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Introduction



Importance of M 87

0o M 87 (Virgo A*)
- 2"d prightest galaxy in Virgo cluster

- Large BH mass
BH mass: 6 (3)x 10° Mg

Gebhardt and Thomas 09, 11
(e.g. Ford+94, Harms+ 94, Walsh 2013)

- One of the nearest AGN
Distance: 16.7 Mpc

Jordan et al. 2005, AplJ, 634, 1002

- 2nd Jargest apparent size of r, (radius of non-rotating BH)
1 mas = 0.074pc (= 125 )



18t Discovered relativistic jet

0o M 87 (Virgo A*)
Resolution:
-arcmin (~ 107

Frequency:
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Low-Luminosity AGN

- With Chandra Observation

2000)

24' 00"

Di Matteo et al. 2003, ApJ, 582,133

-Ly~7x10%erg st

It’s sub-eddington, and Probably
has a Radiatvely Inefficient Accretion
Flow (RIAF)



X- and y- ray flare

Abramowski+ 2012
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X- and y- ray flare

Abramowski+ 2012
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Location of the Central Engine
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Importance of M 87

0o M 87 (Virgo A*)

- 1st discovered relativistic jet

Curtis 1918, Publications of Lick
Observatory 13, 31

- Low-Luminosity AGN

Typical AGN with radiatively inefficient
accretion flow (RIAF)

- High Energy activities

Up to TeV gamma-ray
Miss-aligned Blaser?

- 2nd Jargest apparent size of r (radius of non-rotating BH)

It contains all contents of AGN !!
Best Source to understand AGN !!



Goal of the Greenland Telescope Project

From “INTERSTELLAR”

Primary objective: Image a shadow of black hole
of M 87 with sub-millimeter VLBI observation
includes Greenland Telescope, SMA/JICMT and P PP

phased ALMA at 230, 345 GHz and higher Image courtesy: ALMA

frequency.
\ g Yy




Logistics of Greenland

Our rgadiometer at

- Peak of the Greenland ice cap (3,200 m) at 72°35'46.4"N 38°25'19.1"W
- Sponsored by the NSF, operated by CH2M Hill Polar Services (CPS)

- Camp population: 5 (winter) up to 50 (summer)

- Air National Guard provides LC-130 aircraft, twin otter aircraft or traverse.
- Network: Satellite link

- We have accessed the Summit Station since 2011 for the site testing.



Logistics of Greenland
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Logistics of Greenlan

Our radiometer at

'46.4"N 38°25'19.1"W
Services (CPS)

er aircraft or traverse.




Logistics of Greenland
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Plan for 2016 and beyond

* Antenna shipping to Thule (20106).

* Antenna re-assemble and test at Thule, including VLBI test
(2016-2019).

* Single-dish & VLBI first light at Thule (2017-2018).

 Transport antenna across ice sheet (2019).
e First light at the Summit Station (2019/20).

Thule, GL




Accretion flow onto SMBH of M 87



log (vL,/ergs s™)

M 87 and its Accretion Flows

- Low-Luminosity AGNs are subclass of AGN. (L< 103 L_4,)
- LLAGNS (Ho et al. 1997) are considered to accommodate RIAF

- M 87 is categorized as LLAGN.

10cm 1cm 1mm 100pm 10pym 1pm 1000 A 0.1keV 1keV 10keV

s | | | | | | | | i
44 |-
" LLAGN | __
42 No/Big Blue Bump il
I ® log Lyoi/Lega 2 0 T
a5l o-1slogl, /L., <0 -
I a-3slogl /L <-1 |
E 2 log L /L, <3 :
38 i | I | | | I | | | | 1 | | | | | | | | | | 1 | | 1 I | | | | | | | | | | | I | | T

9 10 11 12 13 14 1% 16 il 18
log (v/Hz) (Ho et al. 2009)



