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Active Galactic Nucleus (AGN) Jets

8 ୈ 1ষ INTRODUCTION

ਤ 1.2: 1989ʹ VLAͰ͞૾ࡱΕͨM87ۜՏɻMpc·Ͱ৳ͼΔδΣοτ͕؍ଌ͞Ε
͍ͯΔɻM87࠷ৄࡉʹδΣοτߏ͕؍ଌ͞Ε͍ͯΔఱମͰ͋ΓɺδΣοτڀݚͷ
ϩθολετʔϯͱݺΕΔ͜ͱ͋Δɻ(Credit:National Radio Astronomy Observa-

tory/National Science Foundation)

δΣοτͷܗঢ়ଟछଟ༷Ͱ ɺ͘·͙ͬ͢৳ͼΔͷ͋Ε͕͘ۂΓ͘Ͷͬͨ
ͷ͋Γɺ؍ଌʹΑͬͯมԽ͢ΔɻCyg AͷδΣοτۜՏΛத৺ʹ 2ͭͷ
δΣοτ͕ํٯʹ͍ޓʹ৳ͼ͍ͯΔͷʹରͯ͠ɺM87ͷδΣοτยํʹ͔͠৳ͼͯ
͍ͳ͍ɻ࣮ࡍʹɺM87ʹ 2ͭͷδΣοτ͕ଘ͢ࡏΔ͕͍ͯ͑ݟΔํͱٯଆͷδΣο
τզʑ͔Βԕ͔͟Δߴʹ͖Ͱ͍ͯͯ͠ɺ૬ରతͳυοϓϥʔޮՌϏʔϛ
ϯάޮՌʹΑͬͯ؍ଌ͞Εͳ͘ͳ͍ͬͯΔͱ͑ߟΒΕΔɻͲͪΒʹڞ௨͍ͯ͠Δͷ
δΣοτ͕ۜՏ͔Β·͙ͬ͢৳ͼͨઌʹڊେͳ๐ঢ়ߏ (ϩʔϒ)͕ଘ͢ࡏΔ͜ͱͰ͋
ΔɻϩʔϒδΣοτ͕࣭ؒͱিಥ͠ɺࢄҳ͢Δ͜ͱʹΑͬͯܗ͞ΕΔͱ͑ߟΒΕ
͍ͯΔɻ
΄ͱΜͲઢঢ়ͷδΣοτΛۜՏத৺ʹ͔͔ͯͬ͞ͷ΅ΔͱɺۜՏத৺ͷڊେϒ

ϥοΫϗʔϧۙʹ͖ߦண͘ɻϒϥοΫϗʔϧҰൠ૬ରੑཧ͕༧͢ݴΔ࠷͍ڧॏྗ
ͷ͜ͱͰ͋Γɺೖͬͯ͠·͏ͱޫͰ͑͞ൈ͚ग़͢͜ͱ͕Ͱ͖ͳ͍ྖҬͰ͋Δɻવɺ
ϒϥοΫϗʔϧ͔Β͍͔ͳΔ࣭֎ग़ͯ͘Δ͜ͱͰ͖ͳ͍ɻϒϥοΫϗʔϧ͔Β
ɺϒϥοΫϗʔϧͷ͙͢֎ଆͰΤωʹࡍΔɻ࣮͑ࢥʹົحͷ࣭ͷग़͕͋Δͱߴ
ϧΪʔͱ࣭͕ೖ͞Ε͍ͯΔͷͱ͑ߟΒΕ͍ͯΔɻͨͩ͠ɺϒϥοΫϗʔϧͷपล
Ε͍ͯΔɻ͞ཧʹଟ͘ͷಾ͕ܗະͩৄ͘͠Θ͔͓ͬͯΒͣɺδΣοτڥ
δΣοτ͕AGNͰΤωϧΪʔΛ͞څڙΕ͍ͯΔͱ͢Δͱɺ͑ߟΒΕΔΤωϧΪʔݯ

AGNʹଘ͢ࡏΔڊେϒϥοΫϗʔϧམ͍࣭͕ͪͯ͘ղ์͢ΔॏྗΤωϧΪʔ͔ϒ
ϥοΫϗʔϧͷճసΤωϧΪʔͰ͋Δɻ͜ΕΒͷΤωϧΪʔΛδΣοτͷӡಈΤωϧΪʔ
ͱม͢ΔϝΧχζϜ͍͔ͭ͘ఏҊ͞Ε͖͕ͯͨɺ࠷ࡏݱ༗ྗͱ͞Ε͍ͯΔͷ͕ϒ

(NRAO/NSF)

M87

7

ୈ1ষ INTRODUCTION

ಈۜՏ֩δΣοτͱɺۜՏͷத৺෦ͷ໌Δ͘ޫΔίΞ׆ ಈۜՏ֩:Active׆) galactic

Nucleus: AGN)͔Βɺ͘ࡉ͘৳ͼΔ૬ରతΛ࣭ͭ࣋ͷग़ྲྀͰ͋Δɻ૬ର
తͱɺ͕΄΅ޫͰɺӡಈΤωϧΪʔ͕࣭ͷ੩ྔ࣭ࢭΤωϧΪʔΛ͑ΔΑ͏ʹ
ͳͬͨঢ়ଶΛ͢ࢦɻAGNશۜՏͷ 10%ʹଘ͠ࡏɺAGNͷ͏ͪ 10%ʹδΣοτ͕
ਵ͍ͯ͠ΔɻCyg AͱM87ۜՏͷδΣοτΛྫͱͯ͠ਤ 1.1, 1.2ʹࣔ͢ɻۜՏͷయܕ
తͳେ͖͞े kpc͕ͩɺAGNδΣοτͦΕΑΓେ͖ͳMpcʹ·Ͱ৳ͼ͍ͯΔ
ͷΛ͋Δ (1pc ≈ 3.085× 1010 cm)ɻ δΣοτͷதʹɺϒϩοϒϊοτͱݺΕ

ਤ 1.1: Very Large Array (VLA)ిԕڸʹΑͬͯ 1983ʹ 6cm(5GHz)Ͱ؍ଌ͞Εͨ
Cyg AۜՏ (த৺ͷ໌Δ͍)ɻۜՏͷத৺͔֩Β৳ͼΔඇৗʹ͍ࡉ 2ͭͷδΣοτ͕ଘ
ߏେͳ๐ঢ়ڊΔ͜ͱ͕Θ͔ΔɻδΣοτઌʹ͢ࡏ (ϩʔϒ)͕͋ΔɻδΣοτ͕ઌ
Ͱࢄҳͯ͠Ͱ͖Δϩʔϒ͕໌Δ͍͜ͱ͔Β FR ۜՏʹྨ͞Ε͍ͯΔɻ(Copyిܕ2

Right: NRAO/AUI)

Δմঢ়ͷ໌Δ͍ྖҬΛͭͷ͕͋Δɻಉ͡δΣοτΛִؒؒ࣌Λͱͬͯ؍ଌ͢Δ͜ͱʹ
ΑΓϊοτ͕ޫΑΓ͘Ҡಈ͍ͯ͠Δ༷͕֬ࢠೝ͞Ε͍ͯΔɻ͜͏ͨ͠ӡಈޫӡ
ಈͱݺΕΔ͕ɺ࣮ࡍɺ์ࣹ͕ݯ૬ରతʹӡಈ͍ͯ͠Δ͜ͱʹΑΔ͚͔ݟͷޮՌͱ͠
ͯઆ໌Ͱ͖ΔɻޫӡಈɺδΣοτͷ࣭͕ɺޫʹඇৗʹ͍ۙͰӡಈ͍ͯ͠
Δ͜ͱΛ͍ࣔࠦͯ͠Δɻͨͩ͠ɺϊοτͷதʹҐஔΛม͑ͳ͍ͷAGNํͱӡ
ಈ͍ͯ͠Δͷ͋Δɻϊοτͷӡಈɺྲྀମͷӡಈͱؔͷͳ͍์ࣹྖҬͷؒ࣌มԽΛ
ΔՄੑ͋Δ͜ͱʹҙ͞Ε͍ͨɻ͍ͯݟ

