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Particle acceleration by magnetic Rayleigh-Taylor instability:
Mechanism for flares in black hole accretion flows
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We study the magnetic Rayleigh-Taylor instability in relativistic collisionless plasma, as an astrophysical
process for nonthermal particle acceleration. We consider dense plasma on top of a highly magnetized cavity
with sheared magnetic field. Using particle-in-cell simulations, we show that small plumes grow and merge
progressively to form a large-scale plume, which broadens to drive rapid magnetic reconnection in the cavity.
We find that this leads to efficient particle acceleration capable of explaining flares from the inner accretion flow
onto the black hole Sgr A*.
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I. INTRODUCTION

The Rayleigh-Taylor instability (RTI) is a fundamental
macroscopic instability in neutral fluids and plasmas, broadly
relevant to laboratory experiments, space physics, and as-
trophysics [1–3]. It occurs at the interface of heavy matter
that lies on top of light matter in a gravitational field (or
accelerating frame), when other forces (from magnetic ten-
sion, rotation, shear flow, etc.) are insufficient to stabilize
the configuration. The RTI develops fingers that grow into
plumes and mix the matter. Ultimately, it will convert free
gravitational energy into fluid energy.

The RTI recently received attention as a process in accre-
tion flows onto supermassive black holes such as Sgr A*,
where it is a candidate mechanism for flares. Sgr A* shows
daily bright and rapid flares in x-ray, near-infrared (NIR), and
submillimeter wavelengths [4–7]. NIR flares were associated
with a hot spot comparable to the size of the event horizon,
orbiting near the black hole [8].

The accretion flow of Sgr A* is conjectured to transiently
become a magnetically arrested disk (MAD) in the inner re-
gion [e.g., 9,10]. In a MAD, the accumulation of magnetic
flux near the black hole will regulate the accretion process
by excavating the flow [11,12], as confirmed by magneto-
hydrodynamic (MHD) simulations [13–15]. Magnetic flux
eruptions, seen in general relativistic MHD simulations of
MADs, have been proposed to power flares [16,17]. More
specifically, during a flux eruption, magnetic reconnection at
the jet base (near the event horizon) can transform a toroidal
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magnetic field into a large flux tube threaded by a strong
vertical (poloidal) field that contains reconnection-energized
relativistic plasma originating from the jet [18]. An example
of the flux tube formed by an eruption event in a MHD
simulation is shown in Fig. 2(a), using data from Ref. [19];
see Supplemental Material for animations of the simulations
[20]. This picture is further supported by NIR polarization
measurements that imply a dominant vertical magnetic field
component in the emitting region of the hot spots [21]. After
a flux tube is ejected into the accretion flow, RTI may occur
on the interface between the low-density, magnetically domi-
nated flux tube and the denser accretion flow, as visualized in
Fig. 2(a). To be a viable explanation for NIR flares, the RTI
must efficiently dissipate free energy into relativistic nonther-
mal particles.

Previous studies considered MHD simulations [22–32] or
linear theory [33–36] of the magnetic RTI, with applications
to phenomena such as solar prominences [e.g., Refs. 37–40]
and inertial confinement fusion [e.g., Refs. 41–43]. However,
accretion flows onto black holes such as Sgr A* are expected
to be essentially collisionless, necessitating a kinetic model
(i.e., the Vlasov-Maxwell equations) to properly describe the
dissipation and dynamics. Furthermore, relativistic effects
may influence the RTI in this environment.

To determine whether the RTI is a viable process for
nonthermal particle acceleration in black-hole accretion flows
(and other high-energy astrophysical systems such as pulsar
wind nebulae and relativistic jets), this work investigates the
RTI with local kinetic particle-in-cell (PIC) simulations. We
choose physical parameters relevant for black-hole accretion
flows: a magnetically sheared interface between a moderately
subrelativistic plasma (with comparable magnetic and plasma
pressures) and a hot, magnetically dominated cavity. We show
that the nonlinear development of the RTI in this physical
regime leads to self-organization and large-scale magnetic
reconnection that has the necessary ingredients to explain the
NIR flares in Sgr A*.

2643-1564/2023/5(4)/043023(9) 043023-1 Published by the American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.5.043023&domain=pdf&date_stamp=2023-10-09
https://doi.org/10.1103/PhysRevResearch.5.043023
https://creativecommons.org/licenses/by/4.0/


ZHDANKIN, RIPPERDA, AND PHILIPPOV PHYSICAL REVIEW RESEARCH 5, 043023 (2023)

FIG. 1. Initial field profiles of fiducial simulation in y direction.
The quantities are normalized particle number density n/nc (dot-
ted), in-plane field Bx/Bc (blue), out-of-plane field Bz/Bc (magenta),
temperature T/Tint (red), and gravitational field strength gmL/Tint

(dashed). The gravitational force acts in the −ŷ direction. The y < 0
domain is obtained by reflecting these profiles across y = 0 and
making g negative.

II. METHODS

We perform local electromagnetic PIC simulations of the
RTI with the code Zeltron [44]. PIC simulations provide a self-
consistent model of collisionless plasma dynamics [45]. Here
we provide an overview of the numerical setup.

