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We study the accretion of collisionless plasma onto a rotating black hole from first principles using
axisymmetric general-relativistic particle-in-cell simulations. We carry out a side-by-side comparison of
these results to analogous general-relativistic magnetohydrodynamic simulations. Although there are many
similarities in the overall flow dynamics, three key differences between the kinetic and fluid simulations are
identified. Magnetic reconnection is more efficient, and rapidly accelerates a nonthermal particle
population, in our kinetic approach. In addition, the plasma in the kinetic simulations develops significant
departures from thermal equilibrium, including pressure anisotropy that excites kinetic-scale instabilities,
and a large field-aligned heat flux near the horizon that approaches the free-streaming value. We discuss the
implications of our results for modeling event-horizon scale observations of Sgr A* andM87 by GRAVITY
and the Event Horizon Telescope.
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Introduction.—The recent high-resolution images of
synchrotron emission around the central black holes
(BHs) in M87 and the Milky Way (Sgr A*) captured by
the Event Horizon Telescope (EHT) reveal asymmetric
ringlike structures around the event horizon [1,2]. The
radiation is produced by relativistic plasma on event-
horizon scales. General-relativistic magnetohydrodynamic
(GRMHD) simulations are a conventional tool for model-
ing accretion onto BHs [3]. In conjunction with GR
radiative transfer, one can predict aspects of the observed
radiation, including spatially resolved images, from
these numerical models [4]. This theoretical framework
allows for a direct comparison of GRMHD simulations
and observations. However, the accreting plasma in
these systems is collisionless, which makes the simpli-
fying assumptions of GRMHD approach formally inappli-
cable. Theoretical models thus require a kinetic approach,
which describes collisionless plasmas from first principles.
In this Letter, we present global GR kinetic simulations of
BH accretion and determine the ways in which they differ
from conventional fluid models.
Supermassive BHs show emission across the electro-

magnetic spectrum. Besides a relatively constant back-
ground emission, Sgr A* also exhibits episodic bright flares
in the near-infrared and x rays (e.g., [5–7]). The observed
power-law emission implies a presence of accelerated
particles (electrons and possibly positrons) near the BH.
Studying the generation of nonthermal particles is not

possible within GRMHD fluid models and requires a
kinetic approach. Additionally, GRMHD approach does
not accurately capture reconnection of magnetic field lines,
which is conjectured to be responsible for particle energ-
ization and flares [6,8–12]. Specifically, the rate of recon-
nection, which regulates the energization efficiency and can
be responsible for the duration of flares [13], is known to be
substantially faster in collisionless plasma (e.g., [14–16]).
Ideal GRMHD approach also assumes an isotropic
Maxwellian plasma distribution function, while collision-
less plasmas easily develop pressure anisotropy along and
across the magnetic field direction [17,18], which leads to
the development of plasma instabilities. The saturation of
these instabilities and a possible large field-aligned heat
flux regulate the thermodynamic state of the plasma,
potentially affecting the global accretion dynamics and
its observational properties.
Methods.—In order to study accretion of collisionless

plasmas onto BHs, we perform kinetic simulations using
the GR particle-in-cell (GRPIC) code ZELTRON which
solves Maxwell’s equations and the equations of motion
for individual macroparticles in the 3þ 1 formalism [19].
We also study the same problem with identical initial
conditions using the GRMHD code ATHENA++ [20],
which allows for a side-by-side comparison of the two
approaches. Both approaches utilize horizon-penetrating
Kerr-Schild coordinates. We measure distance in units of
the gravitational radius, rg ¼ GM=c2, where G is the
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gravitational constant,M is the mass of the BH, and c is the
speed of light; time is measured in light crossing times of
the gravitational radius, rg=c.
In GRPIC method, the substantially reduced ion-to-

electron mass ratio, mi=me, allows us to resolve all
microphysical plasma scales and respect the correct hier-
archy of scales [21], i.e., all plasma scales are significantly
smaller than rg. Because of their high computational cost,
our simulations are limited to two-dimensional, axisym-
metric accretion onto a BH in the r-θ plane, which is
aligned with the BH spin, a ¼ 0.95. Since there is no
kinetic equilibrium solution known for this problem [22],
and motivated by the relevance to the accretion flow onto
Sgr A* [23], we start with a zero-angular-momentum
spherically symmetric distribution of stationary plasma.
Previous work shows that this accretion problem behaves
similarly in many respects to one incorporating rotating
initial conditions [24]. Specifically, this accretion problem
leads to a magnetically arrested flow on event-horizon
scales with a similar jet power and similar magnetic flux
eruptions as in rotating models; in addition, frame dragging
by the spinning BH and magnetic torques are enough to
produce significant angular momentum in the inner
∼10–20rg, similar to that found in simulations with rotating
torus initial conditions [25]. We set an initially constant
density, pressure, and magnetic field aligned with the spin
axis throughout the box, and add randomly distributed
magnetic loops [26] to mimic turbulence expected in
accretion disks.
We initialize a thermal plasma with kBTinj ≈ 0.02mic2,

