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ABSTRACT

Context. Low-luminosity supermassive and stellar-mass black holes (BHs) may be embedded in a collisionless and highly magnetized
plasma. They show nonthermal flares indicative of particles being accelerated up to relativistic speeds by dissipative processes in the
vicinity of the BH. During near-infrared flares from the supermassive BH Sagittarius A∗ (Sgr A∗), the GRAVITY Collaboration
detected circular motion and polarization evolution, which suggest the presence of transient synchrotron-emitting hot spots moving
around the BH.
Aims. We study 3D reconnecting current layers in the magnetosphere of spinning BHs to determine whether plasma-loaded flux ropes
which are formed near the event horizon could reproduce the hot spot observations and help constrain the BH spin.
Methods. We performed global 3D particle-in-cell simulations in Kerr spacetime of a pair plasma embedded in a strong and large-
scale magnetic field originating in a perfectly conducting disk in prograde Keplerian rotation.
Results. A cone-shaped current layer develops which surrounds the twisted open magnetic field lines threading the event horizon.
Spinning magnetic field lines coupling the disk to the BH inflate and reconnect a few gravitational radii above the disk. This quasi-
periodic cycle accelerates particles, which accumulate in a few macroscopic flux ropes rotating with the outermost coupling magnetic
field line. Once flux ropes detach, they propagate in the current layer following what appears as a rapidly opening spiral when
seen face-on. A single flux rope carries enough relativistic electrons and positrons to emit synchrotron radiation at levels suitable to
reproduce the peak-luminosity of the flares of Sgr A∗ but it quickly fades away as it flows away.
Conclusions. Our kinematic analysis of the flux ropes motion favors a BH spin of 0.65 to 0.8 for Sgr A∗. The duration of the flares of
Sgr A∗ can only be explained provided the underlying magnetic loop seeded in the disk mid-plane has a finite lifetime and azimuthal
extension. In this scenario, the hot spot corresponds to a spinning arc along which multiple reconnection sites power the net emission
as flux ropes episodically detach.

Key words. acceleration of particles – magnetic reconnection – black hole physics – radiation mechanisms: non-thermal –
methods: numerical

1. Introduction

Black holes (BHs) are sources of transient nonthermal emis-
sion whose origin remains elusive. Being the closest and largest
BH as seen from Earth, Sagittarius A∗ (Sgr A∗) is a privileged
target to study the plasma dynamics in its immediate vicinity.
Stringent constraints have been set on its mass from the orbits
of stars in the nuclear cluster of the Milky Way (Schödel et al.
2009; Gillessen et al. 2009; GRAVITY Collaboration 2018a)
and from the size of the BH shadow imaged by Event Horizon
Telescope Collaboration (2022a). Direct imaging, astrome-
try and polarimetry of the emission from the surrounding
plasma have progressively suggested that the BH spin axis
is seen at low inclination, that is to say almost face-on
(Jiménez-Rosales et al. 2020; GRAVITY Collaboration 2021;
Event Horizon Telescope Collaboration 2022a,b; Wielgus et al.
2022). Event Horizon Telescope Collaboration (2022a) carried
out an extensive comparison of the observations of Sgr
A∗ to general relativistic magneto-hydrodynamics (GRMHD)

? Movie associated to Fig. 2 is available at https://aanda.org

simulations. The only models that match all the observational
constraints in the quiescent phase are those with positive BH
spins (0.5 to 0.94), magnetically arrested disks (MADs, in agree-
ment with the larger scales’ simulations of Ressler et al. 2020),
and low viewing angles (<30◦). In the future, the GRAVITY+
instrument might be able to bring independent constraints from
the Lens-Thirring precession of the orbit of stars even closer to
the BH than S2 (Abuter et al. 2020, 2021).

In addition to its quiescent emission, Sgr A∗ shows hour-long
flares at near-infrared (NIR) and sometimes X-ray wavelengths
on a daily basis (Baganoff et al. 2001; Genzel et al. 2003;
Ghez et al. 2004). The similar timescales and recurrent simul-
taneity of NIR and X-ray flares suggest that they might be the
outcome of a common mechanism (Boyce et al. 2019). A long-
suspected culprit is the acceleration of electrons and positrons
in magnetically reconnecting current sheets (Yuan et al. 2004;
Ball et al. 2018; Comisso & Asenjo 2021). When Sgr A∗ is in
its quiescent state, the linearly polarized emission is well repro-
duced by a synchrotron emission from a population of rela-
tivistic electrons embedded in a strong and structured mag-
netic field near the BH event horizon (Bower et al. 2018).
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During flares, a high degree of linear polarization is also reported
(Jiménez-Rosales et al. 2020). The highly magnetized collision-
less plasma that surrounds the BH is likely a fruitful environ-
ment for reconnection sites where electromagnetic energy is
dissipated at maximal rates. This process typically yields non-
thermal particle energy distribution (Sironi & Spitkovsky 2014;
Werner et al. 2016; Werner & Uzdensky 2017; Rowan et al.
2017), especially when synchrotron cooling is inefficient such
as around Sgr A∗.

During three NIR flares, the ESO VLTI/GRAVITY instru-
ment found that the centroid of the emission moved clock-
wise around the BH (GRAVITY Collaboration 2018b). This
major discovery sheds light on the origin of these flares since
it grants us simultaneous access to the kinematics and radia-
tive power of the emitting region coined as the hot spot. The
flares are brighter than the quiescent emission, so that we can
safely assume that the centroid traces the motion of the emitting
region (GRAVITY Collaboration 2021). In each case, the hot
spot described an incomplete circle of radius 35 to 50 µas (i.e., 7
to 10 gravitational radii) in 15 to 30 min, and whose center was
shifted by almost 50 µas with respect to the projected position
of Sgr A∗. Taken together, these kinematics constraints indicate
that the motion may be super-Keplerian by ∼20–30%. Further
modeling of the hot spot motion by GRAVITY Collaboration
(2020) found that the astrometric data were consistent with a
viewing angle lower than <40◦ and a steady out-of-plane motion
at 0.15c, with c being the speed of light. Although marginal, the
latter result suggests that the hot spot might be launched from
the basis of a jet with an upward velocity component rather than
purely orbiting in the equatorial plane of the BH.

GRMHD simulations of disks around BHs have revealed
that the accretion flow is embedded in a dilute and highly mag-
netized plasma sometimes called the corona (De Villiers et al.
2003; McKinney & Gammie 2004). This plasma can mediate
kinetic processes susceptible to accelerate particles and to pro-
duce a nonthermal variable component, as highlighted by several
local numerical simulations of turbulence and magnetic recon-
nection in collisionless plasma (Ball et al. 2018; Meringolo et al.
2023; Zhdankin et al. 2023). Multiple studies have computed
synthetic observables from a wide range of GRMHD simu-
lations (Dexter et al. 2020a; Cruz-Osorio et al. 2022; Vos et al.
2022; Wong et al. 2022; Event Horizon Telescope Collaboration
2022a; Chael et al. 2023) although they all rely on assumptions
for the electron distribution function and for the electron heat-
ing process, since GRMHD is inherently unable to capture the
micro-physics.

For magnetic reconnection to be triggered, magnetic field
lines of opposite polarity must be dragged toward each other
to form reconnecting current layers at the interface between
flux ropes. In BH magnetospheres, this configuration can orig-
inate from the colliding magnetic field loops of opposite polar-
ity and from the shearing of magnetic field lines, as spec-
ulated by the model of magnetic loops buoyancy above the
disk of Uzdensky & Goodman (2008). Owing to the differential
Keplerian rotation in the disk and to the BH spin, magnetic
field lines are frequently sheared as they get advected inward by
the accreted material in the dense and highly conducting disk,
leading to the development of current layers (Yuan et al. 2009;
Lin et al. 2023). For instance, high resolution 3D ideal GRMHD
simulations of accretion onto BHs in the MAD state show recur-
rent relaxation of the magnetic flux piled up onto the event
horizon (see e.g., Tchekhovskoy et al. 2011; Dexter et al. 2020b;
Ripperda et al. 2022; Galishnikova et al. 2023). This cycle is
mediated by the episodic ejection of magnetic flux through

highly magnetized bubbles surrounded by poloidal magnetic
loops coupling the BH ergosphere to the disk. The shearing of
these loops, whose inner edge is dragged by the BH rotation,
could produce reconnecting current sheets where particles are
accelerated up to relativistic Lorentz factors and emit nonther-
mal synchrotron radiation (Porth et al. 2021). This mechanism
could be responsible for the flares from Sgr A∗ (Scepi et al.
2022). On the other hand, in simulations of accretion of mag-
netic loops of opposite polarity, reconnection-induced flux ropes
form above the disk (Beckwith et al. 2008; Parfrey et al. 2015;
Nathanail et al. 2020, 2022b,a; Chashkina et al. 2021). All these
numerical models highlight the diversity and ubiquity of config-
urations which lead to reconnecting current layers in BH mag-
netospheres.

