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Fig. 1.—Initial (left) and final (right) distribution of log !0 in the fiducial model on the r sin " r cos " plane. At t ¼ 0 black corresponds to !0 " 4 ;10#7, and
dark red corresponds to !0 ¼ 1. For t ¼ 2000, black corresponds to !0 " 4 ; 10#7, and dark red corresponds to !0 ¼ 0:57. The black half circle at the left edge is the
black hole.
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For ~20 yrs only focus on inner BZ process, never on outer disk outflow (called « wind »):
 1- MAD « Magnetically Arrested Disk » state  (Narayan+03), depends on available initial magnetic flux
 2- huge impact of disk thermodynamics H/R
 3- outflows are systematic with Bz (but inner spine has density floor + ceiling on Lorentz factor)
 4- best current simulation duration only ~ 106 rg/c  (~50 sec  in XrBs, ~10 yrs in AGN)  



Jets as self-collimated outflows: need of a Bz field
Blandford & Znajek 77
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Electric current 
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C. Zanni and J. Ferreira: MHD simulations of accretion onto a dipolar magnetosphere. II.

Fig. A.1. Poloidal current circuits flowing in the star-disk system in case C01. Color codes are the same as in Fig. 15. The left panel refers to
the accretion phases, while the right panel represents the strictly propeller phases. The left (right) panel has been obtained by averaging in time
current and density during the maxima (minima) of the accretion rate for t > 60, see Fig. 13.

circuits (Bφ < 0) extract angular momentum and energy from
the star.

The electromotive force of A-labeled circuits is due to the
star-disk differential rotation: the current flows out from the
stellar surface towards the disk, flows back along the accretion
funnels and closes inside the star. This current circuit exerts a
toroidal braking force inside the disk and the accretion columns
and a spinning-up force inside the star, thus transferring angu-
lar momentum from the disk and the funnels to the star. It is
therefore responsible for the accretion spin-up torque plotted in
Figs. 3 and 9. We notice how this circuit becomes smaller and
smaller as the accretion torque decreases, going from case C1
to the high accretion phases of case C01, and completely disap-
pears in the low accretion stages of case C01, during which the
accretion torque is completely negligible.

Circuit C brakes the disk rotation and is responsible for the
magnetic driving of outflows launched from the disk, in particu-
lar for the magnetic acceleration of the part of the MEs mass-
loaded from the disk. In the launching region of the MEs, it
provides a strong vertical force that uplifts matter at the disk
surface (see Fig. 6), thus contributing to the high mass-ejection
efficiency of these outflows. This circuit corresponds to the in-
nermost part of the butterfly-shaped current circuits characteris-
tic of extended disk winds, see Ferreira (1997).

Current circuit B is associated with the energy and angular
momentum extraction from the star. The current flows out from
the stellar surface at mid latitudes and flows back to the star at
higher latitudes. In Case C1 the current flows mostly along the
open field lines anchored onto the stellar surface, therefore fu-
eling the stellar wind. There is no spin-down circuit associated
with the MEs or the disk inside the closed magnetosphere. On
the other hand, the other cases show clearly that the spin-down
circuit B couples the star with the disk, the MEs, and the stellar
wind. These three dynamical constituents can in fact extract a
fraction of the stellar angular momentum. The current flowing
inside the disk, the MEs, and the stellar wind in fact provides
a J × B force that tries to spin-up the material rotating at sub-
stellar rates, so that the star loses its angular momentum. Circuit

B clearly identifies the parts of the disk still magnetically con-
nected to the star that rotate more slowly than the star.

Altogether, the four panels show how the spin-up ef-
fects weaken and the spin-down action strengthens going from
case C1 to case C01. We can actually see that in case C1 the
MEs, which are efficiently extracting angular momentum from
the disk, are transferring energy and angular momentum to the
star, thus providing a spin-up torque, as we saw in Sect. 4.1. In
case C03, MEs extract energy and angular momentum both from
the star and the disk, and the two fluxes converge at the cusp of
the field line. In the propeller phases of case C01, MEs seem to
be powered almost exclusively by the stellar rotation.

Finally, these figures clearly show that MEs tend to prop-
agate on a large scale along the current sheet at the interface
between circuits B and C. While circuit B provides a decolli-
mating Lorentz force, circuit C tries to collimate towards the
axis. Therefore, since MEs propagate ballistically after they
have disconnected, their collimation properties depend on the
equilibrium between the decollimating inner field lines and the
collimating outer ones, i.e. on the equilibrium between the in-
ner stellar wind and an outer disk wind. A proper treatment of
this issue therefore requires simulations covering larger spatial
scales, properly treating all the outflows present in the system.
For example, the large-scale simulations presented by Goodson
et al. (1999a) suggest that an inertial confinement due to a very
thick disk and a rather dense corona can help to focus the closed
magnetosphere expansion and the propagation of the magneto-
spheric outflows towards the axis (see also Li et al. 2001). Matt
et al. (2003) show how a strong enough outer poloidal magnetic
field anchored in the disk can confine the EMIs. More recently,
Lii et al. (2012) have shown that, at least for high-mass accre-
tion rates, more typical of EXORs and FUORs, the innermost
open disk field lines can be mass loaded enough so that the cor-
responding disk wind can collimate the inner outflows.
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I= r Bf

Two independent E.M.F. => two independent outflows are to be expected, SPINE (BZ) + DISK wind (BP)
Besides, jets are seen for non-BH systems  (neutrons stars, young forming stars) !

Unfortunately, not much attention paid so far to the disk wind in GRMHD simulations…    



What do jets tell us about accretion disks? 
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see two bright regions of emission oriented in the north–south direc-
tion at the base of the northern and southern jet rails (Fig. 1a). Moti-
vated by an obvious minimum (null) in the visibility amplitudes 
(Supplementary Figs. 10 and 11), we applied newly developed imaging 
methods that can achieve a higher angular resolution. This was done 
with and without subtracting the outer jet emission, to have a robust 
assessment of the parameters of the core structure (Supplementary 
Information section 3). From these images and by comparing ring- and 
non-ring-like model fits in the visibility domain, we conclude that the 
structure seen with the nominal resolution is the signature of an under-
lying ring-like structure with a diameter of 64−8

+4 µas (Supplementary 
Information  sections 5–7), which is most apparent in slightly 
super-resolved images (Fig. 1b,c). Adopting a distance of D = 16.8 Mpc 
and a black hole mass of M = 6.5 × 109M☼ (where M☼ is the solar mass)4, 
this angular diameter translates to a diameter of 8.4−1.1

+0.5  Schwarzs-

child radii (Rs = 2GM/c2, where G is the gravitational constant, M the 
black hole mass and c the speed of light). On the basis of imaging 
analysis and detailed model fitting, we found that a thick ring 
(width ≳ 20 µas) is preferred over a thin ring (Supplementary Informa-
tion). We note that the observed azimuthal asymmetry in the intensity 
distribution along the ring-like structure may (at least partly) be due 
to the effects from the non-uniform (u, v) coverage (Supplementary 
Information section 4), which also would explain the north–south 
dominance of the emission in the ring. Moreover, this double structure 
may also mark the two footpoints of the northern and southern ridge 
of the edge-brightened jet emission, which is seen further downstream. 
We note that previous GMVA observations5—without the inclusion of 
ALMA and the GLT—had a lower angular resolution, which was insuf-
ficient to show the ring–jet connection, but it is seen in the present 
images. We further note that the published 1.3-mm images did not 
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Fig. 1 | High-resolution images of M87 at 3.5 mm obtained on 14–15 April 
2018. a, Uniformly weighted CLEAN (ref. 6) image. The filled ellipse in the 
lower-left corner indicates the restoring beam, which is an elliptical Gaussian 
fitted to the main lobe of the synthesized beam (fullwidth at half-maximum =  
79 µas × 37 µas; position angle = −63°). Contours show the source brightness in 
the standard radio convention of flux density per beam. The contour levels 
start at 0.5 mJy per beam and increase in steps of factors of 2. The peak flux 
density is 0.18 Jy per beam. b, The central region of the image as shown in a, but 
the image is now restored with a circular Gaussian beam of 37 µas size (fullwidth 
at half-maximum), corresponding to the minor axis of the elliptical beam in a. 
The peak flux density is 0.12 Jy per beam. The contour levels start at 0.4 mJy per 
beam and increase in steps of factors of 2. c, A magnification of the central  
core region using regularized maximum likelihood (RML) imaging methods. 

Contours start at 4% of the peak and increase in steps of factors of 2. The  
solid blue circle of diameter 64 µas denotes the measured size of the ring-like 
structure at 3.5 mm, which is approximately 50% larger than the EHT 1.3-mm 
ring with a diameter of 42 µas (dashed black circle)4. For each panel, the colour 
map denotes the brightness temperature T in kelvin, which is related to the  
flux density S in jansky as given in the equation T = λ 2(2kBΩ)−1S, where λ is the 
wavelength, kB is the Boltzmann constant and Ω is the solid angle (shown on a 
square-root scale). The CLEAN images are the mean of the best-fitting images 
produced independently by team members, and the RML image is the mean  
of the optimal set of SMILI images (Supplementary Information section 3).  
dec, declination; RA, right ascension. Scale bars, 0.5  mas (a), 0.2 mas (b) and 
50  µas (c).

