a spherical shell of inner radius r,, and outer radius r,,. The rate
at which pairs are injected inside the shell is taken to be

r2 T

) Ty g
Trinj = T0"5 = XN0C 3. (3)

where we adopt the normalization ng /t,, viz., 1o = xno/tgand x isa
dimensionless factor. For the models listed in Table 1, the temperature
of the injected plasma is mildly relativistic, kg7 = m.c?, except
for models X5, ¥6, EN, and EW for which it is ten times larger
(see Table 1). At such temperatures, the injected pairs should be
able to propagate from the injection zone to other regions of the
magnetosphere at nearly the speed of light.

A rough estimate of the mean density in a shell far enough
from the BH (where the metric is nearly flat) can be obtained
upon assuming that the system is in a steady state and the density
inside the shell is uniform. Equating the total rate of injection,
f:"“‘ ﬁinjd3r = 41 xnocrg(r,, — r,,), with the rate at which plasma

3 out
in

is lost from the shell boundaries, 4wnc(r? B, —r2p,), where
Bow > 0(B,, < 0)is the radial bulk 3-velocity of the plasma escaping
from the outer (inner) boundary, one obtains:
Xrg(roul - rin)
n= Loy, (C))
(rinﬂ()ul - r;ﬁﬂin)

For the ¥ models in Table 1, r,, — r, = rg, yielding nrozul /noré ~
x/(B,. — B.,)- From the simulation we find B, — B, ~ 0.3, from
which we obtain nr? /nory ~ 3y, which is smaller by about a
factor of 2 than the value measured in the simulation. For extended
injection, with r,, < r and B, ~ 1, we estimate the local density

to be n(r) & xno(rg/r) by setting r, =0 and r,, = r in equation

(4), or nr? /norg2 A x(r/ry). Thus, we generally anticipate the ratio
between the density and the local GJ density to be of the order of a
few times yx, consistent with the results of the simulations.

2.2.1 Photon generation and pair production

In addition to the prescribed injection scheme described above, we
also included in some of the runs photon generation by IC scattering
of soft photons putatively emitted by an accretion flow, and pair
creation via interactions of the gamma-rays thereby produced with
the same soft photons. Following Crinquand et al. 2020, we assume
that the radiation field is time-independent, uniform, isotropic, and
monoenergetic, with energy &, and density ngr. 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 intensity of the background radiation field is quantified
in Table 1 by the fiducial optical depth

Ty = 0T gMsofts ©)

where o1 is the Thomson cross-section. To guarantee optimum scale
separation we adopt &, = 5 x 107> (see Crinquand et al. 2020 for
further details).

3 RESULTS

In order to examine the effect of external plasma injection on the
dynamics of the magnetosphere, we run a series of models where we
varied the size and location of the injection zone, the injection rate,
and the optical depth for photon—photon pair creation. The different
models are listed in Table 1. In what follows, cases in which the
plasma injection zone include the region below the outer light surface
(left panel in Fig. 1) are termed ‘internal injection’, otherwise they
are termed ‘external injection’.

MNRAS 526, 2709-2716 (2023)
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2 5 10 13 2 5 10 13 2 5 10 13

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 evaluated for a case of 2 = Qp/2.
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Figure 2. Electrons number density (top) and normalized parallel electric
field, D - B/B? (bottom), for cases of plasma injection between r,, = ry and
(left to right) r,, = 2,5, 13.5 ry. In all cases shown x = 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.

3.1 Internal injection

In the first suite of experiments, we fixed r,, at the BH horizon
and varied r_, (models ®S1, ®I, ®L). The interaction with the
external radiation was switched off by setting 7o = 0. Each model
was run for a long enough time to allow the system to reach a quasi
steady-state (typically after about 30r,). Fig. 2 shows a comparison
of the three models well after the system in each case has reached
the quasi steady-state phase. The top panels show the number
density of electrons, n_, in units of no(rg/r)z. The distribution
of positrons is a mirror image with respect to the x-axis and is

MNRAS 526, 2709-2716 (2023)
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Figure 3. The radial distribution of the solid angle-averaged Northern
hemisphere parallel electric field, (D - B/B?)q (top), and normalized power
f T;dA/Lgz (bottom), in cases with 7o = 0 and plasma injection between
1, = Iy and (from left to right) ., = 2, 5, 13.5 r,. 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 £ obtained in
models ®7 and OL 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).

not presented. The bottom panels show the quantity D - B/B?,
which indicates the level of charge starvation in magnetospheric
zones. As seen, effective screening of the entire magnetosphere
is established in models ®/ and ®L, in which the injection zone
extends beyond the outer light cylinder (marked with a solid red
vertical line). In model ®S1, wherein the plasma is injected within
a radius of r < 2r,, a strong parallel electric field is generated in a
large portion of the magnetosphere above and below the equatorial
plane.

