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ABSTRACT
A quadruply lensed source, J125856.3−031944, has been discovered using the DELVE

survey and WISE W1 − W2 colors. Followup direct imaging carried out with the
Magellan Baade 6.5 m telescope is analyzed, as is spectroscopy from the 2.5 m Nordic
Optical Telescope. The lensed image configuration is kite-like, with the major axis of
the lensing galaxy along the symmetry axis of the kite, and with the faintest image at its
tail. Redward of 6000Å the tail image is strongly blended with the lensing galaxy. The
Sloan g direct imaging carried out with Magellan permits deblending. As the lensed
image configuration is nearly circular, simple models give high predicted magnifications
for all four images. The source’s narrow emission lines at redshift z = 2.225 and low
intrinsic luminosity qualify it as a Type 2 AGN. The Magellan image shows a substantial
residual that suggests a second lensing galaxy.

Keywords: Strong gravitational lensing (1643), Seyfert Galaxies (1447), Quasars (1319)

1. INTRODUCTION

Quadruply lensed quasar systems are routinely used to study the lensing galaxies (S. Vegetti et al.
2023), the quasars themselves (G. Vernardos et al. 2024), and the geometry of the universe through
which their light propagates (T. Treu & P. J. Marshall 2016). But they are rare, both because quasars
are themselves rare and because they have only an O(10−4) chance of being quadruply lensed (M.
Oguri & P. J. Marshall 2010). Worse yet, several observational considerations make them difficult to
identify, the most important of which is their small angular extent on the sky, ∼ 1′′.

Here we report the discovery of the first confirmed quadruply lensed AGN found in the DELVE
Quadruply Lensed Quasar (henceforth DELQQ) survey, carried out in the DELVE footprint (A.
Drlica-Wagner et al. 2021), using the Dark Energy Camera (DECam) at the Victor M. Blanco 4 m
telescope (B. Flaugher et al. 2015). J125856.3−031944 (henceforth DELQQ 1258−0319) presents
several challenges. Foremost among these, the lensing galaxy overlaps with several of the images,
making deblending difficult. Using only the original survey data, we could not thoroughly convince
ourselves that the system was indeed quadruple, and not a “naked cusp” configuration like that of
J0457−7820 (C. Lemon et al. 2022), because the faintest quasar image is too close to the lensing
galaxy.

In higher resolution followup data there appears to be a second lensing galaxy that lies close to
two of the brighter images, complicating modeling of the system. The image configuration is nearly
circular, so small uncertainties in the image positions produce large changes in the resulting models
(C. Falor & P. L. Schechter 2022).

As deeper ground-based surveys are carried out, most recently DELVE (A. Drlica-Wagner et al.
2021) and soon, the Legacy Survey of Space and Time (Ž. Ivezić et al. 2019), quadruple quasars with
increasingly faint images relative to the galaxies that lens them will become more prevalent and their
modeling may be similarly challenging.
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2. DISCOVERY

2.1. The DELQQ survey: selection

Our survey, which we call DELQQ, covered the 6000 square degrees of the first DELVE data release
(A. Drlica-Wagner et al. 2021). Details of the survey are given in Appendix A. Candidate quasars
with color W1 −W2 > 0.7 and W1 < 15.5 as measured by the WISE (E. L. Wright et al. 2010)
satellite were chosen following the color criterion proposed by D. Stern et al. (2012), for a total of
150,000 sources. Square FITS cutouts, 45 pixels (∼ 11.′′85) on a side, were then generated for those
candidates from the DELVE survey g, r, i and z images.

A still-evolving computer program, trifurcator, first described in P. L. Schechter et al. (2018),
was used to split sources into three components, which were classified as pointlike, P , galaxy-like, G,
or ambiguous Q. Systems for which none of the components were pointlike were eliminated.

Cutouts in all four filters were visually inspected by the first author for systems in which two
components (one of which was pointlike) had near-identical g − r, r − i and i − z colors, excluding
those whose colors were galaxy-like. Roughly 1500 systems were visually inspected. Trifurcator is
described in greater detail in Appendix B.