B. Punsly: M87 Jet Within 100µas of the Central Engine
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Fig. 1. Reformatted image from the observations described in Lu et al. (2023). This image highlights the cylindrical jet base at
the expense of saturating the nucleus. The sky plane is the w-z plane.

Outer Boundary of Cone

Intersection of LOS 
plane with jet wall at
LOS plane exit point

Outer Boundary of Cylinder: W/R = 0.25

xy

Direction of increasing emissivity of the jet

Cross- Section: The blue 
plane is spanned by
all the LOS at the
center of the restoring
beam that form the 
cross-section. 

x = 0

The largest LOS through the jet wall. The largest limb brightening. The approximate 
location of the peak intensity of the cross-cut. The LOS is tangent to the interior 
wall of the tubular jet at this location.

The Geometry of a Cross-Section for a LOS Near the Jet Axis

Fig. 2. Blue (x, y) plane foliated by the set of all LOSs that constitute a cross-cut. The intersection of the plane with the tubular
jet is in dark olive green. A zoomed-in view of the region of maximum limb-brightening, delimited by the dashed black rectangle,
is shown at the bottom. This region has the longest LOS through the tubular jet wall (red line), as indicated by the white grid
overlaid on the blue LOS plane.
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Lu+ 2023, Nature Punsly 2023

Quasi-cylindrical structure radius R~38 rg from Z ~ 9 rg to 26 rg  
 of width W~ 9 rg
 and connecting to the limb-brightened jet  @ Z > 170 rg (0,65 mas)

=>  Jet radius + width much wider than BZ jets from GRMHD simulations

      + axial spine already associated to the BZ jet/spine
   => Calls for another DISK-JET connection



Major assumption: a large scale Bz field threading the keplerian disk MUST BE a common thing

disk magnetization                                        leads to super-FM outflow (wind or jet):
(P= Ptot= Pgas + Prad)

A universal accretion-ejection structure 

Ferreira & Pelletier 95

The disk ejection efficiency 0< x<1 must be computed as function of the disk parameters: 
  magnetization µ, disk aspect ratio e =H/R + MHD turbulence 



Major assumption: a large scale Bz field threading the keplerian disk MUST BE a common thing

disk magnetization                                        leads to super-FM outflow (wind or jet):
(P= Ptot= Pgas + Prad)

A universal accretion-ejection structure 

Ferreira & Pelletier 95

The disk ejection efficiency 0< x<1 must be computed as function of the disk parameters: 
  magnetization µ, disk aspect ratio e =H/R + MHD turbulence 

A request to the numericians 
Plasma beta                              is instructive   BUT  does not allow to

compare with theory because 

Vertical laminar field Bz is the relevant control parameter (b is an outcome) 
 - Rotation + accretion => laminar components Br and Bf 
 - MHD turbulence => turbulent field <dB>  

=> e.g. use of disk magnetization at midplane 
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2D Accretion-ejection theory

• Mass

• Momentum

• Energy

• Perfect gas

• Diffusion Bp

• Induction Bf
+  3 anomalous transport coefficients: viscosity nv, magnetic diffusivities nm and nm’
=> Prescriptions for amplitude + vertical profiles 

Ferreira & Pelletier 93, 95
Ferreira 97
Casse & Ferreira 2000a,b
Ferreira & Casse 04, 13
Jacquemin-Ide+ 19

Exact MHD solutions (resistive-ideal MHD, super-SM/A/FM outflow) computed using self-similarity



Main properties of Jet Emitting Disks (JED)

1- Near equipartition (0.1< µ <1) large scale Bz

2- High level of turbulence                           where 
 consistent with MRI turbulence

3- Mass loss typically 
x~ 0.01  if cold wind (isothermal or adiabatic)
x~ 0.3-0.5  if warm (magneto-thermal): Casse & Ferreira 2000b
=> Bulk Lorentz factors 2-5 possible (Petrucci+10)
=> Jets undergo series of recollimation shocks (Jannaud+ 23) 

4- Jet torque is dominant (~ factor R/H, Ferreira 97)
=> Most disk angular momentum carried away by jets and supersonic 
accretion 

5- For given Mdot, JED density much smaller
=> JEDs are less luminous than usual Standard Accretion Disk (SAD) Shakura 
Sunyaev  a-disks

Courtesy N. Zimniak
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Jets and winds from accretion discs 3121

Figure 5. Magnetic lever arm parameter λ calculated using equation (22)
as a function of ξ for all super-SM solutions appearing in Fig. 1. The solid
lines correspond to curves λ = 1 + R

2ξ , computed using either R = 1 (top)
or R = 0.6 (bottom).

solutions. Indeed, λ = 1 + R/2ξ , where R = #̄/(1 + #̄) is a rather
weak function of µ and ξ (the small dispersion in λ does not seem to
depend on µ). This is remarkable as ξ and µ span, respectively, 2.5
and 4 decades. Such a behaviour must therefore be the outcome
of some intrinsic physics. Using this result and equation (21)
leads to the necessary constraint on the magnetic shear at the disc
surface
∣∣∣∣
Bφ

B0

∣∣∣∣
SM

= pαm

2µ1/2
R ∝ µ−1/2 (26)

since R is a weakly varying function and p has a small range.
This scaling of the toroidal magnetic field can be understood

the following way. For a rather wide range in disc conditions, the
flow must become super-SM near the surface, namely u+

z ∼ VSM ∼
CsVAz/VA, where VA is the total Alfvén speed. The vertical velocity
u+

z is provided by the unbalance in the vertical forces around the
disc surface, which is quite difficult to estimate. Another way to
grasp it is to look at the Ohm’s law (equation 5) at the turning
point where the radial velocity vanishes, right before the SM point.
At this particular point, u+

z B+
r = ν+

m∂Br/∂z, which provides the
scaling u+

z ∼ ν+
m/h. This simple relation tells us that mass loading

in jets is a diffusion process and that the initial jet velocity is directly
related to the strength of the poloidal magnetic diffusion. Using now
u+

z ∼ VSM leads to

α2
mµ $ F 2

SM
1

1 +
(

Br,SM
B0

)2
+

(
Bφ,SM

B0

)2 , (27)

where F 2
SM is a function depending on the vertical profiles of

the temperature and the magnetic diffusivity. It stems from this
expression that, in order for this condition to remain valid at all
µ, the magnetic shear |Bφ, SM|/B0 must indeed scale as µ−1/2. It is
therefore the SM constraint itself that imposes such a scaling: It
guarantees that, whatever µ, cold super-SM solutions can be found.

We can use the SM constraint on the magnetic shear, equation
(26), to derive an approximate expression for the vertical torque
(equation 24):

Mzφ

rPo

$ µ

∣∣∣∣
Bφ

B0

∣∣∣∣
SM

$ κ(λ − 1)µ ∝ µ1/2 ; (28)

Figure 6. Vertical torque defined by equation (24) as a function of the
magnetization µ and the mass ejection index ξ . Every point corresponds to
a super-Alfvénic solution (Section 4.3).

this scaling is consistent with Fig. 6. Therefore, the wind stress can
be easily modelled as a function of the magnetization and the plasma
pressure at the disc mid-plane. This prescription could be useful
for including the effects of wind-driven accretion in hydrodynamic
models.

4.3 The super-A parameter space

As discussed previously, steady-state solutions are only those that
have the capability to produce super-Alfvénic flows. Magnetic
acceleration can be seen as some centrifugal effect, the frozen-in jet
plasma being accelerated because magnetic field lines are rotating
faster than the jet material. This can be illustrated using equations
(17) and (18), leading to ) = )∗(1 − g), where

g = m2

m2 − 1

(
1 − r2

A

r2

)
(29)

with rA the Alfvén radius and m = up/VAp the poloidal Alfvén Mach
number. The function g measures the discrepancy between the two
angular velocities and is related to the poloidal current flowing in the
jet (Ferreira 1997). Starting from a tiny value at the disc surface, this
function increases as the flow gets accelerated. It can then be seen
that when the flow becomes super-A, namely m = 1, a regularity
condition r = rA must be fulfilled.

