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EXTRAGALACTIC JETS - M87
Increased x-ray emission  by a factor of 50  from the HST-1 knot (Harris et al. 2006,2009)

Core and HST-1: Separation ~ 60 pc 

Flares from knots along the jets

Core

HST-1

60 pc

TeV flare



SCIENTIFIC CHALLENGES 

➤Frequency of M87-like variability 
➤Origin of gamma-ray flares



GRAVITATIONALLY LENSED JETS

Credit: NASA's Goddard Space Flight Center 



M87 AT Z=1

Differences between the core and the HST-1:  

difference in time delay: ~ 2 days 



GAMMA-RAY SPATIAL RESOLUTION

➤Einstein Symposium 2015: PKS 1830-211 
Effective Spatial Resolution ~ 0.02” (~ HST)                                      
Barnacka, A., et al.  (2015, ApJ, 809, 100) 

➤What if we could resolve gamma-ray emission 
with resolution of radio telescopes: ~0.001”?



COSMIC SCALE

Time Delay + Position of the Images + Lens Model

 Cosmic Scale: Hubble Parameter

Offset between the resolved emitting region and  the variable emitting region

Barnacka, A., Geller, M., Dell'Antonio, I., & Benbow, W.  (2015,ApJ,799,48)



OBSERVATIONS: B2 0218+35

HST



LENSED BLAZAR: B2 0218+35

330 mas

Source z = 0.944,  

Lens z = 0.6847

Radio Time Delay  

10.5±0.5 days 

Magnification Ratio 

3.62±0.06 

Radial Jet Projection1.687 GHz, Patnaik et al. (1992)  



LENS MODELING

Relative Declination [mas]
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Reconstruction 

~ 1 milliarcsecondSource



GAMMA-RAY TIME DELAY

Time Delay = 11.38±0.13 days  (Barnacka et al.,2016)  
Time Delay = 11.46±0.16 days  (Cheung et al. 2014) 
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HUBBLE CONSTANT & GAMMA-RAY SOURCE CONNECTION

The Hubble Space

H0 = 67.3

H0 = 63

51±8 pc

Barnacka et al. 2016, ApJ, 821, 58



RADIO FOLLOW UP

Spingola et al. (2016)

5o

8 C. Spingola et al.

Figure 6. Left: The OVRO light curve of the target; two vertical red solid lines and red triangles indicate the period of VLBA observations, the dashed blue line
indicates the Fermi-LAT detection of the flare. Right: Zoom of the OVRO light curve of B0218+357 (black circles) during the period of VLBA observations
(MJD 556207 - MJD 56269). The 22 GHz light curve is represented by red triangles.

change in the flux density is within 10 per cent, i.e. much smaller
than what is found at high energies. The lack of a radio flare may
suggest that the region responsible for the γ-ray activity is compact
and located close to the innermost part of the AGN, which is opaque
to the radio wavelengths. The high angular resolution of our VLBA
data allowed us to resolve the source images into subcomponents
and determining their core-jet structure. Some distortion effects are
present in component A, where at 2.3 and 8.4 GHz the core-jet
structure is hidden by diffuse emission. No evidence of a change in
the source morphology was found by comparing the multi-epoch
images at 22 GHz, supporting the steady behaviour of the source in
the radio band.

ACKNOWLEDGMENTS

The VLBA is operated by the US National Radio Astronomy Ob-
servatory which is a facility of the National Science Foundation
operated under a cooperative agreement by Associated University,
Inc., under contract with the National Science Foundation. This re-
search has made use of the NASA/IPAC Extragalactic Database
(NED), which is operated by the Jet Propulsion Laboratory, Cal-
ifornia Institute of Technology, under contract with the National
Aeronautics and Space Administration.

C.C.C. was supported at NRL by NASA Guest Investigator
program 13-FERMI13-0009. We thank the NRAO Schedsoc for ap-
proving our request and Mark Claussen for facilitating the VLBA
scheduling. The OVRO 40-m monitoring program is supported
in part by NASA grants NNX08AW31G and NNX11A043G, and
NSF grants AST-0808050 and AST-1109911.

