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First evidence of a gravitational lensing-induced echo in gamma rays with Fermi LAT
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Abstract: The distant quasar PKS 1830-211 is known to be lensed by a z=0.89 foreground galaxy, and it is split into
radio in two images with an Einstein ring. Intrinsic flux variations of the quasar are seen in the two images with a
time delay caused by the different optical paths in the two images. The multiple images of a gravitational lensed AGN
cannot be directly observed with high energy gamma-ray instruments, owing to their limited angular resolutions, thus
the observed light curve is the superposition of individual image light curves. Traditional methods for estimating time
delays in gravitational lensing systems rely on the cross-correlation of the light curves from individual images. We used
the 300 MeV - 30 GeV photons detected by the Fermi-LAT instrument. The long time series observed has allowed the
time delay to be determined by the autocorrelation and ”double power spectrum” methods. It is found to be 27.1 +/- 0.5
days, consistent with radio results. This shows the first evidence ever of gravitational lensing phenomena in high energy
gamma-rays.
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1 Introduction

The theoretical studies of gravitational lensing pose excit-
ing questions about constrains on cosmological models and
for some of these questions no other known method will
be able to provide a definitive answer in the next decade
(see, e.g. review by Koopmans et al. 2010) [11]. In par-
ticular, gravitational lensing can: provide a unique detec-
tion channel of dark-matter substructure beyond the local
galaxy group, constrain dark-matter physics, probe central
supermassive black holes, or provide crucial insight into
galaxy formation processes from the dark matter point of
view.
A large number of gravitationally lensed systems must be
discovered to answer any of these questions. Currently
only about 200 gravitationally lensed systems were found
but only for a few the parameters has been estimated pre-
cisely. All of these systems were discovered at radio or
optical wavelengths. The effect of gravitational lensing,
however, may be observed at any wavelength, and experi-
ments like Fermi-LAT [2] can provide a unique opportunity
to study the lensing phenomena.
The traditional methods of parameters estimation in grav-
itationally lensed systems rely on the cross-correlation of
the light curves from individual images. At HE gamma-
rays the multiple images cannot be directly observed due
to the limited angular resolution of the detector.

The multiple images of a gravitational lensed AGN can-
not be directly observed with high energy gamma-ray
instruments such as Fermi-LAT, Swift, or ground-based
Cerenkov telescopes, owing to their limited angular reso-
lutions. The angular resolution of these instruments is at
best a few arcminutes (in the case of HESS), when the typ-
ical separation of the images for quasar lensed by galaxies
is a few arcseconds. The method of lensing parameter esti-
mation where the images of lensed quasar are not spatially
resolved was developed by the authors [3].
Our methods of time-delay estimation have been tested
on simulated light curves and on the Fermi LAT observa-
tions of the very bright radio quasar PKS 1830-211, for
which the time delay was previously estimated by Lovell
et al. [14] using radio observations. The paper is orga-
nized as follows. We first discusse the lensing probability
for FERMI cataloge, than we give a very brief summary
of properties of PKS 1830-211 and of Fermi LAT data to-
wards this AGN. We next introduce the methods for esti-
mating the time delay. The last section is devoted to mea-
suring the time delay between the two compact components
of PKS 1830-211.

2 Lensing Probability

The 1st FERMI catalogue [1] lists 709 AGNs, consisting
of 300 BL Lacertae objects (BL Lacs), 296 flat-spectrum
radio quasars (FSRQs), 41 AGNs of other types, and 72
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Figure 1: Total lensing optical depth τ in the Robertson-
Walker (solid line) and Dyer-Roeder (dashed line) for-
malisms as a function of redshift z.

AGNs of unknown type. Following calculations of lensing
optical depths τ by Fukugita et al (1992) [8] the expected
numbers of lenses in in the class of FSRQ is 8 - assum-
ing homogeneousRobertson-Walkermodel of the universe,
and 2.6 for Dyer-Roeder model. The probability of lensing
was also calculated for BL Lacs catalog and expected num-
ber of lenses is 0.8 for Robertson-Walker model and 0.4 for
Dyer-Roeder model. We present in Figure 1 the total prob-
abilities τ for singular isothermal sphere lenses. The angu-
lar distances were calculated with 2 different assumptions;
the homogeneous Robertson-Walker universe and Swiss-
Cheese Dyer-Roeder model. The 2nd FERMI catalogue is
going to be published soon and it is expected to list even
more sources with larger expected number of lenses.

