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M87'(Virgo'A;'NGC4486)
- The 2nd brightest galaxies in Virgo

- The 1st jet discovered (Curtis 1918)

- “Rosetta Stone” of AGN jets (Biretta 1993)


- Nearby: 1 mas ~ 125 rs

- SMBH: M● ~ (3 - 7) × 109 M⊙

- FR I / Misaligned BL Lac: θv ~ 14° 

             (Blakeslee+ 2009; Macchetto+ 1997; Gebhardt+ 2011; Wang & Zhou 2009)

!1. 2nd largest BH shadow ( ~ 40 µas)


2. Relativistic outflows (≦ 6 c; 0.99c)

3. VHE TeV emissions (core / HST-1)

4. AGN feedback (radio mode) in action

Image: 

W. Sparks (STScI)
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- A baseline 9,000+ km, giving a resolution θ ~ 20 µas     
to image the shadow for M87 (~2.5Rs w/ 6.6 × 109 M⊙)

Poster 66. M87 BH Shadow Imaging by Pu et al.

Image: H.-Y. Pu (ASIAA)



Outline
• “Observation of the MHD jet” with M87 
!

• MHD Jet acceleration/collimation takes place in the 
parabolic stream up to ~ 105 rs under the sphere of 
gravitational influence (SGI) of the SMBH 

!
• “Jet break” in M87, giving a fate of the MHD jet evolution 
!
• Parabolic stream changes into the conical stream   

through the jet over-collimation at HST-1, where the jet 
acceleration is presumably terminated 
!

• Jet break gives a key ingredient for understanding how       
AGN jets interplay with SMBHs and their host galaxies
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No clear view of jet acceleration/collimation                                 
even in most studied AGN source… >o< 
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Figure 1. Contours are plotted at -1, 1, 1.4142, ..., 1024 × 2.12 mJy beam−1, which is three-times the residual r.m.s. noise in the first
epoch image. The synthesized beam is 19.9 mas × 14.6 mas with the major axis at a position angle of 73.4◦ for the first epoch. Model
components and trajectories are represented by green circles and blue line, respectively.

subluminal (< 0.3 c) or no proper motions within error
(e.g., Reid et al. 1989; Dodson et al. 2006; Kovalev et
al. 2007). The range of speeds were intensively measured
with VLBA at 15 GHz, and it was revealed that only very
slow proper motions between 0.003 c to 0.05 c exist in
the range from 1 to 20 mas from the nucleus (Kovalev et
al. 2007). On the other hand, recent VLBA observations
at 43 GHz claimed to detect very fast proper motions;
1.1 c or more at 0.5 mas (Acciari et al. 2009) and say
2 c in the range from 1 to 5 mas (Walker et al. 2008).
These observed speeds are different from the previous
observations. We will discuss this discrepancy in section
4.3.

HST observations revealed trails of superluminal fea-
tures at around 1 arcsecond from the core (a region
named as HST-1) with a range of 4 c - 6 c (Biretta et
al. 1999). VLA observations detected both super- and
subluminal motions downstream of HST-1 (Biretta et al.
1995). Both HST and VLA observations give a global
trend that observed proper motions decrease as a func-
tion of the distance from HST-1 smoothly.

As the summary of observed proper motions, an inter-
esting picture is derived so far; no evidence for highly
relativistic velocities between the core and HST-1, and
then, suddenly, superluminal motion of components im-
mediately HST-1. There is a missing link on the velocity
field of the M87 jet between 160 and 900 mas. Exploring
the velocity field on this spatial scale is the key to inves-
tigate the dynamics of the M87 jet, and it would provide
us a clue to understand the acceleration mechanism of
the jet.

2. OBSERVATION AND DATA REDUCTION

We conducted monitoring observations towards M 87
on 12 March 2007, 2 March 2008, and 7 March 2009 using
the EVN and Multi-Element Radio Linked Interferome-

ter Network (MERLIN) at a wavelength of 18 cm. EVN
observations were conducted with Cambridge (UK), Ef-
felsberg (Germany), Jodrell Bank (UK), Knockin (UK:
only at last epoch), Medicina (Italy), Noto (Italy), On-
sala (Sweden), Torun (Poland), and Westerbork (Nether-
lands) stations. Both left and right circular polarization
data were recorded at each telescope using 8 channels of
8 MHz bandwidth and 2 bit sampling. The data were
correlated at the Joint Institute for VLBI (JIVE) corre-
lator.