(NRAO/AUI)

Cyg A
AGN Jet:  
• relativistic outflow (γ<10) 
• jet length: ~10kpc-1Mpc 
• tightly collimated (~1°) 
• synchrotron radiation in 

radio band

(NASA)

AGN Black Hole

disk



Electromagnetically driven jet 
Energy Source:  
Rotation Energy of  
Blackhole or accretion disk 

B-field collimation  
& density distribution 
↔Jet power, terminal Lorentz 
factor & radiation

Driving Mechanism
Begelman, Blandford, and Bees: Extragalactic radio sources 319

ly thin to y radiation produced by relativistic electron
bremsstrahlung, and to inverse Compton radiation at
& 10 Hz.
The y-ray flux from the inner regions of the torus

(which may include a redshifted positron annihilation
feature) would have only a small probability of being
reabsorbed near the hole. Nevertheless, the small number
of interactions that will occur can produce sufficient
electron-positron pairs within the funnel to complete the
circuit and allow electric current to flow through the hole.
For example, to support an electromagnetic power of 10
ergss ' in the funnel, a current of 3&&10' A must flow,
which requires a minimum pair creation rate of —10
s '. This can be maintained by y rays from the torus.
The maximum power that can be extracted self-

consistently from a black hole by a thick ion-supported
torus, M being given, is achieved when a* has the lowest
value consistent with the electron-ion decoupling condi-
tion M/ME (50(a*) . Even if M is a free parameter, the
maximum power extractable by an ion torus is
—10 a' &Ms ergs s '. [However, if strong magnetic
fields are anchored in a dense radiation-pressure-sup-
ported torus, whose thermal luminosity is LE, there is no
clear-cut reason why the power extracted electromagneti-
cally from the hole should not be orders of inagnitude
larger. A "cauldron" model along these lines (Begelman

and Rees, 1984) may be relevant to objects such as 3C273
where, in contrast to the radio galaxies, there is a nuclear
thermal luminosity -L,E, but where there is evidence also
for a powerful relativistic jet.]
As already mentioned, the energy extraction ap-

proaches maximal efficiency only if the proper "im-
pedance match" is achieved. When the power emerges as
a magnetized e+-e wind, one would like to know
whether anything resembling this optimal situation can be
set up. Phinney (1983b) has considered wind solutions
relevant to this model (Fig. 18). He supposes that e+-e
plasma, created in some region outside (but close to) the
hole, flows inward (into the hole) and outward; he consid-
ers the critical points for each flow. If MHD can be ap-
plied (even though the rest mass density of the particles is
negligible compared with the magnetic energy density),
then the ratio of the effective external resistance to that of
the hole is 0 /(0 —0 ), where Q is the hole's angular
velocity and A the angular velocity of the field lines.
Phinney finds that there are consistent wind solutions
where 0 is as large as 0.180, corresponding to an effi-
ciency 62% of the maximum.
Rees et al. (1982) argue that electromagnetic extraction

of energy from holes surrounded by (low- M ) ion-
supported tori is the dominant power source in strong
double radio galaxies. These radio galaxies almost cer-

O
5

(r/M) sin e

FICx. 18. Cartoon illustrating the features of a hydromagnetic wind driven by a Kerr black hole with a large angular momentum pa-
rameter a/M=O(1). Stippled: external matter confining a poloidal magnetic field 8~ to the hole. The precise geometry is unimpor-
tant; that shown is appropriate for a pressure-supported torus with constant specific angular momentum. S'aoy lines: y rays generat-
ed in the external matter create pairs in the otherwise empty "zone of nonstationarity' from which accreting material is excluded.
On field lines which cross the event horizon, these pairs carry the current j~ which extracts rotational energy from the hole in the
form of a direct-current Poynting flux. Dotted lines: the light surfaces for a simple MHD wind solution. The fast magnetosonic
point is off the scale of the picture. Figure supplied by E. S. Phinney from Phinney (1983a).

Rev. Mod. Phys. , Vol. 56, No. 2, Part I, April 1984

Fig. 1.—Initial (left) and final (right) distribution of log !0 in the fiducial model on the r sin " r cos " plane. At t ¼ 0 black corresponds to !0 " 4 ;10#7, and
dark red corresponds to !0 ¼ 1. For t ¼ 2000, black corresponds to !0 " 4 ; 10#7, and dark red corresponds to !0 ¼ 0:57. The black half circle at the left edge is the
black hole.

984 (V611/59554) 8/10/04

Fig. 3.—Initial (left) and final (right) distribution of A!. Level surfaces coincide with magnetic field lines, and field line density corresponds to poloidal field
strength. In the initial state field lines follow density contours if "0 > 0 :2 "0 ; max .

GRMHD simulation (McKinney & Gammie 2004)

R(GMBH/c2)

accretion disk

jet
contour: 


magnetic field line

color:

density


z(
G

M
BH

/c
2 )

0 20 400

20

40

today’s topic



Strong B-fields prevent plasma 
injection 
non-thermal injection model: 
photon-annihilation  

In simulations, density floor is 
set because of  the numerical 
reason 

→We compare the computed jet 
image with observation,  
and constrain the density 
distribution

Mass-Loading Problem

BH disk
plasma particles



M87 Jet
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ਤ 1.2: 1989ʹ VLAͰ͞૾ࡱΕͨM87ۜՏɻMpc·Ͱ৳ͼΔδΣοτ͕؍ଌ͞Ε
͍ͯΔɻM87࠷ৄࡉʹδΣοτߏ͕؍ଌ͞Ε͍ͯΔఱମͰ͋ΓɺδΣοτڀݚͷ
ϩθολετʔϯͱݺΕΔ͜ͱ͋Δɻ(Credit:National Radio Astronomy Observa-

tory/National Science Foundation)

δΣοτͷܗঢ়ଟछଟ༷Ͱ ɺ͘·͙ͬ͢৳ͼΔͷ͋Ε͕͘ۂΓ͘Ͷͬͨ
ͷ͋Γɺ؍ଌʹΑͬͯมԽ͢ΔɻCyg AͷδΣοτۜՏΛத৺ʹ 2ͭͷ
δΣοτ͕ํٯʹ͍ޓʹ৳ͼ͍ͯΔͷʹରͯ͠ɺM87ͷδΣοτยํʹ͔͠৳ͼͯ
͍ͳ͍ɻ࣮ࡍʹɺM87ʹ 2ͭͷδΣοτ͕ଘ͢ࡏΔ͕͍ͯ͑ݟΔํͱٯଆͷδΣο
τզʑ͔Βԕ͔͟Δߴʹ͖Ͱ͍ͯͯ͠ɺ૬ରతͳυοϓϥʔޮՌϏʔϛ
ϯάޮՌʹΑͬͯ؍ଌ͞Εͳ͘ͳ͍ͬͯΔͱ͑ߟΒΕΔɻͲͪΒʹڞ௨͍ͯ͠Δͷ
δΣοτ͕ۜՏ͔Β·͙ͬ͢৳ͼͨઌʹڊେͳ๐ঢ়ߏ (ϩʔϒ)͕ଘ͢ࡏΔ͜ͱͰ͋
ΔɻϩʔϒδΣοτ͕࣭ؒͱিಥ͠ɺࢄҳ͢Δ͜ͱʹΑͬͯܗ͞ΕΔͱ͑ߟΒΕ
͍ͯΔɻ
΄ͱΜͲઢঢ়ͷδΣοτΛۜՏத৺ʹ͔͔ͯͬ͞ͷ΅ΔͱɺۜՏத৺ͷڊେϒ

