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Outline
• “VLBI study of AGN Jets” during the last decade 

• Lesson from M87 to others: Acc. & Colli. zone (ACZ: 
Marscher+ 2008) as “Pipeline” (Marscher & Gear 1985)  
and Jet Collimation Break (JCB: Asada & MN 2012), 
providing a physical extent of ACZ (Park’s talk) 

• Thrilling results with EHT, but the horizon-scale jet     
in M87 is still unknown (or has no strong constraints) 

• Any unique usage of EAVN facilities to understand             
the fundamental physics in AGN jets?
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Global Structure of AGN Jets: ACZ + JCB

• Blandford & Königl (1979) 
➡Revisiting “conical” jet model                                                 

• Blandford & Znajek (1977)                  
Blandford & Payne (1982) 
➡BP82 (disk-driven) wind may NOT 

produce limb-brightened features, 
while BZ77 does play a role 
(Takahashi, Toma+ 2018; MN+ 2018) 

➡Revisiting spine-sheath hypothesis 

• Blandford & Begelman (1999) 
➡ADIOS as a confining material

Tseng+ (2016); MN+ (2018); Park+, in prep.

M∙ = 6.2 × 109 M⊙ (M87)
M∙ = 6 × 108 M⊙ (N6251)
M∙ = 2 × 109 M⊙ (N315)
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from paper I (EHTC 2019a)
50 μas

SANE, Rhigh = 80, SANE, Rhigh = 10, MAD, Rhigh = 10,a* = − 0.94 a* = 0 a* = 0.94

EAVN CollaborationEHT Collaboration
PA43GHz ∼ 288∘ (Walker + 2018)

• BH mass: 

• Mass accretion rate: 

• Jet power: 

• BH spin (a=0 can’t do >1042 erg/s ): 

• Magnetic flux: 

• Electron temperature: 

• PAGRMHD (forward jet):

·m (≡ ·M/ ·MEdd) ≃ 5 × 10− 7− 3 × 10− 4

1042 erg s− 1 < Pjet ( ≲ 1043 erg s− 1)

|a | ≤ 0.94

ϕ = 3.6 − 56.5 (units of ·MR2
gc)

Te ≃ Ti/(10 − 160)

MADSANE

235∘ ± 65∘ (Apr 5 − 11)

M∙ = (6.5 ± 0.7) × 109 M⊙

• Synthesized emission: the funnel wall and/or 
accretion flow with σ < 1: Γ∞ → 1

• Connection with the extended jet (relativistic 
outflow: Γ∞ ≫ 1) is unknown

σ: Poynting flux per unit matter energy flux
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Magnetically Arrested Disk (MAD)
• Poloidal magnetic field supports the accreting gas 

against the BH gravity (Narayan+ 2003; Igmenshchev 2008)

(Narayan+ 2012; Sadowski+ 2013)ϕ < 10 (SANE), ϕ ∼ 40 − 80 (MAD)
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<latexit sha1_base64="mjFAzbJ/v/jM34aC9TpW7p1YYFw="></latexit>

ṁ . 0.01 (RGs, BLLacs)
<latexit sha1_base64="Of92/zcaqTtK51+g3Msfi6t1cNg="></latexit>

58 A. Tchekhovskoy

Fig. 3.6 Vertical slice through BH accretion system illustrates how the balance of forces
determines the maximum possible field strength on the BH. The BH, shown as a black circle, is
threaded with vertical magnetic field, whose lines of force are shown with blue lines. The magnetic
pressure force, FB, pushes outward on the accretion disk gas, which is shown in red. Clearly,
if we removed the disk, the magnetic field would leave the BH due to the “no-hair theorem”,
which states that an isolated BH can only possess mass, spin, and charge, but not magnetic flux
(Sect. 3.3). Thus, it is the weight of the disk, or the associated force FG, that keeps the magnetic
field from leaving the BH. The disk must be massive enough to keep the magnetic flux on the BH:
FB < FG. If the opposite is true, i.e. if the magnetic field gets too strong, it pushes parts of the disk
away, the excess magnetic field leaves, and the accretion flow enters a magnetically-arrested disk
(MAD) state (Bisnovatyi-Kogan and Ruzmaikin 1974, 1976; Igumenshchev et al. 2003; Narayan
et al. 2003; Igumenshchev 2008; Tchekhovskoy et al. 2011; Tchekhovskoy and McKinney 2012;
McKinney et al. 2012). A characteristic size r ! few " rg involved into the force balance is
indicated

field gets too strong, it pushes parts of the disk away, and the excess magnetic
field leaves. The accretion flow then becomes the magnetically-arrested disk, or
a MAD (Bisnovatyi-Kogan and Ruzmaikin 1974, 1976; Igumenshchev et al. 2003;
Narayan et al. 2003; Igumenshchev 2008; Tchekhovskoy et al. 2011; Tchekhovskoy
and McKinney 2012; McKinney et al. 2012). In this state the magnetic field on the
BH and the jet power are maximum, and we discuss this state in detail below.

