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Abstract

Gravitationally lensed quasars (GLQs) are known to potentially provide an independent way of
determining the value of the Hubble-Lemaitre parameter Hy, to probe the dark matter content
of lensing galaxies and to resolve tiny structures in distant active galactic nuclei.

That is why multiply imaged quasars are one of the main drivers for a photometric mon-
itoring with the 4-m International Liquid Mirror Telescope (ILMT). We would like to answer
the following questions: how many multiply imaged quasars should we be able to detect with
the ILMT? And how to derive accurate magnitudes of the GLQ images? Our estimation of the
possible number of multiply imaged quasars is 15, although optimistic forecasts predict up to
50 of them. We propose to use the adaptive PSF fitting method for accurate flux measurements
of the lensed images. During preliminary observations in spring 2022 we were able to detect
the quadruply imaged quasar SDSS J1251+2935 in the i’ and r’ spectral bands.

Keywords: ILMT, photometry, quasars, SDSS J1251+2935

933


https://doi.org/10.25518/0037-9565.11929
https://creativecommons.org/licenses/by/4.0/deed.en

1. Introduction

The great interest in gravitational lensing comes from the fact that this phenomenon can be
used as an astrophysical and cosmological tool (cf. Surdej and Claeskens, 2002; Claeskens and
Surdej, 2002). Analysis of multiply imaged quasars (which undergo strong gravitational lens-
ing) may reveal the structure and composition of tiny regions in distant active galactic nuclei,
of intervening galaxy haloes, and of intergalactic space. So gravitational lensing may enrich
our view of the distant Universe and affect our physical understanding of various classes of
extragalactic objects (e.g., Schneider et al., 1992; Kochanek, 2006).

Observations with the ILMT will provide continuous and homogeneous sets of observa-
tional data in the g/, ¥ and i’ spectral bands (Surde;j et al., 2018). The main goals of a photo-
metric monitoring is the determination of time delays between the multiple lensed images of
quasars and the observation of microlensing events. At the same time, we are also interested
in questions such as: how many lensed quasars should we be able to observe with the ILMT
and which photometric techniques should we use for flux measurements of very nearby lensed
QSO images? Moreover, preliminary observations in May—June 2022 made it possible to detect
at least one known case of multiply imaged quasar: SDSS J1251+2935 in the 7 and i’ spectral
bands.

In this article, we give an estimation of the possible number of GLQs that may be detected
during photometric observations, propose photometric measurement methods based on image
subtraction techniques, and estimate the total flux of the observed multiply imaged quasar SDSS
J1251+2935.

2. Probable Number of GLQs in the FOV of the ILMT

First estimation of the probable number of quasars and GLQs which can be detected in the
field of view of the ILMT was provided by Surdej and Claeskens (2002) and Claeskens and
Surdej (2002). The optical depth 7, for the formation of multiply imaged quasars at redshift z,
by galaxies distributed along their line-of-sight is given by the relation

e P (1= (42

where the parameter F is the effectiveness of galaxies to produce multiply imaged quasars. So,
adopting F = 0.047 (Fukugita and Turner, 1991), we find 7, 2 3.15x 1074, 6.22 x 10~* and
9.46 x 10~ for zg =1, 1.5 and 2, respectively. The total depth for all redshifts was estimated to
be 7, = 2.5 % 1073, At that time, it was assumed that the ILMT would be able to detect about
20,000 quasars and that about 50 of them could be composed of multiple lensed images.

Later these values were re-estimated by Finet (2013). The probable number of quasars was
estimated as ~ 9072 and about 22 of them to be GLQs. However, more recently, by comparing
and cross-correlating various catalogues (Milliquas, Gaia-DR2, etc.), a new estimation of the
number of quasars that will fall into the FOV of the ILMT has been derived by Mandal et al.
(2020). The final quasar catalogue for the ILMT contains 6738 objects, and accordingly the
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probable number of lensed quasars is about 15. The redshifts of the majority of the lensed
quasars will be in the range z, = [0.5 — 2.5], and their apparent magnitude G = [18 —22.5] mag.

3. Data Processing and Reduction Techniques

After identifying the GLQs, we will determine the PSF from observed point-like sources
and then the flux ratios between the lensed components. To quickly determine the positions
and magnitudes of sources over the field of view, the Source Extractor software is usually used
(Bertin and Arnouts, 1996). To cross-check these values, we use other traditional image sub-
traction methods, following, for example, Vakulik et al. (2004) and Stetson (1987) who propose
to make use of Gauss, Moffat, Lorentz, etc. analytical functions to represent the PSE. These
methods strictly assume a smooth, normal distribution of the fluxes in the point-like sources,
which is not always the case.

For example, for the case of asymmetric or complex stellar images, we previously pro-
posed a highly performing photometric method: the adaptive PSF-fitting technique (Akhunov
et al., 2017). In this method the central fluxes of the point sources and unknown PSF can be
determined iteratively by solving a set of linear equations. The only requirements specific to
the adaptive PSF-fitting method are: (1) the positions of each source on the CCD frame have to
be accurately known, at least within a fraction of the pixel size; (ii) the CCD frames must have
a good signal-to-noise ratio.

This method only works with a numerical PSF and does not require an analytical represen-
tation. Secondly, there is no need for the assumption of PSF invariance over large regions of the
CCD frame. To calculate the fluxes of multiple lensed images, we assume PSF invariance over
only the object area. The problem of deriving the fluxes of the lensed QSO images is reduced to
solving a system of ordinary linear equations. The shape and width of the light distribution of
the PSF do not really matter. Our method can also be successfully used for defocused images.

