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Abstract

Black holes (BHs) can acquire magnetic flux from their progenitor, through merger with a magnetized star, or via
prolonged accretion. We study the evolution of BH magnetospheres using axisymmetric general relativistic
magnetohydrodynamic simulations. We show that all initial magnetic field configurations, regardless of
complexity, ultimately evolve into a split monopole. The magnetospheric evolution proceeds in two phases. In the
first phase, pressure equilibrates on fast Alfvénic timescales (~60 gravitational light-crossing times), and the flux
on the BH event horizon drops sharply. The second phase proceeds in pressure balance, in which the magnetic
flux decays via magnetic reconnection in current sheets, governing the dynamics on slower resistive timescales.
We present an analytic model for the second phase, quantitatively describing the evolution of flux and current
sheet dynamics. Additionally, we show that in the split monopole configuration, magnetic flux decays
exponentially, with higher BH spin leading to slower decay. Our results enable a quantitative prediction of the
timescales and spatial structure of these evolving magnetospheres, essential for understanding electromagnetic
counterparts to gravitational wave events and reconnection-powered flares from accreting BHs.
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1. Introduction

Black hole (BH) magnetospheres are central to spectacular
high-energy astrophysical phenomena, including flares in X-ray
binaries and active galactic nuclei (AGN), and electromagnetic
(EM) counterparts of gravitational wave events arising from
mergers or stellar collapse. While actively accreting BHs sustain
their magnetosphere through plasma inflow, nonaccreting BHs
can acquire magnetic flux from progenitors (H. Falcke &
L. Rezzolla 2014) or mergers with magnetized stars, such as
neutron stars (NSs; W. E. East et al. 2021; Y. Kim et al. 2025).
Magnetospheres temporarily resembling those around isolated
(nonaccreting) BHs may also emerge in the magnetically arrested
disk (MAD) state of accreting BHs, in episodes of suppressed
accretion (. V. Igumenshchev et al. 2003; R. Narayan et al. 2003;
I. V. Igumenshchev 2008; A. Tchekhovskoy et al. 2011; O. Porth
et al. 2021; B. Ripperda et al. 2022). Understanding the high-
energy phenomena demands a quantitative description of the
magnetospheric dynamics of complex magnetic field geometries.

Prior studies examined axis-aligned dipolar (A. Bransgrove
et al. 2021) and misaligned split monopolar (S. Selvi et al.
2024) fields. However, BHs likely acquire more complex (e.g.,
off-centered, multipolar) magnetic configurations from pro-
genitors or accretion flows. In this work, we study force-free
BH magnetospheres with such complex initial configurations.
Crucially, we develop a model that quantitatively predicts their
timescales and spatial structure, essential for understanding
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EM counterparts to gravitational wave events and reconnec-
tion-powered flares from accreting BHs.

2. Numerical Methods and Setup

We perform axisymmetric general relativistic ideal magnetohy-
drodynamics (GRMHD) simulations with BHAC (O. Porth et al.
2017; H. Olivares et al. 2019) in fixed Kerr spacetimes with BH
spins a € {0, 0.5, 0.8, 0.9, 0.99}. We denote the BH mass as M,
the gravitational constant as G, the speed of light as c, the
gravitational radius as r, = GM/ ¢?, and the event horizon radius as

. We use horizon-penetrating logarithmic

Kerr-Schild coordinates (t, S, 0, ¢) (J. C. McKinney &
C. F. Gammie 2004; O. Porth et al. 2017), where t is time,
; 0, and ¢ are the spatial spherical Kerr—Schild
coordinates. The magnetic field B' is initialized with dipole, offset
dipole, quadrupole, quadrudipole (i.e., combination of dipole and
quadrupole), and octuquadrupole (i.e., combination of quadrupole
and octupole) configurations. The relative multipole strength is
characterized by their polar field at the event horizon,
, where | and k are multipole orders, and

1 is the corresponding multipole moment. We adopt a relativistic
ideal gas equation of state with adiabatic index , and
initialize cold plasma with rest-mass density p and pressure
p = ©pc?, where © = 0.05 is the dimensionless temperature. See
Appendix A for more details on the initialization and numerical
floors. The computational domain spans 1.01 <r/r, <400 and
0 < 0 < m, with a resolution of at least 2048 x 1024 cellsin s x 6,
and the simulations are numerically converged (see Appendix B).
At high resolutions, magnetic reconnection enters the plasmoid-
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Figure 1. Two-dimensional snapshots showing the evolution in each row for the dipole, offset dipole, quadrudipole, and octuquadrupole initial magnetic field
configurations. The four leftmost panels in each row show the plasma magnetization o. The BHs are shown by black circles and magnetic field lines by black arrows.
The rightmost panels show the normalized radial magnetic field over the event horizon as a function of the cumulative surface coordinate at matching times.

mediated regime, where the flux decay becomes independent of
resolution. We employ cgs units.