Fig. 3 exhibits the radial distribution of D - B/B?, averaged over
the angular direction (top row), and (bottom panels) the radial
distribution of the energy flow, [ T/dA, where T, is the total energy
flux and dA a surface element of a sphere at radius r, in units of the
BZ power, here defined as:

Loz = —h 2, ©)
6¢

where ® = [ B’,/ydAy is the magnetic flux on the horizon. The
Poynting flow is shown in green, particle energy flow in red, and the
total power (sum of the two) in blue. The decrease in Poynting flow
seen in model ®S1 is consistent with the existence of a significant
parallel electric field, which exerts work on the pair plasma at the
expense of the EM energy. The small drop in total power seen in
models ®/ and ®L is due to radiative losses.

Increasing the plasma injection rate near the horizon further in
model ®52, ®S3 improves the screening of E|, as seen in Fig. 4.
The figure shows the radial distribution of the solid angle-averaged
Northern hemisphere parallel electric field, (D - B/B?)q (top), and
total power, f T/dA (bottom), when yx varies from x = 1to x = 10.
We identify a scaling E}| oc x ~'/? (see figure caption), implying that
in order to reduce E| below 0.01B an injection rate of x > 100 is
required.
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Figure 4. Same as Fig. 3 for a case of injection between r,, = r,; and r,,, =
2rg, T = 0 and different injection rates with (from left to right) x = 1, 5,
10. The peaks in (D - B/B?)q (top panels) scale as x ~"/2, implying that to
reduce E|| below ~0.01B everywhere in the box an injection rate of x > 100

is required.

3.2 External injection

In the second suite of experiments we injected plasma in a ring
between r,, = 10r, and r , = 11r, (shown schematically in the
middle panel in Fig. 1), varying the pair injection rate x and the
fiducial optical depth for pair creation, t(, between the different runs.
Snapshots from simulations with x = 1 and 7y =0, 5, 10, 20, taken
at times after the system (in each run) has reached a steady state, are
exhibited in Fig. 5. The top panel delineates the normalized electron
density and the bottom panel shows D - B/B2, as in Fig. 2. As seen,
when pair creation is switched off (7o = 0, model X1) the injected
plasma is unable to screen the entire magnetosphere, even though
the plasma density in the injection ring and its vicinity exceeds the
GJ density considerably. A large vacuum gap pertains in the inner
region, within about 5r,. Inside the gap electrons are accelerated by
the field aligned electric field E| inwards in the Southern hemisphere
and likewise positrons in the Northern hemisphere. The supply of
plasma into the ergosphere by the accelerated pairs induces electric
current that generates an outward Poynting flow (Fig. 6). However,
the outflowing Poynting energy is compensated by the inflowing
energy carried by the inwards moving pairs. The net positive energy
flux is small, about 0.02Lg7.

Switching on the interaction with the ambient soft photons pre-
vents the formation of the large-scale electric field due to prodigious
generation of gamma rays and newly created pairs, which effectively
screen the field and allow for an efficient energy extraction from
the BH via the BZ process. We find that nearly complete screening
of the entire magnetosphere occurs at 7y 2 20 (model £4). The
total energy flux is carried completely by the Poynting flow, and
approaches its maximum value. We also observe that a small fraction
(a few percents) of the energy flux emerging from ergosphere is
converted to intermittent (high-energy) radiation (curvature radiation
through radiation back-reaction and IC photons below the pair
creation threshold). Note that unlike IC photons above the pair
production threshold, curvature photons, and IC photons below the
threshold are not treated as PIC particles in the simulations, and are
not included in the plot of the radiation energy flux in the figures.
The overall behaviour of the system is similar to that presented in
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21 23 24
Nkb(;
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L 100
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L 100
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Figure 5. Electrons number density (top) and normalized parallel electric
field, D - B/B? (bottom), for cases of plasma injection in a ring with ry, = 10rg
and r,, = 11rg. Here, we set the initial optical depth for pair creation to be
(from left to right) o = 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 t¢
> 10.
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Figure 6. The radial distribution of the solid angle-averaged Northern hemi-
sphere parallel electric field, (D - B/ B%)q (top), and power, f T;/dA/Lpz
(bottom) for cases of plasma injection in a ring with r,, = 10rg, r,, = 117y
and varied optical depth, where from left to right, top = 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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Crinquand et al. (2020), except for the density distribution which in
our case is partly imposed by the external plasma injection process.