This research was funded in part by NASA through Fermi
Guest Investigator grants NNH09ZDA001N, NNH10ZDA001N,
NNH12ZDA001N, NNH13ZDA001N-FERMI. This research was
supported by an appointment to the NASA Postdoctoral Program
at the Goddard Space Flight Center, administered by Oak Ridge
Associated Universities through a contract with NASA.

REFERENCES

Abdo A. A., et al., 2009, ApJS, 183, 46
Abdo A. A., et al., 2010, ApJ, 721, 1425
Abdo A. A., et al., 2015, ApJ, 799, 143
Baars J. W. M., Genzel R., Pauliny-Toth I. I. K., Witzel A., 1977, A&A, 61,

99
Barnacka A., Glicenstein J.-F., Moudden Y., 2011, A&A, 528, L3
Barnacka A., Geller M. J., Dell’Antonio I. P., Benbow W., 2014, ApJ, 788,

139
Barnacka A., Geller M. J., Dell’Antonio I. P., Benbow W., 2015, ApJ, 809,

100
Barnacka A., Geller M. J., Dell’Antonio I. P., Zitrin A., 2015, arXiv,

arXiv:1511.02891
Biggs A. D., Browne I. W. A., Helbig P., Koopmans L. V. E., Wilkinson

P. N., Perley R. A., 1999, MNRAS, 304, 349
Biggs A. D., Browne I. W. A., Muxlow T. W. B., Wilkinson P. N., 2001,

MNRAS, 322, 821
Biggs A. D., Wucknitz O., Porcas R. W., Browne I. W. A., Jackson N. J.,

Mao S., Wilkinson P. N., 2003, MNRAS, 338, 599
Blandford R. D., Königl A., 1979, ApJ, 232, 34
Browne I. W. A., Patnaik A. R., Walsh D., Wilkinson P. N., 1993, MNRAS,

263, L32
Browne I. W. A., et al., 2003, MNRAS, 341, 13
Buson S., Cheung C. C., 2014, ATel, 6316, 1
Cheung C. C., et al., 2014, ApJ, 782, L14
Ciprini S., 2012, ATel, 4343, 1
Cohen A. S., Hewitt J. N., Moore C. B., Haarsma D. B., 2000, ApJ, 545,

578
Cohen J. G., Lawrence C. R., Blandford R. D., 2003, ApJ, 583, 67
Corbett E. A., Browne I. W. A., Wilkinson P. N., Patnaik A., 1996, IAUS,

173, 37
Donnarumma I., et al., 2011, ApJ, 736, L30
Fuhrmann L., et al., 2014, MNRAS, 441, 1899
Giroletti M., Orienti M., Cheung C. C., 2012, ATel, 4371, 1
Jorstad S. G., Marscher A. P., Mattox J. R., Wehrle A. E., Bloom S. D.,

Yurchenko A. V., 2001, ApJS, 134, 181
Jorstad S. G., et al., 2013, ApJ, 773, 147
Koopmans L. V. E., et al., 2003, ApJ, 595, 712

MNRAS 000, 1–9 (2015)

ga
m

m
a-

ra
y 

fla
re

VL
BA

 fo
llo

w
 u

p

40 M Telescope at the Owens Valley Radio Observatory (OVRO)

22 GHz

15 GHz



GAMMA-RAY FLARE 2
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FUTURE FLARES

If Flare 1 and Flare 2 connected:

5o

9 milliarcseconds

The Structure of the Strongly Lensed Gamma-ray Source B2 0218+35 9

Fig. 10.— Hubble space. The distances are shown with respect
to the position of the radio core (blue circle). The radius of the
blue circle corresponds to an uncertainty of 1mas. The blue star
indicates the value of the Hubble parameter based on the recon-
structed position of the 15 GHz radio core. The open blue point
shows the Hubble parameter derived from the observed positions
of the 15 GHz radio images. The dotted line shows the jet projec-
tion. Gray arrows show the direction from the radio core toward
the central engine and toward the jet. The red circle locates the
spatial origin of Flare 1. The radius of the red circle corresponds
to the uncertainty in the time delay. The spacing of the white
lines in Hubble space corresponds to 1.2 km s�1Mpc�1, the 1�
uncertainty in the Hubble parameter (Planck Collaboration et al.
2014).

