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Iterative procedure of LENSINGGW. The image plane is ray-shooted to the source plane via the lens equation. Pixels whose projected distances from the source (the star) are local minima are iterated over through adaptive grids. The process stops when no more minima are found or a minimum pixel size is reached.
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        [image: thumbnail]
      

      
Comparison between the LENSINGGW lens equation solver and a fixed-tile algorithm. Right ascension (RA) and declination (Dec) of the images recovered by LENSINGGW (red crosses) and by a fixed-tile routine (gray x) for an elliptical galaxy plus ∼600 microlenses injected around the most magnified macroimage. The strongly lensed images (top panel) are correctly recovered by both algorithms. However, the zoom into the microlensed image (bottom right) shows that LENSINGGW is able to recover eight microimages, while the fixed-tile approach identifies them as a single image. The solution of the system with LENSINGGW required ∼19 s on a standard machine and ∼12 h with the fixed-tile method at the lowest tile resolution below the microimage separations. The zoom into a strongly lensed image without microlenses (bottom left) is also shown for completeness. Coordinates are relative to the galaxy center.
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Matched filtering with lensed and unlensed waveforms. Top panel: example microlensed gravitational-wave strain (black line) and corresponding detector data with noise (blue data). The unlensed strain is also shown for comparison (orange line). Bottom panel: matched filter S/N of the detector data using the microlensed waveform (black line) and the unlensed waveform (orange line). The microlensed gravitational-wave strain matches the data better and thus returns a higher matched S/N. Here, a high S/N example is considered for illustration, and both signals are normalized so that their optimal S/Ns are the same.
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Comparison between the geometrical optics amplification and the wave optics amplification for an isolated point mass. We compare the geometrical optics approximation (full lines) with the wave optics magnification (dashed lines) for an isolated point lens of mass ML = 100 M⊙ at the origin of the image plane and source position β = (0, β1) rad. The error on the geometrical optics approximation rapidly reduces for frequencies f ≳ 100 Hz and systems with higher source displacements.
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Microimages recovered by LENSINGGW for the galaxy plus point lens system of Diego et al. (2019): RA and Dec relative to the galaxy center. The off-axis source (red dot) is lensed by the galaxy, and a shifted image forms (blue dot). When a 100 M⊙ point lens is added at the position of the macroimage, it splits it into four microimages (black crosses). Two of them form inside the critical curve (black line) and two outside of it with magnifications μ and normalized time delays td. The caustic (red line) and a color map of the magnification in the RA−Dec plane are shown for completeness. The system demonstrates the applicability of LENSINGGW to microlenses embedded in galaxies or galaxy clusters.
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Images recovered by LENSINGGW for a binary point lens: RA and Dec relative to the binary center of mass. The source (red dot) is lensed by two point masses (black dots) of M1 = M2 = 100 M⊙. When only one deflector is considered, two macroimages (blue dots) form. When the second lens is added, three total images (black crosses) form: their positions with respect to the critical curve (black line) and to the origin are consistent with the predictions of Schneider and Weiß. Magnifications (μ), normalized time delays (td), the caustic (red line), and a color map of the magnification in the RA−Dec plane are shown for completeness. The system confirms the applicability of the LENSINGGW algorithm to comparable-mass potentials.



    

  
    
      Fig. 10. 
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Effects of strongly lensed image properties on microlensing. Normalized strains obtained by LENSINGGW in the Hanford detector for a compact binary lensed by an elliptical galaxy and ∼600 microlenses (as documented in Sec. 3.1). Microlensing is enhanced by strong lensing on the positive parity side (top panel) and the negative parity side (bottom panel) of the galaxy. As the magnification of the macroimage |μ| is increased (dark yellow curves, from bottom to top in each panel), the microimages lead to more prominent oscillations at the positive-parity side. In contrast, the negative-parity side exhibits the opposite behavior. Inspection of the image properties through LENSINGGW attributes this to the difference in relative magnifications and time delays among the microimages produced by the different scenarios. In both cases, microlensing boosts the S/N of the unlensed signal (light yellow curve) and turns it from a subthreshold event to a detectable one, as demonstrated by the superposed noise curves of LIGO and Virgo (gray lines).
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