3. General Magnetospheric Evolution

First, we consider nonspinning BHs with dipole, offset
dipole, quadrudipole, and octuquadrupole initial magnetic field
configurations. For each case, Figure 1 displays a time
sequence of the plasma magnetization o = B“/(4mph) with
h=(1+ 3/} — 1))©)c?, the relativistic specific enthalpy,
and B' the comoving magnetic field.

The rightmost panels show the normalized radial magnetic
field B [T [7 7dodg/r [T [T 1B jTd0dg) over the
o Jo V7 o Jo v
event horizon as a function of the normalized cumulative
. 0 ™ .
surface coordinate ¢ = j; \/ﬁdﬂ’/(j(‘) J7d0") with B" = B°r
and -~ the spatial metric determinant. Here, Sy =
fo d J;) i J7d0d¢ is the total event horizon surface area, and

is the instantaneous absolute
magnetic flux on the event horizon. This normalization ensures
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that, in pressure equilibrium, the magnetic field value is unity,
except at current sheets.

For all cases, the magnetospheric evolution proceeds in two
phases. In the first phase, magnetic pressure equilibration
drives the plasma toward a pressure balance on a timescale of
~60r,/c. A part of the poloidal field loops falls into the BH,
while the rest open up into (multi)split monopole configura-
tions, in which one or multiple current sheets, which extend all
the way to the event horizon, separate purely radial magnetic
field regions of alternating polarity.

In the second phase, reconnection occurs in the plasmoid-
mediated regime in the current sheets that move (in polar
angle) over the horizon. The reconnection timescale is much
longer than the Alfvénic pressure equilibration timescale, yet
shorter than the ohmic diffusion timescale for small numerical
resistivity, due to the asymptotic reconnection rate achieved in
the plasmoid-mediated regime. Therefore, pressure equili-
brium is continuously maintained, and [B%(t)] = @ (t)/Soc
remains spatially uniform, while decreasing with time (e.g.,
see Figure 1 in the right panels).

We now develop a quantitative model for the evolution
during this second phase. We define a flux region as a region
of magnetic flux with a single polarity, bounded by one current
sheet if it contains the pole (in axisymmetry), or by two current
sheets otherwise. For a magnetic field of multipole order/ € N
(e.g., I =1 for the dipole, | =2 for the quadrupole, and | =3
for the octupole), the number of flux regions on the event
horizon is N = | + 1. Pressure equilibrium implies that the
magnetic flux ®,(t) through each flux region n is proportional
to the surface area of that region S,(t) on the event horizon. In
other words, to maintain pressure balance, the fraction of ®,(t)
relative to the total event horizon flux @, (t) = ZnNzltb,,(t)
must equal the fraction of surface area S;(t)/S, such that

S,y ®,(1)
St Por(t)’

ne{l,.., N} ey

The positions of current sheets separating the flux regions
can then be expressed in terms of the normalized cumulative
surface coordinate as

For a surface located on the event horizon (I = ry = 2r,) with
a bounding contour delimited by a current sheet, the
reconnection-driven flux decay rate on one side of the current
sheet is . Here, « is the lapse
function, 6. is the polar angle of the current sheet location,

is the physical three-velocity measured in the
orthonormal frame of a local normal observer, v'is the three-
velocity in the global coordinate basis, and ~y;; are spatial
metric components. The factor of accounts for the
variation in the circumference of current sheets at different
latitudes. Magnetic flux of opposite polarity is reconnected
from both sides of a current sheet at the same rate such that the
net magnetic flux through the event horizon (a closed surface)
remains zero at all times. In axisymmetry, only the two polar
regions are bounded by a single current sheet; the remaining
regions lie between two current sheets. The flux evolution in
each region is therefore governed by the set of coupled
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ordinary differential equations (ODEs):

with .

By solving this set of ODEs (Equation (3)) with initial
conditions corresponding to a pressure equilibrium state, we
can predict the time evolution of the individual magnetic
fluxes ®n(t), the total magnetic flux P, (1), the surface areas
Sp(t), and the positions of the current sheets ¢ ;(t) (or
equivalently 6 j(1)( ;) with

4. Predicting Magnetospheric Evolution

We now use our analytic model to interpret the simulated
magnetospheric evolution. Figure 2 shows spacetime plots of
the normalized radial magnetic field at the horizon (the same
quantity as on the vertical axis in the rightmost panels of
Figure 1) for the four initial magnetic field configurations as
functions of ¢ (vertical axis) and time (horizontal axis).