which corresponds to a Bondi radius rB ¼ 2GM=c2s≈
50rg, where kB is the Boltzmann constant and cs is the
sound speed. We focus on two initial values of the plasma-β
parameter, β0 ¼ P=PB0

¼ 4 or 10, where P is the gas
pressure and PB0

is the magnetic pressure of the initial
vertical magnetic field B0. Our GRPIC simulations use
mass ratios ofmi=me ¼ 1 and 3; the thermal Larmor radius
of ions is set to be ρL ¼ vthmic=eB0 ¼ 0.018rg. Below we
show results of simulations with mass ratio mi=me ¼ 1,
which we are able to run until 1000rg=c. The dynamics of
ions in simulations with mi=me ¼ 3 until 100rg=c is
similar compared to the case with mi=me ¼ 1 [26].
Our simulation domain extends from the inner boundary,

located below the event horizon, to the outer boundary at
100rg.We employ constant boundary conditions at the outer
boundary in GRMHD simulations and use absorbing
boundary conditions supplemented with injection of fresh
plasma in GRPIC simulations [26]. In highly magnetized
regions plasma density can get depleted; we therefore apply
a ceiling value for the magnetization parameter σ ¼
B2=½4πnðme þmiÞc2� ≈ 30 in both approaches. In
GRPIC simulations, we add electron-positron pairs when
σ is above this threshold, thus mimicking a pair cascade
expected in these regions [27–30].

FIG. 1. Comparison of fluid and kinetic simulations of
accretion onto a rotating BH. The color shows n=n0, which
corresponds to the plasma number density in GRMHD
simulations (left) and ion and positron number density in
GRPIC simulations (right) in a region close to the BH (20rg).
The region inside the BH event horizon, rh ¼ rgð1þffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2

p
Þ, is shown by a black circle. Thin black lines

represent the magnetic field lines, a thick black line outlines
the ergosphere. The same quantities are shown at a time of
160rg=c (a) and 300rg=c (b). Several current sheets form and
reconnect (a), leading to a flaring state (b).
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Results.—In Fig. 1 we show a side-by-side comparison
of the evolution of the number density n of the accreting
plasma in GRMHD (plasma number density, left) and
GRPIC (ion and positron number density, right) simula-
tions with β0 ¼ 4 at a time of 160rg=c (a) and 300rg=c (b);
n0 corresponds to the initial value. Both panels show a
zoom into the inner 20rg. Initially, the accreting plasma is
free-falling onto the BH within the Bondi radius, dragging
the magnetic field lines towards the event horizon (a).
Inflow streams with a similar structure in both GRPIC and
GRMHD simulations are formed: a thin inflow is formed
just below the equator, and a squeezed large loop is
accreting above the equator. As the accretion proceeds,
the BH’s rotation and magnetic flux on the event horizon,
which becomes dynamically important, lead to the launch-
ing of magnetically dominated outflows. The accretion
stalls when the magnetic field becomes too strong, leading
to thinning of the inflow streams into current sheets, onset
of reconnection (b) [11,12], and the evacuation of the
accretion flow in the equatorial plane (eruption).
Eventually, the magnetic loop above the equator evacuates
as an outflowing density bubble. Since the rate of colli-
sionless reconnection is faster by a factor of a few,
compared to MHD, the two numerical results ultimately
diverge.
The reconnection physics manifests itself in the time

