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BLAZERS, QUASARS AND EXTRAGALACTIC JETS



ELLIPTICAL GALAXY M87 - THE NEAREST EXTRAGALACTIC JET



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



AMBIGUITY OF GAMMA-RAY ORIGIN 

30 kpc



SCIENTIFIC CHALLENGES 

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



M87 Gravitationally Lensed?

DOS

DOL DLS

informations on the nature of the lens. The lensing event time scale is a combination

of the lens mass, the transverse velocity, and the distances between the lens, the

source and the observer.

Applications of gravitational lensing include:

• Cosmology (Hubble constant (Suyu et al., 2010), compact objects (Press &

Gunn, 1973; Tisserand et al., 2007), ⇥8 (Dahle, 2006))

• Astrophysics (Mao, 2012)(stellar atmospheres (Thurl et al., 2004), extrasolar

planets, galactic structure, mass estimates)

• Fundamental physics (post Newtonian parameters(Bolton et al., 2006))

This thesis is focusing on two di�erent lensing phenomena. The first one is strong

gravitational lensing and the other described in the thesis, similar to microlensing, is

called femtolensing.

3.3 Theory

The gravitational lensing e�ect arises when a concentrated mass (”lens”) lies in the

line of sight from the observer on the Earth to a distant object (”source”), see fig-

ure 3.1. The lensing e�ect magnifies and distorts the image of the source. Depending

on the geometry of the lens, the resulting image of the lensed object might be an arc,

a complete ring, a series of multiple images or a combination of compact images and

arcs (see e.g. review by Blandford & Narayan (1992)).

The deflection of photons in the presence of masses is a consequence of the principle

of equivalence. The first correct formula for the deflection angle � was derived by

Einstein. The deflection angle � of light passing at the distance r from an object of

mass M is given by equation:

� =
4GM(r)

c2

1

r
. (3.1)

94



APPLICATION OF STRONG GRAVITATIONAL LENSING

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



M87 AT Z=1

Differences between the core and the HST-1:  

difference in time delay: ~ 2 days 



Gravitational Lensing: Examples



Lensed Radio Jet: PKS 1830-211

Radio Time Delay  
26±5 days 

Magnification Ratio 
1.52±0.05 

(Lovell et al. 1998)(Jauncey et al. 1991)

1”

Source z = 2.5,  
Lens z = 0.9Radio



Lensed Gamma-Ray Jet: PKS 1830-211

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

5o

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

• Time Delay = 27±0.5 days



Gamma-ray Flares: Time Delays 

Resolving the High Energy Universe with Strong Gravitational Lensing 5
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Fig. 5.— Fermi/LAT light curve of PKS 1830-211 from August 2008 through February 2015. The fluxes arebased on a seven-day binning.
The energy range is 200 MeV to 300 GeV.

are important in the case of sparsely sampled data and
they are necessary for evaluating the significance of an
apparent signal detection (Vaughan 2005).
In this section, we describe the settings for our Monte

Carlo simulations. We include the characteristics of
signals, the procedures for evaluating the significance
of time delay measurements, and the sensitivity of the
methods for detecting gravitationally-induced time de-
lays in unresolved light curves. The full analysis takes
advantage of the physical relationship between the time
delay and the magnification ratio.

3.1.1. Characteristics of the Signal

The observed temporal behavior in blazars is rep-
resented by power law noise (Finke & Becker 2014;
Hayashida et al. 2012; Nakagawa & Mori 2013;
Sobolewska et al. 2014) where the power spectral den-
sity (PSD) is inversely proportional to the frequency of
the signal to the power ↵:

S(f) / 1/f↵
, (1)

where f is the signal frequency.
This random variability is often referred to as noise

intrinsic to the source (not a result of the measurement
error), which is a result of stochastic processes (Vaughan
et al. 2003). Astronomers refer to these stochastic fluctu-
ations as signal; in other fields, the most common termi-
nology is noise (Press 1978). For ease of presentation, we
adopt this more general terminology and explore prop-
erties of various types of noise.
Typically, quasars have ↵ (Equation 1) in the range

from 1 to 2. The average slopes for gamma radiation
from the brightest 22 FSRQs and from the 6 bright-
est BL Lacs are 1.5 and 1.7, respectively (Abdo et al.
2010). During the gamma-ray quiescent state, where
blazars remain most of the time, the fluctuations in the
flux are small, and the temporal behavior is character-
ized by power law noise with index ⇠ 1. During flaring,
the amplitude of the fluctuation of the flux can increase
by a few to dozens. The signal is still represented by the
power law noise, but with a greater index ↵.
In our simulations, we produce artificial light curves

with time series represented by red and pink noise. Red
noise, also known as a Brown noise (ref), has ↵ = 2,
consistent with the observed behavior of many gamma-
ray active periods. Figures 6 show flaring periods of

