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Ac c r e t i on & Out f l ow a r e  c ommon.  

• Pr ot os t a r s  ( YS O)    
• Cor e  Col l a ps e  S N ( GRB)   
• S t e l l a r  c or ps e s  ( XRB, CV)
• Ma s s i ve  BH ( AGN)          

                        . . . Al l  
pr oduc e  j e t s  whe n t he y t a s t e  
t he  El i xi r  of  Ac c r e t i on.   

• Mi c r oqua s a r s :  e - c o l i  o f je t  
pr o d uc tio n

HH211 SMA  1mm / Lee et al. ApJ, 2007, 670

SS433 VLBA 18cm / Mioduszewski et al.

GRB simulation / Zhang et al, 2004, ApJ, 608PC 

M87  VLBA 7mm / Walker et al. 2008, J.Phys.Conf. 131PC 

BH  mass= 3x10^9 Mo ,  Resolution= 60 Rs  =  PC 
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Howe ve r :  not  a l l  X- r a ys  a r e  f r om a c c r e t i on

And not  a l l  r a di o,  e ve n hi gh T_b,  i s  f r om j e t s

Ne e d VLB i ma ge s  –  s e e  e xa mpl e s

9 0 0 0  poi nt  s our c e s  i n GC 2 Ms  Cha ndr a  e xpos ur e  / Muno e t  a l . 2 0 0 9  ApJ S ,  1 8 1 .  PC 

Re t hi nk  BH  a c c r e t i on f r om mol .  c l ouds ?   Agol  & Ka mi onkows ki  2 0 0 2  MNRAS  3 3 4
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Exa mpl e s :  bona  f i de  mi c r oqua s a r  j e t s
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Muf f l e d j e t s ;  non- j e t s  ( pul s a r  ne bul a e )
LS I +6 1  3 0 3   vs .  or bi t a l  pha s e  

VLBA  4 c m  /  Dh a wa n  e t  a l. 2 0 0 6  
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Mi odus z e ws ki  & Rupe n 2 0 0 4  ApJ  6 1 5

Da y 3 4

Da y 2 1

Da y 3 9

Da y 2 7

VLBA 1 8 c m
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Mi c r oqua s a r s :  X- r a y bi na r i e s  wi t h j e t s .

Li u e t  a l
2 0 0 6 ;  2 0 0 7

● XRB = NS  or  BH,  X- r a ys  f r om hot  a c c r e t i on di s k.
● HMXB: a c c r e t io n  b y win d  c a pt ur e  ~1 5 0  k n o wn .
● LMXB: a c c r e t io n  b y Ro c h e  lo b e  o ve r flo w ~1 5 0 .  
● 1 5 - 2 0 %   e m it  r a d io , m o s t ly t r a n s ie n t s , n o t  a ll je t s .          

● Br i ght ,  F a s t ,  Cl os e :  Mode l  s ys t e ms  f or  j e t  f or ma t i on.  
● Pr o s pe c t s  fo r  c o n t r o lle d  e xpe r im e n ts   e .g .
● Effe c t  o f s ur fa c e  vs . e ve n t  h o r izo n .
● Me a s ur e  s pin  o f c o m pa c t   o b je c t .
● Ma t t e r   c o n t e n t   o f  je t   &  d is k   via   s pe c tr o s c o py.
● B via  c yc lo tr o n  lin e s  (X- r a y); Fa r a d a y, Ze e m a n  (r a d io ).
● Re s o lut io n  in  un its  o f Rs  b e tt e r  b y 1 0 ^4 o n  AGN.
● (Lr a d io / Lxr a y) ~ M̂1 .4,  h ig h e r  b y ~1 0 ^4  in  AGN.            

