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๏ A constraint of magnetic acceleration & collimation (MAC) zone                     
in the M87 jet; how does the flow become relativistic?                                                      
→ MAC zone may not be defined by only MHD jet theory (positions of re-
collimation shocks in self-similar solutions)

๏ Structural transitions of AGN jets scaled by M● ; stationary features (re-
collimation shocks) may play a role                                                                   
→ An intrinsic correlation w/ the M●-σ relation and a potential connection to 
VHE emission regions                        

SUMMARY of THIS TALK
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azimuthal B-field z ∝ r (γθ ∼ 1)
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• The “Rosetta Stone” for studying relativistic jets 
• Nearby: D   16 Mpc (1 mas   0.078 pc   125 rs)
• FR I: Misaligned BL Lac (               ; Wang & Zhou 2009)
• SMBH mass:                            (Gebhardt et al. 2011)

• VLBA res. : 20 rs at 43 GHz                                                       
• Sub-mm VLBI res.: 3 rs at 345 GHz (w/ GLT)

M87 Observations 

• Well studied at wavelengths from radio to X-ray
• Proper motions (sub/super-luminal feature)
• Polarization (20 - 60%; ordered B-fields) 
• Substructure (limb-brightened, knots, wiggles,...)
• In situ particle acceleration at knots
• HST-1 (Biretta et al. 1999): the site of flaring

∼

θview ∼ 14◦

(6.6± 0.4)× 109M⊙

∼ ∼

CORE HST-1

NASA, ESA, and J. Madrid (McMaster Univ.)

x 10 of BH diameter
0.1 light year

x 3 of BH diameter

VLBA 43GHz (Hada et al. 2011)

Bright DimBright Dim



• A flaring from radio through optical to X-ray (factor    50) 
bands (Harris et al. 2006) at HST-1, indicating a site for TeV 
γ-ray emissions (Harris et al. 2009)

• HST-1c: two roughly equally bright knots: superluminal and 
trailing sub-luminal components during 2005 - 2006 
(Cheung et al. 2007) → Quad relativistic MHD shocks 
(foward/reverse fast/slow) by MN, Garofalo, & Meier (2010)

A New Components After the TeV Flaring

∼

Abramowski et al. (2012) VLBA: Cheung et al. (2007)

VLBA + EVN : Giroletti et al. (2012)



Junor et al. (1999)

• Superluminal motions begin at HST-1, lying about 1” (    80 pc) from the nucleus 

• Many VLBI observations show sub-luminal motions upstream of HST-1

• Visible pc-scale features may reside in slower layers near the surface (Biretta et al. 1999) 
or possibly standing shocks and/or instability patterns (Kovalev et al. 2007)?

➡ Q. No “systematic” acceleration towards HST-1 exists although collimation occurs 
asymptotically? Or proper motions do not correspond to the flow speed at all?

Puzzle Remains Unsolved for 2 Decades
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Asada, MN, et al.

Superluminal Motions Upstream of HST-1 
3 years monitoring of the M87 jet using European VLBI Network (EVN) at 1.6GHz
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✓ Yes, We found final pieces of the puzzle, but how they will match into the MHD jet?

• The (bulk) acceleration (γ) and collimation (θ) are correlated in a parabolic streamline 

(                            ) (Zakamska et al. 2008; Komissarov et al. 2009): 
• Acceleration/collimation occurs slowly (Tchekhovskoy et al. 2008; Komissarov 2009):

                                           We need to determine the jet structure (a)

A Missing Link Found
log r (arcsec)   -1               0               1

Junor et al. (1999)

γθ � 1z ∝ ra, 1 < a ≤ 2
γ ∝ z(a−1)/a
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Global Structure of the M87 Jet

Asada & MN (2012)

✓ The MHD jet maintains the parabolic structure over 105 rs , 
balanced with the stratified ISM gas pressure

✓ A transition of streamlines presumably occurs at an ISM 
transition beyond the gravitational influence of the SMBH

✓ Stationary feature HST-1 as a consequence of the jet 
recollimation due to the pressure imbalance w/ the ISM  

VLBA at 43 GHz
VLBA at 15 GHz
EVN at 1.6 GHz 
MERLIN at 1.6 GHz 
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Parabolic streamline 
(confined by the ISM):

z ∝ r1.73±0.05

Conical streamline 
(unconfined, 
freely expanding):

z ∝ r0.96±0.1

Over-collimation at HST-1
(“ignition” of structural change):

pjet ≥ 102 pism



Sub-to Superlumial Transition

Q. Do they exhibit an asymptotic acceleration from non-relativistic (0.01c) to 
relativistic speed (0.99c) over an extremely large scale 102-5 rs?