Thus, the maximum possible magnetic field strength on the hole is given by the
condition FB D FG. We write disk mass asMDisk ! ! " .4"r3=3/" .h=r/, and get:

B2

8"
4"r2 D GMBH!4"r3=3

r2
: (3.13)

Now, using mass continuity equation PM D 4"r2!vr".h=r/ to eliminate gas density
!, where vr is radial velocity of the infalling gas, we obtain an estimate of field
strength at the BH event horizon:

BMAD ! 2 " 104 ŒG#

!
L

0:1LEdd

"1=2 !
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109Mˇ

"#1=2 #
.vr=c/ " .h=r/

0:05

$#1=2

;

(3.14)

Image courtesy  : A. Tchekhovskoy

• GRMHD Simulations: 

• Supporting MAD in observations:
Φjet = 1031 − 1035 Mx (Zamaninsab+ 2014) Pjet ≳ ·Mc2 (Ghisellini+ 2014)

� = �
q

ṀR2
gc

' 1033� ṁ1/2m3/2
9 Mx (G cm2)

<latexit sha1_base64="Bzg2GuXWS2NtG+8eDVe+y5x3B20="></latexit>
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4 M. Nakamura

We adopt ✏ = 0.05 (↵ = 0.1) as our reference.
With the poloidal magnetic field in a power-law scaling

as Bp ($/Rg)�⇠ (⇠ � 0), the magnetic flux in the vicinity of
the BH is approximately given (e.g. Zdziarski et al. 2015)
by

� ⌘
Z
Bp2⇡$ d$ =

2

2 � ⇠ ⇡BpR
2
g G cm

2, (23)

where ⇠ = 0 is adopted here following with axisymmetric
GRMHD simulations (Nakamura et al. 2018). Therefore,
equations (21) and (23) provide

� ⇠ �(Ṁ•R2
gc)1/2

G cm
2,

⇠ 9.8 ⇥ 10
32� ṁ

1/2
• m

3/2
9

G cm
2. (24)

GRMHD simulations exhibit that the strong BH
poloidal field squeezes the accretion flow vertically down
to h ⇠ 0.05 near the BH from h ⇠ 0.3–1 at large distance
in the MAD state (Tchekhovskoy 2015). Indeed, � ⇡ 40–60
is obtained in the MAD state (Tchekhovskoy et al. 2011;
Narayan et al. 2012; ?), while � ⇠ 10 is a saturation level
in the non-MAD state, i.e., the “standard and normal evo-
lution” (SANE; Narayan et al. 2012), as is examined in 3D
GRMHD runs with various BH spins (e.g. Narayan et al.
2012; ?; Moscibrodzka et al. 2016).

Next, we plug the derived magnetic flux into the for-
mula of the BH spindown power of the BZ mechanism (e.g.
Yuan & Narayan 2014; Tchekhovskoy 2015). We adopt the
6th-order accurate expansion formula in powers of the BH
rotational frequency ⌦H(a) (e.g. Tchekhovskoy et al. 2010;
Tchekhovskoy 2015);

PBZ6 =
c

16⇡R
2
g

�2!2

H
f (!H), (25)

where

⌦H(a) =
ac

2RH

, !H(a) ⌘
2Rg⌦H

c
⌘ a

1 +
p

1 � a2

,

f (!H) = 1 + 0.35!2

H
� 0.58!4

H
, (26)

where ⌦H and RH = Rg(1+
p

1 � a2) are the angular frequency
and radius of the BH event horizon. The Kerr parameter a

denotes the dimensionless BH spin characterizing the angu-
lar momentum normalized by its maximum M•rgc. Prefac-
tor  ⇡ 0.05, which weakly depends on the magnetic field
geometry, is adopted and f (!H) is a high-spin correction.
By combining equations (24) and (26), we obtain the jet
power by utilizing the BH mechanism with the accumulated
magnetic flux in the vicinity of the BH as

Pj =


16⇡
�2

Ṁ•c2!2

H
f (!H), (27)

where

� ⇡ 60

✓ ↵
0.1

◆� 1

2

 
h

0.05

!� 1

2

. (28)

We consider h ⇠ 0.05 for a MAD state, while h ⇠ 1 for a
SANE state, respectively4.