A priori amplitude calibration for each station was de-
rived from a measurement of system temperatures during
each run and the antenna gain. Fringe fitting was per-
formed using AIPS. After delay and rate solutions were
determined, the data were averaged over 12 seconds in
each IF and self-calibrated using Difmap.

For the selfcalibrated images, we performed model fit-
ting using Difmap. The core is defined by Gaussian
model fitting for the innermost bright region. Both of
the circular or elliptical Gaussian models have been ap-
plied, but the relative position of each component with
respect to the core is well determined.

3. RESULTS

We show the multi-sequential images by EVN observa-
tions in Fig. 1. The bright core at the eastern edge of the
jet and the continuous jet emission up to 500 mas from
the core are clearly detected. The isolated component at
the distance of 900 mas from the core corresponds to the
HST-1 knot. The jet components between 160 mas to
500 mas have been suggested in previous measurements
(Cheung et al. 2007), but they are robustly detected and
resolved with high significance in our EVN observations.

In Fig. 1, green circles mark the model components
for the jet structure by fitting circular Gaussians to the
emission. Red lines represent their individual trajecto-

Asada, MN+ (2014), ApJL 

Superluminal'Motions'Upstream'of'HST.1

EVN Observations@1.6GHz



Asada, MN+ (2014), ApJL 
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Kovalev et al. 2007: VLBA at 15 GHz
Reid et al. 1989: Gloabal VLBI at 1.6 GHz
Cheung et al. 2007: VLBA at 1.6 GHz
Biretta et al. 1999: HST
Biretta et al. 1995: VLA at 15 GHz
Meyer et al. 2013: HST
Ly et al. 2007; VLBA 43 GHz (area)
Walker et al. 2008: VLBA 43 GHz
Acciari et al. 2009: VLBA 43 GHz

Kovalev et al. 2007: VLBA at 15 GHz
Reid et al. 1989: Gloabal VLBI at 1.6 GHz
Cheung et al. 2007: VLBA at 1.6 GHz
Biretta et al. 1999: HST
Biretta et al. 1995: VLA at 15 GHz
Meyer et al. 2013: HST
Ly et al. 2007; VLBA 43 GHz (area)
Walker et al. 2008: VLBA 43 GHz
Acciari et al. 2009: VLBA 43 GHz

This work: EVN at 1.6 GHz

A'Missing'Link'Has'Been'Filled
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Jet'Structure'and'Dynamics'in'M87
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Figure 3. Upper left: knot I appears to fade and move backward along the jet at 0.23 ± 0.12c. Lower left: knot A is shown with a stretch to emphasize the fading of

the knot over time. Middle panel: the knot A/B complex shows remarkable variability
, with both sub-relativistic

and superluminal apparent motions. The white arrow

is pointing to a “bar” which appears in the last epoch. Right panel: knot C shows speeds on the order of 0.4–0.9c. Bottom panel: a depiction of velocities as vectors

from their positio
ns along the jet.

(Animations of this figure are available in the online journal.)

slope of zero, with typical errors on the order of 0.003 pixels yr−
1

or 0.02c. 3. RESULTS

Starting from the core, the first well-detected features in our

data set include a small narrow extension from the core (out to

∼0.′′ 5) probably corresponding to knot L seen in VLBI images,

as well as the famous variable feature, HST-1. Both the core and

HST-1 are highly variable in flux and frequently saturated in

our images. Because special care must be taken with saturated

images, an analysis of the inner region of the M87 jet up to and

including HST-1 will be addressed in a follow-up to this Letter.

For all the knots described below, the WFPC2 image stacks

(galaxy subtracted) described above are shown in Figures 1

and 3.

3.1. The Inner Jet: Knots D, E, F, and I

Knot D is the most consiste
ntly bright feature after the knot

A/B/C complex, and significant proper motions were measured

in both previous studies.
5 As suggested by the contours overlaid

on Figure 1, D-Middle is one of the fastest components with

a speed of 4.27 ± 0.30c along the jet, while
the brighter

D-West shows evidence of deceleration radially, slowing to a

near stop by the final epoch in 2008, while maintaining one of

the largest transverse
speeds of −0.59 ± 0.05c (see Figure 2).

These measurements are consiste
nt with

the results of B99

(5.26 ± 0.92c and 2.77 ± 0.98c for D-Middle and D-West,

respectively), where we compare with our estim
ated velocity of

D-West in 1996 of 2.73 ± 0.40c from the quadratic fit.