In El Mellah et al. (2022, hereafter Paper I), we investigated
a scenario where the main dissipation sites are not located
in the disk plane but rather in the oblique layer separating
the open magnetic field lines threading the event horizon and
those anchored on the disk. To do so, we studied the prop-
erties of a BH magnetosphere loaded with pair-plasma and
where magnetic field lines couple the BH to the disk. We per-
formed 2D axisymmetric (hereafter, 2.5D) global particle-in-
cell (PIC) simulations in Kerr metric with the Zeltron code
(Cerutti et al. 2013; Parfrey et al. 2019) for BH spins from 0.6
to 0.99. Contrary to GRMHD, the PIC framework does not
rely on a fluid or collisional approximation and can accu-
rately describe dissipative processes in collisionless plasmas
like magnetic reconnection. In agreement with previous con-
jectures, the shearing of the magnetic field lines induced by
frame dragging in the BH ergosphere leads to the formation
of a Y-shaped magnetic field topology, or Y-ring, above the
disk (Uzdensky 2005; De Gouveia Dal Pino & Lazarian 2005;
Yuan et al. 2019). Beyond the Y-ring, a cone-shaped current
sheet separates the inner jet from the disk magneto-centrifugal
outflow. In this current sheet, vivid magnetic reconnection pro-
duces nonthermal particles and macroscopic plasmoids form as
the outermost closed magnetic field line episodically inflate and
reconnect.

By construction, the 2.5D numerical setup we designed in
Paper I was unable to capture non-axisymmetric features, a
fortiori a localized hot spot moving around the black hole.
Furthermore, the polarity of the toroidal magnetic field com-
ponent also reversed across the current sheet but we could
only capture magnetic reconnection in the poloidal plane. More
generally, magnetic reconnection is known to proceed in a
quantitatively and qualitatively different manner in 3D and in
2D (Werner & Uzdensky 2017, 2021; Comisso & Sironi 2019;
Zhang et al. 2021). In this respect, effects such as enhanced tur-
bulence, the triggering of azimuthal instability modes and the
shear of angular speed across the current sheet remained to be
investigated in our model.

In this paper, we relax the axisymmetric assumption and per-
form global 3D general relativistic PIC (GRPIC) simulations
of a BH magnetosphere in order to overcome the aforemen-
tioned limitations of our previous 2.5D setup. Once more, we
remain agnostic on the global dynamics leading to the emer-
gence of large scale magnetic loops and the subsequent forma-
tion of current layers. It could either be via the accretion of
loops of alternating polarity, via the ejection of magnetic flux
in the MAD state or through another mechanism. We adopt a
pragmatic approach by relying on a relaxation ansatz: although
unrealistic, our initial state enables us to trigger the formation
of the reconnecting current sheet and to characterize the flare
itself. Hereafter and following the common denomination, we
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refer to 2D plasma-loaded magnetic islands as plasmoids and to
3D plasma-loaded entwined magnetic field lines as flux ropes.
Similarly, the 2D concepts of current sheets and X/Y-points are
replaced in 3D by current layers and null-lines respectively. We
pay special attention to the possibility that moving flux ropes
might manifest as synchrotron-bright hot spots. For the sake of
computational affordability, we work with a dimensionless BH
spin of 0.99, but we extrapolate our results to lower spin values
in the light of our past 2.5D simulations.

In Sect. 2, we recall the main ingredients of our model and
the conclusions we drew from our 2.5D simulations. Then,
we present the 3D results we obtained in terms of magnetic
topology, plasma properties and reconnection rate in Sect. 3. In
Sect. 4, we perform an in-depth analysis of the kinematic and
radiative properties of the hot spots that we identified in order to
compare them to the observations and set constraints on Sgr A∗’s
spin and on the physical mechanism responsible for the flares.
We summarize our results and suggest follow-up work in Sect. 5.

2. Model

2.1. Physics and code

We study the three-dimensional dynamics of the electron-
positron pair plasma and of the electromagnetic fields in the
magnetosphere of a spinning BH. The background Kerr metric
is stationary and axisymmetric. It is determined (i) by the BH
mass, M, which sets the length scale via the gravitational radius
rg = GM/c2, with G the gravitational constant, and (ii) by the
BH dimensionless spin a (Kerr 1963). We rely on the 3 + 1 for-
malism (MacDonald & Thorne 1982; Komissarov 2004) and on
the spherical Kerr-Schild coordinates (t, r, θ, φ).

We use the GRPIC code Zeltron to advance in time the
position and velocity of the particles along with the electric and
magnetic fields, respectively E and B, measured by the fiducial
observers (FIDOs, whose worldlines are orthogonal to spatial
hypersurfaces of constant time coordinate; Cerutti et al. 2013;
Parfrey et al. 2019; Crinquand et al. 2021). We do not account
for radiative drag forces in the particles’ equation of motion, and
neglect radiative cooling, a safe assumption for Sgr A∗. We work
with a plasma of electron-positron pairs, which is likely a good
approximation near the spin axis of the BH. Closer from the disk,
a denser plasma containing also protons should be present but we
neglect them in our model.

2.2. Numerical setup

The 3D grid on which electromagnetic fields are advanced
and charges and currents are deposited has a resolution of
512(r)×256(θ)×256(φ). It extends over r ∈ [0.9rh, 30rg], θ ∈
[π/96, π/2] and φ ∈ [0, π/2], with a logarithmic stretching in
r, and rh is the radius of the event horizon. Our choice of
φ-extent stems from the need to capture the azimuthal dynam-
ics (see Sect. 3.2). The BH equatorial plane θ = π/2 is assumed
to be a plane of symmetry.

We enforce zero-gradient boundary conditions at the inner
edge, within the event horizon, and we use an absorbing layer
at the outer edge, from 27rg to 30rg (see top panel in Fig. 1 and
Cerutti et al. 2015). At θ = π/96, we apply reflective bound-
ary conditions. Boundary conditions in φ are periodic and here-
after, figures where φ extends beyond the range [0, π/2] are
obtained through duplication and concatenation. Between θ =
π/2 − arctan (ε) and θ = π/2, we introduce a perfectly conduct-
ing disk of aspect ratio ε = 5%. The disk is aligned with the

Fig. 1. Sketches of the axisymmetric 2.5D BH magnetosphere for a spin
a = 0.99. Top: the black disk (resp. black dashed line) in the bottom left
corner is the event horizon of size rh ∼ 1.14rg (resp. the ergosphere).
The black lines represent open magnetic field lines. The absorbing layer
for outer boundary conditions is shown in gray. The red circle locates
the Y-point at the basis of the reconnecting current sheet in which plas-
moids are visible in red. The green region is the Keplerian disk where
magnetic field lines are anchored. Bottom: zoom in on the innermost
region, with closed magnetic field lines coupling the disk to the BH
represented in red, along with the outermost closed magnetic field line
(the separatrix).

BH spin axis and in prograde rotation at the Keplerian angular
speed

ΩK(R) =

√
GM
r3
g

1(
R/rg

)3/2
+ a

, (1)

with R = r sin(θ) the projected distance to the spin axis. Within
the innermost stable circular orbit (ISCO), we set ΩK = 0. In
the disk, the magnetic field B is axisymmetric and the magnetic
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field lines are frozen and enforced to rotate at the angular speed
of their footpoint in the disk mid-plane. The electric field in the
local corotating frame cancels out since the disk is a perfect con-
ductor, which sets the boundary conditions for the electric field.

Observations suggest that the hot and dilute plasma in the
immediate vicinity of weakly accreting BHs such as Sgr A∗
might be highly magnetized. Its global dynamics are thus essen-
tially force-free, with particles flowing along magnetic field lines
and screening any parallel electric field which would be suscep-
tible to accelerate them. To reproduce those conditions, we con-
tinuously inject pairs of particles at rest in the local FIDO frame
throughout the simulation domain such as the plasma density n
never goes below three times the absolute local Goldreich-Julian
density |nGJ| defined as (Goldreich & Julian 1969)

|nGJ| =
|Ω · B|

2πc
, (2)

whereΩ is the local angular speed along the azimuthal direction.
It ensures that there are enough charges for the force-free regime
to be achieved wherever dissipation does not take place. Another
necessary condition of the force-free regime is

σ =
|B|2

4πnΓmec2 � 1, (3)

with σ the magnetization parameter, Γ the bulk Lorentz factor
and me the mass of the electron. We achieve this regime while
still resolving the plasma skin depth δ by working with a Larmor
radius RL = 10−5rg. Although the corresponding magnetic field
is three to five orders of magnitude lower than what is measured
in Sgr A∗, the hierarchy between scales is preserved. Further-
more, the underestimations of |B| and n compensate in Eq. (3)
such that the magnetization σ ∼ 1000 is high enough to ensure
that we work in the quasi-force-free regime σ � 1.