The Bernoulli equation can be interpreted as providing the
velocity that matter reaches for a given ‘magnetic funnel’. At
infinity, if acceleration is so efficient that the magnetic energy
becomes negligible, equation (19) gives the maximum jet velocity
up∞ $

√
2E $ )Koro

√
2λ − 3 for cold flows. But the shape r(z)

of this magnetic funnel, or more precisely the jet transverse
equilibrium, is provided by the Grad–Shafranov equation

∇·
[(

m2 − 1
) ∇a

µor2

]
= ρ

{
dE

da
− )

d)∗r2
A

da
+

(
)r2 − )∗r

2
A

) d)∗
da

}

+
B2

φ + m2B2
p

µo

d ln η

da
, (30)

where d/da = ∇a · ∇/∇a · ∇a (Ferreira 1997). This equation is
obtained by projecting equation (3) across the magnetic surfaces
and, in practice, is not used to solve the jet physics. It does however
provide a useful tool to derive the analytical constraint to get trans-
Alfvénic flows (see Appendix B).
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Jets and winds from accretion discs 3131

Figure B1. The terminal jet poloidal velocity (in units of the Keplerian
speed at the footpoint) as a function of the magnetic lever arm λ for our
super-A solutions found in the fiducial case. The blue and orange solid
curves correspond, respectively, to upper and lower analytical limits (see
the text). The fact that solutions do not reach the maximum speed indicates
that the magnetic field still conserves a fraction of the available energy.

where E(a) = E(a) − "2
∗r

2
A. Computing the derivatives of the MHD

invariants is quite simple within the self-similar ansatz, leading to

dA

da
= ζA

β

A

ao

= ζA

β

A

Bor2
o

for an invariant A of radial exponent ζ A. Self-similarity introduces a
geometrical constraint by imposing that the Alfvén surface is a cone.
Along a magnetic surface, one has necessarily Bz/Bo − z

r
Br/Bo =

(r/ro)−2. Defining the local jet opening angle as tan θ = Br/Bz

allows us to write

cos θ − z

r
sin θ = Bor

2
o /Bpr2 , (B3)

which is verified everywhere along a magnetic surface, and in
particular at the Alfvén point. Making use of this and remembering
that m2 is only a function of the self-similar variable x lead after
some algebra to

∇a · ∇m2
∣∣

A = 2
gA

(
rA

r0

)2 B2
pA

B0

(
cos θAω

κλvA
− 1

)
. (B4)

Inserting this expression into the GS constraint provides

gA(gGS − gA) = (g2
B − g2

A)
(

1 − cos θAω

κλvA

)
, (B5)

where

gGS = 3
4

− 2 + ω2

4ωλ
− ζ4

4
g2

B (B6)

is another maximal value for gA, imposed by the jet transverse
equilibrium. The constant ζ 4 = ξ − 3/2 is the radial exponent of the
density (it comes from the d ln η

da
term). Noting that the jet opening

angle writes

cos θA =

ω

κλvA
+ zA

rA

√

1 +
(

zA

rA

)2

−
(

ω

κλvA

)2

1 +
(

zA

rA

)2

Figure B2. Position of the Alfvén point as a function of the disc ejection
efficiency ξ for our fiducial parameter set. The colour scale is the disc
magnetization µ. The behaviour of the Alfvén position is different at high
and low disc magnetizations, large ξ requiring both smaller µ and an Alfvén
surface closer to the disc surface (see the text).

Figure B3. Bending Br/Bz of the poloidal magnetic field evaluated at the
SM point, as a function of the parameter p (toroidal current density at the
mid-plane) and the disc magnetization µ (colours) for our fiducial parameter
set. The jet initial opening angle increases monotonously with increasing p
and decreasing µ.

and inserting it into equation (B5) allow us finally to express the
GS constraint into a quadratic equation on X = gA/gB

(k2c2 + cos2 *A)X2 − 2cX(k2 − sin2 *A)

+k2 − 1
k2

(k2 − sin2 *A) = 0 , (B7)

where c = gGS/gB and k2 = κ2/κ2
min with the minimum mass load

κmin defined with

κ2
minλ

3g2
B = ω , (B8)

which corresponds to the absolute lower limit for getting a super-A
flow. Indeed, for gA = 0, the GS constraint can only be satisfied for
a minimum value k2 = 1 (see equation B7). Equation (B8) is none
other than a generalization of equation (3.1) in Blandford & Payne
(1982).
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From jets to winds only by playing with µ ?
Jacquemin-Ide+ 19

Weakly magnetized disks (WEDs) have 
 - subsonic accretion
 - more massive ejection  x>0.1  , small l < 5
 - dominant Bf : « magnetic tower » -like
 - low-speed outflows: « winds »  ?

JED

WED

JED

WED

WED

JED

BUT 
solutions rely  on 3 anomalous transport coefficients (viscosity and magnetic diffusivities)
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Fig. 1.—Initial (left) and final (right) distribution of log !0 in the fiducial model on the r sin " r cos " plane. At t ¼ 0 black corresponds to !0 " 4 ;10#7, and
dark red corresponds to !0 ¼ 1. For t ¼ 2000, black corresponds to !0 " 4 ; 10#7, and dark red corresponds to !0 ¼ 0:57. The black half circle at the left edge is the
black hole.
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What do 3D global simulations tell us ? 
Igumenshchev+03
McKinney & Gammie 04 
Hawley & Krolik 06, Beckwith+ 08
McKinney & Blandford 09, 12
Punsly+ 09, Tchekhovskoy+ 10,11,12
Tchekhovskoy & Bromberg 16
Avara+16, Marshall+18
Lancova+19, Zhu & Stone 18
Mishra+21, Jacquemin-Ide+ 21
Narayan+22, Huang+23

- Innermost disk region: highly (aka « MAD ») or weakly (aka « SANE ») magnetized  [ initial conditions ]

- Disks have been thick (H/R >0.5) for ~ 15 yrs

- Only recently slim or thin with H/R < 0.1 (Avara+16, Sadowski 16, Scepi+23) 

       => Puffy disks are systematic at low magnetization (Zhu & Stone 18, Lancova+19, Jacquemin-Ide+21, Huang+23)
       => Thin (vertically compressed) disks at near-equipartition fields 
       => All simulations have disk winds (but rarely studied)

dominates it (Figure 4). The top right panel of Figure 3 shows
a great deal of momentum inflow in the vicinity of the
photosphere. For r<10M the fluid is moving toward the black
hole in a region extending up to the stagnation surface (clearly
visible as a whitish elongated area separating inwards and
outwards pointing arrows), which is at least twice as high
above the equatorial plane as the photosphere. Thus, there is no

evidence for a Blandford & Payne (1982) launching of gas,
even though the magnetic field lines are inclined outwards
(bottom left panel of Figure 3) and the fluid is undergoing
nearly Keplerian rotation (Figure 2). In the disk the magnetic
field is dominated by its azimuthal component, while in the
funnel it is dominated by its radial component. Thus, the field
changes its character near the photosphere, which results in a
minimum of magnetic pressure (pmag) there.
It is also apparent (bottom right panel of Figure 3) that,

contrary to what one assumes in the thin and slim disk models
(which are one-dimensional, the equations being height-
integrated), radiation that is about to leave the inner disk does
not move vertically when still below the photosphere (solid
white line), except at the largest radii. The radiation fluid inside
the disk flows mostly radially inwards already at r≈10M, in
contrast to the thin disk model in which the radiation flux
vector rotates from the vertical to the radial direction only very
close to the ISCO (Muchotrzeb & Paczyński 1982). In the
language of slim disks, one would say that in the region defined
by z<5M and r<10M most of the radiation is advected.
Once radiation emerges through the photosphere at r>5M, it
escapes upward and slightly outwards through an optically thin
funnel. There is an accompanying outflow of low-density
plasma, apparently pushed out by the radiation. The radiation
released in the inner disk at z M5 is lost in the black hole.
As predicted by slim disk models, there is a great deal of
advection of radiation within the disk. However, in the
simulation the advection of radiation occurs also outside the

Figure 1. Snapshots showing various physical properties of the puffy disk with ˙ ˙=M M0.6 Edd. The location of the photosphere is shown by the solid white line (the
optical depth was computed along lines parallel to the z axis), the dashed white line shows the density scale-height, hρ. Upper left: gas density ρ. Upper right: gas
momentum density ρv and vectors of gas velocity in the poloidal plane. Lower left: plasma parameter ( )b = +p p prad gas mag (colors) with contours of the azimuthal
component of the magnetic vector potential. Lower right: poloidal component of radiation flux Rt

pol (color) and its direction (unit vectors).

Figure 2. Angular velocity frequency Ω distribution scaled by the Keplerian
value ( )W = -GM RKep

1 2 3 2, where R is the cylindrical radius. Note that the
fluid in the disk is Keplerian essentially all the way up to the photosphere. The
black contour encloses the super-Keplerian region.
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Thus, the disk wind seems to play a less important role in the
disk threaded by a weaker field.

To see if the coronal accretion picture will hold for thin
disks, we have also tried one case with ( ==)H R 0.05R R0 and
β=1000. As shown in Figure 22, the coronal accretion still
dominates the disk accretion. The corona still extends to
z∼R. On the other hand, the disk accretion rate is ∼−0.002,
which is similar to the weak field case but smaller than the
fiducial case (Figure 23). This lower accretion rate is mainly
due to the smaller stress associated with a weaker field. Even
though the midplane β0 is the same as the fiducial case, the
four times smaller gas pressure means that the initial
magnetic field is weaker by a factor of 2, which leads to
weaker stress.

cs is smaller in the disk considering that αint is similar to the
value in the fiducial case. Figure 21 also suggests that the fz
stress at the wind base is ∼6 times smaller than the fiducial
case. Considering the total accretion rate is only two to three
times smaller than the fiducial case, the wind seems to play a
less important role in thinner disks, too.