We indicate the position of the 15 GHz radio core in
Hubble space in Figure 10. The Hubble parameter esti-
mated for Flare 1 appears as a red dot in Figure 10. The
position of Flare 1 in Hubble space is displaced from the
radio core. The resolved radio images also constrain the
alignment of the jet as indicated in Figure 10 (white dot-
ted line).
The distance between the 15 GHz core and the site

of the gamma-ray flare is 6.4± 1.1mas displaced toward
the central engine. This displacement corresponds to a
projected distance of 51.2± 8.8 pc. The accuracy of the
Hubble parameter measured with Planck Collaboration
et al. (2014), ±1.2 km s�1Mpc�1, implies that the o↵set
between the resolved radio core and the variable gamma-
ray site is significant at the ⇠ 3� level.

6.2. The Spatial Origin of Flare 2

Flare 2 has a time delay in one of two ranges: 10.75�
11.25 days or 9.25 � 10.25 days. For the first range,
the Hubble parameter is 63.64 � 66.6 km s�1Mpc�1.
The second range results in a Hubble parameter of
69.85 � 77.4 km s�1Mpc�1. We indicate the possible
sites of Flare 2 in Figure 11. Flare 2 originates either
3.35± 2.30mas (26.8± 18.4 pc in the source plane) from
the core toward the central engine, or 8.33 ± 4.5mas
(66.64 ± 36.00 pc in the source plane) in the direction

of the jet.

6.3. The Connection between Flare 1 and Flare 2

The position in the space of Hubble parameter versus
o↵set shows that Flare 2 is not coincident with either
the core or Flare 1. Using the Hubble parameter tuning
approach, we can ask whether Flare 2 could result from
a moving knot, which first produced Flare 1 and then
moved downstream along the jet to produce Flare 2.
The time between the beginning of Flare 1 and Flare 2,

�tobs, is 690 days. The projected distance between
Flare 1 and Flare 2, constrained by the time delay of
11 ± 0.25 days, is Dprojected ⇠ 24 pc. In this case the
model implies that knot is moving relativistically with
an apparent velocity of �app:

�app =
Dprojected(1 + zS)

c�tobs

⇡ 70

✓
Dprojected

24 pc

◆✓
�tobs

690 days

◆
.

(7)

Similar superluminal apparent motions of ⇠ 46 c occur,
for example, in the radio jet of PKS 1510-089 (Jorstad
et al. 2005). This time delay thus yields a reasonable
physical model for the gamma-ray source.
If the plasmon continues its motion with the same ap-

parent velocity, 1.6mas/year, it will pass through the
stationary shock of the 15 GHz core ⇠ 2 ± 1 years after
Flare 2, which was detected in July 2014. This model
thus predicts increased radio emission in the time period
around July 2016. Radio observations during this pe-
riod could thus provide valuable insight into the physical
processes and plasma propagation along the jet.
The second possible site of Flare 2, implied by the time

delay of ⇠ 9.75 ± 0.5, is located at a projected distance
of ⇠ 16mas from Flare 1. An apparent velocity of 350 c
would be required to explain such a large projected dis-
tance. Thus, these flares could not be produced by the
same moving knot of plasma.
We do not have direct evidence that Flare 2 is indeed

connected with Flare 1. However, the longer time delay
implies a reasonable physical model for the source and
demonstrates the power of the Hubble parameter tuning
approach.

7. DISCUSSION

A major challenge of gamma-ray astronomy is local-
ization of the emission region. The blazar B2 0218+35 is
uniquely suited to detailed reconstruction of the source
position. The gravitational lensing system is remarkably
simple. There are exquisite radio data at several wave-
lengths along with the extensive Fermi-LAT light curve.
These observations combined with the well-constrained
Hubble constant enable the first reconstruction of the
gamma-ray source positions relative to the radio core and
jet.
Application of the method to other sources may not

be as straightforward. For example, the mass distribu-
tion of the lens might be more complex thus limiting the
spatial resolution of the lens. The radio data might be
insu�cient to reconstruct the projection of the jet. Fur-
thermore, observations of relatively nearby sources show
that jets can be bent, thus introducing additional uncer-
tainty in measuring distances between emitting regions.