Finally, we choose to work with a very high BH spin of
a = 0.99 for computational convenience. Indeed, we showed in
Paper I that higher spin values led to a region of interest devel-
oping closer from the BH and evolving on shorter timescales.
Given the high cost of 3D global GRPIC simulations, it is a
major advantage that we build upon to compare our 3D results
to our previous 2.5D simulations and extrapolate them to lower
spin values. With such a high spin, the inner edge of the disk lies
at ∼1.4rg, within the ergosphere and very close from the event
horizon.

2.3. Relaxation to 3D equilibrium

The initial conditions we start from are the same as in Paper I:
a dipolar magnetic field in vacuum such as initially, all mag-
netic field lines thread the event horizon and are anchored in the
steady Keplerian disk at their other end. The poloidal magnetic
field profile in the disk mid-plane is thus ∝R−3. In order to speed
up the relaxation of the initial conditions, we follow a two-step
procedure toward a fully three-dimensional relaxed simulation.

In order to speed up relaxation of the initial conditions, we
first work with a 3D setup with only four cells along φ, extending
from φ = 0 to φ = 0.025, and with periodic boundary conditions
in φ. It sets a stringent constraint on the azimuthal extension of
the structures such as the simulation is essentially axisymmetric
and computationally affordable due to the low number of cells
along φ.

After ∼150rg/c, the setup has relaxed. Relaxation of the ini-
tial conditions proceeds along the same lines as in 2.5D: the
spinning-up torques onto the magnetic field lines induced by

the frame dragging in the ergosphere lead to an increase of the
toroidal component of the magnetic field. Magnetic field loops
whose outer footpoint is close enough from the ISCO can catch
up for this additional magnetic tension but beyond a critical dis-
tance, magnetic field lines necessarily open up. The higher the
BH spin, the closer the outermost closed magnetic field line
(hereafter, the separatrix).

This BH rotation powered mechanism structures the mag-
netosphere in regions of distinct topology. In Fig. 1, we show
an illustration of the axisymmetric 2.5D configuration where the
main features are represented. In the innermost region between
the ISCO and the footpoint of the separatrix, closed magnetic
field lines couple the BH to the disk (bottom panel in Fig. 1).
They carry energy and angular momentum between the two
components (Uzdensky 2005; Yuan et al. 2019; El Mellah et al.
2022). Toward the pole, open and strongly twisted magnetic field
lines thread the BH and form the backbone of an electromagnetic
jet (Blandford & Znajek 1977). Beyond the separatrix, the disk
is threaded with inclined open magnetic field lines. From the Y-
point at the intersection of these three regions, a current sheet
forms between the jet and the disk outflow (red plasmoids in
Fig. 1). In this layer, the force-free approximation breaks down
and the magnetic field reconnects.

Near the separatrix, a quasi-periodic cycle sets up: field lines
progressively stretch out as the toroidal component increases,
until the pinching of their outermost section forms a current
sheet whose reconnection is triggered by the tearing instability.
Through this process, magnetic islands episodically flow away
from the Y-point in the current sheet. They correspond to higher
plasma density regions commonly called plasmoids in 2D simu-
lations of magnetic reconnection (visible in Fig. 1) and flux ropes
in 3D. In-between plasmoids, the current sheet reaches its min-
imal thickness, the skin depth, at X-points where particles are
accelerated by the nonideal electric field induced by reconnec-
tion. In 3D, the Y-point becomes a Y-ring above the disk.

Once this setup has relaxed, we unfold it around the spin axis
over the full φ range by repeating the fields and particles infor-
mation. The 3D setup obtained through this procedure is then
used as an initial state that we now relax in full 3D. Hereafter,
the origin of time is taken at this point and the full 3D setup is
run over ∼70rg/c.

3. Results

3.1. Plasma density and magnetic flux ropes

The 3D simulations that we performed closely resemble the 2.5D
ones from Paper I. The magnetosphere is subdivided in regions
presenting different magnetic field topology: (i) open and twisted
magnetic field lines threading the BH event horizon in the polar
region, along the BH spin axis, (ii) open magnetic field lines
anchored on the Keplerian disk lying in the equatorial plane,
(iii) between the ISCO and the separatrix, closed magnetic field
loops coupling the disk to the BH ergosphere and (iv) a cone-
shaped current layer where electromagnetic energy is dissipated
via magnetic reconnection. The first three regions are essentially
force-free, with magnetic field lines rotating at ∼ ωBH/2 in the
jet and at the Keplerian speed of their footpoint on the disk in the
other regions. The Poynting energy fluxes extracting BH rota-
tional energy in the jet and to the disk are also comparable to the
2.5D results. The three force-free regions meet at the Y-ring at
the basis of the current layer which supports the discontinuity of
the magnetic field components between the jet and the field lines
anchored on the disk. The current layer envelops the jets and is a
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Fig. 2. 3D volume rendering of plasma density in the current layer around the BH event horizon (central black sphere). Flux ropes are stretched
in the azimuthal direction and break up into visible overdense plasma filaments flowing outward along the cone-shaped current layer. The black
vertical line is the spin axis of the black hole while the two other coordinate axis in gray are in the equatorial plane. In the right panel (zoomed in),
the red rings above and under the equatorial plane locate the Y-ring. An animated version is available online.

site of vivid magnetic reconnection at the Y-ring but also at tran-
sient X-points forming further away. We introduce the azimuthal
unit vector φ̂ and the unit vector l̂ orthogonal to φ̂, colinear to
the intersection between the poloidal plane and the current layer,
and pointing away from the BH. Both vectors are represented in
Fig. 1. The geometry and dimensions of the Y-ring are identical
to what had been observed in 2.5D (see Fig. 8 in Paper I): it lies
at ∼1.8rg above the disk and at a distance of rY,⊥ ∼ 4rg from the
spin axis (see also Fig. 7). In Fig. 2, we show a 3D volume ren-
dering of the pair plasma density (corrected for spherical dilution
by a factor r2) which peaks in the current layer. The red rings in
the right panel stand for the location of the Y-rings where flux
ropes grow before eventually detaching and flowing away along
the current layer.

In Paper I, we showed that the dimensions and location of
the Y-ring and of the footpoint of the separatrix are function of
the BH spin and independent of the initial conditions. As pre-
dicted by Uzdensky (2005), higher BH spin values give a smaller
Y-ring, closer from the BH, along with a separatrix and its foot-
point closer from the BH. The capacity of magnetic field lines
between the BH and the disk to remain close probably depends
on whether they intersect the outer light surface, which is the
surface beyond which the rotation of a field line with given angu-
lar speed is superluminal (Komissarov 2004). Consequently, we
think that the values we obtained are fairly independent of disk
properties such as its resistivity or the radial distribution of
the poloidal magnetic field. The former would yield a progres-
sive drifting of the footpoint away from the BH but on longer
timescales than those we explore. The latter would change the
magnetic tension but not the location of the outer light surface.
Due to the dependence of the outer light surface on the angular
speed of the individual magnetic field lines, the angular speed
profile ΩK in the disk might slightly alter the location of the sep-
aratrix’ footpoint and the Y-ring dimensions. For the range of BH
spin values we explored though (a = 0.6 to a = 0.99), we notice
that the corotation radius is always well within the ISCO which
means that for any magnetic field loop, ΩK is always subdom-
inant compared to the angular speed of the BH event horizon,
ωBH.