● Pr obe  I S M vi a  l a r ge - s c a l e  i nt e r a c t i ons                 
            

● Ra di o:  l ow obs c ur a t i on;  a s t r ome t r y,  PM,  pa r a l l a x
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J. Orosz / Remillard & McClintock, ARAA, 2006, 44

• ~ 2 0  dyna mi c a l l y  
c onf i r me d BH 
s ys t e ms           
         

• ~2 0  c a ndi da t e s

Bl a c k Hol e  X- r a y Bi na r i e s   



Me a s ur e me nt  of  BH s pi n ( Hi gh s pi n  ? = s t r ong j e t )

J.M. Miller,  ARAA, 2007, 45

b)  Li ne  pr of i l e  di s t or t e d by
   GR e f f e c t s  i n i nne r  di s k.
   

c )  QPO f r e que nc i e s  ~1 0 0 Hz ,  r a t i os
  of  3 : 2 ,   ma ybe  GR di a gnos t i c  

 ( i f  a  mode l  i s  a gr e e d upon! )

a) F i t  X- r a y c ont i nuum of  i nne r  di s k ( hi gh s pi n - - > s ma l l  I S CO –- >  
                                  hot t e r  c ont i nuum -  s e e  l a t e r )   
                                                                

Remillard  &  McClintock,  ARAA, 2006, 44

6 . 4  ke V  F e  f l uor e s c e nc e  l i ne6 . 4  ke V  F e  f l uor e s c e nc e  l i ne

Powe r  s pe c t r a  of  
X- r a y va r i a t i ons
   1 0 - 1 0 0 0  Hz
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Va r i a bl e  Ac c r e t i on & X- r a y S t a t e  Cha nge s   

Remillard & McClintock, 2006, ARAA, 44, 49

X-ray  Light Curve

X-ray hard
JET ON

X-ray soft
Jet OFF

X-ray  hardness  vs.  intensity
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S t a t e  Cha nge s :  phys i c a l  ba s i s   

Remillard & McClintock, 2006, ARAA, 44, 49

X-ray hard, JET ON

X- r a y  va r i a bi l i t y

X-ray soft,  Jet OFF

X- r a y  s pe c t r a

• The r ma l :   ~1 k e V m ult i-
t e m pe r a t ur e  Ke ple r ia n  a c c r e t io n  
d is k             

• Powe r - l a w (n o n -
t h e r m a l):  Co m pt o n  up-
s c a t t e r in g  o f d is k  ph o t o n s  b y 
r e la t ivis t ic  e le c t r o n s                 
   

• Ra di o:   s yn c h r o tr o n  je t  
e m is s io n



Ra di o f l a r e s  a t  X- r a y s t a t e  t r a ns i t i ons

GRS  1 9 1 5 +1 0 5

G.G. Pooley, MRAO



S t e a dy j e t s  i n t he  l ow/ha r d s t a t e   

1 2

Lx/Le dd ~ ( m/m_e dd) ^2     F or  RI AF  t ype  a c c r e t i on
Lr a di o ~  m ^1 . 4          Empi r i c a l l y  de t e r mi ne d

Re s ul t :    Lr a di o ~  (  Lx M ) ^0 . 7

Me r l oni ,  He i nz  & Di Ma t t e o 2 0 0 3  MNRAS  3 4 5
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5 0  AU

F i gur e :   F e nde r  e t  a l .  2 0 0 6  s mqw. c onf .

He i nz  & S ynya e v 2 0 0 3  MNRAS  3 4 3
F a l c ke  & Bi e r ma nn 1 9 9 5  A&A 2 9 3



Ma ki ng s e ns e  of  t he  di s k/j e t  c oupl i ng  

1 3

Fender,  Belloni  & Gallo 2004 MNRAS, 355
Fender,  Homan  & Belloni 2009, MNRAS

Lo w/ h a r d
St e a d y Je t

Tr a n s it io n
Im puls ive  Je t

Hig h / s o ft
Je t  OFF
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J e t  s uppr e s s e d by di s k wi nd?

