
Sol  N.  Molina	
	

Instituto  de  Astrofísica  de  Andalucía.  (IAA-‐‑CSIC)	
	
	

José  L.  Gómez  (IAA-‐‑CSIC)  	
Richard  Dodson  (ICRAR)	
María  Rioja  (ICRAR,  IGN)	

High-‐‑precision  VLBI  astrometric  
measurements  using  SFPR  
observations  of  BLLAC.	



Outline  of  the  talk	

•  Motivation:  Determination  of  core  shift.	

•  Sample  of  sources  observed  by  VLBA.	

•  Astrometric  Technique  applied  to  BL  Lac.  Is  a  new  
approach  to  the  Source  Frequency  Phase  Transfer  (SFPR).	

•  Preliminary  results.	

High-‐‑precision  VLBI  astrometric  measurements  using  SFPR  observations  of  BLLAC.                                                                                                        Molina  Sol  Natalia	



sequence of images in Fig. 1 shows a bright, superluminal knot that
first appears upstream of the core. It subsequently moves past the
core and proceeds down the jet at a position angle of,190u and with
an EVPA that is parallel to the jet to within the observational uncer-
tainty. The close correspondence between the optical and 7-mm
EVPAs after 29 October implies that the knot is the emitter of the
polarized optical emission during the flare.

Previous authors14–16 have suggested that rotations of the polariza-
tion vector occur in BL Lac and the similar active galactic nucleus
OJ 287. Their observations, which were more poorly sampled than
ours, allowedmultiple interpretations owing to the6180u ambiguity
of the EVPA. Despite this, the model that we advocate is quite similar
to one of those proposed previously14,15, with the location of the
emission region and connection with high-energy flares now spe-
cified by our sequences of Very Long Baseline Array images and
multiwaveband light curves.

We interpret the event in the following manner (see Fig. 3).
Explosive activity at the inlet of the jet near the black hole injects a
surge of energy into the jet across part of its cross-sectional area. This
disturbance appears as a knot of emission as it propagates along a
subset of streamlines through the acceleration and collimation zone.
Doppler beaming of radiation emitted by high-energy electrons in
the disturbance increases as the knot accelerates along its spiral path,
which stretches out with distance down the jet. These effects cause the
flux of synchrotron radiation from the knot to rise until it dominates
the optical, X-ray and (through inverse Compton scattering) c-ray
emission from BL Lac as the disturbance exits the zone of helical
magnetic field. Maximum beaming—and therefore the peak in the
light curve of the first flare—occurs during the last spiral, when the
Lorentz factor of the jet is near its asymptotic value and the velocity
vector of the knot points most closely towards our line of sight. The
peak can be quite sharp5, as observed. At the point when the flare
dominates the optical flux, we see the optical polarization vector
rotate before the shock exits the acceleration and collimation zone.
This zone is opaque at radio wavelengths, owing to synchrotron self-
absorption; hence, the first flare is absent in the radio light curves.

Beyond the acceleration and collimation zone, the disturbance
forms a moving shock wave that encounters a region of turbulence,
which is possibly driven by velocity shear across the jet6 downstream
of the point at which themagnetic and particle energy densities reach
rough equipartition4. The ambient magnetic field in the jet has a
chaotic structure in this region. Because the shock front amplifies
only the component of the field that is parallel to the front, the
EVPA becomes transverse to this direction and therefore essentially

parallel to the velocity vector of the knot at a position angle of,190u.
During this phase, the flux lessens as the knot continues down the
broadening jet, where the magnetic field strength and electron den-
sity decrease.

According to the model we propose here, the variation of EVPA
with time should deviate from a strict linear dependence owing to
projection effects, because the circular cross-section has an elliptical
shape from our viewpoint. We have calculated this effect, including
relativistic aberration, and show in Fig. 2g that the optical EVPA data
do follow the predicted curve. The small number of brief excursions
of the EVPA from the curve, the deviations from the mean EVPA
before and after the rotation, and irregularities in the light curves can
all be explained by local flare-ups of emission that briefly amplify
both the polarization along a particular direction and the flux at
various wavebands.

The smoothness of the plot of EVPA versus time eliminates
the possibility16,17 that the rotation is actually a random walk of the
polarization vector due to a chaotic magnetic field. If this were the
case, our numerical simulations (see ref. 17) indicate that the curve
would be much more jagged than is observed when the degree of
polarization is ,5%. In the simulations, this level of polarization
corresponds to synchrotron emission from,200 independent cells,
each with a randomly oriented magnetic field. Apparent rotations by
,240u are very rare in such simulations, whereas they are common
during flares of BL Lac and similar objects14.

