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Outline

* Introduction to M87; puzzle has remained
unsolved on the jet acceleration/collimation

* MHD Jet global structure and dynamics under
the BH gravitational influence and beyond

* MAD in Action; how large is the BH spin?

* Lessons learned from M87; “jet break” in AGNs
may be norm in the BH-galaxy co-evolution?

* Summary



Puzzle Has Remained Unsolved

During decades

Distance from the nucleus: z (arcsec)
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Q. What is a large gap?
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= Q. Collimation is real (i.e.
the jet is cylindrical or not)?

We have no clear view of jet acceleration/

collimation even in the most studied AGN jet ...



GRMHD (1st ever) Steady Inflow/Outflow
Solutions for a Parabolic Streamline

GRMHD Simulation (a =0.9375) Steady GRMHD (cold) solution (a =0.9375)

B, field lines and characteristic surfaces B, field: parabolic solution (Blandford & Znajek 1977)
+ perturbation (Beskin & Nokhrina 2006)
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Open Question 1: How Acceleration/
Collimation in MHD jets is Terminated?

oiiow = oRaraton POt b, MN+ (2015), ApJ; qualitatively consistent with McKinney (2006)

3 - Capability of cold RMHD jet acceleration
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along a streamline that threads the EH at mid-latitude (similar to McKinney 2006)



Transition found in MOJAVE AGNs
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A transition from positive to negative acceleration seems to locate at ~ 10 pc
(Lister+ 2013; Homan+ 2015) = ~ 100 pc or longer in de-projection

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/ Tp analysis)
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A Missing Link Has Been Filled
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Jet Structure and Dynamics in M87
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HARM 2D (Gammie+ 2003; Noble+ 2006): 2562 grids a = (0.9375
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Dgas Pmag 5p = pgas/pmag
- Quasi-steady jet is formed, while corona/wind are highly turbulent (~ 2,000 MG/c?)

- Global jet structure is unchanged even after the MRI in the corona is saturated

- Gas pressure-dominated corona may not confine the jet, suggesting the jet and
corona/wind may be a force-free on the small scale (< 100 rs)




Outer Boundary of GRMHD Jets
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- A power-law dependence of the azimuthal current
on the equatorlal plane (McKinney & Narayan 2007):

v =1 (Parabollc Blandford &Znajek 1977)

v = 3/4 (Blandford & Payne 1982)

v =200 (split-monopole)

- GRMHD simulated jet agrees well with the force-free field
solution for a thin disc with an rr¥'4 (i.e., BP82)

- Black Hole
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& Toroidal current: I,

1 - Strong BH B-field squeeze the accretion flow vertically

down to h/r ~ 0.05 near the EH from ~ (0.3 - 1) at large
distances (Tchekhovskoy 2015)
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Comparison w/ Observations in M37
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Trails of Components?

Note
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Trails of MHD Shocks?

Length scale (pc)
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Quad RMHD Shock Model

A super-fast magnetosonic flow drives

Biretta et al. (1999) forward/reverse-fast/slow shocks
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RIAF in M87
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MAD in Action in M87?

- Magnetically Arrested Disk (MAD)

(Bisnovatyi-Kogan & Ruzmaikin 1974, 1976;
Narayan 2003; Tchekhovskoy+ 2011; Tchekhovskoy
& McKinney 2012; Zamaninasab+ 2014)
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Case 2: FRI RG

NGC 6251(0.5 pc/mas = 8700 r,), log Me =8.78, 6,=19°
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Summary

 M87: The best observable for examining the AGN jet with
the highest angular resolution (1 mas ~ 125 rs)

1.Sub-mm VLBI will reveal the origin of the jet in M87
as well as the jet inner structure for blazers (non-BK797?)

2.VSOP obs. reveals the jet spine (BZ77), while the jet
sheath may be the outermost streamline (BP82) from BH

3.Jet acceleration/collimation takes place in the parabolic
stream up to ~ 10° rs (inside the sphere of BH influence)

4.GRMHD jet sim./MAD scenario may give the BH spin as
a>0.7

5.We propose that the “Jet Break” (from parabolic; BP82
to conical; BK79) may be norm in AGNs