We consider a collisionless plasma in a uniform gravita-
tional field g = −gŷ in a square 2D Cartesian domain with
coordinates 0 < x < L and 0 < y < L [46]. Gravity is imple-
mented as a particle force Fg = mg added to the usual Lorentz
force, where m is the particle mass. To simulate this with
periodic boundary conditions, we also evolve a reflected copy
of the initial state with a reversed gravitational field −g in the
region −L < y < 0; this reflected copy provides an indepen-
dent realization of the RTI and enables the simulations to be
performed with periodic boundary conditions (alternatively,
one may use reflecting boundaries at y = 0 and y = L). In
this work, we only present the y > 0 domain. We include a
buffer zone with g = 0 near the boundaries (for |y| < L/4 and
|y| > 3L/4) to reduce interaction between the two domains.

The system is initialized with a “cold” slab of dense plasma
(at y > L/2) on top of a “hot” cavity of dilute plasma (at
y < L/2), such that nh/nc � 1 where ns are the uniform ini-
tial particle number densities in each region; henceforth, the
subscript s ∈ {c, h} will refer to “cold” and “hot” plasmas.
The interface at y = L/2 has a sharp density discontinuity
(at the cell scale). To satisfy stratified pressure equilibrium
in the uniform density regions, we choose a linear tempera-
ture profile T (y) = Tint − mg(y − L/2) in the regions where
g �= 0; elsewhere T is uniform. Here, Tint is the (continuous)
temperature at the interface.

The initial magnetic field is directed perpendicular to grav-
ity, with uniform magnitudes Bh and Bc in the hot and cold
regions, respectively, and a sharp discontinuity at y = L/2.
The ratio of magnetic field magnitudes is determined by
pressure balance at the interface B2

h/B2
c = 1 + (1 − nh/nc)βc,

where βc = 8πncTint/B2
c is the plasma beta of the cold region

FIG. 2. (a) Density image showing accretion flow and cavity,
with plumes on the RTI-unstable interface, in cross-sections of a
global MHD simulation (using data from Ref. [19]; outer radial
boundary is 33rg where rg is the gravitational radius). A sample of
magnetic field lines in the ambient flow (green) and cavity (ma-
genta) is overlaid. The local coordinate system (neglecting tilt) is
represented by the yellow axes. (b) Density image at early times
(tvT /L = 1.8) and late times (tvT /L = 6.6) in the PIC simulation;
note that y extent is cropped. The cyan box indicates the large-scale
magnetic reconnection event shown in Fig. 4.

near the interface. There is a gradual rotation of the magnetic
field direction by a shear angle θrot = cos−1 (Bh · Bc/BhBc),
across a distance L/4 centered on the interface; here, Bs =
Bs,xx̂ + Bs,z ẑ denotes the magnetic field vector far from the
interface. The magnetic field in the rotation region (3/8)L <

y < (5/8)L is calculated in two steps. In the first step, each
magnetic field component is obtained from a linear interpo-
lation between the bounding values of Bh (at y = 3L/8) and
Bc (at y = 5L/8). In the second step, the magnitude of the
magnetic field is rescaled so that it equals either Bh (in the hot
region) or Bc (in the cold region).
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Since the simulations are 2D in space, there is an important
degree of freedom in choosing the initial orientation of the
domain with respect to the magnetic field vectors. In some
orientations, the RTI may be artificially inhibited, if the unsta-
ble wavevectors are not within the 2D domain. Furthermore,
only the in-plane magnetic field can be dissipated by magnetic
reconnection; the out-of-plane magnetic flux is conserved due
to the periodic boundary conditions. Thus, to allow maximal
dissipation of magnetic flux through magnetic reconnection,
we orient the domain such that in-plane fields are opposite
Bh,x = −Bc,x ≡ Bin, where

Bin = BhBc sin θrot(
B2

h + B2
c + 2BhBc cos θrot

)1/2 , (1)

while the out-of-plane components are given by Bs,z = (B2
s −

B2
in )1/2.

The RTI in our simulations is seeded by PIC noise, asso-
ciated with the finite number of macroparticles. PIC noise
has power over a broad range of wavenumbers in Fourier
space. We confirmed that the results are similar when instead
a large-scale perturbation is applied to the magnetic field at
the interface.

We consider electron-positron (pair) plasma, as expected
from pair production at the cavity source [47]. We fix phys-
ical parameters βc = 4, g = 2.4Tint/mL, Tint = mc2/16, and
focus on a moderate shear angle of θrot = π/4; we point
the reader to the Appendix for discussion on the effect of
varying θrot. The value of g above was chosen such that there
is approximately one pressure scale height in the domain;
if g was chosen much larger, then the required temperature
would become negative in the cold plasma, causing an incon-
sistency. We vary density ratio nc/nh ∈ {8, 31, 127, 511}, with
nc/nh = 511 the fiducial value. The magnetization parameter
σ ≡ B2/4πnmc2 in the hot cavity can be estimated as σh ∼
(5/32)nc/nh for these parameters, so the density ratios corre-
spond to σh ∈ {1.3, 5, 20, 80} (fiducial value σh = 80). Since
σh > 1 for all cases, the cavity is magnetically dominated. We
considered several different values of dimensionless system
size L/ρc ∈ {100, 200, 400, 800}, where ρc = mvT /eBc is the
initial (nonrelativistic) characteristic Larmor radius in the cold
slab and vT = (3Tint/m)1/2 is the initial thermal velocity. The
fiducial value is L/ρc = 400. All results are for the fiducial
case unless otherwise noted.

