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The jet origin is near the BH.

Nakamura et al. 2018

toroidal field component), overpressured jet sheath against the
uniform ISM environment is reproduced in numerical simula-
tions (e.g., Clarke et al. 1986).

As a summary of this section, we conclude that the edge of
the jet sheath in M87 upstream of rB can be approximately
described as the outermost BP82-type streamline of the FFE jet
solution with the Kerr parameter a>0, which is anchored to
the event horizon. Thus, we suggest that the parabolic jet
sheath in M87 is likely powered by the spinning BH. Recent
theoretical arguments clarified that the outward Poynting flux is
generally nonzero (i.e., the BZ77 process generally works)
along open magnetic field lines threading the ergosphere
(Komissarov 2004; Toma & Takahara 2014). Thus, our
findings support the existence of the ergosphere. We note,
however, that there is an alternative suggestion that the jet
sheath is launched in the inner part of the Keplerian disk at
R∼10rg (Mertens et al. 2016).

4.2. Jet Kinematics

Figure 16 overviews the jet kinematics by compiling the data
in the literature (see the caption for references). Multi-
wavelength VLBI and optical observations reveal both
subluminal and superluminal features in proper motion,
providing a global distribution of the jet velocity field V in
M87. We display the value of Γβ in Figure 16 by using
simple algebraic formulae with the bulk Lorentz factor

bG º - -( )1 2 1 2 and b b b q q= +( )cos sinapp app v v , where
β=V/c and βapp is the apparent speed of the moving
component in units of c. The value of Γβ approaches β in the
nonrelativistic regime (G l 1) and represents Γ in the
relativistic regime (b l 1), thereby representing simulta-
neously the full dynamic range in velocity over both regimes.
Superluminal motions (βapp>1) have been frequently

observed at relatively large distances beyond rB. Furthermore,
these components seem to originate at the location of HST-1

Figure 15. Distribution of the jet radius R as a function of the jet axial distance z (deprojected with M=6.2×109 Me and θv=14°) from the SMBH in units of rg
(see Asada & Nakamura 2012; Hada et al. 2013; Nakamura & Asada 2013, labeled as AN12, H13, and NA13, respectively). Additional data points are taken from
Doeleman et al. (2012), Akiyama et al. (2015), and Hada et al. (2016) (labeled as D12, A15, and H16, respectively). The (vertical) dot-dashed line denotes the Bondi
radius rB, located at;6.9×105rg, and the HST-1 complex is around 106rg. The filled black region denotes the BH (inside the event horizon), while the hatched area
represents the ergosphere for the spin parameter a=0.99. The light-gray area denotes the approximate solution (e.g., NMF07; TMN08) of the FFE genuine parabolic jet
(outermost BZ77-type streamline: µz R2 at R/rg?1), while the dark-gray area is the case of the parabolic jet (outermost BP82-type streamline: z∝R1.6 at R/rg?1). In
both of the outermost streamlines, which are anchored to the event horizon with θfp=π/2, a variation from a=0.5 (upper edge) to a=0.99 (lower edge) is represented as
a shaded area. The solid line is the linear least-square for data points of MERLIN 1.8 GHz, indicating the conical stream z∝R (Asada & Nakamura 2012).

16

The Astrophysical Journal, 868:146 (28pp), 2018 December 1 Nakamura et al.

je
t w

id
th

:R
(r S

)

distance from BH:z(rS)

distance from BH:z(pc)

1 10210 103 104 105 106 107 108

10-4 110-110-210-3 10 102 103 104

1

10

102

103

104

105

106

z∝R2

EHT 

183C273 43 GHz RMc c cD ~ D + D ~ o n. Regarding M87, its
EVPA uncertainty in 86 GHz images would be somewhat
larger than this value, since the lower S/N of polarization
signals (S/N∼4.5; see Section 3.4) from this source gives
another non-negligible thermal error term. This can be
estimated as Pradian 2therm p( )c sD ~ where ps and P are
rms noise level and polarized intensity in the polarization
map(e.g., Roberts et al. 1994). With S/N=P ps ∼4.5, we
obtain 6therm,M87cD ~ n. Assuming that 3C273cD and

therm,M87cD are statistically independent, we estimate a total
error budget for M87 to be M87cD ∼±20°.

2.3. Lower-frequency Data

As supplementary data sets, we additionally made VLBA-
only observations of M87 at 24 and 43 GHz close in time with
the 86 GHz sessions. The observations were carried out on
2014 March 8, 26, and May 8, where both 24 and 43 GHz were
used quasi-simultaneously by alternating the receivers quickly.
On March 26 and May 8, all the VLBA stations were present,
while on March 8 the antennas at Mauna Kea and Fort Davis
were absent. We received only RR polarization signals with a
total bandwidth of 128MHz (on March 8) or 256MHz (on
March 26 and May 8). Among these sessions, the data on
March 26 were the best in overall quality, while the data on
March 8 were relatively poor. The initial data calibration
(a priori amplitude correction, fringe-fitting, and bandpass) was
made in AIPS, and the subsequent image reconstruction was
performed in Difmap based on the usual CLEAN/self-

calibration procedure. The basic information of these data is
also tabulated in Table 1.

3. RESULTS

3.1. New 86 GHz Images

In Figure 3 we show a representative 86 GHz image of the
M87 jet obtained by our VLBA+GBT observations. For a
better visualization, the image is produced by combining the
visibility data over the two epochs, and restored with a
convolving beam of 0.25 mas ×0.08 mas at a position angle
(PA) of 0°. A contour image with a natural weighting scheme is
also displayed in the top panel of Figure 4.
Thanks to the significant improvement in sensitivity, a

detailed jet structure was clearly imaged down to the weaker
emission regions. The resulting image rms noise of the
combined image was ∼0.28 mJy beam−1. In this period the
extended jet was substantially bright down to ∼1 mas from the
core. The weak emission was detected (particularly in the
southern limb) down to ∼3 mas from the core at a level of 3σ,
and another ∼1–2 mas at 2σ. The peak surface brightness of the
image was 500 mJy beam−1 at this resolution, corresponding to
an image dynamic range greater than 1500 to 1 (the detailed
value varies slightly as a function of the weighting scheme and
convolving beam). This is the highest image dynamic range
obtained so far at 86 GHz for this jet, and is quite comparable
to typical dynamic ranges in VLBA images at 43 GHz(e.g., Ly
et al. 2007). We describe a comparison of our 86 and 43 GHz
images in the next subsection.

Figure 3. VLBA+GBT 86 GHz false-color total intensity image of the M87 jet. The image is produced by combining the visibility data over the two epochs on 2014
February 11 and 26. The restoring beam (0.25 mas ×0.08 mas at PA 0°) is shown in the bottom-right corner of the image. The peak intensity is 500 mJy beam−1 and
the off-source rms noise level is 0.28 mJy beam−1, where the resulting dynamic range is greater than 1500 to 1.
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limb-brightened structure 

z = 5mas z = 15mas z = 30mas

Continuing triple-ridge structure

triple-ridge structure

• High-resolution VLBI observations 
have resolved jets and revealed 
detailed emission structures.


• limb-brightened: M87, Mrk 501, Mrk 
421, Cyg A, 3C84


• triple-ridge: only in high-sensitivity 
observation of M87 


• jet width profile


• Jet emission near the horizon is not 
observed yet.

Radio observations

approaching jet origin!!
M87 jet



comparison to observations

• The plausible jet launching mechanism is 
the Blandford-Znajek process.


• rotational energy of BH 
→ Poynting flux 
→ kinetic energy


• GRMHD simulations supports the BZ 
process.


• Combining with radiative transfer 
calculations, one can create synthetic 
images. 
 
→ compare theoretical models with 
observations = “black hole shadow”

GRMHD simulations

11

ਤ 1.4: ॳظঢ়ଶ ͱऴঢ়ଶ(ࠨ) (ӈ)ͷ࣓ྗઢߏ଄ɻࠨͷॎ͕࣠ϒϥοΫϗʔϧͷճస࣠Ͱ
͋Γɺ(0,0)ʹϒϥοΫϗʔϧ͕͋Δɻԁ൫಺Ͱཚྲྀత࣓৔ɺ࣠෇ۙͰ޲ํۃʹͦΖͬͨ
Խ֨͠نͰܘϒϥοΫϗʔϧͷ൒ࢭ੒͞Ε͍ͯΔɻॎ࣠ͱԣ࣠͸͍ͣΕ΋੩ܗ৔͕࣓͍ڧ
཭Ͱ͋Δɻ(McKinneyڑͨ and Gammie (2004)ΑΓ)

8 GRMHD community and the EHTC

Figure 1. Views of the radiatively ine�cient turbulent black hole accretion problem at tKS = 10 000M against the Kerr-Schild
coordinates (subscript KS). Left: logarithmic rest-frame density (hue) and rendering of the magnetic field structure using line-
integral convolution (luminance), showing ordered field in the funnel region and turbulence in the disk. Center: the logarithm of
the magnetization with colored contours indicating characteristics of the flow. The magnetized funnel is demarcated by � = 1,
(red), the disk is indicated by � = 1 (green) and the geometric Bernoulli criterion (ut = �1) is given as blue solid line in the
region outside of the funnel. Right: schematic of the main components. In these plots, the black hole horizon is the black disk
and the ergosphere is shown as black contour. The snapshot was obtained from a simulation with BHAC.

