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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