In Fig. 1, we show the initial field profiles in the fiducial
simulation, for the primary domain 0 < y < L, where the
cold dense slab (L/2 < y < L) lies of top of the hot cavity
(0 < y < L/2). Note that since nc/nh = 511 in the fiducial
simulation, nc appears as nearly zero in Fig. 1.

Numerical resolution is set by ρc = 3
√

3�x where �x is
the cell size. The simulated macroparticles all have equal
weights (but we confirmed that results are similar when us-
ing low-weight particles in the cavity). Convergence studies
indicate that two (electron+positron) particles per cell in the
cavity is adequate. Thus, we choose two particles per cell
in the cavity for nc/nh � 31, and four particles per cell for
nc/nh = 8; the number of particles per cell in the cold slab is
scaled in proportion to nc/nh.

It is important to acknowledge that our PIC simulations of
RTI have several limitations, which we now list. (i) Since the

model is local, the dynamics will generally be influenced by
the boundaries at late times, due to either the growth of the
plumes or the fall of material. Thus, the late-time evolution
becomes artificial. However, we expect that the formation of a
large-scale magnetized plume that must dissipate via magnetic
reconnection to be a robust feature. (ii) The gravitational field
is assumed to be uniform (between the buffer regions) in our
local setup, whereas it has a radial dependence in the global
accretion problem. However, we anticipate that the develop-
ment of the RTI occurs at small scales relative to the variation
of the gravitational field, so the uniform field approximation is
adequate until late times. (iii) Effects of background rotation
and shear are neglected for simplicity. Rotational support of
the accretion flow may counteract gravity, and thus weaken
the RTI. Shear will distort the plumes and possibly trigger the
Kelvin-Helmholtz instability, which would compete with the
RTI. These features may be studied in a shearing box frame-
work [48]. (iv) In the cold slab, an electron-proton plasma
would be more appropriate than a pair plasma. For an ambient
proton temperature Tp ∼ 0.1mpc2 in Sgr A*, where mp is
the proton rest mass, the electrons and positrons would have
a relativistic temperature Te ∼ Tp ∼ (mp/me)mec2 ∼ 200mec2

(neglecting two-temperature effects). With this relativistic
temperature, it would be easier to accelerate particles to the
near-infrared emission range than in our current setup with
T/mec2 = 1/16. However, we anticipate that the macroscopic
RTI dynamics are controlled by the subrelativistic ions and
thus should remain similar to our current cases. (v) The 2D
domain may limit some dynamics (including turbulence) com-
pared to 3D, as noted in the conclusions section.

III. RESULTS

The simulations initially form small fingers at the in-
terface, which evolve nonlinearly into plumes. These small
plumes merge into progressively larger plumes until growing
to the scale height, after which a single large plume remains
[Fig. 2(b)]. This evolution is reminiscent of that described
in classical hydrodynamic [49] and MHD studies of RTI
[22,23]. The merging process drives magnetic reconnection
and turbulence, causing the final plume to have a complex
morphology tainted by numerous secondary instabilities. In
particular, the interface develops asymmetric magnetic recon-
nection sites (reminiscent of Ref. [50]), shear flows (unstable
to Kelvin-Helmholtz as in Ref. [51]), and beams (enabling
kinetic pressure-anisotropy instabilities such as mirror and
firehose). After it forms, the final plume broadens out, which
leads to a rapid large-scale (tearing unstable) reconnection
event at t ≈ 6.5L/vT . Although the plume extends into the
g = 0 buffer zone, we confirmed that results are similar with-
out the buffer zone.

The evolution of the overall energy is shown in Fig. 3(a).
The RTI converts the free gravitational energy mainly into
plasma internal energy and flow kinetic energy, in a multi-
stage quasiexponential manner. The fastest growth of kinetic
energy occurs during times when the plumes pierce through
the cavity, tapping gravitational potential energy. There is a
minor conversion of free magnetic energy at early times (t �
2L/vT ), but the magnetic energy experiences a net growth at
late times (t � 5L/vT ) comparable to the plasma energy. At
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FIG. 3. (a) Changes in the various energies (relative to initial
magnetic energy); colors indicate magnetic (red), electric (blue),
internal (magenta), flow kinetic (green), and negative of gravita-
tional (black) energies. (b) Evolution of magnetic energy spectrum
Emag(kx ); power laws with indices −5/3 (dotted) and −2 (dashed)
are shown for comparison.

t � 6L/vT , this accumulated magnetic energy is dissipated in
the large-scale reconnection event. For reference, in Fig. 3
we show the time evolution of the magnetic energy spec-
trum Emag(kx ) = ∫

dy|B̃(kx, y)|2, where B̃(kx, y) is the Fourier
transform of the magnetic field vector in the x direction at a
given y coordinate. This indicates inverse transfer of energy
to large scales until saturating with a broad power-law range,
having an index varying between −5/3 and −2, reminiscent
of MHD turbulence [52,53].