Let us compare the photometric outputs of these methods by applying them to some obser-
vational data that simulate the case of a GLQ composed of two lensed images. This is an ordi-
nary optical pair at the 2000 equatorial coordinates: 106.50509, +29.28322 (see Fig. 1). Here
we are interested in the magnitude difference between the A and B components Am = ma —mg.
The Gaia database reports the value Amg = —2.173 £0.004 mag. Estimations of the magnitude
difference using different photometric methods are given in Table 1. First, we made use of the
Source Extractor software which does only report rough magnitude estimates for the case of
nearby components.

We may get more interesting results after applying the image subtraction technique (see
Fig. 2). The original image, the residuals after fitting of two Moffat functions and the adaptive
PSF are presented in the top of Fig. 2. At the same time, in order to tackle the case of very
nearby components, we smoothed out our original frame using a 10-times pixelation and bi-
cubic interpolation technique (see Akhunov et al., 2017, for more details).

In the bottom of Fig. 2 we presented the results of the adaptive PSF-fitting method on
to a bi-cubic interpolated CCD frame. On the left side there is a 10 times pixelated image,
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Figure 1: Image of an optical pair, considered as a possible case of
doubly imaged quasar (noted as A and B) and a star (noted as PSF)
which we use to calculate the analytical PSE. North is up and East to the
left. The data is taken from the ILMT CCD frame 20221026-060.fits
(¢’ filter) and is displayed in ADU.

Table 1: Magnitude differences Am = ma — mp for the different methods.

Gaia Source Fitting of the Fitting of the
Extractor Moffat PSF adaptive PSF
original smoothed original smoothed
—2.173 —1.061 —1.972 —1.95 —2.182  —1.986

£0.004 +0.004 £0.002  £0.002 £0.002  £0.001

which means that each pixel of the original CCD frame has been bi-cubic interpolated from the
10 inner points equidistant from each other. The centre and right sides illustrate the residuals
between the observed and modelled frames (as in the top side).

Somewhat defocused or perturbed stellar images and their brightness distributions cannot
be described by simple analytical functions. The difference may reach several dozens of stan-
dard noise deviation (see middle frames in Fig. 2). But instead of fitting an analytical PSF our
adaptive PSF fitting method leads to acceptable results (see the right side residuals in Fig. 2).

As we see from Tab. 1 and Fig. 2, reliable results have been obtained using the adap-
tive PSF fitting method and we propose to use this technique in the future. Details of the
application of this method can be found on the cloud: https://drive.google.com/drive/folders/
1u3fIKxvZbM2Uz0y2NvcyJGf8BtD-K3sR.
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Figure 2: (top) Zoomed image of the stellar pair, subtractions of two
Moftat PSFs and adaptive PSF methoda are shown. (bottom) The same
while making use of the smoothed images are presented. Original and
smoothed frames are displayed in ADU, and the residual images are
shown in units of the standard noise deviation (see the vertical colour
bars on the right sides of the frames).

4. Images of the GLQ SDSS J1251+2935 Detected on the ILMT Frames

During preliminary observations in May-June 2022, we were able to detect images of the
GLQ SDSS J1251+2935 on three frames taken with the i’ and #/ filters. This quasar was discov-
ered by Kayo et al. (2007) and represents a quadruply imaged source with redshift z, = 0.802.
The configuration of the system resembles a crossbow, which is formed after the light rays from
the quasar pass the gravity field of a relatively nearby galaxy (z; = 0.410). The angular sep-
aration of component D from the other three ones is approximately 1.79 arcsec, however, the
latter are no more than 1.08 arcsec apart from each other, so in ground-based observation they
merge into one clot with a total brightness of about 18.9 mag. The brightness of component D
is about 20.2 mag, which was approximately at that time at the sensitivity limit of the ILMT and
detector.

Despite the fact that the nights were partly cloudy during the observations, our detector was
able to detect the object in the g’ and i’ spectral bands. The ILMT composite image is shown in
Fig. 3. Due to non ideal atmospheric conditions, we could not resolve the multiple components,
especially the weakest component D did not appear at all. The aperture photometry (DAOPHOT)
allowed us to get the total brightnesses of the A, B and C components which are 18.88 +0.17
and 17.80£0.07 mag in the g’ and i’ bands, respectively. Our preliminary observations confirm
the possibility of detecting and monitoring photometrically GLQs with the ILMT.
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Figure 3: ILMT composite image of the SDSS J1251+2935 field
(8.75arcmin x 4.10arcmin, pixel scale ~ 0.33 arcsec/pixel). S is a ref-
erence star (15.38 £0.01 and 15.21 £0.01 mag in g’ and 7/, resp.).

5. Conclusion

In this article we considered some aspects of a planned photometric survey of gravitation-
ally lensed quasars using the ILMT. Here we tried to provide some answer to the questions:
How many GLQs will we be able to detect with the ILMT? Which techniques shall we use to
measure their fluxes? Is there a realistic possibility of observing such objects? Our estima-
tion of the possible number of GLQs is 15, although optimistic forecasts predict around 50.
Next, we proposed several techniques to measure the fluxes of the lensed components. The best
technique seems to be the adaptive PSF fitting method.
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