Both synchrotron radiation and inverse Compton scattering con-
tribute to the X-ray emission from BL Lac, with synchrotron radi-
ation dominating when electrons are accelerated to energies in the
TeV range18,19. This generally causes the plot of flux density (Fn)
versus frequency (n) to steepen in the X-ray range in such a way that
the spectral index a is greater than one, where Fn / n2a. Such X-ray
spectral steepening occurs during the first flare. In contrast, the X-ray
spectrum becomes harder (a, 1) during the second flare, as is
expected if the X-rays are mostly generated by inverse Compton
scattering of optical and infrared photons.

The second flare, which started at 2005.89, is simultaneous with
the passage of the knot through the core seen on the Very Long
Baseline Array images. If the core were a standing conical shock, as
has been determined from simultaneous radio and optical polariza-
tion variability in the case of the quasar PKS 04202014 (ref. 18), the
emission would increase as the knot undergoes compression by the
shock front. The flare dies down at optical and X-ray frequencies as
the knot propagates away from the core down the expanding jet.
However, it lasts much longer at 43GHz, at which frequency the
synchrotron radiation requires lower-energy electrons that have
longer energetic lifetimes than those emitting at higher frequencies.

In the Supplementary Information we relate the angular velocity of
the feature, inferred from the rotation of the optical polarization
vector, to the rotational velocity of the base of the magnetic field near
the black hole. We find that the rotational velocity thus obtained is
consistent with the predictions of models in which the jet is driven by
twisting magnetic fields from either the accretion disk1,3,4,5 or the
ergosphere of the black hole2,3,20,21.

The combination of densely sampled sub-milliarcsecond imaging
using the Very Long Baseline Array, polarimetry, andmultiwaveband
flux measurements has allowed us to explore the inner jet of BL Lac.
Future data from more sensitive c-ray Cherenkov detectors and the
NASA Gamma-ray Large Area Space Telescope will soon allow more
refined analyses. The ability to detect emission upstream of the core
at 7-mm wavelength indicates that increasing the resolution of very-
long-baseline interferometry by adding antennas in high Earth orbits
will provide more detailed direct imaging of the inner jets of active
galactic nuclei.
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Figure 3 | Proposed model for the inner jet of BL Lac. A shock propagates
down the jet along a spiral streamline. The first flare occurs during the last
240u twist of the streamline before the flow straightens and becomes
turbulent. The passage of the feature through the millimetre-wave core
stimulates the second flare. A logarithmic scale of distance from the black
hole, shown in terms of the Schwarzschild radius (RS), is used to illustrate
phenomena on various scales.
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Motivation:  Study  the  nature  of  core  jets.	

The  location  at  which  the  jet  becomes  
optically   thin.   Therefore   its   position  
shifts  with  observing  frequency.  	

The  radio  core  is  a  recollimation  shock  
in  the  jet  at  a  fixed  location.	
	

It  is  necessary  to  have  
astrometric  measurements  at  

mm  wavelength.	
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An origin of the radio jet in M87 at the location of the
central black hole
Kazuhiro Hada1,2, Akihiro Doi3,4, Motoki Kino2, Hiroshi Nagai2,3, Yoshiaki Hagiwara1,2 & Noriyuki Kawaguchi1,2

Powerful radio jets from active galactic nuclei are thought to be
powered by the accretion of material onto the supermassive black
hole (the ‘central engine’)1,2. M87 is one of the closest examples of
this phenomenon, and the structure of its jet has been probed on a
scale of about 100 Schwarzschild radii (Rs, the radius of the event
horizon)3. However, the location of the central black hole relative
to the jet base (a bright compact radio ‘core’) remains elusive4,5.
Observations of other jets indicate that the central engines are
located about 104–106Rs upstream from the radio core6–9. Here
we report radio observations of M87 at six frequencies that allow
us to achieve a positional accuracy of about 20microarcseconds. As
the jet base becomes more transparent at higher frequencies, the
multifrequency position measurements of the radio core enable us
to determine the upstream end of the jet. The data reveal that the
central engine ofM87 is located within 14–23Rs of the radio core at
43GHz. This implies that the site of material infall onto the black
hole and the eventual origin of the jet reside in the bright compact
region seen on the image at 43GHz.
On8 and 18April 2010wemademultifrequency observations ofM87