Previous results on knot D-East have been conflicting: B95

found that it moved inward along the jet at 0.23 ± 0.12c

(possib
ly consiste

nt with
being stationary), while B99 found

a large outward apparent velocity of 3.12 ± 0.29c; our result of

0.28 ± 0.05 is more in line with B95. It is possib
le that there

is a stationary feature at D-East, through which components

emerge (analogous to what is seen in HST-1). In that case, the

higher-resolution Faint Object Camera was perhaps tracking

5 It is important to note that B95 used data from 1985 through 1995, and so

directly precedes the epoch of our data set, while B99 overlaps with only the

early part of it, spanning 1995–1998. All βapp (including previous work) were

computed with the conversio
n factor 0.264c yr mas−

1 .

4

Projected V-fields (Meyer+ 2013)

Projected B-fields (Owen+ 1989)

Note: Knots are NOT stationary except HST-1
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BH#Accretion#and#Jet#Ejection#in#M87
Recent comprehensive study toward the M87 jet from ten to ten millions of Schwarzschild radii gives a unique opportunity for self-consistent understandings of an AGN jet from its initial to terminal phases (Fig. 
1). Based on observational and theoretical efforts, we give a global picture of the M87 jet structure and dynamics as a prototype of MHD jets in AGNs, which interacts with the interstellar medium (ISM). One of 
our remarkable findings in M87 is the ``jet break'', a structural change from parabolic to conical geometry, which coincides with a transition from increasing to decreasing in observed proper motions along the jet. 
The jet break occurs at around the sphere of the gravitational influence (SGI) of the supermassive black hole (SMBH), indicating the parabolic jet, which is magnetically organized, is under a control (confined) by 
the stratified ISM, such as radiatively inefficient accretion flows (RIAFs), but it becomes ballistic (conical) due to the over-collimation in the cooling core of the host elliptical galaxy (Fig. 2 Top). The jet break in 
M87 is also accompanied by forming the narrowly focused, bright VHE gamma-ray flaring site, HST-1, where recurrent superluminal knots are ejected. Paired superluminal/sub-luminal motions from HST-1 in 
radio/optical bands can be explained by a quad MHD shock (forward/reverse slow and fast modes) system. The MHD bulk acceleration presumably takes place in M87 up to the SGI; if observed proper motions 
indeed reflect the underlying bulk flow, then it implies that the conversion from Poynting to kinetic energies is over after the jet break (Fig. 2 Bottom). We speculate the Poynting-flux dominated (PFD) outflow may 
be responsible for organizing the M87 jet all the way down to the terminal downstream. The electromagnetic energy, which is created around the central black hole, is transferred dominantly in the form of 
Poynting flux beyond the host galaxy. We suggest the jet break in M87 as a consequence of differentially stratified ISMs, which are organized by gravitational potentials of the SMBH and host galaxy. Thus, M87 is 
the best example to understand how an AGN jet behaves under the interplay with the SMBH growth and evolution early-type galaxies.

M.#Nakamura,#K.#Asada,#H.<Y.#Pu,#&#VLBI/GLT#Project#Science#Team
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Fig 4. ISM Profile in M87
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Fig 1. M87 Jet Images
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Fig 2. M87 Jet Structure & Dynamics

We propose an idea for the jet 
break (structural transition from 
parabolic to conical stream) as a 
consequence of the MHD 
parabolic jet, which can be 
organized by the ISM (RIAF) 
inside the Bondi radius with a 
pressure stratification pism ~ R-2 
(e.g., Komissarov+ 2009), will be 
over-collimated when the jet 
propagates into the central core 
of the host galaxy where ∇ pism ~ 
0 (Fig. 3, 4). We also suggest the 

jet break may be the fundamental process in AGN jets, which give a reason why the jet acceleration and 
collimation terminates on this scale (101-2 pc; 105-6 rs for 108-10 M๏) (e.g., Homan+ 2015), suggesting a co-
evolution among the SMBH, jet, and host galaxy may also exist (Nakamura & Norman, in prep.).

