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AGN jets
• Active Galactic Nucleus (AGN) Jets: 

• relativistic collimated outflow from a center of 
galaxies 

• driven by black hole electromagnetically 

• can be a source of high energy cosmic rays or 
astrophysical neutrinos 

• The Event Horizon Telescope have observed 
just around the black hole, and will observe jet 
launching region soon! 

• Where the jetted matter come from? 
(Of course, not from the black hole!!) 

• How the jetted matter injected? 
. photon injection ( )? 
. jet edge perturbation?  
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8 ୈ 1ষ INTRODUCTION

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

(NRAO/NSF)

183C273 43 GHz RMD 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( )D T% _ where pT and P are
rms noise level and polarized intensity in the polarization
map(e.g., Roberts et al. 1994). With S/N=P pT ∼4.5, we
obtain 6therm,M87D% _ n. Assuming that 3C273D% and

therm,M87D% are statistically independent, we estimate a total
error budget for M87 to be M87D% ∼±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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Research Plan
• M87: characteristic emission structure on various 

scale


• From the emission structures, constrain the 
density distribution in jet and injection mechanism


• step 1 (jet modeling): make approximated 
analytical solution ← DONE


• step 2 (explain emission structure): estimate 
density structure and check consistency with 
injection physics← THIS YEAR


• step 3 (predict the future EHT jet image): 
apply for the very vicinity of blackhole

step 3. 
constrain density 

distribution from EHT
183C273 43 GHz RMD D D% _ % � % _ o n. Regarding M87, its
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error budget for M87 to be M87D% ∼±20°.
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used quasi-simultaneously by alternating the receivers quickly.
On March 26 and May 8, all the VLBA stations were present,
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total bandwidth of 128MHz (on March 8) or 256MHz (on
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March 26 were the best in overall quality, while the data on
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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
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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
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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
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step 2. 
constrain density 

distribution from limb-
brightened structure

Goal:  
constrain injection mechanism 
. photon injection ( )? 
. jet edge perturbation?  
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Results
• solve the basic equations of steady 

axisymmetric general relativistic ideal 
MHD (no resistivity, no gas pressure) 

• assume poloidal magnetic !eld which 
is consistent with simulation’s results. 

• In simulations, the very low 
density is di!cult to treat without 
arti"cial mass-injection. 

• We obtain the density distribution 
inside jet semi-analytically.
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Future Plan
• seminar point 

• GSP: 21 
• GSAP: 6 

• class  
• 宇宙創成物理学特殊講義I (履修登録済) 

• 宇宙創成物理学特殊講義II (履修登録済) 

• 宇宙創成物理学特別国際研修 (履修登録
済) 

• 博士研修(天文学特別研究) (履修登録済)

• staying overseas 
• 18 days so far 
• 2 conferences (10 days) this year 

• collaboration  
• Hun-Yi Pu (Waterloo Univ., Canada) 

• This work 
• 17 received emails since Feb. 2019 
• planning to visit 

• Jose Gomez (Spain) 
• another work 
• 7 received emails since Sep. 2019 


