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Abstract

We report results from an automated method to identify lensed quasars from the Dark Energy
Survey using a PSF-difference-based algorithm aimed at identifying close-separation lens
candidates. The PSF-difference algorithm utilizes the difference between PSF magnitude and
model magnitude, as well as image segmentation, to deblend and identify close-separation
candidates. In total, the algorithms identified 156 final lens candidates and also identified a
number of known lensed quasars within the DES footprint, indicating that the method described
in this paper is effective in identifying candidate lensed quasars. Efforts to obtain follow-up
observations for confirmation of the final candidates are ongoing, and constraints on

cosmological parameters will be discussed in future papers.



Big Data Analytics for Identification of Gravitationally
Lensed Quasars in the Dark Energy Survey

Background

With the advent of larger telescopes and all-sky surveys, the amount of available quasar data has
grown exponentially in the last 10 years. These large data sets have enabled statistically valid
approaches to search for and identify quasars that could be lensed by one or more massive
objects interposed between the source and an observer. Thus, studying gravitational lensing of
quasars is rapidly becoming a reliable method to understand a number of larger issues in

astrophysics and cosmology.

Quasars, also known as QSOs (quasi-stellar objects), are point-like luminous astronomical
objects located around black holes. QSOs are some of the oldest and farthest objects known.
Since they are very distant, the electromagnetic radiation they produce can be affected both by

their host galaxies, as well as other objects in the line of sight between Earth and the quasars.

Almost 100 years ago, general relativity predicted that light is bent by massive objects interposed
between a light source and an observer. This phenomenon, known as gravitational lensing, can
make the source appear brighter and produce multiple images of the source. The lensing of
quasars, classified as strong lensing, is particularly valuable in astrophysics; it helps decipher the
properties of dark matter and dark energy, which together constitute about 95 percent of the

universe but are poorly understood (Frieman, Turner, & Huterer, 2008).

Despite the utility of quasar lensing, only a small number of lensed quasars have been discovered
to date. Since 1979, when the first lensed quasar was discovered, fewer than 150 lensed quasars

have been confirmed. However, due to its depth and the number of objects it covers, DES is
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expected to nearly double the number of known lensed quasars (Oguri & Marshall, 2010). These
factors motivated me to continue working on quasar lensing and apply my prior SDSS work to

DES.

Since gravitational lensing offers tantalizing prospects for finding dark matter and gaining key
insights into its nature, it has been an active area of research in astrophysics and cosmology for
more than 30 years. Some of the earliest research and theoretical modeling of strong lensing of
quasars began in the early 1980s. The exponential growth of research in this area has been
spurred by increasing availability of detailed quasar data from both ground-based and space-

based telescopes.

Turner, Ostriker, and Gott (1984) were the first to examine the likelihood that a quasar will be
lensed by a galaxy or by a point mass. Maoz et al. (1993) showed that about 1% of bright quasars
at z > 1 (z = redshift) are gravitationally lensed into two or more images using data from the
Hubble Space Telescope (HST) Snapshot Survey. In parallel, lensed quasars were also identified
through observations in radio frequencies. FBQ 0951+2635, identified by the FIRST survey and
reported in Schechter, Gregg, Becker, Helfand, and White (1998), was the first lensed quasar
identified through radio observations. Up to this point, data was available only for a few dozen to
a few hundred quasars; finding lensed systems within small data sets proved difficult. The
Cosmic-Lens All Sky Survey (CLASS), described in Browne et al. (2003) was the first survey
that utilized data sets with thousands of quasars. CLASS discovered 22 systems of lensed

quasars from about 16,000 radio sources.

The Sloan Digital Sky Survey, which incorporated a robust data pipeline to identify and target

quasars, increased data availability to hundreds of thousands of quasars. Using an early data
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release, the SDSS DR3, Oguri et al. (2006) reported an algorithm to identify gravitationally
lensed quasars that formed the basis of the SDSS Quasar Lens Search (SQLS). The algorithm
used a photometric method to identify close-separation lensed quasars and color selection
techniques to identify lenses with larger separations. The SQLS identified 11 lensed quasars in
its first run; the results are described in Inada et al. (2008). Following up their earlier work on the
SQLS, Oguri et al. (2012) applied quasar lensing probabilities to establishing limits on the value
of the cosmological constant and the distribution of dark energy. By comparing the observed
lensing fraction with theoretical models, Oguri et al. determined that their results support the

accelerated expansion model of the universe.

