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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
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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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Jet Origin
• relativistic jet:  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Figure 12. Linear scale images of sequential snapshots at 230 GHz from two models showing time evolution over 20 tg ⇡ 7 days, the
usual length of an EHT observing campaign. The top two rows show images from simulation H10, and the bottom two rows show images
simulation R17. In each set of images, the top row shows high-resolution images from grtrans, and the bottom row shows the same
images blurred with a circular Gaussian beam with a 15µas FWHM, approximately representing the imaging resolution of the EHT.

4.5 The e↵ects of our choice of �cut

In this section, we explore the e↵ects of our choice of choos-
ing �cut = 25 in the results presented in the previous sec-
tions. For our chosen simulation snapshots, we re-generate
spectra and 230 GHz images testing five di↵erent values of
�cut: �cut =1, 10, 25 (our fiducial value), 50, and no ceiling.

From Fig. 15, we see that in both simulations, any
choice of �cut above unity has relatively little e↵ect on the
radio spectrum up to 230 GHz. Most emission in this part
of the spectrum comes from less-magnetized regions farther
from the black hole. As a result, the predictions of both
models at frequencies < 230 GHz should be relatively insen-

MNRAS 000, 000–000 (0000)

Two-temperature MAD simulations of M87 7

Figure 3. Time- and azimuth-averaged thermodynamic quantities of the two simulations over the period t = 10, 000� 15, 000 tg. The
top row shows quantities for the model H10 heated by the turbulent cascade prescription, and the bottom row shows quantities for the
model R17 heated by magnetic reconnection. Snapshot quantities were averaged in azimuth and then time-averaged for 5, 000 tg. The
resulting averages were symmetrized over the equatorial plane. From left to right, the quantities shown are the electron heating fraction
�e, the combined gas temperature Tgas in K, the electron temperature Te, the ion temperature Ti, and the electron-to-ion temperature
ratio Te/Ti. The solid white contour in each panel denotes the surface where �i=1, and the dashed black contour shows the surface where
the Bernoulli parameter (Eq. 13) Be = 0.05, which we take as the definition of the jet-disc boundary.
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Figure 4. Additional time- and azimuth-averaged properties of the two simulations. From left to right, the quantities displayed are
the density ⇢ in g cm�3, the bulk Lorentz factor �, the plasma magnetization �i, the ratio of ion thermal pressure to magnetic pressure
�i, and the ratio of radiation pressure to thermal pressure �R. In the first column, white contours show the poloidal magnetic field in
the averaged data. In the remaining columns, the solid white contour denotes the �i=1 surface. The dashed black contour shows the
Be = 0.05 surface defining the jet boundary. The dashed white contour in the third panel shows the �i=25 surface; this is the maximum
�i included in the radiative transfer (see Section 3.3).
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Our Study

•Ogihara et al. 2019 
• reproduced “triple-ridge” 
structure  
• special relativistic jet 
model 
• computed image depends 
strongly on the density 
distribution at the jet base

reproduce jet image 
& constrain density distribution in jet
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Figure 1. Left panel: The computed image which has the computational resolution of 3RS. Right panel: The image convolved
with the beam size (1.14 mas ⇥ 0.55 mas). The beam size is plotted as the gray circle at the bottom left corner of each panel.
The black lines are the normalized intensity contours for 2�k (k = 1, 2, ..., 22). The peak intensity is unity. The number of the
contour line are not the same as T18.

field line obeys z / R2/(2�⌫) asymptotically, we adopt
⌫ = 0.75 assuming that the observed jet width reflects
the magnetic field structure. We set the density as zero
along the field lines which do not penetrate the horizon,
i.e., for  >  (r = r+, ✓ = ⇡/2). The BH mass and
the viewing angle are set by MBH = 6.6⇥109 M� (Geb-
hardt et al. 2011) and ⇥ = 15� (Wang & Zhou 2009),
respectively. The triple-ridge structure was observed by
Hada (2017). This observation at 15GHz has the beam
size of 1.14 mas ⇥ 0.55 mas.
As for Rp,�, and z1, T18 showed the dependence of

the image on Rp with fixed values of � and z1. In
the case of Rp = 0, the jet image has one component

around the axis, while in the case of Rp = 40RS, the
limb-brightened image is obtained. They focused on the
region ⇠ 1� 4 mas from the radio core, which is nearer
than ⇠ 10 � 30 mas where the triple-ridge structure of
M87 jet is observed. Even though we compute images
with the same parameters as T18 for the far region, the
triple-ridge structure cannot be obtained, as shown in
Appendix A. However, we found that the intensity map
before the convolution for Rp = 0 has a distinct bright
component along the jet axis that may correspond to
the observed inner-ridge (see Fig. 5). Then we fixed
Rp = 0 with large � to have the jet edge brighter, and
found that the triple-ridge image can be obtained with
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1. INTRODUCTION