Five quadruply lensed quasars with W1−W2 > 0.7 had previously been identified in our DELQQ
sample of which trifurcator recovered three: J1131−4419 (L. Delchambre et al. 2019a), J1134−2103
(J. R. Lucey et al. 2018), and J1131-1231 (D. Sluse et al. 2003). The largest image separations for
the two systems not recovered were 0.′′66 for B1113−0641 (J. A. Blackburne et al. 2008) and 10′′ for
J1651−0417 (D. Stern et al. 2021) which were either too close to be resolved by DECam or too widely
separated for our search. One known quad J1606−2333 (L. Delchambre et al. 2019b) lacked an r

Figure 1. A color composite representation of DELQQ 1258−0319 taken with DECam on the Blanco
Telescope, using DES r, i, and z exposures (for blue, green and red) taken as part of the DELVE survey.
The approximate positions of four images subsequently labelled A,B,C, and D are shown in red with the
symbols ◦, +, ∼, and |, respectively.
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exposure. As of submission of this paper, we were unaware of any other quadruply lensed systems
discovered within the DELVE footprint.

2.2. A candidate

Only one candidate emerged as a possible quadruply lensed quasar system, DELQQ J1258−0319.
A color image generated from the DELVE r, i, and z exposures is shown in Figure 1.
Trifurcator split the r exposure into three components: a pointlike P component to the SW,

marked by a red “∼” in Figure 1, and two extended, galaxy-like G components, one centrally located
(a blend of an apparent lensing galaxy and an image marked by the symbol “|”) and one toward the
East (a blend of two images of the source marked by the symbols “◦” and “+”). The colors of this
blend agree with those of the pointlike object with an rms of 0.14 magnitudes, after allowing for
a modest slope due to micro-lensing, extinction and PSF mismatch. They were flagged as possible
components of a quadruply lensed quasar. The central galaxy-like component has much redder colors.

The program assigned a DELVE g magnitude of 22.68 to the pointlike image and g − r, r − i and
i−z colors of 0.373, 0.279, and 0.291 respectively. The latter are useful for establishing achromaticity
but less so for deriving quasar properties, as the exposures spanned five observing seasons.

While it was possible to split the central component into two point sources, one of which would be
a fourth quasar image, we could not persuade ourselves that the data justified this.

A program called clumpfit, described in Appendix C, was used to fit five point sources simulta-
neously. Though the decomposition of the two G images into point sources did give positions that
were in qualitative agreement with expectations for a quadruply lensed source, reasonable alternative
choices of possible PSFs produced large deviations from these positions.

2.3. Prior detections

Prior to its detection in DELVE, DELQQ J1258−0319 had been catalogued as a source both in
the Pan-STARRS catalogue (K. C. Chambers et al. 2016) and the VLASS (M. Lacy et al. 2020). Its
non-detection in Gaia DR2 indicates that it is substantially fainter than the large majority of known
quadruply lensed quasars.

3. FOLLOWUP MPIA-WFI IMAGING

Four Cousins Rc followup exposures of 320 s each were obtained with the Wide Field Imager (WFI)
of the MPIA 2.2 m telescope on La Silla in seeing of roughly 0.′′64. Notwithstanding the good seeing
and pixels of 0.′′238, there was no clear separation of the lensing galaxy and the faintest of the quasar
images. Attempts by two of the authors to determine the ellipticity of the lensing galaxy using
differing techniques yielded substantially different results.

4. FOLLOWUP NOT SPECTROSCOPY

A 40 minute spectrum was obtained with the Alhambra Faint Object Spectrograph and Camera
(ALFOSC) on the Nordic Optical Telescope (NOT) on 2021 April 16. The slit was oriented so as to
pass through the brightest of the four images and the lensing galaxy. A spectrum extracted at the
position of the image “◦” is shown in Figure 2. Narrow emission lines are clearly visible, corresponding
to a redshift z = 2.225.