4 An analytical estimation of � in Tchekhovskoy (2015) gives
similar values within a factor of ⇠ 2.
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Figure 1. The BH spin dependence of the BZ power for the
MAD (h = 0.05; solid line) and SANE (h = 1; dashed line) state
in M87, respectively (upper). Gray shaded area denotes preferred
range of the jet power in observations. Correspondingly, the jet
production e�ciency is displayed (lower). Two horizontal dotted
lines indicate ⌘ = 100 % and 30 % (a maximum radiative e�ciency
of a thin disk with a = 0.998) for comparison.

3 RESULTS

From equations (21) and (24), the poloidal magnetic field
strength and the corresponding magnetic flux around the
BH in the MAD sate are estimated as

Bp ⇡ 660 G, � ⇡ 1.8 ⇥ 10
33

G cm
2. (29)

Broderick & Tchekhovskoy (2015) obtain a weaker field
strength (Bp ⇡ 250 G) at the event horizon, which can be
considered as a state between SANE (Bp ⇡ 110 G) and MAD
(Bp ⇡ 660 G) in our formula. Note that our estimation of
� is quantitatively consistent with the downstream value
of ⇠ 9.5 ⇥ 10

32
G cm

2 (Zamaninasab et al. 2014). Also, self-
consistent values are obtained in GRMHD simulations for
the horizon-scale modeling of M87 (Ref. Paper V). We do
not consider the retrograde BH throughout the present pa-
per; Tchekhovskoy & McKinney (2012) We examine the
feasibility in coming sections.

3.1 BH Spindown Power in M87: MAD vs. SANE

Fig. 1 provides the BH spin (a) dependence on the BZ jet
power Pj in units of erg s�1 and the e�ciency of the jet
production for both MAD and SANE states. As is clearly
seen, Pj in the SANE state fails to achieve & 10

43 erg s�1 for
all the case of a, implying that the BH spindown power may
not enough with the horizon-scale magnetic field Bp ⇡ 110

G. On the other hand, Pj in the MAD state with Bp ⇡ 660

G seem to cover fairly the range of ⇠ 10
43–10

44 erg s�1 if
the BH spin is moderately large at a & 0.5. Therefore, we
suggest that the accretion flow in the vicinity of the BH

MNRAS 000, 1–7 (2019)

ϕ = 60

ϕ = 10

MAD Can Make Pjet > ·Mc2

η = PBZ(Φ, a)
·Mc2

× 100
EM energy extraction from a spinning BH (Blandford & Znajek 1977)
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• Current jet power needs be examined with further inner regions (mm/cm VLBI)

Asynchronous activity

Motivations

from paper V (EHTC 2019e)
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M. Mościbrodzka et al.: GRMHD simulations of the jet in M 87
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Fig. 3. Electromagnetic spectrum of GRMHD models computed at i = 20◦ and i = 90◦ based on models RH1-RH100 overplotted with the
observations of M 87 collected in Abdo et al. (2009). Synchrotron emission appears in the SED as a hump around 230 GHz, and the higher order
humps (second and third ones) are due to inverse-Compton emission.

Fig. 4. Intensity map of our fiducial model RH100 at λ = 7 mm (ν = 43 GHz) for a viewing angle of i = 20◦ (left panel) and i = 160◦ (right panel).
The color scale is normalized to unity. See Table 1 for the total fluxes in units of Jansky for each model (Col. 7). The position angle of the jet
axis/black hole spin is set to PA = 290◦ (Reid et al. 1982) E of N for both models. The size of each panel is 200 × 200 GMBH/c2 in the plane of the
black hole. At a distance of D = 16.7 Mpc, this corresponds to an angular size of about 0.8 × 0.8 mas.

of Fermi (data points at E > 100 MeV, or 1022 Hz) is large
(θ ∼ 0◦.8 E−0.8

GeV), and data points include flux from the entire jet
including its radio lobes (e.g., include HST-1 and other knots lo-
cated further downstream of the jet, which are prime locations
for the particle acceleration, hence the high-energy emission).
Therefore the high-energy spectrum is used in this work as an
upper limit. The proton-to-electron temperature ratio in the ac-
cretion disk has to be Rhigh ≥ 100 to produce a flux of 1 Jy at
1.3 mm, but not to overpredict the source luminosity measured
at high energies.

In the rest of the paper, we therefore focus on modeling
images of the fiducial model RH100 whose SED agrees with
the observational data points. The radiative efficiencies for all
models and the importance of the radiative cooling is discussed
in Sect. 4.2. The radio maps’ appearance as a function of Rhigh is
presented and briefly discussed in the Appendix.