Relativistic collimated outflows (or jets) have been ob-
served in active galactic nuclei (AGNs). It is widely
thought that they are formed in a system composed of
a black hole (BH) at the center of a galaxy and sur-
rounding plasma. Their plausible formation mechanism
is electromagnetic extraction of the rotational energy of
the BH and/or its accretion disk (Blandford & Znajek
1977; Blandford & Payne 1982; Uchida & Shibata 1985;
Lovelace et al. 1987; Meier 2001; Komissarov 2004; Be-
skin 2010; Toma & Takahara 2014, 2016). The former
is called the Blandford-Znajek (BZ) process, and the
latter is called the Blandford-Payne (BP) process. Gen-
eral relativistic magnetohydrodynamic (GRMHD) sim-
ulations show that the globally ordered magnetic field
is realized only in the funnel region around the rotation
axis, where relativistic jet appears to be formed via the
BZ process, and the disk wind is non-relativistic (e.g.
McKinney & Gammie (2004); McKinney & Blandford
(2009); Tchekhovskoy et al. (2011)). In recent studies,
the radiative transfer calculations are performed based
on the GRMHD simulation results (Broderick & McK-
inney 2010; Porth et al. 2011; Moscibrodzka et al. 2007;
Dolence et al. 2009; Mościbrodzka et al. 2016; Pu et al.
2016) These studies enable us to compare the numerical
results to observations.
Despite these sophisticated treatments, there remains

the so-called ‘mass-loading problem’ for relativistic jets.
No particle is not injected into the jet from the BH, of
course, and the globally ordered magnetic field prevents
the surrounding thermal plasma particles from di↵us-
ing into the the jet. The origin of particles in jets is
still unclear. Electron-positron pair creation by the am-
bient photons (Levinson & Rieger 2011; Mościbrodzka
et al. 2011) and by the high energy photons emitted
by electrons accelerated in the MHD-violated region
or gap (Broderick & Tchekhovskoy 2015; Beskin et al.
1992; Hirotani & Okamoto 1998; Levinson 2000; Hi-
rotani et al. 2016; Ptitsyna & Neronov 2016; Levinson
& Rieger 2011) have been discussed for particle injec-
tion mechanism. High-energy hadron injection from the
surrounding plasma (Toma & Takahara 2012; Kimura

et al. 2014, 2015) and magnetic reconnection induced
by the accretion of fields with alternating polarity (Par-
frey et al. 2014) might also be relevant. In the GRMHD
simulations, these non-thermal processes are not taken
into account. The density of the jet usually becomes
very small and is replaced by a density floor. Although
this treatment does not a↵ect the electromagnetic field
structure because the particle energy density is much
smaller than the electromagnetic field one in the funnel
region, the terminal Lorentz factor and the emission of
the jet depend directly on the particle density distribu-
tion. The spatial distribution of emitting particles is still
the serious ambiguity when one compare the simulation
results with observations.
Very long baseline interferometric (VLBI) radio ob-

servations can resolve AGN jets and have reported
the limb-brightened structure in jets of M87 (Kovalev
et al. 2007; Walker et al. 2008; Hada et al. 2016),
Mrk 501 (Piner et al. 2008), Mrk 421 (Piner et al.
2010), Cyg A (Boccardi et al. 2016), and 3C84 (Na-
gai et al. 2014). The M87 galaxy’s jet has been ac-
tively observed because of its proximity (⇠ 16.7 Mpc
(Blakeslee et al. 2009; Mei et al. 2007)) and its length
(⇠ 10 kpc). Its central BH mass MBH is estimated at
(3.3�6.6)⇥109 M�(Macchetto et al. 1997; Gebhardt &
Thomas 2009; Gebhardt et al. 2011; Walsh et al. 2013),
and then the angular size of the Schwarzschild radius
(RS = 2GMBH/c2) is ⇡ 3.9� 7.3 µas. Global VLBI ob-
servation project Event Horizon Telescope is expected to
resolve the BH shadow and the jet launching region of
M87. The limb-brightened structure of M87 jet is con-
firmed between ⇠ 200 � 105 rg from the center, which
are de-projected lengths under the assumption of the
viewing angle ⇥ = 15� (c.f. Wang & Zhou 2009).
High sensitivity observation with VLBA + phased-

VLA (Hada et al. 2017), recent analyses of VSOP data
(Asada & Nakamura 2012), and the stacked VLBA im-
ages (Mertens et al. 2016; Walker et al. 2018) have re-
vealed that the M87 jet image has ‘triple-ridge struc-
ture’, i.e., a narrow central ridge in addition to the con-
ventional limbs. Hereafter we call the central component
‘inner-ridge’ and the limbs ‘outer-ridges’.

accepted by the Astrophysical Journal
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1. construct general relativistic (GR) jet model ← Now 
2. include GR radiative transfer 
3. contribute to the theoretical analyses of EHT image183C273 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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