5. Discussion

5.1. Meridian Circulation

How mass is transported in an accretion disk is important
not only for understanding star and planet formation, but also
for explaining components of primitive meteorites, or
chondrites, in our solar system (Cassen 1996). The refractory
inclusions in chondrites are formed at ∼1400–1800 K
(Grossman 2010). Such high temperature environment exists
at the inner disk within 1 au. In order to explain their
presence in chondrites and even in comets (e.g., Simon
et al. 2008), outward mass transfer is needed. In
viscous disks, mass can flow outwards at the disk midplane,

the so-called “meridian circulation” (Urpin 1984; Takeuchi
& Lin 2002; Jacquet 2013; Philippov & Rafikov 2017).
Such outward mass transfer could explain the refractory
inclusions in meteorites (Ciesla 2007; Hughes & Armitage
2010). However, this “meridian circulation” pattern with the
midplane going out and the surface going in is not supported
in MHD simulations with net toroidal magnetic fields (Flock
et al. 2011; Fromang et al. 2011). Fromang et al. (2011)
found that disk material is going out at all disk heights.
In this paper, a “meridian circulation” pattern is found in

our MHD simulations with net vertical fields (a similar
finding is reported in Suzuki & Inutsuka 2014 despite their
surface inflow being very close to their θ boundary).
However, the driving mechanism in our simulations is
entirely different from the traditional “meridian circulation”
in viscous disks.
Takeuchi & Lin (2002) have shown that, in viscous disks

with stress TRf=ρνR∂Ω/∂R and Tfz=ρνR∂Ω/∂z, the radial
velocity at the disk midplane is positive whenever 3p + 2q +
6 < 0. With the normal disk parameters of q=−1/2 and
p=−2.25, 3p + 2q + 6 is −1.75, and the disk flows outwards
at the midplane due to viscous stresses. At larger z, vR becomes
negative and the disk accretes inwards. Fromang et al. (2011)
have shown that such meridian circulation in the viscous disk is
due to the R–f stress, while the z–f stress actually tries to drive
the midplane inwards. When the Tfz stress is completely
ignored, the radial velocity is
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where ν=αvisccsh.
8 With q=−1/2 and p=−2.25, the disk

still flows outwards at the midplane and flows inwards at the
surface.
However, for the coronal accretion presented here, the

vertically sheared motion is mostly due to the anomalous z–f
stress instead of the TR,f stress as in viscous disks. In most
MHD simulations, the turbulent TR,f stress is almost uniform
along the vertical direction instead of being proportional to the
density (Fromang et al. 2011). In Figure 24, we can see that
the stress is even higher at the atmosphere at our inner disk, and
the stress is mostly due to the mean fields at the atmosphere
(Figure 7). For an order-of-magnitude estimate, we assume that
the stress is uniform vertically, and the α parameter at the disk
midplane varies radially as α=α0(R/R0)

γ. Then, the disk
accretion rate is
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based on Equation (25) in Fromang et al. (2011). In our fiducial
case with γ=0.5, p=−1.85, and q=−0.5, the whole disk
should flow inwards. Our angular momentum analysis in
Figure 8 confirms that the r–f stress term is negative, trying to

Figure 15. vr averaged over both the azimuthal direction and time (using
snapshots from t=40T0 to 45.6T0 with a Δt=0.1T0 interval). The green
curves are the magnetic field lines calculated with azimuthally and time-
averaged velocities. The two dashed lines show z=R and z=1.5R. The
crosses are the launching points at the wind base, which are also shown in
Figure 16.

8
αRf,visc defined in this way is smaller than the αRf defined in our paper

(αRf=TRf/ρcs
2) by a factor of 1.5.
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Figure 4.2: (top,left) Gas density and mean poloidal stream lines. The red dotted line corre-
sponds to the Alfvénic surface, and the red dashed line corresponds to the fast magneto-sonic
surface. The color of the poloidal stream lines correspond to the logarithm of their magnitude
normalized to the sound speed. (top,right) RBϕ normalized to BiRin; and mean poloidal field
lines. The grey square corresponds to the zoomed in region the bottom figure. (bottom) same
as top but zoomed in the greyed region. The black dashed line indicates the surface where
〈β〉 = 8π 〈P〉 / 〈B〉2 = 1.

Quasi steady-state accretion-ejection configuration at µ~10-4 (WED) with
 - Turbulent disc H=0.1R
 - Laminar « levitating » atmosphere (LA)
 - Turbulent atmosphere (TA) accreting @ supersonic speed (but mass-weighted subsonic)  
 - super-FM wind  starting at  Z ~ 10H = R

Jacquemin-Ide, Lesur, Ferreira 2021
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Figure 4.12: Comparison of the different pressure terms normalized to the thermal pressure
within the disks mid-plane as functions of the latitudinal coordinate. The shaded areas denote
the turbulent regions.

It may seem from Fig. (4.12) that turbulent magnetic pressure plays no role. However, the turbulent
magnetic pressure plays a very important role on the dynamics of the system. As we discussed before, the
only force capable of loading matter onto the field lines is the thermal pressure gradient, which pushes
material to the surface. It is clear in Fig. (4.12) that the laminar magnetic pressure is compressing the
disk surface. However, this compression is nowhere to be seen in Fig. (4.11). The turbulent magnetic
pressure is counteracting the compression due to the laminar magnetic pressure. This ensures that the
material can flow relatively freely from the disk to the atmosphere and enhances the mass loading in
the LA region. The same process is at play for the transition between the turbulent atmosphere and the
outflow. However, in this case it is the combined effect of thermal pressure and the turbulent magnetic
pressure (Fig. 4.12) that allows the loading of the magnetic field lines at the base of the outflow. The
reason for the reappearance of the turbulent magnetic pressure within the turbulent atmosphere will be
described in section 4.2.7.

4.2.6 Super fast wind structure
In this section we compute the MHD invariants defined in section 2.5.1 for our fiducial simulation. We
follow three average magnetic field lines crossing the mid-plane at R0 = [5, 6, 8] (Fig. 4.13,left). We
the compute the ideal MHD invariants across the 3 different field lines anchored at the radii RSM =
[3.5, 4, 7.5](Fig. 4.13,right). The invariant are approximately constant once the outflow leaves the turbu-
lent atmosphere. This show that the outflow is stationary and laminar. This is consistent with the fact that
cosψ = ±1 in the outflow region. The field lines closest to the central object are the ones that exhibit the
least amount of variability in their invariants. The closer they are to the central object the more time they
have to numerically converge as the dynamical time scale (Ω−1k ) shortens with radii. Several features of
the outflow structure can be deduced from the MHD invariants:

– The rotation invariant ω! ≤ 1, indicates that the field lines rotate close the local Keplerian speed
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Figure 4.13: Left: mean poloidal magnetic field lines in the (R,z) plane. The blue lines define
the different critical surfaces (see section 4.2.1) and they are represented as vertical lines in the
lower panel. The grey zones determine the turbulent zones defined in section 4.2.1. The lower
zone corresponds to the disk and the upper zone corresponds to the turbulent atmosphere. right:
MHD invariants calculated along the field lines of the upper panel as functions of the latitudinal
coordinate. The line style of the MHD invariants has a one to one correspondence with the field
line where the invariant was calculated. The grey zone corresponds to the end of the turbulent
atmosphere.

at their anchoring radii, or slightly slower. This is consistent with the values expected from self-
similar models (Ferreira 1997; Lesur 2021).

– The angular momentum invariant λ ! 5, so the wind is effectively free (λ > 3/2). This provides
R2A/R

2
SM = λ/ω! ∼ 8 which is comparable to the value found by Zhu and Stone 2018. We can

estimate the terminal velocity of the outflow using the magnetic lever arm (see section 2.5.4).
Using this expression we find up inf ∼ 3 |RΩK|SM.

– The mass loading invariant κ ∼ 0.1 implies that the energetic content at the base of the outflow is
dominated by the magnetic field and not the kinetic energy, consistent with a jet-like outflow. We
also compute the mass loading within the laminar atmosphere, we find κ ∼ 8. The value of κ is
almost 2 orders of magnitude larger within the laminar atmosphere when compared to the outflow.
This seems to indicate that the reason the laminar atmosphere is falling is because it is so heavily
loaded with matter.

The Bernoulli invariant characterizes the energetic of the outflow. Figure (4.14) shows the components
of the Bernoulli invariant. The positive sign indicates again that the flow is free from the potential well.
When the flow reaches the end of our simulation box, its energy content is dominated by the kinetic
component, the magnetic energy has been consumed, the outflow is close to its asymptotic state. We see
from Fig. (4.14) that the outflow is cold, i.e. the thermal pressure term, w, is negligible. Furthermore, at
the wind launching point, the outflow is dominated by the magnetic energy, and even the gravitational
energy is negligible.

Finally we also compute theMHD invariants in the south hemisphere for field lines crossing the same
radii at the disk mid-plane, R0 = [5, 6, 8]. We compute very similar values, confirming the symmetric
nature of the system.

