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and their host galaxies

• collimated relativistic outflow from 
AGN


• extends over ~kpc - ~Mpc


• emission from radio to gamma-ray


• Almost jets belong to elliptical galaxies


• ~10% of AGN have a jet  
(radio-quiet : radio-loud = 9 : 1)


• possible heating source of galaxy 
clusters (cooling flow problem)

Active Galactic Nuclei jets
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ୈ1ষ INTRODUCTION

ಈۜՏ֩δΣοτͱ͸ɺۜՏͷத৺෦ͷ໌Δ͘ޫΔίΞ׆ ಈۜՏ֩:Active׆) galactic

Nucleus: AGN)͔Βɺ͘ࡉ௕͘৳ͼΔ૬ର࿦త଎౓Λͭ࣋෺࣭ͷ෾ग़ྲྀͰ͋Δɻ૬ର࿦
తͱ͸ɺ଎౓͕΄΅ޫ଎ͰɺӡಈΤωϧΪʔ͕෺࣭ͷ੩ྔ࣭ࢭΤωϧΪʔΛ௒͑ΔΑ͏ʹ
ͳͬͨঢ়ଶΛ͢ࢦɻAGN͸શۜՏͷ໿ 10%ʹଘ͠ࡏɺAGNͷ͏ͪ໿ 10%ʹδΣοτ͕
෇ਵ͍ͯ͠ΔɻCyg AͱM87ۜՏͷδΣοτΛྫͱͯ͠ਤ 1.1, 1.2ʹࣔ͢ɻۜՏͷయܕ
తͳେ͖͞͸਺े kpc͕ͩɺAGNδΣοτ͸ͦΕΑΓ΋େ͖ͳ਺Mpcʹ·Ͱ৳ͼ͍ͯΔ
΋ͷΛ΋͋Δ (1pc ≈ 3.085× 1010 cm)ɻ δΣοτͷதʹ͸ɺϒϩοϒ΍ϊοτͱݺ͹Ε

ਤ 1.1: Very Large Array (VLA)ి೾๬ԕڸʹΑͬͯ 1983೥ʹ 6cm(5GHz)Ͱ؍ଌ͞Εͨ
Cyg AۜՏ (த৺ͷ໌Δ͍఺)ɻ฼ۜՏͷத৺͔֩Β৳ͼΔඇৗʹ͍ࡉ 2ͭͷδΣοτ͕ଘ
଄ߏେͳ๐ঢ়ڊΔ͜ͱ͕Θ͔ΔɻδΣοτઌ୺ʹ͸͢ࡏ (ϩʔϒ)͕͋ΔɻδΣοτ͕ઌ
୺Ͱࢄҳͯ͠Ͱ͖Δϩʔϒ͕໌Δ͍͜ͱ͔Β FR ೾ۜՏʹ෼ྨ͞Ε͍ͯΔɻ(Copyిܕ2

Right: NRAO/AUI)

Δմঢ়ͷ໌Δ͍ྖҬΛ΋ͭ΋ͷ͕͋Δɻಉ͡δΣοτΛִؒؒ࣌Λͱͬͯ؍ଌ͢Δ͜ͱʹ
ΑΓϊοτ͕ޫΑΓ΋଎͘Ҡಈ͍ͯ͠Δ༷͕֬ࢠೝ͞Ε͍ͯΔɻ͜͏ͨ͠ӡಈ͸௒ޫ଎ӡ
ಈͱݺ͹ΕΔ͕ɺ࣮ࡍ͸ɺ์ࣹ͕ݯ૬ର࿦తʹӡಈ͍ͯ͠Δ͜ͱʹΑΔ͚͔ݟͷޮՌͱ͠
ͯઆ໌Ͱ͖Δɻ௒ޫ଎ӡಈ͸ɺδΣοτ಺ͷ෺࣭͕ɺޫ଎ʹඇৗʹ͍ۙ଎౓Ͱӡಈ͍ͯ͠
Δ͜ͱΛ͍ࣔࠦͯ͠Δɻͨͩ͠ɺϊοτͷதʹ͸ҐஔΛม͑ͳ͍΋ͷ΍AGNํ޲΁ͱӡ
ಈ͍ͯ͠Δ΋ͷ΋͋Δɻϊοτͷӡಈ͸ɺྲྀମͷӡಈͱؔ܎ͷͳ͍์ࣹྖҬͷؒ࣌มԽΛ
ΔՄೳੑ΋͋Δ͜ͱʹ஫ҙ͞Ε͍ͨɻ͍ͯݟ

