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ABSTRACT
One of the main dissipation processes acting on all scales in relativistic jets is thought to be
governed by magnetic reconnection. Such dissipation processes have been studied in idealized
environments, such as reconnection layers, which evolve in merging islands and lead to the
production of ‘plasmoids’, ultimately resulting in efficient particle acceleration. In accretion
flows on to black holes, reconnection layers can be developed and destroyed rapidly during
the turbulent evolution of the flow. We present a series of two-dimensional general-relativistic
magnetohydrodynamic simulations of tori accreting on to rotating black holes focusing our
attention on the formation and evolution of current sheets. Initially, the tori are endowed with
a poloidal magnetic field having a multiloop structure along the radial direction and with
an alternating polarity. During reconnection processes, plasmoids and plasmoid chains are
developed leading to a flaring activity and hence to a variable electromagnetic luminosity.
We describe the methods developed to track automatically the plasmoids that are generated
and ejected during the simulation, contrasting the behaviour of multiloop initial data with
that encountered in typical simulations of accreting black holes having initial dipolar field
composed of one loop only. Finally, we discuss the implications that our results have on the
variability to be expected in accreting supermassive black holes.
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1 INTRODUCTION

Relativistic jets are observed in high-energy sources, from gamma-
ray bursts (GRB) to active galactic nuclei (AGNs). They can be
launched from magnetic processes around black holes (Blandford &
Znajek 1977; Blandford & Payne 1982) and the numerical simu-
lation of these processes has now reached significant maturity (see
e.g. Rezzolla et al. 2011; Event Horizon Telescope Collaboration
et al. 2019). The magnetic-field topology plays a central role in
determining the structure of the outflows from these systems and is
fundamental for energy dissipation through various magnetohydro-
dynamic (MHD) instabilities and magnetic reconnection.

Accretion in magnetized discs is believed to be driven by the
magnetorotational instability (MRI; Balbus & Hawley 1991), where
the advection of plasma and magnetic fields provide the main
ingredients to launch magnetized winds and jets. Magnetically
dominated jets accelerate efficiently the bulk of the plasma while
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keeping much of the energy stored into the field itself (Komissarov
et al. 2009; Lyubarsky 2009; Tchekhovskoy, McKinney & Narayan
2009). Under these conditions, magnetic reconnection represents
an efficient way to dissipate some of this magnetic energy and it
has been proposed to explain GRB and AGN emission (di Matteo
1998; Zhang & Shu 2011; Giannios & Sironi 2013; Dionysopoulou,
Alic & Rezzolla 2015).

Large-scale magnetized jets that are produced from accretion
flows around black holes tend to have a variable electromagnetic
power. This is due to the intrinsically turbulent nature of the
accretion process that, in turn, produces and advects on to the black
hole magnetic-field loops of different polarity, whose interaction
provides the sites for formation of current sheets. These magnetic
loops can emerge in the surface of the disc due to buoyancy like
the Rayleigh–Taylor instability (Parker 1966) and can change the
topology of the magnetic field throughout the jet. Furthermore,
because of their turbulent genesis, these will not respect any
symmetry across the equatorial plane and may therefore lead to
differences in the wind properties above and below the equatorial
plane (Kadowaki, De Gouveia Dal Pino & Stone 2018).
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Previous studies have established the importance of the magnetic-
field configuration for the production of a steady outflow and
more specifically its power. The nested-loop poloidal magnetic-
field structure, which is the one normally adopted as initial data to
model magnetized accretion on to black holes (Gammie, Shapiro &
McKinney 2004; De Villiers et al. 2005; McKinney 2006), has been
shown to produce relativistic jets. Depending on the initial strength
of the magnetic field, the efficiency of the energy extraction from the
black hole can go beyond 100 per cent efficiency, thus producing
very powerful outflows in the case of magnetically arrested discs
(MAD; Igumenshchev, Narayan & Abramowicz 2003; Narayan,
Igumenshchev & Abramowicz 2003; Tchekhovskoy, Narayan &
McKinney 2011).

