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In any case, we track the amount of mass and internal energy added
in each cell during the course of the simulation and we eliminate
this contribution when calculating mass and energy fluxes.

Model A0.99f (Table 1) uses a resolution of 288 × 128 × 64
along r-, θ -, and ϕ-, respectively, and a full azimuthal wedge, #ϕ =
2π . This set-up results in a cell aspect ratio in the equatorial region,
δr : rδθ : rδϕ ≈ 2 : 1 : 7. To check convergence with numerical
resolution, at t = 14 674rg/c, well after the model reached steady
state, we dynamically increased the number of cells in the azimuthal
direction by a factor of 2. We refer to this higher resolution simu-
lation as model A0.99fh and to A0.99f and A0.99fh combined as
model A0.99fc. We also ran model A0.99 with a smaller azimuthal
wedge, #ϕ = π . We find that the time-averaged jet efficiencies of
the four A0.99xx models agree to within statistical measurement
uncertainty (Table 1), indicating that our results are converged with
respect to azimuthal resolution and wedge size.

Our fiducial model A0.99fc starts with a rapidly spinning BH
(a = 0.99) at the centre of an equilibrium hydrodynamic torus
(Chakrabarti 1985; De Villiers & Hawley 2003). The inner edge
of the torus is at rin = 15rg and the pressure maximum is at
rmax = 34rg (see Fig. 1a). At r = rmax the initial torus has an aspect
ratio h/r ≈ 0.2 and fluid frame density ρ = 1 (in arbitrary units).
The torus is seeded with a weak large-scale poloidal magnetic field

(plasma β ≡ pgas/pmag ≥ 100). This configuration is unstable to the
magnetorotational instability (MRI, Balbus & Hawley 1991) which
drives MHD turbulence and causes gas to accrete. The torus serves
as a reservoir of mass and magnetic field for the accretion flow.

Equation (1) shows that the BZ power is directly proportional to
the square of the magnetic flux at the BH horizon, which is deter-
mined by the large-scale poloidal magnetic flux supplied to the BH
by the accretion flow. The latter depends on the initial field con-
figuration in the torus. Usually, the initial field is chosen to follow
isodensity contours of the torus, e.g. the magnetic flux function is
taken as (1(r, θ ) = C1ρ

2(r, θ ), where the constant factor C1 is
tuned to achieve the desired minimum value of β in the torus, e.g.
min β = 100. The resulting poloidal magnetic field loop is centred at
r = rmax and contains a relatively small amount of magnetic flux. If
we wish to have an efficient jet, we need a torus with more magnetic
flux, so that some of the flux remains outside the BH and leads to a
MAD state of accretion (Igumenshchev et al. 2003; Narayan et al.
2003). We achieve this in several steps. We consider a magnetic flux
function, ((r, θ ) = r5ρ2(r, θ ), and normalize the magnitude of the
magnetic field at each point independently such that we have β =
constant everywhere in the torus. Using this field, we take the initial
magnetic flux function as (2(r, θ ) = C2

∫ θ ′=θ

θ ′=0

∫ ϕ′=2π

ϕ′=0 BrdAθ ′ϕ′ and
tune C2 such that min β = 100. This gives a poloidal field loop

Figure 1. Shows results from the fiducial GRMHD simulation A0.99fc for a BH with spin parameter a = 0.99; see Supporting Information for the movie. The
accreting gas in this simulation settles down to a magnetically arrested state of accretion. (Panels a–d): the top and bottom rows show, respectively, equatorial
(z = 0) and meridional (y = 0) snapshots of the flow, at the indicated times. Colour represents the logarithm of the fluid-frame rest-mass density, log10ρc2

(red shows high and blue low values; see colour bar), filled black circle shows BH horizon, and black lines show field lines in the image plane. (Panel e): time
evolution of the rest-mass accretion rate, Ṁc2. The fluctuations are due to turbulent accretion and are normal. The long-term trends, which we show with a
Gaussian smoothed (with width τ = 1500rg/c) accretion rate, 〈Ṁ〉τ c2, are small (black dashed line). (Panel f): time evolution of the large-scale magnetic flux,
φBH, threading the BH horizon, normalized by 〈Ṁ〉τ . The magnetic flux continues to grow until t ≈ 6000rg/c. Beyond this time, the flux saturates and the
accretion is magnetically arrested. (Panels (c) and (d) are during this period). The large amplitude fluctuations are caused by quasi-periodic accumulation and
escape of field line bundles in the vicinity of the BH. (Panel g): time evolution of the energy outflow efficiency η (defined in equation (5) and here normalized
to 〈Ṁ〉τ c2). Note the large fluctuations in η, which are well correlated with corresponding fluctuations in φBH. Dashed lines in panels (f) and (g) indicate time
averaged values, 〈φ2