Cyg A (NRAO/AUI)

Cen A (NASA)M87 (NASA)



“A curious straight ray lies in a gap in the nebulosity in p.a. 20°, apparently 
connected with the nucleus by a thin line of matter. The ray is brightest at its inner 

end, which is 11’’ from the nucleus.”

description of NGC 4486 (M87), Heber D. Curtis, 1918



more and more upstream

• High-resolution VLBI 
observations have revealed 
characteristic emission 
structures of AGN jets.


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


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


• jet width profile (next slide)

Radio observations
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ਤ 1.2: 1989೥ʹ VLAͰ͞૾ࡱΕͨM87ۜՏɻ਺Mpc·Ͱ৳ͼΔδΣοτ͕؍ଌ͞Ε
͍ͯΔɻM87͸࠷΋ৄࡉʹδΣοτߏ଄͕؍ଌ͞Ε͍ͯΔఱମͰ͋ΓɺδΣοτڀݚͷ
ϩθολετʔϯͱݺ͹ΕΔ͜ͱ΋͋Δɻ(Credit:National Radio Astronomy Observa-

tory/National Science Foundation)

δΣοτͷܗঢ়͸ଟछଟ༷Ͱ ɺ௕͘·͙ͬ͢৳ͼΔ΋ͷ΋͋Ε͹୹͕͘ۂΓ͘Ͷͬͨ
΋ͷ΋͋Γɺ؍ଌ೾௕ʹΑͬͯ΋มԽ͢ΔɻCyg AͷδΣοτ͸฼ۜՏΛத৺ʹ 2ͭͷ
δΣοτ͕޲ํٯʹ͍ޓʹ৳ͼ͍ͯΔͷʹରͯ͠ɺM87ͷδΣοτ͸ยํʹ͔͠৳ͼͯ
͍ͳ͍ɻ࣮ࡍʹ͸ɺM87ʹ΋ 2ͭͷδΣοτ͕ଘ͢ࡏΔ͕͍ͯ͑ݟΔํͱ͸ٯଆͷδΣο
τ͸զʑ͔Βԕ͔͟Δߴʹ͖޲଎Ͱ఻೻͍ͯͯ͠ɺ૬ର࿦తͳυοϓϥʔޮՌ΍Ϗʔϛ
ϯάޮՌʹΑͬͯ؍ଌ͞Εͳ͘ͳ͍ͬͯΔͱ͑ߟΒΕΔɻͲͪΒʹ΋ڞ௨͍ͯ͠Δͷ͸
δΣοτ͕฼ۜՏ͔Β·͙ͬ͢৳ͼͨઌʹڊେͳ๐ঢ়ߏ଄ (ϩʔϒ)͕ଘ͢ࡏΔ͜ͱͰ͋
Δɻϩʔϒ͸δΣοτ͕੕ؒ෺࣭ͱিಥ͠ɺࢄҳ͢Δ͜ͱʹΑͬͯܗ੒͞ΕΔͱ͑ߟΒΕ
͍ͯΔɻ
΄ͱΜͲ௚ઢঢ়ͷδΣοτΛۜՏத৺ʹ͔͔ͯͬ͞޲ͷ΅ΔͱɺۜՏத৺ͷ௒ڊେϒ
ϥοΫϗʔϧ෇ۙʹ͖ߦண͘ɻϒϥοΫϗʔϧ͸Ұൠ૬ରੑཧ࿦͕༧͢ݴΔ࠷΋͍ڧॏྗ
৔ͷ͜ͱͰ͋Γɺೖͬͯ͠·͏ͱޫͰ͑͞΋ൈ͚ग़͢͜ͱ͕Ͱ͖ͳ͍ྖҬͰ͋Δɻ౰વɺ
ϒϥοΫϗʔϧ͔Β͸͍͔ͳΔ෺࣭΋֎΁ग़ͯ͘Δ͜ͱ͸Ͱ͖ͳ͍ɻϒϥοΫϗʔϧ͔Β
͸ɺϒϥοΫϗʔϧͷ͙͢֎ଆͰΤωʹࡍΔɻ࣮͑ࢥʹົح଎ͷ෺࣭ͷ෾ग़͕͋Δͱ͸ߴ
ϧΪʔͱ෺࣭͕஫ೖ͞Ε͍ͯΔ΋ͷͱ͑ߟΒΕ͍ͯΔɻͨͩ͠ɺϒϥοΫϗʔϧͷपล؀
Ε͍ͯΔɻ͞࢒੒ཧ࿦ʹ͸ଟ͘ͷಾ͕ܗ͸ະͩৄ͘͠Θ͔͓ͬͯΒͣɺδΣοτڥ
δΣοτ͕AGNͰΤωϧΪʔΛ͞څڙΕ͍ͯΔͱ͢Δͱɺ͑ߟΒΕΔΤωϧΪʔݯ͸