A major novelty with respect to 2.5D simulations is the
reconnection of the toroidal magnetic component. Both the

poloidal and the toroidal components of the field reverse their
polarity across the layer, but 2.5D simulations can only cap-
ture reconnection in the poloidal plane. They miss the domi-
nant toroidal component. In Fig. 3, the white surface is the locus
of points where the toroidal magnetic field component changes
sign, that is where the radial component of the current spikes.
It approximately locates the current layer. Along it, the ripples
correspond to flux ropes whose combined extension along l̂ and
φ̂ is well visible. In addition, we represented in green two fidu-
cial magnetic field lines reconnecting at an X-point in the current
layer (black-circled green dot). The forefront magnetic field lines
threads the event horizon while the background one is anchored
on the disk. The strong twisting of these field lines highlights
the combined role of the poloidal and toroidal components of
the magnetic field: the antiparallel reconnection proceeds along
obliques in the ( l̂, φ̂) plane in the cone-shaped current layer.
There is no guide field since the reconnecting layer is not embed-
ded in a background magnetic field transverse to the current
layer with a preferential net polarity. Near the separatrix, as the
quickly rotating magnetic field lines endure differential torques,
they stretch and open up under the action of the tearing insta-
bility with a quasi-periodicity of a few rg/c comparable to what
we had found in 2.5D simulations for a = 0.99. In our 2.5D
simulations, the drift-kink instability (Zenitani & Hoshino 2007;
Barkov & Komissarov 2016) stemmed only from the poloidal
component of the current along l̂ induced by the discontinuity of
the toroidal component of the magnetic field across the current
layer. Here, it is also driven by the toroidal component of the cur-
rent associated to the jump of the l̂-component of the magnetic
field. It further bends the flux ropes and corrugates the current
layer but does not inhibit the tearing instability which eventually
dominates and regulates the formation of flux ropes. Although
the current sheet is broadened, the flux ropes remain confined in
a narrow volume around the mid-plane of the cone-shaped cur-
rent layer (see Fig. 2).

3.2. Current layer and reconnection rate

The sign inversion of the toroidal magnetic field represented in
Fig. 3 provides a surface for the current layer but it does not grant

A67, page 5 of 14

https://www.aanda.org/10.1051/0004-6361/202346781/olm


El Mellah, I., et al.: A&A 677, A67 (2023)

Fig. 3. Magnetic field lines (solid green) reconnecting across the cur-
rent layer. The corresponding X-point, where magnetic field lines are
antiparallel, is the green dot with a black edge. The polarity of the
toroidal magnetic field reverses across the white surface. The red annu-
lus is the Y-ring and the black sphere is the event horizon.

access to its local thickness. In order to estimate the volume
encompassed by the current layer and locate precisely the flux
ropes as a function of time, we use the following procedure. The
current layer stands out as a region where the particle Lorentz
factors are much higher, as visible in the poloidal slice in Fig. 4.
In the ergosphere, particles show a high Lorentz factor because
of our frozen boundary conditions on the equator and because
of the ad hoc injection method we rely on. Accounting for pair
creation for instance would have probably removed this numeri-
cal artifact (Crinquand et al. 2020). Furthermore, although weak
in the vicinity of Sgr A∗, synchrotron cooling would be enough
to significantly lower the particle Lorentz factor γ in force-free
regions like the ergosphere, effectively suppressing their contri-
bution to the emission. Near the pole, the high Lorentz factors
result from numerical artifacts and should not be taken seriously.
In the bottom left insert in Fig. 4, we show the energy spectrum
of the electrons and positrons in the current sheet (blue and red
points respectively). At Lorentz factors between γ = 100 and
γ = 1000, we see a component which can approximately be fit-
ted with a power-law with an exponent of −1.3 (black dashed
line). This slope and the maximal Lorentz factor reached by the
particles are both consistent with the particles being accelerated
by magnetic reconnection (see e.g., 2D PIC simulations of mag-
netic reconnection in pair plasma by Werner et al. 2016).

For each poloidal slice, we compute the density-weighted
Lorentz factor squared which plays the role of a tracer for the
current layer

〈γ2〉n = (n+γ
2
+ + n−γ2

−)/(n+ + n−), (4)

where n+ (resp. n−) and γ+ (resp. γ−) stand for the number
density and Lorentz factor of the positrons (resp. of the elec-
trons). We later clip out the cells below a discriminating thresh-
old value to be left with the region within the dotted white line
in Fig. 4. We then integrate the aforementioned tracer in the
local transverse direction and over the current layer width to
produce a column density representation of the plasma in the

Fig. 4. Poloidal slice of the mean electron and positron Lorentz factor.
The solid white line is a slice of the 3D closed surface encompassing
the whole current layer while the dotted line locates, for this slice, the
current layer. The black disk at the origin (resp. the black dashed line)
is the BH event horizon (resp. the ergosphere) and the green region in
the equatorial plane stands for the disk. The bottom right insert shows
the distributions dN/dγ of the positrons and electrons in the volume
delimited by the solid white contour, compared to a power-law (dashed
line).

current layer such as the one in Fig. 5. With this tracer quantity,
the plasma-loaded flux ropes stand out as contrasted structures.
As the poloidal bulk velocity of the flux ropes increases from
close to 0 at the Y-ring to mildly relativistic speeds, the appar-
ent shape of the flux ropes is flattened by length contraction (see
also Sect. 4.1.1).

Contrary to a simple slice (at constant θ for instance), this
method enables us to follow all the flux ropes, including those
which momentarily leave the current layer mid-plane under the
action of the kink instability. It also captures the X-points, where
the magnetic field reconnects and where the width of the current
layer reaches its minimal thickness set by the plasma skin depth.
They manifest in the column density representation as expanding
regions of tracer depletion. For instance, in Fig. 5, a representa-
tive X-point in a fiducial snapshot is shown with a white circle
in the bottom panel. At this X-point, we measure a current layer
thickness of δ ∼ 0.1rg, resolved with three to five grid points.
It is consistent with the number of flux ropes which form at the
Y-ring, typically six per π/2 azimuthal quarter (see bright spots
at the Y-ring in Fig. 5). Indeed, the maximally unstable mode of
the tearing instability yields an azimuthal distance between two
successive flux ropes of λ = 2π

√
3δ (Zelenyi & Krasnoselskikh

1979; Zenitani & Hoshino 2007; Cerutti et al. 2014) and thus an
initial number of flux ropes per quarter formed:

N0 =
πrY,⊥

2λ
=

rY,⊥

4
√

3δ
∼ 6

(
rY,⊥

4rg

) (
δ

0.1rg

)−1

, (5)
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Fig. 5. Top view projection of the flux ropes in the full and inner current
layer (resp. top and bottom panels), with the same color map as in Fig. 2.
Numbers indicate the length in rg along the current layer, with the outer
edge of the inner white disk located at the current layer footpoint on the
disk r f t ∼ 2.5rg. In the bottom panel, the white dashed lines locate the
Y-ring. The white circle surrounds an X-point and delimits the region
where we compute the transverse velocity profiles in Fig. 6.

where rY,⊥ ∼ 4rg is the radius of the Y-ring (i.e., the distance of the
Y-points to the spin axis, see also Fig. 7). Since N0 > 1, it justifies
a posteriori our choice of working only over the rangeφ = 0 toφ =
π/2. We estimate the reconnection rate βrec based on the upstream
velocities near the aforementioned fiducial X-point. As visible in
Fig. 5, this X-point is approximately located 1rg beyond the Y-ring
in the current layer (white dashed circles). In order to diminish
the numerical noise, we work with an averaging box which is 3rg
long in the transverse direction (x axis in Fig. 6) and 0.2rg wide
in the two directions l̂ and φ̂ locally coplanar to the current layer
such as the averaging box covers the dark region surrounding the
white spot in Fig. 5. We thus obtain the transverse profiles of the
component of the particle bulk velocities normal to the current
layer, v⊥, displayed in Fig. 6. The sign convention is such that v⊥ >
0 (resp. v⊥ < 0) if particles are above the current layer and move
toward it or if they are below the current layer and move away
from it (resp. if they are above the current layer and move away
from it or if they are below the current layer and move toward
it). Electron and positron velocities are both very noisy, although
electrons (green squares) show a sharp drop correlated with the
one in the E×B-drift velocity profile (black solid line) computed
from the electromagnetic fields on the grid. At this X-point where
the magnetization σ � 1 and where the Alfven speed is close
to the speed of light, we thus measure a transverse velocity step
of ∆v⊥ ∼ 0.15c corresponding to a magnetic reconnection rate
βrec = ∆v⊥/(2c) ∼ 7%. It must be understood as a lower limit
since we rely on an approximate localization method for the X-
point.

