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Spine/Sheath	
  structure	
  of	
  M87	
  jet	


Asada, K.  (ASIAA)  
Nakamura, M., Pu, H. Y., and GLT team (ASIAA)	




Summary and outline of this talk 

-­‐	
  We	
  intensively	
  inves:gate	
  structure	
  of	
  M87	
  jet	
  with	
  VLBI.	
  	
  

-­‐	
  It	
  can	
  be	
  explained	
  with	
  GRMHD	
  BZ	
  type	
  jet	
  with	
  MAD	
  	
  
	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  in	
  terms	
  of	
  its	
  structure	
  and	
  power.	
  

Outline: 
-­‐ 	
  Introduc:on	
  
-­‐ 	
  GMVA	
  observa:on	
  

-­‐ 	
  VSOP	
  observa:on	
  

Our Summary: 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBA	
  86	
  GHz	
  
VLBI	
  core	
  
VSOP	
  5	
  GHz	
  
VSOP	
  1.6	
  GHz	


Observed	
  Pjet:	
  ~	
  1043-­‐44	
  erg	
  s-­‐1	
  

Expected	
  Pjet:	
  ~	
  4	
  x	
  1043	
  erg	
  s-­‐1	




GLT is on-going 

-­‐ 	
  Greenland	
  Telescope	
  (GLT)	
  project	
  has	
  ini:ated	
  in	
  2011	
  
	
   	
   	
  	
  	
  	
  aware	
  12m	
  ALMA	
  prototype	
  for	
  VLBI.	
  	
  

-­‐ 	
  Goodness	
  of	
  the	
  site	
  for	
  mm/submm	
  VLBI	
  has	
  been	
  confirmed	
  	
  
-­‐ 	
  Retrofit	
  of	
  the	
  telescope	
  has	
  been	
  nearly	
  finished.	
  
-­‐ 	
  GLT	
  will	
  be	
  shipped	
  by	
  boat	
  in	
  June/July	
  in	
  this	
  year	
  
-­‐ 	
  We	
  expect	
  to	
  have	
  VLBI	
  first	
  lights	
  in	
  2017/2018	
  from	
  Thule,	
  	
  

	
   	
   	
   	
   	
   	
  and	
  join	
  EHT/GMVA	
  observa:ons.	


Short	
  summary	
  of	
  GLT	
  status	


3200	
  m	
  
-­‐20	
  degree	




Introduction 



Acceleration and Collimation Zone (ACZ) 

Marscher+ 2008 

How	
  to	
  probe	
  jet	
  collima:on	
  and	
  accelera:on:	

-­‐	
  Collima:on:	
  Streamline	
  
-­‐	
  Accelera:on:	
  Velocity	
  Field	
  
-­‐ 	
  Magne:c	
  Field:	
  Polarimetry	
  and	
  RM	
  	
  

	
  	
  	
   	
   	
   	
   	
  (e.g.,	
  Talks	
  by	
  Johnson,	
  Wardle,	
  Gomez,	
  Gabuzda,	
  Laing,	
  Homan,	
  Hovaca)	




-  1st discovered relativistic jet 

-  Low-Luminosity AGN:  
 ~1042 erg s-1 (~ 10-6 Ledd) 

 
 
-  High Energy activities 

-  2nd largest apparent size of rs ( = 8 uas) 

□ M 87 (Virgo A*)	


Importance of M 87 

Cur:s	
  1918,	
  Publica:ons	
  of	
  Lick	
  	
  
Observatory	
  	
  13,	
  31	
  
	
  
	
  
	
  
	
  
Typical	
  AGN	
  with	
  radia:vely	
  inefficient	
  
accre:on	
  flow	
  (RIAF)	
  
	
  
	
  
	
  
Up	
  to	
  TeV	
  gamma-­‐ray	
  
Miss-­‐aligned	
  BL	
  Lac?	
  	
  
	
  
	
  
	
  
MBH	
  =	
  6.6	
  (3.5)	
  x	
  109	
  Msun;	
  D	
  =	
  16.7	
  Mpc	


Best Source to understand AGN jet !! 
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Streamline of M 87 
Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013 

(Semi-­‐)Parabolic	
  Jet	
  
Z	
  ~	
  r1.7	


Conical	
  Jet	
  
Z	
  ~	
  r1	


Re-­‐collima:on?	
  