A sharp discontinuity in the galaxy spectrum is seen in the original two-dimensional spectrum at
6000Å, suggestive of the H&K break in early type galaxies. In section 5 below we use astrometry
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Figure 2. NOT spectrum of the brightest quasar component A, extending from 3800 to 9000 Å. The high
ionization lines of N V, C IV and He II seen at z = 2.225 are narrow, with widths ranging from 1300-2000
km/s, suggesting a Type 2 AGN rather than a quasar.

obtained with Magellan’s Walter Baade Telescope to force photometry on the original DELVE data
and obtain colors for the lensing galaxy. The resulting photometric redshift is consistent with this
interpretation.

5. FOLLOWUP MAGELLAN IMACS IMAGING

5.1. 2022 May

Three 300 s exposures of DELQQ J1258−0319 in each of the Sloan g and i filters were obtained
with the IMACS f/4 camera (A. Dressler et al. 2011) on the Baade 6.5 m telescope of the Magellan
Observatory on 2022 May 24, at a scale of 0.′′111 per pixel. These sufficed to distinguish the fourth
image, “|,” from the much redder lensing galaxy, and to get positions for each of them. Attempts
to determine the shape of the lensing galaxy were inconclusive, as it blended with the three bright
quasar images.

5.2. 2024 July

Three IMACS 300 s exposures of DELQQ J1258−0319 in the Sloan g filter were obtained on 2024
July 6, a coaadition of which is shown in Figure 3(a). These had better seeing than the 2022 May
images. A nearby star (α = 194.7527, δ = −3.3168) was used to construct an empirical PSF, which
was then fitted to the four quasar images and to the lensing galaxy, again using clumpfit, described
in Appendix C. As with the earlier IMACS data, overlap between the galaxy and the quasar images
precluded determination of the shape or size of the lensing galaxy.

Residuals obtained by subtracting five point sources from the stacked image are shown in Figure
3(b). There is a bright spot (which is dark on our inverted color map) between quasar images B and
C, which we call E. Treating this as a sixth point source gives the very much improved residuals
shown at the same contrast in panel 3(d). The positions of the four quasar images showed appreciable
shifts from panel 3(c).

Fits of a singular isothermal elliptical potential (SIEP) model to these new positions, described in
section 6 below, produced a χ2 smaller by a factor of (4.7)2 than did fits to the positions of panel
3(c). We take this as strong evidence that E is a second lens rather than a fifth image of the source.
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The Magellan g images were taken in non-photometric conditions. The DELVE catalogue mean
magnitude for the empirical PSF star is g = 20.322 which gives g = 24.53±0.05 for the lensing galaxy.
The Magellan positions for the six point sources in Figure 3(c) were forced onto the original r, i, and z
DELVE images, using the DELVE PSFs, to give photometry for the lensing galaxy. Combining these

Figure 3. (a) DELQQ 1258−0319 observed with a Sloan g filter for 900s with the IMACS f/4 camera on the
Magellan Baade telescope. A negative grayscale is used to highlight the low surface brightness of the central
lens, which is substantially fainter than the four images surrounding it. (b) Four point sources, A,B,C&D,
have been fitted and subtracted. A rectangular hyperbola (red) has been drawn through the fitted positions.
According to Witt (1996), if the potential is elliptical, the hyperbola’s asymptotes (magenta) are parallel to
its major and minor axes and the lensing galaxy must lie on the longer, primary branch of the hyperbola. A
faint source, that we take to be the lensing galaxy, is consistent with Witt’s prediction. (c) A point source
has been fitted to the lensing galaxy, which is too faint to permit determination of its extent. White regions
indicate oversubtraction of the point sources. (d) A substantial residual southeast of image C, which we call
E, has been fitted by a point source and subtracted. The positions from this fit are shown in panel (b) as
white circles.
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Table 1. DELQQ 1258−0319: Astrometric, Photometric and Modeled Quantities

image ∆ R.A. ∆ Dec. g g − i∗ Fg µ κ† ∆t

′′ ′′ nJy days

A 0.96 -0.28 22.13 0.91 1405 65.7 0.503 2.52
B 0.72 -0.93 23.06 1.13 964 -190. 0.526 2.62
C -0.37 -0.94 22.46 1.21 847 8.7 0.467 0.00
D -0.54 0.68 23.02 1.64 620 -5.7 0.587 24.0
E 0.17 1.10 23.25 1.38 501
G 0.00 0.00 23.52 2.74

