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Abstract

Gravitational lensing is one of the most efficient tools for studying the Universe. However,
spectral confirmation of such sources necessitates thorough calibration. This paper discusses
the spectral extraction technique for the case where multiple source spectra are close to each
other. Using the masking technique, we first identify high signal-to-noise (S/N) peaks in the
CCD spectral image corresponding to the location of the source spectra. This technique calcu-
lates the cumulative signal via a weighted sum, providing a reliable approximation for the total
counts contributed by each source spectrum. Subsequently, we proceed with the removal of the
contaminating spectra. Through the application of this method, we confirm the nature of 11
candidate lensed quasars.

Keywords: Quasar, gravitational lensing, spectroscopy, multiply imaged quasars

1. Introduction

The two primary methods for estimating the Hubble—Lemaitre constant (Hp) are (i) examin-
ing the relationship between the distances and redshifts of the objects in the Universe (see, e.g.,
Lemaitre, 1927; Hubble, 1929), and (ii) interpolating the expansion rate from models based on
the Cosmic Microwave Background Radiation (see, e.g., Efstathiou et al., 1990; Jimenez et al.,
2003) and Type-1a supernovae (see, e.g., Riess et al., 1998; Perlmutter et al., 1999). However,
the study of gravitational lens systems has emerged as a complementary tool for determining H)
in a model-independent manner (see, e.g., Refsdal, 1964; Blandford and Narayan, 1992; Surde;j
and Refsdal, 1994; Kelly et al., 2023).

Gravitational lensing occurs due to the deflection of light from a background source caused
by a massive foreground structure (see, e.g., Fig. 1). The mass of the foreground object leads to a
curved space-time, which bends the light travelling from the background source to the observer.
The degree of light deflection depends on the mass distribution within the foreground structure
and the distances between the observer, the lens, and the source. This phenomenon can result in
the formation of multiple images and/or amplification of the background source. The time delay
between the arrival times corresponding to the various lensed images carries information about
Hj. In addition to estimating H, gravitational lens systems also offers insights into the mass of
the foreground structure, as well as properties of dark energy and matter (see, e.g., Cao et al.,
2015, and references therein). Moreover, the transverse correlation of Ly forest clouds in the
intergalactic medium (IGM) can be studied using gravitationally lensed quasars (Bechtold and
Yee, 1995; Dolan et al., 2000; Rauch et al., 2001; Tzanavaris and Carswell, 2003).

The concept of gravitational lensing can be traced back to 1704 when Isaac Newton, in his
work Opticks, speculated on whether objects might interact with light at a distance and cause
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Figure 1: Artistic representation illustating light deflection from a

background quasar by a foreground galaxy, resulting in the formation
of two lensed images of the quasar.

the bending of light beams. In 1784, Henry Cavendish computed the deflection angle of light
due to a point mass, utilizing Newton’s gravitational theory and Newtonian optics. Cavendish
supposed that light was composed of corpuscles that were influenced by a gravitational field
in a manner akin to material particles (detailed in Lotze and Simionato, 2022). Subsequently,
Johann Georg von Soldner calculated the angle of deflection of light passing at a distance b
from a mass M as

where G is the gravitational constant, and c is the speed of light in a vacuum.

In 1915, Albert Einstein calculated the deflection angle of light by the Sun using his general
theory of relativity and found that this angle was twice that previously predicted. In 1937,
Fritz Zwicky argued that this phenomenon could potentially allow galaxy clusters to act as
gravitational lenses (Zwicky, 1937).

It was not until 1979 that the detection of the twin quasars SBS 0957+561 by Walsh et al.
(1979) was shown to be the first instance of a doubly imaged quasar.