AGNʹଘ͢ࡏΔ௒ڊେϒϥοΫϗʔϧ΁མ͍ͪͯ͘෺࣭͕ղ์͢ΔॏྗΤωϧΪʔ͔ϒ
ϥοΫϗʔϧͷճసΤωϧΪʔͰ͋Δɻ͜ΕΒͷΤωϧΪʔΛδΣοτͷӡಈΤωϧΪʔ
΁ͱม͢׵ΔϝΧχζϜ͸͍͔ͭ͘ఏҊ͞Ε͖͕ͯͨɺ࠷ࡏݱ΋༗ྗͱ͞Ε͍ͯΔͷ͕ϒ

M87

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

Continuing triple-ridge structure

Hada 2017

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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Event Horizon Telescope

(NRAO/NSF)

Hada et al. 2016

triple-ridge structure

limb-brightened structure Blackhole Shadow



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).
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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構造

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

Continuing triple-ridge structure

triple-ridge構造

z∝R2

approaching the jet origin!



A Zoom to the Black Hole in M87 - Hubble Space Telescope on Youtube

https://www.youtube.com/watch?v=C628xyDN40o


Jet emission near the horizon

一般相対論的
輻射磁気流体
モデル

(Chael et al. 2019)

EHT 2017の
観測条件に
基づく模擬観測

EHT 2020の
観測条件に
基づく模擬観測

線形コントア

対数コントア

ਤ 1. ͷޙࠓ M87*ͷ؍ଌ༧૝ɻຊ؍ଌ͕࣮͞ࢪΕͨ

2017೥ʹ͸࣮ޮײ౓ෆ଍ͷͨΊʹݕग़͕೉͔ͬ͠

ͨδΣοτ͸ 2020 ೥ʹ͸ଊ͑ΒΕΔͩΖ͏.

ʹ։ൃ͞Εͨιϑτ΢ΣΞ͕༻͍ΒΕ͕ͨ 2), ͦ

ͷ͏ͪͷҰͭ͸ळࢁΛத৺ʹ։ൃ͞Εͨ.

ຊ੒ՌͷإͱͳͬͨM87*ͷը૾ͷ෮ݩʹ͸ଟ

͘ͷ๜ਓ͕ࢀՃ͠, ळੈ͕ࢁ࿩ਓͷҰਓͱͯ͠࡞

൝ͱؔ࿈࿦จۀ 3) Λओಋͨ͠. ೔ຊ͸ຊؒɾळ

ɾ஑ాΛத৺ʹεύʔεϞσϦϯάΛ༻͍ͨըࢁ

૾Խख๏, ͓Αͼळࢁɾా࡚ɾ৿ࢁɾ͕ా࡫த৺

ͱͳͬͯͦΕΛ࣮૷ͨ͠ιϑτ΢ΣΞ SMILIΛ։

ൃͨ͠. SMILI͸ϒϥοΫϗʔϧΛը૾Խͨ͠ࡾ

ͭͷιϑτ΢ΣΞͷҰͭͱͳΓ, ถ͕ࠃओಋ͠։

ൃͨ͠΋͏Ұͭͷιϑτ΢ΣΞ eht-imagingͰ

΋εύʔεϞσϦϯά͕࣮૷͞Ε༻͍ΒΕͨ.