*Colors assume a pointlike lens. Extended flux from the much redder lens contam-
inates the colors of A-E. †For an SIEP, shear γ = convergence κ.

with the Magellan g magnitude we assign colors to the lensing galaxy of g − r = 2.17, r − i = 1.60,
and i− z = 0.55, treating it as a point source.

We obtained a photometric redshift using Bayesian Photometric Redshift (hereafter BPZ) de-
scribed by N. Benítez (2000) and D. Coe et al. (2006). Prior distributions were derived from Hubble
Deep Field North galaxies. We ran BPZ with the point-source fit apparent magnitudes given in Table
1. We took the photometric uncertainty to be ±0.05 mag in Magellan g which is the formal error
reported from the clumpfit covariance matrix for objects A - E and G, with positions taken to be
free We took it to be and ±0.07,±0.05 and ±0.04 in r, i, and z, respectively, which are the formal
errors reported from the clumpfit covariance matrices from the forced fits to the individual DELVE
cutouts.

The best-fit redshift was found to be zlens = 0.90 ± 0.06. Multiple experiments were carried
out exploring possible systematic effects in the magnitudes and the effects of underestimating the
uncertainties, among them increasing our adopted errors by factors of two and four. In all but the
most extreme cases the results were consistent with the best fit.

6. LENS MODELS

We used Keeton’s lensmodel program (C. R. Keeton 2010) to model the positions of the quasar
images shown by the white circles in Figure 3(c) and given in Table 1. The lensing galaxy was
represented as a singular isothermal elliptical potential (SIEP),

ψ(b, qpot) = b

√
qpotx2 +

y2

qpot
. (1)

Here ψ is the dimensionless projected potential and qpot is the axis ratio of this potential (rather
than that of its surface mass density).1 The lens strength b is measured in arcseconds, and gives the
Einstein ring radius in the limit of small elllipticities. These were treated as free parameters, as was

1 For very round potentials, the underlying mass is roughly three times flatter (R. Luhtaru et al. 2021)
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Table 2. Model fits to image positions

Model bsiep bsis ϵsiep P.A.∗ µC χ2

SIEP 0.′′97 0.020 −33◦ 34 87
SIEP + SIS 0.′′93 0.′′03 0.045 −45◦ 9 4

*Position angles are measured from East to North

the position angle (P.A.) of the long axis. The four image positions were assigned uncertainties of
0.′′01. Results from this fit are presented in the first line of Table 2. The predicted magnification µ
of image C is also given.

The second line in Table 2 models the image positions with both an SIEP and with a Singular
Isothermal Sphere (SIS) at the position of point source E. One additional parameter, bsis, has im-
proved the mean squared residual of the image positions by a factor of (4.67)2. Yet more remarkable,
the strength of the added SIS is a very small fraction, 1/30, that of the SIEP.

C. Falor & P. L. Schechter (2022) show that for asymptotically circular quads, the magnification of
the closest pair of images increases inversely as their separation. The SIEP centered on the lensing
galaxy has an ellipticity ϵsiep of just 0.045, so even a small perturbation can have a large effect on the
close pair.2 Our hypothesized perturber at position E in Figure 3(c) pushes image B closer to image
A. Falor and Schechter also found that for asymptotically circular quads, the absolute magnifications
for all four images vary inversely with the ellipticity of the potential.