3.2. Emission at λ = 7 mm and 3.5 mm

Figure 4 shows the appearance of our fiducial model RH100
at λ = 7 mm for i = 20◦ (left panel) and i = 160◦ (right
panel). The images show the intensity distributions on the sky
that are normalized to unity. They are computed on the GRMHD
model snapshot base and then time-averaged over a duration of
about 35 d. At 7 mm, the plasma around the maximum of the
intensity distribution is optically thick (the synchrotron pho-
tosphere, τabs = 1 surface, is located at a distance of about
10−25 GMBH/c2 from the BH). The images display extended
and complex structures that are evidently edge-brightened.
Moreover, there is the brightness asymmetry between the two
rims on both sides of the jet. The jet is corotating with the BH
and the disk. (The angular momentum vector of the BH, and
the disk is pointing in the N-W direction in the images.) The

A38, page 5 of 15

A&A 586, A38 (2016)

Fig. 5. Evolution of the intensity profile across (left panel) and along (right panel) the jet at λ = 7 mm (ν = 43 GHz). Color lines represent intensity
at various times spaced by 20M ≡ 7 days.

Fig. 6. Contour maps of the model images (RH100) at λ = 7 mm (ν = 43 GHz) for viewing angles of i = 20◦ (left panel) and i = 160◦ (right
panel) convolved with the telescope beam to simulate observations by Hada et al. (2011). The contour levels were chosen to match those from
observations (contours decrease by a factor of 21/2 from the maximum intensity). The image size here is 480 × 480GMBH/c2 ≡ 1.8 × 1.8 mas,
which is about twice the size used in Fig. 4 (images at λ = 7 mm).

brightness assymetry is due to Doppler boosting. In both cases
shown in Fig. 4, the emission from the counter-jet is strongly
suppressed.

The edge-brightening of the jet images is illustrated in Fig. 5
(left panel), which shows the radiation intensity profile across
the jet axis at a distance of 25GMBH/c2 away from the SMBH.
Figure 5 (left panel) shows how the intensity profile evolves in
time. Lines with different colors indicate the intensity profile at
various times. The time span between the black and magenta
lines corresponds to about 28 d. The ratio of the intensity of the
two rims is about two and is roughly constant in time. Figure 5
(right panel) also shows the evolution of intensity profile along
the jet. The profile along the jet shows two intensity enhance-
ments that apparently move upstream of the jet (“knots” located
at x ∼ 45 and 65GMBH/c2). We find that these two intensity
“knots” have subluminal apparent speeds of v/c = 0.13 and 0.4,
which indicate jet acceleration.

A robust comparison of Fig. 4 to observations of the source
at 7 mm is presented in Hada et al. (2011). In Fig. 6, we convolve
our theoretical intensity maps (Fig. 4) with the telescope beam
size (FWHMbeam = 0.3 and 0.14 mas, see Hada et al. 2011) and
contour them in the same fashion as Fig. 3b in Hada et al. (2011).
There is overall good qualitative agreement, but also some re-
maining differences. Our jet model is somewhat more compact
in the direction along the jet axis to account for the extended
low-surface brightness jet features observed at 7 mm. Also our
jet model does not display the characteristic two rims when con-
volved with the telescope beam, even though the underlying the-
oretical model is clearly edge-brightened. An even better agree-
ment between our model and observations could probably be
achieved (1) by using GRMHD models with a higher spatial res-
olution that resolves the jet boundary better; (2) by increasing the
size of the computational domain since we are only simulating
the innermost parts of the jet at 43 GHz; and (3) by including

A38, page 6 of 15

SANE: Moscibrodzka+ (2016)

Two-temperature MAD simulations of M87 2887

Figure 13. Log-scale images of 86 GHz snapshots of the two models overlaid with the measured 55◦ apparent opening angle. The leftmost panel shows an
image reconstruction using the CLEAN algorithm on 2014 data from the GMVA reported in Kim et al. (2018). The top row shows the high-resolution GRTRANS

images of the two simulations at 86 GHz (zoomed-out versions of the 86 GHz images in Fig. 10). The bottom row shows the simulation images convolved
with the Gaussian beam reported in Kim et al. (2018). The snapshot images were normalized to the total flux of the 2014 image. Both simulations produce
wide opening angle jets at 86 GHz and noticeable counterjet emission, although the limb brightening in the blurred simulation images is somewhat less than
in the 86 GHz CLEAN reconstruction.

EHT’s resolution. The brightest spot in the 230 GHz image moves
with the rotation of the magnetic field lines, particularly in the H10
model, which lacks bright disc emission. When blurred to EHT
resolution, this evolution will generally follow the clockwise sense
of rotation of the disc and jet. In the specific frames selected from
the H10 simulation, however, shifts in the relative brightness of two
filaments as they rotate produce an apparent evolution in the blurred
frames that is slightly counterclockwise.

