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Fig. 5.— Fermi/LAT light curve of PKS 1830-211 from August 2008 through February 2015. The fluxes are based on seven-day binning.
The energy range is 200 MeV to 300 GeV.
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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.

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

Monte Carlo simulations are a traditional and power-
ful tool for calibrating the analysis of time series. They
are important in the case of sparsely sampled data and
they are necessary for evaluating the significance of an
apparent time delay detection (Vaughan 2005).
In this section, we describe the settings for our Monte

Carlo simulations. We include the characteristics of the
time series, the procedures for evaluating the significance
of time delay detections, and the sensitivity of the meth-
ods for detecting gravitationally-induced time delays in
unresolved light curves. The full analysis takes advan-
tage 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, f ,
of the signal to the power ↵:

S(f) / 1/f↵
. (1)

This random variability is often referred to as noise in-
trinsic to the source (not measurement error), which is a
result of stochastic processes (Vaughan et al. 2003). As-
tronomers refer to these stochastic fluctuations as signal;
in other fields, the most common terminology is noise
(Press 1978). For ease of presentation, we adopt this
more general terminology and explore properties of var-