Turning back to the morphology of the RIAF accretion, Figure 1, one can see that between evacuated funnel
demarcated by the funnel wall (red) and bound disk material (blue), there is a strip of outflowing material often also
referred to as the jet sheath (Dexter et al. 2012; Mościbrodzka & Falcke 2013; Mościbrodzka et al. 2016a; Davelaar
et al. 2018). As argued by Hawley & Krolik (2006), this flow emerges as plasma from the disk is driven against the
centrifugal barrier by magnetic and thermal pressure (which coined the alternative term funnel wall jet for this region).
In current GRMHD based radiation models as utilized e.g. in EHT Collaboration (2019b), as the density in the funnel
region is dominated by the artificial floor model, the funnel is typically excised from the radiation transport. The
denser region outside the funnel wall remains which naturally leads to a limb-brightened structure of the observed
M87 “jet” at radio frequencies (e.g. Mościbrodzka et al. 2016a; Chael et al. 2018; Davelaar et al. 2019 in prep.). In the
mm-band (EHT Collaboration 2019a), the horizon scale emission originates either from the body of the disk or from
the region close to the funnel wall, depending on the assumptions on the electron temperatures (EHT Collaboration
2019b).
In RIAF accretion, a special role is played by the horizon penetrating magnetic flux �BH: normalized by the accretion

rate � := �BH/

p
Ṁ , it was shown that a maximum for the magnetic flux �max ⇡ 15 (in our system of units) exists

which depends only mildly on black hole spin, but somewhat on the disk scale height (with taller disks being able to
hold more magnetic flux, Tchekhovskoy et al. 2012). Once the magnetic flux reaches �max, accretion is brought to a
near-stop by the accumulation of magnetic field near the black hole (Tchekhovskoy et al. 2011; McKinney et al. 2012)
leading to a fundamentally di↵erent dynamic of the accretion flow and maximal energy extraction via the Blandford &
Znajek (1977) process. This state is commonly referred to as Magnetically Arrested Disk (MAD, Bisnovatyi-Kogan &
Ruzmaikin 1976; Narayan et al. 2003) to contrast with the Standard and Normal Evolution (SANE) where accretion
is largely una↵ected by the black hole magnetosphere (here � ⇠ few). While the MAD case is certainly of great
scientific interest, in this initial code comparison we focus on the SANE case for two reasons: i) the SANE case is
already extensively discussed in the literature and hence provides the natural starting point ii) the MAD dynamics
poses additional numerical challenges (and remedies) which render it ill-suited to establish a baseline agreement of
GMRHD accretion simulations.

3. CODE DESCRIPTIONS

Porth et al. 2019
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In Section 6 we combine EHT data with other constraints on the
radiative efficiency, X-ray luminosity, and jet power and show
that the latter constraint eliminates all a 0* � models. In
Section 7 we discuss limitations of our models and also briefly
discuss alternatives to Kerr black hole models. In Section 8 we
summarize our results and discuss how further analysis of existing
EHT data, future EHT data, and multiwavelength companion
observations will sharpen constraints on the models.

2. Review and Estimates

In EHT Collaboration et al. (2019d; hereafter Paper IV) we
present images generated from EHT2017 data (for details on
the array, 2017 observing campaign, correlation, and calibra-
tion, see Paper II and Paper III). A representative image is
reproduced in the left panel of Figure 1.

Four features of the image in the left panel of Figure 1 play
an important role in our analysis: (1) the ring-like geometry, (2)
the peak brightness temperature, (3) the total flux density, and
(4) the asymmetry of the ring. We now consider each in turn.

(1) The compact source shows a bright ring with a central
dark area without significant extended components. This bears
a remarkable similarity to the long-predicted structure for
optically thin emission from a hot plasma surrounding a black
hole (Falcke et al. 2000). The central hole surrounded by a
bright ring arises because of strong gravitational lensing (e.g.,
Hilbert 1917; von Laue 1921; Bardeen 1973; Luminet 1979).
The so-called “photon ring” corresponds to lines of sight that
pass close to (unstable) photon orbits (see Teo 2003), linger
near the photon orbit, and therefore have a long path length
through the emitting plasma. These lines of sight will appear
comparatively bright if the emitting plasma is optically thin.
The central flux depression is the so-called black hole
“shadow” (Falcke et al. 2000), and corresponds to lines of
sight that terminate on the event horizon. The shadow could be
seen in contrast to surrounding emission from the accretion
flow or lensed counter-jet in M87 (Broderick & Loeb 2009).

The photon ring is nearly circular for all black hole spins and
all inclinations of the black hole spin axis to the line of sight

(e.g., Johannsen & Psaltis 2010). For an a 0* � black hole
of mass M and distance D, the photon ring angular radius on
the sky is
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where we have scaled to the most likely mass from Gebhardt et al.
(2011) and a distance of 16.9 Mpc (see also EHT Collaboration
et al. 2019e, (hereafter Paper VI; Blakeslee et al. 2009; Bird et al.
2010; Cantiello et al. 2018). The photon ring angular radius for
other inclinations and values of a* differs by at most 13% from
Equation (1), and most of this variation occurs at a1 1*� �∣ ∣
(e.g., Takahashi 2004; Younsi et al. 2016). Evidently the angular
radius of the observed photon ring is approximately 20 asN_
(Figure 1 and Paper IV), which is close to the prediction of the
black hole model given in Equation (1).
(2) The observed peak brightness temperature of the ring in

Figure 1 isT 6 10 Kb pk,
9_ q , which is consistent with past EHT

mm-VLBI measurements at 230 GHz (Doeleman et al. 2012;
Akiyama et al. 2015), and GMVA 3 mm-VLBI measurements of
the core region (Kim et al. 2018). Expressed in electron rest-mass
(me) units, k T m c 1b pk b pk e, B ,

22 w �( ) , where kB is Boltzmann’s
constant. The true peak brightness temperature of the source is
higher if the ring is unresolved by EHT, as is the case for the
model image in the center panel of Figure 1.
The 1.3 mm emission from M87 shown in Figure 1 is

expected to be generated by the synchrotron process (see Yuan
& Narayan 2014, and references therein) and thus depends on
the electron distribution function (eDF). If the emitting plasma
has a thermal eDF, then it is characterized by an electron
temperature T Te b. , or k T m c 1e e eB

22 w �( ) , because
e b pk,2 � 2 if the ring is unresolved or optically thin.
Is the observed brightness temperature consistent with what

one would expect from phenomenological models of the
source? Radiatively inefficient accretion flow models of M87

Figure 1. Left panel: an EHT2017 image of M87 from Paper IV of this series (see their Figure 15). Middle panel: a simulated image based on a GRMHD model. Right
panel: the model image convolved with a 20 asN FWHM Gaussian beam. Although the most evident features of the model and data are similar, fine features in the
model are not resolved by EHT.
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Figure 7. The Br and B✓ components in the equatorial plane
(model C-H4-L2) show periodic in-spiraling of magnetic flux onto
the central BH during two subsequent episodes of e�cient en-
ergy extraction. The shown data has a grid resolution of �x,y,z 
0.25rg . The emerging spiral patterns show 3D e↵ects in the plung-
ing region, which break the axial symmetry.

ii) Opening up of the accreted loop and gradual exten-
sion of field lines linking the polar regions to larger vertical
heights (Figure 9b).
iii) Complete opening of the accreted loop and initializa-
tion of the rearrangement of the jet launching region. In this
phase the peak energy extraction e�ciency is attained. This
comes along with the formation of larger-scale flux struc-
tures form above the polar regions, development of plas-
moids with strong toroidal field dominance at the interface
of di↵erent polarizations (Figure 9c).
iii) Rearrangement of the fields in the plunging region ensu-
ing the development of extended regions of strong toroidal
dominance along the axis of rotation. Decrease in process
e�ciency (Figure 9d).