ϥοΫϗʔϧۙʹ͖ߦண͘ɻϒϥοΫϗʔϧҰൠ૬ରੑཧ͕༧͢ݴΔ࠷͍ڧॏྗ
ͷ͜ͱͰ͋Γɺೖͬͯ͠·͏ͱޫͰ͑͞ൈ͚ग़͢͜ͱ͕Ͱ͖ͳ͍ྖҬͰ͋Δɻવɺ
ϒϥοΫϗʔϧ͔Β͍͔ͳΔ࣭֎ग़ͯ͘Δ͜ͱͰ͖ͳ͍ɻϒϥοΫϗʔϧ͔Β
ɺϒϥοΫϗʔϧͷ͙͢֎ଆͰΤωʹࡍΔɻ࣮͑ࢥʹົحͷ࣭ͷग़͕͋Δͱߴ
ϧΪʔͱ࣭͕ೖ͞Ε͍ͯΔͷͱ͑ߟΒΕ͍ͯΔɻͨͩ͠ɺϒϥοΫϗʔϧͷपล
Ε͍ͯΔɻ͞ཧʹଟ͘ͷಾ͕ܗະͩৄ͘͠Θ͔͓ͬͯΒͣɺδΣοτڥ
δΣοτ͕AGNͰΤωϧΪʔΛ͞څڙΕ͍ͯΔͱ͢Δͱɺ͑ߟΒΕΔΤωϧΪʔݯ

AGNʹଘ͢ࡏΔڊେϒϥοΫϗʔϧམ͍࣭͕ͪͯ͘ղ์͢ΔॏྗΤωϧΪʔ͔ϒ
ϥοΫϗʔϧͷճసΤωϧΪʔͰ͋Δɻ͜ΕΒͷΤωϧΪʔΛδΣοτͷӡಈΤωϧΪʔ
ͱม͢ΔϝΧχζϜ͍͔ͭ͘ఏҊ͞Ε͖͕ͯͨɺ࠷ࡏݱ༗ྗͱ͞Ε͍ͯΔͷ͕ϒ

(NRAO/NSF)

M87 distance: ~16Mpc 
jet length: ~100kpc 
BH mass: (3-6)x109M⦿ 

viewing angle: 10°-20° 
second largest  
angular sized BH 
one of the main targets of 
Event Horizon Telescope

Table from Hada’s Slide
Credit: Hotaka Shiokawa ←simulated image



Triple-Ridge Structure

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

Continuing triple-ridge structure

from Hada’s slide(see Hada 2017)

New
!



1. Using a force-free model, 
we will explain the triple-
ridge structure. 

2. We will constrain the 
density distribution around 
the blackhole.

Aims of This Study
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2. Method



Force-Free Electromagnetic fields 
28 ୈ 3ষ Force freeϞσϧ

ද 3.1: BL09 ͷδΣοτϞσϧύϥϝʔλ
Model a(M) θview zfp(= σ)(GMBH/c2) ξ

M0 0.998 25 10 0.5

M1 0.998 25 20 0.5

M2 0 25 10 0.5

M3 0.998 40 10 0.5

M4 0.998 25 10 0.625

M5 0.998 25 10 0.3.75

͍ͯ߶ମճసΛ͍ͯ͠Δ߹Λ͍ͯ͠Δ߹ʹ͓͍͕ͯ͞ࢉܭΕ͍ͯΔɻϒϥοΫϗʔ
ϧΛ؏͍͍ͯΔ߹ͷ֯ΩF ∼ ΩH/2 = ac/4R+Ͱ༩͑ΒΕΔ͜ͱ͕ΒΕ͍ͯΔ
(Blandford and Znajek (1977); McKinney and Gammie (2004))ɻaϒϥοΫϗʔϧͷ
εϐϯύϥϝʔλɺR+ = Rs/2(1 +

√
1− a2)ΧʔϒϥοΫϗʔϧͷܘͰ͋Δɻ

ΛਤڧՌͷ์ࣹ݁ࢉܭ 3.2ʹࣔ͢ɻ·ͣɺ࣓ ͕ԁ൫Λ؏͘߹ɺਤԼଆʹ์ࣹ

ਤ 3.2: Rp = 40RsͷϦϯάঢ়ີΛԾఆͨ͠߹ͷ์ࣹڧɻࠨ:࣓͕ԁ൫Λ
؏͘߹ɻதԝ:࣓͕ճసϒϥοΫϗʔϧΛ؏͘߹ (a=1)ɻӈ:࣓͕ߴճసϒ
ϥοΫϗʔϧΛ؏͘߹ (a=0.998) (Takahashi et al. (2018)ΑΓ)

Εͳ͍ͨΊݱΒΕΔɻ͜ΕͷϙϩΠμϧ͕খ͘͞ɺϏʔϛϯάޮՌ͕ݟ͕ߏ
Ͱ͋Δɻ࣓͕ԁ൫Λ؏͍͍ͯΔ߹ɺϦϯάঢ়ີΛԾఆͯ͠ light surfaceRlc =

c/ΩF ∝ R3/2͕ݱΕΔҐஔ͕ԕํͰ͋ΔͨΊɺͷϙϩΠμϧ (ࣜ 3.11 )͕Ճ͞
Εͳ͍ɻ؍ଌऀͱٯΛ͍͍͍ͯͯΔਤԼଆͷδΣοτ໌Δ͍ͯ͑͘ݟΔɻ
ɺ͘ճస͢ΔϒϥοΫϗʔϧΛ؏͍͍ͯΔ߹ɺԁ൫Λ؏͘߹ͱൺͯRlcʹ࣍ =

c/ΩF ∝ R0Ͱ light surface͕ൺֱతۙ͘ʹҐஔ͠ɺϏʔϛϯάޮՌʹΑ͖ͬͯٯͷδΣο
τ҉͘ͳΔɻ͔͠͠ɺεϐϯύϥϝʔλ͕খ͍͞߹ϙϩΠμϧͷՃ͕ेͰ
ͳ͘ɺํҐ֯ํͷʹΑͬͯϏʔϛϯά͞Εඇରͳ์ࣹڧͱͳ͍ͬͯ
Δɻ࣓͕ߴճసϒϥοΫϗʔϧΛ؏͖ɺࠜຊͰͷີΛϦϯάঢ়ʹஔ͍ͨ߹Ͱ

angular velocity of B-field

Blandford & Znajek 1977

22 ୈ 3ষ Force freeϞσϧ

E = −∇Φͱॻ͚Δɻ࣠ରশੑ͔ΒEφ = 0Ͱ͋Δɻforce free͔݅ΒɺE ·B = 0Ͱ࣓
ͱిৗʹਨͰ͋Δɻ͕ͨͬͯ͠ɺҐஔͷؔΩF = ΩF (r, θ)Λ༻͍ͯɺ

E = −RΩFeφ ×B = −ΩF∇Ψ (3.8)