We now focus on the large-scale reconnection event
at t ≈ 6.5L/vT . This event initially processes the high-
magnetization (σ 	 1) cavity plasma, followed by the mixed
(σ � 1) turbulent plasma in the lobes of the plume. The
current sheet is displayed in Fig. 4(a), which shows σ , ratio
of in-plane to out-of-plane field B⊥/Bz where B⊥ = (B2

x +
B2

y )1/2, and the out-of-plane current density Jz. The scenario
resembles relativistic magnetic reconnection in the presence
of a strong background field B⊥/Bz � 1, studied previously
in local configurations [54]. However, the event differs from
local studies in being driven by the expanding plume, and
having a nonuniform (turbulent) upstream plasma. We also
overlay trajectories for five tracked particles that experience

FIG. 4. (a) Zoom-in of the reconnection region from Fig. 2(b),
showing magnetization σ (with tracked particle trajectories during
interval 6.0 < tvT /L < 6.7 overlaid, starting at the O symbols), ratio
of in-plane to out-of-plane field B⊥/Bz (with magnetic field vectors
overlaid), and out-of-plane current density Jz (at a slightly later time
tvT /L = 6.75). (b) Evolution of energy gain �γ from parallel (solid)
and perpendicular (dotted) electric fields for same sample tracked
particles (time interval 6.0 < tvT /L < 6.7 is marked by vertical
dashed lines).

large energy gains; these tracked particles originate in the
cavity and are colocated with the reconnection region as it
forms. In Fig. 4(b), we show the tracked particle energy gain
�γ (t ) ≡ γ (t ) − γ (0) from parallel and perpendicular electric
fields. Here, γ = (1 + p2/m2c2)1/2 is the Lorentz factor for
the particle with momentum p. There is strong, rapid energiza-
tion by the parallel electric field (E‖ = E · B/B) that occurs
over a fraction of L/vT before the current sheet thins and tears.
Subsequently, the energized particles interact with the turbu-
lent outflows (visible in Jz) and gain additional energy from
the (ideal) perpendicular electric field (E⊥ = E − E‖B/B).
The highest energy particles mainly originate from the cavity,
but there is also a significant fraction of high-energy particles
that originate from the cold slab.

In contrast to the laminar small-scale initial plume mergers,
the large-scale reconnection event causes nonthermal parti-
cle acceleration that leads to an extended tail in the particle
kinetic energy distribution f (γ − 1), as shown in Fig. 5(a).
Prior to the reconnection event (t � 6L/vT ), there is only a
minor population of energetic nonthermal particles, result-
ing from interactions of the small-scale plumes. After the
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FIG. 5. (a) Evolution of the particle kinetic energy distribution
f (γ − 1); power-law ∝ (γ − 1)−α with α = 2.5 is shown for refer-
ence (dashed) along with γcut − 1 = 0.05LeBrms,0/mc2 (dot-dashed).
(b) Distributions for nc/nh ∈ {8, 31, 127, 511} at fixed L/ρc =
400. (c) Distributions for L/ρc ∈ {100, 200, 400, 800} at fixed
nc/nh = 127.

reconnection event (t � 6L/vT ), the tail rapidly broadens to
a cutoff energy of γ ∼ 20, and can be fit by a power law
f (γ − 1) ∼ (γ − 1)−α with α ≈ 2.5. In this case, ∼0.1% of
all particles end up in the tail (with γ > 1.8).

Power-law tails of the distribution form only when σh is
sufficiently high, as shown from the nc/nh parameter scan in
Fig. 5(b), consistent with local models of magnetic reconnec-
tion [55–57]. The power laws have α � 3 when nc/nh � 100

(σh � 15). To demonstrate robustness of the results for vary-
ing domain sizes, in Fig. 5(c) we show distributions from the
system-size scan, having L/ρc ∈ {100, 200, 400, 800} with
fixed nc/nh = 127. The high-energy cutoff of the distribution
increases with L/ρc for smaller sizes (L/ρc < 400), with an
energy cutoff at γcut − 1 ≈ 0.1(γmax − 1) where γmax − 1 ≡
(1/2)LeBrms,0/c is the maximum energy that can be confined
by the domain given the initial rms magnetic field Brms,0 =
[(B2

h + B2
c )/2]1/2. At larger sizes (L/ρc � 400), however, the

distribution and its cutoff become independent of size. This
trend is in qualitative agreement with local 2D relativistic
reconnection simulations [57], where a cutoff of γcut ∼ 4σ is
reached on a fast timescale and further energization may occur
on a longer timescale [58,59]. The cutoff in our simulations is
significantly below 4σ , possibly due to the strong guide field
at the reconnection sites. In 3D domains, the cutoff may be
higher due to additional acceleration mechanisms [60].