with the Very Long Baseline Array (VLBA) at 2, 5, 8, 15, 22 and 43GHz
quasi-simultaneously. Using the phase-referencing technique, the radio
core positions of M87 at each frequency were measured relative to the
nearby (separated by 1.5u) reference source M84 (see Supplementary
Information for detailed data analysis).When the core at each frequency
corresponds to the surface where the optical depth for synchrotron self-
absorptionbecomesunity10, the position of the radio coremoves towards
the central engine with increasing frequency (core-shift effect11–13, see
also Fig. 1). If we assume that the jet is conical and the central engine is
located at the apex of the jet, the separation between the central engine
and a core at a given frequency n satisfies rc(n) / n2a (a. 0). Thus, the
location of the central engine can be specified by determining the fre-
quency dependence of the core shift (see Fig. 1 for more details).
In Fig. 2 we show the measured core shift of M87 in right ascension

(RA) as a function of n. Because M84 also has its own core shift, the
measured core-position changes on the sky plane are a combination of
the core shifts of M87 and M84. Fortunately, M84 has a sufficiently
narrow jet structure extended towards the north and the jet is unre-
solved in the RA direction (see Supplementary Information). This
situation enables us to extract the RA contributions ofM87’s core shift
successfully by minimizing any structural effect of M84 (hereafter we
denote the RA contributions of rc(n) as rRA(n)). It should be stressed
that the clear detection of the core shift shown in Fig. 2 explicitly
precludes the possibility of a standing shock6 in the case of the M87
core; otherwise it would remain stationary with frequency.
Themost remarkable finding in Fig. 2 is the strong constraint on the

location of the central engine of M87 on a 10Rs scale. The amount of
core shift between two adjacent frequencies decreases smoothly with
increasing frequency, and the core position converges to the upstream
endof the jet, which is supposed to be the location of the central engine.
We fit the power-law function to the measured data on core positions

with the weighted least-square method, then we derive the best-fit
value as rRA(n) / n20.946 0.09. The fitted curve approaches the dashed
line asymptotically at 416 12mas eastwards of the 43-GHz core posi-
tion (errors are 1s), which is equivalent to the projected separation
66 2Rs for the black-hole massM5 6.03 109 solar masses (ref. 14) at
a distance of 16.7Mpc (ref. 15). The measured frequency dependence
of the core shift roughly n21 is consistent with a ‘conical’ jet with the
radial profiles of the magnetic field strength and the electron number
density varying as r21 and r22, respectively16, with the assumption of a
constant jet velocity. With regard to jet shape, a recent theoretical
model shows that a jet seems to have a ‘paraboloidal’ shape near a
central black hole1. If this is true of theM87 jet, then the location of the
central engine is likely to be even closer to the 43-GHz radio core than
the dashed line.
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Figure 1 | Schematic diagram explaining the radio core shift of a jet. The
diagram illustrates the core shift of a jet generated from the central black hole (a
black dot) surrounded by the accretion disk (represented as a red ellipse), with
the horizontal axis showing a distance from the black hole (r). The cores of a jet,
the bright surfaces of optical depths being unity, are indicated as grey ellipses at
the actual radio frequencies of VLBI measurements; darker colours indicate
higher frequencies. The cores are located at the apparent origin of the jet in each
frequency image. The optical depth tssa for the synchrotron self-absorption is a
function of the radio-emitting electron number density Ne, the magnetic field
strengthB and the observing frequency n. BecauseNe andB have a radial profile
in the jet, the radial position on the surface at which tssa becomes unity shifts as
a function of frequency. If we assume thatNe andB have power-law profiles of r
described as Ne / r2n and B / r2m (n and m positive), the frequency
dependence of the core position results in r(n) / n2a. Here a is the positive
power index described as a function of n and m (ref. 10). According to the
relation, the cores shift towards the upper stream with increasing frequencies
and converge on the location of the central black hole.
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optically thick at lower frequencies. A magnetic field in 
equipartition with the particle energy density is assumed. 
Figure 3 shows the sequence of total intensity images at 
the different frequencies, as well as the evolution of the 
core position with frequency. At cm-wavelengths (5 to 22 
GHz) our simulations reproduce the opacity core-shift of a 
Blandford & Königl conical jet model, while at mm-
wavebands (43 and 86 GHz) the core position clearly 
departs from this behavior, revealing the core as an 
optically thin recollimation shock at a fixed jet location.