Asada, MN et al.

Q. What determines a peak of proper motions as well as a transition from 
parabolic to conical streamlines?
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Magnetic Acceleration & Collimation (MAC) Zone

Asada, MN et al.

a = 1.73

∝ z2/a

∝ z(a−1)/a

Reverse shocks
(MN, Garofalo, 

Meier 2010)

Spine bulk flows (BH-driven) or
MHD fast-mode / Alfvén waves? 
(B2 >> ρc2 ; see, McKinney 2006)

Vesc

V0 ∼ VK/300
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✓ Identified the jet “MAC” zone powered by TAW in a real jet system upstream of the conical region

- The Lorentz factor follows the power-law slope constrained by the parabolic stream (          )
- Sub-luminal motions at around mas scale is likely to be a trans-Alfvénic flow 

✓ The jet kinetic energy increases as a conversion from Poynting flux

- Estimation of the jet total power by Poynting flux:  
- The system possesses the axial current flowing:  

γθ � 1

Lj = 1042−44 erg s−1

Iz = 1016−17A

∝ z4/α

VLBA 43GHz 



• Parabolic MHD jet is confined by the stratified 
external gas

• Radial pressure balance: pint (mag.) = pext (gas), 
indicating a giant ADAF which extends beyond the 
Bondi radius down to the SMBH (Narayan & Fabian 
2011:                              )

• Analytical study of RMHD jet supports    for a 
parabolic jet streamline (Komissarov et al 2009):

ISM Gas Pressure
Bondi + King Model: MN et al.

984 !L. Stawarz et al.

Figure 1. Profiles of the hot gas pressure in M 87 host galaxy, as evaluated
by Falle & Wilson (1985, dashed line), Owen et al. (1989, thin solid line)
and in this paper (thick solid line). Circles indicate minimum pressure of the
knots in the M 87 jet neglecting the relativistic correction (filled ones), and
assuming the jet Doppler factor δ = 2.7 (open ones). The circles disconnected
from the others correspond to the HST-1 flaring region (the upstream edge of
the HST-1 knot). In deprojecting distances between the knots and the active
core, we assumed the jet viewing angle of θ = 20◦.

pG(r ) = p0






(
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rB

)−0.6
for r < rB

[
1 +

(
r

rK

)2
]−0.6

for r ! rB

, (1)

with the normalization p0 = 1.5 × 10−9 dyn cm−2 (Young et al.
2002). Here, r B = 3 arcsec ≈ 234 pc and r K = 18 arcsec ≈ 1.4 kpc.
The resulting distribution of the gas pressure is shown in Fig. 1. One
can see that the gas pressure decreases from ∼10−8 dyn cm−2 at r ∼
10 pc to ∼10−10 dyn cm−2 at r ∼ 10 kpc. In addition, the pressure
profiles adopted by Falle & Wilson (1985) and Owen et al. (1989) in
their studies of the M 87 jet are shown for comparison. The former
one is p(r ) = 1.2 × 10−9 [1 + (r/r B)4]−1/4 dyn cm−2, while the
latter one is p(r ) = 5.1 × 10−10 (r/kpc)−0.35 dyn cm−2 between 0.7
and 2 kpc, and p(r ) = 7.3 × 10−10 (r/kpc)−0.85 dyn cm−2 for r > 2
kpc. Note that these two approximations imply a lower gas pressure
than the one adopted by us.