This high reconnection rate is typical of what is found
from PIC simulations of magnetic reconnection of collision-
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Fig. 6. Profiles along a line transverse to the current layer and pass-
ing through a X-point. We show the normal components of the drift
velocity (black solid line) and of the positron and electron velocities
(respectively blue circles and green squares).

less pair plasma without guide field in the relativistic regime
(Cassak et al. 2017; Werner et al. 2018; Crinquand et al. 2021;
Goodbred & Liu 2022). Surprisingly, although we also capture
the reconnection of the toroidal component, this rate is close
from what we had obtained in 2D (βrec ∼ 5%) where only
the poloidal component along the current layer was recon-
necting. We think it could be due to the broadening of the
current layer induced by enhanced turbulence in 3D, partly
caused by the capacity of the drift-kink instability to grow
in both the l̂ and φ̂ directions (Sironi & Spitkovsky 2014;
Guo et al. 2015; Werner & Uzdensky 2017). The current layer
is less laminar than in 2D and we measure a thickness of
δ ∼ 0.1rg, twice thicker than what we had obtained in 2D
simulations. Lower reconnection rates in 3D have been com-
monly reported (Sironi & Spitkovsky 2014; Zhang et al. 2021;
Werner & Uzdensky 2021) and ascribed to magnetic flux diffu-
sion and topological alternatives to reconnection which do not
exist in 2D: although the amount of magnetic flux available for
reconnection is higher, part of it is annihilated before reconnect-
ing, yielding a net reconnection rate comparable or even lower
than in 2D (Werner & Uzdensky 2021).

4. Discussion

4.1. Flux ropes kinematics

4.1.1. For a BH spin a = 0.99

We now proceed to characterize the trajectory of the
dense plasma contained in the flux ropes in the cur-
rent layer. Owing to the low viewing angle of Sgr A∗
(Jiménez-Rosales et al. 2020; GRAVITY Collaboration 2021;
Event Horizon Telescope Collaboration 2022a,b; Wielgus et al.
2022), we focus on the apparent motion of the flux ropes as
seen face-on. We use the tracer introduced in Eq. (4) in order
to identify three major flux ropes and measure their position in
the plane of the sky every ∼1.6rg/c. In Fig. 7, the dots trace the
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Fig. 7. Trajectory of three plasma-loaded flux ropes projected in the
equatorial plane (top view). The dots indicate the center of the flux rope
while the ellipses represent their aspect ratio, orientation and spatial
extension. The two concentric dashed circles stand for the Y-ring. The
color is the time lapse from departure for each flux rope and empty
ellipses are shown every 15rg/c.

projected positions of the flux ropes as a function of time. For
the three trajectories, a ±2π/3 shift rotation around the BH spin
axis was included for the sake of visualization, and the origin
of time is set at the first snapshot where the flux rope was iden-
tified. Each trajectory lasts approximately 50rg/c between the
Y-ring (black dashed circles) and the outer extent of the simula-
tion space, and it can be subdivided in two parts: (i) the loading
phase, when the flux rope is still attached to the separatrix and
progressively grows as the separatrix stretches and (ii) the out-
flowing expansion phase, once the flux rope detaches from the
separatrix due to the tearing instability and flows away along the
current layer. In Fig. 8, we report reduced kinematic data con-
cerning the velocity profiles in the current layer in the l̂ and
φ̂ directions (resp. v‖ in blue and vφ in red). The two vertical
dashed lines show the extremal positions of the outermost point
of the separatrix as the separatrix stretches out. These veloc-
ity profiles have been binned and obtained from averaging the
values of the three trajectories represented in Fig. 7. The large
uncertainties on v‖ and vφ are due to the inherent inaccuracies of
the method we use to locate the centers of the flux ropes: flux
ropes merge as they flow away and since they are elongated fil-
aments, their center is often ill-defined, hence the glitches in the
trajectories display in Fig. 7 which translates in sudden jumps
in the velocity profiles and, once binned, in large error bars
in Fig. 8.

The duration of the loading phase is set by the quasi-periodic
breathing motion of the extremity of the separatrix as the separa-
trix stretches out and opens up. We measure a quasi-periodicity
of TY ∼ 10−20rg/c, somewhat longer than the 7rg/c we had
measured in 2.5D for a = 0.99 (see Fig. 7 in Paper I). This
increased duration might be the result of the non-axisymmetric
toroidal magnetic tension whose progressive growth and sud-
den release contributes to the mechanism. During this lapse of
time TY , the flux ropes rotate around the spin axis with a speed
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Fig. 8. Kinematic properties and dimensions of the flux ropes. Top:
poloidal (in blue) and azimuthal (red) velocity components of the flux
ropes in the current layer as a function of the distance to the current
layer footpoint on the disk mid-plane. Bottom: effective radius of the
flux ropes as they flow away from the Y-ring. The inner gray shaded
region stands for the Y-ring.

vφ,Y ∼ 0.5−0.6c (see red data between the vertical dashed lines in
Fig. 8) and with an apparent orbital period of Torb,Y ∼ 45rg/c. We
qualify this period of “apparent” in order to stress that seen face-
on, it can be confused with an orbital motion in the equatorial
plane of the BH. However, in this model, the flux rope trajectory
during the loading phase is set by its connection with the separa-
trix and it takes place along the Y-ring located above the equato-
rial plane. Also, we notice that the flux rope rotation speed vφ,Y
is ∼30% lower than the Keplerian speed of the separatrix foot-
point at r f t ∼ 2.5rg on the disk. We interpret this discrepancy as
the outcome of the progressive stretching of the separatrix along
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the l̂ and φ̂ directions: near the Y-ring, the inertia of the plasma
becomes non-negligible and the force-free approximation breaks
down. Consequently, at the Y-ring, the separatrix rotates slower
than at its footpoint, the toroidal component grows, the separa-
trix inflates and eventually, it opens up. Still, this motion looks
super-Keplerian compared to what would be expected for a hot
spot on a Keplerian orbit in the plane of the sky at a distance
r = rY,⊥ from the BH, which would yield vφ ∼ 0.4−0.5c. We can
deduce from the duration of the loading phase TY and from the
apparent orbital period at the Y-ring Torb,Y the typical fraction of
circle which is spanned by the flux ropes before detaching from
the Y-ring:

TY

Torb,Y
∼ 30−40%, (6)

in agreement with Fig. 7.
Once the flux rope enters the outflowing expansion phase, it

describes a spiral trajectory of increasing pitch angle such that
beyond 10rg, the l̂-component is higher than the azimuthal com-
ponent of the bulk velocity (Fig. 8). Toward the outer edge of
the simulation space, the trajectory is almost radial as seen face-
on. Interestingly enough, the azimuthal speed profile beyond
the Y-ring decreases slower than what we would have expected
purely from angular momentum conservation, probably due to
the interplay of the flux ropes with its immediate environment.
The plasma within the flux rope experiences magnetic confine-
ment and exerts kinetic pressure on the surrounding magnetic
field lines. Additionally, within the current sheet, magnetic ten-
sion is released due to reconnection and successive coalescence
of magnetic flux ropes, which yields a torque which spins up the
plasma. This effect acts continuously along the current sheet and
provides the plasma with additional angular momentum, which
slows down the decrease of the plasma’s azimuthal speed. In
parallel, we measure a progressive increase of the outward bulk
speed v‖ due to the magnetic slingshot mechanism associated
to the opening of the separatrix: once the flux rope detaches
from the Y-ring due to the tearing instability, it no longer enjoys
the retaining magnetic tension from the separatrix so its super-
Keplerian azimuthal speed leads to an increase of the speed
along l̂. Similar velocity profiles are obtained for pulsars beyond
the light cylinder when working with a split monopole: over
5−6 light cylinder radii, the azimuthal (resp. radial) component
of the velocity decreases slower (resp. increases slower) than
with a pure monopole (Cerutti & Philippov 2017). Also, the vφ
profile is similar to the one of ejected flux ropes in the polar
regions of GRMHD simulations obtained by Nathanail et al.
(2020), but our v‖ increases very fast compared to their
radial velocity profile. Consequently, our trajectories are more
open.

Finally, we find that, between the beginning of the loading
phase up to the regime when the l̂-component of the velocity
dominates, the trajectory of the flux rope seen face-on covers
an azimuthal extent of 4π/3 to 3π/2, but it never loops over its
initial azimuthal position. It can be seen as a consequence of
the fact that whatever the spin, the tearing instability acts on a
shorter timescale than the apparent orbital period at the Y-ring.
The shape of the trajectories we find is in qualitative agreement
with the GRAVITY hot spot observations. We predict that if a
single macroscopic flux rope is responsible for one observed hot
spot, any centroid shift motion will yield an incomplete pro-
jected trajectory. Until now, all the centroid shifts captured by
the GRAVITY Collaboration during flares fulfill this require-
ment (GRAVITY Collaboration 2018b).
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Fig. 9. Apparent orbital period at the Y-ring (left axis, black dots) and
projected distance of the Y-ring to the spin axis (right axis, red squares)
as a function of the BH spin. The points for BH spin a < 0.99 are extrap-
olated from the 2.5D simulations of Paper I but include the correction
factor on the plasma velocity at the Y-ring we measure in 3D simula-
tions. The hatched regions in black and red stand for the constraints
set by the GRAVITY observations and modeling of the 2018 hot spots
(GRAVITY Collaboration 2020).