Accretion flow of LLAGNS

A== = — A= — = =B — A — = A — = — = — B — = B — = — B — B — B — B — B — A — =B — = — B — A — B — B — B — A — = — B — B — S — A — = — B — S — S — =B — B — B — S — S — A —h— R ————4

Three types of RIAFs:
ADAF ADIOS CDAF

(Ichimaru 1977; (Blandford & Begelman (lgumenshchev &
Narayan & Yi 1995) 1999) Abramowicz 1999)

e @-@ & ©-©

M ~ (r/rg)° ~ (r/rg)t ~ (r/rg)!

rg: Bondi radius (~ 10%°r,)

- Substantial decrease of the mass accretion rate
can be expected for ADIOS and CDAF !!

Mass Accretion Rate is fundamental parameter to consider
energy balance between L, and L4 or L.



Probing Accretion Flow with SED fitting

37 ‘ ‘
' Yuan et al. 2003
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(e.g., Narayan et al. 1995;

- Very succeeded method for Sgr A* Manmoto et al. 1997)

M~ 4 x 108 Mg yr?

SED can be contaminated/dominated by jet....



Probing Accretion Flow with Faraday Rotation

Agol 2000, Quataert & Gruzinov 2000, Bower et al. 2003,
Observer Marrone et al. 2006, Macquart et al. 2006

N

RM = 8.1 X 105/ neB”dl
LOS

With RIAF model:

Magnetized Plasma

(RIAF) ~ 1079 K T\ -3
\ n(r) ~ (7“_3) 3 = 1/2 (ADAF)
r — 3/2 (CDAF)
BH T(r) ~ (—)_1 = 1/2-3/2 (ADIOS)
0 Fs

@: (3 4 x 1019) [] — (rom/,.in)—(—*-"?—l),/Z]
B Mo\ (2 alif.
Polarized emission 0 .

(innermost AF or Jet) ~ 1012 K Marrone et al. 2006, ApJ, 640, 308




SMA Polarimetry towards Sgr A*

v (GHz) Marrone et al. 2006, ApJ, 640, 308
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RM observation with SMA towards Sgr A*
-RM = (5.6 £ 0.7) x 10° rad m2

P M=2x107-2x10°Mg yrt



In the case of M 87

- Apply the same scheme to M 87

. LOS
Back light would be innermost jet,
not AF :
Accretion Flow y et
Black Hole o .t
- With Chandra Observation \
lin : innermost effective radius
-rg~ 230 pc(3x10°r,)
-Pg~7x10% ergs? v
- |\/|B ~0.12 M@ yr‘l fout : OUtermost effective radius

Di Matteo et al. 2003, ApJ, 582,133

: ~2/3 M g R ‘
M =11 % 1078 [1 = (rout/rin) -1/ - r7/S RM2/3
. (Fout/Tin) * \ 6.6 x 10°Mpg 36— 1 "in



RM fitting towards M 87
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Mean RM and Mass accretion rate

Assuming no time variation,
<RM> = (-1.8 + 0.3) x 10° rad m=!!

First “solid detection” of RM !!

Our “ALMA band 3” and “SMA at 230 and 345 GHz”
observations were conducted in 2015!!

. : ~2/3 M S R s
M =11 1078 [1 = (rous/rin)~®2=1/2] : o RM?/?
X (Tout/Tin) * \ 6.6 x 10°M;, 38 — 1 in

M=(3.6+1.1) x 104 Mg yrt (at 21r,)

M =(2.9+0.9)x 103 M, (at21r,)



RM fitting towards M 87

[ BAF/ADAE
GADAF

M = (2.9 £0.9) x 103 My (at21r,)

Substantial decrease of the mass accretion rate.
Probably very strong constraint on RIAF !!

P, /nMgc?

8

11 II 11 III L1
103 10* 10°
R/R,

1 1 L1 1111 L1 11 I
1 10! 102



Comparison with Jet Power

(= Mc?) ~ 2 x 10%3 erg s1

Table 3
Jet Power from the Published Literature

Accreting Power :P

aCC

Lilerg s~ Ref.