In addition to the nested-loops, different magnetic-field con-
figurations have also been studied, leading to a picture in which
jet launching is especially sensitive to the initial magnetic-field
geometry (Beckwith, Hawley & Krolik 2008, 2009; Barkov &
Baushev 2011; Narayan et al. 2012; Christie et al. 2019b). More
specifically, the outflows resulting from the accretion can vary
depending on the initial magnetic-field configuration, going from
jets that are weak and mostly turbulent, to powerful and collimated
ones (Beckwith et al. 2008; McKinney & Blandford 2009; Pun-
sly, Igumenshchev & Hirose 2009; McKinney, Tchekhovskoy &
Blandford 2012; Narayan et al. 2012; Liska, Tchekhovskoy &
Quataert 2018; Event Horizon Telescope Collaboration et al. 2019;
Shende, Subramanian & Sachdeva 2019; Vourellis et al. 2019;
White, Quataert & Gammie 2020). Although in the rather different
context of the accretion on to the black hole produced as the result
of a binary neutron-star merger, it was shown that intermittent jets
can be produced when the disc is initially threaded by a purely
toroidal magnetic field. In this case, the shear due to accretion
generates large-scale poloidal magnetic field of different polarities
that when advected leads to jets of alternating magnetic-flux polar-
ity, i.e. striped jets (Christie et al. 2019b). Furthermore, an initial
quadrupolar magnetic field in the disc also leads to intermittent but
overall stable jets that exhibit varying power in the north and south
hemispheres (Barkov & Baushev 2011). A particularly interesting
configuration that has been studied recently is one in which loops
of alternating polarity are periodically advected to the black hole
(Parfrey, Giannios & Beloborodov 2015; Mahlmann, Levinson &
Aloy 2020). Such configurations with a region of alternating polarity
can be also produced naturally in accretion flows around black
holes (Contopoulos & Kazanas 1998; Contopoulos, Nathanail &
Katsanikas 2015; Contopoulos et al. 2018), and lead rather naturally
to the development of regions of alternating magnetic-field polarity.

Recent observations of rapid variability of X-ray/gamma-ray
flares in blazars with time-scales from several minutes to a few
hours pose severe constraints on the particle acceleration time-scale
and the size of the emission region (e.g. Aharonian et al. 2007;
Albert et al. 2007). From observations, fast variable flares may come
from a small region with a size of the order of a few Schwarzschild
radii, launching fast-moving ‘needles’ within a slower jet or from
jet within a jet (Levinson 2007; Begelman, Fabian & Rees 2008;
Ghisellini & Tavecchio 2008; Giannios, Uzdensky & Begelman
2009). Flares also require very rapid particle acceleration.

Throughout the jet, instabilities – and the associated turbulence
– can provide rather naturally the sites for the generation of current
sheets and hence for the occurrence of magnetic reconnection.
These configurations of current sheets structured by large sheets
of alternating magnetic-field polarity have been studied and found
to be very efficient in particle acceleration (see e.g. Kagan et al. 2015
for a review). Quite generically the initial configuration fragments

at the current sheet layer and produces chains of magnetic ‘plas-
moids’ (or ‘magnetic islands’) (Loureiro, Schekochihin & Cowley
2007; Fermo, Drake & Swisdak 2010; Uzdensky, Loureiro &
Schekochihin 2010; Huang & Bhattacharjee 2012; Loureiro et al.
2012; Takamoto 2013). We recall that plasmoids are quasi-spherical
regions that contain relativistic particles and have a large magne-
tization; that is, a large ratio between the magnetic and rest-mass
energies. Magnetic reconnection and plasmoid formation has been
extensively studied in Particle-in-Cell (PIC) simulations, which
have confirmed that magnetic reconnection in relativistic regimes to
be very efficient in accelerating charged particles (Guo et al. 2014,
2015; Sironi & Spitkovsky 2014; Sironi, Giannios & Petropoulou
2016; Werner et al. 2016; Li et al. 2017b; Kagan, Nakar & Piran
2018; Petropoulou et al. 2019). Plasmoids produced from magnetic
reconnection events can be studied systematically in a statistical
manner (Petropoulou et al. 2018) and have been introduced to ex-
plain flaring activity and AGN emission (Petropoulou, Giannios &
Sironi 2016; Zhang et al. 2018; Christie et al. 2019a).

In view of the potential importance of plasmoid formation and
evolution in the dynamics and energetics of relativistic jets, we have
here carried out the first steps to asses and measure such properties
in rather realistic general-relativistic conditions of accretion flows
around black hole. The main goal of this work is, therefore, to build
and explore those magnetic-field geometries that are more likely to
lead to the formation of current sheets and therefore to magnetic
reconnection.

