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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 



IMAGINE M87 AT Z=1

Differences between the core and the HST-1:  
difference in time delay: ~ 2 days

Barnacka, A., Geller, M., Dell'Antonio, I., & Benbow, W.  (2014, ApJ)



LENSED GAMMA-RAY JETS: PKS 1830-211

(Jauncey et al. 1991)

Radio Time Delay  
26±5 days

Source z = 2.5,  
Lens z = 0.9

The first evidence of  
lensing at gamma-rays 
(Barnacka et al. 2011) 

• Time Delay = 27±0.5 days



GAMMA-RAY FLARES: TIME DELAYS 

Flare 1 Flare 2

Fla
re

 3

23±0.5 days 19±1.2 days > 50 days

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



SPATIAL ORIGIN OF GAMMA-RAY FLARES

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

Time Delay Map



GAMMA-RAY SPATIAL RESOLUTION

➤PKS 1830-211  
➤Effective Spatial Resolution ~ 0.02” (~ HST)                                      

Barnacka, A., et al.  (2015, ApJ, 809, 100) 

➤What if we could resolve emission ~0.001”?



LENSED BLAZAR: B2 0218+35

330 mas

Source z = 0.944,  

Lens z = 0.6847

Reconstruction 

~ 1 milliarcsecond 

Radio Time Delay  

10.5±0.5 days

Radial Jet Projection

1.687 GHz, Patnaik et al. (1992)  



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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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., et al. (2015,ApJ,799,48)



HUBBLE CONSTANT & GAMMA-RAY SOURCE CONNECTION

The Hubble Space

H0 = 67.3

H0 = 63

51±8 pc

Barnacka et al. 2016, ApJ, 821, 58



GALAXIES AS HIGH-RESOLUTION TELESCOPES

Source offset 1 mas 
Images offset 100 mas 

Barnacka A. (2017, arXiv:1705.00690, ApJ accepted)



LENSED QUASARS IN CAUSTIC CONFIGURATION
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EUCLID, LSST, AND SKA SYNERGY

SKA Euclid

In near future: observations of more than 105 
strongly lensed flat spectrum radio-loud quasars

First light: 2020 
Resolution: 
2 mas at 10 GHz 
20 mas at 1 GHz

First light: 2020 
HST like resolution 
to ~ 24 mag

LSST
First light: 2019 
Angular resolution: 0.7″ 
Time Delays 



SUMMARY
➤Spatial Resolution at Gamma Rays: 

➤~1 milliarcsecond  
➤ Gamma-ray Flares not always from Radio Core 
➤ Radio Core not at Central Engine  

➤Caustic Configuration: 
➤ >50 x Flux Magnification  
➤>50 x Offset Amplification 

➤ Insight into inner parts of active galaxies at high redshifts 
➤Currently: dozen of sources 
➤ Near future: SKA and Euclid dozen of thousands of sources
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Galaxies as High Resolution Telescopes



ANGULAR AMPLIFICATION IN CAUSTIC REGION

Monte Carlo Simulations of 106 pair of offset sources

2%rE  
~ 10 mas 

from the Caustic
Barnacka (2017, arXiv:1705.00690)



FLUX MAGNIFICATION IN CAUSTIC REGION

Barnacka (2017, arXiv:1705.00690)
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B2 0218+35



THE HUBBLE PARAMETER TUNING  APPROACH 

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

where
: 

For an Singular Isothermal Sphere  gravitational 
potential : 

Mirage Image B Mirage Image A 

Time Delay between mirage image A and B



OBSERVATIONS: B2 0218+35

HST



LENS MODELING

Lens

Barnacka et al. 2016, ApJ, 821, 58

Reconstruction 

~ 1 milliarcsecondSource



RADIO FOLLOW UP

Spingola et al. (2016)
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40 M Telescope at the Owens Valley Radio Observatory (OVRO)

22 GHz

15 GHz



GAMMA-RAY FLARE 2



FUTURE FLARES

If Flare 1 and Flare 2 connected:

5o

9 milliarcseconds

If plasmoid continues its motion:  

interaction with radio core ~ July 2016
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Lensed Gamma-Ray Jets: PKS 1830-211

• The first evidence of 
lensing at gamma-rays 
(Barnacka et al. 2011)

Gamma-Ray Time 
delay 27.1±0.45 days

Gamma-ray Flares 
Time Delays ?