M87$Jet$Break$Model

1.Parabolic jets will be under-pressured beyond the SGI of SMBHs

                                                    
2.Jet over-collimation drive a formation of a stationary, oblique shock (Mach disk) system by 
a local pressure imbalance (Courant & Friedrichs 1948)

!3.Jet transits into a freely expansion phase (conical stream) under the quasi-uniform ISM

z

Clarke, Norman & Burns (1986)

�pism = 0

Magnetically+dominated+jet+

MN & Asada, in prep.

pism � z�2

pjet �
B�2

�

8�
� z�2

�pism � 0

z � r� (1 � � � 2)

Fig 3. M87 Jet Break Model
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Theory suggests a substantial decrease of 
the BH mass accretion in RIAFs; how is 
the M87 jet powered (Pj ~ 1043-44 erg/s)?

Fig 5. BH Mass Accretion Profile in M87
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Fig 6. BH Spin-down Power (BZ77) with MAD state in M87
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We speculate future sub-mm VLBI observations at 340 GHz or higher will give further constraint on the BH 
spin as is indicated in Fig. 7. We also suggest the current EHT observation of the VLBI core in M87 may 
guarantee a significant distortion of the BH shadow image, which can be available in future observations 
with full configuration of available sub-mm arrays including ALMA and our greenland telescope (GLT). 
Thus, theoretical investigations would be very helpful to guide future observations (see also poster by H.-
Y. Pu et al.).

Freq. depending  
VLBI core shift

Spin depending  
IOSS shift

Fig 7. Innermost Jet Structure (< 100 rs) in M87
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ṁ � ṀBondi/ṀEdd = 6.3� 10�4

High frequency observations at sub-mm bands are crucial for exploring the M87 jet engine. We conducted SMA polarization observations at 230 GHz to derive the Faraday rotation measure (RM) (Kuo+ 2014). 
Our best-fit value of |RM| = 2.1 × 105 rad m-2 constrains an upper limit of the SMBH mass accretion rate Mdot● < 7.5 × 10-4 M๏/yr at ~ 20 rs, assuming the RIAF model (e.g., Yuan+ 2012) with ρ ∝ R-1 (p ∝ R-2). 
Note an intermediate radial profile of ρ ∝ R-κ, κ = 1.0 – 1.2 (κ = 0.5 – 1.5 is considered in RIAF models) is obtained in 3D simulations of magnetized Bondi flows for realistic plasma β (≡ pgas / pmag.) value of 
~ 101-3 (Pang+ 2011). Thus p ∝ R-(κ+1), κ+1 = 2.0 – 2.2 is suitable for making parabolic MHD jets. A substantial decrease of Mdot● / MdotBondi ~ (R / RBondi)1.5-κ has been worrisome in RIAF theories (Mdot● / 
MdotBondi ≦ 10-2 is discussed in Kuo+ 2014) because we may face unexpected situation Pj / Mdot● c2 > 1 (Fig. 5). However, recent progress on GRMHD simulation (Tchekhovskoy+ 2010, 2011) give an idea 
to overcome this situation by considering that the BH spin-down (BHSD) power is responsible for powering jets, as is originally proposed by Blandford & Znajek (1977, BZ77). Not only the BH rotational energy, 
but also the magnetic energy on the event horizon scale, which can be advected by RIAFs, play a role in determining the BHSD power by BZ77 process. Transported poloidal magnetic flux can be maximized 
when the RIAF approaches a state, so-called magnetically arrested disk (MAD) (e.g,, Narayan 2003). Recent observations support blazar jets on pc scales may posses a strong field expected in a MAD state 
around SMBH (Zamaninasab+ 2014) and give a statistical flavor that Pj / Mdot● c2 > 1 may be universal in blazar jets (Ghisellini+ 2014). We formulate the BHSD power in M87 with magnetic fluxes at around the 
BH radius (~GM●/c2) in MAD state by considering possible RIAF models and found the spin parameter a/M ≧ 0.6 could be minimum requirement (Fig. 6 Top) (where Pj / Mdot● c2 < 1 still holds, but it almost 
reaches ~ 0.3 (Fig. 6 Bottom); a maximal radiative efficiency for a thin accretion disk with a/M = 0.998; Thorne 1974) in order to power the M87 jet power ~ 1043-44 erg/s estimated in various observations 
(Nakamura et al., in prep.). In Fig. 7, we demonstrate how the current mm VLBI observations can constrain the minimum value of the spin parameter. Steady axisymmetric GRMHD inflow/outflow solutions is first 
ever examined along the parabolic stream line around the Kerr BH (GRMHD counterpart for BZ77 solutions) by Pu, Nakamura, et al. (2015, P15). Inflow/outflow separation surface (IOSS) critically depends on the 
spin parameter itself (due to a balance between the BH gravity and magneto-centrifugal forces along the rotating field line with ΩF ~ 1/2 Ω● ) in a cold-limit (force-free) approximation. We consider P15’s steady 
solutions with various spin parameters in BZ77 parabolic streamlines, as well as an axial position offset Δz of the current 1 – 7mm VLBI cores from the nucleus. The synchrotron self-absorbed VLBI core is 
identified as an innermost jet emission in AGNs at given frequency (Blandford & Königl 1979, BK79). BK79 shows the unique property Δz ∝ ν-1, which is widely accepted during last decades. Hada+ (2011) 
recently confirmed that this property holds in M87. Our examination suggests the current 1 mm VLBI observation (shown as Event Horizon Telescope: EHT core in Fig. 7) may give a lower limit of a/M ≧ 0.5 if the 
M87 jet is initiated at around ≦ 10 GM●/c2 (Nakamura, Pu, et al. in prep.).RIAF'in'M87