The first evolutionary phase of pressure equilibration is
accompanied by waves from initial pressure imbalances
appearing as sinusoidal patterns, vanishing around t ~
60r,/Cc as pressure equilibrium is reached and the field
becomes uniform. We use the system state at this time for
each case to initialize the ODEs (Equation (3)). From the
dipole simulation, we measure an inflow velocity
at r = 2r,, consistent with the expectation of plasmoid-
mediated reconnection (N. F. Loureiro et al. 2007) and
resistive GRMHD simulations (A. Bransgrove et al. 2021).
The ODE solutions agree well with the simulation results (blue
lines versus white regions in Figure 2). When a flux region
disappears, the number of regions changes, requiring a new set
of ODEs. The new system state at the time when a flux region
disappears provides the initial conditions for the new ODEs.

We now describe each case in more detail.

For the dipole (Figure 1, top row; Figure 2, top left panel),
initial pressure imbalance and poloidal field infall into the BH
redistribute flux toward the equator. Poloidal field loops are
squeezed near the equator, forming an equatorial current sheet.
Within ~60r,/c, the system evolves into a split monopole with
both flux regions maintaining their surface area and the current
sheet remaining equatorial.

The offset dipole located at (r, 6) = (1.9r,, 0) breaks
symmetry, creating north/south asymmetry with unequal flux
(Figure 1, second row; Figure 2, top right panel). Higher
pressure in the region with a smaller surface area drives the
redistribution of surface area, where the smaller region
expands, while the larger one shrinks. The current sheet
oscillates and warps, then damps into an equatorial sheet by
~60r,/c, forming a split monopole.
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Figure 3. Time evolution of the normalized total absolute magnetic flux
D (1) /Py through the event horizon showing simulation results (colored solid
lines) and analytic model predictions (matching colored dashed lines). The
vertical dotted line marks t = 60r,/c, the onset of pressure equilibrium that
separates the two evolutionary phases. The top panel shows the flux evolution
for the four simulated initial magnetic field configurations, and the bottom
panel shows the evolution for five BH spins for an initial dipole configuration.

by BY crossing the horizon with transport velocity 20.1¢c. In
the pressure-balanced phase, our analytic model (Equation (3))
predicts exponential flux decay once a split monopole forms,
with timescale 7 ~ 101r, /¢, matching simulations. The offset
dipole drops to ~0.02%, then decays like the split monopole.
The quadrudipole drops to ~0.03®, then decays faster due to
the contribution of two sheets. As one sheet moves toward the
pole, its shrinking circumference reduces its contribution until
it vanishes at t ~ 128r,/c, after which split monopole
exponential decay occurs. The octuquadrupole shows the
fastest decay, driven by its three current sheets. At
t ~ 145r,/c, two sheets merge in the equatorial region,
reducing the decay rate significantly to the split monopolar
value (see inflection point in Figure 3, brown lines).
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Spin dependence of magnetic ux decay. We examine the
spin dependence of magnetic flux decay at the event horizon,
using an initial dipole configuration for BH spins
a € {0,0.5,0.8, 0.9, 0.99}, all evolving into a split monopole.
Figure 3 (bottom panel) shows the normalized flux @ (t)/Pq
for each spin. As in the nonspinning case, all cases exhibit an
initial flux drop during the pressure equilibration phase
(t < 60r,/c), with the flux dropping from ~0.19, fora = 0 to
~0.2®, for a = 0.99.

Due to spacetime rotation, a nonuniform profile of |B®| in
polar angle develops depending on spin, which peaks at the
poles and is weakest at the equator. Following A. Bransgrove
et al. (2021), we define a nonuniformity factor k via
®or = kS;oB%(0 = 7/2), with k = 1 for a uniform distribution
and higher values indicating stronger polar concentration. We
find k € {1, 1.04, 1.13, 1.17, 1.56}, increasing with spin.

In the split monopole phase, the flux decays exponentially
for all spins. Higher spins result in slower decay, with
timescales increasing from about 117r,/c for a = 0 to
about 297r,/c for a = 0.99. Evaluating the analytic

expression T = kSio¢ \/[Yp9/ (47roz\/7v;)) at the equator on the

horizon, we find inflow velocities V/(r = ry, 60 = 7/
2) € {0.024, 0.025, 0.020, 0.017, 0.016}, decreasing with
spin. This 1is consistent with the trend reported by
F. A. Asenjo & L. Comisso (2017), though their model
applies at large radii and low spin.

6. Discussion

Astrophysical implications. Our results enable quantitative
estimates of the power dissipated in the reconnecting
equatorial current sheet of a split-monopole BH magneto-
sphere. Derivations and assumptions of our estimates are
provided in Appendix C.

Consider the scenario in which a nonspinning BH acquires a
dipolar magnetic flux of 10'> G km?” (e.g., from a magnetized
NS, white dwarf, or main-sequence star) and evolves into a
split monopole. For a 10M, stellar-mass BH, this yields a
dissipation power of ~10°"ergs !, decaying exponentially
over a few milliseconds, with a total energy release of
~10**erg. For a 10°M,, supermassive BH, the dissipation
power is ~10*7ergs ' with a decay timescale of several
minutes, releasing a total of ~10*° erg.