To this scope, we have performed a series of two-dimensional
general-relativistic ideal-MHD simulations exploring initial mag-
netic fields having different coherence length and topology, and
assessing the impact that these initial conditions have on the produc-
tion rate of plasmoids in each case. More specifically, we initialize
the accretion torus with a varying number of poloidal magnetic
loops of alternating polarity (i.e. the magnetic field in adjacent
loops has a clockwise orientation followed by counterclockwise
one) and contrast the results of the corresponding simulations with
those obtained with the nested-loop set-up typically used in the
literature. Special attention is paid to the formation of current sheets,
to the occurrence of magnetic reconnection, and to the consequent
production of plasmoids and plasmoid chains. Overall, we find
that reconnection layers are rapidly developed and destroyed in the
vicinity of the black hole. In such reconnection layers, plasmoids
are generated and, in some cases, accelerated to large energies, thus
becoming candidates to explain the flaring activity in AGNs.

This paper is organized as follows. In Section 2, we present the
overview of the simulations, the numerical set-up in Section 2.1, a
brief comparison of the initial models Section 2.2 and the specifics
of the models where reconnection occurs Section 2.3. Section 3
discussed in more detail the production of plasmoids through the
reconnection layers and their evolution. Finally, we summarize and
present a discussion about the results in Section 4.

2 NUMERICAL DETAILS AND MODEL
COMPARISON

2.1 Numerical set-up

For our simulations, we employ BHAC (Porth et al. 2017), which
solves the equations of general-relativistic ideal MHD using second-
order high-resolution shock-capturing finite-volume methods. The
code has been employed in a number of investigations (e.g. Mizuno
et al. 2018; Nathanail, Porth & Rezzolla 2019), and has been
carefully tested and compared with codes with similar capabilities
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Plasmoid formation in GRMHD simulations 1551

Figure 1. Upper panel: Initial magnetic-field configuration for the four models. From left to right is Models A, B, C, and D. The different colours of the
magnetic loops indicate their direction, where red is clockwise and blue is counterclockwise. In the background, the density of the torus is shown in black.
Lower panel: Initial magnetization σ for the four models.

(Porth et al. 2019). BHAC solves the general-relativistic MHD
equations

∇μ(ρuμ) = 0, (1)

∇μT μν = 0, (2)

∇∗
μF μν = 0, (3)

where ρ is the rest-mass density, uμ is the fluid four-velocity, Tμν is
the energy momentum tensor, and ∗Fμν is the dual of the Faraday
tensor. Our simulations are performed in two spatial dimensions.
The code makes uses of fully adaptive mesh-refinement (AMR)
techniques and of the constrained-transport method (Del Zanna
et al. 2007) to preserve a divergence-free magnetic field (Olivares
et al. 2019).

As initial data we consider an axisymmetric equilibrium torus
with constant specific angular momentum (Fishbone & Moncrief
1976) � = 4.28 around a Kerr black hole with a dimensionless spin
of a := J/M2 = 0.93, where J and M are the angular momentum
and mass, respectively. The inner radius of the torus is set to be
rin = 6 rg and the outer radius rout = 12 rg, where rg := M is the
gravitational radius (we use units in which G = c = 1).

As mentioned above, the initial magnetic field is buried in the
torus and purely poloidal, but chosen so as to have four different
topologies consisting of a series of nested loops with varying
polarity (i.e. the magnetic field in adjacent loops has a clockwise
orientation followed by counterclockwise one) along the radial
direction. This is achieved by making use of a vector potential
with the form

Aφ ∝ A × B, (4)

with

A = max(ρ/ρmax − 0.2, 0),

B = cos((N − 1)θ ) sin(2π (r − rin)/λr ),

and where ρmax is the maximum rest-mass density in the torus and
the parameters N ≥ 1 and λr set the number and the characteristic
length scale (and hence the polarity) of the poloidal loops inside
the torus, respectively, and thus are varied to produce the desirable
initial magnetic-field topologies.

Overall, we have considered four different models whose initial
magnetic-field structure is reported in Fig. 1. In most of the runs,
we use a logarithmic grid in the radial direction so that the domain
extends to 2500 rg . The various parameters used are summarized in
Table 1, where the last three columns refer to the resolution of the
simulations, which is different for the various set-ups because of
the varying characteristic length scales in the new: initial magnetic
field. Most of the figures discussed hereafter will refer to simulations
performed with the highest resolution: i.e. at 4× the base resolution
for Models A, B, C, and D.