Stawarz	
  et	
  al.	
  2006	




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
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

      HST-1    D  E ABC 

Acceleration and Collimation of the M 87 jet 

VLBA at 43 GHz
VLBA at 15 GHz
EVN at 1.6 GHz 
MERLIN at 1.6 GHz 
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Asada & Nakamura 2012, ApJ, 745, 28 

Nakamura & Asada 2013, ApJ,  
Vz ∝ Z 2/α 

Γ ∝ Z (α-1)/α 

Komissarov	
  et	
  al.	
  2009	
  MNRAS,	
  394,	
  1182	


In	
  rela:vis:c	
  regime,	


In	
  non-­‐	
  rela:vis:c	
  regime,	


Z (α-1)/α 

α: power-law index of streamline (= 1.7) 

Vz ∝ Z 2/α 

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

Simultaneous acceleration and collimation  
of jet within re-collimation shock region. 



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
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

      HST-1    D  E ABC 

Acceleration and Collimation of the M 87 jet 

VLBA at 43 GHz
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Asada & Nakamura 2012, ApJ, 745, 28 

Nakamura & Asada 2013, ApJ,  
Vz ∝ Z 2/α 

Γ ∝ Z (α-1)/α 

Komissarov	
  et	
  al.	
  2009	
  MNRAS,	
  394,	
  1182	


In	
  rela:vis:c	
  regime,	


In	
  non-­‐	
  rela:vis:c	
  regime,	


Z (α-1)/α 

α: power-law index of streamline (= 1.7) 

Vz ∝ Z 2/α 

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

Simultaneous acceleration and collimation  
of jet within re-collimation shock region. 

Detec:on	
  of	
  fast	
  mo:ons	
  	
  
See.	
  Talks	
  by	
  Walker,	
  Hada,	
  Lobanov	




Acceleration and Collimation of the M 87 jet 

Simultaneous acceleration and collimation  
of jet within re-collimation shock region. 

Pin ~ Pext Pin < Pext Pin > Pext 

Free expansion	
Collimation by external pressure 
by accretion flow or wind	


Marscher+ 2008 
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Objectives 
Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013 

Core	
  size	
  (+Core	
  shim)	
  	
  
measurements	


Push	
  measurements	
  to	
  much	
  inner	
  region	
  
	
  	
  	
  	
  	
  	
  -­‐>	
  GMVA	
  observa:ons	
  
	
  
Becer	
  transverse	
  angular	
  resolu:on	
  
	
  	
  	
  	
  	
  	
  -­‐>	
  VSOP	
  archival	
  data	




GMVA observation on M 87 



GMVA image in 2014 Feb. 

Possible	
  	
  
counter	
  jet	


Double	
  ridge	
  jet	
  	
  
as	
  seen	
  in	
  low	
  frequency	
  images	


GMVA	
  observa:on:	
  
Date:	
  2014/Feb/14	
  
Frequency:	
  86.252	
  
Sta:ons:	
  VLBA	
  8,	
  GBT,	
  EB,	
  PV,	
  Yb	




Updated Streamline with GMVA image 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBI	
  cores	


Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013, 



Updated Streamline with GMVA image 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBI	
  cores	
  
VLBA	
  86	
  GHz	
  

No	
  big	
  surprise…	
  
	
  

M87	
  jet	
  can	
  be	
  described	
  with	
  	
  
single	
  semi-­‐parabolic	
  streamline	
  	
  

from	
  60	
  rs	
  to	
  2	
  x	
  105	
  rs	


Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013, 



What is the observed jet width? 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBA	
  86	
  GHz	
  
VLBI	
  core	
  
VSOP	
  1.6	
  GHz	
  
VSOP	
  5	
  GHz	


a = 0.9 

Genuine	
  BZ	
  jet	
  
(=	
  BZ	
  “solu:on”)	


Modified	
  BZ	
  jet	
  
(=	
  BP	
  “solu:on”)	


GRMHD	
  jet	
  seems	
  to	
  	
  
trace	
  the	
  BP	
  solu:on	
  !!	


Nakamura+ in prep. 