3 The PKS 1830-211 gravitational lens

The AGN PKS 1830-211 is a variable, bright radio source
and an X-ray blazar. The radio source has a flat spectrum.
Its redshift was measured to be z=2.507 [12]. The classi-
fication of PKS 1830-211 as a gravitational lensed quasi-
stellar object was first proposed by Pramesh Rao & Sub-
rahmanyan (1988) [15].
The lensing galaxy is a face-on spiral galaxy, which was
identified by Winn et al.(2002) [17] and Courbin et al.
(2002)[18], and it is located at redshift z=0.89 [16].
PKS 1830-211 is observed in radio as an elliptical ring-like
structure connecting 2 bright sources distant of roughly one
arcsecond [10]. The image structure is complicated, and
several lens models have been published [17].
The compact components were separately observed by the
Australia Telescope Compact Array at 8.6 GHz for 18
months. These observations and the subsequent analysis
made by Lovell et al.[14] gave a magnification ratio be-
tween the 2 images equal to 1.52 ± 0.05 and a time delay
of 26+4

−5 days.

4 Fermi LAT data on PKS 1830-211

PKS 1830-211 has been detected by the Fermi LAT in-
strument with a detection significance above 41 Fermi Test
Statistic (TS), equivalent to a 6 σ effect [1]. The long-term
light curve is presented in Fig. 2 with a two-day binning.
The data analysis from this paper uses a two-day binning,
which provides a sufficient photon statistic per bin with a
time span per bin that is much shorter than 28 days. The
data analysis was cross-checked by binning the light curve
into one day and 23-hour bins, with similar results. The
data were taken between August 4, 2008 and October 13,
2010 and processed by the publicly available Fermi Sci-
ence Tools version 9. The v9r15p2 software version and
the P6 V3 DIFFUSE instrument response functions were
used. The light curve was produced by aperture photom-
etry selecting photons from a region with radius 0.5 deg
around the nominal position of PKS 1830-211 and energies
between 300 MeV and 300 GeV.

5 Data processing and method

5.1 Idea

The effect of gravitational lensing can arise when a concen-
trated mass lies along the line of sight from the observer on
the Earth to a distant object. The lensing effect can mag-
nify and distort the image of the source. Depending on
the geometry of the lens, the resulting image of the lensed
object may be an arc, a complete circle, or a series of mul-
tiple images (see e.g. review by Blandford and Narayan
1992)[4]. Angular size of the image is usually of the order
of a few arcseconds. In the case of multiple images the ob-
served flux can be decomposed into two components. One
of the components is the intrinsic AGN light curve, given
by f(t),with Fourier transform f̃(ν). The other component
has a similar time evolution to the first one, but is shifted in
time with a delay a. In addition, the brightness of the sec-
ond component differs by a factor b from that of the first
component, so that it can be written as bf(t + a), and its
transform to the Fourier space gives bf̃(ν)e−2πiνa.
The sum of two component gives g(t) = f(t) + bf(t +
a), which transforms into g̃(ν) = f̃(ν)(1 + be−2πiνa) in
Fourier space. The power spectrum Pν of the source is
obtained by computing the square modulus of g̃(ν) :

Pν = |g̃(ν)|2 = |f̃(ν)|2(1 + b2 + 2bcos(2πνa)). (1)

The measured Pν is the product of the “true” power spec-
trum of the source times a periodic component with a pe-
riod (in the frequency domain) equal to the inverse of the
relative time delay a.
The usual way to measure the time delay a is to calculate
the autocorrelation function of f(t). The periodic modula-
tion of Pν suggests the use of another method, based on the
computation of the power spectrum of Pν , noted Da. This
method is similar in spirit to the cepstrum analysis [5] used
in seismology and speech processing.
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Figure 2: Fermi LAT light curve of PKS 1830-211, with a two-day binning. The energy range is 300 MeV to 300 GeV.