BH〉1/2 and 〈η〉, respectively. The average η is clearly greater than 100 per cent, indicating that there is a net energy flow out of the BH.
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BH magnetic flux eruptions

eruption, respectively, at t= 9122rg c
−1, t= 9422rg c

−1, and
t= 9782rg c

−1 (where we zoom out to show large-scale
effects). Shortly before and during a flare, accretion only
occurs through large-scale (i.e., low azimuthal mode number)
spiral RTI modes (see also Takasao et al. 2019 for a very
similar scenario explaining protostellar flares) creating a
transient, nonaxisymmetric (i.e., over an angle f < 2π),
magnetized (i.e., low plasma-β), low-density magnetosphere
(top and middle rows in Figures 1 and 2) pushing the accretion
disk outward and resulting in a drop in the mass accretion rate.
A macroscopic equatorial current sheet forms in the magneto-
sphere, extending from the horizon to the disk at

q f= » -x r rsin cos 5 g at q= »z r cos 0 shown by the
antiparallel magnetic field lines (inset in panel (D); green lines).
Reconnection pinches off the horizontal magnetic field in the

sheet, transforming it into vertical (z) magnetic field,
reminiscent of the 2D results of RBP20. The flux eruption
originates from the inner magnetosphere where the highly
magnetized plasma in the jet directly feeds the current sheet.
The plasma density in the jet is determined by the density floor
at s = 25max in our simulations, whereas in reality it is much
more strongly magnetized (s s max) pair plasma. Reconnec-
tion occurs locally in X-points where a field line breaks and
reconnects to other field line (see insets in Figure 1(D) and
1(E)). In these X-points, reconnection heats the plasma up to

s~ =T 25max (left panels) after which it is expelled from the
layer at Lorentz factors up to sG µ = 5max (Lyubarsky
2005; see also Appendix B for an exploration of different smax
in 2D). The flux is expelled through reconnection into the low-
density region in between the large low-mode-number RTI

Figure 2. Our extreme-resolution simulation reveals small-scale structure and interface instabilities of magnetic flux bundles escaping from the black hole, in an
equatorial slice through the system. Dimensionless temperature T = p/ρ, plasma-β, and density ρ (from left to right) in the equatorial plane before a large magnetic
flux eruption (top row), during the magnetic flux eruption (middle row) in the inner 10rg and after the magnetic flux eruption (bottom row) in the inner 40rg. Gaps of
low β and density form during the preeruption quiescence, while many azimuthal RTI modes accrete. During the magnetic flux eruption a single large T > 1 spiral
forms with a gap where the sheet moved out of the equatorial plane. Magnetic flux escapes through the spiral current sheet, while accretion continues over a small
angle f < 2π at x ≈ 2rg and y ≈ −1 to y ≈ −2. In the bottom row, the inner 10rg is in quiescent accretion state, and a hot flux tube that is ejected from the
reconnection layer is in orbit at x ≈ 10rg to x ≈ 30rg and y ≈ − 10rg to y ≈ 20rg. The low-β flux tube shows clear signatures of instabilities at its boundaries mixing
low-density plasma into the disk.
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modes accreting spirals. Electrons and positrons accelerated to
nonthermal energies through reconnection at the X-points in
the macroscopic equatorial current sheet can power high-
energy flares that may reach a distant observer during the drop
in the mass accretion rate.

Small plasmoids are visible close to the horizon, and a larger
hot plasmoid is detected at x=−3rg (middle row in Figure 1)
as a result of the merger of smaller escaping plasmoids. The
plasmoids that escape the gravitational pull of the black hole
interact with the disk and jet sheath resulting in significant
heating up to at least z±40rg. The bottom row of Figure 1
shows a large magnetic flux tube at x≈ 20–30rg: a low-density
region with strong vertical field (low plasma-β) heated to
medium temperature T∼ 0.1− 1. The flux tube forms as a
result of the reconnection that converts the horizontal magnetic
field into a vertical field that is ejected from the reconnection
layer. Filled with heated plasma, the flux tube can appear as a
hot spot. The accumulated vertical magnetic flux in this hot
spot can remain coherent for approximately one orbital
timescale between 10 and 30rg (bottom row in Figure 2
between y≈− 20rg and y≈ 20rg), while the inner 10rg is
already in the quiescent accretion state at t= 9782rg c

−1. RTIs
develop at the boundary of the hot spot, which mixes the hot
low-density plasma into the surrounding accreting gas. The hot
spots are expected to be filled with positrons and electrons
energized by the reconnection, which in this way can end up in
the accretion disk. After the flaring episode, magnetic flux
builds up on the horizon and the quasi-steady-state accretion

cycle develops again. Smaller and less hot current sheets where
Bf changes sign also exist in the inner ∼20rg of the turbulent
accretion disk during the quiescent period, indicated by thin
high-β layers of antiparallel field lines (top and bottom rows in
Figures 1 and 2).
Figure 3(A) visualizes the 3D nature of the hot current sheet

by showing the temperature and magnetic field line structure in
the inner 10rg during the flare at t= 9422rg c

−1. The current
sheet has a relativistic temperature T> 1, whereas shortly before
the flare at t= 9122rg c

−1 (3(B)) there are no structures at T> 1.
During the flare, the (green) field lines in the current sheet (i.e.,
seeded in the T> 1 region in 3(A)) have a clear spiral structure
and are separated from the more vertical field lines in the disk
(blue). During the quiescence before the flare (Figure 3(B)), no
such distinction is visible, and all field lines (green and blue,
which are seeded at the same points as in panel 3(A)) are part of
the disk. The extreme resolution allows to capture multiple
plasmoids identified as 3D helical field line structures in the
sheet (Figure 3(C)) during the magnetic flux eruption. We
highlight a typical X-point as the manifestation of reconnection,
separating an infalling (purple field line) and escaping flux tube
(green field line) in the hot current sheet. Similar X-points can be
detected in e.g., the inset in Figure 1(D).
Figure 4(A)–(D) zooms into the current sheet during large

magnetic flux eruptions for the four numerical resolutions
employed. The drop in magnetic flux at low and standard
resolutions (panels (A), (B)) is not accompanied by a large drop
in the mass accretion rate (see panels (E), (G)), due to the large

