Finding Gravitationally Lensed Quasars by Analyzing Polar Shapelet Decompositions

Introduction and Literature Review
Gravitationally Lensed Quasars: Gravitationally lensed quasars are extremely rare, but useful, optical mirages in space, formed when the gravitational potential of a foreground
galaxy distorts light produced by a background quasar. In order for multiple images to be formed, like the systems in Figure 1, the lensing object (in this case the foreground
galaxy) and the source (the quasar) must be aligned within several arcseconds. Lensed quasars serve as laboratories in space, providing information about the age, size and
expansion rate of the universe, as well as the distribution and structure of the lensing galaxy (Kochanek 2002; Kochanek et. al. 2000; Maller et. al., 2000). This has caught the
attention of many astronomers, and lensed quasar systems have thus been a major research focus for the past four decades. Most large-separation ( > 1.5” separation) lensed
quasars have been found, but many small-separation (<1” separation) systems remain undiscovered.
Problems with Finding Lensed Quasars: Most images are taken with ground-based telescopes because they are time and cost efficient. However, they produce low-resolution
images. At lower resolutions, lensed quasars (especially small-separation) systems look nearly identical to elliptical galaxies.
Current Techniques: Larger-separation lenses can be found manually (by eye), but new machine learning based algorithms (ex. Stern et. al, 2020) are being developed.
However, these algorithms still have difficulties finding smaller-separation systems.
Objective - New Technique: The goal of this project is to develop a method for finding quadruply lensed quasar systems by analyzing polar shapelet decomposition phase
space, and creating a quantitative process to rank the most likely candidate lens systems.

Polar Shapelets
Polar shapelets, as described in Massey
& Refregier 2004, are a rotationally
symmetric, orthonormal set of basis
functions. These properties make image
analysis, especially in astronomy, more
intuitive. Polar shapelets are modified
associated Laguerre polynomials, which,
when plotted, create the shapes to the
left. The general equation for all polar
shapelets is given by:

Figure 1: Top: Diagram describing the formation of a
quadruply lensed quasar (R. Hurt, IPAC & Caltech).
Bottom: Three main classifications of “quads”.

Methods: Decomposition, “Contributions” Phase Space, and Probability Plots
The first step in was to decompose 2,000 OM lenses and 10,000 DES images into their shapelet components.
This was done using the processes outlined in Refregier & Massey’s 2004 “Polar Shapelets”:
Where 𝜒 are the individual shapelets being integrated pixel by pixel across the
image.
After completing the decompositions, I obtained shapelet contributions like those in Figure 3’s bar graphs. The
second step was to normalize these strengths, because every image has a different intrinsic brightness, which
would make it hard to compare shapelet strengths between images. To do this, I divided each shapelet
contribution by the images’s net flux. The third step was to isolate each shapelet for all images. This resulted in
two lists of all 0,0 shapelet contributions (one for the lenses and one for the galaxies), and 2 lists for the 1,1
shapelet contributions, etc.. The fourth step was to plot all combinations of shapelet contributions for the lenses
and galaxies, and overlay them in the same plot, so that I could compare them with each other.The result of this
step can be seen in Figure 5. The fifth step was to superimpose a grid over each plot from step 4, and create a
probability graph. This would tell me the probability that the image was a lens given its location on the Figure 5
graphs. This was done using an odds ratio technique. The odds ratio (OR) is given by

Figure 4:
This is the
plot for
shapelet
rotation
angles for
shapelets
1,1 vs. 2,2.

where the subscript s denotes the number of lenses or galaxies in a given square in the
graph, and the subscript t denotes the total number of lenses or galaxies (2,000 and
10,000). Then, a probability was calculated using:

Top Candidates for
Quad Lens
Systems

Figure 7: List of our top 10 candidates, for
further investigation.
Figure 6: These are the plots for the probability phase space.

Figure 2: The polar
shapelet basis function
up to n,m values of 6,6
(Massey & Refregier’s
2002 “Polar
Shapelets”).

Each polar shapelet is defined by its n
and m (as the ordered pair n,m) values.
There are both real and imaginary
components to polar shapelets. Each
component has its own coefficient, which
allow the shapelets to rotate about their
center.

This was done for all graphs, and the result is Figure 6. All probabilities for each image were multiplied
to give a total probability that the image is a lens. The top 10 most probable lenses are in Figure 7. As
seen in Figure 4, the shapelet rotation angles were not able to distinguish between lenses and galaxies.
Figure 3: These are two sample
deconstructions (to the left). The top is a
low-separation system from the OM
catalog, and the bottom is a DES galaxy.
The plots contain the original image, the
reconstruction, the residual, and a
shapelet contributions bar graph.
Figure 5: These are the plots for all combinations of the flux-normalized shapelet contributions

Conclusions and Future Work
The work in this project has successfully provided a promising method for finding some of the rarest and most useful optical mirages in space. The 10
most probable lenses identified by this research should be further investigated using more powerful telescopes. Hopefully, higher resolution images will
reveal new quad lensed quasar systems, which in turn will provide new tools for studying the universe. In the future, this method should be
implemented on billions of objects in various sky surveys.

Figure 8: Our
top candidate
for being a lens
(see figure 7).

The object in Figure 8 is very promising. There
are traces of asymmetries, with a “bulge” off to
one side. This is reminiscent of elongated
lensed quasar systems.
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