evolution of the accretion rate, _M ¼ −
R
θ

R
ϕ

ffiffiffiffiffiffi−gp
ρurdθdϕ,

and magnetic flux on the horizon, Φ ¼ 0.5
R
θ

R
ϕ

ffiffiffiffiffiffi−gp
×

jBrjdθdϕ, shown in Figs. 2(a) and 2(b), which we normal-
ize by the Bondi accretion rate, _MB, and initial value of the
magnetic flux on the horizon, Φ0. Here, g is the metric
determinant, and uμ is the fluid four-velocity. Initially, the
infalling plasma in both approaches causes an increase in
_M= _MB and Φ=Φ0 at a similar rate, reaching saturation in
the magnetically arrested state [31]. GRMHD simulation
shows two _M maxima followed by postaccretion eruption
events associated with the onset of the decline of Φ at
≈ 200 and 600rg=c. The GRPIC simulation, however,
shows one _M maximum followed by an eruption event
at ≈380rg=c and another accretion period starting at
≈800rg=c. Therefore, even though reconnection is more
efficient, the variability—the frequency of the eruption
events—might be smaller in the kinetic approach, as the
accretion stalls due to its regulation by the efficient large-
scale reconnection. Consequently, both _M= _MB and Φ=Φ0

saturate at smaller values over a longer time period in
GRPIC simulation.
A comparison of the two approaches due to the recon-

nection physics alone is demonstrated by simulations with
an initially vertical uniform magnetic field [no loops, in
Figs. 2(a) and 2(b)]. Here, since kinetic reconnection is
more efficient, GRPIC simulation shows a steeper
exponential decline in Φ=Φ0 compared to GRMHD
approach [13].

We show radial profiles (integrated over θ during the first
accretion event, 100–200rg=c) of density hn=n0i (c),
temperature hTi (d), and β ¼ hPi=hPBi (e) [26]. We find
a striking similarity of the number density profiles, while
the temperature and β profiles show a significant difference
between the two approaches due to the nonideal physics
described next.

FIG. 2. Evolution of averaged quantities in GRPIC (solid lines)
and GRMHD (dotted) simulations. (a) Time evolution of the
accretion rate in units of the Bondi accretion rate, _M= _MB;
(b) magnetic flux on the horizon normalized by its initial value
Φ=Φ0. The gray dashed lines give the exponential fit for the
decay rate of Φ=Φ0, highlighting the difference of the recon-
nection rate. (c) Mean profiles of number density, hn=n0i;
(d) temperature, hTi, and (e) plasma-β ¼ hPi=hPBi, as a function
of radius r=rg, averaged over t ¼ ½100 − 200�rg=c. The runs
initialized with the turbulent magnetic field are shown by a darker
color (loops), with a vertical uniform magnetic field—a lighter
color (no loops).
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To quantify another key feature of the kinetic approach,
departure of the accreting plasma from thermal equilibrium,
we calculate the matter stress-energy tensor in GRPIC
simulation, T μν

matter, which can be used to derive the pressure
tensor, Pμν, and the heat flux, qμ. We project these
quantities onto a tetrad, eμðνÞ, where eμð0Þ is directed along

the (Eckart) fluid velocity and eμð3Þ is along the magnetic

field in the fluid frame. The pressure tensor in this tetrad
frame is diagonal, diagðP⊥; P⊥; PkÞ, where parallel and
perpendicular components are measured with respect to the
magnetic field direction in the fluid frame.
Ion quantities from a GRPIC simulation initialized with

β0 ¼ 10 are shown in Fig. 3, where the two rows corre-
spond to times of 40rg=c and 100rg=c. The first column
shows number density n=hni (left) and magnetic fieldffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2=hB2i

p
(right) fluctuations; second—temperature

anisotropy Tk=T⊥ (left) and ratio of the two stress-energy
tensor components T ð0Þð3Þ=T ð3Þð3Þ in the tetrad frame
(right), where T ð0Þð3Þ corresponds to parallel heat flux qk
(absent in ideal GRMHD approach). The last column

shows an ion probability density plotted as a function of
βk ¼ Pk=PB and T⊥=Tk. The polar inflow of the plasma
leads to the build up of magnetic field, and an associated
increase in P⊥ ∝ B. The deviation from thermal equilib-
rium with T⊥ > Tk leads to the excitation of small-scale
plasma density and magnetic field fluctuations (a), where
we also show a zoom into a small region. This is a kinetic-
scale mirror instability which develops when plasma
crosses a β-dependent temperature anisotropy threshold,
as shown in (c). The saturated strength of the magnetic field
fluctuations, j1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2=hB2i

p
j, is of order of a few tens of

percent, consistent with local simulations [17,18,32]. At
earlier times in the simulation, transiently, we observe the
development of the electromagnetic firehose instability in
the equatorial region, where Tk > T⊥ [26].
At early times (b), the effective collisions due to particle

scattering by the kinetic-scale fluctuations lead to a
suppression of the heat flux, T ð0Þð3Þ ≈ 0.1T ð3Þð3Þ. We find
that qk is also ≈0.1 of the value corresponding to the free
streaming of particles along magnetic field lines [26]. As
the accretion proceeds and the value of β near the event