4.1.2. Prediction for the spin of Sgr A∗

We now confront to observations our results on the flux rope
kinematics that we extrapolate to lower BH spin and on the simi-
larities and differences we observed in 3D for a spin of a = 0.99.
The location of the separatrix’ footpoint, the height above the
disk of the Y-ring and the radius of the Y-ring we compute in 3D
for a = 0.99 match very well the values we obtained in 2.5D, as
expected owing to the axisymmetric nature of these components.
Consequently, we think that it is a reasonably safe assumption to
take these values from the 2.5D simulations we performed for
BH spin values between a = 0.6 and a = 0.99 (see Figs. 5 and 8
in Paper I).

GRAVITY observations highlight two major constraints on
the motion of the hot spots: their apparent orbital period, Torb,Y ∼

30−60 min and their distance to the spin axis rY,⊥ ∼ 7 − 10rg.
Assuming most of the emission would originate from flux ropes
before they detach from the Y-ring, we can compare these val-
ues to the ones obtained for lower BH spins. In Fig. 9, we plotted
the apparent orbital period (in black) and the projected distances
of the Y-ring to the spin axis (in red). The apparent orbital
period is based on the location of the separatrix’ footpoint and
accounts for the aforementioned 30% lower speed at the Y-ring
with respect to the Keplerian speed at the footpoint (due to the
non-negligible inertia of the plasma near the Y-ring). The large
error bars on the radius of the Y-ring correspond to its upper
and lower values, and it is representative of the breathing motion
of the separatrix which shows a larger amplitude for lower BH
spins.

For a spin of a = 0.99, the evolution is too fast and confined
to a region too close from the spin axis to match the observa-
tional constraints (hatched regions). On the reverse, for a BH
spin a < 0.65, the Y-ring is located too far from the spin axis.
Since the flux ropes flow outward in the current layer and that
the region encompassed by closed magnetic field lines coupling
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the BH to the disk is essentially force-free, no hot spot could
be produced close enough from the spin axis through this mech-
anism. The constraint on the distance to the spin axis suggests
a BH spin ranging between 0.65 and 0.9, while the timing of
the hot spot indicates a BH spin lower than 0.8 to reproduce the
apparent orbital period. If the hot spot is indeed associated to
the formation of flux ropes in a cone-shaped current layer, our
analysis favors a BH spin of 0.65 to 0.8 for Sgr A∗.

We had noticed in Paper I that the quasi-periodic breathing
motion of the extremity of the separatrix was twice slower in
the a = 0.6 case compared to the a = 0.99 case. If this ratio
still holds in 3D, it would mean that the fraction of the Y-ring
spanned by the flux ropes before they detach decreases for lower
spins, down to

TY

Torb,Y
∼ 20−25% (7)

for a = 0.6 because TY increases slower with spin than Torb,Y .
Since we do not expect the dynamics during the outflowing
expansion phase to significantly depend on the BH spin, it would
overall lead to more open trajectories than in Fig. 7. Conse-
quently, if a single plasmoid formed and ejected from the Y-point
is responsible for a full NIR flare in Sgr A∗, we expect the tra-
jectories observed with astrometry to be necessarily open.

4.2. Flux rope growth

Before moving on to the synchrotron radiation emitted by each
of the three flux ropes from Fig. 7, we evaluate their size along
their trajectory. Every 1.6rg/c, we fit the projected shape of the
flux rope with an ellipse (see Fig. 7) and compute the radius
of the circle with same surface (hereafter the effective radius,
black dots in Fig. 8). The aim of the procedure is to compute
synchrotron power and extract trends in the evolution of the flux
ropes’ size, not to be used as an accurate prediction. A power law
fit of the flux ropes’ effective radius as a function of the distance
to the Y-ring gives an exponent of ∼0.6, in agreement with the
mean radial profile of the plasma density which goes as r−1.8. It
indicates that as flux ropes flow away from the Y-ring, they grow
slower than the distance between them does.

Increasing confidence in favor of flux ropes growth in current
layers through coalescence up to macroscopic scales has built up
in the community within the last decade (Loureiro et al. 2012;
Sironi et al. 2016; Philippov et al. 2019; Cerutti & Giacinti
2021). Models of hierarchical merging flux ropes have emerged
and indicate that in highly magnetized collisionless plasmas such
as BH magnetospheres, giant flux ropes can form within a few
light crossing time (Zhou et al. 2019, 2020, 2021). In our sim-
ulations, while flux ropes are progressively loaded with plasma
at the Y-ring before they detach, their later growth during the
outflowing expansion phase is dominated by successive merg-
ers between each other. The initial fragmentation of the current
layer induced by the tearing instability yields a characteristics
number of flux ropes which strongly depends on the thickness
of the current layer. In Sect. 3.2, we derived in Eq. (5) an ini-
tial number of flux ropes based on the thickness of the current
layer we could resolve. However, in realistic conditions, the
scale separation between the plasma skin depth and the grav-
itational radius is orders of magnitude larger than what is
achievable in a PIC simulation, a fortiori if the simulation is
global and three-dimensional. For a plasma density of n ∼
106 cm−3 (GRAVITY Collaboration 2021), we obtain a skin
depth ∼10−9rg and the current layer is thus much thinner than in

our simulations. In these conditions, the eigenmode of the tear-
ing instability would lead to the formation of ∼108 flux ropes at
the Y-ring. However, mergers between flux ropes initially occur
on a timescale τ0 given by the initial half-separation d0 between
flux ropes:

τ0 =
d0

βrecc
�

rg
c

(8)

which is very short due to the high reconnection rate and to
the small distance between flux ropes. The remaining num-
ber N of flux ropes over 2π after a time t ' rg/c no longer
depends on the initial number N0 of flux ropes and is given by
(Cerutti & Giacinti 2021):

N ∼ N0
τ0

t
∼

π

βrec

rY,⊥

ct
∼ 30

(
rY,⊥/c

t

) (
0.1
βrec

)
, (9)

with rY,⊥ ∼ 4rg (for a = 0.99). The number of flux ropes left
after a light crossing time of the Y-ring radius t = rY,⊥/c is inde-
pendent of the BH spin and much smaller than the 108 flux ropes
initially formed. Very quickly, the flux ropes are thus bound to
coalesce within a few macroscopic structures whose number is
only governed by the reconnection rate, which brings support to
the approach we undertake of monitoring the evolution of a few
giant flux ropes. The good agreement between the number of
flux ropes which form at the Y-ring in our simulations (Eq. (5))
and the analytic estimate (9) brings further support that the skin
depth we work with is small enough to accurately capture the
macroscopic flux ropes.

4.3. Synchrotron emission

4.3.1. Contribution per flux rope

The electrons and positrons reach relativistic Lorentz factors of
γ ∼ 100−1000 through magnetic reconnection in the current
layer. The maximum Lorentz factors the particles reach in our
simulation are consistent with the magnetization σ ∼ 1000 we
work with. As they gyrate around the magnetic field lines, par-
ticles emit synchrotron radiation with a power per unit volume
which is given by:

dPsyn

dV
=

4
3
σTc(n+γ

2
+ + n−γ2

−)B2, (10)

in the limit of isotropic pitch angles and relativistic Lorentz
factors, and with σT the cross section for Thomson scattering.
Owing to its large magnetic energy and density, the plasma con-
tained in flux ropes is a source of high synchrotron emissivity. If
the magnetosphere is optically thin to synchrotron radiation, we
can integrate this quantity Eq. (10) over the flux ropes to obtain
the synchrotron power emitted by each structure as a function of
time, represented in Fig. 10. Each color refers to one of the three
flux ropes displayed in Fig. 7. The black circles correspond to the
moment when each flux rope detaches and transits from the load-
ing phase to the outflowing expansion phase.The glitch during
the loading phase of the purple curve, around t ∼ 30rg/c, can be
ascribed to the decrease of the flux rope size. It is a manifestation
of the large dispersion of the flux rope sizes at the Y-ring, visible
in Fig. 10, and it is probably due to our approximate fitting pro-
cedure. The main physical feature of interest is the global decay
of each curve, especially during the outflowing expansion phase.
Since the number of emitting electrons and positrons and their
Lorentz factor remain fairly constant over time, it is mostly due
to the lack of cooling and quickly decreasing magnitude of the
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Fig. 10. Synchrotron power (in units of PY on the left and in erg·s−1 on
the right) from the three flux ropes whose trajectory is represented in
Fig. 7, as a function of time (in rg/c at the bottom and in minutes at the
top). All quantities were scaled to Sgr A∗. Each black circle indicates
the approximate time when the flux rope detaches from the Y-ring.

magnetic field with the distance to the BH. Synchrotron emis-
sion peaks at the basis of the trajectory, near the Y-ring, and it
decreases by three orders of magnitude within 60rg/c.