IV. CONCLUSIONS AND DISCUSSION

In this work, we demonstrated that the RTI is a viable
mechanism for nonthermal particle acceleration in plasma
regimes similar to black hole accretion flows (moderately
subrelativistic ambient plasma on top of a magnetically domi-
nated cavity with magnetic shear). The nonlinear development
of the RTI leads to a rich evolution involving secondary insta-
bilities, turbulence, and magnetic reconnection. The present
numerical setup is idealized in being local, and as a con-
sequence, the late-time evolution may be influenced by the
boundaries of the domain. Nevertheless, we expect the pro-
cess of RTI plumes merging into a large-scale plume (with
size comparable to the domain or scale height) that relaxes
via magnetic reconnection (which ultimately accelerates the
particles) to be generic and robust.

The high-energy particle distribution arising from RTI-
induced magnetic reconnection, f (γ − 1) ∼ (γ − 1)−α with
α ≈ 2.5, meets the requirements for synchrotron-radiating
electrons needed to explain Sgr A* NIR flares. Specifically,
the spectral luminosity νLν ∼ νb with indices 0 � b � 0.5
is measured during high-flux states, implying α = 3 − 2b
in the range 3 � α � 2 [5–7,61]. We next argue that when
accounting for realistic electron/positron temperatures, the
number of accelerated particles is also sufficient to supply
NIR flares with observed luminosities up to Ptot ∼ 1035 erg/s
[4–8,61,62].

For an electron (or positron) emitting in the NIR
range at ε ∼ 0.7 eV, the typical Lorentz factor is γNIR =√

εmec/(eh̄B) ∼ 1.4 × 103, for a B = 30 G magnetic field at
the emitting radius ∼10rg [8,10,61], where rg = GM/c2 =
6.1 × 1011 cm is the gravitational radius for Sgr A*
with black hole mass M = 4.1 × 106M in terms of so-
lar mass. The total number of NIR synchrotron-radiating
electrons and positrons in the flaring emission region is
approximately NNIR = 8πPtot/(4σTcγ 2

NIRB2/3), where σT =
8πe4/(3m2

ec4) is the Thomson cross section. This implies
a corresponding number density nNIR = NNIR/(πR2H ) =
6Ptot/(σTcγ 2

NIRB2R2H ) ∼ 50 cm−3, where R and H are the
radius and height of the emitting region (assumed cylindrical),
for which we took fiducial values of R = 5rg and H = 60rg,
as inferred from the MHD simulation described in this work.
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FIG. 6. Images of the particle number density for simulations with varying magnetic rotation angle: (a) θrot = 0, (b) θrot = π/4, and
(c) θrot = π/2. This set of simulations has nc/nh = 31. Times are chosen as indicated to show the late nonlinear development of the instability.

The density of NIR-radiating particles is related to the average
density in the power law by

nNIR

nPL
∼ (γNIR − 1) f (γNIR − 1)

(γmin − 1) f (γmin − 1)
∼

(
γNIR − 1

γmin − 1

)1−α

, (2)

where γmin is the Lorentz factor at which particles are in-
jected into the power-law tail. As indicated by our PIC
simulations, the injected electrons may come from either
the cavity or ambient flow. In both cases, we expect γmin ∼
100, noting that ambient average electron Lorentz factor is
γ ≈ 3T/mec2 ∼ 30 for Sgr A* [10]. For α = 2.5, we then
find nNIR/nPL ∼ 2 × 10−2. Based on quiescent submillimeter
emission, the electron density in the ambient accretion flow
is ne,amb ≈ 106 cm−3 [10]. Therefore, to supply the flares,
the ratio of accelerated particles to ambient electrons must
be nPL/ne,amb = (nPL/nNIR)(nNIR/ne,amb) ∼ 2.5 × 10−3. Our
PIC simulations indicate that nPL/ne,amb ∼ 10−3 for σh = 80,
which is within a factor of a few of this required supply. We
expect that higher σh would increase nPL/ne,amb and harden
the distribution (α → 2), to a degree that can easily supply
the NIR flares.

Finally, we note that the synchrotron radiative cooling time
at energies near γNIR may be comparable to the typical flare
duration in Sgr A*. Thus, the flare evolution may be shaped
by radiative cooling at energies near and above γNIR. How-
ever, the particle acceleration via magnetic reconnection will
happen on a fraction of a dynamical time, and so will be
rapid with respect to the cooling. Radiative cooling may limit
the extent of the power-law distribution at energies above the
near-infrared value γNIR.