4 DISCUSSION

4.1 Reconnection sites

The development of regions with relatively sharp transi-
tions of polarity in the magnetic field (current sheets) is
enhanced in 3D compared to axisymmetry. These 3D dy-
namics yield both, a growth of the surface where the mag-
netic field changes its polarity, and small-scale structures
where the magnetic field folds into itself. Thus, they enhance
the prospects for (physical) resistive reconnection compared
to axisymmetric models. In our numerical method, both
of these e↵ects result into (numerical) dissipation of the
magnetic field (see, e.g. Rembiasz et al. 2017, for a deep

Figure 8. 3D impression of the accretion of one magnetic flux
tube onto a rapidly spinning BH (a⇤ = 0.9) in the C-L4-L2 model.
The (outgoing) Poynting flux emerging from the BH horizon is
visualized by ribbons coloured according to the strength of the
associated radial energy flow (CGS units; see the colour scale).
The radial magnetic flux (absolute value) is depicted by the den-
sity plot, indicating 3D non-axisymmetric e↵ects in the plunging
region. During peak outflow, extended helical structures of en-
ergy flow build up above the polar regions. Their confinement
and strength decreases after peak e�ciency. Click for animation
(only Adobe Reader).

discussion on the similarities of numerical and physical re-
sistive e↵ects), in qualitative agreement with recently pre-
sented simulations by Bromberg et al. (2019); Davelaar et al.
(2019). A relevant di↵erence between the 2D models of Par-
frey et al. (2015) and ours originates from the geometry
and surface area of the current sheets between consecutive
loops of alternate polarity. When loops plunge into the BH,
the shape their common interface is paraboloidal and axial-
symmetric, with a surface S2D. In contrast, in 3D it is a
wound up paraboloid whose projection on the equatorial
plane resembles a helical structure (Figure 7). The surface
of these wound up structures is (roughly) S3D ⇠ NS2D, where

N ⇠ ⌦BH/(2⌦ISCO), and ⌦ISCO = (a ± r3/2
c,ISCO/

p
M)�1 is the

rotational frequency at the ISCO (30). For counter-rotating
AD models, N ' 4 (N ' 1 in the co-rotating case).

The quasy-concentric layers where the magnetic field al-
ternates polarity are potentially well suited to develop ideal
resistive tearing modes on parallel current layers. The term
ideal was introduced by Pucci & Velli (2014), who showed
that current sheets with appropriate thickness a = S�1/3L,
are unstable against a tearing mode growing on an Alfvén
(ideal) timescale in classical resistive MHD (here L is a char-
acteristic macroscopic length of the current sheet, and S is
the Lundquist number; S � 1 in astrophysical environments,
e.g. S ⇠ 1012 in the solar corona). This result has been later
confirmed numerically in (special) relativistic resistive MHD
(Del Zanna et al. 2016; Miranda-Aranguren et al. 2018). An
extension of this result to multiple-layered systems in resis-

MNRAS 000, 1–25 (2019)
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in GRMHD simulations

• Thermal plasma cannot dissipate into the 
highly magnetized region.


• In GRMHD simulations, the separation 
surface between the inflow and outflow 
emerges at the balanced surface of the 
gravity and the Lorentz force.


• Density becomes very low in the jet. 
Due to the numerical difficulty, density is 
replaced by “floor values” in simulations. 
 
e.g., ,   
(McKinney & Gammie 2004)

ρ0;min = 10−4r−3/2 umin = 10−6r−5/2

Density-floor 

the energy flux direction shown in Figure 1). Such disconti-
nuity of the energy and momentum fluxes implies that the
outflow is accretion-powered, which is constrained by the
energy input from the disk/corona. The switch-on and switch-
off of the extraction of the black hole energy (inflow) may
closely relate to the launching and quenching of relativistic jets
(outflow) (e.g., Pu et al. 2012; Globus & Levinson 2013).

Prior to the GMRHD studies mentioned, Phinney (1983)
considered the inflow and outflow along a monopole field
jointly by the conservation of the total energy flux per flux
tube. In this pioneering work, they consider energy extraction
from the black hole via BZ77 process (the inflow part), and the
Michelʼs “minimum torque solution” (Michel 1969), in which
the fast(-magnetosonic) point is located at infinity (the outflow
part). We, however, suggest that a more realistic situation can
be considered: the black hole energy extraction process in the
framework of GRMHD, and a type of parabolic GRMHD flows
as a result of external pressure confinements provided by the
corona/accretion. Recent observational evidence also supports
this idea; nearby active radio galaxy, M87, exhibits the
parabolic streamline up to _105 Schwarzschild radius (Asada
& Nakamura 2012).

Furthermore, we are interested in the case that the fast point
of the outflow is located at a finite distance. This consideration
is directly related the conversion from Poynting to kinetic
energy fluxes of the flow and therefore the jet acceleration.
Poloidal magnetic flux is required to diverge sufficiently
rapidly in order for most of the Poynting flux to be converted
into the kinetic energy flux beyond the fast point (also known
as the magnetic nozzle effect; e.g., (Camenzind 1989; Li
et al. 1992; Begelman & Li 1994; Takahashi & Shibata 1998).

Beskin & Nokhrina (2006) examine the acceleration of the
jet along a parabolic streamline by introducing a small
perturbation into the force-free field. As a result, the fast point
is located at a finite distance. This indicates how plasma
loading in the flow plays a role in accelerating the flow, as well
as a conversion from Poynting to kinetic/particle energies.
They consider the behavior of the outflow in the flat spacetime.
However, we are interested in both the inflow and outflow near
a black hole.
All of these theoretical works provide important pieces

toward a picture that includes the following process along the
field line: (i) in the inflow region the rotational energy of the
black hole is extracted outward by the GRMHD inflow, (ii) at
the the inflow/outflow separation surface the extracted energy
flux is carried out continuously, and (iii) in the outflow region
the flow passes the fast point, and hence the bulk Lorentz factor
increases. Although this picture has already been recognized in
the quasi-steady state in GRMHD simulations (e.g., McKinney
& Gammie 2004; Hawley & Krolik 2006; McKinney 2006), no
steady solution is available in the literature.
In this paper, we present the first semi-analytical work. We

consider the energy extraction from the black hole via the
GRMHD (inflow), and the perturbed force-free parabolic field
line in Beskin & Nokhrina (2006) (outflow). With given black
hole spin, field angular velocity, and magnetization at the
separation surface, we are able to to constrain the outflow
solution by the inflow solution. For reference, we adopt similar
parameters reported in the GRMHD simulation of McKinney
(2006; hereafter M06). Our semi-analytical solution passes all
the critical points (inner and outer, Alfvén, and fast points), and
agrees with the inflow and outflow properties along a mid-level
field line in M06.
The paper is organized as follows. In Section 2, we outline

the GRMHD formulation and the wind equation (WE). In
Section 3, with the consideration of the conservation of energy
flux in inflow and outflow region near the separation surface,
we discuss the matching condition to connect the inflow and
outflow part of a PFD GRMHD flow. In Section 4, we
introduce our model setup. We adopt similar parameters to
those reported by M06, and compare the solution obtained by
the matching condition with that of the time-averaged GRMHD
numerical simulation results in M06. Finally, a summary is
given in Section 5.

2. STATIONARY AXISYMMETRIC MHD
FLOW IN A KERR SPACETIME

2.1. Basic Formulae

The theory about stationary and axisymmetric ideal
GRMHD flows has been in several works
(Camenzind 1986a, 1986b, 1987; Takahashi et al. 1990; Fendt
& Camenzind 1996; Fendt & Greiner 2001; Fendt & Ouyed
2004). For completeness, in this section we summarize and
present the necessary formulae for this paper.
The natural unit system is used throughout this work. As

c = G = M = 1, the gravitational radius � �r GM c 1g
2 ,

where c is the speed of light, G is the gravitational constant,
and M is the mass of the black hole (conversions from the c.g.
s. units to the natural units for the physical variables here can
be found in Tables 3 and 4 in Pu et al. 2012). The flows occur
in a background Kerr spacetime, which is stationary and
axisymmetric. For a metric signature � � � �[ ], the Kerr

Figure 1. Schematic illustration of a Poynting flux–dominated (PFD) GRMHD
flow confined by the accretion flow and its corona. The outward-streaming
curves indicates ordered, large-scale magnetic fields that thread the black hole
event horizon. The inflows and the outflows (represented by thick white
arrows) are along the field lines, and are separated by the separation surface
(marked by a dashed line). The energy flux (represented by a gray arrow) is
outward in both the inflow and outflow regions, as the black hole rotational
energy is extracted and transported outward. The static limit (dashed curve)
and the light surface (solid curve) outside the black hole (black region) are also
shown.