ͱॻ͚Δɻ͜͜ͰɺR = r sin θԁ࠲ඪܥʹ͓͚ΔܘͰ͋Δɻ∇×E = 0ʹೖ͢
Δͱ (B ·∇)ΩF = 0ΑΓΩF ࣓ྗઢʹԊͬͯอଘ͢Δ͜ͱ͕Θ͔ΔɻΩF ࣓ྗઢͷճ
స֯ͱ͑ݴΔɻ
force free݅ࣜͷํҐ֯Eφ = 0͔Β (j ×B)φ = 0ɻࣜ (3.3)Λೖͯ͠ɺࣜΛ

ཧ͢Δͱɺ(B ·∇)(RBφ) = 0ͱͳΓɺ(RBφ)͕࣓ྗઢʹԊͬͯอଘ͢ΔɻBφͷઈର
͜͜·ͰͷํఔࣜܥͰٻΊΔ͜ͱ͕Ͱ͖ͳ͍ɻ
force free࣓தͷ࣭ͷӡಈ͕υϦϑτӡಈΛ͢Δͱ͑ߟΔɻ

v = c
E ×B

B2
= RΩFeφ − RΩFBφ

B2
B (3.9)

ํҐ֯

vφ = RΩF −
RΩFB2

φ

B2
(3.10)

RΩF > cͱͳΔेԕํͷྖҬͰ͕ޫΛ͑ͳ͍ͨΊʹB2 ≈ B2
φɺB2

φ ≫ B2
pͱͳ

ΔɻͷϙϩΠμϧ

vp = −RΩFBφBp

B2
(3.11)

͕ԕํͰेՃ͞Ε͍ͯΔͱ͢Δ (vp ≈ c)ͱBφ

Bφ ∼ −RΩF

c
Bp = E (3.12)

ͱ༩͑ΒΕΔɻB2
φ ≫ B2

pɺࣜ (3.11),(3.12)ԕํ (R ≫ c/ΩF )ͰཧMHDϞσϧͱҰக
͢Δ (Toma and Takahara (2013))ɻ
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 ξ = 0Ͱ์ࣹঢ়ɺξʹ 1Ͱ์ઢঢ়ɺξʹ 2ͰԕํͰԁঢ়ͷܗঢ়ͱͳΔɻ͜ΕΛ༻
͍Δͱɺ࣓ͷ֤

Br = rξ−2, (3.14)

Bθ =
ξΨ

r2 sin θ
, (3.15)

Bφ = −ΩFΨ(1 + cos θ)

R
≈ −2ΩFΨ

R
for θ ≈ 0 (3.16)
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ຊڀݚͰɺGRMHDγϛϡϨʔγϣϯͷ݁Ռͱ߹͢ΔΑ͏ʹϞσϧԽͨ͠ϒϥο
Ϋϗʔϧ࣓ݍؾʹ͓͚Δి࣓ߏ͔ΒγϯΫϩτϩϯ์ࣹڧΛٻΊɺి؍ଌΠϝʔ
δͱൺֱ͢Δ͜ͱͰɺৄڧࣹ์ࡉΛ͢ݱ࠶ΔδΣοτܗϞσϧʹ͓͚Δ֤छύϥ
ϝʔλΛ੍͢ݶΔɻ͜ͷষͰͦͷి࣓ߏϞσϧͱγϯΫϩτϩϯ์ࣹڧࢉܭʹͭ
͍ͯ·ͱΊΔɻ

3.1 force free݅ԼͰͷఆৗ࣠ରশి࣓
ఔࣜఆৗͷϚΫεΣϧํఔࣜํૅج

∇ ·E = 4πρ (3.1)

∇ ·B = 0 (3.2)

∇×B = 4πj (3.3)

∇×E = 0 (3.4)

Ͱ͋Δɻ͜͜Ͱ؆୯ͷͨΊɺޫ c = 1ͱͨ͠ɻ࣭ʹ͍ͭͯ force free݅Λ՝͢ɻ
ి࣓ͷΤωϧΪʔີ͕࣭ͷΤωϧΪʔີʹൺͯඇৗʹେ͖͍ॴͰɺӡಈํ
ఔ͔ࣜΒ߲ੑ׳Λແͯ͠ࢹ

ρeE + j ×B = (inertia terms) → 0 (3.5)

͕Γཱͭɻ͜ͷؔࣜΛ force free݅ͱݺͿɻ͜ͷۙࣅδΣοτۦಈྖҬͰྑ͍
Ͱ͋Δࣅۙ (Kino et al. (2014, 2015))ɻ
࣓ΛϕΫτϧϙςϯγϟϧAΛ༻͍ͯද͢ͱࣜ (3.2)ΑΓB = ∇×Aɻศ্ٓɺ࣓

ΛํҐ֯ͱͦΕҎ֎ͷϙϩΠμϧʹղ (B = Bp +Bφeφ)͢Δɻ࣠ରশͱ͠
ͯΛॻ͘ͱɺ

Bp =
1

r sin θ
∇Ψ× eφ (3.6)

ͱॻ͚Δ͜ͱ͕Θ͔Δɻ͜͜ͰɺΨ ≡ r sin θAφͰ͋ΔɻΨ͋Δดۂ໘Λ௨Δ࣓ྗઢ
ͷΛද͢ྔͱͯ͠

∫
B · dS =

∫
(∇×A) · dS =

∫
A · dl = 2πRAφ ≡ 2πΨ (3.7)

ͱॻ͚Δɻ͜ͷදࣜΛ༻͍Δͱɺ(∇ ·B)Ψ = 0͕ࣔ͢͜ͱ͕Ͱ͖ɺΨ࣓ྗઢʹԊͬ
ͯอଘ͢Δ͜ͱ͕Θ͔Δɻ·ͨɺࣜ (3.4)ΑΓɺεΧϥʔϙςϯγϟϧΦΛ༻͍ͯॻ͘ͱɺ
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steady, axi-symmetric force-free field
(energy density: EM >> matter)

B
H R

z

E
Bφ>>Bp
◉
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<latexit sha1_base64="3ek/U5PJQBr2KYgY0iAwt0Xdw6s="></latexit>

<latexit sha1_base64="3ek/U5PJQBr2KYgY0iAwt0Xdw6s="></latexit>
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E = −∇Φͱॻ͚Δɻ࣠ରশੑ͔ΒEφ = 0Ͱ͋Δɻforce free͔݅ΒɺE ·B = 0Ͱ࣓
ͱిৗʹਨͰ͋Δɻ͕ͨͬͯ͠ɺҐஔͷؔΩF = ΩF (r, θ)Λ༻͍ͯɺ

E = −RΩFeφ ×B = −ΩF∇Ψ (3.8)

ͱॻ͚Δɻ͜͜ͰɺR = r sin θԁ࠲ඪܥʹ͓͚ΔܘͰ͋Δɻ∇×E = 0ʹೖ͢
Δͱ (B ·∇)ΩF = 0ΑΓΩF ࣓ྗઢʹԊͬͯอଘ͢Δ͜ͱ͕Θ͔ΔɻΩF ࣓ྗઢͷճ
స֯ͱ͑ݴΔɻ
force free݅ࣜͷํҐ֯Eφ = 0͔Β (j ×B)φ = 0ɻࣜ (3.3)Λೖͯ͠ɺࣜΛ