-­‐	
  If	
  MAD	
  is	
  in	
  ac:on,	
  RIAF	
  would	
  be	
  much	
  	
  
suppressed	
  in	
  the	
  ver:cal	
  direc:on,	
  and	
  BP	
  type	
  	
  
field	
  structure	
  is	
  expected	
  for	
  BZ	
  jet	


Tchekhovskoy	
  2015	


-­‐	
  Genuine	
  BZ	
  jet:	
  ~	
  r-­‐2	
  

-­‐	
  Modified	
  BZ	
  jet:	
  ~	
  r<-­‐2	


From	
  Yuan	
  &	
  Narayan	
  2014	




Updated Streamline with GMVA image 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBI	
  cores	
  
VLBA	
  86	
  GHz	
  

In	
  very	
  good	
  agreement	
  with	
  GRMHD	
  jet!!	
  
Probably	
  we	
  are	
  observing	
  	
  

boundary	
  sheath	
  of	
  the	
  “BZ”	
  jet	
  

Understanding	
  of	
  par:cle	
  accelera:on	
  at	
  the	
  
boundary	
  sheath	
  would	
  be	
  very	
  important	
  

Asada+ in prep., Nakamura+ in prep. 



VSOP images of M 87 



VSOP images 

3	
  days	
  difference	


Not	
  radioastron,	
  “classic”	
  VSOP	
  
	
  
	
  
	
  
	
  
Some	
  of	
  the	
  images	
  are	
  re-­‐produc:on	
  of	
  Dodson+2006	


Freq.	
  1.6	
  and	
  5	
  GHz	
  
G	
  sta:ons:	
  VLBA10	
  ++	
  
Epoch:	
  2000	
  March	
  

VSOP	
  5	
  GHz	


VSOP	
  5	
  GHz	


Double	
  ridgelines	
  are	
  clearly	
  seen!!	




Updated Streamline with VSOP images 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBA	
  86	
  GHz	
  
VLBI	
  core	
  
VSOP	
  5	
  GHz	
  
VSOP	
  1.6	
  GHz	
 Again,	
  no	
  big	
  surprise…	
  

	
  
VSOP	
  images	
  give	
  us	
  the	
  same	
  
single	
  semi-­‐parabolic	
  streamline	
  	
  

z	
  ~	
  r1.7	


Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013 
Asada+ submitted 



Three ridges with VSOP images 

Center at RA 12 30 49.4233988  DEC 12 23 28.043770

GREY: J1230+12  LL  4865.938 MHZ  3C274W040.IPOL.1
PLot file version 7  created 24-MAY-2016 21:56:46

Grey scale flux range= -1.8 661.2 MilliJY/BEAM
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Center at RA 12 30 49.4234363  DEC 12 23 28.043549

GREY: J1230+12  LL  1649.938 MHZ  3C274W022.IPOL.3
PLot file version 4  created 23-MAY-2016 21:40:48

Grey scale flux range= -2.6 166.0 MilliJY/BEAM
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Three ridges with VSOP images 

Center at RA 12 30 49.4233988  DEC 12 23 28.043770

GREY: J1230+12  LL  4865.938 MHZ  3C274W040.IPOL.1
PLot file version 7  created 24-MAY-2016 21:56:46

Grey scale flux range= -1.8 661.2 MilliJY/BEAM
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Similar	
  structures	
  are	
  seen	
  in	
  Radioastron	
  
(Savolainen’s	
  talk)	
  and	
  VLBA	
  (following	
  talk	
  

by	
  Hada)	
  images	
  as	
  well.	
  	


1.6	
  GHz	
  with	
  Radio	
  Astron	
  (by	
  Savolainen’s	
  )	




Updated Streamline with VSOP images 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBA	
  86	
  GHz	
  
VLBI	
  core	
  
VSOP	
  5	
  GHz	
  
VSOP	
  1.6	
  GHz	


Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013 
Asada+ submitted 



Updated Streamline with VSOP images 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBA	
  86	
  GHz	
  
VLBI	
  core	
  
VSOP	
  5	
  GHz	
  
VSOP	
  1.6	
  GHz	


Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013 
Asada+ submitted 



Updated Streamline with VSOP images 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBA	
  86	
  GHz	
  
VLBI	
  core	
  
VSOP	
  1.6	
  GHz	
  
VSOP	
  5	
  GHz	


-­‐	
  BZ	
  jet	
  emana:ng	
  from	
  the	
  mid-­‐la:tude	
  of	
  spinning	
  BH?	
  