Figure 3. Volume rendering of the temperature T = p/ρ shows plasmoids and hot current sheets. Extreme resolution allows the current sheets to become thinner and
hotter than typically seen in GRMHD simulations. (Panel (A):) During a large flare, a relativistically hot T > 1 spiral current sheet forms. Accretion occurs over a
small azimuthal angle f < 2π in the T < 1 (white) regions. The green field lines, seeded in the current sheet (T > 1), remain in the current sheet and are mostly
attached to the black hole. Blue field lines are seeded in the disk, where some disk field lines are accreting onto the black hole in the T < 1 region. (Panel (B):) In the
quiescent state, T � 1 everywhere, and both green and blue field lines (with the same seeds as in panel (A)) are in the disk, accreting onto the black hole. The inset (C)
shows a zoom into the inner rg in the flare state with multiple escaping flux loops (green field lines). In the small black box, we highlight an escaping flux tube with
vertical field as the result of reconnection (green) and an infalling flux tube (purple). We also show a plasmoid, indicated by the helical field line (green) in the second
small black box.
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nonrelativistic gas g =ˆ 5 3. We employ dimensionless temper-
ature units T= p/ρ with thermal gas pressure p, where T= 1
corresponds to kBT=mic

2 with ion mass mi and Boltzmann’s
constant kB, such that T> 1 indicates relativistic ion temperatures.

3. Reconnection-powered Flares

We analyze the flaring mechanism and its properties in the
MAD after t≈ 5000rg c

−1 when the accretion flow has settled
into a quasi–steady state of a constant mass accretion rate and
magnetic flux on the black hole event horizon (see Figure 8 in
Appendix C). The accumulation of magnetic flux on the
horizon cannot continue beyond the limit in which the outward
magnetic force balances the inward gravitational force. When
the magnetic flux reaches this limit in axisymmetry (2D),
accretion is halted completely and a low-density

magnetosphere with an equatorial current sheet can form
transiently (RBP20). In 3D, a large spectrum of RTI modes
develops in the turbulent inner edge of the disk, steadily driving
accretion. The magnetic flux periodically erupts from the black
hole into the disk. These eruptions are made possible by near-
event-horizon reconnection, which converts the magnetic
energy into the energy of emitting particles and can naturally
power a flare. Figures 1 (at f= 0, i.e., the meridional plane)
and 2 (at θ= π/2, i.e., the equatorial plane) show the gas
temperature T= p/ρ with magnetic field lines plotted as green
lines, the gas-to-magnetic-pressure ratio β= 8πp/B2, and rest-
mass density ρ around the time of one such flare at
t∼ 9500rg c

−1. Namely, we show the quantities in the
quiescent period (i.e., a period of quasi-constant magnetic flux
at the horizon) before, during, and after the large magnetic flux

Figure 1. Plasmoid-mediated reconnection, which takes place at sufficiently high resolutions in MHD, is seen in a 3D GRMHD simulation for the first time. Resolving
the dynamics of X-points and plasmoids in the current sheet can be the key to understanding the source of black hole nonthermal emission, e.g., high-energy flares.
Dimensionless temperature T = p/ρ, plasma-β, and density ρ (from left to right) in the meridional plane before (top row), during (middle row) in the inner 10rg, and
after (bottom row) the large magnetic flux eruption in the inner 40rg. During the magnetic flux eruption, the accretion disk is ejected, and the broad accretion inflow is
reduced to a thin plasmoid-unstable current sheet, indicated by X-points and magnetic nulls shown by the antiparallel in-plane field lines (in green; see inset in panel
(D)) and the high β (inset panel (E)). The hot ( s~T max) exhaust of the reconnection layer heats the jet sheath. Reconnection transforms the horizontal field in the
current sheet to a vertical field that is ejected in the form of hot coherent flux tubes (panel (G)) at low β and density (panels (H), (I)).
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orbiting hotspots (Sgr A*)2026 O. Porth et al.

Figure 2. Rendering of the different magnetic field components in a MAD simulation. Horizon penetrating field lines (grey), toroidally dominated disc fields
(yellow), and the expelled flux tube (red). In the left-hand panel, we show the isocontour σ = 0.2 coloured by density. In the right-hand panel, the mid-plane
mangetization σ is indicated, highlighting also the magnetized flux tube.

The mass-weighted averages of the Q-factors within r < 50 M are
noted for each run in Table 1.

Effectively, the suppression factor means that MRI does not grow
in magnetically dominated regions. This can be seen using the thin
disc relation cs = "H and noting that v

(θ )
A = b(θ )/

√
ρh + b2 is the

vertical Alfvén velocity. Hence

SMRI ≈ cs/vA ≈
√

Pgas/B2
z , (9)

simply compares the sound and Alfvén velocities or magnetic and
thermal pressure contributions.

To identify flux tubes for further analysis, we therefore look for
regions with dominant vertical field component and trace the contours
where B2

z /Pgas = 1 in the equatorial plane. In addition, to reduce the
level of noise in the detection, we restrict our analysis to flux tubes
with a cross-section of at least 1/(4πr2

h ) in area, where rh is the
radius of the black hole event horizon. We have verified, using these
criteria, that for the SANE case this comparison does not show any
flux tubes.