The discovery of such exotic sources poses several observational challenges. Not only are
these objects rare, but they are also difficult to identify within large catalogues. Therefore, only
two hundred spectroscopically confirmed gravitational systems (https://research.ast.cam.ac.uk/
lensedquasars/index.html) are currently known. Recent studies have attempted to discover these
systems using machine learning algorithms and large astronomical surveys. One such effort is
undertaken by the Gaia Gral (Gaia Gravitational Lens systems) group using data from the Gaia
mission — an all-sky survey space-based mission designed to catalogue the stars in the Milky
Way. However, in the process of identifying gravitational lenses, various extragalactic sources
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are also uncovered (Tsalmantza et al., 2012; Krone-Martins et al., 2013; de Souza et al., 2014;
Delchambre, 2018; Bailer-Jones et al., 2019; Creevey et al., 2023). The best angular resolution
of 0.18" achievable with Gaia does provide an excellent opportunity to search for gravitational
lens candidates (Agnello et al., 2018; Lemon et al., 2018). Finet and Surdej (2016) predicted
the discovery of ~ 2900 lensed quasar candidates in the Gaia survey. Since then, the Gaia GralL
team has spectroscopically confirmed 15 quadruply imaged systems and seven doubly imaged
ones (see, e.g., Krone-Martins et al., 2018, 2019; Ducourant et al., 2018; Delchambre et al.,
2019; Wertz et al., 2019; Stern et al., 2021).

In this paper, we discuss one of the data reduction techniques developed to spectroscopi-
cally confirm that these sources are indeed gravitationally lensed quasars.

2. Observations

The spectroscopic observations of the gravitationally lensed candidates were performed
using EFOSC?2 installed at the New Technology Telescope (https://www.eso.org/sci/facilities/
lasilla/instruments/efosc.html) and ADFOSC, which is equipped on the 3.6 m Devasthal Op-
tical Telescope (https://www.aries.res.in/facilities/astronomical-telescopes/360cm-telescope/
Instruments).

3. Spectroscopy

The extraction process that uses the apall task in IRAF is relatively straightforward if the
two nearby source spectra are well separated. However, in the case of most gravitational lens
systems, where multiple lensed quasar images are closely positioned, the extraction process of
individual non-contaminated spectra becomes complicated (e.g., left panel of Fig. 2). When
extracting the spectrum of a designated source component, it is crucial to accurately subtract
the contamination from all other sources. The right panel of Fig. 2 depicts counts versus pixel
numbers along a fixed row of the CCD spectral image illustrated in the left panel. Firstly,
we assume a Gaussian distribution of photon counts from a source for a particular CCD row,
i.e., the point spread function (PSF). Hence, we overlay two Gaussian profiles associated with
the two nearby spectra (for instance, due to component C; and component C,) along with
the background in cyan colour. In the right panel of Fig. 2, the red colour represents the area
contaminated by the neighbouring source. The region of C, contaminating the flux of C; is
similar to sub; (shown in orange dashed lines). Similarly, the region of C; contaminating the
flux of C; is similar to sub; (shown in green dashed lines). So in order to retain uncontaminated
spectra,

C(liecont _ Ctl:ont —su bl : C(ziecont _ Cgont —su b2.

The extraction technique using IRAF yields good results for bright and well-separated
sources. However, with faint and closely positioned sources, a more intricate extraction tech-
nique is necessary.
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Figure 2: (left) CCD frame highlighting the spectra of two closely
neighbouring lensed quasar images, with superimposed night skylines.
(right) Slice of the CCD along row number 270 displaying the super-
position of two nearly Gaussian profiles. Section 3.1 provides detailed
information on the technique used to remove contamination of neigh-
bouring sources.

3.1. Decontamination of nearby spectra: masking technique

The optimal spectral extraction method we propose utilizes a masking technique, as briefly
discussed below. This technique proves advantageous in cases of doubly imaged quasars, where
both spectra lie close to each other and substantially contaminate each other. Additionally, this
algorithm effectively reduces the statistical noise of the extracted spectra by assigning non-
uniform pixel weights during extraction.