Neilsen & Lee, 2009, Nature, 458, 481 

X-ray hard, JET ON

X-ray  spectra
H1746-321

X-ray hard
JET ON

X-ray soft
Jet OFF

X-ray soft,  Jet OFF

● Ha r d s t a t e :   Je t  ON -   b r o a d  r e fle c t io n  lin e  fr o m  d is k .
● S of t  s t a t e :   Je t  OFF -  n a r r o w a b s o r pt io n  lin e  fr o m  win d .
● Cl a i m:  in t e n s e  X- r a ys  s h ut  o ff je t , b y  d ive r tin g  t h e                a c c r e t io n  fue l 
in to  win d  o ut flo w.  

Hardness / intensity
GRS  1 9 1 5 +1 0 5
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J e t  l a unc h:  MHD s i mul a t i ons  & The or y

Ma gne t i c  r e c onne c t i on
e ve nt s  t r i gge r  t he  j e t
f l a r e s .

S i mul a t i ons  of  MDAF s :
ma gne t i c a l l y  domi na t e d
a c c r e t i on f l ows .

De Gouveia dal Pino & Lazarian, 2005, A&A, 441Meier & Nakamura, 2006, ASP Conf. Ser. 350

Koide et al. 2002, Science, 292
Meier et al. 2001, Science, 291
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BH vs .  NS :  e vi de nc e  f or  ADAF s  & e ve nt  hor i z ons

Narayan & McClintock  2008, NewAR, 51, 733
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a) BH:   L_x f a i nt  c ompa r e d t o NS  a t  t he  s a me  M_ dot .
b) BH:   L_ J e t  f a l l s  s l owe r  wi t h M_dot  t ha n L_x  ( ADAF /RI AF ) .   

• J e t  e mi s s i on domi na t e s  L_ X a t  ve r y l ow M_ dot .

a ) b)
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La r ge - s c a l e  i mpa c t  –  a  j e t  pl ows  t hr ough 
● I nt e r a c t i ons  = Ca l or i me t r y & De ns i t ome t r y  

● Je t  e n e r g y & c o m po s it io n
● Je t  life t im e , pa r t ic le  a c c e le r a t io n  – X- r a y je t s
● ISM  h e a t in g
● Co s m ic   r a y  a c c e le r a tio n

Brinkmann et al 1996 A&A 312
Brinkmann et al 2007 A&A 463

Dubner   et al  1998 AJ 116 / VLA 20cm

1 degree

X- RAY:  Ga s  s uppl i e d by s t e l l a r  wi nd
       e ne r gy s uppl i e d by j e t .

RADI O:  S NR s ha pe d by j e t  dr i l l
       wi t h 1 0 ^5 1  e r gs
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S S  4 3 3  -  out f l ows  e ve r ywhe r e  
● Hot  i nne r  j e t :  X- r a y l i ne s     

T=  1 0 ^8  K  @ r =  1 0 ^1 1  c m ,  v= 0 .2 7 c

● Col d j e t :  opt i c a l  l i ne s       T=  

1 0 ^4  K  @ r =  1 0 ^1 5  c m ,  v= 0 .2 6 c  
● X- r a y l i ne s  downs t r e a m r e -

he a t e d by j e t  T=  1 0 ^7  K  @ r = 1 0 ^1 7      

● J e t   r =  1 0 ^1 1 - 2 0    L_m e c h  1 0 ^3 8                     
        

● He a vy ma s s  l os s  ( r i ng? )      
hi de s   bi na r y pa r a me t e r s       1 0 ^-

4  Mo / yr     V~ 2 0 0 - 3 0 0 k m / s              
● Tr y r a di o l i ne s     

 Lin e s  fr o m  g a s  e n t r a in e d  b y je t s ?   0 .2 6 c  =  
1 0 GHz @ 1 c m     

 Sh o c k - e xc it e d  b y je t s  a s  t h e y plo w t h r o ug h ?  
An y m o le c ula r  lin e s ?  RRL? 