- Disk: MRI-driven turbulence is active, quasi-static vertical balance
- Atmosphere: MRI quenched, vertical balance due to turbulent magnetic pressure (Begelman & Pringle 07), 
material is lifted up and falls inwards winding up field lines
- MRI is re-ignited @ near equipartition (Kim & Ostriker 00, Pessah & Psialtis 05), turbulent supersonic 
accreting layer (jet + disk torques)=>  Bz field is being advected (Contopoulos 96, Rothstein & Lovelace 08) 

3D Global MHD simulations of a WED



3D Global MHD simulations: from WED to JED

Initial µ~10-4 initial µ~10-2 

- Magnetic field advection done at mass-weighted accretion speed

- Self-organization around theshold in µ ~[10-3-10-2] (proposed in Ferreira+06, Petrucci+10, Marcel+18b)

- Inner saturated state = JED-like configuration with µ~1 (OK with main JED properties) 
- Inside-out increase of the JED region: much alike in GRMHD simulations with MADs
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Fig. D.1. Magnetic field flux  defined in Eq. (23) and ratio Pb,mid/Pmid (see text) as functions of time and the radial coordinate for the di↵erent
simulations: SB4 (top left), SB3 (top right), SB2 (bottom left), and SEp (bottom right). We note that Pb,mid/Pmid > h�midi�1 since the former
contains also the turbulent magnetic pressure.
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Fig. D.1. Magnetic field flux  defined in Eq. (23) and ratio Pb,mid/Pmid (see text) as functions of time and the radial coordinate for the di↵erent
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Figure 17. Radial velocity (solid black line), Alfvèn velocity (orange solid
line) and fast magnetosonic speed (blue dashed line) as a function of I along
a magnetic field line for all ⌘th/A in the case where the wind is cooled. The
wind crosses all the critical points as it propagates outward.

5 DISCUSSION
5.1 Long-term evolution and initial conditions

In this work, we presented the results of MAD simulations with
di�erent thermal scale heights, ⌘th/A . We used a relatively short
duration for our simulations, with a maximal duration of 43, 000A6/2.
We believe that our conclusions drawn from the analysis made for
A < 10 A6 should not change much at later times, based on the
similarities between our results and longer duration simulations in
the literature (Avara et al. 2016; Liska et al. 2022; Begelman et al.
2022). We tried to to run our thinnest simulation for a longer time but
observed a very peculiar behavior in the simulation. Outside of 10 A6
the midplane of the disc starts outflowing and a bump of large density
starts propagating inwards. The outflowing material then drags the
field lines outwards and the large density bump propagates inwards at
the same time. Both these e�ects destroy our MAD state by the time
the simulation has reached 60, 000 A6/2. The outflowing material
and the density bump seem to be related to the propagation inwards
of a large scale poloidal magnetic field loop that was created during
the cooling of the torus to a thin disk at 20, 000 A6/2. We do not
see such a large-scale loop appear in our other, hotter simulations.
Consequently, we suspect that the creation of this loop is due to the
extreme magnetization of our coldest disk. Indeed, in our coldest
simulation the pressure exerted by the laminar magnetic structure is
larger than the thermal pressure (see §7) and is largely balanced by
the turbulent magnetic pressure. However, in the outer disk, which
evolve more slowly, the turbulence might not have fully developed.
This would allow the magnetic structure to disrupt the initial disk

structure and reconnect on itself to create a magnetic loop. How and
when these large-scale loops are created and if they are an artifact of
our simulation or a physical reality would be an interesting line of
research in the future. We note that the outflowing midplane was also
observed in Liska et al. 2022 (see negative Ue� in their Figure 5) and
so it is unclear if this is an artifact of thin disc simulations initialized
with a torus that is then cooled or if it is a physical e�ect that would
naturally lead to the destruction of thin MADs. In any case, longer
duration simulations will be needed to confirm our results and study
the behavior of MADs at larger radii. Longer duration simulations
will also allow a longer time averaging; this will allow to reduce
noise in our analysis and strengthen our conclusions and possibly
remove the asymmetries across the midplane that can be observed
in several latitudinal profiles shown here. We emphasize that even if
our time window of analysis is relatively short (4000 A6/2) for the
simulation with ⌘th/A = 0.03, the relatively high accretion speed in
the simulation allows us to resolve eight inflowing times at A = 10 A6
so that we feel confident we are studying a steady-state up to 10 A6.

We used the same initial conditions for all of our simulations. The
fact that the midplane magnetic flux saturates at the same level for
all of our simulations could then be an artifact of our simulations
starting with the same magnetic flux profile. However, we note that
the long-duration simulation in Begelman et al. (2022) saturated to
a midplane magnetic flux profile that is proportional to radius, close
to what is reported in this work, although it started with di�erent
initial conditions. Our profile of spherical magnetic flux is also very
similar to what is reported in Avara et al. (2016), despite the fact
that the other authors used a di�erent initial field profile and initial
torus or disc properties. Nonetheless, a proper study of the e�ect
of initial conditions on the saturation profile of MADs and on the
mechanisms of flux saturation in MADs remains to be done. It is
particularly intriguing that the spherical magnetic flux on the black
hole seems to depend on ⌘th/A while the midplane magnetic flux
(i.e., the flux threading the disc as a function of radius) does not.
If true, this means that a general mechanism of saturation is needed
that does not depend on the thermal content of the disc.

5.2 Convergence of our simulations

To test the convergence of our simulations, we first compute the
latitudinal MRI quality factor, &MRI,\ , as defined in Noble et al.
(2010). We find that we have very good quality factors3 of & \ ⇡ 32,
41 and 45 for ⌘th/A = 0.3, 0.1 and 0.03, respectively, at A = 7A6. We
note that such high quality factors are a consequence of the very high
magnetization in our simulations (see the bottom panel of Figure 4).

Despite our good MRI quality factors, we note that we only have
⇡ 5 cells per ⌘th/A for our thinnest simulation with ⌘th/A = 0.03. This
could cast doubt on the pertinence of our results, especially since the
e�ects of turbulent magnetic pressure on the disc and the relative
importance of large scale stresses compared to turbulent stresses
are key results of our paper. To test further the convergence of this
simulation, we also compute the latitudinal&corr,\ and the azimuthal
&corr,q , turbulent quality factors on the turbulent correlation length
of the density (Shiokawa et al. 2011) when ⌘th/A = 0.03. We find
much larger turbulent quality factors than the number ⇡ 5 required
by McKinney et al. (2013). Indeed, we have &corr,\ ⇡ 23 when the
density is averaged over q beforehand and ⇡ 12 when only a cut in
q of the density is taken, and &corr,q ⇡ 45 for a cut of density in

3 Note that the relevance of the quality factors to deducing the presence of
MRI in MADs is not clear (Begelman et al. 2022).

MNRAS 000, 1–19 (2020)

BUT major discrepancy on mass loss: numerical ejection efficiency  x ~ 0.5-1
1. JED model needs to incorporate turbulent magnetic pressure  (Zimniak et al, in prep) 
2. MAD simulations have turbulent heating at disk surface, known to enhance  mass loss (Casse & Ferreira 2000b)
 

How do MADs compare to JEDs ?
Dynamical Properties of Thin MADs 11

Figure 12. The solid lines show the fluid-frame dissipation of heat measured
in our simulation as a function of I/A at A = 7A6 . For comparison, the dashed
lines show a Gaussian density profile of width ⌘th/A , which is the expected
dissipation profile of an isothermal disc supported by thermal pressure as in
standard theory. The measured and expected dissipation profiles are normal-
ized by the dissipation in the midplane of a standard isothermal disc accreting
at the same accretion rate as in our simulation. The grey dashed vertical lines
show the surface of the disc. For the thin disc simulations the heating rate
profile is much more extended in \ than expected from standard theory.

we added the influence of the \q stress to write1

&diss ⇡ �(1 q̂1Â )turbmA (Dq) � (1 q̂1 \̂ )turbm\ (Dq). (14)

We see from Figure 13 that the energy deposited locally comes from
two sources: the turbulent Aq stress extracting energy from the ra-
dial angular velocity gradient and the turbulent \q stress extracting
energy from the latitudinal angular velocity gradient. However, the
latitudinal profiles of the two contributions are very di�erent. The
contribution from the turbulent Aq stress is concentrated around the
midplane with I/A . 0.2 while the contribution from the turbulent

1 Note that there should be a term in Equation 14 taking into account the
dissipation of the laminar magnetic field energy due to turbulent resistivity.
Computing this term is beyond the scope of this paper given the complexity of
measuring the electromagnetic force to a high accuracy. We remark however
that our estimate of the dissipation in Equation 14 seems to already be able
to account for the measured dissipation rate of energy suggesting that the
resistive heating might be subdominant.

Figure 13. Comparison of the fluid-frame dissipation measured by our cool-
ing function (solid black line) to the turbulent dissipation associated with
the turbulent A q magnetic stress times the radial shear (dashed orange line)
and the turbulent \ q stress times the latitudinal shear (dotted grey line) as a
function of I/A at A = 7 A6 for the case ⌘th = 0.03. The A q and \ q turbu-
lent stresses account relatively well for the midplane and coronal dissipation,
respectively.