[1] After pre-processing the science image, the CCD image (I. + Sky) depicted in the left
panel of Fig. 2, is used to create several other images (see below).

[2] The background image (Sky) is created after application of a sigma clipping algorithm
to the spectra along each row. The sky array is obtained as the median of the remaining
pixels along each row. We subsequently subtract this median sky background from each
column.

[3] We then create a binary mask which, in the case of a single source, mirrors the shape of
the displayed source spectrum. Each pixel inside the mask is assigned a value of 1, while
all other pixels are assigned a value of 0. In the case of a double source spectrum, we
generate the mask by fitting its shape to that of the brightest source spectrum.

[4] The science image from step [1] is then multiplied with the mask, resulting in the masked
image (I, + Sky)m, where the subscript ‘M’ indicates that the frame has been masked.
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[5] We also multiply the background-subtracted image from step [2] with the mask, resulting

[6] Using the gain and readout-noise, Ron, of the CCD, we calculate the noise at the i th pixel
as N; = \/ (1*4;19—2),-1\4 + RoniDU. Here, gain represents the level of amplification a system

provides, typically expressed in electrons per analog-to-digital unit, ADU.

[7] Steps [5] and [6] provide an estimate of the relative weight w; at each pixel of the CCD:
wi = (L)im/N?.

[8] The weights calculated above are summed along the row: Y7 (L)im /le

(1*)iM/Ni2

[9] By normalizing the weights w; of the pixels along the rows, we get W; = Y /N
i=0 \"*J1 i

[10] The signal from step [5] is then multiplied with these weights, i.e, W; X (L.)im-

[11] Due to the masking zero values are present elsewhere except within the mask width,
where they are set to unity. Therefore, summing the weighted signal along the row yields
the total signal: S =Y W; x (I,);m. This process provides a one-dimensional extracted
spectrum with a length equal to that of the CCD columns.

[12] To calculate the total noise, we multiply the weights by the noise from step [6], i.e.,
W2 x N?.

[13] The total noise along the mask width is computed similar to step [10]: N = 4 /ZWi2 X Niz.
Consequently, akin to the signal spectrum, a one-dimensional noise spectrum with a
length equal to that of the CCD columns is generated.

[14] Finally, we slide the mask along the rows, and for each column position, we calculate
the corresponding S/N. The presence of a source spectrum leads to a maximum value for
S/N; the presence of two extrema (at positions X and X3), is interpreted as the signature
of two source spectra present on the CCD frame (see Fig. 3).

[15] After detecting such peaks, the process outlined above is repeated for various mask widths
to optimally extract the spectra (/[X;] and I[X;]). These spectra are shown in blue in Fig. 4.

[16] We also extract the spectra at positions X; — (X, — X;) and X5 + (X, — X)) (depicted in
orange in Fig. 4) and then construct the following de-contaminated spectra: Ip[X;] =
I[X ] —I[Xz + (Xz —Xl)] and ID[XQ] = I[Xz] —I[Xl — (X2 —Xl)].

Figure 3 displays two S/N peaks using the masking technique for the corresponding spectra de-

picted in the left panel of Fig. 2. As can be seen in Fig. 4, the contaminated and decontaminated
spectra exhibit notable differences..
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Figure 4: The spectra drawn in blue are those extracted at positions
X1 =80 and X, = 87 from the spectral CCD frame depicted in Fig. 2.
The flux from the contamination at positions X; — (X, — X;) and X, +
(X> — X;) are shown in orange. The decontaminated spectra Ip[X;] =
I[Xl = 80] —I[Xz + (X2 —Xl) = 94] and ID[XQ] = [[Xz = 87] —I[Xl —
(X2 —X1) = 73] are shown in green.
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4. Data Log and Results

The masking technique for removing the contamination from very closely separated quasars
offers a unique method for extracting the spectra of doubly imaged quasar candidates. Table 1
lists the sources for which the spectra were extracted in this paper and confirmed to be lensed.
Out of 57 sources, we have confirmed 11 as gravitationally lensed quasars. Among these, ten
are doubly imaged quasars, whereas one quasar is a quadruply imaged quasar. The spectra can
be accessed at https://github.com/PriyankaJalan14/Lens_spectra.