The precise shadow diameter and shape is sensitive to the
inclination and black hole spin (Bardeen et al. 1972; Chandrasekhar
1983). Even for these simulated images, which have a prominent
shadow, any one EHT image reconstruction would leave substantial
uncertainty in the shadow size due to the limited resolution and
contributions to the source structure from the foreground jet. It
may be possible, however, to make a more precise measurement of
the shadow size with multiepoch imaging. While the shadow is a
persistent feature set only by the mass and spin of the black hole,
the foreground jet at 230 GHz rotates quickly, completing a full
revolution on a time-scale of weeks to months.

In Fig. 15, we compare visibility amplitudes extracted from the
fiducial 230 GHz images in Fig 14 with observations from the
EHT with stations in Hawaii, California, and Arizona in 2009
(Doeleman et al. 2012) and 2012 (Akiyama et al. 2015). The
compact flux density measured in these two years was ≈ 0.98 Jy.
At the chosen values of inclination, θ = 17◦ up from the south
pole, and distance to the black hole D = 16.7 Mpc, the snap-
shot images from our simulations are somewhat too large and
underpredict the measured visibility amplitudes on the Hawaii–
California and Hawaii–Arizona baselines. Compared to the ex-
tremely compact images obtained from the less magnetized 2D
simulations in Ryan et al. (2018), our wide-opening-angle jets
produce extended emission that increases the overall image size,

though the bright ∼ 40 µas photon ring remains the most prominent
feature.

We note that the image size in our simulations is highly sensitive
to the assumed viewing inclination. At larger values of inclination
angle than the θ = 17◦ taken from Walker et al. (2018), the image
size decreases as we see less Doppler-boosted emission from the
wide opening angle jet. While the jet inclination angle is constrained
to !20◦ at distances ∼ 100 pc from the black hole from apparent
superluminal velocities measured near the HST-1 knot (Giroletti
et al. 2012), it is not as definitively constrained on scales closer to
the black hole. In their conservative estimate, Mertens et al. (2016)
give an upper limit θ ! 27◦. At θ = 30◦, the visibilities from R17
nearly match the observations, and the simulated visibilities from
H10 are much less discrepant than at 17◦ (Fig. 15). Furthermore,
at this larger value of the inclination angle, the limb brightening
in the 43 and 86 GHz images from both simulations more closely
matches the VLBI maps (left-hand panels of Figs 12 and 13), and
the counterjet is more prominent at both frequencies.

The image size in our simulations at a fixed inclination angle is
also sensitive to the σ i cut that we impose in post-processing. Our
choice of σ cut = 25 was determined to avoid including emission
from the regions with densities set to the floor value. In nature,
these regions will produce emission which is likely to be significant
in the regions probed by the 230 GHz image. We find that including
radiation from σ i > 25 regions makes the image more compact (see
Section 4.5). Thus, it remains possible that different prescriptions
for including radiation in post-processing from highly magnetized
regions may produce images from MAD simulations that are
consistent with the 2009 and 2012 EHT size measurements.

In Fig. 16, we consider the same 230 GHz snapshots as in the
central column of Fig. 14 and decompose the emission into three
component parts: disc, counterjet, and forward jet. As above, we

MNRAS 486, 2873–2895 (2019)
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86GHz imaging with MAD: Chael+ (2019)
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Fig. 7. From left to right: 43, 86, and 228 GHz. Top row: synthetic images at a single snapshot of the thermal-jet at an inclination of i = 160� .
Second row: same as top row but for the ✏ = 0.0 -jet. Bottom row: same as the first and second row but for the ✏ = 0.015 -jet.

Fig. 8. Logarithmic optical-depth maps at 228 GHz of a single snapshot of the models at an inclination of i = 160� .
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Fig. 7. From left to right: 43, 86, and 228 GHz. Top row: synthetic images at a single snapshot of the thermal-jet at an inclination of i = 160� .
Second row: same as top row but for the ✏ = 0.0 -jet. Bottom row: same as the first and second row but for the ✏ = 0.015 -jet.

