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Abstract

We carry out general relativistic ray-tracing radiative-transfer calculations to study whether a localized emission
from plasma rings created at the stagnation surface in the jet funnel, to which we refer as stagnation rings, can
explain the ring image of M87* observed by the Event Horizon Telescope (EHT) 2017. The resultant images
consist of the direct image of the stagnation rings and the ring images formed via the strong deflection by the black
hole (BH) gravity, to which we refer as quasi photon-ring. For the model with the BH spin a* = 0.99, the direct
image of the counter-jet and quasi photon-ring are almost coincident to the photon ring with diameter∼ 40 μas,
while the approaching jet shows the small ring image inside them. The synthetic observation image assumes that
the EHT2017 array is consistent with that observed in M87*, because the array is a bit sparse to detect the inner
ring image. This indicates that the ring image in M87* may contain the important feature of the jet bases in addition
to the photon ring. We find that forthcoming EHT observations can resolve the stagnation ring image and may
enable us to explore the plasma-injection mechanism in the jet funnel.

Unified Astronomy Thesaurus concepts: Black hole physics (159); Astrophysical black holes (98); Supermassive
black holes (1668); Event horizons (479); Relativistic jets (1390); Photon sphere (1236); Radiative transfer (1335);
Radiative processes (2055); Very long baseline interferometers (1768); Rotating black holes (1406)

1. Introduction

Many general relativistic (GR) magnetohydrodynamic
(MHD) simulations of magnetized accretion flows onto Kerr
black holes (BHs) (McKinney & Gammie 2004; Porth et al.
2019, and references therein) show that a BH-driven relativistic
jet is realized in the magnetically dominated funnel region via
the Blandford–Znajek process (Blandford & Znajek 1977;
Beskin 2009; Toma & Takahara 2016), while the matter-
dominated turbulence outside the funnel does not drive
relativistic outflow (Sádowski et al. 2013; Nakamura et al.
2018). In the funnel region, particle outflows are thought to
originate from the stagnation surface, below which the particles
fall by the BH gravity (Takahashi et al. 1990; Pu et al. 2015).
This picture of the funnel is based on MHD simulations,
whereas the MHD conditions might be broken in some parts
at/below the stagnation surface (e.g., Broderick & Tchekhovs-
koy 2015; Hirotani & Pu 2016; Levinson & Segev 2017;
Huang et al. 2020; Kisaka et al. 2020; Pu & Takahashi 2020).
Such inner regions of jets have not been examined by any
observations.

The giant elliptical galaxy Messier 87 (M87) is one of the
nearest radio galaxies with a prominent relativistic jet
extending to several kiloparsec scales (Owen et al. 1989;
Sparks et al. 1996), which has been studied in detail with Very
Long Baseline Interferometry (VLBI) radio observations (Hada
et al. 2011; Asada & Nakamura 2012; Mertens et al. 2016;
Walker et al. 2018) and their theoretical modelings (Nakamura
& Asada 2013; Kino et al. 2014, 2015; Nakamura et al. 2018).
The limb-brightening feature with superluminal blob motions

at 15–86 GHz (Kovalev et al. 2007; Hada et al. 2016; Walker
et al. 2018), which is seen down to∼50 rg (rg≡GM/c2; Kim
et al. 2018), may have hints of driving and emission
mechanisms of the jet (Nakamura et al. 2018; Takahashi
et al. 2018; Ogihara et al. 2019). More inner regions can be
investigated with increasing frequency as the jet becomes
increasingly more transparent. One of the key questions is
whether the particle flow starts with bright emissions at the
stagnation surface near the jet edge (Broderick & Tchekhovs-
koy 2015; Aharonian et al. 2017; Pu et al. 2017).
The Event Horizon Telescope (EHT) observed the center of