The first model, Model A, includes the typical nested loop
magnetic-field topology. Model B consists of a multiloop structure
where all loops have the same (clockwise) polarity. The last two
models have a multiloop structure where each loop has a polarity
(i.e. sense of orientation of the magnetic field) that is the opposite
of the adjacent loops. The magnetic-field loops of Models B and
C have a similar width, whereas in Model D the loops have a
smaller size. For the last two models, several resolutions where
used to check the impact on the activation and saturation of the
MRI, these are discussed in the Appendix B. Furthermore, for the
two models with alternate polarity loops (successive clockwise and
counterclockwise loops), Models C and D, we run a set of 3D
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1552 A. Nathanail et al.

Table 1. Initial parameters for the various models considered. The first three columns are the parameters that set the initial magnetic field
configuration. The next column corresponds to the base resolution for every model and in the remaining columns the respective models
that were run in higher resolution for comparison.

Model N λr Aφ Nr × Nθ × Nφ Nr × Nθ × Nφ Nr × Nθ × Nφ Nr × Nθ × Nφ

(base res.) (2× base res.) (4× base res.) (6× base res.)

Model A 1 – Aφ = A 1024 × 512 × 1 2048 × 1024 × 1 4096 × 2048 × 1
Model B 3 4 Aφ = A × |B| 1024 × 512 × 1 – – –
Model C 3 4 Aφ = A × B 1024 × 512 × 1 2048 × 1024 × 1 4096 × 2048 × 1 –
Model D 3 2 Aφ = A × B 1024 × 512 × 1 2048 × 1024 × 1 4096 × 2048 × 1 6144 × 3072 × 1

Figure 2. Upper panel: The rate of mass accreted through the black hole
horizon. Lower panel: The magnetic flux accumulated on the black hole
horizon. For models Models A, B, C, and D, reporting the high-
resolution run for each model (i.e. at the base resolution for Models A
and B, at 4× the base resolution for Model C, and at 6× for Model D).

simulations. The simulation runs are evolved up to t = 5 × 103 M .
Such a time-scale is sufficiently long to capture all the important
and distinctive features of each simulation and is sufficiently short
that the we need not to be concerned about the decaying poloidal
magnetic field, which takes place in axisymmetry as a consequence
of the decay of turbulence (Cowling 1933; Sa̧dowski et al. 2015).

2.2 Model comparison

Since our focus here is to determine and highlight those features in
the plasma dynamics that emerge when considering different initial
magnetic-field topologies, we first discuss the main differences
among the four models. A particularly useful quantity in this respect
are the amount of rest-mass and magnetic field accreted on to
the black hole, namely, the mass-accretion rate and the accreted
magnetic flux. The former is measured as

Ṁ :=
∫ 2π

0

∫ π

0
ρur

√−g dθdφ, (5)

and is shown for all models in the upper panel of Fig. 2. Note that
after a time of ∼3000 M , the accretion rate in all models relaxes to
a roughly constant value. In Models C and D, the mass-accretion
rate remains roughly constant till 12 000 M , in the high-resolution
runs, thus reflecting an essentially stationary turbulent state in the
torus.

Similarly, we define magnetic flux accreted across the event
horizon as

φBH := 1

2

∫ 2π

0

∫ π

0
|Br |√−g dθdφ, (6)

and show its normalized value φBH/
√

Ṁ in the lower panel of
Fig. 2 for all of the models considered. Note that for Model A
the normalized magnetic flux is roughly constant in time and it is
far below the saturation limit φBH = φmax ≈ 15 that is normally
taken for an MAD configuration (within the units adopted here
Tchekhovskoy et al. 2011). This net magnetic flux is a pre-requisite
for energy extraction from the black hole (Blandford & Znajek
1977). What the simulations reveal is that magnetic flux of one
polarity is brought towards the horizon of the black hole but also
that magnetic flux of the opposite polarity reaches the vicinity of the
horizon, thus annihilating the previous one and reducing the overall
flux across the horizon. Fluctuations in this overall behaviour are
stronger in the two cases where the initial loops have larger width,
i.e. Models B and C. In these cases, the evolution of the magnetic
flux shows both a short dynamical time-scale – as magnetic flux is
brought to the horizon – but also a longer time-scale reflecting the
amount of time needed for the whole loop to be partly annihilated
and as a result reduce the magnetic flux on the horizon. Overall, the
magnetic flux in Models B and C is at all times higher than in the
other two cases. It is important to note here that even if the magnetic
flux in Model C is three or four times larger than Model A, a
magnetic funnel is never produced due to the continuous magnetic
flux annihilation.