PKS 1830-211, and Figure 18 shows an example of an
artificial light curve based on red noise, with and with-
out an artificially induced gravitational time delay. The
time structure of the observed and simulated light curves
is remarkable similar by eye.
Pink noise has a power spectrum inversely proportional

to the frequency of the signal (↵ = 1); this type of noise
describes the temporal behavior in the gamma-ray qui-
escent state. For demonstration purposes, we have also
construct artificial light curves of a white noise, whose
power spectrum density is flat, that is, ↵ ⇠ 0. We use
these types of noise to demonstrate the sensitivity of time
delay detection to the nature of the underlying signal
along with the method of analysis.
We conducted our simulations and analysis using the

Matlab environment. We generated samples of power
law noise using the Little et al. (2007) code.
In general, the temporal behavior of blazars is simply

represented by power law noise. The lensed light curve is
still power law noise, but it contains information about
the time delay. The lens itself is not a gamma-ray emitter
at a detectable level. Therefore, we can construct the
observed gamma-ray light curve as a sum of the lensed
components of the blazar:

S(t) = s(t) + s(t+ a)/b , (2)

where S(t) is the unresolved light curve of the lensed
blazar, composed of the sum of the mirage images. The
temporal behavior of individual images is determined
the source, but the images are shifted in time by the
gravitationally-induced time delay, a, and with the mag-
nification ratio between mirage images, b.
Data from the Fermi/LAT satellite allows construction

of an 8 year-long light curve (see Figure 5). We focus
on the nature of the gamma-ray emission during flaring
activity. The durations of these active periods range from
a few to hundreds of days (see Figure 6).
The lens model predicts time delays up to ⇠ 70 days.

To have a chance of investigating the entire permitted
range of time delays, the sample has to be at least twice
as long as the maximum time delay. In our simulations,
we produced time series of 155 days, exactly the duration
of the active period of Flare 1.
The Fermi/LAT detector continuously monitors the

entire sky, but, sometimes, the photon flux of the source

Flare 1 Flare 2

Fla
re

 3
Fla

re
 4

23±0.5 days 19.7±1.2 days > 50 days

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



Spatial Origin of Gamma-ray Flares
Resolving the High Energy Universe with Strong Gravitational Lensing 13

the core and to regions displaces by & 1.5 kpc along the
jet. Flares-1 and -2 originate from a region of ⇠100 pc
around the core. At the redshift of z = 2.507, where
PKS 1830-211 is located, a projected distance of 100 pc
corresponds to ⇠ 0.016 arcsecond. Thus this lens im-
proves the angular resolution at gamma-ray ⇠ 20000
times (Figure 17).
Resolving the high energy universe using cosmic lenses

relays on the ability to measure time delays and to model
the mass distribution of the lens. The localization to
100 pc in this gravitationally lensed system corresponds
to uncertainly in time delay measurement of 5 days. The
Double Power Spectrum method is an e↵ective approach
for measuring the time delay (Section .. and Appendix).
This method can extract time delays from gamma-ray
light curves with an accuracy down to 0.5 days. In princi-
ple, this accuracy can provide a localization of the source
to ⇠ 10 pc.
A limiting factor in any lensing analysis is the precise

model of the lens and alignment of the jet. We have
used a very conservative position of the core and the jet
alignment. In principle, more detailed analysis of all of
well resolved radio images can yield better constraints,
but this analysis is beyond the scope of this paper.
For these complex sources, there are always puzzles.