FIG. 3. Anisotropy and heat flux in GRPIC simulation initialized with β0 ¼ 10. Each row corresponds to a different moment in time:
40rg=c (a)–(c), and 100rg=c (d)–(f). First column: number density (left) and magnetic field (right) fluctuations. Second column:
temperature anisotropy Tk=T⊥ (left) and the ratio of nonideal and ideal matter stress-energy tensor components in the tetrad frame
T ð0Þð3Þ=T ð3Þð3Þ, which represents the ratio of parallel heat flux qk and parallel pressure Pk. The black circle and black lines represent the
event horizon, ergosphere, and magnetic field lines as in Fig. 1. Third column: probability density as a function of βk ¼ Pk=PB and
temperature anisotropy T⊥=Tk. White dashed lines correspond to the boundaries of the growth rate of mirror (top) and firehose (bottom)
instabilities exceeding 10% of the ion cyclotron frequency calculated using [33]. A mirror instability develops and saturates at 40rg=c,
for which we show a zoom into the structure of the instability (a).
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horizon drops below 1, the inflow is no longer accom-
panied by significant density or magnetic field fluctuations
(d), which is consistent with the plasma being pushed away
from the pressure-anisotropy instability boundaries (f). The
absence of scattering on microscale magnetic field fluctua-
tions leads to larger values of the nonideal components of
the stress-energy tensor, T ð0Þð3Þ=T ð3Þð3Þ ≈ 1, outside of the
current sheets (e), and qk also approaches the free-streaming
value. These nonideal effects contribute to substantial
differences between GRPIC and GRMHD temperature
profiles [Fig. 2(d)].
To understand where particles are accelerated, we high-

light regions with highly energetic particles with a Lorentz
factor γ ≥ 8 in GRPIC simulation at 300rg=c in Fig. 4 [the
same time snapshot as Fig. 1(b), right]. These particles are
predominantly located around the current sheets and the
outflowing dense bubble. We measure particle spectra
(b) in the regions outlined by corresponding colored
wedges in (a). The spectral slope of ≈ − 3 (current sheet)
is consistent with particle acceleration in relativistic mag-
netic reconnection for the measured magnetization param-
eter σ ≈ 5 in the upstream [14,34,35]. As σ increases due to
evacuation of plasma in the jet region, we find a harder
slope of ≈ − 2, consistent with higher σ ≳ 10 around the
current sheet. Positively charged particles are accelerated
more efficiently [Fig. 4(b)] because their acceleration by
the electric fields inside the current sheet is aligned with the
direction of the outflow motion above it [36].

Discussion.—A fully kinetic approach is crucial for
understanding the dynamics of plasmas accreting onto
supermassive BHs such as Sgr A* and M87*. Using global
GRPIC simulations of accretion onto a rotating BH, we
highlight three significant differences relative to matched
GRMHD simulations: (1) differences in the physics of
magnetic reconnection can, in principle, change the fre-
quency of eruption episodes in GRPIC relative to GRMHD
approach; (2) GRPIC method includes pressure anisotropy
with respect to the magnetic field and the associated kinetic
instabilities; (3) in GRPIC method a large field-aligned
heat flux near the horizon is important in regulating the
plasma temperature. Our kinetic approach allows for self-
consistent modeling of particle acceleration during flaring
episodes powered by magnetic reconnection, which opens
up a unique opportunity for comparing theory with
observed radiation spectra and light curves. Studying the
relative heating and acceleration of ions and electrons will
require a more realistic ion-to-electron mass ratio, which
we currently lack in our simulations. In conjunction with
GR radiative transfer, extension of our simulations to a
larger mass ratio and 3D will allow us to compare spatially
resolved images, polarization maps, and lightcurves
constructed from GRPIC simulations to GRAVITY and
EHT data. Future GRPIC simulations will rigorously
measure the nonideal corrections to the GRMHD stress
tensor for a range of plasma conditions, which can then be
included in GRMHD simulations [37,38] to improve their
realism.
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FIG. 4. Panel (a) shows the presence (yes or no) of energetic
electrons with γ ≥ 8 throughout the GRPIC simulation at
300rg=c [shown in Fig. 1(b), right]. To avoid low density regions
near the axis, we show regions above the density threshold,
n > n0=2. Panel (b) shows particle spectra measured inside the
outflowing bubble (blue) and in the current sheet (purple), which
are outlined in (a) by the respective colors.
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