Fig. 3 illustrates the properties of these regions for three con-
secutive times for simulation MAD-128. The flux tubes selected in
this fashion have dominant out-of-plane magnetic fields that were
checked by tracing their field lines as in Fig. 2 for several selected
cases. Fig. 3 shows that flux tubes coincide with suppressed MRI
(top panels), and have low plasma β and higher than average σ ,
as expected (bottom two rows). It is interesting to note that in
both runs MAD-128 and MAD-192, we find that the angle- and
time-averaged 〈SMRI〉ρ (r) suggests MRI suppression within ∼10 M.
However, within this radius, dense streams of accreting material are
frequently found where the MRI can in principle operate.

2.4 Dynamics of flux tubes

Over time, a flux tube will become more elongated as it shears out in
the differentially rotating accretion flow. Flux and mass conservation
for constant scale height yields a simple estimate for the pressure
contributions in the flux tube:

B2
z ∝ &r−4, (10)

Pgas ∝ &r−2γ̂ , (11)

where &r is a measure of the size of the flux tube (here defined
as the radius of the circle having the same surface as the cross-
sectional area of the flux tube). Hence for any causal γ̂ < 2, the
magnetic pressure decreases faster than the thermal pressure as the
flux tube increases in size. As the flux tube moves outwards, the
ambient pressure decreases and pressure equilibrium is obtained via
expansion of the tube, hence the flux tube expands and loses its
magnetic dominance. Shear- and Rayleigh–Taylor-induced mixing
can also increase the size of the flux tube over time. Once distributed
over a large area, the flux tube cannot remain magnetically dominated
and is dissipated in the accretion flow.

To analyse the motion of the flux tubes, we compute the centroid
of the magnetic flux in the selected magnetically dominated regions
in the equatorial plane, illustrated by ‘+’ signs in Fig. 3. The centroid
motions of robust features that can be tracked for at least one-
quarter of a circle are illustrated in Fig. 4. A flux bundle spirals
outwards to eventually circularize at what we call its ‘circularization
radius’. For different flux tubes we recover different circularization
radii ranging up to ∼40 M . Over the considered time interval
tKS ∈ [12 000, 15 000] M , the high-resolution MAD-192 case shows

MNRAS 502, 2023–2032 (2021)
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low-resolution demonstration of magnetic flux saturation

Kerr metric (a=0.9); Kerr-Schild coordinates ( ) 

prograde MF76 torus; ; Athena++ (HLLE, PPM, vL2)
Nr = 72, Nθ = Nϕ = 64

γ = 13/9

t = 2300 M t = 5000 M t = 7600 M

bulging magnetospheres constrict (choke) the accretion flow into a thin disk

no opportunity to set up a magnetic barrier

log ρ(r, θ) ΦBH/ ·M1/2 ∼ 50ΦBH/ ·M1/2 ∼ 30ΦBH/ ·M1/2 ∼ 10

log ·M ΦBH log (ΦBH/ ·M1/2)



accretion flow at magnetically saturated BH

•weak  (Begelman, Scepi & Dexter 2022) - no magnetic barrier, no interchange


•strong  - split monopole pinned on the horizon 
(Meissner effect overwhelmed; Komissarov & McKinney 2007)


•no magnetic connection between accretion flow and magnetospheres (?)

•smooth, stable, sub-Keplerian, supported by laminar torque of magnetized wind 

(Scepi, Begelman & Dexter 2023; see also Manikantan et al. 2023)

Bθ

Br

L70 R. Narayan, I. V. Igumenshchev, and M. A. Abramowicz [Vol. 55,

Fig. 1. (a) The basic elements of the proposed accretion model. An axisymmetric accretion disk is disrupted at a magnetospheric radius Rm by a
strong poloidal magnetic field which has accumulated at the center. Inside Rm the gas accretes as magnetically confined blobs which diffuse through the
field with a relatively low velocity. Surrounding the blobs is a hot low-density corona. (b) The accretion flow around a magnetized compact star. An
axisymmetric disk is disrupted at the magnetospheric radius Rm by the strong stellar field. Inside Rm the gas follows the magnetic field lines and free-falls
on the polar caps of the star.

paper). In the simulations, frozen-in magnetic flux is dragged
to the center by the accreting gas, causing a substantial increase
in the magnetic pressure. This leads to a severe disruption of
the originally axisymmetric flow, and a substantial reduction in
the gas velocity.

Can we be sure that the magnetic field will become strong
enough to disrupt the accretion flow? The answer is yes, at
least under the idealized conditions we have considered where
the accreting gas brings in magnetic field of a fixed polarity.
Initially the field near the BH is not strong enough, so the
gas accretes without hindrance. However, continued accretion
keeps bringing in more field and the magnetic pressure near the
BH builds up with time. Whatever pressure is needed to disrupt
the disk will ultimately be achieved, given enough time; after
that, a MAD flow is inevitable.

The computer simulations mentioned above were done for
a radiatively inefficient accretion flow. Radiatively efficient
disks are sometimes cool enough to be mostly neutral, in
which case the magnetic field would slip through the gas via
ambipolar diffusion, preventing the accumulation of field at the
center. In addition, there could be substantial field slippage
even in a fully ionized disk, if the anomalous magnetic diffu-
sivity is large (Lovelace et al. 1994; Lubow et al. 1994a, b).
However, if magnetic winds play an important role in the
angular momentum loss, then it is plausible that significant
field will be dragged to the center. In what follows, we make
the optimistic assumption that field-dragging is efficient and
that a configuration as in figure 1a does develop.

