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Abstract

Constraining the mass distribution of lensing galaxies in strongly lensed
quasars is a fundamental challenge in gravitational lensing, as it directly
affects the interpretation of key astrophysical and cosmological parameters.
In this study, we assess the capability of the Roman Space Telescope (Roman)
to distinguish between spherical and elliptical lens models in the case of
double quasars. Using Monte Carlo simulations, we generate a synthetic
population of quasar—galaxy lensing systems, incorporating their observed
redshift distributions and the galaxy stellar mass function. Modeling the
lensing galaxy as a Singular Isothermal Ellipsoid (SIE), we compute the
positions of the lensed images by solving the lens equation. The simulation
results confirm that double-image configurations dominate, representing over
80% of all strong lensing events. We adopt Roman's expected angular
resolution of 0.1 arcseconds as the detection threshold for image separation.
Based on this criterion, we evaluate the geometric alignment of images with
the lensing galaxy in double lensed quasars to determine whether the lens
mass distribution can be reliably classified as spherical or elliptical. We find
that in approximately 30% of double-image cases, the image configuration
deviates sufficiently from perfect alignment to allow meaningful constraints
on lens ellipticity. These results highlight both the potential and the
observational limitations of the Roman Telescope in probing the internal
structure of lensing galaxies.
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Pérmbledhje

Kufizimi i shpérndarjes sé masés né galaktikat lente té kuazaré té lensuar
pérbén njé sfidé themelore né lensimin gravitacional, pasi ndikon drejtpérdrejt
né interpretimin e parametrave ky¢ né astrofiziké dhe kozmologji. Né kété
studim, ne vlerésojmé aftésiné e teleskopit hapésinor Roman pér té dalluar
midis modeleve sferike dhe eliptike té shpérndarjes sé masés té lenteve né
rastin e kuazaréve me dy imazhe. Duke pérdorur simulime Monte Carlo,
gjenerojmé njé popullim sintetik té sistemeve kuazar—galaktiké, duke pérfshiré
shpérndarjet e redshifteve té tyre dhe funksionin e masés yjore té galaktikave.
Duke modeluar galaktikén lente si njé Elipsoid Izotermal Singular (SIE), ne
kalkulojmé pozicionet e imazheve nga zgjidhja e ekuacionin té lentes.
Rezultatet e simulimit konfirmojné se konfigurimet me dy imazhe dominojné,
duke pérfagésuar mbi 80% té té gjitha rasteve. Ne marrim si prag dedektimi
té kuazareve té lensuar rezolucionin kéndor prej 0.1 arcsekondash, té
parashikuar pér teleskopin Roman. Bazuar né kété kriter, ne vlerésojmé
rreshtimin gjeometrik té dy imazheve me gendrén e galaktikés pér té
pércaktuar nése shpérndarja e masés sé lentes mund té klasifikohet si sferike
apo eliptike. Gjejmé se né rreth 30% té kuazaréve me dy imazhe, konfigurimi
i imazheve devijon mjaftueshém nga rreshtimi perfekt pér té mundésuar
kufizime mbi elipticitetin e lentes. Kéto rezultate hedhin drité si mbi
potencialin ashtu edhe limitet vrojtuese té teleskopit Roman né studimin e
strukturés sé brendshme té galaktikave qé veprojné si lente gravitacionale.

Fjalé kyge: kuazar, galaksi, lensimi i forté.
Introduction

Quasars are among the most luminous and energetic objects in the distant
universe. The MILLIQUAS catalog (Flesch, 2019), which compiles data from
a wide range of astronomical surveys up to December 2019, lists over
1,021,800 confirmed quasars, with redshifts reaching up to 8. When a massive
galaxy is positioned along the line of sight between a quasar and the observer,
the gravitational field of the intervening galaxy can bend the quasar’s light and
produce multiple images of the same source, a phenomenon known as strong
gravitational lensing. These lensed images are typically separated by a few
arcseconds. So far, approximately 220 lensed quasars® have been identified,
the majority of which are two-image (double) systems. In more than 90% of
these cases, the image separation exceeds 1 arcsecond, a scale that strongly

! https://research.ast.cam.ac.uk/lensedquasars/



131 JNS 38/2025

depends on the angular resolution of the observational instrument (Hamolli et
al., 2024). Systems with smaller separations may remain undetected by current
telescopes but are expected to be revealed by upcoming missions, such as the
Roman Space Telescope (Spergel et al., 2015; Hamolli et al., 2023a).