ଌσʔλͷཧ࿦తղੳ؍ 4) Ͱ͸ਫ໺͕, M87*

ͷ࣭ྔͷଌఆ 5) Ͱ͸ઙా͕ۀ࡞൝ͱؔ࿈࿦จΛ

ੈ࿩ਓͷҰਓͱͯ͠ओಋ͠, தଜɾᙛਅɾ઒ౡɾل

͓Αͼ ळࢁɾ৿ࢁ΋ͦΕͧΕͷղੳʹͨ͠ݙߩ.

EHTʹ͓͚Δ๜ਓऀڀݚͷׂ߹͸ 1ׂ΄Ͳͩ

͕, ຊ੒Ռͷ΄΅શͯͷଆ໘Ͱ׆༂ͨ͠. ໘ͷࢴ

౎߹ʹΑΓࡌܝͰ͖ͳ͔༷ͬͨʑͳݙߩʹ͍ͭͯ

͸ EHT-Japanͷ΢Σϒࣄه 6) Λࢀর͞Ε͍ͨ.

3. ϒϥοΫϗʔϧ૾ࡱͷޙࠓͷల๬

ฏ੒ޙ࠷ͷఱจֶͷେχϡʔεͱͳͬͨϒϥο

Ϋϗʔϧ૾ࡱ, ྩ࿨Ͱ͸Կ͕ظ଴Ͱ͖ΔͩΖ͏͔?

M87*Ͱ͸ภޫͷղੳ͕ਐΊΒΕ͓ͯΓ, ϒϥοΫ

ϗʔϧۙ๣ͷ࣓৔ߏ଄΁ͷ৽ͨͳ஌͕ݟಘΒΕΔ

ͩΖ͏. ·ͨ EHTࣗମ΋ਐԽ్্ʹ͋Δ. 2018

೥ʹՃΘͬͨ ASIAAͷ GLTΛؚΉ৽ͨͳ̏ͭ

ͷ๬ԕڸͷࢀՃʹΑΓը૾ͷ࣮ޮײ౓͕େ෯ʹ޲

্͠, ग़͞Εͳ͔ͬͨݕճࠓ M87*͔Β෾ग़͢Δ

δΣοτͳͲϒϥοΫϗʔϧۙ๣ͷϓϥζϚྲྀ͕

ΑΓ઱໌ʹଊ͑ΒΕΔ͜ͱ͕ظ଴͞ΕΔ (ਤ 1).

΋͏Ұͭͷ࠷ॏཁఱମͰ͋Δ͍ͯ࠲ A*ͷ݁Ռ

Λใ͢ࠂΔͷ΋ͦ͏ԕ͘ͳ͍ͩΖ͏. ࠲͍ͯ A*

ͷղੳʹؒ࣌Λཁ͍ͯ͠Δͷ͸ࢹઢ্ͷϓϥζϚ

ʹΑΔ੕ؒࢄཚͱ, ෼୯ҐͰ͖ىΔఱମߏ଄ͷ࣌

ؒมԽͷͨΊͰ͋Δ 1). લऀʹؔͯ͠͸ۙ೥ͷଟ

೾௕؍ଌ͔Βը૾Խʹ༩͑ΔӨڹ͸ݶఆతͰ͋Δ

͜ͱ͕෼͔Γ 7), ෰͢Δࠀ΋͜ΕΛͯؔ͠ʹऀޙ

༷ʑͳख๏͕։ൃ͞Ε͍ͯΔ 1).

