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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