Depending on the relative alignment between the quasar and the intervening
galaxy, as well as the mass distribution model of the lens, the light from a
distant quasar may be bent to produce two, three, or even four separate images.
Such phenomena are highly valuable in astrophysics and cosmology, as they
provide insight into several fundamental aspects: the total projected mass
enclosed within the Einstein radius, which includes both visible and dark
matter; the gradient of the inner mass density profile of the lensing galaxy; the
internal structure of the quasar; and constraints on cosmological parameters,
with particular emphasis on the Hubble constant Ho (Wong et al., 2020).

One of the main challenges in the analysis of strong gravitational lensing
events is the precise modeling of the mass distribution within the lensing
galaxy. The most commonly used model is the Singular Isothermal Sphere
(SIS), which assumes spherical symmetry, but more complex models such as
the Nonsingular Isothermal Sphere (NIS) (see Hamolli et al., 2023b) and the
Singular Isothermal Ellipsoid (SIE) (Kormann et al., 1994) are also
considered. In the SIS and NIS models, double or triple quasar images lie
along the same straight line that connects the source (quasar) with the center
of the lensing galaxy. In contrast, the SIE model, which accounts for elliptical
mass distributions, can produce up to four images that are generally not
collinear. Consequently, a double quasar configuration can arise from either a
spherical or an elliptical lens. In the case of a spherical lens, the images are
perfectly aligned with the galaxy center; however, this alignment is typically
broken when the lens has ellipticity. The more elliptical the lens, the greater
the deviation of the images from perfect alignment. Analyzing such
configurations provides insight into the lens's sphericity. In this paper, we
focus on evaluating the capability of the Roman Space Telescope to constrain
lens models in double quasar systems expected to be detected in its surveys.

The Roman Space Telescope is an infrared observatory developed by NASA,
scheduled for launch in May 2027, and will operate at the second Lagrange
point (L2). Its primary scientific objective is to investigate dark energy using
a combination of observational techniques. The telescope is equipped with the



132 JNS 38/2025

Wide Field Instrument (WFI)2, which includes eight filters spanning
wavelengths from 0.48 to 2.3 pm, along with a coronagraph designed for high-
contrast imaging. The WFI provides a field of view of 0.281 square degrees
and, over the course of a five-year mission, is expected to survey
approximately 2,000 square degrees through near-infrared imaging and
spectroscopy, achieving an angular resolution of 0.1 arcseconds (Spergel et al.,
2015).

The structure of this paper is as follows: Section II provides a brief overview
of gravitationally lensed quasars by spherical and elliptical galaxies. Section
IIT describes the simulation methodology and presents the results. The paper
concludes with our main findings and discussing their overall impact.

Strong lensing of quasars

In lensed quasars, light emitted by a background source travels across vast
cosmic distances before reaching the observer. Given that the physical
thickness of the lensing galaxy is negligible compared to these distances, the
system can be accurately described using the “thin lens” approximation
(Schneider et al., 1992). Within this framework, the mass of the lens is
projected onto a two-dimensional plane perpendicular to the observer’s line of
sight. Let E denote the true angular position of the source, 6 the observed
angular position of the image, and &(5) the scaled deflection angle. The lens
equation can then be expressed as (Meylan et al., 2006),

B =6-a(o). (1)

The scaled deflection angle &(5) is related to the physical deflection angle

5(5), through the relation &(5) = %é(é), where D, g, D are the angular
Dg

diameter distances from the lens to the source and from the observer to the
source, respectively. The lens equation is generally non-linear, meaning that

for a given source position E, there may be multiple solutions for é,
corresponding to multiple images of the source.

The magnification of each image depends on the specific alignment between
the source and the lens. When the magnification formally diverges, the
corresponding source positions define a curve in the source plane known as
the caustic, and the associated image positions lie along the critical curve in

2 Wide Field Instrument - Technical - Roman Space Telescope/NASA
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the image plane. These curves typically form closed shapes, and the number
of images changes by two whenever the source crosses a caustic.

In realistic cases, sources have a finite size and thus do not experience infinite
magnification. Instead, the amplification is averaged over the surface of the
source. In addition to caustics, lensing systems can also exhibit cut curves,
which separate regions in the source plane where one or more images become
effectively undetectable, either due to extreme demagnification or because an
image lies too close to the lens center to be resolved. Unlike caustics, cut
curves do not correspond to singularities in magnification, but they still mark
changes in the number of observable images. For this reason, they are often
called pseudo-caustics and play an important role in determining the actual
image configurations observed (Meneghetti, 2021).