Figure 14. Individual terms in Equation 15 as a function of I/A at A = 7 A6 .
The solid blue, dashed red, solid orange and dashed grey lines show the
contribution of the laminar A q stress, the laminar \ q stress, the covariant
derivative of the laminar toroidal magnetic energy and the work by the laminar
toroidal magnetic energy respectively. The solid black line shows the sum of
all these contributions. The fact that the sum is zero shows that the laminar
stresses do not dissipate heat in the disc, in contrast to the turbulent stresses
shown in Figure 13.

\q stress peaks between I/A ⇡ 0.3 � 0.5. This di�erence in lati-
tudinal profiles can explain the latitudinal profile of the measured
dissipation in our simulation, which is formed of one bump in the
midplane, the contribution from the Aq stress, and two o�-centered
bumps, the contribution from the \q stress. We note that the energy
dissipated by the stresses is higher by a factor ⇡ 2 than our measured
dissipation profile. This might be due to the fact that measuring dis-
sipation through the cooling function does not di�erentiate between
irreversible and reversible energy exchange (here adiabatic cooling
in the expanding outflow).

Finally, we note that although angular momentum is mainly trans-

MNRAS 000, 1–19 (2020)

Both effects can be easily accounted for in 
analytical model educated by 3D simulations

Many disk and wind diagnostics NOT provided so far, but

- MRI-driven turbulence is active with µ~ 0.03-0.5

- Keplerian deviation follows JED theory (a MAD is not Arrested)

- Transsonic accretion due to dominant jet torque (MAD drives super-FM jets)

Þ numerical MADs fulfill most theoretical JED conditions

Scepi, Begelman, Dexter 2023, arXiv
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Figure 5. Color maps of the density normalized to the midplane density (right panels) and the radial mass flux normalized to the midplane density times the
Keplerian velocity in the disc (left panels). The color map on the left panels is saturated in the blue to show the dependence of the wind velocity with ⌘th/A . The
black lines represent the magnetic field lines in all panels. The white lines show the thermal scale height of the disc. We see that the density structure of the disc
barely changes between ⌘th/A = 0.1 and ⌘th/A = 0.03 because of magnetic pressure support.

Figure 6. The orange solid lines show the density as a function of I/A , normalized to the midplane density, that we measure in our simulations at A = 7 A6 . The
black dashed lines show the expected density profile for a disc vertically supported by the gradient of thermal pressure (where the thermal pressure is given by
our cooling function) in the standard, Novikov –Thorne (NT) theory. The expected density profile is normalized so as to give the same accretion rate as in our
simulation and we fixed U = 1 for the theoretical profile. The blue solid line shows the laminar magnetic pressure and the dashed grey line shows the turbulent
magnetic pressure. The left, middle and right panels show the results for ⌘th/A = 0.3, 0.1 and 0.03, respectively. The grey dashed vertical lines show the surface
of the disc defined as where the flow crosses the slow magneto-sonic point. The turbulent magnetic pressure is pu�ng up the ⌘th/A = 0.03 simulation to a much
larger scale height than expected from thermal pressure. The midplane density in our simulation is much lower than expected for a standard disc with the same
gas temperature and accretion rate.

(2020) where V\ is around 100 for ⌘th/A = 0.05. Hence, our results
confirm the trend that elevated accretion disappears at very high
magnetizations. We note that for each simulation we did observe el-
evated accretion layers at earlier times, when the magnetization was
lower. These features disappeared as time passed because of the disc
becoming MAD and so increasing in magnetization. That said, the
accretion in thin MADs always appears in a more extended region

of \ around the midplane that in standard theory. For example, for
⌘th/A = 0.3 and 0.1 we find that 63% (for 1� 4�1) of the accretion is
happening inside I/A ⇡ 0.24 and 0.11 respectively; most of the accre-
tion happens inside ⌘th/A in thick MADs. However, for ⌘th/A = 0.03,
we find that 63% of the accretion happens inside I/A ⇡ 0.10. In this
sense, we can talk about elevated accretion for thin MADs, although
we emphasize that it is not accretion happening primarily at very

MNRAS 000, 1–19 (2020)

Concluding remarks (1/3)
(1) JEDs as the mathematical description of numerical MADs ?
After ~20 yrs, simulations and theory are finally converging

      => JED theory needs to include educated turbulence profiles
      => MAD simulations need to provide specific disk + wind diagnostics

MAD JED

Scepi+23      Zimniak+ in prep 



Concluding remarks (2/3)
(2) Critical role played by the disk midplane magnetization

Radial self-organization of the disk beyond a threshold on µ (Ferreira+ 06, Jacquemin-Ide+21)

      => Provides mechanism for ubiquitous outer disk winds and inner fast jets
      => May explain XrB hysterisis cycles (Ferreira+06, Petrucci+08, Marcel+ 18,19 etc..) 
And changing look AGN… 
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Figure 1. The RXTE–PCA light curve of GX 339−4 over 11 yr. The flux is
the absorbed flux between 3–10 keV.

the normalization σ , and hence treat line components as significant
if their normalization differs from zero by at least 3σ . Both of these
two statistical tests have to be satisfied for the line to be used in
any further analysis. Using an F-test probability of P < 0.001 and
significance of the line normalization, results in 400 line detections.
We do note that some may be erroneous ‘detections’ but the majority
will be true features in the spectrum, see also Section 4 and Fig. 5
for higher signal-to-noise ratio spectra.

Any observation with a 3– 10 keV flux from the best-fitting model
of less than 1 × 10−11 erg s−1 was also discarded from further analy-
sis, as were ones where the flux was not well determined (the error on
the 3– 10 keV flux was larger than the flux itself). This resulted in a
final list of 628 observations, corresponding to 2.261 Ms, with well-
fitted spectra and high enough fluxes and counts. We extract a range
of parameters and fluxes for different bands and model components
which are presented and analysed further the following sections.

The full PCA light curve of GX 339−4 is shown in Fig. 1. There
are four outbursts covered in this period: Outburst 1 from MJD
−50000 = 0–1500, Outburst 2 from 2340–2800, Outburst 3 from
3040–3540 and Outburst 4 from 4000–. The MJD shown is for the
mid-point of each individual observation. The best sampled out-
bursts are the middle two, and these are the ones on which some
of the remaining analysis concentrates on as these have the most
observations.

Following the analysis in e.g. Homan et al. (2001); Belloni (2004);
Fender et al. (2004), we plot the X-ray observations in a hardness–
intensity diagram (HID) to show the state changes of GX 339−4 dur-
ing its outbursts. We extract the 3–6, 6–10 and 3–10 keV fluxes from
the spectra. The X-ray colour was calculated from S6–10 keV/S3–6 keV

and plotted against S3–10 keV in Fig. 2.
In Fig. 2 we show the X-ray colours of GX 339−4 where the

state transitions between the high-soft and soft-intermediate states,
as well as the hard-intermediate and low-hard states occur. The tran-
sitions have been determined by changes in the timing properties
of the source as calculated in Belloni et al. (2006) using data corre-
sponding to our Outburst 3 (see Section 4). Both transitions towards
and away from the soft state occurred between observations such that
a single X-ray colour could be used to delineate the state changes.

Belloni et al. (2005) study our Outburst 2 and the transitions
from the hard state and into the soft state are very similar to those
in Outburst 3 and so match those we use in this work. However,
the transition between the hard- and soft-intermediate states occurs

Figure 2. Top: The HID from all the observations. Power-law models
in squares, broken power-law models in circles, power-law + disc mod-
els in triangles – i.e. all triangular points require discs. X-ray colours of
0.225, 0.41 and 0.85 define the soft–soft–intermediate, soft–intermediate–
hard–intermediate and hard–intermediate–hard state transitions. Bottom:
The HIDs using a single continuum model only power law (PL), broken
power law (BPL) and disc + power law (DPL), left- to right-hand side. The
axes are the same scale as the main figure.

at a different X-ray colour. Also, there is no observation in soft-
intermediate state on the return to the low-hard state in Outburst 2.
The X-ray colour for the transition from the hard-intermediate to
the soft-intermediate state in Outburst 3 is S6–10 keV/S3–6 keV < 0.37.

There is no clear reason why the transition should occur at the
same X-ray colour for any two outbursts. The X-ray colour is deter-
mined by the temperature and photon index, and also by the relative
strength of the two components. The transitions towards the soft
state are very different between the two outbursts, and so we should
not expect the same X-ray colour to work for all three transitions.
As a single X-ray colour could be determined for the transition be-
tween the two intermediate states in Outburst 3 we show this in the
appropriate figures for Outburst 3, but do not show the equivalent
on figures for Outburst 2.

Initial investigations into the HID for the most recent outburst
(Outburst 4) whose transition into the soft state occurred at a similar
flux to Outburst 2, shows transitions between states calculated from
X-ray timing, at similar X-ray colours to Out brust 2 (Del Santo
et al., in preparation).