2

The Astrophysical Journal, 801:56 (11pp), 2015 March 1 Pu et al.

Pu et al. 2015



effect on observations

• O’Riordan et al. 2018


• 3D GRMHD simulation


• calculate spectra for Sgr A*


• filled / empty highly-magnetized funnel 
region


• radio spectrum do not change 
significantly because the emission 
comes from the funnel edge.


• IR and optical flux are enhanced in the 
filled case relative to the empty funnel 
case. 

Density-floor 

funnel wall and is independent of the mass loading. The
difference between the empty and filled models is even more
dramatic in the extreme a=0.99 case, which we show in
Figure 5. As discussed in O’Riordan et al. (2016a), the
emission from this model is strongly dominated by the near-
horizon plasma. In order to give reasonable fits to the data,
even in the empty funnel case, we suppressed this near-horizon
radiation by imposing a temperature ratio of , = 300 on the
inflowing material. A similar result was found by Chan et al.
(2015b), whose best-fit MAD models have very large proton-
to-electron temperature ratios in the disk.
In Figure 6, we show the spectra calculated from our

SANE model with a=0.92 and a mass accretion rate of
» -˙ ˙M M10 6

Edd. This model has the same scale height of
H/R≈0.2 as our thin-MAD models. As in the thin-MAD
case, the radio emission is insensitive to the mass loading of the
funnel. The higher mass accretion rate results in a larger optical
depth, which is clearly reflected in the high-energy parts of the
spectra that show multiple Compton scatterings. Interestingly,
as in the high-spin MAD models, the filled funnel model

Figure 3. Spectra for the thin-MAD model with a=0.5. The spectra are
qualitatively similar to the a=0.1 case, but with a larger contribution from the
funnel material. To obtain better fits with the filled model, the accretion rate in
the bottom panel has been decreased by a factor of ∼1.5 relative to that in the
top panel. Although both the empty and filled funnel models are consistent with
the data, the IR emission in the filled funnel case is close to the maximum flux
allowed by observations.

Figure 4. Spectra for the thin-MAD model with a=0.9. In this case, the IR
limits and X-ray estimates disfavor a filled funnel component. Even the empty
funnel case is approaching the limits of the observations. While a lower
accretion rate would decrease the IR and X-ray flux toward values more
consistent with the data, the radio flux would then be missed by a large amount.

Figure 5. Spectra for the thin-MAD model with a=0.99. As with the a=0.9
case, the IR and X-ray data disfavor the filled funnel model. Furthermore,
fitting the empty funnel model to the data requires suppressing the emission
from close to the horizon by increasing the proton-to-electron temperature ratio
of the inflowing material.

Figure 6. Spectra for the SANE model with a=0.92. As in the high-spin
MAD models, the IR limits disfavor models with strong funnel emission.
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inclination angle

H/R≈0.2 and a=0.99, the middle panel shows the thick-
MAD model with H/R≈1 and a=0.9375, and the bottom
panel shows the SANE model with H/R≈0.2 and a=0.92.
In these plots, the funnel regions have been filled with constant
profiles of mass and internal energy according to the

prescription described in Section 2. The dashed lines represent
the regions affected by the numerical floor material (prior to the
manual filling of the funnel), which are removed in the “empty”
funnel models. The jet in the thick-MAD model (middle panel)
has a region near r≈20 rg that is not affected by the numerical

Figure 11. Snapshots of our MAD and SANE GRMHD models. The left panels show the mass density, and the right panels show the internal energy density. The top
panel shows the thin-MAD model with H/R≈0.2 and a=0.99. The middle panel shows the thick-MAD model with H/R≈1 and a=0.9375. The bottom panel
shows the SANE model with H/R≈0.2 and a=0.92. The funnel regions are manually filled with constant profiles of mass and internal energy densities, according
to the prescription described in Section 2. The dashed lines represent the region that is removed in the “empty” funnel models. In the text, we refer to the surface
represented by the dashed lines as the “edge” of the funnel wall.
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effect on observations

• Chael et al. 2019


• 3D GRMHD simulation


• ignore a region   when 
calculate radiative transfer


• no  cut model:  
spectrum change at 


• brighter ring/jet


• The emission from the funnel 
region is not explored much.

σ > σcut

σ
ν ≳ 230 GHz

Density-floor 

Chael et al. 2019

Two-temperature MAD simulations of M87 5

3 NUMERICAL SIMULATIONS

3.1 Units

In both simulations presented in this work, we take the dis-
tance to M87 as D = 16.7 Mpc (Mei et al. 2007) and fix
the black hole mass to 6.2 ⇥ 109M� (Gebhardt et al. 2011,
scaled for this distance).

For this mass, the gravitational length scale of M87 is
rg = GM/c

2 = 9.2 ⇥ 1014 cm = 61AU. The corresponding
angular scale is rg/D = 3.7µas. The gravitational time-scale
is tg = rg/c = 3⇥ 104 s = 8.5 hr.

M87’s Eddington luminosity is LEdd = 7.8 ⇥ 1047

erg s�1. The Eddington accretion rate is ṀEdd =
LEdd/⌘c

2 = 77M� yr�1, where for our chosen value of spin,
we set the e�ciency ⌘ = 0.18, as expected for a thin accre-
tion disc with a = 0.9375 (Novikov & Thorne 1973).

3.2 Simulation Setup

Our simulations were performed in the Kerr metric using
a modified Kerr-Schild coordinate grid that is exponential
in radius and concentrates grid cells near the equator (see
the Appendix of Chael et al. 2018a for the transformation
between our coordinates and standard Kerr-Schild coordi-
nates). We used a resolution of 288⇥ 224⇥ 128 cells in the
r, ✓, and � directions, respectively, which well-resolves the
magnetorotational instability (MRI) and enabling accretion.
To capture the evolution of the jet at large radii, we set the
outer boundary of the simulation box at 105 rg.

We set up initial equilibrium gas torii using the model of
Penna et al. (2013). To build up magnetic field to the point
where the disc reaches the saturation value of magnetic flux
to become magnetically arrested, we initialized the torus
with a single weak (�max = 100) magnetic field loop centered
around r ⇡ 50 rg. The initial energy in electrons was set at
one per cent of the total gas energy, with the remainder in
ions.

KORAL solves Eqs. (8) and (9) for the electron and ion
thermodynamics in parallel with the conservation Eqs. (3) –
(6) for the matter and radiation fluids and the magnetic field
induction equation Eq. 7. The advection of quantities across
cell walls is computed explicitly by reconstructing the appro-
priate fluxes at the cell walls using the second-order piece-
wise parabolic method (PPM). Source and coupling terms in
the evolution equations are then applied implicitly at each
cell center using a Newton-Raphson solver (Sa̧dowski et al.
2013a, 2014, 2017).

In the jet region, high fluid velocities rapidly evacu-
ate the funnel and cause the fluid density to drop without
bound. In order to ensure the numerical stability of our sim-
ulations, we put a global ceiling on the magnetization �i, as
measured in the zero angular momentum observer (ZAMO)
frame (McKinney et al. 2012). In this frame, the fluid density
is increased to bring the magnetization back to our chosen
limit, �i,max = 100. In nature, pair-production of electrons
and positrons may populate the jet (Mościbrodzka et al.
2011; Broderick & Tchekhovskoy 2015). In the nearest two
cells to the polar axis, we control numerical instability from
fluid flow across the poles by replacing the value of u✓ with
the value from the third cell at the end of each timestep.

We evolved one simulation using the Howes (2010) pre-
scription for dividing viscous dissipation between electrons
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Figure 2. Azimuth and time-averaged density (top) and magne-
tization (bottom) as a function of polar angle ✓ for the two simu-
lations at four radii: r = 5 rg (blue), r = 15 rg (green), r = 30 rg
(red), and r = 50 rg (brown). Snapshot quantities were averaged
in azimuth and then time-averaged for 5000 tg. These data were
not symmetrized over the equatorial plane. The ceiling on the
magnetization �i,max = 100 which we impose in the ZAMO frame
imprints itself as a floor on the density that takes e↵ect at the
same polar angle ✓. Because the radiation produced in this re-
gion is unreliable, we cut regions where �i > 25 in the radiative
transfer computations.

and ions; we refer to this simulation as H10. We evolved the
other simulation using the magnetic reconnection prescrip-
tion of Rowan et al. (2017); Chael et al. (2018a); we refer to
this simulation as R17. We first ran the two simulations for
104 tg in 3D. During this this time, both simulations formed
a thick disc at small radii and accumulated magnetic flux
on the black hole horizon that exceeds the MAD thresh-
old of ⇠ 50

p
Ṁc rg (Tchekhovskoy et al. 2011; McKinney

et al. 2012). At this point, we rescaled the gas density and
magnetic field (keeping the temperatures and magnetiza-
tion fixed), so that the 230 GHz flux from the models was
approximately equal to the 0.98 ± 0.04 Jy of compact flux
density measured by the EHT in 2009 and 2012 (Doeleman
et al. 2012; Akiyama et al. 2015). We then ran the simula-
tions from the rescaling point for another 5000 tg. For both
models, over the final 5000 tg period, the inflow equilibrium
region in the disc (Narayan et al. 2012) extends to ⇠ 40 rg.
In the fast moving jet, the region of outflow equilibrium ex-
tends to nearly 104 rg.