Spherical lensing mass distribution

The simplest model used to describe the mass distribution in strongly lensing
galaxies is the Singular Isothermal Sphere (SIS). In this model, the mass
density is given by p(r) = a5;52/2nGr?, where g, is the one-dimensional
velocity dispersion of stars in the galaxy, and r is the radial distance from the
galactic center (Eigenbrod, 2011). Despite representing a central singularity
and implying an infinite total mass, the SIS model remains a useful
approximation for understanding the basic properties of gravitational lensing.
The mass enclosed within an angular radius 0 is expressed as: M(0) =

%’SZHDL while the corresponding Einstein angular radius is: 8y =
4masis® Dis

c? D_S
lens equation has two solutions: 8, = f + 6, and 8 = § — 6,. These two
images appear on opposite sides of the lensing galaxy, one inside and one
outside the Einstein ring, separated by an angular distance 40 = 26, (see
Hamolli et al., 2023b for more details). The critical curve in the image plane
corresponds to a circle of radius 6,, where the magnification formally
diverges. Its mapping under the lens equation in the source plane corresponds
to a single point at the origin, known as the caustic. The SIS model also
predicts a cut curve at B = 0, in the source plane, beyond which one of the
theoretical images becomes practically undetectable. This occurs because the
inner image lies extremely close to the lens center and is severely demagnified.

. When the source lies inside the Einstein ring (i.e., f < 6y), the
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To address the unrealistic central singularity in the SIS model, the Non-
Singular Isothermal Sphere (NIS) model introduces a finite-density core. Its
.. os15> 1
mass density is given by: p(r) = Py (r2+r§
core radius. The Einstein angular radius in the NIS model is modified to:
%. If the core radius, 6., is smaller than half the Einstein
radius 6, the lens equation can yield either one or three images, depending on
the source’s position. This model introduces two critical curves in the image
plane: a tangential critical curve near the Einstein radius and a radial critical
curve closer to the lens center. These correspond to two distinct caustics in the
source plane: the tangential caustic, which reduces to a single point at the
origin, and the radial caustic, which typically forms a closed curve
surrounding it. When the source lies within the radial caustic, three images
aligned along the line passing through the galactic center are produced.
However, in most cases, only two are detectable, as the central image is highly
demagnified and located very close to the lens center. The size of the lens core
thus plays a key role in determining the number, positions, and detectability
of the resulting images (Mollerach & Roulet, 2002). In these models, the
lensed images are collinear with the galaxy center, forming along the same
line.

), where 7. = 6,.D; is the physical

Opnis = 00 |1 —

Elliptical lens mass distribution

A more realistic alternative to the lens models commonly used in strong
gravitational lensing is the Singular Isothermal Ellipsoid (SIE). This model
describes a lens whose projected mass distribution takes an elliptical form,
breaking spherical symmetry through a flattening parameter defined as the
axis ratio f = b/a, where a and b are the major and minor axes of the
projected ellipse, respectively. The surface mass density is given by:

2(8) = g—Tg = @

where &; and &, are coordinates in the lens plane (Kormann et al., 1994).

Unlike the spherical models, the SIE model introduces anisotropy in the lens
potential, as the deflection angle depends on the angular position of the light
ray. This added complexity leads to a wider range of image configurations,
including two, three, or four images, depending on the source’s location
relative to the caustics and cut curves in the source plane.
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Unlike the SIS model, which produces a circular critical curve (Einstein ring),
the SIE model produces a tangential critical curve that is elongated along the
major axis of the lens. Its mapping into the source plane forms an astroid-
shaped caustic, which is a diamond-like curve centered on the optical axis.
When the source lies outside this caustic, two lensed images are typically
formed.

If the source is located inside the caustic, four images may result, arranged
asymmetrically depending on the source’s exact position. For this model, the
cut curve is typically elongated along the minor axis and does not coincide
with the caustic. It plays a critical role in determining which regions of the
source plane produce a specific number of observable images.

A key parameter influencing the number of visible images is the axis ratio f.
When f > 0.3942 the lens system can produce up to four distinct images,
depending on the source’s position relative to the caustic and cut curves. As
the source moves inward, all four images may become visible, forming a
symmetric Einstein Cross. In contrast, when f < 0.3942 a three-image
configuration becomes possible due to the cut curve shifting closer to the
caustic, allowing the central image to remain detectable (Meneghetti, 2021).