౦ΞδΞޙࠓ VLBI͕อ༗͢Δ JCMTͱ୆࿷

͕อ༗͢ΔGLTɾSMAͷ໾ׂ͸Ұ૚ॏཁʹͳΔ.

ྡ઀͢Δ SMAɾJCMT͸σʔλͷֱਖ਼Ͱ࠷΋ॏ

ཁͳجઢΛ, GLT͸ۭؒ෼ղೳΛ࠷େԽ͢Δ࠷௕

.ઢΛ༩͑Δج SMAɾJCMT͸྆ఱମͷؒ࣌ม

ಈ͢Δߏ଄Λਖ਼֬ʹଊ͑ΔݤͰ͋Γ, ͱ΋Өہࡾ

ͷܗঢ়ͷܾఆʹॏཁͳجઢΛ༩͑Δ. ޙࠓͷہࡾ

ͷܧଓతࢀՃ͸ EHTશମΛ͘ڧԼ͑͢ࢧΔ.

͞Βʹ౦ΞδΞͰ͸໺ลࢁͷ SPART΍ι΢ϧ

ͷ SRAOΛՃ͑ͨಠࣗͷ 1.3 mm VLBIΞϨΠ

EAVN Highͷ؍ଌ͕࢝·ͬͨ. EHT΋ 2020೥

୅ʹੈ࣍୅ΞϨΠEHT-2΁େ෯ʹ֦ு͞ΕΔ 8).

ਐԽ͠ଓ͚Δ؍ଌ໢ʹΑΓ, ϒϥοΫϗʔϧΛࡱ
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次世代EHT観測でジェット成分の検出が期待

Event Horizon Telescope

Blackhole Shadow



電波ジェットの起源に迫る観測。

BH近傍の放射イメージを理論的に予測できるか



+ radiative transfer calculations

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


• rotational energy of BH 
→ Poynting flux 
→ kinetic energy


• GRMHD simulations supports the BZ 
process.


• Combined with radiative transfer 
calculations, one can create synthetic 
images. 
 
→ comparison with observations and 
simulations = “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)

Mahlmann, Levinson, Aloy 2020

(General Relativistic MagnetoHydroDynamic)



from non-thermal particles
• most GRMHD simulations consider only 

thermal electrons 


• Emission from the jet is synchrotron emission 
of relativistic electrons.


• How to accelerate electrons relativistically? 
shock? turbulence? magnetic reconnection? 
pair-creation? 
→ local particle physics 


• What is the spatial distribution? 
→ large scale dynamics of jets


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

Non-thermal emission

Davelaar et al. 2019

熱的放射モデル→

←非熱的放射モデル

BH
bulk acceleration
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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

shock

turbulence

reconnection

←本研究



Density-floor problem

• 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

Difficulty of Jet Simulation

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
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シミュレーションでジェットを解くのは難しそう。

放射構造を再現することに集中して、

準解析的近似解モデルを用いる。



Our Motivation
predict jet images in EHT scale

• Focus on the internal structures of jets


• Construct a semi-analytic model which do not suffer 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 and constrain the injection mechanisms.



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

Striped jets from small scale magnetic field 11

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)

Mahlmann,Levinson, Aloy 2020If the fluid don’t move along the filed line, it rotates with . ΩF



Wind Equation
• analytic solution of the Bernoulli equation 

,   

• number density:  


• toroidal field: 

4

∑
i=0

Aiui
p = 0

n = −
ηBp

upGt

B3 = − 4πμη
Gϕ

̂E + GtL̂
M2 − k0

M2 = 4πμn
u2

p

B2
p

G2
t

 

 

 

  

A4 = 1

A3 =
k0Bp

2πμηGt

A2 = 1 + ̂E2k4 + (
k0Bp

4πμηGt )
2

A1 =
Bp(k0 − ̂E2k2)