3.3 Radiative Transfer

We produced spectra, images, and lightcurves from our sim-
ulations using two post-processing codes. For computing

MNRAS 000, 000–000 (0000)

Two-temperature MAD simulations of M87

Figure 15. Snapshot spectra from the two simulations generated with di↵erent values of �cut in the radiative transfer. Spectra were
generated with HEROIC zeroing out emissivities from all regions with fluid frame magnetization �i > �cut. We generate spectra with
�cut =1, 10, 25 (our fiducial value), 50, and with no ceiling. In both simulations, any choice of �cut above unity has little e↵ect on the
radio spectrum up to 230 GHz. Most emission in this part of the spectrum comes from less-magnetized regions farther from the black
hole. The choice of �cut has a drastic e↵ect on the spectrum at higher frequencies as direct synchrotron emission and Compton scattering
in the most magnetized, high-temperature regions close to the black hole is added, increasing the radiative power. When no �i ceiling is
imposed, model H17 has an extreme total luminosity > 1043 erg s�1.

� < 1

0.57 Jy
40 µas

0.36 Jy

� < 10

0.90 Jy

0.61 Jy

� < 25

0.97 Jy

0.97 Jy

� < 50

1.09 Jy

1.31 Jy

no cut

1.53 Jy

1.97 Jy

H10

R17

Figure 16. Snapshot images from the two simulations generated with di↵erent values of �cut in the radiative transfer. From left to
right, we present images generated using �cut =1, 10, 25 (our fiducial value), 50, and with no ceiling. In both simulations, the overall
image structure is similar at all cuts up to �cut = 50. Because �i increases rapidly with decreasing polar angle in the jet region (Fig. 2),
including regions of higher and higher magnetization does not open up very di↵erent regions of the accretion flow to the radiative transfer.
In contrast, including the entire interior of the jet (the rightmost images) produces substantial new emission in front of the photon ring.

ulations, not just in the MAD regime, and all simulations
must impose some sort of density floor in the magnetized,
evacuated jet to ensure numerical stability. As discussed in
Section 4.5, this problem is particularly important in MAD
models where much of the emission may come from these

highly magnetized regions. The matter content of the jet is
still unknown; it may be populated by a pair plasma of elec-
trons and positrons (Mościbrodzka et al. 2011; Broderick &
Tchekhovskoy 2015). Further work with our simulations us-
ing additional postprocessing prescriptions for the jet mat-

MNRAS 000, 000–000 (0000)
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Figure 3. Time- and azimuth-averaged thermodynamic quantities of the two simulations over the period t = 10, 000� 15, 000 tg. The
top row shows quantities for the model H10 heated by the turbulent cascade prescription, and the bottom row shows quantities for the
model R17 heated by magnetic reconnection. Snapshot quantities were averaged in azimuth and then time-averaged for 5, 000 tg. The
resulting averages were symmetrized over the equatorial plane. From left to right, the quantities shown are the electron heating fraction
�e, the combined gas temperature Tgas in K, the electron temperature Te, the ion temperature Ti, and the electron-to-ion temperature
ratio Te/Ti. The solid white contour in each panel denotes the surface where �i=1, and the dashed black contour shows the surface where
the Bernoulli parameter (Eq. 13) Be = 0.05, which we take as the definition of the jet-disc boundary.
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Figure 4. Additional time- and azimuth-averaged properties of the two simulations. From left to right, the quantities displayed are
the density ⇢ in g cm�3, the bulk Lorentz factor �, the plasma magnetization �i, the ratio of ion thermal pressure to magnetic pressure
�i, and the ratio of radiation pressure to thermal pressure �R. In the first column, white contours show the poloidal magnetic field in
the averaged data. In the remaining columns, the solid white contour denotes the �i=1 surface. The dashed black contour shows the
Be = 0.05 surface defining the jet boundary. The dashed white contour in the third panel shows the �i=25 surface; this is the maximum
�i included in the radiative transfer (see Section 3.3).
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The density reaches the floor-value 
in the polar region where \rho and 

\sigma become flat.



EHT scale observation

• Kawashima et al. 2020


• radiative transfer calculation of the 
emission from the separation surface


• reproduce the ring structure of EHT 
observation in 2017


• In future observations, additional ring 
may be seen.


• Emission from the jet may also be 
important to interpret the future EHT 
observations.

Emission from Jet Origin

Kawashima et al. 2020

separation 

surface



not conclusive

• steady jets require an injection mechanism


• pair-creation in jet? 
(Levinson & Rieger 2011, Kimura & Toma 2020)


• pair cascade? 
(Broderick & Tchekhovskoy 2015, Kisaka+2020)


• reconnection at jet edge? 
(Dexter+14, Parfrey+15, Nathanail+20)


• decay of relativistic non-charged particles? 
(Toma & Takahara 2012)


• uncertainty of the density distribution inside the 
jet  
→ uncertainty of the synthetic images

Injection Mechanisms
2 Kimura and Toma
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Figure 1. Schematic picture of our model. Protons are
accelerated in the MAD through reconnection or turbulence,
leading to hadronic gamma-ray and neutrino emissions. The
gamma-rays interact with lower-energy photons emitted by
thermal electrons, efficiently creating the electron-positron
pairs in the magnetosphere.

Hada et al. 2014; Ait Benkhali et al. 2019)1. The BH
magnetosphere models in which a vacuum gap accel-
erates electron-positron pairs may be feasible for TeV
gamma-rays, but reproducing the GeV gamma-ray data
is challenging due to a hard photon spectrum and very-
high maximum energy of electrons (Levinson & Rieger
2011; Hirotani & Pu 2016; Kisaka et al. 2020).
In this paper, we propose hadronic processes in mag-

netically arrested disks (MADs; Narayan et al. 2003) as
an alternative gamma-ray emission mechanism. Radio
galaxies likely host MADs because they can efficiently
launch relativistic jets (Tchekhovskoy et al. 2011;
McKinney et al. 2012; Sa̧dowski et al. 2013; Chael et al.
2019; Event Horizon Telescope Collaboration et al.
2019e; Porth et al. 2019) by the Blandford-
Znajek mechanism (Blandford & Znajek 1977;
Komissarov 2004; Toma & Takahara 2016). The
other accretion mode, the standard and nor-
mal evolution (SANE), produces weaker jets
(Event Horizon Telescope Collaboration et al. 2019e),
and these two accretion modes may cause the ob-
served dichotomy of radio-loud and radio-quiet AGNs.
The estimate of magnetic fluxes by radio obser-

1 Although magnetic reconnection models at a large scale, where
smaller plasmoids moving with a relativistic speed emit high-
energy gamma-rays, may help reducing the tensions (e.g.,
Giannios et al. 2010; Petropoulou et al. 2016), such models re-
quire a high magnetization parameter at the large scale, which
is unlikely due to the conversion of magnetic energy to bulk ki-
netic or thermal energies at smaller scales as indicated by various
observations.