Polarization mapping has proven to be a powerful tool 
in establishing a clear relationship between stationary jet 
features and recollimation shocks (e.g., Agudo et al. 2012). 
Hence, to simulate the expected linearly polarized 
emission for the mm-VLBI core we have used the 
Turbulent Extreme Multi-Zone (TEMZ) model developed 
by Marscher (2012b). The TEMZ code divides the 
emission region beyond the conical recollimation shock 
into many cylindrical cells, as illustrated in Fig.4. Each 
10th cell is assigned a uniform magnetic field whose 
direction is determined randomly, and the field vector is 
rotated smoothly between those cells. Relativistic electrons 
are injected into the cells at the shock front and 
subsequently lose energy from synchrotron and inverse 
Compton radiation as the plasma flows downstream. The 
resulting total and linearly polarized emission maps are 
shown in Fig. 5 for two different convolution beams. The 
“full”  resolution images of Fig. 5a show the complex total 
and polarized emission structures arising from the conical 
shock. The convolved images of Fig. 5b, with a resolution 
in terms of the jet width similar to what we expect to 
obtain from our proposed observations at 86 GHz, reveal 
that, although the total intensity image only shows an 

unresolved structure (as commonly observed), the 
polarized information is capable of revealing the conical 
shock structure of the mm-VLBI core.

2. Scientific goals
We propose to test the hypothesis that the majority of !-ray 
flares in AGN jets are produced by the passing of new 
superluminal features through a recollimation shock at the 
end of the acceleration and collimation zone in a blazar jet 
by determining whether the properties of the mm-VLBI 
core are consistent with this scenario.

For this we propose polarimetric phase-reference 
VLBA observations of several !-ray emitting AGN jets at 
5, 8.4, 15, 22, 43, and 86 GHz. To test whether there is any 
dependence on the mm-VLBI core nature with AGN type 
we propose to observe two quasars (3C273, CTA102), two 
BL Lac objects (BL Lac, 0716+714) and two radio 
galaxies (3C111, 3C120), whose jets are straight on scales 
≲ 2 mas.

If our model is correct, we expect to see the opacity core 
frequency shift at cm-wavebands (5, 8.4, 15, and 22 GHz), 

with deviation from this behavior 
at mm-wavebands (43 and 86 
GHz), as shown in Fig. 3. The 
highest resolution polarization 
images at 86 GHz should also help 
to reveal the recollimation shock 
nature of the mm-VLBI core, as 
shown in Fig. 5b.
  Measured core-shifts at cm-
wavebands are found to vary 
significantly from source to source 
(e.g., Sokolovsky et al. 2011), 
being determined mainly by the jet 
opening angle. Blazars present 
particularly narrow jets (Jorstad et 
al. 2005; Pushkarev et al. 2009), 
and therefore our selected sources 
are expected to have core shifts at 
mm-wavebands significantly 
larger than in M87, for which a 
value of ~20 "as between 43 and 

2

Fig. 2. Relativistic hydrodynamical model of a jet with an initial 
overpressure leading to  the formation of a recollimation shock. See text 
for details.
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Fig. 3. a) From top  to bottom, sequence of synchrotron total intensity  images (in  arbitrary units) 
computed at 86, 43, 22, 15, 12, 8, and 5 GHz, respectively, using the relativistic hydrodynamical  model 
of Fig. 2 as input. b) Position of the core (peak emission) as a function of frequency. The red curve 
indicates the best fit to the core positions between 5 and 22 GHz, which follows the expected opacity 
core-shift of a conical Blandford & Königl jet model. The 43 and 86 GHz data clearly deviate from the 
opacity core-shift curve, revealing the fixed location of the recollimation shock associated with the core.
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Low  freq.	
5,  8,  15,  22  
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Usual  phase-‐‑reference  block	

Calibrator  1 	50  sec	
Target   	 	30  sec	
Calibrator  2 	50  sec	
Target 	 	35  sec	

Ionospheric  block	
Target        1.3  GHz  		
Target   	new  C-‐‑band  wide  rec.	
Target   	22  GHz	 		
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GHz	
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Is  a  new  approach  to  the  Source  Frequency  Phase  Transfer  (SFPR)  in  which  the  
ionospheric  contribution  is  determined  from  the  L  (1.3  GHz),  WC  and  K  (22GHz)  band.	