In 2015, | developed an algorithm to identify lensed quasar candidates from the SDSS. This
method consisted of a morphological algorithm to identify wide-separation lensed quasars and a
PSF-difference algorithm to identify close-separation candidates. This was the largest search for

lensed quasars to date, with a baseline data set of 300,000 quasars.

Searches for lensed quasars in DES have also been initiated in the past few years. Agnello et al.
(2015) discovered the first two gravitationally lensed quasars in DES, one of which was also
identified in my SDSS work, using machine learning algorithms, and a third lensed quasar was
reported in Ostrovski et al. (2016). However, this is the most comprehensive search for lensed

quasars in DES yet performed.

Context of this work

The phenomenon of strong lensing is used in two distinct ways to study a number of phenomena
in astrophysics and cosmology. The first approach is statistical in nature and involves identifying

a large number of lensed quasars and analyzing their redshifts and separations to accurately
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estimate key cosmological parameters. The second approach is directed at studying in great
detail a small number of lens systems; this approach studies the parameters of the lensing and
lensed objects to arrive at highly accurate estimates of the dark matter in the lensing system and
the Hubble constant. The research work described in this paper is focused on identifying a large
number of lensed quasars and understanding the statistical relationship between separation and
redshift. The next phase of the project will focus on studying detailed characteristics of

individual lens systems.

Prior to the present research work and its predecessor project reported in Competition Entrant &
Sivakumar (2015), quasar lensing research focused solely on either photometric or spectral
characteristics of quasars. The automated candidate selection algorithm developed in this work
combines both types of data to identify lensed quasar candidates, thus improving the accuracy

and reliability of the candidates identified for follow-up observations.
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Methods of Procedure

Equipment

The data set used to identify lensed quasar candidates is the Dark Energy Survey, one of the
deepest sky surveys ever conducted. It covers 5000 square degrees of sky in the Southern
Hemisphere, about 1/8 of the total sky, using the Dark Energy Camera (DECam) on the 4-meter
Blanco telescope. The Blanco telescope is significantly larger than the 2.5-meter telescope used
on the Sloan Digital Sky Survey, which was used in the previous iteration of this project. Using
DES allowed me to search for lensed quasars much more deeply than in SDSS and also made it

easier to detect potential lensing galaxies.

While it has a number of advantages over SDSS in terms of magnitude limits, DES is also a
difficult data set to apply the automated methods from SDSS. It has no spectra, which means that
the lenses identified may not necessarily be quasars and that the redshift and spectral comparison
methods from DR12 are impossible. This means that DES candidates need to be much more
carefully reviewed than those identified in SDSS.

Data

Initially, a query was written to perform the relevant comparisons for the PSF-difference
algorithm and extract all candidates that met the specified criteria. The results of this query were
exported to CSV files and inputted into the DES Portal website, from which cutouts could be
extracted for use in the segmentation algorithm. Due to the large number of candidates (about
115,000), they were divided into six groups which were each small enough to be processed by
the cutout extractor. Once extracted, the cutouts required additional processing steps using

ImageMagick software to feed into the segmentation. Because the cutouts cannot be zoomed in,

Page 5 of 14



they needed to be cropped and scaled such that only the central object in each cutout was

processed by the segmentation algorithm.

The PSF-difference algorithm was first proposed in Sivakumar & Sivakumar (2015) to analyze
close-separation lensed quasars, where DES is unable to recognize two distinct photometric
objects. The full details of the PSF-difference algorithm, including an explanation of the
principles behind the algorithm, the methodology for extracting the PSF and model magnitudes,
and the use of the Petrosian radius to eliminate confounding by extended sources, are described

in Sivakumar & Sivakumar (2015).