4 Barnacka et al.
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Fig. 3.— Time delays and magnification ratios as a function of the distance between the emitting region and the core. The yellow
areas indicates the region along the jet where there are more than two images. Left: Total magnification defined as the sum of the image
magnifications. Middle: Magnification ratios along the limiting jet projections (indicated by arrows in Fig WHICH. Right: Time delays
for emitting region located along the limiting jet projections.
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Fig. 4.— Fermi/LAT counts map around PKS 1830+211. The
maps contains the photons in the energy range from 200 MeV to
300 GeV.
through February 2015. Figure 5 shows the light curve
for this period with 7 day binning. The energy spectrum
of the entire period is well described by a power law
with � = 2.54 ± 0.01 and an integral flux of F (0.2 �
300GeV) = (1.94±0.02)⇥10�7 ph cm�2s�1. The highest
energy event recored by the Fermi/LAT was 50 GeV,
detected in the time window 55389 MJD - 55395 MJD.
The detection suggest that further observations at these
energies may be possible with H.E.S.S. II.
Figure 5 shows several active periods. We define active

periods as times when the gamma-ray emission exceeds
the average flux by least 2�. This approach yields four
active periods. The first series of very bright flares de-
tected by the Fermi/LAT satellite occurs in the period
55420 MJD to 55620 MJD. The second series of flares
occurs in the period 56050 MJD to 56200 MJD. Next, a
bright single flare occurs around July 28, 2014. Recently,
January 8, 2015, another flare occurred. Figure 6 shows
the light curves of these bright flares.

3. TIME DELAY MEASUREMENT

Gravitationally-induced time delays are fundamental
measurements in cosmology because, in principle, they
provide a measurement of the Hubble constant indepen-
dent from the distance ladder (Refsdal 1964; Schechter

et al. 1997; Treu & Koopmans 2002; Kochanek 2002;
Koopmans et al. 2003; Oguri 2007; Suyu et al. 2013;
Sereno & Paraficz 2014).
Monitoring of gravitationally lensed sources at both ra-

dio and optical wavelength where the mirage images are
resolved have provided a basis for a number of measured
time delays (Fassnacht et al. 2002; Eulaers & Magain
2011; Rathna Kumar et al. 2013; Tewes et al. 2013; Eu-
laers et al. 2013). Unevenly spaced data resulting from,
for example, weather and/or observing time allocation,
are a challenge for the light-curve analysis. A number of
techniques have been specially developed to utilize these
multiple light curves of mirage images with unevenly
sampled data (Edelson & Krolik 1988; Press et al. 1992;
Rybicki & Press 1992; Burud et al. 2001; Pelt et al. 1998;
Pindor 2005; Scargle 1982; Roberts et al. 1987; Geiger &
Schneider 1996; Gürkan et al. 2014; Hirv et al. 2011).
Gamma-ray observations have very low spatial resolu-

tion but long, nearly uniform time coverage. In particu-
lar, the Fermi/LAT detector provides a very long, evenly
sampled, light curve, of almost 8 year duration. Further-
more, the photon noise is low. At gamma-ray energies,
the mirage images cannot be resolved. The observed light
curve is thus a sum of the images. The mirage images
have a similar time evolution, but they appear shifted in
time and with di↵erent magnification. For any partic-
ular position of the emitting region the time delay and
corresponding magnification ratio are fixed. Here the
challenge is to extract the time delay and magnification
ratio from the time series informed by the model results
based on shorter wavelength data (Figure 3).
In the following sections, we investigate three dif-

ferent methods of determining time delays from unre-
solved light curves: the standard Autocorrelation Func-
tion (Section 3.2.1), the Double Power Spectrum method
(Section 3.2.2), and the Maximum Peak Method (Sec-
tion 3.2.3). Using Monte Carlo simulations, we evalu-
ate the significance levels for these methods, and their
sensitivity in detecting the gravitationally-induced time
delays. The Appendices show the detailed steps for the
Double Power Spectrum (Appendix A.2.1) and for the
Maximum Peak Method (Appendix B). We use PKS
1830-211 as a prototype for broader application of these
techniques.