Figure 1 presents the lensing configurations for cases one, two, three, or four
images. In all panels, the source lies in the first quadrant, while the axis ratio
/fand position angle (PA4) of the lens vary. The number and spatial distribution
of lensed images are affected by the source’s position relative to the caustic
and cut curves, as well as by the shape and orientation of the lensing mass
distribution. Since our interest lies in quasars producing two lensed images
within this model, it should be emphasized that these images are never
collinear with the galactic center
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Figure 1. Configurations of a lensed quasar system producing one, two, three,
and four images. The black square marks the center of the lensing galaxy,
while the red star represents the position of the background quasar (source),
which in all panels lies in the first quadrant of the source plane. The blue
crosses denote the lensed images. The red ellipse shows the tangential critical
curve, the green dashed curve is the tangential caustic, and the blue solid curve
represents the cut line. Each panel corresponds to a different combination of
the lens axis ratio f and position angle PA, as indicated in the legends

Simulations and Results

To assess the capability of the Roman Space Telescope in constraining lens
models for doubly lensed quasars, we employed a Monte Carlo approach. The
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simulations were designed to generate galaxy—quasar pair parameters based
on observed redshift distributions of quasars and galaxies, the stellar mass of
lensing galaxies, and the empirical relation between stellar mass and velocity
distributions. Specifically, we generated:

-the quasar redshift using data from the MILLIQUAS (Millions of Quasars)
catalog® (Flesch, 2019), which contains 1,021,800 observed quasars. We have

shown their distribution in Figure 2.
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Figure 2. Histogram of quasars from the MILLIQUAS catalog as a function
of redshift. Blue bars show the distribution of 1,021,800 quasars, while the
inset highlights those with z > 6 in orange. Bin width = 0.1.

-the galaxy redshift, using the distribution obtained by Appenzeller et al.
(2004), with the restriction that the galaxy redshift must be smaller than that
of the corresponding quasar. For each quasar, the total number of galaxies
satisfying this condition was determined from the cumulative galaxy

distribution
-the galaxy stellar mass by relation obtained from Davidzon et al. (2017).

Using the COSMOS2015 catalog, the authors provided a comprehensive view
of the stellar mass assembly of galaxies across the redshift range z = 0.1 to

8 https://heasarc.gsfc.nasa.gcov/W3Browse/all/milliquas.html
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z = 6. The measurements were fitted with a double Schechter function up to
z = 3, and with a single Schechter function beyond that limit. The Schechter
function is expressed as:

. [ M\%*1 . [ M\%2 M\ dM
e am = o1 (i) " +3 () Jexw (—55) 55 3
where the parameters of the COSMOS2015 stellar mass function (SMF),

including M,, a4, ¢3, @, and ¢3, are reported in Table 1 of Davidzon et al.
(2017).

-the stellar velocity dispersion was derived from the relation proposed by
Zahid et al. (2016). By analyzing data from the SDSS and SHELS surveys, the
authors established a correlation between the central stellar velocity dispersion
and the stellar mass of galaxies, expressed as,

a
o(M) =gy (Mﬁb) “for M < M,

a; 4)
a(M) = ay, (%) for M > M,

The best-fit parameters are log(M,/Mq) = 10.26, log(o,) = 2.073, a; =
0.40, and a, = 0.293. The two indices a;and a, define the slopes of the
power-law relation below and above the break point, respectively.

Assuming a flat universe with cosmological parameters: (1,,, = 0.30, Q;, = 0,
Q) =0.70, and Hy = 70 km s_lMpc_l, we calculated the angular diameter
distances from the redshifts following Liao (2019),

7y Zs

C dz C dz 1+7z
D = y D = , — - L ,
ey BTy ey P R

ku, E(2)=yQ,(1+2)’+Q, (1+2)' +Q,. (5)
For each quasar—galaxy pair, we computed the Einstein angle by 6, =

4ntg? D . . . .
d #, since the measured central stellar velocity dispersion of the lens
S

(,'2
galaxy reflects the total mass enclosed within the Einstein radius, and provides
a velocity scale consistent with that derived from the singular isothermal
sphere model (Bolton et al., 2008). The probability that a galaxy lies within
the Einstein angle along the quasar—galaxy line of sight is given by
108 62 /14, normalized to the total number of galaxies, estimated at 200
billion across the sky (Beckwith et al., 2006). Each system was accepted as a
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lensing event if a uniformly drawn random number in the interval (0, 1) was
smaller than the estimated lensing probability; otherwise, it was rejected. This
procedure was applied to the entire quasar sample.