M87 in 2017 with∼25 μas angular resolution at 230 GHz, and
detected the BH shadow surrounded by a bright ring-like
emission (Event Horizon Telescope
Collaboration 2019a, 2019b, 2019c, 2019d, 2019e, 2019f,
hereafter EHTC2019a, b, c, d, e, f). In EHTC2019e, comparing
the observational data to theoretical models, which combine
general-relativistic magnetohydrodynamic (GRMHD) simula-
tions and GR ray-tracing radiative-transfer (GRRT) calcula-
tions, revealed that the observed ring originates from diffuse,
optically thin synchrotron emissions from thermal electrons in
the accretion disk and/or “funnel wall” (i.e., the region just
outside the funnel) at r 4 rg. However, those calculations
in EHTC2019e assumed no emission from the funnel region (
i.e., the ratio of the magnetic to rest-mass density σ> 1), and
thus its contribution to the observed ring image has not been
thoroughly studied yet. It is not clear whether the emission
observed at 230 GHz is dominated by the accretion flow or the
jet (see also, e.g., Dexter et al. 2012).
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In this paper, we build a simple model of emission in the
funnel, specifically at the bottom of the stagnation surface (with
no emission from the accretion disk or funnel wall), and
examine whether such emission can reproduce the observed
ring-like emission structure by calculating GRRT and sub-
sequent image reconstruction assuming EHT arrays.

2. Setup of Stagnation Ring Model and GRRT Calculations

We compute the images of the stagnation ring with
nonthermal electrons around the Kerr BH, by using a GRRT
code RAIKOU (Kawashima et al. 2019; T. Kawashima et al.
2021, in preparation). We set the BH mass M= 6.5× 109Me
(EHTC2019f) and the BH-spin parameter a* = 0.5, 0.7, 0.9,
and 0.99. The observer screen with the field of view
160 μas× 160 μas divided by 2400× 2400 pixels is located at
104rg with viewing angle i= 163°. We assume the distance of
M87* to be D= 16.7Mpc (Bird et al. 2010).

First of all, we present the location and the structure of the
stagnation ring (see Figure 1). We set plasmas at the bottoms of
the stagnation surfaces in the funnel. This is because the
breakdown of MHD conditions could occur there (Broderick &
Tchekhovskoy 2015). The breakdown of MHD conditions is
the emergence of an electric field parallel to the magnetic field,
which is caused by strong magnetization inside the jet funnel
suppressing the diffusion of charged particles from the
accretion flow and the resultant low density plasma that is
insufficient to screen the electric field. More particles are
expected to be created via, e.g., inverse-Compton pair-
catastrophe, at regions with stronger magnetic fields, which
are closer to the BH. The position of the stagnation ring center
is located inside the outermost streamline in the jet funnel,
which can be represented by the magnetic stream function
(Tchekhovskoy et al. 2008) being connected with the outer
horizon of the BH on the equatorial plane:
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where (rf, θf) describes the outermost streamline in the jet

funnel and ( )= + -r r a1 1H g
2
* is the outer horizon radius

of the Kerr BHs. We set κ= 0.75 in such a way that the
magnetic-streamline shape is consistent with the VLBI
observations (Hada et al. 2016; Kim et al. 2018), and choose
rf/rg, as summarized in Table 1, to be consistent with GRMHD
simulations (Nakamura et al. 2018)10

The radius of the cross-section circles of the stagnation rings
(the filled blue circles in Figure 1) are set to be rsize= 0.5rg,
being in rough agreement with the estimated scale length of the
emission region inside the M87 jet. The synchrotron cooling
timescale tsyn limits the scale length of the emission region as
ℓsyn= ctsyn

( ) ( )s g n= ~ - -m c U r B3 4 0.3 50 G 230 GHz ,e B
2

T e g
3 2

syn
1 2

where we have assumed that the Lorentz factor of bulk motion
is ∼1 at the stagnation surface, and n g p= eB m c2 esyn e