If plasmoid continues its motion:  

interaction with radio core ~ July 2016



MONITORING OF B2 0218+35 AT GAMMA RAYS

2010 2012 2014

Flare 1 Flare 2

3 sigma > Avg Flux
2 sigma > Avg Flux
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July 2016 Today

2016

Since July 2016, 3 x more gamma-ray photons



THE TOOLS

➤Radio:  
➤Excellent  Angular Resolution 

➤Gamma Rays:  
➤Excellent Temporal Resolution 

➤Hubble Parameter:  
➤Cosmic Scale 

➤Gravitational Lensing:  
➤Combines the Above



THE RESULTS

➤Multiple Time Delays: Source of Systematics 
for H0 

➤Spatial resolution at gamma rays: 
➤  ~1 milliarcsecond  

➤Gamma-ray Flares not from Radio Core 
➤  Radio Core not at Central Engine 
➤Prediction of Future Flares



Backup Slides



THE HUBBLE PARAMETER TUNING  APPROACH 

The Hubble parameter enters into distance ratio in the time 
delay calculation:  

8 Barnacka et al.
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Fig. 6.— Autocorrelation Function (Left) and Double Power Spectrum (Right) for Flare 1.

can thus divide the light curve of Flare 1 into three over-
lapping segments of 128 days each. We apply the ACF
and DPS to each of the three segments and then average
the results. The error bars are the standard deviation
among the three segments in each bin.
Figure 8 (Left) shows the ACF averaged over the seg-

ments. We fit the spectrum with an exponential function
representing the background and a Lorentzian function
representing the signal. The fit returns a time delay of
11.24± 0.39 days. However, the error bars are large and
the significance of the signal is only 0.3�.
Figure 8 (Right) shows the DPS from the averaged seg-

ments. We fit linear plus Lorentzian profiles to obtain the
position of the peak and its significance. The correspond-
ing time delay is 11.33 ± 0.12 days. The signal is 4.13�
above the background. The DPS time delay, detected at
high significance, agrees remarkably well with the previ-
ously obtained gamma-ray time delay of 11.46±0.16 days
reported by Cheung et al. (2014).
The light curve is a superposition of multiple flares.

The time between the random flares could mimic a time
delay. These “fake” signals should occur only in a frac-
tion of the light curve. A true gravitationally-induced
time delay persists over the entire flaring period. The
analysis that averages over segments of the light curve
distinguishes the real, gravitationally induced, signal
from randomly superimposed flares. If there is a real
time delay the significance of the time delay increases
with averaging over the three periods. For random mul-
tiple flares, the significance should not improve. In fact
Figure 8 shows that multiple peaks are present because
there is a lot of structure in the light curve. However,
only the signal in bins around 11.5 days is significant
(Figure 8).

5.2. Flare 2

Flare 2, a single, bright flare, occurred in time period
MJD: 56800 – 57000. The light curve (2 day bins) around
the flare consists mostly of upper limits (Figure 5). This
light curve is useless for extracting several-day long time
delays. However, the huge advantage of having a single
isolated flare is the ease of a direct search for the echo
flare. Figure 9 shows the result of application of the
Maximum Peak Method (MPM, Section 3.2.3, Barnacka
et al. 2015a). The MPM method suggests that the time
delay lies in one of two ranges: 9.75 ± 0.5 days or 11 ±

0.25 days. The errors corresponds to the bin width, not
the 1� standard deviation.