Ma r s ha l l  e t  a l  2 0 0 2  ApJ  5 6 4  / Cha ndr a  HETGS

Mi gl i a r i  e t  a l  2 0 0 2  S c i e nc e  2 9 7

Bl unde l l  e t  a l  2 0 0 1  ApJ  5 6 2  / VLBA 1 8 c m

Bl unde l l  e t  a l  2 0 0 8  ApJ  6 7 8
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X- r a y knot s  c ont a i n Te V e l e c t r ons  

 Mioduszewski  et al / VLBA 18cm

X- r a y j e t  / Cha ndr aRa di o j e t  / ATCA

• XTE J1 5 5 0 - 5 6 0  fla r e d  in  1 9 9 8 , VLB s o ur c e  d e t e c te d  (v~2 c ) 
• X- r a y & r a d io  k n o t s  s e e n  in  2 0 0 2 , g r a d ua lly d e c e le r a t e d .
• Ra d io  to  Xr a y s yn c h r o tr o n  s pe c t r um  - - >  Te V e le c tr o n s  in  k n o ts , g e n e r a t e d  b y s h o c k  

in t e r a c t io n  with  ISM
• H1 7 4 6 - 3 2 2 : a n o th e r  o n e , ve r y s im ila r
• Wh y d o  o t h e r  je ts  fa d e  in  d a ys  – th is  o n e  lit  up a ft e r  4  yr s ?  

Cor be l  e t  a l .  2 0 0 2  S c i e nc e  2 9 8

Cor be l  e t  a l .  2 0 0 5  ApJ  6 3 2
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Muf f l e d j e t s :  c i r c ums t e l l a r  s mot he r i ng.
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CI  Ca m 
Mi odus z e ws ki  & Rupe n 2 0 0 4  ApJ  6 1 5

Da y 3 4

Da y 2 1

Da y 3 9

Da y 2 7

VLBA 1 8 c m

• X- r a y n o va  +  us ua l je t  s ig n a tur e , r a d io  fla r e  
e t c ...

• But  n o  je t .    
• Va r ia b le  X- r a y a b s o r pt io n -  HI we n t  

1 0 ^2 2 / c m ^2   t o  ~0   in  d a ys ; e vid e n c e  o f 
d e n s e  c ir c um s t e lla r  m a te r ia l  

• Expa n d in g  s h o c k  a llo we d  m e a s ur e - m e n t  o f je t  
m e c h a n ic a l e n e r g y  Eje t  ~ 1 0 ^4 6  e r g   ~ 
Lb o lo m e t r ic

Re c ur r e nt  Nova   RS  Oph
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As t r ome t r y  of   X- r a y  bi na r i e s

● VLB PM + opt i c a l  r a di a l  ve l  = 3 d mot i on      
● Do  BH g e t  a  b ir t h  k ic k  lik e  yo un g  puls a r s ? 
● Ga la c t o c e n t r ic  o r b it : d is k , h a lo  o r  b ulg e  po p.?     
● Co n s t r a in  m a s s  lo s s  in  SN.                                          

● Pa r a l l a xe s  ?  Ye s ,  wi t h e f f or t
● Pa r e n t  po pula t io n , m a s s ive  s ta r fo r m in g  r e g io n s , b e in g  d o n e . e .g . Re id  e t  a l 

2 0 0 9 , ApJ, 6 9 3 .                                      
● F e e dba c k t o de t a i l e d s t e l l a r  e vol ut i on mode l s :  

● Co m pa c t  o b je c t  fo r m a t io n  a n d  n a ta l k ic k s             Wille m s  e t  a l.2 0 0 5  ApJ, 
6 2 5 ;   Fr a g o s  e t  a l. 2 0 0 9  ApJ, 6 9 7           

● Who pr e di c t e d VLBI  i mpa c t  on s t e l l a r  e vol ut i on?



A 1 4 Mo  BH:  ki c ke d or  s t i r r e d ?  

• Pe c ul i a r  ve l oc i t y  i s  l a r ge
● >  5 5  k m / s  in  g a la c t ic  pla n e  m o m e n t um  o f 

pu ls a r  @ 5 5 0  k m / s
● <  1 0  k m / s  o ut  o f pla n e               

• Ca n we  c ons t r a i n S N ki c k?  
● Ha r d  t o  s a y -
● Kic k  m us t  b e  n e a r ly in  pla n e . 
● 1 5  Gy o ld , s t ir r in g  b y s pir a l a r m s  c o u ld  

h a ve  d o n e  it  wit h     n o  SN k ic k .      