We have chosen to give the predicted magnification for image C in Table 2 because (as the leading
image in Table 1) it is least subject to changes in the lensing potential. The predicted flux ratios in
Table 1 A/C and B/C are 22 and 7, substantially higher than the observed ratios of 1.7 and 1.1,
respectively.

L. Weisenbach et al. (2021) have shown such large deviations from predicted fluxes are unlikely to
be the result of gravitational micro-lensing. Nor do we think it is due to obscuration of image C by
dust, as its g − i colors are no different from those of A and B.

We believe, instead, that the unusual flux ratios reflect a shortcoming of our observations. The
lensing galaxy appears to be elongated roughly along an axis from image D to image A. In models
that take the stellar axis ratio of the lens to be a free parameter, it is strongly degenerate with
the positions of those two images. Plausible changes in the image positions could produce different
modelled flux ratios, but would not be sufficiently large to change the near-circular character of the
potential.

7. QUASAR, LLAGN OR SEYFERT?

Based on the narrow emission lines seen in Figure 2, E. E. Khachikian & D. W. Weedman (1971)
and E. Y. Khachikian & D. W. Weedman (1974) – the first of these in Russian and the second in
English – would have classified the source in DELQQ 1258−0319 as a Seyfert II galaxy rather than a

2 R. Luhtaru et al. (2021) find a typical ellipticity for the potentials of quadruply lensed quasars of 0.21
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Seyfert I or a quasar. Subsequent work indicated that physics of the “active galactic nuclei" (AGNs)
of such systems is somewhat decoupled from the properties of the galaxies that host them. In a
review of "unified models" R. Antonucci (1993) presents a cartoon model in which Type 2 AGN have
narrow emission lines with FWHM O(1000) km/s, and Type 1 AGN have broad emission lines with
FWHM O(10000) km/s. Such systems are classified as Seyferts only if the host galaxy is observed,
which may eventually happen if the system is observed at sufficiently high spatial resolution and
surface brightness sensitivity.

The source in the DELQQ 1258−0319 system is not very red, as would have been the case if dust
were obscuring both its broad line region and continuum emission from its accretion disk. The high
magnifications derived from our models and the photometry from the original DELVE images point
to a source absolute magnitude MAB fainter than those of the low luminosity quasars in the SHELLQs
survey (Y. Matsuoka et al. 2016). It would therefore seem that the first quadruply lensed AGN in
the DELVE Quadruple Quasar survey does not qualify as quasar. As we do not, as yet, see evidence
of the host galaxy, the source is classified as a low luminosity AGN – “LLAGN” – and not a Seyfert.

8. CONCLUSIONS

With the benefit of hindsight, none of the challenges described in the preceding sections is entirely
surprising. Many of the brighter quadruply imaged quasars with wider separations have already been
discovered, particularly since the publication of Gaia DR2 (L. Delchambre et al. 2019a; C. Lemon
et al. 2022). The W2 −W1 > 0.7 criterion will not be satisfied by systems for which the lensing
galaxy contributes a substantial fraction of the infrared light. Lensed image configurations often
include faint images like D (the highest saddlepoint of the light travel time) lying relatively close
to the lensing galaxy, making deblending more difficult. Seyfert galaxies are more common than
quasars (C. J. Willott et al. 2000), and may account for an increasingly large fraction of quadruply
lensed sources in future surveys that push to fainter apparent magnitudes. And at fainter apparent
magnitudes, it may not be possible to deblend the targets into at least three images in all four filters,
as described in Appendix B. Direct forward lens modelling of the pixels, rather than identifying P ,
G, and Q components of the system in multiple filters, would permit quads to be identified in a single
filter.

The preceding sections reveal an as yet unquenched thirst for higher and yet higher resolution, first
to confirm that the AGN DELQQ 1258−0319 is in fact quadruply lensed and then to separate its
multiple images from the lensing galaxy, which would appear to have a companion. One might do
yet better from the ground with “lucky imaging” (N. M. Law et al. 2006), but bright nearby stars
usually needed for adaptive optics are scarce.