3.1. Settings for the Monte Carlo Simulations

Model Carlo simulations are a traditional and power-
ful tool for calibrating the analysis of time series. They
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Gamma-ray Flare 1 and 2: Time Delays
6 Barnacka et al.
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Fig. 6.— Fermi/LAT light curves of flaring PKS 1830-211. We show Flare 1 and Flare 2 with one-day binning (black-filled circles),
and with 12-hour binning (red open circles). We show Flare 3 and Flare 4 with four-day binning (black-filled circles), and one-day binning
(red open circles). We show red points only for bins with at least 2� detection. The green dashed line represents the average flux
(1.94 ± 0.02 ⇥ 10�7 photons cm�2 s�1) measured from the 7 years light curve of PKS 1830-211 in the energy range from 200 MeV to 300
GeV.

Gamma-Ray Time delay 23±0.5 days

Gamma-Ray Time delay 19.7±1.2 days



Gamma-ray Flare 3 and 4: Time Delays

6 Barnacka et al.
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Fig. 6.— Fermi/LAT light curves of flaring PKS 1830-211. We show Flare 1 and Flare 2 with one-day binning (black-filled circles),
and with 12-hour binning (red open circles). We show Flare 3 and Flare 4 with four-day binning (black-filled circles), and one-day binning
(red open circles). We show red points only for bins with at least 2� detection. The green dashed line represents the average flux
(1.94 ± 0.02 ⇥ 10�7 photons cm�2 s�1) measured from the 7 years light curve of PKS 1830-211 in the energy range from 200 MeV to 300
GeV.

Gamma-Ray Time delay > 50 days



Monte Carlo Simulations
Resolving the High Energy Universe with Strong Gravitational Lensing 19

1.8 (Figure B1, red points). We simulate the echo flare at 23 days to demonstrate that if the flare would originate
from the region consistent with the core then the echo flare would be detectable.
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Fig. B1.— The artificial light curve generated as pink noise with a flare like structure with time delay of 48 days. This light curve
simulates Flare 3. We include an echo flare with a time delay of 48 days and magnification ratio of 4.5 (green points). Red points represent
the light curve with an echo flare at a time delay of 23 days and magnification ratio of 1.8.

Figure B3 shows the result of applying the Maximum Peak Method to the simulated light curve shown in Figure B1.
The method shows that the ratio we obtain between the flux of the flare peak and the flux in the bin corresponding
to echo flare agree with model predictions. The method rejects the majority of time delay ranges where there is no
consistent magnification ratio.
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Fig. B2.— Maximum Peak Method applied to the simulated light curve Figure B1. The red area indicates the time bin corresponding
to the simulated time delay. Solid and dashed lines indicate the model predictions for magnification ratio as a function of the time delay
for boundary alignments of the jet constrained by the radio observations (Figure 2). Left: Results for simulated light curve with induced
echo flare with time delay of 23 days and magnification ratio 1.7. Right: Simulated light curve with induced time delay of 48 days and
magnification ratio 4.5

Note that the maximum distance of the emitting region along the jet which we can constraint depends on the ratio
between the observed flux of the flare and the flux relative to quiescent state. Flare 3 and the simulated flare exceed
the average flux by a factor of ⇠ 5. In this example, if the predicted magnification ratio is larger than ⇠5, we do not
expect to be able to detect the echo flare; the flux of the echo flare is then below the average of the quiescent state.
Thus, we can only test expected magnification ratios for Flare-3 in the range from 1 to 5.
For Flare-3 the magnification ratio ⇠ 5 corresponds to a region along the jet located at least 1.5 kpc from the core

(see Figure 3). Detection of a consistent magnification ratio f ⇠ 5 still does not provide clear evidence of echo flare
detection because the data are also consistent with a flare from a region at distances � 1.5 kpc from the core. In other
words, the observed magnification ratio sets a very interesting limit on the distance between the core and the origin
of the flare, but it does not pinpoint it location.

B.2. Superimposed Series of Flares

Here we investigate the performance of the Maximum Peak Method applied to a light curve which consists of a series
of superimposed flares. Flares 1 and 2 are examples. As an input time series we use the simulated light curve shown
in Figure A1.



Application of strong lensing

Barnacka, A., Geller, M., Dell'Antonio, I., & Benbow, W.  (June 2014, ApJ)