	
  -­‐>	
  Another	
  evidence	
  of	
  spinning	
  BH	
  !!	
  

	
  	
  
-­‐	
  But	
  totally	
  unclear	
  how	
  to	
  create	
  emiyng	
  electrons.	


Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013 
Asada+ submitted 

Genuine	
  BZ	
  jet	
  
(=	
  BZ	
  “solu:on”)	


Modified	
  BZ	
  jet	
  
(=	
  BP	
  “solu:on”)	




Can BZ jet explain Pjet? 
EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBA	
  86	
  GHz	
  
VLBI	
  core	
  
VSOP	
  1.6	
  GHz	
  
VSOP	
  5	
  GHz	


Li+	
  2009,	
  ApJ,	
  699,	
  513	


SSA:	
  B	
  ~	
  100	
  G	
  	

	
  
RM:	
  MBH	
  ~	
  4	
  ×	
  10-­‐4	
  Msun	
  yr-­‐1	


Pjet	
  ~	
  4	
  ×	
  1043	
  erg	
  s-­‐1	


Kino+	
  2014,	
  15	


Kuo,	
  Asada+2014,	
  Asada	
  in	
  prep.	




Transition from parabolic to conical? 



Comparison with the other sources 

M87	
  (FR1:	
  AN12,	
  NA13,	
  Hada13)	
  
N6251	
  (FR	
  1/FR2:	
  Tseng,	
  KA+	
  submiced)	
  
3C	
  273	
  (FR2:	
  Akiyama,	
  KA+	
  in	
  prep.)	
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  R
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Comparison with the other sources 

M87	
  (FR1:	
  AN12,	
  NA13,	
  Hada13)	
  
N6251	
  (FR	
  1/FR2:	
  Tseng,	
  KA+	
  submiced)	
  
3C	
  273	
  (FR2:	
  Akiyama,	
  KA+	
  in	
  prep.)	
  
N4261	
  (FR1:	
  Nakahara,	
  ,..,	
  KA,+	
  see	
  her	
  poster)	
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Comparison with the other sources 

M87	
  (FR1:	
  AN12,	
  NA13,	
  Hada13)	
  
N6251	
  (FR	
  1/FR2:	
  Tseng,	
  KA+	
  submiced)	
  
3C	
  273	
  (FR2:	
  Akiyama,	
  KA+	
  in	
  prep.)	
  
N4261	
  (FR1:	
  Nakahara,	
  ,..,	
  KA,+	
  see	
  her	
  poster)	


Bo
nd

i	
  R
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GMVA,	
  EHT/GLT	
  are	
  crucial	
  	
  
to	
  probe	
  this	
  region!!	




Summary 



Conclusion 

-­‐	
  We	
  intensively	
  inves:gate	
  structure	
  of	
  M87	
  jet	
  using	
  VLBI.	
  	
  

-­‐	
  It	
  can	
  be	
  explained	
  with	
  GRMHD	
  jet	
  with	
  MAD	
  	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  in	
  terms	
  of	
  structure	
  and	
  power.	
  

Our conclusion: 

EVN	
  1.6	
  GHz	
  
VLBA	
  5	
  GHz	
  
VLBA	
  8.4	
  GHz	
  
VLBA	
  15	
  GHz	
  
VLBA	
  22	
  GHz	
  
VLBA	
  43	
  GHz	
  
VLBA	
  86	
  GHz	
  
VLBI	
  core	
  
VSOP	
  5	
  GHz	
  
VSOP	
  1.6	
  GHz	


Observed	
  Pjet:	
  ~	
  1043-­‐44	
  erg	
  s-­‐1	
  

Expected	
  Pjet:	
  ~	
  4	
  x	
  1043	
  erg	
  s-­‐1	
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Streamline of M 87 jet 
Asada & Nakamura 2012, Doeleman+2012,  
Nakamura & Asada 2013, Hada+2013 
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  Jet	
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