From now on we concentrate mainly on the soft and the hard
states as these are the best sampled (e.g. Belloni 2006). For the
remainder of this work we define the soft state when the X-ray
colour, S6–10/S3–6 < 0.22, and the hard state when S6–10/S3–6 >

0.87 unless stated otherwise (see Fig. 2), and the intermediate state
is not split in any discussions.

We also show the HIDs obtained for GX 339−4 using each of
these continuum models individually in Fig. 2. The basic shape
of the HID is recovered in all three cases, with the most similar
being the one for the disc + power law. There is a clear ‘pile-up’
of observations with an X-ray colour around 0.2, which is close to

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 387, 545–563
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A hybrid JED-SAD disk configuration
Ferreira+ 06, 22 
Petrucci+ 08,10,21,23
Marcel+ 18ab,19,20,22
Barnier+ 22

JED SAD/WED

=> TWO independent quantities provided by outer reservoir
 - mass S(t)
 - magnetic field Bz(t)

=> Translates into two time variable independent model parameters: 
 - disk transition radius rJ(t)
 - inner accretion rate Mdot(t)

A Global Spectral Study of Black Hole X-ray Binaries 9

Figure 6. The DFLD for all observations of all the objects. Each object has
a different symbol. See Fig. 4 for the legend to the symbols used.

of XTE J1817-330 the distance to the source is not well known
and there are large uncertainties on the mass of the compact object.
In the assumption that XTE J1817-330 is not a super-Eddington
source, we can use the Eddington luminosity to place limits on the
distance of the source for different values of the mass of the com-
pact object. We have currently used a value of 10 kpc, which re-
sults in a maximum Luminosity of 1.7LEdd. Therefore, assuming
that the mass of the central object is∼ 4M!, the upper limit on the
distance is∼ 8 kpc. For the upper mass limit of∼ 6M!, the upper
limit on the distance is ∼ 10 kpc and for the lower mass limit of
∼ 2M! ∼ 5.6 kpc.

For LMC X-3 the situation is less clear. The distance to the
source is well known and the mass is also comparatively well de-
termined. The DFLD of LMC X-3 alone is strange. The “stalk”
extends well beyond the most luminous disc dominated state. In-
vestigating the individual fits more closely, we found that not all of
the best fit results were well fit. Although there are sufficient counts
in the HEXTE band to pass our selection criteria, they are not suf-
ficient to constrain the powerlaw at high energies. At low energies,
in the PCA band, the data are dominated by the disc, preventing a
powerlaw component to be fitted to the data. As the powerlaw pa-
rameters cannot be accurately determined, XSPEC may not extract
values for this (disc + powerlaw) model. This model fit is then pe-
nalised in the model selection routine, and results in a best fitting
model with only a powerlaw component. In some cases, the pow-
erlaw is well-fitted, but has a very steep slope. The steep slope at
the low energies, where the powerlaw fits the rise of the disc com-
ponent results in a high powerlaw normalisation, from which the
powerlaw luminosity, and hence total luminosity, is calculated. Fit-
ting only a disc model, although it would allow the study of the
disc parameters (and may be done for a future publication) would
not allow the calculation of an accurate disc fraction.

The DFLD constructed from the SDSS7 by Körding et al.
(2006) is shown in their Fig. 10. The DFLD presented in Fig. 6 ap-
pears similar in appearance to the expected DFLD simulated for a
sample of BHXRBs undergoing outbursts by Körding et al. (2006).
There are some outlying points, but most of the observations lie in
a swathe between 1 and 50 per cent of LEdd. The outlying points
may arise from the uncertainty in the values of the distances and

7 Sloan Digital Sky Survey, Adelman-McCarthy et al. (2008)

masses of the XRBs. The radio properties across the DFLD are de-
scribed in Section 8. We now discuss the properties of the DFLD in
more detail.

5.3 Cross mapping of HID and DFLD

The mapping of the HID to the DFLD and vice-versa was not inves-
tigated clearly in Dunn et al. (2008). Although we now have more
populated diagram, the mapping from HID to DFLD and vice versa
is not easily determined for the complete population. This arises be-
cause of the problems with the HID outlined in Section 5.1. The ef-
fects of absorption on the soft end of the spectrum re-appear when
converting Disc Fractions for all the sources back onto the HID.
It is therefore easiest to see the mapping for individual objects. As
every object, and even every outburst (see Section 6) is different we
show the mapping for three representative outbursts in Fig. 7. Cor-
recting for the hardness when used in the HID would more easily
allow the comparison between sources (Done & Gierliński 2003).

In Fig. 7 we show the HID and DFLD for GX 339-4, GRO
J1655-40 and H 1743-322. To highlight the variation across the di-
agram, we select a number observations with specific X-ray colours
or disc fractions. These have been given a different colour to show
the pattern of variation between the two diagnostic measures.

Roughly, the most disc dominated states are the soft states, and
the powerlaw dominated states are the hard and intermediate states.
However the exact mapping, especially the HID intermediate states,
appears to vary from source to source. The state transitions will be
easier to map when they can be clearly identified from changes in
the timing properties of the sources, rather than from X-ray colours
at present. For further discussions on the transitions between states
see Section 7.

The apparent lack of points between powerlaw fractions of 1
and∼ 0.3 result from the low energy limitations of the RXTE PCA.
The discs we are attempting to analyse are ! 1 keV whereas the
lowest calibrated spectral energy bin is around 3 keV. Therefore as
the disc emission strengthens as the source moves into the soft state,
the X-ray colour softens. However, our fitting algorithm may take a
broken powerlaw over a disc and powerlaw fit for these intermedi-
ate states. Only when the curvature of the multicolour disc is clearly
evident will a disc and powerlaw be a better fit, by which time the
source is almost fully into the soft state. There is very little differ-
ence in the χ2 values of the fits, but as both models have the same
number of degrees of freedom, finding out which is the appropri-
ate one to choose is not straightforward. Rather than choosing disc
models where they may not have been fitted well, or may not be
appropriate, we currently continue to use the model selected on χ2

terms. This has on a handful of occasions resulted in observations
where the best fit is a broken powerlaw, but all the neighbouring
observations are disc model fits (see Appendix Fig. A.1 - 4U 1630-
47 Outburst 7 & 8). Rather than adjusting these model fits by hand,
and therefore possibly biasing our results, we leave these observa-
tions as they are, especially as they stand out clearly.

Therefore in some cases the DFLD as determined from RXTE
compresses some of the intermediate states into the powerlaw dom-
inated state. The extent to which this occurs varies on a source-by-
source basis. As can be seen in Fig. 6 the area between disc frac-
tions of 0.3 to 0.9 is fairly well populated whereas in Fig. 7 for
GX 339-4, there is a gap, but in GRO J1655-40 there is not. How-
ever above a certain X-ray hardness, all the points are compressed
on to a single line. The DFLD is therefore not ideally suited to the
study of the hard and intermediate states.

The fan-like mapping of lines of constant X-ray colour onto

c© 0000 RAS, MNRAS 000, 000–000
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Fig. 1.—Schematic picture of the source of the two flows: a subrelativistic outflow from the accretion disk is driven by the opened magnetic field lines, and its 
Alfvén turbulence heats the pair plasma that escapes with a relativistic speed along the inner flux tubes. 

process on soft photons from the accretion disk and produce 
X- and y-rays; we shall show that the pair-creation threshold 
can be easily attained, so that these photons can create new 
pairs by y-y interaction. Note that no injection is required, the 
whole distribution being determined self-consistently. 

2. PAIR CREATION WITH STOCHASTIC ACCELERATION 
The stochastic acceleration can be described by a diffusion 

coefficient in phase space which can be expressed in terms of 
the Lorentz factor y as (see, for example, Lacombe 1977) 

D = D0 yVA , (1) 

with, apart from some numerical factors of order unity, 

where rjT = (ôB2}/B2 is the turbulence parameter; vA is the 
index of the Alfvén wave spectrum, assumed to be a power-law 
spectrum with a maximum wavelength of the order of R; V* is 
the Alfvén velocity of the pair plasma; rL = mec2/eB; and R is 
the typical size of the core region (a few gravitational radii, 
say). 

We determine the turbulence level by balancing the insta- 
bility growth rate (^/Q) and the turbulence transfer rate 
(~>1t VJR)- We get t]T ^ xK^JV*. 

It is noteworthy that, if the diffusion is negligible, the jet 
should be hollow, since there is no stable orbit in the vicinity of 
the black hole (r < 3rG, for a Schwarzschild black hole). 
Indeed, the diffusion time of the protons coming from the 
MHD outflow is very long. For instance, Bohm’s diffusion 
coefficient leads to diffusion times longer than the age of the 
universe. Smaller diffusion times could be obtained, but with 
strong hydrodynamic turbulence that would destroy the 
overall MHD structure. Because of the very low abundance of 
protons in the core, no significant absorption of Alfvén waves 
is expected at frequencies smaller than the electron cyclotron 
frequency. Hence an important consequence is that the pairs 
are accelerated without any energy threshold. 