2 .
Physical quantities of stagnation rings are as follows. We set

the magnetic-field strength B= 50 G (Kino et al. 2015). The
energy spectrum of the nonthermal electrons are assumed to
be∝ γ− p in the range 50� γ� 5× 103, where γ is the Lorentz
factor of the electrons and p= 3.5 is the power-law index.
Here, the minimum Lorentz factor is chosen to be
νsyn∼ 230 GHz, being consistent with the parameter range in
Dexter et al. (2012). The maximum Lorentz factor is set to be
so high that it does not affect the results at 230 GHz. We set the
number density of the nonthermal electrons, as shown in
Table 1, in such a way that the resultant radiative flux at
230 GHz is;0.6 Jy (EHTC2019d). Normalized angular
velocity of the stagnation ring is set as described in Table 1.
Here, the angular velocity Ω= uj/u t is evaluated by using the
azimuthal and time component of the four-velocity uj and u t,
measured in the observer frame at the stagnation surface in
GRMHD simulations (Nakamura et al. 2018), which will be
almost equivalent with the angular velocity of the BH
magnetosphere since the radial (and poloidal) velocity is zero
at the stagnation surface. We note that Ω/ΩH ; 0.5 is also

Figure 1. Location and geometry of the stagnation rings. The filled blue circles
display the stagnation rings. The gray curves present the outermost streamline
in the jet funnel described by Equation (1). The cyan dashed lines describe the
rough position of the stagnation surface (a more precise and detailed structure
is shown in Figure 14 in Nakamura et al. 2018). The red dotted lines display the
innermost and outermost photon spheres (Teo 2003, EHTC2019e), which is
referred to as the photon shell (Johnson et al. 2020). The photon spheres for the
observer with i = 163° exist inside the photon shell.

Table 1
Parameters of Stagnation Ring Model

a* rf [rg] ne(nth)[cm
−3] Ω [rg/c] Ω/ΩH

0.5 13 8.9 × 102 0.06 ;0.45
0.7 10 1.2 × 103 0.08 ;0.36
0.9 6.5 3.5 × 103 0.15 ;0.48
0.99 4 6 × 103 0.2 ;0.46

Note. The parameters B = 50 [G], rsize = 0.5 [rg], g = 50min , g = ´5 10max
3,

and p = 3.5 are used in all the models in this work.

10 In Nakamura et al. (2018), the accretion flow is in the semi-magnetically
arrested disk (MAD) state, which is an intermediate state between standard and
normal evolution (SANE) and MAD, see Narayan et al. (2012), Sádowski et al.
(2013), Tchekhovskoy (2015), EHTC2019e, and references therein for the
detail of SANE and MAD. SANE and MAD are weakly and strongly
magnetized states, which are defined by the dimensionless magnetic flux
threading the event horizon fBH ∼ 1 and ∼15, respectively. Here,

f = F M r cBH BH BH g , and ΦBH = (1/2)∫θ∫j|B
r|dAθj, dAθj is an area

element in the θ–j plane, and MBH is the mass accretion rate onto the BH.
The magnetic field in MAD is so strong that it obstructs the steady infall of
plasma and results in accretion with strong time variability (Igumenshchev
et al. 2003; Narayan et al. 2003; see also Bisnovatyi-Kogan & Ruzmai-
kin 1974, 1976). The strong magnetic field in MAD leads to formation of the
wider jet funnel and also the higher jet efficiency (i.e., higher ratio of jet-power
to accretion-power) due to a more efficient Blandford–Znajek process than that
in SANE.
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roughly consistent with those in another type of GRMHD
simulation solving inside the jet funnel (Tchekhovskoy et al.
2010), where ΩH= a*c/2rH.