Beyond that, one must get above the Earth’s atmosphere. In the time since this paper was first
submitted, DELQQ 1258−0319 was included in a successful HST “bridge” program which may help
resolve some of the outstanding questions.
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APPENDIX

A. DESCRIPTION OF THE DELVE SURVEY

We quote verbatim the abstract of A. Drlica-Wagner et al. (2021) describing DELVE.
The DECam Local Volume Exploration survey (DELVE) is a 126-night survey program on the

4m Blanco Telescope at the Cerro Tololo Inter-American Observatory in Chile. DELVE seeks to
understand the characteristics of faint satellite galaxies and other resolved stellar substructures over
a range of environments in the Local Volume. DELVE will combine new DECam observations
with archival DECam data to cover roughly ∼ 15, 000 deg2 of high Galactic latitude (|b| > 10 deg)
southern sky to a 5σ depth of g, r, i, z ∼ 23.5 mag. In addition, DELVE will cover a region of 2200
deg2 around the Magellanic Clouds to a depth of g, r, i ∼ 24.5 mag and an area 135 deg2 around
four Magellanic analogs to a depth of g, i ∼ 25.5 mag. Here, we present an overview of the DELVE
program and progress to date. We also summarize the first DELVE public data release (DELVE DR1),
which provides point-source and automatic aperture photometry for roughly 520 million astronomical
sources covering roughly 5000 deg2 of the southern sky to a 5σ point-source depth of g=24.3 mag
, r=23.9 mag, i=23.3 mag, and z=22.8 mag. DELVE DR1 is publicly available via the NOIRLab
Astro Data Lab science platform.

Of particular relevance for the present work, the DELVE survey uses PSFeX (E. Bertin 2011) to
produce a tabulated PSF at any desired position. As illustrated in Figure 2 of A. Drlica-Wagner
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et al. (2021), the median PSF FWHM ranged from ∼ 1.′′0 in z to ∼ 1.′′25 in g and was properly
sampled by DECam’s 0.′′263 pixels.

B. HOW TRIFURCATOR WORKS

A still-evolving program, trifurcator, was used to select candidates from our WISE targets. The
program deblends images in all four DELVE filters for each of the WISE targets into 3 components
using an algorithm drawn from DoPHOT (P. L. Schechter et al. 1993), classifying the components as
either pointlike or extended, using the DELVE PSF as a reference. It then requires that at least one
pointlike component has quasar-like colors drawn from Table 3 of G. T. Richards et al. (2001) and
that a second component has colors identical to the pointlike component. The second component
need not be pointlike, as it may be an unresolved blend of two quasar images. Systems for which
none of the components are pointlike in any of the filters are eliminated.

If these criteria are satisfied in any one of the DELVE filters, the three components are used to
force photometry on the other DELVE filters using the empirical PSF option in DoPHOT.

Cutouts in all four filters are then visually inspected for systems in which two components (one of
which was pointlike) had near-identical g− r, r− i and i− z colors, with a scatter less than 0.2 mag.
If these colors were galaxy-like, the system was dropped from further consideration. Roughly 1500
systems were visually inspected by the first author.

In an experiment (to be reported elsewhere) conducted by two of the present authors, two dozen
individuals with considerable lensing experience were shown the image configurations for 3 of the
4 images of known quasars and asked to mark the position of the fourth. They did so with high
reliability, and in some cases identified reasonable alternative positions. The results instill a measure
of confidence in the present visual inspections.

C. HOW CLUMPFIT WORKS

Like trifurcator, clumpfit uses pieces of the program DoPHOT (P. L. Schechter et al. 1993), to
obtain parameters for pointlike and extended sources in a cutout. Initial positions, and for extended
sources, initial shape parameters are specified and then simultaneously adjusted to obtain a best fit.
One can either let the program solve for an analytic PSF or specify a PSF. For the original DELVE
cutouts the DELVE PSF was used. For the Magellan IMACS data, a nearby star was used as a
pixellated template. The program has much in common with GALFIT (C. Y. Peng et al. 2010).
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