Fig. 1 shows the deprojected positions of different knots (starting
from HST-1 to C) of the M 87 jet,1 assuming the jet viewing angle to
be θ = 20◦ (Bicknell & Begelman 1996; Heinz & Begelman 1997),
and the minimum pressure of these knots (a sum of the pressure
due to ultrarelativistic radiating electrons and due to the tangled
magnetic field) to be

pmin = peq, e + UB, eq

≈ 3.4 × 10−9

(
fR

100 mJy

)4/7 (
R

0.3arcsec

)−12/7

δ−10/7 dyn
cm2

(2)

(see Kataoka & Stawarz 2005, and Appendix B). Here, f R is the
observed radio flux of the knot at 15 GHz, R is its observed knot’s
radius (assuming spherical geometry) and δ is the knot’s Doppler
factor. In Fig. 1, we consider two jet’s Doppler factors: δ = 1 and 2.7.
The latter one is appropriate for the expected jet viewing angle θ ∼
20◦ and the jet bulk Lorentz factor # ∼ 3–5 on kpc-scales (Bicknell

1 Knot HST-1: 0.8–1.2 arcsec; knot D: 2.7–4 arcsec; knot E: 5.7–6.2 arcsec;
knot F: 8.1–8.8 arcsec; knot I: 10.5–11.5 arcsec; knot A: 12.2–12.5 arcsec;
knot B: 14.1–14.5 arcsec and knot C: 17.5–19 arcsec.

Figure 2. Normalized X-ray surface brightness ($X) profiles of the M 87
host galaxy due to emission of the hot gas. A dashed line corresponds to the
pure β-model for the hot gas distribution, a solid line to the β-model with
an additional contribution from the central stellar cusp, while dotted lines
indicate respective power-law asymptotics.

& Begelman 1996; Heinz & Begelman 1997). We also took R =
0.3 arcsec (except the HST-1 flaring region, i.e. the upstream edge of
HST-1 knot disconnected from the other knots in Fig. 1, for which
we assume R = 0.02 arcsec) and used the knots’ 15-GHz fluxes
given by Perlman et al. (2001).2 For the flaring region of HST-1
knot, we took the 15-GHz flux of 3.8 mJy, as given in Harris et al.
(2003), for the quiescence epoch of this part of the jet. Note that
the first bright knot HST-1 is placed very close to rB, i.e. the radius
where the change in the ambient pressure profile between the central
cusp and the unperturbed King-like distribution is expected to occur.
In addition, downstream of this region, for r B < r < r K, the M 87
jet is overpressured in respect to the gaseous medium by a factor of
a few, and even by more than an order of magnitude at the position
of the brightest knot A further away. However, with the beaming
effects included, the minimum pressure of the knots D, E, F and I
is almost the same as the ambient medium pressure. Note also that
the HST-1 flaring region is highly overpressured.

An additional gaseous X-ray condensation in the centre of M 87
host galaxy, linked to the observed in optical stellar cusp, increases
the thermal pressure of the galactic medium (with respect to the
‘pure’ King-like profile) by as much as an order of magnitude at
the distance of ∼10 pc from the core. On the other hand, a small
volume occupied by this additional component implies only a small
excess X-ray thermal luminosity. Fig. 2 shows this light increase in
the X-ray surface brightness profile. We calculate the X-ray surface
brightness of host galaxy with and without this central component.
Because the bremsstrahlung emissivity is proportional to the square
of the thermal gas density, the appropriate surface brightness, as a
function of the projected distance from the nucleus rp, is

$X(rp) ∝
∫ lmax

0

p2
G

(√
l2 + r 2

p

)
dl, (3)

where lmax =
√

r 2
T − r 2

p and r T = 102.1 r C ≈ 68.7 kpc (Lauer et al.
1992). We assumed a constant temperature of the gaseous medium
within the galaxy, and took the pressure profile as given by equa-
tion (1) with and without the central cusp. As shown in Fig. 2,

2 Knot HST-1 (total): 35.64 mJy; knot D: 161.54 mJy; knot E: 48.05 mJy;
knot F: 144.9 mJy; knot I: 75.8 mJy; knot A: 1218 mJy; knot B: 808.4 mJy
and knot C: 544.7 mJy.

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 370, 981–992

Falle & Wilson (1985)

Owen et al. (1989)

Cusp + King Model: Stawarz, et al. (2006)

• A shallow gradient of the external gas, caused by 
a central stellar cusp

• Freely expanding (conical hydrodynamic) jet is 
converging into the reconfinement shock (Sanders 
1983:                              ) at HST-1
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What Can We Know about BLAZAR      
from the M87 Study?