In a 3D domain, additional degrees of freedom may
enhance the conversion of free energy, increasing the accel-
eration efficiency [60] as long as there is sufficient inverse
energy transfer to large-scale magnetic fields. The hydrody-
namic RTI is known to have enhanced inverse energy transfer
in 2D when compared to 3D [63]; in MHD, however, there
is expected to be a forward energy cascade and simultaneous
inverse magnetic energy transfer in both 2D and 3D [64–67].
Also, flaring signatures may be enhanced if the cavity is filled
with pre-accelerated relativistic particles (expected from the
reconnection event that produces the cavity [68,69]). Future

work should thus consider 3D simulations with electron-ion
plasma in the dense slab and ultrarelativistic, radiating pair
plasma in the cavity.
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APPENDIX: EFFECT OF ROTATION ANGLE

Since magnetic shear is a key ingredient in our problem, we
now describe the effect of varying the magnetic rotation angle
θrot. In Fig. 6, we show late-time density images for a set of
simulations with nc/nh = 31 and varying rotation angle θrot ∈
{0, π/4, π/2}. In Fig. 7, we show particle energy distributions
for the same simulations.

For the case of no field rotation θrot = 0, the magnetic
field is directed entirely out of the 2D domain. As there is
no magnetic tension, the two regions freely mix, as shown in
Fig. 6(a). The RTI grows at small scales and does not exhibit
significant transfer of energy to large-scale plumes. Due to the
orientation of the fields, there is no magnetic reconnection. As
a consequence, free gravitational energy is mainly converted
to bulk kinetic energy, and there is no particle acceleration.

As described in the paper, the fiducial case of θrot = π/4
develops small-scale plumes that merge to eventually form

043023-6



PARTICLE ACCELERATION BY MAGNETIC … PHYSICAL REVIEW RESEARCH 5, 043023 (2023)

FIG. 7. Particle kinetic energy distribution f (γ − 1) for simula-
tions shown in Fig. 6: θrot = 0 (red), θrot = π/4 (green), and θrot =
π/2 (blue). Power-law ∝ (γ − 1)−α with α = 2.5 shown for refer-
ence (dashed) along with γcut − 1 = 0.05LeBrms,0/mc2 (dot-dashed).
An earlier time is chosen in the θrot = 0 case due to eventual transport
through the boundaries.

a large-scale plume, as shown in Fig. 6(b). Due to ampli-
fication of the magnetic fields, a significant amount of free
magnetic energy develops that is eventually released by mag-
netic reconnection. This case has the necessary complexity
and self-organization for efficient particle acceleration.

For the case with extreme field rotation θrot = π/2, we find
that plasmoid-unstable, asymmetric magnetic reconnection
occurs at the interface on a faster timescale than the growth
of the RTI fingers. Reconnection mixes the plasma along
the interface, which prevents the growth of the fingers and
thus inhibits mixing of the plasma between the two regions.
The plasmoids merge and grow in size until stalling in the
state shown in Fig. 6(c). Since magnetic reconnection at the
interface is asymmetric, with one side having a high plasma
beta (βc = 4), it is ineffective at accelerating particles [50].

The case with extreme magnetic shear appears to be the
most relevant for the cavity interface in the global MHD
simulation described in this work. However, a broader shear
layer or other physical effects may be needed to stabilize the
interface to magnetic reconnection.

[1] Y. Zhou, Rayleigh–Taylor and Richtmyer–Meshkov instability
induced flow, turbulence, and mixing. I, Phys. Rep. 720-722, 1
(2017).

[2] Y. Zhou, Rayleigh–Taylor and Richtmyer–Meshkov instability
induced flow, turbulence, and mixing. II, Phys. Rep. 723-725, 1
(2017).

[3] Y. Zhou, R. J. Williams, P. Ramaprabhu, M. Groom, B.
Thornber, A. Hillier, W. Mostert, B. Rollin, S. Balachandar,
P. D. Powell et al., Rayleigh–Taylor and Richtmyer–Meshkov
instabilities: A journey through scales, Physica D 423, 132838
(2021).

[4] F. Yusef-Zadeh, H. Bushouse, M. Wardle, C. Heinke, D.
Roberts, C. Dowell, A. Brunthaler, M. Reid, C. Martin, D.
Marrone et al., Simultaneous multi-wavelength observations of
Sgr A* during 2007 april 1–11, Astrophys. J. 706, 348 (2009).

[5] K. Dodds-Eden, D. Porquet, G. Trap, E. Quataert, X. Haubois,
S. Gillessen, N. Grosso, E. Pantin, H. Falcke, D. Rouan et al.,
Evidence for x-ray synchrotron emission from simultaneous
mid-infrared to x-ray observations of a strong Sgr A* flare,
Astrophys. J. 698, 676 (2009).

[6] G. Ponti, E. George, S. Scaringi, S. Zhang, C. Jin, J. Dexter,
R. Terrier, M. Clavel, N. Degenaar, F. Eisenhauer et al., A
powerful flare from Sgr A* confirms the synchrotron nature of
the x-ray emission, Mon. Not. R. Astron. Soc. 468, 2447 (2017).

[7] H. Boyce, D. Haggard, G. Witzel, S. von Fellenberg, S. Willner,
E. Becklin, T. Do, A. Eckart, G. Fazio, M. Gurwell et al., Multi-
wavelength variability of sagittarius A* in 2019 july, Astrophys.
J. 931, 7 (2022).