Magnetically disrupted disks are known in another context,
namely accretion onto magnetized neutron stars and white
dwarfs. A strong field anchored in the star disrupts the accre-
tion flow at a magnetospheric radius Rm ≡ rmRS, as shown in
figure 1b. The topology of the field is, however, very different,
since in this case the gas inside r ∼ rm is able to flow in freely
along field lines down to the magnetic poles of the star. In the
configuration shown in figure 1a, on the other hand, there is no

field line connecting gas at radius rm to the BH horizon. The
only way for gas to move inward is by diffusing (via magnetic
interchanges) through the strong magnetic field. This results in
a low velocity and a high energy efficiency (section 3).

Let us estimate the magnetospheric radius rm in a MAD
flow. By assumption, the gas inside rm moves with a radial
velocity vR = εvff, with fairly small ε. In the numerical simula-
tions of Igumenshchev et al. (2003), ε was found to be ∼ 0.1.
This value is possibly an overestimate since the diffusion was
dominated by numerical resistivity. Elsner and Lamb (1984),
Kaisig, Tajima, and Lovelace (1992), and Ikhsanov (2001,
and references therein) discuss the physics of diffusion via
magnetic reconnection and interchanges, and show that the
diffusion velocity is given by vdiff ∼ αR(λm/Rm)vA, where
αR ∼ 0.1 is a dimensionless constant, λm ∼ 0.1–0.01Rm is the
linear size of reconnection sites, and vA is the Alfven speed.
Setting vA ∼ vff, this gives ε = vdiff/vff ∼ 10−2–10−3. In the
following, we scale all results to ε−2 = ε/10−2.

The surface density Σ of the gas inside rm is given by
Σ = Ṁ/2πRεvff, where Ṁ is the mass accretion rate. Since
the magnetic field supports the gas against gravity, we require
GMΣ/R2 ∼ 2BRBz/4π ∼ B2

z /2π (assuming BR ∼ Bz ). This
gives Bz ∼ 1.5 × 105ε

−1/2
−2 m

−1/2
8 ṁ1/2r−5/4 G, where m8 ≡

M/108M", and ṁ≡ Ṁ/ṀEdd, with ṀEdd = 1.4×1025m8 gs−1.
Assuming ε is independent of r , we may integrate Bz over
radius to estimate the magnetic flux Φ enclosed within rm.
Inverting this relation, we find

rm ∼ 8.2× 103ε
2/3
−2 m−2

8 ṁ−2/3(Φ/0.1pc2G)4/3. (2)

The above estimate should be valid for both spherical and
rotating flows, except that ε is perhaps somewhat smaller for
rotating flows.

How much magnetic flux do we expect to collect at the
center? For a MAD configuration to form it is necessary that
the inflowing gas should have the same sign of Bz (where z
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blue field lines - connected to BH horizon (near the equatorial plane)

green field lines - disconnected from the BH horizon

light colors - ; dark colors - 

red surface - relativistic temperature

Br > 0 Br < 0
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magneticmatter inertia matter enthalpytotal

• magnetic energy converted by reconnection to internal energy of matter

• unbalanced matter enthalpy drives the radial outflow

• magnetic forces subdominant

What drives the radial outflow?


conservation of radial momentum 


radial stress tensor     

∂μ ( −gTμ
r) = −gΓσ

ρrTρ
σ

Tr
r = ρurur + (3.25urur + 1)P + (b2urur + b2/2 − brbr)

(r, ϕ)



log T > 0.5

Kerr metric (a=0.9); MKS coordinates ( ) 
prograde MF76 torus; ; HARM-COOL (HLL)

detached magnetic field lines (complete sample for ; )

Nr = 288, Nθ = Nϕ = 256
γ = 4/3

rH < rmin < 4M r0 = 6M

Janiuk & James (2022)



log T > 0.5

detached field line region: strong azimuthal modulation

localized elevated windreconnection-driven outflow
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period 170M (not a fit) at r=2M 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apparently independent of BH spin
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For comparison, in the case of Sgr A* (Rg/c ' 20 s; PISCO ' 31 min)
the VLTI/GRAVITY Collaboration detected orbital motion at the period of
PGRAVITY ' 40 min ' 1.3PISCO,21 which corresponds to a circular Schwarzschild
geodesic of radius Rcirc ' 7.1Rg.

Fig. 1. Time evolution of the orientation angles of the total-intensity crescent image and net

polarization. See the main text for details.

In Figure 1, we compare two kinds of orientation angles measured independently
for each day of the M87 campaign. First, we consider the mean orientation angles
⌘ of the crescent image according to the eht-imaging algorithm from the Table 7
of EHT Paper IV.4 This angle increases by ' +23� between April 5th and April
10th, and the mean rotation rate is (3.8 ± 0.6)�/day. Second, we consider the net
polarization angles from the Table 2 of the ALMA Paper:18 the observed angles
EVPA, and the angles �0 corrected for Faraday rotation using the simultaneous
rotation measure values. The EVPA increases by ' +7.8� between April 5th and
April 10th, while �0 increases by ' +27� between April 6th and April 11th. The
mean rotation rate is (1.4±0.3)�/day for the EVPA and (4.0±1.2)�/day for the �0.
The rotation rate of the Faraday-corrected polarization angle is thus consistent with
the rotation rate of the crescent. The rate of 3.9�/day corresponds to the orbital
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3.9∘/day P ≃ 2.7PISCO ≃ 250 Rg/c

Figure 25. Measured ring properties on the fiducial images of M87 produced with all three imaging pipelines. From left to right, panels show the measured ring
diameter d, width w, and orientation angle η. The DIFMAP results are shown for images restored with both a 10 μas (cyan) and a 20 μas (blue) Gaussian beam. The
eht-imaging (red) and SMILI (green) are shown for the unblurred images. The three imaging pipelines produce consistent measurements of the ring diameter
across all days. The measured orientation angles indicate a modest shift between April 5, 6 and 10, 11. The error bars are computed in the same way as in Figure 24.