We calculate the GRRT images of the stagnation ring model
at 230 GHz. We assume that there is a vacuum outside the
stagnation ring to focus on the possibility that the stagnation
ring mimics the ring-like image observed in M87 without the
uncertainty of the accretion flow emission. The synchrotron
emission and absorption via the nonthermal electrons are
incorporated as described in Dexter (2016), in which the
coefficient of emissivity and the absorption are numerated and
tabulated without assuming  g n n g nmin

2
p max

2
p, where

n q p= eB m c3 sin 4p B e . Following some works based on
semianalytic models (e.g., Pu et al. 2016), we fix the angle
between the ray and the magnetic field to be π/6 for simplicity.

3. Simulated Stagnation Ring Images and Comparison with
the Ring Images of M87*

The resulting image of the stagnation ring is shown in
Figure 2. The top panels present the total ring images including
both of the approaching- and counter-jet. The position angle of
the jet is assumed to be 270°, i.e., the observer is in the the west
(right) direction in the screen. It is shown that the diameter of
the all-ring images decreases with the increase of the BH spin,
as a consequence of the appearance of the stagnation ring closer
to the BH when the BH spin is higher. Importantly, for
a* = 0.99, the stagnation ring image in the counter-jet region (
i.e., the outer ring) almost coincides with the photon ring with
diameter∼40 μas, which is consistent with the observed ring
diameter in M87*. We also note that the small ring via the
approaching jet emission appears inside the∼40 μas ring.
In order to understand these complicated ring features, we

decomposed the images into those from the approaching- and

Figure 2. Stagnation ring images with both of the approaching-jet (AJ) and counter-jet (CJ) emission (top), AJ only (middle), and CJ only (bottom) with PA = 270°.
The color represents the intensity normalized by the maximum intensity including both the approaching- and counter-jet for each BH-spin parameter. Since the quasi
photon-ring is too thin and dim in the panel of AJ emission with a* = 0.5, we insert the rectangular box showing the magnified view of part of the quasi photon-ring
and the direct image of the approaching jet, in which the substructure of the quasi photon-ring can also be found.
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counter-jet emission, as shown in the middle and bottom panels
in Figure 2, respectively (see also Appendix A in Davelaar
et al. (2019), for a more simplified model with a* = 0).

The bottom panels in Figure 2 display the images of photons
emitted from the counter-jet region. The separated ring images
(i.e., the broad outer and narrow inner rings) appear in all the
models except the model with a* = 0.99. The broad outer ring
is the (gravitationally lensed) direct emission images of the
stagnation ring. The inner rings are formed by the photons that
turned around the BH after the emission from the stagnation
ring. The images are nearly identical to the photon ring,
however, they are slightly larger than that. This is because the
photons propagate in the region slightly outside the photon
spheres after their localized emission from the stagnation
ring.11 We refer to this ring image as a quasi photon-ring. The
quasi photon-rings asymptotically become coincident with the
photon ring as the BH spin increases, since the stagnation ring
is located closer to the BH. The size of the gap between quasi
photon-rings and the direct ring images decreases as the BH
spin increases, since the diameter of the quasi photon-ring more
weakly depends on the BH spin than the outer direct images.
Finally, for a* = 0.99, these two rings merge and are almost
coincident with the photon ring, because a part of the
stagnation rings overlaps with the photon shell (Figure 1).

In the middle panels, the approaching-jet emission also
shows the direct emission image of the stagnation ring and the
quasi photon-rings. The direct emission image appears in the
west direction of the screen (i.e., close to the observer). As is
the case with the counter-jet, the diameter of the direct ring
images decreases more drastically than the quasi photon-rings
with increasing the BH spin. For the model with a* = 0.99, the
direct ring image of the approaching jet appears inside the
(quasi) photon rings.

As a consequence of the relativistic Doppler effect due to the
rotation of the stagnation ring with the magnetosphere-rotation
velocity, the rings become bright on the south side. This effect
becomes more significant as the BH spin increases, because the
magnetosphere rotates faster.