Although the PSF-difference algorithm identified a number of new candidates, a visual
inspection of tens of thousands of objects proved to be tedious and inefficient. In order to address
this issue and to successfully analyze the larger set of quasar data available in DR12, the PSF-
difference algorithm was automated using image segmentation techniques. A flowchart of this
algorithm is shown in Figure 1. Since the image segmentation algorithms required a binary
image as input, the DES color images were first converted to 8-bit grayscale images by
averaging the RGB channels of the original image. Subsequently, they were converted to binary

images through a thresholding process.

Since the flux level and uniformity of the quasar images varied widely, each image needed to be
thresholded with a different cutoff to separate the foreground and the background. For each
image, the global maximum value of an image pixel was identified. Subsequently, the threshold
level was set as a percentage of the global maximum and was gradually increased until at least

three regions (the two objects and the background) were segmented.
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In order to identify regions within the processed binary images, two different image
segmentation algorithms were used. The Watershed algorithm, described in Beucher (1992,
2010), is used to identify regions within a single image. Images that were successfully deblended
into regions by the Watershed algorithm were also processed through the random walker method,
described in Grady (2006), to further confirm the segmentation results. Both image segmentation
algorithms used in this project are adaptations of the code implemented in the Python scikit-
image package developed by Stéfan et al. (2014).

The candidates that successfully passed through the segmentation algorithm were then processed
by eye. Candidates that showed no evidence of lensing, were significantly extended, or were too
faint to analyze properly were not considered further. Subsequently, a set of scientists reviewed
this list to produce a final set of candidates. A full explanation of the PSF-difference algorithm

steps is shown in Figure 1.
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Figure 1. Flowchart of the PSF-difference algorithm, including the SQL query, cutout extraction,
segmentation, and visual review.
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Results

The PSF-difference algorithm began with almost 150 million objects in the DES Y 1Al release.
The PSF SQL query narrowed down the list to 120,000 preliminary candidates, about 60,000 of
which were successfully segmented. The first round of visual inspection brought that number

down to 165, of which __ were selected as final candidates for follow-up.

Because of the lack of spectra in DES, the classification scheme described in Competition
Entrant & Sivakumar (2014) had to be modified for the DES candidates. All possible candidates
following visual inspection were classified into Types 1, 2, and 3 depending on the visual
similarity of the images; the results are shown in Table 1. Only the 165 Type 1 candidates were

selected to be reviewed in the second visual scan.

Table 1. Count of known lensed quasars and new candidates identified by the PSF-difference algorithm
grouped by visual similarity.

Candidate
List

Type 1 High level of similarity

Visual Observation Criteria # of Candidates

Type 2 Medium level of similarity
Type 3 Low level of similarity

Watershed Metric

Monochrome Image Watershed Segmentation Random Walker Segmentation ~ DES0123-4206_21.241 -41.954 DES0123-4206_21.241 -41.954

Figure 2. A representative sample of lensed quasar candidates identified by the PSF-difference algorithm
through image segmentation.
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A representative sample of the results from the automated segmentation of PSF-difference
candidates are shown in Figure 2. Because of the depth of DES and the lack of spectra, the PSF-

difference algorithm was able to identify a large number of candidates.

As expected, DES data proved to be complementary to the SDSS data, on which the algorithm
was originally run. This is supported by the positions of the lens candidates identified from

SDSS (red) and DES (blue) shown in Figure 2.

75°

Figure 3. Positions of lensed quasars identified in SDSS and in DES. As expected, the SDSS candidates
were predominantly located in the northern hemisphere of the sky, while all of the DES candidates were
found in the southern hemisphere.
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Conclusion and future work

The results of the research project confirmed that the PSF-difference algorithm is effective in
searching for lensed quasar candidates in DES. The algorithms not only correctly identified

known lensed quasars, but also found several new high-probability candidates.

The next logical step in the candidate confirmation process is to extract the WISE infrared
magnitudes, W1 and W2, for all final candidates to confirm that they are in fact quasars. Once

this process is complete, the final candidate list will be ready for follow-up.

This fall, follow-up observations are planned on Gemini for several strong lens candidates,
including the ones identified by the PSF-difference algorithm. The redshifts obtained from this
follow-up would enable us to model the confirmed lens systems to determine the amount of dark
matter lensing a quasar. We are investigating strategies for modeling some of the high-

probability candidates using GLAFIC and Gravlens software.
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