In the next section we describe the calculation of Pν and
Da and illustrate the procedure with Monte Carlo simula-
tions.

5.2 Power spectrum

To avoid problems arising from the finite length of mea-
surements, sampling and aliasing, we use the procedure
for data reduction described by Brault & White (1971) and
Press et al. (2007) [6, 19].
We first divide the whole light curve into several segments
of equal length. These segments are overlapped to obtain
more segments with a sufficient number of points. After
the interpolation of missing data and standard operations
(oversampling, zero-padding), the power spectrum is cal-
culated in every segment. Finally, the power spectrum is
averaged over all segments.

5.3 Time delay determination

The methods of time delay determination use the power
spectrum Pν as described in the previous section. From
Eq. 1 we expect to observe oscillations with the period
equals to the inverse of the time delay between the images.
Our preferred approach is to calculate the double power
spectrum Da. As in Sect. 5.2, the power spectrum Pν has
to be prepared before undergoing a Fourier transform to
the “time delay” domain. The low-frequency part (ν <
1/55day−1) of Pν is cut off. This cut arises because of
the strong power observed at low frequencies in the power
spectrum of PKS 1830-211. The high-frequency part of
the spectrum Pν is also removed because the power at high
frequency is low. (It goes to 0 at the Nyquist frequency.)
Calculation of Da proceeds like in Sec 5.2, except that the
Pν data are bent to zero by multiplication with a cosine
bell. The Da distribution is estimated from five segments
of the light curve. In every bin of the Da distribution, the
estimated double power spectrum is given by the average
over the five segments. The errors bars on Da are esti-
mated from the dispersion of bin values divided by two
(since there are five segments). Due to the random nature
of the sampling process, some of the error bars obtained are

much smaller than the typical dispersion in the Da points.
To take this into account, a small systematic error bar was
added quadratically to all points.

6 Results and discussion

The results for real data were obtained with the procedure
described in Sect. 5.2 and 5.3. Fig. 3 shows the power
spectrum Pν calculated from the light curve of PKS 1830-
211. An oscillatory pattern is clearly visible in the power
spectrum. The autocorrelation function and the Da distri-
bution calculated for data are shown on Figs. 5 and 4. A
peak around 27 days is seen in both distributions. Several
other peaks are present on the autocorrelation function as
already noted by Geiger [9], (see their Fig. 1). The peak
around five days in the Da distribution is likely to be an
artefact of the time variation of the exposure of the LAT
instrument on PKS 1830-211. Using the method described
in Sect. 5.3, the significance of the peak around 27 days is
found to be 1.1 σ in the autocorrelation function and 4.2 σ
in the double power spectrum Da. Fitting the position of
the peak gives the time delay of a = 27.1 ± 0.6 days for
the Da distribution. The fit of the autocorrelation function
to a Gaussian peak over an exponential background gives
a = 27.1 ± 0.45 days. In both cases, the quoted error is
derived from the fit.
The double power spectrum distribution obtained for PKS
1830-211 provides the first evidence of gravitational lens-
ing phenomena in high-energy gamma rays. The evidence
is still at the 4.2 σ level but will likely improve by a fac-
tor of 2 over the lifetime of the Fermi satellite. Thanks
to the uniform light curve sampling provided by the Fermi
LAT instrument, it is not necessary to identify features on
the light curve to apply Fourier transform methods. The
example of PKS 1830-211 shows that the method works
in spite of the low photon statistics. Possible extensions of
the present work are finding multiple delays in complicated
lens systems or looking for unknown lensing systems in the
Fermi catalog of AGNs.
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Figure 3: Measured power spectrum of PKS 1830-211,
plotted in arbitrary units.
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Figure 4: Double power spectrum of PKS 1830-211 plotted
in arbitrary units. The solid line is a fit to a linear plus
Gaussian profile.
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Figure 5: Measured autocorrelation function of PKS 1830-
211. The solid line is a fit to an exponential plus Gaussian
profile.
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