[8] R. Abuter, A. Amorim, M. Bauböck, J. Berger, H. Bonnet, W.
Brandner, Y. Clénet, V. C. Du Foresto, P. de Zeeuw, C. Deen
et al., Detection of orbital motions near the last stable circular
orbit of the massive black hole Sgr A*, Astron. Astrophys. 618,
L10 (2018).

[9] S. M. Ressler, C. J. White, E. Quataert, and J. M. Stone,
Ab initio horizon-scale simulations of magnetically arrested
accretion in sagittarius A* fed by stellar winds, Astrophys. J.
896, L6 (2020).

[10] K. Akiyama, A. Alberdi, W. Alef, J. C. Algaba, R. Anantua, K.
Asada, R. Azulay, U. Bach, A.-K. Baczko, D. Ball et al., First
sagittarius A* event horizon telescope results. V. testing astro-
physical models of the galactic center black hole, Astrophys. J.
Lett. 930, L16 (2022).

[11] G. Bisnovatyi-Kogan and A. Ruzmaikin, The accretion of mat-
ter by a collapsing star in the presence of a magnetic field,
Astrophys. Space Sci. 28, 45 (1974).

[12] R. Narayan, I. V. Igumenshchev, and M. A. Abramowicz, Mag-
netically arrested disk: an energetically efficient accretion flow,
Publ. Astron. Soc. Jpn. 55, L69 (2003).

[13] I. V. Igumenshchev, R. Narayan, and M. A. Abramowicz,
Three-dimensional magnetohydrodynamic simulations of ra-
diatively inefficient accretion flows, Astrophys. J. 592, 1042
(2003).

[14] A. Tchekhovskoy, R. Narayan, and J. C. McKinney, Efficient
generation of jets from magnetically arrested accretion on a
rapidly spinning black hole, Mon. Not. R. Astron. Soc.: Lett.
418, L79 (2011).

[15] J. C. McKinney, A. Tchekhovskoy, and R. D. Blandford,
General relativistic magnetohydrodynamic simulations of mag-
netically choked accretion flows around black holes, Mon. Not.
R. Astron. Soc. 423, 3083 (2012).

[16] J. Dexter, A. Tchekhovskoy, A. Jiménez-Rosales, S. Ressler,
M. Bauböck, Y. Dallilar, P. De Zeeuw, F. Eisenhauer, S. Von
Fellenberg, F. Gao et al., Sgr A* near-infrared flares from
reconnection events in a magnetically arrested disc, Mon. Not.
R. Astron. Soc. 497, 4999 (2020).

[17] O. Porth, Y. Mizuno, Z. Younsi, and C. Fromm, Flares in the
galactic centre–I. orbiting flux tubes in magnetically arrested
black hole accretion discs, Mon. Not. R. Astron. Soc. 502, 2023
(2021).

[18] B. Ripperda, F. Bacchini, and A. A. Philippov, Magnetic recon-
nection and hot spot formation in black hole accretion disks,
Astrophys. J. 900, 100 (2020).

[19] B. Ripperda, M. Liska, K. Chatterjee, G. Musoke, A. A.
Philippov, S. B. Markoff, A. Tchekhovskoy, and Z. Younsi,

043023-7

https://doi.org/10.1016/j.physrep.2017.07.005
https://doi.org/10.1016/j.physrep.2017.07.008
https://doi.org/10.1016/j.physd.2020.132838
https://doi.org/10.1088/0004-637X/706/1/348
https://doi.org/10.1088/0004-637X/698/1/676
https://doi.org/10.1093/mnras/stx596
https://doi.org/10.3847/1538-4357/ac6104
https://doi.org/10.1051/0004-6361/201834294
https://doi.org/10.3847/2041-8213/ab9532
https://doi.org/10.3847/2041-8213/ac6672
https://doi.org/10.1007/BF00642237
https://doi.org/10.1093/pasj/55.6.L69
https://doi.org/10.1086/375769
https://doi.org/10.1111/j.1745-3933.2011.01147.x
https://doi.org/10.1111/j.1365-2966.2012.21074.x
https://doi.org/10.1093/mnras/staa2288
https://doi.org/10.1093/mnras/stab163
https://doi.org/10.3847/1538-4357/ababab


ZHDANKIN, RIPPERDA, AND PHILIPPOV PHYSICAL REVIEW RESEARCH 5, 043023 (2023)

Black hole flares: ejection of accreted magnetic flux through
3D plasmoid-mediated reconnection, Astrophys. J. Lett. 924,
L32 (2022).

[20] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.5.043023 for animations of the
MHD and PIC simulations.

[21] A. Jiménez-Rosales, J. Dexter, F. Widmann, M. Bauböck, R.
Abuter, A. Amorim, J. Berger, H. Bonnet, W. Brandner, Y.
Clénet et al., Dynamically important magnetic fields near the
event horizon of Sgr A*, Astron. Astrophys. 643, A56 (2020).

[22] Y.-M. Wang and M. Nepveu, A numerical study of the nonlinear
Rayleigh–Taylor instability, with application to accreting X-ray
sources, Astron. Astrophys. 118, 267 (1983).