5. Conclusions

The Gaia Gravitational Lenses group (Gral) is dedicated to discovering more gravita-
tionally lensed quasars. A key challenge lies in removing spectral contamination due to the
proximity of lensed images. An optimized extraction technique is essential to to address this
challenge. In this paper, we have discussed the spectral extraction technique tailored for cases
involving closely neighboring lensed components. We employ a masking technique to identify
high signal-to-noise (S/N) peaks in the CCD image. This technique computes the cumulative
signal using a weighted sum, providing a robust approximation of the total counts. We then sub-
tract the mutual spectral contamination due to the proximity of the lensed images. The width
of the mask is determined through an iterative process. In this paper, we have efficiently ex-
tracted the spectra to confirm or refute 57 quasar lens candidates using this technique. Out of
fifty-seven candidates, 11 are identified as lensed quasars.
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Table 1: Observation log of the gravitational lens candidates.

confirmed in the quoted references.

The lensing nature is also

Quasar Date For each component Lens
Telescope RA DEC my confirmation
0013+5119 10-01-2021 00:13:23.5 +51:19:05.9 21.43 Probable lensed QSO
DOT 00:13:23.5 +51:19:04.6 20.79 (Lemon et al., 2019)
00:13:23.6  +51:19:07.5 20.52
0645-1929 10-01-2021 06:45:44.0 —19:29:36.6 21.13 Doubly imaged QSO
DOT 06:45:44.1 —19:29:35.7 21.22
06:45:44.1 —19:29:37.6 19.10
0803+3908 10-01-2021 08:03:57.7 +39:08:23.9 18.84 Doubly imaged QSO
DOT 08:03:57.7 +39:08:23.1 19.71
08:03:57.8 +39:08:23.1 18.26
0859-3011 08-04-2019 08:59:11.9 —30:11:34.7 20.23 Doubly imaged QSO
NTT 08:59:11.9 —30:11:34.6 20.99
08:59:11.9 —-30:11:35.4 20.87
0911+0550 09-04-2019 09:11:27.6  +05:50:54.8 19.74 Doubly imaged QSO
NTT 09:11:27.6  +05:50:53.9 19.50 (Delchambre et al., 2019)
1008-2215 22-02-2020 10:08:53.5 —22:15:16.9 20.53 Doubly imaged QSO
NTT 10:08:53.5 —22:15:17.9 20.94
10:08:53.6 —22:15:18.2 19.75
1124+5710 19-03-2021 11:24:55.3 +57:10:56.6 18.46 Doubly imaged QSO
DOT 11:24:55.5 +57:10:58.1 19.76
1145-0850 11-02-2021 11:45:26.0 —08:50:06.4 21.68 Probable lensed QSO
DOT 11:45:259 —08:50:07.5 21.28
11:45:24.0 —08:50:04.0 20.62
1554-2818 23-02-2020  15:54:2.3 —28:18:36.4 19.49 Doubly imaged QSO
NTT 15:54:2.2 —28:18:34.6 19.99
15:54:2.2 —28:18:35.6 19.76
1651-0417 09-04-2019 16:51:04.5 —04:17:25.0 20.29 Quadruply imaged QSO
NTT 16:51:05.5 —04:17:27.3 19.48 (Stern et al., 2021)
16:51:05.1 —04:17:27.8 18.98
16:51:05.2 —04:17:23.2 20.04
1654+3318 13-02-2021 16:54:23.5 +33:18:02.9 20.82 Probable lensed QSO
DOT 16:54:23.4  +33:18:02.2 20.83
16:54:23.5 +33:18:03.1 20.50
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