Fig. 8. Logarithmic optical-depth maps at 228 GHz of a single snapshot of the models at an inclination of i = 160� .
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Fig. 10. First panel from the left: 43 GHz radio map of M 87 (Janssen et al. 2019). Second panel: synchrotron map of the thermal-jet model ,
convolved with a 2D Gaussian beam. Third panel: same as the second panel but now for a -jet model with ✏ = 0.0. Fourth panel: Same as the
third panel but now with ✏ = 0.015. The white ellipse indicates the beam used to convolve the images. All models produce a jet that is too narrow
compared to the VLBI map. The extent of the jet increases when electron acceleration is present, and is maximum for ✏ = 0.015.

with a power-law. The results are similar to the ones presented
by Dexter et al. (2012), who also injected accelerated electrons
based on the amount of available magnetic energy. The -jet
models yield a jet power of the order of 1043 ergs s�1, which is in
agreement with observations of the jet core power by Reynolds
et al. (1996), and is approximately two times lower than the
thermal-jet models. This is probably due to the fact that in the
-jet models there is a larger contribution of electrons in the tail
of the distribution functions with respect to the thermal-models.
Since these electrons emit at higher � values, this results in a
higher flux contribution per unit mass.

After defining the radiative e�ciency as ✏rad = L/Ṁc2, we
found that the thermal-jet has ✏rad = 0.003. This is to be con-
trasted with ✏rad = 0.013 and ✏rad = 0.020 for the -jet models
with ✏ = 0.0 and ✏ = 0.015, respectively. An important note is
that we do no include X-ray emission in this work. Although, the
obtained values are well below the thin disk e�ciency, thus jus-
tifying our assumption that the radiation can be decoupled from
the evolution of the dynamics of the plasma.

4.3. The effect of electron acceleration on synchrotron maps

At 43 and 86 GHz, both -jet models show a more dominant
counter-jet when compared to the thermal-jet model, hinting to
a behaviour that could be observable by future GMVA-ALMA
observations. There is also a clear di↵erence in the extent of the
emission of the forward jet in the ✏ = 0.015 -jet model when
compared to the ✏ = 0.0 -jet and to the thermal-jet model, with
the emitting region being more compact in the -jet models at
228 GHz. The reason for this is that there is more energy avail-
able at higher � in the eDF, which results in a higher flux contri-
bution per unit mass. Indeed, to obtain a fit to the data, a lower
mass-accretion rate is needed. Since our mass-accretion rate sets
the scaling of the densities and magnetic fields, it also changes
the optical thickness of the source. As a result, a more optically
thin model will show a more compact emission region.

A comparison with the result from Mościbrodzka et al.
(2016) shows that similar source morphologies at all frequencies
for the thermal model. However, at 228 GHz our images show
a more optically thick inner ring feature that partially blocks the
view to the shadow. The reason for this is that our initial con-
ditions di↵er from those of Mościbrodzka et al. (2016), as they
used a disk with a pressure maximum at 24 rg, resulting in an
outer radius of r = 240 rg, while we used a pressure maximum
at 12 rg and outer radius of r = 40 rg. A larger disk is initially
seeded with larger toroidal magnetic-field loops, and a larger

loop increases the magnetic flux at the horizon at later times.
These stronger magnetic fields will a↵ect the overall source mor-
phology, resulting in wider opening angles which lead to less
obscuration of the shadow by the forward jet.

4.4. Core size, shift, and jet opening angle

The obtained core sizes for our models are close to the observed
values: ✓43 GHz = 0.13 ± 0.01, ✓86 GHz = 0.079 ± 0.021 (Hada
et al. 2013), and ✓228 GHz = 0.040 ± 0.002 (Doeleman et al.
2012). If we compare these to values reported in Tables 4, we
find that our models at 43 and 86 GHz are within the error mar-
gins of the observations. At 228 GHz, the ✏ = 0.0 -jet recovers
the observational value. The thermal-jet model is slightly larger,
this is probably caused by the larger emission region around the
shadow. In the ✏ = 0.015 case, the deviation is caused by a more
pronounced jet feature.

We obtain core-shift relations for both our models by cal-
culating the core position that follows the trend found by Hada
et al. (2011). They computed the core shift with respect to the
43 GHz core. Their obtained fit is then extrapolated to higher
frequencies where they find an o↵set of 40 µas at 228 GHz. At
frequencies below 10 GHz, deviations with the fit from Hada
et al. (2011) are present. A possible explanation for this is the
limited simulation domain of 1000 rg and the de-collimation of
the jet after r ⇡ 300 rg.

An important remark to make is that we have here considered
a Standard And Normal Evolution (SANE) simulation. This re-
sults in a low magnetic flux at the event horizon when compared
to Magnetically Arrested Disc (MAD) simulations that result in
the maximum amount of flux that can penetrate the event horizon
(Narayan et al. 2003; Tchekhovskoy et al. 2011). If we compare
our results with the MAD simulation from Chael et al. (2019),
our jet opening angle is smaller and our models are inconsistent
with the observational constraints on the jet opening angle at 43
GHz (55� Walker et al. 2018; Janssen et al. 2019); by contrast,
Chael et al. (2019) showed that their thermal MAD simulations
do match the observed opening angle.