Image Credit: W. Steffen

Milli-mm wave radio core includes the jet ACZ 
& a stationary shock (Marscher et al. 2008)    
→ Constraint is UNCLEAR ...



Jorstad et al. (2005)

BL Lac: 1803+784

MOJAVE Movie



• A best fitting of RSK - M● :

‣ Indicating a link between AGN 
jets and M●-σ relation

‣ Suggesting the unification of B 
(Urry & Padovani 1995)

‣ VHE γ-ray emission region can 
be presumably scaled by M● ?
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2251+158 (3C454.3)
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MN & Norman

γ-ray Flare Region
M87 (RG): Cheung et al. (2007)
OJ 287 (BL): Agudo et al. (2011)
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Summary

• Jets scaled by SMBH(M●): M● - σ relation & AGN Unification
• M87: “Rosetta stone” of AGN jets

• Jet MAC nozzle powered by the TAW

• Transition of streamlines beyond a stationary knot

• VHE γ-ray emissions & ejections of superluminal knots

Bφ
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Magnetic Acceleration & Collimation (MAC) Zone

Conical structure:Paraboloidal structure: Re-collimation & accumulating 
azimuthal B-field z ∝ r (γθ ∼ 1)

RBH ∼
10.0

�
MBH/108M⊙
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z ∝ ra, 1 < a ≤ 2
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MHD Jet Nozzle: Poyning to Kinetic Flux

Vp = VA

“Magneto-centrifugal”  
(magnetic tension) driven

Gas pressure driven

Magnetic pressure 
driven

Vp = Vf

Magnetic tension
(hoop-stress) drives 
both collimation & 

acceleration

Vp = Vs Slow magneto-sonic

Alfvénic

Fast magneto-sonic

Vθ = Vf

*Not a critical surface in 
a self-similar solution

“Modified” fast magneto-sonic

Vp

Vφ

Bp + Bφ

Contopoulos (1995)

Re-collimation shock?

SELF-
SIMILAR
MODELS   

WARM REL. SMSS 
(MSP) AS FMSS 

(MFP)

Blandford 
& Payne                       
(1982)

Y

Li, 
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(2000)
Y Y Y Y

Vlahakis 
& Königl       

(2003)
Y SR Y

Polko, 
Meier, & 
Markoff         
(2010, 
2011)

Y SR Y Y Y

Polko, Meier, & Markoff (2011)

From Meier (2010), IAU Symp. 175
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A Modeling of Superluminal Components:    
Quad Relativistic MHD Shocks

MN, Garofalo, & Meier (2010)

Quantitatively consistent modeling for observations:

HST-1 c1(4.3c)/c2(0.47c) (Cheung et al. 2007)

HST-1 East(6c)/ε(0.84c) (Biretta et al. 1999)

Reverse fast-mode is better for a DSA (Fermi-I) than 
forward fast mode regarding the magnetic pitch     
(θ < 10°) → Chandra X-ray map



Trans-Alfvénic Regime 

Shibata & Uchida (1985, 1986)

“Hubble flow” in MHD jets

Contopoulos (1995) (See, also Ouyed et al. 1997, Nat)
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• Approximate Hugoniot eq. for 
the parabolic MHD nozzle:

z

Vz

dVz

dz
�

V 2
Aφ/a−GM•/z

V 2
z − V 2

Aφ

→ Vz = VAφ � Vesc(a = 2)

• Conservation of the WKB energy flux 
density of the torsional Alfvén wave 
(TAW) in a magnetic flux tube  
(               ):

• Eq. of motion in z-direction beyond the 
Alfvén surface:

TAW can be expressed as

ρV 2
φ VA

Bz
= const.

Bφ

Bz
∼ Vφ

VA

Φ = BzS

(TAW becomes nonlinear)

ρ
dVz
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BL Lac: 0851+202 (OJ287)
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ABSTRACT