The normalization of the synchrotron power PY we work
with is:

PY =
4
3
σT cσ2

YnY B2
Yr3

g (11)

where nY and BY are the density and magnetic field at the
Y-ring. A magnetization σY = 300 is introduced to repre-
sent the typical Lorentz factor the particles reach in our sim-
ulation. The mass of the SMBH Sgr A∗ is constrained accu-
rately enough that even with the strong dependence of PY
on rg, it remains a minor source of uncertainty for the syn-
chrotron power. Instead, the scale of the synchrotron power
depends essentially on the magnetic field and plasma density
at the Y-ring. GRAVITY Collaboration (2021) measured the
magnetic field in the vicinity of Sgr A∗ by fitting multiwave-
lenght spectra with a uniform synchrotron emitting sphere of
∼20rg (see also Dallilar et al. 2022). Methods based on spec-
tral fits can only measure the magnetic field in regions where
accelerated particles radiate, while the innermost regions are
devoid of such particles because of cooling and lack of energy
source. The values derived from one-zone model may thus be
representative of the values near the Y-ring, where most of
the emission comes from whatever the BH spin and wher-
ever the Y-ring. Consequently, we take BY = 30G and nY =
106 cm−3, in agreement with the values reported in the lit-
erature (e.g., by Bower et al. 2019; GRAVITY Collaboration
2021; Event Horizon Telescope Collaboration 2022b). The syn-
chrotron power in physical units is displayed in the right y-axis
in Fig. 10. The peak luminosity is on the order of 1035erg·s−1,
which matches a typical NIR flare in Sgr A∗ (Ponti et al. 2017).
For electrons and positrons with a Lorentz factor of γ =
100−1000 in a magnetic field of B = 100G, the corresponding

frequency range is:

ν = 4 × 1012−14
(

γ

100−1000

)2 ( B
100G

)
Hz (12)

corresponding to a wavelength of 0.75 µm to 75 µm that is to
say the infrared band where the flares of Sgr A∗ are observed
(Genzel et al. 2003). The magnetosphere of Sgr A∗ might be
even more magnetized than what we assumed but this result
shows that σ ∼ 1000 is a lower limit in order to accelerate par-
ticles to Lorentz factors high enough for NIR synchrotron flares.
Energetically speaking, the synchrotron power emitted by one
single flux rope is thus fully able to reproduce the observed NIR
peak flares but it cannot be sustained for the observed amount of
time: over the ∼30 to 60 min (i.e., 90–180rg/c) duration of the
GRAVITY flares, the NIR flux peaks at a factor of 20 to 50 com-
pared to quiescent emission (GRAVITY Collaboration 2021).
For lower BH spin values, since the stretching and opening of
the separatrix is slower, the amount of time spent in the load-
ing phase would be longer. For instance, for a = 0.6, we could
expect flux ropes to stay near the Y-ring twice longer, that is for
30–40rg/c. Yet, it would still fall short of reaching the duration
of the hot spots detected by GRAVITY Collaboration (2018b).
In addition, the Y-ring would be further and would thus probe
regions of lower magnetic field, which would decrease the syn-
chrotron power. The dynamics of the accretion disk itself seems
to yield longer flux rope lifetimes in the GRMHD simulations of
Nathanail et al. (2022b) but it might be partly due to their artifi-
cially low reconnection rate of 1% induced by the fluid formal-
ism. In conclusion, the quick decay of the synchrotron power we
measure in our simulations is thus incompatible with one flux
rope being the source of the flare.

4.3.2. Collection of adjacent flux ropes

In addition to the timing argument, the possibility that a single
flux rope would be responsible for a hot spot is challenged by the
multiple flux ropes expected to form along the Y-ring. Indeed, in
our idealized simulation, the reconnecting layer is fed by mag-
netic flux from an underlying distribution on the disk which is
assumed to be axisymmetric: the closed magnetic loops coupling
the BH to the disk cover the full azimuthal extent. Within the
cone-shaped current layer formed, flux ropes break up and the
associated flux ropes radiate but the stochastic nature of this pro-
cess and the number N > 30 of macroscopic structures derived
in Sect. 4.2 lead to an emission which originates from struc-
tures distributed uniformly in azimuth. Seen face-on, we should
not see a coherent motion of the centroid since the synchrotron
power of the largest flux ropes is comparable.

However, accounting for a more realistic magnetic flux dis-
tribution in the disk would reconcile the observed and theoret-
ical flare durations. Indeed, if the disk advects a magnetic loop
of finite azimuthal extension ∆φ large enough to form a tear-
ing unstable current layer, a chain of flux ropes will form and
flow away from a Y-arc of azimuthal extent ∆φ in rotation with
the separatrix. As an illustration, we take ∆φ = π/8, a value
consistent with the size of the erupting and highly magnetized
bubbles observed in GRMHD simulations of the MAD state
(Dexter et al. 2020b; Ripperda et al. 2022) and suspected to be
triggered by the magnetic Rayleigh-Taylor (a.k.a. interchange)
instability (Begelman et al. 2022; Chatterjee & Narayan 2022).
After a few light crossing times, once the flux ropes have merged
into a few macroscopic structures, the typical number of flux
ropes at the Y-arc is N ∼ 30∆φ/(2π) ∼ 2 and the cumulated peak
synchrotron power, for two flux ropes forming simultaneously,
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is thus of a few 1035 erg·s−1. As these two flux ropes flow away
from the Y-arc, their emissivity drops but is quickly exceeded by
the one of newly formed flux ropes at the Y-arc. In this model,
the hot spot traces the Y-arc itself, its rotation with the separa-
trix and the formation of successive flux ropes. The synchrotron
flare is sustained as long as the coupling magnetic loop remains
coherent and feeds the reconnection. If this loop is linked to the
restructuration of the magnetosphere through the relaxation of
the saturated magnetic flux in the MAD state, this coherence
time is of 100rg/c (according to 2.5D GRPIC simulations) to
300rg/c (according to GRMHD simulations; Galishnikova et al.
2023), which overlaps with the observed duration of a flare in
Sgr A∗. Over this lapse of time, the cumulated synchrotron emis-
sion is jointly produced by a few tens of flux ropes. An observa-
tional hint in favor of this scenario is the presence of ∼10 min
(i.e., 30rg/c) long sub-flares within the broader envelop of the
flare (Genzel et al. 2003; Dodds-Eden et al. 2011). In this pic-
ture, each of these sub-flare would be produced by one flux
rope and the net cumulated emission from successive flux ropes
would yield the whole flare. The stochastic properties of this
higher frequency signal would then carry the information on the
number of flux ropes involved in the process and how quickly
their emissivity decays.

4.4. A moderate jet power

In the polar region, along the BH spin axis, the twisted mag-
netic field lines are associated to an outflowing Poynting energy
flux, fueled by the BH rotation. The jet power we measure is
consistent with the results obtained in 2.5D where we also char-
acterized its dependence on the BH spin. The results were con-
sistent with the formula derived in the force-free approximation
(Blandford & Znajek 1977), provided we accounted for the cor-
rection factor at high spin introduced by Tchekhovskoy et al.
(2011) and for a dimensionless factor accounting for the mag-
netic field geometry in the ergosphere, slightly different from
the commonly used parabolic and split monopole configurations.
Based on this formula, if we evaluate the jet power using a BH
mass of 4.1 × 106 M�, a magnetic field B0 of 300G at the jet
basis near the event horizon, and a BH spin within the range we
predict (0.65 to 0.8), we obtain:

Pjet ∼ 2 × 1035 − 8 × 1035
( B0

300G

)2

erg · s−1. (13)

Unless the magnetic field is much higher than derived from one-
zone models, this jet power is modest enough that it would go
undetected (i) due to the low radiative efficiency of the cold
plasma in the jet (contrary to the flux ropes in the current layer),
and (ii) due to its inability to remain collimated over large dis-
tances. Finally, this jet power corresponds to an instantaneous
value which would correspond to maximal and temporary val-
ues. Given the low duty cycles of the flares currently observed
from Sgr A∗, the time-averaged jet power would be even lower.