4.5. Reconnection as the source of particle acceleration

The electrons’ energy-distribution function is one of the key
open questions in modeling the appearance of jets launched
by supermassive black holes. Simulations of these acceleration
mechanisms rely on non-ideal e↵ects, which are not captured
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Fig. 7. From left to right: 43, 86, and 228 GHz. Top row: synthetic images at a single snapshot of the thermal-jet at an inclination of i = 160� .
Second row: same as top row but for the ✏ = 0.0 -jet. Bottom row: same as the first and second row but for the ✏ = 0.015 -jet.

Fig. 8. Logarithmic optical-depth maps at 228 GHz of a single snapshot of the models at an inclination of i = 160� .
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43GHz imaging with SANE: Davelaar+ (2019)

• None of models (SANE/MAD, (non-)Thermal eDF) can 
reproduce the morphology; Limb-brightened (L-B) feature 

• Punsly (2019) argue both SANE and MAD jets (M16, C19) 
are narrower than real jet at 43/86GHz (Hada+ 2013, 2016)

Motivations

Pj = (4 − 30) × 1042 erg s− 1

Pj ∼ 1043 erg s− 1

Pj = (6.6 − 13.0) × 1042 erg s− 1
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Innermost Structure of the M87 Jet
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Quasi-symmetric 
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— σ = 1
—βp = 1 — ur = 0 (Stagnation)

We don’t know where/how 
SL knots are formed…

• SSA thick VLBI cores                        
→ |B| (z < 50 rg)
Hada+ (2012, 2016); Kino+ (2014, 2015)
�43�230GHz
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Lateral Expansion & Acceleration

- - σ = 1
— FFE solution 

    (z ~ R1.6)

• Bulk acceleration takes place in the funnel where !  
• Large !  causes a lateral expansion (effective magnetic nozzle); limb-brightened → MAD? 
• !  can be matched with the parabolic shape of !  → VLBI obs.?

σ > 1
ϕ

ϕ = 30 − 70 σ ∼ 1

MADMADSANE 
MADSANESANE

MN+ in prep.

a = 0.9



01/20/2020, Sendai 

RB ' 210 pc

✓
kTB

0.9 keV

◆�1 ✓ M•
6.2⇥ 109 M�

◆

' 3.6⇥ 105 Rs
<latexit sha1_base64="+3zGD5+gP5kZ4o9q4OlWxdzbcGs="></latexit>
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Kuo+ (2014)

2D MHD sim. (Yuan+ 2012)
3D MHD sim. (Pang+ 2011)

Russell+ (2015); Park+ (2019)
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Russell+ (2015) - X-ray 
Park+ (2019) - VLBA Pol. (≦ 5 GHz)

Kuo+ (2014) - SMA Pol.
Ṁ . 9.2⇥ 10�4 M� yr�1(R ' 20Rs)
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X-ray obs.

X-ray / Pol. obs.

Di Mateo+ (2003); Rafferty+ (2006); Russell+ (2015)

e.g., Yuan & Narayan (2014) ARAA

To be explored w/ HSA Pol. (≦ 22 GHz, PI: Park)

Pjet ≳ ·Mc2
Pjet(= 5 × 1043 erg/s)/ ·Mc2 ∼ 1

s = 1

s = 0

s = 0.5

ne / R�1 (R & 5000Rs) : s ' 0.5
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Pol. / X-ray obs. 

M87

GRMHD sim. 
& VLBI obs.

VLBI core obs.

Russell+ (2015); Park+ (2019)

Hada+ (2012, 2016); 
 Kino+ (2014, 2015)



Quasi-simultaneous Monitoring of VLBI Core

Measurement within a 0.5 × 0.5mas2 box around the peak

Data from paper IV (EHTC 2019d)
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EAVN@22GHz, Apr. 17, 2017
EAVN@43GHz, Apr. 18, 2017
KVN@86GHz, Apr. 19, 2017
KVN@129GHz, Apr. 19, 2017

• Measuring core size & flux at !  86 GHz 
(GMVA+ALMA / EAVN) 

• Monitoring VLBI core flux at 22-129 GHz 
(KVN+EAVN hybrid mode) 

➡ Estimations of !  during EHT2020 

≤

ΦEH & LEM
GMVA+ALMA 2020 (PI: J. Kim)

submitted to EAVN2020A (PI: Y. Cui)

• Past efforts w/ KVN 22-129GHz (2012-2016; Kim, Lee+ 2018)   
• Spectral steeping, but limited (u, v) coverage and/or structure blending? 
• True spectrum of the jet base can be flat up to 129 GHz 

• Partially SSA-thick at 230GHz? (Kino 2015+) 

• Assuming the poloidal flux conservation in the funnel, !  can be extracted from VLBI core at 
mm-cm bands !  where the SSA-thick core exists !