2πμηGt

A0 = k0(k0 − ̂E2k2)(
Bp

4πμηGt )
2

Gt = g00 + ΩFg03

Gϕ = g03 + ΩFg33

k0 = − (g00 + 2ΩFg03 + ΩFg33)

k2 = (1 − ΩFL/E)2 k4 = − (g33 + 2g03L/E + g00(L/E)2)/ρ2
w

ρ2
w = g2

03 − g00g33

New formulation 



4 constants, 4 conditions
• constrain four integral constants by four 

conditions


1. regularity condition of the magnetosonic 
point of outflow 


2. initial poloidal velocity at the separation 
surface


3. electromagnetic condition at the horizon 
(Znajek condition)


4. trans-field force balance at the separation 
surface (next slide)

BH

field linesseparation surface

|up(r = rss) | = 10−3

B3(r = rH) = − ( g33

g22 )
1/2

(−
g03

g33
− ΩF)(∂2Ψ)

r=rH

trans-field force-
balance → ΩF

ΩF(Ψ = 1) = 0.35ΩH

→ L, η

→ L, η

fast magnetosonic point  
→ E

New constraining method

GRMHD simulationは質量流速を全面で手で与える

我々はseparation surfaceでのみ質量流速を与える

流体はinflow/outflowで不連続、
separation surfaceで湧き出しあり


電磁場は連続的



Results



Parabolic Jet Model
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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

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

n/nnorm

←separation 
surface 
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up

• poloidal velocity: 



• flow accelerate from the 
separation surface


• density normalization:

u2
p = u1u1 + u2u2

nnorm = [ B1B1 + B2B2 + B3B3

8πμ ]
r=rss,Ψ=1

accelerate 
up to
up ∼ 3 − 4
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Summary
• Observations: limb-brightened/triple-ridge 

structure, BH shadow 


• GRMHD simulation: density-floor problem 
→ cannot simulate jets


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


• We numerically solve the force-balance 
between the field lines at the separation 
surface and analytically solve the wind 
equation.


• We determine the 2D distribution of the 
EM field, velocity and density in a jet.
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Taiki Ogihara, T. Ogawa(Univ. of Tsukuba), K. Toma (Tohoku Univ.) 
https://ui.adsabs.harvard.edu/abs/2021ApJ...911...34O/abstract 

up n/nnorm

一般相対論的
輻射磁気流体
モデル

(Chael et al. 2019)

EHT 2017の
観測条件に
基づく模擬観測

EHT 2020の
観測条件に
基づく模擬観測
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• Our semi-analytic model, combined with 
radiative transfer calculations, may help 
interpret the high-resolution VLBI 
observations and understand the origin of 
jetted matter.


• reconstruct limb-brightened structure 
~10r_g


• future EHT: jet origin/injection point


• No one know the emission structure of jets. 
Our analytic model can be adapted easier 
than simulations for observed structure.


• and more…


• proper-motion / polarization


• other limb-brightening jets

Future Prospects
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ਤ 1.2: 1989೥ʹ VLAͰ͞૾ࡱΕͨM87ۜՏɻ਺Mpc·Ͱ৳ͼΔδΣοτ͕؍ଌ͞Ε
͍ͯΔɻM87͸࠷΋ৄࡉʹδΣοτߏ଄͕؍ଌ͞Ε͍ͯΔఱମͰ͋ΓɺδΣοτڀݚͷ
ϩθολετʔϯͱݺ͹ΕΔ͜ͱ΋͋Δɻ(Credit:National Radio Astronomy Observa-

tory/National Science Foundation)