vations also supports existence of MADs in radio
galaxies (Zamaninasab et al. 2014; Zdziarski et al.
2015). MADs dissipate their magnetic energies
through plasma processes, such as magnetic recon-
nection (Ball et al. 2018; Ripperda et al. 2020), and
non-thermal particles are efficiently accelerated by re-
connection (Zenitani & Hoshino 2001; Hoshino 2012;
Sironi & Spitkovsky 2014; Werner et al. 2018) and/or
turbulence (Lynn et al. 2014; Kimura et al. 2016;
Comisso & Sironi 2018; Kimura et al. 2019b), leading to
gamma-ray emission via hadronic and leptonic processes
(see Figure 1).
Hadronic emission from the accretion flows

were previously discussed as the emission mecha-
nisms of soft gamma-rays (Mahadevan et al. 1997;
Oka & Manmoto 2003; Niedźwiecki et al. 2013),
TeV gamma-rays (Rodŕıguez-Ramı́rez et al. 2019a,b,
2018), and TeV-PeV neutrinos (Kimura et al. 2015;
Khiali & de Gouveia Dal Pino 2016; Kimura et al.
2019a; Hayasaki & Yamazaki 2019; Murase et al. 2020a;
Kimura et al. 2020; Murase et al. 2020b). Multi-
wavelength and multi-messenger observations also pro-
vide direct hints of non-thermal activities in accretion
flows, such as Sgr A* flares in infrared and X-ray bands
(Genzel et al. 2010), detection of GeV gamma-rays from
radio-quiet AGNs (Wojaczyński et al. 2015; Ajello et al.
2020), and a neutrino hotspot coincident with a radio-
quiet AGN (Aartsen et al. 2020b). However, the accre-
tion flows have not been examined as the GeV gamma-
ray emission sites, especially for gamma-ray loud radio
galaxies.
In addition, high-energy phenomena in accretion

flows may play an essential role on injecting par-
ticles in relativistic jets. Because of the centrifu-
gal force and the magnetic field barrier, the accret-
ing matter cannot enter the polar region of the BH,
which results in lack of the mass supply, leading to
a continuous density decrease (McKinney & Gammie
2004; Tchekhovskoy et al. 2011). The polar region of
the BH, or the funnel, is the launching point of the
relativistic jets, and hence, a steady jet production
needs mass and charge loading mechanisms. Also,
vacuum gaps may open at the extremely low den-
sity environment, where the electron-positron pairs
are accelerated and emit very high-energy gamma-rays
(Hirotani & Pu 2016; Broderick & Tchekhovskoy 2015;
Kisaka et al. 2020). Hadronic interactions create neu-
tral particles, e.g., neutrons and gamma-rays, and they
can penetrate the magnetic field barrier, enabling mass
and charge loading to the funnel. In the previous stud-
ies that consider only MeV photons by thermal elec-
trons, the amount of pairs is marginal to screen the vac-

Kimura & Toma 2020



Our Motivation
predict jet images in EHT scale

• Focus on the internal structures of jets


• Construct a semi-analytic model which do not suffer from the density 
floor problem 

• Determine the density distribution in a jet near the black hole


• In future, our jet model combined with radiative transfer calculations predicts/
reproduce observed jet images



2. steady, axisymmetric, 
GRMHD jet model



Basic Equations
• basic equations


Maxwell equation: 
,  


Energy-momentum equation: 
 

, 




continuity equation: 


ideal MHD condition:  


• Boyer-Lindquist coordinate in Kerr 
spacetime


• steady, axisymmetric 


• divide the basic equations into the parallel 
component to the field line (Bernoulli eq.) 
and the perpendicular component (Grad-
Shafranov eq.)

∇νFμν = Jμ ∇ν * Fμν = 0

∇νTμν = 0

Tμν = ρuμuν +
1

4π (FμλFν
λ −

1
4

gμνFλσFλσ)
(nuμ);μ = 0

uνFμν = 0

∂0 = 0,∂3 = 0



Field Line Configuration
• flux function: 




• : parabolic field shape 
force-free solution


• : MHD deviation


• C: constant.  


• consistent with results of GRMHD 
simulations


• 磁場: 

 

 




• 電場: 

 
 

Ψ(r, θ) = C[(r/rH)ν(1 − cos θ) + (1/4)ϵr sin θ]

ν = 1

ϵ = 10−4

Ψ(rH, π/2) = 1

B1 =
B1

g11
= −

Gt

−g
F23 = −

Gt

−g
∂2Ψ

B2 =
B2

g22
= −

Gt

−g
F13 = −

Gt

−g
∂1Ψ

B2
p = B1B1 + B2B2

E1 = F01 = ΩFF13 = ΩF∂1Ψ
E2 = F02 = ΩFF23 = ΩF∂2Ψ
E3 = 0

Lee & Park 2004, Beskin & Nokhrina 2006, 
Tchekhovskoy+2008, Pu+2015

BH



Integral Constants
• 4 constant quantities along a field line


1. Energy flux per the rest-mass energy : 

2. Angular momentum flux per the rest-mass energy: 

3. mass flux per magnetic field flux: 

4. “angular velocity” of the field line: 

̂E = − u0 +
ΩFB3

4πμη

L̂ = u3 +
B3

4πμη

η = −
nu1

B1
Gt = −

nu2

B2
Gt

ΩF =
F01

F13
=

F02

F23

Gt = g00 + ΩFg03
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Figure 7. The Br and B✓ components in the equatorial plane
(model C-H4-L2) show periodic in-spiraling of magnetic flux onto
the central BH during two subsequent episodes of e�cient en-
ergy extraction. The shown data has a grid resolution of �x,y,z 
0.25rg . The emerging spiral patterns show 3D e↵ects in the plung-
ing region, which break the axial symmetry.

ii) Opening up of the accreted loop and gradual exten-
sion of field lines linking the polar regions to larger vertical
heights (Figure 9b).
iii) Complete opening of the accreted loop and initializa-
tion of the rearrangement of the jet launching region. In this
phase the peak energy extraction e�ciency is attained. This
comes along with the formation of larger-scale flux struc-
tures form above the polar regions, development of plas-
moids with strong toroidal field dominance at the interface
of di↵erent polarizations (Figure 9c).
iii) Rearrangement of the fields in the plunging region ensu-
ing the development of extended regions of strong toroidal
dominance along the axis of rotation. Decrease in process
e�ciency (Figure 9d).

4 DISCUSSION

4.1 Reconnection sites

The development of regions with relatively sharp transi-
tions of polarity in the magnetic field (current sheets) is
enhanced in 3D compared to axisymmetry. These 3D dy-
namics yield both, a growth of the surface where the mag-
netic field changes its polarity, and small-scale structures
where the magnetic field folds into itself. Thus, they enhance
the prospects for (physical) resistive reconnection compared
to axisymmetric models. In our numerical method, both
of these e↵ects result into (numerical) dissipation of the
magnetic field (see, e.g. Rembiasz et al. 2017, for a deep

Figure 8. 3D impression of the accretion of one magnetic flux
tube onto a rapidly spinning BH (a⇤ = 0.9) in the C-L4-L2 model.
The (outgoing) Poynting flux emerging from the BH horizon is
visualized by ribbons coloured according to the strength of the
associated radial energy flow (CGS units; see the colour scale).
The radial magnetic flux (absolute value) is depicted by the den-
sity plot, indicating 3D non-axisymmetric e↵ects in the plunging
region. During peak outflow, extended helical structures of en-
ergy flow build up above the polar regions. Their confinement
and strength decreases after peak e�ciency. Click for animation
(only Adobe Reader).

discussion on the similarities of numerical and physical re-
sistive e↵ects), in qualitative agreement with recently pre-
sented simulations by Bromberg et al. (2019); Davelaar et al.
(2019). A relevant di↵erence between the 2D models of Par-
frey et al. (2015) and ours originates from the geometry
and surface area of the current sheets between consecutive
loops of alternate polarity. When loops plunge into the BH,
the shape their common interface is paraboloidal and axial-
symmetric, with a surface S2D. In contrast, in 3D it is a
wound up paraboloid whose projection on the equatorial
plane resembles a helical structure (Figure 7). The surface
of these wound up structures is (roughly) S3D ⇠ NS2D, where

N ⇠ ⌦BH/(2⌦ISCO), and ⌦ISCO = (a ± r3/2
c,ISCO/

p
M)�1 is the

rotational frequency at the ISCO (30). For counter-rotating
AD models, N ' 4 (N ' 1 in the co-rotating case).

The quasy-concentric layers where the magnetic field al-
ternates polarity are potentially well suited to develop ideal
resistive tearing modes on parallel current layers. The term
ideal was introduced by Pucci & Velli (2014), who showed
that current sheets with appropriate thickness a = S�1/3L,
are unstable against a tearing mode growing on an Alfvén
(ideal) timescale in classical resistive MHD (here L is a char-
acteristic macroscopic length of the current sheet, and S is
the Lundquist number; S � 1 in astrophysical environments,
e.g. S ⇠ 1012 in the solar corona). This result has been later
confirmed numerically in (special) relativistic resistive MHD
(Del Zanna et al. 2016; Miranda-Aranguren et al. 2018). An
extension of this result to multiple-layered systems in resis-
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3. Results



Parabolic Jet Model

6 Ogihara, Ogawa & Toma

Figure 3. Two dimensional distribution of up and n/nnorm

of the P1 model.