Next, we show the results of synthetic observation of our
theoretical images at 230 GHz, considering EHT arrays from
the past (EHT2017) to the future ones in Figure 3. The
synthetic observational data are created with the eht-
imaging library (Chael et al. 2016, 2018) and imaged with
SMILI (Akiyama et al. 2017a, 2017b). We here considered
three array configurations: the EHT2017 array with seven
stations at five geographic sites, the EHT2021 array with the
additional three stations at Kitt Peak, Plateau de Bure and
Greenland (see EHTC2019b for details), and the EHT2023
array with the addition of 345 GHz coverages qualitatively
simulating the improvement provided by multifrequency
synthesis. We adopted the nominal sensitivities and atmo-
spheric conditions of telescopes at 230 GHz (EHTC2019b).
Images were reconstructed with ℓ1+TSV regularizations
(e.g., EHTC2019d) providing reasonable fits (c ~n 1.02 ) for
all three models.

For the model with a* = 0.99, the synthetic observation
image with the EHT2017 array quantitatively agrees with the
images observed in M87*: the diameter of the ring is ∼40 μas
and the brightness asymmetry in the ring appears (i.e., the south
part is roughly two times brighter than the north one). The inner
ring (i.e., approaching jet image) is not observed because the
EHT2017 array has still sparse configuration. The outer ring
consists of the photon ring and the stagnation ring image in the
counter-jet region overlapping the photon ring, i.e., its diameter
is ∼40 μas. These are the reasons why the resultant synthetic
image coincides with the observed ring image in M87*.
On the other hand, the synthetic images of the models with

the other spin parameters (a* = 0.7 and 0.9) are not similar to
the observed image. The theoretical images of these parameters
show the ring of counter-jet with a diameter significantly larger
than that of photon ring, and these large ring images are well
reconstructed in the synthetic images. For the model with
a* = 0.7, the inner ring is also reconstructed, i.e., the double-
ring structure appears in the synthetic images. These features
are not found in the M87* ring images (EHTC2019c, d, f), so
that the models with a*� 0.9 are disfavored.
As is shown in the third and fourth columns in Figure 3,

future EHT observations can identify the existence of the
stagnation ring. Here, we focus on the model with a* = 0.99.
With the EHT2021 array, a faint feature of the inner ring can be
detected. However, it is a faint spot-image and more clear
images will be required to certificate the appearance of the
stagnation ring. If we consider the EHT2023 array, the
resolution of the image is drastically improved thanks to
345 GHz coverage and one can successfully identify the inner
ring (i.e., approaching jet) in the image. This indicates that
forthcoming EHT observations will enable us to test the
models, and furthermore, to explore the plasma-injection
mechanism of the relativistic jets.

4. Summary and Discussion

We carried out GRRT calculations to study whether the
localized emission from a stagnation ring, which is the plasma
ring created at the stagnation surface in the jet funnel, can
reproduce the ring-like image of M87*. We found that the
resulting images consist of the direct image of the stagnation
ring and the images formed via the strong deflection of the ray,
to which we refer as quasi photon-ring. The diameter of the
ring images drastically decreases, except the quasi photon-rings
with increasing the BH spin, because the stagnation surface
appears in the region closer to the BH when the BH spin is
higher.
For the model with a* = 0.99, a direct ring image by

stagnation ring in the counter-jet region and the quasi photon-
ring are almost coincident with the photon ring. The inner ring,
which is the direct image of the stagnation ring in the
approaching jet, appears inside these∼ 40 μas rings. Impor-
tantly, the inner ring is difficult to resolve by using the
EHT2017 array. This indicates that the asymmetric ring image
observed in M87* may include a direct-emission image from
the jet bases in addition to the photon-ring image. Forthcoming
EHT observations of M87* can resolve the inner ring feature. If
the inner-ring image were detected, it may enable us to study