ཧ͢Δͱɺ(B ·∇)(RBφ) = 0ͱͳΓɺ(RBφ)͕࣓ྗઢʹԊͬͯอଘ͢ΔɻBφͷઈର
͜͜·ͰͷํఔࣜܥͰٻΊΔ͜ͱ͕Ͱ͖ͳ͍ɻ
force free࣓தͷ࣭ͷӡಈ͕υϦϑτӡಈΛ͢Δͱ͑ߟΔɻ

v = c
E ×B

B2
= RΩFeφ − RΩFBφ

B2
B (3.9)

ํҐ֯

vφ = RΩF −
RΩFB2

φ

B2
(3.10)

RΩF > cͱͳΔेԕํͷྖҬͰ͕ޫΛ͑ͳ͍ͨΊʹB2 ≈ B2
φɺB2

φ ≫ B2
pͱͳ

ΔɻͷϙϩΠμϧ

vp = −RΩFBφBp

B2
(3.11)

͕ԕํͰेՃ͞Ε͍ͯΔͱ͢Δ (vp ≈ c)ͱBφ

Bφ ∼ −RΩF

c
Bp = E (3.12)

ͱ༩͑ΒΕΔɻB2
φ ≫ B2

pɺࣜ (3.11),(3.12)ԕํ (R ≫ c/ΩF )ͰཧMHDϞσϧͱҰக
͢Δ (Toma and Takahara (2013))ɻ
ͷΑ͏ʹɺఆৗ࣠ରশه্ force free݅ͷͱͰɺి࣓ΨͱΩF ʹΑͬͯද͞

ΕΔɻ͜͜ͰɺΨΛ࣓ܗঢ়ύϥϝʔλ ξΛ༻͍ͯ

Ψ = rξ(1− cos θ) (3.13)

ͱ༩͑Δɻ͜Ε ξ ∼ 1ͰGRMHDγϛϡϨʔγϣϯʹΑͬͯಘΒΕͨδΣοτྖҬͷ
࣓ߏΛΑ͘͢ݱ࠶ΔදࣜͰ͋Δ (Tchekhovskoy et al. (2008))ɻ࣓ͷϙϩΠμϧ
 ξ = 0Ͱ์ࣹঢ়ɺξʹ 1Ͱ์ઢঢ়ɺξʹ 2ͰԕํͰԁঢ়ͷܗঢ়ͱͳΔɻ͜ΕΛ༻
͍Δͱɺ࣓ͷ֤

Br = rξ−2, (3.14)

Bθ =
ξΨ

r2 sin θ
, (3.15)

Bφ = −ΩFΨ(1 + cos θ)

R
≈ −2ΩFΨ

R
for θ ≈ 0 (3.16)

ͱॻ͘͜ͱ͕Ͱ͖Δɻ

bulk velocity = drift velocity.

BH R

z

Bφ>>Bp◉

E
V

we set density distribution at z=zfp  
→obtain density at any point

number density

along B-field<latexit sha1_base64="veF29wOqFnAqjSBSy5exUrWd/Gc="></latexit>

<latexit sha1_base64="HV0dd3AKuXa+c8HOAcrehCnGUzQ="></latexit>



Non-thermal electron distribution

density distribution  
of the non-thermal electron 
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͔Βޫֶతʹेബ͍͜ͱΛԾఆ͢Δͱɺ

Iobs =

∫
jobsds (3.44)

ΛڑͷඍখઢํࢹΊΔ͜ͱ͕Ͱ͖Δɻdsٻઢੵͯ͠ࢹ์ࣹΛڧࣹ์
ࣔ͢ɻ

3.3 ઌڀݚߦʹΑΔ์ࣹڧࢉܭ
ఆৗ࣠ରশ force free݅ͷͱϞσϧԽ͞ΕͨδΣοτ͔ΒͷγϯΫϩτϩϯ์ࣹڧ

Λͨ͠ࢉܭઌڀݚߦʹBroderick and Loeb (2009)ͱTakahashi et al. (2018)͕͋Δɻ
Broderick and Loeb (2009)(Ҏ߱ɺBL09)ɺδΣοτͷిΠϝʔδͷൺֱʹؔͯ͠ɺ

ઌۦతڀݚͱͯ͠ΒΕ͍ͯΔɻୈ 3ষͷఆࣜԽBL09ʹΑͬͯߏங͞ΕͨͷͰ͋Δɻ
ΩF ࣓ྗઢ͕ಓ໘্Ͱԁ൫ͷ࠷҆ఆيಓܘ (Inner Stable Circular Orbit:ISCO)Α
Γ֎ଆΛ؏͍͍ͯΕɺͦͷܘͰͷέϓϥʔճస֯ɺଆͰ͋Ε ISCOͷܘͰ
ͷέϓϥʔճస֯Λ༩͍͑ͯΔɻ

ΩF =

{
ΩKep(R) for R > RISCO

ΩKep(RISCO) for R < RISCO

(3.45)

ϒϥοΫϗʔϧճస࣠Λத৺ͱͨ͠ΨγΞϯ

nfp(R, zfp) = n0,fp exp

(
−R2

2σ2

)
(3.46)

Ͱ༩͍͑ͯΔɻ͜͜ͰɺRԁ࠲ඪܥͰͷܘɺσ  zfp Λಓ໘͔Βͷ͞ߴͱͯ͠
σ = zfpͰ༩͑ΒΕ͍ͯΔɻϒϥοΫϗʔϧͷ࣭ྔΛ 3.4 × 109M⊙ɺM87·ͰͷڑΛ
16.7× 106pcɺप 7mm(4.4 GHz)ɺඇతిࢠΤωϧΪʔͷ͖ࢦ (p) 1.1ɺ
ඇతిࢠϩʔϨϯπϑΝΫλʔ࠷খ γmin 100ͱͯ͠ɺϒϥοΫϗʔϧͷεϐϯύ
ϥϝʔλɺδΣοτࠐݟΈ֯ɺzfpɺ࣓ܗঢ়ύϥϝʔλͷΛද 3.1ʹࣔͨ͠Α͏ʹϞ
σϧʹΑͬͯมڧࣹ์ͯ͠ߋࢉܭΛ͍ͯͬߦΔɻ֤Ϟσϧࢉܭͷ݁ՌΛਤ 3.1ʹࣔ͢ɻ
Walker et al. (2008)ͷ؍ଌΠϝʔδͱൺֱ͠ɺM0ϞσϧͰ؍ଌͱಉ༷ͷδΣοτͷ͞ɺ
ΧϯλʔδΣοτ͕͑ݟͳ͍ͱ͍͏ಛΛݱ࠶Ͱ͖Δ͜ͱ͕ࣔ͞Εͨɻͨͩ͠ɺ͜ͷݚ
Ͱڀ limb-brighteningߏ͞ݱ࠶Ε͍ͯͳ͍ɻ
Takahashi et al. (2018)(Ҏ߱ɺT18)ͰɺBL09ͷ force free࣓Λ༻͍࣭ͯྔΛ

ม͢ߋΔ͜ͱͰ limb-brighteningߏ͕ݱ࠶Ͱ͖Δ͜ͱ͕ࣔ͞ΕͨɻBL09͔Βͷओͳม
࣓ྗઢͷճసͱີͰ͋Δɻԑ͕໌Δ͍ߋ limb-brighteningߏΛ͢ݱ࠶Δ
ͨΊʹີΛ

nfp(R, zfp) = n0,fp exp

(
−(R−Rp)2

2σ2

)
(3.47)

ͱͯ͠Ϧϯάঢ়ʹઃఆ͍ͯ͠Δɻ͜͜ͰɺRp = 0, 40Rsɺσ = zfp = 5Rsͱͯ͠ɺΩF ʹ࣓
ྗઢ͕ԁ൫Λ؏͍ͯέϓϥʔճస͕֯༩͑ΒΕ͍ͯΔ߹ͱɺϒϥοΫϗʔϧΛ؏