Consequently, the presence of a jet in our simulation does
not contradict the observational constraints available. There are a
few hints of passed activity from Sgr A∗, either deduced from the
ram pressure of the jet on the ambient medium (Li et al. 2013) or
from emission models (Markoff et al. 2007), and possibly from
the Fermi bubbles observed in gamma-rays (Su et al. 2010) or
the X-ray bubbles discovered by eROSITA (Predehl et al. 2020).
However, at this point, there is no conclusive proof of the current
presence of a jet from Sgr A∗ with a power high enough to be
within observational reach.

5. Summary and perspectives

We performed global 3D GRPIC simulations of the magneto-
sphere around a Kerr BH. Our observational motivation stems
from the NIR flares and moving hot spots around Sgr A∗ that we
try to reproduce with synchrotron emission from particles accel-
erated through magnetic reconnection. In our model, the mag-
netic flux is brought and sustained by an aligned, axisymmetric,
steady and perfectly conducting disk in prograde Keplerian rota-
tion. The magnetosphere relaxes to a topology comparable to
the one we had previously characterized in 2.5D fully axisym-
metric simulations (Paper I): open magnetic field lines threading
either the event horizon (jet region) or the disk (wind region),
and magnetic field lines anchored in the innermost regions of the
disk but closing within the event horizon or the ergosphere. At
the intersection of these three regions, a Y-shaped magnetic field
topology, or Y-ring, forms. Beyond, the jet and wind regions are
separated by a cone-shaped current layer where vivid magnetic
reconnection takes place and accelerates electrons and positrons
up to relativistic Lorentz factors. The location of the Y-ring and
the opening angle of the current layer are similar to what we
measured in 2.5D and we expect this good match to hold for
lower BH spin values than the one we considered (a = 0.99).

However, there are noticeable differences between 2.5D and
3D simulations. First, plasmoids azimuthally break up when we
let the 2.5D simulations relax to a fully 3D equilibrium. They
are replaced by 3D flux ropes which are loaded with relativis-
tic plasma and elongated in the azimuthal φ̂ and quasi-radial l̂
directions. Flux ropes are seeded at the Y-ring where they coro-
tate with the separatrix and episodically detach as magnetic field
lines inflate (due to the growing toroidal component) and recon-
nect (due to the tearing instability). The sudden release of the
magnetic tension combined with the fast rotation drives the flux
ropes outward at mildly relativistic bulk speed along a coiled tra-
jectory around the jet. The current layer is more turbulent than in
2.5D, with supplementary drift-kink and tearing modes triggered
in the azimuthal direction. In addition to the reconnection of
the poloidal component of the magnetic field across the current
layer, we now capture the reconnection of the azimuthal compo-
nent whose contribution is comparable. In spite of the comple-
mentary amount of magnetic flux available for reconnection, we
measure a reconnection rate βrec ∼ 7% similar to 2.5D simula-
tions, probably because of the more turbulent and thicker current
layer. Owing to the possible role played by the outer light sur-
face in shaping the magnetosphere, we foresee that these results
would remain essentially the same for more realistic radial pro-
files of magnetic flux distribution on the disk.

We analyzed the motion and synchrotron emission of the
largest flux ropes in order to determine whether this model
could reproduce the observations of moving hot spots during
NIR flares from Sgr A∗ (GRAVITY Collaboration 2018b). As
they form at the Y-ring and flow along the current layer once
they detach, the flux ropes describe a spiral of increasing pitch
angle when viewed face-on. The trajectory resembles the appar-
ent orbit of the hot spots observed. Its scale and timing prop-
erties essentially depend on the BH spin and they match the
observations for a positive spin of 0.65 to 0.8. Interestingly, we
notice that this range of BH spin is in agreement with what
Event Horizon Telescope Collaboration (2022a) deduced inde-
pendently from the image of Sgr A∗ in quiescent state (0.5 to
0.94). The plasma-loaded flux ropes almost corotate with the
stretched separatrix when it is still attached to the Y-ring. Con-
sequently, the apparent super-Keplerian motion is due to the
shift between the separatrix footpoint on the disk, which sets
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the angular speed, and the projected distance of the Y-ring to
the spin axis. Most importantly, the magnetization σ ∼ 1000 we
work with enables us to accelerate particles up to Lorentz factors
of 100 to 1000, consistent with a synchrotron emission peaking
in NIR for Sgr A∗ parameters. Also, the synchrotron power of
a single flux rope peaks at 1035erg·s−1 near the Y-ring, in agree-
ment with the observed NIR flares. X-ray flares would be within
reach for a higher magnetization and thus a higher maximum
particle Lorentz factor.

However, the synchrotron power emitted by a single flux
rope quickly fades away once it detaches from the Y-ring.
Regardless what the BH spin is, we are not able to sustain
the observed NIR luminosity over 30 to 60 min (i.e., 90 to
180rg/c). Furthermore, the open trajectories we obtain are in ten-
sion with the full loop in the (Q,U) polarization map observed
by Wielgus et al. (2022). We argue that an important missing
ingredient of our model susceptible to solve these discrepan-
cies relates to our idealized representation of the disk. Indeed,
our 3D model relies on an axisymmetric magnetic structure in
the underlying disk which acts as a passive and steady reser-
voir of flux over ∼100rg/c. As a consequence, flux ropes form
all along the Y-ring, an additional drawback to explain the cen-
troid shift captured by the GRAVITY Collaboration. If instead,
we account for the finite azimuthal extent of a coherent magnetic
structure in the disk, then only a fraction of the Y-ring undergoes
the mechanism we presented here. In this alternative scenario,
the kinematic results remain the same (and so is our prediction
for the BH spin) but a hot spot would actually be the outcome
of the cumulated emission from a few flux ropes successively
forming on a segment of the Y-ring. The narrower the azimuthal
extent of the underlying magnetic structure, the lower the instan-
taneous number of flux ropes involved in the process and the
noisier the net flare’s light curve. The duration of the flare would
then be set by the coherence timescale in the disk. If the magnetic
structure originates from an eruptive expulsion of magnetic flux
as seen in GRMHD simulations of the MAD state (Porth et al.
2021; Zhdankin et al. 2023), this timescale would be on the
order of 30 to 60 min in Sgr A∗ and the number of flux ropes’
forming sites along the Y-ring would be of three to five. The
presence of sub-flares with a coherence timescale of ∼10 min
in the flares of Sgr A∗ corroborates this model (Genzel et al.
2003; Dodds-Eden et al. 2011) since it matches the coherence
timescale of a single flux rope. Each sub-flare would be pro-
duced by one flux rope and the cumulated emission would yield
the whole flare. An a posteriori radiative transfer computation
with a ray-tracing code remains necessary to extract from these
GRPIC simulations synthetic light curves, astrometric motion,
(Q,U) polarization maps and spectra for direct comparison with
observations (Ball et al. 2021; Aimar et al. 2023).

In this mechanism, particles are preferentially accelerated
at the Y-ring above the disk, near the basis of the elec-
tromagnetic jet. Acceleration sites in the innermost equato-
rial region of the accretion flow have also been identified
in GRPIC (Crinquand et al. 2021) and GRMHD simulations
(Ripperda et al. 2020), although the dependence of their kine-
matic and radiative properties on the BH spin is unclear. If
they turn out to be preferentially found within the ISCO, where
the magnetic field is higher, transient emission sites could only
reproduce the hot spots’ distance to the BH spin axis for lower
spin values (i.e., <0.6) since the ISCO is narrower than the
Y-ring. We showed in Paper I that lower spins lead to much lower
amounts of particle energies. Although the properties of the
oblique and equatorial current layer differ, it remains to be inves-
tigated whether flux ropes in an equatorial current layer could

reproduce simultaneously the kinematic and radiative properties
of Sgr A∗’s hot spots for lower spin values.

Concerning the global dynamics of the plasma, it remains to
be shown how large magnetic field loops coupling the BH ergo-
sphere to the disk can form in the first place. For now, it is an
open question whether current layers above the disk are formed
by sheared magnetic field lines during MAD relaxation episodes,
by the advection of magnetic loops of alternating polarity or by
another mechanism. Finally, it must be acknowledged that addi-
tional physical ingredients could play a role in the formation
and dynamics of flux ropes in the current layer. For instance,
the BH magnetosphere could be loaded with protons from the
accretion disk, which would lower the effective magnetization
of the inflowing plasma on the disk side of the cone-shaped
current layer we found. More generally, when a current sheet
is surrounded by asymmetric magnetization on both sides, the
weaker magnetization dominates the properties of reconnection
(Mbarek et al. 2022). It remains to be studied whether the lower-
ing of the effective magnetization on the disk side of the current
layer due to the protons could have a significant impact on the
reconnection process.
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