Assuming at first approximation an isotropic soft photon 
field of density ns and typical energy es = (hv/mec2y, the 
Compton cooling is such that 

Without pair creation or bulk flow, the equilibrium distribu- 
tion function p would be the stationary solution of the Fokker- 
Planck equation: 

(3) 

We obtain the so-called pile-up distribution (Schlickeiser 
1984): 

p(y)cc y2 exp (4) 

where ÿ = (ßD0/A)llß, and ß = 3 — vA. This ÿ corresponds to 
the typical internal energy of the pair plasma, and the rela- 
tivistic pressure is of the order of n* yme c2, where 

n * Í 
p(y)dy 

is the pair density. 
For typical values of the parameters, namely, with the inten- 

sity of the magnetic field at equipartition with the radiation 
pressure, rjT = 10-2, ls = 102, V* = c,ß = 3/2, we obtain 

ÿ ~ 103 . 
However, significant pair creation occurs when y > ypc = 
[3/(4€s)]1/2, provided that the pair plasma is optically thick to 
y-photons, which implies a large X-compactness lx, defined by 

I _ 0T Lx 
x 4nRmec3 

Assuming that the soft photons are emitted by the accretion 
disk in the UV bump (€s ^ 10-4), we get ypc ~ 102, which can 
be easily achieved with the previous values of the parameters. 
The X-ray luminosity Lx is equal to the power dissipated by 
the absorption of the Alfvén turbulence by the accelerated par- 
ticles. It can be a sizable fraction of the accretion power, since 
the growth time of the instability is quite short and so the 
compactness is reasonably greater than unity. 

Under this assumption, one can obtain a simplified expres- 
sion for the rate of pair creation per unit volume and per unit 
energy (Zdziarski & Lightman 1985; Svensson 1987): 

with 
y= -Ay2 , 

A = f<TTCMs€s . 

(2) P{y) = 4M2y), (5) 
where hc(2y) is the rate of production of y-photons of energy 
2ymec2 by the IC process on soft photons. This rate can be 
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supersonic speeds (see, e.g., Marcel & Neilsen 2021;1

Kawamura et al. 2022), which cannot be reached with typ-2

ical viscous torques. Because type C QPOs are prevalent in3

these luminous states, the authors concluded that solid-body4

LT-precession is probably not the driving mechanism.5

The existence of a black hole-aligned precessing inner JED6

region translates into an inner jet precession and might there-7

fore contribute to produce type A and/or type B LFQPOs8

(Stevens & Uttley 2016; Liska et al. 2019, 2021; Kylafis et al.9

2020; Ma et al. 2021). It might also provide the geometrical10

e↵ect that is invoked to explain the influence of the source incli-11

nation on both the QPO amplitude and lags (e.g., Motta et al.12

2015; Heil et al. 2015; van den Eijnden et al. 2017). According13

to the above discussion, however, we doubt that solid-body LT-14

precession could be the generic physical mechanism responsible15

for type C QPOs in all XrBs, and another mechanism therefore16

needs to be found (see also Nathan et al. 2022).17

3. LFQPOs as the disk signature of a jet instability18

Type C LFQPOs are detected in the hard energy band, which is19

associated with a corona or hot inner flow (but see the discussion20

in Rodriguez et al. 2004a, 2008), but their frequencies show a21

tight correlation with the inner standard accretion disk radius,22

which is the JED-SAD transition radius rJ in our view (Eq. (1)).23

The di�culty is reconciling this correlation with a factor � ⇠24

100, which requires a secular process.25

In the JED-SAD framework, two bipolar self-confined jets26

are magnetically launched from the inner JED. Thus, instead of27

searching for a secular instability within the disk itself, we pro-28

pose that these LFQPOs are the disk response to some instability29

that is triggered in the jets themselves, away from the disk. This30

idea could naturally reconcile the low frequency of type C QPOs31

(long-term or large-scale behavior) with their apparent link with32

the transition radius rJ . Several aspects must be considered: (i)33

How can a jet instability still impact the underlying disk? (ii)34

Why would it have an influence on the JED spectrum? (iii) What35

type of jet instability would then be necessary?36

3.1. Causal connection with the underlying disk37

We first assume that jets launched below rJ are indeed prone38

to some global instability. Because jets are clearly observed39

up to large scales, this instability must not lead to jet dis-40

ruption. We thus only require that its nonlinear stage leads to41

some local plasma and electric current reorganization, ending up42

mostly in jet wobbling. This wobbling defines a frequency that43

is then expected to be conveyed backward to the disk through44

waves. If this instability is triggered in the causally connected45

jet region, namely before the fast-magnetosonic (FM) surface,46

then FM waves can indeed propagate upstream and reach the47

disk (in a time of about the Keplerian orbital timescale at rJ;48

e.g., Ferreira & Casse 2004) so that we expect them to lead only49

to some broadband noise. Far longer timescales and/or spatial50

scales must be at play in order to trigger type C QPOs, however.51

We are thus led to assume that this jet wobbling occurs52

beyond the FM surface. In this case, waves can no longer propa-53

gate upstream within the jet. However, the JED-SAD framework54

requires the existence of a large-scale vertical field threading the55

whole accretion disk. Although the super-FM jet is defined with56

the magnetic flux threading the JED, there is still a magnetic57

field around it, threading the SAD. This field defines a magnetic58

sheath inside which the inner jet is propagating (see sketch in59

Fig. 1). This outer sheath being sub-FM (e.g., in the simulations60

risco rJ
rjet

ZI

Fig. 1. JED-SAD hybrid disk configuration and its associated outflows
in the hard state. The JED is settled from the ISCO risco up to the tran-
sition radius rJ , beyond which an SAD is established. A vertical large-
scale magnetic field threads the whole region up to the axis. The red
zone is the relativistic Blandford-Znajek spine, the blue zone is the sub-
relativistic to mildly relativistic Blandford-Payne jet launched from the
JED, and the gray shaded area is the outer magnetic sheath, with only an
unsteady sub-Alfvénic outflow (wind). The optimal location for the jet
instability is the altitude zI , where the outer magnetic surface anchored
at rJ is starting to recollimate toward the axis, defining the jet radius rjet.

of Murphy et al. 2010), waves can still propagate downward and 61

thereby reach the disk. The path followed by these waves is not 62

straightforward as the medium is inhomogeneous and waves are 63

known to undergo some refraction. However, we expect modes 64

to propagate preferentially along the sheath down to the transi- 65

tion radius rJ (much like a surface mode). Moreover, when these 66

waves reach the sub-FM zone of the inner jet, they will start to 67

act as a lateral source localized at the limiting surface anchored 68

at rJ . This in turn leads to perturbations that this time can prop- 69

agate within the jet and reach the whole JED extension. 70

Our main assumption is therefore the existence of a jet insta- 71

bility that is triggered at a distance zI and leads to subsequent 72

jet wobbling. This lateral jet displacement bounces back on the 73

magnetic sheath, which triggers the propagation of perturba- 74

tions. How long it takes for these perturbations to reach the disk 75

is a di�cult question, as it requires following the path of these 76

waves. However, when the instability is triggered, the perturba- 77

tions in the jet itself are advected downstream, leaving behind 78

the same physical conditions that have led to the triggering of 79

the instability. As a consequence, it will grow again near zI and 80

lead to another unstable regime with a global jet displacement. 81

As long as the conditions for the jet instability are met, we expect 82

this cycle to continue and thereby define a jet wobbling fre- 83

quency ⌫I that is mostly related to the timescale required for the 84

lateral jet displacement. This frequency will be observed as an 85

LFQPO in the disk. 86

3.2. Impact on the accretion flow: LFQPOs 87

The jet instability acts like a hammer hitting the sheath with 88

a characteristic frequency ⌫I . The information (wobbling fre- 89

quency and released energy) is transported backward by FM 90

waves traveling along the magnetic sheath surrounding the jet 91

near rJ . A fraction of this energy is then expected to be spread 92

throughout the JED through a lateral shower of FM modes trig- 93

gered at the magnetic sheath near the disk. Computing how 94
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(3) JED interfaces ?
Both sides may affect large scale jet acceleration+collimation properties 
 and jet radiation
 
- Outer Wind emitting region 
Timing properties are sensitive to radial zones and their transitions 
(Ferreira+ 22, Jannaud+ 23, Malzac & Marcel to be subm)

- Inner (leptonic or hadronic ?) Blandford-Znajek spine
GRMHD simulations are pure MHD (with density floor bias)

   => Radiation effects may play a dominant role on e+-e- pairs, 
       best suited to be efficiciently accelerated  along the axis
       « two-flow model » 
 Sol et al 89, Henri & Pelletier 91,  
 Saugé & Henri 04, Vuillaume+18 

Henri & Pelletier 91

Concluding remarks (3/3)

Ferreira+ 22



MADs reveal their JED nature
  
Analytics + Numerics must now learn to work hand in hand. 

Large scale Bz field pleads guilty for : 
1- the disparition of the Standard Accretion Disk
2- leading microquasars to wild accretion-ejection events 
Invisible agent suspected to work behind the scene also on other systems. 

SAD