(Broderick & Loeb 2009, 
K. Takahashi et al. 2018)

at z=zfp

BH R

z

E
Bφ>>Bp

V

◉
σRp

zfp

n: thermal + non-thermal 
nfp: non-thermal density (assume a constant fraction of n)
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• ྲྀମڞಈܥʹ͓͍ͯγϯΫϩτϩϯ์ࣹ
࣓ྗઢͷपΓΛ γemec2ͷΤωϧΪʔͰαΠΫϩτϩϯӡಈΛ͢Δ ͍ͭʹࢠͷిݸ1
୯Ґप୯Ґཱମ֯͋ͨؒ࣌୯ҐʹͷํࢠΒి͔ࢠΔͱɺҰͭͷి͑ߟͯ
Γʹ์ࣹ͞ΕΔΤωϧΪʔ

P (ω,α) =

√
3q3Bco

2πmec2
sinαF (

ω

ωc
) (3.22)

Ͱ͋Δ (Rybicki and Lightman (1979))ɻF ์ࣹͷपґଘੑΛࣔ֨͢نԽ͞Ε
ͨؔͰɺ

F (x) = x

∫ ∞

x

K 5
3
(ξ)dξ (3.23)

Ͱ͋Δɻۙతʹ

F (x) ∼ 4π√
3Γ
(
1
3

)
(x
2

) 1
3
, x ≪ 1 (3.24)

F (x) ∼
(π
2

) 1
2
exp−x x

1
2 , x ≫ 1 (3.25)

ͱॻ͚Δɻωc = (3γeqB sinα)/2mecγϯΫϩτϩϯ์ࣹͷಛతपͰ͋Δɻ
α࣓ͱిࢠͷӡಈํͷͳ֯͢ͰϐονΞϯάϧͱݺΕΔɻ

ͷҐ૬্ۭؒͷؔࢠి f ΛɺԾఆͱͯ͠ɺిࢠۭؒҰ༷ɺํͰɺ
ΤωϧΪʔ γemec2 γe = γmin͔Β γe = ∞·ͰͷൣғͰ͖ঢ়Ͱ͋Δͱ͢
Δͱɺ

f(γe) =
1

4π
nco

p− 1

γ1−p
m

γ−p
e (3.26)

ͱॻ͚Δɻશి͔ࢠΒͷ์ࣹ

jco(ω,α) =

∫ ∞

γmin

P (ω,α)f(γe)dγe (3.27)

=

√
3q3B

2πmec2
sinα

nco

4π

p− 1

γ1−p
m

∫ ∞

γmin

γ−p
e F (

ω

ωc
)dγe (3.28)

x = ω/ωcͱมมΛͯ͠ɺωc = (3γ2
eqBco sinα)/(2mec)ɺ

∫
γ−p
e F

(
ω

ωc

)
dγe =

∫ (
2mecωc

3qBco sinα

)− p
2

F

(
ω

ωc

)
dγe (3.29)

=

∫
1

2

(
2mecωc

3qBco sinα

)− p−1
2

ω
− p+1

2
c F

(
ω

ωc

)
dωc (3.30)

=
1

2

(
2mec

3qBco sinα

)− p−1
2
∫

ω− p+1
2 x

p+1
2 F (x)

ω

x2
dx (3.31)

=
1

2

(
2mec

3qBco sinα

)− p−1
2

ω− p−1
2

∫
x

p−3
2 F (x)dx (3.32)

electron’s energy density: power-law
γmmec2: minimum energy 
γm=100 
p=1.1
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ֶެࣜɺ ∫ ∞

0

xµF (x)dx =
2µ+1

µ+ 2
Γ

(
µ

2
+

7

3

)
Γ

(
µ

2
+

2

3

)
(3.33)

Λ༻͍ͯ

jco(ω,α) =

(
nco

4π

p− 1

γ1−p
m

) √
3q3B sinα

2πmec2(p+ 1)

(
2mecω

3qBco sinα

)− p−1
2

Γ

(
p

4
+

19

12

)
Γ

(
p

4
− 1

12

)

(3.34)

γϯΫϩτϩϯ์ࣹͷεϖΫτϧ ν < νcͰ Ptot ∝ ν1/3ɺν > νcͰ Ptot ∝ ν− p−1
2 ͱ

ͳΔɻ

• ์ࣹͷϩʔϨϯπม

͜ΕΒͷྲྀମڞಈܥʹྔΛ༻͍ͯ͞ࢉܭΕͨ์ࣹΛ࠶ͼ؍ଌऀܥͱม͢Δɻ
ϕΫτϧͷ୯ҐϕΫτϧΛnobs = (ωobs/c)kobsͱ͢Δͱɺ

ωco = γ(ωobs − β · kobs) (3.35)

= γωobs(1− β · nobs) (3.36)

ͱϕΫτϧͷͳ֯͢Λθͱ͓͘ͱɺdΩઢํࢹ = sin θdθdφ = dµdφΑΓβ∥/β⊥ =

tan θ͔Β

µobs =
µco + β

1 + βµco
(3.37)

dµobs =
dµco

γ2(1 + βµco)2
(3.38)

= γ2(1− βµobs)
2dµco (3.39)

dΩobs = γ2(1− βµobs)
2dΩco (3.40)

์ࣹͷఆٛ (୯Ґମੵ͔Β୯Ґؒ࣌୯Ґप͋ͨΓ୯Ґཱମ֯ͷ͖์ࣹ͞
ΕΔΤωϧΪʔ)͔Β

jobs =
dEobs

dVobsdtobsdωobsdΩobs
(3.41)

ΑΓɺؒ࣌ɺମੵͷϩʔϨϯπม dtobs = γ(1−βµobs)dtco, dVobs =
1
γdVcoͱࣜ (3.40)

Λೖͯ͠ɺ

jobs =
1

γ2(1− βµobs)3
jco (3.42)

ͱͳΔɻ

• ࢉܭͷڧࣹ์
ߏͯ͠ಘΒΕΔɻlimb-brighteningੵʹઢํࢹ͜ΕΛڧଌ͞ΕΔ์ࣹ؍
ɺtriple-ridgeߏ͕͍ͯ͑ݟΔΑ͏ͳԕํδΣοτྖҬඇৗʹີͰޫࢠͷ
ڧͰ͖Δɻ์ࣹࢹऩແٵ IobsٵऩΛ κͱ͢Δͱࣹ༌ૹํఔࣜ

dIobs
ds

= jobs − κIobs (3.43)

Synchrotron radiation 
in the comoving frame

Intensity
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͔Βޫֶతʹेബ͍͜ͱΛԾఆ͢Δͱɺ

Iobs =

∫
jobsds (3.44)

ΛڑͷඍখઢํࢹΊΔ͜ͱ͕Ͱ͖Δɻdsٻઢੵͯ͠ࢹ์ࣹΛڧࣹ์
ࣔ͢ɻ

3.3 ઌڀݚߦʹΑΔ์ࣹڧࢉܭ
ఆৗ࣠ରশ force free݅ͷͱϞσϧԽ͞ΕͨδΣοτ͔ΒͷγϯΫϩτϩϯ์ࣹڧ

Λͨ͠ࢉܭઌڀݚߦʹBroderick and Loeb (2009)ͱTakahashi et al. (2018)͕͋Δɻ
Broderick and Loeb (2009)(Ҏ߱ɺBL09)ɺδΣοτͷిΠϝʔδͷൺֱʹؔͯ͠ɺ