Figure 26. Summary of the estimated ring properties overlaid on the April 11 fiducial images from each imaging pipeline. Our procedure estimates the ring diameter d,
width w, orientation angle η, and fractional central brightness fC, as well as the asymmetry A (not shown). In each panel, the magenta cross indicates the location of
peak ring brightness, and the dashed green circle shows the region used to define interior brightness for fC.

Figure 27. Unwrapped ring profiles of the fiducial images from April5 to 11 (top to bottom) and for the three imaging pipelines (left to right). The columns are each
scaled as in Figure 26. The estimated radius d/2 is shown with a horizontal line, with dotted lines denoting the associated uncertainty (Section 9.1). Horizontal dashed
lines at (d ± w)/2 show the measured ring width. Vertical blue lines give the orientation angle η and its uncertainty. The magenta cross marks the peak brightness in
each reconstruction.
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Figure 15 as a conservative representation of our final M87
imaging results.

The fiducial images from each pipeline (Figure 11), as well
as the conservative, blurred, pipeline-averaged images
(Figure 15) provide some evidence for evolution in the ring
structure between April 5, 6 and 10, 11. We discuss this
evolution in more detail in Appendix E (Figure 33). Some
change in the image structure between April 5, 6 and 10, 11 is
necessitated by the variations seen in the underlying closure
phases (Paper III). We find more variation in the image pairs
that are separated by larger intervals, suggesting that these
variations are intrinsic. However, we cannot unambiguously
associate the observed variability with coherent evolution of a
specific image feature.

Figure 16 shows the visibility amplitude and phase for each
of the three April11 fiducial images as a function of vector
baseline. Note that no restoring beam is required for CLEAN in
this visibility-domain analysis. Each image produces nulls in
the visibility amplitude near the SMA–SMT baseline, con-
sistent with the observed amplitudes (see Figure 2). The
visibility phase shows rapid swings at these nulls. The
visibilities of the images from the different pipelines are most
similar near the EHT measurements, as expected. On longer
baselines than those sampled by the EHT, the DIFMAP image
produces notably higher visibility amplitudes than those of the

eht-imaging and SMILI images, as expected from the fact
that the DIFMAP image is fundamentally a collection of point
sources.

7.2. Image Uncertainties

Measuring the variation in images produced in a parameter
survey Top Set allows us to evaluate image uncertainties due to
the explored imaging choices. Figure 17 shows uncertainties
related to imaging assumptions from the largest Top Set (that of
the eht-imaging parameter survey) on April11 data.
Reconstructed image uncertainties are concentrated in the

regions with enhanced brightness, notably in the three “knots” in
the lower half of the ring (Figure 17; top panel). These are also
the regions that show the most variation among different imaging
methods (Appendix I compares their azimuthal profiles).
Visibility-domain modeling provides another method to assess
image structure. In Paper VI, we explore fitting simple crescent
models to the data. For instance, a crescent with a brightness
gradient and blurring reproduces the north–south asymmetry in
images without additional azimuthal structure (the “blurred and
slashed with LSG” crescent of Paper VI). However, this model
gives CP

2c between 3.2 and 11.5 and log CA
2c between 2.2 and 6.6

for different days and bands when assuming 0% systematic error
(compare with Table 5). Adding additional degrees of freedom in
the form of three elliptical Gaussian components to the crescent

Figure 14. Fiducial images of M87 on April11 from our three separate imaging pipelines after restoring each to an equivalent resolution. The eht-imaging and
SMILI images have been restored with 17.1 and 18.6 μas FWHM Gaussian beams, respectively, to match the resolution of the DIFMAP reconstruction restored with a
20 μas beam.

Figure 15. Averages of the three fiducial images of M87 for each of the four observed days after restoring each to an equivalent resolution, as in Figure 14. The
indicated beam is 20 μas (i.e., that of DIFMAP, which is always the largest of the three individual beams).
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Figure 25. Measured ring properties on the fiducial images of M87 produced with all three imaging pipelines. From left to right, panels show the measured ring
diameter d, width w, and orientation angle η. The DIFMAP results are shown for images restored with both a 10 μas (cyan) and a 20 μas (blue) Gaussian beam. The
eht-imaging (red) and SMILI (green) are shown for the unblurred images. The three imaging pipelines produce consistent measurements of the ring diameter
across all days. The measured orientation angles indicate a modest shift between April 5, 6 and 10, 11. The error bars are computed in the same way as in Figure 24.

Figure 26. Summary of the estimated ring properties overlaid on the April 11 fiducial images from each imaging pipeline. Our procedure estimates the ring diameter d,
width w, orientation angle η, and fractional central brightness fC, as well as the asymmetry A (not shown). In each panel, the magenta cross indicates the location of
peak ring brightness, and the dashed green circle shows the region used to define interior brightness for fC.