All models considered produce outflows that give off energy at
infinity. This can be measured through the energy flux that passes
through a two-sphere placed at 50 rg

Pjet :=
∫ 2π

0

∫ π

0

(−T r
t − ρur

) √−gdθdφ, (7)

where the integrand in equation (7) is set to zero if everywhere
on the integrating surface σ ≤ 1. The efficiency of the jet is then
defined as

η := Pjet/Ṁ, (8)

and can become larger than unity. Lastly, in order to measure the
contribution, and difference in the power from the upper and the
lower jet we introduce the jet asymmetry

P := Pjet,u − Pjet,l

(Pjet,u + Pjet,l)
, (9)

where Pjet, u and Pjet, l are the powers of the upper and lower jets,
respectively. Clearly, P � 1 when the upper jet dominates, P � −1
for power releases dominated by the lower jet, while P � 0 refers
to a symmetric jet emission. Note that we set P = 0 when the power
of both the upper and the lower jets are zero because nowhere on
the integrating surface is the condition σ > 1 satisfied.
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Figure 3. Upper panel: The efficiency of the outflow as defined in equation
(8). Middle panel: The power of the jet as defined in equation (7). Lower
panel: The upper/lower jet asymmetry as defined in equation (9). For
Models A, B, C, and D, referring to the highest resolution run for
each model.

All of these quantities are shown in the three panels of Fig. 3
for the various models considered. In particular, it is possible to
note that Models A and B produce steady jet structures where the
efficiency of the jet and the power of the jet are roughly constant
in time (see upper and middle panels of Fig. 3). Furthermore, the
difference of the upper and lower jets is at all times close to zero
(the lower panel of Fig. 3), which means that both jets contribute
equally to the overall power. Models A and B are quite similar
in jet power and efficiency. This is because the small-scale field
between the loops of Model B reconnect and yield a topology
similar to Model A. The magnetic field in Models C and D, on
the other hand, do not reconnect so efficiently and the long-term
dynamics is governed by the small-scale seed fields. Furthermore,
for Models C and D, there is a strong variability in the power of
the outflows and as we will see below they do not even form steady
structures. It is important to note that even if they do not produce
jets, in the usual form, they exhibit an intense flaring activity. It is
tempting to relate the time-scale of the flaring activity in Models
C and D with the characteristic length scale λr of the initial magnetic
loops. In the case of Model C, the loops have a larger coherence
length scale which is then imprinted on the subsequent turbulent
flow and leads to typical times between flares to be longer (Fig. 3).
Similarly, for Model D, where the loops are smaller the power is
highly variable and changes in a smaller timescale. In an idealized
environment – such as those considered, for instance, by Parfrey
et al. (2015) or Giannios & Uzdensky (2019) – the coherence of
the magnetic loops has a direct impact on the power of the jet and
can be clearly related to the light curve and the structure of the jet.
Here, however, this is much harder to do as a result of the turbulent
nature of the accretion flow. As a result, and as a representative
example, the power spectral density of the power of the jet (cf. the
middle panel in Fig. 3) is very broad and does not yield a set of
characteristic frequencies.

Using the mass estimate for Sgr A∗ coming from Boehle et al.
(2016), this flaring activity has a time span from minutes to
tens of minutes and could therefore be correlated with the recent
observations of the X-ray activity of Sgr A∗ (Haggard et al. 2019).
Some variability is seen in well-structured jets; however, in the case

of Models C and D, variability is very intense and the power
during the flare can vary up to two orders of magnitude in a time
span of tens of minutes for Sgr A∗ (Do et al. 2019).

In order to delimit and visualize the region representing the jet,
we use the magnetization parameter, σ := B2/ρ, and define as jet
the low-density, strong magnetic-field region with σ > 1. In Fig. 4,
we plot σ for all models in a logarithmic colour code and at time
t = 3000, M . Note that the jet is well structured in Model A and
that this structure is stationary throughout the simulation. This is not
particularly surprising and has been shown to occur in numerous
simulations over the last decade (see e.g. De Villiers, Hawley &
Krolik 2003; McKinney & Gammie 2004; Porth et al. 2019).