[23] Y.-M. Wang and J. Robertson, Late stages of the Rayleigh–
Taylor instability-a numerical study in the context of accreting
neutron stars, Astrophys. J. 299, 85 (1985).

[24] B.-I. Jun, M. L. Norman, and J. M. Stone, A numerical study
of Rayleigh–Taylor instability in magnetic fluids, Astrophys. J.
453, 332 (1995).

[25] N. Bucciantini, E. Amato, R. Bandiera, J. Blondin, and L. Del
Zanna, Magnetic Rayleigh–Taylor instability for pulsar wind
nebulae in expanding supernova remnants, Astron. Astrophys.
423, 253 (2004).

[26] J. M. Stone and T. Gardiner, The magnetic Rayleigh–Taylor
instability in three dimensions, Astrophys. J. 671, 1726 (2007).

[27] J. M. Stone and T. Gardiner, Nonlinear evolution of the magne-
tohydrodynamic Rayleigh–Taylor instability, Phys. Fluids 19,
094104 (2007).

[28] O. Porth, S. S. Komissarov, and R. Keppens, Rayleigh–Taylor
instability in magnetohydrodynamic simulations of the crab
nebula, Mon. Not. R. Astron. Soc. 443, 547 (2014).

[29] J. Carlyle and A. Hillier, The non-linear growth of the mag-
netic Rayleigh–Taylor instability, Astron. Astrophys. 605, A101
(2017).

[30] V. Skoutnev, E. R. Most, A. Bhattacharjee, and A. A. Philippov,
Scaling of small-scale dynamo properties in the Rayleigh–
Taylor instability, Astrophys. J. 921, 75 (2021).

[31] A. Briard, B.-J. Gréa, and F. Nguyen, Growth rate of the tur-
bulent magnetic Rayleigh–Taylor instability, Phys. Rev. E 106,
065201 (2022).

[32] B. Popescu Braileanu, V. S. Lukin, and E. Khomenko, Magnetic
field amplification and structure formation by the Rayleigh–
Taylor instability, Astron. Astrophys. 670, A31 (2023).

[33] Y. Lyubarsky, A new mechanism for dissipation of alternating
fields in poynting-dominated outflows, Astrophys. J. Lett. 725,
L234 (2010).

[34] M. Ruderman, J. Terradas, and J. Ballester, Rayleigh–Taylor
instabilities with sheared magnetic fields, Astrophys. J. 785,
110 (2014).

[35] M. Ruderman, Compressibility effect on the Rayleigh–Taylor
instability with sheared magnetic fields, Sol. Phys. 292, 47
(2017).

[36] F. Jiang and S. Jiang, Nonlinear stability and instability in
the Rayleigh–Taylor problem of stratified compressible MHD
fluids, Calc. Var. 58, 29 (2019).

[37] H. Isobe, T. Miyagoshi, K. Shibata, and T. Yokoyama, Filamen-
tary structure on the sun from the magnetic Rayleigh–Taylor
instability, Nature (London) 434, 478 (2005).

[38] R. Keppens, C. Xia, and O. Porth, Solar prominences: “double,
double … boil and bubble”, Astrophys. J. Lett. 806, L13 (2015).

[39] A. Hillier, The magnetic Rayleigh–Taylor instability in solar
prominences, Rev. Mod. Plasma Phys. 2, 1 (2018).

[40] J. M. Jenkins and R. Keppens, Resolving the solar promi-
nence/filament paradox using the magnetic Rayleigh–Taylor
instability, Nature Astronomy 6, 942 (2022).

[41] B. Srinivasan, G. Dimonte, and X.-Z. Tang, Magnetic field gen-
eration in Rayleigh–Taylor unstable inertial confinement fusion
plasmas, Phys. Rev. Lett. 108, 165002 (2012).

[42] B. Khiar, G. Revet, A. Ciardi, K. Burdonov, E. Filippov, J.
Béard, M. Cerchez, S. N. Chen, T. Gangolf, S. S. Makarov,
M. Ouillé, M. Safronova, I. Yu. Skobelev, A. Soloviev, M.
Starodubtsev, O. Willi, S. Pikuz, and J. Fuchs, Laser-produced
magnetic-Rayleigh–Taylor unstable plasma slabs in a 20 T mag-
netic field, Phys. Rev. Lett. 123, 205001 (2019).

[43] C. A. Walsh, Magnetized ablative Rayleigh–Taylor instability
in three dimensions, Phys. Rev. E 105, 025206 (2022).

[44] B. Cerutti, G. R. Werner, D. A. Uzdensky, and M. C.
Begelman, Simulations of particle acceleration beyond the
classical synchrotron burnoff limit in magnetic reconnection:
An explanation of the crab flares, Astrophys. J. 770, 147
(2013).

[45] C. K. Birdsall and A. B. Langdon, Plasma Physics via Computer
Simulation, 1st ed. (CRC Press, Boca Raton, 1991).

[46] We explored other aspect ratios, but found that growth of the
RTI plumes is limited by the smaller dimension at late times,
with the key results remaining similar.
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