Figure 27. Unwrapped ring profiles of the fiducial images from April5 to 11 (top to bottom) and for the three imaging pipelines (left to right). The columns are each
scaled as in Figure 26. The estimated radius d/2 is shown with a horizontal line, with dotted lines denoting the associated uncertainty (Section 9.1). Horizontal dashed
lines at (d ± w)/2 show the measured ring width. Vertical blue lines give the orientation angle η and its uncertainty. The magenta cross marks the peak brightness in
each reconstruction.

30

The Astrophysical Journal Letters, 875:L4 (52pp), 2019 April 10 The EHT Collaboration et al.

EHT M87 paper IV (2019)



conclusions
•Magnetic flux accumulated on accreting black holes (BH) in GRMHD simulations is 

subject to a saturation mechanism (Tchekhovskoy+11) based on flux eruptions 
involving large-scale reconnection (Ripperda+22).


•In a magnetically saturated state, magnetic flux through the equatorial plane is 
relatively small (Begelman+22). Accretion flow is not arrested (MAD), but choked 
geometrically into a thin disk (MCAF; McKinney+12).


•The region magnetically disconnected from the BH has a strong azimuthal structure 
including localized elevated winds. Winds are important in removing angular 
momentum to maintain a stable plunging sub-Keplerian accretion (Scepi+23).


•Instead of interchange instability, magnetic reconnection (in ideal MHD always 
due to numerical diffusion) heats low-density gas to relativistic temperatures and 
drives radial outflows (minijets).


•Once the innermost disk becomes critically thin, any perturbation may form a 
density gap, activating reconnection and triggering a flux eruption.


•Magnetic flux eruptions form quasi-stationary patterns systematically rotating 
around the BH with period , apparently independent of BH spin.∼ 200 Rg/c





magnetically arrested disk (MAD)
L70 R. Narayan, I. V. Igumenshchev, and M. A. Abramowicz [Vol. 55,

Fig. 1. (a) The basic elements of the proposed accretion model. An axisymmetric accretion disk is disrupted at a magnetospheric radius Rm by a
strong poloidal magnetic field which has accumulated at the center. Inside Rm the gas accretes as magnetically confined blobs which diffuse through the
field with a relatively low velocity. Surrounding the blobs is a hot low-density corona. (b) The accretion flow around a magnetized compact star. An
axisymmetric disk is disrupted at the magnetospheric radius Rm by the strong stellar field. Inside Rm the gas follows the magnetic field lines and free-falls
on the polar caps of the star.

paper). In the simulations, frozen-in magnetic flux is dragged
to the center by the accreting gas, causing a substantial increase
in the magnetic pressure. This leads to a severe disruption of
the originally axisymmetric flow, and a substantial reduction in
the gas velocity.

Can we be sure that the magnetic field will become strong
enough to disrupt the accretion flow? The answer is yes, at
least under the idealized conditions we have considered where
the accreting gas brings in magnetic field of a fixed polarity.
Initially the field near the BH is not strong enough, so the
gas accretes without hindrance. However, continued accretion
keeps bringing in more field and the magnetic pressure near the
BH builds up with time. Whatever pressure is needed to disrupt
the disk will ultimately be achieved, given enough time; after
that, a MAD flow is inevitable.

The computer simulations mentioned above were done for
a radiatively inefficient accretion flow. Radiatively efficient
disks are sometimes cool enough to be mostly neutral, in
which case the magnetic field would slip through the gas via
ambipolar diffusion, preventing the accumulation of field at the
center. In addition, there could be substantial field slippage
even in a fully ionized disk, if the anomalous magnetic diffu-
sivity is large (Lovelace et al. 1994; Lubow et al. 1994a, b).
However, if magnetic winds play an important role in the
angular momentum loss, then it is plausible that significant
field will be dragged to the center. In what follows, we make
the optimistic assumption that field-dragging is efficient and
that a configuration as in figure 1a does develop.

Magnetically disrupted disks are known in another context,
namely accretion onto magnetized neutron stars and white
dwarfs. A strong field anchored in the star disrupts the accre-
tion flow at a magnetospheric radius Rm ≡ rmRS, as shown in
figure 1b. The topology of the field is, however, very different,
since in this case the gas inside r ∼ rm is able to flow in freely
along field lines down to the magnetic poles of the star. In the
configuration shown in figure 1a, on the other hand, there is no

field line connecting gas at radius rm to the BH horizon. The
only way for gas to move inward is by diffusing (via magnetic
interchanges) through the strong magnetic field. This results in
a low velocity and a high energy efficiency (section 3).

Let us estimate the magnetospheric radius rm in a MAD
flow. By assumption, the gas inside rm moves with a radial
velocity vR = εvff, with fairly small ε. In the numerical simula-
tions of Igumenshchev et al. (2003), ε was found to be ∼ 0.1.
This value is possibly an overestimate since the diffusion was
dominated by numerical resistivity. Elsner and Lamb (1984),
Kaisig, Tajima, and Lovelace (1992), and Ikhsanov (2001,
and references therein) discuss the physics of diffusion via
magnetic reconnection and interchanges, and show that the
diffusion velocity is given by vdiff ∼ αR(λm/Rm)vA, where
αR ∼ 0.1 is a dimensionless constant, λm ∼ 0.1–0.01Rm is the
linear size of reconnection sites, and vA is the Alfven speed.
Setting vA ∼ vff, this gives ε = vdiff/vff ∼ 10−2–10−3. In the
following, we scale all results to ε−2 = ε/10−2.