We combine time-dependent multi-waveband flux and linear polarization observations with submilliarcsecond-scale
polarimetric images at λ = 7 mm of the BL Lacertae type blazar OJ287 to locate the γ -ray emission in prominent
flares in the jet of the source > 14 pc from the central engine. We demonstrate a highly significant correlation
between the strongest γ -ray and millimeter-wave flares through Monte Carlo simulations. The two reported γ -ray
peaks occurred near the beginning of two major millimeter-wave outbursts, each of which is associated with a
linear polarization maximum at millimeter wavelengths. Our very long baseline array observations indicate that
the two millimeter-wave flares originated in the second of two features in the jet that are separated by > 14 pc.
The simultaneity of the peak of the higher-amplitude γ -ray flare and the maximum in polarization of the second jet
feature implies that the γ -ray and millimeter-wave flares are cospatial and occur > 14 pc from the central engine.
We also associate two optical flares, accompanied by sharp polarization peaks, with the two γ -ray events. The
multi-waveband behavior is most easily explained if the γ -rays arise from synchrotron self-Compton scattering of
optical photons from the flares. We propose that flares are triggered by interaction of moving plasma blobs with
a standing shock. The γ -ray and optical emission is quenched by inverse Compton losses as synchrotron photons
from the newly shocked plasma cross the emission region. The millimeter-wave polarization is high at the onset of
a flare, but decreases as the electrons emitting at these wavelengths penetrate less polarized regions.

Key words: BL Lacertae objects: individual (OJ287) – galaxies: active – galaxies: jets – gamma rays: general –
polarization – radio continuum: galaxies

1. INTRODUCTION

The information that γ -ray observations can provide on the
physical properties of active galactic nuclei in general, and
blazars in particular, depends on where such γ -ray emission
originates, which is still under debate (e.g., Marscher & Jorstad
2010). Variability studies of γ -ray and lower-frequency emis-
sion from blazars provide important insights into this problem
by relating timescales of variability with physical sizes in the
source. However, although γ -ray variability in blazars can occur
on very short timescales (of a few hours, e.g., Mattox et al. 1997;
Foschini et al. 2010), this does not necessarily imply that high-
energy flares take place at short distances ("1 pc) from the cen-
tral engine (see Marscher & Jorstad 2010). In fact, Lähteenmäki
& Valtaoja (2003) and Jorstad et al. (2001a, 2001b) provided
evidence that γ -ray outbursts may arise in the millimeter-wave
emitting regions !1 pc downstream of the central engine. The
Large Area Telescope (LAT) on board the Fermi Gamma-
ray Space Telescope has sufficient sensitivity to test this by

providing well-sampled light curves of blazars that allow de-
tailed studies of the timing of γ -ray flares relative to those at
other spectral ranges (e.g., Abdo et al. 2010d; Jorstad et al. 2010;
Marscher et al. 2010).

The technique developed by Marscher et al. (2010)
and Jorstad et al. (2010) uses ultra-high angular-resolution
(∼0.15 mas) monitoring with very long baseline interferom-
etry (VLBI) to resolve the innermost jet regions and monitor
changes in jet structure. Observations with roughly monthly
observations, supplemented by more concentrated campaigns,
provide time sequences of total and polarized intensity images
of the parsec-scale jet that can be related to variations of the flux
and polarization at higher frequencies.

In this Letter, we employ this technique to investigate the
location of the flaring γ -ray emission in the BL Lacertae (BL
Lac) object OJ287 (z = 0.306), a well studied and highly
variable blazar at all available spectral ranges (e.g., Abdo et al.
2010a, 2010c). Throughout this Letter, we adopt the standard
ΛCDM cosmology with H0 = 71 km s−1 Mpc−1, ΩM = 0.27,
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Towards the Origin of the M87 jet
Q. How can we constrain the jet launching point?

Alfvén radius

Outmost edge of ergosphere-driven jets?          
(NR sheath even at 103 Rg; McKinney 2006)
                         OR
Disk-driven winds (a transition to conical again)?



๏ A constraint of magnetic acceleration & collimation (MAC) 
zone in the M87 jet; how does the flow become relativistic?
→ MAC zone may not be defined by only MHD jet theory 
(positions of re-collimation shocks in self-similar solutions)

๏ Structural transitions of AGN jets scaled by M● ; stationary 
features (re-collimation shocks) may play a role                      
→ An intrinsic correlation w/ the M●-σ relation and                 
a potential connection to VHE emission regions                        

๏ Future insight of sub-mm VLBI (Greenland Telescope: GLT) 
project to explorer the SMBH & the origin of the M87 jet                                         
→BH(BZ77), disk (BP82), or hybrid(M99)? / spin paradigm?

SUMMARY of THIS TALK