!" (# ,t) = !" trop (t)+!" iono(# ,t)+!" struc(# ,t)+!" ast (# ,t)+!" inst (# ,t)
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Astrometric  Technique  applied  to  BL  Lac.	

Rioja  &  Dodson  (2011)	
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We   have   developed   a  
program  to  fit  the  data.	
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We  have  obtained  TEC  values.	
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We  have  calculated  a  new  table  at  each  frequency  that  contain  the  
ionospheric  corrections.  	
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We  have  determined  ionospheric  corrections  
from  TEC  values.  	
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We  want  to  test  if  these  corrections  have  
removed  the  ionospheric  terms.	
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We  have  applied  the  solution  tables  obtained  to  the  
data  	

We  want  to  test  if  these  corrections  have  
removed  the  ionospheric  terms.	
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Except  for  MK  and  
SC  	

Tec  Residual  are	
Residual  ionospheric  contributions  	

 ! 0.2  TECU  	
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Except  for  MK  and  
SC  	

Doing  more  iterations  
could  improve  this  
calibration.	

Residual  ionospheric  contributions  	
Tec  Residual  are	

 ! 0.2  TECU  	
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We  want  to  test  if  these  corrections  have  
removed  the  ionospheric  terms.	
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Except  for  MK  and  
SC  	

Doing  more  iterations  
could  improve  this  
calibration.	

Residual  ionospheric  contributions  	

Most  of  the  ionospheric  
contribution  has  been  
removed.	

Tec  Residual  are	

 ! 0.2  TECU  	



Tropospheric  contributions	

!" iono(# ,t)
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We  have  to  calculated  the  tropospheric  
contribution  with  a  GFF    in  Aips.	

!" trop (t) !" iono(# ,t)!" inst (# ,t)

We  have  removed  all  the  contributions	



Map  without  
autocalibration  
steps.	

Map  obtained  at  22  GHz	
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We  know  TEC  values	
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Calibrating  data  at  43  GHz	
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•  Instrumental  
contribution  obtained  
from  a  Fring  for  43  GHz  
data.  	

•  Ionospheric  contributions  
obtained  from  TEC  
calculations  from  the  fit  of  
the  data  at  L  (1.3  GHz),  
WC  and  K  (22  GHz)  band.	

•  Tropospheric  
contribution    calculated  
from  22  GHz  data.	
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This  map  is  obtained  without  
any  autocalibration.	
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This  is  work  in  progress	
We  have  to  improve  some  points:	
•  Iterations  to  obtain  a  be\er  

ionospheric  determination.	
•  Be\er  tropospheric  calibrations  

using  autocalibrated  solutions  
at  low  frequency.	

We  have  a  detection  
at  43  GHz    !!!	

That   implies   that   we   have  
successfully   remove   at   a   first  
order  term  the  ionospheric  and  
tropospheric  contributions.	
This  is  a  43  GHz  image  referred  
to  22  GHz  image.	

We  can  measure  the  core  shift  
between  the  two  frequencies.	

We  didn’t  use  an  external  
calibrator  to  do  this  calibration.	



Summary	
•  Multiwavelength   observations   suggest   that   at   mm   wavelength   the   core  

may  correspond  to  a  recollimation  shock.	

High-‐‑precision  VLBI  astrometric  measurements  using  SFPR  observations  of  BLLAC.                                                                                                        Molina  Sol  Natalia	

•  To  test  this  we  are  performing  astrometric  observations  of  a  sample  of  -‐‑ray  
emi\ing  AGN  at  1.3,  5,  8.4,  15,  22,  43  and  86  GHz  with  VLBA.	

•  We   are   using   a   new   approach   to   the   Source   Frequency   Phase   Transfer  
technique   for   astrometry      in   which   the   ionospheric   contribution   is  
determined   from   the   ionospheric   block  with   observations   at   L   (1.3  GHz),  
WC  and  K  (22GHz)  band.	
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•  We   are   using   a   new   approach   to   the   Source   Frequency   Phase   Transfer  
technique   for   astrometry      in   which   the   ionospheric   contribution   is  
determined   from   the   ionospheric   block  with   observations   at   L   (1.3  GHz),  
WC  and  K  (22GHz)  band.	
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Calibrating  data  at  43  GHz	
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