The surface density Σ of the gas inside rm is given by
Σ = Ṁ/2πRεvff, where Ṁ is the mass accretion rate. Since
the magnetic field supports the gas against gravity, we require
GMΣ/R2 ∼ 2BRBz/4π ∼ B2

z /2π (assuming BR ∼ Bz ). This
gives Bz ∼ 1.5 × 105ε

−1/2
−2 m

−1/2
8 ṁ1/2r−5/4 G, where m8 ≡

M/108M", and ṁ≡ Ṁ/ṀEdd, with ṀEdd = 1.4×1025m8 gs−1.
Assuming ε is independent of r , we may integrate Bz over
radius to estimate the magnetic flux Φ enclosed within rm.
Inverting this relation, we find

rm ∼ 8.2× 103ε
2/3
−2 m−2

8 ṁ−2/3(Φ/0.1pc2G)4/3. (2)

The above estimate should be valid for both spherical and
rotating flows, except that ε is perhaps somewhat smaller for
rotating flows.

How much magnetic flux do we expect to collect at the
center? For a MAD configuration to form it is necessary that
the inflowing gas should have the same sign of Bz (where z
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magnetic barrier at radius 


accretion within by interchange instability 
(magnetic Rayleigh-Taylor)


BH Meissner effect 
(expulsion of poloidal field from the BH horizon)


Geroch-Bekenstein engine

(high-efficiency mass-to-energy conversion)

Rm

vortices near the inner edge (!Rm) of the outer accretion disk
(see Tagger & Pellat 1999).

The nonaxisymmetric inner flow is highly time variable and
experiences quasi-periodic behavior. Figure 4 shows an example
of the flow structure inside 50Rg in model B at two successive
moments, t ¼ 2:2767 and 2.2867. The flow is essentially 3D
inside the magnetically dominated region limited by the radius
’35Rg and remains almost axisymmetric on the outside of this
radius. In themagnetically dominated region, the flow formsmod-
erately tightened spirals of dense matter, which are clearly seen in
Figures 4a and 4b. This matter is quickly accreted into the black

hole with the radial velocity, which is approximately half of the
free-fall velocity. Such a relatively fast infall is explained by the
efficient loss of angular momentum by the mass during its inter-
action with the vertical field. As a result, the accreting mass has a
sufficiently sub-Keplerian angular velocity, approximately half of
the Keplerian one. The field is distributed nonuniformly in the disk
plane, concentrated in bundles that penetrate through the plane in
very low density, magnetically dominated (with ! # 0:01) regions,
or magnetic ‘‘islands.’’ The rotating mass interacts with the mag-
netic bundles and forces them to twist around the disk’s rotational
axis. In the simulations, this twist is observed as the rotation of

Fig. 1.—Distributions of density in the meridional plane in model B at two successive moments, (a) t ¼ 5:1153 and (b) t ¼ 5:1458 from axisymmetric 2D simulations.
The black hole is located on the left, and the small open circle there corresponds to the inner boundary around the black hole at Rin ¼ 2Rg. The axis of rotation is in the vertical
direction. The domain shown has a radial extent 100Rg along the equatorial plane and represents a fraction of the full computational domain withRout ¼ 220Rg. The time is in
units of the orbital period at Rinj ¼ 210Rg. The color bars on the bottom indicate the scales for log " (in arbitrary units). The model develops a thick turbulent accretion disk,
which is seen as the nonuniform mass concentration near the equator. The low-density polar regions are filled with a strong vertical magnetic field. This field causes cycle
accretion into the black hole. (a) Period of halted accretion, when the mass is accumulated at the magnetospheric radius Rm ! 15Rg. (b) Accretion period.

Fig. 2.—Snapshot of magnetic lines in model B at the same moments and on the same spatial scales as in Fig. 1. The component of the field lines parallel to the
meridional plane is shown. The accretion disk transports the vertical magnetic flux inward, which accumulates in the vicinity of the black hole. Small-scale magnetic loops
are the result of turbulent motions in the disk and disk corona. (a) Period of halted accretion (see Fig. 1a), in which most of the accumulated magnetic flux is outside the
black hole horizon. (b) Accretion period (see Fig. 1b), in which all the accumulated flux goes through the horizon. The lines have been plotted using themethod of Cabral&
Leedom (1993).
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3D pseudo-Newtonian MHD


magnetic barrier set up during initial 2D stage 
(axisymmetry)



initiation of magnetic flux eruption

velocity divergence

density gap

magnetic reconnection

relativistic temperature

radial outflow (minijet)

BH magnetic flux build-up accretion flow choking into thin disk

magnetized wind critically thin disk



magnetic flux eruptions 
systematic rotation


half-way around the BH

active reconnection along the leading edge

(ϕ, t)

ρ

T

vr

r ≃ 1.5 r ≃ 2 r ≃ 3 r ≃ 4 r ≃ 6



density vr vϕ ut

temperature magnetizationBr Bϕ

reconnection rate

anti-parallel magnetic fields

(r, θ)

 (/10)vθ

 (/10)Bθ



; a = 0 Nϕ = 128
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initiation of magnetic flux eruption

blue field lines - connected to BH horizon

light colors - 

red surface - relativistic temperature

Br > 0

showing two layers of field lines connected to the BH horizon  
just above the equatorial plane


magnetic shear perturbation propagating CCW 
(along the spacetime rotation)


relativistic temperature appears in the top layer

just outside the horizon