6. THE STRUCTURE OF THE GAMMA-RAY SOURCE

So far we have used the radio observations and a lens
model to reconstruct the origin of the radio core with a
resolution of 1 mas (Section 3.2.5). The Fermi-LAT ob-
servations enable precise determination of the time delay
for two gamma-ray flares (Section 5). Here, we locate
the sources of gamma-ray emission relative to the radio
core by combining the radio source map and the Fermi-
LAT time delays with the well-measured Hubble constant
from Planck Collaboration et al. (2014).
Barnacka et al. (2015b) show that the Hubble param-

eter implied by the time delay is sensitive to any spatial
o↵set between the emission region that produces the re-
solved mirage images and the site of the variable emis-
sion used to measure time delays. Purely on the basis of
the physical processes involved, the gamma-ray emission
from B2 0218+35 may not be spatially coincident with
the radio core (Barnacka et al. 2014a).
The Hubble parameter, well measured with a variety

of independent methods, provides a route to exploring
this issue. We can use this precisely measured Hubble
parameter to evaluate any o↵set between the radio core
and the site of the variable gamma-ray emission. We
call this method the Hubble Parameter Tuning (HPT)
approach.
The Hubble parameter enters into the distance ratio

in the time delay calculation (Eq 2). For an SIS gravita-
tional potential, the relation reduces to:

h =
d(1 + zL)(✓2B � ✓2A)

2c�t
. (6)

We have three kinds of constraints on the map of the
source from radio to gamma-ray wavelengths: the Hub-
ble parameter, the positions of the lensed images, and the
time delay between the images �t. If there is an o↵set
between the radio core and the gamma-ray emitting re-
gions, the Hubble parameter derived from the Fermi-LAT
time delay will di↵er from the independently measured
“true” value. This di↵erence depends on the distance be-
tween the radio core and the spatial location of the flare.
The o↵set in Hubble space corresponds to the spatial
o↵set in the source plane (Barnacka et al. 2015b).
To locate the origin of the gamma-ray flares from

4 Barnacka et al.

3.2.2. Finding a Unique Mass Model

We seek the gravitational potential along with source
and lens locations that reproduce the observations. We
compare the reconstructed positions of the lensed images
with well-resolved mirage images at 15 GHz. As an addi-
tional constrain, we use time delay measured at 15 GHz.
To find the lens solution, we repeat our calculations

of the image positions and the time delay between them
for a range of parameters. We investigated a range of
complex models for the gravitational potential using the
Monte Carlo simulations. We added parameters includ-
ing a core, a variable slope for the mass distribution, and
a variable ellipticity and position angle of the lensing
galaxy. None of the added parameter to the lens model
where able to improve the fit and reconstruct the obser-
vations with desired accuracy. We vary the lens position
around the value listed in Table 1. We explore a re-
gion of 20mas with a 1mas step. We search for the best
source position around the value listed in Table 1. In

Appendix A, we describe our Monte Carlo simu-

lations and our investigation of systematic errors

associated with lens model.

We define the best-reconstructed model as the one
which reproduces the positions of the mirage images with
the smallest o↵set and where the time delay is within 1�
of the measured time delay at 15 GHz.

3.2.3. The Best Model

We achieved the best reconstruction for an elliptical
singular isothermal sphere (Kneib 2014):

 (r, ✓) = r✓E
p
1� ✏ cos(2(�� �0)) , (3)

where ✏ is an ellipticity of the gravitational potential,
�0 is the position angle of the potential, and ✓E is an
Einstein angle defined as:

✓E = 4⇡
�2
0

c2
DLS

DOS
, (4)

where �0 is the central velocity dispersion of the 3D ve-
locity field, and DLS and DOS are cosmological distances
from the lens to the source, and from the observer to the
source, respectively. We also define:

D ⌘ DOLDOS

DLS
= hd , (5)

where DOL is the distance from the observer to the
lens. The parameter h refers to the Hubble constant,
H0 = h⇥ 100 km s�1Mpc�1. We calculate distances
based on a homogenous Friedmann-Lemâıtre-Robertson-
Walker cosmology, using h = 0.673, the mean mass den-
sity ⌦M = 0.315 and the normalized cosmological con-
stant ⌦⇤ = 0.686 (Planck Collaboration et al. 2014).