ΦEH
( ≥ 43 GHz) (Hada + 2011; r ≲ 50 rg)
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• Let’s see imaging the jet w/ EHT@230GHz / GMVA@86GHz in 2020

from GMVA+ALMA Cy 7 proposal (PI: Kim, J.)
Figure 2: GRMHD+GRRT images and simulated GMVA(+ALMA) observations of the M87 jet (see
the legend for references). Top and bottom : jet formation with high and low magnetic fluxes. From
left to right : images from the simulations, synthetic GMVA+ALMA observations, and the same
without ALMA.

the structure of the onset of the jet, (iii) establish firm evidence for the magnetic jet
launching in M87 based on polarization measurement.

3 Immediate Objectives :
• Proving presence/absence of a ring-like feature at 3mm : For several physical reasons,
recent state-of-the-art numerical simulations predict bright synchrotron emission of ring-like mor-
phology at the base of jet (Fig. 2). In the standard jet formation theory, extraction of the BH
angular momentum by surrounding magnetic field (B-field) leads to a powerful relativistic jet ([2]),
and stronger magnetic field flux at the horizon (with a dimensionless B-field flux � � 10)2 develops
more powerful jet (see [4] for a review). Therefore high � jets are particularly fast and have strongly
Doppler (de-)boosted (counter-)jet emission near the horizon scale. The base of a hollow approach-
ing jet then creates a ring-like structure (expected diameter⇠ 40� 50µas). Low � jet, on the other
hand, creates a much larger ring of ⇠ 100µas diameter at 86GHz because of gravitional lensing of
the bright counterjet emission. We note that the di↵erence in the ring structure is much smaller
at 230GHz because both the jet and counterjet emission will originate from closer to the SMBH.
Therefore, VLBI imaging at 86GHz can better distinguish between the two scenarios.
Previous multi-epoch GMVA observations without ALMA constrained the 3mm VLBI core sizes

to be ⇠ 100µas (⇠ 14rs) in the E-W direction ([9,12]). In particular, the amplitudes of the long
E-W baselines were consistently high (⇠ 50 � 100mJy at ⇠ 3G�; [12]), which hints at presence of
a sub-structure in the core region, but at low significance. Our dedicated imaging simulations of
the two jet formation scenarios (Fig. 2) demonstrates that, only with the addition of ALMA to the
GMVA, the elusive sub-structure in the 3mm VLBI core can be unambiguously imaged. We also
emphasize that, while such ring-like feature might become already visible by Cycle 5 observations,
Cycle 7 is crucial to confirm its perpetual presence or absence (as expected from steady jet formation
in M87 on timescales of years) and measure variability (if any).
• Determining the BH spin by co-rotating jet : One of remarkable features in the 2017 EHT
image is the excess of emission in the south of the ring. This resembles brighter south edge of the
limb-brightened M87 jet ([9,22,12]) and suggest co-rotations of the black hole, accretion flow, and the
jet (thus Doppler boosting in the south). However, inner M87 jet often shows brighter northern edge
(Fig. 3, left), which cannot be explained only by the pure Doppler boosting unless the BH spin/disk

2� = �BH/(ṀG2M2

BH
/c3)1/2 where �BH and Ṁ are the magnetic flux and mass accretion rate at the horizon,

respectively.

2

ϕ ∼ 60 (cgs) ←

ϕ ∼ 4 (cgs) ←

• Adequate jet expansion in the lateral direction in MAD 
• !  increases due to the magnetic nozzle effect 
• Unexpected counter jet emission is suppressed 
• Quasi-symmetric limb-brightens feature may appears 

in the approaching jet side ( ! )

Γ

≲ 100 μas
MN+ in prep.

SANE

MAD

GMVA + ALMA
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Summary
• MWL data (< 230 GHz) is useful to nail down the horizon-scale 

parameters !  in M87 

• EHT2020: Simultaneous obs. with EAVN/KVN (22/43/86/129GHz)　　
and GMVA+ALMA towards VLBI cores 

• Presumably, MAD in action in M87: 
• !  
• !  
• !  
• Limb-brightened feature is one of key observables

(ΦEH, LEM, ·M)

ϕ ≃ 30 − 70
ΦEH ≃ 1033 (ϕ/60) ( ·m/4 × 10− 6)1/2 (M/6.5 × 109 M⊙)3/2 Mx
LEM ≃ (4 − 15) × 1043 erg s− 1(a = 0.9)
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