ઌۦతڀݚͱͯ͠ΒΕ͍ͯΔɻୈ 3ষͷఆࣜԽBL09ʹΑͬͯߏங͞ΕͨͷͰ͋Δɻ
ΩF ࣓ྗઢ͕ಓ໘্Ͱԁ൫ͷ࠷҆ఆيಓܘ (Inner Stable Circular Orbit:ISCO)Α
Γ֎ଆΛ؏͍͍ͯΕɺͦͷܘͰͷέϓϥʔճస֯ɺଆͰ͋Ε ISCOͷܘͰ
ͷέϓϥʔճస֯Λ༩͍͑ͯΔɻ

ΩF =

{
ΩKep(R) for R > RISCO

ΩKep(RISCO) for R < RISCO

(3.45)

ϒϥοΫϗʔϧճస࣠Λத৺ͱͨ͠ΨγΞϯ

nfp(R, zfp) = n0,fp exp

(
−R2

2σ2

)
(3.46)

Ͱ༩͍͑ͯΔɻ͜͜ͰɺRԁ࠲ඪܥͰͷܘɺσ  zfp Λಓ໘͔Βͷ͞ߴͱͯ͠
σ = zfpͰ༩͑ΒΕ͍ͯΔɻϒϥοΫϗʔϧͷ࣭ྔΛ 3.4 × 109M⊙ɺM87·ͰͷڑΛ
16.7× 106pcɺप 7mm(4.4 GHz)ɺඇతిࢠΤωϧΪʔͷ͖ࢦ (p) 1.1ɺ
ඇతిࢠϩʔϨϯπϑΝΫλʔ࠷খ γmin 100ͱͯ͠ɺϒϥοΫϗʔϧͷεϐϯύ
ϥϝʔλɺδΣοτࠐݟΈ֯ɺzfpɺ࣓ܗঢ়ύϥϝʔλͷΛද 3.1ʹࣔͨ͠Α͏ʹϞ
σϧʹΑͬͯมڧࣹ์ͯ͠ߋࢉܭΛ͍ͯͬߦΔɻ֤Ϟσϧࢉܭͷ݁ՌΛਤ 3.1ʹࣔ͢ɻ
Walker et al. (2008)ͷ؍ଌΠϝʔδͱൺֱ͠ɺM0ϞσϧͰ؍ଌͱಉ༷ͷδΣοτͷ͞ɺ
ΧϯλʔδΣοτ͕͑ݟͳ͍ͱ͍͏ಛΛݱ࠶Ͱ͖Δ͜ͱ͕ࣔ͞Εͨɻͨͩ͠ɺ͜ͷݚ
Ͱڀ limb-brighteningߏ͞ݱ࠶Ε͍ͯͳ͍ɻ
Takahashi et al. (2018)(Ҏ߱ɺT18)ͰɺBL09ͷ force free࣓Λ༻͍࣭ͯྔΛ

ม͢ߋΔ͜ͱͰ limb-brighteningߏ͕ݱ࠶Ͱ͖Δ͜ͱ͕ࣔ͞ΕͨɻBL09͔Βͷओͳม
࣓ྗઢͷճసͱີͰ͋Δɻԑ͕໌Δ͍ߋ limb-brighteningߏΛ͢ݱ࠶Δ
ͨΊʹີΛ

nfp(R, zfp) = n0,fp exp

(
−(R−Rp)2

2σ2

)
(3.47)

ͱͯ͠Ϧϯάঢ়ʹઃఆ͍ͯ͠Δɻ͜͜ͰɺRp = 0, 40Rsɺσ = zfp = 5Rsͱͯ͠ɺΩF ʹ࣓
ྗઢ͕ԁ൫Λ؏͍ͯέϓϥʔճస͕֯༩͑ΒΕ͍ͯΔ߹ͱɺϒϥοΫϗʔϧΛ؏
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ֶެࣜɺ ∫ ∞

0

xµF (x)dx =
2µ+1

µ+ 2
Γ

(
µ

2
+

7

3

)
Γ

(
µ

2
+

2

3

)
(3.33)

Λ༻͍ͯ

jco(ω,α) =

(
nco

4π

p− 1

γ1−p
m

) √
3q3B sinα

2πmec2(p+ 1)

(
2mecω

3qBco sinα

)− p−1
2

Γ

(
p

4
+

19

12

)
Γ

(
p

4
− 1

12

)

(3.34)

γϯΫϩτϩϯ์ࣹͷεϖΫτϧ ν < νcͰ Ptot ∝ ν1/3ɺν > νcͰ Ptot ∝ ν− p−1
2 ͱ

ͳΔɻ

• ์ࣹͷϩʔϨϯπม

͜ΕΒͷྲྀମڞಈܥʹྔΛ༻͍ͯ͞ࢉܭΕͨ์ࣹΛ࠶ͼ؍ଌऀܥͱม͢Δɻ
ϕΫτϧͷ୯ҐϕΫτϧΛnobs = (ωobs/c)kobsͱ͢Δͱɺ

ωco = γ(ωobs − β · kobs) (3.35)

= γωobs(1− β · nobs) (3.36)

ͱϕΫτϧͷͳ֯͢Λθͱ͓͘ͱɺdΩઢํࢹ = sin θdθdφ = dµdφΑΓβ∥/β⊥ =

tan θ͔Β

µobs =
µco + β

1 + βµco
(3.37)

dµobs =
dµco

γ2(1 + βµco)2
(3.38)

= γ2(1− βµobs)
2dµco (3.39)

dΩobs = γ2(1− βµobs)
2dΩco (3.40)

์ࣹͷఆٛ (୯Ґମੵ͔Β୯Ґؒ࣌୯Ґप͋ͨΓ୯Ґཱମ֯ͷ͖์ࣹ͞
ΕΔΤωϧΪʔ)͔Β

jobs =
dEobs

dVobsdtobsdωobsdΩobs
(3.41)

ΑΓɺؒ࣌ɺମੵͷϩʔϨϯπม dtobs = γ(1−βµobs)dtco, dVobs =
1
γdVcoͱࣜ (3.40)

Λೖͯ͠ɺ

jobs =
1

γ2(1− βµobs)3
jco (3.42)

ͱͳΔɻ

• ࢉܭͷڧࣹ์
ߏͯ͠ಘΒΕΔɻlimb-brighteningੵʹઢํࢹ͜ΕΛڧଌ͞ΕΔ์ࣹ؍
ɺtriple-ridgeߏ͕͍ͯ͑ݟΔΑ͏ͳԕํδΣοτྖҬඇৗʹີͰޫࢠͷ
ڧͰ͖Δɻ์ࣹࢹऩແٵ IobsٵऩΛ κͱ͢Δͱࣹ༌ૹํఔࣜ

dIobs
ds

= jobs − κIobs (3.43)

Lorentz transformation

:optically thin

ଌղ૾؍

ཧϞσϧʹΑΓಘΒΕͨ์ࣹڧɺ͍Θղ૾ແݶେͷΠϝʔδͰ͋Δɻ؍ଌʹΑΓಘΒΕΔ

ͱಉ͡Ψثػଌ؍Λڧґଘ͢Δղ૾Ͱʮ΅͚ͨʯΠϝʔδͰ͋Δɻ์ࣹʹثػଌ؍ɺڧࣹ์

γΞϯϏʔϜαΠζͰΈࠐΉɻҙͷ (x,y)ͷ์ࣹڧ I(x, y)ɺ

I(x, y) =

∫ ∫
I(x′, y′) exp

[
− (x− x′)2

2A2
x

]
exp

[
− (y − y′)2

2A2
y

]
dx′dy′ (2.42)