Similarly, in the case of Model B, where the initial magnetic
loops are of the same polarity, a similar magnetized region is
observed, which however has a smaller magnetization resulting
from the smaller initial magnetization in the torus (see the lower
panels in Fig. 1). The magnetization is less than the previous
model, with 1 < σ < 10, but clearly forms a jet structure. On
the other hand, in the other two case for Models C and D, no
stationary magnetized structure is produced during the time-scale of
the simulations. At all times, in fact, the funnel structure varies due
as reflected by the variability in the magnetic flux on the black hole
horizon. Furthermore, the advection of magnetic loops of varying
polarity from the turbulent disc does no longer show a symmetry
across the equatorial plane. As a consequence, at some times, a
magnetized region can be seen in the upper hemisphere, whereas
at other times in the lower hemisphere. Another important feature
that can be identified in these plots is the formation of ‘plasmoids’,
whose properties we will discuss in more detail below.

Because of the very large magnetization reached in Models
A and B, the fluid in these funnel regions is expected to be
accelerated and to become gravitationally unbound. In order to
ascertain whether this is the case, we employ the Bernoulli criterion,
according to which a fluid element is defined to be unbound if it has
hut ≤ −1, where h is the specific enthalpy of the fluid (Rezzolla &
Zanotti 2013).1

Fig. 5 reports the value of the quantity hut for the four models
considered and clearly highlights that for Models A and B, a large
portion of the material in the funnel is unbound and especially the
one in the jet sheath. On the other hand, when considering Models
C and D, it is clear that the unbound material is not uniformly
distributed but appears in chains of plasmoids that move outwards.
In particular, while Model C exhibits a larger number of out-going
unbound plasmoids, which could be responsible of a subsequent
flaring activity, Model D shows fewer plasmoids that are also
accompanied by a uniform ejection of matter. These distinct features
will be further explored in the coming sections.

It is also worth noting that, as standard GRMHD codes, the
low-density regions of the computational domain are set to follow
a certain fall-off in radius of the type (ρcut/ρmax) r−3/2, where
ρcut = 10−5 M−2 is the standard cut-off value, ρmax is the maximum
rest-mass density, and the power law is measured from the origin
of the coordinates. We have therefore verified that changing the

1A discussion between different definitions for the unbound criterion
and their comparison has been discussed by Bovard et al. (2017). Other
contributions can be added to this criterion e.g. magnetic and radiative
(Narayan et al. 2012; Chael et al. 2018). The hydrodynamic prescription
that we use effectively underestimates the amount of unbound/outgoing
material, so that the material that we identify as unbound is actually going
to reach a distant observer.
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1554 A. Nathanail et al.

Figure 4. The magnetization parameter σ for the four models at time t = 3000 M . The lower panels show a magnified view near the black hole. The green
line shows the contour of σ = 1. For all models, the resolution is 4× the base resolution.

rest-mass density floor does not alter our findings. In particular,
we performed an additional simulation for Model D with ρcut =
10−6 M−2, finding that the only difference was an increase of
the average magnetization, as expected from other investigations
(Porth et al. 2019). However, the phenomenology in terms of jet
intermittency and plasmoid formation was observed to be the same.

2.3 Magnetized regions of alternating polarity

One of the most useful quantities to monitor here is the toroidal
component of the magnetic field, which is initially zero but ampli-
fied exponentially by the development of the MRI. In particular,

and as we will comment later on, the changes in polarity that
the toroidal field experience in regions of low rest-mass density
– or, equivalently, in regions of high magnetization – are closely
connected to reconnection and hence to the generation of plasmoids.

To highlight the role played by the toroidal magnetic field, we
show in Fig. 6 the toroidal component of the magnetic field, Bφ .
The rapid change of polarity, which is highlighted in the figure by
adjacent regions in blue/red, will lead to the formation of current
sheets. Fig. 6 shows quite remarkably how Models A and B
differ considerably from Models C and D. The first two, in fact,
have large regions in the torus where the toroidal magnetic field has
the same polarity, while clear change of polarity lies at the limit of
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Plasmoid formation in GRMHD simulations 1555

Figure 5. Bernoulli constant − hut at time t = 3000 M , any feature/fluid element which is not black in the figure is unbound/outgoing. The two models on
the left have a well-defined and uniform regions where matter is unbound, whereas the models on the right have smaller unbound regions mostly localized in
plasmoids. For all models, the resolution is 4× the base resolution.

Figure 6. The Bφ component of the magnetic field for the four models at time t = 3000 M . The red and blue regions denote regions where the magnetic field
has different polarity. For all models, the resolution is 4× the base resolution.
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