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the active period consists of a single short flare, bins with
a longer integration time are necessary. The gamma-ray
flux before and after these single flares corresponds to the
quiescent state. Thus to detect the signal at a significant
level we must increase the size of the bin (exposure).
The MPM method complements the DPS method for

these isolated flares. We identify the first brightest flare,
and calculate the flux ratio between the bin with the
largest flux (the flare) and flux in successive bins. These
flux ratios constrain the magnification ratios which are
not constrained by the DPS method.
The MPM method enables us to extract additional

physical constraints from the time series. We compare
calculated ratios, as a function of a time delay between a
particular bin and the position of the brightest flare, to
the magnification ratios as a function of the time delay
predicted from the model. We identify the time delays
where the ratio of fluxes is consistent with the predicted
magnification ratio. These bins might or might not exist.
If there are bins consistent with the expected delays, the
data support the picture based on the model. It is impor-
tant to note here that the model takes constraints from
data at other wavelengths into account. This method
of analysis of the light curve especially allows us to ex-
clude ranges of time delays where there is no consistent
magnification ratio observed (⇠ 80% of the range).
We demonstrate the method with Monte Carlo simu-

lations in Appendix B. We investigate this approach for
cases with a single flare and with a series of flares.

4. RESULTS

Here, we use PKS 1830-211 as an example of eluci-
dating the spatial origin of the gamma ray flares. In
particular, we demonstrate that the flares probably do
not all originate from the same location in the source.
In the light curve (Figure 5) there are two long active

periods (red area; Flares 1 and 2) of more than 100 days
and two isolated individual flares (green area; Flares 3
and 4). We analyze each of these four flaring periods
separately.

4.1. Gamma-Ray Flare 1

Figure 6 shows Flare 1 with 1-day and 12-hour binning.
The length of the light curve is 155 days. The temporal
behavior is characterized by a set of very bright flares.
Between the flares the flux is close to the long-period
average (covering the entire light curve); there are upper
limit detections for ⇠ 60 days in total. The fit to the
power spectral density results in ↵ = 1.45, between pink
and red noise. Figure 11 shows the ACF of Flare 1.
We investigate two approaches to upper limits; set-

ting an upper limit as the flux, setting the flux to 0 in
time bins with upper limits. The ACF does not show a
significant di↵erence in time delays and confidence level
estimates for these two ways of treating the upper limits.
The intrinsic variability of the source is consistent with

the 1� confidence level. The ACF shows a broad feature
at a time delay of 17.9 ± 7.1 days at ⇠ 2� level. This
result agrees with time delay estimated with the ACF
performed by Abdo et al. (2015), 19± 1 days.
The other broad feature appears at 76 ± 20 days and

exceeds the 4� level. However, given the model of the
lens, this value reaches the maximum allowed time de-
lay. At time delay of ⇠ 70 days, the magnification ratio
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Fig. 11.— ACF for Flare 1 along with confidence levels.
Top: Autocorrelation function for Flare 1 based on upper limits
as measures of the flux. The confidence levels are based on MC
simulations of power law noise, with upper limits as measured for
Flare 1.
Bottom: Autocorrelation function for the light curve of Flare 1
with the flux set to 0 in time bins with upper limits. The confidence
levels are derived by generating time series of power law noise, with
values set to zero in bins that have measured upper limits.

between the mirage images is larger than 10, and, as we
have demonstrated with Monte Carlo simulations (Fig-
ure 8), the probability of detecting such gravitationally-
induced time delays at the 4� level using the ACF is
close to zero. Thus, this feature is probably not produced
by a gravitationally-induced time delay, but rather re-
flects the time di↵erence between subsets of flares around
55485 MJD and 55560 MJD.
Figure 12 shows the analysis of the same time period

but with the DPS. The DPS method is much more sen-
sitive to signal detection resulting in sharp peaks around
the time delays. Introducing the values of upper limits
as a measure of the flux results in a peak at a time delay
of ⇠ 52±1.5 day. This time variation corresponds to the
precession period of the Fermi spacecraft of 53.4 days2.
This result demonstrates the sensitivity of the DPS in
detecting even a faint signal in the time series.
The DPS method detects two time delays at 11 ±

0.5 days and 23 ± 0.5 days above the 2� level. The sig-
nificance of the detection is consistent with expectations
for these time delays (see Figure 10).
To further investigate whether the time delays that ap-

pear in the DPS method are induced by the gravitational
lensing of a flaring emission region, we use the MPM
which combines the observations with the predictions of
the lens model. Figure 13 shows magnification ratios be-

2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT caveats temporal.html