MN+  in prep.



New(?)'VSOP'Result

SPACE VLBI has revealed an extended 
spine jet from the supermassive BH (BZ77)!?

Asada & MN, in prep.

VSOP (1997~2005)
Dodson+ 2006, PASJ 

✓ No evidence for significant motions 

✓ Core TB is well below the IC limit, suggesting   
     that the emission is not strongly Doppler boosted



Resolved Spine-sheath Parabolic Streams?
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ISCO

VLBA at 43 GHz
VLBA at 15 GHz
EVN at 1.6 GHz 
MERLIN at 1.6 GHz
VLBA core at 43 GHz
VLBA core at 86 GHz
EHT core at 230 GHz
VSOP sheath at 5 GHz
VSOP spine at 5 GHz
VSOP central dim region at 5 GHz 

Parabolic spine 
(self-confined?): 
z � r1.98±0.07

Asada & MN (2012), ApJL; MN & Asada (2013), ApJ; Asada & MN, in prep.

parabolic sheath 
(confined by ISM): 

z � r1.73±0.05

Quasi-
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Fate%of%GRMHD%Jets:%How%to%
terminate%Acceleration/Collimation?

Pu, MN+ in prep.

µ

�
= 1 + �

σ : Poynitng-to-matter energy flux ratio

- Capability of cold RMHD jet acceleration 
can be measured by the total (matter + 
Poynting)-to-matter energy flux ratio:

�� � µ (�� � 0)

µ � 101�3

(Beskin 2010; Nokhrina+ 2015)

would be 
universal?

µ � 10
�� � 0

e.g., Jorstad+ (2005) 
Pushkarev+ (2009)

Clausen-Brown+ (2013) 

e.g., Lyutikov+ (2005)

Clausen-Brown+ (2011) 



Similarity%found%in%MOJAVE%AGNs%

- A transition from positive to negative 
acceleration seems to locate at ~ 10 pc  
(Lister+ 2013; Homan+ 2014)                               
⇒ ~ 100 pc in de-projection w/ θv ~ 5°


!
!
- Non-ballistic flows are strongest at < 10 

pc; jets are expanding less rapidly than 
z ∝ r, so that jets is still being collimated 
(Homan+ 2014; also Pushkarev & Kovalev 
2012 w/ Tb analysis)


!
! !
- “Jet break”, induced by a stationary 

component; one of the key observables               
(MN & Norman, in prep.)Figure 6. Histograms of projected linear distance for jet features

Homan+ (2015)
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Courtesy: K. Asada 

QSO 1633+382 (4C38.41, z=1.807; 8.54pc/mas), log M● = 9.67, θv=2°.6 

EHT@230 GHz

@43 GHz

z � r

z � r1.53

Jet%Break%in%Blazar

Stationary feature

An Important 
Science Case w/ 
mm/sub-mm VLBI



Summary

• M87; a prototype of relativistic jets in AGNs, showing   
fundamental properties of the global structure & dynamics 

!
• mm/sub-mm VLBI towards M87 (blazars) will give a certain 

clue for the jet formation (acceleration/collimation) 
!
• Slow acceleration and collimation appears to be the norm  

in AGNs (Need a matching between theory and obs.) 
!
• “Jet break” gives a crucial understanding how AGN jets 

interplay with SMBHs and their host galaxies 
!
• Theoretical investigation of RMHD jets, interacting with 

stratified ISMs, is essential (on-going)