Figure 1 shows ⌦F( ) and L̂out⌦F/Êout( ) at the sep-
aration surface. ⌦F/⌦H = 0.5 and the force-free condi-
tion L̂out⌦F/Êout = 1 are satisfied within 1% accuracy
in  > 0.1, which mean that our approximate solu-
tions are consistent with the force-free monopole solu-
tion (Blandford & Znajek 1977). The deviation from
the monopole force-free solution decreases, as either the
BH spin is smaller, Ê0 is larger, up,ss is smaller, or
⌦F( = 1) is closer to 0.5⌦H.

Figure 2 shows up and B3 along the field lines of
 = 0.1, 0.5, 0.9. The outflow does not pass through
the fast magnetosonic point unlike in the parabolic field
configuration case, as discussed in Camenzind (1986).
B3 of each flow is almost constant along the field line
unless it diverges. This means that the conversion from
the Poynting flux to the fluid energy flux is inefficient in
the monopole field configuration, and that the electro-
magnetic field is almost force-free in the whole region.

3.2. Parabolic configuration model
3.2.1. P1 model

In this subsection, we focus on the results of the cal-
culation of the P1 model. We show the two dimensional
distribution of up and n in Figure 3. Here, we normalize
the number density by
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The inflow and outflow smoothly accelerate from the
separation surface to relativistic speeds, and the density
decreases with the distance from the separation surface.
We note that the density does not diverge at the sepa-
ration surface since up,ss is not zero.

Figure 4 shows ⌘( )E( ), Ê( ), ⌦F( ), and n/nnorm

at the separation surface. Ê( ) has a peak at  ⇠ 0.3.
The Poynting flux becomes zero at the axis, which means
Ê( = 0) = �u0 ⇡ 1. ⌦F increases toward ⌦F = 0.5⌦H

from the edge to the axis but it decreases near the axis
at  ⇡ 0.25. Ê ⇡ L̂⌦F is satisfied within 1% accuracy.
This means that the flow is Poynting flux dominated at
the separation surface. ⌘E roughly follows / sin2 ✓H,
while this dependence is that of B3 on ✓H at the horizon
for a ⌧ 1 (Equation 11). The number density at the
separation surface has the peak at the jet edge, and
decrease to nearly zero toward the jet axis.

Figure 5 shows M2, M2
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lines of  = 0.1, 0.5, and 0.9, where M2

Alf ⌘ k0 and
M2

fast ⌘ k0 + (G2
tB

2
3)/(⇢

2
wB

2
p). The intersections of M2

and M2
Alf are the Alfven points, and the ones of M2 and

M2
fast are the fast magnetosonic points. Figure 6 shows

up along the field lines  = 0.1, 0.5, and 0.9. Both of
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up to
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Distribution of Integral Constants and Density

•  approaches  toward the axis like 
the parabolic force-free analytic solution.


•  

dependence of  at the horizon 
→ EM dominant jet


• density: concentrate at  

• The density contrast becomes higher 
when the BH spin is larger.
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the inflow and outflow start from the separation surface
and accelerate to the relativistic speeds.

We evaluate the trans-field force-balance by introduc-
ing � ⌘ |(f+ � |f�|)/(f+ + |f�|)|, where we gather the
positive components of Equation (12) to f+ and the neg-
ative ones to f�. � ranges from 0 to 1, and � = 0 means
the complete force balance. The results show that � is
less than 10�6 for all the field lines at the separation
surface. For the outflow above the separation surface, �
increases rapidly to ⇠ 10�1 and then turns to decrease,
while for the inflow, it increases up to ⇠ 1 and then
decreases.

3.2.2. Parameter dependences

We calculate the parabolic configuration models with
different parameter values listed in Table 1 to investigate
the dependencies of the density distribution on the BH
spin a and up,ss.

We use a = 0.8 and 0.95 for the P2 and P3 mod-
els, respectively, to investigate the BH spin dependence.
Ê,⌦F, ⌘E, n/nnorm are shown in Figure 4. Interestingly,
as a becomes larger, the density gets larger near the jet
edge and smaller near the axis, while Ê changes in the
opposite way. ⌘E of the P2, P3 models also roughly
follow / sin2 ✓H. ⌘E becomes larger in all the field lines
with a because of the increase of B3(r = rH) and the
Poynting flux. ⌦F also increases with a. The force-
freeness 1� L⌦F/E is smaller than 0.2 for all the three
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the inflow and outflow start from the separation surface
and accelerate to the relativistic speeds.

We evaluate the trans-field force-balance by introduc-
ing � ⌘ |(f+ � |f�|)/(f+ + |f�|)|, where we gather the
positive components of Equation (12) to f+ and the neg-
ative ones to f�. � ranges from 0 to 1, and � = 0 means
the complete force balance. The results show that � is
less than 10�6 for all the field lines at the separation
surface. For the outflow above the separation surface, �
increases rapidly to ⇠ 10�1 and then turns to decrease,
while for the inflow, it increases up to ⇠ 1 and then
decreases.

3.2.2. Parameter dependences

We calculate the parabolic configuration models with
different parameter values listed in Table 1 to investigate
the dependencies of the density distribution on the BH
spin a and up,ss.

We use a = 0.8 and 0.95 for the P2 and P3 mod-
els, respectively, to investigate the BH spin dependence.
Ê,⌦F, ⌘E, n/nnorm are shown in Figure 4. Interestingly,
as a becomes larger, the density gets larger near the jet
edge and smaller near the axis, while Ê changes in the
opposite way. ⌘E of the P2, P3 models also roughly
follow / sin2 ✓H. ⌘E becomes larger in all the field lines
with a because of the increase of B3(r = rH) and the
Poynting flux. ⌦F also increases with a. The force-
freeness 1� L⌦F/E is smaller than 0.2 for all the three
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the inflow and outflow start from the separation surface
and accelerate to the relativistic speeds.

We evaluate the trans-field force-balance by introduc-
ing � ⌘ |(f+ � |f�|)/(f+ + |f�|)|, where we gather the
positive components of Equation (12) to f+ and the neg-
ative ones to f�. � ranges from 0 to 1, and � = 0 means
the complete force balance. The results show that � is
less than 10�6 for all the field lines at the separation
surface. For the outflow above the separation surface, �
increases rapidly to ⇠ 10�1 and then turns to decrease,
while for the inflow, it increases up to ⇠ 1 and then
decreases.

3.2.2. Parameter dependences

We calculate the parabolic configuration models with
different parameter values listed in Table 1 to investigate
the dependencies of the density distribution on the BH
spin a and up,ss.

We use a = 0.8 and 0.95 for the P2 and P3 mod-
els, respectively, to investigate the BH spin dependence.
Ê,⌦F, ⌘E, n/nnorm are shown in Figure 4. Interestingly,
as a becomes larger, the density gets larger near the jet
edge and smaller near the axis, while Ê changes in the
opposite way. ⌘E of the P2, P3 models also roughly
follow / sin2 ✓H. ⌘E becomes larger in all the field lines
with a because of the increase of B3(r = rH) and the
Poynting flux. ⌦F also increases with a. The force-
freeness 1� L⌦F/E is smaller than 0.2 for all the three
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of the P1 model.

Figure 1 shows ⌦F( ) and L̂out⌦F/Êout( ) at the sep-
aration surface. ⌦F/⌦H = 0.5 and the force-free condi-
tion L̂out⌦F/Êout = 1 are satisfied within 1% accuracy
in  > 0.1, which mean that our approximate solu-
tions are consistent with the force-free monopole solu-
tion (Blandford & Znajek 1977). The deviation from
the monopole force-free solution decreases, as either the
BH spin is smaller, Ê0 is larger, up,ss is smaller, or
⌦F( = 1) is closer to 0.5⌦H.

Figure 2 shows up and B3 along the field lines of
 = 0.1, 0.5, 0.9. The outflow does not pass through
the fast magnetosonic point unlike in the parabolic field
configuration case, as discussed in Camenzind (1986).
B3 of each flow is almost constant along the field line
unless it diverges. This means that the conversion from
the Poynting flux to the fluid energy flux is inefficient in
the monopole field configuration, and that the electro-
magnetic field is almost force-free in the whole region.

3.2. Parabolic configuration model
3.2.1. P1 model

In this subsection, we focus on the results of the cal-
culation of the P1 model. We show the two dimensional
distribution of up and n in Figure 3. Here, we normalize
the number density by

nnorm ⌘

B1B1 +B2B2 +B3B3

8⇡µ

�

(r=rss, =1)

. (13)

The inflow and outflow smoothly accelerate from the
separation surface to relativistic speeds, and the density
decreases with the distance from the separation surface.
We note that the density does not diverge at the sepa-
ration surface since up,ss is not zero.