We simulated a population of 100,000 strong lensing events. By applying an
angular resolution limit of 0.1 arcseconds, corresponding to the expected
performance of the Roman Space Telescope, we identified 578 quasars lensed
by a single galaxy, with Einstein angular radius above the detection threshold.
For each lensing galaxy, we employ a SIE model, and since for this model
we needed the axis ratio fand position angle (PA) we extracted them from the
HyperLeda catalog®, where the position angle defines the orientation of the
galaxy’s major axis measured from North (PA = 0 corresponds to a North—
South alignment).

For each of these systems, we computed the image positions, which may
consist of one, two, three, or four distinct images depending on the geometry
of the system, the axis ratio, and the orientation angle. Figure 3 presents
configurations of lensed images for different multiplicity cases, along with the
probability associated with each configuration. The results indicate that
systems with two images dominate, comprising approximately 83% of all
lensing events. Single-image systems occur in about 9% of cases, while
configurations with three or four images are much less frequent, with
probabilities of 2% and 7%, respectively.
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Figure 3. Probability distribution of the number of lensed images in the
simulated quasar sample. Double-image systems dominate the population,
accounting for 83% of cases. Single-image configurations occur in 9% of

events, while three- and four-image systems are less frequent, with
probabilities of 2% and 7%, respectively.

We focus on double-image systems, which may arise from either spherical or
elliptical mass distributions of the lensing galaxy. When the angular separation
of one image from the line connecting the other image and the galaxy center
is smaller than the instrument’s angular resolution, the system can effectively
be interpreted as originating from a spherical mass distribution, even if the true
lens is elliptical. We therefore investigate the capability of the Roman Space
Telescope to constrain the lens mass distribution through observations of
doubly imaged quasars.

For the double quasars in our sample, we calculated for each system the
perpendicular distance of the second image from the line connecting the first
image and the galaxy center. Figure 4 illustrates such a configuration: the
magenta dashed line connects the galaxy center to the first image (shown in
green), while the cyan dashed line extends perpendicularly from the second
image (in blue), indicating its angular deviation from perfect alignment. The
overall distribution of these distances across all simulated events is shown in
Figure S.
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Figure 4. Configuration of a doubly lensed quasar. The black square marks
the center of the lensing galaxy, the red star indicates the source position, and
the two lensed images are shown in green and in blue color. The cut curve
(solid blue line), the caustic (dashed green line), and the critical curve (solid
red line) are included. This configuration corresponds to an axis ratio f=
0.41, and position angle PA=22". The magenta dashed line connects the first
image to the center of the lensing galaxy, while the cyan dashed line, drawn
perpendicular to it, indicates the angular offset of the second image.

In this figure, the bin width is 0.1 arcseconds, is chosen to match the angular
resolution of the Roman Space Telescope. For most double-quasar systems the
measured distance falls within the first bin, accounting for roughly 70% of the
cases. Consequently, such systems would be effectively interpreted as arising
from a spherical mass distribution, even if the actual lens is elliptical, and the
Roman telescope can reliably distinguish the lens mass distribution in only
about 30% of events.
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arcseconds.

Conclusions

In this study, we extended our previous work to evaluate the potential of the
Roman Space Telescope to constrain the mass distribution of lensing galaxies
using doubly lensed quasars expected to be detected by the mission. We
assumed that a strong lensing event is observable if the separation between the
lensed images—typically on the order of the Einstein radius—exceeds the
telescope’s angular resolution.

We simulated a synthetic population of 100,000 galaxy—quasar systems and
adopted a detection threshold of 0.1 arcseconds, corresponding to Roman’s
expected resolution. For each system, considering a SIE mass distribution, we
computed the image positions, which may result in one, two, three, or four
distinct configurations. In the case of double quasars, we further calculated the
angular displacement of one image relative to the line connecting the other
image with the center of the lensing galaxy. Our results show that
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approximately 70% of the simulated double quasars exhibit an angular
deviation smaller than 0.1 arcseconds. Consequently, in about 70% of the
double quasars expected to be observed by Roman, the lens galaxy would be
interpreted as having a spherical mass distribution, while the remaining 30%
are expected to reveal signatures more consistent with elliptical mass profiles.

Constraining the lens mass distribution is essential in strong lensing studies,
as it directly influences time-delay measurements, which are key to
determining cosmological parameters such as the Hubble constant (H[J).
Given the ongoing tension surrounding H{ | and the potential of lensed quasars
to provide an independent estimate, accurately modeling the lens mass
distribution becomes critically important.
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