Ga l a c t i c  or bi tDha wa n e t  a l .   2 0 0 7  ApJ ,  6 6 8
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BH f or ma t i on by i mpl os i on or  e xpl os i on?

Mi r a be l  & Rodr i gue s ,  4 t h Mi c r oqua s a r  Wor ks hop,  2 0 0 3  ( Ed.  Dur ouc houx)

F r ye r  & Ka l oge r a  2 0 0 1 ,  ApJ ,  5 5 4

Be l c z yns ki  & Bul i k 2 0 0 2 ,  ApJ ,  5 7 4

• BH fo r m a tio n  wit h o ut  SN e xplo s io n :
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Us i ng r e a l t i me  VLB -  1
● Ti me l i ne :   t r i gge r  > c oor di na t e  > pr opos e  > f i nd 

c a l s  > r e c or d > c or r e l a t e
● Fir s t  s t a g e s  – fix a t  in s t it ut io n a l le ve l                          

● Ca l i br a t or s :  ne e de d f or  pha s e  r e f  + a s t r ome t r y
● Us e  n e w a r r a ys  e .g . ATA fo r  pr e filt e r
● Ga la c tic  pla n e , 4 - 8  GHz.
● Fla t  1 0 %  t a x o n  e ve r yo n e ?                                                 

● e VLB c a n do qui c k c a l  s e a r c h 
● ~1 0 0  NVSS > 5 0 m Jy <  2 d e g  s e pa r a tio n .
● Typic a lly > 3 0 %  OK VLA- A; o n ly 1 + _1 %  > 1 0 m Jy VLBA.
● FIRST b e t t e r : > 3 0 %  > 2 m Jy @5 GHz VLBA Wr obe l + 2 0 0 5  AJ  1 3 0 .

● Filt e r  +  Tie  to  ICRF with in  1  h r  o f t r ig g e r .
● Ne e d  s c h e m e  fo r  r e a l- t im e  o b s  upd a te                            

● VLBA 4  Gbps  c a n us e  c a l s  ~2 mJ y.
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Us i ng r e a l t i me  VLB -  2

● Tr i gge r  l oc a t i on ma y be  poor  –  a r c mi n.         
● Ne e d wi de f i e l d i ma gi ng –  r e us e  di s ks .

● Dis k s  @ h o m e , d a t a  b y fib e r .
● Re c o r d  c o r r  o ut put  ~2 5 0  MB/ s  (0 .1 s , 2 0  k Hz)
● ~3 ’ FOV fo r  im a g in g  (~1  TB/ h r   < 1 0 %  s m e a r ).
● Alt e r n a t ive  t o  EVLA in it ia l s e a r c h .                                       

       
● Adopt  pos t - pr oc e s s i ng t e c hni que s  f r om ot he r  

hi gh da t a  r a t e  a r r a ys  ( EVLA,  LOF AR)  
● W- pr o je c t io n  
● CPU c lus t e r s

Wi de f i e l d VLB a l r e a dy be i ng done :
e . g.  Ga r r e t t  e t  a l  2 0 0 5 ,  ApJ ,  6 1 9



2 6

S UMMARY

● Mi c r oqua s a r s  pr ovi de  s a f e  a mus e me nt  t o mos t  
br a nds  of  a s t r o/phys i c s t s                     
        

● VLB r e s ol ut i on & r e a l - t i me  ni c e  t o ha ve       
  

● Coor di na t e d r e s pons e s  a r e  ke y t o pr ogr e s s  –  
ma ke  be t t e r  us e  of  e xi s t i ng t ool s



J e t  bi r t h GRS 1915  



J e t  bi r t h



The  da t a  ge t  e ve n r i c he r . . .
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