For stellar-mass BHs, reconnection likely occurs in the fast-
cooling regime, promptly converting magnetic energy into
high-energy (gamma-ray) radiation. Supermassive BHs start in
the weak-to-intermediate cooling regime. In both cases, the
transition toward weaker cooling occurs over a few 7 of
~100r,/c.

These estimates suggest that flux-acquiring stellar-mass
BHs may power short gamma-ray millisecond transients while
supermassive BHs may power longer-lasting minute-scale
flares similar to blazar flares.

Observability, however, depends on whether the emission
can escape the magnetosphere, which may be inhibited by pair
production, absorption by merger debris, or ambient material.
In mixed BH-NS mergers with BH masses >5M, the NS is
expected to be swallowed whole, leaving only the remnant BH
to power EM emission, making BH magnetospheric emission
the only viable EM counterpart. The surrounding environment
is also expected to remain relatively clean of debris, allowing
the emission to escape and become observable.
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decays exponentially due to magnetic reconnection in the
equatorial current sheet, which enters a plasmoid-mediated
regime at high resolution. For resolutions upward of
Ns X Ng = 2048 x 1024, the flux evolution shows increased
variability due to plasmoids intermittently crossing the
horizon, causing the peaks in @, Reconnection, although
occurring at the grid-scale in ideal MHD, is converged in this
plasmoid-mediated regime, and the flux decay rate is
converged. We conclude that a resolution of 2048 x 1024
cells or higher ensures convergence of the magnetic flux
decay.

Appendix C
Energy Dissipation and Cooling

Assume that the magnetic flux ®, through the surface of a
star with a polar magnetic field strength B, and radius R, is
transferred to a nonspinning BH with mass M as a dipolar
field. This (offset) dipolar field evolves into a split monopole,
during which the horizon flux drops to f®,, where f depends on
the considered scenario (see Figure 3). In the split monopole,
magnetic energy dissipates via reconnection in the equatorial
current sheet. The magnetic flux on the event horizon decays
as ®(t) = f@oeft/ 7, with 7 the decay timescale. The radial
magnetic field at the horizon is

B,R}
B (1) =57 - 109(i) I ok S
o (7) 0.1 )1 10"2 Gauss km?
-2
x (;{4 ) ¢~ Gauss. (C1)

The corresponding dissipated power in the equatorial
current sheet (integrated from the horizon to infinity) is

2 2
B,R?

10'2 Gauss km?

2
Pa(t)=1.7 - 1039(0—1_2)

-1 )
x | =L M % erg s\, (C2)
IOOrg M(.)

Consider a scenario in which the acquired flux is 10'* G km? (e.g.,
a magnetized NS, white dwarf, or main-sequence star), the
flux drop is f=0.1, and decay timescale is 7 = 100r,/c. For a
10 M, stellar-mass BH, By, () ~ 5.7 - 107e=<*/100% Gauss and
Pg(t) ~ 1.7 - 1037e=</50% erg s~ with exponential decay time-
scales ~5 and ~2.5 ms, and total energy release 4.2 - 10** erg. For
a 10°M,, supermassive BH, By (f) ~ 5.7 - 10~ 3¢=<//100%: Gaugs
and Pg(t) ~ 1.7 - 1077e=/30% erg s~! with exponential decay
timescales ~8 and ~4 minutes, and total energy release
42 - 10% erg.

The cooling regime of reconnection-accelerated particles
can be assessed by comparing the accelerating power of the
reconnection electric field with the synchrotron radiation
cooling power, assuming synchrotron-dominated losses
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(H. Hakobyan et al. 2023; L. Sironi et al. 2025). Assuming
moderate to high BH spin, the critical magnetic field strength
(in Gauss) is (B../Gauss) ~ (2\/(M/M.))*/3, where ) is the
pair multiplicity (i.e., the pair density in excess of Goldreich—
Julian). For By, < B, the system is in the weak-cooling
regime; for By, > B, in the strong-cooling regime. While A is
uncertain, stellar-mass BHs in the flux-acquiring scenarios are
likely to begin in the strong-cooling regime, whereas super-
massive BHs start in the weak-to-intermediate regime. The
system’s transition to weaker cooling occurs as By, decays
over a few 7, which depends only weakly (logarithmically) on
system parameters. For stellar-mass BHs, reconnection occurs
in the fast-cooling regime, so nearly all dissipated magnetic
energy is promptly radiated as high-energy (gamma-ray)
emission. Stellar-mass BHs may thus produce short gamma-
ray transients, while supermassive BHs could yield longer
signals.
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