The lack of detection of time delays following Flare 3
and Flare 4 could indicate some other physical source for
increased emission. The first possibility is microlensing.
Flare 3 and Flare 4 are unlikely to be microlensing events
because the time scale for cosmological microlensing is of
the order of months to years (ref); these flares have a typ-
ical duration of days and a time structure characteristic
of gamma-ray flares.
The size of the emitting region (the source size e↵ect)

might impact the magnification ratio for Flares 3 and 4.
A spatially larger emitting region results in a larger mag-
nification ratio (see Figure ... Barnacka et al. (2014b)).
However, the minimum variability time scale of ⇠ 1 day
observed in these flares constrains the emitting region to
. 0.1 pc or ⇠ 0.1% of the Einstein radius of the lens.
In other words, the size of the emitting region is small
enough to have a negligible e↵ect on the magnification
ratio.
The final issue is � � � absorption. Gamma-ray emis-

sion of lensed blazars passes through the lens where low
energy photons may absorb the gamma-rays of one of the
images passing through the more luminous region of lens-
ing galaxy. The absorption may a↵ect gamma-ray pho-
tons with energies larger than a few GeV. Fermi/LAT
detects a majority of photons in the energy range >

100 MeV. In addition, Barnacka et al. (2014a) show that
the luminosity of single galaxy is too low to cause sig-
nificant absorption of the gamma-ray flux. If all four
active periods originated from the same region, absorp-
tion would a↵ect all of them in the same way. However,
we detect time delays for half of the flaring periods sug-
gesting that � � � absorption is irrelevant.
A second gravitationally lensed source B2 0218+35

shows behavior similar to PKS1830-211. The bright flar-
ing periods result in time delays consistent with origina-
tion from the core. However, the most recent flare does
not show delayed counterparts suggesting that in this
flares also have multiple spatial origins.

Fig. 17.— Resolved positions of gamma-ray flares. The color
pallet and contours indicate the time delays in days. The long
arrows show the boundary of the jet alignment limited by well
resolved radio observations. Gray circle show the position of the
core from Sridhar (2013). Red circles are further constrains on
the position of the core using lens model and the time delay and
magnification ratio measurements by Lovell et al. (1998). Ellipses
elucidate the spatial origin of the flares obtained through time delay
measurement for Flare 1 and Flare-2; they are consistent with the
core. The top ellipse shows the spatial origin of the time delay
measured by Barnacka et al. (2011) using the gamma-ray light
curve in the quiescent state. The short arrow indicates constraints
from Flares 3 and 4. The & 50-day time delays imply that the
emitting region must be located at projected distance of & 1.5 kpc
from the core.

6. CONCLUSIONS

The strong gravitational lensing is a powerful tool to
resolve a high energy universe. Using the cosmic lens, we
elucidate spatial origin of gamma-ray flares of PKS 1830-
211 observed with the Fermi/LAT satellite. The analysis
of four active periods revealed that the gamma-ray radi-
ation during two episodes originated from the region spa-
tially coincided with radio core within 100 pc. Remaining
two flares does not originate from the region consistent
with the radio core. The lens properties obtained from
observations at lower energies indicate the spatial origin
of these flares at distance greater than 1.5 kpc from the
massive black hole powering this blazar.
Despite poor angular resolution of gamma-ray detec-

tors, resolving origin of flares have been possible thanks
to unique observational strategy of the Fermi/LAT satel-
lite, which detect gamma-ray photons from entire sky
since 2008. We have investigated methods of time delay
estimation from unresolved light curves. We have used
Monte Carlo simulations to investigate the performance
of di↵erent method and the probability of detecting the
gravitationally-induced time delays.
As a baseline, we have used the standard Autocorrela-

tion Function. We have investigate Double Power Spec-
trum method used by Barnacka et al. (2011) to detect the
first gravitationally induced time delay at gamma-rays.
Using Monte Carlo simulations, we show e↵ectiveness of

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



Gamma-ray Spatial Resolution

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

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



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



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
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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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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
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Appendix A, we describe our Monte Carlo simu-

lations and our investigation of systematic errors
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To estimate statistical errors, we use Monte Carlo
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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
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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
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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.
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Image A (-0.4,0) 0.4mas
Image B (308.6,�128.0) 0.85mas

Time Delay 10.7 days ⇠ 0.2 days
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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
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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 from single source  
➤Spatial Resolution at Gamma Rays: 

➤  ~1 milliarcsecond  
➤Gamma-ray Flares not from Radio Core 
➤  Radio Core not at Supermassive Black Hole 
➤Future: LSST, SKA, Euclid 