Figure 4 shows ⌘( )E( ), Ê( ), ⌦F( ), and n/nnorm

at the separation surface. Ê( ) has a peak at  ⇠ 0.3.
The Poynting flux becomes zero at the axis, which means
Ê( = 0) = �u0 ⇡ 1. ⌦F increases toward ⌦F = 0.5⌦H

from the edge to the axis but it decreases near the axis
at  ⇡ 0.25. Ê ⇡ L̂⌦F is satisfied within 1% accuracy.
This means that the flow is Poynting flux dominated at
the separation surface. ⌘E roughly follows / sin2 ✓H,
while this dependence is that of B3 on ✓H at the horizon
for a ⌧ 1 (Equation 11). The number density at the
separation surface has the peak at the jet edge, and
decrease to nearly zero toward the jet axis.

Figure 5 shows M2, M2
Alf , and M2

fast along the field
lines of  = 0.1, 0.5, and 0.9, where M2

Alf ⌘ k0 and
M2

fast ⌘ k0 + (G2
tB

2
3)/(⇢

2
wB

2
p). The intersections of M2

and M2
Alf are the Alfven points, and the ones of M2 and

M2
fast are the fast magnetosonic points. Figure 6 shows

up along the field lines  = 0.1, 0.5, and 0.9. Both of

Distribution of Integral Constants and Density

axis ———————————————> outermost field line



Density on the Separation Surface
• our result: 


• This dependence may change if we 
change initial velocity distribution 

. 

• photon-photon pair creation model


•  for compact source near BH 
(Moscibrodzka+ 2011, Wong, Ryan, 
Gammie 2020)


•  for distant sources (Kimura & 
Toma 2020)

n ∝ r−2
ss

up,ss(Ψ)

n ∝ r−6

n ∝ r−4
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for obtaining the solutions. Ê( ) has a peak near the jet
edge in their result, while our models have the one rela-
tively closer to the axis. They showed that ⌦F monoton-
ically increase toward the axis, and ⌦F( = 0) = 0.5⌦H,
which is set as a boundary condition, while in our model,
⌦F( ) decreases rapidly near the axis. ⌘ of their model
is assumed by a given magnetization parameter and the
poloidal magnetic field at the null-charge surface. It is
larger near the axis, which is the opposite trend from
our results.

⌦F( ) distribution is also shown in Beskin & Zhel-
toukhov (2013), in which they solve the GS equation
of a cylindrical jet in a special relativistic regime. In
their result, ⌦F( ) decreases near the axis like our re-
sults. This trend is also seen in GRMHD simulation of
McKinney et al. (2012).

4.3. Magnetic bending profile

Pu & Takahashi (2020) introduced the reasonable
shape of the function of Ep,ZAMO/BT,ZAMO, which can
be rewritten by the bending angle of the field line,
and derived wind solutions with the prescribed func-
tion (see also Tomimatsu & Takahashi 2003; Takahashi
& Tomimatsu 2008). Ep,ZAMO = |G�Bp/(Gt

p
g33)|

is the poloidal electric field strength and BT,ZAMO =
|B3/(↵

p
g33)| is the toroidal magnetic field strength in

the zero angular momentum observer frame.
There are some constraints to this function. First,

Ep,ZAMO/BT,ZAMO = 1 at the horizon (i.e. the
Znajek condition). Second, Ep,ZAMO/BT,ZAMO = 0
at the null-charge surface, where the field line coro-
tate with the spacetime (�g03/g33 = ⌦F). Finally,
(Ep,ZAMO/BT,ZAMO)2 < 1 � 1/Ê2 for the outflow in
order to prevent up from diverging. For the outflow,
Ep,ZAMO/BT,ZAMO needs to increase for the flow to ac-
celerate. Additionally, Ep,ZAMO/BT,ZAMO should be
smooth and continuous.

The previous studies mentioned above prescribed
(Ep,ZAMO/BT,ZAMO)2 as a constant value for out-
flow and derived up using it. The assumed
(Ep,ZAMO/BT,ZAMO)2 and the derived one using Equa-
tion (8) was not self-consistent. We solved Equation
(6) which does not explicitly depend on B3, and de-
rive (Ep,ZAMO/BT,ZAMO)2 afterwards. We show the
self-consistent profile of Ep,ZAMO/BT,ZAMO of  =
0.1, 0.5,and 0.9 in Figure 10. (Ep,ZAMO/BT,ZAMO)2 in
our result follows all the conditions listed above.

4.4. Model limitations

The inflows do not pass through the fast magnetosonic
point in our results. The inflow diverges at the region
very close to the horizon. Additionally, the indicator of
the force-balance between the field lines � is also large
in the inflow region. We try to find different values of
Êin from those satisfying the trans-field force-balance
for the inflows to pass through the fast magnetosonic
points, and find that |Êin| needs to be smaller only by
a few in the case of the P1 model. The difference of Ein

is smaller for larger  . Adjustment of  (r, ✓) should be
considered in future work.

We note that if more particles are injected at regions
closer to the BH like in the case of annihilation of high-
energy photons, the inflows are highly affected by mass

n ∝ r −2ss



Summary
• High resolution VLBI observations have resolved 

emission structures of jets.


• We have constructed the steady, axisymmetric 
GRMHD jet model which do not suffer from the 
density floor problem.


• We numerically solve the force-balance between the 
field lines at the separation surface and analytically 
solve the distributions of velocity and density along 
the field lines. 


• We determine the 2D distribution of the EM field, 
velocity and density in a jet.


• Our semi-analytic model, combined with radiative 
transfer calculations, may help interpret the high-
resolution VLBI observations and understand the 
origin of jetted matter. 
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aration surface. ⌦F/⌦H = 0.5 and the force-free condi-
tion L̂out⌦F/Êout = 1 are satisfied within 1% accuracy
in  > 0.1, which mean that our approximate solu-
tions are consistent with the force-free monopole solu-
tion (Blandford & Znajek 1977). The deviation from
the monopole force-free solution decreases, as either the
BH spin is smaller, Ê0 is larger, up,ss is smaller, or
⌦F( = 1) is closer to 0.5⌦H.

Figure 2 shows up and B3 along the field lines of
 = 0.1, 0.5, 0.9. The outflow does not pass through
the fast magnetosonic point unlike in the parabolic field
configuration case, as discussed in Camenzind (1986).
B3 of each flow is almost constant along the field line
unless it diverges. This means that the conversion from
the Poynting flux to the fluid energy flux is inefficient in
the monopole field configuration, and that the electro-
magnetic field is almost force-free in the whole region.

3.2. Parabolic configuration model
3.2.1. P1 model

In this subsection, we focus on the results of the cal-
culation of the P1 model. We show the two dimensional
distribution of up and n in Figure 3. Here, we normalize
the number density by

nnorm ⌘

B1B1 +B2B2 +B3B3

8⇡µ

�

(r=rss, =1)

. (13)

The inflow and outflow smoothly accelerate from the
separation surface to relativistic speeds, and the density
decreases with the distance from the separation surface.
We note that the density does not diverge at the sepa-
ration surface since up,ss is not zero.

Figure 4 shows ⌘( )E( ), Ê( ), ⌦F( ), and n/nnorm

at the separation surface. Ê( ) has a peak at  ⇠ 0.3.
The Poynting flux becomes zero at the axis, which means
Ê( = 0) = �u0 ⇡ 1. ⌦F increases toward ⌦F = 0.5⌦H

from the edge to the axis but it decreases near the axis
at  ⇡ 0.25. Ê ⇡ L̂⌦F is satisfied within 1% accuracy.
This means that the flow is Poynting flux dominated at
the separation surface. ⌘E roughly follows / sin2 ✓H,
while this dependence is that of B3 on ✓H at the horizon
for a ⌧ 1 (Equation 11). The number density at the
separation surface has the peak at the jet edge, and
decrease to nearly zero toward the jet axis.

Figure 5 shows M2, M2
Alf , and M2

fast along the field
lines of  = 0.1, 0.5, and 0.9, where M2

Alf ⌘ k0 and
M2

fast ⌘ k0 + (G2
tB

2
3)/(⇢

2
wB

2
p). The intersections of M2

and M2
Alf are the Alfven points, and the ones of M2 and

M2
fast are the fast magnetosonic points. Figure 6 shows

up along the field lines  = 0.1, 0.5, and 0.9. Both of
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tion L̂out⌦F/Êout = 1 are satisfied within 1% accuracy
in  > 0.1, which mean that our approximate solu-
tions are consistent with the force-free monopole solu-
tion (Blandford & Znajek 1977). The deviation from
the monopole force-free solution decreases, as either the
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at the separation surface. Ê( ) has a peak at  ⇠ 0.3.
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