One might suspect that the formation of a macroscopic vacuum
gap in the case of 7y = 0 is a consequence of insufficient plasma
supply, and that increasing the injection rate sufficiently might
ultimately result in a complete screening. To examine how the
magnetosphere responds to increased plasma injection rate, we
performed simulations with 79 = 0, x = 30 (model X6) and x =
50, 100 (these models show qualitatively the same behaviour as
model X6 and thus are not listed in Table 1). Interestingly, we find
a cyclic dynamics for x > 10.2 The inner gap exhibits oscillations
with a period of about 70¢t,, during which the gap size repeatedly
shrinks to a minimum (at which it extends from the horizon to some
radius within the ergosphere) and then expands to a maximum size in
excess of 57, (a link to the movie showing this behaviour is given in
Table 1, model X6). The density in the region outside the injection
ring exhibits strong time modulations that correlate with the gap
activity. For x = 100 the density at maximum largely exceeds n;
in most of the simulation box, approaching a few houndreds n, in
the injection zone. Within our limited dynamic range, we find no
evidence for a tendency of the system to reach a steady state as x is
increased.

To examine the dependence on the width of the injection ring
we ran a simulation with hot plasma injection into a ring extending
from r,, = 9r, to the outer edge of the simulation box, r , = 13r,
(not listed in Table 1). We find cyclic dynamics, very similar to that
described above. A similar behaviour is also exhibited in the cases
with a torus configuration (see Section 3.3 below). We conclude that
this quasi-cyclic evolution occurs in cases where plasma is injected
outside the outer light cylinder.

The following heuristic argument offers an explanation for this
behaviour: When the magnetosphere is nearly completely screened,
and a BZ outflow is established, a stagnation surface forms across
which the velocity of injected plasma changes sign (Globus &
Levinson 2014). This double flow structure is a consequence of
the causal structure of the magnetosphere. In particular, plasma
within the inner light surface must be flowing inwards and plasma
above the outer light surface must be flowing outwards. This
implies that plasma must be continuously injected between the inner
and outer light surfaces to keep the outflow in a force-free state
at all times. Now, in the simulations described above plasma is
injected only above the outer light surface, and since this plasma
cannot reach the region below the stagnation surface, over time it
becomes devoid of plasma and a macroscopic gap forms. If the
injection rate is not high enough, as in the cases with x < 10,
a steady state is established, in which part of the injected plasma
is flowing outwards, and part is being pulled into the BH by the
parallel electric field generated in the starved magnetospheric region
around the BH. When the injection rate is high enough, as in the
runs with x > 10, enough plasma is being pulled inwards during
phases of magnetospheric starvation to nearly screen the entire
magnetosphere. A BZ outflow is then formed for a time it takes the
plasma below the stagnation surface to be evacuated, leading again
to formation of a large vacuum gap in the inner region and the cycle
repeats.

2For x = 10 (model £5), we observe damped oscillations that tend to
converge to a state with a starved inner region (between the horizon and
r & 3rg). This seems to be a transition case between steady and oscillatory
solutions.

MNRAS 526, 2709-2716 (2023)

13
10+

10!

Nkac 5

S 21

~~

o

~

|

= F10°

5 10 13 B

_100

o 5 107!

Q2

~

") 0

Q _10—1
-10°
-10?!

5 10 13 5 1013

Figure 7. Same as Fig. 5 for injection in a narrow ring section, with high
fiducial magnetization and 79 = 0 (model EN1), 79 =20 (model EN3), and
low fiducial magnetization with tg =0 (model EN2). Inruns EW 1 and EN3,
the magnetization largely exceeds unity everywhere inside the simulation box
at all times. In run EN2, the injection zone is overloaded with plasma (o (rin;)
< 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).

3.3 Torus configurations

In our final suite of experiments we inject hot plasma (kg T /m.c? =
10) into a ring sector with an opening angle A6 about the equatorial
plane (right panel in Fig. 1), located between radii r,, = 10r, and
ro = 1lrg (that is, the ring extends from Opin = 25 10 Opax =
%M). In these runs the entire injection region is located outside the
outer light cylinder, and numerical effects that might be associated
with injection near the axis are avoided. As in the other cases, the
density outside the injection zone is taken to be zero initially. We
examined cases with A6 = 60° (models EN1 — EN3) and AO =
120° (models EW1 — EW3). We find a similar behaviour to the
previous cases; at x = a few, the system reaches a quasi steady-state
at t &~ 70t,. At higher injection rates (particularly for the A6 = 120°
case), the system exhibits cyclic oscillations similar to those seen in
the full rings with x > 10. In all cases the plasma is confined to
the magnetic field lines, as expected for o > 1; the polar regions
at 0 < Onip and 6 > O, remains evacuated from charges for the
entire simulation. The net energy flux emerging from the ergosphere
is small (practically zero for A@ = 60° and ~0.1 for A6 = 120°).
When the interaction with external radiation is switched on (7o # 0),
photons produced through IC scattering inside the ring section slowly
leak out, producing new pairs, whereupon the entire magnetosphere
is eventually filled with plasma and screened, and the extracted power
approaches Lgy.