3.2.4. Error Estimation

To estimate statistical errors, we use Monte Carlo
chain simulations. We based our algorithm on the
MCMC toolbox for Matlab3 (Haario et al. 2006).
We test for systematics in our simulations by compar-

ing the numerical solution with an analytic model. The
simplest analytic solution is the SIS. We compare the

3 http://helios.fmi.fi/ lainema/mcmc/

positions of the images, time delays and magnification
ratios for the SIS calculated analytically and numerically
for positions of the sources across the entire lens plane.
The numerical procedure applied on a grid with a 1mas
resolution, on average reconstructs image positions with
⇠ 0.3mas. On average, the time delay is reproduced
within 0.01 days, and the magnification ratio within 0.05.
This level of precision shows that on a scale of 1mas, our
lens parameters are una↵ected by systematic numerical
errors.

TABLE 2
Results of the Fit

Parameter Value
Ellipticity ✏ 0.0057± 0.0042

Source Position (xS , yS) (154.2± 0.8,�62.9± 0.7)mas
Lens Position (xL, yL) (62.2± 0.9,�25.0± 0.8)mas

3.2.5. Lens Modeling Results

Table 1 summarizes the input parameters for the lens
model; the ellipticity of the lens, and the source and lens
positions. Table 2 shows the model results along with the
statistical errors from the Monte Carlo chain simulations.
The fit yields an ✏ ⇠ 0, essentially an isotropic SIS.

We reconstruct the lens and source positions with an
accuracy of 1mas corresponding to 8 pc in the source
plane.
The positions of the mirage images are most sensi-

tive to changes of the source position in the tangen-
tial direction relative to the images-lens axis. Changing
the source position by 1mas in the tangential direction,
moves the mirage images by 5.5mas. In the radial di-
rection a 1mas change in the source position displaces
the image by only 2.7mas. Table 3 and Figure 1 show
that the model reproduces the observed mirage image
positions to 0.4� 0.8mas.

TABLE 3
Reconstruction

Parameter Value Di↵erence
Image A (-0.4,0) 0.4mas
Image B (308.6,�128.0) 0.85mas

Time Delay 10.7 days ⇠ 0.2 days
Magnification Ratio 3.85 0.23

3.3. Lens Model and the Jet Alignment

We investigate the origin of variable emission along the
relativistic jet. The alignment of the jet and the mass
distribution of the lens are necessary to predict the range
of time delays and corresponding magnification ratios.
The alignment of the jet of B2 0218+35 is known from

the well-resolved radio images which show clear jet-like
structures. Wucknitz et al. (2004) show that the jet sub-
components are oriented exactly radially with respect to
the center of mass of the lens. The existence of the radio
Einstein ring implies radial alignment of the jet on scales
. kpc.

where: 
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ratios for the SIS calculated analytically and numerically
for positions of the sources across the entire lens plane.
The numerical procedure applied on a grid with a 1mas
resolution, on average reconstructs image positions with
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the source position by 1mas in the tangential direction,
moves the mirage images by 5.5mas. In the radial di-
rection a 1mas change in the source position displaces
the image by only 2.7mas. Table 3 and Figure 1 show
that the model reproduces the observed mirage image
positions to 0.4� 0.8mas.

TABLE 3
Reconstruction

Parameter Value Di↵erence
Image A (-0.4,0) 0.4mas
Image B (308.6,�128.0) 0.85mas

Time Delay 10.7 days ⇠ 0.2 days
Magnification Ratio 3.85 0.23

3.3. Lens Model and the Jet Alignment

We investigate the origin of variable emission along the
relativistic jet. The alignment of the jet and the mass
distribution of the lens are necessary to predict the range
of time delays and corresponding magnification ratios.
The alignment of the jet of B2 0218+35 is known from

the well-resolved radio images which show clear jet-like
structures. Wucknitz et al. (2004) show that the jet sub-
components are oriented exactly radially with respect to
the center of mass of the lens. The existence of the radio
Einstein ring implies radial alignment of the jet on scales
. kpc.

For an Singular Isothermal Sphere  gravitational potential : 

Mirage Image B Mirage Image A 

Time Delay between mirage image A and B


