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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