We also ran two cases for each configuration with fiducial
magnetization og = 5 x 103, one with low injection rate, x =
1, and one with high injection rate (models EN2 and EW?2). The
actual magnetization in the injection zone is around unity for the
low injection rate cases and below unity in the high injection cases.
We find a strong distortion of magnetic field lines and production of
waves, as naively expected. Plasma from the injection zone diffuses
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Figure 8. Same as Fig. 6 for the runs shown in Fig. 7.

into part of the polar region; in the case with high injection rate (see
model EN2 in Fig. 7 for example) it penetrates down to an angle
of about 15° in the Northern hemisphere (165° in the southern one).
Close to the poles (6 < 15°) the density remains very low (nearly
zero). We find an emerging Poynting flux from the horizon, mainly
within the injection section, but it decays over a few r,, transferring
energy to particles (as seen in Fig. 8). It seems that this energy is
given back to the torus. This choking of BH outflow is anticipated on
overloaded field lines (Globus & Levinson 2014). In the polar region,
where the plasma density is low and the magnetization is high (>>1),
the power of the emerging Poynting flow is very small.

4 CONCLUSION

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

We find that when the interaction of pairs with the external
radiation field is switched off injection of hot plasma can only
completely screen the magnetosphere provided the injection zone
fills the entire region inside the outer light cylinder,* and the injection
rate is high enough. In that case we observe the formation of a
Poynting flow that emanates from the BH horizon and propagates to
infinity with nearly maximum BZ power. On the other hand, when
the plasma is injected beyond the outer light cylinder, complete
screening never occurs; at modest injection rates the system reaches
a steady-state, with a macroscopic vacuum gap extending from the
vicinity of the horizon up to the outer light cylinder roughly. At
higher injection rates the magnetosphere exhibits cyclic dynamics,

3Since our study is restricted to spherical injection zones, our minimal
condition invokes a sphere with a radius larger than the radius of the outer
light surface, i.e. r 2 ¢/SQ2. Close to the poles the actual radius of the required
injection zone might be somewhat different.
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during which it oscillates between nearly complete screening to
extended starvation over duration of tens 7,. We note that in reality
the process of plasma injection by interchange instability or alike is
expected to be sporadic. Our use of continuous injection is merely
a numerical convenience. We anticipate that for sporadic injection
screening of the magnetosphere will be even more difficult than in the
case of continuous injection, so gaps might form even for injection
geometries that in our simulations lead to complete screening by
external injection alone (no pair production).

In all cases, when the interaction with the external radiation field
is switched on, and the opacity is large enough (ro 2 20), near
complete screening always ensues, apart for microscopic gaps that
intermittently form in the magnetosphere and are responsible for
the in situ pair creation, with close to maximal energy extraction.
In the cases where the plasma is injected externally beyond the
outer light cylinder, we find that the oscillations quickly damp by
pair creation, and that a fraction of a few percents of the extracted
energy (the maximum BZ power) is converted to very-high energy
radiation radiation through IC scattering and radiation backreaction
(curvature emission) by pairs accelerated in the microscopic gaps, as
found earlier in Crinquand et al. (2020).

In summary, the set of experiments that we have run demonstrate
that, quite generally, injection alone cannot support an efficient
energy extraction from the BH, unless plasma is continuously
injected in the entire region between the BH horizon and the outer
light cylinder. Sporadic injection from episodic events of global
reconnection that allow plasma to penetrate the inner magnetosphere,
or injection from regions beyond the outer light cylinder, as expected
in reality, is unlikely to screen the magnetosphere completely. In the
absence of ambient soft radiation, such events should be accompanied
by periods of persistent TeV emission originated from curvature
emission by pairs accelerated in macroscopic charged starved zones.
The existence of a background radiation field is therefore crucial for
the formation of a force-free magnetosphere in realistic astrophysical
systems, needed for an efficient energy extraction. The origin of
the plasma in this case is microscopic gaps that form intermittently
in the magnetosphere, which radiate variable TeV emission with a
luminosity that can approach a few percents of the jet power, as
proposed earlier (e.g. Levinson 2000; Neronov & Aharonian 2007;
Levinson & Rieger 2011; Hirotani & Pu 2016).
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