11 Of course, the inner rings are composed of multiple sub-ring images, which
are formed by photons turning around the BH less and more than one orbit.
When the photons rotate more, the image becomes more similar to the photon
ring with lower resulting radiative flux (see, e.g., Luminet 1979; Johnson et al.
2020). In this study, we focus on the most luminous one formed by the photons
turning around the BH less than one orbit, so that the diameter of the ring
image is slightly larger than the photon ring, especially for the lower BH-spin
models.
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the plasma-injection and launching mechanism of the relati-
vistic jet.12

One may think that the approaching-jet emission would
reproduce the ring image with∼ 40 μas for the models with the
BH spin between a* = 0.7 and 0.9 (see Figure 2), if the
counter-jet was obscured by the accretion flow. However, this
situation will be difficult to realize. This is because the
remarkable absorption by the accretion flow will also result in
significant emission from itself.

The image morphology of our a* = 0.99 model is similar to
that of a SANE model with a* = 0.94 (Figure 2
in EHTC2019e). The resembling images are a consequence
of the similar location of the emission region, i.e., that inside
the mildly wide funnel of semi-MAD (our model) and outside
the narrow funnel of SANE (EHTC2019e). Importantly, their
SANE models passed the reduced χ2 test for imaging, which
means that our reproduction of the image features of M87* in
the reconstructed image is reasonable. It should be mentioned
that our stagnation ring model is rather motivated to be applied
to a case of the emission from the highly magnetized funnel in

MAD (or semi-MAD) models, while no emission is assumed in
EHT2019e. Simultaneous calculations of images of stagnation
rings and the accretion disks in MAD or semi-MAD state
remain as future works. The calculations may result in an
additional faint, blurred disk image and the time variation of
the bright region due to the magnetic reconnection and/or
magnetic interchange modes.
The ratio of energy density of electrons to magnetic field is

Ue/UB= 6.1× 10−4, 8.2× 10−4, 2.4× 10−3, and 4.1× 10−3

for a* = 0.5, 0.7, 0.9, and 0.99, respectively, where
[ ( ) ( )]ò g g g g g= - -

g

g - - -U d m c n p1 p p p
e e e e

2
e,nth e e,max

1
e,min
1

e,min

e,max .

This is consistent with the magnetic-energy-dominant M87-jet
picture (Kino et al. 2015). On the other hand, MAGIC
Collaboration et al. (2020) demonstrated that particle energy
dominates at the emission site of the very high energy (VHE)
γ-ray in M87. A unified picture of the jet that simultaneously
explains the radio and VHE γ-ray emission may be addressed
by considering multi-zone disk-jet models.
In this paper, we simply set the number density of electrons

to reproduce the observed flux in M87* at 230 GHz and
assumed that the bottom of the stagnation surface is bright and
the other part of the surface is dim. It should be noted that the
number density of e± plasma is higher than the Goldreich–

Figure 3. Reconstructed image of models with a* = 0.99(top), 0.9 (middle), and 0.7 (bottom) using SMILI. The first column displays the theoretical model as a
reference. The second, third, and fourth columns present the reconstructed images considering the arrays of EHT2017, EHT2021, and EHT2023, respectively.

12 Future EHT observations may also distinguish the model of electron
distribution-function (Roelofs et al. 2020) and non-Kerr objects, e.g.,
wormholes (Wielgus et al. 2020) and boson stars (Vincent et al. 2021).
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Julian density (∼ΩB/2πec ∼a*B/8πerH ∼10−5cm−3 for
a* = 0.99, where e is the elementary charge). In order to
inject the high density e±, the γγ pair-production (Mości-
brodzka et al. 2011), an inverse-Compton pair-catastrophe
amplified by a post-gap cascade (Broderick & Tchekhovs-
koy 2015) and further processes (e.g., e± injection processes
initiated by the proton acceleration in magnetically arrested
disks, Kimura & Toma 2020) would be needed. Alternatively,
magnetic reconnection near the jet bases may inject electron–
proton plasma from the accretion flow into the jet funnel. These
processes may also inject the plasma into the other part of the
stagnation surface. Exploring the injection mechanism of
plasma will be addressed in future work.
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