δΣοτͷܗঢ়͸ଟछଟ༷Ͱ ɺ௕͘·͙ͬ͢৳ͼΔ΋ͷ΋͋Ε͹୹͕͘ۂΓ͘Ͷͬͨ
΋ͷ΋͋Γɺ؍ଌ೾௕ʹΑͬͯ΋มԽ͢ΔɻCyg AͷδΣοτ͸฼ۜՏΛத৺ʹ 2ͭͷ
δΣοτ͕޲ํٯʹ͍ޓʹ৳ͼ͍ͯΔͷʹରͯ͠ɺM87ͷδΣοτ͸ยํʹ͔͠৳ͼͯ
͍ͳ͍ɻ࣮ࡍʹ͸ɺM87ʹ΋ 2ͭͷδΣοτ͕ଘ͢ࡏΔ͕͍ͯ͑ݟΔํͱ͸ٯଆͷδΣο
τ͸զʑ͔Βԕ͔͟Δߴʹ͖޲଎Ͱ఻೻͍ͯͯ͠ɺ૬ର࿦తͳυοϓϥʔޮՌ΍Ϗʔϛ
ϯάޮՌʹΑͬͯ؍ଌ͞Εͳ͘ͳ͍ͬͯΔͱ͑ߟΒΕΔɻͲͪΒʹ΋ڞ௨͍ͯ͠Δͷ͸
δΣοτ͕฼ۜՏ͔Β·͙ͬ͢৳ͼͨઌʹڊେͳ๐ঢ়ߏ଄ (ϩʔϒ)͕ଘ͢ࡏΔ͜ͱͰ͋
Δɻϩʔϒ͸δΣοτ͕੕ؒ෺࣭ͱিಥ͠ɺࢄҳ͢Δ͜ͱʹΑͬͯܗ੒͞ΕΔͱ͑ߟΒΕ
͍ͯΔɻ
΄ͱΜͲ௚ઢঢ়ͷδΣοτΛۜՏத৺ʹ͔͔ͯͬ͞޲ͷ΅ΔͱɺۜՏத৺ͷ௒ڊେϒ
ϥοΫϗʔϧ෇ۙʹ͖ߦண͘ɻϒϥοΫϗʔϧ͸Ұൠ૬ରੑཧ࿦͕༧͢ݴΔ࠷΋͍ڧॏྗ
৔ͷ͜ͱͰ͋Γɺೖͬͯ͠·͏ͱޫͰ͑͞΋ൈ͚ग़͢͜ͱ͕Ͱ͖ͳ͍ྖҬͰ͋Δɻ౰વɺ
ϒϥοΫϗʔϧ͔Β͸͍͔ͳΔ෺࣭΋֎΁ग़ͯ͘Δ͜ͱ͸Ͱ͖ͳ͍ɻϒϥοΫϗʔϧ͔Β
͸ɺϒϥοΫϗʔϧͷ͙͢֎ଆͰΤωʹࡍΔɻ࣮͑ࢥʹົح଎ͷ෺࣭ͷ෾ग़͕͋Δͱ͸ߴ
ϧΪʔͱ෺࣭͕஫ೖ͞Ε͍ͯΔ΋ͷͱ͑ߟΒΕ͍ͯΔɻͨͩ͠ɺϒϥοΫϗʔϧͷपล؀
Ε͍ͯΔɻ͞࢒੒ཧ࿦ʹ͸ଟ͘ͷಾ͕ܗ͸ະͩৄ͘͠Θ͔͓ͬͯΒͣɺδΣοτڥ
δΣοτ͕AGNͰΤωϧΪʔΛ͞څڙΕ͍ͯΔͱ͢Δͱɺ͑ߟΒΕΔΤωϧΪʔݯ͸

AGNʹଘ͢ࡏΔ௒ڊେϒϥοΫϗʔϧ΁མ͍ͪͯ͘෺࣭͕ղ์͢ΔॏྗΤωϧΪʔ͔ϒ
ϥοΫϗʔϧͷճసΤωϧΪʔͰ͋Δɻ͜ΕΒͷΤωϧΪʔΛδΣοτͷӡಈΤωϧΪʔ
΁ͱม͢׵ΔϝΧχζϜ͸͍͔ͭ͘ఏҊ͞Ε͖͕ͯͨɺ࠷ࡏݱ΋༗ྗͱ͞Ε͍ͯΔͷ͕ϒ

M87

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

Continuing triple-ridge structure

Hada 2017

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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Event Horizon Telescope

(NRAO/NSF)
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triple-ridge structure

limb-brightened structure Blackhole Shadow

一般相対論的
輻射磁気流体
モデル

(Chael et al. 2019)

EHT 2017の
観測条件に
基づく模擬観測

EHT 2020の
観測条件に
基づく模擬観測
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