~ 10M Bicknell & Begelman (1996)
2 x 108 Reynolds et al. (1996)

~ 10% Owen et al. (2000)

3 x 10% Young et al. (2002)

~ 10¥ Stawarz et al. (2006)
5x 10% Bromberg & Levinson (2008)

Li+ 2009, ApJ, 699, 513

Even if 10 % of P, used for jet, it’s slightly smaller than L,

Another possibilities to support jet power:

> Jet would be supported by “BH spin” 1!



Collimation of M 87 jet



(a) MERLIN image at 1.6 GHz

Revisit structure of M 87 jet

MERLIN at 1.6 GHz
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Asada & Nakamura 2012, ApJ, 745, 28

VLBA at 43 GHz

Bondi radius

MERLIN at 1.6 GHz
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deprojected distance from the core [rs]

- Jet can described with two power-law lines

Parabolic stream with z=r%7 (- 10°r))
Conical stream with z=r1 (10°r, - )

- Transition at ~ 10° r_!!



RA offset from 43-GHz core (mas)
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Revisit structure of M 87 jet
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- VLBI core = innermost jet with
T = 1 surface at observing freq.



Revisit structure of M 87 jet
Nakamura and KA 2013, ApJ, 775, 118
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jet radius [rs]

Revisit structure of M 87 jet
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Relative Declination

J1230+12 at 4.816 GHz 2000 Mar 20

VSOP images
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T
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Cross Section [Jy/beam]
0.01
T
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jet radius [mas]

Innermost jet:
Three ridges are clearly seen.
Presumably “Spine” and “Sheath”.

Downstream of jet:

1 L . I
* = 0Only two ridges and central dim.



jet radius [rs]

Updated Streamline with VSOP image
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Acceleration of M 87 jet



apparent velocity

Velocity Field of the M 87 jet
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EVN observations

Three epoch EVN and Merlin observations at 1.6 GHz
from 2007 March to 2009 March.
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No proper motions within 160 mas from the core.
Superluminal motions of 2.5 - 3.5 ¢ in HST-1 region.

Detection of proper motions between 160 mas and HST-1!!



apparent velocity

Updated Velocity Field of M 87 jet

~

Asada, K. et al. 2014, ApJL, 781, 2
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Updated Velocity Field of M 87 jet

Asada, K. et al. 2014, ApJL, 781, 2

'\ T LI | T LB Y | T LB LR |

Kovalev et al. 2007: VLBA at 15 GHz
Reid et al. 1989: Gloabal VLBI at 1.6 GHz

[(o 7 2 -
Biretta et al. 1999: HST ®

0 _
2
§ < | Thiswork: EVN at 1.6 GHz _
()
> * l
-
C
O m - + _
3
o ®
© [ ]
= _

or._,.* . | Ll L ol Lol T
107" 1 10! 102 10° 10* 10°

distance from the core [masl

Superluminal motions upstream of HST-1 for the first time !!
This velocity field is a direct evidence for the acceleration region !!



kinematic energy [l - 1]
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Updated Velocity Field of M 87 jet

Asada, K. et al. 2014, ApJL, 781, 2
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Streamline and Acceleration of the jet

Asada, K. et al. 2014, ApJL, 781, 2
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Summary



Summary

- SMA polarimetry to measure RM associated with AF of M 87
- M is estimated to be 3.6 £ 1.1 x 10* Mg yr
- M is substantially decreased, consistent with CDAF/ADIOS

- Accreting Power may not be enough to support Kinetic Power of Jet.

- VLBI observations to probe acceleration and collimation properties
- Parabolic streamline up to 10° r,, while conical streamline beyond.
- Transition is corresponds to Bondi radius

- Gradual acceleration of proper motions up to 10° r as well.

- Simultaneous acceleration and collimation indicates MHD mechanism



Extra



The same food with different way of eating

Japanese way ltalian way German way