ϐʔΫͷ 1/eͷ͞ߴͰͷΨγΞϯͷ෯Λද͢ඪ४ภࠩ Ax, Ay ͱɺ෯Hx, Hy ͷؔɺ

1

2
= exp

[
− H2

x

2A2
x

]
,

1

2
= exp

[
−

H2
y

2A2
y

]
,

Ax =

√
H2

x

2 ln 2
, Ay =

√
H2

y

2 ln 2
(2.43)

2.2 ϥϯμϜ࣓ͷੜํ๏

࣓ͷ͖Λ (φ, θ)(φ = [0 : 2π]ɺθ = [0 : θ0])ͱ͠ɺ֬ؔΛ

f(θ,φ)dθdφ =
1

1− cos θ0
sin θdθdφ (2.44)

ͱ͢Δɻφ [0 : 2π]ͷؒͷཚΛɺθํ zΛ [0:1]ͱͯ͠

θ = cos−1[1− (1− cos θ0)z] (2.45)

ͱ͓͖ɺzʹ͍ͭͯ [0:1]ͷؒͷཚΛ༩͑ΔͱɺํϥϯμϜͳ࣓ͷ͖Λੜ͢Δ͜ͱ͕Ͱ͖Δɻ

ྲྀମ੩ܥࢭͰେ͖͞ΛҰఆʹอͬͨ··֤ͷ͏ͪ͋Δׂ߹ x͚ͩϥϯμϜ࣓ʹஔ͖͑Δɻ

Bco = (1− x)Bco,order + xBco,random (2.46)
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ֶެࣜɺ ∫ ∞
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xµF (x)dx =
2µ+1

µ+ 2
Γ

(
µ

2
+

7

3

)
Γ

(
µ

2
+

2

3

)
(3.33)

Λ༻͍ͯ

jco(ω,α) =

(
nco

4π

p− 1

γ1−p
m

) √
3q3B sinα

2πmec2(p+ 1)

(
2mecω

3qBco sinα

)− p−1
2

Γ

(
p

4
+

19

12

)
Γ

(
p

4
− 1

12

)

(3.34)

γϯΫϩτϩϯ์ࣹͷεϖΫτϧ ν < νcͰ Ptot ∝ ν1/3ɺν > νcͰ Ptot ∝ ν− p−1
2 ͱ

ͳΔɻ

• ์ࣹͷϩʔϨϯπม

͜ΕΒͷྲྀମڞಈܥʹྔΛ༻͍ͯ͞ࢉܭΕͨ์ࣹΛ࠶ͼ؍ଌऀܥͱม͢Δɻ
ϕΫτϧͷ୯ҐϕΫτϧΛnobs = (ωobs/c)kobsͱ͢Δͱɺ

ωco = γ(ωobs − β · kobs) (3.35)

= γωobs(1− β · nobs) (3.36)

ͱϕΫτϧͷͳ֯͢Λθͱ͓͘ͱɺdΩઢํࢹ = sin θdθdφ = dµdφΑΓβ∥/β⊥ =

tan θ͔Β

µobs =
µco + β

1 + βµco
(3.37)

dµobs =
dµco

γ2(1 + βµco)2
(3.38)

= γ2(1− βµobs)
2dµco (3.39)

dΩobs = γ2(1− βµobs)
2dΩco (3.40)

์ࣹͷఆٛ (୯Ґମੵ͔Β୯Ґؒ࣌୯Ґप͋ͨΓ୯Ґཱମ֯ͷ͖์ࣹ͞
ΕΔΤωϧΪʔ)͔Β

jobs =
dEobs

dVobsdtobsdωobsdΩobs
(3.41)

ΑΓɺؒ࣌ɺମੵͷϩʔϨϯπม dtobs = γ(1−βµobs)dtco, dVobs =
1
γdVcoͱࣜ (3.40)

Λೖͯ͠ɺ

jobs =
1

γ2(1− βµobs)3
jco (3.42)

ͱͳΔɻ

• ࢉܭͷڧࣹ์
ߏͯ͠ಘΒΕΔɻlimb-brighteningੵʹઢํࢹ͜ΕΛڧଌ͞ΕΔ์ࣹ؍
ɺtriple-ridgeߏ͕͍ͯ͑ݟΔΑ͏ͳԕํδΣοτྖҬඇৗʹີͰޫࢠͷ
ڧͰ͖Δɻ์ࣹࢹऩແٵ IobsٵऩΛ κͱ͢Δͱࣹ༌ૹํఔࣜ

dIobs
ds

= jobs − κIobs (3.43)

μobs 👀

observer
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D = 16.7Mpc 
MBH = 6.6x109M◉ 

θview = 15° 

BH spin: a = 0.998 
ΩF = 0.5ΩH = ac/4r+ 

ξ = 0.75 (from jet width profile) 
ν = 15GHz (Hada 2017 obs.) 
beam size = 1.14mas x 0.55 mas

Parameter Set-up
16 ୈ 2ষ M87δΣοτ

ਤ 2.2: ԣ࣠γϡόϧπγϧτܘͰ֨نԽ͞ΕͨίΞ͔Βͷڑɺॎ࣠δΣοτͷ
ܘͰ͋Δɻ࣮ઢίΞͷେ͖͞Λࣔͨ͠ 3ͭͷσʔλ (43GHzͱ 86GHzͷVLBAσʔ
λɺ230GHzͷEHTσʔλ)Ҏ֎ͷΛ࠷খೋ๏ʹΑͬͯϑΟοςΟϯάͨ͠ઢͰ͋
Δɻ͜ͷઢͷႈࢦ 1.73± 0.05ɻഁઢႈࢦ 0.96± 0.1ͷઢͰ͋ΔɻHST-1͓Α
ͦ 5× 105Rs ʹҐஔ͢Δɻബ͍ഁઢϘϯςΟ߱ணܘ (3.8× 105M⊙)Λ͍ࣔͯ͠Δɻࠇ
͍ྖҬ࠷େճస͢ΔϒϥοΫϗʔϧͷฏઢͷ࣠ܘɺփ৭ͷྖҬ࣠ܘ (ແճస
ϒϥοΫϗʔϧͷฏઢܘʹ૬)Λࣔ͢ɻബ͍ઢγϡόϧπγϧτϒϥοΫϗʔ
ϧʹ͓͚Δ߱ணԁ൫ͷ࠷҆ఆىಈ (ISCO)ܘΛࣔ͢ɻ(Nakamura and Asada (2013)

ΑΓ)

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

Continuing triple-ridge structure
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 jet width profile

deprojected distance 
from the core(rs)

je
t r

ad
iu

s(
r s)

1 10410310010 107106105

1
10

4
10

3
10

0
10

10
6

10
5



3. Results



4. Discussion & Summary



Are the Assumptions Correct?
steady, axi-symmetric condition  
→no blobs in our jet 

force-free condition 
→invalid in the kinetic-energy dominated (far) 
region 

energy distribution = const. 
→shock heating, radiative loss, dissipation, and 
etc… 

triple-ridge structure in other jet? 
→wait for future observations



Summary
We have shown that the observed triple-ridge 
jet structure can be explained by the steady 
axi-symmetric force-free model. 

We have to consider complicated density 
distributions to fit to the observed triple-ridge. 
→inner ridge: photon injection?  
+outer ridges: reconnection? 

We have to compare the jet dynamics with 
GRMHD simulations.


